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Phytoseiidae predatory mites are used as biological control agents in glasshouse

environments to control pestiferous mites and insects. The influence of the

microbiomes on thesemites within mass-reared facilities is largely unknown; this

study aims to improve our understanding of the Phytoseiidae microbiome. We

used Sanger sequencing and traditional culturing methods to characterise the

dominant species within the external and internal bacterial microbiotas of three

commercially reared predatory mites: Phytoseiulus persimilis, Typhlodromips

(=Amblyseius) swirskii, and Neoseiulus (=Amblyseius) cucumeris. The effects of

selected bacterial taxa on the survival, voracity, and oviposition of P. persimilis

under lab conditions were also examined. A total of 34 different OTUs were

found from three phyla (Actinobacteria, Proteobacteria, and Firmicutes), 12

families, and 22 genera. N. cucumeris had 17 OTUs, compared to 15 from P.

persimilis and 12 from T. swirskii. Significant differences were found between

internal and external microbiota for each mite species, suggesting functional

differences. Principal component analysis (PCA) of bacterial diversity between

mite species showed that T. swirskii and N. cucumeris microbiotas were more

similar, compared to P. persimilis. This could be due to the characteristics of the

environment in which N. cucumeris and T. swirskii are reared, and the use of

factitious Astigmata prey. Phytoseiidae microbiotas were found to contain

bacterial taxa previously isolated from Astigmata mites. Also, Acaricomes

phytoseiuli was isolated from the integument of P. persimilis and T. swirskii;

this bacterium has previously been suggested as a pathogen of P. persimilis.

Bacteria from gut extracts and body surfaces were cultured and selected taxa

were inoculated onto P. persimiliswithin controlled leaf disc experiments. Of the

seven bacterial species tested, Serratia marcescens significantly reduced mite

survival, voracity, and oviposition; however, a closely related species, Serratia
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odorifera, significantly increased mite voracity. Mites showed the highest survival

rates and highest mean ages at death in the presence of Elizabethkingia sp. and

Staphylococcus kloosii, but these results were not significantly different to the

control. The implications of these findings are discussed in the context of

benefits to mass rearing and the health of predatory mites in these systems.
KEYWORDS

microbiome, Phytoseiidae, biocontrol, agriculture, mass rearing, symbionts,
microbiota, mite
1 Introduction

The Phytoseiidae (Acari: Mesostigmata) are a family of fast-

moving predatory mites that are found in upper soil layers and on

the aerial parts of plants. They feed mainly on microscopic arthropods,

particularly other mites, but some species additionally feed on

nematodes, fungi, pollens, and plant exudates (Gerson et al., 2003).

Phytoseiidae mites have attracted attention due to their use as

biological control agents of ubiquitous pests such as spider mites

(Gerson et al., 2003; Zhang, 2003), thrips (Chow et al., 2010), and

whiteflies (Messelink et al., 2008). They are also able to control many

other species of pestiferous mites such as broad mites (van Maanen

et al., 2010), cassava green mite, citrus mites, and avocado mites

(Vásquez et al., 2023). Phytoseiidae mites continue to attract interest

due to their potential role in biological control, especially where

alternatives to chemical control are needed (Vásquez et al., 2023).

Described Phytoseiidae species total 2,692 within 102 genera and 3

subfamilies (Prasad, 2012); however, less than 10% of species are

considered to be well studied in terms of their biological control

potential (Kostiainen and Hoy, 1996). Certain species of the

Phytoseiidae are well suited for use in biological control as they have

high voracity; maintain the prey at low densities; can be efficiently

mass-reared, stored, and transported; have fast reproductive and

developmental rates; and have a female-biased sex ratio comparable

to their prey around 2.5:1 (Hoy, 2011).These attributes allow them to

respond to and control a sudden increase in prey density.

The most widely used species come from approximately eight

different genera, namely, Neoseiulus, Typhlodromus, Phytoseiulus,

Galendromus, Euseius, Amblyseius, Iphiseius, and Typhlodromips.

This project focused on three Phytoseiidae species widely used in

biological control mainly in glass houses. They are Phytoseiulus

persimilis Athias-Henriot, Neoseiulus (=Amblyseius) cucumeris

(Oudemans), and Typhlodromips (=Amblyseius) swirskii (Oudemans).

In 1966, P. persimilis became the first commercially available

biological control agent (Van Lenteren and Woets, 1988). It is a

“type I” specialised predator of Tetranychus species and prefers to

complete its life cycle on and around the intense webbing produced

by spider mites (McMurtry and Croft, 1997). This mite is an obligate

predator that will even cannibalise its own eggs and immatures or

exhibit intraguild predation (McMurtry and Croft, 1997; Waltzer

et al., 2001; Cakmak et al., 2006; Hoy, 2011). This behaviour can

hinder efforts of integrated pest management with multiple
02
Phytoseiidae species and often sees populations of generalist mites

become dominant. Additionally, mass rearing of this mite species

must be performed in a tri-trophic system, where predators can feed

on Tetranychus species reared on beans (Phaseolus vulgaris) or other

suitable host plants (Waltzer et al., 2001). Neoseiulus cucumeris and

Typhlodromips swirskii are type III generalist predators mainly used

for controlling thrips. The potential for mass production of

Neoseiulus cucumeris and its use as a biological control agent for

Thrips tabaci on greenhouse cucumber was outlined in 1983

(Ramakers, 1983). Contemporarily, it is used to control three

species of thrips, Frankliniella occidentalis (Pergande), T. tabaci

(Linderman), and Scirtothrips dorsalis (Hood) in greenhouses and

open fields in Europe (De Courcy Williams, 2001; Wimmer et al.,

2008), Northern Africa (El-Kholy and El-Saiedy, 2009), North

America (Van Driesche et al., 2006), and Australia (Manners et al.,

2013). Under certain circumstances T. swirskii exhibits superior

capacity for biological control of thrips compared to N. cucumeris

(Van Houten et al., 2005; Messelink et al., 2006). It is also an effective

predator of two species of whitefly Bemisia tabaci (Hoogerbrugge

et al., 2005; Fouly et al., 2011) and Trialeurodes vaporariorum

(Messelink et al., 2008) and can be used to control outbreaks of

these pests on economically important vegetable crops and

ornamentals. In mass-rearing facilities, N. cucumeris and T. swirskii

can be fed on factitious Astigmata prey mites (Bolckmans and van

Houten, 2006; Smytheman, 2011; Midthassel et al., 2013). The

predatory mites and Astigmata mites are reared in containers with

substrate such as bran or wheat husks, which provides a larger area

for prey and predator proliferation, serving as food for the Astigmata

preys and allowing dissipation of gasses and metabolic heat.

The importance of Phytoseiidae as effective bio-control agents of

numerous economically damaging pests has encouraged research on

their biology and ecology, including physiology, reproduction, genetics,

behaviour, disease, and applications in biological control. However,

little is known about the intrinsic microbiota that exists on Phytoseiidae

species. This is especially true for ectosymbionts, which are beneficial

symbionts that live on the integument and within the digestive tract of

the Phytoseiidae (Sumner-Kalkun et al., 2020). Ectosymbionts provide

a link between the mites and their habitat or environment and are vital

in influencing the interactions between mite host and the rearing

environment of the three species examined in the current study.

