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Scale insects (Coccoidea) are morphologically specialized members of
the order Hemiptera, with 56 families recognized to date. However, the
phylogenetic relationships within and among families are poorly resolved. In
this study, to further characterize the phylogenetic relationships among scale
insects, an ultraconserved element (UCE) probe set was designed specifically
for Coccoidea based on three low-coverage whole genome sequences
along with three publicly available genomes. An in silico test including eight
additional genomes was performed to evaluate the effectiveness of the probe
set. Most scale insect lineages were recovered by the phylogenetic analysis.
This study recovered the monophyly of neococcoids. The newly developed
UCE probe set has the potential to reshape and improve our understanding of
the phylogenetic relationships within and among families of scale insects at
the genome level.

Coccoidea, ultraconserved elements, probe design, low-coverage whole genome
sequencing, phylogenomics

Introduction

Scale insects are small plant-feeding, sap-sucking insects that include all
members of the superfamily Coccoidea (Gullan and Cook, 2007). Together
with aphids (Aphidoidea), jumping plant lice (Psylloidea), and whiteflies
(Aleyrodoidea), they constitute the hemipteran suborder Sternorrhyncha
(Kondo et al, 2008; Ross et al, 2010). More than 8,400 species belonging to
56 families have been identified, of which 20 are extinct and 36 are extant
(Gullan and Cook, 2007; Hodgson and Hardy, 2013; Garcia Morales et al,
2016). Many species of scale insects are cryptic in habit, resembling their host
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plants (Hodgson and Hardy, 2013). Most adult female scale
insects have soft bodies covered by waxy secretions or
toughened shields, lacking wings and legs (Hodgson and Hardy,
2013); however, adult males have legs and lack mouthparts
(Hodgson et al,, 2021). They are significant economic pests
(Hodgson and Hardy, 2013) and are among the most invasive
insects in the world (Miller et al, 2005), including many
agricultural pests (Miller and Davidson, 1990). Scale insects
are diverse in many aspects, including variation in genetic and
reproductive systems (Normark, 2003, 2004; Ross et al., 2010,
2012; Mongue et al,, 2021), types of chromosomes (Blackmon
et al,, 2016), and endosymbiotic microorganisms (Ross et al.,
2012; Sabree et al. (2013); Rosenblueth et al., 2018). Scale insects
are also important model organisms for studies of the evolution
of extreme polyphagy and host use (Hardy et al., 2016; Peterson
et al, 2020), symbioses with endosymbionts (Gruwell et al,
2007; Rosenblueth et al., 2012, 2018; Choi and Lee, 2022), and
mutualism with ants (Ben-Dov and Fisher, 20105 Schneider and
LaPolla, 2011; Schneider et al., 2018) or wasps (Kapranas and
Tena, 2015; Qin et al., 2018).

The classification and composition of Coccoidea has long
been controversial and there are many unresolved issues.
The scale insects are traditionally divided into two groups,
archaeococcoids (~10% of species) and neococcoids (~90%
of extant species) (Gullan and Cook, 2007; Hodgson, 2014;
Vea and Grimaldi, 2016). The monophyly of neococcoids is
supported by multiple lines of evidence, including a shared
chromosome system called paternal genome elimination
(PGE) (Danzig, 1986; Normark, 2003), molecular data [e.g.,
Gullan and Cook, 2007 (18S); Vea and Grimaldi, 2016
(partial nuclear regions of 18S, 28S, and EF-la); Yokogawa
and Yahara, 2009 (mitochondrial genes COI and COII)],
and male morphology (Hodgson and Hardy, 2013). The
archaeococcoids have been characterized as non-monophyletic
based on morphological (Hodgson and Hardy, 2013) and
molecular evidence [Gullan and Cook, 2007 (18S); Vea and
Grimaldi, 2016 (partial nuclear regions of 18S, 28S, and EF-
la)]. The extant families Phenacoleachiidae, Pityococcidae,
Steingeliidae, and Putoidae did not fall within archaeococcoids
and formed separate clades between archaeococcoids and
neococcoids based on studies of Hodgson and Hardy (2013)
and Vea and Grimaldi (2016). Recently, many studies have
explored the phylogenetic relationships based on short DNA
fragment for some scale insects, including Diaspididae (Morse
and Normark, 2006; Andersen et al.,, 2010; Schneider et al.,
2018; Normark et al., 2019), Coccidae (Choi and Lee, 2022),
Pseudococcidae (Downie and Gullan, 2004; Hardy et al,
2008; Schneider and LaPolla, 2011; Choi and Lee, 2022),
Eriococcidae (Cook and Gullan, 2004), and Ortheziidae (Vea
and Grimaldi, 2012). However, a robust phylogeny revealing
relationships within Coccoidea and between this group
and other hemipterans is still lacking, irrespective of data
type (i.e., morphology or DNA sequences). Coccidologists
continued for phylogenetic

