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Abstract

Background: Orius laevigatus, a minute pirate bug, is a highly effective beneficial predator of crop pests includ-

ing aphids, spider mites and thrips in integrated pest management (IPM) programmes. No genomic information is
currently available for O. laevigatus, as is the case for the majority of beneficial predators which feed on crop pests.

In contrast, genomic information for crop pests is far more readily available. The lack of publicly available genomes
for beneficial predators to date has limited our ability to perform comparative analyses of genes encoding potential
insecticide resistance mechanisms between crop pests and their predators. These mechanisms include several gene/
protein families including cytochrome P450s (P450s), ATP binding cassette transporters (ABCs), glutathione S-trans-
ferases (GSTs), UDP-glucosyltransferases (UGTs) and carboxyl/cholinesterases (CCEs).

Methods and findings: In this study, a high-quality scaffold level de novo genome assembly for O. laevigatus has
been generated using a hybrid approach with PacBio long-read and Illumina short-read data. The final assembly
achieved a scaffold N50 of 125,649 bp and a total genome size of 150.98 Mb. The genome assembly achieved a level
of completeness of 93.6% using a set of 1658 core insect genes present as full-length genes. Genome annotation
identified 15,102 protein-coding genes - 87% of which were assigned a putative function.

Comparative analyses revealed gene expansions of sigma class GSTs and CYP3 P450s. Conversely the UGT gene family
showed limited expansion. Differences were seen in the distributions of resistance-associated gene families at the
subfamily level between O. laevigatus and some of its targeted crop pests. A target site mutation in ryanodine recep-
tors (14790M, PxRyR) which has strong links to diamide resistance in crop pests and had previously only been identi-
fied in lepidopteran species was found to also be present in hemipteran species, including O. laevigatus.

Conclusion and significance: This assembly is the first published genome for the Anthocoridae family and will serve
as a useful resource for further research into target-site selectivity issues and potential resistance mechanisms in bene-
ficial predators. Furthermore, the expansion of gene families often linked to insecticide resistance may be an indicator
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of the capacity of this predator to detoxify selective insecticides. These findings could be exploited by targeted pes-
ticide screens and functional studies to increase effectiveness of IPM strategies, which aim to increase crop yields by
sustainably, environmentally-friendly and effectively control pests without impacting beneficial predator populations.

Keywords: Orius laevigatus, Pirate bug, PacBio, lllumina, Whole genome sequencing, Beneficial predator, Insecticide

resistance, Comparative genomics, Hemiptera, Crop pests

Background

Loss of crops to insect pests can account for ~10% of
potential yield, as a result of both direct feeding dam-
age and the transfer of viral plant diseases [1]. Thus, to
maximise crop yields and sustain food production for a
growing world population, pests need to be controlled.
At present this control relies mainly on the use of syn-
thetic pesticides, many of which are non-selective and
are therefore toxic to both their target pest species and
to beneficial predators and parasitoids. As a result there
may be a reduction in the predator populations to a level
where they are no longer able to contribute natural pest
control. This, along with the development of insecticide
resistance in pests, can lead to pest populations surging,
sometimes to even higher levels than pre-pesticide appli-
cation [2-4]. Beneficial predators, such as those in the
genus Orius, have proven to be especially effective in the
biological control of crop pests [5]. As generalist preda-
tors, Orius species target a wide variety of pest species
including aphids, beet armyworm, leathoppers, mites,
thrips and whiteflies, many of which are the world’s most
damaging crop pests [6, 7]. Some Orius species are com-
mercially available as biological control agents and are
widely used for this purpose as part of integrated pest
management (IPM) strategies, especially in covered crops
[8-10].

Whole genome sequences of insects are helping us to
understand many aspects of their biology and behaviour,
and this can be applied to potential insecticide resistance
mechanisms in pest insects and their natural enemies.
However, only a few genomes of beneficial predator spe-
cies have been published to date, including a phytoseiid
mite, Galendromus occidentalis [11]; three parasitoid
wasps, Nasonia giraulti, Nasonia longicornis and Naso-
nia vitripennis [12] and two lady beetles, Harmonia axy-
ridis and Coccinella septempunctata [13]. To date there
are no published genomes for species of the Hemiptera:
Anthocoridae (i.e. minute pirate bug) family of preda-
tors. In contrast, a growing number of genomes of crop
pests are available [14—26]. This larger number of pest
genomes, relative to beneficial predator genomes could
be in part because up until recently, the genomes of the
pests themselves have appeared more useful in terms of
developing targeted pesticides and investigating mecha-
nisms of pesticide resistance. However, agriculture is now

moving increasingly away from pesticide use — particu-
larly with the Directive on Sustainable Use of Pesticides
2009/128/EC [27] - and towards IPM strategies, which
includes the use of beneficial predators. Future studies of
pesticide resistance mechanisms should therefore include
beneficial predator genomes alongside pest genomes
in order to help select targeted pesticides which do not
harm beneficials and subsequently improve the efficacy
of IPM strategies [28—-32].

The aim of the work reported here was to develop a
high-quality genome assembly for O. laevigatus, to serve
as a resource for research into this species as well as the
wider Anthocoridae family, which consists of 400-600
mostly predaceous minute pirate bug species - a poten-
tially valuable source of biological control agents [33].
The O. laevigatus genome was then used for compara-
tive analyses between beneficial predators and crop pests,
focusing on genes encoding potential insecticide resist-
ance mechanisms.