In general, for the acari, intrinsic microbiotas have been

characterised and analysed in Astigmata, Prostigmata, Mesostigmata,
frontiersin.org
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Trombidiiformes, and Oribatida, and the associations provide a

number of beneficial roles, similar to those already described from

other animal groups. These roles include prolonging the viability of

sperm and improving reproduction in Ornithodorus ticks (Perotti and

Braig, 2011); providing nutritional benefits in Trichouropoda spp.

(Roets et al., 2007; Roets et al., 2011), Tarsonematidae (Bridges and

Moser, 1983; Moser, 1985), Astigmata (Smrž et al., 1991; Martinez-

Giron et al., 2009; Hubert et al., 2011; Hubert et al., 2012; Erban et al.,

2016b; Erban et al., 2016a; Pekas et al., 2017), andOribatidae (Smrž and

Trelová, 1995; Moquin et al., 2012); and conferring pesticide resistance

in Tetranychus urticae (Yoon et al., 2010). Examples of morphological

adaptations in Tarsonematusmites suggests co-evolution between host

and ectosymbionts (Moser, 1985; Roets et al., 2011). Previous studies of

microbes associated with specific parts of the Phytoseiidae anatomy

showed that microfungi-like organisms and bacteria were commonly

found on these mites and bacteria and microsporidia-like organisms

were also found in the digestive tract and malphigian tubules of these

mites (Sumner-Kalkun et al., 2020).

The most widely studied bacterial associations within

Phytoseiidae are from endosymbiotic Rickettsia, Wolbachia,

Spiroplasm, and Cardinium (Enigl and Schausberger, 2007;

Schütte and Dicke, 2008). Wolbachia are serial endosymbionts of

many arthropods and have been found to infect many species and

populations of Phytoseiidae mites (Johanowicz and Hoy, 1999).

They can have detrimental effects on their host by manipulating

genetic systems causing reproductive incompatibility between

infected and non-infected individuals, as in Metaseiulus

occidentalis (Johanowicz and Hoy, 1998; Hoy and Jeyaprakash,

2005; Hoy and Jeyaprakash, 2008). Wolbachia has been found in

seven different species of Phytoseiidae, but its effects on species

other thanM. occidentalis are only recently elucidated (Schütte and

Dicke, 2008). Enigl et al. (2005) attempted to isolate Wolbachia

from seven different strains of P. persimilis from the USA, Europe,

and Africa, but all were negative. These first attempts originally

suggested that Wolbachia did not play a significant role in the

biology of this host mite and is probably acquired from prey mite

via feeding (Wu and Hoy, 2012b). However, the endosymbiont

Cardinium was found to have a closer association to the predatory

mite M. occidentalis and is likely the cause of reproductive

incompatibility (Wu and Hoy, 2012a).

Mite microbiotas have been shown to be significantly different

in terms of diversity and function depending on the life stage of the

mite, as in eggs vs. adults of T. urticae (Merlin et al., 2022); however,

different host plant environments did not significantly influence

diversity and functional aspects of T. urticae and Neoseiulus

californicus (McGregor) (Merlin et al., 2022); this suggests that

both prey and predatory mites are dependent on their distinct

microbiotas for survival.

In one of the few studies of microbes associated with

Phytoseiidae that did not focus on endosymbionts or pathogens,

examination of the microbes within the gut of M. occidentalis

uncovered two species of bacteria that were new to the

Phytoseiidae microbiota (Hoy and Jeyaprakash, 2008). One was

related to an Enterobacter sp. also found in gypsy moths and the

sheep scab mite Psoroptes ovis, and the other to a Sulcia sp. found

in the sharpshooter Homalodisca vitripennis (Hemiptera:
Frontiers in Arachnid Science 03
Cicadellidae). Although their locations were never verified and

their effects on the host were never proven, these bacteria were

posed to be nutritional symbionts of their host.

In the current study, using Sanger sequencing methods and

traditional microbiology approaches, the bacterial diversity of the

gut and integument of three economically important Phytoseiid

species were characterised and compared. Furthermore, the effects

of selected bacterial cultures on the survival, voracity, and

oviposition of P. persimilis were examined to identify potential

beneficial and pathogenic isolates. This study makes initial

contributions towards characterisation of the mass-reared

Phytoseiidae bacterial microbiota to understand its diversity and

effects on its host species. Particular attention is given to bacterial

species that can potentially be manipulated to improve the health of

phytoseiid mites within mass-rearing systems or those that can

cause disease and reduced performance of the predatory mite.
2 Materials and methods

2.1 Mite rearing, collection of samples, and
iso-female lines

Mite specimens of P. persimilis, N. cucumeris, and T. swirskii

were obtained from live colonies from “Biological Crop Protection

Ltd.” and preserved in 100% ethanol and stored in 1.5-ml

microcentrifuge tubes at 2–4°C for subsequent DNA extraction.

For N. cucumeris and T. swirskii, the prey diet was bran-based with

1% w/w wheatgerm, a moisture content of ca. 10%. Predator–prey

chambers were housed at 23°C ( ± 3) and 65% RH. Starter cultures

were renewed every month. The prey used for N. cucumeris was

Tyrophagous putrescentiae and the prey used for T. swirskii was

Suidasia medanensis. P. persimilis was reared on T. urticae infested

dwarf bean plants (var. Prince) grown under glasshouse conditions.

Laboratory stock colonies of prey (Tetranychus urticae) were

reared on bean leaves (Phaseolus vulgaris) under a 16:8 light:dark

cycle at 20°C ( ± 2). Live batches of P. persimilis were received from

Biological Crop Protection Ltd. and used to set up an iso-female

colony, 2 weeks before the start of bioassays.

Iso-female colonies of P. persimilis were produced using a single

gravid female to reduce genetic variation within experiments.

Females were placed singly on 2-cm-diameter leaf disks on cotton

wool moistened with sterile distilled deionised water to prevent

escape and supplied with 15 adult and 10 juvenile T. urticae, ad

libitum. After 3 days of oviposition, eggs were transferred to a fresh

bean leaf with all stages of T. urticae and reared to adult. Mated

females of around 7–9 days were used in bioassays measuring

survivorship, voracity, oviposition rates, and fecundity.
2.2 DNA extraction from mites for
microbiota characterisation

Bacteria were isolated in situ from the surface of the mite’s

integument and the digestive tract, independently. Bacteria from the

integument were obtained via a unique method using chemical
frontiersin.org
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disruption of bacterial cells followed by ultrasonic treatment. Mites

were placed into 10 ml of molecular-grade H2O in a 1.5-ml

microcentrifuge tube and left for 30 min to rehydrate. Twenty

mites of each species were used to ensure adequate copy numbers of

bacterial DNA. Samples were centrifuged at 13,000 rpm for 2 min at

room temperature to ensure full submersion in water. Triton X-100

detergent (0.2 ml) was added to each tube and vortexed for a few

seconds. Detergent was used to disrupt bacterial cell membranes

and break their attachment on the surface of the mite. Samples were

centrifuged at 13,000 rpm for 2 min at room temperature (RT) to

ensure submersion in the water-detergent mixture. Samples were

sonicated using an ultrasonic bath (Sonicor SC-121TH, Copiague,

NY, USA) for 3 min at 50 kHz and RT to dislodge bacteria from the

surface of the mite. Samples were returned to the centrifuge at

13,000 rpm for 2 min. Water from the sample was decanted into a

fresh 1.5-ml microcentrifuge tube ensuring that the whole mite was

not carried over into the new tube. Via this method, it is possible to

remove bacteria from the surface of the mite for DNA extraction.

