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Abstract

Target capture approaches are widely used in pbglomic studies, yet few experimental
comparisons of critical parameters, e.g. hybridiratemperature, have been published. Even
fewer studies have focused on invertebrates whaatddrget divergences may be high. Most
capture studies use a fixed hybridization tempeeabfi 65°C to maximize the proportion of on-
target data, but lower temperatures, which miglprowe locus recovery, are not commonly
employed. We used fresh and degraded specimeaafebloted bugs and relatives (Hemiptera:
Coreoidea) to investigate the effect of hybridiaatiemperature on capture success of previously
published ultraconserved elements (UCE) targetdoilitg derived from divergent hemipteran
genomes and other loci targeted by newly desigaéd derived from less divergent coreoid
transcriptomes. We found touchdown capture appexalith lower hybridization temperatures
generally resulted in lower proportions of on-tangads and lower coverage but were associated
with more assembled contigs and improved recovetgrgeted UCE loci. Low hybridization
temperatures were also associated with increasetdens of putative paralogs of targeted UCE
loci and recovery of well-known lo¢from off-target reads) with historical uses in §anbased
molecular phylogenetic studies. Hybridization tenap@res did not generally affect recovery of
newly targeted loci, which we attributed to lowaitktarget divergences (compared to higher
divergences between UCE baits and targets) andegtesit tiling density. Thus, optimizirig
vitro target capture conditions to accommodate low klybation temperatures can provide a
cost-effective, widely applicable solution to impearecovery of protein-coding loci in

invertebrates, while retrieving other potentialgetul data for downstream comparative analyses.
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1. Introduction

Many biological disciplines have witnessed a dridgeriacrease in the amount of genomic
data sampled due to recent advances and decliostgptnext-generation sequencing
technologies. While whole genome sequencing magobeeffective for some research
guestions, genome reduction approaches that eoricenomic regions of interest prior to high-
throughput sequencing are often more feasibledvest in Lemmon and Lemmon, 2013). One
of the most frequently employed genome reductichrigues in phylogenomic studies are target
capture approaches, which include exon capturdyaead hybrid enrichment (AHE), and capture
of ultraconserved elements (UCES) (e.g., Bi e28l1,2; Faircloth et al., 2012; Lemmon et al.,
2012; Li et al., 2013). In general, target captawerages existing genomic resources to
synthesize short (60-120 bp) nucleotide bait sespgenomplementary to genomic regions of
interest. Baits are then hybridized to DNA librariand unbound DNA (i.e., non- or off-targets)
is removed via a series of washing steps prioetmencing.

Several recent studies have investigated expetaheonditions that may affect the
success oin vitro target capture approaches, including, e.g., GCettraind tiling of baits,
starting amount of DNA or baits, bait-target divamge, and washing stringency (e.qg., Avila-
Arcos et al., 2011; Li et al., 2013; Cruz-Davalbsale 2017). Another condition that can affect
capture success is hybridization temperature duiraiigtarget annealing. Many capture studies
have employed low hybridization temperatures (&@.C) to improve capture success,

particularly for divergent DNA sequences relatiweapture baits (e.g., Mason et al., 2011;
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Pefialba et al., 2014; Li et al., 2015). Howevenuoknowledge, only four experimental studies
have explicitly tested the effect of hybridizatimmperature on capture success (Li et al., 2013;
Paijmans et al., 2016; Cruz-Davalos et al., 201@hahdesan et al., 2017) (Table 1). Each of
these studies has compared a commonly used highdizgiion temperature (fixed at 65°C) in
capture experiments with lower hybridization tenaperes (e.g., 50°C, either at a fixed setting or
through incremental decreases [i.e., touchdowrgsuRs from these experiments have provided
conflicting conclusions regarding the benefitsafér hybridization temperatures (fixed or
touchdown) in target capture studies based on wsneetrics, e.g., the proportion of on-target
reads, mismatch tolerance between bait and tamsdsoverall number of loci recovered.
However, these conflicting results may be attriblgdo differing experimental properties among
studies, such as the type of capture employed, Isaquoplity, or type of loci targeted (Table 1).

What has not been well explored are the effects/bfidization temperatures on other
aspects of capture success, such as the numbetabifvp paralogs between different
hybridization temperature conditions. Additionaliyne have explored intermediate
temperatures to evaluate if there is no furtherowement to locus recovery or if costs outweigh
the benefits at a particular temperature. Furthegntbese studies have not investigated the
effects of hybridization temperatures on invertébapture success, where divergences may be
greater in some taxa than seen in some of thebrateetaxa investigated. Thus, given a desire to
maximize recovery of loci using these approachethér effort is warranted to understand
general impacts of lower hybridization temperatunesapture success.

Invertebrate target capture studies often recolewado moderate proportion of the
targeted loci (particularly for UCE studies) (efgpircloth et al., 2015; Hamilton et al., 2016;

Baca et al., 2017; Van Dam et al., 2017; Dietrichle 2017; Kieran et al., 2019). Optimizing
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87  existing invertebrate target capture bait setstmbre tailored to focal taxa has been shown to
88 improve recovery (e.g., Branstetter et al., 201ust&fson et al., 2020), suggesting that baits may
89  often be too divergent from some taxa to alkfective recovery. However, genomic resources
90 that permit such optimization for many other groaps still lacking. As such, optimizing one or
91  morein vitro target capture conditions may provide a more etisttive solution to improve
92 locus recovery. Studies in invertebrates typicaftyploy a fixed hybridization temperature at
93  65°C as suggested by standard protocols (althargpdratures are often not reported in AHE
94  studies), with few studies having used lower tempees during bait-target hybridization (Zhang
95 etal., 2019; Braby et al., 2020; Emberts et &2Q® Forthman et al., 2020; Miller et al.; 2022).
96 However, no studies have experimentally investtte effect of altering hybridization
97 temperatures on capture success of targeted laovéntebrates.
98 Lower hybridization temperatures, whether fixegohieved through touchdown, may
99 improve on-target and locus recovery due to relaypagtificity between baits and targets. This
100 may be particularly advantageous if some baitsrame divergent from their targets (as is
101  commonly the case in invertebrates) or have lowéin@l annealing temperatures than other
102  baits. However, relaxing specificity to allow faanial matching between baits and targets should
103  also increase the risk of baits to potentially gize with paralogous sequences exhibiting some
104  degree of divergence from the corresponding tasggtience and/or may increase the number of
105  off-target sequences (e.g., Cruz-Davalos et al7p@nd thus reduce read numbers for targeted
106  regions.
107 However, off-targets reads may contain sequenoes loci traditionally used in
108  phylogenetic studies (herein referred to as “ledacy) (e.g., Amaral et al., 2015; Wang et al.,

109 2017; Simon et al., 2019; Miller et al., 2022) elmptating legacy loci with target capture datasets
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110  has benéefits, such as increasing the resolutioreptiw phylogenetic inference and the inclusion
111 of rare species with existing legacy data thad#feult to sample repeatedly (Branstetter et al.,
112 2017; Derkarabetian et al., 2019; Zhang et al.920&/hile legacy locus data can be integrated
113  with target capture data by designing baits frogats loci (Branstetter et al., 2017; Simon et al.,
114  2019; Hughes et al., 2021), this may increase dseaf custom probe kits because more baits
115  may be required across more species due to higbstitition rates of some loci (e.g., mtDNA)
116  and/or these baits may be included in a separate grevent high copy number loci, like those
117  on the mtDNA genome or the rRNA operon, from doriimgacapture data (Stréher et al., 2016;
118 Pierce et al., 2017; Allio et al., 2020; Branstegéteal., 2021; Miller et al., 2022). Extracting

119  legacy loci from off-target reads can circumvennsf these issues (Miller et al., 2022), and
120  they have been successfully integrated with captata despite their often-fewer numbers

121 (compared to, e.g., 1000+ UCE loci) and/or intrdtucof large amounts of missing data (e.qg.,
122 Simon et al., 2019; Miller et al., 2022). Thus, imgvoff-target reads may not always be

123 detrimental in capture studies when designing kedaaus baits is less desirable, as long as

124  targeted regions are also recovered.

