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Abstract

The 2018 outbreak of myxomatosis in the Iberian hare (Lepus granatensis) has been

hypothesized to originate from a species jump of the rabbit-associated myxoma virus

(MYXV), after natural recombination with an unknown poxvirus. Iberian hares were

long considered resistant tomyxomatosis as no prior outbreakswere reported. To pro-

vide insights into the emergence of this recombinant virus (ha-MYXV), we investigated

serum samples from 451 Iberian hares collected over two time periods almost two

decades apart, 1994–1999 and 2017–2019 for the presence of antibodies andMYXV-

DNA. First, we screened all serum samples using a rabbit commercial indirect ELISA

(iELISA) and then tested a subset of these samples in parallel using indirect immunoflu-

orescence test (IFT), competitive ELISA (cELISA) and qPCR targetingM000.5L/R gene

conserved in MYXV and ha-MYXV. The cut-off of iELISA relative index 10 = 6.1 was

selected from a semiparametric finite mixture analysis aiming to minimize the proba-

bility of false positive results. Overall, MYXV related-antibodies were detected in 57

hares (12.6%) including 38 apparently healthy hares (n = 10, sampled in 1994–1999,
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noneMYXV-DNA positive, and n= 28 sampled in 2017–2019 of which four were also

ha-MYXV-DNA positive) and 19 found-dead and ha-MYXV-DNA-positive sampled in

2018–2019. Interestingly, four seronegative hares sampled in 1997wereMYXV-DNA

positive by qPCR, the result being confirmed by sequencing of three of them. For the

Iberian hares hunted or live trapped (both apparently health), seroprevalence was sig-

nificantly higher in 2017–2019 (13.0%, CI95% 9.2–18.2%) than in 1994–1999 (5.4%,

CI95% 3.0–9.6%) (p = .009). Within the second period, seroprevalence was signifi-

cantly higher in 2019 compared to 2017 (24.7 vs 1.7% considering all the sample,

p= .007), and lower during thewinter than the autumn (p< .001).While ourmolecular

and serological results show that Iberian hares have been in contact with MYXV or an

antigenically similar virus at least since 1996, they also show an increase in seropreva-

lence in 2018–2019. The remote contact with MYXV may have occurred with strains

that circulated in rabbits, or with unnoticed strains already circulating in Iberian hare

populations. This work strongly suggests the infection of Iberian hares with MYXV or

an antigenically related virus, at least 20 years before the severe virus outbreaks were

registered in 2018.

KEYWORDS
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1 INTRODUCTION

Myxomatosis is caused by infection with myxoma virus (MYXV),

belonging to genus Leporipoxvirus from subfamily Chordopoxvirinae and

family Poxviridae. MYXV has a 163 kbp-long dsDNA genome, which

replicates in the cytoplasm of the infected cells (Murphy et al., 1995)

and is transmitted mainly by biting arthropods or direct contact with

infected animals (Mead-Briggs & Vaughan, 1975). The main vectors

belong to families Culicidae and Simuliidae and order Siphonaptera,

while lice, ticks and mites play a less important role in transmission

(Bertagnoli &Marchandeau, 2015).

In the European rabbit (Oryctolagus cuniculus), MYXV generally

induces a severe, often fatal, generalized disease characterized by a

swollen head, eyelids and ears, blepharoconjunctivitis with mucopu-

rulent ocular and nasal discharge, cutaneous lesions and inflammation

and oedema of the genitalia and perianal skin (Bertagnoli & Marchan-

deau, 2015; Kerr et al., 2015). Since its intentional introduction in

Europe in1952,myxomatosis becameendemic in European rabbit pop-

ulations (Bertagnoli & Marchandeau, 2015; Villafuerte et al., 2017a).

According to the case fatality rate, average survival time and clinical

signs induced in rabbits, theMYXV strains can be classified in I (higher)

to V (lower) virulence grades (Kerr & Best, 1998).

Until recently, the European rabbit was the only Iberian lagomorph

considered highly susceptible to infection by the MYXV. While spo-

radic cases of myxomatosis have been reported in brown hares Lepus

europaeus (Jacotot et al., 1954; Magallon et al., 1953; Barlow et al.,

2014), theendemic anddeclining Iberianhare (Lepus granatensis) (Carro

& Soriguer, 2017) was considered resistant to MYXV infection, with

no confirmed cases until 2018, when a large outbreak was reported

in southwestern Spain (García-Bocanegra et al., 2019). This outbreak

recurred in subsequent years and has been spreading throughout the

Iberian Peninsula (Duarte et al., 2021; García-Bocanegra et al., 2020;

MAPA, 2020).

A novel strain of MYXV was genotyped from dead Iberian hares

during the 2018 outbreak (Carvalho et al., 2020; Dalton et al., 2019;

Pinto et al., 2019). These studies demonstrated a natural recombi-

nant virus (ha-MYXV), which has additional genetic material from

an unknown poxvirus (mainly a ∼2.8 kbp insertion disrupting m009L

gene), hypothesized to have allowed the species jump event and/or

increased virulence for Iberian hares (Dalton et al., 2019; Pinto et al.,

2019). Although ha-MYXVDNAwas detected in a fewwild and domes-

tic rabbits (Abade dos Santos, 2020a, 2020b), the rarity of detection

of ha-MYXV in rabbits supports the apparent preferential circulation

of MYXV and ha-MYXV in rabbits and hares, respectively. The ha-

MYXV, either isolated from Iberian hare or European rabbit, proved

to be pathogenic for the wild rabbit (Abade dos Santos et al., 2022b).

