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Target-enrichment of ultraconserved elements has proven advantageous in recovering large quantities of phylogenetically 
informative data even from specimens with suboptimal DNA preservation. It is also possible to develop ultraconserved element 
probe sets with minimal exemplar taxa, enabling the resolution of recalcitrant nodes in the Tree of Life even of rare groups. 
Unfortunately, probe sets are still lacking for multiple groups of insects, such as the 3 orders in Neuropterida (Insecta: Holome-
tabola): Megaloptera, Neuroptera, and Raphidioptera. Additionally, a well-curated probe set for neuropterids makes it possible 
for the investigation of their evolution, including reconstructing the ancestral state of characters and examining their life-history 
transitions. In this study, we developed the first openly available probe set targeting ultraconserved elements of Neuropterida. 
We in-silico tested different parameters to design an optimized probe set that efficiently captures conserved loci of the 3 
orders of Neuropterida. After comparing taxonomically tailored and universal probes, our study suggests that the latter recovers 
higher number of shared ultraconserved elements for the superorder. Accordingly, we provide an optimized probe set that 
successfully targets 5,577 loci across all Neuropterida lineages.
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Introduction
Modern advances in evolutionary biology methods enable us 
to obtain new insights into how biodiversity responded to 
major events that happened on Earth in the past. Phylogenies 
have long been used for understanding evolutionary history 
and relationships among taxa, and when combined with the 
advances in DNA sequencing, they proved to be important to 
several fields of biology and the key to the understanding of 
deeper evolutionary and biogeographic histories (Yang and 
Rannala 2012). A phylogenetic tree not only provides a hypoth-
esis for species relationships but also enables the estimation of 
the origin of traits, divergence times, and diversification rates, 
in addition to mapping heritable character states (Yang and 
Rannala 2012, Kapli et al. 2020). However, the expensive cost 
of traditional Sanger sequencing and the relatively low quantity 
of phylogenetically informative data recovered with only a few 
genes limited the application of molecular phylogenetics 
(Blaimer et al. 2015, 2016, Young and Gillung 2020).

High-throughput sequencing (HTS), also known as 
next-generation sequencing, dramatically improved DNA 
sequencing after the mid-2000s and provided a method for 
rapid and low-cost sequencing of genomic scale data (Kapli 

et al. 2020, Young and Gillung 2020). The development of 
HTS enabled researchers to acquire data from almost the com-
plete genome (whole-genome sequencing—WGS), which may 
reduce sampling (stochastic) errors (Kapli et al. 2020, Young 
and Gillung 2020). However, the computational power and 
bioinformatic skills required to analyze this large amount of 
data have become a challenge (Kapli et al. 2020, Young and 
Gillung 2020). Additionally, several loci without phylogenet-
ically informative data can be recovered with WGS, increasing 
the time required for data cleaning and the potential for sys-
tematic error (violation of model assumptions) to occur 
(Blaimer et al. 2016, Young and Gillung 2020). Methods of 
target enrichment minimize these challenges, allowing for the 
sequencing of regions of interest throughout the genome (Fair-
cloth et al. 2012, Blaimer et al. 2016).

The target enrichment of ultraconserved elements (UCEs) 
has been proven successful as a reduced representation sequenc-
ing technique (Young and Gillung 2020). UCEs are regions 
with highly conserved sequences (95% to 100% similarity) 
across distantly related taxa (Bejerano et al. 2004, Faircloth 
et al. 2012), which have been used to investigate phylogenetic 
relationships of both shallow and deep taxonomic levels 
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(Faircloth et al. 2012, Blaimer et al. 2015, Baca et al. 2017, 
Derkarabetian et al. 2019, Gustafson et al. 2020, Buenaventura 
et al. 2021, Saenz Manchola et al. 2022, Sota et al. 2022, Baca 
et al. 2025). This method also performs well in recovering data 
even from specimens with suboptimal DNA preservation (eg 
old, pinned insects), allowing the use of specimens from groups 
that are difficult to collect or even extinct or extirpated (Fair-
cloth et al. 2015, Blaimer et al. 2016, Van Dam et al. 2021). 
Additionally, through museomics, it allows researchers to 
increase the taxon sampling for regions of the world that are 
difficult to access by using specimens already deposited in 
museums (Derkarabetian et al. 2019, Van Dam et al. 2021). 
Although UCE sequencing is a broadly applied method, many 
challenges remain, especially regarding how to best design and 
curate probe sets (short DNA sequences used to target the 
region of interest) (Blaimer et al. 2015, Faircloth 2017, Gus-
tafson et al. 2019, 2020,  Van Dam et al. 2022, Gustafson 
et al. 2023).

Shared universal UCE probe sets are currently available for 
several vertebrate groups, and they also perform well for inter-
nal lineages (Gustafson et  al. 2019). However, for highly 
diverse and ancient organisms such as insects, universal probe 
sets may be insufficient to accurately recover data from lineages 
that are phylogenetically distant from the exemplar taxa (ie the 
taxa used for designing the probes) due to reduced hybridiza-
tion efficiency (Gustafson et al. 2019, 2020, 2023). For insects, 
tailored probe sets work better in recovering larger numbers 
of loci from closely related taxa, but designing new probes for 
each model group results in targeting different UCEs, thus 
reducing inter-dataset compatibility (Gustafson et  al. 2019, 
2023). Both universal and tailored probe sets have been 
designed to capture UCEs of different insect groups, including 
Coleoptera (Faircloth 2017, Gustafson et al. 2019, 2023), Dip-
tera (Faircloth 2017, Buenaventura et al. 2021), Hemiptera 
(Faircloth 2017), Hymenoptera (Blaimer et al. 2015, Faircloth 
et al. 2015, Branstetter et al. 2017, Faircloth 2017), Isoptera 
(Hellemans et al. 2022), Lepidoptera (Faircloth 2017), and 
Phthiraptera (Zhang et al. 2019).

When designing new probe sets, it is possible to combine 
them with previously designed probes, thus diversifying the 
data and increasing the compatibility with previous datasets 
(Gustafson et al. 2019). Additionally, it is possible to design 
universal probes based on representative exemplar taxa and 
later subset them to specific groups within the main taxa, main-
taining the universality of the probes (Gustafson et al. 2019, 
Young and Gillung 2020). In this study, we tested this last 
approach to design the first optimized probe set for Neurop-
terida (Insecta: Holometabola), which will allow future studies 
to further explore their evolutionary relationships.

