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West Nile virus (WNV) is a re-emerging zoonotic pathogen with increasing incidence in Europe, producing a
recent outbreak in 2020 in Spain with 77 human cases and eight fatalities. However, the factors explaining the
observed changes in the incidence of WNV in Europe are not completely understood. Longitudinal monitoring of
WNV in wild animals across Europe is a useful approach to understand the eco-epidemiology of WNV in the wild
and the risk of spillover into humans. However, such studies are very scarce up to now. Here, we analysed the
occurrence of WNV and Usutu virus (USUV) antibodies in 2102 samples collected between 2005 and 2020 from a
population of feral horses in Donana National Park. The prevalence of WNV antibodies varied between years,
with a mean seroprevalence of 8.1% (range 0%-25%) and seasonally. Climate conditions including mean min-
imum annual temperatures and mean rainy days per year were positively correlated with WNV seroprevalence,
while the annual rainfall was negatively. We also detected the highest incidence of seroconversions in 2020
coinciding with the human outbreak in southern Spain. Usutu virus-specific antibodies were detected in the horse
population since 2011. The WNV outbreak in humans was preceded by a long period of increasing circulation of
WNV among horses with a very high exposure in the year of the outbreak. These results highlight the utility of
One Health approaches to better understand the transmission dynamics of zoonotics pathogens.

1. Introduction

West Nile virus (WNV) is a widespread zoonotic pathogen that be-
longs to the Flaviviridae family and can affect wild animals, livestock and
humans [1]. Culex mosquitoes are considered the primary global vectors
of WNV while birds act as reservoirs [2]. Most mammals, including
humans, are considered dead-end hosts because they develop low levels
of viremia, preventing mosquito infection when they feed on their blood
[3]. WNV infections in humans rarely (<1% of cases) result in clinical
disease but infection symptoms may range from fever and myalgia to
meningoencephalitis that cause fatalities [4]. These same symptoms can
be detected in horses, where approximately 20% of WNV infections are
symptomatic with fever or severe neurological signs [5]. Mortality rates
are up to 30% in horses with clinical disease, but this rate can reach 50%
in unvaccinated animals [6].
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WNV is considered a re-emerging pathogen in Europe, with an
increasing but highly variable annual incidence [7]. In Spain, local
circulation of WNV has been reported since 2003, mainly in southern
Spain, through seroconversion of resident birds and horses [8-10], and
the detection of the virus or its genome in mosquitoes and birds [11,12].
Human cases were sporadically detected in the region (one clinical case
in 2004, two in 2010 and three in 2016) until 2020 when an outbreak
occurred with 77 clinical cases and eight fatalities [13,14]. Various
climate factors have been associated with the incidence of WNV in
Europe, more importantly, temperature, precipitation, and Normalized
Difference Vegetation Index (NDVI) (reviewed in [15,16]). However,
longitudinal studies analysing the incidence of WNV in relation to
climate conditions are scarce in the world [17] and, to our knowledge,
none has been done in Europe. In addition, in the last years other fla-
viviruses with zoonotic potential are also circulating in Europe. One of
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them is Usutu virus (USUV), which was first detected in Europe in
Austria in 2001 [18]. In Spain the virus was detected in mosquitoes in
2006 [19] and since 2009 the virus has been repeatedly reported in
South-West Spain in mosquitoes [20-22]. While most infections in
humans are asymptomatic, an increasing number of USUV positive
blood donations and cases of encephalitis associated to USUV infections
is being reported in Europe [18].

In this study we analysed the seroprevalence of WNV and occurrence
of USUV antibodies in horses’ sera over a period of 16 years in an area
close to the 2020 WNV outbreak. These analyses allowed us to: i)
identify the individual horse characteristics associated to WNV sero-
prevalence, ii) assess the relationship between different climate vari-
ables and WNV seroprevalence in horses, iii) study the association
between WNV serology in horses and the occurrence of WNV disease
cases in humans and iv) determine the exposure of the horses to USUV
virus during the study.

2. Materials and methods
2.1. Study area, sampling and data collection

This study was conducted at the Donana National Park (Spain). This
is a highly preserved area where the Donana Biological Station manages
two large stances: the Reserva Bioldgica de Donana (RBD) with 6794 ha
and the Reserva Biologica del Guadiamar (RBG) with 3214 ha.
Approximately 120-150 horses of the autochthonous Retuertas breed
are kept in each of these areas under a free-ranging regime. Horses are
individually marked with numbered ear tags and pass regular veterinary
examinations. None of the horses have been vaccinated against WNV nor
treated with ivermectin.