have to develop markers
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reconstruction along with new morphological characters
for classification.

The estimation of phylogenetic relationships among scale
insects requires the following: (1) adequate taxon sampling to
cover all families (Buzan et al,, 2008; Heath et al., 2008); (2)
molecular markers containing enough phylogenetic informative
sites (Young and Gillung, 2020); (3) markers that are easily
obtained (Buenaventura et al, 2021). Advances in next-
generation sequencing have made genome-scale data easier to
obtain. Representative methods are transcriptomic sequencing
(RNA-seq) (Wang et al, 2009) and hybrid enrichment
techniques (Faircloth et al,, 2012; Lemmon et al., 2012). These
techniques, while effective, have various limitations (Misof et al.,
2014; Smith et al, 2014; Young et al.,, 2016). Transcriptomic
sequencing methods require a large quantity of high-quality
RNA from fresh specimens preserved specifically for RNA
work in liquid nitrogen (Wang et al, 2009; Cronn et al,
2012). Hybrid enrichment techniques, such as anchored hybrid
enrichment (AHE) and ultraconserved elements (UCEs), have
less stringent quality and quantity restrictions to overcame these
limitation (Blaimer et al., 2016; Winker et al.,, 2018). UCEs are
useful for phylogenetic inference (Faircloth and Gilbert, 2017;
Gustafson et al., 2019); they are highly conserved regions within
the genome that are shared among evolutionarily distant taxa
(Bejerano et al., 2004; Zhang Y. M. et al, 2019). UCEs have
proven their utility across diverse taxa, including vertebrates
[mammals (McCormack et al, 2012; Esselstyn et al, 2017),
birds (McCormack et al.,, 2013; Musher and Cracraft, 2018),
fish (Faircloth et al, 2013; Fernando Alda et al, 2018), and
amphibians (Newman and Austin, 2016)] and invertebrates
[Arachnida (Starrett et al., 2017), Coleoptera (Baca et al., 2017),
Diptera (Buenaventura et al.,, 2021), Hemiptera (Kieran et al,
2019), and Hymenoptera (Faircloth et al,, 2015; Branstetter
et al, 2017)]. Additionally, UCEs can be used to reconstruct
evolutionary relationships at multiple time scales from deep
to shallow (Faircloth et al,, 2012; McCormack et al, 2012).
While UCE baits have been applied to several insect orders,
few have been developed for analyses within orders (Van Dam
et al,, 2019), some studies had reconstructed subfamily, family,
superfamily and suborder relationships within Hemiptera
(Forthman et al, 2019, 2020; Kieran et al, 2019). Bait sets
designed for specific taxa can improve the recovery of loci to
some extent (Van Dam et al., 2019). Studies had demonstrated
that one can conduct UCE analysis by using low-coverage whole
genome sequencing (WGS) (Zhang F. et al,, 2019; Zhang Y. M.
et al,, 2019; Cooper et al., 2020; Wang et al., 2021).

A phylogenetic study should ideally be based on WGS;
however, the application of this approach to non-model
organisms is limited by high costs and computational
requirements. Low-coverage WGS has emerged as a powerful
and cost-effective approach for population genomic (Lou et al,,
2021) and phylogenomics (Zhang F. et al., 2019) in both model
and non-model species in current years. This approach benefits
from using as much genetic information from the whole genome
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as is feasible while reducing the costs of experiments. In the
current study, genomic data derived from public databases and
low-coverage WGS were used to design a custom UCE probe
set specific for Coccoidea based on members of four families
(Coccidae, Pseudococcidae, Diaspididae, and Eriococcidae).
The effectiveness of the probe set was tested by an in silico test
with additional genomic data.