125 Here, we evaluated the impact of four differenttpcols that varied hybridization

126  temperatures on invertebrate target capture suatésaf-footed bugs and allies (Hemiptera:

127  Coreoidea) and closely related taxa using sampbes various sources (fresh versus older, dried
128  specimens) and library qualities to reflect comahii typical of empirical studies. One protocol
129  used a fixed, standard hybridization temperatus€@® while the remaining three protocols

130 employed touchdown approaches with different fieadperatures. Specifically, we addressed the
131 following questions: 1) do touchdown target captapproaches with lower hybridization

132  temperatures result in a greater total of on-tamggds, total assembled contigs, total targeted
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133 loci, and longer targeted assemblies comparedetodinmonly used standard hybridization

134  temperature?; 2) does the touchdown target captotecol with the lowest final temperature
135  produce the most data for the variables listecligstion 1?; and 3) does a lower hybridization
136  temperature from touchdown capture protocols géaergreater proportion of off-target reads
137  (including useful legacy loci) and/or paralogougisences?

138 Our study utilized a subsampled version of an egstemiptera-derived UCE bait set
139  (Faircloth, 2017; see Forthman et al., 2019), baiaigo introduced newly designed baits (with
140  slightly greater tiling) derived from coreoid tranptomes and evaluated the ability of these new
141 baits to enrich samples vitro. Given the different bait designs, we also exachwbether the

142  effects of hybridization temperature exhibited eliint patterns across bait design strategies;
143  specifically, we investigated if 1) the proportiohon-target reads and coverage exhibit similar
144  trends across hybridization temperature conditregardless of bait design strategy, 2) the

145  capture of loci with greater divergences from bslitews the greatest improvement at lower

146  hybridization temperatures than loci with less djemce from their baits, 3) the number of

147  putative paralogous loci increase as hybridizat#mnperatures decrease regardless of bait design
148  strategy, and 4) an increase in bait tiling impsogeverage of captured loci.

149

150 2. Material and methods

151  2.1. Sample material

152 Our target capture experiment was performed ota88 (36 species of Coreoidea, 3

153  outgroup taxa), of which 30 were ethanol, frozarsilica bead (“fresh”) preserved samples

154  (collected 2008—-2017) and nine were degraded sammol@ pinned museum material of varying

155 ages (1935-2017) (Table S1). All taxa had previohekn subjected to target capture protocols
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156  and sequenced prior to the start of this study, freshly preserved samples or dried preserved
157  samples were subjected to the standard or TD-80qwis shown in Fig. 1, respectively); 27 taxa
158  have already been published following protocolsdbed in Forthman et al. (2019, 2020) and
159 Emberts et al. (2020) (see Table S1 and referdheesin). These 39 taxa were selected for this
160  experiment based on the availability of extra DN#dries for additional target captures and to
161  include a diversity of preservation methods andispen ages (recent/fresh vs. historical/dried),
162  as well as library qualities (best, moderate, aadgmal quality based on initial sequencing

163  outcomes relative to other samples).

164

165  2.2. Target capture baits

166 For a list of terms and their definitions usedhis study, see Table 2. A summary of bait
167  properties from our different bait design strategiee given in Fig. 2.

168 We used our previously published custom myBait¢Hatrthman et al2019), which

169  subsampled a Hemiptera-wide derived UCE bait $etl(83x tiling) designed by Faircloth

170  (2017) to only include two pentatomomorphan taxe #re more closely-related to but not

171  included in our ingroup taxa (herein, referred2dRentatomomorpha-derived baits”; Table 2;
172 Fig. 2). This kit also included an independentlgigeed set of baits that were derived from

173 coreoid transcriptomes, but these have not yet imtgduced in the literature prior to this study.
174  Thus, we introduce our coreoid bait design procesltiere (herein, collectively referred to as
175  “Coreoidea-derived baits”) and assess the effautise of these baits. Below, we describe two
176  bait design strategies for our Coreoidea-derivets paherein baits were designed from

177  individual exons while others were designed acemtse transcripts.
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178 For baits designed from individual coreoid exonusagges (herein, “exon-derived baits”,
179  which is a subset of the Coreoidea-derived baab]d 2; Fig. 2), we first retrieved an annotated
180  draft genome oOncopeltus fasciatus (Dallas, 1852) (Lygaeidae) from the Baylor College

181  Medicine — Human Genome Sequencing Center

182  (https://www.hgsc.bcm.edu/arthropods/milkweed-begame-project). We extracted exon

183  sequences from th@. fasciatus genome using BEDTools v2.29.0 (Quinlan and Hall,®0

184  Exon sequences were then filtered to exclude tti@avere <200 bp in length or that had a GC-
185  content <30% or >70%.

186 We then obtained sequence reads for five publisbegbid transcriptomes that have not
187  been annotatedlydus pilosulus Herrich-Schiffer, 1847 (Johnson et al., 2018); NCBI

188  Bioproject PRINA272214 A nasatristis (De Geer, 1773) (Johnson et al., 2018; NCBI Bigxnbj
189 PRJINA272215)Anoplocnemis curvipes (Fabricius, 1781) (Agunbiade et al., 2013); NCBI

190 Bioproject PRINA192258Boisea trivittata (Say, 1825) (Johnson et al., 2018; NCBI Bioproject
191  PRJNA272221)andClavigralla tomentosicollis Stal, 1855 (Agunbiade et al., 2013; NCBI

192  Bioproject PRINA192261). Sequence reads were pedassing PRINSEQ-lite v0.20.4

193  (Schmieder and Edwards, 2011) and QuorUM v1.1.0r¢kla et al., 2015), as well ds novo

194  assembled in Trinity (Grabherr et al., 2011), faflog Forthman et al. (2019). For each coreoid
195  transcriptome, a localized reciprocal blastn seasthgO. fasciatus individual exon sequences
196  was performed using a custom python script (e-vHlteshold set to 1e-20 and percent identity
197 to 60%) (reciprocal_blast.py).

198 The best reciprocal hit was extracted from eaatstraptome using a custom perl script
199 (extract_rbh_to_exons.pl), with sequences fromipialtranscriptomes corresponding to the

200 same exon grouped together in a single fastaTilese exons were then searched against all
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201 coreoid transcriptome sequences using blastn tirecoarthology and to identify additional

202  sequences that may not have been found in recidotast hits with the more distat fasciatus

203 genome. We then used the RepeatMasker web setts:(mepeatmasker.org) (options: rmblast
204 search engine aridrosophila melanogaster DNA source [all other options at default]) to exaxdu
205  exons with low complexity sequences and simpleaepé&equences were then aligned with

206 MAFFT v7.305b (Katoh et al., 2002; Katoh and StagdR013) using the G-INS-i algorithm,

207 and alignments were visually inspected in Geneu®@u® further confirm orthology. Sequences
208 for a total of 456 individual exons were then sedddor part of the Coreoidea-derived bait set.
209 We also used a pipeline from Portik et al. (20b6Jesign baits across transcript

210 sequences (i.e., RNAseqg-derived sequences thaintlage more than one exon, with baits

211 potentially spanning across one or more intronggihg“transcript-derived baits”; Table 2; Fig.
212 2). We first used Portik et al.’s (2016) 4-Annadatipl script (with some modifications to process
213 our data) and amino acid sequences ofdhfasciatus genome to annotate the assembled coreoid
214  transcriptomes by transcript ID (e-value threstsatito 1e-20 and percent identity to 60%). We
215  then used their 6-MarkerSelectionTRANS.pl scripgtwvadefault settings to find orthologous

216  transcript sequences across our transcriptomes.s€hipt requires an orthologous sequence to be
217  present across all transcriptomes to be selectdabfbdesign. Few transcript sequences were
218  selected when all five of our transcriptomes wesedubecause of this requirement; in attempting
219 this, we found that the inclusion of tBetrivittata transcriptome was associated with the low

220 number of transcript sequences selected. Thusxehaded theB. trivittata transcriptome from

221 subsequent searches. Furthermore, to maximizeuteer of transcript sequences selected for
222 bait design while “allowing” for missing taxa, wenbormed two separate searches that excluded

223 theAno. curvipes or Ana. trististranscriptomes, respectively. Transcript sequenegs aligned
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224  and visually inspected as described above for elarived baits. Based on the annotations, 141
225  transcripts (out of 172 initially selected) did moirespond to any of the exon-derived baits. Of
226 these, we selected 81 transcripts for part of thee@dea-derived baits that were found across
227  most of our coreoid transcriptomes and that ratgaeen 256 bp and 1000 bp to reduce the
228 number of probes potentially targeting multiple mxanterspersed by long introns.

