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Abstract

Despite the prevalence of high-throughput sequencing in phylogenetics, many re-
lationships remain difficult to resolve because of conflicting signal among genomic
regions. Selection of different types of molecular markers from different genomic
regions is required to overcome these challenges. For evolutionary studies in frogs,
we introduce the publicly available FrogCap suite of genomic resources, which is a
large collection of ~15,000 markers that unifies previous genetic sequencing efforts.
FrogCap is designed to be modular, such that subsets of markers and SNPs can be
selected based on the desired phylogenetic scale. FrogCap uses a variety of marker
types that include exons and introns, ultraconserved elements, and previously se-
quenced Sanger markers, which span up to 10,000 bp in alignment lengths; in ad-
dition, we demonstrate potential for SNP-based analyses. We tested FrogCap using
121 samples distributed across five phylogenetic scales, comparing probes designed
using a consensus- or exemplar genome-based approach. Using the consensus design
is more resilient to issues with sensitivity, specificity, and missing data than picking
an exemplar genome sequence. We also tested the impact of different bait kit sizes
(20,020 vs. 40,040) on depth of coverage and found triple the depth for the 20,020
bait kit. We observed sequence capture success (i.e., missing data, sequenced mark-
ers/bases, marker length, and informative sites) across phylogenetic scales. The in-
corporation of different marker types is effective for deep phylogenetic relationships
and shallow population genetics studies. Having demonstrated FrogCap's utility and
modaularity, we conclude that these new resources are efficacious for high-throughput

sequencing projects across variable timescales.

KEYWORDS
amphibians, anura, exon capture, genomics, target capture, UCEs

These approaches aim to more affordably sequence subsets from

across the genome, while allowing more specimens to be sampled
Although whole-genome sequencing for non-model organisms re- simultaneously (Rohland & Reich, 2012). An important consid-
mains costly, reduced representation strategies can create large eration for systematics and population genetics is balancing the
phylogenomic and population genetic data sets at reduced financial trade-off between obtaining orthologous genetic markers (defined

costs (Glenn, 2011; Kircher & Kelso, 2010; Rohland & Reich, 2012). here as DNA sequences with a known genomic location enabling
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comparisons among samples) across moderate to deep timescales,
while obtaining markers that are variable enough to resolve ambig-
uous phylogenetic relationships and provide high depth of coverage
variants for population genetics (Jones & Good, 2016; Sulonen et al.,
2011).

There are now many methodologies for reduced representation
sequencing, and the choice largely depends on the desired phylo-
genetic breadth and number of samples. The most common meth-
ods for obtaining subsets of genome-wide sequence data include:
(1) restriction-site associated digestion methods (RADseq): targets
areas adjacent to restriction enzyme sites (Miller et al., 2007); (2)
targeted sequence capture: targets genomic regions through
hybridization-based sequence capture (Choi et al., 2009; Hancock-
Hanser et al., 2013); and (3) transcriptome sequencing (RNASeq):
targets the expressed exome of a sampled tissue type (Wang et al.,
2009). These three methods have been used to address a variety of
phylogenetic and population genetic questions and have method-
specific advantages and disadvantages related to phylogenetic
scale and reusability (reviewed in Lemmon & Lemmon, 2013 and
McCormack et al.,, 2013). Trade-offs include financial costs and
availability of pre-existing genomic resources to identify genomic
regions of interest.

Selection of different types of molecular data (e.g., protein-
coding exons, non-coding regions, ultra-conserved elements [UCEs],
or single nucleotide polymorphisms [SNPs]) is an increasingly im-
portant issue when dealing with difficult phylogenetic questions.
Different marker types can demonstrate conflicting phylogenomic
results, vary in their utility at different timescales, and present bi-
ases for analyses (Hosner et al., 2016; Lemmon & Lemmon, 2013; Liu
et al., 2009; McCormack et al., 2013). For example, there is debate
over whether protein-coding or non-coding markers are more ap-
propriate for phylogenetic analyses, because selection on protein-
coding exons may mask homology and bias phylogenetic signal
(Chen et al., 2017; Edwards, 2009; Jarvis et al., 2014; Liu et al., 2009;
Reddy et al., 2017). One well-studied case in birds exemplifies this
debate, in which phylogenomic studies have produced nontrivial dif-
ferences in phylogeny based on different marker types (McCormack
et al., 2013; Reddy et al., 2017). In addition, other marker features
such as locus length (Edwards et al., 2016; Springer & Gatesy, 2018)
or character type (e.g., SNPs: Leaché & Oaks, 2017; indels: Simmons
& Ochoterena, 2000; transposable elements: Han et al., 2011) have
been explored in this context.

These debates have made it clear that there is no consensus re-
garding a perfect, universal molecular marker type. One solution is
to use an assortment of markers sampled from across the genome
with different properties (Chen et al., 2017; Dool et al., 2016). The
inclusion of a diversity of marker types allows downstream filtering
(e.g., using length or informativeness) which can improve phyloge-
netic estimates and diagnosing causes of phylogenetic uncertainty
(Chakrabarty et al., 2017; Karin et al., 2020; Mirarab et al., 2014;
Springer & Gatesy, 2018; Streicher et al., 2018). When consider-
ing these factors, a sequence capture approach that targets a va-
riety of marker types may represent an optimal solution. However,
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substantial genomic resources are required to develop the initial
target panel and corresponding probe design for targeted sequence
capture.

Targeted sequence capture of exons and other markers are
widely used by the phylogenetics community. It has been largely
dominated by targeting conserved elements using two main ap-
proaches: anchored hybrid enrichment for conserved exons (AHE,
Lemmon et al., 2012) and ultra-conserved elements (UCEs, Faircloth
et al., 2012). Both approaches identify regions of the genome that
are conserved across distantly related taxa and use probes designed
from these conserved regions for target capture (Gnirke et al., 2009).
The two methods differ in that AHE predominantly targets several
hundred medium length exons (>500 bp) that are moderately diver-
gent but sufficiently conserved to capture regions across hundreds
of millions of years (Lemmon et al., 2012). In contrast, the UCE ap-
proach targets several thousand ultra-conserved regions (~120 bp
long) with the goal of obtaining variable flanking regions adjacent to
the conserved regions (Bejerano et al., 2004; Faircloth et al., 2012).
Both approaches have limitations, for example, AHE markers have
the potential to bias phylogenetic results due to directional, diver-
gent, or convergent selection (AHE targets only exons, Bragg et al.,
2016; Castoe et al., 2009; Singhal et al., 2017). Regarding UCEs, their
function is often unknown in vertebrates (Alexander et al., 2010),
and they may be undergoing purifying selection (Katzman et al.,
2007). Additionally, the variable flanking regions of UCEs can be dif-
ficult to align across distantly related taxa (Portik & Wiens, 2021;
Singhal et al., 2017; Streicher et al., 2018). Both AHE and UCEs are
widely used in inferring phylogenies across broad and shallow phy-
logenetic scales (Brandley et al., 2015; Crawford et al., 2012; Prum
et al., 2015; Smith et al., 2014, Streicher et al., 2018). For popula-
tion genetics, UCEs have been used with some success (Andermann
et al,, 2019; Hosner et al., 2016; Zarza et al., 2016). In contrast, AHE
produces a smaller number of markers (<400, with some duplication
issues; Karin et al., 2020) and generally results in relatively fewer
independent SNPs as required by many types of analyses (Hedge
& Wilson, 2014; Lanier & Knowles, 2012; Springer & Gatesy, 2018).

