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ABSTRACT

Background: Aleutian mink disease virus (AMDV) causes major economic losses in fur-
bearing animal production. The control of most AMDV outbreaks is complex due to the
difficulties of establishing the source of infection based only on the available on-farm
epidemiological data. In this sense, phylogenetic analysis of the strains present in a farm may
help elucidate the origin of the infection and improve the control and biosecurity measures.
Objectives: This study had the following aims: characterize the AMDV strains from most
outbreaks produced at Spanish farms between 2012-2019 at the molecular level, and assess
the utility of the combined use of molecular and epidemiological data to track the possible
routes of infection.

Methods: Thirty-seven strains from 17 farms were partially sequenced for the NS1 and VP2
genes and analyzed phylogenetically with other strains described worldwide.

Results: Spanish AMDV strains are clustered in four major clades that generally show a good
geographical correlation, confirming that most had been established in Spain a long time
ago. The combined study of phylogenetic results and epidemiological information of each
farm suggests that most of the AMDV outbreaks since 2012 had been produced by within-
farm reservoirs, while a few of them may have been due to the introduction of the virus
through international trade.

Conclusions: The combination of phylogenetic inference, together with epidemiological
data, helps assess the possible origin of AMDV infections in mink farms and improving the
control and prevention of this disease.
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INTRODUCTION

Aleutian disease (AD) is probably the main infectious cause of economic losses in global

mink farming [1]. Its aetiological agent is the Aleutian mink disease virus (AMDV), which is
taxonomically classified as Carnivore amdoparvovirus 1[2]. The development of AD depends on
the virulence of the AMDV strain and the genetics of the hosts, affecting the Aleutian genotype
mink [3]. Virulent strains produce high mortality rates in Aleutian mink. Typically, the infection
causes progressive immune complex-associated syndrome, leading to glomerulonephritis and
arteritis [4]. In newborn kits, the infection produces acute interstitial pneumonia that is usually
fatal [5]. In contrast, most AMDV infections in non-Aleutian mink are asymptomatic and even
non-persistent, even though some animals can show typical disease [4,6]. In addition, an
AMDYV infection has been described in other mustelids as well as in other mammals [7-9].

AMDV is a non-enveloped virus with a single-stranded DNA encoding three non-structural
proteins (NSI-NS3) and two capsid proteins (VP1 and VP2) [2]. NS1 is essential for viral
replication and has a high degree of genetic variability, making it suitable for epidemiological
studies [1,10,11]. VP2 is the main capsid protein, and its coding sequence contains a characteristic
hypervariable region [12,13]. Both genes have been used widely to assess the differences between
strains worldwide. Overall, these studies reported between 3 and 7 different clusters of AMDV
strains, usually grouped according to their geographical origin but not according to their
pathogenicity [1,11,14-17]. Several studies reported high diversity in some countries/regions and
even the coexistence of different strains in a single farm, suggesting that international and local
trade may play an important role in the distribution of AMDV [10,15,16,18].

Regarding AMDV infections in Spanish mink farms, since the introduction of counter-
inmunoelectrophoresis (CIEP) testing, the percentage of positive farms has decreased from
100% in 1980 to approximately 25% in 2019. This reduction has been attributed mainly to
test-and-removal/stamping-out strategies and the closure of many farms. On the other hand,
the eradication of the disease is challenging because of the extreme persistence of the virus
in the environment, which can favor farm reinfection [19,20]. Furthermore, the trade of
breeding stock/equipment and the circulation of people between farms (workers, visitors,
technical staff) can be involved in spreading the virus [21]. Accordingly, the application of
molecular epidemiology has proved useful for tracking possible sources of AMDV infections
[11,22]. This has encouraged many producing countries to characterize their AMDV strains
molecularly, and study their relationship with strains from different regions and countries
[14,15,23,24]. On the other hand, available data on Spanish AMDV strains are extremely
scarce, and they do not represent the whole Spanish mink sector. Therefore, this study
characterized the AMDV strains from most infected Spanish farms between 2012-2019 by
partial NS1 and VP2 sequencing and phylogenetic analysis, including the contemporary
sequences previously described worldwide. In addition, the phylogenetic inference was
combined with epidemiological information of the farms for establishing the possible routes
of infection and improving the specific preventive measures in each case.

MATERIALS AND METHODS

Sample selection
Between 2012-2019, 17 mink farms (14 from Spain, two from NW Portugal and one from SW
France) were identified as AMDV-infected by CIEP testing within the framework of the annual
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control program. Farms from Portugal and France were included owing to their historical

and current relationship with the Spanish mink sector and their proximity to the Spanish
border. In this retrospective study, all available AMDV biological and environmental positive
samples from these farms were identified in the authors' specimen bank. In addition, relevant
epidemiological information about AMDV infections between 2012 and 2019 was collected
(date of infection/outbreaks, introduction of breeding stock animals, commercial and working
relationships with other farms). All these samples were previously confirmed by quantitative
polymerase chain reaction using previously described protocols [25]. Overall, 2 types of
samples were selected for this study: spleen samples from necropsies of CIEP-positive animals,
and swab samples from different farm elements in contact with CIEP-positive animals. Where
possible, at least 2 positive samples from the same farm and year were selected. Therefore, 37
samples were selected for molecular characterization at the NS1 and VP2 genes (Table 1).