229 The final Coreoidea-derived bait sequences (ixan-eand transcript-derived baits) were
230  submitted to Arbor Biosciences (Ann Arbor, MI) tmoduce 120 bp baits with ~2x tiling density.
231  We also preliminarily compared our Coreoidea-defilaits against the Pentatomomorpha-
232 derived baits using blastn (e-value thresholdséet20) to determine whether any were

233 potentially associated with a locus already tajbtethe latter set of baits. Those Coreoidea-
234  derived bait sequences matching to Pentatomomatptiged baits were not removed from the
235 final selection of baits, as their inclusion coaltbw for some targeted loci to be captured by
236 more baits from more closely-related species (hefdPentatomomorpha-Coreoidea [PC] dual
237  baits”; Table 2; Fig. 2).

238

239  2.3. DNA extraction and library preparation

240 See references in Table S1 for details on libragparation and target capture for samples
241  previously published. For new samples, genomic D& extracted from any part of the body
242  or the entire body from ethanol-preserved, silieatbpreserved, frozen, or dried specimens to
243  sample similar amounts of tissue across taxa, where possible (Table S1). Fresnhegres

244  specimens were extracted with either the Gentrageme Tissue or Qiagen DNeasy Blood and
245  Tissue kit (hereafter DNeasy) (Table S1). For theegene kit, we followed the manufacturer’s

246  protocol for 5-10 mg tissue and optional recomm#&ads, but we made the following
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247  modifications: 10 pL of proteinase K was addedamgles; samples were incubated for 24—48
248  hr; 600 pL of 100% ethanol was used for the firasly and the sample was then centrifuged for
249 10 mins; and 50-100 pL of molecular grade watdtwegene DNA Hydration Solution was
250 used to resuspend isolated DNA. For the DNeasyvetalso followed the manufacturer’s

251  protocol but with fewer modifications: tissue wasubated in 180-190 pL Buffer ATL and 10—
252 20 pL proteinase K for 24—-48 hr, and dependinghersburce of the tissue, DNA was eluted
253 once or twice with 50 pL Buffer AE.

254 For degraded museum specimens, DNA was extracted asnodified version of the

255  DNeasy protocol, following Knyshov et al. (2019¢(j Qiagen DNeasy Blood and Tissue kit
256 coupled with Qiagen QIAquick PCR purification Riereafter DNQIA) (Table S1). The protocol
257 is designed to extract DNA >100 bp in length. TH@A protocol follows the DNeasy protocol
258 to the first centrifugation step, but a QIAquickrspolumn is used. The samples are then

259  subjected to the manufacturer’'s Qiagen QIAquick R@Rfication protocol by replacing AW1
260 and AW2 washes with PE buffer. Samples were thete@lin 30 uL EB buffer.

261 We assessed DNA quality and quantity with 1% agages electrophoresis and a Qubit 2.0
262  fluorometer, respectively. Samples were normalipetil0—20 ng/pL. High molecular weight

263  samples were then fragmented into 200—1000 bp @sBigruptor UCD-300 sonication device
264  (4-10 cycles of 30 s on/30 s) or a Covaris M220uBed-ultrasonicator (20—60 s) (Table S1).
265 Libraries were constructed with a modified KAPA Hyprrep Kit protocol following

266  Forthman et al. (2019). Briefly, we used half voureactions for all steps. iTru universal adapter
267  stubs and 8 bp dual indexes were used (Glenn, &04I6). Library amplification conditions

268 involved initial denaturation at 98°C for 3 min; d&ycles of 98°C for 30 s, 60°C for 30 s, and

269  72°C for 30 s; and a final extension at 72°C fonib. Amplified libraries quality and quantity
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270  were assess with gel electrophoresis and Qubgeotively. Libraries were then combined into
271 1000 ng pools using equimolar amounts, dried a€6anhd resuspended in 14 pL IDTE.

272

273 2.4, Target capture experimental design

274 To evaluate the effects of different hybridizatmonditions on target capture, we

275  compared four experimental protocols using ¥z oiolume baits for fresh and dried samples,
276 which differed only in hybridization temperaturesed over a 24- (common in standard target
277  capture protocols) or 36-hour period (see FigDLe to the limited availability of extra DNA
278 libraries, previously sequenced samples could belgssigned to one of three different target
279  capture protocols (see Table S2). In assigning Esp treatments, we attempted to distribute
280 sample preservation methods, sample age, andyliguadity (based on results of our initial

281  sequencing that had used a constant 65°C hybriglizegmperature).

282 All post-capture protocols followed Forthman et(@2D19), with the exception that

283  captures were washed at temperatures correspotudihg final hybridization temperature used
284  in each capture protocol (i.e., 65°C for stand&@dC for TD-60, etc.). All enriched library pools
285  were combined in equimolar amounts and sequenceah diumina HiSeg3000 lane (2x100) at
286  the University of Florida’s Interdisciplinary Centier Biotechnology Research.

287

288  2.5. Sequence data processing and analysis

289 Unless otherwise stated, all data processing stegpsnalyses mentioned below used
290 default settings. Sequence reads were demultipllexede sequencing facility. Adapters were
291 trimmed with illumiprocessor (Faircloth, 2013; Betcet al., 2014). Duplicate reads were filtered

292  with PRINSEQ-lite. Reads were then error correctgidg QuorUM and subsequently assembled
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293  denovo using SPAdes v3.13.0 with the single-cell and @oterage cutoff options invoked

294  (Bankevich et al., 2012; Nurk et al., 2013; Prjgieket al., 2020). PHYLUCE v1.5.0 (Faircloth,
295 2016) was then used to extract targeted loci fresembled contigs.

296 Because our preliminary comparison of tacgeted by Coreoidea-derived baits against
297 the Pentatomomorpha-derived baits prior to baiigmeiidicated that some loci were targeted by
298  both sets of baits, a more thorough confirmatios performed aftein vitro target capture.

299  Using captured loci targeted by our Coreoidea-@erivaits, we performed a tblastx (e-value
300 threshold = 1e-10) search against those loci cagtiy the Pentatomomorpha-derived baits and
301 extracted matches with ALiBaSeq (Knyshov et al2100f the loci captured by the

302 Pentatomomorpha-derived baits, we found that 1QBase were targeted by both

303 Pentatomomorpha- and Coreoidea-derived baitswibrth noting that during this process, we
304 also determined that some targeted transcripttece also targeted by multiple, adjacent UCE
305 loci by Pentatomomorpha-derived baits; in such s,ase treated these loci as a single locus.
306 Thus, we had 376 loci targeted by exon-derivedsb&R targeted by transcript-derived baits,
307 2566 targeted by Pentatomomorpha-derived baits1@88dargeted by both Pentatomomorpha-
308 and Coreoidea-derived baits (i.e., PC dual bais)lting in a total of 3103 targeted loci.

309 We calculated the number and lengths of assembileiigs and captured loci using

310 PHYLUCE. Because our Pentatomomorpha- and Corealdaaed baits were designed from
311  different sets of genomes and transcriptomes gfivgudivergences, we also calculated the

312 average minimum distances between our baits artdreaploci for exon-derived, transcript-

313  derived, Pentatomomorpha-derived, and PC dual. b&sthen calculated coverage using our

314 filtered reads and the total number of on-tardetréd reads using BBMap v38.44 (Bushnell,
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315 2014). We determined the number of captured lotti putative paralogs by invoking the keep-
316  duplicates option in the PHYLUCE phyluce_assemblgtain_contigs_to_probes.py script.

