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1. Supplementary experimental procedures

1.1 Specimen collection and preservation, transcriptome sequencing, transcriptome
assembly, Univec and cross-contamination screening

Specimen collection and preservation was performed according to the procedures
described by Peters et al. (2017) [1]. Specimen vouchers, if available, were deposited at
ZFMK (Bonn, Germany). We followed the procedures described by Misof et al. (2014)
[2] and by Peters et al. (2017) [1] for RNA extraction and RNA library preparation. The
generated transcript libraries were paired-end sequenced with the Illumina HiSeq
technology (2000 or 4000, see the Additional file 1: Table S6 for details). Transcriptome
assembly followed the procedures described by Peters et al. (2017) [1]. In brief, the raw
reads from each sequenced transcriptome library were quality filtered and trimmed, and
subsequently used for de novo transcriptome assembly. Transcript raw reads were
assembled in BGI-Shenzhen (China) using SOAPdenovo-Trans-31kmer (v. 1.01) [3].
Subsequently, we followed the procedures described by Peters et al. (2017) [1] for
removing vector and adapter contaminations and for identifying cross-contamination from
other 1KITE (http://www.1kite.org/) transcriptomes. Information on how many transcripts
were removed from each transcript library is provided in Additional file 1: Table S6. Raw
data were submitted to the NCBI Short Read Archive (SRA) and the filtered assemblies
were submitted to the NCBI-TSA database and were screened for further contamination by
NCBI. Detailed assembly statistics and Gene-bank accession numbers of the de novo

sequenced transcriptomes are given in Additional file 1: Table S6.

1.2 Exploitation of previously published transcriptomic and genomic datasets
We complemented our newly sequenced transcriptomes with previously published

transcriptomic and genomic data. Specifically, seven neuropterid transcriptomes previously



published by the 1KITE consortium [2] (updated 1KITE assemblies, for details see Peters
et al. 2017 [1]), and one non-1KITE neuropterid transcriptome (referring to the species
Sialis lutaria) were added to the initial dataset (Additional file 1: Table S7). We furthermore
included 45 previously published transcriptomes and/or official gene sets (OGSs) from 41
outgroup species covering every holometabolous insect order (Additional file 1: Table S7)
[2, 4-6]. Note that we used two different OGS versions of the species Nasonia vitripennis
and Aedes aegypti in the orthology assignment step (see section 1.4), in order to be able
to select among different datasets on the basis of their completeness for downstream
analyses (Additional file 1: Table S7). For the same reason two different datasets of the
species Glossina morsitans were used in the orthology assignment step: one published
transcriptome and one nucleotide OGS (nucleotide OGS with coding sequences,

Additional file 1: Table S1).

1.3 Preparation of the ortholog gene sets

We searched OrthoDB v. 7 [7] (http://cegg.unige.ch/orthodb7, access: April 2015) for
genes that are single-copy and orthologous across holometabolous insects. Specifically
we selected the “Endopterygota” (i.e. Holometabola) node and demanded the presence of
only a single gene per ortholog group in the in the genomes of each of the four reference
species with well-sequenced and annotated genomes: Acromyrmex echinatior v. 3.8 [8],
Tribolium castaneum v. 3.0 [9], Bombyx mori v. 2.0 [10], and Drosophila melanogaster v.
5.51 [11]. We did not restrict the number of gene copies in the remaining holometabolous
genomes. The search for the above mentioned criteria returned 3,983 ortholog groups (i.e.
clusters of orthologous and single-copy genes, COGs [12]), which were downloaded from
OrthoDB v. 7. We subsequently obtained the official gene sets (OGSs) of the reference

species (same versions as the ones used by OrthoDB) at the amino-acid and the



nucleotide sequence level from the respective genome databases (see Additional file 1:
Table S8, [6, 13—-15]. The OGS at the protein level of Drosophila melanogaster was
downloaded from the OrthoDB repository. The file with the coding sequences (CDS file)
was then adjusted to the protein OGS file, by removing all additional sequences in the

CDS file with no corresponding ID in the OrthoDB protein file.

All OGSs were modified by the use of custom-made Perl scripts so that: (1) no duplicate
headers exist in the OGSs files (2) for those genes that were part of the COGs, only one
isoform/splice variant of the same gene was present in the OGSs files (we retained the
isoform that was used by OrthoDB for inferring de novo orthology) (3) amino-acid
sequences corresponded perfectly to the nucleotide sequences, (4) 5' and 3' untranslated
regions are not part of the transcripts. Sequences that could not be modified in a way so
that they correspond between nucleotide and protein OGS files were excluded from both
OGSs. The OrthoDB list (COGs) was filtered so that it contained only entries of the
reference species. All information with respect to reference taxa, and the no. of sequences

in each reference taxon OGS file is provided in Additional file 1: Table S8.

1.4 Transcript orthology assignment and taxon filtering for downstream analyses

We used Orthograph v. 0.5 (May 2015 or later) [16] to assign coding sequences from each
transcriptome (or OGS) to the 3,983 ortholog groups with the following settings: strict-
search=0, max-blast-searches = 100, max-blast-hits = 100, orf-overlap-minimum = 0.5,
extend-orf = 1, minimum-transcript-length = 30, substitute-u-with = X, extend-orf = 1,
frameshift-correction = 1. Following the orthology assignment procedure, we filtered taxa
in our dataset based on the total number of orthologs assigned to each transcriptome (see

methods of the main text). Filtering of the outgroup taxa was done in way so that the



retained outgroup species cover all major lineages within Holometabola. Although, a
comparatively small number of transcripts of Agulla sp., Halter nutans, Semidalis
aleyrodiformis, and Coniopteryx pygmaea were assigned to the 3,983 ortholog groups (i.e.
less than 3,000, see Additional file 1: Table S1), we included these species in our
phylogenetic analyses, because we deemed these taxa important for inferring the
interfamiliar phylogenetic relationships of Neuropterida. A summary of the removed taxa

after the filtering step is given in the column “not included” in Additional file 1: Table S1.

1.5 Alignment refinement, alignment masking and protein domain identification

All transcript sequences that were still identified as outliers after the alignment refinement
step (see methods of the main text) were finally removed from the amino-acid multiple
sequence alignments and their corresponding nucleotide sequence files. After this step we
also removed all sequences of the reference species Drosophila melanogaster, Bombyx
mori, and Acromyrmex echinatior, reducing the total number of species for downstream
analyses to 121. For generating corresponding codon-based nucleotide alignments, we
used a modified version of PAL2NAL [17] as described by Misof et al. (2014) [2] with the
amino-acid multiple sequence alignments as blueprint. Identification of alignment sections
of random similarity and noise was performed with ALISCORE v. 1.2 (options: -r 10% for
comparing all possible pairs of sequences, -e for gappy RNAseq data, and otherwise
default settings) [18, 19] for each amino-acid multiple sequence alignment separately. We
then generated corresponding lists for nucleotide alignments using custom-made Perl

scripts.

Based on the rationale that domain-based partitioning of amino-acid sequence data

delivers partitioning schemes with higher AlCc scores than partitioning according to genes



[2], we wused Pfam v. 27 [20] and the script Pfam_Scan.pl (v. 1.5,

ftp://ftp.ebi.ac.uk/pub/databases/Pfam/Tools/, downloaded in December 2015) to identify

protein domain clans, families, single domains and void regions (i.e. not annotated
regions) within each amino-acid sequence alignment. We then generated a protein-domain
partitioned amino-acid supermatrix (supermatrix A, Additional file 1: Table S9) as well as
the corresponding codon-based nucleotide supermatrix with custom-made Perl scripts (by
merging results of protein-domain identification and alignment masking; the procedures for

merging these results are described by Misof et al. (2014) [2]).

1.6 Supermatrix concatenation, evaluation and optimization

1.6.1 Concatenation of amino-acid sequence datasets

Starting with supermatrix A, we generated six different amino-acid supermatrices
optimized by applying different strategies and evaluated their suitability for phylogenetic
tree inference (see Table 1 of the main text, Additional file 1: Table S9). We evaluated (1)
the overall information content of these supermatrices, as implemented in the software
MARE [21], (2) each matrix’s saturation in terms of presence and absence of partitions
[21], and (3) the overall alignment completeness scores calculated with AliStat v. 1.6 (see
Misof et al. 2014 [2] and Wong et al. 2020 [22]). Moreover, we tested whether or not
amino-acid and corresponding nucleotide sequences had evolved under stationary, (time-)
reversible and homogeneous (SRH) conditions (see below). All descriptive statistics of the
domain-based partitioned amino-acid supermatrices are given in Table 1 (main text) and in
the Additional file 3: Fig. S35-S54. We used the masked supermatrix A (i.e. the
supermatrix after removal of ambiguously aligned sections) as an input for the software
MARE v. 0.1.2-rc [21]. We subsequently examined results of various strategies meant to

optimize the amino-acid supermatrix:



(i) domain-based partitions and taxa with lowest information content excluded from
supermatrix A (achieved by MARE with default settings): supermatrix B (a selected
optimal subset of supermatrix A, SOS). Note that the species Mengenilla moldrzyki
and Micropterix calthella were automatically dropped by MARE.

(i) domain-based partitions with zero information content (IC=0) excluded from
supermatrix A with the help of custom-made Perl scripts: supermatrix C.

(iii) taking supermatrix C as input and subsequently removing the species Mengenilla
moldrzyki and Micropterix calthella (lowest pairwise sequence completeness scores
C. calculated with AliStat). After removal, still other representatives of the insect
orders Strepsiptera and Lepidoptera (used as outgroups) were present: supermatrix
D, 119 taxa.

(iv) supermatrix C used as an input for generating a SOS subset with MARE (default
settings): supermatrix E.

