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Abstract

Hepatitis E virus (HEV) is an emerging zoonotic pathogen in Europe. In the Iberian

Peninsula, wild boar (Sus scrofa) is considered the main wildlife reservoir of HEV.

This wild ungulate shares habitat and resources with other potential HEV carriers

in Iberian Mediterranean ecosystems, although information about the role of such

sympatric species in the HEV epidemiological cycle is still very limited. The aims of

the present large-scale, long-term study were: (1) to determine the seroprevalence

and prevalence of HEV in both free-living and captive populations of the Iberian lynx

(Lynx pardinus), the most endangered felid in the world; (2) to determine potential risk

factors associated with HEV exposure in this species and (3) to evaluate the dynamics

of seropositivity in longitudinally sampled animals during the study period. Between

2010 and 2021, serum samples from 275 Iberian lynxes were collected in free-ranging

and captive populations across the Iberian Peninsula. Forty-four of the 275 lynxes

were also longitudinally sampled during the study period. A double-antigen sandwich

ELISAwas used to test for the presence of antibodies againstHEV.A subset of seropos-

itive samples was analysed by Western blot (WB) assay to confirm exposure to HEV.

In addition, serum, liver and/or faecal samples from 367 individuals were tested for
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orthohepevirus RNA by RT-PCR. A total of 50 (18.2%; 95% CI: 14.1–23.2) of the 275

animals analysed had anti-HEV antibodies by ELISA. Exposure to HEV was confirmed

byWB inmost of the ELISA-positive Iberian lynxes analysed. Significantly higher sero-

prevalence was found in captive (33.6%) compared to free-ranging (7.4%) individuals.

Within captive population, the GEE model identified ‘age’ (senile, adult and subadult)

as risk a factor potentially associated with HEV exposure in the Iberian lynx. Thirteen

(29.5%) of 44 longitudinally surveyed individuals seroconverted against HEV during

the study period. HEV RNA was detected in the faeces of one (1/364; 0.3%; 95% CI:

0.0–0.8) free-ranging adult animal sampled in 2021. Phylogenetic analysis showed

that the sequenced strain belongs to HEV-3f subtype and shared a high nucleotide

sequence identity (97–99.6%) with human HEV-3f sequences from Spain and France.

To the best of the authors’ knowledge, this is the first survey study on HEV in the

Iberian lynx and the first molecular report of HEV-A infection in free-ranging felines.

Our results indicate high exposure to HEV-3 in Iberian lynx populations, particularly

those kept in captivity. The serological results suggest widespread but not homoge-

neous circulation of HEV in Iberian lynx populations. Further studies are required to

assess the epidemiological role of this endangered species as a potential spillover host

of HEV.
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1 INTRODUCTION

Hepatitis E virus (HEV; family Hepeviridae; genus Orthohepevirus) is an

important emerging and zoonotic pathogen currently considered the

main cause of acute viral human hepatitis worldwide (Lhomme et al.,

2019). At present, four species of Orthohepevirus (henceforth HEV-A

to HEV-D) have been confirmed, with HEV-A, particularly genotypes

HEV-1 to HEV-4 of this species, being the most important in terms of

public health concern. Although the domestic pig and wild boar (Sus

scrofa) are the primary reservoirs (Pavio et al., 2017), susceptibility

to HEV-A infection has been confirmed in an expanding range of

mammal species (Meng, 2016; Sarchese et al., 2021), whose role in the

epidemiology of this virus is still poorly understood.