317 We extracted mitochondrial and nuclear legacy fimrn off-target contigs in our target
318 capture dataset. Briefly, we retrieved sequenca fdatl5 mitochondrial (13 protein-coding and
319  two ribosomal regions) and two nuclear ribosomei (@8S and 28S) from the National Center
320 for Biotechnology Information’s database. We usatbFnder v1.1 (Allio et al., 2020) to extract
321  mitochondrial sequences. To identify nuclear ledacy we created a local nucleotide database
322 using BLAST for each locus of interest and quenadcapture data against them using blastn (e-
323 value set to 1 x Itf). We then calculated the number of legacy locbveced.

324 As one part of the experiment, we also wanteduamtify the effect of different tiling

325  strategies (~1.33x vs. ~2x tiling density) on loc&sovery. As most loci with baits tiled

326 differently also exhibited major differences int@irget divergences (see Section 3.2.), we were
327 not able to directly measure the effect of tilitgategy for most loci. However, some loci (i.e., 40
328 out of 2566) captured with Pentatomomorpha-derhests had low average minimum bait-target
329 divergences as seen in loci captured with Coreeildesved bait (see Sections 3.2. and 3.4.3.).
330 Thus, we had a limited opportunity to explore tffect of tiling strategy on coverage while

331 controlling for bait-target divergences. For thig selected loci captured with Coreoidea- or

332  Pentatomomorpha-derived baits that had divergeracegng from 0.05-0.10 and calculated

333  coverage.

334 Sequencing depth between different sequence lanssinay affect, e.g., how many loci
335 are recovered or the proportion of on-target reBdghermore, the effective sample size across
336 different sequencing efforts can vary as some sssnphy fail or have poor sequencing

337 outcomes, which can have an impact on sequencpit) deross samples. Three different
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338  sequencing efforts were performed across our sanwlth each producing different effective

339 sample sizes: 1) 99 samples combined for previaeiyenced samples subjected to the standard
340 capture conditions, 2) 96 samples combined foripusly sequenced samples subjected to the
341  TD-60 capture conditions and 3) 88 samples combinesequenced samples subjected to the
342  different target capture conditions conducted ia situdy. Thus, to investigate the influence of
343  different sequencing depths on our metrics of a@psuccess, we equalized sequencing depth by
344  subsampling 2,000,000 raw reads generated uhdatifferent capture protocols for 28 taxa

345 using Seqtk v1.3 (https://https://github.com/Ihgt&e (random seed [-s option] = 100); 11 taxa
346 were not included in this analysis because at l@@stof the target capture protocols for each of
347 these taxa were associated with fewer than 3,00080 reads total. The subsampled reads were
348 then processed and evaluated as described abdeéetmine if any patterns observed in the

349  subsampled dataset differed from what was obsenvtt original data.

350

351 3. Results

352  3.1. Rawread and assembled contig yield acrosstarget capture conditions

353 Overall, lower hybridization temperatures tendetiéassociated with more raw

354 sequence reads. Of the 39 samples in our dat&iskgdmore raw reads sequenced when these
355  samples were subjected to lower hybridization teatpees in pairwise comparisons (median

356 increase = 272%) (Table S3). On average, TD-50rge&zekthe most raw reads (Fig. 3A),

357 followed by TD-55, compared to the standard and6DDprotocols. Three degraded samples that
358 failed or nearly failed to produce any raw readgasrthe standard protocol had over 33,000 reads
359 sequenced at a modestly lower hybridization tenmpexg TD-60). Of those samples in which

360 their respective touchdown protocol produced fewtal raw reads than the standard, all were
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361 fresh quality samples, most were subjected to 6T protocol, and the decrease was <72% of
362 the standard protocol (median = 48%)).

363 In general, touchdown protocols were also assatiaith a greater total of assembled

364 contigs and nucleotides, with few exceptions (T&38g Overall, the TD-50 protocol assembled
365 the most contigs (Fig. 3B). Contigs had similargesof median lengths between capture

366  protocols, although the TD-50 and TD-55 protoc@segally had longer median contig lengths
367 than the other protocols (Fig. S1A), and data gaedrunder protocols with lower hybridization
368 temperatures yielded some of the longest contigsvezed (Table S3). Thus, while lower

369  hybridization temperatures varied in their succtéss]owest hybridization temperature resulted
370 inthe most raw reads and contigs, on average.

371

372 3.2. Bait-target distances, reads on- and off-target, coverage, and locus length

373 We found that loci targeted by Coreoidea exon-teanuscript-derived bait sequences

374  followed similar trends in our experiment, as vealsimilar average minimum bait-target

375 divergences (Fig. S1B). Due to this and the reddiyifew number of loci compared to many more
376 loci targeted by Pentatomomorpha-derived UCE baisgcombined results from the exon- and
377  transcript-targeted loci together, which we reteas Coreoidea-derived baits. For separate exon-
378 and transcript targeted locus results, see TallleS&@and Figs. S1 and S2.

379 Low average minimum bait-target divergences werenked for loci captured by

380 Coreoidea-derived baits and PC dual baits (witk \@siation) compared to those captured by
381  Pentatomomorpha-derived baits (Fig. 3C), as weagde

382 In pairwise comparisons of protocols for a givexota lower hybridization temperatures

383  were generally associated with increases in tteg batmber of on-target filtered reads (Table S4).
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384  When partitioning captured loci by the baits udesl,(Coreoidea-derived, Pentatomomorpha-
385 derived, and PC dual baits), this was most appavightioci captured by Pentatomomorpha-

386 derived baits (Table S4). However, when comparmgrag capture conditions, hybridization

387 temperature did not appear to affect the numbendfrget reads for loci targeted by Coreoidea-
388 or Pentatomomorpha-derived baits (Fig. S1C). Wadahe highest median locus length in

389 either the TD-50 or TD-55 protocols regardlessait design strategy, while the TD-60 protocol
390 was associated with the shortest median locushdogtall target sequences (Fig. S1F).

391 Despite the general increases in the number efédiit on-target reads in pairwise

392 comparisons as hybridization temperature was ladyeéhere was often a decrease in the

393  proportion of on-target reads from the TD-55 andSWcapture protocols (Table S4; Figs. 3D,
394 E). For any given target capture protocol, in gahéower hybridization temperatures noticeably
395 reduced the percentage of on-target reads (Fig.\8Bgn comparing across protocols, the TD-
396 50 and TD-55 protocols were associated with thadsgpercentages of off-target reads (Fig.
397  3E).

398 In pairwise comparisons, there was frequently aedes® in coverage at lower

399 temperatures regardless of bait design stratedyl€$al, S4). Coverage was relatively similar
400 between loci captured with Coreoidea-derived kais PC dual baits, which were higher than
401  those captured using Pentatomomorpha-derived dadtslid not appear to be generally affected
402 by hybridization temperatures (Table S4, Fig. 3F).

403

404  3.3. Targeted locus recovery

405 Pairwise comparisons within each of ous8tples showed that lower hybridization

406 temperatures were generally associated with aggrpatcentage of loci and longer median
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407  sequence lengths captured compared to the statahapeérature and longer median sequence
408 lengths (Tables S5-S8). Comparison of capture potgacross all samples generally showed
409 little to no improvements in locus recovery or nadiocus length across hybridization

410 temperatures when looking at Coreoidea-derivedRdual bait design strategies (Figs. 4A,
411 4B, S1F). However, lower hybridization temperatugeserally resulted in improved recovery
412 and slightly longer median locus lengths for Pemtedmorpha-baited loci (Figs. 4C, S1F).

413 In pairwise comparisons and comparison target cautonditions across all samples, we
414  did not observe any patterns with respect to hydattbn temperatures and the number of

415  putative paralogs detected for Coreoidea-derivetlR® dual baited strategies (Tables S5-S7;
416  Figs. 4D). In contrast, we observed slight to matkemcreases in putative paralogs at lower
417 temperatures for the Pentatomomorpha-derived trategy (Table S8; Fig. 4D).