There are two main types of insecticide resistance
mechanisms: increased expression of genes encoding
protein families involved in metabolic resistance and
point mutations in genes encoding insecticide target pro-
teins [34]. Gene families involved in insecticide resist-
ance in pest species are known to include cytochrome
P450 monooxygenases (P450s), ATP binding cassette
transporters (ABCs), glutathione S-transferases (GSTs),
UDP-glucosyltransferases (UGTs) and carboxyl/cho-
linesterases (CCEs) [35—40]. Comparisons of the genes/
proteins which may be involved in insecticide resistance
in crop pests with the corresponding genes in beneficial
insects, could aid the development of insecticides which
target crop pests but have limited impact on beneficial
predator populations. This could prove key to developing
successful IPM strategies which exploit differences in the
ability of predators and crop pests to tolerate pesticides.
Improving the availability of beneficial predator genomes
could also help the selection of beneficial predators
with genes/mutations for inherent insecticide resistance
before being released in the field for biological control
[41].

The results presented here provide a comprehensive
foundation for further study of potential insecticide
resistance mechanisms in beneficial predators and how
they compare to crop pests.
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Methods

Sample preparation and sequencing

Orius laevigatus (commonly known as a minute pirate
bug) were obtained from ‘Bioline AgroSciences. CO,
was used for anaesthesia to allow the insects to be sorted
from the substrate. Both adults and nymphs were then
flash frozen with liquid N, and stored at —80°C. The
whole process was done within 48 h of arrival.

~1000 individuals were pooled for genomic DNA/
RNA extractions, which were carried out in-house at
Rothamsted Research. The commercial DNAzol reagent
was used for the DNA extractions, and the Bioline Iso-
late II RNA Mini Kit was used for the RNA extractions.
The DNA and RNA were sent for library preparation and
sequencing by Genewiz (New Jersey, US).

The genome assembly was developed using a hybrid
assembly strategy with both Illumina short reads and
Pacific Biosciences (PacBio) long reads.

Short reads were sequenced using 2mg of DNA and
a library with an insert size of 200bp. Sequencing was
done using Illumina HiSeq 4000 with a 2x150bp paired-
end configuration. 413,143,574 reads were obtained with
a total length of 123 Gb (820x). Raw reads are available
under SRA accession: ERR6994870. K-mer counting of
the raw Illumina DNA data was done using Jellyfish 2.2.6
[42]. Canonical (—C) 21-mers (—m 21) were counted and
a histogram of k-mer frequencies outputted. Genom-
eScope 2.0 [43] was used to process this histogram with
‘ploidy’ set at 2 and ‘maximum k-mer coverage cut-off’
set at 10,000.

To obtain long read PacBio data, 3.7mg of DNA first
underwent blue pippin size selection (>=10kb) to
remove low molecular weight DNA. <500ng of DNA
remained after size selection, and so a low input proto-
col was used for library construction with an insert size
of 20kb. Sequencing was done using the PacBio Sequel
I platform and 537,651 reads were obtained with a total
length of 6Gb (44x) and an N50 of 11,287 bp. Raw reads
are available under SRA accession: ERR6941611.

Transcriptome sequencing used 10mg of RNA and
a library construction with an insert size of 150bp and
PolyA selection for rRNA removal. Sequencing was done
using Illumina HiSeq 4000 with a 2x150bp paired-end
configuration. 413,137,378 reads were obtained. Raw
reads are available under SRA accession: ERR7012629.

FastQC v.0.11.8 [44]. was used for quality checks on
the raw Illumina HiSeq DNA and RNA sequence data.
Adapters were trimmed, low-quality bases (below a
score of 3) were removed from the start and end of reads
and any reads with a length less than 36 bases were
also removed. Trimmomatic v.0.38 [45]. was used for
these trimming steps. Quality trimming of reads using
Trimmomatic resulted in a 0.2% loss of reads for whole
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genome sequencing and a 5% loss of reads for transcrip-
tome sequencing (Table 1).

Genome quality assessment
Basic metrics from the genome assembly were calcu-
lated using a script developed for the ‘Assemblathon’ [46].
These metrics include scaffold/contig N50, longest and
shortest scaffold length, number of scaffolds exceeding a
range of lengths and number of gaps/N’s in the assembly.
The completeness of the genome assembly and annota-
tion for Orius laevigatus was assessed using the Bench-
marking Universal Single-Copy Orthologs (BUSCO) [47]
of the insect gene set (insecta 0db9). ‘Genome’ mode was
used to assess the assembly, and ‘protein’ mode to assess
the annotation. ‘Fly’ was used as the training species for
Augustus gene prediction. BUSCO assessments were
then run with default parameters.

De novo genome assembly

The overall assembly pipeline is shown in Fig. 1. The raw
PacBio long reads were assembled into contigs with the
Flye v2.5. de novo assembler [48, 49]. Rascaf was then
used to improve the Flye genome assembly with RNA-
seq data [50]. Contigs were also produced with the raw
PacBio long reads using Canu v1.8 [51] as well as with
FALCON v1.3.0 and FALCON-Unzip, which is recom-
mended for heterozygous/outbred organisms with dip-
loid or higher ploidy (and also includes phased-polishing
with Arrow) [52, 53].

QuickMerge v0.3 [54] was used to merge the assem-
blies, with Flye as the reference assembly. BUSCO out-
puts were compared between the merged assembly and
the standalone assemblies to identify genes which had
been lost during the merging process. Full-length contigs
containing these missing genes were extracted from the
standalone assemblies and added to the merged assem-
bly, based on the assumption that these contigs would
also contain other missed genes (i.e. those not included in
BUSCOs list of 1658 core insect genes). Multiple rounds
of Pilon error polishing [55] were performed, using the
[lumina short read data, until no further improvement in
BUSCO score was seen.

Table 1 Number of paired-end lllumina HiSeq DNA sequences
present before and after trimming

Illlumina DNA Reads Illumina RNA Reads

Total sequences before 413,143,574 413,137,378
trimming

Total sequences after 412,474,208 389,150,727
trimming

Sequences lost 669,366 23,986,651
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Fig. 1 The assembly pipeline for the Orius laevigatus genome

Redundans [56] was used for scaffolding and
redundant contig removal. Redundans is geared
towards highly heterozygous genomes. Some redun-
dant regions had to be removed manually, as Redun-
dans does not detect redundancy when only part
of the contig is duplicated. The nucmer tool from
the MUMmer4 package [57] was used to detect
these redundant regions through a whole genome
self-alignment.