Neuropterida is composed of 3 relatively small orders: Meg-
aloptera, Raphidioptera, and Neuroptera (Engel et al. 2018). 
They display a wide variety of ecological strategies, including 
freshwater vs terrestrial organisms, widespread vs restrict dis-
tributions, generalists vs specialists, predation, parasitism, par-
asitoidy, extracorporeal digestion vs intracorporeal digestion, 
etc. (Oswald and Machado 2018). The phylogenetic relation-
ships of Neuropterida have been widely discussed for the last 
few decades (Aspöck 2002, Haring and Aspöck 2004, Wang 
et al. 2017, Engel et al. 2018, Winterton et al. 2018, Vasiliko-
poulos et al. 2020, Lai et al. 2025, Zhang et al. 2025) due to 
their great morphological diversity. Additionally, their evolu-
tionary history is marked by several events of extinction (Engel 

et  al. 2018), which sometimes obscure their phylogenetic 
relationships.

Using a representative taxon sampling to design UCE probe 
sets allows us to identify numerous UCEs across the lineages 
of Neuropterida. This approach, in turn, enables the recon-
struction of both deep and shallow evolutionary relationships 
within this group by providing access to a whole new set of 
molecular data. Our goals are to: (i) design probe sets for tar-
geting UCEs of species of Neuropterida and examine the utility 
of these newly designed universal probes in recovering UCE 
data, (ii) test different optimization parameters for probe set 
design, such as stringency and choice of base genomes, (iii) test 
the efficiency of subsetting probes in recovering UCEs of lower 
taxonomic levels, and (iv) compare the universal probe set with 
probes designed separately for each order. Finally, we aim to 
validate probe design by using the newly generated probe set 
to capture UCEs from available genomic sequences and recon-
struct a phylogenetic tree for Neuropterida.

Materials and Methods
Taxon Sampling for Bait Design
Neuropterida are a diverse superorder comprising approxi-
mately 6,500 species and 19 families (Winterton et al. 2018). 
Their approximate range of genome sizes is 300 Mbp to 1.3 
Gbp (Broad et al. 2023, Zhao et al. 2025), but there is a 99 
Mbp genome sequence of Conwentzia psociformis (Curtis) 
(Neuroptera) in the National Center for Biotechnology Infor-
mation (NCBI) database. In total, we included 17 genomes 
across 9 families. We sequenced 3 of these genomes de novo 
using low-coverage WGS and downloaded all others from 
NCBI. In Table 1, we provide a list of the species used for bait 
design. Additionally, we also included 1 genome of Coleoptera, 
Tribolium castaneum (Herbst) (GCA_000002335.2), as the 
outgroup, both to root the phylogenies and test the efficiency 
of the new probe set. We verified the genomes’ completeness 
using BUSCO (Simão et al. 2015) and tested whether the most 
complete genome yielded the greatest number of UCEs (respec-
tive scores showed Fig. 1).

DNA Extraction and Sequencing
We performed the DNA extractions for the 3 newly sequenced 
genomes in the molecular lab of the Canadian National Col-
lection of Insects, Arachnids, and Nematodes (CNC), Agricul-
ture and Agri-Food Canada. We used the Qiagen QIAamp 
DNA Micro Kit for DNA extractions and followed the manu-
facturer’s protocol (QIAGEN 2014), except for the amount of 
proteinase K, which we tripled to improve the concentration of 
DNA extracted. We submerged each sample in 180 µl Buffer 
ATL, mixed with 60 µl of proteinase K and placed them in a 
heated incubator for 12 to 24 h. For the binding step, we incor-
porated 240 µl of Buffer AL and the optional step of adding 1 µl 
carrier RNA to increase the possibility of capturing fragmented 
DNA. Subsequently, we added 240 µl ethanol (96% to 100%) 
and transferred the lysate to a QIAmp MinElute column. We 
washed the membrane with 500 µl of Buffer AW1, followed by 
Buffer AW2 and finally eluted with 200 µl pH-regulated water. 
We then quantified DNA concentrations using the High Sensi-
tivity Assay Kit on a Qubit 4 Fluorometer.

The extracted DNA was later stored in 50 µl Buffer AE and 
shipped to the McGill Genome Centre facility for sequencing. 
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Library preparation was performed using a Kapa Hyper Prep 
Library Preparation kit, with PCR, followed by successive ses-
sions of Ampure clean-up because of the reduced quantity of 
DNA. Low-coverage WGS was conducted in a NovaSeq6000 
S4 v1.5, 150 bp paired-end reads, at 5× coverage.

Data Cleaning and Genome Assembly
We trimmed adapters and other contaminants from raw reads 
using Trimmomatic v0.39 (Bolger et al. 2014) and assessed the 

quality of the trimmed reads using FastQC v0.12.0 (Andrews 
2023). All paired reads, Anchored Hybrid Enrichment (AHE), 
and transcriptome sequences were assembled de novo (ie with-
out a reference genome) using SPAdes v4.0.0 (Prjibelski et al. 
2020). We tested several SPAdes assembly options before the 
final run and assessed the quality of the assemblies using QUAST 
v5.0.2 (Gurevich et al. 2013) to ensure the best method was 
selected. We assembled the reads using the single cell (-sc) run-
ning mode, specifying paired-ended libraries, and for the AHE 
and transcriptome sequences, we used “isolate.” We set the 

Fig. 1.  BUSCO scores of genomes.

Table 1.  List of genomes used as representative taxa to design probe sets of Neuropterida

Order Family Species Source Estimated 
read depth

GenBank Genome Assembly

Megaloptera Corydalidae Acanthacorydalis orientalis (McLachlan 1899) NCBI 258× GCA_034766995.1
Neoneuromus ignobilis (Navás 1932) NCBI 112× GCA_029203775.1

Sialidae Sialis lutaria (Linnaeus 1758) NCBI 60× GCA_949319165.1
Sialis fuliginosa (Pictet 1836) NCBI 65× GCA_961205875.1

Neuroptera Chrysopidae Chrysopa pallens (Rambur 1838) NCBI 204× GCA_020423425.1
Chrysoperla carnea (Stephens 1836)a NCBI 40× GCF_905475395.1
Chrysoperla zastrowi sillemi 
(Esben-Petersen 1935)

NCBI 30× GCA_040669965.1

Nineta flava (Scopoli 1763) NCBI 39× GCA_963920215.1
Coniopterygidae Conwentzia sp. Newly 

sequenced
5× SAMN51422129

Myrmeleontidae Brachynemurus nebulosus (Olivier 1811) NCBI 34× GCA_035578155.1
Osmylidae Spilosmylus inthanonensis (New 1991) Newly 

sequenced
5× SAMN51422130

Sisyridae Sisyra nigra (Retzius 1783) NCBI 55× GCA_958496155.1
Sisyra terminalis (Curtis 1854) NCBI 82× GCA_958496175.1

Raphidioptera Inocelliidae Negha inflata (Hagen 1861) Newly 
sequenced

5× SAMN53489216

Raphidiidae Mongoloraphidia duomilia (Yang 1998) NCBI 64× GCA_039654895.1
Venustoraphidia nigricollis (Albarda 1891) NCBI 20× GCA_034508555.1
Xanthostigma xanthostigma (Schummel 1832) NCBI 29× GCA_963575645.1

aAnnotated genome.
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advanced option “cov-cutoff” to auto (Nurk et al. 2013, Prji-
belski et al. 2020). The aforementioned bioinformatic steps were 
performed on the Digital Research Alliance of Canada comput-
ing clusters facilitated by the partnership between McGill Uni-
versity and Calcul Quebec. All bioinformatic steps, from 
trimming to quality check, are available in the online 
supplementary data (sm1_scripts).