We finally decided for supermatrix E at the amino-acid sequence level for all subsequent
downstream analyses e.g., optimization of the partition-scheme, maximum likelihood (ML)
tree inferences, and examine results for conflicting and confounding signal via four-cluster

likelihood mapping (FcLM) and data permutations (see below).

In order to enable a direct comparison of the results of the multi-species coalescent
approach with those of the concatenation approach, we additionally concatenated
respective unmasked gene partitions at the amino-acid sequence level into two
supermatrices: (1) a dataset comprising all gene partitions (supermatrix G), and (2) a
reduced dataset in which we retained only those partitions that have a species coverage of
more than or equal to 95 % of the total number of species in the dataset (supermatrix H).

Moreover, we generated two reduced amino-acids supermatrices by keeping only these



sites in supermatrix E with at least 95 % or 90 % species coverage (supermatrix E-95 and

supermatrix E-90 respectively, Additional file 1: Table S9).

1.6.2 Concatenation of nucleotide sequence datasets

We generated a nucleotide supermatrix corresponding to supermatrix D. This supermatrix
was checked for violations of the assumption of evolution under SRH conditions with the
application of Bowker’'s test (implemented in the software SymTest, see below), and
subsequently 1% and 3™ codon were removed before final analyses (supermatrix D-nt,

Additional file 1: Table S14).

We sought to enable a direct comparison of the results of the multi-species coalescent
approach with the concatenation approach at the nucleotide sequence level, as well as
with the results of the gene partitioned analyses at the amino-acid sequence level. For this
purpose, we additionally generated two nucleotide sequence supermatrices according to
gene-partitions (codon-based nucleotide sequence datasets with all three codon positions
included): (1) a concatenated dataset comprising all gene partitions (supermatrix G-nt,
Additional file 1: Table S14), and (2) a concatenated dataset with more than or equal to
95% species coverage for each gene partition (supermatrix H-nt, Additional file 1: Table

S14).

1.6.3 Exploration of patterns of missing data and calculation of completeness
scores for supermatrices

We calculated completeness summary statistics, i.e. (i) the overall completeness scores,
C. scores (based on sites), (ii) the completeness scores for sequence pairs (Cj) with

corresponding heatmaps using the software AliStat v. 1.6 (current version at



https://github.com/thomaskf/AliStat) of each of the amino-acid supermatrices A, B, C, D, E
and F as well as for the decisive and RCFV-corrected versions of supermatrix E
(command used: ./AliStat supermatrix.fas 2 -t4 -r both -i 2) [22]. This also allowed us to
identify taxa with very low pairwise completeness scores. Low pairwise completeness
scores calculated by AliStat can be due to missing data and/or ambiguous characters
between the sequences of respective species, because ambiguous characters and gaps
are treated in the same way. The inferred heatmaps help to identify patterns of non-
random data coverage that might affect tree inferences. Similar completeness score
statistics were calculated for the corresponding nucleotide matrix of supermatrix D
consisting only of second codon positions (supermatrix D-nt, Additional file 1: Table S14).
We further explored any potential effects of missing data on the phylogenetic inferences of
amino-acid sequence data by using four-cluster likelihood mapping approach (FcLM)

[23] with data permutations (see below).

1.6.4 Tests for violations of SRH conditions

Most Markov models of molecular evolution assume that sequences have evolved under
SRH conditions [24-26]. The software SymTest, v. 2.0.47 (current version at
https://github.com/ottmi/symtest) was used to test whether the amino-acid or nucleotide
sequences in the supermatrices had evolved under SRH conditions. The Bowker's
matched-pairs test of symmetry [25, 27] was selected as the most appropriate test for
checking evolution assuming SRH processes in each supermatrix separately. The window
size for the pairwise comparisons of sequences was automatically adjusted to the
alignment length of the concatenated supermatrices. Based on p-values for each pairwise
comparison between all terminal taxa, respective heatmaps were generated automatically.

P-values lower than the significance level of the test (0.05) indicate deviation from SRH



conditions for a pairwise sequence comparison.

At the amino-acid sequence level we generated heatmaps of pairwise deviations from
SRH conditions for supermatrices A, B, C, D, E, F and for the decisive and RCFV-
corrected versions of supermatrix E (Table 1 of the main text, Additional file 1: Table S9).
These heatmaps are useful for visualizing the degree of deviation from SRH processes for
each taxon pair in the analyzed amino-acid or nucleotide datasets. At the nucleotide
sequence level, we applied the same symmetry test to check whether or not SRH
conditions are violated in the corresponding nucleotide dataset of supermatrix D.
Specifically, we performed three separate analyses for this supermatrix: analysis of only 1)
the first, 2) only the second, or 3) only the third codon positions. Since the second codon
positions showed remarkably less violations of SRH conditions than the first and third
codon positions, we kept only the second codon positions (supermatrix D-nt) for
subsequent downstream analyses with the concatenation approach (i.e. optimization of the
partitioning scheme and ML phylogenetic inference). We further explored any potential
effects of non-stationary processes across taxa on the phylogenetic inferences of amino-

acid sequence data by using FcLM tests with data permutations (see below).

1.6.5 Search for optimal meta-partitions and substitution models

We used PartitionFinder V. 2.0.0-pre11
(https://github.com/brettc/partitionfinder/releases/tag/v2.0.0-pre11, last access 02-04-2020)
[28] with the option --raxml [29] and the rcluster algorithm [30] (options: --rcluster-percent
100 --weights 1,1,0,1 --all-states --min-subset-size 100) to optimize the domain-based
partitioning scheme of supermatrix E for downstream phylogenetic analyses. The

--rcluster-max option was adjusted to 10,905 (three times the number of domain-based
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partitions). We restricted model selection to the following set of amino-acid substitution
models in our PartitionFinder analysis: LG+G, LG+G+F [31], WAG+G, WAG+G+F [32],
DCMUT+G, DCMUT+G+F [33], JTT+G, JTT+G+F [34], BLOSUM62+G, BLOSUM62+G+F
[35]. Among site rate heterogeneity (ASRH) was modeled with a discrete GAMMA
distribution with four rate categories [36] with or without empirical state frequencies (+G
and +G+F). We additionally included the amino-acid model LG4X which is a mixture model
using 4 free rate categories each associated to a different substitution matrix [37]. The
selection of the best fitting substitution models was based on the AICc criterion [38, 39].
The branch-lengths option was set to ‘linked’ to relax the assumption of equal rates but
assuming proportional branch lengths among meta-partitions. We conducted two analyses
in PartitionFinder: (1) one by using a maximum likelihood tree as a starting tree (option:
mi-tree) and (2) one without starting from a maximum likelihood tree (i.e. a maximum
parsimony starting tree is used when the option —raxml is specified and the option ml-tree
is omitted). We selected the partitioning scheme with the best AlICc score between the two

analyses for phylogenetic inference.

At the nucleotide sequence level, we used the same version of PartitionFinder to estimate
the best partitioning-scheme for analyzing supermatrix D-nt (i.e. composed solely of
second codon positions) by restricting the substitution models to: GTR+G and GTR+G+F.
For clustering nucleotide sites into meta-partitions, we applied the k-means approach
following the rationale described by Frandsen et al. (2015) [40]. We also performed two
independent analyses with PartitionFinder for this nucleotide dataset: (1) with a maximum
likelihood starting tree and (2) without a maximum likelihood starting tree (i.e. a maximum
parsimony starting tree was used instead). For both analyses we used the options: --all-

states --min-subset-size 100, and set the branch-lengths option to ‘linked’ in the
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configuration file. The best partitioning scheme was selected according to the AICc
criterion. We used custom made Perl scripts to physically resort supermatrix D-nt in a way,
that nucleotide positions belonging to the same clusters (meta-partitions) were grouped
next to each other within the matrix. For the ML tree inference, we recalculated the best
model for each meta-partition in the resorted nucleotide supermatrix using IQ-TREE v.
1.3.13 and the AICc, this time allowing the following combinations of the GTR matrix and

ASRH: GTR, GTR+G, GTR+l and GTR+G+l.

We did not perform any optimization of the partitioning scheme for the datasets that were
partitioned according to genes in order to have a direct comparison of their results to those
of the coalescent approach with ASTRAL Il v. 5.6.1 [41]. Model selection for each gene
partition in these supermatrices was performed in IQ-TREE v. 1.6.6a and by testing the
same sets of amino-acid and nucleotide substitution models (amino-acid substitution
matrices: DCMUT, JTTDCMUT, JTT, LG, LG4X, LG4M [37], WAG; nucleotide substitution
matrices: GTR [42], JC [43], F81 [44], K80 [45], HKY [46], TN [47]) that were used to infer
the gene trees for the coalescent approach, with the BIC criterion [48]. For all analyses
based on the gene-partitions (concatenation-based and coalescent) the best fitting models
for each gene were estimated directly in IQ-TREE (v. 1.6.3 when inferring the best fitting
models to calculate the individual gene trees, and v. 1.6.6a when inferring the best fitting
models for the genes within the supermatrices) by also considering the recently described

freerate options for modelling ASRH (i.e. +RX and the option -gmedian) [49].

1.7 Phylogenetic tree reconstructions using the maximum likelihood criterion
Maximum likelihood phylogenetic analysis based on the best scheme and the selected

models of supermatrix E was conducted by specifying an edge-linked (options: -spp)
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partition model [50], and by starting from random trees (option: -t RANDOM and --numstop
300) instead of default parsimony trees to escape putative local optima in the parameter
space during tree searches. After checking for the number of unique tree topologies with
Unique Tree v. 1.9 (kindly provided by Thomas Wong) we selected the ML tree with the
best log-likelihood score among all 100 independent tree searches as the globally best ML
tree and mapped non-parametric bootstrap support values onto this tree. We checked for
convergence of the bootstrap values using the bootstop criterion in RaxML v. 8.2 [29] by
doing ten independent tests with different random seeds (settings: -I autoMRE -B 0.03 -m

PROTGAMMALG —bootstop-perms=1000).