We collected 2102 blood samples from 768 individuals (ranging one
to eleven samples/individual) over a 16-year (2005-2020) period. Blood
samples were collected during the veterinary health controls, one or two
times per year, except for 2006, when no samples were collected. Blood
was drawn from the jugular vein using sterile syringes and was allowed
to clot and then was placed at 4 °C overnight. Next morning, samples
were centrifuged at 1700 xg for 15 min to separate the serum from the
cellular fraction. Serum samples were stored at —80 °C until tested for
the presence of antibodies against WNV and USUV.

Temperature and precipitation records for the study period were
obtained from the closest meteorological station, located at the Palacio
de Donana (http://icts.ebd.csic.es/es/datos-meteorologicos?inheritR
edirect=true). We analysed different climatic variables previously
related with West Nile virus circulation [23,24], supplementary Table
1).

2.2. Antibody detection assays

From 2005 to 2009, we analysed all sera for WNV antibodies using a
virus-neutralization test (VNT), that is the gold standard method for
serological diagnosis of WNV recommended by the World Organization
for Animal Health (WOAH, formerly OIE). The VNT was performed as
described in [25], using in parallel WNV and USUV as antigens in order
to identify cross-reactions and demonstrate WNV specificity in the
serum samples analysed. Strains used as antigens in the VNT were: WNV
strain Eg-101 and USUV SAAR-1776 (GenBank accession nos. AF260968
and AY453412, respectively). Only samples yielding positive neutrali-
zation (complete absence of cpe) at dilutions equal or higher than 1:10
were scored as positives, and the antibodies were only assigned as spe-
cific to WNV (or USUV) when VNT titre was at least fourfold higher than
the titre obtained for the other virus [26]. If the titre differences did not
reach this threshold the sample was scored as “undetermined flavivirus.”

From 2010 to 2020 sera was first analysed with an ELISA kit [27],
that was made available commercially at that time (Ingezim West Nile
Compac, Ingenasa, Spain), as an initial screening for WNV antibodies.
Then, in positive and doubtful samples VNT was carried out as described

One Health 17 (2023) 100578

above to confirm the results and specificity to WNV or USUV. Between
2010 and 2014 a third flavivirus, Bagaza virus (BAGV), was used in the
VNT in parallel to WNV and USUV because Bagaza was found circulating
in Cadiz in 2010 [28]. However, none of the sera tested was positive for
Bagaza.

2.3. Statistical analysis

We used generalized linear mixed-effects models (GLMM) with a
‘logit’ link function and binomial distribution to test for the effect of
horse sex (male and female), age class (foals:<1 year; young: 1-5 years;
adult: 5-15 years; and aged: >15 years), locality (RBD and RBG), and
season (spring, summer, and autumn) on the horse serological status
(positive or negative for the presence of antibodies against WNV). The
year of sampling and horse identity (ID) was included as a random factor
to account for the temporal stratification and for the multiple samples
coming from the same individuals. The statistical significance of factors
and post-hoc test was tested with ANOVA type II chi-square tests and
Least-squares means respectively. Prevalence was estimated from the
back-transformed Ismeans estimates to control for the effects of the
variables included in the statistical models. USUV occurrence was not
tested statistically because the ELISA used is specific to WNV but not to
USUV, and consequently some sera with USUV antibodies may have
remained undetected.

In addition, we ran independent GLMM models to analyse the rela-
tionship between climate factors and WNV seroconversion. We analysed
data from 609 individuals, with each individual contributing only one
sample. The samples included in the analysis were either collected from
foals during their first year of life (485 individuals) or from individuals
sampled in two consecutive years that were seronegative in the first
capture and consequently the year of seroconversion can be determined
from the second capture (124 individuals). Note that in this case the
horses can be again seronegative or had seroconverted between first and
second capture. The serological status was included as the response
variable, while sex, locality, and season and climate variables (supple-
mentary Table 1) were included as the independent variables. We used
forward stepwise selection to fit a final model that included only the
climate predictor variables that were significantly related to the
response variable. To illustrate the estimated effects of climate change
on WNV seroprevalence in horses we projected the results of the GLMM
using climatic variables estimated for the period 2020-2100 (Supple-
mentary Fig. 1). We considered two different greenhouse gas emission
scenarios representative concentration pathways (RCP 4.5) and (RCP
8.5).The former assumes that global annual emissions will peak around
2040, with emissions declining thereafter, while in the latter emissions
continue to rise throughout the twenty-first century [29].

