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Abstract

Background

Vector control strategies typically rely on pesticides to target mosquitoes involved in enzo-

otic and zoonotic transmission of West Nile virus (WNV). Nevertheless, increasing insecti-

cide resistance and a desire to reduce pesticide usage provide the impetus for developing

alternative strategies. Ivermectin (IVM), an antiparasitic drug which is widely used in human

and veterinary medicine, is a potential alternative for targeted control because Culex mos-

quitoes experience increased mortality following ingestion of IVM in bloodmeals.

Methodology/Principal findings

We conducted a randomized field trial to investigate the impact of treating backyard chicken

flocks with IVM in urban neighborhoods across Davis, California on mosquito populations

and WNV transmission dynamics. We observed a significant reduction in WNV seroconver-

sions in treated vs. untreated chickens, suggesting a reduction in WNV transmission inten-

sity around treated flocks. We also detected a reduction in parity rates of Cx. tarsalis near

treated vs. untreated flocks and increased mortality in wild mosquitoes following a blood-

meal on treated chickens (IVM serum concentration > 5ng/mL) vs. chickens with IVM serum

concentrations < 5 ng/mL. However, we did not find a significant difference in abundance or

infection prevalence in mosquitoes between treatment groups associated with the reduc-

tions in seroconversions. Mosquito immigration from surrounding larval habitat, relatively

low WNV activity in the study area, and variable IVM serum concentrations likely contributed

to uncertainty about the impact.

Conclusions/Significance

Taken together, our results point to a reduction in WNV transmission due to the impact of

IVM on Culex mosquito populations and support the ongoing investigation of oral
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administration of IVM to wild birds for local control of WNV transmission, although further

work is needed to optimize dosing and understand effects on entomological endpoints.

Author summary

Current mosquito control strategies aimed to prevent pathogen transmission to humans

have limited ability to target mosquitoes involved in amplification and spillover transmis-

sion of pathogens like West Nile virus (WNV). Additionally, growing prevalence of insec-

ticide resistance in mosquito populations limit the efficacy of these insecticide-based

control strategies. Ivermectin (IVM) provides an alternative avenue for control by increas-

ing the mortality of mosquitoes that ingest this drug in bloodmeals. Therefore, IVM treat-

ment of avian species that account for the majority of mosquito bloodmeals during the

WNV transmission season could be an effective control strategy. Building on pilot studies

indicating the efficacy and feasibility of IVM-deployment for WNV control, we per-

formed a randomized field trial to investigate the impact of IVM-treatment of backyard

chickens on local population dynamics of Culex mosquitoes and WNV transmission. We

were able to link changes in mosquito populations to reduction in WNV transmission, as

measured by chicken seroconversions, through IVM-induced mortality in mosquitoes.

However, further work is needed to identify the impact of treatment on mosquito abun-

dance and infection prevalence to fully attribute observed changes to IVM administration.

Overall, our results support IVM treatment as a potentially effective alternative to insecti-

cide-based vector control strategies and one that can be used to target WNV transmission

on the local scale.

Introduction

West Nile virus (WNV) is a zoonotic mosquito-borne pathogen that can cause a potentially

fatal, neuroinvasive disease in humans [1]. It is maintained in an enzootic cycle between birds

[2,3] and bird-biting mosquitoes (predominantly in the genus Culex) [4], but can spill over to

infect horses and humans, both of which are dead-end hosts susceptible to disease following

infection [5]. WNV is the most widespread flavivirus with evidence of transmission on all con-

tinents except Antarctica [6] and the leading cause of mosquito-borne disease in the US [7].

While 80% of human infections are asymptomatic, approximately 20% result in a febrile illness

and 1% in a neuroinvasive disease with manifestations including encephalitis, meningitis, and

acute flaccid paralysis [8]. The severe form of the disease has an approximately 10% case fatal-

ity rate and often results in long-term physical and mental sequelae [9]. From 1999–2018,

>50,000 cases and>2,300 associated deaths were reported in the United States [10], and the

total number of infections is estimated to have exceeded 7 million [11]. The highest disease

incidence occurs along the Great Plains, with a similar rate reported in some areas of Califor-

nia [12], where irrigated agriculture provides ample habitat for Cx. tarsalis, the primary WNV

vector in the western United States [13], in proximity to avian hosts and humans [14,15].

Current WNV prevention strategies face several limitations. Because no licensed WNV vac-

cine exists for humans, prevention relies on mosquito control and personal protective mea-

sures (i.e., wearing long sleeves, avoiding dusk and dawn periods when WNV vectors are

active, and using insect repellent) [16,17]. Control strategies primarily utilize chemical or

microbial insecticides to manage mosquito populations in the larval or adult stages [18]. Larval

PLOS NEGLECTED TROPICAL DISEASES Ivermectin-treated chickens to reduce West Nile virus transmission

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010260 March 25, 2022 2 / 27

Agreement 1U01CK000516; https://pacvec.us/).

The project described was also supported by the

National Center for Advancing Translational

Sciences, National Institutes of Health, through

grant number UL1 TR001860 and linked award

TL1 TR001861 (https://ncats.nih.gov/). BDF, CMB

and CN would like to acknowledge support from

NIH grant number R01AI148633 (https://www.nih.

gov/). The content is solely the responsibility of the

authors and does not necessarily represent the

official views of the funding agencies. The funders

had no role in study design, data collection and

analysis, decision to publish, or preparation of the

manuscript.

Competing interests: I have read the journal’s

policy and the authors of this manuscript have the

following competing interests: BDF, through

Colorado State University, has filed a patent

application for aspects underpinning the control

methods evaluated in this study.

https://doi.org/10.1371/journal.pntd.0010260
https://pacvec.us/
https://ncats.nih.gov/
https://www.nih.gov/
https://www.nih.gov/


control measures are generally preferred as a proactive strategy to target developing mosqui-

toes before they emerge from aquatic habitats [16]. Previous studies support the effectiveness

of larviciding catch basins, a common larval Culex habitat, to reduce the abundance of larvae

[19,20], but environmental conditions and suboptimal catch basin design can significantly

reduce the efficacy [21,22], and larviciding alone is often insufficient to control mosquito pop-

ulations and curb WNV transmission [23]. Ground-based adulticide applications can reduce

target mosquito populations under ideal conditions, but estimates of the effects on WNV

transmission are less consistent [24–27]. During periods of high epidemic risk, aerial applica-

tions of insecticides have been shown to rapidly reduce the abundance of WNV vectors [28],

the abundance of infected mosquitoes [29–33], and human WNV cases in a treated area versus

an untreated area [33], although such measures can be costly [34]. Also, efficacy varies widely

due to differences in environmental conditions [35,36]. Overall, adulticide applications have

limited precision to target bird-biting mosquitoes involved in enzootic and zoonotic transmis-

sion without disseminating pesticides over large areas, thereby increasing the possibility of

non-target effects despite careful timing of applications to peak activity of target mosquitoes

and lower activity of diurnal insects [18,37–40]. The efficacy of insecticide applications is also

complicated by increasing levels of insecticide resistance in mosquito populations, which can

render control measures less effective [41–43], prompting the development of alternative

products and strategies.

