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Abstract
Sequence capture studies result in rich data sets comprising hundreds to thousands of targeted genomic regions that are superseding Sanger-based data sets
comprised of a few well-known loci with historical uses in phylogenetics (‘legacy
loci’). However, integrating sequence capture and Sanger-based data sets is of
interest as legacy loci can include different types of loci (e.g. mitochondrial and
nuclear) across a potentially larger sample of species from past studies. Sequence
capture data sets include nontargeted sequences, and there has been recent interest in extracting legacy loci from invertebrate data sets. Here, we use published legacy data from leaf-footed bugs (Hemiptera: Coreoidea) to recover 15
mitochondrial and seven nuclear legacy loci from off-target sequences in a sequence capture data set, explore approaches to improve legacy locus recovery,
and combine these loci with sequence capture data for phylogenetic analysis.
Two nuclear loci were determined to already be targeted by sequence capture
baits. Most of the remaining loci were successfully recovered from off-target
sequences, but this recovery varied greatly. Additionally, complementing complete mitogenomes with additional reference mitochondrial sequences from a
genetic depository did not offer improvement for most of our taxa; however,
supplementing these reference sequences with extracted legacy loci offered ≥6%
improvement across taxa for a given mitochondrial locus (negligible improvement for nuclear loci). Phylogenetic analysis of legacy and sequence capture data
produced a topology generally congruent with recent studies, but support was
lower. Thus, future studies may employ the approaches used in this study to
integrate legacy data with newly generated sequence capture data sets without
added expenses.
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I N T RO DU CT ION

The ability to sequence DNA revolutionized the field of
systematics by establishing molecular phylogenetics. The
Zoologica Scripta. 2021;00:1–18.

shift from morphologically driven data sets to targeting a
few Sanger-sequenced loci (herein referred to as legacy
loci) allowed for independent data sources to infer the
evolutionary history of several well-
studied groups of
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organisms (Sanger, Air, et al., 1977; Sanger et al., 1977;
Schuster, 2007). The contributions of early molecular
phylogenetic studies greatly shaped our collective understanding of the Tree of Life. However, long-standing
challenges in resolving phylogenetic nodes remain, partly
due to the limited availability of well-sampled loci across
model and nonmodel species.
Within the last decade, another critical transition occurred with the rise of next-generation sequencing (NGS),
which facilitates the collection of large amounts of data.
This technological advancement, coupled with approaches
to subsample the genome (e.g. sequence capture), allows
systematists to target hundreds to thousands of loci across
model and nonmodel species (Schuster, 2007; Zhang,
et al., 2019) and resolve historically challenging nodes in the
Tree of Life (e.g. Allard et al., 2012; Hamilton et al., 2016;
Parks et al., 2009). Sequence capture approaches, such as
exon capture, ultraconserved elements (UCEs) and anchored hybrid enrichment (AHE), are being increasingly
utilized in molecular phylogenomic studies, particularly
due to their cost-
effectiveness compared with whole-
genome sequencing (Bi et al., 2013; Faircloth et al., 2012;
Lemmon et al., 2012) and their scalability compared with
Sanger sequencing (Peñalba et al., 2014). Furthermore, sequence capture approaches may allow for the inclusion of
lineages that are relatively limited in genomic resources
compared with model species (Bi et al., 2013; Faircloth
et al., 2013; Lemmon & Lemmon, 2013; Zhang, Williams,
et al., 2019).
Although NGS and sequence capture approaches continue to supplant Sanger-sequencing approaches based
on one to a few loci (herein referred to as ‘legacy loci’),
there has been recent interest in exploring how legacy
loci can complement sequence capture data (e.g. Blaimer
et al., 2015; Branstetter et al., 2017, 2021; Derkarabetian
et al., 2019; Hughes et al., 2021; Simon et al., 2019; Zhang
et al., 2019). Specifically, the generation of more comprehensive data sets may increase resolution power for
phylogenetic inference and allow for the inclusion of rare
and vital species that may be difficult to sample repeatedly (Branstetter et al., 2017; Derkarabetian et al., 2019;
Zhang, Williams, et al., 2019). The amount of legacy sequence data—as well as genomes and transcriptomes—
has rapidly expanded over the past couple of decades and
is readily available from public databases, such as the
National Center for Biotechnology Information (NCBI)
(Cameron, 2014; Łukasik et al., 2019). The wealth of
available sequence data can be a useful resource when attempting to integrate legacy loci from Sanger-sequencing
studies with sequence capture data.
One approach to integrating legacy loci with sequence
capture data involves designing capture baits of legacy loci
for inclusion in existing sequence capture bait kits, such
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as optimized UCE and exon-capture bait sets (Branstetter
et al., 2017; Hughes et al., 2021; Simon et al., 2019).
However, this approach may increase the cost of generating custom probe kits and may require more baits across
more species due to higher rates of substitutions in some
legacy loci (particularly mitochondrial DNA [mtDNA]).
Additionally, some legacy loci, such as mtDNA loci, have
a high copy number within each cell, which would require
mtDNA baits to be designed in a separate kit and drastically diluted before combining with sequence capture kits
targeting loci with lower copy numbers to prevent mtDNA
dominance in capture data (Allio et al., 2020; Branstetter
et al., 2021; Pierce et al., 2017; Ströher et al., 2016).
An alternative approach that has the potential to circumvent some of these issues includes the extraction of
legacy loci from the by-catch of sequence capture studies (e.g. Amaral et al., 2015; Meiklejohn et al., 2014;
Tamashiro et al., 2019; Wang et al., 2017; Zarza et al., 2018).
Conceptually, sequence capture approaches should eliminate nontarget sequences, but off-target sequences are frequently recovered in sequence capture data sets and may
include legacy loci (Caparroz et al., 2018; Derkarabetian
et al., 2019; Simon et al., 2019). Although vertebrate sequence capture studies have extracted legacy loci from
off-
target sequences, to our knowledge, this has often
not been performed in invertebrate sequence capture
studies, although there is recent interest in doing so (e.g.
Branstetter et al., 2017, 2021; Derkarabetian et al., 2019;
Longino & Branstetter, 2020; Meza-Lázaro et al., 2018;
Pierce et al., 2017; Simon et al., 2019). However, there may
be additional challenges in extracting legacy loci (particularly fast-
evolving loci) from off-
target invertebrate
sequence capture data relative to studies on vertebrates.
First, old, divergent clades may have limited genetic data
(i.e. reference sequence data) available in comparison
with more well-studied vertebrate groups. This is a potential issue for these invertebrate groups as there may not
be close relatives available to use as reference sequences.
One other potential issue with this approach may arise
when, for example baits target regions that include legacy loci, but these regions are then intentionally extracted
from sequence capture data as ‘off-targets.’ This would
allow some loci to be included twice in a data set, thus
biasing phylogenomic results if not properly screened. As
such, an additional step is required to verify that, for example, nuclear protein-coding legacy loci are not already
targeted by baits targeting similar genomic regions in sequence capture studies, but we have not found indication
that such a step is performed in some capture studies (e.g.
Derkarabetian et al., 2019).
Here, we use published mitochondrial and nuclear
sequence data deposited in NCBI to identify and extract
legacy loci from a sequence capture data set comprised of
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282 taxa of leaf-footed bugs and allies (Insecta: Hemiptera:
Coreoidea). The Coreoidea is a morphologically and behaviourally diverse superfamily of insects with 3,106
species in five families comprised of numerous subfamilies and tribes (CoreoideaSF Team, 2021). This group of
invertebrates is also a model in sexual selection studies
and includes many agricultural pests. The objectives of
this study were to (a) recover legacy loci from off-target
sequences in a sequence capture data set, (b) explore approaches to increase legacy locus recovery, (c) determine
whether any loci targeted by sequence capture baits correspond to known legacy loci used in past coreoid phylogenetic studies and (d) combine legacy locus data with
sequence capture data to infer coreoid phylogeny.