Materials and methods

Study group

We used three publicly available genomes in NCBI and three
low-coverage WGS to design a probe set specific to Coccoidea
(Table 1). Taxa were chosen to cover representative families
of scale insects, such as Coccidae (soft scales), Pseudococcidae
(mealybugs), Diaspididae (armored scales), and Eriococcidae

TABLE 1 Study group used in current study.

10.3389/fevo.2022.984396

(felt scales). The in silico test involved eight additional genomes
(seven from NCBI and one from low-coverage WGS) to test
the effectiveness of the probe set. We used four genomes as
outgroups, including soybean aphid, white-backed planthopper,
Asian citrus psyllid, and greenhouse whitefly.

DNA extraction and sequencing

DNA was extracted from scale insects following the
manufacturers protocol (Ezup Column Animal Genomic DNA
Purification Kit, Sangon Biotech, Shanghai, China), with
modifications. (1) An individual fresh female adult was placed
on a stereomicroscope and punctured by a sterilized super-thin
pin in the thorax. (2) Samples were incubated in proteinase
K buffer overnight in a 1.5 mL tube in a 55°C water bath;
gently pressing on the specimen with a pin was optional to
increase the total amount of DNA. (3) The cuticle was retained

Species Family Origin Used in Used in Number of UCE Number of UCE loci
(GenBank/lc- bait in silico loci for each taxon for each taxon
WGS) design test (Coccoidea probe  (Hemiptera probe set:
set) Hemiptera 2.7Kv1)
Ericerus pela Coccidae GCA_011428145.1 ) ™ 3,163 668
Ericerus pela Coccidae GCA_016591455.1 ) 3,106 682
Hypogeococcus Pseudococcidae GCA_018107765.1 4} 2,975 669
pungens
Maconellicoccus Pseudococcidae GCA_003261595.1 M 2,733 658
hirsutus
Maconellicoccus Pseudococcidae GCA_900064465.1 4} 3,017 706
hirsutus
Paracoccus Pseudococcidae GCA_900065295.1 ) 3,073 718
marginatus
Pseudococcus Pseudococcidae GCA_900064475.1 [} 3,077 743
longispinus
Trionymus perrisii Pseudococcidae GCA_900050545.1 ™ 3,098 724
Ferrisia virgata Pseudococcidae GCA_900060175.1 ) 4} 3,124 760
tPhenacoccus Pseudococcidae GCA_009761765.1 o} 4} 3,077 735
solenopsis
Pseudaulacaspis sp. Diaspididae SRR18768946 ) ) 3,068 592
Aulacaspis sp. Diaspididae SRR18768945 ) 4} 2,996 528
Acanthococcus Eriococcidae SRR18768944 ™ ™ 3,140 745
lagerstroemiae
Kuwana
Conchaspis sp. Conchaspididae SRR18768943 4} 2,447 867
+Aphis glycines Aphididae GCA_009761285.1 4} 1,317 1,445
tSogatella furcifera Delphacidae GCA_017141385.1 ) 562 1,404
tDiaphorina citri Liviidae GCA_000475195.1 ] 261 1,466
tTrialeurodes Aleyrodidae GCA_011764245.1 M 625 1,259
vaporariorum

The t on the left side of species name represents the base genome. The 1 on the left side of species names represents species served as outgroups. The marks M genomes used in bait design
and in silico test. Last two column shows the amount of UCE loci recovered in i silico test by Coccoidea probe set and Hemiptera probe set (Hemiptera 2.7Kv1).
Data are from International Psyllid Genome Consortium (2013), Husnik and McCutcheon (2016), University of Delhi (2018), Institiute of Insect Sciences (2019), Puerto Rico Science,

Technology and Research Trust (2019), Yang et al. (2019), Chinese Academy of Agricultural Sciences Institute of Vegetables and Flowers (2020), Poveda-Martinez et al. (2020), and

Zhejiang University (2021).
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FIGURE 1

BUSCO evaluation of ingroup genomes. In our study, BUSCO searched every ingroup genomes (4 from low coverage WGS, 10 from NCBI
database) against hemiptera dataset, which contained 2,510 universal single-copy orthologs by August 5th 2020. Complete BUSCOs represent
total matches of complete single-copy and complete duplicated BUSCOs. Fragmented BUSCOs mean the matches were partial and Missing

BUSCOs mean no matches.