Ivermectin (IVM), a widely used antiparasitic drug in human and veterinary medicine

[44,45], provides the potential for targeted control by increasing the mortality of bird-feeding

mosquitoes involved in maintenance and amplification of WNV. Mosquitoes that ingest IVM

experience increased mortality [46,47], and few will likely survive long enough to take another

bloodmeal at which pathogen transmission could occur, thus preventing future mosquito bites

and blocking transmission. The mosquitocidal properties of IVM were first characterized in

Anopheles mosquitoes in conjunction with mass drug administration campaigns that resulted

in a reduction in malarial incidence [48,49].

Recently, the mosquitocidal applications of IVM have been investigated in Culex mosqui-

toes for controlling WNV transmission. It was hypothesized that targeting the common avian

species that account for the majority of Cx. tarsalis bloodmeals during the WNV transmission

season could act as an effective WNV control strategy [46]. Using pilot laboratory and field-

based trials, Nguyen et al. [46] demonstrated the feasibility and effectiveness of developing

IVM-treated birdfeed as a novel WNV transmission control strategy. IVM use in birds is pri-

marily extra-label (i.e., use of an approved drug in a manner not in accordance with the

approved labeling, but meets the conditions set forth by the Animal Medicinal Drug Use Clar-

ification Act of 1994 [50] and the U.S. Food and Drug Administration). IVM has been used

widely and effectively to treat a variety of avian parasites in taxa including falcons, budgerigars,

and chickens [51–54]. Nguyen et al. [46] observed no toxicity in chickens and doves fed exclu-

sively on IVM-treated feed (200 mg IVM/kg feed) for 3–10 days and demonstrated the mos-

quitocidal activity of the blood of these orally treated birds [46].

While not involved in the enzootic transmission cycle of WNV, chickens are a common

bloodmeal source for WNV vectors, being preferentially bitten over other species within 50 m

of flocks [55,56]. As chickens are refractory to disease, they are often used as WNV sentinels

[57]. Also, in contrast to wild birds, backyard chickens remain in a single location throughout

the WNV season, providing a consistent location from which to expose biting mosquitoes to

IVM. Thus, backyard chickens are an ideal study species for initial deployment of IVM. Our

study, conducted in suburban neighborhoods across Davis, California, aimed to determine

whether IVM delivered through backyard chicken flocks can suppress the abundance of

WNV-infected mosquitoes and transmission of WNV as measured by chicken
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seroconversions. To this end, we monitored entomological indices of Cx. tarsalis populations

(i.e., abundance, infection prevalence, and parity) as well as both serum IVM concentrations

and WNV seroconversions in IVM-treated and untreated chickens. We also assessed IVM-

induced mortality of wild-caught Cx. tarsalis following a bloodmeal on treated chickens to

connect differences in mosquito population and infection transmission dynamics to IVM

treatment. This study expanded upon previous pilot studies and paralleled a concurrent field

trial in northern Colorado.

Methods

Ethics statement

This study was carried out in strict accordance with the UC Davis Institutional Animal Care

and Use Committee (IACUC) Protocol #20980 that was reviewed and approved on February

6, 2019. The UC Davis IACUC adheres to the Office of Laboratory Animal Welfare Health

Research Extension Act of 1985 (Public Law 99–158) as well as the United State Department of

Agriculture’s Animal Welfare Act. UC Davis is accredited by the Association for Assessment

and Accreditation of Laboratory Animal Care, International (AAALAC) and has an Animal

Welfare Assurance (number A3433-01) on file with the Office of Laboratory Animal Welfare

(OLAW).

Colony mosquito membrane feeding assays

To confirm previous findings of the susceptibility of Cx. tarsalis to IVM, we performed artifi-

cial membrane feedings over a range of oral IVM doses using the Kern National Wildlife Ref-

uge (KNWR) colony established in 2002 from Cx. tarsalis collected at the Kern National

Wildlife Refuge (35.7360˚ N, 119.5979˚ W), in Kern County, California. Cx. tarsalis were

reared under consistent insectary conditions (temperature 24˚C, relative humidity 40–60%,

photoperiod 14L:10D). Larvae were reared in plastic trays with approximately 300–400 larvae

in approximately 750 mL of water and fed ground Tetramin fish food (Spectrum Brands Pet,

Blacksburg, VA, USA) daily until pupation. Adults were housed at approximately 300 per cage

(61 x 61 x 61 cm) with constant access to 10% sucrose solution until allocation into 3.97 L

(1 gal) plastic cartons with screen tops for bioassays. For mosquito bioassays, we added IVM

(Sigma Aldrich 18898, PubChem Substance ID: 24278497) in heparinized sheep blood

(Hemostat Laboratories, Dixon, CA, USA) at serial dilutions (600, 300, 150, 75, 37.5, and 0 ng

IVM/mL) for artificial membrane feeding. Approximately 70 adults were allocated into each

treatment group. Following blood feeding, fully-engorged females were collected with a hand

aspirator and held for nine days in the same insectary conditions. Mosquito mortality was

recorded every 24 hours. The lethal concentration resulting in 50% mortality (LC50) was calcu-

lated using probit regression analysis (R statistical software, version 4.0.2 [58]).

Chicken flock field sites

We placed eight flocks—four IVM-treated and four untreated controls—of six chickens per

flock in coops in backyards across Davis, California from June 28—Sept 20, 2019 (Fig 1). Loca-

tions were chosen to achieve broad spatial coverage of the range of backyard environments in

suburban areas of Davis (e.g., age of house, proximity to apartment buildings or natural spaces,

variety of predominant vegetation) and in backyards of homeowners willing to host chickens

for the duration of the study. We randomly assigned treatment status to flocks. We also placed

24 chickens in three coops at the UC Davis south campus facilities >2 km south of Davis city

limits as an untreated reserve flock that could serve as a source of replacement chickens for
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other backyard flocks if needed. We used 16-month-old female Lohmann Brown chickens,

which were housed in the Innovation Pet Chicken Homestead Coop (Tractor Supply, Brent-

wood, TN, USA), replacing the original 1.27 cm mesh sides with 2.54 x 2.54 cm welded wire

mesh (YardGard, North Plains, OR, USA) to permit mosquitoes to access the chickens freely

for blood-feeding and exclude predators. We obtained chickens from a pasture poultry train-

ing and outreach program at the University of California, Davis, which teaches homeowners

about proper care and management of pasture and free-range poultry flocks.

Our study design (number of flocks per treatment group and number of mosquito traps per

week per flock) was based on assumptions of weekly average abundance and infection preva-

lence based on historical mosquito collections from Davis [59]. The calculations followed

those of [60] for a cluster-randomized trial. Assuming an average of 92.5 Cx. tarsalis per week

for 13 weeks and six traps per flock location, four flocks per treatment group would result in

80% power (at an alpha of 0.05) to detect a 50% reduction in infection prevalence (i.e., 7/1,000

in untreated vs. 3.5/1,000 in treated groups). We also assumed a normal distribution of infec-

tion prevalence in untreated flocks with a mean of 7/1,000 and a standard deviation of 1.5/

1,000, leading to a coefficient of variation of 1.5/7 between flocks in each treatment group.

Chicken care and monitoring

Treated flocks received IVM daily via free choice ingestion of medicated feed (200 mg IVM/kg

feed) from July 8—Sept 18, 2019. We mechanically mixed powdered IVM into chicken feed

daily (1:40 ratio of DuMOR 16% Poultry Layer Crumbles and DuMOR grit, Tractor Supply,

Brentwood, TN, USA). All flocks received a total of 0.907 kg of feed (mean of 0.151 kg per

chicken) daily.

