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ABSTRACT
Sequencing via target capture has been used to great effect in phylogenetic studies of organisms such as insects, arachnids and 
vertebrates. However, other taxa have received limited genomic attention despite their diversity and the intensity of research 
on such groups. Here, we describe generalised probe sets targeting ultraconserved elements (UCEs) for members of the crusta-
cean orders Amphipoda and Isopoda in the superorder Peracarida. These sets employ ~10,000–100,000 probes targeting up to 
10,000 loci. In silico analyses of these probe sets recovered an average of 5087 loci, while an average of 4633 was retained post-
filtering. Phylogenetic analysis of these datasets resulted in well-supported trees that align with previously reconstructed rela-
tionships among the taxa selected while also providing resolution of previously uncertain nodes. Following the in silico analysis, 
an in vitro analysis targeting several amphipod and isopod families was conducted. This analysis extracted up to 4864 unique 
loci from the taxa sequenced, with an average of 1897 loci among all taxa. This represents an order-of-magnitude increase versus 
previously published sets, which were only able to recover < 250 UCEs among peracarid taxa. Phylogenetic analyses of the data 
generated in vitro resulted in well-supported trees that were resolved at both shallow and deep taxonomic levels. Both analyses 
demonstrate the utility of these probe sets for phylogenomic research within the Peracarida. Additional attention to members of 
the superorder using target enrichment will doubtlessly assist in resolving poorly understood aspects of their evolutionary history 
and expand current knowledge of this group.

1   |   Introduction

With over 20,000 described species, the superorder Peracarida 
represents one of the most diverse groups of crustaceans; pera-
carids boast a worldwide distribution, with representatives re-
corded from virtually all varieties of aquatic systems and even 
several terrestrial systems (Poore  2005; Väinölä et  al.  2007; 
Wilson 2007; Poore and Bruce 2012; Arfianti and Costello 2020). 
Their ubiquity can also be explained by the age of the superor-
der, which likely originated during the Devonian; orders such 
as Isopoda and Amphipoda split during the Carboniferous and 
major pulses of diversification occurred during the Jurassic/

Cretaceous (Copilaş-Ciocianu et  al.  2020; Robin et  al.  2021). 
As a result, peracarid crustaceans have the potential to serve 
as excellent model organisms for addressing evolutionary 
and biogeographic hypotheses across a variety of time scales. 
Peracarids are present in a broad range of environments, and in 
many cases, they have occupied these environments for a sub-
stantial amount of time, utilising a variety of strategies to obtain 
their current distributions (Väinölä et  al.  2007; Wilson  2007; 
Poore and Bruce 2012). This broad biogeographic/evolutionary 
history can allow investigators to infer a great deal of informa-
tion through phylogenetic reconstruction, not only regarding 
the organisms themselves but also the systems they occupy.
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Traditional methods of phylogenetic analysis, such as the use 
of morphological characters, have proven insufficient for dis-
criminating taxa within the Peracarida. Members of the order 
Amphipoda are especially troublesome as many species show 
variable morphology which makes analysis of higher-level 
relationships difficult; similar patterns are also observed in 
other peracarid orders and lower-level taxa (Spears et al. 2005; 
Wilson 2009; Sharma et al. 2021). Phylogenetic analyses incor-
porating molecular data offer powerful insights into evolution-
ary relationships and have revealed more intricate relationships 
within and among peracarids than were previously inferred 
(Kakui et al. 2011; Dimitriou et al. 2019; Cannizzaro et al. 2020). 
Such studies now form the backbone of a majority of modern 
phylogenetic and systematic analyses. However, molecular ge-
netic analyses are often limited by the number of genes that can 
be sequenced; consequently, for a large number of understudied 
organisms or taxa from remote regions, many studies rely on a 
single gene or a handful of genes. This is especially true among 
invertebrates, for which a considerable number of species have 
yet to be sequenced. While such analyses have generated incred-
ibly useful data, many of them have limited inferential power 
because they generate individual gene trees rather than more 
robust species trees. Such analyses are often hindered by dis-
cordance among genes, resulting in poor measures of support. 
While such hindrances can be minimised by inclusion of addi-
tional data, studies utilising single-gene Sanger sequencing be-
come logistically challenging as the number of genes increases.

Next-generation sequencing (NGS) methodologies have greatly 
expanded the ability to investigate evolutionary relationships 
among organisms, allowing researchers to increase sampling 
of the genome and reconstruct more robust species trees. Cost-
effective genomic techniques such as reduced representation se-
quencing (RRS) target specific regions of the genome, decreasing 
cost while still examining data at a ‘genomic scale.’ Techniques 
such as restriction site-associated DNA (RAD) sequencing uti-
lise restriction sites or size selection to sequence homologous 
loci, which often show great utility for shallow-level phylogenet-
ics, population genetic analyses and genotyping of individuals 
(McCormack et al. 2013; Andrews et al. 2016). In a similar fash-
ion, other target enrichment/sequence capture methods such as 
anchored hybrid enrichment and ultraconserved elements also 
target specific loci throughout the genome, but with the ability 
to resolve differences at deeper taxonomic levels (McCormack 
et al. 2013; Faircloth 2017).

