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Abstract

A novel feeding protocol for delivery of bio-active agents to Varroa mites was developed by

providing mites with honey bee larva hemolymph supplemented with cultured insect cells

and selected materials delivered on a fibrous cotton substrate. Mites were starved, fed on

treated hemolymph to deliver selected agents and then returned to bee larvae. Transcript

levels of two reference genes, actin and glyceraldehyde 3-phosphate dehydrogenase

(GAPDH), as well as for nine selected genes involved in reproductive processes showed

that the starvation and feeding protocol periods did not pose a high level of stress to the

mites as transcript levels remained comparable between phoretic mites and those complet-

ing the protocol. The feeding protocol was used to deliver molecules such as hormone ana-

logs or plasmids. Mites fed with Tebufenozide, an ecdysone analog, had higher transcript

levels of shade than untreated or solvent treated mites. In order to extend this feeding proto-

col, cultured insect cells were incorporated to a final ratio of 1 part cells and 2 parts hemo-

lymph. Although supplementation with Bombyx mori Bm5 cells increased the amount of

hemolymph consumed per mite, there was a significant decrease in the percentage of mites

that fed and survived. On the other hand, Drosophila melanogaster S2 cells reduced signifi-

cantly the percentage of mites that fed and survived as well as the amount of hemolymph

consumed. The feeding protocol provides a dynamic platform with which to challenge the

Varroa mite to establish efficacy of control agents for this devastating honey bee pest.

Introduction

The Varroa mite, Varroa destructor (Anderson & Trueman) (Mesostigmata: Varroidae), has

become the most serious health problem for honey bees in the United States and worldwide

[1–4]. Varroosis along with environmental stressors such as pathogens, poor nutrition and

pesticides [5–7] have contributed to high colony losses during the past nine winter seasons

due to the parasitism and virus transmission [8–10]. These annual hive losses constitute a sig-

nificant economic burden to commercial beekeepers who must meet pollination service needs,

PLOS ONE | https://doi.org/10.1371/journal.pone.0176097 April 27, 2017 1 / 18

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Cabrera AR, Shirk PD, Teal PEA (2017) A

feeding protocol for delivery of agents to assess

development in Varroa mites. PLoS ONE 12(4):

e0176097. https://doi.org/10.1371/journal.

pone.0176097

Editor: Claude Wicker-Thomas, CNRS, FRANCE

Received: June 17, 2016

Accepted: April 5, 2017

Published: April 27, 2017

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: Funding for this project came from the

USDA, ARS, Insect Behavior and Biocontrol

Research Unit and Chemistry Research Unit,

Center for Medical Agricultural and Veterinary

Entomology, Gainesville, FL. The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing interests: Ana R. Cabrera is employed

by Bayer CropScience. This affiliation commenced

https://doi.org/10.1371/journal.pone.0176097
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176097&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176097&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176097&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176097&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176097&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176097&domain=pdf&date_stamp=2017-04-27
https://doi.org/10.1371/journal.pone.0176097
https://doi.org/10.1371/journal.pone.0176097
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


which contribute an additional estimated at $20.1 billion (€18.6 billion) to the US economy
[3].

The Varroa mite is an obligate ectoparasite feeding on the hemolymph of all stages [1, 11]

and undergoes a seasonal population increase soon after the peak brood production in a bee

colony [12, 13]. The feeding of the Varroa mites can result in lower weights of emerging adult

bees from parasitized larval and pupal bees and shorter lifespans of adult bees [1, 11, 14–17].

Varroa mite feeding also leads to a weakening of the bee immune system [18] may facilitate

the transmission of multiple bee viruses. However, it appears the mutualistic symbiosis

between Varroa mites and Deformed Wing Virus (DWV) can lead to an induced immunosup-

pression in honey bees that increases mite feeding and reproduction [19] which fuels the trans-

mission of this highly virulent strain of the DWV [20, 21]. Additionally, the dissemination and

spread of parasites/diseases contributing to this global epidemic has been facilitated by the

worldwide commercial trade and transport of the honey bees [22–24]. Thus, the aggregate

load from Varroa mite feeding, reduced immunity, increased viral transmission as well as

lethal and sublethal intoxication effects of pesticides that are placed on a colony contributes to

winter colony losses that are being experienced in North America and Europe [2, 6, 23–27].

Reproduction of the Varroa mite is triggered upon entry of a phoretic mite into a brood cell

containing a pre-molting last instar larva [1, 4]. A phoretic mite is carried on the host worker

bee within the hive until a suitable brood cell is detected and then the mite leaves the host and

quickly invades the cell: 40–50 h before capping in drone cells and 15–20 h in worker cells

[28–30]. Initiation of oogenesis is observed within 6 h after cell capping [31, 32]. Vitellogenesis

is initiated within 10 h after cell capping as the vitellogenin transcripts become elevated [33],

the large lipid transfer protein (LLTP) transcripts are depressed [34] and yolk spheres can be

observed accumulating within the oocyte [35]. The first egg is laid approximately 70 h after

cell capping [32, 36] and is a haploid male [37]. The male egg is followed by as many as 5

female eggs in worker cells and 6 in drone cells [13, 38, 39]. Adult Varroa mites escape the cell

along with the newly eclosed adult bee and seeks out and infest nurse bees for initial transport

[40–42].

Reportedly, the Varroa mite can survive away from the bee from between 18 to 70 h

depending on the substrate [43] and possibly up to 6 days if the mite resides on flowers [44,

45]. However, their high rate of metabolism leads to a 8.1% utilization of their wet weight per

hour for the first six hours of starvation all based on a reduction in nutritional reserves [46].

This nutritional loss was not sustainable as more than 95% of the starving Varroa mites died

within 36 h of removal from the host [46].

Administering biological materials to the mites has proved to be problematic due to the dif-

ficulties in sustaining the Varroa mites while off of the host thus hindering research progress

into development, reproduction and virus transmission [47]. Application of RNA interference

(RNAi) has been achieved by soaking the mites in an 0.9% saline solution containing a double

stranded RNA (dsRNA) sequence with return to a bee pupae has resulted in knockdown of

mu-class glutathione S-transferase, B-type allatostatin, a member of the crustacean hypergly-

caemic hormone (CHH), and pheromone receptor transcription factor (PRTF) [48–50]. Alter-

natively, feeding of the Varroa mites to deliver biologicals has been less successful and has

required some form of membrane such as stretched Parafilm [51, 52]. The most successful

feeding assay utilized a chitosan membrane that provided a feeding substrate and barrier

between the nutrient media and the mites [53]. Although, feeding on various nutritive media

was assessed using chitosan membranes, no delivery of biologicals was determined. Here, we

describe a novel short-period feeding protocol based on dispensing larval bee hemolymph con-

taining treatment materials to multiple Varroa mites without the use of a membrane substrate.

Validation of the feeding protocol conditions by assessing mite survival and changes in
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transcript levels of genes regulated during reproduction demonstrates that the protocol does

not compromise the Varroa mite physiology and can be used to deliver agents such as hor-

mone analogs, plasmids, dsRNA and other chemicals.

Materials and methods

Honey bee and Varroa mite cultures

Hives of Apis mellifera were maintained at CMAVE, Gainesville, FL, were kept without treat-

ment for Varroa mites or other pest for more than two years to have pesticide-free honey bee

populations. Consequently the hives were naturally infested with Varroa destructor. Varroa

mites were collected as needed from drone or worker cells directly or from adult bees by the

sugar shake method using powder sugar [54].

Collection and preparation of honey bee larva hemolymph

Fifth instar honey bee larvae were removed from frames and placed in groups of 3–4 larvae in

a 50 ml conical tube custom fitted with nylon mesh approximately 1.5 cm from the tube open-

ing. After a small puncture was made with a fine forceps in each of the larvae, the hemolymph

was collected by centrifugation (2 min, 3 x g at 4˚C). The hemolymph was transferred and

pooled in a 1.5 ml Eppendorf tube on ice until 1.0 ml total was collected (20–25 larvae). To

inhibit oxidation, ascorbic acid (A1300000; Sigma-Aldrich) was added to the hemolymph to a

final concentration of 10 mM for drone larvae hemolymph or 15 mM for worker larva hemo-

lymph. A higher concentration was needed to prevent oxidation of the worker larva hemo-

lymph compared to drone larva hemolymph (data not shown). A final concentration of 2 μg/

ml ampicillin was also incorporated into the hemolymph to prevent bacterial growth. The

hemolymph was used immediately for a feeding protocol unless otherwise indicated. In order

to assess stability, additional hemolymph samples were placed at -20˚C for 3, 6 or 9 weeks after

addition of ascorbic acid.