Amphibians represent one of the most diverse terrestrial ver-
tebrate groups, and most extant diversity is concentrated within a
single lineage - Anura (frogs and toads; called frogs hereafter). Frogs
have been diversifying for over 200 million years and now include
over 7,000 described species (88% of amphibians; AmphibiaWeb,
2021). This deep time scale and exceptional diversity has pre-
sented a major challenge for research into amphibian evolution.
The performance of a universal frog custom capture kit remains
largely unexplored (but see Hedtke et al., 2013; Portik et al., 2016;
Salamanders: McCartney-Melstad et al.,, 2016). Several studies
have used UCEs (Alexander et al., 2017; Pie et al., 2018; Streicher
et al., 2018; Streicher et al., 2020; Zarza et al., 2016; Guillory et al.,
2019; Guillory et al., 2020; Barrientos et al., 2021) and others have
used AHE markers (Heinicke et al., 2018; Hime et al., 2021; Peloso
et al., 2016; Yuan et al., 2019), whereas two studies created cus-
tomized transcriptome-based probe-sets for an African frog clade
(Afrobatrachia) and the Asian genus Limnonectes (Portik et al., 2016;
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Reilly et al., 2019). Although UCEs have been used in frogs, they
are not ideal because they were designed for amniotes (the sister
clade to amphibians) therefore only about half the target UCEs are
captured (~2500/5600 UCEs; Streicher et al., 2018; Guillory et al.,
2019). The AHE probe-set is advantageous because it produces long
exons where sequence evolution can be modelled more predictably.
However, longer exons require more probes for suitable capture ef-
ficiency, and this reduces the number of markers that can be tar-
geted with the same number of probes (Bragg et al., 2016; Singhal
et al.,, 2017). In summary, despite the increased application of high-
throughput sequencing in frogs, a universal probe-set incorporating
different molecular marker types has not been developed specifi-
cally for frogs.

We present FrogCap, a publicly available collection of molecu-
lar markers for all frogs that can be adapted into sequence capture
probe-sets. Importantly, it includes markers from a variety of data
types (exons, introns, UCEs, and independent markers). We devel-
oped and tested a large set of markers and probes which correspond
to ~15,000 markers. FrogCap unifies new markers with previous se-
quencing via the inclusion of “legacy” Sanger sequencing markers
traditionally used in phylogenetic studies (Table 1; Feng et al., 2017
Frost et al., 2006; Pyron & Wiens, 2011) and UCEs that have been
successfully captured in anurans (Alexander et al., 2017; Streicher
et al., 2018). The FrogCap marker set is modular, such that subsets
of the markers can be selected based on the probe-set size, type
of research question, and the taxonomic scale. We selected sets

of orthologous markers that capture well within and across major

lineages of frogs (Hyloidea, Archaeobatrachia, and Ranoidea). From
these markers, we designed two complementary probe-sets (re-
ferred to as “Hyloidea-V1" and “Ranoidea-V1;” Archaeobatrachians,
that represent a smaller subset of frogs are included in Hyloidea-V1;
Table 1). The complementary design allows for variable markers to
be combined across these two superfamilies (Feng et al., 2017). We
also tested the modularity of FrogCap by creating a third probe-set,
which is a reduced version of Ranoidea-V1 using half the number of
probes (“Reduced-Ranoidea”), to evaluate whether the reduction in
probes leads to greater capture success and increased sequencing
depth of coverage.

We evaluated these three probe-sets using 121 samples of
new sequence data from the broadest phylogenetic scale of Anura
down to different populations of a species (Table 2). We evaluated
the sensitivity (base-pairs of target markers successfully captured)
and specificity (percent reads that map to targets) of the probe de-
sign, the number of markers captured, and depth of coverage across
the different probe-sets. Because of the expansive phylogenetic
breadth of the FrogCap probe design and sampling, we can explore
variation in characteristics (alignment length, parsimony informative
sites [PIS], and missing data) of different markers at different phy-
logenetic scales. We examined the effects of phylogenetic related-
ness on our capture success, assessing how genetic distance relates
to missing data, sensitivity, and specificity of the sequence capture.
Lastly, we tested whether using fewer probes in Reduced-Ranoidea
leads to greater capture success and increased depth of coverage

from the increased sequencing effort on fewer markers.

TABLE 1 Marker contents targeted for the three probe-sets designed in this study

Hyloidea-V1 Hyloidea-V2
N probes 40,040 40,040
N base-pairs targeted 2,929,956 3,048,207
N markers targeted 9,229 10,633
Hyloidea-V1 overlap - 8,194
Hyloidea-V2 overlap 8,194 -
Ranoidea-V1 overlap 6,130 7,823
Ranoidea-V2 overlap 6,931 8,788
Reduced overlap 1,652 2,314
N exons 6,977 8,548
N multiexon genes 986 2,414
N genes 5,216 5,774
N UCEs 2,166 2,085
N Legacy 86 86
Mean marker length 317.2 286.7
Maximum marker length 11,549 11,549
Markers <500 bp 6,667 9,737
Markers 500-1,000 bp 2,562 551
Markers >1,000 bp 390 345

Ranoidea-V1 Ranoidea-V2 Reduced
40,040 40,040 20,020
3,454,114 3,313,548 1,519,233
13,517 12,909 3,247
6,130 6,931 1,652
7,823 8,788 2,314

- 10,476 3,136
10,476 - 2,953
3,136 2,953 =

12,834 10,743 3,161
2,606 2,541 236
8,132 6,872 3,009
651 2,080 0

32 86 86

255.5 256.7 467.8
11,429 11,429 11,429
12,733 12,222 2,554
616 441 447

168 246 246

Note: Hyloidea-V2 and Ranoidea-V2 was not explicitly tested; however, they represent a revision where failed markers were discarded in favour of
additional UCEs and Legacy markers previously used in Sanger sequencing in frogs. The row “N genes” below is the number of genes with one or
more exon, where “N multi-exon genes” only count genes with two or more exons.
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TABLE 2 The phylogenetic scale and sampling used for this study, where 121 individual samples have been sequenced and configured

into different data sets

Phylogenetic scale Clade N samples
Order Anura 48
Superfamily Hyloidea 24
Superfamily Ranoidea 24
Family Mantellidae 8
Genus Cornufer 24
Genus Occidozyga 30
Species C. vertebralis 16

N markers Probe-set
6,140 Ranoidea-V1 + Hyloidea-V1
9,229 Hyloidea-V1

13,517 Ranoidea-V1

13,517 Ranoidea-V1

13,517 Ranoidea-V1
3,247 Reduced-Ranoidea

13,517 Ranoidea-V1

Note: We note that five samples overlap in some scales (i.e., Genus and Superfamily see Table S2). The Order Anura uses shared markers from the
Ranoidea-V1 and Hyloidea-V1 probe-sets from the two Superfamily scales, and includes 24 samples from the Hyloidea data set and 24 samples from

the Ranoidea data set.

(a) Marker type

Data category Marker size Probe-set -
. 7’
Data type Basepair range Q Hyloidea-V/1 ’
_ B Legacy [ ] 120-200 bp ) Hvioidea V2 !
Ranoidea-V1 . UCE D 201-500 bp v ) Ryloidea- 1 ‘
[] Exon I 501-1000 bp @ Ranoideav1 13099 |
. Gene . 1001-12000 bp ") Ranoidea-V2
\
Reduced- O Reduced- N
Ranoidea Ranoidea

Probe-set

Hyloidea-V1

Combined

LN

O O P PP D
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RO NV a2 o 6457 O

Number of markers Number of markers

(b) Marker overlap

(¢) Hyloidea-V1 to Ranoidea-V1

Design Baits Markers
. Nanorana
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O Gremse «
Hyloidea

. Unique
Transcriptome

FIGURE 1 The modularity of the FrogCap probe-set permits the selection of different types of markers. The data category in (a) shows
the quantity of different marker types (Legacy, UCE, Exon, Gene) used in the design of each probe-set (40,040 baits used for Ranoidea-V1
and Hyloidea-V1; 20,020 baits used for Reduced-Ranoidea). The marker size distribution also shows the general size classes of markers used
for each of the probe-sets. The “Combined” probe-set refers to the number of unique markers across all probe-sets to represent the total
available markers for FrogCap. In (b) a Venn diagram shows the marker overlap between the probe-sets, where the dotted lines indicate
each V2. In (c) the percentage of baits and markers are shown for each type of design: (a) “Nanorana genome” was the Nanorana parkeri
genome sequence from Ranoidea-V1; (b) “Consensus Hyloidea” which were Hyloidea consensus sequences of the Ranoidea-V1 target
marker; and (c) “Unique Transcriptome” which were markers obtained from Hyloidea transcriptomes and are not present in Ranoidea-V1.
Different configurations can be created based on bait kit size, modules, marker size or phylogenetic group

2 | MATERIALS AND METHODS

Detailed methods for all sections can be found in the Appendix S1.