It has been shown that modeling site-heterogeneous profiles of amino-acid substitutions
can improve the fit of the models to empirical data [51]. We therefore performed one
additional tree search on supermatrix E with the Posterior Mean Site Frequency profile
(PMSF) mixture model implemented in IQ-TREE v. 1.5.5 [52], used here as a rapid proxy
to the empirical ML-based CAT-like mixture model with 60 profile categories (C60, see
[53]). We used the transition rates of the JTT substitution matrix (option: -m
JTT+C60+G+F) and the best ML tree that resulted from the partitioned analysis of
supermatrix E (see above) as a guide tree for this analysis. The JTT substitution matrix
was selected as it was the most frequently selected single-matrix model among the meta-
partitions of supermatrix E. To minimize confounding effects of non-random data coverage
on phylogenetic reconstructions that were based on the site-heterogeneous models, we
finally generated two reduced versions of supermatrix E using custom-made Perl scripts
by keeping only those sites with i) at least 90 % species coverage (207,582 amino-acid
alignment sites) and ii) at least 95% species coverage (110,708 amino-acid alignment

sites). For each of these reduced supermatrices, we conducted two additional tree
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searches with the PMSF model, by specifying 60 mixture categories (C60): one with the
substitution model JTT (-m JTT+C60+G+F) and one specifying LG (-m LG+C60+G+F). For
the analyses of these reduced supermatrices we employed IQ-TREE v. 1.5.5, using the

same guide tree as the ones used for analyzing supermatrix E.

We analyzed the decisive and RCFV-corrected versions of the amino-acid supermatrix E
(supermatrix E-Decisive and supermatrix E-RCFV corrected respectively , Additional file 1:
Table S9) with the use of a linked partition model and by conducting five additional ML
searches for each of these two matrices, using IQ-TREE v. 1.6.6, starting from random
trees. Branch lengths were kept linked in all analyses (-spp). We used the same version of
IQ-TREE for calculating 1,000 ultrafast bootstrap (UFB) [54] replicates (options: -bb 1000
-bnni -wbtl) and 10,000 SH-aLRT replicates [55] (option: -alrt 10000). SH-aLRT support
was mapped onto the best ML trees that resulted from the analyses of these two different
versions of supermatrix E (Additional file 3: Fig. S6, S8). Because the phylogenetic trees
that resulted from the independent tree searches when calculating UFB support were
topologically different than the best ML trees for both matrices, UFB support was depicted
on these additional trees instead of mapping them on the best ML trees (Additional file 3:

Fig. S7, S9).

Maximum likelihood phylogenetic analyses of the nucleotide supermatrix D-nt were
conducted in the same fashion with the analyses of supermatrix E and by using the
previously selected most fitting substitution models for each meta-partition (i.e. 100
independent searches, options: -t RANDOM, -spp, -gmedian). We again checked for
convergence of the bootstrap values using the bootstop check with the same version of

RaxML and the same parameters that were used for analyzing the amino-acid supermatrix
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Phylogenetic analyses of the gene-partitioned supermatrices (all codon positions included
at the nucleotide sequence level, supermatrices G, G-nt, H, H-nt, Additional file 1: Tables
S9, S14) were done with IQ-TREE (v. 1.6.6 or later) again with the edge-linked partition
model (options: -spp -gmedian) and with the previously inferred optimal substitution
models. For the gene-partitioned amino-acid and nucleotide sequence datasets, with all
3,983 genes included, we inferred ten ML trees (five with a parsimony starting tree and five
with a random starting tree). Due to computational limitations we only performed five ML
searches for the datasets with 95% species coverage (again with the edge-linked model
and starting from parsimony trees). Branch support for each of the analyses of the four
gene-partitioned datasets (two at the amino-acid and two at the nucleotide sequence level)
was calculated based on 1,000 UFB replicates and 10,000 SH-aLRT replicates. SH-aLRT
support was mapped onto the best ML tree that resulted from the analyses of these four
different supermatrices (Additional file 3: Fig. S19, S21, S27, S29). Because the
phylogenetic trees that resulted from the independent runs when calculating UFB support
were topologically different than the best ML trees for all four matrices, UFB support was

depicted on these additional trees instead (Additional file 3: Fig. S18, S20, S26, S28).

1.8 Rogue-taxon analysis

We tested for the presence of rogue taxa in our dataset with RogueNaRok v. 1.0 [56]. The
rogue taxon analysis was performed separately for: (1) the 100 bootstrap trees that
resulted from the analyses of the amino-acid supermatrix E and (2) the 100 bootstrap trees
that resulted from the analyses of the nucleotide supermatrix D-nt. In both analyses we

provided the respective best ML tree as input for RogueNaRok.
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1.9 Assessing phylogenetic signal with four-cluster likelihood mapping (FcLM) and
sequence data permutations

Classical measures of robustness in phylogenetics such as non-parametric bootstrapping,
have been introduced to assess robustness of tree reconstructions against statistical
uncertainty of the results obtained for the dataset and a specific phylogenetic method. It is
becoming increasingly clear, however, that resampling methods like non-parametric
bootstrapping may very likely deliver inflated branch support values [2, 57]. A combination
of FcLM methods with sequence data permutations can be applied to dissect phylogenetic
from non-phylogenetic signal (i.e. confounding signal) for a set of predefined phylogenetic
hypotheses [2, 58—60]. We have applied this approach to dissect phylogenetic from non-
phylogenetic signal for nine hypotheses concerning the backbone tree of Neuropterida

(Additional file 1: Table S2).

For each of the nine tested hypotheses, we first discarded uninformative meta-partitions
with respect to particular group definitions (Additional file 1: Table S2). With these data, we
performed the FcLM analyses by applying previously estimated substitution models (edge-
linked models, -spp) with IQ-TREE (v. 1.4.4 or later). Additionally to this FcLM analyses
applied on the original data, we permuted the original supermatrix E in three different ways
following the approach described by Misof et al. (2014) [2]. Permutation scheme |
eliminates phylogenetic signal, but leaves inhomogeneous amino-acid composition among
sequences and any non-random distribution of data coverage untouched. Permutation
scheme Il eliminates phylogenetic signal and inhomogeneous amino-acid composition but
leaves non-random distribution of data coverage untouched. Permutation scheme Il was
generated with the application of the amino-acid frequencies of the LG substitution model

[1]. Permutation scheme |Ill additionally randomizes data coverage within all meta-
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partitions. The expectation is that any potentially genuine or confounding signal should
completely vanish after applying permutation scheme lll. For the analysis of the permuted
supermatrices we used the option -q for the partition model in IQ-TREE. By comparing the
FcLM results of the original data with the results of the permuted data we explored the
relative contribution of confounding factors on our phylogenetic reconstructions (Additional

file 1: Table S2).

1.9.1 Hypothesis 1: Megaloptera and Neuroptera are sister groups (Node: 167)

Our best ML tree implies that Megaloptera is the sister group of Neuroptera. If bootstrap or
SH-aLRT support is inflated, FcLM on the original sequence data and on the permuted
sequence data should indicate alternatives.

Group definitions: (a) Raphidioptera, (b) Megaloptera, (c) Neuroptera, (d) Outgroups

Note: We defined all outgroup species as the outgroup for the quartet analyses.

1.9.2 Hypothesis 2: The family Coniopterygidae is not the sister group of Sisyridae
(Node: 179)

The reconstructed ML tree implies that Coniopterygidae is the sister group of all other
Neuroptera. Morphological data is in conflict with this result. It has been proposed that
Coniopterygidae and Sisyridae are sister groups [61, 62]. If there is signal for a sister
group relationship of Coniopterygidae and Sisyridae, FcLM tests should show some signal
for this phylogenetic arrangement.

Group definitions: (a) Coniopterygidae, (b) Osmylidae, (c) Sisyridae, (d) Nevrorthidae
Note: We defined Coniopterygidae as outgroup for the quartet analyses. Results of this

analysis should be taken with caution due to the low number of analyzed quartets.
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1.9.3 Hypothesis 3: The families Nevrorthidae and Sisyridae are sister groups
(Node: 181)

The reconstructed ML tree infers Nevrorthidae and Sisyridae as sister groups.
Morphological data is in strong conflict with this result. If there is only a weak signal for this
sister group relationship, FcLM analyses should confirm this.

Group definitions: (a) Dilaridae + remaining Neuroptera (without Coniopterygidae), (b)
Osmylidae, (c) Sisyridae, (d) Nevrorthidae

Note: We defined Dilaridae + remaining Neuroptera (without Coniopterygidae) as outgroup

for the quartet analyses.

1.9.4 Hypothesis 4: The family Osmylidae is not sister to Chrysopidae (Node: 180)
The reconstructed ML tree implies Osmylidae as sister to a clade comprising Nevrorthidae
+ Sisyridae. Morphological data is in conflict with this result. Analyses of morphological
data have suggested a sister group relationship of Osmylidae and Chrysopidae [62]. If
true, we would expect to see some genuine phylogenetic signal supporting Chrysopidae +
Osmylidae in the results of the FcLM analyses.