2
2.1

|

M AT E R IALS AN D MET H ODS
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Molecular sampling of focal taxa

A total of 282 coreoid taxa were sampled for this analysis. Of these, we retrieved published contigs for 12 taxa
from Kieran et al. (2019). We then retrieved raw sequence
reads from 148 additional taxa published in recent sequence capture studies (Emberts et al., 2020; Forthman
et al., 2019, 2020).
We generated new sequence data for the remaining
122 taxa (Table S1). Given the varying sizes of specimens
and to sample similar amounts of tissues across samples,
where possible, we used the legs, abdomen, thorax, head
or whole body from specimens that were frozen, dried or
preserved in ethanol or silica beads (our sampling primarily targeted freshly preserved material). Of these 122 taxa,
13 were subjected to DNA extraction, library construction
and standard sequence capture protocols published in
Forthman et al. (2019), while another 13 taxa were subjected to protocols in Forthman et al. (2020). The remaining taxa were subjected to the same DNA extraction and
library construction protocols in Forthman et al. (2020),
but the touchdown sequence capture protocol was modified in the following ways: (a) bait–target hybridization
was performed at 65°C for 12 hr, followed by 62°C for
12 hr and then 60°C for 12 hr, (b) bait-target products
were washed at 60°C, and (c) enriched libraries were amplified for 16–17 cycles before final pooling and sequenced
at the University of Florida's Interdisciplinary Center
for Biotechnology Research (ICBR) on a single Illumina
HiSeq 3000 lane (2 × 100 run). Newly generated sequence
reads were demultiplexed by ICBR.
For the newly generated sequence reads and those retrieved from Forthman et al. (2019, 2020) and Emberts
et al. (2020), adapters were trimmed from sequence
reads with illumiprocessor (Bolger et al., 2014; Faircloth
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et al., 2013). Duplicate reads were filtered using PRINSEQ-
lite v0.20.4 (Schmieder & Edwards, 2011), with the remaining reads error-corrected in QuorUM v1.1.0 (Marçais
et al., 2015). Quality reads were de novo-assembled into
contigs with SPAdes v3.13.0 with the single-cell and auto
coverage cut-off options invoked (Nurk et al., 2013).

2.2 | Mitochondrial DNA
identification and extraction
We first retrieved 19 complete coreoid mitogenomes (i.e.
includes all 13 protein-coding and two ribosomal mtDNA
loci; see Table 1 for locus names and abbreviations) from
NCBI as an initial set of reference sequences (mtDNA_
ref1; Table S2). Here, we use the term ‘loci’ to define
mtDNA protein-coding genes and rRNA to be comparable
to nuclear loci, but we recognize that in most species, the
mitochondrion is likely a single recombining locus. These
genomes were used to determine the approximate full sequence length of each mtDNA locus targeted. We additionally retrieved individually accessioned coreoid sequences
for each mtDNA locus from NCBI to supplement mitogenomes as a second set of reference sequences (mtDNA_
ref2; see Table S2). Quality control of NCBI sequence data
was necessary for accurate identification and extraction of
legacy loci. The organism field in nine accessions listed
these samples as coreoid species, but the accession descriptions and associated publication indicated these were
from bacterial symbionts. As such, we excluded these accessions from our reference sequences. We additionally
discovered that 54 sequences from Leptoglossus occidentalis Heidemann, 1910 were incorrectly listed as cytochrome
oxidase subunit I (COX1) after comparing translated protein sequences against NCBI's BLAST+v2.10.1 nucleotide
database; these sequences consistently had the best hits
to cytochrome b (CYTB) sequences of other coreoid and
insect taxa, except for a few hits to COX1 sequences from
other L. occidentalis individuals published in the same
study. We further confirmed this finding with the associated publication (Lesieur et al., 2019), which explicitly
states that the CYTB locus was amplified. Thus, we corrected the gene ID for these L. occidentalis sequences from
COX1 to CYTB. Lastly, we retained multiple sequences of
the same mtDNA locus for accessions with the same species name given that species identity cannot be confirmed
in the absence of available physical vouchers.
Mitochondrial legacy loci were identified and extracted from assembled contigs using the mtDNA_ref1
and mtDNA_ref2 references in MitoFinder v1.1 (Allio
et al., 2020) using default settings. Because MitoFinder requires the annotated reference data to have standardized
gene names, manual curation of our references was needed
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Standard locus name

