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ABSTRACT. Neoseiulus californicus is widely used as an effective biocontrol agent of spider mites. In this study, the complete
mitochondrial genome sequence of N. californicus was determined using Oxford Nanopore sequencing technology. The complete
mitochondrial genome is 21,318 bp in length and contains 13 protein-coding genes, 2 ribosomal rRNA genes and 22 transfer RNA
genes. Its AT content is 78.4%. All start and stop codons of the protein-coding genes are canonical, except for the missing stop
codon for the cox3 gene. The control region was polymorphic in length between the sublines of N. californicus due to variable
number of direct repeats. The mitogenome presented in this paper contributes to the study of the genetic structure of N. califor-

nicus biocontrol populations.
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INTRODUCTION

Neoseiulus californicus McGregor, 1954 was
recorded for the first time from California and
described as Typhlodromus californicus McGregor,
1954. It inhabits regions with tropical and subtrop-
ical climate all over the world. Neoseiulus califor-
nicus is widely used as an effective biocontrol agent
for the control of spider mites, especially against
Tetranychus urticae Koch, 1836, Tetranychus ev-
ansi Baker and Pritchard, 1960, and to a lesser
extent for the control of thrips, whiteflies and
other minute pests inhabiting greenhouses and open
fields (Sanchez et al. 2008; Akyazi and Liburd
2019).

Data on the comparative variability of the nu-
cleotide sequences of mitochondrial genomes are
actively used in the molecular genetic identification
of biocontrol populations and the species of pred-
atory mites of the family Phytoseiidae. Metaseiulus
occidentalis Nesbitt, 1951 was the first phytoseiid
mite with a characterized mitochondrial genome
(Jeyaprakash and Hoy 2007). The unusually large
mitochondrial genome of M. occidentalis, the
presence of duplications of some genes and the
absence of the ND3 and ND6 genes has stimulated
interest in a comparative study of the mitochondri-
al genomes of phytoseiid mites. Long PCR and
Sanger sequencing techniques were used to obtain
mitochondria genome sequences from Phytoseiulus

persimilis Athias-Henriot, 1957 (Dermauw et al.
2010) and Euseius nicholsi Ehara and Lee, 1971
(Xin et al. 2016). In these species, the mitochon-
drial gene composition was consistent with that
expected for arthropod mitochondria. No duplica-
tions or deletions of mitochondrial genes were
found in the mitochondrial genomes of P. persimi-
lis and E. nicholsi.

In addition, a re-examination of the structure
of the M. occidentalis mitochondrial genome did
not confirm the absence of the ND3 gene (Dermauw
et al. 2010). Unique gene order and extended in-
tergenic spacers were observed in all mitochon-
drial genomes of these species. [llumina whole-
genome sequencing technology was used to further
investigate the variability of mitochondrial DNA
in phytoseiid mites. The mitochondrial genomes
of Amblyseius tsugawai Ehara, 1959, Amblyseius
swirskii Athias-Henriot, 1962 and Neoseiulus
womersleyi Schicha, 1975 have a standard set of
mitochondrial genes, but differ in their order
(Zhang et al. 2021). High variability in mitochon-
drial gene order within the family Phytoseiidae,
and even within the genus Amblyseius, raises the
question of the possible intraspecific mitochon-
drial gene order variability in the mites of the fam-
ily Phytoseiidae. Recently, the mitogenome of
N. californicus was obtained by Zhu, using Illu-
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mina sequencing technology, and it is deposited in
GenBank under accession numbers: NC_069213.1,
ON262343.1. Due to the limitations of the Illu-
mina sequencing technology, this mitogenome
lacks the control region. The order of N. californi-
cus mitochondrial genes is also species specific.

In the current paper we report two new com-
plete mitochondrial genome sequences of two
isofemale mite lines of N. californicus from the
N. californicus biocontrol population that have
been maintained at the Laboratory of Acarology
and Entomology Collection (All-Russian Scien-
tific Research Institute of Phytopatology) for sev-
eral decades (Glinushkin et al. 2019). The mito-
chondrial genomes were obtained as a by-product
of whole-genome sequencing of the mite genome
using Oxford Nanopore sequencing technology.
The previously known and two new N. californicus
mitochondrial genomes have the same gene order
and are very similar in nucleotide sequence but
differ in the length of the control region due to dif-
ferent numbers of direct tandem repeats.