2.1 | Sequence capture probe design
2.1.1 | Ranoidea genome-based design

To target exons for the probe-set, we selected orthologous, protein-
coding exons that were well represented across the superfamily

Ranoidea (AmphibiaWeb, 2021). We conducted all data processing in
R (RDCT 2018), using customized scripts with the following R pack-
ages: GENOMICRANGES (Lawrence et al., 2013), SEQINR (Charif &
Lobry, 2007), and APE (v5.0; Paradis & Schliep, 2019). We used the
Nanorana parkeri genome and annotations (Sun et al., 2015; available
at GigaScience: dx.doi.org/10.5524/100132). We also assembled 18
Ranoidea transcriptomes obtained from previously published stud-
ies (Table S1) with BRIDGER (Chang et al., 2015), trimming adaptors
with PEAT (Li et al., 2015). We reduced redundancies in the assem-
blies with CD-HIT (Li & Godzik, 2006). To identify exons with the
genome annotations, we used the program BLAT (-minldentity = 65,
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default settings; Kent, 2002) to match transcripts of each assembled
transcriptome to the Nanorana genome. The sequences of candidate
exons were aligned to the Nanorana genome sequence using MAFFT
v7.312 (-auto; Katoh & Stanley, 2013). To assist in exon selection,
alignments were assessed and filtered to include orthologous mark-
ers with broad phylogenetic representation. The Nanorana sequence
for each candidate exon was used to design a MYbaits-2 (40,040
baits) custom bait library (Arbor Biosciences), using 120 mer baits
tiled at 2x with 1x tiling 60 bp into the intron. For UCEs, we used the
120 mer UCE Amniote probes from Faircloth et al. (2012) (https://
www.ultraconserved.org). Ranoidea-V1 included 13,517 markers
covering 3,454,114 bp (Table 1; Figure S1). After testing Ranoidea-V1
in this study, we created a revised Ranoidea-V2 that excludes un-
captured markers and includes 64 additional Legacy Sanger markers

from Feng et al. (2017) and longer exons (see below; Table 1).

2.1.2 | Hyloidea transcriptome-based design

In contrast to Ranoidea, a genome was not available for Hyloidea when
the study was designed. To design probes from orthologous markers,
we used a transcriptome-based approach. We assembled 12 transcrip-
tomes representing six Hyloidea families and one Archaeobatrachia
family from previous studies (Table S1). Next, we used the exons de-
signed from Ranoidea-V1 and BLASTed them to the transcriptomes.
When the exon matched >five transcriptomes with <20% divergence,
the same baits from Ranoidea-V1 were used for Hyloidea-V1 which
totaled 5,159 baits (Figure 1c). When there was >20% divergence, new
consensus sequences were made from the Hyloidea alignments con-
suming 18,054 baits. Consensus sequences were generated from tran-
scriptome alignments using the majority base per column or with the
base that would maintain optimal GC content if base frequencies were
equal. The remaining 15,834 baits were used on transcriptome-based
Hyloidea exons. To add additional exons, we used VSEARCH (Rognes
et al., 2016) to cluster orthologous transcripts from the Hyloidea tran-
scriptomes and followed the general procedure for marker selection
described for Ranoidea-V1. We used the divergent Archeobatrachian
frog Xenopus genome (Hellsten et al., 2010) to evaluate paralogues,
and removed any markers with multiple matches. Finally, we designed
probes as described for Ranoidea-V1 using 40,040 baits. After initial
synthesis at Arbor BioSciences, 4,055 baits failed synthesis and instead
a 90 mer bait was synthesized using the central sequence from the
120mer bait. The final Hyloidea-V1 probe-set targeted 9,229 mark-
ers covering 2,929,956 bp (Table 1; Figure S1). Although not tested,
we created a Hyloidea-V2 that excluded 1,035 markers found in less
than half the samples from this study and added 2,439 new exons.
Hyloidea-V2 targets 10,633 markers covering 3,048,207 bp (Table 1).

2.1.3 | Reduced-Ranoidea marker selection

To test the modularity of FrogCap, we selected a subset of markers
from Ranoidea-V1 for a smaller 20,020 bait kit. Reduced-Ranoidea

was designed after testing Ranoidea-V1; we excluded markers
not captured in the target groups (Occidozyga and Kaloula, fami-
lies Dicroglossidae and Microhylidae respectively). We added 86
new markers from Feng et al. (2017), described below. We also in-
cluded 47 ultra-long exons (>5,000 bp) previously excluded from
Ranoidea-V1 (Table 1; Figure 1). Reduced-Ranoidea included 3,247
markers targeting 1,519,233 bp of data (Table 1; Figure S1).

2.1.4 | Previously published legacy markers

To maintain compatibility with previous studies, we selected 36 com-
mon nuclear markers (i.e., “Legacy”) used in Sanger sequencing phy-
logenetic studies in frogs (Frost et al., 2006; Pyron & Wiens, 2011)
for Ranoidea-V1. We also included 86 Legacy markers from Feng
et al. (2017) in Hyloidea-V1, Ranoidea-V2 and Reduced-Ranoidea.
Finally, to incorporate mitochondrial Sanger markers, we provide a
pipeline to extract mitochondrial genomes and separate them into
different markers for alignment (see below).

Nuclear marker sequences were designed from the consensus
sequences across the multiple sequence alignments from Feng et al.
(2017) and used for probe design. For UCEs used in previous frog
studies we selected a subset previously sequenced from Kaloula
(Alexander et al., 2017) captured in >50% of the samples and with
>10% PIS, for a total of 651 UCEs in Ranoidea-V1. Improving upon
this for Hyloidea-V1 and Ranoidea-V2, we included the 2,166 UCEs
from Streicher et al. (2018), which contain the 651 UCEs selected
from Kaloula. For these UCEs, we redesigned probe sequences by
creating consensus sequences across the multiple sequence align-
ments for each UCE.

2.1.5 | Marker and bait overlap

An important design component of the probe-sets is that they con-
tain overlapping markers (Table 1; Figure 1) which can be reused and
combined in future studies. For phylogenetic markers, Hyloidea-V1
and Ranoidea-V1 share 6,130 markers (Figure 1b) and Ranoidea-V2
shares 6,931 markers with Hyloidea-V2. For baits, Hyloidea-V1 used
5,159 Ranoidea-V1 baits with <20% divergence from Hyloidea tran-
scriptomes (Figure 1c). When markers had >20% divergence, new
consensus sequences were made from the Hyloidea-V1 sequences
totaling 18,054 new baits. The remaining 16,827 baits were used in

the Hyloidea transcriptome-based markers.

2.1.6 | Taxon sampling and library preparation

We explored the performance of the probe-sets across seven data-
sets with different taxon sampling schemes (Table 2). We selected
121 samples configured into the following phylogenetic scales (with
samples shared among scales; Table S2): (1) At the level of Anura
Order, 48 samples from Ranoidea-V1 and Hyloidea-V1 (24 each);
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(2) Superfamily, 24 samples from each superfamily (the same sam-
ples used in Order-level; Hyloidea-V1 also tests out one Salamander
and two Archaeobatrachrian frogs); (3) Family, eight samples from
eight genera in the family Mantellidae (Glaw & Vences, 2006) using
Ranoidea-V1; (4) Genus, 24 species sampled broadly from the genus
Cornufer (Ceratobatrachidae; Brown et al., 2015) using Ranoidea-V1;
and (5) Species, 16 samples from one species (Cornufer vertebralis)
from four Solomon Islands insular populations. Reduced-Ranoidea
was evaluated using 30 Philippine Occidozyga sampled from through-
out the archipelago (Chan et al., 2021).

We extracted DNA from these tissue samples and genomic li-
braries were prepared by Arbor BioSciences. Finally, samples were
sequenced on an lllumina HiSeq 3000 with 150 bp paired-end reads.
We acknowledge that our analyses rely upon capture experiments
done a single time and parameters of the experiment (e.g., timing,
sequencing centre, library preparation location, technicians) could
lead to biased and unexpected results.

2.2 | Data processing and alignment
2.2.1 | Data processing pipeline

A bioinformatic pipeline for removing adapter contamination, as-
sembling contigs, and exporting alignments is scripted in R and avail-
able at GitHub (bioinformatics-pipeline-v1; https://github.com/chutt
er/FrogCap-Sequence-Capture). Raw reads were cleaned of adapter
contamination, low complexity sequences, and other sequencing ar-
tifacts using the program FASTP (Chen et al., 2018). Adapter-cleaned
reads were screened against a database of common contaminants
(bacteria, human, model organisms, Laurence et al., 2014; see Table
S3). Next, we merged overlapping paired-end reads with BBMerge
and removed duplicates using “dedupe” using BBTools (Bushnell
et al., 2017). Merged singletons and unmerged paired-end reads
were assembled de novo using SPADES v.3.12 (Bankevich et al.,
2012) applying different k-mer values. DIPSPADES (Safonova et al.,
2015) was used to assemble contigs that were polymorphic by ran-
domly selecting one of the two possible bases. Finally, contigs were
annotated by matching to the probe-set reference sequences using
BLAST (dc-megablast).