The Iberian lynx (Lynx pardinus) is themost endangered felid species

in theworld (Nowell & Jackson, 1996) and one of themost endangered

carnivores in Europe (International Union for Conservation of Nature,

2021). Iberian lynx populations declined drastically during the last

decades of the 20th century, and it was estimated that there were only

around 100 individuals in 2002, distributed in two isolated areas of

Andalusia (southern Spain) (Simón et al., 2012). The decline was asso-

ciated with a reduction in the numbers of its staple prey, the European

wild rabbit (Oryctolagus cuniculus), habitat destruction, illegal trapping

and hunting, road kills and infectious diseases (Ferreras et al., 1992,

2001; López et al., 2014; Rodríguez &Delibes, 2004). Over the last two

decades, clinical cases and mortalities in this endangered species have

been reported due to feline leukaemia virus, Suid alphaherpesvirus 1

andMycobacterium bovis infections, among others (Briones et al., 2000;

Masot et al., 2016; Meli et al., 2010). Since 2000, a number of projects,

including EU LIFE-Nature projects, have been launched to save the

Iberian lynx from extinction, focusing on in situ and also ex situ conser-

vation programs (Vargas, 2009). As a result, the Iberian lynx census has

soared during the last decade, reaching more than 1,100 free-ranging

individuals in 2020 ( Ministerio para la Transición Ecológica y Reto

Demográfico, 2021). Themonitoring of pathogens that could affect the

Iberian lynx in the two different epidemiological habitats in which it

is found (in captivity and in the wild) is a key component of the con-

servation programs of this endangered species, and health surveillance

programs are being conducted in both free-living and captive popula-

tions (Nájera et al., 2021; Rivas et al., 2016). Nevertheless, information

about the susceptibility of the Iberian lynx to pathogens that are not

monitored but highly prevalent in their habitat, which may be impor-

tant in terms of conservation and animal and public health, is still very

limited.

In the Iberian Mediterranean ecosystems where the Iberian lynx is

distributed, different studies have confirmedHEV-3 infection in exten-

sively raised Iberian pig, a breed of domestic pig native to the Iberian

Peninsula, wild boar (seroprevalence ranging from 5.2% to 57.6%), red

deer (Cervus elaphus) (seroprevalence ranging from 10.2 to 12.9%) and

horses (Caballero-Gómez et al., 2019; García-Bocanegra et al., 2019;

Kukielka et al., 2015; López-López et al., 2018; Risalde et al., 2017). In

addition, HEV exposure has been reported in other sympatric species

that could act as potential reservoirs or spillover hosts, including wild
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rabbits (4.1%) and extensively raised goats (8.9%) and sheep (2.2%)

(Boadella et al., 2010; Caballero-Gómez et al., 2022; Lopes &Abrantes,

2020; Kukielka et al., 2015). However, there is no information about

the susceptibility of the Iberian lynx to HEV infection and its pos-

sible role in the transmission of the virus in these ecosystems. HEV

infection or exposure has so far been detected in several felid species,

including the Eurasian lynx (Lynx lynx), and the captive clouded (Neofelis

nebulosa), Persian (Panthera pardus saxicolor) and snow leopards (Uncia

uncia), as well as in domestic pet and stray cats (Caballero-Gómez

et al., 2022; Song et al., 2013; Spahr, Ryll, et al., 2017; Zhang et al.,

2008). Our hypothesis is that free-living and captive Iberian lynx pop-

ulations may be exposed to HEV, in which case, this species could play

a role in the epidemiology of this emerging virus. The objectives of the

present large-scale, long-term study were therefore: (1) to determine

the seroprevalence and prevalence of HEV in Iberian lynx populations,

(2) to determine potential risk factors associated with HEV exposure

in this species and (3) to evaluate the dynamics of seropositivity in

longitudinally sampled animals during the study period.

2 MATERIAL AND METHODS

2.1 Sampling

Blood samples were collected from 275 Iberian lynxes across the

Iberian Peninsula between 2010 and 2021. Thus, a total of 162 were

free-ranging animals in the three areas where the Iberian lynx popula-

tion is already distributed (central, south and southwest Spain). In addi-

tion, 113 lynxes kept in captivity, including 106 from the four captive

breeding centres (BC1–BC4) belonging to the Iberian lynx ex situ con-

servation program and seven from four zoological parks/conservation

centres (ZC1–ZC4), were sampled. A total of 44 (including 10 free-

ranging, 26 captive and eight animals translocated from captivity to

free-rangeareasor vice versa) of the275 sampled individualswerealso

longitudinally surveyed (between two and four samplings per animal)

during the study period. During follow-up, the median (Q1–Q3) inter-

val between consecutive samplings was 48months (24–60). Sera were

obtained by blood centrifugation at 400 × g for 15 min and stored at

−80◦C until laboratory analysis. Between 2017 and 2021, liver and/or

faecal samples from 176 Iberian lynxes (including 131 free-ranging

and 45 captive individuals) were also collected and stored at −20◦C

until molecular analysis. Of these, both liver and faecal samples were

collected from 51 animals (46 free-ranging and five captive Iberian

lynxes).