Ultraconserved elements (UCEs) are regions of an organism's 
genome that are shared among taxa across large evolutionary 
distances; because they are ‘conserved’ in an evolutionary sense, 
these elements allow the examination of deep relationships be-
tween taxa; at the same time, they are bordered by more variable 
flanking regions which allow for the examination of shallower-
level relationships as well (Faircloth et al. 2012; Faircloth 2017). 
These features grant UCEs considerable phylogenetic utility, 
allowing researchers to address hypotheses at multiple taxo-
nomic levels; recent targeted enrichment studies utilising UCEs 
have demonstrated their value at both deep (within family or 
genus) and shallow (population) levels (Faircloth 2017; Starrett 
et al. 2016; Winker et al. 2018). A number of such studies have 
targeted arthropods and developed generalised probe sets for 
taxa such as the Hymenoptera (Branstetter et al. 2017), Diptera 

(Faircloth  2017), Hemiptera (Faircloth  2017), Coleoptera 
(Faircloth 2017; Baca et al. 2017) and Arachnida (Faircloth 2017; 
Starrett et al. 2016). To date, only a single probe set has been de-
veloped solely for non-insect crustaceans (Geburzi et al. 2024). 
Furthermore, only a handful of studies have targeted crusta-
ceans (primarily Decapoda) using phylogenomic methodologies 
of any sort (Wolfe et al. 2019; Glon et al. 2022). Given the diver-
sity present within the Crustacea, additional tools for generating 
phylogenomic data are likely to offer great benefit for elucidating 
their fascinating evolutionary and biogeography histories.

In this study, we introduce a probe set to target ultraconserved 
elements for the superorder Peracarida, with a focus on the 
Amphipoda and Isopoda, which together contain more than 
95% of described peracarid species and are also located on 
different branches of the peracarid phylogenetic tree (Höpel 
et al. 2022). Published genome assemblies from several amphi-
pod and isopod families, representing a majority of currently 
sequenced peracarid genomes at the time of design, were uti-
lised to develop a probe set that would function at similar lev-
els across various amphipod and isopod taxa and, likely, the 
remainder of the order. UCE probes were tested in silico and 
upon verification were then tested in vitro with representatives 
of the amphipod families Hyalellidae and Crangonyctidae, and 
the isopod family Sphaeromatidae. These families are among 
the most speciose and widespread in their respective orders; fur-
thermore, the Crangonyctidae is an ancient and taxonomically 
difficult family making it an ideal candidate for such an analysis 
(Copilaş-Ciocianu et al. 2019). Given the taxonomic breadth of 
our investigation, this probe set should prove useful for genomic 
analysis across the Peracarida.

2   |   Methods

2.1   |   Probe Design and UCE Identification

Genome scaffold assemblies for 13 species were downloaded 
from NCBI's genome assembly database (http://​ncbi.​nlm.​nih.​
gov/​assem​bly/​; Table 1). These assemblies represented the ma-
jority of sequenced peracarid genomes at the time of probe de-
sign; they were used in both probe design and in silico testing. 
Selected genomes included representatives of four amphipod 
families, five isopod families, one mysid family and a single de-
capod family that was used as an outgroup (Table 1).

The open-source program PHYLUCE v1.7.1 (Faircloth 2016) was 
used for both probe design and the identification of UCE loci, 
following the detailed methodology set forth by Faircloth (2017). 
Genomic sequence data were converted into 2bit files using 
faToTwoBit from the BLAT suite (Kent  2002). Using ART 
ILLUMINA (Huang et al. 2012), 100-bp paired-end reads were 
simulated from each genome without sequencing error, and 
alignments of simulated reads from remaining non-outgroup 
taxa were generated (Table  2). We conducted a ‘base genome 
test’ (Gustafson et  al.  2019) to maximise the number of UCE 
loci recovered during probe design by running the bait design/
UCE loci identification protocols in parallel utilising several dif-
ferent base genomes. Eight taxa were selected to serve as ‘base 
genomes’ with the following probe/bait design and in silico 
steps being run separately with each taxon (Table 2). Stampy v1 

http://ncbi.nlm.nih.gov/assembly/
http://ncbi.nlm.nih.gov/assembly/
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(Lunter and Goodson 2011) was used to map conserved regions 
of each read-simulated genome to the base genome, with a substi-
tution rate set at 0.05; these resulting alignments were converted 
into BAM format, using SAMTOOLS (Li et al. 2009) and then 
into a BED format using BEDtools (Quinlan and Hall 2010). BED 
files were sorted by scaffold/contig and by position along scaffold/
contig; alignment positions that were close (< 100 bp) were then 

merged using BEDtools. Additionally, sequences that included 
> 25% masked regions, ambiguous bases or regions that were 
< 80 bp were removed using the phyluce_probe_strip_masked_
loci_from_set command in PHYLUCE. The result was BED files 
containing regions of conserved sequences shared between the 
base taxon and the exemplar taxa. Shared conserved loci were 
determined using the phyluce_probe_query_multi_merge_table 

TABLE 2    |    Results of base genome tests using several amphipod/isopod taxa and varying exemplar taxa.

