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ABSTRACT 21 

The predatory mite Neoseiulus californicus (McGregor) (Mesostigmata: Phytoseiidae) has 22 

been commercialized by manufacturers in the pest control industry and is used worldwide as 23 

a natural enemy of spider mites. However, because its genome has not been sequenced, 24 

reverse genetics techniques that could be used to analyze gene function have not been 25 

established. Here we partially sequenced the gene that encodes the vacuolar-type H+-ATPase 26 

(V-ATPase), an ATP-dependent proton pump, in N. californicus (NcVATPase) and then 27 

conducted a functional analysis using environmental RNA interference (eRNAi) by orally 28 

administering sequence-specific exogenous dsRNA (dsRNA-NcVATPase) to larvae and adult 29 

females. The larvae treated with dsRNA-NcVATPase took longer to develop and had lower 30 

survivorship, fecundity, and offspring viability at the adult stage than those treated with a 31 

control dsRNA. Adult females treated with dsRNA-NcVATPase showed significant reductions 32 

in survival, fecundity, and prey consumption, and their endogenous gene expression level of 33 

NcVATPase was reduced by approximately 65% compared with the control. Our findings 34 

suggest that the NcVATPase gene, silencing of which inhibits feeding and reproduction, is an 35 

excellent biomarker for investigating the eRNAi mechanism in N. californicus. The highly 36 

efficient experimental system of eRNAi established in this study paves the way for applied 37 

research using eRNAi to enhance the predatory ability of N. californicus. 38 

 39 

Keywords: Fecundity, Phenotype, Phytoseiid mite, RNAi, Survival, V-ATPase 40 

 41 

Key message:  42 

• Environmental RNAi-inducing double-stranded RNAs have the potential to improve 43 

biological control as well as biopesticide applications. 44 

• We investigated the efficacy of eRNAi against the predatory mite Neoseiulus 45 

californicus, a major natural enemy of spider mites. 46 

• Oral administration of dsRNA targeting NcVATPase decreased the gene expression 47 

level, developmental time, survival, fecundity, and prey consumption. 48 
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• Neoseiulus californicus, which was found to have the high eRNAi effects, can be used 49 

as a model for the study on eRNAi-mediated improvement of biological control.  50 
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INTRODUCTION 51 

The vacuolar-type H+-ATPases (V-ATPases) are a family of ATP-dependent proton pumps that 52 

play a role in luminal acidification of the intracellular compartments in eukaryotic cells (Nishi 53 

and Forgac 2002). Acidic intracellular compartments are required for several cellular 54 

processes including receptor-mediated endocytosis, intracellular trafficking, protein 55 

processing and degradation, and coupled transport of substrates across membranes (Harvey 56 

1992; Forgac 2007; Wieczorek et al. 2009; Maxson and Grinstein 2014). Structurally, V-57 

ATPases are composed of two domains: (1) the integral membrane-embedded V0 domain 58 

composed of a variable number of subunits (a, c, d, and e in insects; a, d, e, c, c′, and c″ in 59 

yeast; a, c, c″, d, e, and Ac45 in higher eukaryotes) that is responsible for proton translocation 60 

across the membrane via a rotary mechanism, and (2) the peripheral V1 domain with eight 61 

different subunits (A–H) that is responsible for ATP hydrolysis (Merzendorfer et al. 2000; Nishi 62 

and Forgac 2002; Toei et al. 2010; Maxson and Grinstein 2014; Cotter et al. 2015). V-ATPases 63 

that are expressed at the plasma membrane acidify the extracellular microenvironment and 64 

energize transcellular and paracellular transport (Nishi and Forgac 2002; Forgac 2007; Maxson 65 

and Grinstein 2014). In insects, V-ATPases energize K+ pumps to maintain a higher 66 

concentration of potassium, thus creating an electrical difference that allows nutrient uptake 67 

by midgut cells, fluid secretion by Malpighian tubules, and fluid absorption by insect ovarian 68 

follicle cells (Klein 1992; Harvey et al. 1998; Wieczorek et al. 2000). In addition, V-ATPases are 69 

reported to expel H+ from cells in the insect midgut to create a membrane potential that 70 

drives Na+ that is linked to an amino acid into the cell via nutrient amino acid transporters 71 