Locus
abbreviation

Locus
type

No. of
sequences

No. of
unique taxa

ATP synthase subunit 6

ATP6

mtDNA

22

20

ATP synthase subunit 8

ATP8

mtDNA

22

20

Cytochrome C oxidase
subunit 1

COX1

mtDNA

1,681

286

Cytochrome C oxidase
subunit 2

COX2

mtDNA

24

21

Cytochrome C oxidase
subunit 3

COX3

mtDNA

58

21

Cytochrome b

CYTB

mtDNA

77

21

NADH-ubiquinone
oxidoreductase
chain 1

ND1

mtDNA

60

23

NADH-ubiquinone
oxidoreductase
chain 2

ND2

mtDNA

22

20

NADH-ubiquinone
oxidoreductase
chain 3

ND3

mtDNA

22

20

NADH-ubiquinone
oxidoreductase
chain 4

ND4

mtDNA

23

21

NADH-ubiquinone
oxidoreductase
chain 4L

ND4L

mtDNA

23

21

NADH-ubiquinone
oxidoreductase
chain 5

ND5

mtDNA

23

21

NADH-ubiquinone
oxidoreductase
chain 6

ND6

mtDNA

23

21

16S ribosomal RNA

rrnL

mtDNA

57

51

12S ribosomal RNA

rrnS

mtDNA

23

21

18S ribosomal RNA

18S rRNA

nucDNA

52

43

28S ribosomal RNA

28S rRNA

nucDNA

128

25

deformed (5′)

dfd5′

nucDNA

3

3

deformed (3′)

dfd3′

nucDNA

3

3

abdominal-A

abd-A

nucDNA

3

3

proboscipedia

pb

nucDNA

3

3

ultrabithorax

ubx

nucDNA

3

3

sex combs reduced

scr

nucDNA

3

3

T A B L E 1 Locus taxonomy,
classification and the number of reference
sequences from unique taxa

Abbreviations: mtDNA, mitochondrial DNA; nucDNA, nuclear DNA.

to standardize the sequences (e.g. ‘CO1,’ ‘COI’ and ‘cytochrome c oxidase subunit 1’ were changed to COX1). We first
extracted mtDNA legacy loci using the mtDNA_ref1 references. To see whether the inclusion of additional mtDNA
sequences from a more diverse sampling of coreoids would
improve mtDNA legacy locus recovery, we separately extracted loci using the mtDNA_ref2 references. The extracted sequences resulting from the MitoFinder analysis

with mtDNA_ref1 and mtDNA_ref2 references were manually checked for contamination and errors using NCBI's
complete nucleotide database; these checks included evaluation of e-values and bit scores (e.g. for ribosomal loci, an
acceptable e-value was considered to be 1 × 10–100) while
taking into account relative sequence lengths (e.g. hits with
lower scores might be a result of smaller sequence lengths)
and determining whether sequences had multiple matches
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to the same gene (e.g. multiple matches to COX1) from
closely related coreoids or other insects. We also performed
a second quality check by aligning reference and extracted
sequences for each locus using the FFT-NS-i iterative refinement algorithm in MAFFT v7 (Katoh et al., 2019) and
visually inspecting them for premature stop codons and
frameshift mutations at the 5′ or 3′ ends in Mesquite V3.61
(Maddison & Maddison, 2019). Any extracted sequences
determined to be problematic after manual evaluation, as
well as sequences less than 50 bp in length, were then excluded from the results.
Following searches with mtDNA_ref1 and mtDNA_ref2
references, some taxa still did not recover one or more legacy loci. Thus, we assessed whether the inclusion of newly
extracted mtDNA legacy loci from our focal taxa (i.e. valid
mtDNA_ref2 results) could improve recovery in those
other taxa that remained unsuccessful for a given locus.
To do this, we complemented our mtDNA_ref2 references
with newly recovered mtDNA_ref2 sequences from our
focal taxa (excluding problematic sequences; now referred
to as mtDNA_ref3) and performed new searches only for
the subset of taxa that had no recovery for a given locus
in previous searches. In addition to excluding problematic sequences, some extracted mtDNA sequences were
trimmed before adding them to the mtDNA_ref3 reference as these sequences exceeded the complete sequence
range maximum (e.g. up to 425 bp more). Trimming was
done using the BLAST output generated by MitoFinder to
extract the NCBI accession for the best hit followed by a
tblastx search with the new mtDNA_ref2 sequences. We
then used the start and end coordinates from the best
tblastx match to trim sequences using BEDTools v2.29.2
(Quinlan & Hall, 2010).
Because MitoFinder requires a GenBank-formatted reference sequence file, which was not available for the new
extracted legacy sequences, we created a local BLAST nucleotide database for each mtDNA locus in the mtDNA_
ref3 references, which were subsequently used to perform
tblastx (for protein-coding loci) and blastn (for ribosomal
loci) searches using the same settings as implemented in
MitoFinder (i.e. e-value = 1 × 10–5, per cent identity = 50,
genetic code [for tblastx] set to invertebrate mitochondrial
code). We then used BEDTools to extract the best-hitting sequence. Extracted sequences were manually checked as described above for the mtDNA_ref1 and mtDNA_ref2 results.

To determine the complete sequence lengths of ribosomal nucDNA (i.e. 28S and 18S rRNA), literature searches
were performed (DeLeo et al., 2018; Tautz et al., 1988; Xie
et al., 2013). For most protein-coding nucDNA (i.e. ultrabithorax [ubx], proboscipedia [pb], sex combs reduced
[scr], and abdominal-
A [abd-
A]), complete sequence
lengths were determined from the complete, annotated
genome of Halyomorpha halys Stål, 1855 (Hemiptera:
Pentatomidae). For the protein-coding nucDNA locus deformed (dfd), Tian et al. (2011) targeted different regions
of the locus (i.e. dfd5′ and dfd3′), and thus, only partial
information on the dfd sequence length was available for
coreoids.
A local BLAST nucleotide database was created for
each nuclear locus (Table 1). These databases were subsequently used to search against the sequence capture data
using tblastx for protein-coding loci or blastn for ribosomal loci. Nuclear ribosomal loci (i.e. 18S and 28S rRNA)
were searched using an e-value cut-off of 1 × 10–50, which
is appropriate due to the conserved characteristics of this
type of locus (Eickbush & Eickbush, 2007). Protein-coding
loci were searched using an e-value cut-off of 1 × 10–30 (i.e.
abd-A, dfd and scr) or 1 × 10–10 (i.e. pb and ubx). The e-
value cut-off increase to 1 × 10–30 allowed for the increase
of putative matches, while still maintaining high-quality
hits; however, the protein-coding loci pb and ubx required
a further increase to 1 × 10–10 to allow for the inclusion
of a sufficient number of putative matches for evaluation
(i.e. these loci had no recovery at 1 × 10–50 or 1 × 10–30).
To extract sequences with the best BLAST hit, BEDTools
was used as outlined previously. Putative BLAST matches
were evaluated following the manual assessments as described for the mtDNA loci. Any sequences deemed problematic were then excluded from results.
We assessed whether a second BLAST search using
newly extracted sequences complementing our references
(now nucDNA_ref2; excluding problematic sequences
extracted from nucDNA_ref1 results) would increase
nucDNA locus recovery in unsuccessful taxa. Using our
expanded nucDNA reference sequences, we performed
a similar search as for the nucDNA_ref1 BLAST search
(i.e. using the same e-value cut-offs). Putative matches
were similarly processed and verified as described above,
retaining only those sequences that were not considered
problematic.

