AEM

Journals.ASM.org

Host and Environmental Factors Modulate the Exposure of Free-
Ranging and Farmed Red Deer (Cervus elaphus) to Coxiella burnetii

David Gonzalez-Barrio,® Ana Luisa Velasco Avila,® Mariana Boadella,” Beatriz Beltran-Beck,? José Angel Barasona,?

Joao P. V. Santos,® Joao Queirds,»%® Ana L. Garcia-Pérez,” Marta Barral,’ Francisco Ruiz-Fons?

Health and Biotechnology (SaBio) Group, Spanish Wildlife Research Institute (IREC) (CSIC-UCLM), Ciudad Real, Spain?; SABIOtec, Ciudad Real, Spain®; Department of
Biology and CESAM, University of Aveiro, Campus Universitario de Santiago, Aveiro, Portugal€; CIBIO/InBio—Centro de Investigacdo em Biodiversidade e Recursos
Genéticos, Universidade do Porto, Campus Agrério de Vairao, Vairao, Portugal®; Departamento de Biologia, Faculdade de Ciéncias da Universidade do Porto (FCUP), Porto,
Portugal®; Animal Health Department, Instituto Vasco de Investigacion y Desarrollo Agrario (Neiker), Derio, Spain’

The control of multihost pathogens, such as Coxiella burnetii, should rely on accurate information about the roles played by the
main hosts. We aimed to determine the involvement of the red deer (Cervus elaphus) in the ecology of C. burnetii. We predicted
that red deer populations from broad geographic areas within a European context would be exposed to C. burnetii, and there-
fore, we hypothesized that a series of factors would modulate the exposure of red deer to C. burnetii. To test this hypothesis, we
designed a retrospective survey of 47 Iberian red deer populations from which 1,751 serum samples and 489 spleen samples were
collected. Sera were analyzed by enzyme-linked immunosorbent assays (ELISA) in order to estimate exposure to C. burnetii, and
spleen samples were analyzed by PCR in order to estimate the prevalence of systemic infections. Thereafter, we gathered 23 vari-

ables—within environmental, host, and management factors—potentially modulating the risk of exposure of deer to C. bur-
netii, and we performed multivariate statistical analyses to identify the main risk factors. Twenty-three populations were sero-
positive (48.9%), and C. burnetii DNA in the spleen was detected in 50% of the populations analyzed. The statistical analyses
reflect the complexity of C. burnetii ecology and suggest that although red deer may maintain the circulation of C. burnetii with-
out third species, the most frequent scenario probably includes other wild and domestic host species. These findings, taken to-
gether with previous evidence of C. burnetii shedding by naturally infected red deer, point at this wild ungulate as a true reser-
voir for C. burnetii and an important node in the life cycle of C. burnetii, at least in the Iberian Peninsula.

Coxiella burnetii is a Gram-negative intracellular bacterium that
causes Q fever, a disease that affects both humans and animals.
Whereas the epidemiological status of C. burnetii in European
domestic ruminants is well known (1), information for wildlife is
mostly local and scattered (2, 3). Although the majority of human
Q fever outbreaks are linked to the transmission of C. burnetii
from domestic ruminants (4, 5), the ability of C. burnetii to infect
wild hosts (3, 6) and its high environmental resistance (1) make
wildlife species potential reservoirs of C. burnetii. Based on this
hypothesis, wildlife could maintain C. burnetii and transmit it to
wildlife (7), domestic animals (8), or humans (9). It is therefore of
paramount relevance (i) to identify those potential wild reservoir
species that could, through direct and indirect interactions, trans-
mit C. burnetii to target species (domestic animals and humans)
and (ii) to determine which environmental factors are the main
drivers of C. burnetii within the most relevant wild reservoirs.
Efficient prevention of C. burnetii transmission at the wildlife—
domestic-animal—-human interface can be approached only once
the main reservoirs have been identified and the driving risk fac-
tors are known (10).

