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Abstract

Aleutian mink disease virus (AMDV) is a widespread parvovirus mainly affecting
American mink (Neovison vison). It can cause a progressive and persistent immune
complex-mediated disease (Aleutian disease, AD) in adult mink and an acute and fatal
pneumonia in mink kits. The virus has a wide geographical distribution both in farmed
mink and in the wild. Aleutian mink disease virus poses a major economic threat to mink
farmers and it may affect the conservation and management of indigenous mustelids and
other species. Infected farms are difficult to sanitize as the virus is resistant to physical and
chemical treatments, it can be transmitted through several vectors and routes, and no
effective medications or vaccines currently exist. Since the 1970s, diagnosis on AMDV in
farmed mink has been based on the identification of specific antibodies with a counter-
current immunoelectrophoresis (CIEP) test. In 2005, the Finnish Fur Breeders’
Association implemented an eradication program that required the development of a new
AMDV-detection protocol to screen ca. 600 000 samples per year. Although AMDV can
infect and may cause disease in other mustelids and carnivores, little is known about the
epidemiology and evolutionary relationships of AMDYV strains in the wild in Finland and
elsewhere. Thus, this study aimed to develop a modern automated test for the large-scale
serodiagnosis of AMDYV in mink and to elucidate the epidemiology and phylogeny of this
virus in farmed mink and free-ranging mustelids in Finland.

A new antigen for the serological test was developed with a recombinant DNA
technique. The major capsid protein (VP2) gene of a Finnish AMDYV strain obtained from
a farmed mink was amplified, cloned into a baculovirus transfer vector with subsequent
recombination to baculovirus genome, and expressed in insect cells. The antigen formed
virus-like particles and was confirmed to be antigenic with several serological methods.
Subsequently, an enzyme-linked immunosorbent assay (ELISA) was designed for the
antigen and automated. Because the small glass capillaries used to collect blood samples
in CIEP could not be utilized in the ELISA test, a wicking technique using a filter paper
‘blood comb’ was developed. The performance of this test was compared to CIEP (an
imperfect gold standard) by testing blood/serum samples from farmed mink. The results
were analyzed with Bayesian modelling allowing for conditional dependence. The new
automated ELISA test was found to be accurate with a diagnostic sensitivity of 96.2%
(95% probability interval [PI], 91.5-99.0) and specificity of 98.4% (95% PI, 95.3-99.8),
and was therefore determined suitable for the serodiagnosis of AMDYV.

The epidemiology and phylogenetics of AMDV were inferred from organ and/or blood
samples from farmed mink and free-ranging mustelids. The samples were screened with
the newly-developed ELISA (described above) or CIEP test for anti-AMDYV antibodies
and with previously described or newly-developed PCR assays for AMDV DNA. Test
results were studied with statistical, phylogenetic, and sequence analysis methods.
Aleutian mink disease virus was found to be prevalent in the wild in Finland. A new host
species, the European badger (Meles meles), with a prevalence of 27% (7/26; 95%
confidence interval [CI], 13—46), was identified. In addition to the badger, infection
markers were found in 54% (31/57; 95% CI, 42-67) of feral American mink and in one
European polecat (Mustela putorius) (1/14; 95% CI, 1-29). No infection was found in



Eurasian otters (Lutra lutra) (24; 95% CI, 0—10), European pine martens (Martes martes)
(183; 95% CI 0-1), least weasels (Mustela nivalis) (2; 95% CI, 0-67), stoat (Mustela
erminea) (1; 95% CI, 0-85), or wolverine (Gulo gulo) (1; 95% CI, 0-85). Positive animals
were distributed throughout western, southern, and eastern Finland (10/17 of sampled
regions). American mink (odds ratio [OR], 335) and badger (OR, 74) had higher odds of
infection compared to other species. Also, animals sampled during the first sampling
period (2006-2009; OR, 5) had higher odds of infection compared to the second period
(2010-2014). No significant association was detected between infection and age, sex, or
region. Furthermore, mink farms were not associated with higher odds of AMDV
infection nor appeared to serve as a major source of infection for free-ranging mustelids at
the municipal or regional level. Based on these results, it appears that domestic and
sylvatic transmission pathways are largely decoupled, but it seems probable that infections
occasionally move between the farmed and wild populations (e.g., via infected
escapees/intruders). A phylogenetic analysis, including Finnish, Estonian, and global
strains, indicated that AMDYV strains form at least five main clusters. It also inferred that
the virus has been introduced to Finnish farms on at least three occasions. Unfortunately,
it could not be discerned whether the occurrence of AMDYV in Finland is natural or a
consequence of the global mink trade. In addition to its main hosts (farmed and wild
mink), similar strains of AMDV were found in pine martens, polecats, and badgers.
Interestingly, Estonian badgers carried a divergent strain, possibly representing a new
amdoparvovirus. Other than the strain found in Estonian badgers, and the tendency of
strains from Finnish farmed and feral mink to diverge into separate clusters, AMDV
strains did not cluster according to location, year, species, or pathogenicity. The nucleotide
differences between Finnish AMDYV sequences, based on partial non-structural protein 1
gene, ranged from 0% to 14% and similar levels of variability were observed in farmed
and natural populations.

As a result of these studies, an automated ELISA test for the serodiagnosis of AMDV
was developed and validated with high diagnostic sensitivity and specificity. The test
offers a low cost, easy sampling, rapid throughput of large sample numbers, reduced
processing time, and automated data management. The new test can be utilized for the
monitoring, control and eradication of the virus, calculating the seroprevalence, and
confirming the infection status of farms or individual mink. In addition, new information
on AMDV epidemiology and genetic variation in Finnish farmed mink and free-ranging
mustelids were established with potential impact on the biosecurity of farms, outbreak
investigations, and the conservation of threatened mustelid species. Moreover, the new
diagnostic tools and additional sequence data generated in this study can be utilized in the
future research on the epidemiology of AMDV.
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1. Introduction

Aleutian mink disease virus (AMDYV, family Parvoviridae) is a small and structurally
simple virus with an icosahedral and non-enveloped capsid containing a short
deoxyribonucleic acid (DNA) genome. Despite its apparent simplicity, the virus can cause
a variety of potentially fatal disease symptoms (Aleutian disease, AD; also referred to as
plasmacytosis and Sapphire disease). These range from an acute respiratory disease in kits
to persistent and progressive immune complex-mediated disease in adults (reviewed by
Bloom et al., 1994). Aleutian disease mainly affects American mink (Neovison vison), but
other mustelid and carnivore species may also become infected (reviewed by Farid, 2013;
reviewed by Nituch et al., 2015). The disecase was first identified in farmed Aleutian
genotype mink (with silver-grayish fur) in North America in the 1940s (Hartsough and
Gorham, 1956), but has subsequently been found across the world in several mink-
producing countries and in the wild (reviewed by Farid, 2013; reviewed by Nituch et al.,
2015). Aleutian disease is an economically and ecologically important problem affecting
animal welfare and health. It poses a significant financial threat to farmers (Aasted, 1985)
and, potentially, indigenous wild mustelid species (Maias et al., 2001; Yamaguchi and
Macdonald, 2001; Fournier-Chambrillon et al., 2004; Nituch et al., 2012). Once a farm is
infected, the disease is difficult to eradicate as the virus is transmitted through vertical,
horizontal, direct and indirect routes (reviewed by Gorham et al., 1976), is resistant to
many disinfectants and environmental conditions, and no effective treatment or vaccine
currently exists (reviewed by Hussain et al., 2014). Currently, the prevention and control
of AD in farms relies on early detection and culling of infected animals or entire herds, as
well as the implementation of and adherence to effective biosecurity measures (Cho and
Greenfield, 1978; Gunnarsson, 2001; Prieto et al., 2014).

Effective disease control and eradication programs rely on the development and
application of new diagnostic tests!. When a particular test has been used for an extended
period of time in a successful eradication program with decreasing prevalence, an
increasing number of false-positive animals will be culled and new test systems should be
developed (Thrusfield, 2007a). The detection of AMDYV in mink has, since the late 1970s,
mainly been based on screening for the presence of anti-AMDV antibodies using a
counter-current immunoelectrophoresis (CIEP) test (Cho and Ingram, 1972). CIEP
employs agarose gel electrophoresis to resolve a precipitin line formed by the antigen and
the antibodies in a serum sample (Cho and Ingram, 1972). Although a simple, rapid and
inexpensive method for small batches, it is not well-suited to automation and requires a
large amount of labor. Published studies describing a thorough validation of this test are
lacking, but estimates of diagnostic sensitivity (DSe) vary from 79% to 99% and
diagnostic specificity (DSp) from 90% to 100% (Wright and Wilkie, 1982; Aasted et al.,
1986; Jensen et al., 2011; Dam-Tuxen et al., 2014).

Finland is one of the major global producers of mink pelts, with approximately two
million pelts with a sales value of 57 million euros in 2014 (P. Aronen [Fin Furlab],
personal communication 27.5.2015). About 400 farms and 400 000 breeding mink are
mainly located in western Finland (Profur, 2014). In Finland, the CIEP test has been in use

! Test, assay, and method are used interchangeably in the text.
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since 1980. The mean AMDYV seroprevalence of all mink tested ranged between 3% and
60% during 19802014, being higher during the earlier years and around 10% more
recently (Kangas and Smeds, 1980s, M. Eerola [Fin Furlab], personal communication
21.5.2015). The implementation of an eradication program in 2005 by the Finnish Fur
Breeders' Association (STKL) led to an increase in sample numbers from 330 000 to over
700 000 annually, with a concomitant requirement for additional labor and shortages of
the CIEP antigen. Thus, an accurate, simple, economical, and high-throughput test was
needed with the possibility for automation and employment of a new antigen.