A BLAST search against the NCBI Reference
Sequence (Refseq) database release 93 [58], was per-
formed using the Tera-BLAST algorithm on a Time-
Logic DeCypher system (Active Motif Inc., Carlsbad,
CA). The results were processed with Megan [59] to
identify any bacterial or viral sequences which were
then removed manually in Geneious v10.2.6.

The mitochondrial genome sequence was identified
and extracted by running a BLAST search of the O.
laevigatus genome against the Orius sauteri mitochon-
drial genome which is publicly available at NCBI, Gen-
Bank accession No. KJ671626 [60].

Genome annotation

Gene prediction was performed using the MAKER
v2.31.8 pipeline [61] through the incorporation of both
transcriptome evidence and ab initio gene prediction as
well as a custom repeat library (see below). MAKER was
run using Augustus v3.3.1 [62], GeneMark-ES v4.32 [63]
and FGeneSH v8.0.0 [64] as well as EVidenceModeler
v1.1.1 [65] with default masking options.

A de novo species specific repeat library was con-
structed using RepeatModeler v1.0.7 [66] to identify
repeat models. These models were searched against
the GenBank non-redundant (nr) protein database for
Arthropoda (e value <10~ %) using Blastx to remove any
potential protein-coding genes. This was combined with
transposon data to create a custom library. Transposons
were identified from the transcriptome assembly by run-
ning HMMER: hmmscan [67] against the Pfam database
[68] and filtering the resultant Pfam descriptions for
those containing “transposon”. A search for transposons
was also done on transcripts produced from MAKER and
these transposons were then added to the custom repeat
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library which was used for a second round of MAKER.
RepeatMasker v4.0.7 [69] was used to mask repeats in the
genome assembly using these repeat libraries, as well as
to estimate the abundances of all predicted repeats.

RNA-seq reads were mapped to the genome with
HISAT2 v2.0.5 [70] for assembly with StringTie v1.0.1
[71]. A de novo assembly was also done using Trinity
v2.5.1 [72]. The best transcripts (classified by reason-
able transcript size and homology to other species) were
selected from the Trinity and StringTie assemblies using
Evigene v19.jan01 [73].

Evidence from assembled transcripts was transferred to
the genome assembly via MAKER. The output from this
was then used to produce a high confidence level gene
model training set - overlapping and redundant gene
models were removed. Augustus and GeneMark were
trained using this training set prior to being used for
ab initio gene predictions. FGeneSH was run based on
the Drosophila melanogaster genome.

The best transcripts from both the ab initio gene pre-
diction annotation and the transcriptome-based annota-
tion were selected using Evigene (classified by reasonable
protein size and homology to other species) and com-
bined to create the final annotation.

Orius laevigatus protein sequences were aligned using
Blastp against the non-redundant (nr) NCBI protein
database for Arthropoda. InterProscan searches were run
against several databases (CDD, HAMAP, HMMPAn-
ther, HMMPfam, HMMPIR, FPrintScan, BlastProDom,
ProfileScan, HMMTigr) for functional annotation.
BLAST2GO [74] was used to assign gene ontology (GO
annotations). Infernal v1.1.2 [75] was used to predict and
annotate non-coding RNAs.

The mitochondrial genome was annotated using
MITOS2 [76] with reference database ‘RefSeq 81 Meta-
zoa' and genetic code ‘5 Invertebrate!

Comparative genomics and phylogenetic analysis

To produce the species tree, orthogroup gene trees
were produced using Orthofinder [77] and the tree was
inferred from these using the STAG method [78].

In order to identify genes potentially involved in insec-
ticide resistance, the PFAM domains assigned to gene
models during annotation (as described in the ‘Genome
Annotation’ methods section) were used as follows: CCEs
(PF00135/IPR002018), GSTs  (IPR004045/PF02798),
(IPR0O04046/PF00043), P450s (IPR001128/PF00067),
ABCs (IPR003439/PF00005) and UGTs (IPR002213/
PF00201). Proteins from UniProt for the classes of inter-
est, from hemipteran species, were used for BLAST que-
ries against O. laevigatus to identify any missed genes and
to assist with subfamily assignment within these classes.
Subfamily assignment for O. laevigatus gene families
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was finalised using phylogenetic trees produced using
MAFFT alignments [79, 80] and RaxML v8.2.11 [81]. The
GAMMA LG protein model [82] was used and a boot-
strap consensus tree was inferred from 100 replicates.

Manual checks and curation were performed for genes
potentially involved in insecticide resistance. Increased
copy numbers of these genes often led to adjacent tan-
dem duplications being incorrectly annotated as one
gene model, therefore curation was important to prevent
incorrect gene numbers being reported in later analyses.
The exon/intron boundaries and start/stop codons of the
genes were confirmed through visualization in IGV [83]
of RNAseq data mapped to the genome using HISAT2
v2.0.5 [70] and the gene models were edited in Geneious
where necessary.

The P450s were classified and named by Dr. David Nel-
son [84]. The UGTs were classified and named by Dr.
Michael Court [85]. Nomenclature of P450s and UGTs is
based on the evolutionary relationships of the sequences.
P450 and UGT sequences were BLAST searched against
named insect sequences and were assigned to known
families if they were>40% (for P450 families) or>45%
(for UGT families) identical. Other sequences were
assigned to new families based on their clustering on
trees and their percent identity to each other.

Results and discussion

Sequencing

In order to produce enough DNA and RNA for sequenc-
ing, ~1000 individuals of O. laevigatus were required.
Because they were obtained commercially, the level of
inbreeding of the culture was not known. However, all
individuals were obtained from a single colony within
the rearing facility. A high heterozygosity level was there-
fore a possibility and this was kept in mind when making
decisions during the assembly process.