The susceptibility of hares to MYXV classic strains infection has not

been investigated, although it was shown in vitro that it cannot infect

and replicate in hare cell cultures (Águeda-Pinto et al., 2022). How-

ever, classic MYXV was recently associated with cases of co-infection

with ha-MYXV in Iberian hare and wild rabbit, demonstrating that

under certain circumstances, it can systemically infect the Iberian hare

(Abade dos Santos et al., 2022a).

This study aims to provide insights into the emergence of myx-

omatosis in the Iberian hare, by assessing the presence of anti-

bodies against MYXV antigens and MYXV-DNA in specimens from
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TABLE 1 Sex and age classes descriptive statistics of the Iberian hares analyzed in this study. Number of hares analyzed in 1994–1999 and
2017–2019, by sex (F, female; M, male) and age classes (J, juveniles; A, adults). ND not determined

Samplingmethods Total

1994–1999 2017–2019

F M ND J A ND F M ND J A ND

Live Nets 88 24 40 0 15 49 0 12 12 0 4 20 0

Post-mortem Hunted 313 3 4 115 0 7 115 107 80 4 16 173 2

Found dead 50 0 0 0 0 0 0 20 22 8 5 37 8

Total 451 27 44 115 15 56 115 139 114 12 25 230 10

Total 1994 1996 1997 1998 1999 2017 2018 2019

Live Nets 88 0 0 25 22 17 0 0 24

Post-mortem Hunted 313 30 22 37 0 33 60 90 41

Found dead 50 0 0 0 0 0 0 30 20

Total 451 30 22 62 22 50 60 120 85

Spain and Portugal, before and during the outbreaks reported in

2018.

To accomplish that, we performed a serological and molecular sur-

vey of myxoma or antigenically related viruses in samples collected

in two different periods, over 20 years apart (1994–2019) to investi-

gate the putative contact of Iberian hare populations with MYXV or

MYXV-like viruses in the past, and encompassing the ha-MYXV emer-

gence recorded in 2018. We started by screening all serum samples

with a commercial rabbit indirect ELISA (iELISA), and then tested a

subset of positive and negative samples with indirect immunofluores-

cence test (IFT), competitive ELISA (cELISA) and qPCR. Our aimwas to

explore uncovered clues about the past circulation of the virus in hares

and the recent emergence of highly pathogenic ha-MYXV in Iberian

hares. Given that the origin of the ha-MYXV is yet to be explained, sev-

eral hypotheses are put forward in this manuscript, along with those

considered in the past.

2 MATERIAL AND METHODS

2.1 Sample collection and serum preparation

Blood samples were collected from 451 Iberian hares, mostly from the

central-south-western Iberian Peninsula, coinciding with regions that

were covered by research studies in Portugal and Spain, and where

the recent myxomatosis infections have been detected in this species.

Iberian hares included in the study were either live captured with

long nets (apparently healthy, n = 88), or post-mortem, either hunted

(apparently healthy, n = 313) or found dead in the field (presumably

sick, n = 50). Live captures and hunting samples were considered in

this study as random sampling, contrary to the animals found dead

in the field, presumably sick. The number of samples from each sam-

pling period was: 186 from 1994 to 1999 (random sampling only);

and 265 from 2017 to 2019 (random sample n = 215, found dead,

n=50) (Table 1). The samples from2018 and2019were collected after

the emergence of myxomatosis (middle and late 2018 for Spain and

Portugal, respectively). Hares were hunted according to the Spanish,

Portuguese and European legislation. Thus, no animal was sacrificed

for this study.

Blood collection from live hares was obtained by venipuncture of

the marginal ear vein or the external jugular vein (Abade dos Santos

et al., 2019) and from dead animals by cardiac puncture. Blood was

transferred into plain tubes, centrifuged for 10 min at 1500g at 4◦C

and the serum was preserved at −20◦C until analysis. In the case of

found-dead hares, as blood was coagulated, the sample used was sera

collected from the heart and large vessels, often haemolyzed.

2.2 Indirect ELISA

Antibodies specific for MYXV were detected by a commercial iELISA

(Civtest®CuniMixomatosis, Hipra,Girona, Spain), following themanu-

facturer’s instructions. The proteinA-horseradish peroxidase provided

with the kit was used as conjugate to detect the IgG isotype. Briefly,

serum samples were added to the plate (100 μl/well) at a dilution

of 1:40 in dilution solution (according to manufacturer indication)

and incubated for 20 min at 37◦C. After three washes with 300 μl
washing solution/well, protein A-horseradish peroxidase conjugate

was added (100 μl/well) and incubated for 20 min at 37◦C. The plate

waswashed three times and 3,3′,5,5′-tetramethylbenzidinewas added

(100 μl/well) as liquid substrate and incubated for 10min at room tem-

perature. The reaction was stoppedwith 100 μl/well of H2SO4 and the

optical density (OD) was measured in a spectrophotometer at 450 nm.