Base SQDB loci TPS loci TPS probes ET Final probes Final loci ISU

Amphipoda

Hyalella cf. azteca* 225,439 2153 4283 2 16,174 890 869

Hyalella cf. azteca 212,665 200,512 227,587 10 183,471 9443 8555

Hyalella cf. azteca 11 114,239 5423 4156

Hyalella cf. azteca 12 53,339 2332 2212

Speziorchestia grillus* 480,310 2203 4280 2 18,114 1013 966

Speziorchestia grillus 463,003 433,704 608,971 10 189,562 9716 8856

Speziorchestia grillus 11 115,058 5466 5041

Speziorchestia grillus 12 52,118 2257 2158

Parhyale hawaiensis* 290,500 1808 3517 2 15,722 916 854

Parhyale hawaiensis 265,171 241,459 191,602 10 190,959 9894 8911

Parhyale hawaiensis 11 118,930 5665 5233

Parhyale hawaiensis 12 56,080 2.419 2328

Platorchestia sp.* 528,558 2443 4669 2 19,695 1084 1053

Platorchestia sp. 506,010 472,338 597,441 10 191,959 9855 8965

Platorchestia sp. 11 117,247 5532 4802

Platorchestia sp. 12 52,122 2272 2161

Trinorchestia longiramus 491,162 461,440 607,982 10 192,656 10,034 8994

Trinorchestia longiramus 11 120,645 5760 5216

Trinorchestia longiramus 12 54,274 2404 2253

Isopoda

Armadillidium nasatum* 137,804 731 1449 2 3510 191 187

Armadillidium nasatum 295,775 247,609 157,640 10 159,447 8608 7751

Armadillidium nasatum 11 123,752 6221 5118

Armadillidium nasatum 12 81,614 3821 3576

Idotea baltica* 149,704 1194 2378 2 10,539 602 571

Idotea baltica 121,316 109,467 108,598 10 193,019 10,328 9359

Idotea baltica 11 151,908 7642 5351

Idotea baltica 12 102,226 4750 4478

Ligia exotica 128,277 86,415 102,383 10 172,513 9328 8359

Ligia exotica 11 134,686 6823 5215

Ligia exotica 12 92,756 4353 4062

Note: Differences in recovered loci observed during both the probe design stage and in silico analyses are indicated. Asterisks indicate analyses run with a smaller pool 
of exemplar taxa.
Abbreviations: ET, exemplar taxa; ISU, in silico unique loci; SQDB, SQLite database; TPS, temporary probe set.
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command in PHYLUCE with a single exemplar taxon selected. 
An SQLite database was created for up to 528,558 loci across 
all base and exemplar taxa (Table 2). From these loci, regions 
up to 160 bp were extracted from the base genome using the 
phyluce_probe_get_genome_sequences_from_bed command in 
PHYLUCE. An additional filter was utilised to remove masked 
regions (> 25%), ambiguous bases or regions that were too short 
(< 80 bp); the remaining loci were then used to design temporary 
probe sets. Probes of 120 bp were tiled such that each locus was 
overlapped in the middle by 40 bp (3× density). This temporary 
bait set was then screened to remove probes with > 25% masked 
bases or high (> 70%)/low (< 30%) GC content. Potential dupli-
cates were also removed using the phyluce_probe_remove_du-
plicate_hits_from_probes_using_lastz command in PHYLUCE. 
These temporary probe sets (up to 608,971 probes targeting up 
to 472,338 loci; Table  2) were aligned back to their base and 
exemplar genomes with an identity value of 50%. From these 
alignments, probes that matched multiple loci were removed. 
From the alignment files, loci were buffered to 180 bp and sliced 
from the exemplar genomes. To test the effects of varying num-
bers of exemplar genomes further downstream in the pipeline, 
an additional test was run selecting varying numbers (+2, +10, 
+11, +12) of exemplar taxa for all of the base genomes tested 
(Table  2). Of these, the +2 test was run using a more limited 
number of exemplar taxa, while the other tests were all run 
under the same parameters described here. For the four exem-
plar taxa options, SQLite databases were created for targeted loci 
using the phyluce_probe_query_multi_fasta_table command in 
PHYLUCE. From these data, bait sets were designed to target 
these loci; 120 bp probes were tiled (3× density, middle over-
lap) and screened for high/low GC content, masked bases and 
duplicates. These ‘final’ bait sets included up to 193,019 non-
duplicated probes targeting up to 10,328 loci (Table 2).