We weighed chickens twice during the study to assess any differences in flocks between

treatment groups. We used a spring scale (analog linear 3kg hanging scale, Chatillon & Sons,

Largo, FL, USA) to obtain weights. During the weighing process, chickens were placed in a

plastic bucket (1 gal) and the weight of the bucket was removed from the scale reading to

Fig 1. Location of ivermectin (IVM)-treated (red) and untreated (blue) chicken flocks and CO2-baited mosquito traps in Davis, California. Numbered

insets illustrate the arrangement of dry-ice baited CO2-traps around each flock, with three traps within 10m (triangle) and three traps approximately 150m

from the flock (square). Bar in each inset indicates 100m. Top right inset illustrates the location of the study site in relation to the state of California.

Geographic boundaries for the state of California and the city of Davis were obtained from the 2020 TIGER/Line shapefiles for States and Places, respectively,

provided by the United States Census Bureau (https://www.census.gov/cgi-bin/geo/shapefiles/index.php).

https://doi.org/10.1371/journal.pntd.0010260.g001
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obtain the final weight. Difference in weight and change in weight between timepoints across

treatment groups was assessed using t-tests.

We monitored for WNV seroconversions in all chickens and IVM serum concentrations in

samples from treated chickens every 1–2 weeks throughout the study, taking all blood samples

at similar times in the morning. We took samples from untreated chickens 2–4 times during

the study to confirm no accidental introduction of IVM to untreated control flocks. We

obtained blood samples from a comb prick and/or the brachial vein. We initially used a comb

prick to obtain a small blood sample for WNV surveillance, but a brachial bleed reduced the

handling time so all blood samples after week four were acquired via brachial bleeds.

For WNV serology, we soaked a 1.27 cm wide filter paper strip with blood, either from the

comb following piercing with a standard lancet [17] or from the blood obtained from the bra-

chial bleed. Blood samples on filter paper were submitted to the California Department of Pub-

lic Health for testing for IgG antibodies to flaviviruses (West Nile, western equine

encephalomyelitis, and St. Louis encephalitis viruses) using an enzyme immunoassay [61,62].

A western blot was used to confirm that flavivirus-positive sera were attributable to WNV and

not St. Louis encephalitis virus. WNV seroconversions in IVM-treated vs. untreated flocks

were analyzed using Kaplan-Meier survival curves and compared using the Mantel-Haenszel

test in R [58] (version 4.0.2; survival package version 3.1–12 [63]).

For quantification of IVM, we collected whole blood samples into serum tubes (Greiner

Bio-One Serum Clot Activator Tubes, Fisher Scientific, Pittsburgh, PA, USA), gently inverted

three to five times, and held at ambient temperature to coagulate. Following coagulation, we

centrifuged the blood at 1,800 RPM for 10 minutes at 4˚C and removed the serum. Serum

samples were stored approximately 18 months at -80˚C until testing to quantify IVM using

high-performance liquid chromatography (HPLC)-fluorescence. IVM was first extracted from

serum and derivatized after methanol precipitation, following [46,64,65] with the modification

that 50 μL of serum was added to 400 μL of methanol prior to vortexing. A Waters 700 auto-

sampler system was then used for quantification as previously described [46]. Briefly, a mobile

phase of acetonitrile/water (3:1, v/v) was pumped through a C8 column (Waters, XBridge BEH

C8 XP, 130 Å, 2.5 μm, 3.0x100 mm) at a rate of 0.45 mL/min and 40 μL of derivatized sample

was injected by the autosampler. Excitation and emission spectra were 365 and 470 nm,

respectively.

Mosquito monitoring and indices

Entomological indicators of WNV risk. We collected mosquitoes weekly to estimate

Culex abundance, infection prevalence, and parity near (�10 m) and far (~150 m) from each

coop location using an array of six CO2-baited traps (CDC miniature light trap (Model 512)

with light bulb removed, John W. Hock CO, Gainesville, FL, USA) per location, three near

and three far (Fig 1). We chose the near and far distances of trap placements based on previous

findings that chickens were bitten preferentially within 50 m of flocks, but not at greater dis-

tances [55,56]. Traps were placed in yards, greenbelts, and parks, aiming to maximize similar-

ity of environmental contexts of trap sites across coop locations. We placed traps between the

hours of 14:30–18:00 PM and picked them up following morning between 07:30–10:00 AM.

Each week, half were run Mon-Tue and the other half Wed-Thu. Collected mosquitoes were

immobilized with triethylamine [66] and identified by species and sex [67]. Cx. tarsalis and

Cx. pipiens females were pooled separately for WNV testing (pools up to ~50 each). Mosquito

pools were stored on dry ice and submitted to the Davis Arbovirus Research and Training

(DART) lab for testing by multiplex RT-qPCR. Each pool was screened for West Nile virus,

western equine encephalomyelitis virus, and St. Louis encephalitis virus [68,69]. Positive pools
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with Ct scores<35 were confirmed by singleplex RT-qPCR with a different set of virus spe-

cies-specific primers and probes. If >50 Cx. tarsalis females were collected from a trapping

site, we randomly removed 20% (up to 30 individuals) for parity dissection. We calculated vec-

tor index [70], which is the product of relative abundance and infection prevalence, to estimate

the number of infected mosquitoes present at each distance for treated and untreated loca-

tions. We used ANOVA to compare total abundance, infection prevalence, and vector index

separately between near and far trap locations for treated and untreated locations across the

study period (car package version 3.0–8 [71] in R software [58], version 4.0.2). In addition to

the IVM treatment and distance variables of interest, all ANOVA models included terms for

week to account for changes over time.

Mosquito age structure. Following previously described ovarian tracheation techniques

[72,73], we dissected mosquito ovaries in a drop of deionized (DI) water on a glass slide under

a stereomicroscope and mounted them on slides, allowing them to dry before storing them in

slide boxes. If we were unable to complete mosquito dissections on the day of trap collections,

they were stored at 4˚C for up to two days until dissections could be completed. After drying,

slides were stored at room temperature until they could be examined. All slides were read

using a compound microscope independently by two researchers (KMH and ETL) who were

blinded to the treatment status. Any discrepancies in grading were resolved by mutual consent

following reobservation. If a reticulated pattern or dark mass obscured the ovary (Fig 2D) [74],

likely due to egg protein [75], we washed slides briefly with DI water and air-dried before re-

examining (Fig 2E). We classified ovaries as nulliparous when all skeins were tightly coiled

(Fig 2A), parous when all skeins were completely unwound (Fig 2C), and intermediate when a

combination of tightly wound and unwound skeins were observed, or if all skeins appeared

loose but not fully unwound (Fig 2B) [74–76]. We included this third category due to high

rates of autogeny in Cx. tarsalis previously reported in California’s Central Valley [77,78];

Fig 2. Categories used for ovarian grading in Cx. tarsalis. Parity status graded as A) nulliparous with all tightly wound skeins, B) intermediate with a

combination of tight and loose skeins, or C) parous with all unwound skeins. D) Dark mass observed in some ovaries, likely due to egg protein, which is E)

removed with washing with deionized water. Ovarian mounts presented at 400x magnification (A-C) or 100x magnification (D-E).

https://doi.org/10.1371/journal.pntd.0010260.g002
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autogenous females lay a smaller than average egg batch prior to the first bloodmeal, resulting

in an intermediate appearance that cannot be accurately assigned prior to the first bloodmeal

[75]. Following subsequent bloodmeals, ovaries of autogenous and anautogenous mosquitoes

are indistinguishable. We first compared the overall parity rates (i.e., proportion of parous

mosquitoes) across distances for each treatment group using χ2-tests (R software [58], version

4.0.2) and then examined the number of parous vs. nulliparous or intermediate mosquitoes

between treatment groups and distances with mixed effects logistic regression, using week as a

random intercept (lme4 package version 1.1–23 [79] in R [58]). Comparisons between all

treatment-distance pairings were based on the Wald test for regression coefficients (aod pack-

age version 1.3.1 [80] in R [58]). For both the χ2-test and mixed-effects model, we combined

the intermediate and nulliparous categories to obtain a conservative estimate of differences in

age structure.