Varroa mite feeding protocol

The feeding protocol was conducted in an inverted flat-cap 2 ml microcentrifuge tube (Fisher

Scientific) (S1 Fig). The barrel of the tube was puncture five times to provide ventilation and

the cap contained a small piece of a sterile cotton ball (2 ± 0.5 mg) (22-456-885; Fisher Scien-

tific). The prepared treatment solutions or hemolymphs were dispensed onto the cotton and

then 10 to 15 Varroa mites were added prior to closing the tube. The assay tubes were placed

in a modular incubation chamber (Billups-Rothenberg, Inc.) with a moist paper towel to pro-

vide humidity and the chamber was placed in an incubator at 28 ± 1˚C with 24 h darkness.

Feeding dyes

To identify a food dye that could be included in the hemolymph preparations and not interfere

the feeding by the Varroa mites, various dyes were tested at a 1–2% final concentration and

included Royal blue icing color (Wilton Enterprises), pink DayGlo stain (DAYGLO Color

Corp.), Indigo (V001073; Sigma-Aldrich), Neutral Red (N4638; Sigma-Aldrich) and Rose Ben-

gal (198250; Sigma-Aldrich). The Royal blue icing color was selected for initial experiments

because it is a non-toxic certified food additive. Feeding was confirmed by visual inspection to

establish the presence of the dye within the gut of the mite and those mites were assessed as

percent fed of the total mites in the experimental group. The mites that survived the feeding

period were assessed as percent survived of the total mites in the experimental group regardless

whether feeding could be confirmed. The mites that were confirmed to have both fed and
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survived the feeding period were assessed as percent fed/survived of the total mites in the

experimental group.

Treatment of Varroa mites with Tebufenozide

Tebufenozide, an ecdysone analog, was selected for evaluation since evidence suggests that

ecdysteroids regulate reproduction in the Acari [55–58]. A stock solution of Tebufenozide

(31652; Sigma-Aldrich) was prepared in dimethyl sulfoxide (DMSO) (AA42780AK; Fisher Sci-

entific) and then diluted with the prepared bee larva hemolymph to obtain the following final

concentrations: 0.1, 10 and 1000 ng/μl. Control groups included both an untreated hemo-

lymph and a hemolymph containing DMSO without Tebufenozide. After 24 h of feeding, the

Varroa mites that had fed were collected and stored at -80˚C until processed. Total RNA isola-

tion, cDNA synthesis and qPCR to assess transcript levels of Vddib, VdLLTP, Vdshd, Vdspo,

VdVg1 and VdVg2 were conducted as described below.

Insect cell lines

Bombyx mori Bm5 cells were maintained in Grace’s insect medium (11605–094; Thermo

Fisher Scientific) supplemented with 10% fetal calf serum (FCS) (S12450H; Atlanta Biologi-

cals) at 24˚C. Drosophila melanogaster S2 cells were maintained in Schneider’s insect medium

(21720–024; Thermo Fisher Scientific) supplemented with 10% Fetal Calf Serum (SIMC) at

24˚C. The Bm5 and S2 cells were grown in 25 cm2 polystyrene culture flasks (Corning Inc.)

and media were exchanged weekly. Doubling time for the Bm5 cells under these conditions

was approximately 72 h and for the S2 cells was approximately 12 h. The cells were grown to

confluency, scraped, removed to a 15 ml conical culture tube (Corning Inc.) and pelleted by

centrifugation (120 x g, RT). The medium was removed and the cells were resuspended in

their respective growth medium at 2.7 x 105 cells per ml. The cell suspension was combined

with the prepared larval hemolymph (as above) in a 2:1 (hemolymph: cells) ratio. As an inter-

nal standard, a pGem-Vdactin plasmid (1 x 108 copies) was added to the hemolymph-cell sus-

pension before applying to the cotton dispenser.

Quantitative PCR (qPCR) and quantitative Real-Time PCR (RT-qPCR)

Transcript levels of disembodied (Vddib;), foraging (VdFor), large lipid transport protein

(VdLLTP; ACU30143), malvolio (VdMvl), shade (Vdshd), spook (Vdspo), subolesin (Vdsub),

vitellogenin 1 (VdVg1; JQ974976), vitellogenin 2 (VdVg2; JQ974977) and the normalizing

genes actin (VdAct; AB242568) and glyceraldehyde 3-phosphate dehydrogenase (VdGAPDH)

were assessed from whole body samples consisting of 10 mites surviving the feeding protocol.

These nine genes were selected based on previous work assessing differential transcription

during the mite reproductive phase [33, 34, 59, 60]. Total RNA was isolated from these samples

using the RNeasy Mini Kit (Qiagen Inc.), following the manufacturer’s recommendation. A

NanoDrop 2000 spectrophotometer (Thermo Scientific) was used to estimate the total RNA

concentration, and the ratios from absorbance at 260 and 280 nm and A260 and 230 nm wave-

lengths were monitored to assess sample quality. The cDNA was synthesized using the Super-

Script™ III First-Strand Synthesis System kit (12574030; Invitrogen) with 200 ng of total RNA.

The RT-qPCR reactions were conducted using the CFX96 Touch™ Real-Time PCR Detec-

tion System (Bio-Rad). Each reaction contained 1 μl of cDNA (diluted 1:50 with water), 0.6 μl

of 10 μM-forward primer, 0.6 μl of 10 μM-reverse primer, 7.8 μl of water and 10 μl of Sso

Advanced™ SYBR1 green Supermix (1725274; Bio-Rad). Table 1 presents a list of the primers

used to conduct reactions to assess transcript levels of Vddib, VdFor, VdLLTP, VdMvl, Vdshd,

Vdspo, Vdsub, VdVg1, VdVg2 and the normalizing genes VdAct and VdGAPDH [59]. The
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transcript levels from each biological sample were normalized to the geometric mean for actin

and GAPDH which was derived from the transcript levels (Cq values) of VdAct and

VdGAPDH (geometric mean =
p

(Cqactin) x (CqGAPDH)) [61]. Prior to use, the efficiencies of

each primer set were evaluated by standardization against a dilution series (102, 104, 106 and

108 copies /μl) of each respective plasmid pGEM-T Easy (A1360; Promega) containing an

insert of the coding region for Vddib, VdFor, VdLLTP, VdMvl, Vdshd, Vdspo, Vdsub, VdVg1,

VdVg2, VdAct or VdGAPDH. Plasmid DNA (102, 104, 106 and 108 copies /μl) with a fragment

of either actin or GAPDH (housekeeping genes) was used to generate a standard curve to

assure quality for each RT-qPCR reaction series. Each experimental group of 10 mites surviv-

ing the feeding protocol had six biological replicates with three technical replicates. The ΔΔCt

value was obtained using the average ΔCt value from Vdspo-phoretic mite as the reference

group.

Table 1. Primer sequences used for real-time PCR of selected Varroa mite genes.

