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Centre for Avian Migration and Demography, NIOO – KNAW, Wageningen, the Netherlands; eInstitute of Environmental Sciences, Leiden 
University, Leiden, the Netherlands; fWageningen Bioveterinary Research, Lelystad, the Netherlands

ABSTRACT
West Nile virus (WNV) was first detected in the Netherlands in 2020, with circulation observed in birds, mosquitoes, and 
humans in two geographical areas. Usutu virus (USUV) has been circulating in the Netherlands since 2016. Following the 
detection of WNV in the Netherlands, we investigated the possible use of petting zoos as urban sentinel sites to examine 
the extent of WNV and USUV circulation around the two WNV outbreak locations. Chickens at petting zoos and in 
backyards were sampled within a 15-kilometer radius of the confirmed WNV circulation areas at three timepoints 
over one year (2021–2022). Sera were analysed using a protein microarray for binding antibodies to orthoflavivirus 
NS1 antigens and reactive samples were confirmed through micro-focus reduction neutralization tests (mFRNT). 
Furthermore, mosquitoes at sampling locations were collected to assess their blood feeding behaviour. This 
serosurvey detected the circulation of USUV and WNV in petting zoo and backyard chickens in 2021, both within and 
outside the 2020 outbreak areas. The WNV circulation was not detected by other existing surveillance schemes in 
mosquitoes, wild birds, horses and humans. In addition, the results show rapid decay of USUV antibodies in 
approximately 20 weeks. Our findings support the utility and the added value of petting zoo chickens as sentinels for 
monitoring USUV and WNV circulation compared to other available methods. Seroconversions observed in petting 
zoos and backyard chickens living in or near densely populated urban areas further highlighted potential public 
health risks that went undetected.
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Introduction

West Nile virus (WNV) and Usutu virus (USUV) are 
both zoonotic mosquito-borne viruses in the Japanese 
encephalitis serogroup and belong to the Flaviviridae 
family and genus Orthoflavivirus [1]. Both viruses 
are maintained in an enzootic transmission cycle 
between birds and mosquitoes (primarily Culex mos-
quitoes) and are known to co-circulate in parts of 
Europe [2–4]. Culex pipiens is recognized as the pri-
mary vector for WNV and USUV in Europe. In the 
Netherlands, Cx. pipiens is a ubiquitous and highly 
abundant mosquito species [5–7]. Culex pipiens are 
known to feed both on avian and mammalian hosts 
including humans, which may facilitate the spread 
and spillover of USUV and WNV [8].

The Usutu virus has been circulating in continental 
Europe for more than two decades [9]. In the Nether-
lands, USUV was detected in 2016 for the first time 

and has caused significant outbreaks in birds, with 
associated mortality specifically in wild blackbirds 
(Turdus merula) and captive owls (Strigiformes) 
from 2016 to 2018 [10,11]. In 2018, a study on 
Dutch blood donors revealed multiple (asymptomatic) 
human USUV infections, which occurred concur-
rently with an observed increase in bird mortality in 
the study area [12]. Surveillance of live and dead 
wild birds and mosquitoes has shown ongoing circula-
tion of USUV in the years after [13].

Over the last decades, WNV has become one of the 
most widespread arboviruses in the world [14]. Out-
breaks of disease caused by WNV have been extensively 
described in southern Europe. In 2018 a major outbreak 
resulted in 1311 confirmed human cases across Europe 
[15]. In the same year, the virus also was detected 
northwards as the first WNV cases in Germany were 
observed in birds and horses [16]. In August 2020, 
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the virus was detected for the first time in the Nether-
lands in a common whitethroat (Curruca communis) 
and Culex mosquitoes [17]. In October of the same 
year, the first autochthonous case of human WNV neu-
roinvasive disease was identified in the Netherlands. 
Retrospective analysis revealed six additional clinical 
cases [18]. All WNV detections within the Netherlands 
were restricted to two specific areas; in the municipality 
of Utrecht where most WNV positive birds and all posi-
tive mosquitoes were found; and near the municipality 
of Arnhem where a seventh human case was identified 
in October [19,20].

According to the World Organisation for Animal 
Health (WOAH), sentinels are defined as susceptible 
animals of known health or immune status that are reg-
ularly tested in specific (outbreak-prone) geographical 
locations to detect the occurrence of diseases or infec-
tions, often through serological testing [21]. Captive 
sentinel birds, such as chickens (Gallus gallus domesti-
cus) and pigeons (Columbia livia) have been routinely 
utilized for arbovirus monitoring and surveillance in 
various settings and across different continents [22– 
24]. Chickens do not show clinical signs following 
infection but do develop neutralizing antibodies. Exper-
imental studies have shown that chickens do not con-
tribute to the vector-host transmission cycle [25,26]. 
In addition, sentinels such as chickens can be repeatedly 
sampled at the same desired locations, while also lever-
aging on their historical data on origin and movement 
patterns. Hence, chickens can serve as an effective sen-
tinel model system for the early detection or enzootic 
transmission of WNV and USUV.

Similar to other European countries, the Netherlands 
has a high density of petting zoos (also called city farms 
or urban farms), which are often located in peri-urban 
and urban areas [27]. Of the about 500 petting zoos in 
the country, 90% keep chickens alongside other animals, 
such as peacocks, sheep and goats [27]. Petting zoos may 
provide an innovative and sustainable approach to sen-
tinel surveillance for orthoflaviviruses, considering that 
these zoos are usually park-like structures in areas 
with relatively high human population densities. Mos-
quito-borne virus detection in petting zoos may there-
fore provide an indication of the risk of spill-over or 
concurrent circulation in the human population [28].

Although WNV surveillance in humans, animals 
and vectors was increased following its first detection 
in the Netherlands, the geographical spread of WNV 
around the outbreak areas after the first detections 
remained unknown. We therefore studied the spread 
of the virus in both outbreak areas, using chickens in 
petting zoos as sentinels. In addition, mosquitoes 
were collected to assess the presence of competent 
WNV and USUV vectors and their blood-feeding pat-
terns. By employing these approaches, we explored the 
potential of petting zoos as sentinel sites for monitor-
ing USUV and WNV in the Netherlands.