Positive and negative controls (rabbit sera, as provided in the kit) and

samples were tested in duplicate in each plate. Results were expressed

as relative index 10 (RI10) using the formula:

RI10 =

[
MeanOD sample −MeanOD negative control

MeanOD positive control −MeanOD negative control

]

×10
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2.3 iELISA cut-off estimation

As the iELISA was applied to a different species, for which it was not

originally validated, a preliminary evaluation to establish the appro-

priate cut-off was needed. Particularly, we aimed to maximize the

diagnostic specificity to be able to detect antibodies to MYXV, or an

antigenically related virus, minimizing the proportion of false posi-

tives. The cut-off was estimated by finite mixture models (Swart et al.,

2021). Finite mixture models allow to characterize the distributions

of the subgroups (seropositive and seronegative in this study) within

bimodal datasets (Benaglia et al., 2009), thus being an alternative tool

to estimate the cut-off of serological tests in the absence of refer-

ence tests (Migchelsen et al., 2017; Peel et al., 2014; Swart et al.,

2021). Finitemixturemodelswere implementedusing the expectation-

maximization algorithm for mixtures of univariate semiparametric

distributions, from the package ‘mixtools’ (Benaglia et al., 2009) in R.

Sera were also analyzed using the cut-off of the test defined by the

manufacture for the detection of anti-MYXV rabbit IgGs (IR10 ≥ 2.0

positive; IR10< 2.0 negative).

2.4 Comparison with other serological methods

Other serological tests were used to confirm and validate a subset

of positive and negative iELISA results, increasing the security of the

results presented. These included (i) the cELISA developed in the

Instituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia

Romagna “BrunoUbertini” (International Reference Laboratory for the

myxomatosis)which reagents and technique are available from theOIE

International Reference Laboratory (OIE, 2020), (ii) the titration of the

serumMYXVantibodies using serial dilutions in the commercial iELISA

(CIVTEST) and (iii) an indirect IFT developed in the National Reference

Laboratory (INIAV, I.P) (Abade dos Santos et al., 2022b). The serum

samples were tested in a randomized manner, having also in consid-

eration the reduced volume of serum available. The protocol for the

sera titration by iELISA was the same described above, using antibody

diluter to prepare the different dilutions. The dilutions used were 1:40

(the dilution recommended by the manufacturer), 1:200, 1:400, 1:800

and 1:1600. Titre was estimated as the last dilution with IR10 above

the cut-off (using two replicates).

The protocol for the IFT was performed according to the following

procedures. Rabbit kidney cells (RK13 cell line, CCL-37) were seeded

in 96-wells cell culture microplates, cultured with minimum essential

medium Eagle (MEM medium) and 5% of foetal bovine serum (FBS)

(Sigma–Aldrich, St. Louis, Missouri, USA). At 70% cell confluence, the

mediumwas removed and cells were infected at a multiplicity of infec-

tion of 0.1, with ha-MYXV diluted with MEM. After 1-h adsorption

with regular manual agitation at 37◦C, MEM medium with 2% of FBS

was added to the cells. When cytopathogenic effect (CPE) was evi-

dent (after 3–5 dpi), the MYXV-infected RK13 cells were fixed using

cold methanol 70%–acetone 30%–water (v/v) for 10 min. The fixator

was removed and the cell layer was washed two times (5 min each)

with the PBS-Tween washing buffer .05%. Blocking was carried out

with incubation with 5% non-fat dry milk prepared in PBS-Tween .05%

for 15 min. After two washes with PBS-Tween 0.05%, 50 μl of each
sera dilution, diluted in PBS pH 7.2, was added to each well and incu-

bated at room temperature for 1 h with agitation. Negative (PBS) and

positive controls (control serum) were always included in the test.

After two washes (5 min each) with PBS-Tween 0.05% under agitation,

the secondary antibody (anti-rabbit IgG (whole molecule), produced

in goat and conjugated with FITC (Sigma–Aldrich), diluted in PBS pH

7.2, was incubated for 1 h, at room temperature, with agitation. After

two final wash steps (5 min each) with PBS-Tween 0.05% with slow

agitation, the cells were observed in an inverted fluorescence micro-

scope. The CPE is characterized by rounding of the cells at the foci,

with an increase in cell multiplication (forming cell clusters), followed

by detachment. Titre was estimated as the last dilution with positive

and specific fluorescence signal (two replicates) using twofold serial

dilutions.

2.5 Necropsy

Necropsies were carried out at the Nacional Institute of Agrarian and

Veterinary Research, Portugal, the Department of Animal Health, Uni-

versidad de Córdoba and the Instituto de Investigación en Recursos

Cinegéticos (UCLM&CSIC), Spain.

2.6 Molecular diagnosis

Sera samples from hares collected in Portugal were analyzed accord-

ing to Duarte et al. (2014). The diploid targeted gene M000.5L/R is

present in the MYXV and MYXV-like genomes, but not in other lep-

oripoxviruses, such as Shope Fibroma Virus. Sera were diluted at 1:3 in

PBS. TotalDNAwasextracted from200μl diluted serumsamples, using

the MagAttract 96 cador Pathogen Kit in a BioSprint 96 nucleic acid

extractor (Qiagen, Hilden, Germany), according to the manufacturer’s

protocol. Contamination of the field samples during the nucleic acid

extraction procedure was minimized by extracting the serum samples

separately (old from new). No positive reference samples (strong posi-

tives) were extracted in the same plates along with the serum samples

being analyzed. Contamination of the PCR reagents was ruled out by

using several negative controls and a recombinant plasmid of a known

sequence as positive control.