Mortality of wild-caught mosquitoes after IVM feeding. At the termination of the study

(Sept 16), we fed wild-caught adult Cx. tarsalis females on one, randomly selected chicken

from each flock to assess the mosquitocidal activity of the blood of treated chickens vs.

untreated chickens for wild mosquitoes. Cx. tarsalis were collected using CO2-baited EVS

traps on a single night within the nearby Yolo Bypass Wildlife Area (38.5266˚N, 121.6461˚W),

a 65-km2 area consisting primarily of rice (Oryza sativa L.) fields and managed wetlands. We

allowed approximately 700 wild-caught Cx. tarsalis an opportunity to feed on each chicken

overnight. Each chicken was placed within a lidded plastic bin (73.03 x 40.64 x 46.36 cm)

inside a secondary 120 x 60 x 60 cm mesh enclosure (BugDorm-6M60, Taiwan), set within the

same backyard as the flock from which it was taken. The sides of the plastic bin were cut out,

leaving 2.5–5 cm borders around all sides, and the open plastic bins were wrapped in 2.54 cm-

square chicken wire that was secured to the bin’s frame with zip ties. Our design allowed mos-

quitoes introduced into the container to have free access to the chicken, but also have ample

resting locations out of reach of the chicken within the BugDorm. In the morning, all mosqui-

toes were collected from the BugDorms using a hand aspirator and sorted in the lab; blood-fed

mosquitoes from each flock location were placed together in an individual 3.79 L (1 gal) plastic

carton with screen top, provided a sugar water-soaked cotton ball or wick, and held in stan-

dard insectary conditions for eleven days. We recorded mortality and removed dead mosqui-

toes daily. We analyzed the survival of wild mosquitoes fed on treated vs. untreated chickens

using Kaplan-Meier survival curves and compared using the Mantel-Haenszel test. We also

compared mosquito survival stratified relative to the final IVM serum concentration in chick-

ens (either above or below the limit of quantification, LOQ) using Kaplan-Meier survival

curves and compared using the Mantel-Haenszel test. Survival analyses were performed using

the survival package version 3.1–12 [63] in R (version 4.0.2 [58]).

Safety of IVM ingestion

To assess any effects of prolonged oral exposure to IVM in birds, we necropsied twelve chick-

ens upon completion of the field study (Sept 13); three randomly selected per flock from two

treated and two untreated flocks. The pathologist was blinded to the treatment status of the

chickens. Samples were taken for histological examination (brain, peripheral nerves, skeletal

muscle, heart, lungs, trachea, liver, kidney, ovary, pancreas, and intestines). During the nec-

ropsy, a gross examination was made to assess the overall health, tissue status, and presence of

parasites. At this time, we also obtained whole blood for WNV serology and IVM quantifica-

tion. Whole blood was submitted directly to California Department of Public Health for WNV

serology. Fisher’s exact test was used to compare the distribution of pathological and histologi-

cal findings at necropsy between treated and untreated groups (R software, version 4.0.2 [58]).
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Results

Bioassay with colony Cx. tarsalis
In the initial laboratory trial, laboratory-reared Cx. tarsalis mosquitoes (KNWR colony) were

found to be susceptible to IVM. We observed sharp reductions in survivorship following inges-

tion and 87–100% mortality within three days for doses>75 ng/mL (S1 Fig). The estimated

LC50 for the first three days post-bloodmeal was 66.03 ng/mL.

Chicken WNV seroconversions

Due to delays in chicken availability, we obtained baseline blood samples from all chickens on

the same day the chickens were placed in backyards. After serological testing, untreated chick-

ens that were initially seropositive at baseline were replaced with immunologically naïve chick-

ens from our reserve flock (replaced on Jul 17), but seven treated seropositive chickens could

not be rehoused following IVM treatment. Therefore, total numbers of chickens were equal

(n = 6) in all study flocks, but a total of seven seropositive chickens remained in treated flocks,

resulting in 3–5 seronegative chickens per treated flock at the start of the study.

At the end of the study, accounting for the timing of replacement of seropositive chickens

(i.e., variation in duration of risk periods), fewer chickens seroconverted in treated flocks (3/

17, 18%) than in untreated flocks (11/24, 46%), and these seroconversions occurred later in the

season compared to untreated flocks, resulting in significantly lower WNV transmission to

chickens at treated locations (Fig 3, χ2 = 4.7, P = 0.03).

IVM serum concentrations in chickens

In treated chickens, IVM serum concentrations ranged from <5–155.2 ng/mL, with an aver-

age concentration of 33.1 ng/mL (Fig 4). Ivermectin serum concentration generally peaked

early in the study period (max 155.2 ng/mL; mean initial concentration 54.9 ng/mL) and

Fig 3. Reduced West Nile virus (WNV) seroconversions in ivermectin (IVM)-treated vs. untreated chicken flocks. Four flocks

per treatment group. Chickens seropositive at baseline were excluded from the analysis.

https://doi.org/10.1371/journal.pntd.0010260.g003
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decreased to lower concentrations during the remainder of the study period (mean final con-

centration 22.6 ng/mL). All samples with unquantifiable IVM concentrations in treated chick-

ens (five samples from four chickens) were from a single flock (coop 7). All of these chickens

had quantifiable levels of IVM at other times during the study. The assay’s limit of quantifica-

tion (LOQ) was 5 ng/mL.

Serum samples from untreated chickens had no IVM detected throughout the study period,

confirming that there was no accidental cross-contamination of IVM feed between flock

locations.

Mortality in field-collected Cx. tarsalis following blood-feeding on IVM-

treated chickens

Ivermectin serum concentrations (ng/mL) obtained from the four randomly selected treated

chickens on the morning prior to the mosquito feeding bioassay were 32.3, 23.2, 17.0, and

LOQ (5 ng/mL). During the three days post-bloodmeal when IVM-related effects were

expected to occur [46], the higher mortality observed in wild Cx. tarsalis feeding on a ran-

domly chosen IVM-treated chicken vs. an untreated chicken was approaching significance

(Fig 5A, χ2 = 3.09, df = 1, P = 0.079). When stratified by the final IVM serum concentration

relative to the LOQ (5 ng/mL) (Fig 5B), we observed a significant difference in the mortality of

wild mosquitoes feeding on a chicken with an IVM serum concentration >5 ng/mL vs. a

chicken with an IVM serum concentration < 5 ng/mL during the three days post-bloodmeal

(χ2 = 33.02, df = 1, P< 0.001). We observed a 45.6% morality in mosquitoes within three days

post-bloodmeal on a chicken with a concentration above the LOQ. This was 16.3% greater

than mortality observed during this period in mosquitoes following a bloodmeal on an

untreated chicken. There was no difference in mortality between mosquitoes feeding on the

chicken with a concentration at the limit of quantification vs. an untreated chicken (hazard

ratio = 0.79, Z = -1.39, P = 0.16).