Materials and methods

Sampling

Chickens from petting zoos and backyards within a 15 
km radius of each of the two WNV outbreak locations 
[17,19,20] were included for sampling. Twenty-three 
locations around Utrecht and 13 around Arnhem 
agreed to participate (Figure 1). Additionally, volun-
teer bird ringers collected samples from backyard 
chickens between October 2020 and June 2022, from 
within and outside of our two specified study areas 
and radius (see Figure 1). The sampling of chickens 
was conducted in three phases: 1st of October 2020– 
31st of May 2021 (in both Utrecht and Arnhem), 1st 
of June – 31st of October 2021 (Utrecht area only) 
and 1st of November 2021 – 1st of June 2022 (both 
Utrecht and Arnhem), which we refer to in this 
study as phases I, II, and III respectively. Chickens 
were individually ringed for identification. If possible, 
individual chickens were resampled throughout the 
sampling phases. However, some chickens were lost 
to follow-up, because they died or were relocated 
away from the study area. These chickens were 
replaced by new chickens if available at the same 
location. A minimum of two and a maximum of thir-
teen chickens were sampled at each location per time-
point. Blood was obtained from the cutaneous ulnar 
vein using a syringe and needle. Blood samples were 
transported to the laboratory and then centrifuged at 
13,000 rpm for 5 min to collect sera, which were stored 
at – 80°C until use.

In addition, mosquitoes were collected to assess the 
presence of competent WNV and USUV vectors and 
their blood-feeding patterns in the petting zoos. Mos-
quitoes were collected during phases II and III at 
sampling locations using manual aspirators. All 
chicken coops, canteens and barns on the premises 
were visually inspected for the presence of mosquitoes. 
Mosquitoes were aspirated and stored frozen in 50 mL 
falcon tubes at −20°C until identification and further 
processing at the laboratory.

Laboratory analysis

Protein microarray
All sera with sufficient volume were tested on a protein 
microarray (PMA) as previously described [29]. In 
brief, each NS1 antigen (USUV, The Native Antigen 
Company, Kidlington UK; and WNV, Sino biologicals, 
China) was spotted in duplicate onto the nitrocellulose 
pad-coated glass slide (Sartorius Stedim Biotech, Goet-
tingen, Germany). Slides were incubated with sera after 
blocking with a BlockerTM BLOTTO buffer in TBS 
(Thermo Scientific, Rockford, IL, USA) to minimize 
aspecific binding, and subsequently with Alexafluor- 
647 conjugated goat anti-chicken IgY (Jackson 
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ImmunoResearch, Inc., West Grove, USA). Each 
serum was tested in a 4-fold serial dilution ranging 
from 1:20–1:1280. The tested microarray slides were 
scanned using a PowerScannerTM (Tecan, Männedorf, 
Switzerland), and the relative fluorescence units (RFU) 
per antigen were analysed using ImaGene® software 
(Biodiscovery, El Segundo, USA). Titers were calcu-
lated from the average RFU values using GraphPad 
Prism vs 9.4.0, as previously described [30].

Protein microarray cut-offs for chickens were cal-
culated using a ROC curve, using antibody titers of: 
samples collected from chickens in the Netherlands 
in 2006 before the first Dutch detection of USUV; 
Specific Pathogen Free (SPF) chickens; PCR- 
confirmed USUV and WNV positive birds, and 
chicken sera collected during this study. The cut-off 
with the highest specificity for USUV and WNV (Sup-
plemental material A, S1) was selected. The cut-off 
value for the PMA USUV NS1 and WNV NS1 signals 
was estimated at a median fluorescence value of ≥3500 
at serum dilution 1:80.

Micro-focus reduction neutralization test 
(mFRNT)
Samples with antibody binding signals above cut-off 
for USUV or WNV on the PMA were selected for 
further determination of the presence of neutralizing 

antibodies against WNV (lineage 2; B956, NCPV Por-
ton Down #638, 2010) and USUV (Africa 3 strain; 
Turdus Merula NL isolate 2016, EVAg Ref-SKU: 
011V-02153) using a micro-focus reduction neutraliz-
ation test (mFRNT) as previously described [31]. The 
positivity cut-off specific to chickens was established at 
≥160 for USUV and ≥80 for WNV. Samples showing 
positivity for both USUV and WNV mFRNTs, with a  
< 4-fold titer difference between the two antigens are 
denoted as “FLAVI” i.e. orthoflavivirus-positive (see 
Supplemental material A, S2). An overview of all 
mFRNT titers for all tested chickens is also shown in 
the Supplementary material A (S3).

Virus neutralization test (VNT)
Six samples from phase I were confirmed by Virus 
Neutralization Tests (VNT) instead of mFRNT 
because of insufficient volume to retest those in the 
mFRNT. Virus neutralization tests were performed 
using titrated stocks of USUV (Africa 3 strain; Turdus 
Merula NL isolate 2016, EVAg Ref-SKU: 011V-02153) 
and WNV (lineage 2, strain B956, NCPV Porton 
Down #638, 2010), using a protocol adapted from 
Reusken et al. [32]. Viral cytopathic effects (CPE) 
were recorded five days post-inoculation for USUV 
and seven days post-inoculation for WNV. Sera were 
regarded positive in the case of a reciprocal titer of 

Figure 1. Sampling locations (green dots) within the 15 km radius of two locations where WNV was detected in 2020. Locations 
where backyard chickens were sampled by volunteer bird ringers are shown in the full country map and the Utrecht area inset as 
blue dots.
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≥1:16 and a ≥ 4-fold titer difference was used to dis-
tinguish between WNV and USUV infections.

Statistical analysis and mapping

Descriptive statistics were used to summarize the anti-
body detections across sampling locations and areas. 
Individual and flock seroprevalence of WNV and 
USUV was estimated as the proportion of seropositive 
individuals/locations to the total number sampled per 
location/area, using a two-sided exact binomial test 
with a 95% confidence interval. Waning of antibodies 
over time was estimated by comparing mFRNT titers 
across phases using a mixed-effect linear model 
using the lme4 package in RStudio [33]. The depen-
dent variable was the log-transformed mFRNT titer, 
while the fixed factor was the number of weeks after 
the first positive sample. To account for the repeated 
sampling on the same individual, we included individ-
ual chicken identification number as a random factor. 
For this model, we selected chickens with an USUV/ 
WNV status in phase I or II and that were sampled 
in more than one phase. Analyses included only 
those results from the USUV/WNV status and 
onward. Chickens showing an increase in titer 
between sampling points were removed to exclude 
potentially reinfected animals. All data handling, stat-
istical analyses, and graphs were generated using R 
statistical software vs4.1.2. Maps were created using 
QGIS desktop version 3.22.5 [34].