For the detection of DNA of both the classical MYXV strains and

the novel ha-MYXV isolate, a conserved region of the M071L or

M000.5L/R gene was amplified by PCR or real-time PCR, respectively,

as previously described (Cavadini et al., 2010; Duarte et al., 2014).

Using TaKaRa LA Taq DNA polymerase (TaKaRa, Japan), a specific ha-

MYXV PCR was carried out with primers directed to M009L gene

(Dalton et al., 2019). Alternatively, the qPCRmultiplexmethod that dif-

ferentiates MYXV and ha-MYXV strains was used (Abade dos Santos

et al., 2021).
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F IGURE 1 (Left) Density histogram of the log-transformed indirect ELISA results and probability of belonging to the seropositive population.
(Right) Selected cut-off IR10= 6.1 as a dashed gray line

2.7 Statistical analysis

Generalized linear models (GLMs) were used to assess the effect of

the independent variables sex, age, type of sampling (random versus

found dead), season and year on the iELISA results. The iELISA results

considered were positive/negative; thus, a binomial GLM with logit

link was used. The reference classes of the independent factors were

set as ‘females’, ‘adults’, ‘randomly collected samples’, season ‘autumn’

and year ‘2017’. Collinearity was checked by estimating the Variance

Inflation Factor with a threshold of 3. A two-tailed 2-sample test for

equality of proportions without continuity correction was used to

compare seroprevalence between periods. Significance was set at .05.

Statistical analysis was performed in R (R Core Team, 2017). Maps

were produced in QGIS 2.6.1 Brighton software (QGIS Development

Team, 2011).

3 RESULTS

3.1 Calculation of iELISA cut-off value

Finite mixture modelling estimated the seronegative population as

having a normal distribution of RI10 with mean = .830 and standard

deviation = 1.900 and the positive populations with mean = 11.359

and standard deviation = 1.902. The cut-off RI10 = 6.1 was chosen

to assure a probability of belonging to the seropositive population

>90% (Figure 1). This criterion reduced the percentage of positives

from 61.36% (54 out of 88) to 32.9% (29 out of 88) with regards to

RI10= 2.0, recommended by themanufacturer for rabbits’ sera.

3.2 Seroprevalence according to the iELISA
results

The results obtained with the iELISA (RI10 = 6.1) for each year are

shown in Table 2 and Figures 1 and 2a.

According to these results, the antibodies recognising MYXV anti-

gens were detected in 57 Iberian hares. Interestingly, 5.4% (CI95%

3.0–9.6%, 10 out of 186) of the samples randomly collected between

1994 and 1999 were classified as seropositive (Table 2). In 2017,

1.7% of sera (CI95% 0.3–8.9%, one out of 60) were seropositive, while

in 2018–2019, the apparent seropositivity was 17.4% (CI95% 12.2–

24.2%, 27 out of 155). The apparent seropositivity in the found-dead

hares’ subset was 38.0% (CI95% 25.9–51.9%, 19 out of 50), more than

double that in the randomly collected sera subset.

Seropositive samples were detected in two out of the five (40%)

administrative units included in the study in 1994–1999 as well as in

11 of 20 units included in 2017–2019 (Figure 3).

For the Iberian hares randomly sampled (hunted or live trapped),

seroprevalence based on the iELISAwas significantly higher in the year

2019 (β= 2.906, p= .007) comparedwith the remaining years andwas

lower during thewinter (β=−2.155, p< .001), comparedwith autumn

(Table 3 and Figure 2b). No significant differenceswere found between

sex and age classes.

As demonstrated in Figure 3, seroprevalence was significantly

higher in 2017–2019 (13.0%, CI95% 9.2–18.2%) than in 1994–1999

(5.4%, CI95% 3.0–9.6%) (p = .009). In Figure 4, in addition to the varia-

tion in seropositivity over the years, the evolution of the antibody titre

can be noted.

3.3 Comparison with other serological methods

A subset of samples (88 out of 451, 19.5%) was submitted to one or

two additional serological tests to confirm the iELISA results using the

IR10= 6.1 (Table 4).

Of a 21 iELISA-positive samples subgroup, 15 also tested positive in

the cELISA; of the 40 iELISA-negative samples subgroup, six had posi-

tive cELISA results. Eighteen out of the 28 IFT-positive samples were

also positive in the iELISA. All the 20 IFT-negative samples had also

iELISA-negative results. Twelve serum samples, two of which from the

1990s, were simultaneously positive in iELISA, cELISA and IFT.
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F IGURE 2 Seroprevalence in Iberian hares by year (a) and season (b). Seroprevalence includes only results from hares randomly sampled
(hunted or live captured), showing the proportion of the sample with antibodies recognizingmyxoma virus antigens with 95% confidence interval.
Statistically significant differences highlighted (**p< .01, ***p< .001).

Within an iELISA-positive sera subgroup (n = 21), the number of

cELISA positives was lower (two out of eight, 25%) in the group of old

sera than in the group of recent sera (13 out of 13, 100%). All IFT-

positive results were in agreement with the iELISA results (Table 4).

Seventeen sera from the cELISA titres ranging between 10 and 1280

were also tested by IFT, the majority (n = 9) showing equivalent titres

andmost remaining with small deviation.

In 73% of sera from 1994 to 1999, there was a concordance

between iELISA result and the othermethods, when performed.More-

over, 75% of recent sera tested by at least one method other than the

iELISAwere also concordant.