The final sets of matching markers were aligned using MAFFT
(settings: local-pair; max iterations = 1,000; ep = 0.123; op = 3;
--adjust-direction). We screened each alignment for samples 240%
divergent from consensus sequences, which were almost always
incorrectly assigned contigs, chimeric assemblies, or misaligned
sequences. Alignments were retained if they included =four taxa
and were 2100 bp long. Alignment were externally trimmed until
the sites on each end were represented by 250% of the samples.
Alignments were next separated into different data sets: (1) “Exons,”
identified exons were adjusted to be in an open-reading frame in
multiples of three bases and trimmed to the largest reading frame
that accommodated >90% of the sequences; (2) “Introns,” consen-
sus sequences of the previous Exon data set were aligned to the

RESOURCES

original contig and the exon region was removed and the two intron
ends were concatenated; (3) “UCEs,” were separately saved and not
modified; (4) “Legacy,” markers (defined above) were saved sepa-
rately; (5) “Gene,” Exon alignments from above were concatenated
when they were found to be from the same predicted gene in the
Nanorana genome to generate longer alignments from linked genes.
Finally, Intron and UCE alignments were trimmed using trimAl (auto-
matic1; Capella-Gutierrez et al., 2009). We note that Introns could
potentially contain UTRs, but without a well-annotated genome it is

difficult to distinguish them.

2.2.2 | Mitochondrial genomes

To maintain compatibility of FrogCap with the published mitochon-
drial Sanger data, we developed a pipeline to extract mitochondrial
genomes in R (mitogenome-pipeline-v1; https://github.com/chutter/
FrogCap-Sequence-Capture). We tested the pipeline on the Order-
level phylogenetic data set of 48 samples (24 from Ranoidea; 24
from Hyloidea). First, we used BLAST to match the Nanorana mito-
chondrial genome (GenBank Accession: NC_026789) to the sample
contigs. If there were duplicate matches, we kept the match with
the highest bit-score. Finally, we extracted the sequence data for
each mitochondrial marker and separated them into a fasta file to be
aligned with the bioinformatics-pipeline-v1. With the mitochondrial
genome assemblies, markers can be extracted and aligned to bar-

code and other sequences available on GenBank.

2.3 | Sequence capture evaluation
2.3.1 | Sequence capture sensitivity

We evaluated the “sensitivity” of the capture results, where sen-
sitivity (i.e., “breadth of coverage”) is defined as the percent
bases from target markers used in probe design covered by post-
assembly contigs. To calculate sensitivity, we used target markers
from Hyloidea-V1 (n = 22 samples; excluding the two samples with
less than 50% capture success), Ranoidea-V1 (24), and Reduced-
Ranoidea (30) and BLAST to match them to the sample contigs. We
calculated the percent sensitivity per target marker and per sample
by dividing the base-pair length of the target marker sequence by

the length of the matching portions of the sample contig.

2.3.2 | Sequence capture specificity

“Specificity” refers to the percentage of cleaned reads that can
be mapped back to the target markers (number mapped reads/
total cleaned reads). We assessed specificity within Hyloidea-V1
(n = 22 samples), Ranoidea-V1 (24), and Reduced-Ranoidea (30).
We created an indexed reference from the target markers and
mapped cleaned reads from each sample using the program BWA
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v0.712 (functions: bwa index and bwa mem; Li et al., 2009). We used

SAMTOOLS (Li et al., 2009) to convert between file-types (func-

tions: view and fastq), and counted the number of the reference-

mapped cleaned reads to calculate specificity.

2.3.3 | Sequence capture missing data

To assess missing data from the different probe-sets, we character-
ized variation in two ways: (1) missing base-pair data (ms-bp), the
percent of base-pairs missing for a sample (excluding indels) in the
trimmed alignments before separating into data types such that all
alignments were included in a single data set; and (2) missing marker
data (ms-marker), percent of markers missing for a sample in these

trimmed alignments.

2.3.4 | Effect of genetic distance

We performed linear regressions to determine if genetic distance is
a significant predictor of sensitivity, specificity, and ms-marker. We
compared the genome-designed Ranoidea-V1 and consensus-based
design Hyloidea-V1. Genetic distance was calculated using uncor-
rected pairwise distance and the mean was computed across mark-
ers for each sample; for Ranoidea-V1, distance was calculated from
the Nanorana genome sequence, whereas in Hyloidea-V1 distance
was calculated from the target marker consensus sequences as de-
scribed above. For these analyses, we included 18,054 baits from
markers shared between the probe-sets that used the consensus-
based design in Hyloidea-V1. A significant negative relationship be-
tween sensitivity and specificity and genetic distance supports the
hypothesis that capture success is driven by sample distance from
the target markers. A significant positive relationship between ge-
netic distance and missing data would suggest that sample dissimi-
larity from the design markers leads to missing marker data.

2.3.5 | Marker depth of coverage

The “depth of coverage” or “depth” was calculated for each sample
and marker, where depth refers to the number of bases from the
cleaned reads overlapping with an assembled base or bin of bases
(often denoted as “X”). We first created a reference for each sam-
ple's set of post-assembly contigs targeted with the probe-set and
mapped cleaned reads to these contigs using BWA (“bwa-mem” func-
tion). Next, we removed exact duplicate reads using PICARD (http://
broadinstitute.github.io/picard/). To calculate per-base overlap of
cleaned reads to contig base-pairs, the “depth” function was used
from SAMTOOLS. Depth was calculated across all targeted markers
and samples for every base-pair and was binned into 1% sized bins,
calculated for the exons and introns separately. To compare depth
values between samples we normalized depth by using reads per ki-
lobase per million (RPKM) to compare among samples with uneven

sequencing effort through scaling by gene length and mapped reads
(Mortazavi et al., 2008). We also counted overlapping reads in one-
percent bins and calculated the RPKM for each bin by scaled by gene.

To describe the variation in depth among samples and mark-
ers, we calculated two metrics: (1) sample depth, median depth of
markers calculated for each sample; and (2) marker depth, for each
marker, median depth of samples calculated for that marker. We
used median values, because individual depth measurements are
not centred on zero and have a positive skew. We used a Student's
two-sample t test to compare depth of coverage from Ranoidea-V1
and Reduced-Ranoidea.

2.3.6 | Phylogenetic scale

We evaluated the Exon, Intron, UCE, and gene data sets for criteria
considered informative in modern, model-based phylogenetic infer-
ence (e.g., Graybeal, 1994; Townsend, 2007) for each phylogenetic
scale (Table 2). We calculated statistics for each marker: number of
taxa, alignment length (bp), percentage missing base-pair data (per-
cent of missing bases), percentage missing sample data (number of
missing taxa), number and percent PIS. We performed linear regres-
sions to determine if alignment length was a significant predictor of
PIS, using trimmed data sets for the different phylogenetic scales.
These metrics were calculated using the Alignment Assessment tool
from Portik et al. (2016).

2.3.7 | Population genetics

To assess whether FrogCap could be used for population genetics,
we located high quality variants and SNPs. We note that these statis-
tics depend on the sequencing platform, multiplexing strategy, and
number of baits used during hybridization enrichment. Therefore, it
would be difficult to compare results across different study designs,
and we only seek to demonstrate feasible results if researchers fol-
low a similar design. We used GATK v4.1 (McKenna et al., 2010),
following best practices for discovering and calling variants (Van der
Auwera et al., 2013). We used the GATK phred-scaled quality scores
to filter SNPs, where a score of 20 (99% confidence) was consid-
ered “strongly supported.” Variant calling for SNPs was conducted
through a custom pipeline in R (variant-pipeline-v1; https://github.
com/chutter/FrogCap-Sequence-Capture).