418

419  3.4. Additional measures and parameters investigated

420 3.4.1. Tissue quality

421 We observed similar trends across hybridizatiorpenatures for the number of raw reads
422  generated, total number of assembled contigs, piiopmf on-target reads, number of putative
423  paralogs of loci captured by Coreoidea-derived R8dlual baits, and number of legacy loci
424  recovered even when partitioning the data by tisgadity (i.e., preserved fresh or dried) (see
425 Tables S2-S9; Figs. S3—-S6). Freshly preserved samfdo showed similar trends for most other
426  measured variables (see Tables S2—-S9, Figs. SasS@en when the data is not partitioned by
427  tissue quality (i.e., Figs. 3-5).

428 We found that all samples preserved dry and sudgject the standard protocol produced

429  very little, if any, data for analysis. Sequencihgse degraded samples after target capture at low
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430  hybridization temperatures substantially rectifiei$ issue, even at very modest temperature
431  reductions (i.e£60°C) (Tables S2—S9); more raw reads and asserobigi)s were obtained

432  when these degraded samples were subjected toylondization temperatures. However, unlike
433  freshly preserved samples, we observed no app@esals for preserved, dried samples with
434  respect to overall coverage, locus recovery, léength, or number of putative paralogous loci
435 (see Tables S2-S9, Figs. S3-S6).

436

437  3.4.2. Library quality

438 When partitioning the data by library quality (j.best, moderate, or marginal) (see

439  Tables S2-S9, Figs. S7-S10), we observed trendsistmthose seen for all the variables

440 measured when the data is not partitioned (Figs).3—

441

442  3.4.3.Tiling strategies

443 We quantified the effect of different tiling strgtes on one aspect of locus recovery:

444  coverage. Average coverage per locus appearefféowhen considering tiling strategy. For
445  loci captured with Coreoidea- or Pentatomomorphasee baits (~2x and ~1.33x tiling depth,
446  respectively) and that exhibited similar averageimum bait-target divergences (i.e., 0.05-0.10
447  divergence), we found that loci captured by Coreaiderived baits at ~2x tiling had greater
448  coverage than Pentatomomorpha-derived baited 1dcB8x tiling (Fig. S1E).

449

450 3.4.4. Legacy loci

451 When comparing overall legacy locus recovery actasget capture protocols, as well as

452  in pairwise comparisons of protocols for each taxower hybridization temperatures improved
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453  (or had no negative effect on) legacy locus recofrem off-target data (Tables 8, S9; Fig. 5).
454  This was particularly true for mitochondrial legdoygi, in which we observed a drastic increase
455  in the number of loci recovered for most samplégestied to the TD-50 protocol instead of the
456  standard one. While nuclear legacy loci appeardskticecovered more often at lower

457  hybridization temperatures, this was not as coasistmong samples compared to mitochondrial
458  legacy loci.

459

460  3.4.5. Effects of sequencing depth

461 To investigate the influence of sequencing deptbuwmmetrics of capture success, we
462  evaluated whether the capture success metric8ftax@ were still congruent when reads were
463  subsampled evenly. In general, patterns acrossdizdion temperatures remained congruent for
464  the following metrics compared to when reads wertesnbsampled: proportion of on-target

465 reads, coverage, total number of assembled contigsber of loci captured by Coreoidea-

466  derived baits, and number of legacy loci recovéFegs. S11-S13). However, the median length
467  of assembled contigs exhibited similar ranges agvian across hybridization temperatures, but
468 the median quartile was much lower in the TD-5Gquol compared to the others (Fig. S11B).
469  Similarly, the median length of capture loci watgenfshorter at lower hybridization temperatures
470  (Fig. S12E). Lastly, while we found the numberafilcaptured by our Pentatomomorpha-

471  derived baits to increase at lower hybridizationperatures compared to the standard protocol
472  (congruent with our non-subsampled data), we oleskiivat the TD-50 protocol did not capture
473  as many loci as TD-60 and TD-55 protocols (Fig.[312

474

475 4. Discussion


https://doi.org/10.1101/2022.03.02.482542
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.02.482542; this version posted March 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

22

476 Invertebrate target capture studies employingedfikigh hybridization temperatures

477  often recover relatively low proportions of targkteci. For many taxonomic groups, like the
478 leaf-footed bugs studied here, genomic resoureeteking or too limited to adequately

479  optimize target capture baits to improve locus vecp. Furthermore, optimizing or re-designing
480 target capture baits to improve locus recovery reaylt in more bait sets that are too narrowly
481 targeted from a taxonomic perspective (e.g., alfamihen there can be advantages of making
482  bait sets more broadly applicable (e.g., a supelfamfraorder, or higher ranks). Thus,

483  modifying target capture conditions may be the bpgroach to improve the success of capture
484  experiments across a broader taxon sampling.

485 Our evaluation of four different in-solution captysrotocols found hybridization

486  temperatures lower than the standard 65°C gendeallio more assembled contigs and improved
487  recovery of targeted loci, which held true evermaftormalizing sequencing depth. This

488  improvement was particularly apparent for loci &egl by the more divergent

489  Pentatomomorpha-derived baits despite touchdowtueapnding at 50°C generally having a
490 negative impact on the proportion of on-target semud coverage, as well as increased numbers
491  of paralogous loci. Lower hybridization temperatuadso led to a greater recovery of legacy loci
492  from off-target reads. Given our results, we fihdttoptimizingin vitro target capture conditions
493  to accommodate low hybridization temperatures camige a cost-effective solution to improve
494  the successful recovery of targeted loci in invedées (albeit with some costs), while also

495  providing opportunities to gain additional data.

496 Our touchdown capture protocols were performedrager durations than the standard
497  protocol (36 hrs vs. 24 hrs, respectively), and andese touchdown protocols had four

498 incremental temperature decreases every 9 hrathsfehree incremental decreases every 12 hrs
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499  (Fig. 1). Thus, the total capture duration and tlomeof the incremental temperature decreases
500 might be considered a confounding factor in ouregeixpent. However, two of our target capture
501  protocols (TD-60 and TD-55) used the same timingl, iastill appeared that a lower

502 hybridization temperature generally improved taigggiture success. Thus, the duration of

503 capture or the duration of bait-target hybridizatad specific temperatures may not be a major
504  confounding factor in our study.

505

506  4.1. Consderations for using Coreoidea-derived baits

507 We employed a bait design procedure in which adreganscriptomes were used to

508 identify individual exons that baits would targas, well as entire transcripts that could contain
509 multiple exons with baits potentially dissecteditiyons (i.e., a single bait that is derived from
510 two exons). Based on our metrics irrespective mfeiacapture conditions (particularly the

511  number of targeted loci recovered), we found thatexon-derived baits were highly successful
512 (78% recovery, on average) compared to the trgstsgerived baits (33% recovery, on average).
513  This finding indicates that most of the 58 locgited by transcript-derived baits cannot be

514  captured. The poan vitro performance of our transcript-derived baits maygbe to transcript

515 sequences comprised of many short exons leadimgity baits dissected by introns. This could
516  result in multiple assembled contigs if the enititeon(s) was not sequenced, which would result
517 inthe associated transcript baits matching metigifferent” contigs and in PHYLUCE

518 excluding these sequences due to putative paraldmys, our transcript-derived baits do not

519 appear very useful in Coreoidea target capturaesudnd our transcript bait design strategy may
520 not be suitable for other groups in general undasm-intron boundaries are known or different

521  bioinformatic strategies are used.
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522
523  4.2. Consderations for using low hybridization temperature
524 Low hybridization temperatures were associated imiproved recovery of loci only

525 targeted by the Pentatomomorpha-derived UCE Haitsyot for loci targeted by Coreoidea-

526 derived baits or PC dual baits, suggesting tharddctors, such as bait-target divergence and
527  bait tiling strategy, also impacted our captureegxpents. Previous studies suggest that the

528 efficacy of target capture markedly decreases Vidadintarget divergences exceed 5-10%

529 (Vallender, 2011; Bi et al., 2012; Paijmans et2016), although successful capture has been
530 reported when divergences are much higher (e.go,iaQi et al. [2013]). The

531  Pentatomomorpha-derived baits used here were ddiiom two taxa in the same infraorder as
532 the leaf-footed bugs (Faircloth, 2017), but thes@atdiverged from coreoids for ~160—-230 my
533 (Lietal., 2017; Liu et al., 2019; Wang et al.,12). The Pentatomomorpha-derived baits

534 generally exhibited relatively high levels of digence from the targeted loci in coreoids,

535 sometimes as high as that seen in Li et al. (2@B)educing target capture stringency via lower
536 hybridization temperatures, a greater mismatchaoke between divergent baits and targets can
537 lead to improved locus recovery, which our studypsuts. Given that our Coreoidea-derived

538 baits or PC dual baits were designed from coreaiastriptomes, we were able to target loci with
539  much lower divergences from their respective hald%).