Genome metrics evaluation based on raw reads
The raw read k-mer analysis with GenomeScope
2.0 estimated a haploid genome size of ~141Mb
(Table 2), in line with the final assembly size of
151 Mb. A genome size estimate using methods
such as flow cytometry would have provided a more
accurate estimate, however, such data was not avail-
able for the Orius genus. This could be considered
a limitation to the study, as 141 Mb was provided as
a genome size estimate to Canu, Flye and FALCON-
Unzip which may have affected the outputted assem-
blies. Genome repeat length was 20 Mb, 16.5% of the
total estimated genome size.

The heterozygosity rate ranged from 1.20 to 1.30%.
This alongside the small ‘shoulder’ to the left of the main
‘full-model’ peak (Fig. 2), indicates a fairly high level of
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Table 2 Genome characteristics obtained from GenomeScope
v2.0 Using a k-mer length of 21 and a maximum k-mer coverage
of 10,000

Minimum Maximum
Heterozygosity, % 1.197 1.297
Genome Haploid Length (Mb) 140.7 1422
Genome Repeat Length (Mb) 20.2 20.5
Genome Unique Length (Mb) 1204 1218
Read Error Rate, % 0.86 0.86

heterozygosity, which was taken into consideration in the
assembly strategy.

Assembly

Flye, FALCON and Canu were used to produce 3 sepa-
rate genome assemblies. The statistics for these assem-
blies, as well as for subsequent versions of the assembly
outlined in this section are shown in Additional file 2.
Rascaf improved the contiguity of the Flye assembly
through alignment of the RNA-seq data to the genome,
likely because it is less affected by the use of multiple
individuals versus genome assembly tools which include
non-conserved sequences from a population of individu-
als. FALCON-Unzip improved the FALCON assembly
contiguity with a 4.5-fold decrease in the total number
of scaffolds (although this coincided with a~9% loss of
complete gene models found using BUSCO and suggests
that FALCON-Unzip may have been too stringent for
this genome - perhaps because it was designed with plant
and fungal genomes in mind [52, 53]).

Flye (both with and without Rascaf) had the best
assembly statistics in terms of scaffold N50 and BUSCO
score. However, FALCON-Unzip achieved the largest
‘longest scaffold’ of the three assemblers.

Quickmerge was used to merge the FALCON-Unzip
assembly, Rascaf improved Flye assembly and the Canu
assembly. The resultant merged assembly had better con-
tinuity than any of the stand-alone assemblies, however,
the BUSCO completeness was slightly worse than the
standalone Flye assembly (and worsened with the second
round of Quickmerge). This was likely due to mis-assem-
blies in the component assemblies causing alignment
issues, which resulted in sections of the misassembled
contigs being discarded.

Pilon was used for error polishing and improved the
BUSCO completeness score. Redundans (redundancy
removal and scaffolding/gap-closing) improved the scaf-
fold N50 and removed redundant scaffolds.

A comparison of the gene models (core insect genes
from the insecta odb9 BUSCO gene set) found in the
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original Flye / FALCON-Unzip / Canu assemblies ver-
sus the merged assembly showed that some of the gene
models were found in at least one of the original assem-
blies, but were missing in the merged assembly. Of the
154 missing or fragmented genes in the merged assem-
bly (out of a total 1658 core insect genes), 5 were found
in the FALCON-Unzip assembly, 5 in the Flye assembly
and 46 in the Canu assembly. Manual editing to bring
the full-length contigs containing these missing genes
into the merged assembly took the BUSCO complete-
ness score up by 5%. A final round of Pilon improved this
score by an additional 0.5% (further rounds of Pilon did
not improve the score).

This brought the final assembly statistics to 93.6%
BUSCO (insecta) complete, scaffold N50: 125,649bp,
the longest scaffold: 2,051,674 bp and 89.4% of scaffolds
>10k in length (Table 3). The final assembly is avail-
able under GenBank accession: GCA_018703685.1.
Transcriptome sequences are available under accessions:
HBWI01000001-HBW101209903.

Annotation
Gene prediction with MAKER identified 15,102 protein-
coding genes with the encoded proteins having a mean
length of 464 amino acids. Of these, 12,949 (86%) had a
match to NCBI'’s non-redundant (#r) database and 11,616
(77%) contained InterPro motifs, domains or signatures.
In total, 13,112 (87%) were annotated with either blastp
or InterPro and 10,192 were annotated with a GO ID.
More information on the InterPro member database
annotations is given in additional file 1. The longest
protein found was an ‘egf-like protein’ at 14,628 amino
acids. The resultant gene set was 84.5% BUSCO (insecta)
complete.

From the Infernal tool inference of RNA alignments, a
total of 791 non-coding RNA elements and 269 cis-regu-
latory elements were found in the genome (Table 4).

Repeat annotation

Transposable and repetitive elements made up 27.07%
of the assembled O. laevigatus genome (Table 5) and the
majority of these (20.4%) were unclassified repeats. This
is close to the reported repeat content of other hemip-
teran species, for example: Cimex lectularius - 31.63%
[86] and Acyrthosiphon pisum - 38% [15], an exception
is Rhodnius prolixus which has an unusually low repeat
content of 5.6% [87].