3 | RESULTS
3.1 | Modular marker selection

An R script to configure and select different probe-sets using the
FrogCap marker database provided on GitHub (Custom-Probe-
Design;  https://github.com/chutter/FrogCap-Sequence-Capture)

and the FrogCap website is provided and contains direct downloads
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for the different probe-sets (https://www.frogcap.com). The GitHub
page provides the preconfigured probe-sets from this study (Table 1;
Figure S1). In addition, the configuration script allows the creation
of customized probe-sets, which can be filtered and modified to in-
clude different clades of interest (based on if they were captured in
each clade), different marker types, and different marker lengths.
We note that the initial pool of samples used for filtering is con-
tained to this study, so any clades that are missing markers could be
due to stochastic reasons unrelated to divergence from the probe
sequence. More species and clades will be added to make the data-
base more robust as they are published.

3.2 | Sequence capture evaluation

We sequenced 121 samples, resulting in a mean 1,234 + 577
mega base-pairs (Mb; range: 466-4,321 Mb) and a mean
8,172,461 + 3,827,207 (range: 3,090,636-28,621,450) paired reads
for each sample (Table S4; Figure S2). Filtering raw reads to remove
exact duplicates, low complexity and poor-quality bases, adaptor
and contamination from nontarget organisms resulted in a mean
84.5 + 11% of reads (range: 27%-96%) passing the quality filtration
steps. After assembly, our samples yielded a mean 15,832 + 5,575.9
(range: 6,968-43,113) contigs, with a mean length of 860 + 92
(range: 128-24,355) bp (Table S4; Figure S2).

The assembled contigs from each sample were matched using
BLAST to the target markers from each of the three probe-sets.
Hyloidea-V1 had a mean of 7,443 + 2,022 (range: 616-9,570) con-
tigs that matched uniquely to target markers (mean marker propor-
tion: 0.701 + 0.199; range: 0.058-0.901; Table S5). Ranoidea-V1
produced a mean of 10,304 + 1,645 (range: 5,050-12,235) contigs
that matched uniquely to target markers (mean marker proportion:
0.757 + 0.121; range: 0.371-0.898). Finally, Reduced-Ranoidea
produced a mean 2,847 + 123 (range: 2,299-2,983) contig matches
(mean marker proportion: 0.877 + 0.038; range: 0.708-0.919;
Table S5).

3.3 | Sequence capture sensitivity

Sequence capture “sensitivity” was measured across our three probe-
sets (Hyloidea-V1, Ranoidea-V1, Reduced-Ranoidea) by assessing
the percent base-pairs of target markers covered by post-assembly
contigs. The mean sensitivity across all markers in Hyloidea-V1
was 71.5 + 20.2% (n = 24; range: 5.8%-91.1%); Ranoidea-V1 had a
mean sensitivity of 79.6 + 15.3% (n = 24; range: 49.8%-94.4%); and
Reduced-Ranoidea had a mean sensitivity of 89.4 + 4.1% (n = 30;
range: 71.3%-93.8%; Table 3; Figure 2a). We used only shared mark-
ers to compare Hyloidea-V1 and Ranoidea-V1, where Hyloidea-V1
had a mean sensitivity of 73.7 + 12.9% (n = 22; range: 40.8%-91.0%)
and Ranoidea-V1 had a mean sensitivity of 81.5 + 14.1% (n = 24;
range: 52.5%-95.1%).
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3.4 | Sequence capture specificity

Specificity, defined as the percentage of cleaned reads mapped to
the target markers, was assessed within Hyloidea-V1, Ranoidea-V1,
and Reduced-Ranoidea. Hyloidea-V1 had a mean specificity of
37.8 + 9.2% (n = 24; range: 1.7%-54.3%); Ranoidea-V1 had a
higher mean specificity of 21.4 + 7.5% (n = 24; range: 7.4%-32.1%);
and specificity was lowest in Reduced-Ranoidea, with a mean of
20.2 + 3.3% (nh = 30; range: 12.2%-23.6%; Table 3; Figure 2b). We
used only shared markers to compare Hyloidea-V1 and Ranoidea-V1,
where Hyloidea-V1 had a mean sensitivity of 18.7 + 6.6% (n = 22;
range: 6.2%-32.4%) and Ranoidea-V1 had a mean sensitivity of
12.5 + 4.5% (n = 24; range: 4.2%-19.1%).

3.5 | Sequence capture missing data

We assessed missing data for the three probe-sets (Hyloidea-V1,
Ranoidea-V1, Reduced-Ranoidea) by calculating the percent of miss-
ing base-pairs (ms-bp) and missing markers (ms-markers) from align-
ment lengths and target marker counts for each sample, respectively
(Figure 3a,b). The mean ms-bp from samples in Hyloidea-V1 was
29.7 +20% (n=24;range: 10.1%-94.3%), with alargerrange and varia-
tion because of the inclusion of divergent clades (Archaeobatrachian
frogs and Salamanders). Ranoidea-V1 mean ms-bp was 29.4 + 19%
(n = 24; range: 6.9%-63.1%). Last, Reduced-Ranoidea mean ms-bp
was 10.9 + 4% (n = 30; range: 6.5%-28.4%; Table 3; Figure 3a). For
ms-markers, Hyloidea-V1 had a mean 21.9 + 22.7% (n = 24; range:
0%-95.0%). In Ranoidea-V1, mean ms-markers was slightly higher
at 22.7 + 21.2% (n = 24; range: 0%-59.7%). Finally, ms-markers in
Reduced-Ranoidea were lower with a mean 4.5 + 4.2% (n = 30;
range: 0%-23.2%; Table 3; Figure 3b).

3.6 | Effect of genetic distance

When testing for sensitivity in genome-designed Ranoidea-V1, we
found a significant negative relationship between genetic distance
and sensitivity (n = 24; R? = .689; p < .001; Figure 2a), as described
by the equation [sensitivity = 1.065 + -0.249 * mean pairwise di-
vergence], with pairwise divergence and sensitivity measured as
percentages. Sensitivity decreased 0.249% for each percent in-
crease of pairwise divergence. Conversely, we found a nonsignifi-
cant relationship among Hyloidea-V1 consensus sequence samples
(h=22; R? = .133; p = .095; Figure 2a), which was not impacted by
log-transforming input values.

We found a significant negative relationship between genetic dis-
tance and specificity (R? = .837; p < .001) among genome-designed
Ranoidea-V1 samples (Figure 2b), described by the equation (spec-
ificity = 0.630 + -1.59 * mean pairwise divergence). Specificity de-
creased 1.59% for each percent increase of pairwise divergence.

We did not find a significant relationship between genetic distance
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Hyloidea-V1

N probes/baits 40K

N base-pairs 2,929,956
N markers 9,229
Mean sensitivity (%) 70.3%
Mean specificity (%) 47.9%
Mean marker missing data (%) 21.9%
Median depth of coverage (RPKM) 52.3
Median exon depth (RPKM) 47.3
Median intron depth (RPKM) 211
Median UCE depth (RPKM) 47.2
Median gene depth (RPKM) 52.9

Ranoidea-V1 Reduced-Ranoidea
40K 20K
3,454,114 1,519,233
13,517 3,247
70.6% 89.1%
71.1% 35.7%
22.7% 4.5%

47.3 158.1
52.3 158.1
23.2 80.8

50.6 =

47.0 156.6

Note: Reduced-Ranoidea uses the same markers from Ranoidea-V1 (with some additions; see
Materials and Methods) but was designed with half the number of baits for a specific taxonomic
group (Occidozyga and Kaloula) is defined as the percent base-pairs of target markers successfully
captured and specificity is the percent reads that map to targets.
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TABLE 3 Sequence capture evaluation
for the three probe-sets

Sample sensitivity

Sample specificity

1.00

0.99

0.98

0.97

0.20

0.15

0.10

0.05

Ranoidea-V1

R?=0.689
P <0.001

28 30 32 34 36

Genetic distance (%)

Ranoidea-V1

R?=0.837
P <0.001

28 30 32 34 36

Genetic distance (%)