30%

® Fragmented BUSCOs

40% 50% 60% 70% 80% 90% 100%

® Missing BUSCOs

for further stain as a voucher specimen while solution was for
DNA extraction. DNA library preparation and sequencing were
performed on an Illumina NovaSeq 6000 sequencing platform
with paired-end 2 x 150 bp read length by Novogene Co., Ltd.
(Beijing, China) (Reagent version: NovaSeq Reagent Kits v1.5).

Identification of loci and bait design

Raw sequencing data from four individuals were performed
quality checks using FastQC (v0.11.9) (Andrews, 2010); low
quality and contaminant reads were removed using fastp
(0.21.0) (Chen et al., 2018). Clean reads were conducted de novo
assembly using SPAdes (v3.15.2) (Prjibelski et al., 2020). Then,
we evaluated the quality of genomes (both low-coverage WGS
assembled genomes and those downloaded from databases) by
using BUSCO (v5.1.3) (Manni et al,, 2021; Figure 1).

We follow Faircloth’s pipeline using Python software
package PHYLUCE (v1.7.1) (Faircloth et al, 2012; Faircloth,
2016). It's worth emphasizing that we refer to temporary bait
sets targeting putative conserved loci as “bait” in this study,
whereas “probe” refers to the ultimate results of probe design
(i.e., the set of RNA probes targeting UCE loci that would
actually be synthesized, subject to in silico testing) (Gustafson
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et al, 2019). We used ART (version 2.5.8) (Huang et al., 2012)
to simulated reads from the genomes for alignment to a base
genome (i.e., a well-assembled genome centrally located in the
phylogeny). We chose the chromosome-level assembled genome
of Phenacoccus solenopsis (solenopsis mealybug) as the base
genome, as we thought higher genomic assembly metrics would
result in better outcomes (Gustafson et al, 2019). Simulated
reads were 100 bp paired-end reads at 2 x coverage for each
genome, with an insert size of 200 bp; paired reads were then
merged. Then, stampy (v1.0.32) (Lunter and Goodson, 2011)
was used to align the reads for each genome to the base genome
sequence with a substitution rate of 0.05 and insert size of
400 bp. The SAM file was converted to BAM format using

TABLE 2 Loci shared between base genome and other taxa.

Shared by base genome and Count of loci shared

# taxa between taxa
1 177,781

2 79,271

3 43,734

4 22,174

5 8,526

frontiersin.org
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TABLE 3 Loci count descends according to the increase of taxa.

Loci shared by # taxa Loci between taxon count

1 6,339
6,138
5,926
5,594
5,061
3,995
1,358

NNy U R W N

SAMtools (Version: 1.7) (Danecek et al., 2021). Next, converted
BAM files to BED format using BEDTools (v2.30.0) (Quinlan
and Hall, 2010), then sorted the converted BED files and merged
overlapping or nearly overlapping intervals. The PHYLUCE
(v1.7.1) script “phyluce_probe_strip_masked_loci_from_set”
was used to remove putatively conserved intervals shared
between other genomes and the base genome in the BED files.
The PHYLUCE (v1.7.1)
“phyluce_probe_get_multi_merge_table” run to
build SQLite database of
alignment intervals that are shared among taxa. Then,
“phyluce_probe_query_multi_merge_table”  queried  the
database and output the number of loci shared by the base

script
was
record

an containing a

genome and other taxa genomes. We then output loci
shared between base genome plus 5 taxa (i.e., all other taxa)
(Table 2) in BED format. Then, started designing baits
to capture these loci by first extracting FASTA sequences
(160 bp) from the base genome for temporary bait design
using “phyluce_probe_get_genome_sequences_from_bed.”
bait
“phyluce_probe_get_tiled_probes” ensuring that two baits

A temporary set  was  designed  using
per locus were selected with a 3 x tiling density overlapping
the middle of the targeted locus. Potentially problematic baits
with >25% repeat content and GC contents outside the range
of 30-70% were removed.

