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Evolutionary analysis of whole-genome sequences confirms
inter-farm transmission of Aleutian mink disease virus

Emma E. Hagberg,1,2,*† Anders G. Pedersen,2 Lars E. Larsen3 and Anders Krarup1

Abstract

Aleutian mink disease virus (AMDV) is a frequently encountered pathogen associated with mink farming. Previous

phylogenetic analyses of AMDV have been based on shorter and more conserved parts of the genome, e.g. the partial

NS1 gene. Such fragments are suitable for detection but are less useful for elucidating transmission pathways while

sequencing entire viral genomes provides additional informative sites and often results in better-resolved phylogenies.

We explore how whole-genome sequencing can benefit investigations of AMDV transmission by reconstructing the

relationships between AMDV field samples from a Danish outbreak. We show that whole-genome phylogenies are much

better resolved than those based on the partial NS1 gene sequences extracted from the same alignment. Well-resolved

phylogenies contain more information about the underlying transmission trees and are useful for understanding the

spread of a pathogen. In the main case investigated here, the transmission path suggested by the tree structure was

supported by epidemiological data. The use of molecular clock models further improved tree resolution and provided

time estimates for the viral ancestors consistent with the proposed direction of spread. It was however impossible to

infer transmission pathways from the partial NS1 gene tree, since all samples from the case farms branched out from

a single internal node. A sliding window analysis showed that there were no shorter genomic regions providing the

same phylogenetic resolution as the entire genome. Altogether, these results suggest that phylogenetic analyses based

on whole-genome sequencing taking into account sampling dates and epidemiological data is a promising set of tools

for clarifying AMDV transmission.

INTRODUCTION

Aleutian mink disease (AMD), also referred to as plasma-
cytosis, is the most important disease in the mink farming
industry worldwide. The disease affects mink of all ages and
is caused by Aleutian mink disease virus (AMDV), a single-
stranded DNA virus belonging to the family Parvoviridae
[1]. Like other parvoviruses, the AMDV genome consists of
two large ORFs and two smaller ones, which by alternative
splicing encode three non-structural (NS1, 2 and 3) and two
structural viral proteins (VP1 and 2) [2, 3]. Infection results
in a harmful activation of the immune system, leading to
hypergammaglobulinaemia and systemic vascular diseases
such as glomerulonephritis. Animal welfare is reduced and

infected animals either die due to organ failure or become

persistently infected carriers, transmitting the virus within

and between herds [4].

In Denmark, AMDV is monitored by a mandatory national
control programme [5], which briefly requires all farms to
conduct serology-based screening at regular intervals
according to the region’s disease status. Positive farms
undergo more intensive monitoring and are encouraged to
depopulate followed by thorough cleaning and disinfection
of the farm. Given these regulations and due to the fact that
parvoviruses are highly contagious and very resistant to
environmental factors, AMDV protection and prevention
imposes large costs on the mink farmers [4].
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Previous molecular studies of AMDV strains circulating in
Denmark have primarily been based on Sanger sequencing
of a part of the NS1 gene [6–9]. Such short and relatively
conserved regions are useful for diagnostic purposes and for
exploring more distant relationships between strains; how-
ever, due to the small number of informative sites, studies
based on the partial NS1 gene have resulted in phylogenetic
trees with low resolution with limited use for exploring out-
breaks and discerning the transmission routes of AMDV
between farms.

In this paper we demonstrate the strength and applicability
of using whole-genome sequence for reconstructing phylo-
genetic relationships in a case of AMDV transmission
among three Danish mink farms. The increased genetic
information from the entire viral genomes may be used to
investigate routes of viral transmission in more detail [10,
11]. Whole-genome data were obtained using next-genera-
tion sequencing (NGS), which has previously been a useful
tool for this purpose [12, 13]. In connection with the
phylogenetic analysis, we further explored the use of molec-
ular clock models, which allowed us to estimate the age of
the ancestors of the viruses from individual farms – thus
generating information crucial for tracking the source of
new outbreaks.

RESULTS

Sequence analysis

The data quality was overall high with approximately 99%
of the reads mapping to the AMDV-G reference genome
(data not shown), and as previously observed, the homopol-
ymeric region between nt 2470–2520 caused a dip in read
coverage, but did not affect downstream analysis [3, 14]. The
average read depth for each sample is shown in Table 1. The
nucleotide diversity (average number of nucleotide differen-
ces per site) between the recent Danish isolates was relatively
low: p=0.0062, SE=0.00032 for the partial NS1 gene and
p=0.0043, SE=0.00014 for the whole-genome sequences. The
individual mean pairwise differences between the sequences
collected at each farm are reported in Table 1.