All available samples were used in the present study. Serum, liver

and faecal samples collected from individuals subjected to health

programs,medical check-ups or necropsy during the study periodwere

obtained from serum/tissue banks at the Center for Analysis andDiag-

nosis of Wildlife (CAD, Andalusia, southern Spain). This study did not

involve the intentional killing of animals. Iberian lynxes were sampled

by authorized veterinarians and animal keepers following routine pro-

cedures on live and dead individuals before the design of this study, in

compliance with Ethical Principles in Animal Research. Samples from

a representative number of free-ranging individuals and almost all the

captive population were analysed in the present study.

Whenever possible, epidemiological information about each indi-

vidual animal was recorded, including age (yearlings: < 1 year old;

subadults: 1 to 3 years old; adults: 3 to 10 years old; senile: > 10 years

old), sex, habitat status (free-ranging vs. captivity), origin (free-range

area, breeding centre, zoological park/conservation centre), sampling

date and georeferenced location.

2.2 Serological analysis

The presence of total antibodies against HEV was assessed using a

commercial double-antigen sandwich multi-species ELISA (HEV 4.0v;

MP Diagnostics, Illkirch, France) following the manufacturer’s instruc-

tions. This assay is based on the highly conserved recombinant protein

ET2.1of theHEVcapsid (Huet al., 2008) anddetects anti-HEVantibod-

ies in serumor plasma in awide range of animal species, including felids

such as cats (Caballero-Gómez et al., 2022), the Eurasian lynx and the

serval (Leptailurus serval) (unpublished data), in which the presence of

anti-HEV antibodies in ELISA-positive animals was also confirmed by

Western Blot assay (WB).

Serumsamples from34 Iberian lynxwere randomly selected forWB

analyses in order to confirm exposure to either HEV-A and/or HEV-C

in Iberian lynx populations (Kubickova et al., 2021). Carboxy-terminal

segments of the capsid proteins of HEV-3 and rat HEV-C1 and a nucle-

ocapsid protein derivative (amino acid residues 1–39/213–433) of the

Puumala orthohantavirus strain Vranica/Hällnäs, as negative control,

were produced as His-tagged recombinant proteins in Escherichia

coli and purified by nickel-chelate affinity chromatography (Dremsek

et al., 2012; Lundkvist et al., 2002). Purified proteins were run in

12% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF)

membrane and analysed for control by anti-His tag and HEV capsid

protein cross-reactivemonoclonal antibodies (Merck, Darmstadt, Ger-

many; Kubickova et al., 2021, Supplementary Figure 1). Serum samples

were diluted 1:100 in 5% skimmed milk in phosphate-buffered saline

(PBS)-0.1% Tween 20 (PBS-T), and the antigen–antibody reaction

was detected by adding purified recombinant protein A/G conjugated

with horse-radish peroxidase (HRP) (Thermo Scientific, Schwerte,

Germany), diluted 1:50,000 in 5% PBS-T. The immunoreaction was

detected using Clarity Western ECL Substrate (Biorad, Feldkirchen,

Germany) and documented in a VersaDoc 4000MP system (Bio-Rad)

with an exposure time between 1 s and 60 s.

2.3 Molecular analysis

For the molecular analysis, RNA from serum (number of samples

analysed (n) = 248 from 220 individuals), liver (n = 158) and fae-

cal (n = 73) samples was extracted using the QIAmp MinElute Virus

Spin, RNeasy Mini, and QIAamp cador Pathogen Mini Kits (QIAGEN,

Hilden, Germany), respectively, whenever possible. Seropositive sera

as well as liver and stool samples were individually extracted, whereas
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seronegative serum sampleswere randomly subjected to a pool testing

approach (pools of eight samples; total volume: 400 µl) and extracted.