Probe Set Design
We followed Tutorial IV of PHYLUCE, which is explained in 
detail by Faircloth (2017), to design multiple probe sets (Fair-
cloth 2016a). For simplicity, we refer to the probes designed 
for the superorder as “universal” and to the ones designed 
specifically for each order as “tailored.” We modified specific 
commands to optimize the final probe set, and our full exper-
imental design is detailed in Fig. 2. The PHYLUCE workflow 
starts by cleaning the genomes using “BioPython” (Cock et al. 
2009) and converting them to “2bit” format using the software 
“faToTwoBit.” We used “ART” (Huang et al. 2012) to simu-
late reads without sequencing error, with a length of 100 bp, 
covering 2× the genome, insert size of 200 bp, and 150 bp of 
SD. We prepared the base genomes and aligned the simulated 
reads on a taxon-by-taxon basis using “Stampy” (Lunter and 
Goodson 2011), applying the following parameters: ‐‐maxba-
sequal 93, ‐‐substitutionrate = 0.05 and insertsize = 400. We 
removed unmapped reads with “SAMtools” (Danecek et al. 
2021) and used “BEDtools” (Quinlan and Hall 2010) to con-
vert “BAM” files into “BEDs,” sort the sequence lines, and 
merge overlapping intervals.

After generating the database containing all alignment inter-
vals that are shared among taxa (“phyluce_probe_get_multi_
merge_table”), we included a filter criterion to enforce that 
only regions present in at least 1 species of all 3 orders were 
maintained. This filter guarantees that our baits are not 
over-representing 1 order but are successfully recovering 
regions shared among the 3 orders (commands available in 
sm1_scripts > phyluce_scripts > base-genome-test).

We then queried this filtered database with “phyluce_probe_
query_multi_merge_table” and identified highly conserved loci 
(called putative loci “sensu” Gustafson et al. 2019). The strin-
gency is established considering loci found in the base genome 
plus at least 1 other taxon. In all base genome tests, we decreased 
stringency and selected the base genome plus 10 additional taxa. 
By decreasing the number of taxa in this step, the number of 
recovered loci increases in the in-silico test (Gustafson et al. 
2019). We extracted 160 bp-long FASTA sequences using “phy-
luce_probe_get_genome_sequences_from_bed” and designed 
the temporary baits using “phyluce_probe_get_tiled_probes,” 
overlapping the middle of the loci, with 3× tiling density and 2 
baits per locus. We removed baits with extreme GC content or 
with more than 25% repeated content. We also removed dupli-
cates using “phyluce_probe_easy_lastz” and “phyluce_probe_
remove_duplicate_hits_from_probes_using_lastz” (online 
supplementary data > sm1_scripts > phyluce_scripts).

We aligned the temporary baits against all exemplar genomes 
to increase bait representation and more consistently capture 
the conserved loci across the multiple taxa (Faircloth 2016a, 
2017). From this step on, we included the outgroup taxon. 
After identifying which candidate loci were detected consis-
tently across the multiple taxa, a new stringency filter was 
applied, now considering all taxa. Selecting only the baits that 

hit all taxa results in the highest stringency, but it also captures 
the lowest number of UCEs (Faircloth 2016a, 2017).

Base Genome Test
To optimize the number of putative loci identified, we tested 
the effect of base genome choice by repeating the previous steps 
for each sequence whilst considering them as base genomes 
(Fig. 2). All other parameters remained unchanged to ensure 
proper comparison among the different base genomes. During 
candidate loci identification, we set to 16 the number of taxa 
within which the candidate loci must be found. We compared 
the length and final alignment matrix, at 70% completeness, 
generated by the data collected using the baits of each of these 
base genomes.

Stringency Test and Final Probe Set Design
To establish the ideal stringency for bait design, we also used 
Tutorial IV of the PHYLUCE pipeline (Faircloth 2016b). More 
specifically, using the best resulting base genome from previous 
steps, we repeated the steps in the “Conserved locus validation” 
section, available at https://phyluce.readthedocs.io/, starting at 
“Find which loci we detect consistently,” and varying only the 
number of taxa within which the candidate loci must be found. 
Two stringency groups were tested: the broad, or least strin-
gent, when targeting loci shared among 10 out of the 18 taxa, 
and strict, or most stringent, when shared among 16 taxa. We 
evaluated the length of the loci and completeness of the 70% 
alignment matrix in the in-silico test as measurements of the 
stringency efficiency.

Final Probe Set Design
After identifying the optimal base genome and stringency, we 
created the universal probe list (ie the final probe set). As pre-
viously mentioned, we used all exemplar genomes, which 
ensures that the final probe set contains a more representative 
mix of probes targeting the same locus. We applied the com-
mand “phyluce_probe_get_tiled_probe_from_multiple_
inputs,” which accepts more than 1 sequence as input, 
employing the same parameters used for the temporary baits. 
We removed all baits that had identity and coverage equal to 
or greater than 50. Using CURE (curation of UCEs) pipeline 
(Freitas et al. 2023), we identified the location of the UCEs 
captured by the final universal probe set based on the GeneRe-
gion strategy, using the annotated genome of Chrysoperla car-
nea (Stephens) as a reference.

