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ABSTRACT
Received: Neoseintus californicus (McGregor) is an important predatory mite species characterized by its
18 June, 2025 broad prey spectrum and strong adaptability. ATP-binding cassette (ABC) transporters
Accepted: represent a large protein superfamily present in both prokaryotic and eukaryotic organisms,
22 August, 2025 primarily functioning in xenobiotic transport and maintenance of cellular homeostasis.
Published: However, research on this protein family in predatory mites remains largely unknown. In this
15 October, 2025 study a total of 49 putative ABC transporter genes were identified, through a comprehensive
Subject Editor: analysis of the IN. californicus transcriptome. Phylogenetic analysis classified these transporters

A Saboori into eight distinct subfamilies (ABCA-H). Expression profiling of ABCA subfamily genes

across different developmental stages demonstrated ubiquitous expression patterns for all
members except NeABCA-07. Functional characterization of two highly expressed genes in
adult females, NeABCA-02 and NeABCA-05, was performed through RNA interference.
Silencing of NeABCA-02 and NeABCA-05 increased the mortality rate of adult female mites
from 1.00% to 12.00% and 5.78%, respectively. Furthermore, predation efficiency on adult
female Tetranychus urticae Koch significantly decreased from 3.87 prey individuals to 1.87
(51.7% reduction) and 1.70 (56.1% reduction) following silencing of NeABCA-02 and
NeABCA-05. Additionally, reduced egg hatching rates were observed in silenced individuals.
These results indicate critical roles of NeABCA-02 and NeABCA-05 in maintaining survival,
predatory capacity, and reproductive fitness in IN. californicus. The findings provide valuable
insights into the physiological mechanisms of predatory mites and establish a theoretical
framework for enhancing their efficacy in biological control applications.
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INTRODUCTION

ABC transporters are a class of membrane-integrated transport proteins widely found in both
eukaryotes and prokaryotes. Members of this family primarily function by utilizing ATP as an energy
source to transport various substrates across cell membranes, with substrates ranging from small ions to
relatively large peptides and polysaccharides. They are also involved in cellular physiological processes
such as DNA repair, translation, or the regulation of gene expression (Sauvage ez al. 2009; Wang 7 al.
2024). The arthropod ABC transporters consist of 8 subfamilies (ABCA-ABCH), each of which contains
multiple members. All ABC transporters share a highly conserved ATP hydrolysis domain or protein
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(nucleotide-binding domain [NBD]) (Davidson ez a/. 2008). Except for members of the ABCE and ABCF
subfamilies, other family members also contain non-conserved transmembrane domains (TMDs) (Rees
etal. 2009). The TMD and NBD can form half-transporters (one TMD and one NBD) or full transporters
(two TMDs and two NBDs), with the latter being functional transport proteins (Locher 2009).

ABC transporters have been identified in various arthropods, and the number of ABC transporters
varies among different species. Helicoverpa armigera (Hiibner) (56 genes), Nilaparvata lugens (Stil) (32 genes),
Laodelphax striatellus (Fallén) (40 genes), Bemisia tabaci (Gennadius) (55 genes), while only the ABC
transporters of Tetranychus urticae Koch (103 genes) have been identified in mites (Dermauw ez a/. 2013;
Sun et al. 2017; Tian ez al. 2017, Jin et al. 2019; Li ez al. 2020).

ABC transporter proteins in arthropods, especially the ABCA, ABCB, ABCC, and ABCG
subfamilies, are extensively involved in the process of efflux to exogenous toxic substances
(Merzendorfer 2014). Knockdown of ABCAT and ABCDT using RNAI significantly increases the
susceptibility of Aphis gossypii Glover to sulfoxaflo (Wang ef a/. 2021). Inhibition of 4. gossypii ABCB5,
ABCG4, ABCG7, ABCG16, ABCG17, ABCG26 and MRP12 significantly increased the sensitivity of the
cyantraniliprole-resistant strain (CyR) strain to cyantraniliprole (Li ef 2/ 2022). In addition to this, some
members of the ABC family are involved in maintaining normal life activities in arthropods. For example,
knockdown of DuwABCA_50718 in Diabrotica virgifera virgifera LeConte results in death of prepupae and
defective wings that successfully develop into adults (Adedipe ez a/. 2019). Drosgphila melanogaster Meigen
ABC-H transporter protein DnCG9990 is localized to the ectodermis and has been shown to transport
epidermal hydrocarbons and participate in skin barrier formation (Zuber e a/. 2018). The knocking down
of the DmCG9990 homologous gene in Locusta migratoria (Linnaeus) and Plutella xylostella (Linnaeus)
resulted in larvae failing to molt and dying (Guo e# al. 2015; Yu et al. 2017). Members of the ABCE and
ABCF subfamilies lack the TMD domain and are composed only of two NBD domains; they are not
involved in the transport of conventional substances. ABCE has been annotated as an RNase L inhibitor
in eukaryotes, and ABCE is universally present and highly conserved across all eukaryotic species (Zhao
et al. 2004).

Although significant progress has been made in the study of insect ABC transporters, research on
ABC transporters in mites remains very limited. To date, only ABC transporter members have been
identified in T. urticae, with preliminary expression analysis conducted, but functional analysis has not
been performed (Dermauw e7 a/. 2013). It is especially noteworthy that this type of research is still absent
in predatory mites, which have important biological control functions.

Neoseinlus californicus (McGregor) is an important natural enemy, with a wide distribution range,
capable of preying on T. urticae, Panonychus nlmi (Koch), and various small arthropods such as whiteflies
and thrips (McMurtry ef al. 2013; Jiang e al. 2020). Studies have shown that N. ca/ifornicus exhibits superior
predation and reproductive abilities compared to other predatory mites, and it has strong resistance to
hypoxia, high temperatures, and various pesticides (Sato ez /. 2002; Song e al. 2016; Wang ez al. 2016;
Hao ef al. 2024; Siebert et al. 2025).

The ABC transporters, as crucial detoxification and physiological homeostasis regulators, likely
play a pivotal role in the remarkable biological characteristics exhibited by N. californicus. This study
systematically identified the ABC transporter gene family in N. californicus based on transcriptomic data.
To elucidate the functional roles of ABCA subfamily members in maintaining vital biological processes,
comprehensive mRNA expression profiling of ABCA genes was conducted. Two highly expressed genes
in adult females (Ne4ABCA-02 and NeABCA-05) were selected for functional characterization using RNA
interference technology to investigate their roles in predatory efficiency and reproductive capacity. The
present research aims to uncover the fundamental physiological functions of ABC transporters in
predatory mites, thereby providing novel theoretical foundations for understanding their biological
mechanisms and promoting sustainable applications in biological control systems.

MATERIAL AND METHODS
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Mites' samples

Neuseiulus californicus — provided by Agricultural Insect and Pest Control Laboratory of Sichuan
Agricultural University.

T. urticae — collected from Glycine max (L..) Merr. leaves at Chongzhou Research and Development
Base of Sichuan Agricultural University. Arachis hypogaea L. seedlings were used for long-term rearing at
25+ 1°C, 75 £ 5% RH and photoperiod of 16 L: 8D.

Identification of the ABC transporter protein gene of N. californicus

The transcriptome data of N. californicus were provided by the Laboratory of Agricultural Insects
and Pest Control, Sichuan Agricultural University, Sichuan, China. The raw transcriptome sequencing
data have been deposited in NCBI (https://www.ncbinlm.nih.gov/) under accession number
PRJNA1308816).

The ABC transporter sequences for D. melanogaster, Homo sapiens L., and Daphnia pulex Leydig were
downloaded from NCBI, while the protein sequence for T. urticae was retrieved from UniProt
(https:/ /www.uniprot.org/). These files were integrated as template sequences for BLAST comparison
against Neusiulus californicus protein files. BLAST alignment was performed using TBtools-II (version
2.096) analysis software, yielding potential ABC transporter gene amino acid sequences (threshold set at
le-6). Next, the Simple HMM search tool in TBtools-II was used to query IN. californicus protein files with
the ABC transporter Hidden Markov Model (HMM) file (pfam 00005) as a template. To prevent missing
potential ABC transporters, amino acid sequence information from both searches was merged as
candidate genes. The InterPro (https://www.ebiac.uk/interpro/) tool was then used to scan the
candidate genes for conserved domains, further identifying ABC transporter genes in N. californicus.
TBtools-1I software was used to analyze the amino acid count, relative molecular mass, and theoretical
isoelectric point of the proteins. Finally, CELLO (v2.5) software was used to analyze the subcellular
localization of the ABC transporter proteins.