Primer Sequence Tm (˚C) Primer pair efficiency

Disembodied

Vddib-F 5’-GGAAACGGCAACAGTTCTTC-3’ 54.4 98%

Vddib-R 5’-CCTGCCAGGAAAAGATCCAT-3’ 55.0

Foraging

VdFor-F 5’-TCGCTGCCCGCGATCAACAAA-3 62.4 102%

VdFor-R 5’-GGCGAGAATACCTTGGCGGCAT-3 62.2

Large Lipid Transport Protein

VdLLTP-F 5’-TGGCACAGCCCCCGTACATT-3’ 64.3 98%

VdLLTP-R 5’-TCGTGTCCGAACGCGCTCAA-3’ 65.1

Malvolio

VdMvl-F 5’-TCCTCGGTATCTCCTCTGGA-3’ 56.3 97%

VdMvl-R 5’-GGAACAAGGCGATTGATGTT-3’ 53.5

Shade

Vdshd-F 5’-ATAGTCGGGGGCATTTTCTC-3’ 54.7 104%

Vdshd-R 5’-TCGTAGATTGTCGCTTGCAC-3’ 55.3

Spook

Vdspo-F 5’-CGGGTGCTGACCATAAGAAG-3’ 55.6 107%

Vdspo-R 5’-CGTGGCTACGTGTGGAATTA-3’ 54.9

Vitellogenin1

VdVg1-F 5’-CATTGTTGCCGCACACACCGT-3’ 64.8 98%

VdVg1-R 5’-AATGGCCAGCGCGTCTACCT-3’ 64.4

Vitellogenin2

VdVg2-F 5’-TGGCGTCACGGGACTGAACA-3’ 64.2 97%

VdVg2-R 5’-TGCGGTAGCGCGAACAACGA-3’ 65.4

Subolesin

Vdsub-F 5’-GGGTCTTCGAGGGAACAATA-3’ 54.8 99%

Vdsub-R 5’CGGAACTTGCAATCAGTTCA-3’ 53.4

Actin

VdAct-F 5’-TTGCTGACCGTATGCAGAAA-3’ 54.6 94%

VdAct-R 5’-CCGATCCAGACGGAATACTT-3’ 54.0

GAPDH

VdGAPDH-F 5’-CGCAAGGCCGGTGCCAAAAA-3’ 62.1 97%

VdGAPDH-R 5’-ACGAACATTGGCGCATCGGGT-3’ 62.3

https://doi.org/10.1371/journal.pone.0176097.t001
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Uptake and persistence of plasmid DNA during feeding was assessed by addition of 1 x 1010

copies of pGem-Vdactin [33] /μl to the feeding medium. After completion of the feeding pro-

tocol, genomic DNA was isolated from samples consisting of 10 surviving Varroa mites using

the QIAamp DNA Mini kit (Qiagen) according to the manufacturer’s protocol. The amount of

plasmid in the mites was determined by qPCR using the gDNA extract as template with

M13F-40 forward primer 5’- GTT TTC CCA GTC ACG AC-3’ and actin (VdAct-R) reverse

primer 5’-CGATCCAGACGGAATACTT-3’ [33]. Each mite feeding protocol had 6 biological

replicates, and 3 qPCR reactions were performed for each biological replicate (technical repli-

cates). The amount of feeding medium consumed was estimated by determining the quantity

of plasmid recovered from the extracted mites based on a Cq value standard curve established

from a dilution series of VdAct plasmid DNA (102, 104, 106, 108 copies /μl). From the Cq value

of the extracted material, the amount of plasmid DNA that each mite consumed was estimated

by adjusting for sample dilution of the recovered DNA and the number of mites per sample

(10 mites).

Statistical analyses

All statistical analyses were carried out using SAS v. 9.4 (Cary, NC). Comparisons of the various

diets were made between mites fed with drone larva hemolymph with Royal blue icing color,

10 mM ascorbic acid and 2 μg/ml ampicillin as the reference treatment. Each feeding assay (10–

20 mites per microcentrifuge tube) was considered an experimental unit. ANOVA was con-

ducted with PROC GLM to compare the percentage of Varroa mites that fed and survived each

dietary treatment, followed by Dunnett’s test for mean comparison to the reference. Transcript

levels (ΔCt values) from actin, GAPDH, LLTP, Vg1, Vg2, For, Mvl, Spo, Dib, Shd, and Sub were

compared between phoretic mites and mites that were placed on the feeding assay and then

kept with bee larvae, using PROC TTEST. To evaluate transcript levels of Vg1, Vg2, LLTP, and

the Halloween genes in mites exposed to Tebufenozide, Type I error rate was set at α = 0.05.

Results

Establishment of a Varroa mite feeding protocol

Preliminary assessments for delivering a feeding medium were conducted utilizing a clarified

homogenate of adult honey bees via different materials. Royal blue icing color was added to

the hemolymph at a 2% final concentration to identify mites that fed and survived after 24 h.

When compared with all other delivery methods assessed here, the Varroa mites had the high-

est survival frequency after 24 h when the feeding medium was dispensed on a small piece of a

cotton fiber ball (65%) and not through various membranes (S1 Table). Subsequently, all feed-

ing protocols designed to improve the survival frequency of the mites were based on dispersing

the feeding medium on a cotton fiber ball.

Unfortunately, the homogenized adult bee medium became heavily oxidized after a few

hours and was impractical to use and a more stable and efficient feeding medium was sought.

Water alone was used as a baseline control and resulted in a 4.0 ± 9.7% (mean ± SD) feeding

and 47.0 ± 24.1% survival after 24 h (n = 10, Table 2). Schneider’s insect medium (SIMC)

resulted in a high level of survival (71.7 ± 13%) but there was only a 12.1±10.0% confirmed

feeding frequency (n = 8). Overall there were 12.0 ± 11.4% with SIMC that both fed and sur-

vived (Fed/Survived). A medium consisting of a bee larva homogenate resulted in a low 4% of

the mites that had fed/survived. Similar to homogenized bees, untreated hemolymph mela-

nized after 2–3 hours with only 7.1% of the mites that had fed/survived after 24 h (n = 28);

additionally, collection of sufficient amounts of hemolymph from adult nurse bees was

impractical to conduct the bioassays.

Varroa feeding protocol
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As an alternative source of honey bee material, hemolymph from 5th instar drone larvae

was collected by centrifugation and dispensed on the cotton balls. To prevent melanization of

the hemolymph, ascorbic acid was added to the drone larva hemolymph at 5, 10 or 50 mM

final concentration. The 10 mM ascorbic acid supported the highest percentage of mites that

survived 71.4 ± 13.5%, confirmed to have fed 65.7± 19.0% and both fed and survived

60 ± 16.3% for 24 h (n = 7,Table 2). The drone larva hemolymph with 5 mM ascorbic acid

treatment melanized after 2–3 h, while the 50 mM treatment had greatly reduced survival

rates. In addition to the ascorbic acid, drone larva hemolymph was treated with 2 μg/ml ampi-

cillin which resulted in 60% fed and survived frequency. On the other hand, if ampicillin was

not added the percentage of mites that fed/survived was significantly reduced, 25.8%. In order

to extend the resource of treated drone larva hemolymph, it was mixed 2:1 with SIMC.

Each drone larva provided approximately 50 μl of hemolymph, but drones were seasonally

limiting resource. Consequently, worker larva hemolymph was collected, treated 10 mM

ascorbic acid and 2 μg/ml ampicillin and then applied to cotton balls in the feeding protocol.

This worker larva hemolymph based feeding medium resulted in a significantly lower percent-

age of mites feeding and surviving after 24 h (Table 2) which was most likely due to excessive

melanization after 3 h. However, when 15 mM ascorbic acid final concentration was added to

the worker larval hemolymph, melanization was inhibited and the percentage of mites that

fed/survived after 24 h was not significantly different from the drone larval hemolymph

(Table 3).

Table 2. Comparison of phoretic Varroa mite survival and feeding on media based on drone larva hemolymph or worker larva hemolymph with

addition of ascorbic acid.

Feeding Medium Preparation n Fed (%) Survived (%) Fed/Survived (%) Compared With Drone Larva

Hemolymph (p-value)

Water 10 4.0 (± 9.7) 47.0 (± 24.1) 3.0 (±9.5) <0.0001

SIMC 8 12.1 (± 10.0) 71.7 (± 13.9) 12.0 (± 11.4) <0.0001

Drone larva hemolymph (5 mM Ascorbic acid) 6 36.7 (± 21.6) 46.7(± 22.5) 18.3(± 14.7) <0.0001

Drone larva hemolymph (10 mM Ascorbic acid) 7 65.7 (± 19.0) 71.4 (± 13.5) 60.0 (± 16.3)

Drone larva hemolymph (50 mM Ascorbic acid) 6 45.0 (± 17.6) 36.7 (± 20.7) 16.7 (± 8.2) <0.0001

Worker larva hemolymph (10 mM Ascorbic acid) 8 42.6 (± 14.8) 79.6 (± 7.6) 37.9 (± 12.3) 0.0024

Worker larva hemolymph (15 mM Ascorbic acid) 6 66.1 (± 16.2) 60.0 (± 12.6) 52.9 (± 10.3) 0.4210

Values represent the mean (± SD). ANOVA results indicated there were statistical differences among treatments (F = 24.62, p<0.0001), followed by mean

comparison with Dunnett’s test with each treatment and the drone larva hemolymph with 10mM ascorbic acid. Collective information for all data sets are

included in S2 Table.

https://doi.org/10.1371/journal.pone.0176097.t002

Table 3. The comparison of various dyes included in the feeding medium to visually identify mites that had ingested media.