Probe Set Subsetting
To subset the universal probe list generated in the steps above, 
we selected the desired taxa and used the command “phy-
luce_probe_get_subsets_of_tiled_probes.” We created 1 subset 
for the superorder by selecting 1 species of each family of the 
3 orders, as follows: Megaloptera: Acanthacorydalis orientalis 
(McLachlan) (Corydalidae), Sialis fuliginosa (Pictet) (Sialidae); 
Neuroptera: Brachynemurus nebulosus (Olivier) (Myrmeleon-
tidae), Conwentzia sp. (Coniopterygidae), Nineta flava (Scop-
oli) (Chrysopidae), Sisyra nigra (Retzius) (Sisyridae), 
Spilosmylus inthanonensis (New) (Osmylidae), Raphidioptera: 
Negha inflata (Hagen) (Inoceliidae), and Mongoloraphidia 
duomilia (Yang) (Raphidiidae). For the subset of each order, 
we included only species of the individual orders as the 
desired taxa.
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For the superorder subset of the combined tailored and uni-
versal probes, we included an additional filtering step to reduce 
the number of probes in the probe set and minimize the costs 

of synthesizing these probes. Using the SQLite multifasta table, 
we filtered the UCEs shared across all sequences, except the 
outgroup, and favored these loci in the final reduced subset.

Fig. 2.  Experimental design.
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In-Silico Probe Design Test
Using the same 17 genomes of our taxon sampling, we tested 
the efficiency of each probe set designed to collect data from 
genomes that could generate a reliable phylogenetic tree. It 
starts by aligning the probe set to the sequences using “phy-
luce_probe_run_multiple_lastzs_sqlite.” We extracted the fasta 
files for each locus, using a flanking length of 600 bp (“phy-
luce_probe_slice_sequence_from_genomes”) and matched the 
contigs to the probes (“phyluce_assembly_match_contigs_to_
probes”). After adding all recovered loci into a monolithic fasta 
file, we aligned UCEs using MAFFT (Katoh and Standley 
2013). We trimmed the alignments using “Gblocks” (Castresana 
2000, Talavera and Castresana 2007), cleaned the locus names 
from alignments, and generated a 70% complete matrix. We 
computed the statistical measures of the alignments obtained 
with “phyluce_align_get_align_summary_data,” which enables 
determination of the efficiency across probe sets. Finally, for 
the phylogenetic reconstruction, we concatenated the align-
ments, partitioned them by locus and preformed a 
maximum-likelihood phylogenetic analysis using “IQ-TREE” 
(Minh et al. 2020). We used the GTR substitution model with 
a gamma distribution for site rate heterogeneity (with 4 cate-
gories), 2,000 ultrafast bootstrap (Hoang et al. 2018) itera-
tions, and a random seed.

Comparison of Universal Probes with Subsets
To create tailored probe sets and compare their efficiency against 
the universal probe set for the Neuropterida orders, we selected a 
base genome of each order based on the number of putative loci 
from the base genome test. However, as exemplar taxa, we selected 
only species of the same order to comprise the sampling. We sam-
pled 4 species of Megaloptera, 8 of Neuroptera, and 4 of Raphid-
ioptera (Table 1). For all 3 probe sets designed, we included T. 
castaneum as the outgroup. For the development of the tailored 
probes, it was not necessary to modify the database containing all 
alignment intervals that are shared among taxa 
(“phyluce_probe_get_multi_merge_table”).

The assigned names of the UCEs detected across probe sets 
designed using different base genomes are not compatible even 
if they target the same region. To overcome this issue, we deter-
mined which conserved loci were shared among the different 
probe sets for final comparison. We used the tailored probes 
to capture UCEs only from species in the order for which they 
were designed. We followed the bash and R-script “compar-
ing_monolithic_UCE_fastas” pipeline (Alexander 2018, 
Gustafson et al. 2019) to identify the shared conserved loci. 
These scripts also further identify problematic loci across the 
dataset. After defining the matches, we applied a Python script 
(created by Z. Khouri, supplementary_material > sm2_python_
codes) to create a dictionary of matches and combine the 
exploded fasta files (separated files organized by locus) targeted 
from separate probe sets. It resulted in a combined dataset with 
homologous loci captured by different tailored probe sets.

Finally, we conducted 3 separate experiments in-silico: (i) 
the dataset created using the universal probe set vs the com-
bined datasets obtained from the tailored probes using only 
genomes; (ii) the universal dataset vs the combined datasets 
using different genetic datasets (AHE, transcriptomes, and 
genomes); and (iii) the subset for each order vs the tailored 
probe set designed for each order. For the first experiment, we 
compared the alignment summary for the 17 exemplar taxa 

and 1 outgroup. However, for the second and third experi-
ments, to further investigate the efficiency of the designed 
probes in targeting conserved loci, we acquired additional 
sequences available in the NCBI. The dataset for Megaloptera 
comprised 9 taxa, Neuroptera contained 81 taxa, and Raphid-
ioptera included 12 taxa (see supplementary data > sm3_tax-
aset). In total, we included 102 Neuropterida sequences and 1 
outgroup (T. castaneum).

We aligned the loci with MAFFT and followed the PHY-
LUCE pipeline to trim and concatenate fasta files. We then 
tested the efficiency of subsetting the universal and tailored 
probe sets in downstream analyses by comparing locus length 
and the final 70% complete alignment matrix.

Neuropterida Phylogeny Based on UCEs
For final phylogenetic reconstruction, we used the universal 
probe set to target UCEs from genomes, transcriptomes, and 
AHE sequences of species of Neuropterida available on NCBI. 
In addition, we included the following 9 sequences of Neurop-
tera to better represent all extant families in the order: Zach-
obiella pallida (Banks), Aeropteryx monstrosa (Riek), 
Drepanacra binocula (Newman), Eumantispa harmandi 
(Navás), Micromus variegatus (Fabricius), Plega dactylota 
(Rehn), Rhachiberotha sheilae (Aspöck and Mansell), Ululodes 
arizonensis (Banks), and Ululodes bicolor (Banks). In total, our 
analysis included sequence data from 112 taxa: 9 Megaloptera 
(4 genomes, 4 AHEs, and 1 transcriptome), 90 Neuroptera (9 
genomes, 61 AHEs, and 20 transcriptomes), 12 Raphidioptera 
(4 genomes, 4 AHE, and 4 transcriptomes), and 1 genome of 
the outgroup species. The complete list of taxa and their acces-
sion numbers is provided in the online supplementary data > 
sm3_taxaset. We utilized the same steps we used for the in-silico 
test to estimate the Neuropterida phylogeny, with the exception 
of using AMAS (Borowiec 2016) to concatenate the alignments 
and obtain a partition file by UCE locus. Finally, we recon-
structed a maximum-likelihood phylogenetic tree using 
“IQ-TREE,” with the command “-m TEST” activated, which 
identifies the best-fitting substitution model for each partition 
with ModelFinder (Kalyaanamoorthy et al. 2017). We set up 
2 runs, 2,000 ultrafast bootstrap repetitions, and a random 
seed (see online supplementary data > sm1_scripts > 
phylogenetic_reconstruction).