In addition to farmed and feral American mink, viral DNA and/or antibodies have also
been detected in several other mustelids and carnivores in Europe, North America, and
Japan (Murakami et al., 2001; reviewed by Farid, 2013; reviewed by Nituch et al., 2015).
Although research concerning the molecular epidemiology of various virus strains in
captive and wild/feral mink has increased recently, data concerning the virus in other
mustelids and carnivores remain scarce. Details concerning the clinical disease,
pathogenicity, epidemiology, and phylogenetics of this virus in wild mustelids have yet to
be established. The full range of host species, the prevalence of infection, and the risk
factors for infection in these species are also unknown, and given that data are only
available from a few countries the geographical distribution of AMDYV is likely much
greater than currently recognized. A few studies have indicated that infected mink farms
may play a role in the transmission of the virus to the local natural population, and
conversely wild or feral animals may carry the virus into farms (Oie et al., 1996; Nituch et
al., 2011; Nituch et al., 2012). Further research is needed to clarify the sylvatic and
domestic transmission cycles and the extent of their interaction. The origin of AMDV is
unknown. Despite of its first detection and description in farmed mink of North America,
it may be simple to assume that the virus originated there (Farid, 2013). However, AMDV
might have existed in wild mink (and/or other mustelid) populations of North America (or
elsewhere) long before its detection in farmed mink (Gorham et al., 1976). It is also
possible that other mustelid species carry distinct and novel amdoparvoviruses in addition
to AMDV. Notably, these viruses have already been identified in foxes (Urocyon
cinereoargenteus, Vulpes lagopus, and V. vulpes) and raccoon dogs (Nyctereutes
procyonoides) (Li et al., 2011; Shao et al., 2014; Bodewes et al., 2014a).

In Finland, data on the epidemiology and phylogenetics of AMDV both in farmed
mink and free-ranging” mustelids were practically non-existent. Potential host species, in
addition to farmed and feral mink, include the seven indigenous mustelids, of which the
wolverine (Gulo gulo) is critically endangered and the polecat (Mustela putorius) is
considered vulnerable (Liukko et al., 2010).

The aims of these studies were to develop the serodiagnostics of AMDV and elucidate
the epidemiology and phylogenetics of the virus in Finnish farmed mink and free-ranging
mustelids. Specifically, the aims were to construct a new recombinant antigen with which
to develop, automate, and validate a serological assay for detecting anti-AMDYV antibodies
in blood of farmed mink, and to develop a simple blood sampling method for this assay.
Due to the potential impacts on conservation and eradication efforts, it was also important

2 The term free-ranging refers to both wild and feral animals in the natural environment. Feral refers to
a free-ranging animal that descends from domesticated ancestors that escaped or were intentionally
released and have subsequently reproduced in the wild.

13



to determine whether AMDV (and/or related viruses) occurs in the Finnish natural
environment and, if so, to clarify the host species, prevalence, geographical distribution,
and determine any factors associated with infection. Furthermore, the origin, evolutionary
relationships, and diversity of AMDYV strains in farmed mink and free-ranging mustelids
were studied in relation to global diversity, geographical and temporal distribution,
transmission routes, pathogenicity, and the extent of genetic variation.
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2. Literature review

2.1. Mink, mustelids, and mink farming

Mustelidae, comprising 57 species, is the largest family within the order Carnivora
(reviewed by Larivére and Jennings, 2009). Mustelids usually have long bodies and short
legs, and range in size from just 25 g for the least weasel (M. nivalis) to 45 kg for the sea
otter (Enhydra lutris) (reviewed by Larivére and Jennings, 2009). They live in diverse
habitats from seas and rivers to forests and grasslands. While most mustelids are terrestrial
carnivores, there are also aquatic and fossorial examples (reviewed by Larivére and
Jennings, 2009). Mustelids can be found on all continents except Antarctica (reviewed by
Larivére and Jennings, 2009). Several species are listed as endangered by the International
Union for Conservation of Nature (IUCN, 2014). Seven mustelid species are native to
Finland: the European pine marten (Martes martes), European polecat, European badger
(Meles meles), Eurasian otter (Lutra lutra), wolverine (Gulo gulo), least weasel, and stoat
(M. erminea). Of these, the wolverine is critically endangered and the polecat is
considered vulnerable (Liukko et al., 2010). European mink (M. lutreola) regrettably
became extinct in Finland in the second half of the 20" century (Henttonen, 1992), and
populations have also been in drastic decline elsewhere in Europe (reviewed by Maran and
Henttonen, 1995). It has been speculated that the decline might in part be due to an
infectious disease transmitted by the American mink, although several other possible
reasons also exist (reviewed by Maran and Henttonen, 1995). The pine marten, otter, least
weasel, and stoat are present throughout Finland, whereas the polecat is mainly found in
the east and south-east, the badger in the south, and the wolverine in the east, west, and
north (Luke, 2013; SYKE, 2014).

The semi-aquatic American mink is native to North America but has spread into
several European countries, Russia, Japan, South America, and parts of Asia via the
escape and/or deliberate release of farmed animals (reviewed by Reid and Helgen, 2008;
reviewed by Larivére and Jennings, 2009). Farmed mink is a combination of several sub-
species of the American mink: mainly Eastern (N. vison vison), Kenai (N. vison
melampeplus), Alaska mink (N. vison ingens), and to a lesser extent the common (V. vison
mink), Hudson Bay (N. vison lacustris), and Pacific mink (N. vison energumenos)
(Shackelford, 1957). It has been farmed for its fur for decades and different traits, such as
fur color (from white to black) and quality, size, and temperament, have been emphasized
(Nes et al., 1988). American mink is an introduced species in Finland and the population
in the wild is a result of escapees from farms and deliberate release in European parts of
Russia (reviewed by Kauhala, 1996). Soon after the establishment of mink farming in
Finland, the first mink were observed in the wild (Westman, 1966). In the 1950s, they
were mainly present in the western and south-western coast of Finland (Westman, 1966),
but today feral mink are found throughout the country (Kauhala, 1996).

Unfortunately, initial breeding trials with mink were not recorded, but the first farms
were established in the 1920s in Canada, USA, and Scandinavia (Lund, 1979). In Finland,
the first mink farm was established in the early 1930s (Lund, 1979). No precise records
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exist concerning the trade and movement of breeding mink in Finland during the
establishment of mink farming (E. Smeds [STKL], personal communication 28.9.2006; E.
Puotila [Ministry of Agriculture and Forestry], personal communication 15.7.2015; P.
Lappalainen [Customs], personal communication 27.7.2015), but it is probable that the
first mink were imported mainly from the USA and later from Denmark and Sweden (E.
Smeds [STKL], personal communication 28.9.2006). Over the years, most mink have
been imported from Denmark, USA and Canada (L. Finne [STKL], personal
communication 1.2.2007). Finnish farmers have exported mink mainly to Russia, Poland,
and China (L. Finne [STKL], personal communication 1.2.2007). With nearly two million
pelts per year (2013), Finland is one of the major global mink producing countries along
with the USA, the Netherlands, Canada, Denmark, Poland, Russia, and China (Profur,
2014). Finnish pelts are produced by approximately 400 000 breeding mink housed at 400
farms (2013) (Profur, 2014). About 95% of these farms are located in four administrative
regions’ in western Finland: Ostrobothnia, North, Central, and South Ostrobothnia (A.
Kettunen [STKL], personal communication, 10.6.2014). Mink are mated and the kits are
born in the spring (STKL, 2015a). The winter fur develops during the fall and breeding
animals for the next season are selected in the late-autumn and the remaining animals are
pelted (STKL, 2015a).