Several wild ruminant species are present and well distributed
in Europe; on the premise that they are susceptible to infection by
C. burnetii, these could constitute important wild reservoirs of C.
burnetii. However, among European wild ruminants, the red deer
(Cervus elaphus) could perhaps constitute a potential wild reser-
voir for C. burnetii due to its geographic distribution, demo-
graphic status, importance as game, and behavior. The red deer
displays broad global (11, 12) and European (13) geographic dis-
tribution, with trends to increasing distribution and density (14,
15). Itis currently one of the most important game species among
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European large mammals (16). Many red deer populations in Eu-
rope are subjected to management for hunting (17), and red deer
farming has expanded in recent decades as a consequence of the
demand for venison and live individuals for population-restock-
ing programs (18). Additionally, the gregarious behavior of the
red deer (19, 20) promotes the aggregation of individuals. In do-
mestic animals, host density and aggregation are important driv-
ers of C. burnetii transmission (21, 22), and some Iberian red deer
populations reach densities higher than 70 deer/km? (14). In-
creasing red deer densities, deer management (including artificial
feeding), and gregarious behavior constitute the main factors fa-
voring the transmission of circulating pathogens in red deer pop-
ulations (23, 24).

Taken together, distribution, demography, management, and
behavior point at red deer as one of the most concerning reservoirs
of shared pathogens among European wild ruminants; e.g., 44%
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FIG 1 Spatial distribution of Coxiella burnetii seroprevalence in Iberian red

deer and presence of C. burnetii DNA in spleen samples. Each dot represents a

surveyed red deer population. The current geographic distribution of the red deer in the Iberian Peninsula is shown in pale orange (54, 55). The number of sera
analyzed per population is shown. A red asterisk next to the sampling size indicates red deer farms. The map of Spain has been divided into the bioregions
established in the current Spanish wildlife disease surveillance program (27). Por, Portugal.

of red deer in Italy were found to be infected by piroplasms (25),
and >60% of Slovakian red deer carried Anaplasma spp. (26).
Therefore, we predicted that C. burnetii would be circulating in
red deer populations in Iberia, and we hypothesized that particu-
lar environmental, management, and host factors would contrib-
ute to the exposure of red deer to C. burnetii. To test these hypoth-
eses, we designed a retrospective epidemiological survey targeting
Iberian (Spanish and Portuguese) red deer populations within
their geographic distribution range.

MATERIALS AND METHODS

Survey design. Sera from 47 red deer populations were collected from
2000 to 2012 in mainland Spain and Portugal (Fig. 1). Study populations
were selected on the basis of (i) management systems, including unman-
aged, naturally free-ranging populations (in game reserves and natural
and national parks), managed free-ranging populations, and farms, (ii)
geographic location (location within the different bioregions established
for wildlife disease surveillance schemes in mainland Spain [27] and from
different regions in mainland Portugal), and (iii) the range of geographic
distribution of red deer (Fig. 1), in order to obtain spatial representative-
ness.

Serological analyses. The presence of specific antibodies against C.
burnetii phase I and II antigens in deer sera was analyzed with a commer-
cial indirect enzyme-linked immunosorbent assay (ELISA) (LSIVet Ru-
minant Q Fever Serum/Milk ELISA kit; Life Technologies, USA) with an
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in-house modification in the secondary antibody (protein G-horseradish
peroxidase; Sigma-Aldrich, USA) (28) that was previously validated for
wild and domestic ungulates (29). Briefly, for validation, we employed
positive (n = 8) and negative (n = 6) red and roe deer sera analyzed by
indirect immunofluorescence assay (IFA), as well as ELISA-positive,
PCR-positive and ELISA-negative, PCR-negative cattle (1, 14 and 12, re-
spectively) and sheep (n, 16 and 17, respectively) sera. For each sample,
the sample-to-positive-control (SP) ratio was calculated as (ODs —
ODnc)/(ODpc — ODnc) X 100, where ODs is the optical density of the
sample as measured using a dual-wavelength spectrophotometer (first at
450 nm and then at 620 nm), ODnc is the optical density of the negative
control, and ODpc is the optical density of the positive control. All SP
values of =40% were considered negative, whereas SP values of >40%
were considered positive.

PCR analyses. Spleen samples were collected from a subset of the
populations studied during necropsies performed on hunter-harvested or
euthanized farmed deer. Spleen samples from seropositive and seronega-
tive deer were selected for PCR analyses. Total DNA from spleen samples
was purified with the DNeasy blood and tissue kit (Qiagen, Germany)
according to the manufacturer’s protocol (http://mvz.berkeley.edu/egl
/inserts/DNeasy_Blood_&_Tissue_Handbook.pdf). The DNA concen-
tration in aliquots was quantified (NanoDrop 2000¢/2000 spectropho-
tometer; Thermo Scientific, USA), and aliquots were frozen at —20°C
until the PCR was performed. Sample cross-contamination during DNA
extraction was excluded by including negative controls (nuclease-free wa-
ter; Promega, USA) that were also tested by PCR.
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TABLE 1 Primers and probe used in the qPCR