Mosquito and bloodmeal host identification

Mosquitoes were identified to the species level follow-
ing the identification key of Becker et al. [35]. Adult 
female Cx. pipiens and Cx. torrentium are morphologi-
cally indistinguishable and were therefore grouped 
together as Cx. pipiens/torrentium. Subsequently, 
blood-engorged specimens were subjected to blood-
meal analysis following the molecular protocol 
described by Blom et al. [36]. In brief, DNA was 
extracted from individual blood-engorged abdomens, 
followed by PCR. PCR was conducted with primer 
sets targeting the Cytb region. In case amplification 

with Cytb primers was unsuccessful, an additional 
PCR was performed using primers targeting the 16S 
rDNA region. Successful PCR products were subjected 
to Sanger sequencing. Sequences were analysed using 
Geneious Prime 2023.0.4. Acquired sequences were 
matched with reference sequences in the NCBI Gen-
bank database using BLAST to identify the host origin.

Results

Samples and resampling of chickens

Sampling of chickens was performed in three phases 
between October 2020 and June 2022. In total, we col-
lected 639 sera from 348 individual chickens across 36 
locations that were within a 15 km radius of the two 
2020 WNV outbreak locations in the Netherlands 
(see Table 1). Two samples from the Utrecht area 
had insufficient volume and thus were not tested. 
Additionally, volunteer bird ringers collected 31 
samples from 30 chickens at seven locations during 
the study period, four of which were within the 15 
km radius in Utrecht (see Figure 1). Twenty-four 
samples (19 from the Utrecht area and five ringer 
samples) were positive on PMA but had insufficient 
volume left to be tested by mFRNT and were excluded 
from the analyses (see Table 1).

Of the 370 chickens tested, seventy-six chickens 
(20.5%) were sampled and tested three times (all in 
Utrecht), 122 (33.0%) chickens twice (55 Utrecht 
and 66 Arnhem, 1 ringer chicken) and 172 (46.5%) 
were sampled and tested only once (109 Utrecht and 
39 Arnhem, 24 ringer chickens).

Serology

Seroprevalence and seroconversions in individual 
chickens
In the Utrecht area, WNV seroprevalence showed 
fluctuations across the three phases: 3.33% [6/180 
(95% CI: 1.23, 7.11)] in phase I, 13.29% [15/143 
(95% CI: 8.19, 19.96)] in phase II, and 12.10% [15/ 
124 (95% CI: 6.93, 19.17)] in phase III. In contrast, 
USUV seroprevalence increased steadily from 6.67% 

Table 1. Numbers of tested locations and chicken samples per phase, per area.

Period Phase I (1 Oct 2020–31 May 2021)
Phase II (1 June 2021–31 Oct 

2021) Phase II (1 Nov 2021–1 June 2022)

Area Utrecht Arnhem Ringer locations Utrecht Ringer locations Utrecht Arnhem Ringer locations

Number of locations† 23 13 6 20 1 21 13 2
New chickens sampled 180 96 15 35 4 13 9 6
Resampled – – – 112 0 113 66 1
Lost to follow-up - - - 83 15 42 30 3
Insufficient volume 15 0 5 4 0 2 0 0
Total fully tested (sampled) per area 180 (195) 96 (96) 15 (20) 143 (147) 4 (4) 124 (126) 75 (75) 7 (7)
Total tested (sampled) per phase 290 (311) 147 (151) 206 (208)
†Two locations from the Utrecht area were lost to follow-up due to an avian influenza outbreak and one location not being interested in further partici-

pation. One location from the Utrecht area had all chickens relocated and was followed up at the new location as this was still within the sampling radius. 
One location from the Utrecht area only participated in phases I and III.
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[12/180 (95% CI: 3.49, 11.36)] in phase I to 10.49% 
[15/143 (95% CI: 5.99, 16.71)] in phase II, and rose 
again to 20.97% [26/124 (95% CI: 14.18, 29.19)] in 
phase III. Arnhem area had lower WNV seropreva-
lences of 1.04% [1/96 (95% CI: 0.03, 5.67)] in phase 
I and 6.67% [5/75 (95% CI: 2.20, 14.88)] in phase III 
compared to Utrecht. Conversely, the USUV seropre-
valence in the Arnhem area was 20.83% [20/96 (95% 
CI: 13.20, 30.33)] in phase I surpassing the seropreva-
lence in Utrecht. However, by phase III the USUV ser-
oprevalence in Arnhem dropped to 8.0% [6/75 (95% 
CI: 2.99, 16.60)]. No sampling was conducted in the 
Arnhem area in phase II, hence the seroprevalence 
was not estimated (see Table 2; Figure 2).

Three out of seven volunteer bird ringer locations 
were located outside the two investigated areas. In 
phase I, in a location 40 km north-west of Utrecht, 
one of two chickens tested WNV positive by VNT. 
In another location 22 km north-east of Arnhem, 
one of two chickens tested seropositive for WNV. In 
phase II the same location was sampled, and one (1/ 
4) newly sampled chicken tested WNV positive. In 
phase III, the same location had one new (1/4) 
WNV-positive and one (1/4) USUV-positive chicken. 
All other positive ringer sampled chickens, sampled in 
phase I, were in the 15 km radius of the Utrecht area 
(see Figure 2A).

In total, 52 individual chickens seroconverted 
during our study period. Of these, 45 were from the 
Utrecht area and the remaining seven from the Arn-
hem area. Of the chickens from the Utrecht area 
that were sampled in the first two phases, 18.37% 
(18/98) seroconverted. These chickens developed anti-
bodies against WNV (7/18), USUV (7/18) and both 
viruses (FLAVI, 4/18) indicating active circulation of 
both WNV and USUV in the summer of 2021 (1st 
of March-10th of October). Twenty-one chickens 
from Utrecht seroconverted between phase II and III 

(27th of September 2021-7th of March 2022) and 
developed antibodies against WNV (9/21), USUV 
(8/21), and both viruses (FLAVI, 4/21). In addition, 
6 chickens from Utrecht seroconverted for WNV (1/ 
6), USUV (4/6) and FLAVI (1/6) between phase I 
and III (not sampled during phase II). Seven chickens 
from the Arnhem area seroconverted for WNV (3/7), 
USUV (3/7) and FLAVI (1/7) between phase I and III.