MATERIALS AND METHODS

Sample collection, DNA extraction and
N. californicus genome sequencing

Mite lines were obtained from a single fertilized
female taken from a mass culture of mites. The re-
sulting lines were cultured on the prey mite 7et-
ranychus urticae. Two lines of mites were selected
for further study. The line called BioDefence was
dominated by females. In the BioDefence?2 line,
the sex ratio was close to 1:1. Before the experi-
ment, predatory mites were transferred to a culture
flask with a bean leaf for moistening, but without
prey mites, where they were starved for two days
to remove DNA contamination from the prey mites.
Adult mites: males and females were then col-
lected in a lysis buffer. High molecular weight DNA
for whole genome sequencing was isolated using
the classical phenol-chloroform method. Most of
the RNA was removed by treatment with RNase
T1. The quality and purity of the isolated DNA was
determined using a NanoDrop spectrophotometer
(Thermo Scientific). DNA concentration was mea-
sured on a Qubit fluorometer (Invitrogen) using
reagent kits (Qubit dsDNA HS Assay Kit, Invitro-
gen). Libraries for nanopore sequencing were
prepared using an Oxford Nanopore kit SQK-
LSK110, according to the manufacturer’s instruc-
tions. 1 mkg of mite genomic DNA was taken at
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the start of the procedure. To obtain a library, the
ends of the DNA molecules were repaired and then
ligated with adapters. DNA repair and dA-terminal
preparation was performed using a set of buffers
and enzyme mixtures from the NEBNext® Com-
panion Module for 5 minutes at room temperature,
followed by incubation at 65 °C to inactivate the
enzymes. Adapter ligation was performed accord-
ing to the manufacturer's instructions (Ligation
Sequencing Kit, SQK-LSK 110 Oxford Nanopore).
For final purification, DNA ligation products were
purified using magnetic particles (SPRI-select,
BeckmanCoulter, USA) in short fragment buffer
(SFB). Loading solution (LS) was used to load the
library (250—-1,000 ng DNA) into the R9.4.1 cell.
The resulting genomic libraries were sequenced on
a 512 channel MinION nanopore sequencer (Ox-
ford Nanopore Technologies). Sequencing was
performed under the control of the MinKNOW
v. 5.1.0 program without real-time basecalling.
Reads that were longer than 200 bp were retained.
Basecalling was performed on a server with a two
GeForce RTX 3090 graphic cards and 12 Intel Xeon
processors. Guppy v6.0.1+652ffd179 was used for
basecalling, according to the super-neat sup model.
After basecalling we got 3,507,265 reads for the
BioDefence line and 2,853,344 reads for the Bio-
Defence? line. The complete genome sequence was
then assembled from the reads using Canu v. 2.3
(Koren et al. 2017). As a result, we have obtained
an assembly of the N. californicus genome from
419 contigs with a total length of 191,424,213 bp
average coverage 0f26.861 and N50 equal 13,147.

Mitochondrial genome assembly

The BLAST program was used to search for
mitochondrial contigs. As a reference sequence for
BLAST search, we used N. californicus mitochon-
drial genome NC 069213. The contig was recognized
as mitochondrion if it had more than 90% correct
alignment lengths in one BLAST hit. The resulting
sequences were annotated using the MITOS program
(Bemt et al. 2013). The mitochondrial genes were
identified based on their structural features and by
comparison with the mitochondrial genes of other
Phytoseiidae species previously published in Gen-
Bank. The resulting mitochondrial genomes were
deposited in GenBank under accession Ne 0Q026345
for the BioDefence line and Ne OR195436 for the
BioDefence? line. Visualization of the circular mito-
chondrial genome was performed using the Chloro-
plot program (Zheng et al. 2020).
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Bioinformatic analyses

For the phylogenetic analysis of the obtained
mitochondrial genome, we used all available nucle-
otide sequences of the complete mitochondrial ge-
nomes of mites of the family Phytoseiidae depos-
ited in GenBank. The maximum likelihood phylog-
eny of 6 species of the family Phytoseiidae based
on the 13 concatenated nucleotide sequences of
protein-coding genes (PCGs), using the GTR +G+I
model, was performed using the MEGA 7.0 software
with 10,000 bootstrap replicates (Kumar ef al. 2018).

RESULTS AND DISCUSSION

Mitogenome organization

The complete mitochondrial genome of N. cali-
fornicus BioDefence line is 21,318 bp in length. It
has a strong AT bias (78.4%), which is in the range

of typical mite mitochondrial genomes (Jeyaprakash
and Hoy 2007). The mitochondial genome encodes
13 canonical protein-coding genes (PCGs), 2 ribo-
somal rRNA genes (rRNAs) and 22 transfer RNA
genes (tRNAs). All 13 PCGs are initiated by ATN
codons. Only the COIII gene has an incomplete stop
codon. Large intergenic spacers are typical of the
N. californicus mitochondrial genome. The longest
one is between trnS and trnL genes and has the length
of 4,846 bp. Another long intergenic spacer 1,400 bp
is found between the trnD and trnP genes. The heavy
strand (J-strand) contained 23 genes, including
6 PCGs, 2 rRNAs and 15 tRNAs. The remaining
14 genes are located on the light strand (N-strand),
including 7 PCGs and 7 tRNAs (Fig. 1). The mito-
chondrial genomes of the BioDefence and BioDe-
fence? lines are almost identical, except for the inter-
genic spacer between trnS and trnL, which is larger
in the BioDefence?2 line, with the length of 6,645 bp.