Conservation motifs and domain analysis of the ABC transporter gene of N. californicus

The identified ABC transporter protein sequences in FASTA format were submitted to MEME
(https://meme-suite.org/meme/) for the prediction of conserved motifs. Additionally, these sequences
wete submitted to the InterPro (https://www.ebi.ac.uk/interpro/) tool for the prediction of the
transmembrane domain (TMD) and nucleotide-binding domain (NBD) of N. californicus ABC

transporters.
Phylogenetic analysis of the ABC transporter system in N. californicus

The phylogenetic analysis was performed using ABC transporter protein sequences obtained from
D. melanogaster, H. sapiens, D. pulex, T. urticae, and N. californicus. The evolutionary tree was constructed with
TBtools-1I software through its "One Step Build a ML Tree" function, which integrates multiple
bioinformatics tools including Muscle for sequence alignment, trimAl for alighment trimming, and 1Q-
tree for maximum likelihood tree construction (bootstrap replicates = 1000). The resulting phylogenetic
tree was subsequently visualized and annotated using the iTOL online platform for enhanced graphical
representation. Based on the classification and grouping of ABC transporters from model species (7.
urticae, D. melanogaster, H. sapiens, and D. pulex), the ABC transporter genes of N. californicns were classified.

Detection of gene expression levels through RT-qPCR

A total of 500 larvae, 500 nymphs, 300 female adults, and 500 male adults of N. californicus were
collected. Total RNA was extracted from each sample using the MolpureCell/Tissue Total RNA kit. The
purity and concentration of the RNA were measured using the NanoDrop 2000 spectrophotometer. The
extracted RNA was then reverse-transcribed into cDNA using the Hieff UNICON Universal Blue RT-
qPCR SYBR Green Master Mix reverse transcription kit. After the reaction was complete, the cDNA
concentration was determined using the NanoDrop 2000 spectrophotometer, and the cDNA was diluted
to 500 ng/uL for subsequent RT-qPCR experiments. Using Primer5, RT-qPCR primers for all sequences
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in the ABCA subfamily of N. californicus ABC transporter were designed, and the primers were synthesized
by Sangon Biotech (Table 1). The internal reference gene was synthesized from the p-actin gene of
Neoseinlus barkeri Hughes and detected by RT-qPCR (Wang e a/. 2019) (Table 1). The iCycler iQQ Real-
Time PCR Detection System and Taq Pro Universal SYBR qPCR MasterMix kit were used for RT-qPCR.
The specificity of the PCR was confirmed by the dissociation curve. Relative gene expression levels were

22T method, where the CT values of each gene at different developmental stages

calculated using the
were standardized with respect to the CT value of the reference gene (f-actin) (Livak and Schmittgen
2001). The statistical significance of gene expression was calculated using one-way ANOVA, with p <
0.05 considered statistically significant. Fach developmental stage included three biological replicates and

three technical replicates.

Table 1. Primer sequences used for RT-gPCR.

Gene name 5, -3, sense 5, -3, antisense

NcABCA-01 GCCACTGTGGAAGGAGTAGGAA CGTTTGGTTTATGCGGACTTT

NcABCA-02 AATATCATGCAGGATAAGGAGACG ATTGTGACAAGGGCACAGAGG
NcABCA-03 CCAGGTGGAGACCATGATTGA GCGAGCGATAGTTTGCGTTT

NcABCA-04 AGCTATTGGACCCCGAGACC CGAGCCTTAGATCGTTGCGTT
NcABCA-05 TTCTTCTACGCAATGGATCAAGTC CGGCTAAACCCATCATACGC

NcABCA-06 TCCCGTCTTGCTGACTCTGTT CTTATGAAGCCGTTCGTGGG

NcABCA-08 TGATGAGGTCCTACTGGTTCCC CCTGAGTTTGGAGGAGGCTTT
B-actin TACGACCAGAAGCGTACAGC CCAACCGTGAAAAGATGACC

RNAI treatment and interference efficiency detection

The cDNA sequences of NeABCA-02 and NeABCA-05 were submitted to Sangon Biotech for the
synthesis of siRNA, and the siRNA sequence information is shown in Table 1. The RNAi experiment
was conducted as follows: 300 female N. californicus that had completed molting on the same day were
selected for RNAI treatment through feeding. A solution was prepared by mixing 0.125 g sucrose and
0.075 g cochineal red dye with 500 pLL of distilled water to create a 25% sucrose dye solution. Then, 18
uL of 1300 ng/pL siRNA solution and 2 pL. of the 25% suctrose dye solution were mixed to create an
approximately 1300 ng/uL siRNA feeding solution. For feeding, female N. californicus that had undergone
starvation treatment were placed on a feeding device (a Petri dish lined with absorbent cotton, on which
a plastic film was placed and moistened with water). The siRNA feeding solution was dropped onto the
plastic film for the mites to consume. Each treatment was set up with an NC negative control, prepared
by mixing 18 uL. of Aeguorea victoria (Murbach) GFP gene solution (1300 ng/pL) with 2 L of the sucrose
staining solution (Zhu e a/. 2022). Each treatment was repeated three times. N. californicus that ingested
siRNA exhibited a red coloration, serving as a visual marker for successful siRNA uptake. The mites were
maintained at 25 1 °C, 60% RH, and a 161.:8D photoperiod for feeding before subsequent experiments.
After 48 hours, total RNA was extracted from siRNA-fed adult female N. ca/fornicus and subjected to
qPCR to assess gene silencing.

Effect of RNAI treatment on the predatory capacity of adult female N. californicus

Newly molted adult females of N. californicus were fed with synthesized sZNeABCA-02 and
siNeABCA-05 to evaluate RNAI effects on their predatory behavior. The experiment was conducted in
6-well plates containing absorbent cotton pads, each overlaid with a 2—3 cm Canavalia gladiata (Jacq.) DC.
leat disc infested with 10 adult female T. #rticae. Neoseinlus californicus females that had been siRNA-fed for
48 hours followed by 24-hour starvation were introduced into each well. Prey consumption was recorded
after 24 hours. For each type of treatment, two controls were set up. Controls included: (1) blank control
(CK) - 18 pL distilled water + 2 uL sucrose-dye solution; (2) negative control (NC) - 18 uL of 1300
ng/pl. NC siRNA + 2 pL sucrose-dye solution. Each treatment used 10 mites with three biological
replicates.
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Effect of RNAI treatment on the reproductive capacity of adult female N. californicus

To investigate the function of individual ABC transporters in IN. californicus, newly molted adult
females were fed with synthesized siNeABCA-02 and siNeABCA-05 to examine the effect of RNAi on
their reproductive capacity. The experimental setup consisted of Petri dishes lined with absorbent cotton
and a 2-3 cm plastic film floating on water. Approximately 300 adult female IN. ca/ifornicus were allowed
to oviposit for 12 hours in these dishes. The eggs were then transferred to clean Petri dishes for hatching,
and the hatched individuals were reared separately until reaching adulthood. Synchronously developed
adult females were selected, starved for 24 hours, and then fed with siRNA. After 48 hours, these females
were paired with untreated, synchronously developed adult males. The time from pairing to first
oviposition was recorded at 12-hour intervals. Following the initial oviposition recording, all adult females
and males were transferred to new Petri dishes. Daily total egg production and mortality were
documented. All eggs laid daily in each Petri dish were carefully transferred to clean dishes for a 5-day
incubation period, after which the egg hatching rate was recorded. Each treatment was set with a blank
control (CK) and a negative control (NC). Each treatment group consisted of 20 individuals with three
biological replicates.

Statistical analysis

Gene RT-qPCR data were plotted using GraphPad Prism 10, and their significance was evaluated
using one-way analysis of variance. The significance of RN A results was evaluated using the independent
sample t-test. When analyzing the effects of RNAi treatment on the predation quantity, pre-oviposition,
oviposition quantity, lifespan and egg hatching rate of female mites, the normality test was first conducted
using GraphPad Prism 10 One-way analysis of variance is used for data that follow a normal distribution;
otherwise, non-parametric tests are used. Plot using GraphPad Prism 10.