2.2   |   In Silico Test

The performance of designed probes in aligning to existing ge-
nomes was tested in silico by following the PHYLUCE work-
flow. The phyluce_probe_run_multiple_lastz_sqlite command 
was used to align the UCE probes to 2bit formatted exemplar 
genomes and an outgroup genome (Palaemon carinicauda), 
with an identity value of 50%. For each probe test, the matching 
FASTA data were sliced out of each genome, plus 400 bp of 5′/3′ 
flanking region, using the phyluce_probe_slice_sequence_
from_genomes command. As a final screen for duplicates, loci 
were matched back to the baits using the phyluce_assembly_
match_contigs_to_probes command, with a minimum cover-
age of 80% and minimum identity of 80%. In addition, to test 
the efficacy of the new probe sets, they were compared against 
previously generated sets for the Coleoptera (Faircloth  2017) 
and Decapoda (Geburzi et al. 2024), using the same commands 
(Table 1). For the exemplar taxa targeted here, filtering steps 
resulted in the recovery of up to 9359 unique loci (Tables 1 and 
2). Each locus was exported into a FASTA file and aligned with 
MAFFT (Katoh et al. 2002) in PHYLUCE. The resulting FASTA 
files were trimmed internally using GBlocks (Castresana 2000; 
Talavera and Castresana  2007) under default parameters in 
PHYLUCE, and a 70% complete matrix was assembled for each 
alignment in PHYLUCE. Maximum-likelihood (ML) infer-
ence was then conducted using these matrices with IQTREE 

2.2 (Minh et al. 2020), which was run using the ModelFinder 
algorithm to select the best-fitting substitution models for each 
UCE locus, which were then analysed under an edge-linked 
model (Chernomor et al. 2016; Kalyaanamoorthy et al. 2017). 
Statistical support was estimated using 1000 ultrafast boot-
strap replicates (Minh et  al.  2013) and the Shimodaira–
Hasegawa approximate likelihood ratio test (Shimodaria and 
Hasegawa 1999; Guindon et al. 2010).

2.3   |   DNA Extraction and Target Enrichment

Individuals of the amphipod families Hyalellidae, 
Crangonyctidae and Gammaridae, plus isopods of the fam-
ily Sphaeromatidae, were selected to test the designed probes 
in vitro; in total 20 individuals from 7 genera were targeted for 
analysis (Tables 3 and S1). Genomic DNA was extracted using 
a bead-based protocol (Tin et al. 2014) or using Tissue & Insect 
DNA MiniPrep kits (Zymo Research) utilising a modified proto-
col (Cannizzaro et al. 2020). DNA concentration was quantified 
using Qubit fluorometry (Thermo Fisher Scientific), and quality 
was verified by running samples on a high-weight 1% agarose 
gel. Individuals for which extraction yield was < 10 ng/μL were 
subjected to whole genome amplification (WGA) in order to in-
crease concentration/yield for downstream sequencing; WGA 
was conducted using GenomiPhi V2 DNA Amplification kits 
(Cytiva Life Sciences) following the manufacturer's protocol. 
Target enrichment/sequencing was performed using the ‘+11’ 
probe set with Parhyale hawaiensis as a base genome. This probe 
set was synthesised by RAPiD Genomics (www.​rapid​-​genom​ics.​
com/​), which also prepared libraries, enriched targets and per-
formed Illumina sequencing using the company's ‘Capture-Seq’ 
platform, following standard protocols.

2.4   |   Probe Set Verification and In Vitro Analyses

Demultiplexed Illumina reads were processed using PHYLUCE 
v1.7.1 following the workflow outlined in the online phyloge-
nomic pipeline. Reads were trimmed to remove adapters and 
low-quality bases using Illumiprocessor with standard options 
(Faircloth  2013). To complement individuals sequenced here, 
read data from an additional ten individuals were downloaded 
from the NCBI Sequence Read Archive (SRA; www.​ncbi.​nlm.​
gov/​sra), including eight additional amphipods/isopods and 
members of two other peracarid orders (Table S2). Reads were 
assembled using Spades 3.15 (Bankevich et  al.  2012) within 
PHYLUCE. The phyluce_assembly_match_contigs_to_probes 
command was used to match probes to assemblies; the com-
mands phyluce_assembly_get_match_counts and phyluce_as-
sembly_get_fastas_from_match_counts were used to identify 
loci with minimum identity and coverage set to 60% and then 
extract/export them into a FASTA file. Due to the degree of 
relatedness of taxa within the dataset, loci were internally 
trimmed using GBlocks and then aligned utilising the phy-
luce_align_seqcap_align command. Data matrices of locus 
alignments were generated for a 60% complete data matrix in 
PHYLUCE. The preceding steps were performed utilising the 
sequencing probe set (+11, P. hawaiensis), along with both 
the (+10, P. hawaiensis) and (+12, P. hawaiensis) probe sets, 
which were run independently in order to discern differences 

http://www.rapid-genomics.com/
http://www.rapid-genomics.com/
http://www.ncbi.nlm.gov/sra
http://www.ncbi.nlm.gov/sra
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in UCE yield. Uncorrected p-distances were calculated from 
the 60% matrix using the R package ape (Paradis et al. 2004), 
under a Kimura 1980 (K80) model and with pairwise dele-
tions removed. Maximum-likelihood inference was conducted 
using these matrices and IQTREE 2.2, which was run using 
the MODELFINDER algorithm to select best-fitting substitu-
tion models for each UCE locus; these were analysed under an 
edge-linked model. Statistical support was estimated using 1000 
ultrafast bootstrap replicates and the Shimodaira–Hasegawa ap-
proximate likelihood ratio test.