A total of 33 sera with RI10 values lower than 2.0 were negative

in the iELISA, either in the dilution recommended by the manufac-

turer (one out of 40), as well as in higher dilutions (one out of 200,

one out of 400, one out of 800 and one out of 1600), indicating that

there was no inhibition phenomenon. From the 27 sera with iELISA

RI10 values ranging between 2.0 and 6.1 (therefore considered neg-

ative in this study), six were tittered by iELISA, showing OD values

inversely proportional to the dilution factor and proportional to the

RI10 value. From a total of 35 sera with RI10 values higher than

6.1, 18 were titrated with the iELISA showing titres between 40 and

>1600.

For example, one serum from the 1990s (Panc 86, Figures 5c and

d) showed marking intracytoplasmic inclusion bodies around the ini-

tial focus of MYXV in RK13 cell infected layers (cells forming clusters

of dead cells). The effect of antibody dilution and the lack of labelling

in mock cells validated the assay. Similar results were obtained with

recent sera exemplified by serum LCAP-002 (Figures 5a and b). The

cytoplasmic staining pattern of the IFT reveals the intracytoplasmic

multiplication of virus.
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F IGURE 3 Sample size and seropositivity by administrative units in 1994–1999 and 2017–2019. (a) Number of Iberian hares sampled;
(b) administrative units with seropositive Iberian hares, considering the whole sample. Administrative units are districts in Portugal and provinces
in Spain.

F IGURE 4 Dot graphwith the RI10 values from serum samples collected in different years. The left graph (a) refers to data from serum
samples collected from hunted or live trapped hares. The right graph (b) refers to data from found-dead hares’ serum samples. The horizontal line
point out the IR value of IR 6.1 indicates the adjusted ELISA cut-off value.

3.4 Molecular diagnosis

MYXV-DNAwas detected by qPCR in serum from three asymptomatic

and seronegative samples collected in 1997 in Benavente, Santarém,

Portugal, with Cq values ranging from 30.6 to 35.4 (Table 5). These

qPCR results were confirmed by cloning and sequencing part of gene

M000.5 R/L (Table 5). BLAST analysis of these 80 nt-long sequences

revealed 100%of similaritywith the ha-MYXV strains (MK340973 and

MK836424) andwith a strain isolated in 2017 inGermany (KP723386)

from a rabbit. These sequences differ from the positive control ruling

out contaminations.

In the samples from 2018 to 2019, MYXV-DNA was detected

in 67.6% of the tested seropositive hares and 29.9% of the tested

seronegative hares (Table 2).



3644 ABADEDOS SANTOS ET AL.

T
A
B
L
E
2

Su
m
m
ar
y
o
ft
h
e
cl
in
ic
al
,m

o
le
cu
la
r
an
d
se
ro
lo
gi
ca
l(
iE
LI
SA

)r
es
u
lt
s
in
Ib
er
ia
n
h
ar
es

by
ye
ar

o
fs
am

p
lin

g.
Se
ro
lo
gi
ca
ls
ta
tu
s
p
re
se
n
te
d
as

se
ro
p
o
si
ti
ve

(A
b
+
)o
r
se
ro
n
eg
at
iv
e
(A
b
−
)f
o
r

an
ti
-M

Y
X
V
an
ti
b
o
d
ie
s

La
b
o
ra
to
ry

te
st
re
su
lt
s

1
9
9
4

1
9
9
6

1
9
9
7

1
9
9
8

1
9
9
9

1
9
9
4
–
1
9
9
9

2
0
1
7

2
0
1
8

2
0
1
9

2
0
1
7
-2
0
1
9

A
b
+

A
b
−

A
b
+

A
b
−

A
b
+

A
b
−

A
b
+

A
b
−

A
b
+

A
b
-

A
b
+

A
b
−

A
b
+

A
b
−

A
b
+

A
b
−

A
b
+

A
b
-

A
b
+

A
b
-

M
ac
ro
sc
o
p
ic
le
si
o
n
s

p
re
se
n
t

0
0

0
0

0
0

0
0

0
0

0
0

0
0

4
0

1
2

5
2

M
Y
X
V
p
o
si
ti
ve

q
P
C
R

0
0

0
0

0
3

0
0

0
1

0
4

0
0

1
6

1
9

7
1
0

2
3

2
9

M
Y
X
V
n
eg
at
iv
e
q
P
C
R

0
3
0

1
2
1

2
5
7

2
2
0

5
4
4

1
0

1
7
2

1
5
9

0
5
4

1
1

1
4

1
2

1
2
7

N
o
t
te
st
ed

by
q
P
C
R

0
0

0
0

0
0

0
0

0
0

0
0

0
0

5
2
2

2
3
8

7
6
0

A
b
p
o
si
ti
ve
/t
o
ta
ls
am

p
le

0
/3
0
(0
%
)

1
/2
2
(4
.5
%
)

2
/6
2
(3
.2
%
)

2
/2
2
(9
.1
%
)

5
/5
0
(1
0
.0
%
)

1
0
/1
8
6
(5
.4
%
)

1
/6
0
(1
.7
%
)

2
5
/1
2
0
(2
0
.8
%
)

2
1
/8
5
(2
4
.7
%
)

4
7
/2
6
5
(1
7
.7
%
)

A
b
p
o
si
ti
ve
/r
an

d
o
m
ly

co
lle
ct
ed

sa
m
p
le
s

0
/3
0
(0
%
)