Next, (v1.04.00)
(Harris, 2007) all  baits to
themselves to screen duplicates with greater than 50%
identity over 50% of the length of the locus. Then,

“phyluce_probe_remove_duplicate_hits_from_probes_using

“phyluce_probe_easy_lastz”

was used to align

_lastz” (v1.04.00) was used to remove duplicate baits from
the temporary bait set. These baits designed from the base
genome were aligned to other exemplar genomes and
an outgroup genome (it helps to bridge the divergence
between the outgroup and the exemplar genomes), to see if
the bait set works consistently across broad taxa by using
build
SQLite database and FASTA sequences were extracted using

“phyluce_probe_run_multiple_lastzs_sqlite” to an

“phyluce_probe_slice_sequence_from_genomes” with buffering
to 180 bp for each locus.
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We used “phyluce_probe_get_multi_fasta_table” to identify
loci that were detected consistently across all genomes. The
results were output in an SQLite database. The database
was queried to determine how conservative the baits we
want to be (Table 3). After identifying loci for enrichment,
“phyluce_probe_get_tiled_probe_from_multiple_inputs”

This
using

was used to write a pre-probe set to a file.

pre-probe set was screened for duplicates
“phyluce_probe_easy_lastz” (v1.04.00) and a final duplicate-
free probe set in FASTA format was obtained by using
“phyluce_probe_remove_duplicate_hits_from_probes_using_
lastz, (v1.04.00) named

DUPE-SCREENED.fasta.”

“coccoidea-v4-master-probe-list-

In silico test

To test the performance of the newly designed probe set,
an in silico test was performed with 18 additional genomes,
4 of which were outgroups (Aphis glycines, Sogatella furcifera,
Diaphorina citri, and Trialeurodes vaporariorum) (Table 1).

We
to align the probe set to all of the genomes and used

used  “phyluce_probe_run_multiple_lastzs_sqlite”

“phyluce_probe_slice_sequence_from_genomes” to extract
FASTA data for each locus with 400 bp flanking regions on each
side. We used “phyluce_assembly_match_contigs_to_probes”
to remove duplicates (ie., the same contig obtained by
probes targeting different loci or two supposedly different
contigs obtained by probes designed for a single UCE
locus). Next,
“phyluce_assembly_get_fastas_from_match_counts” (Table 1)

“phyluce_assembly_get_match_counts” and
were used to extract corresponding FASTA files for each locus
into a single file.

Data
“phyluce_align_seqcap_align” with mafft (v7.475) (Katoh and

for conserved loci were aligned using
Standley, 2013; Yamada et al., 2016) and loci with too few taxa
(n < 3) were removed. The resulting alignments were trimmed
using “phyluce_align_get_gblocks_trimmed_alignments_from
(0.91b) (Castresana, 2000).

“phyluce_align_remove_locus_name_from_files” was

_untrimmed” with Gblocks
Then,

TABLE 4 Distribution of final probe set.

Conserved
locus count

Taxa Probe count

Ferrisia virgata 7,576 3,832
Pseudaulacaspis sp. 7,586 3,816
Aulacaspis sp. 7,606 3,820
Pseudaulacaspis sp. 7,598 3,810
Phenacoccus solenopsis 7,619 3,826
Ericerus pela (GCA_011428145.1) 7,356 3,736
Aphis glycines 3,179 1,657
Total 48,520 3,995
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Left: Concatenated tree of 75% completeness matrices from Coccoidea probe set. Node values are bootstrap support. Right: Species tree of
75% completeness matrices from Coccoidea probe set. Node values are bootstrap support.

used to remove the locus names from each of the resulting
alignments. Summary statistics across the alignments were
obtained using  “phyluce_align_get_align_summary_data”
and 75, 85, and 95% completeness matrixes were generated
using  “phyluce_align_get_only_loci_with_min_taxa.”  For
comparison, we used Hemiptera probe set (Hemiptera 2.7Kv1)!
(Faircloth and Gilbert, 2017) to run an in silico test with same

18 genomes.