In order to gauge the utility of the designed probe set at a pop-
ulation level, individuals from five populations of the sphaero-
matid isopod Thermosphaeroma subequalum were sequenced. 
Sequences were imported into R and binary single nucleotide 
polymorphisms (SNPs) were extracted using the fasta2gen-
light function in the adegenet package (Jombart 2008). After 
conversion, SNP matrices were filtered to remove ambiguities 
and retain variable sites with < 25% missing data. Principal 
component analysis (PCA) was performed in R using the glpca 
function in the adegenet package; results were plotted using 

TABLE 3    |    Contig and locus information generated from assembled sequence reads from the in vitro analysis of amphipod/isopod taxa.

ID Species # contigs LE (+10) LE (+12) LE (+11) Total bp MLL (bp) LR LRT

MPJ-2.1 Thermosphaeroma 
thermophilum

592,929 2252 1265 1133 3,275,345 1454.41 213 2039

T011 Thermosphaeroma 
smithi

559,294 1117 630 574 626,906 561.24 64 1053

T023 Thermosphaeroma 
subequalum (BQ)

703,943 1363 787 694 2,220,448 1629.08 154 1209

T059 Thermosphaeroma 
macrura

1,171,484 1853 1048 931 1157,756 624.8 147 1706

Th_spp_029 Thermosphaeroma 
subequalum 

(HSM)

578,577 2104 1183 1051 3,394,906 1613.54 251 1853

Th_spp_047 Thermosphaeroma 
subequalum (RGV)

635,161 1993 1092 997 2,366,425 1187.36 176 1817

Th_spp_056 Thermosphaeroma 
subequalum (LM)

256,990 1293 711 619 2,429,324 1878.82 158 1135

Th_spp_058 Thermosphaeroma 
subequalum (PR)

773,974 1269 699 615 1,480,926 1167.00 115 1154

AGC-709.1 Cassidinea ovalis 268,952 637 346 319 261,551 410.59 50 487

AGC-379.2 Hyalella cretae 593,483 4278 2523 2207 4,972,011 1162.22 662 3616

AGC-388.3 Hyalella cretae 266,133 4558 2771 2431 11,128,937 2441.62 1410 3148

AGC-436.2 Hyalella muerta 730,208 4767 2827 2508 9,160,738 1921.69 1270 3497

AGC-437.1 Hyalella sandra 59,828 1507 938 846 3,320,411 2203.32 488 1019

AGC-986.1 Hyalella wakulla 708,162 4864 2892 2485 4,601,941 946.12 819 4045

AGC-192.1 Bactrurus 
mucronatus*

67,795 333 254 221 184,827 555.03 162 171

AGC-592.1 Stygobromus tenuis 563,949 502 315 303 497,137 990.31 36 466

AGC-524.3 Crangonyx 
cornutus

1,011,471 1866 1126 980 833,826 446.85 78 1788

AGC-601.1 Crangonyx 
bousfieldi

451,878 635 349 335 216,315 340.65 28 607

AGC-181.2 Gammarus 
balmorhea*

45,464 381 295 273 302,353 793.57 315 66

AGC_354.3 Gammarus 
lacustris*

48,508 384 312 283 317,563 826.98 190 194

Note: Asterisks indicate individuals sequenced under the +2 probe P. hawaiensis set; all other individuals were sequenced under the +11 P. hawaiensis probe set. 
Results for the number of loci extracted using varying sets during the UCE extraction stage are given, along with the number of loci retained for the final dataset (+10).
Abbreviations: LE, loci extracted; LR, loci removed (+10 P. hawaiensis); LRT, loci retained (+10 P. hawaiensis); MLL, mean (UCE) locus length in bp.
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the R package ggplot2 (Wilkinson  2011), based on the first 
two principal components.

3   |   Results

3.1   |   Base Genome Test and Probe Set

Results of varying exemplar counts during the base genome tests 
demonstrated that all analyses run under the +10 parameter, re-
gardless of the base genome selected, outperformed other anal-
yses run under other parameters (+2, +11, +12; Table 2). Probe 
sets generated using the +10 parameter targeted an average of 
9651 unique UCE loci and retained 8719 in silico, considerably 
more loci than the average of 5017 (+11) or 2904 (+12) retained 
in silico under other sets (Tables 1 and 2). However, probe sets 
designed under the +10 parameter required substantially more 
probes (159,000–193,000) versus the other newly designed sets 
(50,000–151,000; Table  2). The abundance of probes needed 
for the former made enrichment/sequencing logistically and 
financially difficult and as a result, probe sets under the next-
best performing parameter (+11) were considered for synthesis. 
Among these (+11) sets, an average of 4420 unique loci were 
identified with an average of 3948 retained in silico (Table 2). 
Of the 8 taxa selected to serve as base genomes, Parhyale ha-
waiensis performed the best in terms of loci retained in silico 
with 5233 of its 5665 unique loci retained under the (+11) probe 
set, followed closely by Trinorchestia longiramus, Idotea bal-
tica and Armadillidium nasatum (Table  2). These sets recov-
ered considerably more loci when compared to sets produced 
by Faircloth (2017) and Geburzi et al.  (2024), which recovered 
28–46 and 106–504 unique loci for the same taxa, respectively. 
As a result, the P. hawaiensis +11 probe set (containing 151,908 
probes targeting 7642 unique UCE loci) was selected for syn-
thesis and use in enrichment/sequencing and downstream phy-
logenomic analyses. Using this set, a 70% matrix was generated 
which included 5233 loci with a total length of 1,971,291 bp and 
834,031 informative sites. The phylogeny reconstructed was 
highly supported at all nodes using both ultrafast bootstrapping 
(UFBS) and Shimodaira–Hasegawa approximate likelihood 
ratio tests (Figure 1).