Group definitions A: (a) Osmylidae, (b) Chrysopidae + Mantispidae + Berothidae, (c)
Dilaridae, (d) Nevrorthidae + Sisyridae

Group definitions B: (a) Osmylidae, (b) Chrysopidae, (c) Dilaridae, (d) Nevrorthidae +
Sisyridae

Note: We defined Dilaridae as outgroup for the interpretation of the results of the quartet
analyses. Results of this analysis should be taken with caution due to the low number of

analyzed quartets.
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1.9.5 Hypothesis 5: The family Nevrorthidae is not the sister group of all other
Neuroptera (Node: 179)

Our best ML tree implies that Coniopterygidae is the sister group to all remaining
neuropteran families. Morphological data is in conflict with this result. It has been
hypothesized that Nevrorthidae could be the sister group of all remaining Neuroptera [62].
In this case FcLM tests should show some signal for (Nevrorthidae, Neuroptera partim).
Group definitions: (a) Megaloptera, (b) Coniopterygidae, (c) remaining Neuroptera
without Osmylidae and Sisyridae, (d) Nevrorthidae

Note: We defined Megaloptera as outgroup for the interpretation of the results of the

quartet analyses.

1.9.6 Hypothesis 6: The family Hemerobiidae is the sister group of Ithonidae +
Myrmeleontiformia (Node 204)

Our best ML tree implies Chrysopidae and Mantispoidea are sister groups. Morphological
data is in conflict with this hypothesis and suggests a sister group relationship of
Chrysopidae and Hemerobiidae [63]. If the result of tree reconstructions is an artifact then
the FcLM analyses should indicate alternative phylogenetic hypotheses.

Group definitions A: (a) Chrysopidae, (b) Mantispidae + Berothidae, (c) Hemerobiidae,
(d) Myrmeleontidae + Ithonidae + Nymphidae + Ascalaphidae + Nemopteridae

Group definitions B: (a) Chrysopidae + Mantispidae + Berothidae, (b) Hemerobiidae, (c)
Dilaridae, (d) Myrmeleontidae + Ithonidae + Nymphidae + Nemopteridae+ Ascalaphidae +
Nemopteridae

Note: We defined Chrysopidae as outgroup in quartet analysis A and Dilaridae as outgroup

in quartet analysis B.
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1.9.7 Hypothesis 7: Myrmeleontiformia are monophyletic and form the sister group
of Ithonidae (Node: 220)

Our best ML tree implies that the four included families of Myrmeleontiformia (i.e.
Nymphidae, Nemopteridae, Ascalaphidae and Myrmeleontidae) constitute a monophylum.
This is in conflict with recent phylogenomic investigations that suggest Nymphidae as the
sister group of Ithonidae [64, 65]. If the topology suggested by the analysis of supermatrix
E is an artifact, then quartets should indicate support for alternative hypotheses.

Group definitions: (a) Dilaridae + Mantispidae + Berothidae + Chrysopidae +
Hemerobiidae, (b) Nemopteridae + Ascalaphidae + Myrmeleontidae, (c) Nymphidae, (d)
Ithonidae

Note: We defined Dilaridae + Mantispidae + Berothidae + Chrysopidae + Hemerobiidae as

outgroup for the interpretation of the results of the quartet analyses.

1.9.8 Hypothesis 8: Osmyloidea are monophyletic (Node: 180)

Our best ML tree implies that the families Nevrorthidae, and Osmylidae constitute a
monophyletic group (i.e. Osmyloidea). If the topology suggested by the analysis of
supermatrix E is an artifact, then quartets should indicate support for alternative
hypotheses.

Group definitions: (a) Osmylidae, (b) Nevrorthidae + Sisyridae (c) Coniopterygidae +
Megaloptera + Raphidioptera, (d) Dilaridae + Chrysopidae + Mantispoidea + Hemerobiidae
Note: We defined Coniopterygidae + Megaloptera + Raphidioptera as outgroup in quartet

analyses.
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1.9.9 Hypothesis 9: The family Chrysopidae is sister to Mantispoidea (Node: 185)
Our best ML tree implies that the family Chrysopidae is the sister group to a clade of
Mantispidae + Berothidae. However, there is no morphological support for this
phylogenetic relationship. If the topology suggested by the analysis of supermatrix E is an
artifact, then quartets should indicate support for alternative hypotheses.

Group definitions: (a) Chrysopidae, (b) Mantispidae + Berothidae (c) Hemerobiidae +
Ithonidae + Myrmeleontiformia (d) Dilaridae + Osmylidae + Sisyridae + Nevrorthidae +
Coniopterygidae

Note: We defined Dilaridae + Osmylidae + Sisyridae + Nevrorthidae + Coniopterygidae as

outgroup in quartet analyses.

1.10 Divergence times estimation

We used 129 meta-partitions of the decisive amino-acid supermatrix (i.e. supermatrix E-
Decisive, Additional file 1: Table S9) to estimate the divergence times of the major lineages
of Neuropterida. Specifically, we conservatively removed 80 out of the 209 meta-partitions
before estimating divergence times which contained identical (or nearly identical) amino-
acid sequences for a few terminal taxa. Those closely related sequences could cause
problems in the estimation of the Hessian matrices in the CODEML analyses. In addition,
in the selected meta-partitions all species had to be present. The estimation of the Hessian
matrices for the remaining 129 meta-partitions was performed under the selected
substitution models and by using four rate categories for the gamma distribution of site
rates (options: ncatG = 4, fix_alpha = 0, alpha = 0.5, Small_Diff = 0.1e-6). Fossil
calibrations were provided as soft minimum bounds (Additional file 1: Table S10) in the
form of truncated Cauchy distributions with default parameters (option: L’ ’) [66]. The time

unit in MCMCTREE was set to the default value of 100 million years. The samples of
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parameter values that resulted from the analyses of the individual meta-partitions were
combined and further analyzed as a single MCMC chain using a custom made summarizer
script written in C++ (available from: https://github.com/xflouris/summarizer). We used
custom made Python scripts and the library matplotlib to plot: (1) the posterior mean node
time estimates from run 1 against the posterior mean node time estimates from run 2 (i.e.
convergence plot), 2) the posterior mean node time estimates from run 1 against the 95%
highest posterior density confidence interval width (95% HPD-CI width) for each node from
run 1. Additionally, in order to verify that the two independent summarized MCMC chains
(i.e. from run 1 and run 2) have converged on similar posterior node time estimates, we
used the two summarized MCMC files from run 1 and from run 2 to plot median posterior
node time estimates from the two independent runs on the same plot with R v. 3.4.3
(Additional file 3: Fig. S31). The node number IDs of the overall best ML tree that was

used for estimation of divergence times (Fig. 1) are provided in Additional file 3: Fig. S55.

We performed two additional molecular dating analyses (two independent MCMC chains)
for each of the 129 meta-partitions after excluding the fossil Elmothone martynovae
[67] from the calibrations, because the exact affinity of E. martynovae (and of
Permithonidae in general) to Neuroptera is dubious [68-70]. We again combined the
resulting MCMC samples from all meta-partitions into one summarized MCMC file and
calculated posterior mean and median node estimates as well as confidence intervals. The
purpose of these additional analyses was to evaluate whether posterior node time

estimates were severely affected the initial placement of the fossil E. martynovae.
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1.11 Fossils calibrations used for divergence time estimates

1.11.1 Aparaglossata

Westphalomerope maryvonneae Nel et al. 2007 [71] (see Wolfe et al. 2016 [72]).
Specimen: see Wolfe et al. (2016).

Justification for phylogenetic placement: see Wolfe et al. 2016.

Age: see Wolfe et al. (2016).

1.11.2 Coleoptera
Triadogyrus sternalis Ponomarenko, 1977 [73] (see Wolfe et al. 2016 [72]).
Specimen: see Wolfe et al. (2016) [72].

Justification for phylogenetic placement: see Wolfe et al. (2016) [72].

Age: see Wolfe et al. (2016).

1.11.3 Mecopterida
Permopanorpa inaequalis Tillyard, 1926 [74] (see Wolfe et al. 2016 [72]).
Specimen: see Wolfe et al. 2016.

Justification for phylogenetic placement: see Wolfe et al. 2016.

Age: see Wolfe et al. 2016.

1.11.4 Megaloptera

Dobbertinia reticulata Handlirsch, 1920 [75]

Jurassic fossil in family Sialidae — typical venation from the family.

Specimen: Holotype: No. 123/68, isolated wing, housed in Institut fur Geologische
Wissenschaften of the Ernst-Moritz-Arndt-Universitat Griefswald.

Justification for phylogenetic placement: It was used in phylogeny of Liu et al. (2014) [60].
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Age: The fossil is from Dobbertin, Germany. From ammonite biostratigraphy (associated
ammonites of Eleganticeras elegantulum, Lobolytoceras siemensi and Harpoceras
capellatum) the locality has been correlated as being in the lower part of the falciferum
zone, which is early Toarcian in age [77]. The boreal falciferum zone is equivalent to the
Harpoceras serpentinum zone [78]. This zone is known to be succeeded by the Hildoceras

bifrons zone, the base of which is dated as 180.36Mya + 0.7Mya [72, 79].

1.11.5 Stem Neuroptera

Elmothone martynovae Carpenter, 1976 [67]

Oldest member of Permithonidae from Permian of Elmo, Kansas. Permithonidae
considered sister to rest of Neuroptera [80]; however monophyly of Permithonidae is
inconclusive, with the placement of other permithonids being obscure [68].

Specimen: Holotype, MCZ 5585, isolated forewing. Housed in Museum of Comparative
Zoology, Harvard, USA.

Justification for phylogenetic placement: Used as stem group Neuroptera to calibrate age

of Neuropterida in the study by Wang et al. (2016) [69]. Also used as fossil calibration for
Neuropterida in Wolfe et al. (2016) [72]. Here we used it as minimum for the Megaloptera
+ Neuroptera split (i.e. stem Neuroptera) and performed one additional analysis after
excluding it from the calibrations to check whether it affects node time estimates.

Age: Permian, Age given in Prokop et al. (2015). Cisuralian/Artinskian. Age given in Wang
et al. (2016) [69] Artinskian — Kungurian (290.1+0.26 - 272.3+0.5). Wang et al. (2016)

[69] used minimum age of 271.8 Mya, following Wolfe et al. (2016) [72].