Neoseiulus californicus
21,318 bp

Fig. 1. The mitochondrial gene arrangements of the N. californicus BioDefence line. GenBank ID: 0Q026345. Genes
located on the J strand are shown inside the circle. Genes located on the N-strand are shown outside the circle. The control

region is between trnS and trnL.
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Phylogenetic analysis

At present, seven species of Phytoseiidae mites
have known mitochondrial genomes: M. occiden-
talis, A. tsugawai, A. swirskii, N. womersleyi,
E. nicholsi, P. persimilis and N. californicus. All
these species have a unique mitochondrial gene
order that differs from the canonical arthropod gene
order (Zhang et al. 2021). To elucidate the phylo-
genetic relationships of these species, we con-
structed a concatenated data set of 13 mitochon-
drial PCGs (11,481 positions in the final data set),
as well as a maximum likelihood tree. Metaseiulus
occidentalis was not included due to duplicated
genes in the mitochondrion of this species and the
absence of the ND6 gene. The phylogenetic analy-
sis showed that N. californicus is in the same clade
as the Amblyseius species and in a different clade
from N. womersleyi (Fig. 2).

100
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MW729376 Amblyseius tsugawai
MW729377 Amblyseius swirskii

| NC 069213-Neoseiulus californicus

100 @ BioDefence Neoseiulus californicus

GQ222414 Phytoseiulus persimilis
M KMY999989 Euseius nicholsi
MW762685 Neoseiulus womersleyi
MK270529 Blattisocius tarsalis

Control region structure

Comparison of the mitochondrial nucleotide
sequences of the BioDefence and BioDefence2
mite lines shows that the only difference is in the
length of the large intergenic spacer between trnS
and trnL. This region is rich of direct repeats that
is typical of arthropod control regions or D-loops.
The mitochondrial control region has only been
mapped experimentally for a few arthropod species
(Cameron et al. 2007) and there are no strict control
region-specific markers. Typically, the mitochon-
drion has only one long non-coding region rich in
poly(A/T) stretches, repeats and potential stem-
loop structures (Garesse and Kaguni 2005; Saito
et al. 2005). Rich in poly(A/T) stretches direct
repeats are found in the longest non-coding region
of the N. californicus mitochondrion (Fig. 3).
The difference in the length of the putative control

Phytoseiidae

Blattisociidae

- MH120211 Blattisocius keegani

5

Fig. 2. A phylogenetic tree inferred from mitochondrial genome sequences using maximum likelihood method, based
on 13 concatenated mitochondrial PCGs. The new N. californicus mitochondrial genome from the BioDefence mite
line is denoted by a circle. The tree is drawn to scale with branch lengths in units of the number of base substitutions
per site. Bootstrap support values are shown next to the branches (10,000 replicates). Two members of the family
Blattisociidae, sister group of the Phytoseiidae, were used to root the phylogenetic tree.

BioDefence control region (12685..17530)

360 bp repeat unit

5’ unique unit
611 bp
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Fig. 3. The structure of the control region of the mitochondrial genome of N. californicus line BioDefence (GenBank
ID: 0Q026345). Numbers in brackets indicate the location of the control region in the mitochondrial genome. Numbers
above the arrows indicate the boundaries of the structural regions of the 360 bp repeat unit. Square brackets indicate

10 repeats of the 360 bp repeat unit.
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regions of the BioDefence and BioDefence2 mite
lines is due to the number of direct repeats of
360 bp. The BioDefence mitochondrion has 10 re-
peats, whereas the BioDefence2 mitochondrion has
15 repeats.

CONCLUSION

Neoseiulus californicus is one of the most
promising biocontrol agents for the control of
spider mites and thrips. Obtaining genetically
characterized lines of N. californicus is necessary
to further expand its use as a biological control in
greenhouse agriculture. We have sequenced the
complete mitochondrial genomes of two lines of
N. californicus using Oxford Nanopore sequencing
technology. We have observed an interline poly-
morphism of the mitochondrial genomes of the two
lines of N. californicus due to the length of the
control region. This can be used as a line-specific
DNA marker.
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