2.2. Parvoviruses

The Parvoviridae family consists of two subfamilies: Parvovirinae with viruses of
vertebrates; and Densovirinae with viruses of arthropods (Tijssen et al., 2011). The
Parvovirinae subfamily is divided into eight genera: Amdoparvovirus, Aveparvovirus,
Bocaparvovirus, Copiparvovirus, Dependoparvovirus, Erythroparvovirus,
Protoparvovirus, and Tetraparvovirus (ICTV, 2014). The diseases that parvoviruses cause
in animals range from subclinical to severe gastroenteritis, myositis, myocarditis,
hepatitis, pneumonia, leukopenia, and chronic immune complex disease (reviewed by
Parrish, 2011). They may also cause congenital fetal anomalies and reproductive failure
(reviewed by Parrish, 2011). Viruses of major veterinary importance are mainly found in
the Protoparvovirus and Amdoparvovirus genera, such as feline panleukopenia virus
(FPV), canine parvovirus type 2 (CPV2), mink enteritis virus (MEV), porcine parvovirus
(PPV), and AMDV. Feline panleukopenia virus, CPV2, and MEV belong to the same
species of Carnivore protoparvovirus 1 (ICTV, 2014). Partly due to the advent of new
molecular techniques (e.g., next-generation sequencing) several new parvovirus species,
such as human parvovirus 4 (PARV4), human bufavirus, porcine hokovirus (PPV3), ovine
partetravirus, canine bocavirus 2, and gray fox amdovirus, have been found in animals and
humans in recent years (Li et al., 2011; reviewed by Ni et al., 2014; Yahiro et al., 2014;
Bodewes et al., 2014b). However, in some cases their ability to cause disease is unclear.
Parvoviruses are small (diameter ranging from 21.5 to 25.5 nm) non-enveloped viruses
with icosahedral symmetry (reviewed by Tijssen et al., 2011). The single-stranded DNA
genome is linear, non-segmented, and 4—6.3 kilobases (kb) in size (reviewed by Tijssen et

? Finland is divided into 320 municipalities and 19 administrative regions (see also Figure 5 for map).
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al., 2011). The palindromic sequences at both ends can form hairpin structures needed for
viral replication (reviewed by Tijssen et al., 2011). Generally, parvoviruses utilize
receptor-mediated endocytosis to enter the cell and various modes of trafficking within the
cell (reviewed by Tijssen et al., 2011). The parvoviruses usually have two open reading
frames (ORF): the left REP ORF encoding non-structural (NS) proteins and right CP ORF
for structural proteins (CAP, VP, or S) (reviewed by Tijssen et al., 2011). To create
different gene products from these ORFs, some parvoviruses use alternative splicing,
leaky scanning and/or alternative polyadenylation (reviewed by Tijssen et al., 2011).

For replication, which takes place in the nucleus, autonomous parvoviruses require
dividing cells that are going through mitotic S-phase (reviewed by Parrish, 2011; reviewed
by Tijssen et al., 2011). Certain parvoviruses (genus Dependoparvovirus) are replication
defective and need the presence of a helper virus, such as an adenovirus or herpesvirus, to
replicate efficiently (reviewed by Tijssen et al., 2011; reviewed by Parrish, 2011). As
fetuses and neonates have a relatively large proportion of mitotically-active cells, they are
often more susceptible to diseases caused by parvoviruses (reviewed by Parrish, 2011).
Thus, parvoviruses tend to have a tropism to certain rapidly-dividing cells and tissues,
such as hematopoietic precursors and lymphocytes, progenitor cells of the intestinal
mucosa, as well as external granular layer of the cerebellum and myocytes in the heart in
early life (Parrish, 2011). Typically, parvoviruses cause permissive and acute infections
(e.g. FPV, CPV2, and MEV) that last only few days, but some are able persist for long
periods, even for life (e.g. AMDYV, porcine parvovirus, and B19) (reviewed by Soderlund-
Venermo et al., 2002; reviewed by Parrish, 2011).

2.3. Aleutian mink disease virus

Aleutian mink disease virus belongs to the species of Carnivore amdoparvovirus 1.
Together with Carnivore amdoparvovirus 2 (gray fox amdovirus), they are currently the
sole members of the genus Amdoparvovirus (ICTV, 2014; Cotmore et al., 2014).
However, novel amdoparvoviruses not yet listed in the International Committee on
Taxonomy of Viruses (ICTV) have been recently found in arctic and red foxes and
raccoon dogs (Shao et al., 2014; Bodewes et al., 2014a).

2.3.1. Morphology, genome, and proteins

Aleutian mink disease virus has a non-enveloped and icosahedral virion about 25 nm in
diameter (reviewed by Cho, 1976). The single-stranded DNA genome is approximately
4.7 kb in size with terminal hairpin structures and negative polarity (Bloom et al., 1990).
The genome contains three ORFs which encode for five proteins: ORF1 encodes NS1
protein with molecular weight of 70 kilodaltons (kDa); ORF2 encodes NS3 (10 kDa); and
ORF3 encodes NS2 (17 kDa), structural proteins VP1 (85 kDa) and VP2 (75 kDa) (Qiu et
al., 2006; Qiu et al., 2007; Huang et al., 2014). Six messenger RNAs (mRNA) are
generated from one promoter (P3) by alternative splicing and polyadenylation (Qiu et al.,
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2006). The non-structural proteins share 60 amino acids at the N (amino)-terminus (Huang
et al., 2014). The VP1 sequence contains the entire VP2 sequence with additional 44
amino acids in its N-terminus (Christensen et al., 1993).

In parvoviruses, the NS1 protein has several functions associated with viral replication,
regulation of DNA replication, transcription and packaging of viral DNA, release and
spread of virus progeny, transactivation of viral and cellular genes, DNA damage
response, and enzymatic activities (nickase, helicase/ATPase) (reviewed by Tewary et al.,
2014; reviewed by Nuesch and Rommelaere, 2014). It also plays a role in the cell cycle
arrest, modulation of host innate immunity, infectivity, cytotoxicity, and apoptosis
(reviewed by Tewary et al., 2014; reviewed by Nuesch and Rommelaere, 2014). In
AMDYV, the NS1 protein is presumed to have similar functions, but it may also be
involved in the restriction of virus replication and pathogenicity (Bloom et al., 1982;
Huang et al., 2014). The smaller non-structural proteins, NS2 and NS3, are required for
viral replication (Huang et al., 2014). The AMDYV strains share over 87% nucleotide (nt)
and 82% amino acid (aa) identities in the NS/ gene (Li et al., 2011). However, a higher
degree of variability, up to 19% at the nt and 30% at the aa level, are seen within certain
regions (Olofsson et al., 1999). The middle region of the protein is more conserved than
the N- and C (carboxy)-termini (Gottschalck et al., 1994).

The AMDYV capsid is formed by VP1 and VP2 proteins. It contains 60 protein particles
from which 10% are VP1 and 90% VP2 (McKenna et al., 1999). The VP2 gene seems to
be more conserved than NSI with over 92% nt and 91% aa identities (Li et al., 2011).
Certain regions show a divergence of up to 11% at the nt and 15% at the aa level (Oie et
al., 1996; Nituch et al., 2012). Variable nt positions are clustered within an area known as
the hypervariable region at nt 690—730, MU 64-65 (Gottschalck et al., 1991; Gottschalck
et al.,, 1994; Oie et al., 1996). Generally in parvoviruses, the capsid surface has a major
role in determining the pathogenicity, along with the antigenicity, host range, and cellular
tropism (McKenna et al., 1999; reviewed by Kontou et al.,, 2005). It appears that a
particular region of the AMDV VP2 sequence (residues 428446 in the icosahedral
twofold depression) is involved in the pathogenesis of AD, i.e., immune complex
formation and antibody-dependent enhancement of infection (ADE) (Bloom et al., 2001).
In addition to this site, other specific regions in the capsid proteins (e.g., valine residue at
codon 352, aspartic acid at 534, residues in the two- and threefold axes, map units [MU]
54-65, MU 64-65, and MU 65-88) may contribute to the pathogenicity, replication,
and/or determination of the host range (Bloom et al., 1988; Gottschalck et al., 1991;
Bloom et al., 1993; Bloom et al., 1998; Fox et al., 1999; McKenna et al., 1999; Bloom et
al., 2001; McCrackin Stevenson et al., 2001).

2.3.2. Replication and persistence

Aleutian mink disease virus is an autonomous parvovirus, i.e., replication can take place
without the need for a helper virus. Replication is restricted in adult mink, which creates a
persistent and non-cytopathic infection (Alexandersen et al., 1988; Alexandersen et al.,
1989). Cytopathic and permissive replication is known to occur only in seronegative mink
kits (in type II pneumocytes) and in Crandell feline kidney (CRFK) cells (Bloom et al.,

18



1980; Alexandersen et al., 1987; Alexandersen and Bloom, 1987; Alexandersen et al.,
1989). The primary sites for replication in adults are B-lymphocytes, macrophages, and
dendritic cells in lymphoid organs (primarily lymph nodes and spleen) (Alexandersen et
al., 1988; Wohlsein et al., 1990; Mori et al., 1991; Aasted and Leslie, 1991; Kanno et al.,
1992). Some replication may also occur in the blood leukocytes and bone marrow of
adults and in the liver and kidney of kits (Alexandersen et al., 1987; Alexandersen et al.,
1988). The entry of AMDV into target cells is likely to occur via ADE, where virus-
antibody complexes bind to cellular Fc-receptors that facilitate viral entry into the cell
(Kanno et al., 1993; Bloom et al., 2001). Mechanisms for viral persistence and restricted
replication appear to be associated with non-neutralizing antibodies, ADE, functions of the
non-structural proteins, restriction of capsid protein production by caspase cleavage, and
internal polyadenylation of pre-mRNA (Kanno et al., 1993; Alexandersen et al., 1994a;
reviewed by Best and Bloom, 2005; Cheng et al., 2010; Huang et al., 2012). The
permissive replication in CRFK cells seems to be facilitated by apoptosis and caspase
activity (particularly caspase-3) (Best et al., 2002).