Mitochondrial genome

A circularized mitochondrial genome of 16,246bp,
assembled and annotated using MITOS2, consisted of
13 protein coding genes, 19 tRNA genes, 2 rRNA genes
and an A+T rich region with a length of 1460bp and
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Table 3 Final assembly statistics for the O. laevigatus genome

Number of scaffolds 2050

Total size of scaffolds 150,957,203 bp
Longest scaffold 2,051,674 bp
Shortest scaffold 1007 bp
Number of scaffolds > 1 Knt 2050 (100.0%)
Number of scaffolds > 10K nt 1832 (89.4%)
Number of scaffolds > 100 Knt 386 (18.8%)
Number of scaffolds > 1 Mnt 4(0.2%)
Number of scaffolds>10Mnt 0 (0.0%)

N50 scaffold length 125,649 bp
Number of N’s 21,965 *
Number of gaps 187 %

*(1 gap was 17,239N’s, and another gap was 1243 N’s. All other gaps
were< 100N’s)

Table 4 Number of ncRNAs predicted in the Orius laevigatus

genome
ncRNA element Number
of
elements
tRNA 503
rRNA 182
sNRNA 53
miRNA 41
srpRNA [§
sNoRNA 3
INCRNA 3

an A+ T content of 72.7% (Fig. 3). This closely matches
the Orius sauteri mitochondrial genome, which is also
16,246bp and has 13 protein-coding genes, 22 tRNA
genes, 2rRNA genes and an A+ T rich region of 1758 bp
and an A + T content of 73.5% [60].

Phylogeny
OrthoFinder assigned 318,985 genes (88.8% of total) to
27,481 orthogroups. There were 1621 orthogroups with
all species present and 45 of these consisted entirely of
single-copy genes.

Phylogenetic analysis correctly clustered O. laevigatus
within the hemipteran clade (Fig. 4) and identified Cimex
lectularius as its closest relative.

Comparative genomics

ABC transporters

ATP-binding cassette transporters (ABCs), the largest
known group of active transporters, can eliminate xeno-
biotic compounds - such as secondary metabolites pro-
duced by plants or insecticides - through translocation
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Table 5 Summary of transposable and repetitive elements in
the Orius laevigatus genome

Number  Length Occupied Percentage

of of

Elements Sequence
SINES 705 59,683 bp 0.04%
LINES 3309 1,556,653 bp 1.03%
LINE1 0 0bp 0.00%
LINE2 496 257,681 bp 0.17%
L3/CR1 2310 890,133 bp 0.59%
LTR elements 959 501,171bp 0.33%
DNA elements 5490 1,715,984 bp 1.14%
hAT-Charlie 784 222,164bp 0.15%
TcMar-Tigger 99 41,650 bp 0.03%
Unclassified 105,531 30,830,578bp 20.42%
Total interspersed NA 34,664,069 bp 22.96%
repeats
Small RNA 127 35,035bp 0.02%
Satellites 4867 3,456,707 bp 2.29%
Simple repeats 30,022 2,273,603 bp 1.51%
Low complexity 7742 444,236 bp 0.29%
Total: NA 42,285,278 bp 27.07%

[36]. These transporters are subdivided into eight sub-
families: ABCA-H. ABCB, ABCC and ABCG are the
subfamilies most associated with resistance to a vari-
ety of insecticides including pyrethroids, carbamates,
organophosphates and neonicotinoids [88]. Forty-one
of the 64 transporters in O. laevigatus belong to these
3 class-specific expansions (Table 6) which could con-
fer resistance to insecticides (a phylogenetic tree show-
ing relationships of ABC transporters in O. laevigatus is
included in Additional file 3, full sequences are included
in Additional file 4).

Table 6 shows a comparison of numbers of ABC
transporter genes found in the current study with those
reported for some pest species. The gene family expan-
sions were generally seen in the ABCC and ABCG classes
for all hemipteran species and slightly larger expansions
were seen in some crop pests compared to O. laevigatus
for the ABCC class, however, the expansions were of very
similar size for both crop pests and O. laevigatus in the
ABCG class. Overall, the total numbers of ABC trans-
porter genes were similar across all the hemipteran spe-
cies compared.

Glutathione S-Transferases

The glutathione S-transferases (GSTs) protein family
is large and functionally diverse, and is known to con-
fer resistance to all main insecticide classes. GST-medi-
ated detoxification of insecticides takes place via several
different mechanisms, including protecting against
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oxidative stress, binding and sequestration of the insec-
ticide, and by catalysing the conjugation of glutathione to
the insecticide to reduce their toxicity [37].

The number of GST genes in O. laevigatus was fairly
similar to other hemipteran close relatives, with the
exception of the sigma class, which was notably larger
(Table 7, full sequences included in Additional file 4). Of
the 16 genes in the sigma class, 9 genes (mMRNA13082
and mRNA13086-13,093) were adjacent on the same
scaffold, indicating a lineage specific expansion (Fig. 5).
Expansions in this class have been reported in several
hemipteran species including Triatoma infestans, Myzus
persicae, Halyomorpha halys and Murgantia histrionica
[23, 24, 95, 96]. The sigma class has been found to play
an important role in detoxification of organophospho-
rus insecticides in hemipteran species [97], therefore
this expansion could potentially confer some tolerance
to organophosphates in O. laevigatus. The delta and epsi-
lon classes of GSTs are linked to insecticide resistance
to pyrethroids [98, 99]. The delta class is much larger in
several crop pests compared to O. laevigatus and its close
relatives which suggests these crop pests could exhibit
a higher level of delta class GST-mediated pyrethroid

resistance. The epsilon class has previously been thought
to be specific to Holometabola [100], and whilst Tri-
aleurodes vaporariorum has a single member, the epsilon
class is absent from all other Hemiptera species, sug-
gesting potential epsilon class GST-mediated pyrethroid
resistance is most likely absent in O. laevigatus and its
close relatives, as well as most Hemiptera crop pests.

Carboxyl/cholinesterases
Many carboxyl/cholinesterases (CCEs) are linked to
detoxification of organophosphorus, carbamate and
pyrethroid insecticides and acetylcholinesterase (AChE)
is the target for organophosphate and carbamate insec-
ticides, with amino acid substitutions being linked to
resistance [39]. Thirty-two members of the CCE super-
family, including 1 AChE gene, were found in the O.
laevigatus genome (Table 8, full sequences included
in Additional file 4) which is a similar number to that
reported for Cimex lectularius, which had 30 CCE genes
and 2 AChE genes [86].