NS1 and VP2 amplification and sequencing

Two pairs of previously described primers were used to amplify the NS1 and VP2 partial
sequences: AMDV2/AMDV3 for NS1 [10] and VP2 for/VP2rev for VP2 [12]. The PCR reactions
were performed in a final volume of 25 pL containing a final concentration of 2.5 U of

Taq DNA Polymerase, 1 x reaction buffer, 2 mM of MgCl,, 0.2 mM of ANTP's (all reagents
supplied by NZYTech Lda., Lisbon, Portugal), 0.5 uM of each primer, and 5 pL of sample
DNA. A touch-down PCR thermal protocol was used for both targets: hot start (95°C for 60
sec), 10 touch-down cycles (95°C for 20 sec/55°C for 30 sec/68°C for 60 sec) reducing the
annealing temperature by 0.5°C in each cycle, 28 cycles (95°C for 20 sec/50°C for 30 sec/68°C
for 60 sec), and a final extension (68°C for 5 min) [15]. The reactions were run in a Bio-Rad
T100 thermocycler (Bio-Rad Laboratories Inc., USA).

The PCR products were visualized on a 1% agarose gel in 1 x TAE buffer stained with
RedSafeTM (iNtRON Biotechnology Inc., USA). Subsequently, the PCR products were purified
and sequenced in a 3730x] DNA analyzer (Applied Biosystems, USA). The chromatograms
obtained from both the forward and reverse strands were assembled and proofread manually
using ChromasPro 2.1.4 (Technelysium, Australia). All consensus sequences were deposited in
the GenBank NCBI database under accession numbers MN652195-MN652268.

Phylogenetic analysis

The sequences were aligned using the ClustalW algorithm, generating a sequence identity
matrix for the NS1 and VP2 sequences in BioEdit 7.2.5 [26]. Identical sequences from the same
year and farm were eliminated for phylogenetic analyses to simplify the trees. Five phylogenetic
trees were constructed. First, the consensus sequences obtained in this study were analyzed

in three datasets: NS1, VP2, and concatenated NS1+VP2 sequences. Second, the sequences
available in GenBank from other mink-producing countries and previously described Spanish
AMDYV sequences (from farmed and wild animals) were selected. These sequences were
analyzed together with the sequences of this study in two global datasets for NS1 and VP2. A
list of the GenBank sequences used for the analysis of each target is available (Supplementary
Tables 1and 2). The best-fitting nucleotide substitution model was selected using the Akaike
Information Criterion with free software jModelTest v.2.1.10 [27,28]. Phylogenetic trees were
constructed using MrBayes 3.2.7 software [29] using the Bayesian approach with Markov Chain
Monte Carlo sampling (10,000,000 generations sampling every 1,000 steps). The trees were
visualized and edited in FigTree 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). The Gray Fox
amdovirus sequences for NS1 and VP2 (GenBank Accession No. JN202450) were included in the
analysis as an outgroup to infer the ancestral relationships.
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Table 1. List of the qPCR-positive samples employed in the study, including the sample type, year of collection, country of origin (region), and type of infection

Farm code  Sample code Sample type Collection Origin: country (region) Type of infection”
date
540 540.1/2014 Nest box 2014 Spain (center) Endemic infection until 2014 (cleared by stamping-out)
542 542.1/2017 Cage 2017 Spain (center) Endemic infection (closed in 2016)
542.2/2017 Slaughter box 2017
545 545.1/2015 Spleen 2015 Spain (center) Endemic infection until 2012 (cleared by stamping-out)
Recurrent sporadic outbreaks since 2015
610 610.1/2013 Cage 2013 Spain (NW Galicia) Epizootic outbreak in 2012 (endemic infection since then)
610.2/2016 Catching gloves 2016
612 612.1/2014 Cage 2014 Spain (NW Galicia) Epizootic outbreak in 2014 (endemic infection since then)
612.2/2016 Slaughter box 2016
616 616.1/2016 Spleen 2016 Spain (NW Galicia) Sporadic outbreak in 2016 (cleared by test-and-removal)
619 619.1/2013 Cage 2013 Spain (NW Galicia) Epizootic outbreak in 2013 (endemic infection since then)
619.2/2016 Catching gloves 2016
622 622.1/2014 Slaughter box 2014 Spain (NW Galicia) Epizootic outbreak in 2014 (endemic infection since then)
622.2/2014 Catching gloves 2014
622.3/2016 Catching gloves 2016
622.4/2016 Cage 2016
622.5/2016 Slaughter box 2016
622.6/2018 Catching gloves 2018
622.7/2018 Nest box 2018
633 633.1/2018 Slaughter box 2018 Spain (NW Galicia) Epizootic outbreak in 2018 (cleared by stamping-out)
633.2/2018 Cage 2018
661 661.1/2013 Spleen 2013 Spain (NW Galicia) Epizootic outbreak in 2012 (endemic infection since then)
661.2/2013 Spleen 2013
661.3/2013 Cage 2013
661.4/2016 Slaughter box 2016
672 672.1/2019 Spleen 2019 Spain (NW Galicia) Sporadic outbreak in 2018 (currently under test-and-removal)
672.2/2019 Spleen 2019
936 936.1/2015 Spleen 2015 Spain (SW Galicia) Sporadic outbreaks in 2015 and 2018 (cleared by test-and-
936.2/2018 Cage 2018 removal)
936.3/2018 Nest box 2018
985 985.1/2015 Spleen 2015 Spain (SW Galicia) Sporadic outbreak in 2015 (cleared by test-and-removal)
6109 6109.1/2014 Slaughter box 2014 Spain (NW Galicia) Epizootic outbreak in 2014 (closed in 2015)
162 162.1/2018 Catching gloves 2018 Portugal (NW border) Epizootic outbreak in 2014
162.2/2018 Cage 2018 Endemic infection since 2015 (closed in 2018)
1130 1130.1/2018 Catching gloves 2018 Portugal (NW border) Epizootic outbreak in 2014
1130.2/2018 Cage 2018 Endemic infection since 2015 (closed in 2018)
382 382.1/2014 Nest box 2014 France (SW) Epizootic outbreak in 2013 (cleared by stamping-out in 2015)
382.2/2015 Slaughter box 2015