Phylogenetic reconstruction of
exemplar taxa

Concatenated analyses
We used
generate a concatenated matrix in nexus format. To partition

“phyluce_align_concatenate_alignments”  to

UCE data for the phylogenetic analysis, we used the Sliding-
Window Site Characteristics method based on site entropies
(SWSC-EN) (Tagliacollo and Lanfear, 2018; Zhang et al,
2020). Individual UCEs were divided into three data
blocks corresponding to the left flank, center, and right
flank, respectively. The resulting data were analyzed using
PartitionFinder 2 (Lanfear et al, 2016) with AICc model
selection criterion, rcluster scheme (Lanfear et al., 2014), and
RAxML (Stamatakis, 2014) search algorithm. Next, IQ-TREE
2 (Minh et al, 2020) was used to reconstruct a maximum
likelihood (ML) tree based on the concatenated data and

1 www.ultraconserved.org
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evaluated by 1,000 ultrafast bootstrap approximation (UFBoot)
replicates (Hoang et al,, 2018). This analysis was repeated for
the 75, 85, and 95% completeness matrixes of both our probe
set and Hemiptera probe set (Hemiptera 2.7Kv1).

Species tree inference

We used IQ-TREE 2 (Minh et al,, 2020) to generate a set of
unpartitioned gene trees (where “gene tree” does not specifically
refer to gene-based sequences but to UCE sequences) based
on ML and found the best-scoring ML gene tree (Mirarab
et al, 2016) under the substitution model identified using
ModelFinder (Kalyaanamoorthy et al., 2017) and evaluated by
1,000 ultrafast bootstrap approximation (UFBoot) replicates
(Hoang et al,, 2018). Then, ASTRAL-IIT (Qin et al, 2018)
was run with two files as inputs: one containing ML trees for
each locus and another containing the names of all files with
bootstrapped trees. After summarizing, we harvested the species
tree estimated from the ML gene trees and annotated with node
support based on the bootstrap replicates. This analysis was
repeated for 75, 85, and 95% completeness matrixes of both our
probe set and Hemiptera probe set (Hemiptera 2.7Kv1).

Results

Identification of loci and bait design

The sequencing depths for four
26 x (Pseudaulacaspis sp.), 32 x (Aulacaspis sp.),

species  were
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45 x and
33 x (Conchaspis sp.). After assembly, the genome sizes
were about 295 Mb for Pseudaulacaspis sp., 233 Mb for
Aulacaspis sp., 649 Mb for A. lagerstroemiae Kuwana, and
274 Mb for Conchaspis sp. The proportion of complete BUSCOs
along with genomes derived from the database ranged from
75.6 t0 91.4% (mean = 86.23%) (Figure 1).

We screened out loci shared between the base genome and

(Acanthococcus  lagerstroemiae  Kuwana),

the genomes of five other exemplar taxa (Table 2). Then, we
filtered conserved loci that were consistently detected across six
taxa (Table 3). After all, we obtained a total of 3,995 conserved
loci and 48,520 probes for the final probe design. The mean
number of loci targeted per taxon was 3,561 in our probe set
(Table 4).

In silico test

We aligned our probe set to genomes and obtained FASTA
files that contained all UCE alignments for all genomes. The
mean number of loci was 2,492 per taxon (Table 1). There
was no bias in capture performance across ingroups. We
generated 75, 85, and 95% completeness matrices from 3,434
UCE alignments. The 75% matrix contained 2,671 alignments
representing 13 taxa, 85% matrix contained 781 alignments
representing 15 taxa, and 95% matrix contained 146 alignments
representing 17 taxa. These three matrices were utilized for a
phylogenetic analysis. The mean number of loci for Hemiptera
probe set (Hemiptera 2.7Kv1) was 853 per taxon (Table 1). We
generated 75, 85, and 95% completeness matrices from 1,821
UCE alignments. The 75, 85, and 95% matrix contained 427,
257, and 96 alignments, respectively.