RESULTS
Identification of the ABC transporter protein gene of N. californicus

A total of 49 ABC transporter genes were identified from the transcriptome data of N. californicus
(Table 2). These genes were classified into eight subfamilies: ABCA, ABCB, ABCC, ABCD, ABCE,
ABCF, ABCG, and ABCH. The amino acid lengths of the identified ABC transporters ranged from 574
to 3770, with molecular weights ranging from 63,721.57 to 421,016.86. The isoelectric points (pI) varied
between 5.51 and 9.55, with most of the proteins having pl values greater than 7, indicating that the
majority of these proteins are basic in nature. Additionally, the subcellular localization of the ABC
transporters was predicted. Except for NeABCD-07, NeABCD-02, and NeABCE-02, which were located
in the mitochondria, NeABCF-07, NeABCF-02, and NeABCF-02 were found in the nucleus, and
NeABCE-07 was located in the cytoplasm. The remaining ABC transporters were predicted to be
localized in the cell membrane.

Table 2. Members of the ABC transporter protein family identified from transcriptome data of Neoseiulus californicus and their
physicochemical properties.

Gene ID Name Amino acid Isoel?ctric Subcellulz.tr st.ructural
number point localization

TRINITY_DNG6319_c0_g1 NeABCA-01 1727 7.44 Plas
TRINITY_DN12099_c0_g1 NeABCA-02 1674 7.51 Plas
TRINITY_DN?7855_cl1_g1 NcABCA-03 1675 6.25 Plas
TRINITY_DN12612_c1_g3 NeABCA-04 2286 8.03 Plas
TRINITY_DN1004_c0_g1 NeABCA-05 1077 7.98 Plas
TRINITY_DN1900_c0_g3 NeABCA-06 1720 5.70 Plas
TRINITY_DN1959_c0_g1 NeABCA-07 3770 5.76 Plas
TRINITY_DN2228 c0_g1 NeABCA-08 1776 7.48 Plas
TRINITY_DN9111_c1_g1 NcABCB-01 1516 8.62 Plas
TRINITY_DN13872_c0_g1 NeABCB-02 630 9.54 Plas
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Table 2. Continued.

Gere 1D Name e et
TRINITY_DN1708_c0_g3 NeABCB-03 836 8.36 Plas
TRINITY_DN10766_c0_gl  NcABCB-04 647 7.23 Plas
TRINITY_DN2632_c0_gl NeABCB-05 684 9.55 Plas

TRINITY_DN280_c0_gl NeABCB-06 685 8.98 Plas
TRINITY_DN5902_c0_gl NeABCC-01 1044 6.81 Plas
TRINITY_DN6080_c0_g2 NeABCC-02 1263 8.87 Plas
TRINITY_DNG6356_c2_gl NeABCC-03 1483 6.64 Plas
TRINITY_DN6608_c0_g2 NeABCC-04 582 8.37 Plas
TRINITY_DN729_c0_gl NeABCC-05 1646 7.39 Plas
TRINITY_DNS8618_c0_g3 NeABCC06 1335 5.89 Dlas
TRINITY_DN1299_c0_g1 NeABCC07 1483 7.17 Dlas
TRINITY_DN129_c1_gl NeABCC08 1455 8.53 Dlas
TRINITY_DN10682_c0_gl  NcABCC-09 596 6.61 Dlas
TRINITY_DN2090_c0_g1 NeABCC-10 1453 6.41 Plas
TRINITY_DN220_c1_g1 NeABCC-11 1510 6.90 Plas
TRINITY_DN2425_c0_gl NeABCC-12 1563 6.76 Plas
TRINITY_DN2448_c0_gl NeABCC-13 1335 5.85 Plas
TRINITY_DN245_c0_gl NeABCC-14 1320 6.03 Plas
TRINITY_DN2555_c0_g2 NeABCC-15 1471 8.82 Plas
TRINITY_DN2845_c0_g1 NeABCC-16 661 6.39 Dlas
TRINITY_DN3754_c0_g1 NeABCC-17 1453 6.52 Dlas
TRINITY_DN4854_c0_g1 NeABCC-18 1299 8.37 Dlas
TRINITY_DN49_c0_gl NeABCC-19 808 5.82 Dlas
TRINITY_DN49_c0_g2 NeABCC-20 1519 8.63 Dlas
TRINITY_DN7922_c0_g1 NeABCD-01 661 9.30 Mito
TRINITY_DN9928_c0_gl NeABCD-02 758 9.18 Mito
TRINITY_DN12907_cl_gl  NeABCD-03 574 7.82 Plas
TRINITY_DN6204_c0_g3 NeABCE-01 608 8.64 Cyto
TRINITY_DNG6410_c0_g3 NeABCE-02 597 9.04 Mito
TRINITY_DN6923_c0_g2 NeABCF-01 704 551 Cyto
TRINITY_DN220_cl_g4 NeABCF-02 680 7.61 Nucl
TRINITY_DN4876_c0_g1 NeABCF-03 770 591 Nucl
TRINITY_DNI12792_c0_g5  NeABCG-01 580 9.22 Plas
TRINITY_DN10633_c0_g2  NecABCG-02 667 8.21 Dlas
TRINITY_DN14882_c0_gl  NeABCH-01 830 6.11 Plas
TRINITY_DN15421_c0_gl  NeABCH-02 637 5.96 Plas
TRINITY_DN25_c0_gl NeABCH-03 793 6.91 Dlas
TRINITY_DN25_c0_g2 NeABCH-04 771 8.77 Plas
TRINITY_DN25_c0_g3 NeABCH-05 766 5.95 Plas

Conservation motifs and domain analysis of the ABC transporter gene of N. californicus

Conserved motifs of ABC transporters in N. californicus were identified (Fig. 1), revealing 10 distinct
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conserved motifs. Genes within the same family exhibited similar conserved motifs, with the majority of
the ABCC family containing the highest number of conserved motifs. Motifs 1 and 9 were present in
most ABC transporter family members, while motifs 6, 8, and 10 were predominantly distributed in the
ABCC family.

N Motif 9
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NeABCA-02 88 —ai N Votif 5
NeABCA03 — 88— 86— 88— Motif 2
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Figure 1. Conserved motifs of ABC transporter genes in N. californicus. The letters and numbers on the left indicate gene
names, while the right side shows amino acid motifs (numbered 1-10) within the ABC transporter proteins, displayed
in 10 colored boxes. The black lines represent the lengths of the amino acid sequences.

The structural domains of ABC transporters were examined, with results shown in Figure 2. All
identified ABC transporters contain at least one conserved NBD. The A family includes 7 full transporter
genes and 1 half-transporter gene. The B family contains 1 full transporter gene and 5 half-transporter
genes. The C family, in addition to 16 full transporter genes and 2 half-transporter genes, also includes
genes with 1 TMD and 2 NBDs, as well as genes with 2 TMDs and 1 NBD. The D family consists of 3
half-transporters. Both the G and H families each contain 1 TMD and 1 NBD, with genes in these
families exhibiting a typical inverted domain arrangement. The E and F families only contain 2 NBD
domains without TMD domains.

Phylogenetic analysis of the ABC transporter system in N. californicus

An evolutionary tree was constructed based on the 49 identified ABC transporter protein genes of
N. californicus, as well as downloaded protein files of D. melanogaster, H. sapiens, D. pulex, and downloaded
T. urticae. The results are shown in Figure 3. The 49 ABC transporter genes were ultimately classified into
eight subfamilies (ABCA-H). Among them, subfamily C contained the largest number of members, with
20 genes, while subfamily G had relatively fewer members compared to other species, with only 2 genes.
The remaining subfamilies (A, B, D, E, F, and H) contained 8, 6, 3, 2, 3, and 5 members, respectively.
The phylogenetic analysis indicated a high degree of homology between the ABC transporter families of
N. californicus and T. urticae. Notably, all ABCA subfamily genes from both species formed distinct clusters
with strong bootstrap support, suggesting that these genes are orthologous.
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Figure 2. Conserved domains of ABC transporter genes in Neoseiulus californicus. The letters on the left represent the names
of ABC subfamilies, and the numbers in parentheses on the right indicate the number of members in each subfamily
sharing the same domain architecture. Each ABC transporter amino acid sequence was submitted to the InterPro
program for the prediction of transmembrane domains (TMDs) and nucleotide-binding domains (NBDs). Yellow
rectangles represent TMDs, and blue ellipses represent NBDs.
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Figure 3. Phylogenetic analysis of ABC subfamilies in IN. ca/ifornicus and other species. The numbers at the branch nodes
indicate posterior probability support values. The species and their abbreviations are as follows: tetur represents 7.
urticae; h represents H. sapiens; Nc represents N. californicus; Dm represents D. melanogaster, Dp represents D. pulex.
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Expression analysis of genes in the ABCA subfamily of N. californicus

Expression levels of the ABCA subfamily genes in N. californicus were experimentally analyzed
across four developmental stages: larva, nymph, adult female, and adult male (Fig. 4). Except for
NeABCA-07, all other ABCA subfamily genes were broadly expressed across the four stages. NeABCA-
01, NeABCA-03, and NeABCA-08 exhibited higher expression levels in larvae, while the remaining genes
showed relatively higher expression in nymphs. Compared to other genes, NeABCA-02 and NeABCA-
05 had elevated expression in adult females, and both genes shared similar expression patterns across the
different life stages. Notably, the expression of all ABCA genes was relatively low in adult males.
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Figure 4. Expression levels of the ABCA subfamily genes in larval, nymphy, adult female, and adult male stages of Neoseinlus
californicus were analyzed by RT-qPCR, using 3-actin as the internal reference gene. Statistical significance was assessed
using one-way ANOVA in GraphPad Prism 10, and the results were visualized accordingly. Bars sharing the same letter
indicate no significant difference in expression levels (p < 0.05).