Fig 4. Ivermectin (IVM) serum concentrations (ng/mL) in treated and untreated chickens. Grey dashed line indicates the limit of quantification (LOQ, 5

ng/mL). Bold line indicates chicken used in mosquito bioassay at end of study.

https://doi.org/10.1371/journal.pntd.0010260.g004
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Effect of IVM on parity of Cx. tarsalis
We observed an overall reduction in parity rates from mosquitoes collected at traps placed

near vs. far from IVM-treated flocks, but parity rates varied significantly between weeks (Fig

6). Of the 3,665 total dissections, we removed 139 that contained eggs as completely developed

eggs prevented visualization of the tracheoles. The nine weeks with observations in each of the

four groups (i.e., weeks 29–37) encompassed 3,342 dissections. Of these, 2,748 were graded as

either parous, nulliparous, or intermediate and 594 could not be evaluated due to damage to

tracheoles or because ovaries were obscured by fat or reticulation. We observed a significant

reduction in the overall parity rates near treated flocks compared to corresponding far sites

(43.5% vs. 50.7%; χ2 = 6.225, P = 0.013), in contrast to nearly equal rates near and far from

untreated flocks (near: 47.9%; far: 47.5%; χ2 = 0.011, P = 0.915) (Fig 6C).

After adjustment for the effect of weeks (i.e., seasonal variation) on parity, mosquitoes near

IVM-treated flocks had reduced odds of being parous compared to mosquitoes near untreated

control flocks (Table 1; odds ratio = 0.74, P = 0.002). However, there was no significant differ-

ence in the odds of a mosquito being parous near vs. far within each treatment group (Table 1;

IVM-treated: P = 0.18; Control: P = 0.71) and parity rates at both distances of IVM-treated

coops were lower than at corresponding distances from untreated control coops. See S1 Table

for full model regression results, including random effects.

Cx. tarsalis abundance, infection prevalence, and vector index

We observed trap-counts increasing sharply across all groups to a peak in early August and

then decreasing into September (Fig 7A). On average 200 Cx. tarsalis were collected per trap-

week. We observed a small increase in abundance in early September at both near and far dis-

tances of IVM-treated flocks. Higher average trap-counts were observed at sites closer to irri-

gated agriculture and in the eastern portion of Davis (S2 Fig). Excluding the final week due to

small sample sizes, abundance varied significantly across weeks (F(10, 162) = 3.661,

Fig 5. Blood feeding on ivermectin (IVM)-treated chickens increased wild Culex tarsalis mortality. Wild-caught Cx. tarsalis survival following blood

feeding on a randomly chosen chicken from each coop A) by treatment group and B) stratified by IVM serum concentration above or below the limit of

quantification (LOQ, 5 ng/mL). Mantel-Haenszel chi-square P-value indicated for comparison of Kaplan-Meier survival curves for 1–3 and 1–5 days

(duration indicated by grey segment). IVM-related effects were expected to occur within 3 days post-bloodmeal.

https://doi.org/10.1371/journal.pntd.0010260.g005
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P< 0.001), but not across distance-treatment groups (i.e., near-treated, far-treated, near-

control, far-control; F(3, 162) = 2.144, P = 0.097).

In terms of infection rates in mosquitoes, we observed a lower and later than average WNV

season in Davis; typically, WNV is detected in late June and peaks in late August [59]. Across

groups, we observed an average infection prevalence of 1.15 per 1,000 female mosquitoes

tested. The initial detection of WNV occurred in early August at a near trap site around an

IVM-treated flock and subsequently WNV was detected at both near and far trap sites around

flocks in both treatment groups for the remainder of the study (Fig 7B). Around IVM-treated

flocks, infection prevalence increased over time at far distances, peaking in early September,

while remaining similar or decreasing at near distances. We observed an opposite relationship

in untreated flocks where infection prevalence peaked in far traps in August and subsequently

declined while infection prevalence remained similar or slightly increasing at near traps; small

Table 1. Odds ratio (95% CI) of a mosquito being parous grouped by distances from ivermectin (IVM)-treated

and untreated flocks.

Comparison Odds Ratio 95% CI P-value^

Control-near vs. Control-far 1.09 0.89, 1.33 0.407

Control-near vs. IVM-near 0.74 0.61, 0.90 0.002

Control-near vs. IVM-far 0.88 0.73, 1.06 0.184

IVM-near vs IVM-far 0.84 0.68, 1.03 0.096

IVM-near vs. Control-far 0.68 0.55, 0.85 < 0.001

IVM-far vs. Control-far 0.81 0.66, 1.00 0.046

^Wald test P-value

https://doi.org/10.1371/journal.pntd.0010260.t001

Fig 6. Parity rates in Culex tarsalis around ivermectin (IVM)-treated and untreated chicken flocks. Parity grading during the West Nile virus (WNV)

season near (�10m) and far (~150m) from treated and untreated flocks for (A) individual weeks and (B-C) collapsed by group for weeks with observations in

each group (weeks 29–37). Number of ovaries in each category by week indicated in bars in A.

https://doi.org/10.1371/journal.pntd.0010260.g006
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Fig 7. Entomological indices of Culex tarsalis around ivermectin (IVM)-treated and untreated chicken flocks. Weekly (A) abundance, (B)

infection prevalence per 1,000, and (C) vector index (VI) near (� 10m) and far (~150m) from IVM-treated and untreated flocks. VI is a risk

metric that approximates the number of infectious mosquitoes present as the product of abundance and infection prevalence. Vertical dashed

lines indicate the first and last day IVM-treated feed was provided.

https://doi.org/10.1371/journal.pntd.0010260.g007
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sample sizes in the final week resulted in a dramatic increase in estimated infection prevalence.

Comparing infection prevalence across weeks with equal sample size (i.e., not the final week),

there was no difference by week (F(10, 162) = 1.421, P = 0.175) or distance-treatment group (F

(3, 162) = 2.336, P = 0.076).

We observed a sustained reduction in the number of infected mosquitoes, as estimated by

vector index, in near vs. far traps around IVM-treated coops, while the number of infected

mosquitoes was very similar at near vs. far distances from untreated locations (Fig 7C). How-

ever, there was no significant difference in vector index by week (F(10, 162) = 1.709, P = 0.083)

or distance-treatment group (F(3, 162) = 1.589, P = 0.194), excluding the final week due to

small sample sizes.

Gross and histological findings in chickens

Due to time and staffing constraints, we obtained weights of chickens near the end of the study

(Sept 6 and Sept 16). All chickens (n = 48) were weighed at the first timepoint while only 36

were weighed at the second; weights were not recorded for the remaining twelve chickens that

had been necropsied on Sept 13. There was no difference in mean weight of chickens between

treated and untreated flocks on either day (Sept 6: t = -1.472, df = 45.417, P = 0.148; Sept 16: t
= -0.873, df = 33.497, P = 0.389). Also, there was no difference in change in weights between

dates by treatment groups (t = 1.088, df = 33.64, P = 0.285).