Phylogenetic reconstruction

In order to evaluate our process of probe design and test,
we added two repeated different assembly genomes for the same
species: Maconellicoccus hirsutus and Ericerus pela. As expected,
they clustered together on the trees.

Analyses of concatenated sequences

In concatenated analysis of data enriched from our
probe set, phylogenies based on 75 and 95% completeness
matrices shared the same topologies, except for a difference
in bootstrap support for one node within Pseudococcidae.
We recover a monophyletic Pseudococcidae. Eriococcidae

was the sister group to Diaspididae and Coccidae
was the sister group to Eriococcidae + Diaspididae.
Pseudococcidae was the sister group to

Conchaspididae + [Coccidae + [Eriococcidae + Diaspididae]].
The phylogeny based on the 85% completeness matrix differed
with respect to the placement of Conchaspididae, which was the
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sister group to Pseudococcidae (Figures 2-4). Pseudococcidae,
Coccidae, Diaspididae, Eriococcidae, and Conchaspididae are
traditionally assigned to an informal group referred to as the
neococcoids. The Pseudococcidae branch was congruent for the
75, 85, and 95% completeness matrices. Phenacoccus solenopsis
(Phenacoccinae) was sister to other species (Pseudococcinae).
These findings are consistent with the result of Hardy et al.
(2008). In concatenated analysis of data enriched from
Hemiptera probe set (Hemiptera 2.7Kv1), phylogenies based on
85 and 95% completeness matrices shared the same topologies,
and were consistent with 75 and 95% completeness matrices
from Coccoidea probe set. Phylogeny based on the 75%
completeness matrix was consistent with 85% completeness
matrix from our probe set (Figures 5-7).

Species tree inference

The species trees were rooted by using S. furcifera.
The species trees based on 75, 85, and 95% completeness
matrices returned a consistent topology for data from
both probe sets. Conchaspididae was a sister group to
Pseudococcidae, and [Conchaspididae + Pseudococcidae] was
a sister group to [Coccidae + [Eriococcidae + Diaspididae]].
Within Pseudococcidae, results of concatenated analyses were
consistent (Figures 2-7).

Discussion

We designed a probe set specific for Coccoidea and
evaluated its effectiveness. Our aim was not to resolve the
Coccoidea phylogeny with limited taxon sampling but rather to
demonstrate the performance of our probe set and its potential
to address issues that were previously insurmountable. The
number of UCE loci recovered from Hemiptera probe set
(Hemiptera 2.7Kv1) (Faircloth and Gilbert, 2017) was less than
that of the Coccoidea probe set, specifically the loci recovered for
the outgroups was more than ingroups (Table 1). Species used
for Hemiptera probe set design did not contain any members
of scale insects in Hemiptera 2.7Kv1. Diaphorina citri was used
as base genome in Hemiptera 2.7Kv1, but it was used as one of
the outgroups in our study. Base genome and exemplar genomes
choice alter the composition of probe set and furthermore affect
the loci recovered for phylogenetic analyses, factors affecting
these remain underexplored. Meanwhile, the phylogeny trees
(both concatenated analyses and species tree inference) inferred
from Coccoidea probe set and Hemiptera probe set (Hemiptera
2.7Kv1) differed a little, which demonstrates that the Hemiptera
probe set (Hemiptera 2.7Kv1) contains enough informative sites
for this limited taxon sampling of scale insects. However, a
larger number of UCE loci should meet the need for further
work when increasing the taxon sampling. Taxon-specific probe
design will be necessary if our concern is more focused
taxa. We recovered the monophyletic Pseudococcidae clade.
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The placement of Conchaspididae in the tree was unstable.
Takagi believed that Conchaspididae and Diaspididae closely
related (Takagi, 1992). According to Gullan and Cook (2007),
Conchaspididae shared some morphological traits and was
likely to be a member of larger family. Combined analyses of

Frontiers in Ecology and Evolution

molecular and morphological traits may clarify the placement
of Conchaspididae. For the separation of the two subfamilies,
congruence within Pseudococcidae proves the robustness of our
probe set at the population level. Based on 2,671 alignments in
the 75% completeness matrix, the topology of the concatenated
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tree and species tree differed slightly from those based on
the other completeness matrices. This may be explained by
the oversaturation of informative sites under limited taxon
sampling. The number of loci needed to resolve the phylogenetic
relationships is unclear; however, with the decreasing cost of
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sequencing and computational resources, it is feasible to utilize
more loci for better resolution.