In kits and adults, the level of viral replication typically peaks 9 to 14 days post-
infection (p.i.) (Porter et al., 1969; Alexandersen and Bloom, 1987; Alexandersen et al.,
1988), after which the number of cells producing the virus decreases considerably
(Alexandersen et al., 1988). The virus can first be detected from 4 to 14 days p.i.,
primarily in the spleen and lymph nodes of adults and in the lungs of kits, but to some
extent (mainly in the form of sequestered virion DNA) also in the intestine, kidney, bone
marrow, liver, blood, plasma/serum, and brain (Gorham et al., 1964; Eklund et al., 1968;
Hadlow et al., 1985; Alexandersen et al., 1987; Alexandersen et al., 1988; Oie et al., 1996;
Jahns et al., 2010; Jensen et al., 2014; Farid et al., 2015). Even in asymptomatic mink, the
virus can persist in tissues for several months, possibly for life (Eklund et al., 1968;
Hadlow et al., 1985; Oie et al., 1996), although it seems that some non-Aleutian mink are
able to clear the virus (Hadlow et al., 1984). Viremia develops five days to four weeks p.1i.
and appears to persist in Aleutian mink infected with highly pathogenic strains, whereas
mink (especially non-Aleutian) infected with low pathogenicity strains may develop only
transient or intermittent viremia (Eklund et al., 1968; Hadlow et al., 1985; Oie et al., 1996;
Jackson et al., 1996a; Jensen et al., 2014). Following an antibody response, the viremia
seems to decrease (Jackson et al., 1996a). However, the onset of infection and viremia,
and the level of virus replication vary greatly among individuals (Hadlow et al., 1985).

2.3.3. Propagation and cultivation

Aleutian mink disease virus is propagated in cell culture or in mink. However, only a few
strains (e.g., AMDV-G, -P, and -GL) are adapted to grow in cell culture, more specifically
in feline renal epithelial (CRFK) cells at 31.8 °C (Porter et al., 1977b; Bloom et al., 1980;
Alexandersen, 1990). Most of the cultivable strains originate from the highly pathogenic
Utah 1 strain (Bloom et al., 1980). Of these the non-pathogenic AMDV-G, isolated in the
late 1970s, has become the most widely used for research and diagnostic purposes as it
grows to higher titers than most other strains (Bloom et al., 1980). After several passages
in cell culture, AMDV-G has lost its pathogenicity to mink (Bloom et al., 1980; Oie et al.,
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1996). As the cultivation of field strains in cell culture is often unsuccessful (reviewed by
Porter et al., 1977b), most AMDV strains are propagated in live mink. The mink are
usually infected with intraperitoneal injections and euthanized ten days p.i. (reviewed by
Cho, 1976).

2.3.4. Different strains and their pathogenicity

Aleutian mink disease virus strains can be categorized roughly into four classes based on
their pathogenicity* to mink: non, low, moderate, and high (Table 1). All strains infect
both Aleutian and non-Aleutian mink, some strains only cause disease in Aleutian mink
whereas others induce severe symptoms and lesions in mink of all genotypes (Hadlow et
al., 1983). It seems that strains do not differ in the severity (i.e., virulence) of the disease
they cause; rather, the genotype of the mink plays a more important role. The final level of
hypergammaglobulinemia and terminal pathology seem to be similar in different strains
(Hadlow et al., 1983; Alexandersen et al., 1994b). However, highly pathogenic strains
may induce higher levels of hypergammaglobulinemia and severe lesions sooner (Hyllseth
et al., 1992; Alexandersen et al., 1994b), thus meaning a faster progression. Field strains
appear to be mostly of low to moderate pathogenicity (Gorham et al., 1976; Hadlow et al.,
1983; Porter, 1986), but occasionally severe, rapidly spreading outbreaks occur, such as in
the case of AMDV-K and -TR (Henson et al., 1976; Alexandersen, 1990; Oie et al., 1996).
The determinants of AMDV pathogenicity have been extensively studied (see Chapter
2.3.1) and although some have been identified, mainly in specific regions of the capsid,
they seem to be complex and in need of further research.

No official strain-demarcation criterion currently exists for AMDV and all isolates
seem to be similar antigenically (reviewed by Tijssen et al., 2011). The classification in
Table | is mainly based on clinicopathologic observations and later on sequence data.
Serologically, strains are closely related (Aasted et al., 1984a). Gottschalck et al. (1991)
proposed a typing scheme based on the amount of nucleotide differences between strains,
where strains with minor differences were of the same type and with major differences of
different type. AMDV-G, -SL3, and -TR were type 1, -Utah 1 type 2, -K type 3, and -
United type 4 (Gottschalck et al., 1991; Gottschalck et al., 1994; Oie et al., 1996;
Schuierer et al., 1997). However, this typing scheme was based on only a few strains, does
not correlate with pathogenicity (Oie et al., 1996; Schuierer et al., 1997), and no objective
limits were proposed for the amount of nucleotide differences between different types.
More recently, Christensen et al. (2011) used a molecular typing scheme for categorizing
Danish strains based on differences in the NS/ gene. Whether this can also be used on a
global scale remains to be determined.

4 Pathogenicity, ability of the organism to cause disease; virulence, severity of the disease caused by the
organism.
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2.3.5. Transmission

Aleutian mink disease virus takes advantage of multiple modes of transmission. Mink may
become infected vertically through placenta, or horizontally via indirect and direct
transmission pathways (Padgett et al., 1967; reviewed by Gorham et al., 1976; Porter et
al., 1977a; Broll and Alexandersen, 1996). Aleutian mink disease virus can be found in the
feces, urine, blood, serum, and saliva of infected animals (Gorham et al., 1964; Jensen et
al., 2014; Farid et al., 2015). Horizontal transmission occurs via peroral and saliva-
aerosol-respiratory routes either in direct contact with an infected mink (or other animals)
or in indirect contact with contaminated feed, water, air, pens, equipment, and vehicles
(Gorham et al., 1964; reviewed by Gorham et al., 1976; Jackson et al., 1996a; Jackson et
al., 1996b). Infection may also be transmitted by iatrogenic route (e.g., toenail clippers),
biting, and possibly insects (reviewed by Gorham et al., 1976; Cho and Greenfield, 1978;
Jackson et al., 1996a). Airborne transmission has also been suggested as a mode of
transmission between farms (Jackson et al., 1996b), but this has not yet been verified
(reviewed by Jensen et al., 2014) and its role is probably unimportant (Christensen et al.,
2011; Espregueira Themudo et al., 2012).

The rate of transmission within and between farms may vary considerably depending
on the pathogenicity of the virus strain (Gorham et al., 1964; Gorham et al., 1976; Cho
and Greenfield, 1978; Oie et al., 1996) and the genotype of mink being raised (Cho and
Greenfield, 1978). Thus, even within one farm the seroprevalence might be as high as
80% in one shed and less than 4% in another (Cho and Greenfield, 1978). AMDV strains
of low pathogenicity seem less easily transmitted, as mink caged next to an infected
individual or even experimentally-inoculated animals may remain uninfected (Gorham et
al., 1964; Eklund et al., 1968; Bloom et al., 1975; Gorham et al., 1976; Cho and
Greenfield, 1978; Hadlow et al., 1983; Oie et al., 1996; Jensen et al., 2014), or it may take
three to four weeks for the infection to transmit from one cage to another (Jensen et al.,
2014). However, highly pathogenic strains may cause severe, rapidly spreading outbreaks
where the herd of an AMDV-free farm can become 90% infected in less than six months
(Alexandersen, 1990; Oie et al., 1996). It should be noted that farms and even individual
mink may be infected with multiple strains (Hadlow et al., 1984; Gottschalck et al., 1991;
Olofsson et al., 1999; Jahns et al., 2010).

Research on the sylvatic transmission cycle and the transmission between farms and
the wild has been scarce, but increasing in recent years. Some infer that wild/feral animals
have separate cycles (Leimann et al., 2015), whereas others show that cross-infections
between wild and captive populations do occur (Oie et al., 1996; Nituch et al., 2011;
Nituch et al., 2012; Nituch et al., 2015).
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2.4. Aleutian disease

2.4.1. History

The first case of AD was identified in 1946 in North America (Hartsough and Gorham,
1956). It was initially described in mink with Aleutian (silver-grayish) coat color, named
after Aleutian fox of a similar color. Viral etiology was proposed in the early 1960s
(Karstad and Pridham, 1962; Trautwein and Helmboldt, 1962) and in 1974, a parvovirus
was suggested as the causative agent of AD (Cho and Ingram, 1974). It is possible that the
emergence of a new and more susceptible host (i.e., the Aleutian genotype mink with
lysosomal abnormality) brought about the clinical disease (Gorham et al., 1976).
However, the virus might have been present in mink farms and in the wild before the
disecase emerged (Gorham et al., 1976). In the late 1950s and early 1960s, AD was also
found in Sweden and Denmark (reviewed by Aasted, 1985). Today, it is present in many
mink-producing countries (reviewed by Aasted, 1985) and the virus has also been detected
in natural populations of mustelids (reviewed by Farid, 2013; reviewed by Nituch et al.,
2015). Initially, AD was believed to only affect Aleutian mink, but it was soon realized
that all genotypes (e.g., standard dark, black, and pastel) were susceptible (reviewed by
Aasted, 1985). Of the farmed genotypes, Aleutian mink are more prone to develop a more
serious form of AD (Eklund et al., 1968; Bloom et al., 1975; Larsen and Porter, 1975;
Hadlow et al., 1983; Oie et al., 1996). Costs to farmers and the industry include the loss of
breeding animals and kits, infertility, reduced litter sizes, abortions, low-quality fur,
restrictions to international trade, and costs related to control measures (Eklund et al.,
1968; Aasted, 1985; Alexandersen, 1986). In Denmark, losses to the mink industry were
estimated to be approximately 10 million dollars per year (Aasted, 1985). In Finland, the
annual costs are approximately from two to three million euros (P. Aronen [Fin Furlab],
personal communication 27.5.2015).