ELISA, enzyme-linked immunosorbent assay.
*Endemic infection: farms with a high prevalence for several years, which usually select tolerant animals using the lodine Agglutination Test or ELISA; Sporadic
outbreak: cases with a low within-farm spread of the infection (prevalence <2%), cleared mainly by test-and-removal strategies; Epizootic outbreak: cases with
an explosive spread of the infection within the whole farm in a few months (high prevalence) that were cleared by stamping-out or became endemic infections.

https://vetsci.org

RESULTS

All samples (n=37) were amplified and sequenced for both NS1 and VP2 genes. After manual
proofreading and alignment, all sequences were trimmed to the same length (328 bp for NS1;
628 bp for VP2). The NS1 sequences showed 83.2-100% identity to each other, whereas the VP2
sequences had 91-100% identity (Supplementary Tables 3 and 4). In cases where 2 or more
samples from the same farm were analyzed, the obtained sequences were virtually identical for
both genes independent of the year of sampling (99.5-100% identity), with farm 936 as the only
exception, which showed different sequences for 2015 and 2018 (92.6% for NS1; 96.9% for VP2).

Regarding the phylogenetic analysis of the three Spanish datasets, the General Time
Reversible model with gamma-distributed rate variation across sites (GTR+G) was found to

https://doi.org/10.4142/jvs.2020.21.e65
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be the best-fit substitution model. The three phylogenetic trees are shown in Figs. 1, 2, and 3
(NS1, VP2, and concatenated NS1+VP2, respectively). The nomenclature of the clades used in
the NS1 tree was conserved in the other trees to facilitate comprehension.

Based on the NS1 phylogenetic tree, the AMDV sequences from the Spanish farms were
divided into three clades (Fig. 1). Clade I was divided into three subclades with a certain
geographical relationship. Subclade Ia was gathered from three farms in the northwest of
Galicia (NW Spain), as well as the sequences from the French farm (382). Subclade Ib was
clustered from three farms, one from SW Galicia and the two farms from NW Portugal.
Subclade Ic only presented one recent sequence from a farm in the southwest of Galicia (farm
936), which had previously been infected in 2015 with another strain from subclade Ib. Clade
Il was the smallest, with three farms in the center of Spain and the other in SW Galicia. Clade
III comprised of six farms from NW Galicia and was divided in subclade IIIa, with five farms
very close to each other with an identical NS1 sequence, and IIIb with a single farm separated
geographically from farms of subclade IIIa.

The VP2 phylogenetic tree (Fig. 2) differed slightly from the NS1 tree, forming four main clades.

VP2 clade I included the same sequences as NS1 subclade Ia. Clade II was the smallest again, but
only comprising the three farms in the center of Spain (same as NS1 subclade IIa). Clade IIl was

identical to NS1 clade III. Finally, the new VP2 clade IV gathered the sequences of NS1 subclades
Ib, Ic, and IIb, thereby representing the four farms in SW Galicia and NW Portugal.

The NS1+VP2 concatenated tree was also divided into four clades (Fig. 3) as the VP2
phylogenetic tree, with only some differences in terminal branching. Interestingly, both
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382.1_2014 |
- 382.2_2015
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Fig. 1. Bayesian phylogenetic tree based on the NS1 sequences of AMDV obtained in this study. Posterior probabilities (%) are shown next to the nodes.
Sequences are called the “Farm ID. Sample number_Year of collection,” and each clade is represented with a different color. Gray Fox amdovirus (sequence from
GenBank Accession No. JN202450) was included in the analysis as an outgroup.

AMDV, Aleutian mink disease virus.
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Fig. 2. Bayesian phylogenetic tree based on the VP2 sequences of AMDV obtained in this study. Posterior probabilities (%) are shown next to the nodes.
Sequences are called “Farm ID.Sample number_Year of collection,” and each clade is represented with a different color. Gray Fox amdovirus (sequence from
GenBank Accession No. JN202450) was included in the analysis as an outgroup.