2.3 | Nuclear DNA
identification and extraction

2.4 | Screening legacy markers and
targeted sequences

We retrieved 198 published coreoid sequences for seven
nuclear DNA (nucDNA) loci from NCBI (nucDNA_ref1;
see Table 1 for locus names and abbreviations; Table S2).

To confirm that targeted loci did not already consist
of legacy loci of interest, we first extracted targeted loci
from our sequence capture data using PHYLUCE v1.5.0
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(Faircloth, 2016). We then performed a local tblastx (for
protein-coding loci) or blastn (for ribosomal loci) search
using extracted legacy loci and targeted loci from our
focal taxa using an e-value cut-off of 1 × 10–50 for ribosomal loci, 1 × 10–30 for some nuclear protein-coding loci
(i.e. abd-A, dfd and scr) and 1 × 10–10 for mitochondrial
and some nuclear protein-coding loci (i.e. pb and ubx). In
cases where putative matches were recovered, we queried
both the legacy and target sequences against the entire
NCBI nucleotide database to determine whether both had
similar matches (with low e-value and high bit scores) to
the same gene ID in multiple insect species. The extracted
sequences, NCBI references and corresponding targeted
sequences for each locus were also aligned and visually
inspected as outlined previously.

2.5

|

Phylogenetic analysis

An objective of extracting legacy loci from sequence
capture studies is to obtain additional informative sites
for phylogenetic inferences, as well as to include additional taxa for which only legacy loci are currently
available (i.e. taxa not sampled in sequence capture studies). Here, we integrated Forthman et al.'s (2020) UCE
sequence capture data from 124 taxa with legacy locus
data obtained from two sources (i.e. those extracted from
our focal taxa and those retrieved from NCBI) to test the
most recent phylogenetic hypothesis of Coreidae based
on UCEs (Forthman et al., 2020). In doing so, and to minimize computational time, we subsampled our legacy
data set to include only the taxa analysed in Forthman
et al. (2020), as well as NCBI reference taxa listed as
species within the same genera as those in Forthman
et al. (2020). Sequences from each legacy locus were individually aligned prior to concatenation with Forthman
et al.'s (2020) ‘50p total evidence’ UCE locus alignments
(UCE loci containing 50% or more of the sampled taxa and
not filtered by parsimony-informativeness; 1,000 loci) in
PHYLUCE. We analysed this concatenated matrix of 194
taxa following Forthman et al. (2020). Specifically, we selected the best-fit partition scheme using PartitionFinder
v2.1.1 (Lanfear et al., 2017), with the following settings:
rcluster algorithm, unlinked branch lengths, all models
under the ‘raxml’ option, individual loci treated as separate data blocks, and corrected Akaike information criterion (Hurvich & Tsai, 1989) for model selection. We
then performed 20 partitioned maximum-
likelihood
optimal tree searches using the GTRGAMMA model of
evolution and 500 bootstrap iterations in RAxML v8.2.10
(Stamatakis, 2014). Bootstrap support was summarized
on the best tree using SumTrees v4.0.0 (Sukumaran &
Holder, 2010).

Because our initial analysis resulted in unexpected and
highly questionable phylogenetic results (specifically for
the phylogenetic placement of many NCBI reference taxa;
see Data S1 for phylogenetic tree), we subsequently filtered
our legacy data set further to only include sequences from
NCBI reference taxa that have been published in accessible theses (Banho, 2016; de Souza, 2013) or peer-reviewed
journals so as to assess their taxon identity (e.g. species
assignment likely given geographic source, accessioned
sequences not from bacterial symbionts, or relatively low
chances of contamination due to source of DNA material
[such as DNA sequenced from gut contents or faeces of
another organism]), sequence identity (e.g. L. occidentalis
sequences accessioned as COX1, but the associated publication clearly states these are CYTB), and the approaches
used to generate sequence data. However, we did not include 18S or COX1 sequences derived and published by
Li et al. (2005) given potential issues concerning the quality and identity of some sequences (see Tian et al., 2011).
We also found that some of our legacy loci were poorly
sampled across our NCBI and focal taxa relative to others (e.g. nuclear protein-coding genes, ATP6, ND4L, etc.)
resulting in little overlap in loci shared across both sets
of taxa (which we expect to result in random placement
of taxa when using these loci). As such, we restricted our
legacy locus analysis to well-sampled loci across our taxon
sampling (COX1, 18S and 28S) and excluded any NCBI
reference taxon that did not have at least one sequence for
these loci that was also recovered in a species of the same
genus sampled by Forthman et al. (2020) (except three
reference species of Leptoglossus that did not meet this
criterion as these had legacy loci also found in other reference Leptoglossus species that did meet the criterion). This
resulted in a data set with 124 focal taxa from Forthman
et al. (2020) and 37 NCBI taxa (see Table S3 for accessions)
for phylogenetic analysis.
Sequences from each of the three legacy loci were
individually aligned, screened, and concatenated with
Forthman et al.'s (2020) ‘50p total evidence’ UCE alignments in PHYLUCE. We analysed our concatenated matrix of 161 taxa following the same procedures outlined
above for our initial data set.

3

|

RESULTS

3.1 | Some targeted sequences
correspond to legacy loci
Overall, the localized BLAST searches resulted in no
matches or matches with poor scores, with some exceptions. For most cases where there were acceptable local
matches (i.e. low e-values and high bit scores), verification
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using NCBI's entire nucleotide database did not confirm
the matches (Table S4). However, abd-A and scr legacy
sequences did appear to be targeted by our sequence capture baits, with each recovered in over 50% of our focal
taxa (Table S5). Nearly all recovered sequences for these
two targeted loci were <50% of the length of the complete
locus length (Table S5). Because these two nucDNA loci
were targeted by sequence capture baits, we excluded
them from the rest of our results presented below.