FIGURE 2 Sample sensitivity (percent bases from target markers that are covered by post-assembly contigs) and specificity (percent
cleaned reads mapped to the target markers) are compared between shared markers in the Hyloidea-V1 and Ranoidea-V1 probe-sets
(Reduced-Ranoidea was designed differently and is not comparable). The darker coloured box plots use all their target markers while the
lighter coloured box plots show markers overlapping between Ranoidea-V1 and Hyloidea-V1. In addition, we evaluate relationships between
genetic distance and sensitivity/specificity for Hyloidea-V1 and Ranoidea-V1 (Reduced-Ranoidea not included because samples are all from
a single genus and have similar genetic distances). The box plots show the distribution of (a) sensitivity and (b) specificity values across the
probe-sets. Sensitivity has a significant negative relationship with genetic distance in Ranoidea-V1 and is nonsignificant in Hyloidea-V1.
Specificity has a significant negative relationship in Ranoidea-V1 and a nonsignificant relationship in Hyloidea-V1. The 95% confidence
intervals of the estimated regression line are indicated by coloured shading
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FIGURE 3 Missing data are compared
for the three probe-sets (Hyloidea-V1,
Ranoidea-V1, Reduced-Ranoidea). Base-
pair missing data in (a) is the percent of
missing data calculated from the number
of missing bases pairs across alignments
for each sample. Marker missing data

in (b) is the percent of missing markers
across alignments for each sample. The
consensus-based marker design missing
data from Hyloidea-V1 in (c) has a 0

100

~
(9]

Base pairs (%)
& 8

(a) Base pair missing data
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and specificity within Hyloidea-V1 consensus sequence samples
(R? = .009; p = .679; Figure 2b).

Finally, we found a significant positive relationship between
ms-markers and genetic distance (R? = .698; p < .001) in genome-
designed Ranoidea-V1 samples (Figure 3c). In Ranoidea-V1, ms-
markers are equal to the equation (ms-markers = 11.27 + 1.66 *
mean pairwise distance), when pairwise distance and missing data
are measured as percentages. The ms-markers increased 1.66% for
each percent increase of pairwise divergence. In the consensus-
designed Hyloidea-V1 samples, we found a weak nonsignificant re-
lationship (R? = .007; p = .695; Figure 3d).

3.7 | Marker depth of coverage

We assessed depth of coverage across markers using the post-
assembly contigs and then separately for exons targeted with
probes, and introns that were incidentally sequenced. We measured
depth by counting the number of reads that overlapped each base
(denoted as “X"), which we note is not a comparable measure be-
tween samples, so RPKM is used for comparison (raw “X” measures
shown in Figure S3). In Hyloidea-V1, we found a median depth cal-
culated across samples (i.e., sample depth) of 19.7 + 6.9x (n = 24;
range: 5.1-34.1x; Figure 4a). In Ranoidea-V1 we found a median
sample depth of 22.1 + 8.5x (n = 24; range: 4.2-39.2x; Figure 4a).

Genetic distance (%)

Reduced-Ranoidea had amedian sample depth of 26.8 + 5.5x (n = 30;
range: 14.2-34.7x; Figure 4a). To compare the probe-sets with vary-
ing sample sequencing depths, we scaled depth by RPKM and found
a median sample depth of 59.7 + 21.4 RPKM (n = 24; range: 45.9-
118.6 RPKM; Figure 4a) in Hyloidea-V1, a median sample depth of
61.3 + 15.2 RPKM (n = 24; range: 47.9-112.3 RPKM; Figure 4a) in
Ranoidea-V1, and a median sample depth of 173.6 + 16.2 RPKM
(n = 24; range: 126.8-212.1 RPKM,; Figure 4a) in Reduced-Ranoidea.
With a Student's two-sample t test we found a significant differ-
ence in the means of the median sample depth between Reduced-
Ranoidea and Ranoidea-V1 (t = -19.847, df = 46.4, p < .001). The
results for the median depth across markers (rather than samples)
and comparisons of depth between introns/exons were similar and
can be found in the Appendix S1.

3.8 | Phylogenetic scale

The resulting number of alignments before delimiting into data types
(Exons, Introns, UCEs, Legacy, Genes) for the phylogenetic scales was
variable (Tables 2 and 4; Figure S4a,b). Reduced-Ranoidea had 3,156
alignments (out of 3,247 targeted markers). The phylogenetic scale with
the next fewest alignments was Order-level with 5,500 alignments. The
superfamily Hyloidea resulted in 8,712 alignments (because this probe-
set intentionally was designed with longer markers), and the remainder
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FIGURE 4 Depth of coverage statistics calculated for the three probe-sets. Depth measures use the mapped Reads Per Kilobase

Per Million (RPKM) to compare among samples with uneven sequencing effort through scaling by gene size and mapped reads. Depth is
summarized for (a) median depth of markers for each sample (the individual points); (b) median depth of markers calculated across all samples
for that marker; (c) median depth of markers was calculated for the exon and intron separately; and in (d-f) depth was calculated for each
sample marker by counting overlapping cleaned reads in one-percent bins and calculating the RPKM for that bin scaled by gene. Each bar

is the median depth (RPKM) across all binned sample markers. The grey coloration represents the standard deviation within each 1 percent
bin across markers. The vertical dotted lines in each plot give the mean position where exon-intron boundaries occur, with the standard

deviation shown in the red-coloured shading

of the scales had similar numbers of alignments at 12,009-13,099 be-
cause they resulted from Ranoidea-V1 (Table 4; Figure S4).

Mean alignment length was variable among the phylogenetic scales.
Alignments at the Order-level were among the shortest. This can be
largely attributed to trimming highly variable intron regions, which
also resulted in many short alignments being discarded during filtering
steps (Table 4; Figure S4c). Conversely, alignment lengths increased at
shallower phylogenetic scales since intron regions were less variable
and easier to align, and as a result were not trimmed as aggressively
(Table 4). Missing marker data at the broadest phylogenetic scales (e.g.,
Order and Superfamily) were higher than other scales (Figure S4d).

There was also a general pattern of markers exhibiting increased
PIS at broader phylogenetic scales (Figures S3b and S4). Introns had
the most PIS across all phylogenetic scales and surprisingly, even
displayed variation at the Species-level (Table S5; Figure S5). Exons
and Genes (composed of multiple exons) were moderately variable.
The UCEs were slightly less variable than the Exons and Genes, but
variation occurred in their characteristic flanking regions. Finally,
we found a significant relationship between alignment length and
percent PIS across all phylogenetic scales. The strength of this re-
lationship decreased at shallower phylogenetic scales (Genus- and
Species-level), indicating marker variation generally decreased at

shallower scales (Table S5). However, clear differences in variation
exist between Exons and Introns, with Introns providing a majority
of PIS detected at shallower scales (Table Sé; Figure S5).

3.9 | Mitochondrial genomes

To maintain compatibility with the vast mitochondrial Sanger sequenc-
ing data available, we provide a pipeline to extract mitochondrial ge-
nomes from assembled contigs. We found success in most of the 48
samples tested from the order-level data set, where one sample did
not have contigs that matched to the mitochondrial reference while 47
samples matched. The matching samples had a high percent complete-
ness of 83.7 + 15.9% (range: 49.4%-100%) for the target markers (i.e.,
not the tRNAs). Across target markers 81.1 + 13.5% (range: 52.9%-
94.6%) of the samples had data for that marker (Figure 5a).

3.9.1 | Population genetics

To assess whether FrogCap has utility in population genetic studies,
we used GATK4 to discover genetic variants and SNPs addressing
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TABLE 4 Summary of each data set for each phylogenetic scale (Anura, order; Hyloidea and Ranoidea, superfamily; Mantellidae, family;
Cornufer, genus; C. vertebralis, species; and Occidozyga, Reduced-Ranoidea)

N samples
Scale (probe-set) Data set (mean =+ sd) N markers
Anura (shared) Exon 343+79 4,566
Intron 31.6+79 4,185
Legacy 42.8 + 3.5 15
Gene 41.6 +4.7 857
UCE 42.3+5.7 567
Hyloidea (Hyloidea-V1) Exon 16.2 +5.2 5,696
Intron 15.6 +4.9 5,636
Legacy 211 +4.1 84
Gene 19.9 +3.1 985
UCE 20.9 +£3.2 2,359
Ranoidea (Ranoidea-V1) Exon 17 +5 12,149
Intron 16.1+4.4 2,982
Legacy 20.6 +4.4 24
Gene 21.3+3 2,235
UCE 20.6 +4.7 650
Mantellidae (Ranoidea-V1) Exon 7+1.1 11,339
Intron 7+11 11,314
Legacy 75+1.1 29
Gene 7.8 +0.5 2,077
UCE 74+1 604
Cornufer (Ranoidea-V1) Exon 20+ 4.8 11,990
Intron 199 +4.7 11,967
Legacy 221 +4 29
Gene 23.2+1.8 2,203
UCE 20.6+5 628
C. vertebralis (Ranoidea-V1) Exon 14.1 + 2.9 11,393
Intron 141 +29 11,375
Legacy 14.6 + 2.7 29
Gene 157 +1 2,100
UCE 145+27 602
Occidozyga Exon 27 +5.3 3114
(Reduced-Ranoidea) Intron ~ 26.8+5.3 3,100
Legacy 28 +5.9 85
Gene 29.6+1.9 213
UCE - -