1.11.6 Coniopterygidae - Crown Coniopteryginae

The earliest definitive members of the family are from the Lower Cretaceous amber of
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Lebanon.

Libanosemidalis hammanaensis Azar et al. 2000 [81]

Specimen: 326A, complete male, deposited in the Museum National d’Histoire Naturelle,
Paris.

Justification for phylogenetic placement: Placed within extant subfamily Coniopteryginae

based on: forewing with only one r-m crossvein, vein M without two long stiff setae, no
plicatyre on abdominal sternites. It shares with Aleuropteryginae: the hind wing with vein
Rs branching from R1 very near the wing base. It is possible that the characters are
plesiomorphic — which led to a tentative placement within Coniopteryginae (pending a
phylogenetic analysis). Winterton et al. (2018) [64] used this fossil as a crown
representative of Coniopteryginae to calibrate their proposed phylogeny of Neuropterida.

Age: Lebanese stratigraphy has recently been revised [82]. The upper boundary of the
early Barremian is proposed to be the first appearance of the ammonite Ancyloceras
vandenheckii [79]. Cyclostratigraphy dates the A. vandenheckii Zone beginning at 129.41

Mya [79], providing a minimum age for Lebanese amber fossils.

1.11.7 Nevrorthidae

Cretarophalis patrickmuelleri Wichard 2017 [83]

Specimen: Holotype: SMNS BU296, complete insect in amber, housed in the collection of
the Staatliches Museum fur Naturkunde Stuttgart.

Complete insect in Burmese amber, showing many of the diagnostic characters of family.
Also an unamed larvae of family also recorded from the amber [83]. Other Nevrorthidae
are known from the Eocene (Rovno amber: [84], and Baltic amber: [85].

Justification for phylogenetic placement: It has not been considered in any phylogenetic

analysis, as it was just recently described. Body and wing characters are characteristic of
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the family. The larva is also characteristic of the family.
Age: The fossil is from Burmese amber, the age of the deposit is 98.8 Mya (Albian-
Cenomanian) based on U-Pb dating of zircons from the volcaniclastic matrix of the amber

[86].

1.11.8 Stem Chrysopidae

Mesypochrysa c.f. intermedia Panfilov, 1980 [87]

Specimen: NIGP161886, almost complete insect (absent head), housed in Nanjing
Institute of Geology and Palaeontology, China.

The fossil record of Chrysopidae stretches back to the Jurassic with the oldest
representatives being from Daohugou, China and Karatau, Kazakhstan. Mesypochrysa
sinica and M. c.f. intermedia represent the earliest records of true chrysopids [88].
Mesypochrysa is placed within the subfamily Limaiinae, which contains the majority of
Mesozoic chrysopids [88]. The subfamily Limaiinae was raised to family level, Limaiidae,
by Nel et al. 2005 [89], however subsequent authors have treated it as a subfamily of
Chrysopidae [88, 90-92].

Justification for phylogenetic placement: The genus Mesypochrysa was included in the

phylogeny described by Nel et al. 2005 [89]. It was placed within Limaiinae (Limaiidae
sensu Nel et al. 2005 [89]). The genus has also been used to calibrate the phylogenies of
Winterton et al. (2010) [93], Mesypochrysa miniscula in [94], and in Dai et al. 2016 [92],
Mesypochrysa minuta in Jepson et al. 2012 [95]. Mesypochrysa c.f. intermedia Panfilov,
1980 is the oldest most complete specimen of Mesypochrysa. Winterton et al. (2018)
[64] used Mesypochrysa c.f. infermedia as a stem representative of Chrysopidae in their
fossils calibrations.

Age: The specimen is from the Jiulongshan Formation, Daohugou, China. There has been
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some controversy as to the age of the Daohugou Beds [96-98], with estimates ranging
from an Aalenian age (Middle Jurassic) to a Lower Cretaceous age [99], with some studies
converging on the age of Callovian-Oxfordian (Upper Jurassic; [98]). Radiometric dating
(40Ar/39Ar and SHRIMP U-Pb) of underlying ignimbrites have yielded ages of 165Mya *
2.5Mya and 158.7Mya £ 0.6Mya [96, 100-102]. The Daouhugou beds have been shown to
correlate with sediments from China and Kazakhstan of Oxfordian age [98]. Wolfe et al.

(2016) [72] used a minimum age of 158.1Mya.

1.11.9 Stem Hemerobiidae

Promegalomus anomalus Panfilov, 1980 [87]

Specimen: Holotype: PIN 2239/1695, a complete but poorly preserved forewing, housed in
the Palaeontological Institute of the Russian Academy of Sciences.

This specimen is the oldest known hemerobiid, it is a poorly preserved, yet complete
forewing from the Jurassic of Kazakhstan. Panfilov (1980) [87] originally placed the
specimen in a monotypic family Promegalomidae, this was later synonymized with
Hemerobiidae by Oswald (1993) [103]. The family placement within Hemerobiidae was
later confirmed by a re-examination of the holotype by Makarkin et al. (2003) [104]. The
hemerobiid affinity is based on the wing venation synapomorphy: presence of multiple
obligue radial branches. Only one definite Cretaceous Hemerobiid is known
Cretomerobius disjunctus Ponomarenko, 1992 [105] (Mongolia), with numerous
specimens known from the “Tertiary”. The absent apomorphies of the family are: presence
of penciliform sensillae on the galea; and clypeus with paired dorsocentral and
ventrolateral setae [103, 106].

Justification for phylogenetic placement: Few phylogenies of Hemerobiidae have been

undertaken, and none have incorporated both fossil and extant specimens. Therefore,
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Promegalomus anomalus has not been used in any phylogenetic analysis. Oswald (1993)
[103] discussed the species placing it within the family Hemerobiidae based on the
aforementioned synapomorphy, but did not use this or any other fossil in his cladistics
analysis. Garzon-Ordufia et al. (2016) [106] briefly discussed the specimen, accepting its
placement within Hemerobiidae, while stating that it would give a minimum age of the
family (Hemerobiidae), it does not give information on the subfamilial relationships,
therefore not of use to their study. Instead they used Miocene and Eocene fossils of
specimens in extant genera to constrain ages. Winterton et al. (2018) [64] used
Promegalomus anomalus as a stem representative of Hemerobiidae in their fossils
calibrations.

Age: The fossil is from the Karabastau Formation, Karatau, Kazakhstan. Spore and pollen
data has given an age of Callovian to Kimmeridgian [107] or more recently possibly

Oxfordian to Kimmeridgian [108]. No radiometric analysis has been undertaken.

1.11.10 Stem Ithonidae

Guithone bethouxi Zheng, Ren and Wang 2016 [109]

Specimen: Holotype: CNU-NEU-NN2015003P/C, a nearly completely preserved male
specimen with clearly visible structures, and four overlapping, sub-complete wings,
partially folded. Guithone bethouxi shows some distinctive ithonid traits, such as the head
retracted under pronotum and the broadened base of forewing costal space.

Justification for phylogenetic placement: Not available. It was used as a calibration point

for the crown Ithonidae by Winterton et al. (2018) [53].
Age: The specimen is from Jiulongshan Formation, Daohugou, China. There has been
some controversy as to the age of the Daohugou Beds [96-98], with estimates ranging

from an Aalenian age (Middle Jurassic) to a Lower Cretaceous age [99, 110], with some
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studies converging on the age of Callovian-Oxfordian (Upper Jurassic; [98]. Radiometric
dating (40Ar/39Ar and SHRIMP U-Pb) of underlying ignimbrites have yielded ages of
165Mya = 2.5Mya and 158.7Mya + 0.6Mya [96, 100—-102]. The Daouhugou beds have
been shown to correlate with sediments from China and Kazakhstan of Oxfordian age [98].

Wolfe et al. (2016) [72] used a minimum age of 158.1Mya.

1.11.11 Stem Nemopteridae

Roesleriana exotica Martins-Neto and Vulcano, 1989 [111]

Specimen: Holotype: GP/1T-1627, complete insect. It is housed in the Collection of
Paleontologica de Invertebrados do Instituto de Geosciencias da Univeridade de Sao
Paulo.

The fossil record of Nemopteridae is very sparse, two fossils from the genus Marquietta
are known from North America, from the Eocene Florrissant, Colorado and the Oligocene
of Montana. A defining character of the family is the elongated spoon or ribbon-like hind
wings. This feature is observed in some Mesozoic specimens: Roesleriana exotica
Martins-Neto and Vulcano, 1989 and Cratonemopterix robusta Martins-Neto and Vulcano,
1989 from the Crato Formation. Cratonemopteryx was placed within Nemopteridae and
Roesleriana was placed within Roeslerianidae. Martins-Neto and Vulcano (1989)
[111] stated that Roeslerianidae are without doubt plesiomorphic nemopterids and should
therefore be considered a subfamily of Nemopteridae. Some species of Araripeneurinae
also have narrow hind wings and may represent remote stem-nemopterids [112, 113]. The
araripeneurines are also from the Crato Formation.

Justification for phylogenetic placement: Few phylogenies have been performed on the

relationships of Nemopteridae, and none has considered fossil species. A phylogeny of
South African Nemopterinae, used the fossils of Marquietta from North America for
calibration. The major apomorphy of the group is the elongate thread or spoon shaped
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hind wings, which are also present in Roesleriana exotica. In their phylogeny of
Myrmeleontidae Michel et al. (2017) [112] used the date of the Crato Formation
(Roesleriana exotica and Cratonemopterix robusta) to calibrate dates for the crown
representatives of Nemopteridae.

Age: The specimen is from the Crato Formation, Brazil. The age of the Formation has
been dated as being at the Aptian/Albian boundary, the date being obtained by
palynomorph studies [114]. No more accurate dating has been performed on the deposit.