For gut extractions, 20 mites were placed into 20 ml of

molecular-grade H2O and rehydrated at room temperature for

1 h. Samples were then washed using 0.2 ml of Triton X-100 and

sonicated for 3 min at 50 kHz. Water was then removed from the

tube using a pipette ensuring mites remained in the tube. The tube

containing the mites was then rinsed three times with 500 ml of
molecular-grade H2O. Water was removed from the tube and 10 ml
of buffer ATL (Qiagen “DNeasy Blood and Tissue kit”, Hilden,

Germany) was added. Mites were macerated inside the tubes using

sterile pipette tips and samples were composed of digestive caeca,

Malpighian tubules, and anal atria of the mites. Buffer ATL (70 ml)
was added to the tube. All mite extracts were subsequently extracted

and purified using the “DNeasy Blood and Tissue kit” (QIAGEN,

Hilden, Germany).

Extraction controls were also included to account for

contamination from kit reagents and plastic ware. No template

controls were included to account for contamination in water and

PCR reagents. Extraction controls and no-template control were

subject to the PCR protocol described below and only samples

showing no contamination in no-template controls and extraction

controls were taken forward for sequencing. This was checked via

electrophoresis gel and absence of amplified DNA in those samples.
2.3 Culturing bacteria from
Phytoseiidae extracts

Bacteria were cultured from mite integuments and alimentary

tracts. For digestive tracts, mites were collected from live colonies

supplied by “Certis Europe BV” and placed into sterile water inside

“lysing matrix A” tubes (MP Biomedicals, Santa Ana, USA)

containing ¼-inch ceramic spheres. For bacteria cultured from

alimentary tracts, a combination of chemical sterilisation and

microdissection was necessary. Mites were initially placed at 4°C

for 30 min, then surface sterilised in 100% ethanol for 10 s and

rinsed in molecular-grade water before being placed onto sterile

microscope slides. The edge of a cover slip was pressed against the

mite, causing the internal organs to rupture out of the body. In most
Frontiers in Arachnid Science 04
cases, the digestive caeca, Malpighian tubules, and anal atria were

visible due to their darker colour. These organs were then lifted

from the slide with a sterile tungsten micropin or microloop and

placed into “lysing matrix A” tubes for homogenisation. Samples

were homogenised at 5.0 M/s for 6 min for whole mites and 2 min

for dissected mite alimentary tracts, in a “FastPrep-24” machine

(MP Biomedicals, Santa Ana, USA). Dilution series of each sample

were prepared up to dilutions of 10−6 and 100 µl of each was spread

onto LB Agar containing cycloheximide to suppress the growth of

fungi. Control plates were spread with 100 µl of sterile water to

ensure no contamination was present. Bacteria from the

integuments of the mites were cultured by allowing mites to walk

on LB agar plates for 30 min and then removed carefully from the

agar surface. Mites were applied and removed from plates using a

sterile brush or micropin.

All plates were incubated for at least 3 days under a 16:8 light/

dark cycle at 20–25°C to simulate the conditions of the mite

colonies. Colonies were differentiated using morphological

differences observed from examination of the colony on the plate,

i.e., colour, colony shape, size, and texture. Pure cultures were

obtained by streaking single colonies onto plates at least three

subsequent times until only one type of colony grew on the plate.

Sterile technique was used during preparation of bacterial cultures.

Pure cultures were grown in sterile LB broth overnight at 25°C; 1 ml

of that broth was added to 1 ml of glycerol (50%) in cryo-vials and

placed at −80°C for long-term storage.
2.4 DNA barcoding and clone library
preparation of bacterial microbiota

Bacterial DNA in extracted and purified mite samples was

amplified using PCR for use in cloning and sequencing. Genomic

DNA of bacteria was amplified using universal primers for the 16S

ribosomal gene (U16S). Forward primers 27f (5′-AGA GTT TGA

TCC TGG CTC AG) and 63f (5′-CAG GCC TAA CAC ATG CAA

GTC), in conjunction with 1387r (5′-GGG CGG WGT GTA CAA

GGC), were used to amplify 16 rRNA gene sequences for

identification of bacterial OTUs. Reactions contained the

following reagents:
- 3 µl of DNA sample

- 12.5 µl of Go-taq green Master Mix (Promega, Madison,

USA)

- 0.5 µl of each primer (63f and 1387r) or (27f and 1387r)

- 8.5 µl molecular- grade H2O.
Two PCR temperature cycles were used for different DNA

extraction samples:
1- Temperature cycle for amplification of bacterial DNA from

cultured bacterial colonies:

- 95°C for 5 min

- 35× cycle of 95°C for 30 s; 54°C for 30 s; 72°C for 90 s

- Final extension, 72°C for 6 min.
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2- Temperature cycle for amplification of bacterial DNA from

culture independent extractions:

- 95°C for 5 min

- 35× cycle of: 95°C for 30 s; ramp to 54°C; 54°C for 30 s; ramp

to 72°C; 72°C for 90 s

- Final extension, 72°C for 10 min.
Successful reactions were verified using gel electrophoresis in

1% agarose gels stained using ethidium bromide and visualised in a

“Biodoc-it imaging system” (UVP, Upland, USA) benchtop UV

trans-illuminator. Positive reactions showed bands at ~1,300 bp.

Positive reactions were purified with the “QIAquick PCR

purification kit” (Qiagen, Hilden, Germany) and DNA quantities

were measured with a “NanoDrop Lite spectrophotometer”

(Thermo Scientific, Waltham, USA).

Purified DNA from bands was cloned into competent E. coli

cells using the “Strataclone PCR Cloning Kit” (Stratagene, San

Diego, USA). Bands were ligated into pSC-A-amp/kan cloning

vector and transformed into “Strataclone solopack competent

cells” (Stratagene, San Diego, USA). Ligation reactions were

performed for 2 h to increase the chance of obtaining positive

inserts. After transformation, cells were plated on LB agar

containing ampicillin (10 mg/ml) and 2% x-gal. At least 20 white

bacterial colonies were picked from each plate and verified for

positive inserts using PCR with t3 and t7 primers flanking the insert

region. Colonies carrying the correct size insert (~1,300) were

cultured overnight in 4 ml of LB broth containing ampicillin

(10 mg/ml) at 37°C. Plasmid DNA was recovered from bacterial

cells using an “E.Z.N.A Plasmid Mini Kit I-Spin Protocol” (Omega

Bio-tek, Georgia, USA). Samples were sent to Macrogen Europe for

Sanger sequencing.