Observed flock prevalences
The observed WNV flock (petting zoo) prevalence 
also showed a marked increase across the first two 
phases in the Utrecht area, from 21.74% [5/23, (95% 
CI: 7.46, 43.70)] to 60% [12/20, (95% CI: 36.05, 
80.88)] (see Figure 2). After phase II, the flock preva-
lence in Utrecht remained stable at 52.38% [11/21, 
(95% CI: 29.78, 74.29)] in phase III. There was only 
one WNV-positive flock in the Arnhem area in 
phase I, thus a 7.69% [1/13, (95% CI: 0.19, 36.03)] 
flock prevalence, which increased to 23.08% [3/13, 
(95% CI: 5.04, 53.81)] in phase III. The observed 
USUV flock prevalence increased from 39.13% [9/23, 
(95% CI: 19.71, 61.46)] in phase I to 50% [10/20, 
(95% CI: 27.20, 72.80)] in phase II and 52.38% [11/ 
21, (95% CI: 29.78, 74.29)] in phase III in the Utrecht 
area. In the Arnhem area, USUV flock prevalence 
decreased from 46.15% [6/13, (95% CI: 19.22, 
74.87)] in phase I to 23.08% [3/13, (95% CI: 5.04, 
53.81)] in phase III.

Antibody waning

Eight animals remained seropositive for either WNV 
(n = 1), USUV (n = 4) or both viruses (n = 3), through-
out the complete study period of one year. These 
findings can indicate antibody persistence or reinfec-
tions in these animals. Forty-one chickens serore-
verted from WNV (n = 11), USUV (n = 25) or 

Table 2. Summary of percentage antibody positives across three sampling phases (I, II, & III) and sampling areas (Arnhem, Utrecht, 
and ringer locations).

Phase I Phase II Phase III

Protein Array mFRNT / VNT
Protein 
Array mFRNT Protein Array mFRNT

Area % pos (d/N) Antigens % pos (d/N) % pos (d/N) Antigens % pos (d/N) % pos (d/N) Antigens % pos (d/N)
WNV 1.61 (1/62) WNV NA WNV 12.5 (5/40)

Arnhem 64.6 (62/96) USUV 32.4 (20/62) 
ⱡ1

NA USUV NA 53.3 (40/75) USUV 15 (6/40)

FLAVI 4.8 (3/62) FLAVI NA FLAVI 2.5 (1/40)
WNV 8.8 (6/68) WNV 22.6 (19/84) WNV 22.7 (15/66)

Utrecht 42.3 (82/194) USUV 17.6 (12/68) 59.9 (88/ 
147)

USUV 17.9 (15/84) 55.2 (69/125) USUV 39.4 (26/66)

FLAVI 10.3 (7/68) FLAVI 8.3 (7/84) FLAVI 9.1 (6/66)
WNV 30.8 (4/13) ⱡ4 WNV 25 (1/4) WNV 14.3 (1/7)

Ringer 
locations

65.0 (13/20) USUV 15.4 (2/13) 
ⱡ2

100 (4/4) USUV 0 (0/4) 100 (7/7) USUV 14.3 (1/7)

FLAVI 7.7 (1/13) ⱡ1 FLAVI 0 (0/4) FLAVI 0 (0/7)
Overall 

positivity
50.6 (157/ 

310)
42.8 (62/145) 
ⱡ

60.9 (92/ 
151)

47.7 (42/88) 56.0 (116/207) 53.0 (61/115)

ⱡn Indicates samples (n = number of samples) confirmed via VNT instead of mFRNT. NB. Some of the PMA positives could not be confirmed on FRNT or VNT 
due to insufficient volume of sera.
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FLAVI (n = 5) seropositive to negative between 
sampling points. Twenty-seven out of 68 USUV posi-
tive chickens were repeatedly sampled and had an 
USUV positive status in phase I or II (without an 
increase in titer throughout the study period) and 
were selected to study waning of antibodies (see Figure 
3). The intercept of the linear mixed-effects model was 
6.07, which corresponds to an average estimated 
mFRNT titer of 432.7 for USUV at the first positive 
sampling. The model revealed an estimated average 
decline in log-transformed USUV titer of 0.049 per 
week since the first USUV status sample. This means 
the mFRNT titer of chickens would fall below cut-off 
(titer of 160) in about 20 weeks and below a titer of 
10 (undetectable titer) in approximately 78 weeks. 
The sample size (n = 13) for waning of WNV anti-
bodies was insufficient to perform a similar analysis. 
Four of these thirteen chickens had stable WNV titers 

above cut-off (80, 80, 1280 and 2560 respectively) at all 
sampling points, thus no waning of antibody titers, 
over a period ranging from 115 and 439 days between 
first and last sampling. Seven chickens had a ≥ 4-fold 
decline in WNV titer (with 120–347 days between 
first and last sample) and the remaining two had a 
2-fold decline between the first and last sample (208 
and 347 days respectively). In total, eight (8/13) of 
these chickens seroconverted.

Mosquitoes

In total, 47 mosquitoes were captured during visits in 
phase II (n = 36) and phase III (n = 11) at 12 different 
sampling locations. Both female (40/47, 85.1%) and 
male (7/47, 14.9%) mosquitoes were caught. The 
majority were Culex mosquitoes (59.6%) of which all 
but two were Culex pipiens/torrentium. The remaining 

Figure 2. A: Spatial overview of all serological results for Utrecht and Arnhem area per sampling phase. Results for volunteer bird 
ringer locations outside of the two sampling areas (n = 3), aggregated for all phases, are shown in the large left (country) panel. B: 
Percentage of USUV-positive chickens per location for each sampling phase. C: Percentage of WNV-positive chickens per location 
for each sampling phase. *Indicates samples were taken but none were positive. Numbers above bars represent number sampled 
per location.
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two (male) Culex specimens were not identifiable to 
the species level. Other detected species were Ano-
pheles maculipennis s.l. (23.4%), Anopheles claviger 
(4.3%) and Culiseta annulata (12.8%). Fifteen (15/40, 
37.5%) of the female mosquitoes were engorged at 
the time of capture. The engorged females were all 
caught during phase II in September 2021 at five sep-
arate locations in the Utrecht area. Bloodmeal analyses 
revealed ten (all Cx. pipiens/torrentium, 66.7%) of the 
blood-engorged mosquitoes fed on chickens 
(G. gallus) and three mosquitoes (20%, two An. clavi-
ger, one Cs. annulata), all from the same farm, fed on 
pigs (Sus scrofa). For the remaining two blood- 
engorged mosquitoes, the source of the bloodmeal 
could not be identified.