(Harvey et al. 2009; Fu et al. 2014, 2015). 72 

Post-transcriptional gene silencing mediated by RNA interference (RNAi) is a 73 

conserved biological process in eukaryotes that is triggered by sequence-specific double-74 

stranded RNA (dsRNA) (Fire et al. 1998; Hannon 2002). Accumulating experimental evidence 75 

in arthropods shows that RNAi can be initiated by introducing exogenous dsRNA against the 76 

gene of interest through direct injection or through ingestion, either of an artificial diet or 77 

drinking water containing the dsRNA itself or of bacteria or plant cells that express the dsRNA 78 

(Baum et al. 2007; Khila and Grbić 2007; Huvenne and Smagghe 2010; Yao et al. 2013; Suzuki 79 

et al. 2017a; Sijia et al. 2019; Ghazy et al. 2020; Bensoussan et al. 2020). Because the RNAi 80 

method of gene silencing is versatile, simple, and effective, it has been employed in a vast 81 
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array of research, from functional genomic studies to the potential application of spraying 82 

dsRNA as a bio-pesticide against pest arthropods. In the context of arthropod pests and their 83 

natural enemies, RNAi studies that investigate the “off-target” effects of dsRNA in a natural 84 

enemy of a target pest and the effect of manipulation of reproductive or behavioral gene 85 

expression in a predator or parasite can be applied to enhance their functions as a predator 86 

or parasite in biological control programs (Pomerantz and Hoy 2015). 87 

The predatory mite, Neoseiulus californicus (McGregor) (Mesostigmata: Phytoseiidae) 88 

is widely used as a biological control against tetranychid mites (Prostigmata: Tetranychidae). 89 

As a predatory omnivore, N. californicus also feeds on other phytophagous mites, small 90 

insects, and pollen (Castagnoli and Simoni 2003; McMurtry et al. 2013). The ability of N. 91 

californicus to feed on alternative prey when tetranychids are scarce has advanced its role as 92 

an important biological control agent that is commercially produced by several companies 93 

worldwide. To date, only a few studies have reported the use of RNAi-based reverse genetics 94 

in phytoseiid mites. These studies have shown that, in a fashion similar to nematodes and 95 

other arthropods, the phytoseiid mites Phytoseiulus persimilis Athias-Henriot and 96 

Galendromus (=Metaseiulus) occidentalis (Nesbitt) are amenable to environmental RNAi 97 

(eRNAi) when it is induced by delivering exogenous dsRNA orally (Ozawa et al. 2012; Wu and 98 

Hoy 2014, 2016; Pomerantz and Hoy 2015; Pomerantz et al. 2015; Sijia et al. 2019).  99 

The study described here is the first RNAi study in the genus Neoseiulus. We isolated 100 

and partially sequenced the gene encoding V-ATPase in N. californicus (NcVATPase; GenBank 101 

accession number: MK281632) and then analyzed the gene function by using an eRNAi 102 

method based on the oral delivery technique (Ghazy and Suzuki 2019). We found that the 103 

NcVATPase gene is involved in development during the immature stages, and in adult survival, 104 

reproduction, feeding, and appetite. This study focused on establishing an efficient method 105 

of orally feeding dsRNA to suppress the expression of a target gene linked to behavioral 106 

changes and thus paves the way for using eRNAi-based genetic screens to enhance the 107 

functions of predatory mites.  108 

 109 

MATERIALS AND METHODS 110 
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Source of N. californicus colony 111 

A commercial population of N. californicus was obtained from Sumika Technoservice 112 

(Takarazuka, Japan) in 2017 and has been routinely reared on detached kidney bean leaves 113 

(Phaseolus vulgaris L.) infested with the two-spotted spider mite (Tetranychus urticae Koch) 114 

as its prey. Mites were maintained and all experiments in this study were conducted at 25 °C, 115 