Primer or Amplicon
probe Sequence (5'-3")" Location” size (bp)
QKEF3 GTGGTGCCAAGCGATTTTAT 7216-7235 78

QKR3 GTTTCATCCGCGGTGTTAAT 7293-7274

QKP3 FAM-TTTAGCGAGCGAAGC 7253-7272

GGTGG-TAMRA

“ FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.

b Positions in the whole-genome sequence of C. burnetii RSA493 (GenBank accession
number AE016828) that encode the transposase gene of the C. burnetii-specific IS1111a
insertion element.

DNA samples were analyzed by a quantitative real-time PCR (qPCR)
targeting a transposon-like repetitive region of C. burnetii as described
previously (Table 1) (30). SsoAdvanced universal probes supermix (Bio-
Rad, USA) was used in qPCR according to the specifications of the man-
ufacturers. DNA extraction and PCR were performed in separate labora-
tories under biosafety level IT conditions (Bio I A cabinet; Telstar, Spain)
to avoid cross-contamination. As a positive control in this real-time PCR,
we used a DNA extract of Coxiella burnetii from the Coxevac vaccine
(CEVA Santé Animale, France). We considered a sample to be positive at
a threshold cycle (C;) value below 40 (30).

Risk predictor variables. In order to identify factors modulating the
risk of exposure of individual red deer to C. burnetii infection, a set of
abiotic and biotic variables within three main factors—environment,
management, and host (Table 2)—were gathered on the basis of their
potential impact on C. burnetii ecology.

(i) Environmental factors. Both spatial and meteorology-related vari-
ables were considered for risk factor modeling. Longitude (X) and latitude
(Y) were considered as spatial factors to control for any potential spatial
autocorrelation of data. Coordinates were recorded at the sampling-site

Coxiella burnetii Epidemiology in Red Deer

level with portable global-positioning-system (GPS) devices (Garmin
Ltd., Cayman Islands), so all deer from a sampling site were assigned the
same X and Y values. The average spring temperature (AvSpT) and the
season (Se) in which deer were surveyed (4 categorical classes: spring [Sp],
April to June; summer [Su], July to September; autumn [Au], October to
December; and winter [Wi], January to March) were considered as mete-
orology-related variables. AvSpT was considered as a potential proxy for
C. burnetii environmental survival and as a potential driver of airborne
transmission of C. burnetii—probably dependent on air moisture, which
is highly correlated with temperature (31)—in the expected shedding sea-
son. The prevalence of C. burnetii shedding is expected to be higher in the
spring, when calving takes place, as a recent study suggests (32). The
season was considered as a proxy of potential year-round variability in
infection risk because of the expected predominance of C. burnetii shed-
ding in the spring.

(ii) Management factors. Human interference in deer ecology and
behavior was considered on the basis of deer population management
systems: (i) unmanaged free-ranging deer populations (Um), (ii) free-
ranging deer populations managed for hunting purposes (Mg) (high-wire
fencing restriction and year-round supplementary feeding), and (iii)
farmed deer populations (Fd) (extensively produced red deer in 6- to
10-ha enclosures).

(iii) Host factors. Different host population and individual host vari-
ables were considered, because C. burnetii is a multihost pathogen (33):

(a) Densities of domestic ruminants and domestic ruminant farms in the
municipality to which individual deer belong. Domestic ruminant density
(densities of cattle [Cd], sheep [Sd], and goats [Gd], and of combinations
of these ruminants [Rud]) and farm density (CFd, SFd, GFd, small-rumi-
nant farm density [SrFd], and RuFd) values at the municipality level were
calculated on the basis of livestock census data gathered by the Spanish
and Portuguese National Statistics Institutes (http://www.ine.es and http:
/[www.ine.pt, respectively) in 2009.