The sensitivity of RT-PCR in pools was set at 670 IU/ml (Rivero-Juárez

et al., 2019).

The presence of HEV RNA was assessed using two RT-PCR

assays in parallel. A real-time RT-PCR (CFX Connect Real Time

PCR System) capable of detecting all HEV-A genotypes was per-

formed using 10 µl of RNA template and the QIAGEN One-Step

RT-PCR kit as previously described (Frias et al., 2021). Briefly,

the primers employed were FWD 5′-RGTRGTTTCTGGGGTGAC-3′
and RVS 5′-AKGGRTTGGTTGGRTGA-3′, and the probe was 5′-FAM-

TGAYTCYCARCCCTTCGC-TAMRA-3′. In addition, a nested broad-

spectrum RT-PCR (Fisher Scientific Applied Biosystems SimpliAmp™)

able to detect HEV-A, HEV-B and HEV-C strains was performed

using the QIAGEN One-Step RT-PCR kit and HEV-cs and HEV-cas

primers for the first round, and the premixed 2× solution containing

Taq DNA Polymerase, dNTPs and Reaction Buffer (Promega, Madi-

son, WI, USA) and HEV-csn and HEV-casn primers for the second

round (Johne et al., 2010). The amplicons of the nested RT-PCR were

examined on 1.5% agarose gels stained with RedSafe™ Nucleic Acid

Staining solution (iNtRON Biotechnology, Seongnam, Korea). Positive

samples using this assay were sequenced with the BigDye Terminator

Cycle Sequencing Ready Reaction Kit on an ABI PRISM 3100 Genetic

Analyser (Applied Biosystems, Foster City, CA, USA). The consensus

sequence was obtained using SeqMan Software NGen® Version 12.0

(DNASTAR. Madison, WI, USA). Subtype assignment and phylogenetic

analyses were performed using the HEVnet genotyping too1 (Mul-

der et al., 2019) and confirmed by Basic Local Alignment Search Tool

(BLASTn). Sequence alignments were generated by the MAFFT online

service (https://mafft.cbrc.jp/alignment/server/): multiple sequence

alignment, interactive sequence choice and visualization. Phylogenetic

trees were reconstructed with the maximum likelihood method using

the proposed HEV-A genotype/subtype standard reference strains

(Smith et al., 2016, 2020). The final treewas obtainedwithMEGASoft-

ware (Version 10) using the bootstrapmethod (with 1,000 replicates).

2.4 Statistical analyses

Seroprevalence and prevalence were estimated by dividing the num-

ber of positive or seropositive animals by the total number of animals

tested, using two-sided exact binomial 95% confidence intervals (95%

CI). Associations between the presence of anti-HEV antibodies and

the variable ‘habitat status’ were analysed using Pearson’s chi-square

test. To avoid a possible collinearity bias, free-ranging and captive pop-

ulations were tested separately. Associations between the presence of

anti-HEV antibodies and explanatory variables (age, sex and sampling

period [categorized by terciles in each population]) were analysed

using Pearson’s chi-square test or Fisher’s exact test, as appropriate.

Variables with p < .10 in bivariate analyses were selected for inclusion

in the multivariate analyses. Collinearity between pairs of variables

was tested using Spearman’s Rho test. Finally, a generalized estimating

equation model (GEE) was used to assess the effect of the variables

F IGURE 1 Spatial distribution and serological results of Iberian
lynxes sampled in the Iberian Peninsula. The HEV seroprevalence,
numbers of seropositives and total number of animals analysed in each
free-range area and captivity centre are shown in brackets. The
abbreviations ‘BC’ and ‘ZC’ refer to breeding centres and zoological
parks/conservation centres, respectively

selected in bivariate analysis. ‘Origin’ was included as a random factor,

and the number of seropositive animals was assumed to follow a

binomial distribution. A manual forward stepwise approach was used,

starting with the variable with the lowest p-value in bivariate analysis.