Marker Dye n Fed (%) Survived (%) Fed/Survived (%)

Royal blue 6 66 (±16.2) 59.1 (±11.9) 52.9 (±10.3)

DayGlow (pink) 6 0 68.6 (±17.2) 0*

Indigo 6 38.3 (±21.4) 56.7 (±26.6) 31.9 (±17.7)*

Neutral Red 7 24.3 (±16.4) 7.1 (±8.2) 1.4 (±3.8)*

Rose Bengal 6 60 (±17.9) 63.3 (±12.1) 38.3 (±7.5)*

The ANOVA indicated statistical differences among treatments (F = 33.20, p<0.0001), and the Dunnett’s test was used for mean comparison among dyes

compared to the reference dye, Royal blue.

* designates statistical significance to the reference dye, Royal Blue

https://doi.org/10.1371/journal.pone.0176097.t003
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Various dyes were evaluated to determine the most effective method of visually identifying

mites that had fed during the protocol including Royal Blue icing color, Day Glow, Indigo,

Neutral Red and Rose Bengal. None of the mites exposed to the hemolymph treated with pink

DayGlow showed evidence of feeding, ingestion of Neutral red resulted in 1.4% survival and

Indigo only had 38.3% survive and feed (Table 3). The only dye that was not significantly dif-

ferent from Royal blue was Rose Bengal. However, the contrast in the color within the guts

and other tissues was better with the Royal Blue than with Rose Bengal (Fig 1) and therefore

Royal blue was used as the dye of choice as a convenient marker for visually scoring feeding in

the protocol.

To determine if the drone larva hemolymph could be preserved for use at a subsequent

time, the effect of storage at -20˚C was assessed. Drone larva hemolymph was prepared and

treated as described above and frozen and kept at -20˚C for 3 or 9 weeks. Fresh drone larva

Fig 1. The visual detection of dyes in the Varroa mite after feeding. Of the four dyes that were ingested, (A)

the Royal blue was the easiest to visually detect in the mite alimentary tract. The (B) Indigo, (C) Neutral Red and

(D) Red Bengal were more difficult to differentiate from normal colors of the mites. Arrows point to regions within

the mites where ingested dyes could be observed.

https://doi.org/10.1371/journal.pone.0176097.g001
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hemolymph (<16 h kept at 4˚C) was prepared and then compared with 3, 6 or 9 week thawed

drone larva hemolymph in a feeding protocol. Drone larva hemolymph frozen for up to 6

weeks had no significant effect on feeding or survival (Fig 2). However, the hemolymph stored

at -20˚C for 9 weeks showed a significant decline in efficacy where only 20.3% of the mites fed/

survived the protocol.

To extend the conditions that included hemolymph feeding, mites were starved for 8 or 24

h then exposed to drone larva hemolymph for 8 or 24 h to assess survival. No significant differ-

ences were observed among various combinations of feeding protocols (>0.05). Based on

these findings, the 24 h starvation and 8 h feeding on hemolymph with an overall survival of

46 ± 19.2% (n = 29) was selected as the preferred protocol conditions because it provided the

highest survival with the longest feeding period.

To further stimulate feeding of the phoretic mites, cultured insect cells were added as a sup-

plement to the feeding medium because free cells are present in hemolymph. The feeding

medium was mixed 2:1 to contain 9 x 104 cells per ml of either B. mori Bm5 or D. melanogaster
S2 cells. To determine the amount of medium that the phoretic mites consumed during the

feeding period, 1 x 1010 copies of pGem-Vdactin plasmidic DNA per μl were added to the

treated hemolymph. There was a significant difference in the average consumption of hemo-

lymph per mite among the various media supplements (F = 32.72, p<0.0001, n = 5). Phoretic

mites fed on worker larva hemolymph alone consumed approximately 0.47 (SE = ± 0.06) nl

during the 8 h feeding period with a 52.3 ± 15.0% (n = 9) fed/survival frequency. Although the

phoretic mites that were fed with the hemolymph mixed with B. mori Bm5 cells consumed

1.10 (SE = ± 0.14) nl in 8 h, which was significantly higher than the hemolymph only group,

the fed/survival frequency was 42.2 ± 17.6% (n = 10). In contrast, mites that fed on hemolymph

supplemented with D. melanogaster S2 cells consumed significantly less, 0.12 (SE = ± 0.03) nl

in 8 h, but also had significantly lower fed/survival frequencies (29.4 ± 17.4%) than the mites

that fed on hemolymph only.

Fig 2. The effect of frozen storage on the efficacy of drone larva hemolymph to support feeding and

survival of phoretic Varroa mites. Percentage of mites that fed and survived with hemolymph stored up to 6

weeks at -20˚C was comparable to fresh hemolymph (F = 4.53, p = 0.0188, n = 4–6). Letter b designates

statistical difference from a. Abbreviations: 3w = three weeks; 6w = six weeks; 9w = nine weeks.

https://doi.org/10.1371/journal.pone.0176097.g002
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Validation of the Varroa mite feeding protocol

The standard feeding protocol based on the previous assessments consisted of starving phore-

tic mites for 24 h in a container with a moist paper towel prior to placing 10–20 mites within

an inverted 2 ml tube containing a small piece of cotton (2 ± 0.5 mg) moistened with 10–15 μl

of treated larva hemolymph in the cap. The hemolymph diluted 2:1 with SIMC contained 10

or 15 mM ascorbic acid final concentration depending on the origin from drone or worker lar-

vae, 2 μg/ml ampicillin, 2 μl Royal blue icing color per 100 μl of hemolymph and the desired

experimental biological treatment at appropriate concentrations. The tubes were placed inside

a Billups/Rothberg modular incubator with a moist paper towel in the bottom in an incubator

at 28 ± 1˚C and 65% relative humidity. After an 8 h feeding period, the mites were either

observed to determine feeding and survival, and then stored at -80˚C or processed

immediately.

To assess the impact of the feeding protocol on the physiology of the Varroa mites, tran-

script levels of two constitutively expressed genes, actin and GAPDH, were determined and

compared between 0 h phoretic mites that were extracted immediately after collection and

those that had been subjected to the standard feeding protocol. No significant differences in

transcript levels of actin (t = 0.57, p = 0.5974, n = 3) or GAPDH (t = -1.89, p = 0.1334, n = 3)

were observed between the untreated control mites and the mites that survived the feeding

protocol (Fig 3).

Besides the housekeeping genes, the transcript levels of 9 other Varroa mite genes respon-

sive during the reproductive cycle were assessed. These genes included two vitellogenins

(VdVg1, VdVg2) [33], a large lipid transfer protein (VdLLTP) [34], foraging (VdFor) and mal-

volio (VdMvl) [60], spook (Vdspo), disembodied (Vddib), shade (Vdshd) [59] and a co-

transcription factor subolesin (Vdsub) (Cabrera and Shirk, unpublished data). Comparison of

the transcript levels for each of the nine selected genes between untreated control phoretic

Fig 3. Comparison of transcript levels for the constitutively expressed actin and GAPDH genes in

phoretic mites and those surviving the feeding protocol. Black bars are phoretic mites and gray bars

represent mites completing feeding protocol. T bars represent standard error of the mean. Abbreviations:

VdActin = actin and VdGAPDH = GAPDH.

https://doi.org/10.1371/journal.pone.0176097.g003
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mites and the phoretic mites that survived the feeding protocol showed that that there were no

significant differences after completing the feeding protocol (VdLLTP: t = -1.13, p = 0.3228,

n = 3; VdVg1: t = 1.97, p = 0.1195, n = 3; VdVg2: t = 1.12, p = 0.3260, n = 3; VdFor: t = -1.20,

p = 0.2964, n = 3; VdMvl: t = -1.87, p = 0.1341, n = 3; Vdspo: t = -1.35, p = 0.2475, n = 3;

Vddib: t = -1.70, p = 0.1640, n = 3; Vdshd: t = -1.12, p = 0.3274, n = 3; Vdshd: t = -1.12,

p = 0.3247; Vdsub: t = -0.84, p = 0.4468, n = 3); Fig 4).