(b) Environmental favorability index. The environmental favorability

TABLE 2 Set of variables gathered for risk factor modeling of exposure of individual deer to Coxiella burnetii

Factor Variable code” Description of variable (unit of measurement)
Environment X* Longitude (m)
Y* Latitude (m)
Se* Season (Sp, spring; Su, summer; Au, autumn; Wi, winter)
AvSpT* Avg spring temp (°C)
Management EsT*? Estate type (Um, unmanaged free-ranging; Mg, managed free-ranging; Fd, farmed)
Host CFd* Density of cattle farms in the municipality (farms/km?)
SEd Density of sheep farms in the municipality (farms/km®)
GFd Density of goat farms in the municipality (farms/km?)
SrFd* Density of small-ruminant farms in the municipality (farms/km?)
RuFd Density of ruminant farms in the municipality (farms/km?)
Cd Density of cattle in the municipality (animals/km?”)
Sd Density of sheep in the municipality (animals/km?)
Gd Density of goats in the municipality (animals/km”)
Srd Density of small ruminants in the municipality (animals/km?®)
Rud* Density of ruminants in the municipality (animals/km?)
RdFi* Environmental favorability for red deer
RoFi Environmental favorability for roe deer
WbFi Environmental favorability for wild boar
HUd* Density of humans in the municipality (people/km?)
HsDi Distance to the nearest human settlement (km)
Sx* Sex (M, male; F, female)
Ag* Age class (Cf, calf; Yr, yearling; Sa, subadult; Ad, adult)
Unclassified Sy* Sampling yr

@ Variables included in the statistical modeling process are marked with asterisks.

b This variable was included only in the overall (unmanaged plus managed plus farmed) deer data set.
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TABLE 3 Average individual seroprevalence, number of positive samples over sampling size, and associated 95% confidence interval throughout

each sampling bioregion” and deer management system

Seroprevalence (%) (Pos/n)? (95% CI)

Country or

bioregion All deer populations Unmanaged deer Managed deer Farmed deer

Spain
Bioregion 1 4.3 (7/161) (1.8-8.8) 4.3 (7/161) (1.8-8.8) NA® NA
Bioregion 2 5.7 (10/174) (2.8-10.3) 14.3 (8/56) (6.4-26.2) 0.0 (0/59) (0.0-6.1) 3.4 (2/59) (0.4-11.7)
Bioregion 3 2.7 (18/675) (1.6-4.2) 3.8 (14/372) (2.1-6.2) 1.5 (4/264) (0.4-3.8) 0.0 (0/39) (0.0-9.0)
Bioregion 4 1.7 (2/116) (0.2-6.1) 1.3 (1/79) (0.0-6.7) 0.0 (0/6) (0.0-45.9) 3.2 (1/31) (0.1-16.7)

Bioregion 5 34.6 (175/506) (30.4-38.9) 14.3 (5/35) (4.8-30.2) NA 36.1 (170/471) (31.7-40.6)
Portugal 1.7 (2/119) (0.2-5.9) 1.7 (2/119) (0.2-5.9) NA NA
Total 12.2 (214/1,751) (10.7-13.9) 4.5 (37/822) (3.2-6.2) 1.2 (4/329) (0.00-0.03) 28.8 (173/600) (25.2-32.6)

“ See reference 27.
b Pos, number of positive samples; 1, total number of samples.
“NA, not applicable.

index (Fi) ranged from 0 (minimum favorability) to 1 (maximum fa-
vorability) for red deer (RdFi), roe deer (RoFi), and wild boar (WbFi) at
Universal Transverse Mercator (UTM) 10- by 10-km resolution squares,
calculated for peninsular Spain (34). This index is a measure of the suit-
ability of a land surface for a particular species and is well correlated with
the real abundance of the species (35). Environmental favorability indices
of wild ungulates have not been estimated for Portugal. Therefore, Portu-
guese populations that were close to the Spanish border (n = 6) (Fig. 1)
were linked to the favorability indices of the closest Spanish UTM 10- by
10-km square. The only population surveyed in central Portugal could not
be associated with any wild ungulate favorability index and was not con-
sidered for risk factor analyses. Red deer, roe deer, and wild boar have
been found to be infected by C. burnetii previously (36, 37, 38). No fa-
vorability indices for any other potential wild host of C. burnetii are avail-
able for the study area.

(c) Density of humans in the municipality (HUd). Updated human
demographic data were obtained from the Spanish and Portuguese Na-
tional Statistics Institutes in 2011 and 2010, respectively.

(d) Straight-line Euclidean distance to the nearest human settlement
(HsDi). The distance to the nearest human settlement (town or city) was
measured with Geographic Information Systems (Quantum GIS; http:
//lwww.qgis.org/es/site/). Human and their pets may be hosts for C. bur-
netii and may potentially modulate the risk of exposure of deer (33). For
this reason, HUd and HsDi were considered for modeling analyses.