RNA interference efficiency detection

After 48 hours of siRNA interference (Fig. 5). RT-qPCR was performed to assess gene interference
efficiency. The expression levels of NeABCA-02 and NeABCA-05 were reduced by 63.69% (p = 0.0003)
and 70.55% (p = 0.0011), respectively, compared to the control group.
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Figure 5. Gene interference efficiency of siNeABCA-02 (A, p = 0.0003) and sZ/NeABCA-05 (B, p = 0.0011) in Neoseiulus californicus.
Statistical significance was analyzed and plotted using t-test in GraphPad Prism 10. Statistically significant differences

were evaluated by t-test (**p < 0.01; ***p < 0.001).

Eftects of NcABCA-02 and NcABCA-05 silencing on survival, predation, and reproduction in
adult female mites

Compared to the blank control (CK) and negative control (NC), the mortality of N. californicus
significantly increased after 48 hours of RNAI treatment, rising from 1.00% and 0.33% to 12.00% and
5.78%, respectively. No obvious morphological abnormalities were observed in any treatment group. In
addition, the lifespan of adult females treated with sZNeABCA-02 and siNeABCA-05 showed no

significant change (Fig. 0).
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Figure 6. Mortality rate (A) and lifespan (B) of Neoseiulus californicus after feeding on siNeABCA-02 and siNeABCA-05. CK
represents the blank control, and NC is the negative control. Statistical significance was evaluated using one-way
ANOVA in GraphPad Prism 10, and data were visualized using GraphPad Prism 10. Bars sharing the same letter
indicate no significant difference in mortality rate or lifespan (p < 0.05).
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The average predation rates of female adult mites after silencing Ne4ABCA-02 and NeABCA-05 on
female adult mites of T. #rticae were 1.87 and 1.70, respectively. These values were significantly lower than
those in the blank control (3.87) and negative control (3.60) groups, with no significant difference

between CK and NC groups (Fig. 7).
Figure 7. Average number of adult female Tetranychus urticae preyed upon by adult female Neoseiulus californicus after NeABCA-
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02 and NeABCA-05 silencing. CK represents the blank control, and NC is the negative control. Statistical significance
was assessed using one-way ANOVA in GraphPad Prism 10, and the figure was generated with GraphPad Prism 10.
Bars sharing the same letter indicate no significant difference in predation quantity (» < 0.05).
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Figure 8. Effects of NeABCA-02 and NeABCA-05 silencing on the pre-oviposition period (A) and number of eggs laid per
female (B) in Neoseinlus californicus. CK represents the blank control, and NC is the negative control. Statistical analysis
was performed using one-way ANOVA in GraphPad Prism 10, and visualization was done with GraphPad Prism 10.
Bars with the same letter indicate no significant difference in pre-oviposition period or egg production (p < 0.05).

To evaluate the effects of gene silencing on reproductive capacity, the pre-oviposition period (time
from mating to the first egg), number of eggs laid per female, and egg hatching rate were measured. The
results showed no significant differences between the CK and NC groups in any of these parameters. In
the siINeABCA-02 group, the pre-oviposition period was significantly prolonged, while the other
parameters remained unchanged. In the $/INeABCA-05 group, the number of eggs laid per female was
significantly reduced, with no changes observed in the pre-oviposition period or lifespan (Fig. 8).

To further examine the effects on egg viability, daily oviposition and egg hatching failure rates over
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the first 15 days (beyond which accuracy declines due to a rapid drop in egg production) were analyzed
using 20 individuals per group. The hatching failure rate curves (Fig. 9) showed little variation from day
1 to 15 in the CK and NC groups. After treatment with siNcABCA-02 and siNcABCA-05, the unhatched
rates were relatively high during the initial 1-3 days, particularly on the first day, reaching 7.71% and
9.85%, respectively, which were significantly higher than those in the CK and NC groups. After this
period, the unhatched rates returned to a lower range (Fig. 9).
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Figure 9. Line graph of daily unhatched egg rates in Neosezulus californicus following RNAi treatment. The x-axis indicates time
(days) and the y-axis shows the unhatched rate (individuals). Data are presented as mean + SEM of three replicates,
with the graph generated using GraphPad Prism 10.

DISCUSSION

This study identified 49 ABC transporter protein members from the transcriptome data of N.
californicus. The nomenclature of each gene was referenced from previous studies on T. urticae as well as
the conserved motifs and phylogenetic analyses of this study (Dermauw e 2/ 2013). Among these,
NeABCA-07 was the longest ABC transporter gene, encoding 3770 amino acids, while NeABCD-03 was
the shortest, encoding only 574 amino acids. The ABCA, ABCB, and ABCC subfamilies contained both
full and half transporters, whereas other subfamilies lacked full transporter genes. These results align with
tindings in Angpheles sinensis Wiedemann and Tigriopus japonicus Moti (Jeong ef al. 2014; Wu et al. 2019). In
contrast, T. urticae was found to possess 103 ABC transporter genes, with all members of the ABCA and
ABCC subfamilies being full transporters, while other subfamily structures remained consistent with IN.
caltfornicns (Dermauw ef al. 2013). Phylogenetic analysis confirmed that the ABC transporters of IN.
californicus could be classified into eight subfamilies (ABCA-H), containing 8, 6, 20, 3, 2, 3, 2, and 5
members, respectively. In many organisms, the ABCG subfamily is notably large—for example, T. urticae
(23 genes), Diaphorina citri Kuwayama (15 genes), Bactrocera dorsalis (Hendel) (15 genes), and Anopheles
gambiae Giles (21 genes) (Dermauw ez al. 2013; Liu ef al. 2011; Jeong ef al. 2014; Xiao et al. 2018; Liu et al.
2019). However, this study identified only two ABCG members in N. californicus.

Homology analysis revealed that IN. californicus ABC transporter genes are highly similar to those of
T. wurticae, especially in the ABCA subfamily, where all genes from both species clustered into a well-
supported branch, suggesting a common ancestral origin. Phylogenetic results for NeABCA-02 and
NeABCA-05 suggest they may have originated from a recent gene duplication event. Homologous genes
across species often retain conserved physiological functions. Although ABC transporters vary in
function among organisms, they frequently exhibit functional similarities (Deng e a/ 2024; Wang et al.
2024). For instance, .ABCC2 mediates resistance to CrylAc in P. xylostella and Spodoptera exigua (Hiibner)
(Park et al. 2014; Guo et al. 2019), and knockout of ABCBT increases sensitivity to emamectin benzoate
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in S. exigna and Spodoptera frugiperda (Smith) (Zuo et al. 2018; Li e al. 2022). In mammals, D. melanogaster,
and other arthropods, ABC transporters are widely studied and are involved in organ development
(Akiyama et al. 2005; Akasaka ez al. 2006; Wenzel ef al. 2007; Fahrenbach ez al. 2014; De Franco ez al. 2020),
nutrient transport (Ewart and Howells, 1998; Mackenzie ef a/. 1999; Lu et al. 2001; Chot ez al. 2019), and
xenobiotic transport (Tarnay ef al. 2004; Vache ez al. 2007; Castanys-Mufoz ez al. 2008; Sun ez al. 2017,
Chen ez al. 2024), with functionally similar genes found across different subfamilies. Therefore, the known
functions of homologous genes provide important clues for functional inference in target organisms.