Utilization of the feeding protocol to deliver biologically active materials

In order to determine if biologically active materials could be dispensed to the Varroa mites

via the feeding protocol, Tebufenozide [62], an ecdysone analogue, was included in feeding

media for the phoretic mites. Tebufenozide dissolved in DMSO at concentrations of 0.1, 10

and 1000 ng/μl dissolved in DMSO were included in the feeding medium. Even though the

Tebufenozide was included in the feeding medium, it does not preclude topical absorption by

contact on the cotton ball. At the end of the feeding protocol, total RNA was extracted and the

transcript levels for Vddib, VdLLTP, Vdshd, Vdspo, VdVg1 and VdVg2 were determined and

compared with base levels of transcripts from untreated mites that survived the feeding proto-

col. Inclusion of DMSO only in the feeding medium served as an experimental control. Tran-

script levels of Vdshd were significantly elevated when compared with the controls at all 3

tested Tebufenozide concentrations (F = 7.70 p = 0.004, n = 6, Dunnett’s critical

value = 2.61744; Fig 5). Neither of the other two Halloween genes, Vdspo (F = 2.53, p = 0.0658,

n = 6) or Vddib (F = 1.19 p = 0.3399, n = 6), showed any significant change in transcript levels

at any concentration of Tebufenozide from the control groups (Fig 5D and 5F). On the other

hand, the transcript levels for VdLLTP were significantly elevated at 0.1 ng/μl Tebufenozide,

compared to the untreated control, but not at higher concentrations (F = 3.38, p = 0.02, n = 6,

Dunnett’s critical value = 2.60688; Fig 5A). However, VdVg1 and VdVg2 transcript levels were

Fig 4. Relative transcript levels of nine selected genes in phoretic mites and in mites that had

completed the feeding protocol. All transcript levels were normalized to the geometric mean of actin and

GAPDH transcript levels and presented as fold differences as reported previously [59]. Black bars are

phoretic mites and gray bars represent mites completing feeding protocol. T bars represent standard error of

the mean. Abbreviations: LLTP = large lipid transport protein, Vg1 = vitellogenin 1, Vg2 = vitellogenin 2,

For = foraging, Mvl = malvolio, Spo = spook, Dib = disembodied, Shd = shade and Sub = subolesin.

https://doi.org/10.1371/journal.pone.0176097.g004
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not significantly different from the untreated control (Vg1: F = 0.51, p = 0.7310, n = 6), Vg2:

F = 0.63, p = 0.6439, n = 6; Fig 5A and 5B).

Discussion

The approaches to off-bee feeding for Varroa mites have typically been conducted by present-

ing media through a membrane [51–53]. In attempting to achieve production of a complete

life cycle without feeding on bees, an artificial diet and feeding method was developed by plac-

ing the mites within a container that presented hemolymph or artificial diets in a stretched

Fig 5. Elevation of selected transcripts by feeding on Tebufenozide. Phoretic Varroa mites were fed on media containing varying

concentrations of Tebufenozide in the feeding protocol. RT-qPCR was conducted on the total RNA extracts from the surviving mites.

Transcript levels were determined for the (A) large lipid transport protein (LLTP), (B) vitellogenin 1 (Vg1), (C) vitellogenin 2 (Vg2), (D)

disembodied (Dib), (E) shade (Shd) and (F) spook (Spo) genes and normalized with the geometric mean for actin and GAPDH as reported

previously [59]. T bars represent standard error of the mean. Letter “b” in panel A and E designate significant statistical difference from

treatments with “a”. No statistical designations were added to the other panels because there were no statistical differences between

treatments.

https://doi.org/10.1371/journal.pone.0176097.g005
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Parafilm pouch [51]. With this feeding platform, the mites of all developmental stages fed and

the adult females laid eggs. However, the resulting progeny could not complete development.

The introduction of a chitosan membrane covering the feeding medium resulted in a higher

rate of feeding but only supported rearing for up to 5 days and was without initiation of oogen-

esis [53].

The feeding protocol developed here demonstrates that Varroa mites can feed and survive

while off the bees without imposing the constraints of an intervening membrane as a compo-

nent of the feeding platform. While, the intent of the feeding protocol was to provide a means

of treating the Varroa mites with biologically active materials and not an attempt to establish a

complete life cycle, this short-term protocol serves as a starting point to further develop a

long-term off-host rearing protocol for Varroa mites. Utilizing cotton fiber as a substrate the

mites were able to feed from the adhering liquid without being entrapped in or coated with the

medium. The protocol led to feeding on the optimized feeding medium that included 5th instar

larval drone hemolymph and resulted in the fed/survival rates of 60% (Table 2 and Fig 2).

These survival rates compare with those of those reported using the chitosan membrane cham-

bers over similar time periods (see Fig 2 & Table 3 in [53]).

During the process of establishing the feeding protocol, various nutritional and behavioral

parameters were assessed to maximize the short term feeding and survival rates. The initial

attempts to establish feeding by Varroa mites were based on providing either a hemolymph

solution or an artificial medium [51, 52]. Although the mites fed and incorporated materials

from the artificial media into the eggs, the mites were not supported past 48 hours [51]. With

the introduction of the chitosan membrane, the feeding medium provided to the mites was

based on an artificial medium derived for in vitro growth of cultured honey bee cells [63] with

or without the inclusion of larval bee hemolymph [53]. The chitosan membrane feeding assay

did show that inclusion of hive materials, crude bees wax and 5th instar bee larva hemolymph,

produced the highest rate of feeding. The implications of the findings were that kairomones

emanating from the honey bees wax and/or hemolymph were responsible for stimulating the

feeding by the Varroa mites. The maximum feeding activities reported within this current

study were associated with the inclusion of hemolymph as well. Basing the feeding medium on

defined insect cell culture media showed that augmenting the medium with Schneider’s insect

medium was as supportive of feeding and survival as media that included just last larval instar

hemolymph. Additional supplementation of feeding medium with cultured insect cells showed

that inclusion of the B. mori Bm5 cells led to a significant increase in feeding but did not result

in greater survival. The Varroa mites may have a preference for the nature of cells they are

feeding on because they fed and survived very poorly when supplemented with D. melanoga-
ster S2 cells. Therefore, inclusion of cultured honeybee cells [64] may provide a more attractive

and complete feeding medium. Because the cultured insect cells can be genetically transformed

[65, 66], supplementation of the feeding medium can provide an additional means of introduc-

ing various constructs that will produce materials that can be tested for control of the mites.

Completion of the feeding protocol did not result in apparent physiological stress for the

Varroa mites. Comparison of transcript levels of nine different genes between phoretic mites

and those that had survived the protocol did not show any significant changes over the dura-

tion of the feeding. This lends confidence that the mites that feed are receiving adequate nutri-

tion to sustain them and provide an opportunity to treat and measure the impact of

biologically active materials on the mites. Addition of Tebufenozide [62, 67], a nonsteroidal

ecdysteroid mimic, to the feeding medium resulted in a significant increase in the transcript

levels for shade, a regulated terminal enzyme in the biosynthesis of 20-hydroxyecdysone [68],

present in the Varroa mites [59]. The Tebufenozide also stimulated a significant increase in

the large lipid transport transcript at the 0.1 ng level while at higher levels the transcript levels
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were lowered. This result may indicate that the ecdysteroid had a suppressive effect at higher

levels similar to those observed during vitellogenesis in the Indian meal moth [69] and impact

ecdysteroid levels in ovaries of the Mediterranean moth [70].

The availability of a protocol to deliver biologically active materials to the Varroa mites to

identify targets for control and efficacy of alternative control measures is critical to establishing

a control program for the Varroa mites [47]. The current RNAi protocol utilizes soaking the

mites in a solution containing dsRNAs for delivery [48–50] thus providing a means of delivery

for laboratory experimentation but of limited potential for field applications. The feeding pro-

tocol described in this report establishes a means to deliver and assess similar systems and mol-

ecules where oral administration could contribute as an additional avenue of application.
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S1 Fig. A representative Varroa mite feeding assay test. For demonstration, ten mites

(marked with arrows) were placed in ventilated 2 ml microtubes with a cotton ball treated

with Royal blue, pink DayGlo or Neutral Red dye (tubes associated with dye balls identified

with bars).