1
/2
2
(4
.5
%
)

2
/6
2
(3
.2
%
)

2
/2
2
(9
.1
%
)

5
/5
0
(1
0
.0
%
)

1
0
/1
8
6
(5
.4
%
)

1
/6
0
(1
.7
%
)

1
3
/9
0
(1
4
.4
%
)

1
4
/6
5
(2
1
.5
%
)

2
8
/2
1
5
(1
3
.0
%
)

TABLE 3 Summary of the results of the binomial generalized
linear model of seroprevalence. Reference classes were set as females,
adults, season autumn and year 2017

Variable β Standard error (β) pValue

Intercept −3.388 1.049 .001

Sex

Males .335 0.398 .400

Age

Juveniles −1.163 0.791 .141

Season

Winter −2.155 0.590 <.001

Spring −1.336 0.919 .146

Summer .497 0.805 .537

Year of sampling

1994 −13.452 1,071.6 .990

1996 .220 1.448 .879

1997 −0.278 1.290 .829

1998 0.811 1.382 .558

1999 1.852 1.233 .133

2018 2.024 1.073 .059

2019 2.906 1.083 .007

4 DISCUSSION

This study provides strong molecular and serological evidence for

the exposure of Iberian hare populations to MYXV, or other viruses

antigenically similar to MYXV (MYXV like viruses), over two decades

before the occurrence of the first reported outbreak of myxomatosis

in Iberian hares in mid-2018 (Carvalho et al., 2020; Dalton et al., 2019;

García-Bocanegra et al., 2019; Pinto et al., 2019). These results bring

new insights into the emergence of a new natural recombinant, and

highly pathogenic, ha-MYXV strain. Together with LeHV-5 (Abade dos

Santos et al., 2020) and other pathogens such as Taenia pisiformis or

Micipsella iberica (Abade dos Santos et al., 2022 a), ha-MYXV threat-

ens this iconic species (Lepus granatensis) geographically restricted to

the Iberian Peninsula (Duarte et al., 2020). To assess the earlier contact

of Iberian hares with MYXV or viruses antigenically similar to MYXV,

we used an integrated diagnosis strategy, combining serological and

molecular analyses.

As the iELISA assay was applied to a distinct lagomorph species for

which it was not originally validated, a preliminary evaluation to esti-

mate its diagnostic performance was carried out. Particularly, it was

crucial to ensure the high diagnostic specificity of the method to sup-

port the claim that antibodies against MYXV, or a related virus, were

already present in sera decades before ha-MYXV strain was recog-

nized in the Iberian hare as a pathogen. Since the previous contact

of Iberian hares with MYXV or MYXV-like virus could not be ruled

out initially, it was not possible to assume any sera as negative or

positive reference. This precluded using conventional approaches to

evaluate the diagnostic performance of the iELISA. Although rabbits
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TABLE 4 Summary of results obtained in cross-validation tests

Serological positive evidence

N. pos iELISA/N.

tested

N. pos cELISA/N.

iELISA-pos

N. pos IFT/N.

iELISA-pos

N. pos (cELISA, IFT and iELISA)/N.

sera tested by the 3methods

Old sera 12/26 (46.2%) 2/8 (25%) 8/8 (100%) 2/8 (25.0%)

Recent sera 23/62 (37.1%) 13/13 (100%) 10/10 (100%) 10/28 (35.7%)

Total 35/88 (39.8%) 15/21 (71.4%) 18/18 (100%) 12/36 (33.3%)

Serological negative evidence

N. neg iELISA/N.

tested

N. neg cELISA/N.

iELISA-neg

N. neg IFT/N.

iELISA-neg

N. neg (cELISA& IFT& iELISA)/N.

sera tested by the 3methods

Old sera 14/26 (53.8%) 14/14 (100.0%) 3/4 (75%) 3/8 (37.5%)

Recent sera 39/62 (62.9%) 20/28 (71.4%) 17/26 (65.4%) 9/28 (32.1%)

Total 53/88 (60.2%) 34/40 (85%) 20/30 (66.7%) 12/36 (33.3%)

Doubtful results were excluded from the analysis.

TABLE 5 Serological andmolecular information of the ancient seraMYXV-DNA positive

Serum ID Sex, Age Collection date RI10 Cqa Sequenced Access number

Panc 2 F, Adult June 1997 3.8 32.1 Yes OK905447

Panc 6 F, Adult June 1997 3.8 30.6 Yes OK905449

Panc 20 M, Adult August 1997 0.4 35.4 Yes OK905448

aM000.5L/R qPCR.

and hares belong to the same taxonomic family Leporidae, the relative

affinity of protein A towards Iberian hare’s IgG has not been esti-

mated and compared with the affinity towards rabbit’s IgG. There is a

significant difference in the affinity of protein A towards IgG from dif-

ferent species (Biolabs, 2020). Since a dissimilar affinity to the Iberian

hare IgG could affect the performance and outcome of the iELISA, it

was necessary to ensure that hares testing positive had been truly

exposed to the MYXV or an MYXV-like virus. We thus selected an

extremely high cut-off to maximize the positive predictive value of the

iELISA, at the expense of potentiallymissingweak positive sera. There-

fore, the overall seroprevalence determined by iELISA is probably

underestimated.

The cut-off was selected by finite mixture models, which are inde-

pendent of a reference test or reference samples (Swart et al., 2021).