At each step, the confounding effect of the included variable was

assessed by computing change in odds ratios (OR) greater than 30%.

Variables with p < .05 were considered statistically significant. Statis-

tical analyses were performed using SPSS 25.0 software (Statistical

Package for Social Sciences, Inc., Chicago, IL, USA).

3 RESULTS

A total of 50 (18.2%; 95%CI: 14.1–23.2) of 275 Iberian lynxes sampled

had antibodies against HEV. Seroprevalence was significantly higher in

captive (38/113; 33.6%; CI 95%: 25.6–42.8) compared to free-ranging

(12/162; 7.4%; CI 95%: 4.3-12.5) individuals (p < .001; Relative Risk:

6.3; CI 95%: 3.1–12.8). The frequency of anti-HEV antibodies in free-

ranging and captive populations by age, sex and sampling periods is

shown in Table 1. The GEEmodel identified ‘age’ as a risk factor poten-

tially associated with HEV exposure in captive Iberian lynxes (Table 2).

The seroprevalence was significantly higher in captive senile, adult

and subadult individuals compared to captive yearling animals (50.0%,

42.9% and 22.7% vs. 5.6%; p = .005, p = .001 and p = .049). Expo-

sure toHEVwas detected in two yearling animals sampled in 2017 and

2021: one captive 3 months-old and one free-ranging 10 months-old

lynxes, respectively. Antibodies against HEV-3 were confirmed byWB

in29 (85.3%) of 34ELISA-positive animals, and21of these also reacted

against rat HEV-C1 antigen (Supplementary Figure 1).

The distribution of seroprevalences by origin is shown in Table 3

and Figure 1. Seropositive Iberian lynxwere detected in the three free-

ranging areas sampled,with frequencies ranging from5.5% in the south
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TABLE 1 Distribution of HEV seroprevalence in free-ranging and captive Iberian lynx populations and results of bivariate analysis

Free-ranging Captive

Variable Categories

No. Positives/

no. analyseda
Seroprevalence

(%) (95%CI) p Categories

No. Positives/

No. analyseda
Seroprevalence

(%) (95%CI) p

Age Yearling 1/27 3.7 (0.0–10.8) .269 Yearling 1/18 5.6 (0.0–16.1) .011

Subadult 3/61 4.9 (0.0–10.3) Subadult 5/22 22.7 (5.2–40.2)

Adult 6/59 10.2 (2.5–17.9) Adult 27/63 42.9 (30.6–55.1)

Senile 2/10 20.0 (0.0–44.8) Senile 5/10 50.0 (19.0–81.0)

Sex Female 7/81 8.6 (2.5–14.8) .313 Female 22/61 36.1 (24.0–48.1) .294

Male 4/75 5.3 (0.3–10.4) Male 15/51 29.4 (16.9–41.9)

Sampling

period

2010–2016b 6/63 9.5 (2.3–16.8) .705 2010–2014b 15/30 50.0 (32.1–67.9) .067

2017–2018 3/53 5.7 (0.0–11.9) 2015–2016 9/38 23.7 (10.2-37.2)

2019–2021 3/46 6.5 (0.0––13.7) 2017–2020 14/45 31.1 (17.5–44.6)

aMissing values excluded.
bNo animals were sampled in 2011.

TABLE 2 Results of the generalized estimating equation analysis
of potential risk factors associated with HEV exposure in the Iberian
lynx

Variable Categories β p OR (95%CI)

Age Senile 2.693 .005 14.8 (2.2–98.5)

Adult 2.348 .001 10.5 (2.5–43.0)

Subadult 1.499 .049 4.5 (1.0–19.9)

Yearling a a a

aReference category; OR, odds ratio; CI, confidence interval.

to 11.6% in southwest Spain. Animals with anti-HEV antibodies were

also found in the four captive breeding centres, with within-centre

rates ranging between11.1% inBC2and51.4% inBC4. Statistically sig-

nificant differences were observed between captive breeding centres

(p = .019) but not between free-living areas (p = .466) (Table 3). Two

Iberian lynxes from zoological parks/conservation centres, both from

the same zoo (ZC2), were also found to be seropositive to HEV.