Results
Base Genome
After carrying out the PHYLUCE workflow for each of the 17 
different base genomes, N. flava performed best as the base 
genome for the superorder during putative loci recovery 
(12,410 UCEs and 20,549 probe count) (Table 2). Sisyra ter-
minalis and S. nigra were the second and third best, capturing 
12,302 and 12,239 putative UCEs, respectively. Interestingly, 
these 3 genomes were not among the ones with the highest 
BUSCO scores. The genomes of Venustoraphidia nigricollis 
(Albarda), Sialis fuliginosa (Pictet), Sialis lutaria (Linnaeus), 
and Xanthostigma xanthostigma (Schummel) had 96.6%, 
96.4%, 96.3%, and 96.3% BUSCO scores, respectively, which 
were the highest scores among sampled taxa (Fig. 1). Despite 
that, they were not among the top 3 in capturing conserved 
loci. In fact, S. lutaria was among the least efficient base 
genomes. The baits designed using the genomes of M. duomilia 
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and V. nigricollis  as base genomes also resulted in a high num-
ber of putative loci (12,081 and 11,928, respectively).

For the candidate loci search, the probe set developed using 
M. duomilia as base genome performed better and captured 
the highest number of conserved loci (5,904), followed by S. 
terminalis (5,767). Sisyra nigra and N. flava were the third and 
fourth best base genomes, with 5,739 and 5,098 UCE candi-
date loci identified, respectively. However, during the final 
in-silico test of the bait design, the 70% alignment matrix gen-
erated by the data collected using S. nigra as base genome 
resulted in a higher number of alignments (2,480). The matrix 
assembled with data collected using probe sets for M. duomilia, 
S. terminalis, and N. flava resulted in 2,469, 2,452, and 2,444 
alignments, respectively. Alignment length and minimum and 
maximum locus lengths were similar across the data collected 
using the different probe sets. Overall, our results indicate that 
the genome of S. nigra performed better as base genome in 
downstream analyses and was, hence, selected to design the 
universal probe set for Neuropterida.

Broad vs Stringent Probe
When testing for probe set stringency using S. nigra as the base 
genome, we compared it to loci shared by 10 (neuropterida-sisnig-v2) 
and 16 taxa (neuropterida-sisnig-v1). The total number of loci 
recovered with the stringency of 10 was 7,698 with a probe count 
of 232,151. For the stringency of 16, we identified 5,289 con-
served loci and 172,861 probes without duplicates (Table 3).

As expected, the in-silico tests of the 2 probe sets (less strin-
gent vs strict) required a high computational time to identify, 
slice, and match the conserved loci to the probes, with the less 
stringent probe set being more computationally demanding 
compared to the strict one (385 vs 245 min) (64 Gb RAM, 8 
dedicated cores, and M1 Max processor). Additionally, it also 
required more time to align the sequences for the final analysis 
(110 vs 75 min). Despite targeting 3,000 more loci, the broad 
probe set did not recover a significantly higher number of align-
ments in the 70% complete matrix. In total, the final 70% 
matrix had 2,960 alignments when using the broad probe set 
and 2,480 using the stringent set, with a difference of less than 
500 loci (Table 4).

Regarding the composition of the complete alignment 
matrix, the dataset generated using the broad probe set included 
34,636,696 characters, with 5.1% of missing data. The align-
ment length was 3,083,567 bp, with a mean of 591 bp. For the 
strict probe set, alignment length was 2,261,661 bp, with a 
mean of 590 bp (Table 4). The total character count included 
28,190,168, with 5% of missing data.

The topologies recovered using the data collected from the 
17 taxa show similar results for both datasets (datasets using 
the 10-taxon, neuropterida-sisnig-v2 and 16-taxon, 
neuropterida-sisnig-v1). They consistently recovered similar 
relationships among the taxa, with high branch support 
(Fig. 3). Overall, considering the computational time required 
for each analysis and the results of the in-silico test, the probe 
set with higher stringency proved to be more advantageous for 
targeting UCEs of Neuropterida. Figure 4 shows the number 
of UCEs captured by this probe set based on their location in 
the genes.

Probe Set Designed for Each Order
The base genomes for each order were N. flava (Neuroptera), 
S. fuliginosa (Megaloptera), and M. duomilia (Raphidioptera). 
The probe set designed for Neuroptera yielded 5,357 conserved 
loci shared by 8 taxa (neuroptera_ninfla_v1.fasta), while the 
Megaloptera and Raphidioptera probe sets identified 4,380 
shared by 4 taxa (megaloptera_siaful_v1.fasta) and 4,687 
shared by 5 taxa (raphidioptera_monduo_v1.fasta), respec-
tively (Table 3).

Table 2.  Results of base genome tests based on the phyluce_probe_
get_tiled_probes and phyluce_probe_get_tiled_probe_from_multiple_
inputs conserved locus count

Base-genomes Putative 
loci count 
(str = 
base + 10)

Candi-
date loci 
count 
(str = 16)

70%  
C.A.M.

Nineta flava (Scopoli 1763) 12,410 5,098 2,444
Sisyra terminalis (Curtis 1854) 12,302 5,669 2,452
Sisyra nigra (Retzius 1783) 12,239 5,739 2,480
Mongoloraphidia duomilia 

(Yang 1998)
12,081 5,904 2,469

Venustoraphidia nigricollis 
(Albarda 1891)

11,928 5,741 2,447

Chrysoperla carnea  
(Stephens 1836)

11,520 5,684 2,320

Xanthostigma xanthostigma 
(Schummel 1832)

11,435 5,462 2,363

Chrysoperla zastrowi sillemi 
(Esben-Petersen 1935)

10,592 4,066 2,178

Sialis fuliginosa (Pictet 1836) 10,208 4,671 2,061
Chrysopa pallens (Rambur 1838) 10,038 4,050 2,089
Acanthacorydalis orientalis 

(McLachlan 1899)
9,247 4,534 2,160

Spilosmylus inthanonensis 
(New 1991)

5,700 2,052 1,250

Brachynemurus nebulosus 
(Olivier 1811)

5,175 2,135 1,202

Conwentzia sp. 4,593 1,514 923
Sialis lutaria (Linnaeus 1758) 4,371 1,660 1,019
Neoneuromus ignobilis 

(Navás 1932)
3,855 1,571 1,052

Negha inflata (Hagen 1861) 3,217 859 671

The table is sorted by descending the number of putative locus count. str, 
stringency, C.A.M, complete alignment matrix.