All full-length AMDV field strains were analysed for the pres-
ence of recombination using SimPlot [15] and all methods
implemented in the RDP4 software package [16]. No recom-
bination was detected between the sequences from the case
farms (A, B and C), the remaining Danish isolates or between
the Danish and international sequences. The SimPlot analysis
reflected the overall low pairwise distances in the alignment
and in line with previous studies indicated a slightly higher
variability in the first ORF [3, 17].

Phylogenetic results

Evaluating the use of whole-genome sequences for

reconstructing phylogenies

The two alignments, based on the partial NS1 gene and
whole-genome sequences, were used as the input for the phy-
logenetic analyses. The best-fitting nucleotide substitution
model for the partial-gene dataset was the so-called HKY

model that distinguishes between transition and transversion
rates as well as allowing for unequal base frequencies [18],
while for the whole-genome dataset it was the HKY model
with a proportion of invariant nucleotide sites and a gamma-
rate distribution (HKY+IG). The phylogeny based on the par-
tial-gene dataset showed all farm A, B and C sequences
branching our from a single node (a polytomy) together with
farm I; it was therefore unhelpful for estimating phylogenetic
relationships and inferring transmission routes (see Fig. 1).
The same conclusion applied to the remaining farms.

Analysis of the whole-genome dataset resulted in a better-
resolved phylogeny with fewer polytomies and displayed
high posterior clade probabilities (Fig. 1b). Sequences origi-
nating from farms B and C formed sub-trees within the tree
of farm A. This is consistent with the hypothesis that farm
A was infected first and that the infection then spread to
farms B and C – an idea further supported by the clock-
model analysis and the prevalence data (see below). The
remaining Danish outbreak-derived sequences mainly clus-
tered according to the farm from which they were sampled.
The overall tree topology resembled that seen in previous
studies [7, 19], with the Danish strains forming a clade of
their own and the global strains all being placed as out-
groups (Fig. 2). Our results illustrate that the whole-genome
sequences contain additional important additional genetic
information that improves the phylogenetic signal com-
pared to the partial NS1 gene fragment used in Denmark.
The considerably higher tree resolution obtained when
using the whole-genome alignment enables us to begin
understand these outbreaks in greater detail and investigate
the route by which the infection spreads within a country.

Although the partial NS1 gene region seems to be insufficient
for a robust phylogenetic analysis, it is possible that other
short genomic regions might be useful for phylogenetic analy-
sis. This could potentially be advantageous due to the some-
what easier workflow involved in Sanger sequencing and
subsequent analysis of a single PCR fragment compared to the
several steps involved in obtaining and analysing large collec-
tions of NGS reads. We therefore performed a sliding
window analysis with the purpose of quantifying the phyloge-
netic information content in different subsections of the
AMDV genome. Manual inspection of the whole genome
alignment showed that nucleotide changes were located over
the entire genome (suggesting that all the data are necessary to
obtain full resolution), however with a slightly higher diversity
in its first half. In order to stringently quantify the phyloge-
netic signal in different sub-sections of the alignment, 400 bp
windows spaced at 25 bp intervals were extracted from the
whole genome alignment (i.e. the windows started at positions
1, 25, 50, 75, 100, etc., with the first covering 1–400, the second
25–424, etc.). A window size of 400 was chosen as this corre-
sponds to a typical PCR fragment size and could easily be
Sanger-sequenced. For each of the resulting 179 sub-align-
ments, a tree was reconstructed using a full Bayesian phyloge-
netic analysis, and subsequently, the relative resolution for
each window was measured in two different, but related, ways:
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Table 1. Overview of sequences generated in this study

Sampling dates are indicated as yyyy-mm-dd, sequence lengths are either full length (4369 bp) or nearly full length (3198 bp), average read depth is

the number of reads per nucleotide position, and the intra-farm diversity is presented as the mean pairwise sequence difference (pi) and its standard

error (SE).