There were no distinct pathologic findings on the postmortem examination of the IVM

treated and untreated control chickens (Table 2). The main findings on gross and histological

examinations were acute hepatic hemorrhage in both treated (3/6) and untreated (2/6) chick-

ens, likely indicative of the early stages of hemorrhagic liver syndrome of unknown etiology.

All birds regardless of treatment status also had mild to moderate egg yolk peritonitis which is

Table 2. Pathologic and histological findings at necropsy of ivermectin-treated (n = 6) and untreated (n = 6) chickens.

Tissue or Condition Pathological or Histological Finding Untreated Treated P-value^

Liver Healthy 4 3 1

Hemorrhage 2 3

Tapeworms None 2 1 0.318

Few to some 4 2

Moderate to many 0 3

Ascarids None 1 5 0.080

Few to some 4 1

Moderate 1 0

Oviduct leiomyoma Present 1 1 1

Absent 5 5

Lymphocytes in peripheral nerves† None 0 2 0.455

Rare to small numbers 6 4

Lymphocytic infiltrations‡ Multi-systemic 6 6 1

Egg yolk peritonitis§ Mild to marked 6 6 1

Pneumoconiosis and/or BALT⁋ hyperplasia Minimal to moderate 6 6 1

^ Fisher’s exact P-value
† Few lymphocytes in sciatic nerves likely associated with Marek’s disease. No other significant lesions in nervous system.
‡ Lymphofollicular formations in heart (n = 7), mesentery (n = 12), and oviduct wall (n = 1) suggestive of antigenic stimulus.
§ Common condition in older layer hens.
⁋ BALT: bronchus-associated lymphoid tissue

https://doi.org/10.1371/journal.pntd.0010260.t002
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a common condition in older laying hens [81,82]. While most birds had intestinal parasites

present, one treated and one untreated chicken had no parasites observed during examination.

Discussion

Through a randomized trial in backyard chickens, we assessed the efficacy of IVM-medicated

feed to suppress the abundance of WNV-infected mosquitoes and transmission of WNV.

Taken together, our results suggest that IVM administration reduced WNV transmission to

treated chickens and affected local Cx. tarsalis populations. Wild Cx. tarsalis had elevated mor-

tality following a bloodmeal on chickens with IVM serum concentrations between 17–32 ng/

mL, and we detected a significant reduction in mosquito parity near IVM-treated flocks. How-

ever, we did not find a difference in abundance or infection prevalence in mosquitoes between

treatment groups to complete the causal chain of IVM ingestion to reduction in WNV

transmission.

The estimated LC50 for colony Cx. tarsalis at three days post-bloodmeal from our single

trial (66.03 ng/mL) was higher than previously reported (49.94 ng/mL, 95% CI: 39.71–59.93)

[46], but qualitatively similar. The previous work used mosquitoes from a different colony of

the same species (Bakersfield Field Station, BFS), potentially indicating a difference in suscepti-

bility between these long-established strains. However, we used a single replicate of much

smaller sample sizes than the previous work as our goal was confirmation instead of estimation

so differences in magnitude should not be emphasized.

The mean IVM serum concentration observed in the treated chickens was 33.1 ng/mL,

lower than the targeted level (estimated LC50 value), but still at mosquitocidal levels for wild

Cx. tarsalis. We observed 45.6% mortality (16.3% excess mortality) in wild mosquitoes within

three days of a bloodmeal on treated chickens (IVM serum concentration of 17–32 ng/mL). In

the colony assay, we observed no mortality three days post-bloodmeal for mosquitoes ingest-

ing 37.5 ng/mL, highlighting that laboratory-derived estimates may not accurately predict

results in the field. While the observed mortality may only marginally impact WNV transmis-

sion, it indicates the potential for such impact. Furthermore, it is reasonable to expect that

mortality would have been greater if the blood-fed wild mosquitoes were subject to natural

environmental conditions rather than a protected, temperature and humidity-controlled

insectary. Sublethal fitness impacts (e.g., inhibited flight, slower digestion, reduced blood-feed-

ing frequency, and inhibited egg production) [83,84] have been documented in Anopheles
mosquitoes. Thus, the full impact of IVM ingestion on mosquito populations and WNV trans-

mission may be a combination of direct mortality and reduced fitness. Achieving a higher

IVM serum concentration, which is the goal of future work, would be expected to result in

higher daily mortality and stronger signals in entomological indices. We did not observe any

difference in mosquito mortality following a bloodmeal on a treated chicken with an IVM

serum concentration at the LOQ (5 ng/mL) and an untreated chicken, indicating a minimum

IVM serum concentration of>5 ng/mL is required to achieve meaningful mosquitocidal

effects. Serum IVM concentrations in chickens ranged widely over the study, so the exact dose

ingested by biting mosquitoes at each timepoint is unclear. However, previous work indicates

that even low IVM concentrations may exert strong mosquitocidal effects in the field; in a

serum-replacement assay, 100% mortality in two days was observed in Cx. tarsalis (BFS) that

ingested serum from a wild-caught treated grackle (5.7 ng/mL) as compared to control calf

serum [46].

Previous studies in chickens indicate rapid elimination of IVM from plasma following oral

treatment. Peak observed plasma concentration (10.2 ng/mL) occurred 3.36 hours after a sin-

gle dose of 0.2 mg/kg of IVM administered orally via ingluvies feeding tube (IVM diluted (1:5
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v/v) with propylene glycol) [85]. IVM was not detected in plasma three days post-IVM treat-

ment. One day following a five-day IVM treatment course of 0.4 mg/kg dosing in available

drinking water, a peak IVM plasma concentration of 1.07 ng/mL was observed and was no

longer detected seven days after treatment ceased [86]. However, no studies assessed IVM con-

centrations during repeated dosing. Given the rapid elimination of IVM from plasma, treat-

ment timing and duration are important to determine the level of IVM exposure to biting

insects. Our results indicate that sustained treatment would be required to maintain mosquito-

cidal IVM concentrations in the blood of treated chickens. In our study, blood samples were

taken in the morning around the time chickens were fed and food was often consumed before

the afternoon, so IVM serum concentrations could feasibly have been lower in the evening

when mosquitoes are host-seeking. Therefore, the reported IVM serum concentrations may

represent the upper range of IVM to which mosquitoes were exposed. Additionally, given that

these IVM serum concentrations were lower than the estimated LC50 values and yet we

observed significant increase in mortality, achieving the laboratory-derived concentrations

may not be necessary. More work is needed to understand the relationship between IVM con-

centration, mosquito mortality, and expected reductions in WNV transmission under natural

conditions.

Successful mosquito control would be expected to cause a shift towards a lower mean age of

the population due to elimination of extant adult mosquitoes that are replaced by newly

emerged individuals. In this study, large sample sizes resulted in high power to detect a small

difference in parity rates between groups. Parity was reduced significantly in Cx. tarsalis col-

lected near treated flocks vs. near untreated controls, which, considered alone, suggested a pos-

sible elimination of older female mosquitoes attributable to IVM. Also, comparisons between

distances within each treatment group showed that overall parity rates were lower at sites near

vs. far from treated flocks, whereas rates remained nearly identical between distances for the

untreated flocks. However, these distance-based comparisons were not significant for either

treatment group, leaving open the possibility that some of the parity differences could have

been due to chance differences in background mosquito population dynamics unrelated to

treatment. Also, the observed 7.2% reduction in parity rates near vs. far from IVM-treated

flocks may be insufficient to dramatically reduce WNV infection prevalence in local mosquito

populations. Yet, the observed difference hints that IVM administration has the potential to

cause significant enough changes in population age structure to alter WNV transmission

dynamics.