Seropositive Iberian lynxes were observed in all years of the

study period except for 2011, since no animals were sampled. Simi-

lar seroprevalence was found among sampling periods in free-ranging

Iberian lynxes (9.5% in 2010–2016, 5.7% in 2017–2018 and 6.5%

in 2019–2021), whereas fluctuations were observed in captive ani-

mals (50.0% in 2010–2014, 23.7% in 2015–2016 and 31.1% in

2017–2020) (Table 1). ‘Sampling period’ was selected from bivariate

analysis in the captive population but was identified as a confound-

ing variable of ‘age’ and removed from the final GEE model. Of

the 44 longitudinally surveyed animals, 15 (34.1%) tested positive

by ELISA at each sampling in the study period (Table 4) and 15

animals also remained seronegative at the different samplings. Of

note, 13 (29.5%) of the 44 individuals seroconverted against HEV

during the study period. In addition, seroreversion was detected

in two lynxes; the sampling intervals between the seropositive and

TABLE 3 Distribution of HEV seroprevalence in Iberian lynx by origin and results of bivariate analysis

Variable Categories

No. positives/no.

analysed

Seroprevalence (%)

(95%CI) p

Free-range areas Central Spain 3/53 5.7 (0.0–11.9) .466

South Spain 4/66 6.1 (0.3–11.8)

Southwest Spain 5/43 11.6 (2.1–21.2)

Breeding centres BC1 10/31 32.3 (15.8–48.7) .019

BC2 2/18 11.1 (0.0–25.6)

BC3 5/20 25.0 (6.0–44.0)

BC4 19/37 51.4 (35.3–67.5)

Zoological

parks/conservation

centres

ZC1 0/2 0.0 (0.0–84.2) NA

ZC2 2/2 100.0 (15.8–100.0)

ZC3 0/1 0.0 (0.0–97.5)

ZC4 0/2 0.0 (0.0–84.2)

Abbreviation: NA, Not analysed because of the low number of individuals sampled.
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F IGURE 2 Spatial distribution andmolecular results of Iberian
lynx sampled in the Iberian Peninsula. Prevalence of HEV infection,
number of RNA positive and total number of animals analysed in each
free-range area and captivity centre are shown in brackets. The
abbreviations ‘BC’ and ‘ZC’ refer to Breeding centres and zoological
parks/conservation centres, respectively

first seronegative sampling in these animals ranged between 6 and

7 years.

HEV RNA was detected in one (0.3%; 95% CI: 0.0–0.8) of the

364 individuals tested by RT-PCR. One of 73 stool (individual preva-

lence: 1/73; 1.4%; 95% CI: 0.0–4.0) samples tested positive for HEV

RNA. None of the 248 serum (individual prevalence: 0/220; 0.0%; 95%

CI: 0.0–1.5) or 158 liver (0.0%; 95% CI: 0.0–1.9) samples were pos-

itive for active HEV infection (Figure 2). The infected Iberian lynx,

in which both liver (negative) and faeces (positive) were analysed,

was an adult male sampled in the free-range area of southwestern

Spain in 2021 (Figure 2). The sequenced ORF2 fragment of 285 base

pairs belongs to genotype 3, subtype 3f (GenBank Accession Num-

ber: OL840902). BLAST analysis showed high nucleotide sequence

identity (97–99.6%) with human HEV-3f sequences obtained from the

same Spanish study area (GenBank Accession Numbers: OL741651,

OL741653 andOL746155) and France (Figure 3).