Almost entire 16S ribosomal gene DNA strands were obtained

by assembling forward and reverse strands for each sample

sequence using the “CAP contig assembly program” in “Bioedit”

software. Raw sequences were processed in “Geneious” to remove

low-quality regions of the sequencing read. Similar or identical

sequences from different samples were aligned using “ClustalW

multiple alignment”. Sequences were then checked manually for

errors or artefacts of sequencing and edited accordingly. The final

edited sequences were submitted to BLASTn similarity searches

(Altschul et al., 1990) for closest known matches in the GenBank

sequence database. Bacterial taxa were identified using “RDP Naive

Bayesian rRNA Classifier Version 2.8” (Wang et al., 2007) to
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complement and check identities recovered using BLASTn.

Species were deemed the same as their closest match in the case

that genera were not known to be problematic with regard to 16S

rDNA identification; sequence similarity was ≥99% and sequences

were at least 500 bp in length, but preferably ≥1,300 (Janda and

Abbott, 2007).
2.5 Bioassays to examine the influence of
Phytoseiidae bacterial microbiota

Five bacterial cultures from the Phytoseiidae microbiota

isolated in this study were selected for further study into their

effects on P. persimilis in leaf disc bioassays (Table 1).

Individual adult female mites were observed on test arenas

treated with one of six bacterial cultures or only sterile water for the

control. To set up test arenas, sterile 5-cm3 receptacles were used to

contain cotton wool moistened with sterile water on which a 2-cm2

leaf disk cut from primary leaves of Phaseolus vulgaris was placed

with the adaxial surface face up. Prior to use in test arenas, leaves

were washed in 0.5% sodium hypochlorite for 1 min and rinsed

three times with sterile water. Bacterial inoculations were made by

removing approximately 0.1 g of bacterial cells from LB agar plates

and resuspending them in 1 ml of sterile water. Each leaf arena was

then supplied with either an inoculation of one of the six different

bacteria in 1 ml of sterile water or the same volume of only sterile

water containing no bacteria. Leaf disks were allowed to dry then

supplied with prey, 5 adults and 10 juveniles of T. urticae; these

were allowed to feed on the leaf matter for at least 30 min before the

addition of predatory mites. Female P. persimilis of 7–9 days of age

from iso-female colonies were applied singly to each prepared leaf

arena supplied with prey. Predatory mite activity was then

monitored each day over the next 7 days recording the number of

prey eaten (adults and juveniles), the number of eggs laid, and the

number of mites that died; any unusual symptoms were also

recorded. Prey were replenished every 2 days or as otherwise

appropriate so that mites consistently had access to fresh prey

mites. Leaf disks were replaced after 4 days of recording to ensure

prey had ample leaf matter to feed on, and new leaf disks were

subjected to the same method of preparation as outlined above

depending on treatment type. Leaf arenas were kept and prepared in

a controlled environment of 16:8 light:dark cycle at 20°C (± 2°C)

and were kept within a sterile Captair Pyramid (Erlab,

Massachusetts, USA) to prevent contamination with microbes
TABLE 1 Isolation source of each bacterial culture used in leaf-disc bioassays with P. persimilis. [external: external integument].

Bacterial species and isolate Original isolation source Bacterial family

Arthrobacter sp. PHPS1 P. persimilis external Micrococcaceae

Stenetrophomonas maltophilia PHPW29 P. persimilis gut and external Xanthomonadaceae

Serratia odorifera PHPS4 P. persimilis gut and external Enterobacteriaceae

Serratia marcescens NECW30 N. cucumeris and T. swirskii gut Enterobacteriaceae

Elizabethkingia sp. NECW25 N. cucumeris and T. swirskii gut Enterobacteriaceae

Staphylococcus kloosi NECS3 N. cucumeris external Staphylococcaceae
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from the laboratory environment. Counts and observations were

made using a “Leica Zoom 2000” dissecting microscope at 30×

magnification in a laminar flow cabinet (Bassaire P5H), and when

test arenas were transported, they were protected from external

contamination by placing a sterile 5-cm3 plastic container over the

top of the rearing receptacle. The following equation was used for

calculation of voracity scores:

Voracity score(VS)

= (No :  of  adults eaten

+ (No :  of  juveniles eaten=2))=time in hours

Counts of the number of predators that died on a particular day

were recorded for survivorship analysis. For control mites vs.

bacterial culture treatment, voracity scores were analysed using

one-way ANOVA and mean voracity was compared using Tukey’s

test with p-values adjusted using Bonferroni’s correction. Oviposition

rates were analysed using one-way analysis of deviance on generalised

linear models fitted to Gaussian error distributions. For analysis of

survivorship data, survival curves for each treatment were produced

using the Kaplan–Meier formula and models were compared using

Chi-squared goodness of fit to show significant differences between

groups and ANOVA for model simplification. All statistical analyses

were performed in “R” (R core development team, 2012). Libshuff

analyses, describing and comparing community structures, were

also applied.
3 Results

3.1 Characterisation and comparisons of
the Phytoseiidae microbiota

From a total of 170 sequences, 34 different OTUs were found

from three phyla (Actinobacteria, Proteobacteria, and Firmicutes),

12 families, and 22 genera. N. cucumeris had the most diverse

microbiota with 17 OTUs, compared to 15 from P. persimilis and 12

from T. swirskii. Numbers of OTUs from each species and each

isolation location are shown in Table 2. The groups of bacteria

making up the Phytoseiidae microbiota were Actinomycetes

(15.10%), Alpha-proteobacteria (11.32%), Beta-proteobacteria

(26.42%), Gamma-proteobacteria (30.20%), Bacilli (9.43%), and

Bacteriodota (7.54%). The predominant OTUs in all phytoseiids
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were from Proteobacteria making up 68.75% in P. persimilis, 73.91%

in N. cucumeris, and 57.14% in T. swirskii. Genera were shared

across taxa, being present in all species or on only two of the

examined species (Figure 1). Other bacterial isolates were unique to

their host and even unique to a specific anatomy. Generally, the

integument and gut showed a similar proportion of unique OTUs

per mite, apart from inN. cucumeris where the integument made up

a higher percentage of unique OTUs compared to the gut (Table 2).

The total number of bacteria isolated from the integument of all the

Phytoseiidae species comprised 38.24% of the unique bacterial

diversity present in the samples, whereas gut isolates comprised

32.35% of the total unique bacterial diversity (Table 2). The

Phytoseiidae mites examined here shared a core microbiota of

32.35% of the same OTUs found in at least two species

(Supplementary Table 1). The most abundant OTUs from N.

cucumeris and T. swirskii were from Serratia sp. and

Elizabethkingia sp., whereas the most abundant OTUs from P.

persimilis were Stenetrophomonas sp., Serratia sp., and

Achromobacter sp. The same OTU was never found in all three

mite species. OTUs closely matching Serratia spp. were isolated

from all species and body regions (Supplementary Table 1).

Culture-dependent and -independent methods of bacterial

isolation yielded 26 and 17 OTUs respectively, with some OTUs

being detected via both methods (Supplementary Table 1).