(e) Host sex (Sx; male [M] versus female [F]). Among farmed deer, the
number of stags reared was significantly lower than the number of females
reared, and therefore, there was a sex bias in the sample.

(f) Host age (Ag). For free-ranging deer, tooth eruption patterns (39)
were used to estimate the ages of animals <2 years old, whereas for ani-
mals >2 years old, age was determined by the number of cementum
annuli of the incisor 1 root (40). Farm keepers provided the year of birth
for farmed deer. For analytical purposes, four age classes were established:
calf (Cf; 0 to 1 years old), yearling (Yr; 1 to 2 years old), subadult (Sa; 2 to
3 years old), and adult (Ad; >3 years old). In free-ranging populations, a
conscious negative bias against calves existed according to reported age-
related C. burnetii seroprevalence patterns (32, 41).

The year in which each individual deer was sampled (Sy) was addition-
ally considered as a survey-associated factor modulating the risk of expo-
sure of deer to C. burnetii (22).

Statistical analyses. Four different data sets were employed to test for
the main hypothesis of this study—the modulating effect of risk factors on
the exposure of deer to C. burnetii—in order to seek major driving factors,
including or not including the management system (an expected major
epidemiological driver according to existing literature on wild ungulate
pathogen dynamics). Data sets included (i) overall deer populations stud-
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ied, (ii) unmanaged free-roaming deer populations, (iii) managed free-
roaming deer populations, and (iv) deer farms. The deer management
system was included in modeling of the data set that included all deer in
order to test for the effect of management on the risk of exposure of deer
to C. burnetii. Within each data set and with the aim of reducing the
interference of multicollinearity among predictor variables in modeling
output, a correlation matrix (Spearman’s rank tests) of continuous vari-
ables was built. Therefore, only uncorrelated variables (Spearman’s rho,
<0.4) were selected for statistical modeling (Table 2).

For risk factor modeling, multivariate logistic regression models—
generalized linear mixed models (42) fitted with a binomial distribution
and a logit link function—were built (Ime4 package for R) to test the
influence of different potential risk factors (Table 2) on the risk of expo-
sure of individual deer to C. burnetii. The individual status of anti-Coxiella
burnetii antibodies was entered as a response variable (coded as 0 for an
animal testing negative and as 1 for an animal testing positive) in the
model. The location of origin of deer was entered as a random variable in
the modeling process. Models were built by following a forward stepwise
procedure with the aim of identifying the main modulating factors of the
exposure of deer to C. burnetii. The Akaike information criterion (AIC)
and the AIC increment (AAIC) were considered in order to select the
best-fitted model (i.e., with the lowest AIC value and with a AAIC of >2
[43]). The statistical uncertainty associated with the estimation of indi-
vidual prevalence values was assessed by calculating the associated Clop-
per-Pearson exact 95% confidence interval (95% CI).

RESULTS

A total of 1,751 serum samples were analyzed: 822 (46.9%) from
unmanaged populations (n = 27), 329 (18.8%) from managed
populations (n = 14), and 600 (34.3%) from farmed populations
(n = 6). Of the 1,629 samples for which sex could be recorded,
1,147 (70.4%) were from females and 482 (29.6%) were from
males. For 1,593 samples, age could be recorded; 100 samples
(6.3%) belonged to calves, 240 (15.1%) belonged to yearlings, 251
(15.7%) belonged to subadults, and 1,002 (62.9%) belonged to
adults. Age and sex could be recorded for 1,560 individuals at the
time. Average individual seroprevalences by bioregion and deer
management system are shown in Table 3.

All TFA-positive red and roe deer sera presented SP values of
>100, whereas IFA-negative sera had SP values of <25 (SP cutoff
for positivity, >40). ELISA-positive, PCR-positive cattle and
sheep sera displayed SP values of >70 and >100, respectively,
whereas ELISA-negative, PCR-negative cattle and sheep sera had
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TABLE 4 Average seroprevalence values, number of positive samples
over sampling size, and associated exact 95% confidence interval by deer
sex and age

Seroprevalence (%)

Sex Age class (Pos/n)* (95% CI)

Male Calf 2.7 (1/37) (0.1-14.2)
Yearling 1.6 (1/61) (0.0-8.8)
Subadult 3.1 (1/32) (0.1-16.2)
Adult 3.9 (13/336) (2.1-6.5)

Subtotal, male 3.5(17/482) (2.1-5.6)

Female Calf 2.6 (1/38) (0.1-13.8)
Yearling 9.0 (16/177) (5.3-14.3)
Subadult 33.0 (72/218) (26.8-39.7)
Adult 15.4 (102/661) (12.8-18.4)

Subtotal, female 16.9 (194/1,147) (14.8-19.2)

“ Pos, number of positive samples; 7, total number of samples.