Farm Mink no. Sampling date (yyyy-mm-dd) Length (bp) Average read depth GenBank acc. no. Intra-farm diversity (mean pi, SE)

A 1 2014-11-21 4369 10959 KU856560 0.001068, 0.000257

2 2014-11-21 4369 12912 KU856561

3 2014-11-21 4369 12627 KU856562

B 1 2014-11-14 4369 12768 KU856563 0.00305, 0.000062

2 2014-11-14 4369 6008 KU856564

3 2014-11-14 4369 14170 KU856565

C 1 2014-11-14 4369 14211 KU856566 0.001373, 0.000285

2 2014-11-14 4369 14238 KU856567

3 2014-11-14 4369 8015 KU856568

D 1 2014-11-19 4369 3267 KX404887 0.000870,

0.0001372 2014-11-19 4369 1001 KX404888

3 2014-02-10 4369 1496 KU856571

4 2014-02-10 4369 1339 KU856572

5 2014-02-10 4369 765 KU856573

E 1 2014-05-08 4369 1283 KX404889 0.00458,

0.0001872 2014-05-08 3198 1967 KX404890

3 2014-05-08 4369 1438 KX404891

F 1 2014-11-11 3198 341 KX404892 0.00458,

0.0001872 2014-11-11 3198 1040 KX404893

3 2014-11-11 4369 1174 KX404894

G 1 2014-11-10 3198 1290 KX404895 0.000610,

0.0001252 2014-11-10 3198 1277 KX404896

3 2014-11-10 4369 2263 KX404897

H 1 2014-11-11 4369 2337 KX404898 0.001465,

0.0002202 2014-11-11 3198 1155 KX404899

3 2014-11-11 3198 19014 KU856580

4 2014-11-21 4369 12655 KU856569

5 2014-11-21 4369 13965 KU856570

I 1 2014-03-26 4369 2801 KX404800 0.000305,

0.0001252 2014-03-26 4369 4338 KX404801

3 2014-03-26 4369 2030 KX404802

J 1 2014-03-26 4369 2967 KX404803 0.000763,

0.0001252 2014-03-26 4369 2546 KX404804

3 2014-03-26 4369 3257 KX404805

K 1 2014-11-25 4369 2708 KX404806 0.001221,

0.0003112 2014-11-25 4369 239 KX404807

3 2014-11-25 4369 338 KX404808

L 1 2014-02-24 4369 23798 KU856574 0.000381,

0.0000802 2014-02-24 4369 24082 KU856575

3 2014-02-24 4369 11615 KU856576

4 2014-02-24 4369 11903 KX404809

5 2014-02-24 4369 27274 KX404810

6 2014-02-24 4369 8565 KX404811

M 1 2014-06-19 4369 2118 KU856577 0.000458,

0.0000722 2014-06-19 4369 1341 KX404812

3 2014-09-19 4369 2203 KX404813

4 2014-09-19 4369 1974 KX404814

5 2014-09-19 4369 1587 KX404815

N 1 2004-10-15 4369 8888 KX404816 –

O 1 2004-05-27 4369 10419 KU856578 –

Hagberg et al., Journal of General Virology 2017;98:1360–1371

1362



Downloaded from www.microbiologyresearch.org by

IP:  192.38.90.17

On: Tue, 08 Aug 2017 11:02:48

(1) by counting the number of internal nodes in the tree – the
better the resolution of a tree, the fewer polytomies and hence

the more internal nodes the tree will have; and (2) by counting

the number of fully resolved internal nodes (i.e. internal nodes
having exactly two offspring) – a fully resolved tree will have

two offspring for all internal nodes. These numbers were then

compared to the corresponding measurements made on the
whole-genome phylogeny (i.e. we computed the ratio between

the values based on each individual sub-alignment and the

value in the tree made from the full alignment) and the two
measurements gave very similar results (data not shown).