Libshuff analysis used to analyse differences in the total bacterial

communities found in mite species showed that diversity was

significantly different between species (Table 3). Using different

methods of isolation of bacterial DNA enabled characterisation of

specific anatomies to assess the differing bacterial diversity

associated with these different areas of the mites. The microbiota

of the integument and gut differed, showing distinct bacterial

communities belonging to each region (Figure 1 and Table 4).

Significant differences between the gut microbiota and external

microbiota of each species were also found (Table 4). Between-

species analyses showed significant differences in all but two cases:

the comparison between the gut microbiota (p-value = 0.205) and

external microbiota (p-value = 0.1745) of N. cucumeris and

T. swirskii.

The microbiota of the alimentary tract, including the digestive

caeca, anal atrium, and Malpighian tubules, was characterised by

bacteria from the Enterobacteriaceae and each mite species had at

least one genus belonging to this family within their alimentary

tract. Comparatively, the microbiota of the integument of each mite
TABLE 2 A breakdown of total OTUs found in different parts of the anatomy and unique bacterial diversity isolated from those areas.

Mite species
Number of OTUs Unique diversity (%) Shared diversity (%)

Integument Digestive tract Total diversity Integument Digestive tract Both areas

Neoseiulus cucumeris 12 8 17 41.18 23.53 29.41

Phytoseiulus persimilis 10 10 15 33.33 33.33 33.33

Typhlodromips swirskii 7 7 12 41.67 41.67 16.67

Total from all species 22 21 34 38.24 32.35 32.35
Unique diversity for mite species is the total number of OTUs found only in that area divided by the total OTUs found on that species. Unique diversity from all species is the number of OTUs
found only in one mite species divided by the total number of OTUs found across all mites.
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species was composed of at least one species of Staphylococcaceae.

Bacteria from the genera Achromobacter, Arthrobacter,

Pseudomonas, Serratia, Sphingomonas, and Stenetrophomonas

were isolated from both the integument and alimentary tracts of

mites examined (Figure 1). One OTU isolated from the surface ofN.

cucumeris and T. swirskii showed high similarity to a Bartonella sp.

recently found in Astigmata mites (Supplementary Table 1).

Analysis of bacterial diversity with principal component

analysis (PCA) showed which variables best described the

variation in the samples. The variables included in this analysis

were species and area of isolation, comparing whole microbiotas,

external microbiotas and gut microbiotas. Figure 2 shows loading

plots of individual OTUs and biplots of different variables

represented by arrows.

The variables responsible for the most variation in the data set

came from the variation between gut microbiota and external

microbiota. External microbiota of each of the three species

clustered together and explained much of the variation in the

sample as highlighted by the red oval (Figure 2). Most variation

between the gut and external microbiota was found in T. swirskii

from whom a few rare taxa in the external microbiota caused high

variation (Figure 2). Least variation between the gut and external
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microbiota within a species was found in P. persimilis shown by the

clustering of taxa and variables attributed to this species (Figure 2).

Comparisons of the taxa in the gut and whole microbiota of T.

swirskii and N. cucumeris showed little variation, suggesting similar

bacterial communities in these variables (Figure 2).
3.2 Effects of bacterial cultures on survival,
oviposition, and voracity of P. persimilis

Most bacterial cultures tested had no significant effects on

average voracity of adult female P. persimilis under laboratory

conditions (Figure 3). However, the two cultures Serratia

odorifera and Serratia marcescens showed significant increase and

decrease in voracity, respectively. Voracity scores of predators

treated with S. marcescens were significantly lower compared to

all other bacterial treatments and the control (p = 0.0000034).

Conversely, predatory mites treated with S. odorifera showed a

significant increase in average voracity, compared to all other

bacterial treatments and the control (p = 0.00012) (Figure 3).

Generalised linear models were used to analyse oviposition rates

for each bacterial treatment. Using an F-test for goodness-of-fit

comparison between the model including the bacterial treatment as

an explanatory variable and a model without treatment as an

explanatory variable showed that bacterial treatment was a

significant factor affecting the rate of oviposition in these laboratory

trials on P. persimilis females [F(6,112) = 6.643, p < 0.001]. Therefore,

the null hypothesis that bacterial treatments do not affect the

oviposition rates of P. persimilis cannot be accepted. To analyse the

source of this variation, multiple comparisons of means for each

treatment were performed using Tukey contrast fit on the general

linear models. These results showed that S. marcescens-treated P.

persimilis had significantly lower mean oviposition rates than control
FIGURE 1

Bacterial diversity (OTUs) across the microbiota of three different species of Phytoseiidae comparing gut and surface-isolated bacteria. OTUs are
weighted with relative abundance (number of sequences of each isolate obtained).
TABLE 3 Libshuff analysis of bacterial microbiota comparing different
Phytoseiidae mite species.

Comparison N. cucumeris P. persimilis

N. cucumeris x x

P. persimilis <0.0001 x

T. swirskii 0.004 <0.0001
All mite species showed significantly different bacterial communities associated with them.
p-values less than 0.05 show significant differences in bacterial diversity.
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mites (p < 0.001) (Figure 4). All other bacterial treatments were not

statistically significantly different compared to the control, or when

compared with all other treatments except S. marcescens. Mean

oviposition rates were greater for every treatment compared to that

of S. marcescens (Figure 4) and the median oviposition for mites

treated was zero (Figure 4) as most mites in S. marcescens trails died

before they had a chance to oviposit. Only one mite from N = 14

exhibited oviposition that was near to the median oviposition ofmites

from all other treatments.

Survival analysis (Figure 5) showed significant differences in

mean survivorship between bacterial treatments when Kaplan–

Meier curves were compared with a Tarone-Ware test [c2(6, n =

209) = 58.6, p > 0.0001]. Therefore, we cannot accept the null

hypothesis that mean survivorship was not different for different

bacterial treatments. Comparisons of Kaplan–Meier survival
Frontiers in Arachnid Science 08
models grouped these data into two statistically different groups.

Survival models were simplified to incorporate statistically similar

treatments into the same groups and Chi-squared tests were used to

compare goodness of fit between groups.

After model simplification, group A consisted solely of S.

marcescens and group B comprised all remaining treatments

(Arthrobacter sp., Elizabethkingia sp., S. odorifera, Staphylococcus

kloosii, Stenetrophomonas maltophilia, and the control containing

no bacteria). P. persimilis treated with an S. marcescens inoculum

showed significantly lower mean survival compared to the control

and all other treatments [Group A vs. Group B, c2 (1 d.f., n = 209) =

58.47, p-value > 0.001]. Mites treated with an Elizabethkingia sp.

inoculum had the highest mean age at death of 5.647 days; however,

this did not prove to be statistically higher than mean age at death

for control mites [c2 (1, n = 54) = 0.86, p = 0.4].
FIGURE 2

Principal component analysis (PCA) of OTUs in the microbiota of three species of phytoseiid. PC1 explains that 50.61% of the variance in the data set
is due to the location of the bacteria (gut/external). PC2 explains that 23.25% is from host species. Arrow biplots represent the effects of different
variables on the variance of the data set. Solid circles represent loadings of each OTU within the data set and the colour of the center denotes
species from which the OTU was originally isolated.
TABLE 4 Libshuff analysis of bacterial microbiota comparing different species and different anatomies (gut and external microbiota).