The modified protocol for DNA extraction from an
individual fresh specimen while leaving the voucher intact
makes it possible to prevent contamination from mixed
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specimen analyses, especially for tiny insects. The quantity of
DNA was sufficient for low-coverage WGS. We used three
of four genomes from low-coverage WGS for probe design
and left one for the in silico test. The proportion of complete
BUSCOs (82.7-89.0%, mean = 85.5%) indicate the integrity of
assemblies, and there are an average 2,912 UCE loci (2,447-
3,104, mean = 2,912) come from these low-coverage WGS
assembly. Together led to a total of 3,995 conserved UCEs in
the probe set. We have proved the utility of this “individual
specimen low-coverage WGS-UCE” pattern for molecular
phylogenetic analyses (Zhang F. et al,, 2019).

Our Coccoidea phylogeny was based on 5 of 36 extant
families and therefore only reflects a partial portion of
the big picture. Owing to the lack of sufficient genome
resources, molecular phylogenetic reconstruction of Coccoidea
has depended on fragmented nuclear genes. It is inconvenient
for replication and further work. Thus, successors of this field
can only proceed from the very beginning all over again.
Low-coverage WGS provides a viable solution for non-model
organisms. The costs are affordable and can easily generate
genome scale data (even if not 100% completeness genome, a
minimum of 10x raw reads can theoretically cover the whole
genome). Additionally, researchers can always back to the raw
reads of the genome for regions of interests/new methods in
further studies. It enables consecutive analyses of common taxa.
In additional, studies have revealed that most flanking regions
caught in invertebrate UCEs are exons (Branstetter et al., 2017)
or partially exonic regions (Bossert and Danforth, 2018). This
is a significant breakthrough because, as proven in Apidae
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(Bossert et al,, 2019), exonic flanking areas recovered by the
UCE method and transcriptome sequencing data within these
groups may be usefully integrated without the requirement for
particular targeted probe sets (Kieran et al.,, 2019). Our study
provides a basis for further combination analyses of different
data sources.

Low-coverage WGS also have some limitation, such as low-
coverage certainly perform worse for large genomes (Zhang F.
etal,, 2019). In additional, AHE (Lemmon et al., 2012) and UCEs
are might be most widely target capture approaches to develop
insect phylogenomic datasets based on reduced representation
or low-coverage WGS data sets in current years (Johnson, 2019).
These two approaches have fewer limitations in material quality
that is degraded DNA or poorly preserved material. Moreover,
compare with entire genome or transcriptome, the cost per
sample is relatively modest when the probes are developed
(Blaimer et al, 2016). Despite there are many similarities
between AHE and UCEs, however, the UCEs approach targets
highly conserved non-coding regions of the genome, while AHE
targets highly conserved regions primarily in the coding portion
of the genome. The difference between AHE and UCEs methods
is the loci targeted: AHE focuses on fewer loci (300-600) while
UCEs target more loci (>1,000) using fewer probes (Faircloth
et al, 2015). Compare with AHE, the UCEs have following
advantages: (1) UCEs include openly shared resources (probe
sets, lab protocols and bioinformatics tools), making it easily
to learn; (2) UCE datasets can be easily combinable data across
studies using the same probe set, exon or transcriptome (Bossert
etal., 2019).
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The scale insects possess varied genetic and reproductive
systems (Normark, 2003, 2004; Ross et al., 2010, 2012; Husnik
and McCutcheon, 2016; Mongue et al, 2021) and occupy an
important position in the evolution of insects. Our study added
genome-level genomic resources for scale insects and proved
the necessity of a set of taxon-specific Coccoidea UCE probes
for further study. We have proved the utility of “individual
specimen low-coverage WGS-UCE” pattern and it can become
a viable routine method for non-model organisms to promote
phylogenomic analyses. We expect our probe set to facilitate a
comprehensive understanding of the phylogenetic relationships
of scale insects.
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