SP values of <30 (29). Therefore, with the controls employed in
our validation approach, the ELISA reached 100% sensitivity and
specificity for a positive cutoff SP of >40.

Twenty-three of the 47 deer populations surveyed (48.9%) had
at least one seropositive sample; Four out of six deer farms
(66.7%) and 55.6% of unmanaged free-ranging populations (15/
27) had seropositive animals, in contrast to 21.4% of managed
free-ranging deer populations (3/14). Seven of the 47 red deer
populations (14.9%) had average individual seroprevalences
of >10%. Average seroprevalence values by sex and age are shown
in Table 4.

A total of 489 spleen samples were analyzed by qPCR (Fig. 1);
305, 155, and 29 spleen samples came from unmanaged, managed,
and farmed deer populations, respectively. Among all spleen sam-
ples, 5.7% (28/489) (95% CI, 3.8 to 8.2%) were qPCR positive
(cycle threshold range for positive samples, 32.1 to 39.9). The
prevalences of C. burnetii DNA in spleen were 6.2% (19/305)

TABLE 5 Best-fit model output throughout the deer data set”

Coxiella burnetii Epidemiology in Red Deer

(95% CI, 3.8 t0 9.6%), 5.2% (8/155) (95% CI, 2.3 to 9.9%), and
3.5% (1/29) (95% CI, 0.1 to 17.8%) in unmanaged, managed, and
farmed deer populations, respectively. Ten of 140 males (7.1%;
95% CI, 3.5t0 12.6%) and 18 of 234 females (7.7%; 95% CI, 4.6 to
11.9%) were qPCR positive. One of 10 calves analyzed (10.0%;
95% CI, 0.3 to 44.5%), 5 of 41 juveniles (12.2%; 95% CI, 4.1 to
26.2%), 2 of 19 subadults (10.5%; 95% CI, 1.3 to 33.1%), and 20 of
302 adults (6.6%; 95% CI, 4.1 to 10.1%) were positive for C. bur-
netii DNA in the spleen by qPCR.

Twenty-six deer populations were studied for the prevalence of
C. burnetii DNA in spleen samples. Of these, 12 were seronegative
and 14 had at least one seropositive individual. Thirteen of those
26 deer populations (50.0%) had at least one positive spleen sam-
ple; 8 were seropositive and 5 were seronegative.

The best-fitted general model for risk factors for the exposure
of deer to C. burnetii (Table 5) retained variables within the host
and environment factors. Human density and the average spring
temperature were positively related to increasing risks of exposure
to C. burnetii (Fig. 2), and, in contrast to domestic-ruminant den-
sity, which showed a negative relationship, these relationships
were statistically significant. The statistically significant negative
effect of season was linked to the higher risk of exposure to C.
burnetii in the spring (Fig. 2). According to outputs from partial
models (for unmanaged, managed, and farmed deer data sets)
(Table 5), host and environmental factors were also evidenced as
relevant drivers of exposure to C. burnetii. However, the main
drivers for each particular management system differed. Whereas
human density, season, and the red deer environmental favorabil-
ity index were retained by the best-fitted risk factor model for
unmanaged deer, average spring temperature was retained by the
best-fitted model for managed deer, and season and domestic-
ruminant density appeared to be the main drivers of the risk of
exposure to C. burnetii in red deer farms (Table 5; Fig. 2).