The Upper boundary of the Aptian is 113Mya + 0.4Mya.

1.11.12 Stem Myrmeleontidae

Choromyrmeleon othneius Ren and Guo, 1996 [94]

Specimen: Holotype: LB95013/4, poorly preserved almost complete insect, housed in the
Geological Museum of China, Beijing.

Justification for phylogenetic placement: It was used as a calibration by Winterton et al.
(2010) [93] for calibrating the age of the most recent commom ancestor of Ascalaphidae
and Myrmeleontidae. It was also used by Michel et al. (2017) [112] as a calibration for
Ascalaphidae + Myrmeleontidae, however the authors stated that this is an inconclusive
placement. This was due to the possibility that this is not a myrmeleontid, because of
venational differences (e.g., Choromyrmeleon: MP2 and CuA in a very distal position in
hind wing with respect to forewing — this is subequal in extant taxa) and unpreserved
important characters (e.g. whether MP2 is fused with CuA). The other Mesozoic potential
myrmeleontid fossil, Bittersdorfia, is known from an incompletely described isolated wing,
which again its place in the family is hard to confirm. Michel et al. (2017) [112] ran the
analysis with and without Choromyrmeleon, and found that this caused no difference.

Age: The fossil is from the Yixian Formation, Jehol Group, China. Recent 40Ar/39Ar dates
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of basaltic rocks at the base of the Yixian Formation have yielded ages of 129.7 Mya+0.5
My and for tuff layers at the base of the overlying Jiufotang Formation have given an age
of 122.1Mya£0.3My [100]. Other age estimates have fallen within this range [115]. Wolfe et
al. (2016) [72] used a conservative date of the younger estimate, giving a minimum age of

121.8 Ma.

1.12 Ancestral character state reconstructions of the larval habitats of Neuropterida

We used the stochastic character mapping method (SCM) [116, 117], as implemented in
the R package phytools v. 0.6.99 [118] to reconstruct the ancestral states of the larval
habits of Neuropterida. In order to conduct the SCM analyses, we coded all species in our
dataset as either aquatic or terrestrial. We assumed based on the literature that the larval
habitats remain constant within families and therefore in cases where the states of larval
habitats are unknown, these states were extrapolated from other species of the same
family (note: we considered the larvae of Lepicerus sp. as either aquatic or terrestrial in
two separate analyses [119], see Additional file 3: Fig. S32-S34, Additional file 1: Table
S20). Subsequently, we used the R package geiger v. 2.0.6.4 [120] to separately fit an
equal-rates model (ER) and an all-rates-different model (ARD) to our data by using the
ultrametric tree of Fig. 1. We selected the model with the lowest AICc score for
downstream SCM analyses (Additional file 1: Table S20). We then simulated 10,000
stochastic character maps based on the topology and branch lengths of the best ML tree
using the best fitted model of character evolution. Simulations of character histories were
performed using a fixed value of the transition matrix. The results of the different character
maps were summarized using ape v. 5.3 [121] by visualizing the posterior probabilities of
states at the nodes as pie charts (Fig. 4). To test the sensitivity of our SCM analyses to the

topology and branch lengths of the used tree, we repeated these analyses for the
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phylogram in Fig. 2a (Additional file 3: Fig. S32—-S34, Additional file 1: Table S20).

2. Supplementary results

2.1 Orthology assignment

In 87 out of the 96 analyzed transcript libraries of Neuropterida, we were able to assign
transcripts to more than 3,000 COGs (Additional file 1: Table S1). The transcriptome with
the lowest number of assigned orthologs was one of the two transcriptomes referring to
the megalopteran species Sialis Ilutaria. This specific transcriptome was excluded for
further downstream analyses. The transcriptome of the corydalid species Protohermes
xanthodes vyielded the best assignment success rate, with 3,777 assigned transcripts.
Among the outgroup taxa the highest success rate yielded Harpegnathos saltator with
3,909 assigned transcripts. Detailed results of the orthology assignment step are given in

Additional file 1: Table S1.

2.2 Protein domain identification

The protein domain identification pipeline resulted in the annotation of 8,741 PfamA
domain data blocks and 1,764 PfamB domain data blocks within the 3,983 gene sequence
alignments (COGs). The annotated PfamA domains clustered into 328 different protein
domain clans. In total, we identified 13,144 independent void sections among the 3,983
COGs. The mean number of annotated PfamA domains per gene was 2.19, while the
mean number of annotated PfamB domains per gene was 0.44. The cumulative alignment
length of PfamA domains was 1,046,857 amino-acid alignment positions. The cumulative

alignment length of PfamB domains was 174,653 amino-acid alignment positions.
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2.3 Exploration of patterns of missing data and violations of SRH conditions

Mengenilla moldrzyki (Strepsiptera) and Micropterix calthella (Lepidoptera) had the lowest
pairwise alignment completeness scores in the amino-acid supermatrix C (Additional file 3:
Fig. S37). These two species were also automatically dropped in the the analysis with
MARE, as a result of their low alignment completeness. The heatmaps of pairwise
alignment completeness scores generated with AliStat do not display any obvious signs of
non-random distributions of data coverage in any of the analyzed amino-acid
supermatrices. Visual inspection of the AliStat heatmap of supermatrix D-nt (Additional file
3: Fig. S43) does not indicate obvious signs of non-random distribution of data coverage

either.

The Bowker’s tests of symmetry on the reduced versions of supermatrix E (decisive and
RCFV-corrected) indicate a reduced level of deviation from global SRH conditions in these
matrices. The pairwise p-values for the Bowker’'s test of symmetry were larger for the
decisive matrix (median: 3.29e-013) than for the RCFV-corrected matrix (median: 9.33e-
018) indicating that deviation from SRH conditions were significantly reduced in the
decisive matrix (see also Additional file 3: Fig. S50, S51). All other generated amino-acid
supermatrices show elevated levels of deviation from global SRH conditions (see Table 1
main Text and Additional file 3: Fig. S44-S49). When analyzing the corresponding
nucleotide supermatrix of supermatrix D, the second codon positions showed the least
deviation from SRH conditions (Additional file 3: Fig. S52-S54) by having the largest
median and the largest mean pairwise p-values for the Bowker’s test among taxa (median
1%: 0.000e+00, median 2": 3.028e-03, median 3™: 0.000e+00, where 0.000e+00 indicates

values close to zero).
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2.4 Model selection and phylogenetic analyses of protein-domain-based partitioned
amino-acid sequence data and phylogenetic analyses of second codon positions

The analyses of supermatrices E and D-nt with PartitionFinder resulted in calculated
partitioning schemes with better AICc scores when a maximum-likelihood starting tree was
used (AlCc with option ml-tree: 64791636 for amino acids and 43149227 for second
codon-positions, AICC without mi-tree option: 64806990 for amino acids and 43166061 for
second codon positions). LG4X was the most frequently selected model at the amino-acid
sequence level (684 meta-partitions). The analysis with PartitionFinder resulted in 1,825
meta-partitions in the calculated and optimized partitioning scheme of the amino-acid
supermatrix E. The optimized partitioning scheme of supermatrix D-nt comprised 168
meta-partitions. The bootstop checks in RaxML converged mostly after 50 replicates
suggesting that 100 bootstrap replicates are sufficient for the convergence of the bootstrap
values for both datasets. Phylogenetic analyses of amino-acid and nucleotide datasets
with the optimized partitioning schemes yielded 1 unique topology among all 100 tree
searches for each of the these two separate datasets. These topologies resulted from the
analyses of these two data types are highly congruent for the major clades of Neuropterida
and only show slight topological differences at the very shallow nodes of the tree (see Fig.
1 of the main Text and Additional file 3: Fig. S1-S5). Additionally, the topologies that
resulted from the reduced versions of supermatrix E (decisive and RCFV-corrected) are
highly congruent to the above mentioned topologies for the Neuropterida backbone tree,
except for a difference within the outgroup taxa (Coleoptera are paraphyletic with respect
to Strepsiptera, Additional file 3: Fig. S6-S9). The analyses of the amino-acid sequence
alignments with the site-heterogeneous models suggested topologies identical with the
analyses of the above-mentioned partitioned datasets concerning the major phylogenetic

splits in Neuropterida backbone tree (Additional file 3: Fig. S10-S14).
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The rogue-taxon analyses of the amino-acid and the nucleotide sequence data did not
reveal substantial contribution of rogue taxa in the phylogenetic results. Specifically, we
identified the amino acid dataset to be rogue taxon-free; analyses of the nucleotide
supermatrix D-nt flagged one species, Turcoraphidia amara as rogue taxon. The difference
in the placement of this taxon refers to its placement within Raphidiidae and therefore

does not affect the bootstrap values of the backbone tree of Neuropterida.