The collinearity between independent variables of GLMM was tested
with the variance inflation factor (VIF) [30]. VIF values were lower than
five in all the cases. Overdispersion did not deviate significantly from
one as estimated by the Pearson statistic. All statistical analyses and
figures were done in R (v. 3.6.3; The R Foundation for Statistical
Computing Platform 2020) using the packages: arm, car, Ime4, MuMIn,
multcomp, MASS, Matrix, Rcpp, stats, nortest, lmerTest, multcompView,
emmeans, Ismeans, optimx texreg, mctest, dplyr, and ggplot2.

3. Results

Of the 2102 samples tested, 462 were analysed only by VNT between
2005 and 2009, of which 22 were positives. From 2010 to 2020 we
tested 1640 samples by ELISA, 51 were identified as doubtful and 275
were identified as positive. Positive and doubtful samples were sub-
jected to VNT analysis showing that in total 259 were positives
(Table 1). Prevalence of WNV antibodies detected by VNT varied be-
tween years, ranging from 0.00% in 2008 to 25.00% in 2020 (Fig. 1).

Overall, the prevalence of WNV antibodies varied according to the
age of the horses (3 = 33.99, df = 3, p < 0.01, Table 2) and between
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Table 1
Number (and percentage) of samples with antibodies specific for WNV, USUV or
for undetermined flavivirus according to VNT titres against WNV and USUV.

TITRES WNV usuv FLAVIVIRUS
1:10 10 (5.49) 10 (32.26) 10

1:20 21 (11.54) 12 (38.71) 16 (34.78)
1:40 36 (19.78) 4 (12.90) 5(10.87)
1:80 26 (14.29) 1(3.23) 5(10.87)
1:160 41 (22.53) 3(9.68) 8(17.39)
1:320 23 (12.64) 0 (0) 2 (4.35)
1:640 23 (12.64) 0 (0) 0(0)
>1:640 2(1.10) 1(3.23) 0(0)
TOTAL 182 (70.27) 31(11.96) 46 (17.76)

seasons (XZ =7.91, df = 2, p = 0.02 Table 2). In particular, the highest
prevalence of WNV antibodies was found in aged and adult horses, being
significantly different from the other age categories and period being
significantly higher in autumn (Table 2 and supplementary Table 2).
Surprisingly, no male horses of the aged category (N = 13) were detected
with antibodies against WNV, while 11 of 35 aged females had WNV
antibodies (Fig. 2). >90% of the sera with USUV antibodies were from
adult female horses, and at RBD we detected more than double of horses
with antibodies against USUV than at RBG.

Using the dataset of horses sampled in two consecutive years or
during their first year of life, we found that the seroprevalence of WNV
antibodies was not significantly related to host sex, locality, season and
annual maximum temperature (Table 3). In contrast, annual minimum
temperature ()(2 =5.74,df = 1, p = 0.02) was positively correlated with
WNV seroprevalence (Fig. 3). The prevalence of antibodies was also
negatively associated with annual rainfall (2 = 10.20, df = 1, p < 0.01)
(Fig. 4) while number of rainy days show a positive relationship with
seroprevalence (y? = 5.01, df = 1, p = 0.03). According to the minimum
temperatures, annual rainfall and number of rainy days in the study area
forecasted by the scenarios RCP 4.5 and RCP 8.5 (Supplementary Fig. 1),
we projected the variation in the prevalence of WNV antibodies under
climate change scenarios for the period 2020-2100. The model pre-
dictions indicate that mean WNV seroprevalence in the study area will
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increase around 3% in the more favourable and 6% in the less favourable
climate change scenarios (Fig. 4).

From 416 individuals sampled in more than one occasion 82 were
positive for WNV antibodies. 66 horses seroconverted for WNV and 14
seroreverted (Fig. 5 and supplementary Table 3). Of the 342 individuals
that were tested on more than one occasion by VNT for antibodies
against USUV from 2010 to 2020, 31 were positive, of which 11 sero-
converted and 5 seroreverted (Fig. 5 and supplementary Table 3).

4. Discussion
4.1. Longitudinal analyses of WNV antibodies in feral horses

Since 2003 different studies have provided evidence of local circu-
lation of WNV in different areas of Spain [9,31,32]. Our results confirm
the continuous circulation of WNV in the Guadalquivir marshes between

Table 2

Results of the GLMM analysing relationships between the seroprevalence of
WNV antibodies and the characteristics of horses (sex, age, period, and locality
of sampling) (N = 2102). Post-hoc tests of differences of means between groups
are shown. Different letters indicate groups showing significant differences.