50%–65% relative humidity and a light:dark cycle of 16:8 h. An air pump–based system was 116 

used to collect mites for experiments (Suzuki et al. 2017b).  117 

NcVATPase gene sequencing  118 

Total RNA was extracted from ca. 400 adult females of N. californicus frozen in liquid nitrogen 119 

with NucleoSpin RNA Plus (Macherey-Nagel, Düren, Germany), following the manufacturer’s 120 

instructions. The quality and quantity of RNA were measured using a spectrophotometer 121 

(NanoPhotometer N60; Implen, Munich, Germany). cDNA was synthesized from 3 µg of total 122 

RNA using reverse transcriptase (SuperScript II Reverse Transcriptase; Thermo Fisher 123 

Scientific, Waltham, MA) and an oligo (dT)12–18 primer (Thermo Fisher Scientific), according to 124 

the manufacturer’s protocol. cDNA was then stored at –30 °C until used. To amplify 125 

NcVATPase, degenerate primers (5′-GGCCACCATCCAGGTGtaygargarac-3′ and 3′-126 

ccnccnctraaGAGGCTGGGGCACTG-5′) were designed based on aligned amino acid sequences 127 

of V-ATPase from the predatory phytoseiid mite G. occidentalis (Mesostigmata: Phytoseiidae) 128 

(GenBank accession number: XP_003741079.1) and the parasitic mite Varroa destructor 129 

Anderson and Trueman (Mesostigmata: Varroidae) (GenBank accession number: 130 

XP_022670783.1) by using the CODEHOP program (Rose et al. 1998). The resulting sequence 131 

of NcVATPase shares 85% similarity with that of G. occidentalis and 75% similarity with that 132 

of the Varroa species. An evolutionary analysis of NcVATPase was performed using MEGA 133 

10.05 software on ClustalW-aligned amino acid sequences of V-ATPases from several mite, 134 

tick, and insect species by the neighbor-joining method and with 500 bootstrap replicates. 135 

The species list and GenBank accession numbers are presented in Table S1. 136 

dsRNA synthesis 137 

The partial sequence of NcVATPase was used to design sequence-specific primers containing 138 

T7 promoter sequences (5′-TAATACGACTCACTATAGGGGGAAACCTCTCTCCGTCGAA-3′ and 5′-139 

TAATACGACTCACTATAGGGGCCATCGAACTCTGTTTCCA-3′) to amplify a 344-bp DNA fragment 140 
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of NcVATPase. For the negative control, a 659-bp DNA fragment of DsRed2 was amplified 141 

from 1 ng of pDsRed2-N1 plasmid (Clontech, Mountain View, CA, USA) with primers (5′-142 

TAATACGACTCACTATAGGGCGTGCACTCGTACACTGAGG-3′ and 5′-143 

TAATACGACTCACTATAGGGTCATCACCGAGTTCATGCG-3′), according to the method used by 144 

Tokuoka et al. (2017). The PCR amplifications were carried out using a DNA polymerase 145 

(Phusion High-Fidelity DNA Polymerase; New England Biolabs, Hitchin, UK). The DNA 146 

fragments were then purified with a NucleoSpin Gel and PCR Clean-Up Kit (Macherey-Nagel). 147 

The integrity of the purified DNA fragments was confirmed by 2% (w/v) agarose gel 148 

electrophoresis, quantified with the spectrophotometer, and stored at −30 °C until used. Both 149 

types of DNA fragment (0.1 µg) were used as templates to synthesize RNA using an in vitro 150 

transcription kit (in vitro Transcription T7 Kit; Takara Bio, Shiga, Japan) in 1.5 mL centrifuge 151 

tubes. The fragments were denatured at 95 °C for 5 min then slowly cooled to room 152 

temperature to facilitate dsRNA formation (Suzuki et al. 2017a). The dsRNA was purified with 153 

a phenol:chloroform:isoamyl alcohol (25:24:1) solution and precipitated with ethanol. The 154 

dsRNA precipitate was dissolved in nuclease-free water, and then quantity and quality were 155 

checked on a spectrophotometer and by electrophoresis in 2% (w/v) agarose gel. 156 