Detecting a change in population age structure in natural setting following control is

fraught with difficulties. Following aerial applications of adulticides, shifts in population age

structure were not discernable in highly connected areas or those with high autogeny rates, but

were detected in semi-isolated areas with low autogeny [35,87]. In our study, we found a rela-

tively high parity rate (44–51%), consistent with reports of high rates of autogeny in the Sacra-

mento Valley (54–92%) [77,78]. Highly dispersive populations of female mosquitoes of all ages

could have diluted any effect of IVM on age structure. Thus, large spatial coverage and density

of IVM-treated birds with higher IVM serum concentrations may likely have been required to

result in dramatic differences in parity rates.

The increased mortality of wild mosquitoes feeding on treated chickens paired with the

reduction in parity near treated flocks potentially supports the hypothesis that reduced sero-

conversions were caused by the impact of IVM on mosquito populations. Additionally, as

chicken seroconversions have been shown to reflect risk for human infections [88], IVM

administration could have reduced zoonotic WNV transmission risk around treated flocks.

However, we did not detect a difference in abundance or infection prevalence in Cx. tarsalis
populations to fully connect the impact of IVM on mosquito populations to observed
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differences in WNV transmission. We observed a seasonal pattern in abundance typical of the

Sacramento Valley [89,90]. Also, we found higher average trap counts at sites closer to irri-

gated agriculture and in the eastern portion of Davis, as previously observed [91], due to immi-

gration of Cx. tarsalis into Davis from areas with abundant larval habitats. Continual

immigration of newly emerged Cx. tarsalis from these productive larval sites likely obscured

any reduction in abundance due to IVM-induced mortality; the use of IVM is unlikely to

cause sustained reduction in abundance in highly connected populations. Additionally, the

study period was below average for WNV infection prevalence in Davis compared to other

years, which limited our ability to detect differences in mosquito infection, resulting in similar

patterns across sites and treatments. Given the observed abundance and infection prevalence,

we had 60% power (at an alpha of 0.05) to detect a 50% reduction in infection prevalence (i.e.,

1.15/1,000 in untreated and 0.575/1,000 in treated groups). We would have needed six flocks

per treatment group with six traps per flock weekly or four flocks per treatment group with 15

traps per flock weekly to achieve 80% power. This also could have contributed to an inability

to identify a difference in vector index across distances and treatment groups. Because preci-

sion in estimated infection prevalence increases with trapping density [92,93], more traps may

have been required to accurately estimate infection prevalence and identify differences

between treatment groups.

One potential factor that could have impacted our ability to detect a difference between

treatment groups was vector control. Homeowners were not given any instructions relating to

personal vector control practices to encourage or discourage activities. Nonetheless, most

homeowners in Davis are cognizant of the risk mosquitoes pose and likely performed general

preventative measures (e.g., removing standing water on the premises). Thus, the behavior of

the enrolled homeowners could be generalized to the whole city. During the study, the Sacra-

mento-Yolo Mosquito and Vector Control District (SYMVCD) enacted both aerial (n = 40)

and ground-based (n = 40) applications of insecticides in and near (within 2 km) the City of

Davis to control adult mosquitoes. SYMVCD staff were blinded to treatment status of flocks

and enacted control without regard to our study objectives, following their standard proce-

dures to follow up on positive mosquito pools with vector control and proactively manage

populations to prevent viral amplification. During the study period (June 15-Sept 25, 2019),

there were 14 ground-applications within 500 m of treated flocks and 21 within 500 m of

untreated flocks (Table A in S2 File), but this difference was not significant (Wilcoxon-Mann-

Whitney Z = -0.331, asymptotic P-value = 0.741). The closest area treated by aerial adulticiding

was�1,000 m from all coops. Most applications occurred later in the study period (i.e., after

the Aug 13 midpoint of the study; 12 with 500m of treated coops, 20 within 500m of untreated

coops), indicating a higher intensity of vector control later in the season. The higher number

of sprays around untreated vs. treated coops could have reduced local mosquito indices (abun-

dance and infection prevalence), biasing results towards null findings. However, the distribu-

tion of early vs late sprays (i.e., before and after Aug 13) was not significantly different between

treatment groups (odds ratio = 3.217, Fisher exact P-value = 0.551; Table B in S2 File). This

factor should be considered in future work to assess the impact of vector control applications

on local mosquito populations.

We did not detect any negative health effects that were attributable to the sustained IVM

treatment in chickens; typical IVM dosing schemes for parasites in birds involve a limited

number and duration of treatment (1–2 doses over 7–14 days) [53,54]. Previously reported

side effects of IVM toxicity in birds include slight somnolence, listlessness, ataxia, and death

[52]. None of these were observed during daily checks. All birds, regardless of treatment status,

had evidence of initial stages of hemorrhagic liver syndrome, a condition that is very frequent

in backyard chickens and most common in the summer months (July-August) in the study
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region [94]. All birds also had yolk peritonitis, which was an incidental finding that is common

in older laying hens of the age used in this study [81,82].

Ten of twelve birds had relatively low numbers of intestinal cestodes and ascarids. While

oral, subcutaneous, and intramuscular administrations of IVM are used to treat nematode

infestations in birds, including chickens [54], we did not observe a significant reduction in

ascarid loads at necropsy (P = 0.08), potentially due to IVM serum concentrations achieved,

small sample sizes, or qualitative measures of loads used. Similarly, a previous study found that

while highly effective against reducing experimental Ascaridia galli infections in chickens

(89.8–95% reduction), two subcutaneous ivermectin doses of 0.3 mg/kg two weeks apart were

not totally effective in eliminating the parasite [53]. Thus, while a side benefit of IVM treat-

ment may be a reduction, complete elimination of any nematode loads may not be expected.

Our decision to randomize treatment status among the eight flock sites resulted in some

limitations of our statistical power to detect treatment effects. Abundance and WNV infection

rate in Cx. tarsalis exhibited clear spatial patterns from east to west across the city of Davis dur-

ing the study period, as reported previously [91]. Therefore, blocking flocks spatially into

treated and untreated pairs to ensure equal representation of treatment groups across this gra-

dient in entomological indices might have increased our statistical power.

The unexpected number of seropositive chickens at the start of our study resulted in smaller

than expected and unequal group sizes between treatment status, potentially reducing our

power to detect differences. The chickens had been housed outdoors during the previous year,

but we had not expected many seropositive chickens based on low reported annual serocon-

versions in previous sentinel flocks in Davis [95]. Despite the resulting reductions in treated

flock sizes, we were able to detect a significant difference in seroconversion rates between

groups, suggesting that chickens are a more sensitive indicator of WNV transmission than

mosquito collections [92]. Future studies employing a larger sample size of spatially paired

flock sites would be needed to further support these findings.