Variable =~ Category  Estimate  Std. Zvalue  PR(>|Z|) Post
error HOC

Intercept -1.72 0.569 —3.025 0.002*

Age Adult 0@ A
Aged 0.678 0.678 —0.810 0.418 A
Young —1.841 0.330 —5.573 <0.001*** B
Foals -1.075 0.361 —2.978 0.003** B

Sex Female 0@ A
Male —0.316 0.389 —0.810 0.417 A

Period Autumn 0@ A
Spring —0.722 0.887 —0.814 0.415 AB
Summer —0.960 0.341 —2.812 0.005** B

Locality ~ RBD 0 A
RBG —0.218 0.342 —0.639 0.523 A

 Reference category.

NIRCIR SRR

> 9 O
Y N
PP PP
Year

Fig. 1. WNV antibody prevalence in feral horses monitored in Donana between 2005 and 2020. Numbers above bars indicate sample sizes.
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Fig. 2. WNV antibody prevalence in feral horses monitored in Donana according to sex and age class. Numbers above bars indicate sample sizes.

Table 3

Results of the GLMM analysing the relationships between the seroprevalence of
WNV infection in foals and sex, period and locality of sampling, and climate
variables (mean annual temperature, mean maximum annual temperature and
annual rainfall) (N = 485).

Variables Category Estimate Std. ZValue  PR(>|
error Z))

(Intercept) —10.830 7.503 —1.443  0.148
Female 0@

Sex
Male —0.071 0.392 —0.182 0.855
Autumn 0@

Period Spring 0.704 0.751 0.937 0.348
Summer —0.149 0.734 —0.204 0.838

Locality RBD .
RBG —0.229 0.443 —0.516 0.605
Annual minimum 0.956 0399 2395  0.016*
temperature

Climate Annual maximum 0.579 0.324 1.785 0.074-
temperature
Annual rainfall -0.2.994  0.937 -3.194  0.001**
Mean Rainy days 7.596 3.393 2.239 0.025*

 Reference category.

2005 and 2020 based on the prevalence of antibodies in foal horses and
seroconversions. Seropositive foals were found all the years except for
2008, but in that year WNV was found in mosquitoes captured in the
same study area [20]. Our results indicate an important exposure of feral
horses to WNV in Donana, with a mean annual seroprevalence of anti-
bodies of 8.1% but an important interannual variation (range 0%-25%).
Other studies reported similar prevalences in horses in Spain (8.3%) in
2010-2019 [31], but also lower values (1.35%) between 2011 and 2013
[33] and higher values (19.7%) between 2018 and 2019 [34]. Inter-
estingly, higher prevalence in the last years have been reported in the
present and previous studies, not only in wildlife but also in human cases
[13], suggesting that the circulation of WNV is more and more frequent
and has become endemic in Spain.

Seroprevalence in autumn was higher, probably due to the trans-
mission of WNV during the summer that may explain the higher sero-
prevalence in autumn. A similar effect of the season was reported in
longitudinal and cross-sectional studies in birds [8,9]. Finally, no sig-
nificant differences were found between localities, which could be due
to the low distance between them (lower than 7 km at some points).

4.2. Intrinsic individual factors associated with WNV prevalence

The higher WNV seroprevalence found in older animals, especially
females, is a pattern reported [34,35] that could be expected based on
their longer exposure to the bites of infected mosquitoes. The fact that
antibodies were not found in aged males could be due to various reasons.
For example, males in our populations are stallions and these individuals
may be more likely to die as a result of WNV disease than mares or
geldings [23]. These effects could be driven by differences in the
testosterone level [36] and as a result we found antibodies in aged fe-
males but not in aged males [35]. Unfortunately, we have no informa-
tion on the causes of mortality in our population, which merits further
study in the future. The number of USUV seropositives detected in these
same horses follows the same pattern, where >90% of seropositives
were detected in adult female horses, as occurs for WNV. However, the
specificity of the ELISA kit used not exclude an underestimation of the
number of USUV positives. In addition, we should consider the possi-
bility that detection of antibodies in foals could be due in part to
maternal antibody transfer. Turner et al. [37] analysed the antibodies of
foals from WNV vaccinated dams and found drastic reduction by 90 days
of age. Although we cannot exclude the maternal origin of the anti-
bodies, these results suggest that the impact in our results should be
considered low as horses were usually sampled >4 months after birth.