Comparison N. cucumeris gut N. cucumeris external P. persimilis gut P. persimilis external T. swirskii gut

N. cucumeris gut x x x x x

N. cucumeris external 0.00009 x x x x

P. persimilis gut 0.0001 0.0217 x x x

P. persimilis external <0.0001 0.0107 0.0136 x x

T. swirskii gut 0.205 0.0006 0.0002 <0.0001 x

T. swirskii external 0.0002 0.1745 <0.0001 0.0002 0.0001
Comparisons between the gut microbiota (p-value = 0.205) and skin microbiota (p-value = 0.1745) of T. swirskii and N. cucumeris showed no significant differences when areas were compared
like-for-like. All other comparisons showed significant differences in bacterial communities. p-values < 0.05 show significant difference between bacterial communities.
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4 Discussion

This comprehensive study examined the Phytoseiidae microbiotas

of three economically significant species and the influence of bacterial

taxa on the health of P. persimilis, the first organism to be used as a

biological control agent. We used molecular and classical microbiology

culturing methods to characterise bacteria on the skin and digestive

tract of three different Phytoseiidae species. Our study showed that

significant differences were found between mite species and gut and

skin microbiota were significantly different in diversity, suggesting a

functional separation of microbiomes. The Proteobacteria were the
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most dominant group of bacteria present in all mite species tested

making up 68.75% in P. persimilis, 73.91% inN. cucumeris, and 57.14%

in T. swirskii. We confirm the status of S. marcescens as a pathogen of

P. persimilis and suggest here new beneficial bacterial species.

Similar to the study of microorganisms associated with M.

occidentalis (Hoy and Jeyaprakash, 2005), Enterobacter were a large

constituent of the microbiota of these three phytoseiids.

Enterobacteriales are a common occurrence in the microbiota of

Acari and other Arthropods (Dillon and Charnley, 2002; Hubert

et al., 2011; Kaltenpoth, 2011; Pekas et al., 2017) and further

investigation should focus on understanding their function in
FIGURE 4

Mean oviposition per day for each treatment. Error bars show one SE of the difference between means. Different letters show significant differences
between groups. Only S. marcescens-treated P. persimilis mites showed significantly lowered oviposition rates due to bacterial treatment. All other
treatments were statistically similar when using Tukey contrasts performed simultaneously on generalised linear models for hypothesis testing. A p-
value of <0.05 showed significant difference between treatments.
FIGURE 3

Average voracity scores for P. persimilis females subjected to all bacterial treatments and the control treatment containing no bacterial culture. Error
bars are equal to 1 SE of the difference between means; non-overlapping bars show significantly different average voracity for that treatment.
Different letters indicate significant differences between average voracity.
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reared Phytoseiidae. In the current study, the predominant bacterial

group comprising the Phytoseiidae microbiota was Proteobacteria.

This supports a previous study where Proteobacteria (particularly

gamma-proteobacteria) were the most prevalent in Neoseiulus

californicus at >85% of all amplicon sequence variants (ASVs)

(Merlin et al., 2022), and a similar trend is also seen in insect gut

microbiota where Proteobacteria made up 62.1% of total OTUs from

218 species across 21 different orders (Yun et al., 2014). In the current

study, the predominance of Proteobacteria could represent bias in our

sampling methods, molecular detection, and culturing (Nemergut

et al., 2011). Although non-selective media was used, this could lead

to underrepresentation of fastidious microbes that might have

significant effects on the mites. Bias in DNA extraction and PCR

amplification could also lead to rarer bacterial taxa to be overlooked.

It is possible that, because Proteobacteria are also very widely

distributed and abundant in the environment (Nemergut et al.,

2011), the Phytoseiidae are therefore more likely to acquire them

through the environment.

The microbiota of T. swirskii and N. cucumeris guts and

integument was not significantly different between these two

species, suggesting that the microbial communities of these two

species are similar, adding support to the hypothesis that artificial
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rearing conditions may cause convergence of microbiota of

predatory mites reared in this manner. These two species have a

similar lifestyle (Type 3 predators) (McMurtry and Croft, 1997) and

can persist on similar prey species. Similarities in their microbiotas

might also be explained by acquisition of bacterial taxa due to their

evolutionary history, as with bees and ants, whereby species sharing

similar niches and lifestyles have acquired similar bacterial diversity

(Russell et al., 2009; Kaltenpoth, 2011; Martinson et al., 2011).

Additionally, the similarities in the bacterial diversity of the guts

and external anatomy of these predatory mite species could be a

result of the way in which they are reared. N. cucumeris and T.

swirskii are both reared on factitious prey mite species in a similar

rearing media composed of bran or other dried cereals along with

vermiculite or similar substrate (Bolckmans and van Houten, 2006;

Smytheman, 2011; Midthassel et al., 2013). Biotic and abiotic factors

associated with this environment may influence the bacterial

diversity of mites reared in these conditions and possibly cause

certain bacterial species to become prevalent within the predator’s

microbiota; potentially explaining the similarity in the microbiota

of these species. However, previous studies have shown that

predator and prey mite species have distinctive microbiota that

are not greatly influenced by host plant (Merlin et al., 2022); it is
FIGURE 5

Survivorship curves of female P. persimilis treated with different bacterial cultures over an 8-day period. Dotted lines represent upper and lower
confidence intervals, and solid lines represent mean survivorship. Crosses at the end of survivorship curves denote that some individuals involved in
the study were still alive after the 8-day period. N for each treatment are as follows: Arthrobacter sp. = 30; Control = 30; Elizabethkingia sp. = 24;
Serratia marcescens = 53; Serratia odorifera = 24; Stenetrophomonas maltophilia = 24; and Staphylococcus kloosi = 25.
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possible that mass-rearing environments where mites are reared on

factitious prey mites in synthetic environments can have a bigger

impact on mite microbiomes than in more natural rearing systems.

Transmission of microbes from prey to predators (and vice versa)

is an interesting phenomenon and may have implications on the

behaviour or health of the predator. The microbiota of these two

predatory mites contains bacteria from Rhizobiales and

Enterobacteriaceae that are similar to bacteria previously isolated

from the microbiota of Tyrophagous putrescentiae and Acarus siro

(Hubert et al., 2011; Pekas et al., 2017). If different species of astigmatid

mites share a similar bacterial diversity, it is likely that bacteria found in

the Phytoseiidae was transmitted horizontally to the predator when

feeding on its prey Astigmata species in the mass-rearing facility.