AMDV, Aleutian mink disease virus.
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Fig. 3. Bayesian phylogenetic tree based on the concatenated NS1 and VP2 sequences of AMDV obtained in this study. Posterior probabilities (%) are shown next
to the nodes. Sequences are named as “Farm ID.Sample number_Year of collection,” and each clade is represented with a different color. Gray Fox amdovirus
(sequence from GenBank Accession No. JN202450) was included in the analysis as an outgroup.

AMDV, Aleutian mink disease virus.
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trees showed high concordance with the geographical distribution of the farms, particularly
for clades II, III, and IV (Fig. 4A). Therefore, the sequences from clades III and IV were only
detected in NW Spain and NW Portugal. On the other hand, there was a clear geographical
division between both clades because clade III sequences only appeared in farms from NW
Galicia (Fig. 4B). In contrast, the clade IV sequences were detected exclusively in SW Galicia,
forming a spatial cluster with the Portuguese farms (Fig. 4C). Similarly, the clade II strains
were only described in the center of Spain. Finally, the clade I sequences also exhibited
geographical clustering in NW Galicia (Fig. 4B), except for those from the French farm.

Regarding the phylogenetic analysis of the two global datasets of the NS1 and VP2 sequences,
the best substitution model in both cases was the GTR with gamma-distributed rate variation
across the sites and a proportion of invariable sites (GTR+G+I). The two trees are presented
as Supplementary Files 3 and 4 because of their large size.

The global NS1 phylogenetic tree (Supplementary Fig. 1) illustrates the distribution of the
Spanish strains regarding those published previously. The sequences from clade III of this

=

f
- ~4 .
e o (

/ A Clade |
‘\? Qe @ Clade I
. 4 @ Clade Il
‘ Clade Iv @

oA

Fig. 4. Geographical location of the farms included in the study, with different symbols and colors for each of the
clades identified in the phylogenetic analysis of concatenated fragments (NS1 and VP2).
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study were grouped with the only three Spanish sequences previously described [23], without
a strong relationship with the strains from other countries. The clade II sequences clustered
mainly with the strains from Poland, Italy, Greece, and Sweden. On the other hand, cladeI
appeared fragmented. The subclade Ia sequences clustered with sequences from Poland, The
Netherlands, and Greece, whereas the sequences of subclades Ib and Ic were grouped in a
large cluster with strains from all over the world.

The global phylogenetic tree for the VP2 sequences (Supplementary Fig. 2) showed that the
sequences of the Spanish clades IT and III were quite conserved, and did not have a close
relationship with those reported in other countries. In contrast, the clade I and IV sequences
were distributed among other worldwide sequences. In the case of clade I, the Spanish
sequences mostly clustered together with sequences from Poland, Finland, Russia, and
Belarus, whereas the clade IV sequences were grouped mainly with the strains from Finland
and Denmark.

DISCUSSION

The Spanish mink sector is currently characterized as having a low percentage of AMDV-
infected farms, due mainly to the application of a voluntary control program in most Spanish
farms developed by the Galician Association of Mink Breeders. This program included
annual CIEP-testing of the whole breeding stock, high standards of biosecurity, eradication
strategies (test-and-removal/stamping-out), and exhaustive cleaning and disinfection
protocols for AMDV outbreaks. In addition, the Spanish mink sector was the first to
introduce a method for testing for the presence of AMDV in the farm environment to improve
the control of AD [25,30]. Therefore, molecular characterization of the Spanish strains is
necessary to elucidate any epidemiological association between them and to help complete
the molecular knowledge of the AMDV strains from a global point of view. Therefore, this
work presumably gathers all the AMDV strains implied in Spanish outbreaks since 2012.

In general, the phylogeny of Spanish strains showed a clear geographical relationship
between the different clades, as described by other authors [1,11,17], particularly for NS1+VP2
concatenated analysis. The phylogenetic tree obtained from the NS1 target alone allowed
differentiation of the main clusters. On the other hand, it did not show the same resolution as
the concatenated one because some sequences from farms with no geographical, commercial
or historical relationship clustered together, such as farm 985 in clade II (Fig. 1). This has
been mentioned previously [11,15,22], indicating that an analysis of the longer fragments or
even the whole genome can build better, higher-resolution phylogenetic relationships.

Overall, the farms of each clade identified in the concatenated tree not only present a
geographical relationship but also share some epidemiological features (Table 2). The
sequences from clade I belong to three farms in NW Galicia and one in SW France. Farm

622 suffered an epizootic outbreak in 2014, which spread rapidly within the farm, possibly
boosted by the fact that part of the breeding stock was Aleutian mink. Since then, this farm
only bred non-Aleutian genotypes, performing an intensive selection of AMDV-tolerant
breeding stock and routine cleaning and disinfection procedures. This exhaustive control
program could explain why all sequences detected from this farm in the period 20142018
were 100% identical because, as suggested previously, the genetic stability may be the result
of a bottleneck imposed by the selection pressure [1]. This farm introduced animals and farm
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Table 2. Clades and subclades obtained in the phylogenetic analysis of the concatenated fragments (NS1and
VP2), farms in each clade/subclade, and observations about the farms of each clade/subclade

Clade Subclade Included farms Observations
| 622 Near Santiago de Compostela except for farm
633 382 (Southwest of France). All these outbreaks
672 are recent infections. 633 and 672 belong to
389 the same owner.
1l 540 Central area of Spain (Madrid and Avila
542 provinces). Old and recent infections.
545
1] Ila 661 Cluster of farms in the “Monte Xalo” area with
610 a maximum distance of 2.5 km between them
612 (infection started in 2012 and still active).
619
6109
b 616 50 km away from the farms of subclade Illa,
but historically and currently related to them.
v 162 Southwest of Galicia and adjacent border area
1130 of Portugal. 162 and 1130 belong to the same
985 owner.