RT-gPCR results showed that, except for NeABCA-07, all ABCA subfamily genes were broadly
expressed in larvae, nymphs, adult females, and adult males of N. ca/ifornicus. The failure to detect
NeABCA-07 may be due to low expression levels or tissue-specific expression. Gene expression varied
by developmental stage, suggesting that different genes are involved in distinct life processes. The low or
specific expression of NeABCA-07 warrants further investigation in different tissues or under various
physiological conditions. Notably, NeABCA-02 and NeABCA-05 exhibited similar expression patterns,
with highest levels in nymphs, followed by adult females, larvae, and adult males. Other ABCA genes
showed peak expression in larvae, implying roles in early development. In contrast, some species exhibit
higher ABC transporter expression in pupae and adults than in larvae (Bretschneider ef a/. 2016; Jin ez al.
2019; Wang ez al. 2024).

This study represents the first systematic identification of the ABC transporter family in predatory
mites and the validation of their physiological functions through RNAi. By using RNA interference to
knockdown the expression of two genes, NeABCA-02 and NeABCA-05, the study found that silencing
these genes led to increased mortality in adult mites. This result is consistent with the reported functions
of ABCA family genes in Tribolium castanenm (Herbst), although the mortality rate observed in this study
was lower than the 30% reported by Broehan ez 2/ (2013). The study also revealed that silencing both
genes significantly reduced the daily predation rate of adult female N. calzfornicus on adult female T. urticae
and led to a short-term decrease in egg hatching rate. Additionally, knockdown of NeABCA-02
expression prolonged the pre-oviposition period in adult female N. californicus. These findings are the first
reported in the study of the ABCA subfamily. The functional similarities between the two genes align
with their high homology and consistent gene expression patterns. Since siRNA can degrade and become
ineffective in the diet, gut, or insect tissues (Kumar ez /. 2009), the transient reduction in hatching rate
observed in this study is understandable.

In this study, silencing NeABCA-02 and NeABCA-05 affected survival, predation, and
reproduction in N. californicus, though with moderate lethality and a recovery in egg hatching rate over
time. Functional effects also differed between the two genes. This study relied on transcriptomic data for
gene identification; genomic data may yield more comprehensive results. Only two ABCA genes were
functionally validated here, and other subfamilies remain unexplored. Future research should aim to
conduct detailed functional analyses of these and other ABC genes—such as investigating their tissue-
specific expression, localization, and roles in pesticide resistance and environmental stress tolerance,
including high temperatures, in N. californicus.

CONCLUSIONS

This study successfully identified all 49 members of the ABC gene family and their subfamily
classifications in N. californicus. Notably, it represents the first application of RNAi technology in
predatory mites to functionally validate the critical roles of two ABCA subfamily genes (NeABCA-02 and
NeABCA-05) in regulating adult female survival, predatory efficiency, and reproductive performance
(including egg hatchability and pre-oviposition period). Furthermore, the research reveals novel functions
of ABC subfamily genes in modulating both predatory capacity and reproductive fitness. These findings
significantly advance our understanding of fundamental physiological processes and adaptive
mechanisms in beneficial arthropods. More importantly, the study provides crucial new insights for
molecular-level investigation of key biological characteristics in predatory mites, particularly their
exceptional predation efficiency and environmental stress resistance.

PERSIAN JOURNAL OF ACAROLOGY



ZHAO ET AL. 2025

ACKNOWLEDGEMENTS

We would like to express our gratitude to Professor Tianci Yi from the Insect Research Institute of
Guizhou University for his assistance in this research.

Author contributions: Data curation, Formal analysis, Validation, Visualization, Writing — original draft, Writing — review &
editing; J.X.L.: Data curation, Formal analysis, Investigation, Methodology, Project administration, Resources, Software,
Validation, Visualization, Writing — original draft; Z.H.Z.: Investigation, Methodology, Writing — review & editing; W.Q.X.:
Methodology, Resources, Supervision, Writing — review & editing; Q.Y.L.: Investigation, Methodology, Writing — review &
editing; H.J.W.: Methodology, Resources, Supervision, Writing — review & editing; Q.L.: Methodology, Resources,
Supervision, Writing — review & editing; S.R.J.: Methodology, Resources, Supervision, Writing — review & editing; C.X.].:
Conceptualization, Data curation, Methodology, Resources, Supervision, Writing — review & editing. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was financially supported by the Sichuan Innovation Team of the National Modern Agricultural Industry
Technology System (sccxtd-2024-4).

Data availability: Data will be made available upon request from the authors.

Ethics approval: This study only included arthropod material, and all required ethical guidelines for the treatment and use of
animals were strictly adhered to in accordance with international, national, and institutional regulations. No human participants
were involved in any studies conducted by the authors for this article.

Conflict of interest: The authors declare no conflict of interest.

REFERENCES

Adedipe, F., Grubbs, N., Coates, B., Wiegmman, B. & Lorenzen, M. (2019) Structural and functional insights into
the Diabrotica virgifera virgifera ATP-binding cassette transporter gene family. BMC Genomics, 20(1): 899.
https://doi.org/10.1186/s12864-019-6218-8

Akasaka, T., Klinedinst, S., Ocott, K., Bustamante, E. L., Kim, S. K. & Bodmer, R. (2006) The ATP-sensitive
potassium (KATP) channel-encoded dSUR gene is required for Drosophila heart function and is regulated by
tinman. Proceedings of the National Academy of Sciences of the United States of America, 103(32): 11999-12004.
https://doi.org/10.1073/pnas.0603098103

Akiyama, M., Sugiyama-Nakagiri, Y., Sakai, K., McMillan, J.R., Goto, M., Arita, K., Tsuji-Abe, Y., Tabata, N,
Matsuoka, K., Sasaki, R., Sawamura, D. & Shimizu, H. (2005) Mutations in lipid transporter ABCA12 in
harlequin ichthyosis and functional recovery by corrective gene transfer. The Journal of Clinical Investigation,
115(7): 1777-1784. https://doi.org/10.1172/]CI124834

Bretschneider, A., Heckel, D.G. & Vogel, H. (2016) Know your ABCs: Characterization and gene expression
dynamics of ABC transporters in the polyphagous hetbivore Helicoverpa armigera. Insect Biochemistry and Molecular
Biology, 72: 1-9. https://doi.org/10.1016/§.ibmb.2016.03.001

Broehan, G., Kroeger, T., Lorenzen, M. & Merzendorfer, H. (2013) Functional analysis of the ATP-binding
cassette (ABC) transporter gene family of Triboliun castanenm. BMC Genomies, 14(1): 6. https://doi.org/10.1186
/1471-2164-14-6

Castanys-Mufioz, E., Pérez-Victoria, J.M., Gamarro, F. & Castanys, S. (2008) Characterization of an ABCG-like
transporter from the protozoan parasite Leishmania with a role in drug resistance and transbilayer lipid
movement. Antimicrobial Agents and Chemotherapy, 52(10): 3573-3579. https://doi.org/10.1128/AAC.00587-
08

Chen, J., Duan, Y., Zhou, Y. & Yang, Q. (2024) Squeeze pumping of lipids and insecticides by ABCH transporter.
Cell, 188(4): 944-957 https://doi.org/10.1016/j.cell.2024.11.033

Choi, Y.M., Kim, Y.I., Choi, J.H., Bhandari, S., Nam, I.K., Hong, K., Kwak, S., So, H.S., Park, D.S., Kim, C.H.,
Chot, T.Y. & Choe, S.K. (2019) Loss of abcd4 in zebrafish leads to vitamin B12-deficiency anemia. Biochemical
and Biophysical Research Communications, 514(4): 1264-1269. https://doi.org/10.1016/j.bbrc.2019.05.099

Davidson, A.L., Dassa, E., Orelle, C. & Chen, J. (2008) Structure, function, and evolution of bacterial ATP-binding
cassette systems. Microbiology and Molecular Biology Reviews: MMBR, 72(2): 317-364. https://doi.org/10.
1128/MMBR.00031-07

De Franco, E., Saint-Martin, C., Brusgaard, K., Knight Johnson, A.E., Aguilar-Bryan, L., Bowman, P., Arnoux, J.,