Discussion

This study investigated the potential of utilizing pet-
ting zoo and backyard chickens as sentinels to assess 
the extent of spread and circulation of WNV and 
USUV in two WNV outbreak areas in the Nether-
lands. Through systematic sampling of chickens 
around outbreak sites, previously undetected trans-
mission of WNV and USUV in the Netherlands was 
captured in 2021. This underscores the utility of chick-
ens in backyard and petting zoo settings as effective 
sentinels for detecting the presence of WNV and 
USUV.

The observed prevalence of WNV at both individ-
ual and flock level in chickens around Utrecht and 
Arnhem showed an increase after May 2021, indicat-
ing active circulation of the virus during that year. 
This was corraborated by seroconversions in repeat-
edly sampled individuals across multiple locations. 

Furthermore, the detection of WNV antibodies in 
chickens located farther from the outbreak locations 
suggests a broader spread of the virus compared to 
areas identified through molecular surveillance in 
wild birds [17]. Notably, WNV circulation in 2021 
went unnoticed by syndromic surveillance in horses 
and humans, as well as in molecular surveillance of 
mosquitoes and wild birds. However, the circulation 
of WNV in the Netherlands was later further 
affirmed by the detection of virus in a wild-caught 
grey heron (Ardea cinerea) in 2022. The partial 
sequence obtained from this bird clustered with the 
2020 WNV sequences from the Netherlands [37]. In 
addition, USUV antibodies were consistently found 
in chickens and seroconversions were observed 
throughout the study period. Similar to the findings 
on WNV, this indicates active USUV circulation in 
both study areas. These findings corroborate the ende-
mic nature of USUV in the Netherlands, supported by 
the annual detections in wild birds since 2016 (Mün-
ger et al., in prep). Surprisingly, no notable increase 
in blackbird mortality was observed in 2021 [38]. 
Our findings underscore the significance of integrat-
ing chicken serological surveillance into exisiting sur-
veillance efforts for early-detection and response to 
USUV and WNV outbreaks.

Research on antibody waning after orthoflavivirus 
infections in animals is limited. Sentinel chickens are 
typically removed post-seroconversion, while recap-
turing wild birds is rare, complicating antibody 
decay tracking [23]. Experimental infection studies 
often do not study long-term antibody kinetics [25]. 
Our study estimates an average antibody decay to 
below cut-off at approximately 20 weeks post-initial 
positive sample. However, individual variation in 

Figure 3. USUV mFRNT titers for 27 repeatedly sampled chickens confirmed positive for USUV in phase I or phase II. The horizontal 
dashed line indicates mFRNT cut-off titer for USUV. Status at each sampling point is indicated by a coloured dot.
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neutralizing antibody development and persistence 
exists [24]. Our findings align with a study in captive 
birds of prey showing a marked USUV antibody 
decline over six months [39]. However, Bergmann 
et al. [40] reported prolonged USUV positivity in 
zoo birds over four years, suggesting possible differen-
tial responses to orthoflavivirus infections between 
bird species. In our study, limited sample size hin-
dered reliable analyses of WNV antibody waning, 
but some animals maintained stable antibody titers 
beyond 439 days post-initial sampling. Compared to 
USUV, indeed longer WNV antibody persistence 
was previously reported in various bird species, [41– 
44]. However, in none of these studied chickens 
were investigated.

A few seropositive chickens showed increasing 
titers over time, possibly due to new exposures or 
co-infections with other orthoflaviviruses [45]. These 
factors are not easily discernible in field investigations. 
Some chickens maintained persistent high antibody 
titers throughout the study, suggesting either reinfec-
tion or a prolonged half-life of antibodies due to indi-
vidual variation. Alternatively, chronic WNV 
infections may have led to recrudescence [46,47]. In 
the case of USUV infections in 2020, chickens might 
have been infected months or even longer before the 
first sample was taken in early 2021, leading to poten-
tial underestimation of USUV-positive chickens and 
lower the expected timespan to go below cut-off.

Apart from chickens, horses, dogs and other wild-
life species are commonly used as sentinels for 
orthoflavivirus surveillance [48–50]. However, horses 
may be vaccinated against WNV, rendering these 
individuals unsuitable as sentinels. In the Nether-
lands, WNV and USUV seroprevalence in horses 
and dogs is very low and equine cases of WNV infec-
tions have not been detected prior to human cases 
[51]. Obtaining wildlife samples is challenging, and 
repeated sampling is often impractical [50]. Further-
more, seroconversions in wildlife might not be the 
best reflection of public health risks as wildlife habitat 
are often segregated from urban areas. In contrast, 
chickens are logistically easier to procure, monitor 
and replace, enhancing their applicability as sentinel 
species. In addition, petting zoos and backyard chick-
ens, often located in or near urban areas, may reflect 
human health risks related to WNV and USUV as 
shown previously [52]. The detection of chicken 
DNA in the bloodmeals Cx. pipiens/torrentium 
further confirms that chickens in petting zoos are 
exposed to bites of an important WNV and USUV 
vector [4,53]. Surveillance programmes incorporating 
repeated sampling of sentinel animals, like chickens, 
are better poised to capture temporal changes in 
virus activity viral for timely and effective public 
health interventions compared to cross-sectional 
studies.

In summary, this study provides strong evidence of 
the active circulation of both WNV and USUV 
throughout our study period, extending well beyond 
previously documented geographical detection range 
in the Netherlands. This also indicates that the total 
geographical range of WNV and USUV circulation 
is likely even larger, necessitating studies including 
broader perimeters from initial infection sites. Nota-
bly, no human cases were reported in the Netherlands 
during or after the study period. However, given the 
high antibody prevalence in chickens, our findings 
suggest the possibility of undetected human infections 
when relying solely on molecular and syndromic 
surveillance.

Overall, our study underscores the value of senti-
nel surveillance in petting zoos and backyard chick-
ens in detecting virus circulation that might 
otherwise go unnoticed. Additionally, it affirms the 
utility of chickens as sentinels, complementing 
other surveillance methods such as wild bird and 
mosquito surveillance, as well as syndromic surveil-
lance in horses and humans. Further insights into 
human infections could be gained through retrospec-
tive testing of bio-banked blood donors or hospital-
ized patient samples with a history of fever and/or 
neurological symptoms, collected from risk areas 
and during outbreak periods.