2.4.2. Pathogenesis

Aleutian disease manifests along a severity continuum depending on viral (strain and
dose) and host (immune status, age, and genotype) factors. The disease outcomes can be
categorized as follows: 1) progressive, persistent, and fatal (‘classical AD’); 2) non-
progressive and persistent; 3) transient; and 4) acute fatal pneumonia in mink kits (Figure
1) (reviewed by Bloom et al., 1994). Progressive disease is characterized by high antibody
titers, hypergammaglobulinemia, and lesions induced by immune complexes; non-
progressive disease by lower antibody titers, lower levels of or no
hypergammaglobulinemia, and no lesions; and transient by lower and decreasing antibody
titers and no viremia with potential virus clearance (Larsen and Porter, 1975; Henson et
al., 1976; Hadlow et al., 1984; reviewed by Porter, 1986; reviewed by Jackson et al.,
1996a). As much as 25% of non-Aleutian mink may experience transient infections
(Larsen and Porter, 1975).
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In adult mink, AMDYV causes a disease that is different from what is typically seen in
parvoviruses. The clinical signs and lesions are actually a result of the host immune
response to the virus, rather than being caused by direct actions of the virus (reviewed by
Porter, 1986). Aleutian disease develops when the circulating antigen-antibody complexes
deposit in tissues and cause type III hypersensitivity reaction (reviewed by Parrish, 2011).
The monocytic cells, consisting mainly of plasma cells, and immune complexes
accumulate in the kidneys, liver, spleen, bone marrow, and arteries causing tissue injury
(reviewed by Porter et al., 1980).

Mink homozygous for the Aleutian gene (aa), and color crosses such as Sapphire
(aapp) and Violet (aammpp), are more susceptible to AD (Eklund et al., 1968; Bloom et
al., 1975; Hadlow et al., 1983; Anistoroaei et al., 2013). The diluted pigmentation of the
fur is a result of a lysosomal disorder (Chédiak-Higashi syndrome) caused by a mutation
in the lysosomal trafficking regulator (LYST) gene (Anistoroaei et al., 2013). Thus, a more
rapid progression of the disease and higher mortality rates compared to non-Aleutian mink
(Eklund et al., 1968; Bloom et al., 1975; Larsen and Porter, 1975; Hadlow et al., 1983)
may be due to the syndrome (Anistoroaei et al., 2013).

In seronegative mink kits less than three weeks old, the disease is acute and caused by
viral injury to type II pneumocytes resulting in fatal interstitial pneumonia (Alexandersen,
1986; Alexandersen et al., 1994b). Both strains of high and low pathogenicity can induce
pneumonia, but with varying morbidity and mortality (Alexandersen, 1986; Alexandersen
et al., 1994b). Kits that survive the infection develop classical AD (Alexandersen, 1986;
Alexandersen et al., 1994b). Although antibodies are unable to neutralize AMDYV, they
restrict viral replication in type II pneumocytes (Alexandersen, 1986; Alexandersen et al.,
1989). Thus, kits with antibodies received from a seropositive dam or kits infected
transplacentally do not develop pneumonia (Porter et al., 1977a; Alexandersen, 1986;
Alexandersen et al., 1989). Instead, AMDYV infection in these kits results in a prolonged
and non-progressive AD with mild lesions (Porter et al., 1977a; Alexandersen, 1986;
Alexandersen et al., 1989).
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Figure 1.  Disease outcomes of Aleutian disease related to virus strain, mink genotype (Aleutian,
gray, non-Aleutian, black), and age. Abbreviations: AMDV; Aleutian mink disease virus, AD; Aleutian
disease. Modified from (Knuuttila, 2007). Compiled from the following sources: (Larsen and Porter, 1975; Henson
et al., 1976; Porter et al., 1977a; Hadlow et al., 1983; Hadlow et al., 1984; Alexandersen, 1986; Alexandersen and
Bloom, 1987; Alexandersen et al., 1989; Alexandersen et al., 1994a; Alexandersen et al., 1994b; Oie et al., 1996).
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2.4.3. Antibody response

During AMDYV infection, high levels of antibodies are produced and target structural and
non-structural proteins, predominantly conformational epitopes (Bloom et al., 1982;
Aasted and Bloom, 1984; Costello et al., 1999). Although abundant, these antibodies are
unable to neutralize the virus (reviewed by Porter, 1986) and infection with one strain
provides little protection to future infections by other strains (Hadlow et al., 1984). Both
mink genotypes produce high-affinity antibodies, but in non-Aleutian mink the quality of
the antibodies decreases and they become more heterogencous as the disease progresses
(Aasted and Bloom, 1984). Although highly pathogenic strains can induce high levels of
hypergammaglobulinemia and production of anti-AMDYV antibodies more rapidly than do
strains of low pathogenicity (Hyllseth et al., 1992), the affinity of the antibodies seems to
be lower (Aasted and Bloom, 1984). A progressive disease is related to higher antibody
titers, higher hypergammaglobulinemia, and more severe lesions; whereas a non-
progressive  disease is characterized by lower antibody titers with no
hypergammaglobulinemia or lesions (Larsen and Porter, 1975; Henson et al., 1976;
reviewed by Porter, 1986; reviewed by Jackson et al., 1996a). In kits, low or no
production of antibodies is linked to permissive and high levels of replication resulting in
an acute and severe disease, while a chronic disease develops where replication is
restricted to a low level and antibody production is high (Alexandersen et al., 1989).

Increased total serum protein, gammaglobulin, and IgG are evident from 15 to 18 days
p.i. (Porter et al., 1984b). The first anti-AMDYV antibody to appear is IgM, which starts to
increase six days p.i. with low levels present in most mink for at least 85 days p.i. (Porter
et al., 1984b). Also, low levels of AMDV-specific IgA can be found throughout the
infection period (Porter et al., 1984b). Most of the gammaglobulin and anti-AMDV
antibody is IgG, which is present by day 15 p.i. and rises throughout the disease process
(Porter et al., 1984b; Aasted et al., 1984b). The increase in gammaglobulin is mainly a
result of increased amounts of AMDV-specific antibodies, but anti-DNA antibodies are
also produced (Henson et al., 1976; Hahn and Hahn, 1983; Porter et al., 1984a; Aasted et
al., 1984b). Aleutian mink tend to have higher gammaglobulin and IgG levels (Porter et
al., 1984b) and the antibody response in this genotype invariably leads to fatal disease
contrary to non-Aleutian mink (Hadlow et al., 1983). Thus, in non-Aleutian mink,
especially when infected with strains of low pathogenicity, the hypergammaglobulinemia
may be transient and the level of AMDV-specific antibodies is lower and decreasing
(Eklund et al., 1968; Larsen and Porter, 1975; Bloom et al., 1975; Henson et al., 1976;
Hadlow et al., 1983; Aasted et al., 1984b). Regardless of this, antibodies persist for several
years and possibly for life (Hadlow et al., 1983).

2.4.4. Clinical signs and lesions

Severity of clinical signs and the rate at which the disease develops varies greatly among
individual mink (Eklund et al., 1968). Generally, the disease is more severe and the
progression is faster in mink kits with pneumonia and in Aleutian mink (Eklund et al.,
1968; Henson et al., 1976; Hadlow et al., 1983; Alexandersen et al., 1994b), which usually
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die after a few days (Alexandersen and Bloom, 1987) and from two to six months p.i.,
respectively (Eklund et al., 1968). Non-Aleutian mink, although persistently infected,
rarely die before five months and may survive for several years up to a full life span (i.e.,
eight years) (reviewed by Porter et al., 1980; Hadlow et al., 1983). The first lesions in
adults (plasmacytosis and lymphadenopathy) appear two weeks p.i. (Bloom et al., 1994)
and in mink kits five days p.i. (Alexandersen and Bloom, 1987). Death in adults is often
caused by renal failure or hemorrhageing (Eklund et al., 1968; Henson et al., 1976;
reviewed by Porter et al., 1980). In addition to host and viral factors, environmental and
physiological determinants may also have a substantial effect on the mortality rate
associated with AD in mink farms (Eklund et al., 1968; Gorham et al., 1976). Table 2
presents the clinical signs and gross and histopathologic lesions of AD in mink kits and
adult mink.
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2.4.5. Control, prevention, and treatment

Currently, no legistlation exists for the control of AMDV (Decree of the Ministry of
Agriculture and Forestry on Controlling Animal Diseases and Their Classification®,
843/2013) in Finland and although it is not notifiable to the World Organisation for
Animal Health (OIE, 2015), it is notifiable (Decree of the Ministry of Agriculture and
Forestry on Reporting of Animal Diseases and Supplying of Microbial Strains’,
1010/2013) to the Finnish authorities. Given that prevention and control are not mandated
by government, they have been organized by the industry and its representative, the
Finnish Fur Breeders’ Association (STKL). To improve animal health and welfare, and to
reduce the financial losses to farmers due to the reproductive failure, smaller litters, loss of
breeding animals, and low quality fur, STKL executed an AMDYV eradication program in
2005. Finnish Fur Breeders’ Association provides farmers with financial and advisory
support to implement the control measures. Farms are categorized into groups A—E based
on AMDYV seroprevalence (STKL, 2015b). All listed farms test their breeding animals
once or twice annually from January to February and/or from May to June (STKL,
2015b). Group A-farms have zero test prevalence (Aronen, 2006). Group B-farms should
not have more than 1 positive/1000, group C 2/1000, and group D 50/1000 breeding
females (Aronen, 2006). Group E-farms have more than 50 positive/1000 breeding
females (Aronen, 2006).