3.2 | Comparison of error rates across all
reference files used
For mtDNA_ref1 results, 91 out of 1,117 (8%) sequences
recovered across 14 mtDNA loci (out of 15; all ATP8 sequences were valid) were removed after manual evaluation
(Table S6). From the results based on mtDNA_ref2 reference sequences, 80 out of 1,140 (7%) sequences recovered
across 14 mtDNA loci (out of 15; all ND4L sequences were
valid) were removed (Table S6). From the results based on
mtDNA_ref3 references, 865 out of 2,309 (37%) sequences
across all mtDNA loci were removed after evaluation
(Table S6). For nucDNA_ref1 results, nine out of 490 (2%)
sequences (18S rRNA, 28S rRNA and dfd3′ sequences)
were considered problematic and excluded (Table S6). For
nucDNA_ref2 results, 49 out of 533 (9%) sequences (18S
rRNA, 28S rRNA and dfd3′ sequences) were removed after
evaluation (Table S7). The results following this section
have had these problematic sequences removed.

|

3.3 | Impact of mtDNA reference
sequences on recovery of legacy loci
Our mtDNA reference dataset obtained from NCBI (i.e.
mtDNA_ref2, which contained 19 mitogenomes + individual mtDNA sequences), included 22 (ATP6, ATP8,
ND2 and ND3 each) to 1,681 (COX1) reference sequences
(mean = 144 reference sequences per locus) from a cumulative total of 293 unique taxa, although the number of
taxa available for a given locus varied (Table 1, Table S2;
Figure 1). Of the total 2,160 mtDNA reference sequences
compiled for mtDNA_ref2, 60.8% were <50% complete in
length and 23.8% were ≥50% to <100% complete, while the
remaining 15.4% attained or slightly surpassed (by up to
20 bp) the complete locus length range (Table S2).
When using mtDNA_ref1 or mtDNA_ref2 references
to recover legacy loci, the locus recovery and recovered sequence lengths resulted in similar patterns of locus recovery (about four loci recovered on average, with ~230 taxa
having at least one locus recovered), as well as the proportion of sequences that were <50% (~57% of sequences),
≥50% to <100% (~27%) and ≥100% (15%) complete in
sequence length (Table 2, Tables S6, S8 and S9). For
mtDNA_ref1 or mtDNA_ref2, about 44 taxa recovered at
least 50% of the mitogenomes (i.e. eight or more loci), and
about seven taxa recovered complete mitogenomes (i.e.
all 15 loci) (Table 2, Table S6 and S8). With mtDNA_ref1,
68 taxa, on average, had sequences recovered for a given
locus (20 [rrnL]–119 [COX1] taxa; Table S9; Figure 2).
Similarly, on average, 71 taxa had sequences recovered

500

Number of unique taxa

400

F I G U R E 1 Unique reference taxa per
mitochondrial legacy locus. mtDNA_ref1,
19 coreoid mitogenomic references;
mtDNA_ref2, mtDNA_ref1 supplemented
with individually accessioned coreoid
sequences for each mtDNA locus from
NCBI; mtDNA_ref3, mtDNA_ref2
references + verified mtDNA_ref2 results;
see Table 1 for locus abbreviations

300

mtDNA_ref1
mtDNA_ref2
mtDNA_ref3

200

100

0

ATP6

7

ATP8 COX1 COX2 COX3 CYTB

ND1

ND2

ND3

Locus

ND4

ND4L ND5

ND6

rrnL

rrnS
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for a given locus (30 [rrnL]–131 [COX1] taxa) when using
mtDNA_ref2 references (Table S9; Figure 2).
Increasing numbers of reference sequences had a
mixed benefit. When compared to the mtDNA_ref1 results, the mtDNA_ref2 references increased locus recovery for 35 taxa (e.g. up to two more loci recovered), while
the recovery was the same for 244 taxa (Tables S6 and S8).
However, there were three taxa where recovery was worse
in the mtDNA_ref2 search; after manual evaluation, one
recovered sequence from each taxon was determined to
be inaccurately assigned to a locus from the mtDNA_ref2
search (i.e. two ND6 sequences and one ATP8 sequence)
and were subsequently removed (Tables S6 and S8).
Using mtDNA_ref3, we observed recovery for those
taxa that had no recovery for a given locus from mtDNA_
ref2 searches (Table 2, Tables S6 and S8); one additional
locus was recovered on average, across 193 taxa. Most of
these newly recovered sequences had lengths less than half
of the known length of the targeted locus, with relatively
few having obtained the full length of a locus (Table 2,
Table S9). For newly recovered sequences, no taxa recovered all 15 loci, and two taxa recovered at least eight or
more loci (Table 2, Tables S6 and S8). On average, 26 taxa
had sequences recovered for a given locus for newly recovered sequences searching with mtDNA_ref3 (8 [COX3]–81
[rrnS] taxa; Table S9; Figure 2). Additionally, as mtDNA_
ref3 builds off the newly extracted sequences recovered
using mtDNA_ref2, when looking at locus recovery per
taxon across all mtDNA reference files (i.e. mtDNA_ref1,
mtDNA_ref2 and mtDNA_ref3), there were three cases
where mtDNA_ref1 recovered a locus that was not recovered with mtDNA_ref2 and mtDNA_ref3 due to removal
of problematic sequencing during screening (Table 2).
Across all reference files, 13 taxa recovered complete mitogenomes, and 72 taxa recovered at least 50% of their mitogenomes (Table 2).

3.4 | Nuclear locus recovery varies
across taxa
As two of our legacy loci (i.e. abd-A and scr) were targeted by baits, we only report results for the five loci not
targeted. Our nucDNA reference data set obtained from
NCBI (Table 1) included 3 (dfd, pb and ubx each) to 128
(28S rRNA) reference sequences across loci (mean = 25
reference sequences per locus) from 53 cumulative total
taxa. Of the 192 reference sequences (Table 1), 78.1% were
<50% complete, 16.7% were ≥50% to <100% complete,
and 5.2% were within the complete locus length range
(Table S2).
For searches using nucDNA_ref1, locus recovery varied across taxa, with about two loci recovered on average

MILLER et al.

across 257 taxa and with 80 taxa on average represented
for a given locus (2 [ubx]–246 [28S rRNA] taxa; Tables S5
and S7; Figure 3). As with the mtDNA results, most recovered sequences were less than 50% of the known locus
length, with very few reaching between ≥50% and 1bp
from the full length of the corresponding locus (Table 2
and Table S10). When looking at the cumulative results
of nucDNA_ref1 and nucDNA_ref2, we found that nucDNA_ref2 had negligible impacts on our recovery measures (i.e. only one more locus recovered for three taxa),
with patterns like those of nucDNA_ref1 alone (Table 2,
Tables S5, S7 and S10; Figure 3).