4 DISCUSSION

This is the first survey study on HEV in the Iberian lynx. The sero-

prevalences detected in the present study in free-ranging (7.4%) and

captive (33.6%) populations indicate moderate and high circulation,

respectively, of this emerging virus. In most ELISA-positive animals,

antibodies against HEV-3 were confirmed by WB, showing circulation

of this genotype in Iberian lynx populations. Some of these individuals

also reacted against rat HEV-C1. Although cross-reactivity among

hepeviruses has previously been observed (Sridhar et al., 2021; Wang

et al., 2020), exposure to both genotypes or to a hitherto unknown

virus of a putative novel genotype in the Iberian lynx population cannot

be ruled out. In line with this, rat HEV-C1 exposure and infection have

F IGURE 3 Phylogenetic tree constructed by themaximum
likelihoodmethod and Kimura 2-parameter model. The bootstrap
consensus tree was inferred from 1,000 replicates and used to
represent the evolutionary history of the taxa analysed. The
percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1,000 replicates) is shown next to the
branches when values were larger than 70. Initial tree(s) for the
heuristic search were obtained automatically by applying
Neighbor-Joining and BioNJ algorithms to amatrix of pairwise
distances estimated using theMaximumComposite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood
value. The analysis involved 74 nucleotide sequences. Sequences
proposed by Smith et al. (2020) as reference sequences are shown as
‘Reference Sequence’ in the tree. There was a total of 270 positions in
the final dataset. Evolutionary analyses were conducted inMEGAX.
The sequence retrieved from the positive Iberian lynx is given in bold
type (accession number OL840902)
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previously been reported in stray cats and humans, respectively, in the

study area, and infection with this genotype has also been found in

other carnivores, such as the Syrian brown bear (Ursus arctos syriacus),

in a zoo inGermany (Caballero-Gómez et al., 2022; Rivero-Juárez et al.,

2022; Spahr, Ryll, et al., 2017).

The detection of seropositive lynxes in all free-range areas and

captive breeding centres, with seroprevalence rates ranging from

5.7% to 51.4%, suggests widespread but not homogeneous HEV

circulation among their populations. Indeed, animals kept in captivity

had amore than six times higher risk of being exposed to the virus than

free-ranging individuals. Statistically significant differences between

the four captive breeding centres were also found. This finding may be

associatedwith differences in food suppliers ormanagementmeasures

between centres. Consumption of products derived from infected ani-

mals is considered to be the main route of HEV transmission, not

only for humans but also for other mammal species. The Iberian

lynx is a trophic specialist that depends mainly on rabbits, which are

the main reservoir of the HEV-3ra subtype but also susceptible to

HEV-4 and other strains of HEV-3 (Spahr, Knauf-Witzens, et al., 2017).

Limited circulation of HEV has been demonstrated in free-ranging

wild rabbits in Iberian Mediterranean ecosystems (Caballero-Gómez

et al., 2020; Lopes & Abrantes, 2020), which is consistent with the low

seroprevalence found in free-ranging (6.5%) Iberian lynx populations

in the present study. On the other hand, it should be noted that Iberian

lynxes in captive breeding centres feed mainly on domestic farmed

rabbits (Rivas et al., 2016) and thatHEVcirculation has been confirmed

in farmed rabbits in other European countries (Bigoraj et al., 2020; Di

Bartolo et al., 2016), although further studies are warranted to assess

the role of wild and domestic rabbits in the epidemiology of HEV in

Spain. In the event that its role as an HEV reservoir is confirmed,

using domestic rabbits from HEV-free farms to feed Iberian lynxes

kept in captive breeding centres could be a useful tool to limit HEV

transmission in this species. Captive Iberian lynxes can also be fed

sporadicallywith partridge, quail and veal (Rivas et al., 2016). However,

orthohepevirus infection in partridge and quail has not been reported

so far, and the susceptibility of cattle to this virus remains under

debate (Yugo et al., 2018).

Interestingly, seroconversions were detected in a high percentage

(29.5%) of the longitudinally sampled individuals. This, coupled with

the detection of seropositive yearlings, indicates HEV circulation dur-

ing the study period. In addition, 15 animals were seropositive at all

samplings, which could be related to repeated exposure to the virus or

more likely to the lifelong persistence of antibodies in the Iberian lynx,

as has previously been shown in other species (Pavio et al., 2017; Sem-

inati et al., 2008). The significantly higher seroprevalence detected in

older captive animals in multivariate analysis supports this hypothesis.