The main strategies employed in the eradication program are the identification and
culling of infected animals (test-and-remove) or culling the entire herd (stamping out) with
thorough cleaning and disinfection of the premises, repopulation with AMDV-free
animals, and strict biosecurity measures (Cho and Greenfield, 1978; Gunnarsson, 2001;
Prieto et al., 2014). Of major importance is the prevention of reinfection, as infected farms
are difficult to sanitize due to the stability of the virus in the environment, its multiple
modes of transmission, persistent infections, and the lack of effective therapy. New
outbreaks may occur due to inadequate disinfection of the premises or through contact
with nearby infected farms (Themudo et al., 2011; Christensen et al., 2011; Espregueira
Themudo et al., 2012; Farid et al., 2012). Thus, cooperation between farms is imperative
for effective results. Other important points for AMDV control include replacement
animals, visitors, shared workers, vehicles, feed, manure, equipment, and wild/feral
animals (Oie et al., 1996; Gunnarsson, 2001; Christensen et al., 2011; Farid et al., 2012;
Espregueira Themudo et al., 2012; Prieto et al., 2014). It seems that test-and-remove
strategy, although effective in reducing the prevalence, has so far failed to eradicate the
virus from infected farms (Farid et al., 2012). Many mink-producing countries (e.g.,
Denmark, Finland, Canada, and Iceland) have implemented programs to eradicate AMDV
and have been able to reduce prevalence and sanitize individual farms and areas
(Gunnarsson, 2001; Farid et al., 2012; Espregueira Themudo et al., 2012). However, the
strict stamping-out policy employed in Iceland offers the only example of a strategy that

> Unofficial translations from Finnish: Maa- ja metsitalousministerion asetus vastustettavista
eldintaudeista ja niiden luokittelusta MMMa 843/2013 and Maa- ja metsdtalousministerion asetus
eldintautien ilmoittamisesta ja mikrobikantojen toimittamisesta MMMa 1010/2013.
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has successfully eliminated the virus from farms (Gunnarsson, 2001). The Danish program
has also been succesful and positive-testing farms are now confined to northern Denmark
(Espregueira Themudo et al., 2012). In Finland, both strategies are applied and the
eradication has been successful in individual farms and areas, which has led to an increase
in the proportion of AMDV-free farms; from 32% in 2005 to 48% in 2014 (P. Aronen [Fin
Furlab], personal communication 27.5.2015; M. Eerola [Fin Furlab], personal
communication 21.5.2015). However, this improvement is against a backdrop of
increasing mean seroprevalence (3% to 15% since 2006) (M. Eerola [Fin Furlab], personal
communication 21.5.2015) probably brought about by the implementation of more
extensive testing of heavily infected farms.

Inactivation of AMDV is challenging. As a typical parvovirus, it is able to survive a
variety of physical and chemical treatments, e.g., ether, fluorocarbon, pH 3, deoxycholic
acid (a bile acid), protease and nuclease digestion, 1% chloramine, 2% 2-phenylphenol,
and various heating protocols ranging from 56 °C for 30 min to 99.5 °C for 3 min
(reviewed by Cho, 1976; Eterpi et al., 2009; reviewed by Hussain et al., 2014). On the
other hand, AMDYV is sensitive to 0.05 M NaOH, 0.5 M HCI, 0.5% iodine, 0.3% formalin
treatment for 8 h, ultraviolet light, and heating to 80 °C for 24 h or 65 °C for three days
(reviewed by Cho, 1976; Hussain et al., 2014). In the field conditions, AMDV can be
inactivated by composting at 65 °C for four days (Hussain et al., 2014). Farm equipment
and surfaces are typically disinfected with agents containing glutaraldehyde or oxidative
substances (e.g., Virkon S or Parvocide), gas flame, and/or formalin gassing (Kankkonen,
2006).

Effective medical treatment and an AMDYV vaccine are currently lacking. Trials to
develop an inactivated virus or a VP1/VP2 protein vaccine have been unsuccessful, as the
antibodies induced by the vaccine tend to generate a more severe disease and actually
increase mortality once the animal is challenged with the live virus (Porter et al., 1972;
Aasted et al., 1998). For the same reason, treatment with passive antibodies has failed
(Porter et al., 1972). Mink immunized with NS1 protein and NS1 DNA vaccines (or a
combination of both) exhibit less severe symptoms when challenged but only partial
protection is achieved (Aasted et al., 1998; Castelruiz et al., 2005). Although AD can be
treated with immunosuppressive or immunomodulatory drugs such as cyclophosphamide
or corticosteroids, these have not been used in mink farming due to their high cost
(Cheema et al., 1972). Thus, medical treatment and supportive care is usually applied only
to important breeding animals and pets such as ferrets. Despite the treatment, the
prognosis of AD is poor (Hillyer and Brown, 2000).

The notion that some mink are resistant to infection is uncertain (Hadlow et al., 1983).
Breeding programs that have crossed non-affected genotypes to improve AMDV
resistance have been unsuccessful (Larsen and Porter, 1975; Henson et al., 1976). More
recent results suggest that there may be some hereditary differences in susceptibility to
AMDY infection, although heritability is low (Hakli, 2013).
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2.5. Diagnostics

2.5.1. Diagnostic tests and their accuracy

Diagnostic tests of viral infections can be based on the identification of the virus, viral
antigens, viral nucleic acids, or host antibodies (reviewed by MacLachlan and Dubovi,
2011). Different serological methods can be used to detect virus-specific antibodies, such
as enzyme-linked immunosorbent assay (ELISA), indirect immunofluorescence, serum
neutralization, hemagglutination inhibition, complement fixation, Western blotting, and
immunodiffusion (reviewed by MacLachlan and Dubovi, 2011). Given the large number
of animals that must be screened, simple, cost efficient, and rapid tests with high DSe and
DSp are required (reviewed by MacLachlan and Dubovi, 2011). ELISA tests that identify
virus-specific antibodies and polymerase chain reaction (PCR) tests that detect viral
nucleic acids are standard methods for diagnosing infections today (reviewed by
MacLachlan and Dubovi, 2011). However, the technology supporting these techniques is
under constant development and new test platforms, especially those that incorporate
multiplexing, are likely to become available for routine diagnostics in the near future
(reviewed by MacLachlan and Dubovi, 2011).

Diagnostic assays should be designed and selected to serve a distinctive purpose(s),
such as confirming disease-free status, monitoring and eradication, confirmation of a
diagnosis, estimating prevalence, and/or identifying infected animals (OIE, 2013). In order
to be validated for its purpose, the test should complete three stages of the validation
pathway according to OIE standards. The stages include analytical (analytical sensitivity
[ASe], specificity [ASp] and repeatability) and diagnostic characteristics (diagnostic
sensitivity [DSe], specificity [DSp], and cut-off determination) and reproducibility (OIE,
2013). The diagnostic characteristics of a new diagnostic test (index test) may be
evaluated against a perfect reference standard, a so-called ‘gold standard’ (OIE, 2014).
However, such a comparison is often difficult to make due to the lack of such a test or the
high cost of the test procedure (OIE, 2014), and new tests are typically validated against
an imperfect reference standard which may either be conditionally dependent (i.e.,
measurement of similar analytes, such as antibodies) or independent (OIE, 2014).
Different methods of statistical analyses, such as latent class methods (e.g., maximum
likelihood and Bayesian methods), can be used to correct the bias resulting from the
dependence of these tests and imperfectness of the reference test (OIE, 2014).

2.5.2. CIEP

The mass screening for AMDV infections in farms is based on the detection of anti-
AMDYV antibodies. The CIEP (additional abbreviations CCIE, CIE, and CCE) method has
been used in most mink-producing countries for decades as the standard test for the
serodiagnosis of AMDYV (reviewed by Porter et al., 1980). From its first application in the
1970s, the test was run with a whole-virus antigen propagated in mink (Cho and Ingram,
1972), but since the 1980s cell-culture (CRFK) derived antigen (mainly AMDV-G strain)
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has been preferred (Aasted and Cohn, 1982). The antigen has been commercially available
in the USA (manufactured by United Vaccines, since ceased production) and in Denmark
by the Antigen Laboratory of the Research Foundation of the Danish Fur Breeders’
Association (Danad antigen). In Finland, CIEP was used in Fin Furlab (Vaasa) from 1980
until 2008.