Acknowledgements

The authors would like to thank all petting zoos and 
chicken owners, and bird ringers that collected chicken 
samples for participating in this study, as well as Pauline 
de Best, Mariken de Wit, Chiara de Bellegarde, Laura 
Smeele, Christiaan Roos, and Jurrian van Irsel for their 
help with the sample collection. We thank Tijs van den 
Berg for logistical support and sample collection. 
Additionally, we thank Anne van der Linden and Mikaela 
Suehely Cicilia for their lab assistance, and Sjaak de Wit of 
Royal GD for providing the preARBO-TN samples used in 
the mFRNT and PMA validation.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This publication is part of the project “Preparing for vector- 
borne virus outbreaks in a changing world: a One Health 
Approach,” which is (partly) financed by the Dutch 
Research Council (NWO) under Grant [NWA.1160.1S.210].

Ethical statement

Sampling of chickens was performed in accordance with the 
Dutch law on Animal Experiments (WoD) and EU regu-
lation on the use of animals for scientific purposes under 
document numbers AVD801002015342 and AVD- 
80100202114410.

8 K. STRENG ET AL.



ORCID

Reina S. Sikkema http://orcid.org/0000-0001-7331-6274

References

[1] Walker PJ, Siddell SG, Lefkowitz EJ, et al. Recent 
changes to virus taxonomy ratified by the 
International Committee on Taxonomy of Viruses 
(2022). Arch Virol. 2022;167:2429–2440. doi:10. 
1007/s00705-022-05516-5

[2] Nikolay B. A review of West Nile and Usutu virus co- 
circulation in Europe: how much do transmission 
cycles overlap? Trans R Soc Trop Med Hyg. 
2015;109:609–618. doi:10.1093/trstmh/trv066

[3] Vilibic-Cavlek T, Petrovic T, Savic V, et al. 
Epidemiology of Usutu Virus: the European scenario. 
Pathogens. 2020;9:699. doi:10.3390/pathogens9090699

[4] Vogels CB, Göertz GP, Pijlman GP, et al. Vector com-
petence of European mosquitoes for West Nile virus. 
Emerg Microbes Infect. 2017;6:1–13. doi:10.1038/ 
emi.2017.82

[5] Ibáñez Justicia A, Stroo A, Dik M, et al. National mos-
quito (Diptera: Culicidae) survey in The Netherlands 
2010-2013. J Med Entomol. 2015;52:185–198. doi:10. 
1093/jme/tju058

[6] Krol L, Blom R, Dellar M, et al. Interactive effects of 
climate, land use and soil type on Culex pipiens/torren-
tium abundance. One Health. 2023;17:100589. doi:10. 
1016/j.onehlt.2023.100589

[7] Möhlmann TWR, Wennergren U, Tälle M, et al. 
Community analysis of the abundance and diversity 
of mosquito species (Diptera: Culicidae) in three 
European countries at different latitudes. Parasit 
Vectors. 2017;10:510. doi:10.1186/s13071-017-2481-1

[8] Brugman V, Hernández-Triana L, Medlock J, et al. The 
role of Culex pipiens L. (Diptera: Culicidae) in virus 
transmission in Europe. Int J Environ Res Public 
Health. 2018;15:389. doi:10.3390/ijerph15020389

[9] Roesch F, Fajardo A, Moratorio G, et al. Usutu Virus: 
an arbovirus on the rise. Viruses. 2019;11:1–14. doi:10. 
3390/v11070640

[10] Rijks JM, Kik M, Slaterus R, et al. Widespread Usutu 
virus outbreak in birds in the Netherlands, 2016. 
Eurosurveillance. 2016;21:30391.

[11] Munnink O, Münger BB, Nieuwenhuijse E, et al. 
Genomic monitoring to understand the emergence 
and spread of Usutu virus in the Netherlands, 2016– 
2018. Sci Rep. 2020;10:2798. doi:10.1038/s41598-020- 
59692-y

[12] Zaaijer HL, Slot E, Molier M, et al. Usutu virus infec-
tion in Dutch blood donors. Transfusion (Paris). 
2019;59:2931–2937. doi:10.1111/trf.15444

[13] Münger E. Working title: assessing mosquito-borne 
emergence potential in North-Western Europe: 
Dynamics of Usutu and West Nile Viruses in the 
Netherlands, 2016-2022. In preparation.

[14] Fay RL, Keyel AC, Ciota AT. West Nile virus and cli-
mate change. Adv Virus Res [Internet]. Elsevier; 
2022 [cited 2024 Apr 16]. p. 147–193. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/ 
S0065352722000215.

[15] ECDC. West Nile virus infection. Annual 
Epidemiological Report for 2018. [Internet]. 
Stockholm: European Centre for Disease Prevention 
and Control; 2019. Available from: https://www.ecdc. 

europa.eu/sites/default/files/documents/west-nile- 
fever-annual-epidemiological-report-2018.pdf.

[16] Ziegler U, Lühken R, Keller M, et al. West Nile virus 
epizootic in Germany, 2018. Antiviral Res. 
2019;162:39–43. doi:10.1016/j.antiviral.2018.12.005

[17] Sikkema RS, Schrama M, van den Berg T, et al. 
Detection of West Nile virus in a common whitethroat 
(Curruca communis) and Culex mosquitoes in the 
Netherlands, 2020. Euro Surveill. 2020;25:1–6.

[18] Braks MAH, van den Kerkhof HHTC. Westnijlvirus in 
Nederland: Aanpak Surveillance en respons 2021- 
2023. 2021.

[19] Vlaskamp DRM, Thijsen SFT, Reimerink J, et al. First 
autochthonous human west nile virus infections in the 
Netherlands, July to August 2020. Eurosurveillance. 
2020;25:1–4.

[20] RIVM. Patient infected with West Nile virus in the 
Arnhem region [Internet]. 2020 [cited 2024 Apr 26]. 
Available from: https://www.rivm.nl/en/news/patient- 
infected-with-west-nile-virus-in-arnhem-region.

[21] WOAH. Terrestrial animal health code [Internet]. 31st 
ed Paris: World Organisation for Animal Health; 
2023; Available from: https://www.woah.org/en/ 
what-we-do/standards/codes-and-manuals/terrestrial 
-code-online-access/.