RNAi bioassay 157 

The in vitro droplet feeding method (Ghazy and Suzuki 2019) was used to deliver dsRNA-158 

NcVATPase or dsRNA-DsRed2 (negative control) to age-synchronized protonymphs and adult 159 

females of N. californicus. Newly hatched larvae (~10-h old) or 2–3-day-old adult females 160 

were confined in 0.5-mL polypropylene tubes and a single 1-µL droplet of either type of dsRNA 161 

(1 µg µL−1) was placed on the inner surface of each tube lid. The test mites were allowed to 162 

feed on the droplet for 24 h at 25 °C. A Brilliant Blue FCF tracer dye was first added to the 163 

dsRNA solution so that successful delivery could be confirmed by the presence of the color 164 

blue in the alimentary canal of treated adult females and protonymphs that emerged from 165 

larvae during the 24 h after treatment (Fig. 1). As Ghazy and Suzuki (2019) note, the blue color 166 

of the tracer dye is not observable in the alimentary canal of larvae but, because at 25 °C the 167 

larval stage is usually shorter than 24 h (e.g., Gotoh et al. 2004), the color is visible in ~100% 168 

of the protonymphs that emerge. After dsRNA delivery had been confirmed, the adult females 169 

were transferred to normal rearing conditions and provided with T. urticae at random life 170 

stages as prey on discs of kidney bean leaves (2.5 cm diameter, 2 to 5 females/disc). The adult 171 
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females were observed for 10 days after treatment and their survival and fecundity were 172 

recorded every day. The feeding activity of adult females was also examined for three 173 

successive days after the dsRNA treatment. To do this, a known number of T. urticae eggs was 174 

provided to groups of two females of N. californicus every day on leaf discs (2 cm diameter) 175 

and the number of eggs consumed was recorded. As for protonymphs, after dsRNA delivery 176 

they were transferred individually onto leaf discs (1.5 cm diameter) with a surplus number of 177 

T. urticae at random life stages, and the developmental time to adulthood, survival at 10 days 178 

after treatment, fecundity (during the first 5 days of oviposition) of emerged adult females, 179 

and hatching success of their eggs were determined.  180 

Real-time quantitative reverse transcription-PCR analysis 181 

Adult females treated with dsRNA-NcVATPase or dsRNA-DsRed2 were collected at 4 days 182 

after treatment (~50 females in each of three biological replicates). Total RNA was extracted 183 

using NucleoSpin RNA Plus (Macherey-Nagel), and single-stranded cDNA was synthesized by 184 

reverse transcription of total RNA using a High Capacity cDNA Reverse Transcription Kit 185 

(Applied Biosystems, Foster City, CA, USA). Real-time quantitative reverse transcription PCR 186 

(real-time RT-qPCR) reactions were performed in 3 technical replicates for each sample with 187 

Power SYBR Green Master Mix (Applied Biosystems). The real-time RT-qPCR reactions were 188 

performed on an ABI StepOnePlus Real-Time PCR System (Applied Biosystems). The 189 

NcVATPase primers used for real-time RT-qPCR were 5′-GGAGTTCAATCCCTCCAACA-3′ and 5′-190 

GGGCTCAAGCATGATTTTGT-3′. A fragment of N. californicus Actin gene was amplified using 191 

primers (5′-TGAGGCAATCGGTGTGTTTG-3′ and 5′-TTTTCACGATTGGCCTTGGG-3′) designed 192 

from the nucleotide sequence of the Actin 1 gene in the predatory mite N. cucumeris 193 

(GenBank accession number: KC335208.1). The nucleotide sequence of the fragments 194 

amplified from N. californicus (GenBank accession number: MK848403) has 95% similarity 195 

with that of Actin 1 in N. cucumeris. The real-time RT-qPCR was performed using primers 196 

specific to N. californicus Actin (5′-TGGCACCACACCTTCTACAA-3′ and 5′-197 

GGGTTTTCACGATTGGCCTT-3′). The expression level of the Actin gene was used as a reference 198 

gene when normalizing the expression data of NcVATPase. Amplification efficiencies for the 199 

target gene (ET) and reference gene (ER) were 98.1% and 106.1%, respectively. The average 200 

threshold cycle (Ct) value was calculated from three technical replicates of each biological 201 

replicate. The expression value of the target gene (T) was normalized to the reference gene 202 
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(R), and the normalized relative quantity (NRQ) was calculated as follows: NRQ = (1 + ER)CtR / 203 