Table 3.  List of designed probe sets, with the number of identified UCEs 
and total probe count for each probe set

Probe sets designed Conserved 
locus count

Probe count

neuropterida_sisnig_v1 str 16 5,289 172,861
neuropterida_sisnig_v2 str 10 7,698 232,151
subset_superorder 5,289 84,015
subset_megaloptera 5,280 39,644
subset_neuroptera 5,289 88,286
subset_raphidioptera 5,288 35,580
specific_megaloptera 4,380 42,333
specific_neuroptera 5,357 96,394
specific_raphidioptera 4,687 46,514
combined_universal_tailored 5,577 180,449
combined_subset_superorder 2,038 33,311
combined_subset_megaloptera 5,486 41,222
combined_subset_neuroptera 5,503 91.809
combined_subset_raphidioptera 5,470 37,026

str, stringency.
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Table 4.  PHYLUCE summary of the alignment matrix of 17 taxa obtained using UCEs captured by 6 different probe sets

Probe sets Alignment  
length

Mean Min. 
length (bp)

Max. 
length (bp)

Total characters Missing data 
characters

70% C.A.M.

neuropterida_sisnig_v1 str 16 2,261,661 590.67 89 1,470 28,190,168 1,425,720 2,480
neuropterida_sisnig_v2 str 10 3,083,567 591.74 78 1,743 34,636,696 1,773,033 2,960
subset_superorder 2,256,305 586.97 113 1,417 27,444,824 1,360,476 2,499
combined_orders 492,793 612.93 138 1,350 5,542,665 390,663 436
combined_universal_tailored 2,323,958 593.60 89 1,581 28,806,649 1,462,412 2,518
combined_subset_superorder 946,629 608.76 113 1,581 12,930,292 688,272 1,164

bp, base pairs; C.A.M, complete alignment matrix; str, stringency.

Fig. 3.  Maximum likelihood phylogeny reconstructed using data captured using the different stringent probe sets. Tree reconstructed using probe set 
with shared loci among A) 10 taxa and B) 16 taxa.

Fig. 4.  Curation of UCEs captured from Sisyra nigra genome with the universal probe set, using GeneRegion strategy of CURE. A) The bar graph shows 
the number of UCEs located in each region. B) Same information but in the output file from CURE.

Table 5.  PHYLUCE summary of the alignment matrix for the superorder’s dataset, generated using UCEs captured by the combined tailored probes, 
combined tailored and universal probes, and universal probes designed during in-silico test

Probe sets Alignment  
length

Mean Min. 
length (bp)

Max. 
length (bp)

Total characters Missing data 
characters

70% C.A.M.

neuropterida_sisnig_v1 str 16 1,541,513 323.3 46 1,240 44,860,604 2,260,717 104
combined_orders 298,946 373.22 9 1,241 8,745,345 595,413 29
combined_universal_tailored 1,587,834 326.31 46 1,381 45,775,167 2,330,202 103

The total number of ingroup was 102 taxa, plus 1 outgroup. bp, base pairs, C.A.M, complete alignment matrix, str, stringency.
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Sub-Sets vs tailored Probe Sets
Due to the broad and well-representative taxon sampling we 
used, the final probe set designed for Neuropterida (neurop-
terida_sisnig_v1) contained a large probe count (172,861). The 
subset of the universal probe list contained 84,015 probes tar-
geting 5,289 conserved loci (subset_superorder) (Table 3). The 
final number of alignments obtained in the 70% matrix was 
slightly higher when using the subset than the universal probe 
list (2,499 vs 2,480) (Table 4).

The search for shared loci among the probe sets designed 
individually for Megaloptera, Neuroptera, and Raphidioptera 
identified 805 nonproblematic UCEs (nonparalogs or diver-
gent sequences). For simplicity, we named this dataset con-
taining 805 UCEs as “combined_orders.” When comparing 
the combined_orders with the universal probe list (neurop-
terida_sisnig_v1), the alignment matrix obtained using neu-
ropterida_sisnig_v1 included a higher number of loci. For the 
first experiment, in which we used only 17 genomes, the final 
alignment matrix using the combined_orders dataset included 
436 alignments, while using neuropterida_sisnig_v1, we 
recovered 2,480 alignments (Table 4). For the second exper-
iment, targeting UCEs from different genetic data type, the 
combined_orders dataset performed even more poorly than 
in the previous experiment. The final 70% complete align-
ment matrix contained 29 alignments when using the com-
bined_orders and 104 when using neuropterida_sisnig_v1 
(Table 5).

For the third experiment, the subset of the universal probes 
for each order was not as efficient as the probe set designed 
specifically for each order when comparing the number of 
alignments obtained (Table 6). For Megaloptera, by using the 
tailored probe set, we obtained more than double the number 
of alignments in the 70% matrix (1,054) when compared to 
the subset (396). The tailored and subset probes for Neuroptera 
overall yielded similar amounts of data but, with subsetting, 
we acquired a slightly larger number of alignments than using 
the tailored probe set (99 vs 79). Lastly, for Raphidioptera, the 
final 70% complete alignment matrix comprised 1,650 loci 
when using the tailored probe set, as opposed to 585 align-
ments when using the subset.

For the final probe set, we identified unique UCEs present in 
the tailored probes and absent in the universal probe set using 
the bash and R-script “comparing_monolithic_UCE_fastas” 
pipeline (Alexander 2018, Gustafson et al. 2019). We included 
a total of 288 unique UCEs in the universal probe set to increase 
its efficiency when capturing loci from the individual orders 
(Table 2). Using the combined probe set (“neuropterida_com-
bined_universal_tailored.fasta”), the number of aligned loci 
increased in the final 70% complete alignment matrix, when 
compared to the universal probe set, for all experiments 
(Tables 4 and 6), except the larger in-silico test (Table 5). The 
results for the latter experiment were equivalent when using 
the universal and the combined probes (104 vs 103, respectively).

Phylogenetic Results
The final alignment matrix included 28,036 characters, 64 par-
titions, and 112 terminal taxa. We provide the number of UCEs 
recovered from AHE, genomes, and transcriptomes in Fig. 5.