PIS/target
Total bp Length bp Total PIS (mean =+ sd)
961,305 210.5 + 145.4 409,774 40.4 +89
1,317,305 314.8 +171.4 1,041,290 80.5+14.2
15,258 1017.2 + 412.2 5,523 35.6 +6.7
457,743 534.1 +323.7 190,521 40.6 + 6.4
319,259 563.1 +178.8 128,088 39.3+12.3
1,332,048 233.9 +241.3 307,447 20.9 + 8.6
2,310,925 410 + 199.1 1,174,156 52.5+20.3
79,113 941.8 + 321.6 19,900 252+ 6.7
546,951 555.3 +376.6 121,821 211+61
1,941,867 823.2 +232.2 519,351 26.5+10.3
2,453,364 201.9 + 149.7 718,950 27 +9.2
1,104,972 370.5 +134.7 673,284 62.4 +16.6
21,186 882.8 +415.1 5,162 23.2+75
1,347,147 602.8 + 417 388,411 27.6 +£ 6.5
442,500 680.8 + 173.8 138,803 31+10
2,413,164 212.8 + 190 135,430 52+28
6,700,598 592.2 +206.8 1,050,533 16 +7.7
35,352 1219 + 787 1,621 44+22
1,275,423 614.1 + 445.5 68,487 52+2
545,819 903.7 +£215.8 32,938 59+31
2,609,055 217.6 + 231.3 177,481 6.2+34
6,046,801 505.3 +159.8 1,108,147 184 +78
36,594 1261.9 + 828.8 2,198 58+37
1,368,702 621.3 +459.2 85,886 61+23
473,984 754.8 + 167 31,250 64+4.1
2,507,571 220.1 + 207 18,347 07+1.2
5,790,769 509.1 + 134.8 189,974 3.3+41
36,036 1242.6 + 826.9 201 0.5+04
1,314,084 625.8 + 460.3 8,657 0.7+0.7
436,702 7254 +127.5 4,564 1+1.8
1,292,427 415.6 + 678.3 75,773 53+28
1,472,238 474.9 + 138.5 235,791 16+71
88,188 1037.5 + 551.9 3,842 42+23
156,186 733.3+718.1 8,216 51+23

Abbreviations: bp, base-pairs; N samples, number of samples in alignments; PIS, parsimony informative sites.

four phylogenetic scales from six datasets. (Figure 5b). Generally, we
found a pattern of decreasing variants (i.e., SNPs, indels) from higher
to lower phylogenetic scales (Order to Species-levels), with greater
than 10,000 SNPs within the same species after highquality filtering
for SNPs (Figure 5c¢). Finally, in studies for which the independence
of SNPs is required, we find at least one strongly supported SNP
(and often numerous others) per individual marker, thus permit-
ting thousands of unlinked SNPs in FrogCap data sets, even at the
Species-level (Figure Sé).

4 | DISCUSSION

We introduce FrogCap, a publicly available database of molecular
markers designed for frogs (Anura) that includes several preconfig-
ured nested sequence capture probe-sets (Figure 1). FrogCap con-
tains multiple sequence capture probe-sets designed for capture
efficiency in different lineages of frogs, yet which overlap consider-
ably in terms of shared markers. FrogCap is a powerful resource to
aid in the collection of genomic data for phylogenomics, systematics,
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and population genetics for frog clades ranging in scale from the
broadest Anura-level to the smallest population-level questions.

To evaluate the utility of FrogCap, we tested the three main
probe-sets (i.e., Ranoidea-V1, Hyloidea-V1, and Reduced-Ranoidea;
Table 1) using a sampling scheme of 121 samples that covers five
different phylogenetic scales (Table 2). We demonstrate the suc-
cess of FrogCap at each of these levels. Based on the development
and testing of FrogCap, we make several recommendations on key
topics related to sequence capture methods. We discuss the effects
of using different bait-kit sizes, genome-based versus consensus-
based probe design, the impact of phylogenetic scale on sequence
capture success, and the importance of incorporating different mo-
lecular marker types. Altogether these results suggest that FrogCap
is adaptable and provides a much-needed novel mixture of molec-
ular marker types for empirical comparison and downstream fil-
tration which have the potential to resolve difficult phylogenetic

relationships.

4.1 | Bait-kit size

One of the first decisions in sequence capture study design is select-
ing the size of the bait-kit (i.e., the number of probes to purchase).
Given the same library pooling design, sequencing effort, and probe
tiling scheme, the number of probes available for capture design will
directly affect the number of target markers and can indirectly af-
fect the depth of coverage. Here we aimed for an optimal trade-off
between depth of coverage and sequencing costs, while maintaining
the same conditions for multiplexing sample numbers and sequenc-
ing effort. Although larger sized bait-kits can target more markers,
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0 o -
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. Superfamily is shown with the error bars representing
. Family two standard deviations from the

D Genus mean
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. Reduced

they could be disadvantageous if the sequencing effort is not ad-
equate, resulting in higher amounts of missing data. Additionally, a
smaller bait-kit that targets a subset of markers would be expected
to have greater resulting depth per sample because fewer genomic
areas would be targeted for sequencing.

We tested these predictions by using 20,020 versus 40,040
baits in Ranoidea-V1 and Reduced-Ranoidea. Overall, we sup-
ported our predictions and found that Reduced-Ranoidea had triple
the depth of coverage between shared markers with Ranoidea-V1
(Figure 4). Despite this substantial increase, we found that the
40,040 Ranoidea-V1 samples still had sufficient depth to extract
high-quality variants (Figure 5c). With these results, a potential cost-
saving measure would multiplex possibly up to triple the number of
samples (which was not tested here), which could offer an advantage
for projects focused on fewer markers and a reduction in overall se-

quencing costs.

4.2 | Probe design

Our experiment included probes designed from a combination of
transcriptomes and genomes. We found that the genome-based
design (Ranoidea-V1), where exon/intron boundaries were clearer,
had slightly better capture success than the transcriptome-based
(Hyloidea-V1) design. Many of the uncaptured target markers
and paralogues detected post-processing in Hyloidea-V1 were
transcriptome-based and not included in Ranoidea-V1. This sug-
gests that not properly identifying exon/intron boundaries can lead
to poorer capture success. Nevertheless, the transcriptome-based
approach successfully recovered ~70% of the target markers, which

0d ‘€ ‘TTOT ‘8660SSLI

:sdny woiy papeoy

2Sud0IT suowwo)) dAnear) ajqeatjdde ayy £q pauIdA0S a1k SA[OILE () 2SN JO SA[NI 10 AIeIqIT UIUQ AS[IA\ UO (SUONIPUOD-PUL-SULIA)/ W0 KA[1M*AIRIqI[aul[uo//:sdy) suonipuo) pue swd |, a1 228 “[€70z/L0/10] U0 A1eiqry aurjuQ A3[ip\ ‘sesued] JO ANSIOATUN Aq L1SE1'8660-SSLT/TT11°01/10p/wod Ka[im’A.



HUTTER eT AL.