3.2   |   In Vitro Analysis

Illumina reads from the 20 individuals sequenced ranged from 
2,268,201 to 17,322,607 (mean: 12,030,386). The presence of low-
quality reads and adapters led to the removal of 0.33%–19.24% 
(mean: 5.8%) of reads per sample. Trimmed reads were assem-
bled into 45,464 to 1,171,484 contigs (mean: 504,409) per indi-
vidual with an average length of 1157 bp (Table 3). The dataset 
contained 9359 total UCE loci for all individuals, with 9122 UCE 
loci in the incomplete matrix. From the individuals newly se-
quenced, 28–1410 (mean: 340) loci were removed after filtering 
for duplicates (Table 3). The 60% complete data matrix retained 
616 loci, with a total length of 241,598 bp and 149,233 informa-
tive sites. Maximum-likelihood analyses of this matrix resulted 
in the reconstruction of a well-supported phylogeny for all 
taxa included, with a majority of nodes possessing both UFBS/
SHaLRT values > 0.95 (Figure 2). Uncorrected p-distances cal-
culated for members of the genus Hyalella based on the 70% 

matrix ranged from 0.01 to 0.05 (mean: 0.04). Individuals of 
two populations of H. cretae showed a considerably lower value 
at 0.007 (Table  4). Similar values were observed among spe-
cies of Thermosphaeroma (0.03–0.06, mean: 0.05); populations 
of T. subequalum ranged slightly lower on average (0.01–0.03, 
mean: 0.03; Table 5). SNP screening of 5 individuals represent-
ing separate populations of Thermosphaeroma subequalum re-
covered 258,013 SNPs, with 1890 SNPs retained post-filtering. 
Multivariate analysis of these SNPs suggests structuring and di-
vergence among these populations, excluding Boquillas Canyon 
and Lower Madison Falls, with individuals clustering in a sim-
ilar fashion to that observed in the maximum-likelihood tree 
(Figure 3).

4   |   Discussion

4.1   |   Probe Set and In Silico Analyses

While phylogenomic methods, especially those employing tar-
geted enrichment, are becoming increasingly common in phylo-
genetic and systematic studies, such studies targeting Crustacea 
are rare. For example, numerous insect and chelicerate genomes 
have been sequenced and several studies have explored evolu-
tionary relationships utilising genomic data (Baca et  al.  2017; 
Faircloth 2017; Sharma et al. 2021). In contrast, the decapods—a 
crustacean taxon with a large amount of active research and sig-
nificant economic value—include < 50 published genomes and 
have only been the targets of a handful of phylogenomic studies 
(Wolfe et al. 2019; Glon et al. 2022; Geburzi et al. 2024). Other 
crustacean groups such as the Peracarida are the subject of very 
active phylogenetic research efforts but have received relatively 
little attention at a genomic level. At the time of this study, < 15 
peracarid genomes were sequenced and relatively few genomic 
studies had been conducted on representative taxa, with most 
published studies limited to examination of mitogenomes or 
transcriptomes (Naumenko et al. 2017; Höpel et al. 2022). Here 
we utilised phylogenomic resources to develop generalised 
probe sets targeting members of the Peracarida. These probe sets 
employ ~10,000–100,000 probes targeting up to 10,000 UCE loci 
for members of both the Isopoda and Amphipoda.