Finite mixture models allow characterizing the distributions of the

seropositive and seronegative subgroups within bimodal datasets

(Benaglia et al., 2009), thus being an alternative tool to estimate the

cut-off of serological tests in the absence of reference tests (Peel

et al., 2014) and materials. These models have been increasingly

used to evaluate the performance of diagnostic tests in the absence

of reference tests in humans (Ades et al., 2017; Baughman et al.,

2006; Migchelsen et al., 2017; Seck et al., 2019), livestock (Charlier

et al., 2016; Deng et al., 2016; Nielsen et al., 2007) and wildlife (Peel

et al., 2014). Alternative optimizations of the diagnostic performance

of iELISA, namely lower cut-off values which would achieve higher

sensitivity, were not considered due to the absolute need to max-

imize the diagnostic specificity, having in mind the purpose of this

study.

Given the large scale of the current outbreak of myxomatosis in

Iberian hares, it is not surprising that the seroprevalence in randomly

collected samples was significantly higher in 2018–2019 when com-

paredwith1994–1999and2017 (Figure2), the periods before the first

reported outbreak. The GLM identified 2019 as the year having sig-

nificantly higher seroprevalence (21.5%, CI95% 13.3–33.0%) (Figure 2).

Interestingly, samples from 1999 showed non-significant statistically

elevated values of seroprevalence (10.0%, CI95% 4.4–21.4%), not asso-

ciated with any known reported outbreak of mortality. This lack of

reporting could be due to deficient sanitary surveillance in the Iberian

hare during the 1990s (Leighton et al., 1995). Sanitary surveillance of

wild lagomorphs in Europe, and particularly in the Iberian Peninsula,

has been improving in the last decades, despite being far from being

an optimized system, similar to what happens in general with wildlife

diseases (Cardoso et al., 2022). The different profiles of RI10 in the

samples from the 2018–2019 epizootic and 1994–1999 (Figures 3

and4) could bedue to the long-term storage of the latter (someof them

for over 25 years). Despite care to avoid freeze–thaw cycles, sera were

stored at −20◦C, so that some loss of antibodies might have occurred

(Boadella & Gortázar, 2011). The serological results obtained after the

emergence of myxomatosis in the Iberian hare in 2018, comprising the

serawith the higher titres, are not surprising. It is, however, interesting

to note that there is great variability in the titre of antibodies obtained.

Samples collected in 2018 from sick or recovered animals (for which
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F IGURE 5 Immunofluorescence test. (a) Hare serum LCAP-002 (2019), diluted at 1/40, 100×. (b) Mock-infected cells incubated with the
serum LCAP-002, diluted at 1/40, 100×. (c) Hare serumPanc 86, diluted 1/80, 100× and (D) mock-infected cells incubatedwith the serumPanc 86,
diluted at 1/40, 100×.

there was not considerable time for the decay of the antibody titre),

reflected the different courses of infection in the Iberian hare, similarly

to what is seen in rabbits.

To validate the results obtained in the iELISA with sera from the

1990s, which were unprecedented, we carried out a comparison with

two additional methods. Only a subset of the samples was tested

due to the reduced volume of blood available from many animals.

The results achieved with different methods were not always con-

cordant, as was the case of seven out of 21 iELISA-positive samples

that were negative in the cELISA. Six of these samples date back to

the 1990s, again suggesting that long-term preservation may have

affected the sample quality with an adverse effect on test results.

The quality of serum samples may have been more critical to the

cELISA, a monoclonal antibody-based competitive test, than to the

iELISA or IFT, where polyclonal antibodies are detected. A total of

18 iELISA-positive samples were submitted to IFT, all testing posi-

tively. The presence of fluorescence in the cytoplasm of infected cells

due to the formation of well-defined intracytoplasmic inclusion bodies

corroborated the iELISA results (Figure 5). Eleven sera were posi-

tive by IFT and/or cELISA, but negative by iELISA suggesting that the

iELISA may have failed detection using a RI10 of 6.1. It was also pos-

sible to verify that all IFT/cELISA-positive samples that were negative

in iELISA had an RI10 of 2.0–6.1. Overall, our results highlight the

lower sensitivity of the iELISA at the selected cut-off (RI10 = 6.1),

which was expected since it is intended to maximize the specificity

of the test. Two samples from the 1990s were positive in all the

diagnostic tests used, supporting the infection of Iberian hares with

MYXV, or an antigenically similar virus, decades before the current

outbreak.

Despite being recognized that some hare species other than L.

granatensis are susceptible tomyxomatosis (Barlowet al., 2014; Jacotot

et al., 1954;Magallon&Bazin, 1953), the scarcity of scientific evidence

regarding the putative infection of Iberian hare by MYXV gives room

to different explanations. Notwithstanding co-existing with the Euro-

pean rabbitswhere annualmyxomatosis outbreaks occur in the Iberian

Peninsula, the Iberian hares appear to be refractory to infection by the

MYXV strains (Fenner & Fantini, 1999;Wibbelt & Frolich, 2005). How-

ever, until now no serological evidence had been provided to support

or exclude this hypothesis.