MOLECULAR ECOLOGY WILEYJE

is consistent with other transcriptome-based studies (e.g., Bi et al.,
2012; Portik et al., 2016; Reilly et al., 2019). Furthermore, the number
of genomic resources available for designing Ranoidea-V1 was much
higher (Ranoidea: 18 transcriptomes and one genome; Hyloidea-V1:
12 transcriptomes), and probably affected the sequence capture
outcomes. More genomes from divergent clades would be necessary
to achieve optimal capture success for future probe-sets in frogs.
Probe tiling density is another important variable that differen-
tiates FrogCap from other frog probe-sets. A higher tiling density
limits the number of target markers but increases the likelihood of
obtaining a target region (e.g., AHE markers; Lemmon et al., 2012). A
lower tiling density allows for more target markers but may result in
higher levels of missing data. In our study, we used a lower density
2x tiling scheme (at least 50% of each probe overlaps with adjacent
probes) that has been recommended as a standard for sequence cap-
ture designs (Tewhey et al., 2009). We found a slightly lower capture
success (i.e., specificity and missing data) than other studies with
more dense tiling designs (specificity: this study = 70%-75%; Portik
et al., 2016 = 80%), which led to a higher amount of missing marker
data (this study = 20%-25%; Portik et al., 2016 = 8%-10%). However,
Reduced-Ranoidea had greater success than these densely tiled
studies, indicating that careful selection of markers based on prior
successful sequencing can mitigate limitations imposed by lower
density tiling. Importantly, our results suggest that the advantages
of densely tiled sequence capture designs (fewer markers and more
probes) are offset by the inclusion of less dense tiling (more markers
and fewer probes) which results in more markers being recovered
(Figure 2). Therefore, we recommend less dense tiling schemes (2x)
because the number of markers lost from 2x tiling is small compared
to the number of markers gained from the larger number being tar-

geted by using fewer probes.

4.3 | Genetic divergence from probes

Genetic distance from the design markers is expected to be one of
the most important factors affecting sequence capture performance
(including sensitivity, specificity, and missing marker data). Like other
studies (Portik et al., 2016), we found higher genetic distances from
target markers led to decreased capture success for Ranoidea-V1,
which used genome-based marker design rather than consensus
sequences (Figure 2). The consensus-sequence probe design for
Hyloidea-V1 had poor or nonsignificant relationships between genetic
distance and sequence capture performance metrics (Figures 2 and 3).
Thus, consensus-sequence probe design appears to remove the nega-
tive effects of genetic distance on capture success. These results are
comparable to the “common ancestor design” of Hugall et al. (2016)
or centroidal sequences from Beaudry et al. (2021). Additionally,
Reduced-Ranoidea had overall higher capture success, but is not com-
parable to the other probe-sets because the markers were selected for
their capture success in the groups of interest. Overall, our results sug-
gest that markers designed using consensus sequences improved the
sequence capture success when compared to genome-based designs.

RESOURCES

4.4 | Phylogenetic scale

Understanding how sequence capture experiments perform at dif-
ferent phylogenetic scales is important for decisions about marker
selection and probe design. In our experiment, we assessed the
impact of phylogenetic scale on the number of markers recovered,
total base-pairs recovered, the number of PIS, and missing data at
the levels of Order, Superfamily, Family, Genus and Species (Taylor
& Piel, 2004; Townsend, 2007). At broader phylogenetic scales
(e.g., Order, Superfamily) the number of alignments decreases be-
cause missing data were more prevalent (~25%) because of marker
drop-off in genetically divergent samples (Figure S4d). At shallower
scales (e.g., Family, Genus, Species), missing data was lower (<10%)
and more uniform across samples (Figure S4d). These patterns were
especially pronounced for Introns. The high variation of introns at
broader phylogenetic scales made aligning homologous regions dif-
ficult and resulted in more discarded alignments. At shallower scales,
the number of markers recovered appears to be most strongly re-
lated to divergence from the design probes. To help remedy this
issue, we ensured FrogCap probe-sets are modular. For example,
Reduced-Ranoidea was designed based on successful capture data
from Ranoidea-V1, where we find a higher capture success and
many fewer missing data across alignments.

4.5 | Molecular marker type

We evaluated the properties of UCE, Exon, Intron and gene se-
quence data within and across phylogenetic scales in this study
(phylogenetic performance for these marker types are compared in
Chan et al., 2020a). However, intronic sequence was indirectly ac-
quired as “by-catch” from sequencing adjacent regions of a captured
DNA fragment (e.g., Bi et al., 2012; Guo et al., 2012; Tewhey et al.,
2009). Similar to Portik et al. (2016), the number of base-pairs of
data available from nontargeted intronic sequence was 2-3 times
higher than explicitly targeted exon sequence (Figure S4), suggest-
ing that intronic sequence is an abundant and potentially important
resource in exon-capture. Intronic sequences are regarded as valu-
able because of more neutral evolution relative to exons which are
typically functional and under selection or the core region of UCEs
which are probably under strong purifying selection with the flank-
ing regions being more neutral (Halligan et al., 2004; Katzman et al.,
2007; Stephen et al., 2008). In assessing the variability (PIS) of dif-
ferent marker classes (Figure S5), we found that Introns are the most
variable whereas UCEs and Exons are similar with small to moder-
ate variability. At shallow phylogenetic scales (Species-, Genus-level)
Exons and UCEs have little variation, but Introns remain highly vari-
able at all scales (Figure S5). At broader phylogenetic scales (Order-,
Superfamily-level), Exons and UCEs become more variable, and vari-
ation in Introns become exceedingly high (and leads to alignment re-
moval during trimming and filtering).

The alignment length for exons should be considered when in-
cluding markers for analyses, and the FrogCap probe-set includes a
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mixture of exons from different size classes (Figure S1b). Exon length
is a strong predictor of the number of informative sites, and longer
exons provide more information for phylogenetic analyses (Table S5;
Townsend, 2007). The mean size of the Exons data set was ~250 bp
(Table 1), which is near the predicted mean exon length across the
Nanorana and Xenopus genomes (~200 bp). Short exons can be ad-
vantageous for population genetics because they allow more SNPs
to be incorporated into analyses that require genetically unlinked
SNPs (Figure Sé); however, they may lack sufficient variability for
strong support in phylogenetic analyses, which is important for
summary species tree methods relying on individual gene tree topol-
ogies. For these types of analyses, FrogCap also includes ~250 large-
exons (in Ranoidea-V2 and Hyloidea-V1, V2) greater than 1,000 bp
(Table 1), which is comparable to or exceeds the RELEC long-exon set
designed for squamates and other amniotes (Karin et al., 2020). Long
exons are ideal for analyses where the goal is to have fewer markers/
partitions, but stronger statistical support among gene trees (Blom
et al., 2017; Maddison, 1997; Richards et al., 2018; Xi et al., 2015).
Additionally, we note that selection on protein-coding exons of all
sizes may lead to positively misleading topologies (see Introduction).
The publicly available FrogCap data processing pipeline separates
alignments into these different data types, greatly simplifying the
process of filtering data sets for specific analyses.

Finally, an important marker type for species delimitation and
population genetics that can be used from FrogCap are SNPs col-
lected from the targeted markers. We show here that FrogCap
markers are variable at the Species-level and have been used in a
species delimitation study aiding in the description of new species
to science (Rasolonjatovo et al., 2020). Using the SNP FrogCap pro-
cessing pipeline, we found a pattern of decreasing SNPs from higher
to lower phylogenetic scales (Order- to Species-levels), with greater
than 20,000 variants at the Species-level after filtering to high qual-
ity variants (Figure 5). Here, we suggest that there are enough SNPs
for population genetic analyses, which is demonstrated in two other
demographic studies showing significant utility of FrogCap for de-
mographic analyses (Chan et al., 2020; Chan et al., 2021).

4.6 | Future directions

FrogCap is a collection of molecular markers and sequence capture
probe-sets for frogs. The combination of different marker classes
targeted by FrogCap for a given study system allows for new re-
search directions and provides a foundation for future work manag-
ing phylogenomic data types and analysing whole genomes. Apart
from phylogenomics, FrogCap is suitable for other applications such
as comparative genomics to assess natural selection across exons.
Additionally, as researchers continue to publish FrogCap data sets
(Chan et al., 2020, 2020a, 2020c, 2021; Rasolonjatovo et al., 2020),
the database of markers can be refined to increase broader capture
success as well as aid in probe design for subsets of frog taxa. For
example, Ranoidea-V2 and Hyloidea-V2 probe-sets have been re-
fined from these results by replacing markers that captured poorly

across the sampling. Finally, sequence capture is not the most direct
method for acquiring SNP data (vs. RADseq), yet we demonstrate
that thousands of high-quality SNPs can be obtained with FrogCap
(Chan et al., 2020). This is important for future studies, as the main
disadvantage of RADseq is that the data cannot be easily combined
in future studies; sequence capture can provide similar quality data,
in addition to using known markers, which ensures that these data

can be integrated into future, larger scale phylogenomic studies.
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