936 (outbreaks of 2015 and 2018)

supplies from other European countries in 2014. Therefore, one possible explanation for the
introduction of AMDV would be international trade, a route that has also been suggested by
other authors [15,16,24]. This hypothesis is supported by global phylogenetic analysis, where
the sequences from this farm were related more to other contemporary sequences described
in Poland, The Netherlands, and Greece (Supplementary Figs. 1and 2) than to other Spanish
sequences. Similar to farm 622, farm 633 experienced an epizootic outbreak that was
detected at the beginning of 2018 in a barn housing Aleutian mink. In this case, however, the
infection was cleared after a stamping-out strategy and thorough cleaning and disinfection.
The introduction route of AMDV in this farm is unclear, even though two hypotheses have
been proposed. On one hand, the infection could have its origin in farm 622 because of its
proximity, but the homology between both strains is not extremely high (Supplementary
Tables 3 and 4). On the other hand, farm 633 purchased farm equipment from other
European countries in 2017. Hence, AMDV might have been introduced through international
trade, as suggested by the global phylogenetic analysis (Supplementary Figs. 1and 2).

In contrast, farm 672 suffered a sporadic outbreak in 2018, which was restricted to a batch of
animals moved from farm 633 immediately before the latter's outbreak was detected. This is
probably because there were no Aleutian genotypes on this farm; the infection is currently
under control by test-and-removal. Therefore, together with the high identity between the
sequences of both farms (#100%), the introduction of AMDV-infected animals is the most
likely explanation for the infection of farm 672. Regarding farm 382, although the detected
sequences are also related to other European sequences, the lack of epidemiological data did
not indicate the origin of the infection.

Regarding clade II, all sequences belong to three farms in the center of Spain, which have
remained endemically infected for decades. From an epidemiological and historical point of
view, these farms were related to the founding farms established in this region in the 1950s
[31], and they remained practically isolated from the rest of the Spanish sector. Hence, these
strains may represent the old ones from this area. This could explain why these sequences
appear to be the most conserved ones in this study, even though similar NS1 sequences have
recently been described in Poland [23] (Supplementary Fig. 1). Considering the high similarity
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between the strains of this clade and the extreme resistance of AMDV to environmental
conditions, the occasional appearance of outbreaks in farm 545 might be related to the
maintenance of within-farm environmental reservoirs of these old strains [19,25].

Similarly, the sequences from clade III also showed a high degree of intraclade identity,
particularly for those of subclade IlIa (Table 2). The time sequence of the outbreaks indicates
that the epizootic outbreak of farm 661 in 2012 was possibly the first, which then spread among
neighboring farms because of their location and interrelation. Because these strains appear to
be quite conserved (Supplementary Figs. 1and 2), the initial outbreak in farm 661 may have
been caused by the existence of AMDV environmental reservoirs, considering that this farm had
suffered several sporadic outbreaks from 2000 to 2008. On the other hand, farm 616 (subclade
IIIb) represents a particular case because it only presented a sporadic outbreak in 2016 with

a strain related to subclade IIla. Therefore, this strain might be an ancestor of subclade Illa,
representing the old strains that existed in this region since the establishment of these farms.
On the other hand, the lack of samples preceding 2013 only allows a supposition.

Finally, clade IV was the most heterogeneous cluster in this study, but all sequences belonged
to four farms in the same geographical area (Fig. 4B). Most farms from this region were
founded in the 1960s. Therefore, stable populations of wild American mink have been
present in this area since the 1980s due to farm escapees [32,33], and have recently shown

a high AMDV seroprevalence (47%) [34]. Therefore, the differences found among these
sequences could be related to the variation or recombination of old strains in this region,

as previously suggested [35]. This may explain why the NS1 and VP2 sequences from farm
985 grouped differently in the phylogenetic trees, or why the strains obtained from farm

936 in 2015 and 2018 presented moderate homology despite their phylogenetic relation. On
the other hand, the sequences of this clade also appear to be related to recent sequences
described in other countries (Supplementary Figs. 1and 2), so the introduction of the AMDV
from a foreign source cannot be ruled out.