Our results report, for the first time, the presence of antibodies

recognising MYXV or MYXV-like antigens and the detection of viral

DNA in Iberian hare populations since at least 1996, supporting the

theory of early infections by MYXV, or a virus antigenically similar to

MYXV, in this host species, possibly in unapparent forms of disease

that justify the lack of published reports. This hypothesis is further

reinforced by the detection of MYXV-specific DNA (gene M000.5R/L)

that does not differentiate from ha-MYXV. Underreporting of clinical

signs in hares (excluding those due to the lack of active prospection)
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F IGURE 6 Hypotheses for Iberian hare susceptibility toMYXV andMYXV-related viruses. (a) Hares are not susceptible to infection byMYXV
strains. (b) Hares are susceptible toMYXV if exposed to high infectious doses or if immunodepressed. (c) Hares are infected byMYXV, but develop
subclinical disease. (d) ha-MYXV emerged in hares infected with rabbit strains, by a recombination event that increased virulence of the virus
towards hares. (e) ha-MYXV emerged in hares after a species jump event, involving or not, an intermediate host. (f) ha-MYXV emerged in hares
from a low virulent strain that has circulated unnoticed in the population

may indicate resistance to strains circulating at the time (Figure 6,

Hypothesis A), or the circulation of low virulence strains

In infected domestic rabbits, IgM can be detected 5–6 days post-

infection and during the following 30–40 days, whereas IgG peaks at

days 20–30 and can be detected up to 2 years (OIE Terrestrial Manual,

2018). The seropositivity between 1996 and 1999 (3.2–10.0%) sug-

gests that, in these years, the sampled Iberian hare populations were

in contactwithMYXVor an antigenically related virus, whichmay have

resulted froma large epidemic outbreak in thewild rabbit. A study from

Spain reported a peak in myxomatosis prevalence in rabbit farms in

1997 (Rosell et al., 2019).

In certain conditions, such as immunosuppression induced by

pathogens, hares may eventually become more susceptible to rabbit

MYXV (Figure 6, Hypothesis B). Another possibility is that MYXV was

responsible for spillover events or subclinical infections unnoticed in

Iberian hares (Figure 6, Hypothesis C). Also, the recombination event

that generated ha-MYXV may have involved an intermediate host

(Figure 6,HypothesisD), similarly tomany emerging viruses (e.g. SARS-

CoVorMERS-CoV). In addition to a putative recent species jumps from

rabbit to hare, our results support the possibility of one ormoreMYXV

strains already circulating unnoticed in the hare populations (Figure 6,

Hypotheses E and F). Increased virulence of this strain/strains would

lead to recent outbreaks, as previously suggested (Dalton et al., 2019;

Pinto et al., 2019). The possibility that ha-MYXV originated from a

distinct hare MYXV that was already circulating unnoticed in wild

hare populations for decades under subclinical forms of the disease,

would explain myxomatosis never being reported before in Iberian

hares (Figure6,Hypothesis F). Finally,myxoma-like viruses, as theHare

Fibroma Virus or other non-identified poxviruses, may also be consid-

eredapotential causeof the antibodyobserved response in theperiods

before the reported ha-MYXV outbreak.

The higher seroprevalence in our sample during the summer could

suggest seasonal transmission like that of MYXV in European rabbits,

possibly also mediated by arthropod vectors (García-Bocanegra et al.,

2010). The long-term contact of the European rabbits with MYXV

strains, endemic in Europe for more than 60 years, resulted in a rel-

atively high seroprevalence in wild populations, mainly in adults, and

a co-adaptation between the virus and the host (Alves et al., 2019;

Duarte et al., 2018; Villafuerte et al., 2017b). The Iberian hare is more

solitary than the gregarious European rabbit, attaining lower densities

(Gortazar et al., 2007), which could hinder MYXV transmission (Villa-

fuerte et al., 2017b). In addition, the reproductive characteristics of

hares, with less and smaller litters compared with the European rabbit

(Alves et al., 2002; Gonçalves et al., 2002), introduce a lower number
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of susceptible juveniles to the population, which may lead to greater

containment of outbreaks due to the existence of fewer susceptible

animals. The detection of viralMYXV-DNAbyqPCR in four serumsam-

ples from 1997, collected in Benavente, Portugal, demonstrates that

Iberian hares have been infected by such virus decades before the

known outbreaks. These virological results obtained from sera sam-

ples probably underestimate the real prevalence of infection, as the

serum is not an appropriate sample for MYXV-DNA detection. While

molecular tests detect viral DNA, which is assumed to mean infection,

the serological tests reveal the presence of specific antibodies, which

last longer than viremia, as assessed in European rabbits (Kerr, 2012).

The mismatch between the timeframes of viral positivity (earlier and

shorter) and antibody positivity (later and long-lasting) may therefore

explain our data.

However, regarding the 1990’s samples, no other alternative bio-

logical material was available. The amplification of longer viral DNA

fragments from qPCR-positive sera was not accomplished, probably

due to DNA degradation. Sequencing of the small amplicon did not

allow the identification of theMYXV strain.

In conclusion, despite the origin of the ha-MYXV still being unclear,

our study shows that virus antigenically similar to MYXV sporadically

infected Iberian hares at least over two decades ago and raises the

hypothesis of a recent increase in virulence of a MYXV strain, or an

antigenically similar strain already circulating in hares, that could have

caused the ongoing outbreak. Other hypotheses to explain the results

include, among others, the occurrence of continued MYXV spillover

events for Iberian hare and undetected subclinical disease (Figure 5).

Our results also highlight the need to continue and improve sanitary

surveillance of this neglected game species.
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