A positive test result is scored as a white precipitin line on an agarose gel (Cho and
Ingram, 1972). It is formed by immune complexes when the negatively-charged antigen
moves towards the anode and the positively-charged antibodies towards the cathode
during electrophoresis (Cho and Ingram, 1972). A positive test result can usually be
detected by CIEP from two to three weeks p.i., but may take as long as seven weeks in
some cases (Hadlow et al., 1983; Hadlow et al., 1985; Jensen et al., 2014; Farid et al.,
2015). Although CIEP has been in use for several decades, thorough validation studies
(e.g., according to OIE standards) have not been published. Estimates of the DSe range
between 79% and 99% and DSp between 90% and 100% (Wright and Wilkie, 1982;
Aasted et al., 1986; Jensen et al., 2011; Dam-Tuxen et al., 2014). Unpublished data of the
Animal Health Lab (University of Guelph, Canada) suggest a DSe value of 98%, DSp of
86% to 91%, and repeatability of 98% to 99% (reviewed by Nituch et al., 2011; reviewed
by Bowman et al., 2014). Several studies indicate that CIEP gives lower titers than many
other test methods and fails to identify low levels of antibodies during early stages of an
infection (Crawford et al., 1977; Aasted and Cohn, 1982; Alexandersen and Hau, 1985;
Alexandersen et al., 1985a; Aasted et al., 1986; Miroshnichenko et al., 1992; Farid et al.,
2015).

2.5.3. Other diagnostic methods

During the late 1960s to late 1980s, numerous non-specific (iodine agglutination test,
serum electrophoresis, and glutaraldehyde test) and specific (immunofluorescence,
indirect immunofluorescence, complement fixation, viral agglutination, in situ
hybridization, ELISA, and CIEP) diagnostic tests were developed (reviewed by Gorham et
al., 1976; reviewed by Porter et al., 1980; Wright and Wilkie, 1982; Alexandersen et al.,
1987; Bloom et al., 1989). The diagnosis of AMDYV infection in mink can also be made
based on the detection of AMDV DNA by PCR (Jensen et al., 2011), gross and
histopathologic lesions (Eklund et al., 1968), and AMDV antigen in tissues by
immunohistochemistry (Hammer et al., 2007).

As a first screening test for AMDYV, to detect hypergammaglobulinemia in mink with
AMDYV infection, farmers used the iodine agglutination test (IAT) (reviewed by Porter et
al., 1980). For disease control and eradication purposes, this method was problematic as it
gave a high proportion of false negative results and identified the positive animals only at
a late stage of infection (Cho and Ingram, 1974). In addition to IAT,
hypergammaglobulinemia (>20% of total serum protein) caused by AMDV can be
identified with serum protein electrophoresis, which has been widely used in research
(reviewed by Porter et al., 1980).

For several years, development of the test mainly focused on improving the sensitivity
and/or specificity of the CIEP test. Such tests as modified counterelectrophoresis
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(Crawford et al., 1977), indirect counter-current electrophoresis (Aasted and Cohn, 1982),
counter-current line absorption immunoelectrophoresis (CCLAIE) (Alexandersen et al.,
1985a; Aasted et al.,, 1986), additive CIEP (Uttenthal, 1992), and rocket line
immunoelectrophoresis (RIA) (Alexandersen and Hau, 1985) were developed. The most
sensitive (both DSe and ASe) of these electrophoretic assays seems to be the CCLAIE
(Aasted et al., 1986).

Except for IAT, these tests have not been commonly used for mass screening due to
their high cost or large amount of processing time. Instead, they have been applied in
confirmatory testing, individual animals and research. In recent years, the development of
new assays for the diagnosis of AMDYV infection has become more active. New ELISA
and PCR-based tests are now available for mass screening and confirmation applications
(studies II, I1I, IV, Jensen et al., 2011; Dam-Tuxen et al., 2014).

2.6. Epidemiology and phylogenetics

2.6.1. Host range, geographic distribution, and prevalence

Clinical signs and lesions are mainly found in farmed and feral/wild American mink in
many European and North American countries (Table 3). In farmed mink in Finland, the
annual mean seroprevalence of all tested mink ranged between 3% and 60% (1980-2014)
(Kangas and Smeds, 1980s, M. Eerola (Fin Furlab), personal communication 21.5.2015).
When testing began in 1980, prevalence was as high as 50% to 60% (Kangas and Smeds,
1980s). Nowadays, about 700 000 mink and almost 90% of farms are tested annually and
the prevalence is approximately 15% (2014) (M. Eerola [Fin Furlab], personal
communication 21.5.2015). Unfortunately, data for other mink-producing countries are
scarce.

Other species that may develop AD are the ferret (Mustela putorius furo) and striped
skunk (Mephitis mephitis) (Porter et al., 1982; LaDouceur et al., 2014). Anti-AMDV
antibodies and/or AMDYV DNA have also been found in other mustelids, such as European
mink, weasels, martens, polecats, and otters in Europe, North America, and Japan (for
references, see Table 3 and Murakami et al. (2001)). In addition to Mustelidae, other
carnivores such as common genets, raccoons, and foxes may become infected (see Table 3
for references). Coyotes (Canis latrans), groundhogs (Marmota monax), fishers (Martes
pennati), badgers (Meles meles), raccoon dogs (Nyctereutes procyonoides), beavers
(Castor canadensis), muskrats (Ondatra zibethicus), and squirrels (Tamiasciurus
hudsonicus) have been tested for antibodies and/or AMDV DNA, but none have so far
been found (Ingram and Cho, 1974; Farid, 2013; Leimann et al., 2015). Although signs of
AMDYV infection have been detected in several of the species mentioned above, there is
yet little evidence that the virus can cause disease or induce clinical symptoms and lesions.
However, some indication of subclinical or mild disease exists in European mink
(Fournier-Chambrillon et al., 2004).
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Experimentally, AMDV has been inoculated into several species. Ferrets, stoats,
fishers, American martens (Martes americana), raccoon dogs, raccoons, cats, dogs, blue
foxes, mice, and rabbits all developed antibodies after inoculation (Kenyon et al., 1978;
Porter et al., 1982; Alexandersen et al., 1985b; Oie et al.,, 1996). Of these species,
evidence of viral replication was found in ferrets, raccoons, raccoon dogs and dogs (Porter
et al., 1982; Alexandersen et al., 1985b; Oie et al., 1996). Additionally, mice and cats
harboured infective virus in their tissues (Alexandersen et al., 1985b). Only ferrets and
striped skunks developed histologic lesions resembling AD in mink (Kenyon et al., 1978;
Porter et al., 1982; Alexandersen et al., 1985b; Oie et al., 1996).

Anti-AMDV antibodies have also been found in humans (McGuire and Crawford,
1980; Jepsen et al.,, 2009), often with no associated illness. A recent study found
antibodies and AMDV DNA in two mink farmers, one with artheritis and the other with
chronic glomerulonephritis (Jepsen et al., 2009). Also, two other suspected cases have
been reported earlier (Chapman and Jimenez, 1963; Helmboldt et al., 1965). The diagnosis
was based on clinical signs following exposure to mink and comparative pathology, but
anti-AMDYV antibody or AMDV DNA were not tested as such tests were unavailable at
the time (Chapman and Jimenez, 1963; Helmboldt et al., 1965). The persistence of
antibodies up to four years after the last contact with mink is a cause for concern (Jepsen
et al., 2009), as it may indicate a persistence of the viral infection. However, whether this
virus actually has any zoonotic potential needs further proof.

Table 3. Prevalence and case descriptions of Aleutian mink disease virus infection in
different animal species and humans

Species Ab%?* DNA%*" Sampling Country Method Lesions” Reference
year
Feral/wild 93 (60) 88 (60) 2009-2011 Canada CIEP, ND (Farid,
American PCR 2013)
mink
29 (208) 25(183)  2005-2009 Canada CIEP, ND (Nituch et
PCR al., 2011;
Nituch et
al., 2012)
55 (55) ND Early Canada CIEP, HP Histologic  (Cho and
1970s lesions Greenfield,
typical for  1978)
AD (6/55)
55(29) ND Early Canada ND ND (Ingram and
1970s Cho, 1974)
46 (144) 58 (144)  2004-2009 Sweden ELISA, Gross (Persson et
PCR lesions al., 2015)
typical for
AD
(6/144)
3-45(538) 0-32(57) 1998-2009 Denmark CIEP, ND (Jensen et
PCR al., 2012)
23 (75) ND 1996-2002 France CIEP, Poor (Fournier-