Rhizobiales are commonly found in the microbiota of Astigmata

(Hubert et al., 2011; Pekas et al., 2017). In N. californicus–T. urticae

predator–prey systems, some transfer of bacterial taxa between mites

was found (Merlin et al., 2022). Enterobacteriaceae in insects have been

shown to play an important role in protection of the host and indirectly

promote host health by preventing the establishment of pathogenic

microbes (Zhang et al., 2021). Citrobacter sp. within the gut of

Bactrocera dorsalis conferred improved pesticide resistance due to

the activation of phosphatase hydrolase genes (Cheng et al., 2017); in

the current study, a Citrobacter sp. was found on the skin surface of P.

persimilis (OTU28). Klebsiella oxytoca has been used as a probiotic

treatment in the Mediterranean fruit fly (Ceratitis capitata) and

significantly increased the sexual competitiveness of male fruit flies

and prolonged their survival (Gavriel et al., 2011); similar bacteria were

present in the gut and skin of N. cucumeris in the current study

(OTU10 and OTU23). We propose similar mechanisms for these

bacteria in Phytoseiidae mites and the Enterobacteriaceae may be

significant in enabling these mites to survive within the mass-rearing

environment. However, further examination of the impact of these

bacteria on Phytoseiidae health is necessary.

Within species examined in the current study, there were

significant differences between the microbiota of the integument

compared to the gut. Gut microbiota may be responsible for aiding

in digestion and maintaining gut health, whereas external microbiota

may be responsible for preventing the invasion of pathogenic

organisms. The unique subsets of bacterial diversity found in the

microbiota of the gut and the integument of mites suggest that

bacterial communities in these areas carry out specialised functions

on distinctive anatomies. Bacteria typically associated with insect gut

flora found on the integument of T. swirskii suggest that bacteria can

be transferred to the integument of the predator by direct contact

with prey or through the environment, as previously suggested (Pekas

et al., 2017; Merlin et al., 2022). It has been shown that bacteria can

pass into the digestive tract of Phytoseiidae mites via intake of food

(Arutunyan, 1985; Wu and Hoy, 2012b; Pekas et al., 2017); thus, it is

very likely that the unclassified Enterobacteriaceae within the gut of

N. cucumeris originated from its acarid prey source and was

transmitted during feeding. To support this, in a previous study,

Metaseiulus occidentalis was shown to acquire Wolbachia from their

prey species (T. urticae) via feeding and environmental infection but

not be a part of M. occidentalis natural microbiota (Wu and Hoy,

2012b). Therefore, mass-reared systems should consider the transfer

of microbes from predators to prey and ensure that transfer of
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microbiome will not cause a detrimental effect on the predator

mite’s survivability, or ultimate ability to control its intended pest

target. Previous work revealed a range of eukaryotic and prokaryotic

microbes associated with the integument and digestive tract of the

three Phytoseiidae mite examined in this study (Sumner-Kalkun

et al., 2020). This study complements the presence of bacterial taxa

within the Phytoseiidae digestive tract as previously seen using

fluorescence in situ hybridisation (FISH) and laser confocal

microscopy (Sumner-Kalkun et al., 2020).

A study by Pekas et al. (2017) on the microbiome of N.

cucumeris also presented similar diversity to that found in the

current study. Staphylococcus kloosi was the main constituent of the

N. cucumeris microbiome in the Pekas et al. (2017) study and was

suggested to make up a large percentage of the mite’s intestinal flora

and is possibly passed on from mite to mite via the feces. This is

supported by the fact that this bacterium was cultured from the

surface of N. cucumeris in our study. Previously, a Kocuria sp. and

Brevibacterium spp. also make up a small proportion of the

predatory mite microbiome (Pekas et al., 2017). In the current

study, we found these bacteria in the Phytoseiidae microbiome, and

it is suggested that Kocuria could be an important arthropod

pathogen and these bacteria warrant further examination of their

role in the Phytoseiidae microbiome and mass-rearing systems.

The pathogenic effects of S. marcescens have previously been

observed on many insect species (Poinar and Thomas, 1984) and the

Phytoseiidae mite species M. occidentalis (Lighthart et al., 1988). For

this reason, it was chosen for this study to examine its effects on the

more widely used biological control agent P. persimilis. In laboratory

trials, S. marcescenswas found to be a strong pathogen of P. persimilis,

inducing characteristic pathogenic symptoms and reduced the

performance of the mites treated with this bacterium. Mites

infected with S. marcescens suffered reduced voracity, a reduction

in oviposition, and a significantly lowered survival rate. S. marcescens

infection also caused mites to become lethargic and unresponsive to

agitation with a fine hairbrush. Moribund mites moved slowly if at all

and legs or opisthosomawould often be stuck to the leaf surface. After

death, mites would shrivel and legs were often retracted underneath

the body. Occasionally, one of the legs would be contracted

apparently because it had become stuck to the leaf surface. This

provides the first evidence of pathogenicity of S. marcescens against

the predatory mite P. persimilis. S. marcescens is likely a generalist

pathogen of Phytoseiidae. Compared to the study by Lighthart et al.

(1988) in which 50% of mite populations had died out after 4 days of

bacterial treatment, populations of P. persimilis examined in this

study took less than 3 days to drop below 50%. Further comparisons

show concurrence in the ability of S. marcescens to reduce survival

rate, and our current study provides new evidence to suggest that S.

marcescens can also decrease the fecundity (oviposition) and voracity

of Phytoseiidae mites. However, Lighthart et al. (1988) found that

infection with S. marcescens did not terminate egg production in

already gravid females. As all females used in this study were in the

primary stages of egg production after mating, it is possible that S.

marcescens were able to prevent the onset of egg development.

Additionally, due to the high virulence and subsequent high

mortality rate caused by S. marcescens, it is possible that mites died

before they had the opportunity to lay any eggs. A previous study
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showed that S. marcescens could enter the hemocoel of the predatory

mirid bug Adelphocoris suturalis and its presence in the predator was

influenced by an imbalanced diet whereby only aphids were ingested

(Luo et al., 2021). A similar mechanism for transmission and

mortality is suggested in the current study for Phytoseiidae–prey,

although further study to verify this is necessary. This could be

achieved by assessing the titers of selected bacterial taxa in the

predator vs. prey using molecular screening such as real-time PCR

and FISH as previously demonstrated for the Acari (Hubert et al.,

2011; Sumner-Kalkun et al., 2020).

Although Koch’s postulates were not strictly fulfilled in the

current study, these data justify the addition of S. marcescens to the

list of bacterial pathogens of the Phytoseiidae, making it one of only

a few extensively studied bacterial pathogens of P. persimilis (Pukall

et al., 2006; Schutte, 2006; Bjørnson, 2008; Schütte et al., 2008). The

bacterial culture of S. marcescens used in this study was originally

isolated from healthy mass-reared populations of N. cucumeris and

was also present in healthy mass-reared populations of T. swirskii.

However, the effects of this bacterium on those species are currently

unknown. It is possible that pathogenic effects of this bacterium

may only be exhibited in mass-rearing systems when conditions are

optimal for the growth of this pathogen, or when the pathogen

becomes more abundant in the environment. Dosages used in this

experiment are likely to be much higher than the number of S.

marcescens CFUs present in the natural microbiota, and the host

may therefore be able to resist lower levels of infection. In a study of

T. urticae and N. californicus microbiomes by Merlin et al. (2022),

Serratia were found to be the most abundant ASV on T. urticae eggs

but less represented in adult T. urticae and N. californicus.