The phylogenetic analysis using UCEs recovered a robust 
topology for the major lineages of Neuropterida, with Raphid-
ioptera as the sister group to Megaloptera + Neuroptera 
(Fig. 6). All 3 orders were recovered as monophyletic with high 
branch support (98% or more). Regarding the internal rela-
tionships of Raphidioptera, the order was divided into 2 highly 
supported clades, 1 composed of species of Inocelliidae and the 
other of species of Raphidiidae. We also recovered the 2 meg-
alopteran families, Sialidae and Corydalidae, as monophyletic. 
The inferred relationships within Neuroptera indicate that 
most families are monophyletic, with Coniopterygidae (Coni-
opterygoidea) as the sister group to all other lacewings. The 
Osmyloidea clade, comprising Sisyridae + (Osmylidae + 

Table 6.  PHYLUCE summary of the alignment matrix for each order-specific dataset, generated using UCEs captured by the tailored probes, subsets of 
the combined tailored and universal probes, and the subsets of the universal probe set designed for the focal groups during in-silico test

Probe sets Alignment  
length

Mean Min. 
length (bp)

Max. 
length (bp)

Total characters Missing data 
characters

70% C.A.M

subset_megaloptera 2,651,423 902.77 189 1,394 13,925,141 1,059,383 396
subset_neuroptera 1,584,909 345.67 57 1,364 33,436,136 1,810,495 99
subset_raphidioptera 2,302,192 643.25 57 1,380 13,994,167 1,084,895 535
tailored_megaloptera 2,407,335 853.97 180 1,383 14,351,372 954,469 1,054
tailored_neuroptera 1,791,408 368.68 70 1,352 38,440,876 2,144,979 79
tailored_raphidioptera 2,105,913 559.34 103 1,385 16,165,372 1,391,610 1,650
combined_subset_megaloptera 2,786,640 905.05 189 1,394 14,658,907 1,115,082 420
combined_subset_neuroptera 1,640,502 347.71 57 1,364 35,029,411 1,899,720 103
combined_subset_raphidioptera 2,374,779 641.49 57 1,380 14,551,341 1,129,703 633

The total number of ingroup taxa differed for each order-specific experiments (81 for Neuroptera, 9 for Megaloptera, and 12 for Raphidioptera), plus 1 
outgroup. bp, base pairs, C.A.M, complete alignment matrix.

Fig. 5.  Boxplot graph showing the number of UCEs captured from 
different genetic sequences using the newly designed universal probe 
set, neuropterida-sisnig-v1. AHE, Anchored hybrid enrichment; UCE, 
ultraconserved elements; HC, high coverage; LC, low coverage.
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Fig. 6.  Phylogenetic relationships among Neuropterida taxa from maximum likelihood analysis of UCEs captured with the neuropterida-sisnig-v1 probe 
set. The node support is represented by color-coded circles. The statistical analyses for branch support were aLRT (approximate likelihood ratio test) and 
UFBOOT (ultrafast bootstrap approximation). Color-inclusive design (Stevens et al. 2025).
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Nevrorthidae), was recovered with high support. The clade 
consisting of Osmyloidea and the remaining Neuroptera (with-
out Coniopterygidae) was moderately supported (∼90%).

The subsequent branching lineage, Dilaridae, was recovered 
as the sister group to the remaining Neuroptera, and the family 
is placed in its own superfamily, Dilaroidea. The Mantispoidea 
clade was well supported, comprising 3 families, the monophy-
letic Mantispidae as the sister to Rachiberothidae + Berothidae 
(Ardila-Camacho et al. 2021). Although Rachiberothidae was 
recovered as paraphyletic due to P. dactylota being placed near-
est to Berothidae, the support for these relationships was low. 
Chrysopidae is the only family within Chrysopoidea and its 
monophyly is generally well supported. The sister group rela-
tionship between Hemerobioidea and Myrmeleontoidea was 
recovered with extremely low branch support, but Hemerobi-
oidea (comprising only the family Hemerobiidae) was 
well-supported. Five families were recovered within Myrmel-
eontoidea, and 2 well defined clades, 1 composed of Psychop-
sidae + (Nymphidae + Ithonidae), and the other containing 
Nemopteridae and Myrmeleontidae as sister groups.

Discussion
Our study reinforces previous findings of Gustafson et  al. 
(2019, 2023) that the genome selected as the base significantly 
alters probe set performance. The most optimal base genome 
found in our experiment (genome of S. nigra) resulted in 
∼1,800 more alignments than the base genome recovering the 
fewest number of conserved loci (Table 2). Gustafson et al. 
(2019) demonstrated that the putative loci count was not a 
reliable parameter to identify the best base genome, and they 
also identified the trend that the taxa with the fewest number 
of putative loci also resulted in fewer recovered loci. Similarly, 
putative loci counts were not a good indicator of the best base 
genome detected in our study. Additionally, the base genomes 
that performed poorly in this first step were likely to continue 
recovering fewer loci. Our results suggest that selecting a few 
genomes that performed better during the putative loci identi-
fication for the subsequent steps of the workflow will save time 
and ensure that the best base genome is identified.

Overall, traditional metrics for assessing genome quality, 
such as coverage and completeness, proved to be of little impor-
tance when selecting the base genome. The genome of V. nig-
ricollis had the highest BUSCO scores (96.6%), while A. 
orientalis had the highest coverage (258×) and neither genome 
performed better than S. nigra as the best base genome. These 
results are concordant with those of Gustafson et al. (2019, 
2023), who also demonstrated that genome metrics have no 
correlation with base genome performance. Ideally, 
well-assembled and annotated genomes are recommended as 
base genomes, as well as sequences within the focus group 
(Faircloth 2017). Unfortunately, the only annotated genome 
available for Neuropterida is C. carnea (Stephens), which was 
used as the base genome in Zhang et al. (2025) to design the 
UCE probe set they used (“Neuropterida-5Kv1,” loci = 5,341). 
However, this sequence did not perform well as the base 
genome when compared to others in our study. This reinforces 
the need for additional annotated genomes for Neuropterida.

When testing how permissive we should be during the strin-
gency test, we considered the results obtained by Gustafson 
et al. (2019) when setting the number of taxa required in the 
putative loci step. However, selecting the base genome plus 1 

taxon, for example, would result in an exceptionally large num-
ber of probes at the end due to the elevated number of exemplar 
taxa included in this study. By choosing the base genome plus 
10 taxa, the resulting probe sets recovered considerably high 
numbers of UCEs, even with a strict probe set. The broader 
probe resulted in a higher number of probes and recovered loci.

For bioinformatic analyses and in-silico tests, a larger num-
ber of probes in the final universal probes would not be pro-
hibitive. However, synthesizing this high number of probes for 
in-vitro enrichment might be expensive (Derkarabetian et al. 
2025), which makes smaller probe sets or the subsetting uni-
versal probes with only the desired taxa potentially desirable 
from a cost-effectiveness standpoint. In our tests, the smaller 
strict probe set performed as efficiently as the broad probe set, 
and the resulting tree was congruent across different levels of 
stringency. As an alternative, we also included here a filtered 
subset of the tailored and universal combined probes, targeting 
2,038 UCEs and with a 33,311 probe count, which is more 
financially accessible.