(1 + ET)CtT.  204 

Data analysis 205 

The survival curves were plotted using the Kaplan–Meier method (R function: survfit, 206 

package: survival), and survival curves were compared using the log-rank test (R function: 207 

survdiff, package: survival). Differences in fecundity, prey egg consumption, and the relative 208 

quantity of NcVATPase gene expression between the dsRNA treatments in mites that had 209 

been treated when they were adult females, and in developmental time to adulthood and 210 

fecundity in mites that had been treated while they were protonymphs were statistically 211 

analyzed with a t-test (R function: t.test). A chi-square test was performed to analyze the 212 

survival of mites treated when they were protonymphs and the hatchability of eggs from 213 

females that emerged. Data were analyzed and visualized with R v. 3.5.1 (R Core Team, 2020).  214 

 215 

RESULTS 216 

Sequence analysis of NcVATPase 217 

The partial sequence fragment of NcVATPase (419 bp) encoded 123 amino acids and had a 218 

molecular weight of 13.86 kDa. The amino acid sequence has high similarity with V-ATPase A 219 

from G. occidentalis (93%), V. destructor (83%; GenBank accession numbers: XP_022670784.1 220 

and XP_022670783.1), the ectoparasitic mite Tropilaelaps mercedesae (Mesostigmata: 221 

Laelapidae) (80%; GenBank accession number: OQR76956.1), and the deer tick Ixodes 222 

scapularis (Ixodida: Ixodidae) (72%; GenBank accession number: XP_029849202.1). The 223 

phylogenetic tree constructed by using the neighbor-joining method from V-ATPases in mites, 224 

ticks, and several species of insects (Table S1) showed that N. californicus V-ATPase was 225 

clustered with those of mesostigmatid mites: G. occidentalis, T. mercedesae, and V. destructor 226 

(Fig. 2).  227 

RNAi in adult females 228 

The expression level of endogenous NcVATPase transcripts was significantly lower in adult 229 

females of N. californicus treated with dsRNA-NcVATPase and was 35% of that in the control 230 

(Fig. 3a). Oral delivery of dsRNA-NcVATPase significantly reduced mite survival to 25% at 10 231 
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days after treatment (Fig. 3b). Mites treated with dsRNA-NcVATPase ceased producing eggs 232 

within 3 days after treatment and did not recover reproductive ability even at 10 days after 233 

treatment. In total, mites treated with dsRNA-NcVATPase produced up to 15 times fewer eggs 234 

than DsRed2-treated control mites (Fig. 3c). Furthermore, mites treated with dsRNA-235 

NcVATPase were less voracious, with 22% food consumption (8.7 prey eggs/female/3 days) 236 

relative to the control (40.4 prey eggs/female/3 days) (Fig. 3d). In addition to reductions in 237 

level of NcVATPase transcript, survival, fecundity, and feeding, a small body size was observed 238 

as a typical phenotype in mites treated with dsRNA-NcVATPase (Fig. 3e). 239 

RNAi in larvae 240 

Within 24 h of being confined, the larvae became protonymphs in which the alimentary canal 241 

was colored with the blue tracer dye, thus providing evidence that dsRNA delivery had been 242 

successful. The time needed for larvae treated with NcVATPase to reach the adult stage was 243 

only slightly longer than that for the control, but the difference was nevertheless significant 244 

(Fig. 4a). The survival rate of mites that emerged from larvae treated with dsRNA-NcVATPase 245 

was 78% (n = 54), which was significantly lower than in control mites (92%, n = 56, Fig. 4b). 246 