2.5 Summary coalescent and concatenation-based analyses of gene partitions

At the amino-acid sequence level the results of the concatenation-based analyses of the
gene-partitions are highly congruent with those obtained from the analyses of the protein-
domain-partitioned supermatrices. As in the analyses of all datasets of protein-domain
partitions, the phylogenetic analyses of gene partitions supported a sister group
relationship of Hemerobiidae to a clade of Ithonidae + monophyletic Myrmeleontiformia.
The above-mentioned sister group relationship is recovered in every analysis of amino-
acid sequence dataset analyzed irrespective of the method or the partitioning strategy that
was used (Additional file 3: Fig. S1, S2, S6-S9, S10-S14, S15-S21). However, the
Chrysopidae + Mantispoidea clade is disrupted in the concatenation-based analyses of
genes at the amino-acid sequence level when genes were filtered for species coverage
(Additional file 3: Fig. S20, S21). Overall, the topologies that resulted from the summary
coalescent phylogenetic analyses of genes at the amino-acid sequence level are very
similar to the topologies that resulted from the partitioned concatenated analyses of protein
domains (or genes). The main difference between coalescent and concatenated analyses
of amino-acid data is that the quartet support values are indicative of the conflict in the

data, while the local posterior probabilities, non-parametric bootstrap, or Bootstrap by
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transfer (TBE) support values are overall less conservative (Additional file 3: Fig. S1-S2,
Additional file 1: Table S16—-S19). An example of this pattern is the support for the clade
Hemerobiidae + Myrmeleontiformia which is stable across analyses of amino-acid
sequence data (Additional file 3: Fig. S1-S14, S18-S21). UFB, SH-aLRT, non-parametric
bootstrap, TBE support, and local posterior probabilities are consistently high for a clade
Hemerobiidae + Myrmeleontiformia (e.g. Fig. 1, Additional file 3: Fig. S1-S2, S6-S9),
while quartet support for the given topology is weak (e.g. Fig. 2a, Additional file 1: Tables
S16, S18). SH-aLRT and UFB support for the monophyly of the clade Mantispoidea +
Chrysopidae is very low when analyzing the decisive amino-acid dataset (supermatrix E-
decisive: 57 % and 66 % respectively, Additional file 3: Fig. S8, S9). UFB and SH-aLRT
support is high for a clade of Mantispoidea + Chrysopidae in the analysis of the RCFV-

corrected matrix (98 % and 91% respectively, Additional file 3: Fig. S6, S7).

Partitioned phylogenetic analyses of the second codon positions of the nucleotide
sequence data suggested identical topologies with analyses of domain-partitioned amino-
acid sequence data for the major phylogenetic relationships of Neuropterida with high
bootstrap support (Additional file 3: Fig. S3—S5). When analyzing complete codon-based
nucleotide sequence supermatrices partitioned according to genes, we considered
datasets based all three codon positions. Overall, the phylogenetic relationships of
Neuropterida (especially concerning the interrelationships of the clades: Hemerobiidae,
Ithonidae + Myrmeleontiformia, Chrysopidae and Mantispoidea) are more unstable across
analyses and datasets when analyzing gene partitions of nucleotide sequences with all
three codon positions included (Additional file 3: Fig. S22-S29). The main difference
between the analyses of codon-based nucleotide sequence data (both coalescent and

concatenation-based) with previously the mentioned analyses of amino acid sequence
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alignments or those of second codon positions is the placement of Chrysopidae (instead of
Hemerobiidae) as sister to a clade of Ithonidae + paraphyletic Myrmeleontiformia
(Additional file 3: Fig. S22-S29). The paraphyly of Myrmeleontiformia (except
Psychopsidae for which no data were available) stems from a sister group relationship of
Nymphidae to Ithonidae with high statistical UFB and SH-aLRT support (Additional file 3:
S22-S29). The paraphyly of Myrmeleontiformia and the sister group relationship of
Chrysopidae to a clade of Ithonidae + paraphyletic Myrmeleontiformia is recovered in the
analyses of codon-based nucleotide sequence data irrespective of whether we applied a

concatenation-based or a summary coalescent approach (Additional file 3: Fig. S22—-S29).

In the analyses of codon-based nucleotide sequence data Osmylidae instead of Sisyridae
is recovered as the sister group of Nevrorthidae. This relationship is supported by all
coalescent analyses irrespective of the data type analyzed (Fig. 2a, Additional file 3: Fig.
S15-S17, S22-S25). However, quartet support calculated with ASTRAL shows substantial
conflict among gene trees for this particular phylogenetic question (Additional file 1: Tables
S16-S19). The sister group relationship of Osmylidae and Nevrorthidae is not in
agreement with the analyses of second-codon positions (supermatrix D-nt, Additional file
3: Fig. S3-S5) which suggest the same topologies as the concatenation-based analyses of

amino-acids (Fig. 1 of the main text, Additional file 3: Fig. S1, S2).

Within the herewith inferred monophyletic Raphidioptera, Raphidiidae was inferred as
monophyletic with high bootstrap support in all phylogenetic analyses. The nearctic genus
Agulla was inferred as sister to all Palearctic Raphidiidae also with high bootstrap support
Fig. 1, non-parametric bootstrap support: 100 %). Within the Palearctic Raphidiidae the

genus Mongoloraphidia was inferred as sister to all other palearctic Raphidiidae. In
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general, these results are stable across all concatenation-based analyses of amino-acid
sequence alignments (Additional file 3: Fig. S1, S2, S6-S14, S18-S21), but non-
parametric bootstrap support for the inter-relationships of the palearctic Raphidiidae is low
(Fig. 1 of the main text). However, additional topological differences were observed
between summary coalescent and concatenation-based analyses concerning the inferred
phylogenetic relationships within the palearctic Raphidiidae. Specifically, the summary
coalescent analyses did not support the placement of the palearctic genus
Mongoloraphidia as sister to the remaining palearctic Raphidiidae (Additional file 3: Fig.
S15-17, S22-S25). In general, all summary coalescent and concatenation-based
analyses suggested a low level of molecular divergence among the species of palearctic
Raphidiidae. Quartet support calculated with ASTRAL is also indicative of the extensive
amounts of gene-tree conflict concerning the inter-relationships of the palearctic

Raphidiidae (Additional file 3: Fig. S15-17, S22-S25).

2.6 FcLM branch support tests with and without data permutations

The phylogenetic relationships between the three orders Raphidioptera, Megaloptera and
Neuroptera is robustly resolved based on the results of tree reconstructions and FcLM
analyses. Megaloptera and Neuroptera are sister groups. Within Neuroptera,
Coniopterygidae are sister to all other Neuroptera. Osmylidae, Sisyridae and Nevrorthidae
form a monophyletic clade. Support for the monophyly of Osmyloidea is indirect from the
results of FcLM under hypothesis 4a but also directly from the FcLM results under
hypothesis 8. Dilaridae are the sister group to all remaining Neuroptera, excluding the
previously mentioned families. Nymphidae, Nemopteridae, Ascalaphidae and
Myrmeleontidae form a monophyletic clade. All these relationships mentioned above

receive high bootstrap support and high support in the quartet tests based on the original
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data and permutations (see also Additional file 1: Table S2).

The overall best ML tree (Fig. 1) displays a clade of Mantispoidea + Chrysopidae with high
bootstrap and high SH-aLRT support (97 % and 98.8 % respectively) (node 185). This
clade does not receive unequivocal support from the quartet analyses (Fig. 2a, Additional
file 1. Table S2, Hypothesis 9). The tree also displays a clade of Hemerobiidae +
(Ithonidae + [Nymphidae, Nemopteridae, Ascalaphidae and Myrmeleontidae]) (node 204).
This clade receives strong bootstrap and SH-aLRT support in all analyses of amino-acid
sequence data but shows unequivocal quartet support in the FcLM analyses and in the
ASTRAL quartet analyses. It should therefore as well be regarded as only weakly
supported. The unequivocal support for the above-mentioned nodes in the FcLM analyses
is in agreement with the low quartet support received for these nodes from the coalescent-
based approach (e.g. Fig. 2a). A sister group relationship of Sisyridae and Nevrorthidae
(node 181) is not supported by the FcLM analyses, albeit the number of informative
quartets for this particular question is extremely low to evaluate the robustness of this
hypothesis (eight quartets). Quartet support as resulted from the analysis of the coalescent
approach also shows weak support for the interrelationships of Sisyridae, Osmylidae, and
Nevrorthidae (e.g. Additional file 1: Table S16, S18 ). With the use of different definitions of
groups of taxa (Hypothesis 3, Additional file 1: Table S2) FcLM and ASTRAL quartet
support show almost equal proportion of quartets supporting Osmylidae + (Nevrorthidae +

Sisyridae) and Sisyridae + (Nevrorthidae + Osmylidae).

2.6.1 Hypothesis 1: Megaloptera and Neuroptera are sister taxa (Node: 167)
Quartet-Expectation: (Raphidioptera, Outgroups), (Megaloptera, Neuroptera)

Statistics: 276,480 quartets; 119 taxa, 1,825 partitions, no partitions dropped
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In total ~86 % of the quartets favor (Raphidioptera, Outgroups), (Megaloptera,
Neuroptera), 14 % (Raphidioptera, Megaloptera), (Outgroups, Neuroptera). Permutations
indicate a confounding effect most likely coming from the distribution of missing data for
(Raphidioptera, Megaloptera), (Outgroups, Neuroptera). This preference for
(Raphidioptera, Megaloptera), (Outgroups, Neuroptera) vanishes in permutation Ill. Taken
together this result gives strong confidence in (Raphidioptera, Outgroups), (Megaloptera,

Neuroptera).

2.6.2 Hypothesis 2: Coniopterygidae are not the sister group of Sisyridae (Node:
179)

Quartet-Expectation: (Coniopterygidae, Osmylidae), (Sisyridae, Nevrorthidae)
Statistics: 8 quartets; 8 taxa, 1,733 partitions, 92 partitions dropped

In total 100 % of the quartets favor (Coniopterygidae, Sisyridae), (Osmylidae,
Nevrorthidae), in contrast to the expectation. Permutations indicate potential confounding
factors for the original result of the tree reconstructions (62.5 % of quartets). However,
permutation Ill is very strongly biased and the number of quartets for this FcLM analysis is

very low, therefore the results of this analysis should be taken with great caution.

2.6.3 Hypothesis 3: Nevrorthidae and Sisyridae are sister groups (Node: 181)
Quartet-Expectation: (Neuroptera partim., Osmylidae), (Sisyridae, Nevrorthidae)
Statistics: 112 quartets; 60 taxa; 1,759 partitions; 66 partitions dropped

In total 52 % of the quartets favor the expected relationship, 48 % the alternative
(Neuroptera partim., Sisyridae), (Osmylidae, Nevrorthidae). Confounding factors favor
(Neuroptera partim., Nevrorthidae), (Sisyridae, Osmylidae). Taken together this weakly

supports the original hypothesis. Note that results must be taken with caution due to the
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low number of analyzed quartets.