PERSIAN JOURNAL OF ACAROLOGY


https://doi.org/10.1186/s12864-019-6218-8
https://doi.org/10.1073/pnas.0603098103
https://doi.org/10.1172/JCI24834
https://doi.org/10.1016/j.ibmb.2016.03.001
https://doi.org/10.1186/1471-2164-14-6
https://doi.org/10.1186/1471-2164-14-6
https://doi.org/10.1128/AAC.00587-08
https://doi.org/10.1128/AAC.00587-08
https://doi.org/10.1016/j.cell.2024.11.033
https://doi.org/10.1016/j.bbrc.2019.05.099
https://doi.org/10.1128/MMBR.00031-07
https://doi.org/10.1128/MMBR.00031-07

2025 ABC TRANSPORTER GENES IN N. CALIFORNICUS

Larsen, A.R., Sanyoura, M., Greeley, S.A.W., Calzada-Le6n, R., Harman, B., Houghton, J.A.L., Nishimura-
Meguro, E., Laver, T.W., Ellard, S., del Gaudio, D., Christesen, H.T', Bellanné-Chantelot, C. & Flanagan, S.
E. (2020) Update of variants identified in the pancreatic 3-cell KATP channel genes KCNJ11 and ABCCS in
individuals with congenital hyperinsulinism and diabetes. Human Mutation, 41(5): 884-905. https://doi.org/
10.1002/humu.23995

Dermauw, W., Osborne, E.J., Clark, R.M., Grbi¢, M., Tirry, L. & Van Leeuwen, T. (2013) A burst of ABC genes
in the genome of the polyphagous spider mite Tetranychus urticae. BMC Genomics, 14(1): 317. https://doi.org/
10.1186/1471-2164-14-317

Ewart, G.D. & Howells, A.J. (1998). ABC transporters involved in transport of eye pigment precursors in Drosophila
melanogaster. Methods in Enzymology, 292: 213-224. https://doi.org/10.1016/s0076-6879(98)92017-1

Fahrenbach, ].P., Stoller, D., Kim, G., Aggarwal, N., Yerokun, B., Earley, ].U., Hadhazy, M., Shi, N.-Q., Makielski,
J.C. & McNally, E.M. (2014) Abcc9 is required for the transition to oxidative metabolism in the newborn
heart. FASEB Journal: Official Publication of the Federation of American Societies for Experimental Biology, 28(7): 2804—
2815. https://doi.org/10.1096/1).13-244459

Guo, Z., Kang, S., Zhu, X., Xia, J., Wu, Q., Wang, S., Xie, W. & Zhang, Y. (2015) The novel ABC transporter
ABCHLI is a potential target for RNAi-based insect pest control and resistance management. Sczentific Reports,
5: 13728. https://doi.org/10.1038/srep13728

Guo, Z., Sun, D., Kang, S., Zhou, J., Gong, L., Qin, J., Guo, L., Zhu, L., Bai, Y., Luo, L. & Zhang, Y. (2019)
CRISPR/Cas9-mediated knockout of both the PxABCC2 and PxABCC3 genes confers high-level resistance
to Bacillus thuringiensis CrylAc toxin in the diamondback moth, Plutella xylostella (L.). Insect Biochemistry and
Molecular Biology, 107: 31-38. https://doi.org/10.1016/j.ibmb.2019.01.009

Hao, X., Wang, E., Yan, H., Zhao, P., Sheng, F., Ren, Q., Liu, M., Zhang, B. & Xu, X. (2024) Effects of heat
stresses on fitness of three commercial predatory mites. Systematic and Applied Acarology, 29(12): 1673-1684.
https://doi.org/10.11158/s22.29.12.8

Jeong, C.B., Kim, B.M., Lee, J.S. & Rhee, J.S. (2014) Genome-wide identification of whole ATP-binding cassette
(ABC) transporters in the intertidal copepod Tigriopus japonicus. BMC Genomics, 15(1): 651. https://doi.org/10.
1186/1471-2164-15-651

Jin, M., Liao, C., Chakrabarty, S., Zheng, W., Wu, K. & Xiao, Y. (2019) Transcriptional response of ATP-binding
cassette (ABC) transporters to insecticides in the cotton bollworm, Helicoverpa armigera. Pesticide Biochemistry and
Physiology, 154: 46-59. https://doi.org/10.1016/j.pestbp.2018.12.007

Jiang, C., Tian, Y.J., Li, Q., Wang, H. & Yang, Q. (2020) Toxicity of acaricides to Tetranychus cinnabarinus and safety
evaluation to Neoseiulus californicus. Chinese Journal of Biological Control, 4(4): 551-557 [in Chinese]. https://doi.
org/10.16409/j.cnki.2095-039x.2020.04.006

Kumar, M., Gupta, G.P., & Rajam, M.V. (2009) Silencing of acetylcholinesterase gene of Helicoverpa armigera by
siRNA affects larval growth and its life cycle. Journal of Insect Physiology, 55(3): 273-278. https://doi.org/10.
1016/j.jinsphys.2008.12.005

Li, J., Lv, Y., Yan, K., Yang, F., Chen, X., Gao, X., Wen, S., Xu, H., Pan, Y. & Shang, Q. (2022) Functional analysis
of cyantraniliprole tolerance ability mediated by ATP-binding cassette transporters in Aphis gossypii glover.
Pesticide Biochemistry and Physiology, 184: 105104. https://doi.org/10.1016/j.pestbp.2022.105104

Li, Q., Jin, M., Yu, S., Cheng, Y., Shan, Y., Wang, P., Yuan, H. & Xiao, Y. (2022) Knockout of the ABCB1 gene
increases susceptibility to Emamectin Benzoate, Beta-Cypermethrin and Chlorantraniliprole in Spodoptera
frugiperda. Insects, 13(2): 137. https://doi.org/10.3390/insects13020137

Li, Z., Cai, T., Qin, Y., Zhang, Y., Jin, R., Mao, K., Liao, X., Wan, H. & Li, J. (2020) Transcriptional response of
ATP-binding cassette (ABC) transporters to insecticide in the Brown Planthopper, Nilaparvata iugens (Stal).
Insects, 11(5): 280. https://doi.org/10.3390/insects11050280

Liu, S., Zhou, S., Tian, L., Guo, E., Luan, Y., Zhang, ]J. & Li, S. (2011) Genome-wide identification and
characterization of ATP-binding cassette transporters in the silkworm, Bomzbyx mori. BMC Genomics, 12(1): 491.
https://doi.org/10.1186/1471-2164-12-491

Liu, X.Q., Jiang, H.B., Xiong, Y., Peng, P., Li, H.F., Yuan, G.R., Dou, W. & Wang, J.J]. (2019) Genome-wide
identification of ATP-binding cassette transporters and expression profiles in the Asian citrus psyllid,
Diaphorina citri, exposed to imidacloprid. Comparative Biochemistry and Physiology Part D: Genomsies and Proteomics,
30: 305-311. https://doi.org/10.1016/j.cbd.2019.04.003

Livak, K.J. & Schmittgen, T.D. (2001) Analysis of relative gene expression data using real-time quantitative PCR

PERSIAN JOURNAL OF ACAROLOGY


https://doi.org/10.1002/humu.23995
https://doi.org/10.1002/humu.23995
https://doi.org/10.1186/1471-2164-14-317
https://doi.org/10.1186/1471-2164-14-317
https://doi.org/10.1016/s0076-6879(98)92017-1
https://doi.org/10.1096/fj.13-244459
https://doi.org/10.1038/srep13728
https://doi.org/10.1016/j.ibmb.2019.01.009
https://doi.org/10.11158/saa.29.12.8
https://doi.org/10.1186/1471-2164-15-651
https://doi.org/10.1186/1471-2164-15-651
https://doi.org/10.1016/j.pestbp.2018.12.007
https://doi.org/10.16409/j.cnki.2095-039x.2020.04.006
https://doi.org/10.16409/j.cnki.2095-039x.2020.04.006
https://doi.org/10.1016/j.jinsphys.2008.12.005
https://doi.org/10.1016/j.jinsphys.2008.12.005
https://doi.org/10.1016/j.pestbp.2022.105104
https://doi.org/10.3390/insects13020137
https://doi.org/10.3390/insects11050280
https://doi.org/10.1186/1471-2164-12-491
https://doi.org/10.1016/j.cbd.2019.04.003

ZHAO ET AL. 2025

and the 2-24CT method. Methods, 25: 402—-408. https://doi.org/10.1006/meth.2001.1262

Locher K. P. (2009) Structute and mechanism of ATP-binding cassette transpotters. Philosophical transactions of the
Royal Society of London. Series B, Biological Sciences, 364(1514): 239-245. https://doi.org/10.1098 /1stb.2008.0125

Lu, K., Lee, M.-H., Hazard, S., Brooks-Wilson, A., Hidaka, H., Kojima, H., Ose, L., Stalenhoef, A.F.H., Mietinnen,
T., Bjorkhem, I., Bruckert, E., Pandya, A., Brewer, Jr., H.B., Salen, G., Dean, M., Srivastava, A. & Patel, S.B.
(2001) Two genes that map to the STSL locus cause Sitosterolemia: Genomic structure and spectrum of
mutations involving Sterolin-1 and Sterolin-2, encoded by ABCG5 and ABCGS, Respectively. American Jonrnal
of Human Genetics, 69(2): 278-290.