The dietary class of CCEs is involved in insecticide
and xenobiotic detoxification [106]. O. laevigatus has
no genes within this class, in line with T infestans and
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full proteomes of the following species: C. lectularius: PRINA167477, L. hesperus: PRINA284294, R. prolixus: PRINA13648, T. infestans: PRINA589079,
A. craccivora: PRINA558689, A. pisum: PRINA13657, B. tabaci: PRINA312470, T. vaporariorum: PRINA553773, D. citri: PRINA2944, C. suppressalis:
PRINA506136, B. mori: PRINA205630, D. melanogaster: PRINA13812, A. mellifera: PRINA471592, N. vitripennis: PRINA575073, T. castaneum:
PRINA12540, F. occidentalis: PRINA203209, T. palmi: PRINA607431, T. urticae: PRINA315122

Table 6 Numbers of ABC transporter genes annotated in Orius laevigatus (this study), Cimex lectularius [86], Lygus hesperus [89],
Frankliniella occidentalis [90], Thrips palmi [91], Aphis gossypii [92], Trialeurodes vaporariorum [93], Diuraphis noxia and Bemisia tabaci [94]

O. laevigatus + close relatives

Crop pests

O. laevigatus  C.lectularius L. hesperus  F.occidentalis  T.palmi  D.noxia  A.gossypii T vaporariorum B.tabaci
ABCA 1 6 M 3 3 3 4 3 8
ABCB 9 7 6 5 4 6 5 9 3
ABCC 9 6 12 19 12 24 25 7 6
ABCD 1 2 2 2 2 3 2 4 2
ABCE 1 1 1 1 2 1 1 1 1
ABCF 5 4 3 3 3 3 4 3 3
ABCG 23 23 19 22 16 26 30 9 23
ABCH 2 2 1 13 7 1 0 9 9
Total 64 51 65 70 49 77 71 45 55

C. lectularius, whereas the crop pest species (i.e. thrips,
aphids and whiteflies) all have at least 5 members in this
class (Table 8). R. prolixus has 22 genes which have been
classed as dietary; however this assignment was based

heavily on a species-specific expansion which is charac-
teristic of the dietary class. The real number of genes in
the dietary class for R. prolixus may be 0, since this clade
of 22 genes clusters with the hormone/semiochemical
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class in both the R. prolixus study [103] and this study
(Additional file 5). A lack of dietary esterases in R. pro-
lixus would make sense, as R. prolixus, C. lectularius
and T. infestans are all blood-sucking insects and do
not require dietary esterases to process the secondary
metabolites found in plants. This could also explain why
O. laevigatus, a beneficial predator of crop pests in both
nymph and adult life stages, does not require dietary
esterases.

The dietary class is involved in pyrethroid resistance
[107]; however, T. infestans exhibits pyrethroid ester-
ase activity despite having no dietary esterases [108]. O.
laevigatus has also shown the ability to develop pyre-
throid resistance - although the exact mechanism of
this resistance is not yet known [109]. The hormone and
semiochemical processing class is also involved in insec-
ticide metabolism, due to the presence of [-esterases
[110, 111]. There may be some redundancy in genes
potentially involved in insecticide detoxification from the
dietary and hormone/semiochemical processing classes.
This might explain why only one of these classes shows
an increased number of genes for each of these hemip-
teran species (Table 8), as having increased numbers of
both classes would be redundant, whilst very low num-
bers of both classes would be detrimental. The lack of
the dietary class may therefore not impact the xenobiotic

resistance abilities of O. laevigatus, as it has 16 genes
within the hormone/semiochemical processing class.

The remaining CCEs in O. laevigatus belong to the
neurodevelopmental class and include the neuroligins,
gliotactins, glutactins and neurotactins, which are non-
catalytic due to the lack of a critical serine residue. Ace-
tylcholinesterase is the only protein in this class which
has been linked to organophosphate resistance [112,
113].

UGTs

UDP-glucosyltransferases (UGTs) are detoxification
enzymes speculated to be involved in insecticide metabo-
lism. Although the exact mechanisms of UGT-mediated
resistance have not yet been identified, their upregula-
tion has been shown in resistant strains of P xylostella
[35] and they have been linked to diamide resistance in
Chilo suppressalis [114], neonicotinoid resistance in Dia-
phorina citri [115] and they also contribute to insecticide
detoxification via the elimination of oxidative stress in
Apis cerana [116].

The number of UGT genes in O. laevigatus was much
lower than for other hemipteran species (Table 9). The
UGTs were submitted to Dr. Michael Court for naming
and are included in Additional file 4. Numbers of UGTs
have been reported to be lower in non-phytophagous
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Table 9 Numbers of UDP glucuronosyltransferase genes found in O. laevigatus (this study), Rhodnius prolixus, Tetranychus urticae,
Nilaparvata lugens, Acyrthosiphon pisum, Bemisia tabaci [19], Myzus persicae [117] and Trialeurodes vaporariorum [118]

O. laevigatus + close relatives Crop pests
O. laevigatus R. prolixus T. urticae N. lugens M. persicae A. pisum T. vaporariorum B. tabaci
Total 10 16 81 20 101 72 55 76

insects [91], which could explain the low numbers seen
in O. laevigatus and R. prolixus compared to crop pests.
This suggests that UGT-mediated detoxification may be
lower in O. laevigatus than in crop pests.

Cytochrome P450s

Cytochrome P450s are a diverse superfamily capable of
metabolizing a huge variety of endogenous and exog-
enous substrates. In insects they are associated with
growth and development, metabolism of pesticides and
plant toxins as well as the production and metabolism of
insect hormones and pheromones. P450s are associated
with resistance to insecticides from a variety of classes,
including pyrethroids, carbamates and neonicotinoids.
They are also linked to the activation of organophos-
phates and other pro-insecticides (a form of insecticide
which is metabolized into an active form inside the host)
[38]. Upregulation of P450s in insects has been shown to
confer insecticide resistance [119-122], and conversely
downregulation occurs in response to pro-insecticides
[123, 124].