The fecundity of adult females that emerged from larvae exposed to dsRNA-NcVATPase was 247 

significantly lower than in the control (Fig. 4c), and the hatchability of their eggs was also 248 

significantly lower, with many of the eggs deformed (Figs. 4d, e). 249 

 250 

DISCUSSION  251 

In this study, we partially sequenced the gene that encodes V-ATPase subunit A in the 252 

predatory mite N. californicus. The amino acid sequence from a retrieved DNA fragment of 253 

NcVATPase showed 72% to 83% similarity with V-ATPase genes from G. occidentalis, V. 254 

destructor, the ectoparasitic mite T. mercedesae, and the deer tick I. scapularis. A 255 

phylogenetic analysis of the V-ATPase amino acid sequences in known mites, ticks, and 256 

several insect species revealed that the V-ATPase of N. californicus belongs to a cluster found 257 

in Mesostigmata mites (Fig. 2). A functional analysis of NcVATPase was performed by using 258 

an eRNAi technique in which dsRNA was orally delivered (Ghazy and Suzuki 2019). We found 259 

that the NcVATPase gene is involved in multiple functions, and its silencing affected 260 

development, survival, fecundity, and egg maturation in N. californicus. The results are 261 
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generally consistent with previous reports on insects, ticks, mites, and nematodes and 262 

indicate that the functions of V-ATPase in invertebrates are conserved (Huvenne and 263 

Smagghe 2010; Knight and Behm 2012; Petchampai et al. 2014; Suzuki et al. 2017a; 264 

Bensoussan et al. 2020; Ghazy et al. 2020). 265 

  Oral delivery of dsRNA-NcVATPase to adult N. californicus females resulted in 266 

significant reductions in mRNA transcript level, mite survival, fecundity, and feeding appetite 267 

(Fig. 3). These results are compatible with those of a previous study on T. urticae, which 268 

reported that targeting the TuVATPase gene with dsRNA significantly reduces adult survival 269 

and fecundity (Suzuki et al. 2017a). The reduction in mite survival and fecundity when the V-270 

ATPase gene was silenced (Figs. 3b, c) may be correlated with the lower predation activity of 271 

N. californicus, measured as the number of prey eggs consumed (Fig. 3d). Although the 272 

mechanism involved is still unknown, it has been reported that gene silencing of V-ATPase 273 

decreases insects’ appetite. For instance, co-silencing the coatomer β and V-ATPase A genes 274 

reduces the feeding activity of the cotton bollworm Helicoverpa armigera (Hübner) 275 

(Lepidoptera: Noctuidae) (Mao et al. 2015). After dsRNA-mediated silencing of V-ATPase 276 

genes, feeding is also inhibited in the tomato leafminer Tuta absoluta (Meyrick) (Lepidoptera: 277 

Gelechiidae) and the western corn rootworm Diabrotica virgifera virgifera LeConte 278 

(Coleoptera: Chrysomelidae) (Baum et al. 2007; Camargo et al. 2016.). In our study, the 279 

inhibited feeding may have caused nutritional deficiency in adults, which in turn hindered egg 280 

production and/or embryonic development and resulted in lower fecundity being observed 281 

after the treatment with dsRNA-NcVATPase (Fig. 3b).  282 

 When mites were treated from the larval stage, they took significantly longer to 283 

develop (Fig. 4a) and survived for a shorter time (Fig. 4b). In addition, even after they emerged 284 

as adults, the treated mites still had phenotypes related to V-ATPase gene silencing, such as 285 

reduced fecundity and production of deformed immature eggs with low hatchability (Figs. 4c–286 

e). Transgenerational RNAi is often called “parental RNAi” and has been reported in 287 

nematodes, insects, and mites (e.g., Fire et al. 1998; Bucher et al. 2002; Khila and Grbic 2007; 288 