Depending on the identity and role of those Serratia species, it is

possible that they represent a form of defense mechanism to prevent

egg predation by Phytoseiidae by deterring predators, due to the

potential pathogenic nature of some Serratia spp. as shown in the

current study. It could also be possible that predatory mites use

sensory or olfactory cues from these bacteria to locate eggs.

Future work should examine the effects of S. marcescens on

other Phytoseiidae species such as N. cucumeris and T. swirskii, and

how it regulates predator–prey interactions. Experiments should

also focus on the effects of rearing conditions such as humidity,

temperature, and predator/prey density to examine the optimal

growth conditions for this bacterium. This information will help in

the control of this disease and prevent excessive buildup of this

pathogen. Finally, given the pathogenicity of S. marcescens exhibited

here to induce pathogenic symptoms in some populations of P.

persimilis, it is suggested that S. marcescens should be included in all

future experimental designs that require the use of a Phytoseiidae

pathogen. Serratia spp. have also been used in other arthropods in

para-transgenic strategies for controlling insects such as mosquitoes

(Koosha et al., 2019). The use of these bacterial species for

controlling pest mite species should be explored further.

This study provides some evidence that the microbiotas of

Phytoseiidae contain some beneficial species within its

ectosymbionts. Whilst S. marcesens appears to be a pathogen of

P. persimilis, its close relative S. odorifera appears to be a beneficial

partner. Mites treated with S. odorifera showed significantly higher

voracity compared to all other bacterial treatments, including the
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control. The mechanism by which S. odorifera can improve the

voracity of P. persimilis, however, is undetermined and could

represent a long-term detriment to the mites, although it did not

affect oviposition or survival rates. Speculatively, owing to the

finding of Serratia as the most abundant bacterium on T. urticae

eggs (Merlin et al., 2022), it is possible that S. odorifera affects the

searching behaviour of P. persimilis or could be used for defense

against predation by T. urticae. For a biological control agent such

as P. persimilis, increasing the rate of consumption of its prey is a

desirable trait. If all individuals of a population of predatory mites

consume more pests once released into the cropping system, this

would greatly improve the time it takes the pest population to be

effectively controlled, thus improving the performance of the

biological control agent. However further work is necessary to

confirm whether S. odorifera can improve the capacity for pest

control of a population of P. persimilis on this scale. Future work

should focus on the effects of S. odorifera on Phytoseiidae

populations on a larger scale such as glasshouse or field trials and

on other host species.

Although its effects did not prove to be significant in the current

study, Elizabethkingia has been previously shown to improve the

health of other arthropods in laboratory populations (Kampfer

et al., 2011; Boissière et al., 2012; Ngwa et al., 2013). Given the

reported antimicrobial properties of this genus, it could be a

promising candidate to improve the health of Phytoseiidae in

mass-rearing facilities.

In the current study, bacteria found in N. cucumeris and T.

swirskii (OTU09) showed similarity to an uncultured Bartonella sp.

first isolated from T. putrescentiae (Erban et al., 2016a). The next

closest match to this bacterium according to an NCBI GenBank

search (Clark et al., 2016) is only around 95% similar to the nearest

Bartonella spp. This OTU could represent a unique species that is

associated with Astigmata mites and warrants further study to

examine its role in Astigmata and Phytoseiidae. It is likely that

this OTU was picked up by the predatory mites from their factitious

prey species or rearing environment as this OTU was not found in

P. persimilis.

During the current study, Acaricomes phytoseiuli was isolated

from the skin surface of populations of P. persimilis and T. swirskii,

but only using culture-independent methods. This bacterium was

first reported in a population of P. persimilis mites showing

symptoms that were detrimental to the health and behaviour of

this predatory mite and ultimately decreasing its ability to perform

as an efficient biological control agent (Pukall et al., 2006; Schutte,

2006; Schütte et al., 2008). These symptoms include non-

responding disorder, shrinking of adult females, reduced voracity,

buildup of excretory products in legs and Malpighian tubules, and

eventual death (Schütte et al., 2008).

Since 2008, no further information has been published

regarding A. phytoseiuli in peer-reviewed journals. This study

furthers the knowledge and occurrence of this bacterium. This is

the first report of this bacterium in T. swirskii, and its effects on this

mite are unknown. All mites examined were from healthy stocks of

mass-reared P. persimilis and T. swirskii; whilst some individuals

did display white colouration within the Malpighian tubules and

anal atrium, no individuals exhibited the shrunken characteristics
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mentioned as a symptom of disease caused by A. phytoseiuli (Pukall

et al., 2006; Schutte, 2006; Schütte et al., 2008) and no complaints of

reduced efficacy coincided with the times that these mites were

examined. Therefore, the presence of this bacteria within a healthy

population of mites is unusual. It is possible that A. phytoseiuli is an

opportunist pathogen that requires certain conditions to cause

disease. It is also likely that other microorganisms within the

Phytoseiidae microflora can prevent A. phytoseiuli from

completely invading and producing significant numbers to

cause disease.

In previous studies, Stenotrophomonas spp. were considered

opportunistic pathogenic bacteria of T. urticae (Zhu et al., 2020). In

our study, S. maltophila bacterium was found within the

microbiome of P. persimilis, but in bioassays, it did not cause any

significant effects to survival, voracity, or oviposition.

From this baseline study, further studies should concentrate on

potentially beneficial and pathogenic species and examine their

prevalence in Phytoseiidae mites and their prey species. The current

study should be used to examine further interaction between

Phytoseiidae, their prey and environment to further understand

the interactions which influence the Phytoseiidae microbiota and

how this microbiome affects the health of these mites. Although the

current study did not experimentally verify the exact origin of

external and internal bacteria, our results show significant

differences in external and internal microbiotas, which justifies

the experimental approach and suggests its effectiveness.

Highlighting the main constituents of the microbiota of these

mite species in rearing systems means we can now develop

further experiments to track these species within the mass-rearing

systems and we can examine the titers of these important bacteria in

predator and prey using advanced molecular techniques such as

real-time PCR and FISH. These experiments will advance our

knowledge of the prevalence of these bacteria in mass-rearing

systems and help us unravel their impacts on the health and

performance of Phytoseiidae as biological control agents.

The Phytoseiidae microbiome is a dynamic characteristic of

the biology of these mites that must be understood to further

understand the biology and health of these mites, especially in

mass-rearing environments where the performance of these mites

depends on their health status. This study provides a basis for the

study of the microbiota of these mites and should be built upon to

determine microbiota–Phytoseiidae interactions and the function

of the mite microbiome. Based on the results of this study, it is

likely that the Phytoseiidae microbiome contains pathogenic and

beneficial taxa that could be manipulated to improve mite health

and ultimately their performance as biological control agents. The

mite microbiome is influenced by the mass-rearing environment

and the prey species on which mites are reared; P. persimilis had

the most diverse microbiota of the three species examined,

possibly because it is reared in an environment that more

closely represents its natural habitat. The unique microbiota of

gut and integument of these mites suggests a functional difference

between these two areas of the body. Further work is needed to

understand the mite–microbiome interactions that are significant

for their biology.
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