Fig. 3 shows the relative resolution measured using the

(a)

Fig. 1. Comparison between the partial NS1 gene and whole-genome phylogenies. Phylogenetic trees based on the partial NS1 gene

dataset (a) and the whole-genome dataset (b) constructed in MrBayes version 3.2 applying the HKY model and estimating the number

of invariable sites and gamma-rate distributions from the data. The Markov-chain Monte Carlo (MCMC) simulations were run for 50

million iterations. Branch labels represent posterior probabilities for each clade (Bayesian support values) and branch lengths repre-

sent substitutions per site, as indicated by the scale bars.
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number of internal nodes as a function of the start of the
400 bp window.Windows in the first half of the genome result
in higher resolution, which is in agreement with the observed
higher variability in this region. In particular, a region around
approximately nt 1100–1700 (corresponding to the 3¢ end of
the NS1 gene) displayed good resolution. The segment typi-
cally used for partial NS1 gene sequencing is in this alignment
located between nt 605–932, and corresponds to a dip in the
curve of resolving power (Fig. 3). It should be noted that this
gene segment was not originally selected for the purpose of
maximizing phylogenetic signal content, but rather for reliable
PCR amplification and diagnostic purposes, and thus our
results emphasizes that the partial NS1 sequence is not well
suited for investigating the spread of infection within Den-
mark. From our analysis, it is also clear that there is no single

window of the genome that provides a resolution close to that
of whole-genome sequencing, and even the best windows
obtained at most 60% of the resolution compared to using the
whole-genome.

Estimating divergence times using sampling dates

The whole-genome dataset presented here was characterized
by low diversity and a phylogeny with a shallow root and
low levels of rate variation between its branches (mean nt
difference=0.0033, SE=0.0001). Such datasets are often well
described by a strict molecular clock and simple coalescent
population growth, especially when the dataset represents a
population subsample as in the present study [20, 21]. We
used the BEAST2 software package to simultaneously esti-
mate divergence times and absolute rates of molecular

Fig. 1. (cont.)

(b)
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evolution by including sampling dates in the phylogenetic

analysis. BEAST2 works within a Bayesian paradigm and

produce a probability distribution over possible values of

the estimated times and rates.

The results of the time-stamped analysis strongly indicated

that the most recent common ancestor (MRCA) for all

sequences isolated from farm A was older than the MRCA

for sequences isolated from farms B and C (Fig. 4).

Specifically, the Bayesian analysis indicated with a posterior
probability of 99.9% that the farm A ancestor was the old-
est. The estimated median age of the farm A MRCA was 1.4
years old (95% credible interval=0.74–2.26 years), while the
median age of the MRCA for farms B and C was 0.92 years
(95% credible interval=0.49–1.5 years). The sequences from
farms B and C furthermore formed a sub-tree within the
tree spread out by the farm A sequences. These observations
were all consistent with the hypothesis that the viruses were

Fig. 2. Phylogenetic tree relating the whole-genome sequences generated in the present study in a global context. The tree was con-

structed using MrBayes applying the HKY model and estimating the number of invariable sites and gamma-rate distribution from the

data and an MCMC run for 100 million iterations. Branch lengths represent substitutions per site as indicated by the scale bar. The

tree was rooted on Gray Fox Amdoparvovirus (GFAV), which was removed from the summary tree to improve visibility.
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transmitted from farm A to farms B and C, but not the
opposite, and further supported the conclusions from the
undated analyses above.

DISCUSSION

In this study, whole-genome sequencing and phylogenetic
analyses were investigated and demonstrated to be valuable
tools for determining AMDV transmission routes between
mink farms. Previous phylogenetic analyses of AMDV in
Denmark have been based on partial NS1 gene sequences.
While a short and relatively conserved genomic region like
this is suitable for diagnostic purposes, whole-genome
sequences, which are longer and include more informative
regions of the genome, are better suited for obtaining high
phylogenetic resolution. We demonstrated this benefit by
directly comparing whole-genome and partial NS1 gene
phylogenies constructed from the very same data – a set of
full-length AMDV sequences from which the sections corre-
sponding to the previously used NS1 region were cut. The
viral isolates were sampled during a small AMDV outbreak
in three simultaneously infected farms (A, B, and C) in close
geographical proximity to each other. A contemporary test
population was generated by sampling an additional 12
simultaneously AMDV-infected Danish farms, and the data
were put into context by including all at the moment avail-
able international full-length AMDV field isolates in the
analysis. The serological test history showed that farm A
had a much higher AMDV prevalence than its neighbours B
and C, consistent with the idea that farm A became infected
before farms B and C, and that the virus was transmitted
from farm A to the other farms.