One limitation of this study was the lack of samples from Spanish wild fauna, which impeded
an analysis of their possible role in the establishment of new infections. Unfortunately,

only one VP2 sequence has been described [7], showing an scarce relationship with the
sequences of this study (90.9-96.5% identity) (Supplementary Fig. 2). Therefore, further
studies, including AMDV strains of wild mink and other susceptible species, will be
necessary. Nevertheless, this study drafted a molecular map of the Spanish AMDV strains
and is the first description of Portuguese and French sequences. This will help enhance the
global knowledge of the molecular diversity of this virus. These results indicate a moderate
molecular diversity of AMDV in Spain. They suggest that most strains were established

in this country a long time ago and subsequently spread between farms within the same
geographical area. Nevertheless, a few of them are presumably of recent introduction. The
use of the NS1+VP2 concatenated genes showed a better correlation with the epidemiological
data collected at the farms than using a single target. In this sense, the results show a

robust geographical relationship for each of the four identified clusters. This indicates that
the exhaustive control program developed by the breeders' associations together with the
publication of the AD status of the farms, commercial restrictions, and biosecurity measures
have made it possible to limit AMDV infections to a few located areas. Therefore, the use of
phylogenetic inference combined with epidemiological information, has helped improve
understanding of the routes of infection and their prevention. Overall, this method will be a
helpful tool for the control of this disease.
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Supplementary Fig. 1

Global Bayesian phylogenetic tree based on the NS1 sequences obtained in this study and
the NS1 sequences described worldwide (n = 255). Posterior probabilities (%) are shown next
to the nodes. Sequences from this study are named as “Farm ID.Sample number_Year of
collection”, and each clade is represented with a different colour.
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Supplementary Fig. 2

Global Bayesian phylogenetic tree based on the VP2 sequences obtained in this study and
the VP2 sequences described worldwide (n = 78). Posterior probabilities (%) are shown next
to the nodes. Sequences from this study are named as “Farm ID.Sample number_Year of

collection”, and each clade is represented with a different colour.

Click here to view

https://doi.org/10.4142/jvs.2020.21.e65 11/13


https://vetsci.org/DownloadSupplMaterial.php?id=10.4142/jvs.2020.21.e65&fn=jvs-21-e65-s001.xls
https://vetsci.org/DownloadSupplMaterial.php?id=10.4142/jvs.2020.21.e65&fn=jvs-21-e65-s002.xls
https://vetsci.org/DownloadSupplMaterial.php?id=10.4142/jvs.2020.21.e65&fn=jvs-21-e65-s003.xls
https://vetsci.org/DownloadSupplMaterial.php?id=10.4142/jvs.2020.21.e65&fn=jvs-21-e65-s004.xls
https://vetsci.org/DownloadSupplMaterial.php?id=10.4142/jvs.2020.21.e65&fn=jvs-21-e65-s005.ppt
https://vetsci.org/DownloadSupplMaterial.php?id=10.4142/jvs.2020.21.e65&fn=jvs-21-e65-s006.ppt
https://vetsci.org

Journal of (

Molecular epidemiology of AMDV in Southwestern Europe Veterinary Science V)

https://vetsci.org

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Christensen LS, Gram-Hansen L, Chriél M, Jensen TH. Diversity and stability of Aleutian mink disease
virus during bottleneck transitions resulting from eradication in domestic mink in Denmark. Vet
Microbiol. 2011;149(1-2):64-71.

PUBMED | CROSSREF

Canuti M, Whitney HG, Lang AS. Amdoparvoviruses in small mammals: expanding our understanding of
parvovirus diversity, distribution, and pathology. Front Microbiol. 2015;6:1119.

PUBMED | CROSSREF

Bloom ME, Kanno H, Mori S, Wolfinbarger JB. Aleutian mink disease: puzzles and paradigms. Infect
Agents Dis 1994;3(6):279-301.

PUBMED

Porter DD, Larsen AE, Porter HG. Aleutian disease of mink. Adv Immunol. 1980;29:261-286.

PUBMED | CROSSREF

Oleksiewicz MB, Wolfinbarger JB, Bloom ME. A comparison between permissive and restricted infections
with Aleutian mink disease parvovirus (ADV): characterization of the viral protein composition at nuclear
sites of virus replication. Virus Res. 1998;56(1):41-51.

PUBMED | CROSSREF

Hadlow WJ, Race RE, Kennedy RC. Comparative pathogenicity of four strains of Aleutian disease virus for
pastel and sapphire mink. Infect Immun. 1983;41(3):1016-1023.

PUBMED | CROSSREF

Manas S, Cefia JC, Ruiz-Olmo J, Palazén S, Domingo M, Wolfinbarger JB, et al. Aleutian mink disease
parvovirus in wild riparian carnivores in Spain. ] Wildl Dis. 2001;37(1):138-144.

PUBMED | CROSSREF

Fournier-Chambrillon C, Aasted B, Perrot A, Pontier D, Sauvage F, Artois M, et al. Antibodies to Aleutian
mink disease parvovirus in free-ranging European mink (Mustela lutreola) and other small carnivores from
southwestern France. ] Wildl Dis. 2004;40(3):394-402.

PUBMED | CROSSREF

Farid AH. Aleutian mink disease virus in furbearing mammals in Nova Scotia, Canada. Acta Vet Scand.
2013;55(1):10.

PUBMED | CROSSREF

Olofsson A, Mittelholzer C, Treiberg Berndtsson L, Lind L, Mejerland T, Belak S. Unusual, high genetic
diversity of Aleutian mink disease virus. J Clin Microbiol. 1999;37(12):4145-4149.

PUBMED | CROSSREF

Ryt-Hansen P, Hjulsager CK, Hagberg EE, Chriél M, Struve T, Pedersen AG, et al. Outbreak tracking of
Aleutian mink disease virus (AMDV) using partial NS1 gene sequencing. Virol J. 2017;14(1):119.