(TIF)

S1 Table. Assessment of feeding substrate on percent survival of phoretic Varroa mites.

(DOCX)

S2 Table. Data for Varroa mite feeding assay. Collective data associated with treatments

administered to Varroa mite specimens plus analyses performed here.

(XLSX)

Acknowledgments

The authors thank Dr. Diana Cox-Foster and Dr. Jay Evans for comments. The authors thank

Rebecca Blair and Jordyn Christian for their assistance in beekeeping and Varroa mite collec-

tions along with Kaddie Hung and Thomas Cox for technical assistance. The use of trade

name, commercial product, or corporation in this publication is for the information and con-

venience of the reader and does not imply an official recommendation, endorsement or

approval by the U. S. Department of Agriculture or the Agricultural Research Service for any

product or service to the exclusion of others that may be suitable.

This manuscript was submitted posthumously and in honor of Peter E. A. Teal and his con-

tributions to so many critical projects and to his mentoring for all he touched.

Author Contributions

Conceptualization: ARC, PDS.

Data curation: ARC, PDS, PEAT.

Formal analysis: ARC, PDS.

Funding acquisition: PEAT, PDS.

Investigation: ARC, PDS.

Methodology: ARC, PDS.

Project administration: PDS, PEAT.

Resources: PDS, PEAT.

Varroa feeding protocol

PLOS ONE | https://doi.org/10.1371/journal.pone.0176097 April 27, 2017 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176097.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176097.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176097.s003
https://doi.org/10.1371/journal.pone.0176097


Supervision: PDS, PEAT.

Validation: ARC, PDS.

Visualization: PDS, ARC.

Writing – original draft: PDS, ARC.

Writing – review & editing: PDS, ARC.

References
1. Rosenkranz P, Aumeier P, Ziegelmann B. Biology and control of Varroa destructor. J Invertebr Pathol.

2010; 103:S96–S119. https://doi.org/10.1016/j.jip.2009.07.016 PMID: 19909970

2. vanEngelsdorp D, Evans JD, Saegerman C, Mullin C, Haubruge E, Nguyen BK, et al. Colony Collapse

Disorder: A Descriptive Study. PLoS One. 2009; 4(8):e6481. https://doi.org/10.1371/journal.pone.

0006481 PMID: 19649264

3. vanEngelsdorp D, Meixner MD. A historical review of managed honey bee populations in Europe and

the United States and the factors that may affect them. J Invertebr Pathol. 2010; 103:S80–S95. https://

doi.org/10.1016/j.jip.2009.06.011 PMID: 19909973

4. Nazzi F, Le Conte Y. Ecology of Varroa destructor, the major ectoparasite of the Western honey bee,

Apis mellifera. Annu Rev Entomol. 2016; 61(1):null.

5. Evans JD, Schwarz RS. Bees brought to their knees: microbes affecting honey bee health. Trends

Microbiol. 2011; 19(12):614–20. https://doi.org/10.1016/j.tim.2011.09.003 PMID: 22032828

6. Cornman RS, Tarpy DR, Chen YP, Jeffreys L, Lopez D, Pettis JS, et al. Pathogen Webs in Collapsing

Honey Bee Colonies. PLoS One. 2012; 7(8):e43562. https://doi.org/10.1371/journal.pone.0043562

PMID: 22927991

7. Sánchez-Bayo F, Goulson D, Pennacchio F, Nazzi F, Goka K, Desneux N. Are bee diseases linked to

pesticides?—A brief review. Environ Int. 2016;89–90:7–11. http://dx.doi.org/10.1016/j.envint.2016.01.

009.

8. Lee KV, Steinhauer N, Rennich K, Wilson ME, Tarpy DR, Caron DM, et al. A national survey of man-

aged honey bee 2013–2014 annual colony losses in the USA. Apidologie. 2015; 46(3):292–305.

9. Steinhauer N, Rennich K, Lee KV, Pettis J, Tarpy DR, Rangel J, et al. Colony Loss 2014–2015: Prelimi-

nary Results. Bee Informed Partnership: Bee Informed Partnership; 2015.

10. Schaefer MO, Ritter W, Pettis JS, Neumann P. Winter Losses of Honeybee Colonies (Hymenoptera:

Apidae): The Role of Infestations With Aethina tumida (Coleoptera: Nitidulidae) and Varroa destructor

(Parasitiformes: Varroidae). J Econ Entomol. 2010; 103(1):10–6. PMID: 20214362

11. Sammataro D, Gerson U, Needham G. Parasitic mites of honey bees: Life history, implications, and

impact. Annu Rev Entomol. 2000; 45:519–48. https://doi.org/10.1146/annurev.ento.45.1.519 PMID:

10761588

12. Martin S. A population model for the ectoparasitic mite Varroa jacobsoni in honey bee (Apis mellifera)

colonies. Ecol Model. 1998; 109(3):267–81.

13. Martin SJ. Ontogeny of the mite Varroa jacobsoni Oud. in worker brood of the honeybee Apis mellifera

L under natural conditions. Exp Appl Acarol. 1994; 18(2):87–100.

14. Bowen-Walker PL, Gunn A. The effect of the ectoparasitic mite, Varroa destructor on adult worker hon-

eybee (Apis mellifera) emergence weights, water, protein, carbohydrate, and lipid levels. Entomol Exp

Appl. 2001; 101(3):207–17.

15. Annoscia D, Del Piccolo F, Nazzi F. How does the mite Varroa destructor kill the honeybee Apis melli-

fera? Alteration of cuticular hydrcarbons and water loss in infested honeybees. J Insect Physiol. 2012;

58(12):1548–55. https://doi.org/10.1016/j.jinsphys.2012.09.008 PMID: 23041382

16. Weinberg KP, Madel G. The influence of the mite Varroa jacobsoni Oud on the protein concentration

and the hemolymph volume of the brood of worker bees and drones of the honey bee Apis mellifera L.

Apidologie. 1985; 16(4):421–35.

17. Yang X, Cox-Foster D. Effects of parasitization by Varroa destructor on survivorship and physiological

traits of Apis mellifera in correlation with viral incidence and microbial challenge. Parasitology. 2007;

134:405–12. https://doi.org/10.1017/S0031182006000710 PMID: 17078903

18. Yang XL, Cox-Foster DL. Impact of an ectoparasite on the immunity and pathology of an invertebrate:

Evidence for host immunosuppression and viral amplification. Proc Natl Acad Sci USA. 2005; 102(21):

7470–5. https://doi.org/10.1073/pnas.0501860102 PMID: 15897457

Varroa feeding protocol

PLOS ONE | https://doi.org/10.1371/journal.pone.0176097 April 27, 2017 15 / 18

https://doi.org/10.1016/j.jip.2009.07.016
http://www.ncbi.nlm.nih.gov/pubmed/19909970
https://doi.org/10.1371/journal.pone.0006481
https://doi.org/10.1371/journal.pone.0006481
http://www.ncbi.nlm.nih.gov/pubmed/19649264
https://doi.org/10.1016/j.jip.2009.06.011
https://doi.org/10.1016/j.jip.2009.06.011
http://www.ncbi.nlm.nih.gov/pubmed/19909973
https://doi.org/10.1016/j.tim.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/22032828
https://doi.org/10.1371/journal.pone.0043562
http://www.ncbi.nlm.nih.gov/pubmed/22927991
http://dx.doi.org/10.1016/j.envint.2016.01.009
http://dx.doi.org/10.1016/j.envint.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/20214362
https://doi.org/10.1146/annurev.ento.45.1.519
http://www.ncbi.nlm.nih.gov/pubmed/10761588
https://doi.org/10.1016/j.jinsphys.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/23041382
https://doi.org/10.1017/S0031182006000710
http://www.ncbi.nlm.nih.gov/pubmed/17078903
https://doi.org/10.1073/pnas.0501860102
http://www.ncbi.nlm.nih.gov/pubmed/15897457
https://doi.org/10.1371/journal.pone.0176097


19. Di Prisco G, Annoscia D, Margiotta M, Ferrara R, Varricchio P, Zanni V, et al. A mutualistic symbiosis

between a parasitic mite and a pathogenic virus undermines honey bee immunity and health. Proc Natl

Acad Sci USA. 2016.