Based on the partial NS1 gene phylogeny, it was impossible
to differentiate between transmission pathways since all

sequences from farms A, B, and C formed a polytomy, mean-
ing they branched from a single common internal node in
the tree. Using the whole-genome sequences provided much
higher phylogenetic resolution, and the sequences from both
farms B and C consistently clustered within the farm A sub-
tree, thus supporting the epidemiological transmission
hypothesis that transmission was from farm A to farms B
and C, and not the opposite. This direction of spread was fur-
ther supported by the Bayesian clock model-based analysis
of the relative dates of the MRCAs for the three case farms:
the analysis indicated there was a high probability that farm
A has the oldest viral ancestor, and hence was infected prior
to the other farms. The use of whole-genome sequences also
increased the phylogenetic resolution of the remaining farms
regardless of substitution or tree model (data not shown),
and we therefore concluded that whole-genome sequencing
is a promising tool for identifying routes of AMDV transmis-
sion between farms.

It is important to realize that viral phylogenies and transmis-
sion trees are two different things, and that their structures
can be quite dissimilar. This is because the physical transmis-
sion of a progeny virus must happen some time after it has
genetically split from its parental lineage, and thus the inter-
nal nodes in the phylogeny (which correspond to the event at
which two viral lineages split) will be further back in time
than the equivalent internal nodes in the transmission tree
(which correspond to transmission of a viral lineage to
another animal). The branching order of the trees can also
differ, since a single animal host contains many related
viruses, and the order in which different lineages are trans-
mitted to other animals is not necessarily the same order in
which these lineages split on the viral phylogeny [22]. How-
ever, if samples are collected close enough in time to the
transmission event, it should be possible to establish the
direction of spread with more certainty [11, 23]. Further-
more, if sampling rates are low (i.e. if relatively few animals
are sampled from each farm), then the timing of coalescent
events in the phylogeny is very similar to the timing of trans-
mission events and the structures of the two trees will be
quite similar [24]. Under all circumstances, better resolution
of the viral phylogeny will provide more information about
the underlying transmission tree. In the present study, it
should be taken into consideration that the farms in this
enzootic area of Denmark have a history of culling their
entire animal populations at the end of every production sea-
son and therefore a linear rate of viral evolution cannot be
assumed. Despite the fact that adding sampling dates
improved the resolution of the tree, it should be kept in mind
that the inferred clock-rate, and hence ages of the MRCAs,
does not necessarily reflect the real underlying mutation rate.
The results presented here (based on samples from 2014)
outlined this challenge as the MRCA of farms A, B, and C
was estimated to be between 1.2 and 5.2 years, despite that
the mink populations in these farms were culled at the end of
the previous season (i.e. 2013). It cannot be ruled out that the
virus infecting farm A was not a new virus, but originated
from a previous outbreak and had persisted in the
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Fig. 4. Time-calibrated phylogenetic tree. The tree was constructed in BEAST2 using the HKY model and estimating the number of invari-

able sites and the gamma-rate distribution from the data, and applying a strict molecular clock and an exponential coalescent population
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environment and later re-infected the new animals at the
farm. Overall, the results from this study illustrate that phy-
logenetic analyses in relation to AMDV outbreaks will be
most valuable in recently infected farms and that the time-
stamped model is useful for inferring relative time points for
the transmission events.

In addition to carefully choosing the parameters for the
phylogenetic reconstruction process (e.g. substitution model
and priors), the input data – that is the samples and sequen-
ces – are important. Sequencing of PCR-amplified DNA
might not necessarily capture the full intra-individual viral
variation due to clonal amplification. However, the use of a
PCR pre-amplification step is common practice and due to
e.g. abundant host DNA and low amounts of viral DNA, a
feasible approach for the purpose of detecting and typing
AMDV [3]. Possible within-farm variation could theoreti-
cally be addressed by sequencing additional samples per
farm and by including a contemporary test population in
the analysis, as was done in the present study. However, due
to practical circumstances in regard to farm operations, it
will rarely be possible to get more than one or two samples
per farm, but the low intra-farm diversity presented in the
present study suggests it is nevertheless possible to tease out
the inter-farm spread by including additional farms and
adding sampling dates in the analysis.