A total of 58 full-length P450 genes were identified
in the O. laevigatus genome, 11 P450 fragment genes
were also found as well as 1 pseudogene. (Sequences
are included in Additional file 4). These sequences were
named by Dr. David Nelson using his in-house pipeline
[84]. The majority of these genes (34) belonged to the
diverse CYP3 class, which was a similar size to other
hemipteran species (Table 10).

The CYP3 clade is currently the P450 clade most asso-
ciated with insecticide resistance - notably the CYP6 and
CYP9 families [128]. Interestingly the CYP9 family was
not present in O. laevigatus, as found for T. infestans, R.
prolixus, M. histrionica and H. halys [23, 24, 96]. Further
investigation into the assignment of classes within the
CYP3 clade suggests the lack of the CYP9 class could be a
common feature within Hemiptera (Table 10).

Expansion of the CYP397 gene family was seen in O.
laevigatus, (Fig. 6) with 7 full-length CYP397 genes and
1 fragment. CYP397B1, CYP397B2, CYP397B6 and
CYP397C1 were directly adjacent on the same scaf-
fold, indicating tandem duplications. Sequence similar-
ity of the CYP397 genes to CYP397B1 ranged from 52
to 86%, which suggests a variation in ages of these tan-
dem duplications. Cimex lectularius also showed an

increased copy number of CYP397 with 6 copies (A1-A6)
[86]. CYP397A1 is significantly upregulated (> 36 fold) in
pyrethroid-resistant strains of C. lectularius [127], there-
fore the expansion of this gene family could potentially
confer some tolerance to pyrethroids in O. laevigatus.

A previous study [129] looked at the effect of insecticide
synergists on Orius tristicolor (another minute pirate bug of
the Anthocoridae family), and found that PBO (an inhibitor
of P450s and esterases) significantly increased the mortality
rate when combined with indoxacarb (an oxadiazine insec-
ticide). Whereas inhibition of solely GSTs or esterases did
not reduce mortality. Upregulation of P450s, esterases and
GSTs have all been seen in response to oxadiazines [130],
therefore the fact that only P450 inhibition had an impact
on mortality rate suggests P450s may be the primary detox-
ification mechanism of O. laevigatus.

Target site mutations

Point mutations resulting in amino acid substitutions in
the target proteins of insecticides have been characterised
in many insecticide resistant insect species, including in
the sodium channel gene para which confers resistance
to pyrethroids [131]; the acetylcholinesterase-1 (ace-1)
enzyme associated with organophosphate resistance [132]
and the acetyl-coenzyme A Carboxylase (ACC) enzyme
linked to keto-enol (spirotetramat) resistance [133].
Despite these mutations having been observed in a vari-
ety of hemipteran crop pests, none were observed in this
O. laevigatus assembly. Although, it is important to note
that the O. laevigatus assembly was a consensus of ~1000
individuals, therefore differences in target sites would
likely only be apparent if they were present in the major-
ity of the population. Overall, tolerance of insecticides by
O. laevigatus resulting from target site differences seems
unlikely compared to what is seen in crop pests, where
there has been intensive selection pressure.

The ryanodine receptor (RyR) is the target of diamide
insecticides, and two target site resistance mutations
conferring amino acid substitutions (I4790M and
G4946E - numbering according to Plutella xylostella,
PxRyR) have been identified in lepidopteran pests [21,
134]. Interestingly, O. laevigatus has the 14790M sub-
stitution (full sequence for Ryanodine in Additional
file 4) which has been shown to confer varying levels
of resistance to diamides. This point mutation was



(2022) 23:45 Page 15 of 21

Bailey et al. BMC Genomics

(Uos|aN piAeq Aq paweu A|[e1y0 os[e 219M 353U3) SIAYI0 G L PUE SIJAD 8 ‘S6dAD O PRYHUSPI ‘[£Z1] SIBYIO § PUE SOJAD SE ‘S6dAD § PAYNUSPI [97 L] ApNis Aq paayip san|e Ing ‘[9g] WO} 9SOU) 31e PIsN SaN[eA.

9de|d UaYe) J0U pRY UOIIRIND pue HulWeU [RIdLYO JI SIUNOD
9Y3 Ul ujewal Aew SWOs - YdNns se pajsi| 319m A3U3 2I9YM SISBD Ul PapN|IXd 4am sauab 0gd Juswbely pue [ened saads 19Y3o 104 'souab juswibely pue (ened Buipn|pul sioquinu Suab |30} JUSs1dDI SIHDRIC Ul SIN|BA,

98 (R4} (WA 08 €8 SLL L6 18 6 6LL 6S 89 |elol
9 9 ¥ VA 8 L Ll 0l 9 3 9 S oMW
0¢ Sy €/ SC [43 3 (a4 yAS 44 61 Ll 1) €el dAD
- - YA ¥ - - ¥ 0S yay *x9C €C =410
- - 0 0 0 - - 0 0 0 %%0 0 6dAD
- - Ly ¥e 6¢ - - 8l Gl 3 %x01 Ll 9dAD
194 73 9/ Ly €e €9 9 44 59 SS 9¢ «(LP) ¥E €dAD
L 9 8l L 0l € 4 4 L L 9 9 ¢dAd
pouorysiy Wy sAby‘'H  1ogpy‘g wnioupiodba:y  wnsidy  apdisiad . Jwypd  SIDIUAPIIO{  Subisajul‘l  snxjjoid°y  snubNId3I)  sMDBIAAD| O

sysad doud

S9AIR[4 3S0|D + SNIvBIA3D| 'O

[¥2] pauoLsiy prubbinyy pue [£7] sAipy bydiowoAipH '[SZ 1] 120qD1 bisIwag ‘[€6] WnioubiodpA sapoinajpli] '[S6] winsid uoydisoyrAdy ‘apaisiad snzAyy ‘106] 1wjpd sduy | ‘sijpiuapioro
pjjaIulyUDIS '[96] SUDISaUI bWOIDL] ‘snxjjoid sniupoyy ‘[98] snupinIda) xawiy (Apnis siy1) snibbirap) snuO Ul paieiouue sausb 0Syd sWOoIYd0IA) JO siaquinu [e10] oL djgeL