Wu and Hoy 2014); however, in most of these studies the dsRNA was injected into or ingested 289 

by adults or pupae. In our study, we showed that the effects of orally administering dsRNA in 290 

the early immature stages of N. californicus persisted into the adult stage and even into the 291 

next generation, which indicates the robust and persistent effect of parental RNAi in this 292 
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species. Hoy et al. (2016) have suggested that systemic and parental RNAi by oral 293 

administration of dsRNA in G. occidentalis is mediated by the clathrin heavy chain gene, which 294 

is responsible for endocytosis of dsRNA uptake, and by the RNA-dependent RNA polymerase 295 

gene (of which at least three copies are present in this species), which is responsible for dsRNA 296 

amplification. The robust and long-term parental RNAi effects in N. californicus, a member of 297 

the same Mesostigmata suborder, also suggest the existence of a similar RNAi machinery and 298 

pathway to that seen in G. occidentalis.  299 

The downregulation of the V-ATPase genes in insects and mites has been frequently 300 

reported to cause growth inhibition, molting defects, and reproductive disorders. For instance, 301 

nymphal molting defects and growth inhibition result from RNAi-mediated gene silencing of 302 

V-ATPase subunit B in the smokybrown cockroach Periplaneta fuliginosa (Serville) (Blattodea: 303 

Blattidae) or of V-ATPase subunit H in the migratory locust Locusta migratoria L. (Orthoptera: 304 

Acrididae) (Li and Xia 2012; Sato et al. 2019). Similar phenotypes have also been observed in 305 

the small hive beetle Aethina tumida Murray (Coleoptera: Nitidulidae) when the V-ATPase 306 

subunit A gene was silenced (Powell et al. 2017). Decreased fecundity is the most prominent 307 

phenotype induced by RNAi-mediated silencing of the V-ATPase gene in T. urticae (Suzuki et 308 

al. 2017a; Bensoussan et al. 2020; Ghazy et al. 2020). In our study, the adults that emerged 309 

from treated larvae produced deformed and immature eggs, which may indicate that nutrient 310 

uptake or nutrition utilization was interrupted in the treated mites. Yao et al. (2013) reported 311 

that gene silencing of V-ATPase subunit B or subunit D in the corn planthopper Peregrinus 312 

maidis (Ashmead) (Hemiptera: Delphacidae) has a negative impact on nymphal development, 313 

survival, and fecundity and inhibits the development of the reproductive organs in treated 314 

females. They further reported that nymphs injected with dsRNA of V-ATPase subunit B or 315 

subunit D lose their ability to produce eggs as adult females. This may indicate that V-ATPases 316 

play a role in yolk processing during embryogenesis, as observed in the fruit fly Drosophila 317 

melanogaster Meigen (Bohrmann and Braun 1999). Against the background of this previous 318 

evidence, the results of our study further highlight that the V-ATPase genes have diverse and 319 

conserved functions in eukaryotes. 320 

To the best of our knowledge, this is the first report on the response to RNAi in N. 321 

californicus. Because the oral method used to deliver dsRNA is simple and effective, it can be 322 

used for a vast array of RNAi-based gene function studies. The amenability to RNAi displayed 323 
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by N. californicus in this study and by other phytoseiid mites, such as P. persimilis (Ozawa et 324 

al. 2012; Sijia et al. 2019) and G. occidentalis (Wu and Hoy 2014, 2016; Pomerantz and Hoy 325 

2015; Pomerantz et al. 2015), will pave the way for more in-depth investigations into 326 

phytoseiid genetics and will facilitate the study of RNAi off-target effects, if any, in this highly 327 

important group of natural enemies. In addition, the robust and long-term RNAi effects 328 

observed in N. californicus indicate that dsRNA shows potential for use as an oral supplement 329 

to enhance predation performance. Based on the reverse genetic methodology developed in 330 

this study, we will conduct a highly efficient eRNAi screen to identify target genes that 331 

regulate feeding behavior in N. californicus. 332 
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FIGURE LEGENDS 489 