3.5 | Phylogenetic result of a UCE
+legacy data set
Our concatenated matrix—comprised of three legacy loci
and Forthman et al.'s (2020) 1,000 UCEs—had a total of
329,771 sites. The proportion of parsimony-informative,
uninformative and invariant sites (Table 3) were similar
to those reported in Forthman et al. (2020). However, our
UCEs exhibited a higher proportion of informative and
variable sites than the three legacy loci combined (~37%
more), with our legacy data largely comprised of invariant
sites (~80%).
Our analysis resulted in a topology (Figure 4) generally congruent with Forthman et al.'s (2020) maximum-
likelihood analyses. However, support was clearly
impacted by the inclusion of legacy data as many nodes
had weak to moderate support compared with most nodes
in Forthman et al. (2020) that were highly supported (i.e.
90%–100%). Of our 37 NCBI reference taxa included in
the analysis, nine were recovered as sister group to congeners that had UCE data (e.g. Catorhintha, Merocoris
and Chariesterus), often with moderate to high support.
Several other NCBI taxa were recovered in clades with
members of their respective tribes (e.g. Anoplocnemis
curvipes [Fabricius, 1781] recovered with other mictines,
Athaumastus haematicus [Stål] recovered with other acanthocerines, and Leptoscelis obscura Dallas, 1852 recovered with other anisoscelines [Forthman et al.'s (2020)
‘Anisoscelini Lineage 1’]).
Three NCBI reference species of Acanthocoris were
recovered within one of the polyphyletic lineages of
Hypselonotini rather than with other acanthocorines.
Of the Acanthocoris species that had UCE data, only
Acanthocoris sp. CMF331 also had COX1 data; this sequence was substantially shorter than that of the NCBI
reference taxa (189 bp vs. 600–1,534 bp, respective) and
had little overlap in sequence with them. Another NCBI
reference taxon, Zicca annulata (Burmeister, 1835), was
recovered as closely related to Hypselonotus species rather
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F I G U R E 2 Mitochondrial legacy
loci recovered. mtDNA_ref1, 19 coreoid
mitogenomic references; mtDNA_ref2,
mtDNA_ref1 supplemented with
individually accessioned coreoid
sequences for each mtDNA locus from
NCBI; mtDNA_ref3, mtDNA_ref2
references + verified mtDNA_ref2 results.
see Table 1 for locus abbreviations. Those
sequences recovered reported as mtDNA_
ref3 are new sequences not obtained with
mtDNA_ref2
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F I G U R E 3 Nuclear legacy loci
recovered. nucDNA_ref1, nuclear DNA
reference file including sequences
retrieved from the National Center for
Biotechnology Information (NCBI);
nucDNA_ref2, nucDNA_ref1 + verified
legacy locus sequences extracted based
on nucDNA_ref1; see Table 1 for locus
abbreviations. Those legacy loci that
were already targeted by baits (i.e. abd-A
and scr) are not included here. Those
sequences recovered with nucDNA_ref2
are new and not obtained with nucDNA_
ref1
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than to other species of Zicca. This species had 18S and
28S rRNA sequences, of which the former had no overlap
with 18S sequences from the other Zicca species and the
latter had relatively little overlap with the 28S sequence
from Zicca rubricator (Fabricius, 1803).
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Sequence capture protocols, while effective, remain
imperfect, with as little as 40% on-
target recovery in

some cases (e.g. Amaral et al., 2015; Asan et al., 2011;
Guo et al., 2012, 2013; Samuels et al., 2013; Sulonen
et al., 2011). The remaining portion of the sequence data,
that is off-target sequences, is often ignored in many sequence capture studies, but several recent studies have
exploited this by-catch to extract legacy loci used in past
phylogenetic studies (e.g. Barrow et al., 2017; Branstetter
et al., 2021; Caparroz et al., 2018; Gasc et al., 2016; Guo
et al., 2012; Łukasik et al., 2019; Lyra et al., 2017; Matsuura
et al., 2018; Percy et al., 2018; Simon et al., 2019; Taucce
et al., 2018). Our study sought to recover legacy loci from
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T A B L E 3 Summary of site patterns in legacy loci (combined) and the UCE + legacy locus concatenated matrix compared with the UCE
concatenated matrix in Forthman et al. (2020) (their ‘50p total evidence’ data set)
Data set
Legacy (combined)

No. of loci

Total sites

% Parsimony-
informative sites

% Uninformative
sites

% Invariant
sites

3

7,687

12.44

7.81

79.75

UCE + legacy

1,003

329,771

49.74

6.58

43.67

Forthman et al. (2020): ‘50p total
evidence’ UCE

1,000

322,084

50.64

6.55

42.81

Abbreviation: UCE, ultraconserved elements.

off-target sequences in a sequence capture data set using
published legacy data, explore approaches to improve
legacy locus recovery, and perform a phylogenetic analysis on a concatenated data set comprised of legacy loci
and UCE data. Most legacy loci commonly used in past
coreoid molecular phylogenetic studies were successfully
recovered, and most were not already targeted by our sequence capture baits. However, there was a large amount
of variation in the recovery of different types of loci (e.g.
mtDNA vs. nucDNA) across taxa, as well as among loci
within a locus type (e.g. COX1 vs. ATP8 for mtDNA). Our
results suggest complementing an mtDNA reference file of
complete mitogenomes with sequence data for individual
loci available in genetic repositories does not offer much
improvement for recovery of most legacy loci yet adds
substantially to the time to assemble the set of reference
sequences. However, adding extracted legacy sequences to
mtDNA reference files can modestly improve recovery for
some legacy loci (though this should be done with caution). There was little benefit to including extracted loci
for nucDNA loci. We further found that legacy data can be
integrated with sequence capture data to increase informative sites available for analysis and taxon representation
throughout the phylogeny; however, this has some challenges and can impact topology and/or support. The approaches outlined here can be a potentially cost-effective
alternative to designing legacy locus baits to combine with
sequence capture bait kits.
The variation seen in the recovery of legacy loci among
taxa may be due to a combination of the type of legacy
locus extracted, the number of species represented by legacy sequences and taxon sampling of reference sequences.
Some loci, such as mtDNA (Bogenhagen & Clayton, 1974;
Samuels et al., 2013) or ribosomal (rRNA) (Eickbush &
Eickbush, 2007) loci, have a high copy number within
cells and may comprise a relatively large proportion of
off-target sequences in sequence capture data (Branstetter
et al., 2017, 2021; Simon et al., 2019). In contrast, nuclear
protein-coding loci generally have comparably lower copy
numbers. Thus, it may be expected that mtDNA and rRNA
legacy loci are recovered for a greater proportion of taxa
than nuclear protein-coding loci. We observed a pattern