Regarding the experiment testing the efficiency of the uni-
versal probe set in comparison with combining data obtained 
from different tailored probe sets for Neuropterida (Table 5), 
we observed that the universal probes outperformed the tai-
lored ones, in contrast with the results obtained by Gustafson 
et al. (2020). Tailored probe sets target different homologous 
loci, and although some regions may be equivalent, the result-
ing datasets might not completely overlap. That is, a combined 
matrix composed of UCEs recovered from several tailored 
probes will likely have a reduced number of shared conserved 
loci because most of the regions will not correspond. Addition-
ally, Gustafson et al. (2020, 2023) demonstrated that combin-
ing generalized probe sets with tailored probes improved the 
phylogenetic utility of probes. Our results reinforce this finding 
considering that our combined tailored and universal probe set 
recovered slightly more alignments in the final step. Moreover, 
Gustafson et  al. (2023) highlighted that the tailored-only 
probes did not perform well when applied to phylogenetically 
distant taxa.

When comparing the tailored probe set and the subset of the 
universal probe list for each order, we obtained similar results 
for Neuroptera in both analyses, while for Raphidioptera and 
Megaloptera, the tailored probe set was more efficient in down-
stream analyses. Even though we only targeted loci present in 
all 3 orders during bait design for the universal probe set, we 
recovered a surprisingly low number of aligned loci across spe-
cies of Raphidioptera and Megaloptera using the subsets 
(Table 6). We believe that the base genome choice was the 
underlying cause of this issue. During bait design, PHYLUCE 
requires a similarity of at least 95% between the base genome 
and exemplar taxa (Branstetter et al. 2017), and probably the 
tailored probes of Raphidioptera and Megaloptera identified 
more loci unique to these clades.

Even though the 2 datasets differ in the amount of data, the 
resulting topology is virtually the same under analyses using 
the same parameters. Additionally, we captured UCEs from 
transcriptomes and targeted enriched sequences, which are 
expected to yield fewer data than genomes. The subsets of the 
universal probe list for each order recovered an average of 
2,930 UCEs from genomes, while the tailored probe sets recov-
ered an average of 3,093 loci (log-files of in silico test > phy-
luce_assembly_get_fasta_from_match_counts). Therefore, 
synthesizing the subset probe for target enrichment of UCEs 
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from WGS offers higher universality of the dataset and a con-
siderably high number of conserved loci.

Finally, the complex task of estimating the phylogenetic rela-
tionships of Neuropterida seems to progress in the light of every 
new discovery. Recent phylogenomic studies have investigated 
different regions of the genome of species of Neuropterida to 
uncover their evolutionary history, including mitogenomes 
(Wang et al. 2017), AHE (Winterton et al. 2018), transcrip-
tomes (Vasilikopoulos et al. 2020), USCOs (Lai et al. 2025), 
and most recently, UCEs (Zhang et al. 2025). Our resulting 
topology reinforces previous results for the relationships among 
the major lineages of this superorder (Misof et al. 2014, Wang 
et al. 2017, Engel et al. 2018, Winterton et al. 2018, Vasiliko-
poulos et al. 2020, Lai et al. 2025). Additionally, our results 
are concordant with previous hypotheses of Coniopterygidae 
as the sister group to the remaining Neuroptera, and Sisyridae, 
Osmylidae, and Nevrorthidae comprising the monophyletic 
Osmyloidea (Winterton et al. 2010, 2018, Wang et al. 2017, 
Engel et al. 2018, Vasilikopoulos et al. 2020, Lai et al. 2025, 
Zhang et al. 2025). However, the placement of some families 
varied when compared to previous phylogenetic hypotheses.

The placement of Mantispoidea as sister to all families of 
Neuroptera, except for Coniopterygoidea, Osmyloidea, and 
Dilaroidea, was also indicated by Wang et al. (2017), Engel 
et  al. (2018), and Lai et  al. (2025). There are conflicting 
hypotheses for the internal relationship of Mantispoidea in 
recent studies, including Rachiberothidae as sister group of 
Berothidae + Matispidae (Winterton et al. 2018), or Mantisp-
idae closely related to Rachiberothidae (Wang et  al. 2017, 
Engel et al. 2018). Here, we recovered Matispidae as the sister 
group to Berothidae and Rachiberothidae. Our results placing 
Hemerobioidea as the sister group to Myrmeleontoidea are 
similar to those of Vasilikopoulos et  al. (2020), but within 
Myrmeleontoidea, we recovered a clade containing Psychop-
sidae + (Nymphidae + Ithonidae), similar to Winterton et al. 
(2018) and Machado et al. (2019). Both traditional Myrmele-
ontidae and Ascalaphidae were recovered as paraphyletic with 
respect to each other, with similar findings obtained by Win-
terton et al. (2018) and Machado et al. (2019).

Conclusion
Our study aimed to improve locus recovery while designing a 
universal probe set for targeting UCEs of Neuropterida (Neu-
roptera, Megaloptera, Raphidioptera). Given the increasing 
number of tailored probe sets being designed for various focus 
groups, creating a representative and well-curated universal 
probe set for a particular lineage allows for an integrative data-
set of homologous loci. Our final, combined probe set targets 
5,557 conserved loci and is composed of 180,449 probes (neu-
ropterida_combined_universal_tailored). Although it was 
developed to cover 3 different orders, the combined universal 
probe set, and its subsets, worked well for targeting UCEs 
across different taxonomic levels. Additionally, combining 
future tailored probes with this probe set will maintain the 
compatibility of the datasets and increase the number of phy-
logenetically informative UCEs being enriched. Here, we pro-
vided 5 subsets of the master probe list: (i) 2 subsets for the 
superorder, (ii) subset for Megaloptera, (iii) subset for Neurop-
tera, and (iv) subset for Raphidioptera. For future studies 
requiring in-vitro enrichment, we highly recommend using the 
filtered subset for the superorder (combined-subset

-neuropterida-v1) as it represents the highest cost efficiency, 
whilst the remaining probe sets were found to be more finan-
cially costly.

Based on the data acquired using the newly developed probe 
set, we recovered Neuropterida as monophyletic, with Raphid-
ioptera as the sister group to Neuroptera + Megaloptera. The 
internal relationships of these taxa were also congruent with 
previous phylogenetic hypotheses. Although many aspects of 
the phylogeny of Neuropterida remain controversial, which 
might be associated with the rapid diversification of the group 
during the Mesozoic, recent phylogenomic studies have eluci-
dated multiple recalcitrant nodes within this lineage. We expect 
that our newly developed probe set will enable access to novel 
and comprehensive datasets for Neuropterida, as well as foster 
further investigation of the evolutionary history of this enig-
matic relictual group.
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