20. Bowen-Walker PL, Martin SJ, Gunn A. The transmission of deformed wing virus between honeybees

(Apis mellifera L.) by the ectoparasitic mite Varroa jacobsoni Oud. J Invertebr Pathol. 1999; 73(1):

101–6. https://doi.org/10.1006/jipa.1998.4807 PMID: 9878295

21. Ryabov EV, Wood GR, Fannon JM, Moore JD, Bull JC, Chandler D, et al. A virulent strain of Deformed

Wing Virus (DWV) of honeybees (Apis mellifera) prevails after Varroa destructor-mediated, or In Vitro,

transmission. PLoS Path. 2014; 10(6):e1004230.

22. Wilfert L, Long G, Leggett HC, Schmid-Hempel P, Butlin R, Martin SJM, et al. Deformed wing virus is a

recent global epidemic in honeybees driven by Varroa mites. Science. 2016; 351(6273):594–7. https://

doi.org/10.1126/science.aac9976 PMID: 26912700

23. Martin SJ, Ball BV, Carreck NL. The role of deformed wing virus in the initial collapse of varroa infested

honey bee colonies in the UK. J Apic Res. 2013; 52(5).

24. Martin SJ, Highfield AC, Brettell L, Villalobos EM, Budge GE, Powell M, et al. Global honey bee viral

landscape altered by a parasitic mite. Science. 2012; 336(6086):1304–6. https://doi.org/10.1126/

science.1220941 PMID: 22679096

25. Francis RM, Nielsen SL, Kryger P. Varroa-virus interaction in collapsing honey bee colonies. PLoS

One. 2013; 8(3):e57540. https://doi.org/10.1371/journal.pone.0057540 PMID: 23526946

26. Martin SJ. The role of Varroa and viral pathogens in the collapse of honeybee colonies: a modelling

approach. J Appl Ecol. 2001; 38(5):1082–93.

27. Le Conte Y, Ellis M, Ritter W. Varroa mites and honey bee health: can Varroa explain part of the colony

losses? Apidologie. 2010; 41(3):353–63.

28. Boot WJ, Beetsma J, Calis JNM. Behavior of varroa mites invading honey-bee brood cells. Experimen-

tal & Applied Acarology. 1994; 18(6):371–9.

29. Boot WJ, Calis JNM, Beetsma J. Differential periods of Varroa mite invasion into worker and drone cells

of honey bees. Experimental & Applied Acarology. 1992; 16(4):295–301.

30. Boot WJ, Schoenmaker J, Calis JNM, Beetsma J. Invasion of Varroa jacobsoni into drone brood cells of

the honey-bee, Apis mellifera. Apidologie. 1995; 26(2):109–18.

31. Garrido C, Rosenkranz P, Sturmer M, Rubsam R, Buning J. Toluidine blue staining as a rapid measure

for initiation of oocyte growth and fertility in Varroa jacobsoni Oud. Apidologie. 2000; 31(5):559–66.

32. Steiner J, Dittmann F, Rosenkranz P, Engels W. The 1st gonocycle of the parasitic mite (Varroa jacob-

soni) in relation to preimaginal development of its host, the honey-bee (Apis mellifera carnica). Invertebr

Reprod Dev. 1994; 25(3):175–83.

33. Cabrera AR, Shirk PD, Duehl AJ, Evans JD, Teal PEA. Variable induction of vitellogenin genes in the

varroa mite, Varroa destructor (Anderson & Trueman), by the honeybee, Apis mellifera L, host and its

environment. Insect Mol Biol. 2013; 22(1):88–103. https://doi.org/10.1111/imb.12006 PMID: 23331492

34. Cabrera AR, Shirk PD, Duehl AJ, Donohue KV, Grozinger CM, Evans JD, et al. Genomic organization

and reproductive regulation of a large lipid transfer protein in the varroa mite, Varroa destructor (Ander-

son & Trueman). Insect Mol Biol. 2013; 22(5):505–22. https://doi.org/10.1111/imb.12040 PMID:

23834736

35. Steiner J, Diehl PA, Vlimant M. Vitellogenesis in Varroa jacobsoni, a parasite of honey bees. Exp Appl

Acarol. 1995; 19(7):411–22.

36. Ifantidis MD. Ontogenesis of the mite Varroa jacobsoni in worker and drone honeybee brood cells. J

Apic Res. 1983; 22(3):200–6.

37. Rehm SM, Ritter W. Sequence of the sexes in the offspring of Varroa jacobsoni and the resulting conse-

quences for the calculation of the developmental period. Apidologie. 1989; 20(4):339–43.

38. Garrido C, Rosenkranz P. The reproductive program of female Varroa destructor mites is triggered by

its host, Apis mellifera. Exp Appl Acarol. 2003; 31(3–4):269–73. PMID: 14974691

39. Martin SJ. Ontogeny of the mite Varroa jacobsoni Oud. in drone brood of the honeybee Apis mellifera L

under natural conditions. Exp Appl Acarol. 1995; 19(4):199–210.

40. Kraus B, Koeniger N, Fuchs S. Unterscheidung zwischen Bienen verschiedenen Alters durch Varroa

jacobsoni Oud, und Bevorzugung von Ammenbienen im Sommerbienenvolk. Apidologie. 1986; 17(3):

257–66.

41. Kraus B. Preferences of Varroa jacobsoni for honey bees (Apis mellifera L) of different ages. J Apic

Res. 1993; 32(2):57–64.

42. Kuenen LPS, Calderone NW. Transfers of Varroa mites from newly emerged bees: Preferences for

age- and function-specific adult bees (Hymenoptera: Apidae). J Insect Behav. 1997; 10(2):213–28.

Varroa feeding protocol

PLOS ONE | https://doi.org/10.1371/journal.pone.0176097 April 27, 2017 16 / 18

https://doi.org/10.1006/jipa.1998.4807
http://www.ncbi.nlm.nih.gov/pubmed/9878295
https://doi.org/10.1126/science.aac9976
https://doi.org/10.1126/science.aac9976
http://www.ncbi.nlm.nih.gov/pubmed/26912700
https://doi.org/10.1126/science.1220941
https://doi.org/10.1126/science.1220941
http://www.ncbi.nlm.nih.gov/pubmed/22679096
https://doi.org/10.1371/journal.pone.0057540
http://www.ncbi.nlm.nih.gov/pubmed/23526946
https://doi.org/10.1111/imb.12006
http://www.ncbi.nlm.nih.gov/pubmed/23331492
https://doi.org/10.1111/imb.12040
http://www.ncbi.nlm.nih.gov/pubmed/23834736
http://www.ncbi.nlm.nih.gov/pubmed/14974691
https://doi.org/10.1371/journal.pone.0176097


43. de Guzman LI, Rinderer TE, Beaman LD. Survival of Varroa jacobsoni Oud (Acari, Varroidae) away

from its living host Apis mellifera L. Experimental & Applied Acarology. 1993; 17(4):283–90.

44. Gromyko G. Vyzhyvayemost ‘samok Varroa vnie pchelinoi semii. Pchelevodstvo. 1982; 5:16–7.

45. Hartwig A, Jedruszuk VSA, editors. Survival of Varroa jacobsoni on flowers. Proceedings of the XXXI

International Congress on Apiculture; 1987; Warsaw, Poland: Apimonida.

46. Garedew A, Schmolz E, Lamprecht I. The energy and nutritional demand of the parasitic life of the mite

Varroa destructor. Apidologie. 2004; 35(4):419–30.

47. Dietemann V, Pflugfelder J, Anderson D, Charriere J-D, Chejanovsky N, Dainat B, et al. Varroa destruc-

tor: research avenues towards sustainable control. J Apic Res. 2012; 51(1):125–32.

48. Singh NK, Eliash N, Stein I, Kamer Y, Ilia Z, Rafaeli A, et al. Identification and gene-silencing of a puta-

tive odorant receptor transcription factor in Varroa destructor: possible role in olfaction. Insect Mol Biol.