Mackenzie, S.M., Brooker, M.R., Gill, T.R., Cox, G.B., Howells, A.]., & Ewart, G.D. (1999) Mutations in the white
gene of Drosophila melanogaster attecting ABC transporters that determine eye colouration. Biochimica et Biophysica
Acta, 1419(2): 173-185. https://doi.org/10.1016/s0005-2736(99)00064-4

McMurtry, J.A., Moraes, G.J. de & Sourassou, N.FF. (2013) Revision of the lifestyles of phytoseiid mites (Acari:
Phytoseiidae) and implications for biological control strategies. Systematic and Applied Acarology, 18(4): 297-320.
https://doi.org/10.11158/saa.18.4.1

Merzendorfer, H. (2014) ABC transporters and their role in protecting insects from pesticides and their
metabolites. In: Cohen, E. (Ed.), Advances in Insect Physiology. Academic Press, Vol. 46, pp. 1-72. https://doi.
org/10.1016/B978-0-12-417010-0.00001-X

Park, Y., Gonzalez-Martinez, R.M., Navarro-Cerrillo, G., Chakroun, M., Kim, Y., Ziarsolo, P., Blanca, J., Cafiizares,
J., Ferré, J. & Herrero, S. (2014) ABCC transporters mediate insect resistance to multiple Bt toxins revealed
by bulk segregant analysis. BMC Biiolygy, 12(1): 46. https://doi.org/10.1186/1741-7007-12-46

Rees, D.C,, Johnson, E. & Lewinson, O. (2009) ABC transporters: The power to change. Nature Reviews Molecular
Cell Biology, 10(3): 218-227. https:/ /doi.org/10.1038/nrm2646

Sato, M.E., Silva, M.D., Gongalves, L.R., Souza Filho, M.F.D. & Raga, A. (2002) Toxicidade Diferencial de
Agroquimicos a Neoseinlus californicus (McGregor) (Acari: Phytoseiidae) e Tetranychus unrticae Koch (Acari:
Tetranychidae) em Morangueiro. Neotropical Entomology, 31: 449—456. https://doi.org/10.1590/51519-566X20
02000300016

Sauvage, V., Aubert, D., Escotte-Binet, S. & Villena, 1. (2009) The role of ATP-binding cassette (ABC) proteins in
protozoan parasites. Molecular and Biochemical Parasitology, 167(2): 81-94. https://doi.org/10.1016/j.
molbiopara.2009.05.005

Siebert, J.C., Schneider, J.R., Wutlitzer, W.B., Granich, J., Rodighero, L.F., Lambert, G.H., Ferla, N.J. & Lobo, E.
A. (2025) Specialized predatory strategies by Phytoseiulus macropilis and Neoseinlus californicns: Implications for
optimal biological control of Tetranychus urticae. Phytoparasitica, 53(2): 24. https:/ /doi.org/10.1007/s12600-025-
01248-9

Song, Z.W., Zheng, Y., Zhang, B.X. & Li, D.S. (2016) Prey consumption and functional response of Neoseiulus
californicus and Neoseinlus longispinosus (Acari: Phytoseiidae) on Tetranychus urticae and Tetranychus kangawai (Acari:
Tetranychidae). Systematic and Applied Acarology, 21(7): 936-946. https://doi.org/10.11158/saa.21.7.7

Sun, H., Buchon, N. & Scott, ].G. (2017) Mdr65 decreases toxicity of multiple insecticides in Drosophila melanogaster.
Insect Biochemistry and Molecular Biolgy, 89: 11-16. https:/ /doi.org/10.1016/j.ibmb.2017.08.002

Sun, H., Pu, J., Chen, F., Wang, J. & Han, Z. (2017) Multiple ATP-binding cassette transporters are involved in
insecticide resistance in the small brown planthopper, Laodelphax striatellus. Insect Molecular Biology, 26(3): 343—
355. https://doi.org/10.1111/imb.12299

Tarnay, J.N., Szeri, F., Ilias, A., Annilo, T., Sung, C., Le Saux, O., Varadi, A., Dean, M., Boyd, C.D. & Robinow,
S. (2004) The dMRP/CG6214 gene of Drosophila is evolutionarily and functionally related to the human
multidrug resistance-associated protein family. Insect Molecular Biology, 13(5): 539—-548. https://doi.org/10.
1111/j.0962-1075.2004.00512.x

Tian, L., Song, T., He, R., Zeng, Y., Xie, W., Wu, Q., Wang, S., Zhou, X. & Zhang, Y. (2017) Genome-wide analysis
of ATP-binding cassette (ABC) transporters in the sweetpotato whitefly, Bewisia tabaci. BMC Genomics, 18(1):
330. https://doi.org/10.1186/s12864-017-3706-6

Vache, C., Camares, O., Cardoso-Ferreira, M.-C., Dastugue, B., Creveaux, 1., Vaury, C. & Bamdad, M. (2007) A
potential genomic biomarker for the detection of polycyclic aromatic hydrocarbon pollutants: Multidrug
resistance gene 49 in Drosophila melanogaster. Environmental Toxicology and Chemistry, 26(7): 1418-1424. https://
doi.org/10.1897/06-552¢.1

Wang, C., Yang, J., Pan, Q., Yu, S., Luo, R., Liu, H., Li, H., Cong, L.. & Ran, C. (2019) Screening of reference genes

PERSIAN JOURNAL OF ACAROLOGY


https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1098/rstb.2008.0125
https://doi.org/10.1016/s0005-2736(99)00064-4
https://doi.org/10.11158/saa.18.4.1
https://doi.org/10.1016/B978-0-12-417010-0.00001-X
https://doi.org/10.1016/B978-0-12-417010-0.00001-X
https://doi.org/10.1186/1741-7007-12-46
https://doi.org/10.1038/nrm2646
https://doi.org/10.1590/S1519-566X2002000300016
https://doi.org/10.1590/S1519-566X2002000300016
https://doi.org/10.1016/j.molbiopara.2009.05.005
https://doi.org/10.1016/j.molbiopara.2009.05.005
https://doi.org/10.1007/s12600-025-01248-9
https://doi.org/10.1007/s12600-025-01248-9
https://doi.org/10.11158/saa.21.7.7
https://doi.org/10.1016/j.ibmb.2017.08.002
https://doi.org/10.1111/imb.12299
https://doi.org/10.1111/j.0962-1075.2004.00512.x
https://doi.org/10.1111/j.0962-1075.2004.00512.x
https://doi.org/10.1186/s12864-017-3706-6
https://doi.org/10.1897/06-552r.1
https://doi.org/10.1897/06-552r.1

2025 ABC TRANSPORTER GENES IN N. CALIFORNICUS

using real-time quantitative PCR for gene expression studies in Neoseiulus barkeri Hughes (Acari: Phytosei-
idae). Bulletin of Entomological Research, 109(4): 443—-452. https://doi.org/10.1017/5000748531800072X
Wang, C.H., Suzuki, T., Ohyama, K., Ullah, M.S. & Gotoh, T. (2016) Anoxia treatment for selectively controlling
spider mites Tetranychus nrticae and Panonychus citri with little impact on the predatory mite Neoseiulus californicus.
International Journal of Acarology, 42(4): 206-211. https://doi.org/10.1080/01647954.2016.1171899

Wang, L., Wen, B., Guo, S., Han, Y., Deng, Z., Ding, Q. & Li, X. (2024). Identification and characterization of
ATP-binding cassette transporters involved in chlorantraniliprole tolerance of model insect Drosophila
melanogaster and agticultural pest Spodoptera frugiperda. Pesticide Biochemistry and Physiology, 206: 106212. https://
doi.org/10.1016/j.pestbp.2024.106212