DISCUSSION

This study constitutes a transnational-scale survey of C. burnetiiin
European wild ruminants and a first approach to identifying the

Data set Variable” z B SE P AIC AAIC ED (%)
Unmanaged + managed + Intercept —2.561 —3.745 1.463 * 364.105 19.206 7.172
farmed HUd 2.707 0.019 0.007 e
Se —2.476 —0.690 0.279 *
AvSpT 2.008 0.204 0.101 *
Rud —1.573 —0.017 0.011 NS
Unmanaged Intercept —1.331 —1932 1.473 NS 220.417 2.525 3.723
HUd 1.788 0.053 0.030 NS
Se —1.587 —0.546 0.344 NS
RdFi —0.862 —1.193 1.382 NS
Managed Intercept —2.429 —20.233 8.331 * 39.971 4.741 16.557
AvSpT 2.042 1.134 0556 *
Farmed Intercept —2.926 —2.119 0.724 b 91.102 16.224 19.572
Se 3.705 1.983 0.535 e
Rud —3.499 —0.186 0.053 bl

@ The statistic (Z), the coefficient (), its associated standard error (SE), the significance value (P), the model Akaike information criterion (AIC), the AIC increment (AAIC), and

the explained deviance (ED) are shown.
b Abbreviations of variables are explained in Table 2.
‘NS, P> 0.05; %, P <0.05; **, P < 0.01; ***, P < 0.001.
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FIG 2 Relationships between the seroprevalence of C. burnetii in the population and explanatory factors identified through risk factor modeling for each of the
modeled data sets (overall deer populations [OD], unmanaged populations [UD], managed populations [MD], and farmed populations [FD]).

factors that drive the ecology of C. burnetii in red deer. We found
that C. burnetii is present in approximately 50% of the free-rang-
ing and farmed Iberian red deer populations and that systemic
infections occur in 50% of them. These facts support the involve-
ment of the red deer in the ecology of C. burnetii. Indeed, to sup-
port the notion that a particular host species is acting as a true
reservoir for a specific pathogen, provided that the species is well
distributed and abundant (44), one must determine that (i) the
pathogen is widely distributed in populations of that host within a
relatively large territory, (ii) the pathogen is able to cause systemic
infections (33, 45), and (iii) the host is able to shed the pathogen.
We confirm the first two requisites here; the third requisite was
confirmed previously (7). Thus, the red deer may be confirmed as
a true C. burnetii reservoir.

Methodological considerations. The true seroprevalence of C.
burnetii in free-ranging deer populations may have been underes-
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timated because most deer sera (1,017 of 1,151) were collected
from early autumn to midwinter, the main big-game-hunting sea-
son in Iberia. Recent data from LO farm (Fig. 1) suggest that
annual individual seroprevalence fluctuates according to the red
deer calving season, with the lowest values in winter and maxi-
mum values in late spring (32). Seroprevalence levels are higher in
late spring to early summer, coinciding with the time of calving
and, supposedly, with the main Coxiella burnetii excretion season.

Geographic distribution of C. burnetii in red deer popula-
tions. The wide geographical distribution of C. burnetii in Iberian
red deer populations is noteworthy. To date, to the best of our
knowledge, no exhaustive national study of C. burnetii in wild
ruminants has been performed in Europe. C. burnetii DNA was
found in the tissues of 23% of the roe deer analyzed from 9 of the
12 Dutch provinces during the massive human Q fever epidemic
affecting The Netherlands from 2007 to 2010 (36); however, the
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number of samples analyzed was low (n = 79). Comparisons with
results from previous regional studies of Spanish red deer are dif-
ficult because of differing geographic scales and techniques for
diagnosing pathogen exposure: an indirect immunofluorescence
test by which 9.5% of wild red deer and 40.0% of farmed red deer
were found to be seropositive (46) and molecular analyses (35)
where none of the 22 red deer analyzed tested positive. In general
terms, on the premise of possible underestimation of real sero-
prevalence values, we may conclude that C. burnetii circulates
widely in Iberian red deer populations.

Factors modulating the exposure of red deer to C. burnetii.
The modeling output of the overall deer data set partly confirmed
our second hypothesis; environmental and host factors were
found to be significant drivers of C. burnetii transmission in red
deer. However, no effect of the management system on the risk of
exposure to C. burnetii was observed, although the main drivers in
partial data sets differed slightly (Table 5). The three management
categories of red deer considered in this study are related to deer
abundance and aggregation (14, 47). Therefore, according to the
observed effect of cattle density on the risk of exposure to C. bur-
netii (21, 22), we expected a clear effect of management. One
would expect that in deer farms, and even in some intensively
managed free-ranging deer populations, horizontal C. burnetii
transmission would be enhanced due to the high animal-to-ani-
mal contact rate. This seems not to occur in general terms, perhaps
due to the complexity of C. burnetii ecology and the existence of
multiple reservoir hosts (3, 45). The low percentage of variance
explained by the best-fitted model for unmanaged deer popula-
tions (Table 5) may reflect the existence of a complex scenario in
environments with higher biological diversity. This would suggest
that endemic cycles of C. burnetii implicating different wild (and
domestic) host species might be established in Iberia.