2016; 25(2):181–90. Epub 2016/01/24. https://doi.org/10.1111/imb.12212 PMID: 26801167

49. Campbell EM, Budge GE, Bowman AS. Gene-knockdown in the honey bee mite Varroa destructor by a

non-invasive approach: studies on a glutathione S-transferase. Parasites & Vectors. 2010; 3.

50. Campbell EM, Budge GE, Watkins M, Bowman AS. Transcriptome analysis of the synganglion from the

honey bee mite, Varroa destructor and RNAi knockdown of neural peptide targets. Insect Biochem Mol

Biol. 2016; 70:116–26. https://doi.org/10.1016/j.ibmb.2015.12.007 PMID: 26721201

51. Bruce WA, Chiesa F, Marchetti S, Griffiths DA. Laboratory feeding of Varroa jacobsoni Oudemans on

natural and artificial diests (Acari, Varroidae). Apidologie. 1988; 19(2):209–17.

52. Bruce WA, Henegar RB, Hackett KJ. An artificial membrane for invitro feeding of Varroa jacobsoni and

Acarapis woodi, mite parasites of honey bees. Apidologie. 1991; 22(5):503–7.

53. Tabart J, Colin M-E, Carayon J-L, Tene N, Payre B, Vetillard A. Artificial feeding of Varroa destructor

through a chitosan membrane: a tool for studying the host-microparasite relationship. Exp Appl Acarol.

2013; 61(1):107–18. https://doi.org/10.1007/s10493-013-9675-9 PMID: 23423425

54. Macedo PA, Wu J, Ellis MD. Using inert dusts to detect and assess varroa infestations in honey bee col-

onies. J Apic Res. 2002; 41(1–2):3–7.

55. Rees HH. Hormonal control of tick development and reproduction. Parasitology. 2004; 129:S127–S43.

PMID: 15938509

56. Brown MR, Sieglaff DH, Rees HH. Gonadal ecdysteroidogenesis in arthropoda: occurrence and regula-

tion. Annu Rev Entomol. 2009; 54:105–25. https://doi.org/10.1146/annurev.ento.53.103106.093334

PMID: 18680437

57. Ogihara K, Horigane M, Nakajima Y, Moribayashi A, Taylor D. Ecdysteroid hormone titer and its rela-

tionship to vitellogenesis in the soft tick, Ornithodoros moubata (Acari: Argasidae). Gen Comp Endocri-

nol. 2007; 150(3):371–80. https://doi.org/10.1016/j.ygcen.2006.09.007 PMID: 17166496

58. Ogihara MH, Hikiba J, Suzuki Y, Taylor D, Kataoka H. Ovarian Ecdysteroidogenesis in Both Immature

and Mature Stages of an Acari, Ornithodoros moubata. Plos One. 2015; 10(4).

59. Cabrera AR, Shirk PD, Evans JD, Hung K, Sims J, Alborn H, et al. Three Halloween genes from the Var-

roa mite, Varroa destructor (Anderson & Trueman) and their expression during reproduction. Insect Mol

Biol. 2015; 24(3):277–92. https://doi.org/10.1111/imb.12155 PMID: 25488435

60. Cabrera AR, Shirk PD, Teal PEA, Grozinger CM, Evans JD. Examining the role of Foraging and Malvo-

lio in host-finding behavior in the honey bee parasite, Varroa destructor (Anderson & Trueman). Arch

Insect Biochem Physiol. 2014; 85(2):61–75. https://doi.org/10.1002/arch.21143 PMID: 24375502

61. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. Accurate normaliza-

tion of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes.

Genome Biology. 2002; 3:7 (1–12).

62. Smagghe G, Degheele D. Action of a novel nonsteroidal ecdysteroid mimic, Tebufenozide (RH-5992),

on insects of different orders. Pestic Sci. 1994; 42(2):85–92.

63. Hunter WB. Medium for development of bee cell cultures (Apis mellifera: Hymenoptera: Apidae). In

Vitro Cell Dev Biol Anim. 2010; 46(2):83–6. https://doi.org/10.1007/s11626-009-9246-x PMID:

20033792

64. Goblirsch MJ, Spivak MS, Kurtti TJ. A cell line resource derived from honey bee (Apis mellifera) embry-

onic tissues. PLoS One. 2013; 8(7):e69831. https://doi.org/10.1371/journal.pone.0069831 PMID:

23894551

65. Bossin H, Furlong RB, Gillett JL, Bergoin M, Shirk PD. Somatic transformation efficiencies and expres-

sion patterns using the JcDNV and piggyBac transposon gene vectors in insects. Insect Mol Biol. 2007;

16(1):37–47. https://doi.org/10.1111/j.1365-2583.2006.00693.x PMID: 17257207

Varroa feeding protocol

PLOS ONE | https://doi.org/10.1371/journal.pone.0176097 April 27, 2017 17 / 18

https://doi.org/10.1111/imb.12212
http://www.ncbi.nlm.nih.gov/pubmed/26801167
https://doi.org/10.1016/j.ibmb.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26721201
https://doi.org/10.1007/s10493-013-9675-9
http://www.ncbi.nlm.nih.gov/pubmed/23423425
http://www.ncbi.nlm.nih.gov/pubmed/15938509
https://doi.org/10.1146/annurev.ento.53.103106.093334
http://www.ncbi.nlm.nih.gov/pubmed/18680437
https://doi.org/10.1016/j.ygcen.2006.09.007
http://www.ncbi.nlm.nih.gov/pubmed/17166496
https://doi.org/10.1111/imb.12155
http://www.ncbi.nlm.nih.gov/pubmed/25488435
https://doi.org/10.1002/arch.21143
http://www.ncbi.nlm.nih.gov/pubmed/24375502
https://doi.org/10.1007/s11626-009-9246-x
http://www.ncbi.nlm.nih.gov/pubmed/20033792
https://doi.org/10.1371/journal.pone.0069831
http://www.ncbi.nlm.nih.gov/pubmed/23894551
https://doi.org/10.1111/j.1365-2583.2006.00693.x
http://www.ncbi.nlm.nih.gov/pubmed/17257207
https://doi.org/10.1371/journal.pone.0176097


66. Shirk PD, Bossin H, Furlong RB, Gillett JL. Regulation of Junonia coenia densovirus P9 promoter

expression. Insect Mol Biol. 2007; 16(5):623–33. Epub 2007/08/24. https://doi.org/10.1111/j.1365-

2583.2007.00759.x PMID: 17714462

67. Carlson GR. Tebufenozide: a novel caterpillar control agent with unusually high target selectivity. Green

Chemical Syntheses and Processes. ACS Symposium Series. 767: American Chemical Society;

2000. p. 8–17.

68. Rewitz KF, O’Connor MB, Gilbert LI. Molecular evolution of the insect Halloween family of cytochrome

P450s: Phylogeny, gene organization and functional conservation. Insect Biochem Mol Biol. 2007;

37(8):741–53. https://doi.org/10.1016/j.ibmb.2007.02.012 PMID: 17628274

69. Shirk PD, Bean DW, Brookes VJ. Ecdysteroids control vitellogenesis and egg maturation in pharate

adult females of the Indianmeal moth, Plodia interpunctella. Arch Insect Biochem Physiol. 1990; 15(3):

183–99.

70. Hami M, Taibi F, Smagghe G, Soltani-Mazouni N. Comparative toxicity of three ecdysone agonist insec-

ticides against the Mediterranean flour moth. Communications in Agricultural and Applied Biological Sci-

ences. 2005; 70(4):767–73. PMID: 16628915

Varroa feeding protocol

PLOS ONE | https://doi.org/10.1371/journal.pone.0176097 April 27, 2017 18 / 18

https://doi.org/10.1111/j.1365-2583.2007.00759.x
https://doi.org/10.1111/j.1365-2583.2007.00759.x
http://www.ncbi.nlm.nih.gov/pubmed/17714462
https://doi.org/10.1016/j.ibmb.2007.02.012
http://www.ncbi.nlm.nih.gov/pubmed/17628274
http://www.ncbi.nlm.nih.gov/pubmed/16628915
https://doi.org/10.1371/journal.pone.0176097