When the efficacy of our probe set was tested in silico using pera-
carid genomes, an average of 4483–7459 loci was recovered from 
the targeted taxa across all parameters, with an average of 3726 
loci retained post-filtering (Table 1). The numbers of loci targeted, 
recovered and extracted here are similar to those for other probe 
sets developed for the Arachnida and Caenogastropoda, each 
of which retained over 1000 loci post-filtering (Faircloth 2017; 
Starrett et  al.  2016; Goulding et  al.  2023). In addition, our set 
was able to recover considerably more loci for members of the 
Peracarida versus other probe sets designed for non-insect 
Crustacea. Sets produced by Faircloth (2017) for Coleoptera and 
by Geburzi et al. (2024) for Decapoda recovered an average of 36 
and 202 unique loci respectively when tested in silico (Table 1). 
The loci both targeted and recovered by sets presented here rep-
resent an increase by an order of magnitude. In addition, the 
numbers of recovered loci in these new sets were similar across 
taxa, with amphipods, isopods and other peracarid orders dis-
playing similar numbers of loci (Table 1; Table S2). Our results 
suggest that the probe set functions well for members of all of 
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these orders and can be employed for studies targeting single or 
multiple groups of peracarids. In addition, while amphipods and 
isopods represent some of the most species-rich orders within 
the Peracarida and appear similar, they are not sister orders, 
with other peracarid taxa such as the Mysidacea and Cumacea/
Tanaidacea being recovered as sister to the Amphipoda and 
Isopoda respectively (Höpel et al. 2022). Our results corroborate 
this, placing the Cumacea/Tanaidacea as sister to the Isopoda 
(Figure 2) and the Mysida as either basally derived (Figure 1) 
or sister to the Amphipoda (Figure 2). This discordance may be 
due to the limited taxon sampling in our in silico analysis or 
the differing number of loci retained in both analyses (5233 vs. 
616). Further, more-focused genomic sampling would likely help 
elucidate this issue. Because our probe set was able to recover 
a significant number of UCE loci for both amphipods and iso-
pods, which are representatives of different peracarid lineages, 
the set is likely to prove useful throughout the superorder and 
could be employed for studies targeting other peracarid taxa, 
including poorly studied orders such as the Ingolfiellidea and 
Thermosbaenacea.

The phylogenomic analyses we performed in silico placed all 
taxa with high measures of support, clearly separating both fam-
ilies and genera of Isopoda and Amphipoda (Figure 1). Molecular 
phylogenetic analyses of the Oniscidea have suggested that the 
suborder may be polyphyletic, with taxa such as Ligia show-
ing more affinity to taxa from other suborders, particularly the 
sphaeromatidea (Dimitriou et al. 2019). Although isopod taxon 
sampling at the suborder level was limited, our phylogenomic 
analyses recovered a monophyletic Oniscidea, congruent with 
morphology and current taxonomy, with considerable distances 
observed between members of Crinocheta (Armadillidum na-
satum + Trachelipus rathkii) and Diplocheta (Ligia exotica; 
Figure 1). Amphipod taxa identified in silico primarily included 
members of the superfamilies Hyaloidea and Talitroidea; results 
generated from our phylogenomic analyses clarify relationships 
previously proposed in phylogenetic datasets. A biogeographic 
analysis of the superfamily Hyaloidea reported differences in 
the placement of the Hyalellidae and Talitroidea based on the 
analytical methods employed (Cannizzaro and Berg  2022). 
Maximum likelihood placed the Talitroidea in a clade with the 

FIGURE 1    |    Maximum-likelihood phylogeny reconstructed from in silico analysis, based on a 5233 locus (1,971,291 bp) concatenated dataset 
from a 70% complete matrix. Black circles represent node support with Ultrafast Bootstrap/Shimodaira–Hasegawa approximate likelihood ratio test 
values of 100.
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Hyalellidae, while Bayesian Inference placed the Talitroidea ba-
sally derived to the superfamily (Cannizzaro and Berg 2022). Our 
results match the former hypothesis, supporting the Hyalidae as 
the more basally derived family (Figure 1). Although involving 
a limited number of taxa, the results generated by our in silico 

analyses demonstrate the utility of this probe set for investi-
gating evolutionary and biogeographic hypotheses in both the 
Amphipoda and Isopoda. Additional analyses using this probe 
set to examine a wider range of taxa have the potential to resolve 
relationships across the Peracarida.

FIGURE 2    |    Maximum-likelihood phylogeny reconstructed from in vitro analysis, based on a 616 locus (241,598 bp) concatenated dataset from 
a 60% complete matrix. Node support using two methodologies is indicated by shaded circles placed at nodes. SH-aLRT, Shimodaira–Hasegawa ap-
proximate likelihood ratio test; UFBS, ultrafast bootstrap.
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4.2   |   In Vitro Analyses

Our probe sets were used to sequence members of the amphipod 
families Gammaridae, Crangonyctidae and Hyalellidae, along 
with the isopod family Sphaeromatidae. These families were 
selected due to specimen availability, species richness and vary-
ing evolutionary histories; gammarids show relatively shallow 
Miocene diversification (Hou and Sket 2016), while crangonyc-
tids/hyalellids diverged as far back as the Cretaceous (Copilaş-
Ciocianu et  al.  2019; Cannizzaro and Berg  2022). In addition, 
a number of other families/genera from across the Peracarida 
were obtained from the NCBI Sequence Read Archive, filling 
in much of the Isopod/Amphipod phylogenies and allowing for 
members of the orders Cumacea and Tanaidacea to also be in-
cluded (Table S2). These probe sets were successful in extract-
ing 9359 unique loci from the taxa selected, with an average of 
1897 loci among newly sequenced taxa pre-filtering (Table  3). 
Phylogenetic trees generated using this dataset produced well-
supported topologies illustrating relationships among all the in-
dividuals sequenced (Figure 2).