[22] Chaintoutis SC, Gewehr S, Mourelatos S, et al. 
Serological monitoring of backyard chickens in 
Central Macedonia-Greece can detect low trans-
mission of West Nile virus in the absence of human 
neuroinvasive disease cases. Acta Trop. Third edti. 
2016;163:26–31. doi:10.1016/j.actatropica.2016.07.018

[23] Kwan JL, Kluh S, Madon MB, et al. Sentinel chicken 
seroconversions track tangential transmission of 
West Nile virus to humans in the greater Los 
Angeles area of California. Am J Trop Med Hyg. 
2010;83:1137–1145. doi:10.4269/ajtmh.2010.10-0078

[24] Komar N. West Nile virus surveillance using sentinel 
birds. Ann N Y Acad Sci. 2001;951:58–73. doi:10. 
1111/j.1749-6632.2001.tb02685.x

[25] Langevin SA, Bunning M, Davis B, et al. Experimental 
infection of chickens as candidate sentinels for West 
Nile virus. Emerg Infect Dis. 2001;7:726–729. doi:10. 
3201/eid0704.017422

[26] Holicki CM, Michel F, Vasić A, et al. Pathogenicity of 
West Nile Virus lineage 1 to German poultry. Vaccines 
(Basel). 2020;8:507. doi:10.3390/vaccines8030507

[27] VSKN. Vereniging Stads- en Kinderboerderijen 
Nederland [Internet]. Assoc. Dutch City- Petting 
Zoos. 2023 [cited 2023 Oct 3]. Available from: 
https://www.vskbn.nl/.

[28] Reisen WK. Landscape epidemiology of vector-borne 
diseases. Annu Rev Entomol. 2010;55:461–483. 
doi:10.1146/annurev-ento-112408-085419

[29] Cleton NB, Van Maanen K, Bergervoet SA, et al. A ser-
ological protein microarray for detection of multiple 
cross-reactive flavivirus infections in horses for veter-
inary and public health surveillance. Transbound 
Emerg Dis. 2017;64:1801–1812. doi:10.1111/tbed. 
12569

[30] Koopmans M, De Bruin E, Godeke G-J, et al. Profiling of 
humoral immune responses to influenza viruses by 
using protein microarray. Clin Microbiol Infect. 
2012;18:797–807. doi:10.1111/j.1469-0691.2011.03701.x

[31] De Bellegarde De Saint Lary C, Kasbergen LMR, 
Bruijning-Verhagen PCJL, et al. Assessing West Nile 
virus (WNV) and Usutu virus (USUV) exposure in 
bird ringers in the Netherlands: a high-risk group 

EMERGING MICROBES & INFECTIONS 9

http://orcid.org/0000-0001-7331-6274
https://doi.org/10.1007/s00705-022-05516-5
https://doi.org/10.1007/s00705-022-05516-5
https://doi.org/10.1093/trstmh/trv066
https://doi.org/10.3390/pathogens9090699
https://doi.org/10.1038/emi.2017.82
https://doi.org/10.1038/emi.2017.82
https://doi.org/10.1093/jme/tju058
https://doi.org/10.1093/jme/tju058
https://doi.org/10.1016/j.onehlt.2023.100589
https://doi.org/10.1016/j.onehlt.2023.100589
https://doi.org/10.1186/s13071-017-2481-1
https://doi.org/10.3390/ijerph15020389
https://doi.org/10.3390/v11070640
https://doi.org/10.3390/v11070640
https://doi.org/10.1038/s41598-020-59692-y
https://doi.org/10.1038/s41598-020-59692-y
https://doi.org/10.1111/trf.15444
https://linkinghub.elsevier.com/retrieve/pii/S0065352722000215
https://linkinghub.elsevier.com/retrieve/pii/S0065352722000215
https://www.ecdc.europa.eu/sites/default/files/documents/west-nile-fever-annual-epidemiological-report-2018.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/west-nile-fever-annual-epidemiological-report-2018.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/west-nile-fever-annual-epidemiological-report-2018.pdf
https://doi.org/10.1016/j.antiviral.2018.12.005
https://www.rivm.nl/en/news/patient-infected-with-west-nile-virus-in-arnhem-region
https://www.rivm.nl/en/news/patient-infected-with-west-nile-virus-in-arnhem-region
https://www.woah.org/en/what-we-do/standards/codes-and-manuals/terrestrial-code-online-access/
https://www.woah.org/en/what-we-do/standards/codes-and-manuals/terrestrial-code-online-access/
https://www.woah.org/en/what-we-do/standards/codes-and-manuals/terrestrial-code-online-access/
https://doi.org/10.1016/j.actatropica.2016.07.018
https://doi.org/10.4269/ajtmh.2010.10-0078
https://doi.org/10.1111/j.1749-6632.2001.tb02685.x
https://doi.org/10.1111/j.1749-6632.2001.tb02685.x
https://doi.org/10.3201/eid0704.017422
https://doi.org/10.3201/eid0704.017422
https://doi.org/10.3390/vaccines8030507
https://www.vskbn.nl/
https://doi.org/10.1146/annurev-ento-112408-085419
https://doi.org/10.1111/tbed.12569
https://doi.org/10.1111/tbed.12569
https://doi.org/10.1111/j.1469-0691.2011.03701.x


for WNV and USUV infection? One Health. 
2023;16:100533. doi:10.1016/j.onehlt.2023.100533

[32] Reusken C, Boonstra M, Rugebregt S, et al. An evalu-
ation of serological methods to diagnose tick-borne 
encephalitis from serum and cerebrospinal fluid. J Clin 
Virol. 2019;120:78–83. doi:10.1016/j.jcv.2019.09.009

[33] RStudio Team. RStudio: integrated development for R 
[Internet]. Boston (MA): RStudio, PBC; 2023; 
Available from: www.RStudio.com.

[34] QGIS Development Team. QGIS geographic infor-
mation system. 2021.

[35] Becker N, Petrić D, Zgomba M, et al. Mosquitoes: 
identification, ecology and control [Internet]. Cham: 
Springer International Publishing; 2020; [cited 2023 
Jun 5]. Available from: http://link.springer.com/10. 
1007978-3-030-11623-1.

[36] Blom R, Krol L, Langezaal M, et al. Blood-feeding 
patterns of Culex pipiens biotype pipiens and 
pipiens/molestus hybrids in relation to avian commu-
nity composition in urban habitats. Parasit Vectors. 
2024;17:95. doi:10.1186/s13071-024-06186-9.

[37] RIVM. Grey heron infected with West Nile virus. Natl 
Inst Public Health Environ [Internet]. 2022 Nov 1 
[cited 2023 May 3]; Available from: https://www. 
rivm.nl/node/210071.

[38] SOVON. Monitoring dode vogels [Internet]. 2021 
[cited 2024 Feb 29]. Available from: https://portal. 
sovon.nl/dood/result/index/11870?jaar = 2021&maan 
d = −1&oorzaak = &pid = 0.