4.3. Effects of climate variables

Minimum annual temperature was positively related to WNV sero-
prevalence in foals. Temperature plays an important role in the
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transmission of WNV by affecting the growth rates of mosquito pop-
ulations, increasing their biting habits and survival, as well as reducing
virus extrinsic incubation period and increasing virus load in vectors
[38,39]. Higher spring - summer temperatures have been also associated
to larger number of WNV disease cases in Europe [40,41]. In contrast,
the effect of rainfall on WNV incidence remains controversial [42,43].
Accordingly, we found that while accumulated rainfall was negatively
associated with the WNV seroprevalence, the mean number of rainy
days had a positive association. Hahn et al. [17] also found that lower
than normal annual precipitation increased the average WNV disease
incidence. In our system, lower annual precipitation would reduce the
availability of surface water for horses, birds, and mosquitoes, favouring
a higher spatial overlap in the permanent water resources and thus
favouring the enzootic cycle of WNV. But disease patterns also depend

on mosquito ecology [39]. For example, Cx. pipiens does not need large
volumes of water to reproduce, so rainfall more spread across the year
but not necessarily more abundant rainfall may favour the maintenance
of these populations for longer periods of time favouring WNV trans-
mission. In fact, Roiz et al. [44] showed that winter rainfall was posi-
tively associated to Cx. pipiens abundance. Unfortunately, there is not
information available yet on the effect of climate on Culex perexiguus
abundance [24]. This mosquito species is the main vector of WNV in
South West Spain [45]. This is a highly ornitophilic mosquito species
[45] that breeds in the rice fields but also in small freshwater ponds
[46]. Due to its foraging behaviour is very important in WNV amplifi-
cation but also a bridge vector between birds and horses [45]. During
the 2020 WNV outbreak in Andalucia, most of the positive pools of WNV
were of Cx. perexiguus (97%) and only one pool (3%) was of Cx. pipiens
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[14].

Climate projections for southern Spain indicate that temperature will
increase, and rainfall will decrease [47]. Consequently, based on the
projections made here, we can expect even for the RCP 4.5 an increase in
WNV mean prevalence over 3%. Larger increases are expected for the
scenario RCP 8.5 with WNV mean prevalence reaching 6% or even 8%

which would double the average values recorded during the study
period.

4.4. Seroconversions and seroreversions in re-tested horses

Seroconversion was very frequent in re-tested feral horses during the
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studied period, since almost 80% of the detected positive horses were
seronegative in previous seasons and seroconverted. Similar results were
found in common coot Fulica atra [8]. Furthermore, we also found evi-
dence of the occurrence of seroreversions affecting 17% of the positive
individuals re-tested. Seroreversion of antibodies against WNV have
been previously reported in both feral and domestic horses [10,48] and
also in common coot [9], suggesting that the level of WNV antibodies
may fall below the detection limit after an undetermined period post-
infection and, consequently, serology of older animals may underesti-
mate lifelong exposure to WNV. It should be noted that between 2017
and 2020 the proportion of seroconversions has sharply increased,
reaching the highest value in 2020, matching with the WNV in humans
outbreak in southern Spain [13].

Finally, many studies warn about the spread not only of WNV but
also of USUV in a large part of the European continent over the last two
decades, posing a new risk for human health [49,50]. In the study re-
gion, the first detection of USUV virus was in 2009 [20]. Antibodies to
USUV have been detected in different species of wild birds, horses and
red deer [7]. However, we have detected around 3% of seroconversion
for USUV since 2011 to 2018, despite the techniques used to detect
antibodies against this virus are designed and optimized to WNV. The
results obtained suggest an active circulation of USUV in the study re-
gion at least since 2009, suggesting that this flavivirus is also endemic to
western Andalucia and should be also considered as a potential cause for
unknown origin cases of meningitis in humans in the region.

5. Conclusion

This study provides further evidence that West Nile virus (WNV) is
endemic in Spain since a long time. The highest incidence of WNV se-
roconversions in horses in 2020, overlapping with the large WNV
outbreak in humans highlights the suitability of feral horses as a valu-
able model for studying the environmental factors influencing WNV
circulation in the wild. On the long-term (2005-2020), temperature and
precipitation were the environmental factors more related to WNV
seroprevalence in horses. Consequently, according to future climate
change scenarios, we can expect the incidence of WNV in animals to
increase in the following decades. This may also imply a higher risk of
spillover to humans, but the final impact on human health will depend
on the understanding of the factors modulating intensity of spillover
from wild animals in to humans [14] and our capacity to design and
implement effective management policies to reduce WNV intensity of
infection in mosquitoes and/or the exposure of humans to infected
mosquitoes, as is the objective of the new Regional and National Plans
for the control of vectors and vector borne pathogens.
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