Wang, L., Zhu, J., Cui, L., Wang, Q., Huang, W., Ji, X, Yang, Q. & Rui, C. (2021) Overexpression of ATP-binding
cassette transporters associated with sulfoxaflor resistance in Aphis gossypii glover. Pest Management Science, 77(9):
4064-4072. https://doi.org/10.1002/ps.6431

Wang, P., Liu, Q., Sun, T., Wang, X., Wang, B., Liu, B., Li, H., Wang, C., Sun, W. & Pan, B. (2024) Identification
and transcriptional response of ATP-binding cassette transporters to beta-cypermethrin in the poultry red
mite, Dermanyssus gallinae. Pesticide Biochemistry and Physiology, 202: 105960. https://doi.org/10.1016/j.pestbp.
2024.105960

Wenzel, ].J., Piehler, A. & Kaminski, W.E. (2007) ABC A-subclass proteins: Gatekeepers of cellular phospho- and
sphingolipid transpott. Frontiers in Bioscience: A Journal and Virtual Library, 12: 3177-3193. https://doi.org/10.
2741/2305

Wu, C., Chakrabarty, S., Jin, M., Liu, K. & Xiao, Y. (2019) Insect ATP-binding cassette (ABC) transporters: Roles
in xenobiotic detoxification and Bt insecticidal activity. Infernational Journal of Molecular Sciences, 20(11): 2829.
https://doi.org/10.3390/1jms20112829

Xiao, L.F., Zhang, W., Jing, T.X., Zhang, M.Y., Miao, Z.Q., Wei, D.D., Yuan, G.R. & Wang, J.J. (2018) Genome-
wide identification, phylogenetic analysis, and expression profiles of ATP-binding cassette transporter genes
in the oriental fruit fly, Bactrocera dorsalis (Hendel) (Diptera: Tephritidae). Comparative Biochemistry and Physiology
Part D: Genomics and Proteomics, 25: 1-8. https:/ /doi.org/10.1016/j.cbd.2017.10.001

Yu, Z., Wang, Y., Zhao, X., Liu, X., Ma, E., Moussian, B. & Zhang, J. (2017) The ABC transporter ABCH-9C is
needed for cuticle barrier construction in Locusta migratoria. Insect Biochemistry and Molecular Biology, 87: 90-99.
https://doi.org/10.1016/j.ibmb.2017.06.005

Zhao, Z., Fang, L.L., Johnsen, R. & Baillie, D.L. (2004) ATP-binding cassette protein E is involved in gene
transcription and translation in Caenorhabditis elegans. Biochemical and Biophysical Research Communications, 323(1):
104-111. https://doi.org/10.1016/j.bbrc.2004.08.068

Zhu, R., Guo, J., Li, G, Liu, R., Yi, T. & Jin, D. (2022) Identification of potential sex determination genes and
functional analyses in Neoseinlus californicns under prey stress. Pest Management Science, 78(11): 5024-5040.
https://doi.org/10.1002/ps.7128

Zuber, R., Norum, M., Wang, Y., Ochl, K., Gehring, N., Accardi, D., Bartozsewski, S., Berger, J., Flotenmeyer, M.
& Moussian, B. (2018) The ABC transporter Snu and the extracellular protein Snsl cooperate in the formation
of the lipid-based inward and outward batrier in the skin of Drosophila. Enropean Journal of Cell Biology, 97(2):
90-101. https://doi.org/10.1016/j.¢jcb.2017.12.003

Zuo,Y.Y., Huang, J.L., Wang, |., Feng, Y., Han, T.T., Wu, Y.D. & Yang, Y.H. (2018) Knockout of a P-glycoprotein

gene increases susceptibility to abamectin and emamectin benzoate in Spodoptera exigua. Insect Molecular Biology,
27(1): 36-45. https://doi.org/10.1111/imb.12338

PERSIAN JOURNAL OF ACAROLOGY


https://doi.org/10.1017/S000748531800072X.
https://doi.org/10.1080/01647954.2016.1171899
https://doi.org/10.1016/j.pestbp.2024.106212
https://doi.org/10.1016/j.pestbp.2024.106212
https://doi.org/10.1002/ps.6431
https://doi.org/10.1016/j.pestbp.2024.105960
https://doi.org/10.1016/j.pestbp.2024.105960
https://doi.org/10.2741/2305
https://doi.org/10.2741/2305
https://doi.org/10.3390/ijms20112829
https://doi.org/10.1016/j.cbd.2017.10.001
https://doi.org/10.1016/j.ibmb.2017.06.005
https://doi.org/10.1016/j.bbrc.2004.08.068
https://doi.org/10.1002/ps.7128
https://doi.org/10.1016/j.ejcb.2017.12.003
https://doi.org/10.1111/imb.12338

ZHAO ET AL. 2025

4 353 ¢ Neoseiulus californicus (Acari: Phytoseiidae) ;3 ABC J3U b 5 o lwls
ABCA 231gl& 35 33 (gudS sl 5 (63, 5Kos Juloui g

| Sl SSg 9 | Sy glemle | o QWSS | 55 (K9 | S5 5025 | 9 oSl | 915 (532

2324204567@, dinjiaxcin10022023@163.com 1107351323@qq.com ooy £33 FI)IFe 5uKn o omer (yoliS ol o 5pLisS 45250

chunxianjiang dig8633@163.com giangrongsican@163.com 83978710@qq.com qingyanlin1@163.com avenqixie339@0163.com «qq.com
@126.com

J B =° . ; 93%
B chunxcianjiang@126.com

b
295 (665 ()5 5w g doabs B0 5iuS caudo b oS sl 55 we 4565 Neoseznlus californicns McGregor) (sU,» céb,
5 5585 Cldgnge 3 &S WIS, sy 0dlgils pl S ATP (ABC) Jlasl casls (gla B 308 0 yauiio VE-F o3 YA
3)90 5 gl (o cul b i)ls A (Jsho jliwgon Lads g Cann jailSn dlge JUI )5 jiles 9 8,5 3529 (Jo,8 2 o
SIABC 86 )5 ¥ gaeomo p cdalllan ol 13 sl osile adlisl (o0 do b)5 IS5 (sladiS jo gy 0dlgils oyl AARAELTAN
Cui 1y b B ol 3l )ls oo g a0 us olelid N californicus cuisgyy zols Juod o 450 3 )b St
oSl s, Gilise Jolye 3 ABCA 83lgls 5 (slays lo gy 25,8 (sanaib (ABCA-H) ljoxe 83lgils 35 Vo e Y
&b slosle 3 YU Gl b o5 50 (60,Shes canngi b L NCABCA-07 35 4 Lacl doa (gl 1y 51,6 oL ST
NcABCA- s NcABCA-02 (35 yo90l5 .0 plossl RNA 3155 55 )b 5| NCABCA-05 ¢ NcABCA-02 52 o€

o el 2 ol A1 Ll ZOVA g ZAV/ e 23] 5 sy 4 |y @l osle sbalS e 5 Sy e 05
Tetranychus nrticae Koch &l odls glaais” 3,5 K5 oy NcABCA-05 § NcABCA-02 5,8 (hgels
e Ll (opmizmen il ials (Z0F/) Lials) VIV o (ZOVY LialS) VAY & dadbs YIAY 5l ool jlade &
Lin ,> NCABCA-05 § NCABCA-02 il 25 oxind Ui gults ol A5 oanlite gels o3l 5 056 i
3y90 3> (ghiauds )yl sla i Al oyl .ol N. californicns > Jio 3o5 pliil canlis 9 (6,5, 185 cudybs ¢ Slons;
oo 252,18 )3 gl etz 31 Gl (el o las gl G g Lmd e )] 5,150 (sladlS (Sifel b (slapunslSe

AGS o Dbl s

RNAi Neoseinlus californicus <5 035 ololis ABCA 03lgils 5 ABC J8b (slo iy 1 6lS 519
CITE: Zhao, Y., Liu, J., Zhang, Z., Xie, W., Liu, Q., Jiang, S., Li, Q. & Jiang, C. (2025) Identification of

ABC transporter genes in Neoseinlus californicus (Acari: Phytoseiidae) and functional analysis of
key genes in the ABCA subfamily. Persian Journal of Acarology, 14(4): 140409.

https:/ /doi.org/10.22073/pja.v14i4.87397

PERSIAN JOURNAL OF ACAROLOGY


mailto:83978710@qq.com

	ABSTRACT
	INTRODUCTION
	MATERIAL AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