[39] Meister T, Lussy H, Bakonyi T, et al. Serological evi-
dence of continuing high Usutu virus (Flaviviridae) 
activity and establishment of herd immunity in wild 
birds in Austria. Vet Microbiol. 2008;127:237–248. 
doi:10.1016/j.vetmic.2007.08.023

[40] Bergmann F, Schmoock-Wellhausen M, Fast C, et al. 
Longitudinal study of the occurrence of Usutu virus 
and West Nile virus infections in birds in a zoological 
garden in Northern Germany. Pathogens. 
2023;12:753. doi:10.3390/pathogens12060753

[41] Gibbs SEJ, Hoffman DM, Stark LM, et al. Persistence of 
antibodies to West Nile virus in naturally infected rock 
pigeons (Columba livia). Clin Vaccine Immunol. 
2005;12:665–667. doi:10.1128/CDLI.12.5.665-667.2005

[42] McKee EM, Walker ED, Anderson TK, et al. West Nile 
Virus antibody decay rate in free-ranging birds. J 
Wildl Dis. 2015;51:601. doi:10.7589/2014-07-175

[43] Nemeth NM, Kratz GE, Bates R, et al. Naturally 
induced humoral immunity to West Nile virus 

infection in raptors. EcoHealth. 2008;5:298–304. 
doi:10.1007/s10393-008-0183-z

[44] Nemeth NM, Oesterle PT, Bowen RA. Humoral 
immunity to West Nile virus is long-lasting and pro-
tective in the house sparrow (Passer domesticus). Am 
J Trop Med Hyg. 2009;80:864–869. doi:10.4269/ 
ajtmh.2009.80.864

[45] Santos PD, Michel F, Wylezich C, et al. Co-infections: 
simultaneous detections of West Nile virus and Usutu 
virus in birds from Germany. Transbound Emerg Dis. 
2022;69:776–792. doi:10.1111/tbed.14050

[46] Kuno G. Persistence of arboviruses and antiviral anti-
bodies in vertebrate hosts: its occurrence and impacts. 
Rev Med Virol. 2001;11:165–190. doi:10.1002/rmv.314

[47] Nemeth N, Young G, Ndaluka C, et al. Persistent West 
Nile virus infection in the house sparrow (Passer 
domesticus). Arch Virol. 2009;154:783–789. doi:10. 
1007/s00705-009-0369-x

[48] Durand B, Haskouri H, Lowenski S, et al. 
Seroprevalence of West Nile and Usutu viruses in 
military working horses and dogs, Morocco, 2012: 
dog as an alternative WNV sentinel species? 
Epidemiol Infect. 2016;144:1857–1864. doi:10.1017/ 
S095026881600011X

[49] Montagnaro S, Piantedosi D, Ciarcia R, et al. 
Serological evidence of mosquito-borne flaviviruses 
circulation in hunting dogs in Campania Region, 
Italy. Vector-Borne Zoonotic Dis. 2019;19:142–147. 
doi:10.1089/vbz.2018.2337

[50] Gutiérrez-Guzmán A-V, Vicente J, Sobrino R, et al. 
Antibodies to West Nile virus and related flaviviruses 
in wild boar, red foxes and other mesomammals from 
Spain. Vet Microbiol. 2012;159:291–297. doi:10.1016/ 
j.vetmic.2012.04.019

[51] Streng K, Hakze-van der Honing RW, Graham H, 
et al. Orthoflavivirus surveillance in the Netherlands: 
Insights from a serosurvey in horses & dogs and a 
questionnaire among horse owners. Zoonoses Public 
Health. 2024. doi:10.1111/zph.13171

[52] Chaskopoulou A, Dovas CI, Chaintoutis SC, et al. 
Detection and early warning of West Nile virus circu-
lation in Central Macedonia, Greece, using sentinel 
chickens and mosquitoes. Vector-Borne Zoonotic 
Dis. 2013;13:723–732. doi:10.1089/vbz.2012.1176

[53] Jansen S, Heitmann A, Lühken R, et al. Culex torren-
tium: a potent vector for the transmission of West 
Nile virus in Central Europe. Viruses. 2019;11:492. 
doi:10.3390/v11060492

10 K. STRENG ET AL.

https://doi.org/10.1016/j.onehlt.2023.100533
https://doi.org/10.1016/j.jcv.2019.09.009
http://www.RStudio.com
http://link.springer.com/10.1007/978-3-030-11623-1
http://link.springer.com/10.1007/978-3-030-11623-1
https://doi.org/10.1186/s13071-024-06186-9
https://www.rivm.nl/node/210071
https://www.rivm.nl/node/210071
https://portal.sovon.nl/dood/result/index/11870?jaar=2021%26maand=-1%26oorzaak=%26pid=0
https://portal.sovon.nl/dood/result/index/11870?jaar=2021%26maand=-1%26oorzaak=%26pid=0
https://portal.sovon.nl/dood/result/index/11870?jaar=2021%26maand=-1%26oorzaak=%26pid=0
https://doi.org/10.1016/j.vetmic.2007.08.023
https://doi.org/10.3390/pathogens12060753
https://doi.org/10.1128/CDLI.12.5.665-667.2005
https://doi.org/10.7589/2014-07-175
https://doi.org/10.1007/s10393-008-0183-z
https://doi.org/10.4269/ajtmh.2009.80.864
https://doi.org/10.4269/ajtmh.2009.80.864
https://doi.org/10.1111/tbed.14050
https://doi.org/10.1002/rmv.314
https://doi.org/10.1007/s00705-009-0369-x
https://doi.org/10.1007/s00705-009-0369-x
https://doi.org/10.1017/S095026881600011X
https://doi.org/10.1017/S095026881600011X
https://doi.org/10.1089/vbz.2018.2337
https://doi.org/10.1016/j.vetmic.2012.04.019
https://doi.org/10.1016/j.vetmic.2012.04.019
https://doi.org/10.1111/zph.13171
https://doi.org/10.1089/vbz.2012.1176
https://doi.org/10.3390/v11060492

	Abstract
	Introduction
	Materials and methods
	Sampling
	Laboratory analysis
	Protein microarray
	Micro-focus reduction neutralization test (mFRNT)
	Virus neutralization test (VNT)

	Statistical analysis and mapping
	Mosquito and bloodmeal host identification

	Results
	Samples and resampling of chickens
	Serology
	Seroprevalence and seroconversions in individual chickens
	Observed flock prevalences

	Antibody waning
	Mosquitoes

	Discussion
	Acknowledgements
	Disclosure statement
	Ethical statement
	ORCID
	References