Bailey et al. BMC Genomics (2022) 23:45

Page 16 of 21

109K

CYP397g5

CYP397B5-fragment

C(p;sm 88
100
cww"”“‘

2\
st &

Clan 2

replicates

oNa%drRD
SINQ9dAD

100

CYPavp2

Fig. 6 Phylogenetic tree of the Orius laevigatus cytochrome P450s. The Cyp397 gene family is a member of clan 3. Amino acid sequences were
aligned using MAFFT and analysed using RAXML (the GAMMA LG protein model was used). The bootstrap consensus tree was inferred from 100

CYP6DM4
CYP309044
C¥P399,,

00T,

76 CYp395WL

100 CYP395W2

100 CYP395W-fragment2
Cyp3

95W-fragmen,

209)

2 CYPexp,

CVPG)(Dg

&

TdAPAAD

TauswBRL-dAPdAD
DAV
(quowbe 0N

Clan 4

also present in other hemipteran species as shown in
Fig. 7 (except for Lygus hesperus which had an I>L
mutation). 14790M has been detected in lepidopteran
populations across the globe and is considered to be
a ‘selectivity switch’ for diamides [135]. O. tristicolor
showed high levels of resistance to chlorantraniliprole
(a diamide insecticide) with <5% mortality [129] with
the 14790M substitution being the main cause [136].
It is therefore possible that 14790M may confer some
tolerance to diamides in O. laevigatus, and indeed,
diamide resistance has been reported in O. laevigatus
[137]. However, 14790M could potentially also confer
diamide tolerance in crop pests - diamide resistance
has already been shown in E occidentalis [137]. There-
fore this would likely not be an exploitable difference
for IPM strategies.

Conclusions

PacBio long-read technology combined with low error-
rate short-read Illumina sequencing enabled the pro-
duction of a high-quality genome and mitochondrial

assembly for O. laevigatus. Whilst genome continuity
may not be as good as an assembly generated from a sin-
gle insect, the genome completeness is still of a sufficient
quality to aid with comparative and functional genomics
analyses and provides a useful first reference genome for
the Anthocoridae family. An experimental estimate to
confirm genome size and Hi-C based scaffolding would
likely be the next best steps to significantly improve this
genome in the future.

Comparative analyses of O. laevigatus with hemip-
teran crop pests showed evidence of possible differences
in xenobiotic tolerance, including a potential increase
in GST-mediated tolerance of organophosphates in O.
laevigatus, whilst GST-mediated pyrethroid tolerance
may be more prevalent in crop pests. There may also be
less UGT-mediated tolerance to diamides and neonicoti-
noids in O. laevigatus compared to crop pests - although,
the I4790M target site mutation may confer some degree
of diamide insensitivity to O. laevigatus.

A recent study shows that there is significant variation
in the susceptibility of O. laevigatus to pyrethroids when
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Fig. 7 Analignment of amino acid sequences to compare transmembrane domain 3 of the conserved ryanodine receptor (RyR) from Plutella
xylostella with hemipteran species. The box indicates the 14790M RyR point mutation linked to diamide resistance (numbered according to PxRyR).
A strain of P xylostella without the point mutation was used for the alignment. RyR sequences were obtained from the UniProt database, excluding
Orius laevigatus. UniProt entry names are as follows: Cimex lectularius: AOA7EARNZ4_CIMLE, Triatoma infestans: AOA023F678_TRIIF, Lygus hesperus:
AOAT46M8X0_LYGHE, Dialeurodes citri: AOAT41BN13_DIACT, Bemisia tabaci: AOATU9JHP1_BEMTA, Toxoptera citricida: AOAOH3XSN1_TOXCI, Sipha
flava: AOA2S2QG40_9HEMI, Plutella xylostella: I3NWV8_PLUXY, Myzus persicae: AOAOA7RS32_MYZPE, Acyrthosiphon pisum: X1WXB1_ACYPI, Aphis

a variety of wild and commercial populations are assessed
[109]. This suggests that beneficial predators such as O.
laevigatus are certainly capable of developing insecticide
resistance, but a combination of factors result in resist-
ance developing slower than in pest species. This could
be due to beneficial predators having smaller population
sizes, longer life cycles, less exposure to pesticides and a
lack of continuous selection pressure - beneficial preda-
tors often need to be re-released each season as popu-
lations migrate to new areas in search of food sources.
These differences will have resulted in a lesser degree of
selection for resistance mechanisms in O. laevigatus and
therefore any observed differences in potential sensitivity
would only be at low levels. Further comparisons looking
at differences in gene expansions, expression levels and
key target site mutations between resistant and suscepti-
ble strains of O. laevigatus would provide more concrete
evidence for the findings in this study.

In conclusion, this study indicates differences in poten-
tial mechanisms of resistance between crop pests and
O. laevigatus which could be exploited when selecting
targeted insecticides. An increase in the number of pes-
ticides which are safe for beneficial predators such as O.
laevigatus would be of significant impact to pest man-
agement, especially at a time when the list of pesticides
effective against crop pests is growing ever shorter. The
findings also suggest that O. laevigatus has the ability to
develop resistance to a variety of insecticides which could

be used to our advantage through the selective breeding
and selection of resistant strains of O. laevigatus for use
in IPM strategies.
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