PUBMED | CROSSREF

Oie KL, Durrant G, Wolfinbarger JB, Martin D, Costello F, Perryman S, et al. The relationship between
capsid protein (VP2) sequence and pathogenicity of Aleutian mink disease parvovirus (ADV): a possible
role for raccoons in the transmission of ADV infections. J Virol. 1996;70(2):852-861.

PUBMED | CROSSREF

Best SM, Bloom ME. Aleutian mink disease parvovirus. In: Kerr JR, Cotmore SF, Bloom ME, Linden RM,
Parrish CR, editors. Parvoviruses. London: Hodder Arnold; 2006, 457-471.

Knuuttila A, Uzcategui N, Kankkonen J, Vapalahti O, Kinnunen P. Molecular epidemiology of Aleutian
mink disease virus in Finland. Vet Microbiol. 2009;133(3):229-238.

PUBMED | CROSSREF

Leimann A, Knuuttila A, Maran T, Vapalahti O, Saarma U. Molecular epidemiology of Aleutian mink
disease virus (AMDV) in Estonia, and a global phylogeny of AMDV. Virus Res. 2015;199:56-61.

PUBMED | CROSSREF

Canuti M, O'Leary KE, Hunter BD, Spearman G, Ojkic D, Whitney HG, et al. Driving forces behind

the evolution of the Aleutian mink disease parvovirus in the context of intensive farming. Virus Evol.
2016;2(1):vew004.

PUBMED | CROSSREF

Nituch LA, Bowman J, Wilson P, Schulte-Hostedde Al. Molecular epidemiology of Aleutian disease virus
in free-ranging domestic, hybrid, and wild mink. Evol Appl. 2012;5(4):330-340.

PUBMED | CROSSREF

Sang Y, Ma]J, Hou Z, Zhang Y. Phylogenetic analysis of the VP2 gene of Aleutian mink disease
parvoviruses isolated from 2009 to 2011 in China. Virus Genes. 2012;45(1):31-37.

PUBMED | CROSSREF

https://doi.org/10.4142/jvs.2020.21.e65 12/13


http://www.ncbi.nlm.nih.gov/pubmed/21112164
https://doi.org/10.1016/j.vetmic.2010.10.016
http://www.ncbi.nlm.nih.gov/pubmed/26528267
https://doi.org/10.3389/fmicb.2015.01119
http://www.ncbi.nlm.nih.gov/pubmed/7889316
http://www.ncbi.nlm.nih.gov/pubmed/6251709
https://doi.org/10.1016/S0065-2776(08)60046-2
http://www.ncbi.nlm.nih.gov/pubmed/9784064
https://doi.org/10.1016/S0168-1702(98)00053-7
http://www.ncbi.nlm.nih.gov/pubmed/6193063
https://doi.org/10.1128/IAI.41.3.1016-1023.1983
http://www.ncbi.nlm.nih.gov/pubmed/11272488
https://doi.org/10.7589/0090-3558-37.1.138
http://www.ncbi.nlm.nih.gov/pubmed/15465705
https://doi.org/10.7589/0090-3558-40.3.394
http://www.ncbi.nlm.nih.gov/pubmed/23394546
https://doi.org/10.1186/1751-0147-55-10
http://www.ncbi.nlm.nih.gov/pubmed/10565948
https://doi.org/10.1128/JCM.37.12.4145-4149.1999
http://www.ncbi.nlm.nih.gov/pubmed/28637462
https://doi.org/10.1186/s12985-017-0786-5
http://www.ncbi.nlm.nih.gov/pubmed/8551624
https://doi.org/10.1128/JVI.70.2.852-861.1996
http://www.ncbi.nlm.nih.gov/pubmed/18799272
https://doi.org/10.1016/j.vetmic.2008.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25616049
https://doi.org/10.1016/j.virusres.2015.01.011
http://www.ncbi.nlm.nih.gov/pubmed/27774297
https://doi.org/10.1093/ve/vew004
http://www.ncbi.nlm.nih.gov/pubmed/25568054
https://doi.org/10.1111/j.1752-4571.2011.00224.x
http://www.ncbi.nlm.nih.gov/pubmed/22415542
https://doi.org/10.1007/s11262-012-0734-9
https://vetsci.org

Journal of (

Molecular epidemiology of AMDV in Southwestern Europe Veterinary Science V)

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

Farid AH, Zillig ML, Finley GG, Smith GC. Prevalence of the Aleutian mink disease virus infection in Nova
Scotia, Canada. Prev Vet Med. 2012;106(3-4):332-338.

PUBMED | CROSSREF

Cepica A, Iwamoto T. Field evaluation of CIEP and PCR detection/removal control methods of Aleutian
mink disease (AD) in Canada. In: Larsen PF, Mgller SH, Clausen T, Hammer AS, Lassen TM, Nielsen

VH, et al., editors. Proceedings of the Xth International Scientific Congress in fur animal production.
Wageningen: Wageningen Academic Publishers; 2020. 196-205.

CROSSREF

Diaz Cao JM, Prieto A, Lopez G, Fernandez-Antonio R, Diaz P, Lopez C, et al. Molecular assessment of
visitor personal protective equipment contamination with the Aleutian mink disease virus and porcine
circovirus-2 in mink and porcine farms. PLoS One. 2018;13(8):¢0203144.