supporting this expectation, with far fewer taxa (<10%)
having nuclear protein-coding legacy loci extracted from
off-
target data compared with mtDNA and rRNA loci
(~10%–90% of taxa).
The number of reference legacy sequences may also
explain some of the observed variations in locus recovery. The bioinformatic resources employed in this
study to retrieve legacy data utilized publicly accessible
DNA sequences as references. In general, the amount of
mtDNA references available for coreoids far exceeds that
of nucDNA references. Furthermore, certain loci have far
more available reference sequences than other loci (e.g.
mtDNA locus COX1 and rRNA loci 18S and 28S). The
skewed distribution in the abundance of certain types
of DNA loci available in repositories is common in other
taxonomic groups due to Sanger-based sequencing of few
well-known loci in past molecular studies (e.g. Brower
& Desalle, 1994; Caterino et al., 2000; Kjer et al., 2016;
McDonagh et al., 2016; Shao & Barker, 2007; Weirauch &
Schuh, 2011; Zhang & Hewitt, 1997). Thus, this skew in
available reference data, at least for coreoids, likely affects
the recovery of legacy loci, as we had greater recovery occurring for loci with greater numbers of sequences in reference data sets.
A third contributing factor that may affect legacy locus
recovery from off-target capture data is taxon sampling
between reference and focal taxa, which can be related
to the number of reference sequences available and the
conservation of a sequence. For example, conserved loci
(e.g. rrnS) are recovered more commonly than some of the
other mitochondrial protein-coding regions. In genetic repositories such as NCBI, taxon sampling for a given locus
may still be sparse across a broad taxonomic range, even
if there are many sequences for that locus, which may
account for the variation in legacy locus recovery seen in
this study. In general, the number of reference sequences
available for the nuclear protein-coding loci targeted in
this study included far fewer taxa that may have been
too distantly related from most taxa within the sequence
capture data set. Increased taxon sampling can introduce
more closely related species, which may improve recovery
of legacy loci, specifically those taxa whose recovery was
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Rhopalidae
Hydarinae + Micrelytrinae
Clavigralla tomentosicollis

0.09

Myla sp.
Clavigralla sp.
Alydinae
Discogastrini + Nematopodini + Spathophorini
Petascelini + Spartocerini
Choerommatus angusticollis
Rhyticoris terminalis
Acanthocoris sordidus
Acanthocoris sp.
Acanthocoris sp.2
Dasynini + Homoeocerini
Cletomorpha raja
Cletus bipunctatus
Cletus feanus
Haidara producta
Coreus marginatus
Cletus ochraceus
Cletomorpha benita
Cletoliturus lituripennis
Tongorma latreillii
Cletus sp.
Cletus graminis
Cletus rubidiventris
Cletus punctiger
Cletus schmidti
Cletus punctulatus
Cletus trigonus
Cletus pugnator
Daladerini + Latimbini
Cloresmus pulchellus
Cloresmus sp.
Cloresmus antennatus
Remaining Cloresmini
Colpurini
Anoplocnemis curvipes
Pternistria bispina
Prionolomia yunnanensis
Molipteryx lunata
Dianomictis expansa
Plectropodoides dallastai
Plectropoda sp.
Plectropoda cruciata
Elasmopoda sp.
Mygdonia tuberculosa
Anoplocnemis sp.
Anoplocnemis sp.2
Villasitocoris inconspicuus
Acanthocoris scabrator
Acanthocoris sp.
Acanthocoris sordidus
Vazquezitocoris repletus
Althos obscurator
Scolopocerus secundarius
Catorhintha texana
Catorhintha mendica
Catorhintha guttula
Catorhintha guttula
Zicca commaculata
Zicca taeniola
Zicca rubricator
Cebrenis danieli
Athaumastus subterlineatus
Athaumastus haematicus
Crinocerus sanctus
Remaining Acanthocerini
Merocoris elevatus
Merocoris typhaeus
Merocoris distinctus
Merocoris curtatus
Plapigus abdominalis
Chariesterus antennator
Chariesterus armatus
Chariesterus armatus
Hypselonotus bitrianguliger
Zicca annulata
Hypselonotus fulvus
Hypselonotus fulvus
Leptoscelis tricolor
Phthiacnemia picta
Leptoscelis obscura
Leptoglossus gonagra
Leptoglossus membranaceus
Narnia femorata
Narnia snowi
Leptoglossus phyllopus
Leptoglossus gonagra
Phthiacnemia picta
Leptoglossus zonatus
Leptoglossus concolor
Leptoglossus phyllopus
Leptoglossus clypealis
Leptoglossus occidentalis
Leptoglossus clypealis
Chelinideini
Anasa bellator
Anasa varicornis
Anasa tristis
Paryphes pulchellus
Anasa bellator
Anisoscelis foliacea
Holhymenia sp.
Holymenia tibialis
Chondrocera laticornis
Anisoscelis gradadius
Anisoscelis alipes
Placoscelini
Acanthocephala sp.
Acanthocephala sp.2
Acanthocephala terminalis
Acanthocephala femorata
Acanthocephala alata
Acanthocephala thomasi
Remaining Acanthocephalini
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F I G U R E 4 Maximum-likelihood best tree generated from a concatenated matrix of three legacy loci (COX1 mtDNA, 18S rRNA and 28S
rRNA) and 1,000 ultraconserved element loci (from Forthman et al. (2020)) (noncoreoid outgroups pruned and some clades without NCBI
reference taxa collapsed to a single branch that is indicated by higher taxonomic name[s] for visualization; see Data S2 for unmodified tree).
NCBI reference taxa indicated in bolded text on a grey background. Bootstrap support at nodes indicated by the following symbols: green
circles = 100%, pink stars = 90%–99%, blue pentagon = 70%–89%, red triangle = 50%–69%, and no asterisk = <50%