Homeowners reported that they enjoyed hosting the chicken flocks for this study, but this

led to the unintended consequence that some occasionally supplemented our study diet with food

scraps, contrary to our instructions. We observed five instances of unquantifiable IVM concentra-

tions in chickens in one of our treated coops, presumably due to the supplemental provision of

alternative food sources. While all feed and powdered IVM was ingested each day, some individ-

ual chickens may have refrained from eating our provided food, preferring the supplemental

items, and thus stopped self-medicating for a period, resulting in some degree of IVM washout

and variability among chickens. We observed evidence of supplemental feeding in other flocks as

well, including other treated flocks, thus reducing the IVM serum concentrations in treated chick-

ens and potentially biasing our results towards no effect of IVM on mosquito populations. We did

not track the timing or identity of items provided for supplemental feeding, so we were unable to

confirm supplemental feeding was the cause of this observation or quantify the potential extent of

the impact on our findings. Even when supplemental food sources were present, no food or IVM

powder residues remained in the feeding dishes between days, thus indicating that there was not a

significant difference in palatability of IVM-treated vs. untreated feed.

The potential impact of supplemental, untreated food sources on this study’s findings is of

relevance for transitioning the strategy to wild birds. The myriad of alternative food sources

available to wild birds, in addition to IVM-treated feed, could similarly result in highly variable

IVM concentrations across the season and between individual birds. Future work is needed to

understand birdfeeder usage patterns and to develop a feed formulation with extended-release

properties to maintain stable IVM serum concentrations; our use of powdered IVM serves as

an initial baseline ahead of further work on feed formulations to achieve appropriate targets

for dosing and half-life in wild birds.
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Similar to previous evaluations using the tracheation method to age-grade mosquitoes (8–

25%) [74,75], a portion of our ovarian slide mounts (19.2% overall and 17.8% in weeks 29–37)

were unsatisfactory for classification due to obscuring dark masses likely attributable to egg

yolk protein, loss of tracheation during dissection, or presence of debris and fat occluding the

tracheoles. Despite this, we did detect a difference in parity, but the number of ungradable

mounts prolonged the processing time required. This high level of ungradable specimens

across studies highlights the need for improved age-grading techniques. An alternative

method, outlined by Polovodova [96] and applied to Cx. tarsalis by Nelson [97], uses dilatation

in follicular tubes following development and deposition of an egg batch to successfully differ-

entiates nulliparous and parous Cx. tarsalis females, removing the ambiguity of intermediate

classifications resulting from the tracheation method [76]. However, this method still requires

dissection and a relatively long processing time per mosquito [98]. A recent modification to a

method suggested by Perry [99] based on wing wear uses the number of scales along the distal

edge of wings of Anopheles gambiae to determine the relative age and can be automated [100].

If a similar relationship of scale loss and age holds for Cx. tarsalis populations, this automatable

method would provide rapid and fine-scale resolution to relative age, but loss of scales due to

passage through the fan and time spent in the collection container may still result in inappro-

priate grading of trap collected mosquitoes.

Use of backyard chickens as the means for exposing wild mosquitoes to IVM was intended

as a first step toward potential future uses of IVM in backyard bird feeders as a way of achiev-

ing targeted WNV control near human residences. Compared to studies with wild birds,

chickens had the advantage of remaining in a single location, and they are fed upon frequently

by Cx. tarsalis where they are present [55,56]. We anticipated that these factors would give the

greatest chance at identifying IVM’s spatial effects on mosquitoes and WNV transmission.

Due to limiting factors like lower IVM serum concentrations in chickens, lower-than-average

infection prevalence in mosquitoes, and high rates of immigration of mosquitoes, we were

only able to detect partial support for these conclusions. For long-term considerations, IVM, a

lipophilic drug [101], is known to accumulate in eggs [86,102], which is almost certain to limit

appeal of a chicken-based control strategy among homeowners who typically eat the chickens’

eggs. The FDA has not set an IVM tolerance for eggs, and homeowners were advised not to

ingest eggs from treated chickens during this study. Assessing IVM concentrations in chicken

tissues and eggs over time, and the human health ramifications of ingesting these edible prod-

ucts was outside the scope of this study. Assessment of IVM concentrations in eggs should be

performed in the future if eggs are to be consumed by humans. Additionally, the impact of

IVM on embryo development and hatching success needs investigation. We are not aware of

any studies assessing this in birds and it is vital to ascertain prior to deployment of this

strategy.

Another avenue warranting further investigation is the potential development of IVM resis-

tance in Culex mosquitoes. Repeated mass drug administration (MDA) of IVM to entire flocks

or herds of livestock has led to resistance in Haemonchus contortus, a common gastrointestinal

roundworm in sheep, cattle, goats, and horses [103,104]. There is also evidence of IVM resis-

tance in the canine heartworm, Dirofilaria immitis [105]. In arthropods, resistance to ivermec-

tin has been reported in Rhipicephalus microplus, the Australian cattle tick [106]. This tick is a

one-host tick, meaning all life stages feed only on a single host species, thus making it more

sensitive to development of resistance than multi-host ticks. In terms of mosquito populations,

a lab study identified mutations in cytochrome P450 enzymes as a potential pathway to the

development of resistance in Anopheles gambiae [107]. Additionally, there is the potential for

the development of cross-resistance between IVM and other pesticides that share the same tar-

gets (GABA receptors; [108]) or through the same transporter proteins (modulators of P-
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glycoproteins; [109]). This is an area of high concern for the efficacy of MDA in humans to

control tropical diseases like malaria, lymphatic filariasis, and onchocerciasis. However, there

is no evidence from the field of the development of such resistance in mosquito populations

[45,49]. Care needs to be taken to minimize the potential for resistance. In MDAs and our pro-

posed treatment of birds, segments of the population would remain untreated, allowing for

refugia where selection pressures from IVM are absent, thus minimizing selection potential

for resistance.

In conclusion, following oral administration of IVM medicated feed to backyard chickens,

we detected evidence of a reduction in WNV transmission to chickens, accompanied by mixed

findings regarding the entomological impact of IVM on Culex mosquito populations. While

not conclusively linked to IVM administration, this study adds support for the plausibility of a

causal relationship between IVM treatment of birds and reduced WNV transmission. We

observed fewer WNV seroconversions in treated chickens than untreated chickens, a reduc-

tion in parity rates of Cx. tarsalis near treated vs. untreated flocks, and increased mortality in

wild mosquitoes following a bloodmeal on treated chickens vs. untreated chickens. Ivermectin

serum concentrations resulting in increased mortality ranged between 17–32 ng/mL, while a

concentration at the limit of quantification (5 ng/mL) did not increase mortality compared to

untreated chickens, indicating that a certain threshold may be required to cause significant

mosquitocidal impacts. IVM serum concentrations varied widely across the season with a

mean of 33.1 ng/mL (range: <5–155.2 ng/mL), lower than the estimated LC50 (37.5 ng/mL).

We did not observe a difference in either abundance or WNV infection prevalence in Cx. tar-
salis populations between treated and untreated sites, potentially due to sustained immigration

of newly emerged individuals, lower-than-average WNV activity in the study area, and below

target IVM serum concentrations in chickens. Also, more traps may have been required to

accurately estimate infection prevalence and identify differences between treatment groups.

Sustained oral ingestion of IVM did not result in any adverse events, highlighting the safety of

this method. Future work aims to transition to wild birds and develop a commercial treated

birdfeed for homeowner use to reduce WNV risk on the local neighborhood scale.
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