PUBMED | CROSSREF

Hagberg EE, Pedersen AG, Larsen LE, Krarup A. Evolutionary analysis of whole-genome sequences
confirms inter-farm transmission of Aleutian mink disease virus. ] Gen Virol. 2017;98(6):1360-1371.
PUBMED | CROSSREF

Ryt-Hansen P, Hagberg EE, Chriél M, Struve T, Pedersen AG, Larsen LE, et al. Global phylogenetic
analysis of contemporary aleutian mink disease viruses (AMDVs). Virol J. 2017;14(1):231.

PUBMED | CROSSREF

Kowalczyk M, Horecka B, Jakubczak A. Aleutian mink disease virus in the breeding environment in
Poland and its place in the global epidemiology of AMDV. Virus Res. 2019;270:197665.

PUBMED | CROSSREF

Prieto A, Fernandez-Antonio R, Diaz-Cao JM, Lopez G, Diaz P, Alonso JM, et al. Distribution of Aleutian mink
disease virus contamination in the environment of infected mink farms. Vet Microbiol. 2017;204:59-63.
PUBMED | CROSSREF

Hall TA. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows
95/98/NT. Nucleic Acids Symp Ser 1999;(41):95-98.

Guindon S, Gascuel O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum
likelihood. Syst Biol. 2003;52(5):696-704.

PUBMED | CROSSREF

Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models, new heuristics and parallel
computing. Nat Methods. 2012;9(8):772.

PUBMED | CROSSREF

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S, et al. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model space. Syst Biol. 2012;61(3):539-542.

PUBMED | CROSSREF

Prieto A, Diaz-Cao JM, Fernandez-Antonio R, Panadero R, Diaz P, Lopez C, et al. Application of real-time
PCR to detect Aleutian mink disease virus on environmental farm sources. Vet Microbiol. 2014;173(3-
4):355-359,

PUBMED | CROSSREF

Garcia-Mata R. El vison. Su cria en cautividad. Madrid: Mundi Prensa; 1990.

Vidal-Figueroa T, Delibes M. Primeros datos sobre el vison americano (Mustela vison) en el suroeste de
Galicia y noroeste de Portugal. Ecologia (Madr). 1987;1:145-152.

Rodrigues DC, Simdes L, Mullins J, Lampa S, Mendes RC, Fernandes C, et al. Tracking the expansion of
the American mink (Neovison vison) range in NW Portugal. Biol Invasions. 2015;17(1):13-22.

CROSSREF

Maiias S, Goémez A, Asensio V, Palazén S, Podra M, Alarcia OE, et al. Prevalence of antibody to Aleutian
mink disease virus in European mink (Mustela lutreola) and American mink (Neovison vison) in Spain. J Wildl
Dis. 2016;52(1):22-32.

PUBMED | CROSSREF

Virtanen J, Smura T, Aaltonen K, Moisander-Jylhd AM, Knuuttila A, Vapalahti O, et al. Co-circulation of
highly diverse Aleutian mink disease virus strains in Finland. J Gen Virol. 2019;100(2):227-236.

PUBMED | CROSSREF

https://vetsci.org https://doi.org/10.4142/jvs.2020.21.e65 13/13


http://www.ncbi.nlm.nih.gov/pubmed/22497690
https://doi.org/10.1016/j.prevetmed.2012.03.010
https://doi.org/10.3920/978-90-8686-760-8_30
http://www.ncbi.nlm.nih.gov/pubmed/30148883
https://doi.org/10.1371/journal.pone.0203144
http://www.ncbi.nlm.nih.gov/pubmed/28612703
https://doi.org/10.1099/jgv.0.000777
http://www.ncbi.nlm.nih.gov/pubmed/29166950
https://doi.org/10.1186/s12985-017-0898-y
http://www.ncbi.nlm.nih.gov/pubmed/31306681
https://doi.org/10.1016/j.virusres.2019.197665
http://www.ncbi.nlm.nih.gov/pubmed/28532807
https://doi.org/10.1016/j.vetmic.2017.04.013
http://www.ncbi.nlm.nih.gov/pubmed/14530136
https://doi.org/10.1080/10635150390235520
http://www.ncbi.nlm.nih.gov/pubmed/22847109
https://doi.org/10.1038/nmeth.2109
http://www.ncbi.nlm.nih.gov/pubmed/22357727
https://doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/25183237
https://doi.org/10.1016/j.vetmic.2014.07.024
https://doi.org/10.1007/s10530-014-0706-1
http://www.ncbi.nlm.nih.gov/pubmed/26528576
https://doi.org/10.7589/2015-04-082
http://www.ncbi.nlm.nih.gov/pubmed/30526739
https://doi.org/10.1099/jgv.0.001187
https://vetsci.org

	Molecular epidemiology of Aleutian mink disease virus causing outbreaks in mink farms from Southwestern Europe: a retrospective study from 2012 to 2019
	INTRODUCTION
	MATERIALS AND METHODS
	NS1 and VP2 amplification and sequencing
	Phylogenetic analysis

	RESULTS
	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Supplementary Table 1
	Supplementary Table 2
	Supplementary Table 3
	Supplementary Table 4
	Supplementary Fig. 1
	Supplementary Fig. 2

	REFERENCES