There is no known information about the persistence of anti-HEV anti-

bodies in the Iberian lynx, although experimental studies conducted on

nonhuman primates have confirmed that the persistence of antibod-

ies against this virus can range from 100 days to more than 7 years

post-infection (Arankalle et al., 1999; Li et al., 1994). In our study,

the sampling intervals for the two lynxes that seroreverted were 6

and 7 years, and while some individuals remained seropositive with

similar sampling periods, this finding suggest that, in the absence of re-

exposure, anti-HEV antibodies may decline 6 or 7 years after infection

in this felid species. In any case, additional studies are needed to deter-

mine the duration of persistence of anti-HEV antibodies in the Iberian

lynx.

Noneof the250 serumand161 liver sampleswerepositive forHEV-

A HEV-B or HEV-C infection. However, one of the 76 stool samples

tested positive for HEV RNA, which confirm the susceptibility of the

Iberian lynx to virus infection and increase the host range of HEV-A.

To the best of the authors’ knowledge, this is the first molecular report

of HEV-A infection in free-ranging felines. Interestingly, HEV RNAwas

detected in the faeces, but not the liver, of the infected Iberian lynx.

This could be related to an early or even late stage of acute infection

as has previously been suggested for suid species (de Deus et al., 2008;

Kozyra et al., 2020). Unfortunately, serum from this animal could not be

obtained. The sequenced subgenotype in the positive lynx belonging to

HEV-3f (GenBank AccessionNumber: OL840902) has previously been

detected in different wild and domestic ungulate species in the study

area, including domestic pigs, horses, red deer and wild boar (García-

Bocanegra et al., 2019; Kukielka et al., 2015; López-López et al., 2018;

Rivero-Juárez et al., 2018). Besides lagomorphs, free-ranging Iberian

lynxes may sporadically consume different ungulate species, such as

red deer or wild boar (Masot et al., 2016; Rivas et al., 2016). Theremay

also be direct or indirect contact between the Iberian lynx, and these

as well as other susceptible wild and domestic ungulates, including fal-

low deer, pigs, goats and sheep, can occur in the IberianMediterranean

ecosystems, which may increase the risk of HEV transmission among

these sympatric species. In connection with this, the HEV-positive lynx

was sampled in a region characterized by high densities of wild boar,

Iberian pig and red deer populations (Gortázar et al., 2011; Jiménez-

Ruiz et al., 2022) and where HEV-3r has previously been found in wild

boar (Caballero-Gómezet al., 2019). This, coupledwith thedetectionof

HEV-3f in the present study, confirms the circulation of both subtypes

in wildlife in southwest Spain. HEV-3f is also the main HEV subtype

detected in humans in this country (Izopet et al., 2019). Detection of

this subtype inbothhumans and the Iberian lynx and the strong similar-

ity of HEV-3f sequences retrieved from them (Figure 3) points to HEV

circulation in different epidemiological contexts and suggest a com-

mon epidemiological cycle. In this context, cross-species foodborne

transmission of HEV-3 from suids to humans or carnivores, such as

the wolf (Canis lupus), has been demonstrated and recently suggested,

respectively, in European countries, such as Spain and Italy (Riveiro-

Barciela et al., 2015; Rivero-Juárez et al., 2017; Sarchese et al., 2021).

This finding may also suggest that there is a possible risk of zoonotic

transmission ofHEV from the Iberian lynx, although further studies are

warranted to support this hypothesis.

In conclusion, the serological and molecular results obtained in the

present study provide evidence of HEV infection in free-ranging and

captive Iberian lynx populations and suggest a possible role for this

species as spillover hosts of this virus in IberianMediterranean ecosys-

tems. We also confirmed infection with the zoonotic genotype HEV-3f

in the Iberian lynx, which may of public health concern. The serolog-

ical results indicate the widespread but not homogeneous circulation
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of HEV in Iberian lynx populations. Additional studies are needed to

determine the source of HEV infection in the Iberian lynx, particularly

in animals kept in captivity, in order to implement control measures to

limit exposure to this virus.
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