The practical operations of a mink farm, e.g. open barns
allowing for plentiful ventilation, possible wildlife access,
external feed-supply transportation routes and the proxim-
ity between the farms illustrated by the case farms A and B
(Fig. 5), can impede biosafety and should be considered
carefully in the daily routines at the farm. A study of avian
influenza in livestock showed that the wind direction on the
date of transmission was correlated to the between-farm
viral spread [25]. However, as mentioned above, the specific
time points for the transmission events could not be deter-
mined in this study and therefore the impact of external fac-
tors such as the wind will remain a speculation.
Presumably, neither a constant or exponential tree popula-
tion model, nor a strict molecular clock, is the best way to
describe the dynamics in a viral population. But on the
other hand, to successfully infer relevant parameters using,
e.g., the more complex birth-death models, additional
knowledge about population parameters and a larger dataset
would be required. The number of publicly available whole-
genome AMDV sequences is currently very limited, and it
was just recently that Canuti et al. [19], in a study of field
strains originating from Canada, China and Germany, dem-
onstrated inconsistent phylogenies due to large variation
between tree structures over the viral genome and the pres-
ence of potential recombination events. Thus, we suggest
that future studies should aim to investigate larger test pop-
ulations sampled from broader timespans and from

different countries in order to map the entire AMDV geno-
mic diversity at a global level, thereby generating data that
would benefit all mink-farming countries regardless of prior
genomic surveillance strategy.

In conclusion, this study illustrates that whole-genome
sequencing is better suited for reconstructing high-resolu-
tion phylogenetic relationships between AMDV isolates
compared to shorter gene fragments such as the partial NS1
gene fragment currently used for AMDV typing in Denmark.
Furthermore, by confirming an epidemiological transmis-
sion route hypothesis between three case farms, we show
that whole-genome phylogenies supplement epidemiological
data, such as AMDV prevalence and test history of the farms,
to indicate the direction of transmission, thus suggesting a
framework that could become an important tool to identify
inter-farm spread of AMDV.

METHODS

Farms A, B and C

We investigated a case of AMDV transmission in a small
Danish AMDV outbreak where there was a strong a priori
hypothesis about the route of viral transmission based on
epidemiological data (Kopenhagen Fur, personal communi-
cation). Farms A, B and C all tested serologically positive
for AMDV in November 2014. In addition, farm A had
tested positive in August 2014 with an estimated prevalence
of 21.4%, in September the prevalence of farm C was esti-
mated to 0.4%, while farm B tested negative for AMDV in
2014 (overview in Fig. 5). These prevalence estimates were
based on serological testing of a percentage of the breeding
animals at certain intervals according to the Danish control
programme [5]. The much higher AMDV prevalence on
farm A compared to farms B and C at the time of testing in
November 2014 formed the basis of the initial hypothesis
that farm A transmitted AMDV to farms B and C.

To put these case farms into context, a contemporary test
population consisting of mink sampled from other Danish
farms tested positive for AMDV in 2014, was included in the
analysis. Potential within-farm variation was addressed by,
when possible, sequencing more than one sample per farm.
However, due to practical circumstances in regards to farm
operations, it is rarely possible to access more than one or
two samples per farm, but this number should be sufficient
to estimate between-farm variation if the dataset is large
enough. The geographic locations of the farms and their
AMDV prevalence at their most recent AMD serology test is
shown in Fig. 5. Sequences from farms N and O, both sam-
pled in 2004, were included based on the hypothesis of being
sufficiently evolutionarily distant to root a time-stamped
tree, but not being so different that they would introduce

model. The MCMC chain was run for 100 million iterations. Node labels represent posterior probabilities (Bayesian support values) and

node bars (blue lines) the 95% confidence interval for the age distribution of each node. The x-axis represents time in years.
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long branch lengths that could affect estimation tasks in
Bayesian time-line analyses [26].

Viral samples and preparation

One blood sample per animal was collected from a total of
48 animals originating from farms A–M, in addition to one
archive blood sample from one animal from farms N and O,
respectively (Table 1). Total DNA was extracted from each
blood sample using QIAmp MinElute Virus Spin Kit (Qia-
gen, Hildren, Germany) and eluted in 50 uL low TE-buffer
according to the manufacturer’s instructions. The viral
DNA was PCR-amplified as described previously [3] and
submitted to the Technical University of Denmark (DTU)
Multi-Assay Core (Lyngby, Denmark) for library prepara-
tion and sequencing on a 318 chip using the Ion Torrent
PGM (Life Technologies, Carlsbad, CA) according to the
manufacturer’s instructions. Raw data in fastq format were
processed as described previously [3]. Briefly, the steps prior
to sequence assembly included QC, trimming, error correc-
tion and mapping to the AMDV-G reference with accession
no. NC_001662, followed by naming each sequence accord-
ing to Table 1. For a global comparison, previously pub-
lished complete coding sequences for AMDV field strains
originating from Canada, China and Germany, the com-
plete coding sequences for the antigen strains AMDV-Utah
and AMDV-G, in addition to the closely related Gray fox
amdoparvovirus (GFAV), were retrieved from NCBI Gen-
Bank (overview and references in Table 2).