2.6.4 Hypothesis 4: The family Osmylidae is not the sister group of Chrysopidae
(Node: 180)

Quartet-Expectation A: (Osmylidae, Nevrorthidae + Sisyridae), (Chrysopidae +
Mantispoidea, Dilaridae)

Statistics: 60 quartets; 25 taxa; 1,752 partitions; 73 partitions dropped

In total 100 % of the quartets favor (Osmylidae, Nevrorthidae + Sisyridae), (Chrysopidae +
Mantispoidea, Dilaridae). There are no strong confounding factors detectable.
Quartet-Expectation B: (Osmylidae, Nevrorthidae + Sisyridae), (Chrysopidae
+Mantispoidea, Dilaridae)

Statistics: 45 quartets; 20 taxa; 1,751 partitions; 74 partitions dropped

In total 100 % of the quartets favor (Osmylidae, Nevrorthidae + Sisyridae), (Chrysopidae,
Dilaridae). There are confounding factors favoring the original hypothesis in quartet

expectation b. It should therefore accepted with caution.

2.6.5 Hypothesis 5: The family Nevrorthidae is not the sister group to all other
Neuroptera (Node: 179)

Quartet-Expectation: (Megaloptera, Coniopterygidae), (Neuroptera partim, Nevrorthidae)
Statistics: 1,792 quartets; 69 taxa; 1,778 partitions; 47 partitions dropped

In total 94 % of the quartets favor (Megaloptera, Coniopterygidae), (Neuroptera partim,
Nevrorthidae). There are confounding factors for (Megaloptera, Nevrorthidae). Taken

together there is strong support for the original results.
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2.6.6 Hypothesis 6: The family Hemerobiidae is the sister group of Ithonidae +
Myrmeleontiformia (Node 204)

Quartet-Expectation A: (Chrysopidae, Mantispidae + Berothidae), (Hemerobiidae,
Myrmeleontidae + Ithonidae + Nymphidae + Ascalaphidae + Nemopteridae)

Statistics: 22,800 quartets; 55 taxa; 1,824 partitions; 1 partitions dropped

In total 72.4 % of the quartets support (Chrysopidae, Mantispidae), (Hemerobiidae,
Myrmeleontidae + Ithonidae + Nymphidae + Ascalaphidae + Nemopteridae + Dilaridae).
There is confounding signal supporting this result, it should therefore be taken with caution
(Additional file 1: Table S2).

Quartet-Expectation B: (Chrysopidae + Mantispidae + Berothidae, Dilaridae),
(Hemerobiidae, Myrmeleontidae + Ithonidae + Ascalaphidae + Nemopteridae))

Statistics: 6,080 quartets; 57 taxa; 1,793 partitions; 32 partitions dropped

There is almost no support for any hypotheses in these quartet analyses. Also not for the
original result derived from the tree reconstruction (Chrysopidae + Mantispidae +
Berothidae, Dilaridae), (Hemerobiidae, Myrmeleontidae + Ithonidae + Nymphidae +

Ascalaphidae + Nemopteridae).

2.6.7 Hypothesis 7: Myrmeleontiformia are monophyletic and sister to Ithonidae
(Node: 220)

Quartet-Expectation: (Dilaridae + Mantispidae + Berothidae+ Chrysopidae +
Hemerobiidae, Nymphidae), (Myrmeleontidae + Ascalaphidae + Nemopteridae, Ithonidae)
Statistics: 1,184 quartets; 57 taxa; 1,643 partitions; 182 partitions dropped

There is strong support for the ML tree reconstruction supporting monophyletic

Myrmeleontiformia. Confounding signal in favor of this hypothesis is not detectable.
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2.6.8 Hypothesis 8: Osmyloidea are monophyletic (Node: 180)

Quartet-Expectation: (Osmylidae, Nevrorthidae + Sisyridae), (Coniopterygidae +
Megaloptera + Raphidioptera, Dilaridae + Chrysopidae + Mantispoidea + Hemerobiidae)
Statistics: 3,552 quartets; 73 taxa; 1779 partitions; 46 partitions dropped

There is strong support from quartet analyses in favor of the monophyly of Osmyloidea
(99.70 % of quartets). There is no detectable confounding signal in favor of the original

hypothesis.

2.6.9 Hypothesis 9: The family Chrysopidae is sister to Mantispoidea (Node: 185)
Quartet-Expectation: (Chrysopidae, Mantispidae + Berothidae), (Hemerobiidae +
Ithonidae + Myrmeleontiformia, Dilaridae + Osmylidae + Sisyridae + Nevrorthidae +
Coniopterygidae)

Statistics: 23,625 quartets; 64 taxa; 1824 partitions; 1 partition dropped

There is conflicting signal from quartets and no strong support for the original result of tree
reconstructions (Additional file 1: Table S2). Taken together this weakly supports the

original hypothesis.

2.7 Divergence times estimation

The divergence time estimates that resulted from the two independent combined analyses
in MCMCTree resulted in very close estimates of mean and median ages for the major
lineages of Neuropterida when using the full set of the twelve fossil calibration points
(Additional file 1: Table S3—-S4, Additional file 3: Fig. S30-S31). The median node age
estimates of the meta-partitions from the two runs are almost identical as they overlap with
each other in our beanplots of medians when comparing the two different runs (Additional

file 3: Fig. S31). The additional analyses when exluding the fossil EImothone martynovae
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from the calibrations resulted very similar posterior median, mean and confidence interval
values for the ages of the major nodes of Neuropterida, suggesting that the placement of
Elmothone martynovae did not significantly affect the posterior node age estimates
(Additional file 1: Table S12—S13). Overall, the posterior updated estimates of node ages
suggested much younger ages than the prior marginal distributions for the shallow nodes
and more narrow confidence intervals (Additional file 3: Fig. S56, Additional file 1: Tables
S3-S4, S11). There exists a stronger correlation between the posterior and the prior mean
ages for the deep nodes (as well as for the confidence interval width, Additional file 1:
Tables S3-S4, S11, Additional file 3: Fig. S56) which most probably stems from the
placement of a hard maximum bound at the root in all of our analyses. Nevertheless
posterior confidence intervals for the ages overlap well with the prior confidence intervals
(Additional file 1: Tables S3—-S4) suggesting that there is no strong conflict between the

prior marginal distributions and the posterior distribution of node ages.

Interestingly, the inferred mean and median divergence time estimates for the crown
representatives of the clade Ascalaphidae + Myrmeleontidae are younger than the
minimum age that was defined a priori for this clade. Since the two independent MCMC
runs converged on similar age estimates for this node, the observed conflict is unlikely due
to the lack of convergence. There are several possible reasons for this conflicting result,
including the putative non-monophyly of Myrmeleontidae (see discussion of main text) and
the conflict among meta-partitions for this relationship, the lack of the possibly most basal
antlions in our dataset such as those in the tribe Stilbopterygini [112, 122], and node
calibration or clock model misspecifications. Nevertheless, the 95 % posterior confidence
intervals for the origin of the clade Ascalaphidae + Myrmeleontidae show some overlap

with the minimum age defined a priori for this clade (Fig. 1, Additional file 1: Tables S3—
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S4).

2.8 Ancestral character state reconstructions of the larval habitats of Neuropterida

On average there were 5.88 changes between states along the branches of each
stochastic character map (analysis presented in Fig. 4). The results of the stochastic
character mapping analyses suggest that ancestral Neuropterida most likely had terrestrial
larvae (pp_aquatic = 0.0008 and pp_terrestrial = 0.9992 in analyses of Fig. 4, see also
Additional file 2: Fig. S32—S34). In addition, the results suggest a primarily terrestrial larva
in the last common ancestor of Neuroptera (pp_aquatic = 0.0008 and pp_terrestrial =
0.9992 in analyses of Fig. 4, see also Additional file 2: Fig. S32-S34). Furthermore,
primarily terrestrial larvae in the last common ancestor of Megaloptera + Neuroptera is
inferred as the most likely scenario given our data (pp_aquatic = 0.0034 and pp_terrestrial
= 0.9966 in analyses of Fig. 4, see also Additional file 2: Fig. S32-S34). The larvae of
Megaloptera were inferred as primarily aquatic (pp_aquatic = 0.7994 and pp_terrestrial =
0.2006 in analyses of Fig. 4, see also Additional file 2: Fig. S32-S34). These results are
stable irrespective of whether the larva of Lepicerus sp. was coded as aquatic or terrestrial
(Fig. 4, Additional file 2: Fig. S32-S34). Moreover, these results are strongly supported
irrespective of the inferred relationships within Osmyloidea (Fig. 4, Additional file 3: Fig.
S32-34). It has been pointed out that branch lenghts in coalescent units calculated with
ASTRAL should be taken with caution [123]. Despite this, the different SCM analyses
based on the coalescent-based trees produced similar results with the SCM analyses
based on the branch lengths of ultrametric trees (i.e. from molecular dating analyses)
concerning the common ancestor of Neuroptera and Neuropterida (Fig. 4, Additional file 3:

Fig. S32-34).
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3. Availability of data and materials

The datasets and additional information supporting the conclusions of this article are
available in the Dryad digital repository, https://doi.org/10.5061/dryad.1jwstqgjrs. The data
deposited in Dryad include: 1) the ortholog set used as input for Orthograph, 2) all
analyzed supermatrices, 3) datasets used for four-cluster likelihood mapping analyses, 4)
meta-partitions used for estimation of divergence times, 5) species trees inferred with
ASTRAL, 6) best phylogenetic tree that resulted from the analyses of supermatrix E, and

7) Gene trees used for summary coalescent analyses with ASTRAL.
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