540 Bait tiling strategy also appears to have playedle although we could not thoroughly
541  explore its effects on many of our metrics. Despame loci targeted by the Pentatomomorpha-
542  derived baits exhibiting similar levels of diverges as those targeted by Coreoidea-derived

543  Dbaits, we found that a modest increase in baititiensity (in this case, the latter set of baits)

544  was associated with higher coverage of the tardeteédLower bait-target divergences and/or
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545  greater tiling of baits across targeted loci likekplain the high proportion of loci recovered

546  regardless of hybridization temperature for theseeGidea-derived baits.

547 If locus recovery is the main goal of invertebreapture studies (especially if bait-target
548  divergences exhibit a broad range of variatiomasurr study), using less stringent hybridization
549  temperatures can be particularly beneficial whetslzend targets are expected to exhibit high
550 divergences and/or when baits are tiled at a lavgitle The lowest hybridization temperature
551 tested (TD-50) resulted in the best target locusvery, especially for the more divergent target
552 loci. This result is likely due in part to the hegramount of data (i.e., reads and contigs) obdiaine
553  for this treatment. However, when we subsampledresdls across all capture conditions to

554  normalize sequencing depth, we found that the T[p#60col provided the best balance with
555  respect to the percentage of on-target reads avet loybridization stringency allowing for

556  maximal target locus recovery. Thus, to maximizgetdata for many samples with relatively
557  lower sequencing depth, the TD-60 protocol mayreéepable, but if sequencing depth is not a
558 critically limiting factor, the TD-50 protocol madye a more desirable option.

559 It is expected that lowering hybridization temparatto reduce target capture stringency
560 should result in a greater proportion of off-tartfetn on-target sequences in capture data due to
561  greater mismatch tolerance. Previous studies hiasereed this pattern (Paijmans et al., 2016
562 [ancient and archival specimens]; Cruz-Davalod.e2817), which we also support here. More
563  off-target data may be considered undesirable fomynstudies, and for phylogenomic studies,
564  this could include potential sequences deemedqggoas to target data. When putative paralogs
565 are detected in some sequence processing pipéked3HYLUCE, both the target and putative
566  paralog are excluded from further analysis, so ¢aageted data may be excluded from final

567 analyses. We found more paralogs recovered fotdmgeted by Pentatomomorpha-derived baits,
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568  but not other targeted loci, which may be relatethe degree of bait-target divergences or tiling
569  strategy. Thus, for capture studies using baiteetgul to be quite divergent from ingroup taxa,
570 lower hybridization temperatures can result in ntargets recovered, but possibly at the cost of
571  recovering more paralogous loci and a loss of sooneesponding true targets. However, further
572  evaluation of putative paralogs and potential trgan often prevent loss of data, especially
573  since bioinformatic pipelines like PHYLUCE can rejpaformation on multiple contigs

574  matching to a bait. This then allows analyzing seqes more carefully, such as with BLAST,
575 inspecting alignments containing reference sequemeaefining ortholog binning procedures in
576  bioinformatic pipelines to also use untargeted lpgsain analyses. Accurate paralog detection
577  steps are very important regardless of hybridipatgmnperatures (and how many paralogs are
578 expected to be recovered) as any undetected patadng the potential to mislead phylogenetic
579  reconstruction.

580 While off-target data may be considered undesirabt&an provide a greater chance to
581  extract more legacy loci than what might be acquineder standard capture conditions. This can
582  be advantageous for phylogenomic studies that teeg&nerate more comprehensive datasets
583  (taxon and character sampling) by integrating aaptiata with well-known markers of historical
584 use in molecular phylogenetic studies. Severaktargpture studies, especially in vertebrates,
585 have extracted legacy loci from off-target sequenceapture data (e.g., Meiklejohn et al., 2014;
586 Amaral et al., 2015; Wang et al., 2017; Derkaraeét al., 2019; Simon et al., 2019; Miller et
587 al., 2022). Legacy locus data extracted for fomghtcan then be combined with loci retrieved
588 from genetic depositories for other taxa of intepgsor to phylogenetic analysis, as well as to
589  assess possible errors and/or contamination. \Wheleelatively low number of legacy loci

590 available for taxa in depositories does not alwagside enough information for perfect
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591  phylogenetic resolution, sometimes these locila@eonly available data for rare taxa. If such

592 taxa are closely related to others in a targeturemxperiment, they can be accurately placed in
593  phylogenetic analyses despite the large amountsssing data (e.g., Kieran et al., 2021; Miller
594 etal., 2022). Given the sequencing depth of adstahlllumina HiSeq or NextSeq lane often

595 used for sequencing target capture data and typamding of 60-96 samples for sequencing, the
596 presence of some usable off-target data may beabdésicompared to the limited range of on-
597 target loci sequenced at very high, sometimes srkeesdepth.

598 Tissue and library quality generally appear to Hdtle influence on the trends we

599  observed with respect to hybridization temperataresmany of our metrics of capture success,
600 as we still observed the same general patterns whgrartitioned our data based on these

601  characteristics. One notable exception was degrsaeghles (i.e., those preserved dry). Our three
602  touchdown hybridization temperatures improved laae®very for degraded samples when

603 compared to the fixed standard 65°C, but recovi&ndt differ when comparing across the

604  touchdown protocols. It may be that for sample$ \wighly fragmented DNA, the hybridization
605 temperature of baits to bind to short target DNAo¢ser than DNA usually targeted from fresh
606  samples) only requires a modest reduction to oltenmaximum amount of targeted data

607  possible. Furthermore, slightly lowering hybridipattemperature may have the benefit of

608  recovering enough loci to ensure a taxon can besepted in a final analysis where missing data
609 is minimized. Thus, based on our assessment, emglogpture approaches with hybridization
610 temperatures less than 65°C generally have positit@omes especially with samples of low

611  quality.

612

613 5. Conclusion
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614 Our study primarily focused on the effects of aylrtarget capture parameter, i.e.,

615 hybridization temperature, on several metrics ptwae success in an invertebrate protein-coding
616  dataset. However, given that our baits were derik@d different genomic resources, we were
617  also able to explore the role of bait-target dieeige and bait tiling strategy in our experiment, as
618  well as tissue quality. While hybridization tempera, bait-target divergence, and bait tiling

619  strategy had effects on some of our metrics, wegmize other parameters likely affect capture
620 efficacy and remain to be thoroughly investigatetarget capture experiments similar to ours
621  (i.e., in-solution capture, sample quality, et8ych parameters may also include base genomes
622  used in probe design (Gustafson et al., 2019), @@eat of probes (Tewhey et al., 2009; Avila-
623  Arcos et al., 2011), amount of probes used (Cruzaldé et al., 2017), and post-hybridization

624  washing stringency (Li et al., 2013), among marmeas. Regardless, our study suggests that
625 lowering the hybridization temperature during captcan be beneficial to similar studies

626  (especially those with high bait-target divergensegking to improve target recovery in fresh
627 and degraded invertebrate material without majgatiee impacts overall, while also retrieving
628  other potentially useful data for comparative asedy

629
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Tables

Table 1. Experimental design of four studies thaestigated the effects of target capture hybrichraemperatures on vars
metrics used to assess capture performance.