worse for these loci. Future Sanger-based phylogenetic
studies using legacy loci and mitogenome sequencing will
likely continue to increase taxon sampling in genetic repositories. However, future sequence capture studies may
alternatively improve legacy locus recovery from off-target
sequences by sequencing, for example the complete mitogenome from one or a few representatives of clades with
taxa exhibiting poor recovery.
Other factors, such as sample quality (e.g. fresh or degraded material) or differences in molecular benchwork
protocols, could also explain the variation in legacy locus
recovery observed in the present study. We further examined this possibility by comparing locus recovery with
sample quality, tissues sampled, DNA extraction protocol,
target enrichment protocol, etc. Our results did not exhibit
any discernible patterns between these factors and legacy
locus recovery (Table S11), indicating that differences in
sample quality or molecular protocols do not explain the
variation observed in this study. However, other modifications to these or the use of different molecular protocols,
as well as the quality of tissues sampled, may impact legacy locus recovery in other studies and should be explored
more.
In considering the factors above, we explored approaches to improve legacy locus recovery across taxa by
expanding the number of reference sequences to search
for loci in off-target capture data. Concerning mtDNA, it
may be beneficial to utilize both mitogenomes and single mtDNA locus sequences from genetic repositories
rather than mitogenomes alone (i.e. our mtDNA_ref2 vs.
mtDNA_ref1, respectively); while legacy locus recovery
did not change for many focal taxa, some taxa had slight
improvements (up to two more loci) when mitogenomic
sequences were complemented with single mtDNA locus
sequences from NCBI. Our finding may be due to the increase in reference sequence data, which may allow for
the inclusion of more closely related reference taxa relative to the focal taxa (Figure 1). These more closely related
taxa can counter the effects of the elevated substitution
rates of mtDNA that would otherwise make it difficult
to identify loci among distantly related species (Bernt
et al., 2013; Kumar, 1996; Meiklejohn et al., 2014; Rota-
Stabelli et al., 2010). However, the lack of considerable
improvement for the majority of taxa in our mtDNA legacy data set suggests that either the amount of reference
mitogenomic sequences or taxonomic representation was

enough to capture any sequenced legacy loci or that such
loci may not have been identified due to a lack of closely
related sequences.
Our findings from the initial searches for both mtDNA
and nucDNA led us to explore whether legacy locus recovery could be further improved among taxa if our reference
sequences were complemented with legacy sequences extracted from focal taxa. We expected that the inclusion of
mtDNA and nucDNA sequences extracted from capture
data would improve recovery for those taxa that did not
have sequences matching our references. The addition of
extracted mtDNA legacy locus sequences supported our
expectations; however, after screening these results, it became clear that many of these newly extracted sequences
were incorrectly identified as legacy loci (e.g. 37% across
all mtDNA). However, we did not observe a similar pattern for nucDNA loci as only 9% of putative matches were
removed. Thus, our results highlight that the addition of
extracted sequences can improve legacy locus recovery,
but that there can be a substantial amount of error that requires filtering before downstream analyses. Unless extensive postrecovery filtering is performed, it may be safest to
exclude extracted sequences.
We found that our sequence capture baits already targeted the nuclear protein-coding legacy loci abd-A and
scr. In sequence capture studies that extract legacy loci
from off-target sequences, there is no indication whether
similar steps were taken to verify that legacy loci were not
already targeted by baits (e.g. Derkarabetian et al., 2019).
Verifying whether legacy loci are targeted by capture baits
is critical before extracting them from off-
target data.
Failure to do so may result in legacy loci that are recovered
as both targeted loci and off-target loci (i.e. they are recovered twice) and weighted relative to other loci in phylogenomic analyses.
Integrating legacy data with our UCE sequence capture
data generally supported previous hypotheses based on
phylogenomic data. This was likely due to the much larger
amount of data (i.e. 1,000 UCE loci) shared among the majority of taxa (124 taxa) included in the analysis. However,
the greater amount of missing data due to the inclusion of
NCBI reference taxa (i.e. taxa without any UCE data) was
likely responsible for the widespread decrease in support
across many nodes in our tree. Regardless, extracting legacy loci from our focal taxa allowed us to successfully place
some NCBI reference taxa with their congeners or with
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other members of the same tribe or lineage according to
Forthman et al.'s (2020) hypothesis. Only a few NCBI taxa
were recovered in doubtful phylogenetic positions, possibly
due to little overlap in legacy locus sequences with other
congeners or members of their tribes. Given our approach
extracts legacy data from off-target sequences for our focal
taxa, variation in sequence length and distribution among
these taxa is expected. As such, for some legacy loci, there
may be little overlap with respect to taxonomic coverage
and/or among the individual sequences due to variation
in length among focal and reference taxa, which can impact phylogenetic inference if there are little data to group
congeners or conspecifics together. Thus, utilizing legacy
locus data to increase the number of informative sites and/
or taxonomic sampling for analysis should only be effective
if there is enough sequence overlap between reference and
focal taxa, which may be expected when using commonly
sampled legacy loci.
However, other potential issues could explain the
questionable placement of some of the NCBI reference
taxa. Perhaps one obvious issue is the potential for inaccurate species or sequence identities of NCBI reference
taxa. While we screened our NCBI reference data to assess the validity of sequence identities and found several
instances where inaccurate gene assignments were made
(i.e. L. occidentalis CYTB sequences mistakenly listed as
COX1 sequences), we could not verify taxonomic assignments in the absence of physical voucher specimens;
thus, some of the reference taxa used in our analysis could
have been misidentified by submitters. Another factor
that could have affected the phylogenetic placement of
the these NCBI reference taxa is the presence of mitochondrial pseudogenes in nuclear DNA (numts) that are
similar in identity to COX1. Numts can be preferentially
amplified with polymerase chain reaction if suboptimal
primers are used (i.e. mtDNA sequence divergent enough
from the primers used) or when numts occur in greater
copy numbers than the mtDNA sequence (Bensasson
et al., 2000, 2001; Collura & Stewart, 1995). Even if the
reference mtDNA sequences are accurately identified, the
placement of some reference taxa may still be the result
of discordance between mitochondrial and nuclear loci,
particularly if these taxa do not have any nuclear data
(the predominant type of sequence data in our study) for
analysis. One advantage of combining legacy data with
our UCEs was the ability to identify some samples that
may be problematic and require further exploration before
use in other phylogenetic studies. Despite some of these
challenges and potential issues, our results generally show
that legacy data can be integrated with sequence capture
data successfully with positive results after careful screening of legacy data (i.e. sequences and taxa) obtained from
genetic depositories.
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CONC LUSION

This study assessed the ability to recover legacy data of interest from off-target sequences of a sequence capture data
set in leaf-footed bugs. The results of this study showed the
successful recovery of some mitochondrial and nuclear
legacy loci, but this recovery varied greatly across taxa and
is likely dependent on available genetic resources, the type
of legacy loci targeted, taxon sampling and analytical approaches. Additionally, screening of legacy loci against sequences targeted by baits is critical for quality control. Our
results demonstrate the benefit of integrating legacy locus
data with sequence capture data, while also highlighting some of the potential issues (e.g. sample identity, sequence overlap, numts, mitonuclear discordance) that can
arise from such an exercise. Overall, the approaches employed in this study emphasize how using existing public
resources and data sets may reduce costs and circumvent
limitations of other commonly used methods for targeting
legacy loci, as well as benefit phylogenetic investigations.
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