Fig. 1 Images of N. californicus adult mites (a–d) and early immature mites (e–h) that illustrate 490 

the droplet feeding method. (a) An adult female mite just after collection and (b) after being 491 

starved for 24 h. Water was then provided, and images taken 24 h later show mites that 492 

ingested (c) water or (d) water containing a blue tracer dye (Brilliant Blue FCF). (e) A newly 493 

hatched larva (~6 h old) that was confined for 24 h to ensure completion of the larval stage, 494 

and (f) a newly emerged protonymph, which will be able to ingest a test solution. (g) shows a 495 

protonymph that received water for 24 h from the larval stage and (h) one that received water 496 

containing a blue tracer dye. Scale bar: 100 µm.  497 

Fig. 2 A phylogenetic tree of the V-ATPase subunit A gene. The tree was constructed by the 498 

neighbor-joining method with 500 bootstrap replicates generated from protein sequence 499 

alignments of V-ATPase subunit A in N. californicus with those in several mite, tick, and insect 500 

species. GenBank accession numbers for the species used in the analysis are listed in Table S1. 501 

The numbers on interior branches are bootstrap values. 502 

Fig. 3 The effect of 1-µg µL−1 dsRNA-NcVATPase or dsRNA-DsRed2 (negative control) delivered 503 

by the droplet feeding method on the endogenous NcVATPase gene expression levels, 504 

survivorship, fecundity, and food consumption in adult N. californicus females at 25 °C. (a) 505 

NcVATPase gene expression in adult females relative to the expression of the actin reference 506 

gene at 4 days after treatment with dsRNA-NcVATPase and dsRNA-DsRed2. Data are 507 

represented as the mean ± SE and compared using the t-test. (b) Survivorship of adult females 508 

for 10 days after treatment with dsRNA-NcVATPase and dsRNA-DsRed2. Survival curves were 509 

plotted by the Kaplan–Meier method and compared using the log-rank test. (c) Fecundity of 510 

adult females for 10 days after treatment with dsRNA-NcVATPase and dsRNA-DsRed2. (d) The 511 

average number of prey eggs (T. urticae) consumed per female N. californicus in three 512 

successive days. (e) Images show the body phenotype associated with each dsRNA treatment. 513 

Scale bar: 100 µm. Smaller bodies were observed in 100% of females given dsRNA-NcVATPase 514 

treatment. (a, b, c, d) Data are from at least three independent experimental runs. (c, d) Data 515 

are represented by bee-swarm and box-and-whisker plots and compared using a t-test. The 516 

central line (second quartile, Q2) indicates the median, the distance between the bottom (first 517 

quartile, Q1) and top (third quartile, Q3) of the box indicates the interquartile range (IQR), 518 

and the bottom whisker and top whisker indicates the minimum and maximum value, 519 
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respectively. Outliers that are outside the range between the lower [Q1 − 1.5 × IQR] and upper 520 

limits [Q3 + 1.5 × IQR] are plotted outside of the IQR. 521 

Fig. 4 The effect of 1 µg µL−1 dsRNA-NcVATPase or dsRNA-DsRed2 (negative control) delivered 522 

to N. californicus larvae by the droplet feeding method on the development, survival, and 523 

fecundity in adult females at 25 °C. (a) Time taken from larval stage to adulthood after 524 

treatment with dsRNA-NcVATPase and dsRNA-DsRed2. (b) Survival at 10 days after treatment 525 

of females that emerged from treated larvae. (c) Fecundity of adult females that developed 526 

from larvae treated with dsRNA-NcVATPase and dsRNA-DsRed2, measured during the first 5 527 

days of oviposition. Data are represented by bee-swarm and box-and-whisker plots and 528 

compared using a t-test. (d) Hatchability of eggs produced by adult females of N. californicus 529 

that had been exposed when larvae to dsRNA-NcVATPase and dsRNA-DsRed2. (a, b, d) Data 530 

are represented as percentage ± SE and compared using the chi-square test. Numerical values 531 

in parentheses indicate the total number of mites tested. (e) Images show the deformed 532 

shape and soft shell of the egg phenotype associated with dsRNA-NcVATPase treatment. Scale 533 

bar: 100 µm. (a, b, c, d) Data are from at least three independent experimental runs.  534 

Table S1 Species list and GenBank accession numbers of species used in the 535 

evolutionary analysis of N. californicus V-ATPase. 536 
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