Characteristics of Cruz-Davaloset al. Mohandesan et al.
study Li et al. (2013) Paijmanset al. (2016) (2017) (2017)

Taxon Gnathostomata Felidae Equidae Camelus (Camelidae)
Target data type CDS Mitogenome SNP Mitogenome
No. of targets 1449 1 (entire mitogenome) ~5000 (SNPs) 1 (entire mitogenome)
Bait type Biotinylated RNA “Oligonucleotides” Biotylated RNA Biotinylated RNA
Bait length (bp) 120 60 60 80

Tiling density 2X 30x 3X 4x

Sample quality Fresh Fresh & degraded Degraded Degraded
Target capture method In-solution Solid-state lhHson In-solution

Capture Protocol (CP)  65°C hybridization 65°C hybridization;  65°C hybridization (24 65°C hybridization (36
1 (duration not reported) captured targets usec hrs) hrs)

for additional capture

under same condition

(duration not reported)

Capture Protocol (CP) 65°C to 50°C 50°C hybridization;  55°C hybridization (40 65°C to 50°C
2 hybridization (5°C captured targets used hrs) hybridization (5°C
decrease every 11 hrs) for additional capture decrease every 12 hrs)

under same conditions
(duration not reported)
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Capture Protocol (CP) CP3 used captured 65°C to 50°C
3 targets & same captur  hybridization (5°C
conditions from CP 2  decrease every 16.2&
hrs); captured targets
used for additional
capture under same

conditions
Metrics evaluated Proportion of target Proportion of on-target Fold Proportion of on-target
loci recovered reads enrichment reads
Bait-target Bait-target divergence Proportion of on-target Percentage of
divergence (fresh tissues only) reads endogenous DNA
GC content Target coverage Target coverage Percentage of PCR
Target seq. length Read length duplicate reads
recovered
Chromosomal position
Recommended CP CP3 CP 3 (fresh) CP 2 (samples with lov CP1&CP2
based on metrics : to medium endogenou performance not
CP 1 (archival & DNA) significantly different

ancient)
CP1&CP 2not

significantly different

(samples with high

endogenous DNA)

Relevant conclusions Lower hybridization =~ Sample type & quality Lower hybridization Lower hybridization

temperatures improve  likely determines temperatures result in temperatures perform

proportion of target loc  which hybridization greater enrichment  similarly with standard

recovered, particularly temperature results in  folds when samples capture conditions for
when bait-target best capture based or have greater amounts recovery of uniquely

divergence is high  proportion of on-target of contamination but nc mapped reads or
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Table 2. Terminology related to bait design andeted loci.

Term Definition

Ultraconserved element (UCE) 120 bp baits designed to target highly conserveamgc

baits regions at ~1.33x tiling. A Hemiptera-wide UCE bs8t was
designed by Faircloth (2017), which targets theseoved core
of protein-coding loci (Kieran et al., 2019); howeycontigs
captured by UCE baits may also include introns@nd/
untranslated regions (UTRS).

Pentatomomorpha-derived bait¥he Faircloth (2017) Hemiptera-wide UCE bait seswa
subsampled to include only those baits designed e
genomes of two species within the infraorder
Pentatomomorpha, which are the closest relativéseto
ingroup of this study.

Exon-derived baits 120 bp baits designed at ~hgtiirom individual exon
sequences (i.e., baits do not span across intexhg)iting
>60% conservation across transcriptomes from fieeigs of
Coreoidea. While the baits do not target UTRs, mivet they
are derived from transcriptome sequences, consiggiced by
these baits may include introns and/or UTRs.

Transcript-derived baits 120 bp baits designedattiting from sequences that may
include one or more exons and that exid% conservation
across transcriptomes from five species of Coreoit¢hile
the baits do not target UTRs, given that they a&révdd from
transcriptome sequences, baits may span across onare
introns and, thus, contigs captured by these baatginclude
introns and/or UTRs.

Coreoidea-derived baits Baits designed primardyrfitranscriptomes of five species of
Coreoidea (i.e., exon- and transcript-derived lzotabined).

Pentatomomorpha-Coreoidea Loci targeted by Pentatomomorpha-derived UCE lzestaell
(PC) dual baits as by exon-derived or transcript-derived baits,(Cereoidea-
derived baits).
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865  Figures

866  Figure 1. Experimental target capture set-up. Hiybaition temperatures across time (in hours)
867 are reported. Abbreviations: TD-60, touchdown hgization approach starting at 65°C for 12
868  hrs followed by 62°C for 12 hrs and ending at 6@3CL2 hrs; TD-55, touchdown hybridization
869  approach starting at 65°C for 12 hrs followed b§®®@r 12 hrs and ending at 55°C for 12 hrs;
870  TD-50, touchdown hybridization approach starting%tC for 9 hrs followed by 60°C for 9 hrs,
871  55°C for 9 hrs, and ending at 50°C for 9 hrs.

872

873  Figure 2. Design and properties of bait used ig $tudy. Abbreviations: bp, base pair; UCE,
874  ultraconserved element; UTR, untranslated region.

875

876  Figure 3. (A) Effects of target capture protocatstioe total number of raw reads and (B)

877 assembled contigs. (C) Average minimum bait-tadggtances and (D) percentage of filtered
878 reads on-target by bait design strategy. (E) Edfe€target capture protocols on the percentage
879  of filtered reads off-target. (F) Effects of targeipture protocols on coverage by bait design
880  strategy. Numbers in parentheses above x-axis eé@aotple size. Abbreviations: PC dual baits,
881 loci targeted by both Pentatomomorpha- and Coreeddgived baits; see Fig. 1 for additional
882  abbreviations.

883

884  Figure 4. Effects of target capture protocols anribmber of loci captured by (A) Coreoidea-
885 derived baits, (B) PC dual baits, and (C) Pentatoprpha-derived baits. (D) Effects of target
886  capture protocols on the number of putative pasatddoci captured by bait design strategy.
887 Numbers in parentheses above x-axis denote sampleAbbreviations: see Figs. 1 and 3.

888

889  Figure 5. Effects of target capture protocols anttital number of legacy loci recovered.

890 Numbers in parentheses above x-axis denote sampleAbbreviations: see Fig. 1.

891
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899  Supplementary material

900 Table S1. Information regarding sample age, preseny method, and DNA extraction and

901 library preparation protocols used. Abbreviatidnbteasy, Qiagen, DNeasy Blood and Tissue
902  Kit; DNQIA, DNeasy with Qiagen QIAquick PCR Puriéiton Kit.

903

904 Table S2. Target capture experimental design. fr@sbserved samples or samples preserved
905 dried were subjected to the standard and TD-6M®potg, respectively, prior to the start of this
906  study. Abbreviations: TD-60, touchdown hybridizati@pproach starting at 65°C for 12 hrs

907 followed by 62°C for 12 hrs and ending at 60°CXarhrs; TD-55, touchdown hybridization

908 approach starting at 65°C for 12 hrs followed b§®&@r 12 hrs and ending at 55°C for 12 hrs;
909 TD-50, touchdown hybridization approach starting%tC for 9 hrs followed by 60°C for 9 hrs,
910 55°C for 9 hrs, and ending at 50°C for 9 hrs.

911

912 Table S3. Summary data for raw and filtered seqaieeads, reads on-target and coverage across
913  all targeted loci, and contigs. Abbreviations: FRitiered reads on-target; see Table S2 for

914  additional abbreviations.

915

916 Table S4. Summary data for on-target reads andageef targeted loci, partitioned based on
917  type of baits used. Abbreviations: Cov., coveray®n, loci targeted by exon-derived baits; C-
918 baits, loci targeted by exon- or transcript-deribadts (i.e., Coreoidea-derived baits); transcript,
919 loci targeted by transcript-derived baits; PC dlgali targeted by both Pentatomomorpha

920 ultraconserved element (UCE) baits and Coreoide&etkebaits (i.e., Pentatomomorpha-

921  Coreoidea dual baits); P-baits, loci targeted taylyPentatomomorpha-derived UCE baits; see
922 Tables S2 and S3 and Table 1 of main text for evgtian of terms used.