Sequence analysis

Intra-farm diversity was estimated by calculating the mean
pairwise nucleotide distance and its corresponding standard
error (SE) between the sequences collected from each farm
[27]. The full-length field strains were analysed using Sim-
Plot [15] and all methods implemented in the RDP4 soft-
ware package [16], i.e. RDP, GENECONV, BootScan, MaxChi,
Chimera, SiScan, 3Seq and LARD, to investigate recombina-
tion and to describe variability across the genome.

Phylogenetic reconstructions

Evaluating the use of whole-genome sequences for

reconstructing phylogenies

The whole-genome sequences, including GFAV for rooting,
were aligned at nucleotide level using MAFFT V.7.205 [28] and
converted to nexus format. The 327 bp region correspond-
ing to the DNA sequence flanked by the primers used for
‘conventional PCR’ amplification [8] was extracted from the
alignment, thereby creating two datasets: ‘partial NS1 gene’
and ‘whole genome’. The best fitting substitution model for
each dataset was selected using the program jModeltest
[29]. The phylogenetic relationships were inferred in a
Bayesian framework with Markov-chain Monte Carlo
(MCMC) sampling in MrBayes version 3.2.3 [30], applying
an HKY model with an estimated proportion of invariable
sites, four gamma distribution rate categories and Dirichlet
priors. The MCMC was run for 50million generations for
each of the datasets. The first 25% of the samples was dis-
carded as burn-in, and effective sample size (ESS) values
above 400 for all parameters and standard deviation of split
frequencies below 0.001 were considered as indications that
the MCMC had converged successfully. FigTree version
1.4.2 was used for tree manipulations such as rooting and
for visualization. To facilitate visualization, the outgroup
sequence (GFAV) was removed from the maximum clade
credibility (MCC) trees.

Estimating divergence times using sampling dates

The feasibility of using viral sampling dates to perform
divergence time dating of the ancestors of the isolates
involved in the outbreak was investigated in a Bayesian
framework implemented in BEAST version 2.4.1 [31]. Often a
simple model such as a strict molecular clock and a coales-
cent constant population growth prior size model is a useful
starting point for analysis [20], especially if the dataset rep-
resents a subsample of the population as in the present
study. In addition, both a strict and relaxed molecular clock,
a coalescent constant and an exponentially growing tree
population model was tested, and sampling was done with
MCMC simulations run for 100million generations to
obtain estimates of the posterior distributions. The whole-
genome dataset, excluding the GFAV isolate in order to
avoid introducing long branch-lengths, was aligned as
described above and used for this analysis. The MCMC log
files were inspected for chain convergence based on the
magnitude of ESS-values, and shapes of the traces and mar-
ginal posterior probabilities using Tracer version 1.6 [32].
Treeannotator version 1.8.2 was used for summarizing the
tree log files, and FigTree version 1.4.2 (both distributed
with the BEAST package [31] were used for tree manipula-
tions such as rooting and visualization. The model was also
run without data to confirm that the priors did not influ-
ence the results unduly.
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Table 2. Overview of sequences retrieved from NCBI GenBank

Viral strain Country Length

(bp)

GenBank

accession no.

Reference

AMDV-M173 Canada 4200 KT878958 [19]

AMDV-M195 Canada 4161 KT878959 [19]

AMDV-M228 Canada 4164 KT878960 [19]

AMDV-WM25 Canada 4169 KT878961 [19]

AMDV-Beijing China 4802 KT329428 [33]

AMDV-LN1 China 4543 GU183264 [34]

AMDV-LN2 China 4566 GU183265 [33]

AMDV-LN3 China 4566 GU269892 [33]

AMDV-SL3 Germany 4718 X97629 [35]

AMDV-Utah Antigen 4369 KU513988 [3]

AMDV-G#1 Antigen 4369 KU513985 [3]

GFAV USA 4441 JN202450 [36]
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