In addition to demonstrating utility at levels above spe-
cies, data generated here also display utility within species. 
Individuals from two populations of the amphipod Hyalella 
cretae were included here, the type locality (Chalk Spring) 

and the nearby Point of Rocks Spring #42 (POR); these were 
included as the specific status of the POR population was un-
clear when examined with Sanger loci which displayed high 
mitochondrial differentiation and low nuclear differentia-
tion (Cannizzaro et  al.  2023). However, our results indicate 
that these two populations are very closely related and likely 
conspecific, displaying an uncorrected p-distance of 0.0078 
which is almost an order of magnitude lower than the average 
of 0.04 we observed among other species (Table 4). In addition, 
five populations of the isopod Thermosphaeroma subequalum 
along a stretch of the Rio Grande were also included here to 
test the utility of the dataset within species. These individuals 
were clearly differentiated by our dataset, displaying uncor-
rected p-distances of 0.01–0.03 (Table 5). Surprisingly, these 
distances were somewhat similar and overlapped with those 
(0.03–0.06, mean: 0.05) observed between other members of 
the genus Thermospheroma, suggesting deeper divergences 
which may rise to species level (Table 5). In addition, a total 
of 258,013 SNPs were recovered from these populations, with 
1890 retained post-filtering. Multivariate analysis of these 
SNPs demonstrated similar results, with most individuals 
not clustering closely in a PCA (Figure  3). Our results are 
concordant with those generated by Learned  (2004) who ex-
amined the same populations using electrophoretic analysis 
and recovered similar significant genetic structure within the 

TABLE 4    |    Uncorrected p-distances calculated for members of the genus Hyalella based on the 70% in vitro matrix.

— H. wakulla H. cf. azteca H. sandra H. muerta H. cretae (CS) H. cretae (POR)

H. wakulla — 0.015 0.064 0.051 0.047 0.047

H. cf. azteca 0.015 — 0.060 0.049 0.046 0.046

H. sandra 0.064 0.060 — 0.050 0.042 0.044

H. muerta 0.033 0.049 0.050 — 0.051 0.031

H. cretae (CS) 0.047 0.046 0.042 0.033 — 0.008

H. cretae (POR) 0.047 0.046 0.044 0.031 0.008 —

Abbreviations: CS, Chalk Spring; POR, Points of Rocks Spring 42.

TABLE 5    |    Uncorrected p-distances calculated for members of the isopod family Sphaeromatidae (genera Cassidinidea and Thermosphaeroma) 
based on the 70% in vitro matrix.

— C. ovalis T. thermophilium T. smithi T. macrura BQC PRS RGV HSM LMF

C. ovalis — 0.23 0.24 0.20 0.23 0.23 0.24 0.27 0.25

T. thermophilium 0.23 — 0.06 0.04 0.05 0.05 0.05 0.05 0.04

T. smithi 0.24 0.06 — 0.04 0.05 0.04 0.04 0.05 0.05

T. macrura 0.20 0.04 0.04 — 0.03 0.03 0.04 0.04 0.04

T. subequalum (BQC) 0.23 0.05 0.05 0.03 — 0.02 0.03 0.03 0.02

T. subequalum (PRS) 0.23 0.05 0.04 0.03 0.02 — 0.03 0.03 0.02

T. subequalum (RGV) 0.24 0.05 0.04 0.04 0.03 0.03 — 0.03 0.03

T. subequalum (HSM) 0.27 0.05 0.05 0.04 0.03 0.03 0.03 — 0.02

T. subequalum (LMF) 0.25 0.04 0.05 0.04 0.02 0.02 0.03 0.02 —

Abbreviations: BQC, Boquillas Canyon; HSM, Hot Springs, Mexico; LM, Lower Madison Falls; PRS, Panther Rapids; RGC, Rio Grande Village.
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species, likely promoted by geographic isolation and the spe-
cies' habitat preferences (thermal springs feeding into the Rio 
Grande).

5   |   Conclusions

We developed universal probe sets targeting members of the pe-
racarid orders Isopoda and Amphipoda, utilising publicly avail-
able genomes from 12 peracarid species. In silico analyses of this 
probe set demonstrate its usefulness for isolating UCEs from am-
phipods, isopods and mysids. Results generated by the in silico 
analyses were bolstered by an in vitro analysis targeting mem-
bers of the amphipod families Hyalellidae and Crangonyctidae 
and the isopod family Sphaeromatidae; the in  vitro analysis 
was successful in isolating over 9000 unique UCE loci across 
the taxa sampled, of which over 600 were retained in a 60% ma-
trix. Phylogenetic analyses performed using both the in silico 
and in vitro datasets resulted in trees with well-supported nodes 
at both deep and shallow taxonomic levels. Furthermore, our 
data also displayed utility at levels below species, with phyloge-
netic signal observed among populations for both the amphipod 
Hyalella cretae and the isopod Thermosphaeroma subequa-
lum. Our probe sets and the results of our analyses introduce 
genomic resources into peracarid research. Further analysis of 
peracarid taxa through a phylogenomic lens offers a great deal 
of opportunity, not only for improving phylogenies, but also for 

developing analytical methods that employ more robust data. 
In addition, higher-throughput sequencing methodologies such 
as those employed here can be used for the sequencing of older 
and/or degraded DNA, which can allow individuals not easily 
sequenceable under Sanger methodologies to be included in phy-
logenetic analyses.
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