CCLAI physical Chambrillon
condition et al., 2004)
(2/5)
52 (27) ND Late 1990s  England  CIEP ND (Yamaguchi
and
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Species Ab%?* DNA%?* Sampling Country Method Lesions® Reference
year
Macdonald,
2001)
ND 15(27) 2007-2010 Estonia PCR ND (Leimann et
al., 2015)
0(16) 40 (5) 1997-1999  Spain CIEP, Histologic ~ (Maifias et
PCR, HP lesions al., 2001)
typical for
AD (1/5)
European 0 (84) ND 2004-2005 Spain CIEP ND (Sanchez-
mink Migallon
Guzman et
al., 2008)
12 (99) ND 1996-2002 France CIEP, Poor (Fournier-
CCLAI physical Chambrillon
condition et al., 2004)
(3/14)
33(9) 1/1b 1997-1999  Spain CIEP, No lesions  (Manas et
PCR,HP  (0/1) al., 2001)
Polecat 11 (145) ND 1996-2002  France CIEP, ND (Fournier-
CCLAI Chambrillon
et al., 2004)
Stone 24 (17) ND 1996-2002  France CIEP, ND (Fournier-
marten CCLAI Chambrillon
et al., 2004)
Pine 6 (16) ND 19962002 France CIEP, ND (Fournier-
marten CCLAI Chambrillon
et al., 2004)
Common 4 (68) ND 1996-2002 France CIEP, ND (Fournier-
genet CCLAI Chambrillon
et al., 2004)
Stoat 70 (61) 70 (61) 2009-2011 Canada CIEP, ND (Farid,
PCR 2013)
River 0(59) 0(59) 2011-2012 Canada CIEP, ND (Bowman et
otter qPCR al., 2014)
18 (11) 18 (11) 2009-2011 Canada CIEP, ND (Farid,
PCR 2013)
Ferret 9 (446) ND 1990-1991 England  CIEP ND (Welchman
Ddeetal.,
1993)
42 (214) ND Late USA IF ND (Porter et
1970s— al., 1982)
early
1980s
Striped ND 7(27) 2010-2013 USA PCR, Mild to (LaDouceur
skunk ISH, severe etal., 2014)
necropsy,  gross and
HP histologic
lesions
similar to
mink AD
(7/27)
18 (22) 14 (22) 1990s USA CIEP, ND (Oieetal.,
PCR 1996)
25 (8) 13 (8) 2009-2011 Canada CIEP, ND (Farid,
PCR 2013)
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Species Ab%* DNA%* Sampling Country Method Lesions® Reference
year
41 (347) 32 (40) 2006-2008 Canada CIEP, ND (Nituch et
PCR al., 2015)
65 (196) ND Early Canada ND ND (Ingram and
1970s Cho, 1974)
Raccoon 11 (85) 11 (85) 2009-2011 Canada CIEP, ND (Farid,
PCR 2013)
4(27) ND Early Canada ND ND (Ingram and
1970s Cho, 1974)
Fox 2 (100) ND Early Canada ND ND (Ingram and
1970s Cho, 1974)
Bobcat 10 (20) 10 (20) 2009-2011 Canada CIEP, ND (Farid,
PCR 2013)
Farmed 15 (700 ND 2014 Finland ELISA ND Eerola 2015
mink 000) (pers.
comm.)
48-67 ND 2005 China ND ND (reviewed
(ND) by Lietal.,
2012)
5 (1500— ND 2001 Denmark  CIEP ND (Christensen
2500)° etal., 2011;
Espregueira
Themudo et
al., 2012)
80 (5)° ND 2010 Ireland PCR ND (Jahns et al.,
2010)
ND 22 (51 2007-2010  Estonia PCR ND (Leimann et
al., 2015)
1-5(3000 ND 1999-2005 Canada CIEP ND (Farid et al.,
000) 2012)
Human 2/2b ND 1990s— Denmark CIEP, Arteritis (Jepsen et
2000s CCLAL (1/2), al., 2009)
PCR, glomerulo-
autopsy, nephritis
HP 172)
7 (243) ND Late 1970s USA CIEP,CF ND (McGuire
and
Crawford,
1980)
0(18) ND 1970s USA CIEP ND (Bloom et
al., 1975)

2 Number of tested individuals in parenthesis.
> Number of positive individuals/number of individuals tested.

¢Number of tested farms.

Abbreviations: Ab, antibody; AD, Aleutian disease; CIEP, counter-current immunoelectrophoresis; PCR, polymerase
chain reaction; ELISA, enzyme-linked immunosorbent assay; HP, histopathology; ND, no data; ISH, in situ
hybridization; IF, immunofluorescence; CCLAI, countercurrent line absorption immunoelectrophoresis; qPCR, real-time

quantitative PCR; CF, complement fixation.

2.6.2. Molecular epidemiology and phylogenetics

Since the first report of AD over 60 years ago, details of the AMDYV particle have been
extensively studied. Initially, research mostly concentrated on a few well-documented
AMDV strains of farmed mink identifying genetic markers for pathogenicity and other
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biological features by sequence comparison and construction of molecular clones (see
Chapter 2.3.1 for references). Originally, these strains were isolated from the pooled
organs of many infected mink and have since been propagated in mink or cell culture for
several generations (Bloom et al., 1975; Bloom et al., 1980; Hadlow et al., 1983;
Alexandersen, 1986; Gottschalck et al., 1994). Thus, these strains do not necessarily
represent the viral population in farms.

The first phylogenetic analyses were performed in the 1990s and in the beginning of
the 2000s (Gottschalck et al., 1994; Schuierer et al., 1997; Olofsson et al., 1999;
Murakami et al., 2001). Sequence data and the applied phylogenetic methods were rather
limited, but these first analyses suggested that the AMDYV strains isolated from farmed
mink can be divided into three major phylogenetic clusters (Olofsson et al., 1999). None
of the studies indicated that AMDYV strains would group based on the pathogenicity of the
strain (Schuierer et al., 1997; Olofsson et al., 1999), country or region, or year of isolation
(Schuierer et al., 1997).

Common mechanisms of evolution applied by viruses are mutations, quasispecies
formation, recombination, and reassortment (reviewed by MacLachlan and Dubovi, 2011).
Data on AMDV evolutionary mechanisms are scarce. The virus seems to have a bias
towards amino acid changes (Gottschalck et al., 1994; Schuierer et al., 1997; Olofsson et
al., 1999) and it appears to be evolving under slight purifying or positive selection for
variation with a ds/dn (ds, substitution rate at silent sites; dn, substitution rate at non-silent
sites) ratio ranging between 0.29 and 1.26 (ratio >1, purifying selection; <l positive
selection) within different areas of the genome (Gottschalck et al., 1994; Schuierer et al.,
1997). However, the ds/dn ratio is relatively insensitive to the strength of natural selection
when sequences from a single population or similar isolates are compared (Kryazhimskiy
and Plotkin, 2008). Gottschalck et al. (1994), by including only a few strains, suggested
that diversity in AMDYV is the product of an ancient history rather than the result of a high
mutation rate. They calculated that AMDYV strains G and K have separated 700; and G and
Utah 1 50 evolutionary years ago (calculated based on canine parvovirus capsid gene, 1.69
x 10™ /nt substitutions/year). Although many divergent strains exist, they seem to show
high genomic stability exhibiting little evolution during six years of observation
(Christensen et al., 2011). Recombination has been reported to occur in other parvoviruses
(Lukashov and Goudsmit, 2001; Shackelton et al., 2007; Wang et al., 2012; da Costa et
al., 2013). As AMDYV induces a persistent infection with the potential for superinfections,
there are good opportunities for recombination. Thus recombination may also occur in
AMDV (Shackelton et al., 2007; Christensen et al., 2011), although further studies are
needed.

The phylogenetic and epidemiologic details of AMDYV in farmed mink and free-
ranging mustelids in Finland have, prior to this study, largely been unknown. Finnish
farmed mink strains have only been described in one earlier study; Olofsson (1999)
included four strains from farmed Finnish mink in his study of AMDYV strains in Sweden.
This limited data set showed that the Finnish strains were closely related to Danish K
strain and global Utah 1, SL3 and G strains of farmed mink.
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3. Aims of the study

The aims of this study were to:

1.

Develop AD diagnostics: to construct a new recombinant antigen with which
to develop, automate, and validate a serological assay for detecting anti-
AMDV antibodies in blood samples of farmed mink and, in addition, to
develop a simple blood sampling technique for the assay. (II, III)

Evaluate the extent to which AMDYV is present in free-ranging mustelids in
Finland, estimate the prevalence, and elucidate any factors associated with
AMDYV infection. (IV)

Study the diversity, evolutionary relationships and infer the origin(s) of
AMDYV strains present in Finnish farmed mink and free-ranging mustelids,
compare them to previously reported strains, and deduce possible
correlations with their geographical and temporal distribution, transmission
routes, pathogenicity, and the extent of their variation. (I, IV)
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4. Materials and methods

4.1. Study design and ethics

Studies I and IV utilized cross-sectional designs and phylogenetic methods to study the
molecular epidemiology of AMDYV in Finnish free-ranging mustelids and/or farmed mink.
Additionally, in study IV, analytical epidemiologic tools were used to estimate the
prevalence, distribution, and potential risk factors for AMDV infection in Finnish free-
ranging mustelids. In studies II and III, cross-sectional designs were used to compare the
results of two diagnostic tests (reference test, CIEP; index test, ELISA) in order to
evaluate the performance of a newly constructed AMDV VP2 antigen and validate a new
automated ELISA test based on this antigen and utilizing a new blood sampling method.
The studies were carried out in Finland 2005-2014.

The target population in studies I, II, and III was Finnish farmed mink and the source
population was mink from farms sending their AMDV screening samples to Fin Furlab
(formerly Fur Animal Feed Laboratory). The study sample was a convenience sample
from mink on farms willing to participate in the studies. In study I, the sampled mink
(serum, organs) were euthanized due to infertility, which was regarded as a sign of
potential AD. Presampling with serological testing was not possible due to breeding
season. Blood and serum samples in studies II and III were collected by STKL (T.
Hinkkanen) during routine serological screening of AMDV. Although AD is not an OIE-
listed disease, the study (III) validating the automated ELISA test was designed following
the OIE principles and methods of validation of diagnostic assays for infectious diseases
(OIE, 2008). However, an evaluation of ELISA reproducibility could not be performed
because the Fin Furlab was the only laboratory using this ELISA test at the time of the
study. Results were reported according to th