923

924 Table S5. Summary data for captured loci targeyeeon-derived baits (376 loci targeted).

925  Abbreviations: see Tables S2—-S4.

926

927 Table S6. Summary data for captured loci targeyeldnscript-derived baits (58 loci targeted).
928  Abbreviations: see Tables S2—-S4.

929

930 Table S7. Summary data for captured loci targejeBdntatomomorpha-Coreoidea dual baits
931 (103 loci targeted). Abbreviations: see Tables 32-S

932

933 Table S8. Summary data for captured loci targeyeHdntatomomorpha-derived baits (2566 loci
934 targeted). Abbreviations: see Tables S2—-S4.

935

936 Table S9. Summary data for legacy loci (15 mitoch@i [MtDNA] and two nuclear ribosomal
937 [rRNA] loci targeted). Abbreviations: see Table S2.

938

939 Table S10. Summary data for raw and filtered secgiegads, reads on-target and coverage
940 across all targeted loci, and contigs from 28 theh had 2,000,000 million raw reads

941  subsampled to equalize sequencing depth acroagreajunditions. Abbreviations: see Tables S2
942 and S3.
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943

944 Table S11. Summary data for on-target reads anerage of targeted loci, partitioned based on
945 type of baits used for 28 taxa that had 2,000,00iiomraw reads subsampled to equalize

946  sequencing depth across capture conditions. Aldirens: see Tables S2—-S4 and Table 1 of
947  main text.

948

949 Table S12. Summary data for captured loci targkeyeexon-derived baits (376 loci targeted)

950 from 28 taxa that had 2,000,000 million raw readssampled to equalize sequencing depth
951  across capture conditions. Abbreviations: see Babk-S4.

952

953 Table S13. Summary data for captured loci targeyenlanscript-derived baits (58 loci targeted)
954  from 28 taxa that had 2,000,000 million raw readssampled to equalize sequencing depth
955 across capture conditions. Abbreviations: see Babk-S4.

956

957 Table S14. Summary data for captured loci targeyedentatomomorpha-Coreoidea dual baits
958 (103 loci targeted) from 28 taxa that had 2,000,0@0on raw reads subsampled to equalize
959  sequencing depth across capture conditions. Aldirens: see Tables S2—-S4.

960

961 Table S15. Summary data for captured loci targeyedentatomomorpha-derived baits (2566
962 loci targeted) from 28 taxa that had 2,000,000iamlraw reads subsampled to equalize

963 sequencing depth across capture conditions. Aldirens: see Tables S2—-S4.

964

965 Table S16. Summary data for legacy loci (15 mitochial [MtDNA] and two nuclear ribosomal
966 [rRNA] loci targeted) from 28 taxa that had 2,0@manillion raw reads subsampled to equalize
967 sequencing depth across capture conditions. Abditrens: see Table S2.

968

969 Figure S1. (A) Effects of target capture protoamismean contig. (B) Average minimum bait-
970 target distances by bait design strategy. (C) Efettarget capture protocols on the number of
971 filtered reads on-target by bait design strateDy.Kffects of target capture protocols on

972  coverage by bait design strategy. (E) Effectslofigistrategy (Coreoidea-derived ~2x tiling

973  density; Pentatomomorpha-derived ~1.33x tiling dghen average coverage per locus (capture
974  loci exhibiting 0.05-0.10 average minimum bait-&rdivergences for each bait design strategy).
975 (F) Effects of target capture protocols on medaus lengths by bait design strategy. Numbers
976  in parentheses above x-axis denote sample sizél édes S2—-S4 for abbreviations.

977

978  Figure S2. Effects of target capture protocolstenrtumber of loci captured by (A) exon-derived
979  baits and (B) transcript-derived baits. (C) Effeaft$arget capture protocols on the number of
980 putative paralogs of loci captured by bait desigategy. Numbers in parentheses above x-axis
981 denote sample size. See Table S2 for abbreviations.

982

983  Figure S3. Effects of target capture protocolsAnnumber of raw reads, (B) number of contigs,
984 (C) percentage of filtered reads on-target, andc(i¥erage by sample preservation method.

985 Numbers in parentheses above x-axis denote sampleSge Tables S2—S4 for abbreviations.
986
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987  Figure S4. Effects of target capture protocolstenrtumber of loci captured with (A) Coreoidea-
988  derived baits, (B) PC dual baits, and (C) Pentataprpha-derived baits by sample preservation
989 method. Numbers in parentheses above x-axis deaaiple size. See Tables S2—-S4 for
990 abbreviations.
991
992  Figure S5. Effects of target capture protocolshenrhedian length of loci captured with (A)
993  Coreoidea-derived baits, (B) PC dual baits, andRé&)tatomomorpha-derived baits by sample
994  preservation method. Numbers in parentheses abaxesxdenote sample size. See Tables S2-S4
995 for abbreviations.
996
997  Figure S6. Effects of target capture protocolsAntiie number of putative paralogs of loci
998  capture with Coreoidea-derived baits, (B) the nunab@utative paralogs of loci capture with PC
999 dual baits, (C) the number of putative paralog®afcapture with Pentatomomorpha-derived
1000 baits, and (D) the number of legacy loci recovdrgdample preservation method. Numbers in
1001  parentheses above x-axis denote sample size. $tasTE2—S4 for abbreviations.
1002
1003  Figure S7. Effects of target capture protocolsAnnumber of raw reads, (B) number of contigs,
1004 (C) percentage of filtered reads on-target, andc(@grage by library quality. Numbers in
1005  parentheses above x-axis denote sample size. s TEP—-S4 for abbreviations.
1006
1007  Figure S8. Effects of target capture protocolstenrtumber of loci captured with (A) Coreoidea-
1008  derived baits, (B) PC dual baits, and (C) Pentataorpha-derived baits by library quality.
1009  Numbers in parentheses above x-axis denote sampleSge Tables S2—-S4 for abbreviations.
1010
1011 Figure S9. Effects of target capture protocolstenrhedian length of loci captured with (A)
1012  Coreoidea-derived baits, (B) PC dual baits, andR€&)tatomomorpha-derived baits by library
1013  quality. Numbers in parentheses above x-axis deswt®le size. See Tables S2—-S4 for
1014  abbreviations.
1015
1016  Figure S10. Effects of target capture protocol¢Arthe number of putative paralogs of loci
1017  capture with Coreoidea-derived baits, (B) the nundb@utative paralogs of loci capture with PC
1018  dual baits, (C) the number of putative paralogleafcapture with Pentatomomorpha-derived
1019  baits, and (D) the number of legacy loci recovdrgdibrary quality. Numbers in parentheses
1020 above x-axis denote sample size. See Tables S&+ablreviations.
1021
1022  Figure S11. When controlling for sequencing degffects of target capture protocols on (A) the
1023  number of assembled contigs, (B) median contigtlen(@) percentage of filtered reads on-target
1024 by bait design strategy, and (D) coverage by bestgh strategy. Numbers in parentheses above
1025  x-axis denote sample size. See Tables S2—-S4 foedhbons.
1026
1027  Figure S12. When controlling for sequencing deetfects of target capture protocols on the
1028  number of loci captured by (A) exon-derived baiB, transcript-derived baits, (C) PC dual baits,
1029 and (D) Pentatomomorpha-derived baits when seqgogmgpth is equalized across taxa and
1030  capture conditions, as well as (E) effects on tledian locus length and (F) number of putative
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1031  paralogs of loci captured by bait design strat®égymbers in parentheses above x-axis denote
1032  sample size. See Tables S2—S4 for abbreviations.

1033

1034  Figure S13. When controlling for sequencing deptfect of target capture protocols on the total
1035  number of legacy loci recovered. Numbers in parsgh above x-axis denote sample size. See
1036  Table S2 for abbreviations.
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