Climatic conditions during the C. burnetii shedding season
modulate the risk of exposure of deer to this pathogen. Nonethe-
less, partial models revealed that the average spring temperature is
relevant only in free-ranging managed populations; this variable
itself explained 16.5% of model variance. Whether this observa-
tion is related to a direct effect of temperature on C. burnetii sur-
vival or transmission, or to indirect, nonconsidered effects—e.g.,
an effect on transmission— cannot be determined with our find-
ings and with the existing literature. Therefore, this finding should
be the basis for further studies aiming to deepen in C. burnetii
ecology.

Although a general effect of the season was evidenced, the risk
of exposure to C. burnetii was higher in the spring for unmanaged
deer and similar in the spring and winter for farmed deer. This
observation for farmed deer may be caused by a seasonal bias in
farmed deer sampling in this study; only deer from the LO farm,
which had a high proportion of seropositive deer, were surveyed
in the winter. The observation for unmanaged deer agrees with the
higher level of shedding of C. burnetii expected at the time of deer
calving in midspring, as mentioned above.

Finally, host effects were revealed by the general model and by
models for unmanaged and farmed deer populations. The influ-
ence of human density in the general model may be slightly mod-
ulated by an apparently exceptional result (Fig. 2) from a red deer
population with high seroprevalence. However, this factor also
modulated the exposure of unmanaged deer to C. burnetii, thus
showing the influence of human activities on the risk of exposure
of deer to this pathogen. The density of coexisting domestic rumi-

September 2015 Volume 81 Number 18

Applied and Environmental Microbiology

Coxiella burnetii Epidemiology in Red Deer

nants seems to dilute the risk of exposure of deer to C. burnetii.
This result is shocking for a pathogen that is endemic in domestic
ruminants in Iberia and whose transmission has been proven to be
linked to host density (21, 22). This contrasting finding again sug-
gests that the ecology of C. burnetii in wildlife is complex and that
different wild and domestic species are involved in its mainte-
nance, independently of the ability of the red deer to act as a true
reservoir host. Indeed, the modeling output suggests that al-
though an independent cycle of C. burnetii in red deer is possible
without the intervention of a third species (susceptibility, systemic
infection, and shedding demonstrated), other hosts may be impli-
cated in the circulation of C. burnetii in wild foci.

Implications for animal and human health. Haydon et al.
(48) redefined the reservoir concept for multihost pathogens and
stated that a specific pathogen of relevance for a target host of
interest may be maintained through a high number of combina-
tions of host populations or environments that keep the pathogen
circulating. Therefore, defining the risk of transmission of C. bur-
netii from red deer to target hosts (livestock and humans) is diffi-
cult, preventing us from concluding whether the red deer plays a
major role in C. burnetii maintenance in Iberia or not. We believe
that red deer populations constitute a highly relevant node in the
life cycle of C. burnetii, but particular scenarios of interaction with
third species need to be further investigated. Wild lagomorphs
and small mammals infected by C. burnetii, among others, may
excrete infectious bacteria (45, 49, 50) and therefore constitute
relevant pieces of the C. burnetii maintenance and transmission
puzzle.

The risk of C. burnetii transmission from red deer to humans
could be comparable to that from livestock if deer-human and
livestock-human indirect interaction rates were similar. This is
supported by the fact that both individual and population sero-
prevalences in red deer are similar to those found in domestic
ruminants (21, 40, 51). Most effective livestock-human C. burnetii
transmission events occur indirectly, through aerosols (33). We
may expect that most deer-livestock and deer-human transmis-
sion events would occur indirectly (52). Therefore, the risk of
transmission from deer to livestock and humans depends on the
exposure rate of deer, suggesting that extensively produced do-
mestic ruminants and humans involved in hunting and wild un-
gulate management and conservation face a higher risk (9, 53).

Our results point to free-ranging deer, perhaps in connection
with other wild and domestic hosts, and deer farms as the main
hot spots of circulation of C. burnetii among red deer in Iberia,
and perhaps elsewhere in Europe. Further clarification of partic-
ular red deer-livestock or red deer-human interaction rates at dif-
ferent geographic scales should improve the chances of preventing
C. burnetii transmission events.
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