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Novel Amdovirus
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We used viral metagenomics to identify a
novel parvovirus in tissues of a gray fox (Urocyon
cinereoargenteus). Nearly full genome characterization and
phylogenetic analyses showed this parvovirus (provisionally
named gray fox amdovirus) to be distantly related to Aleutian
mink disease virus, representing the second viral species in
the Amdovirus genus.

leutian mink disease virus (AMDYV) is currently the

only member of the genus Amdovirus in the family
Parvoviridae; it can infect diverse breeds of farmed and
feral mink, in addition to other mustelids (e.g., ferrets,
otters), raccoons, and foxes (1,2). AMDV has an =5-kb
single-stranded DNA genome and, like other parvoviruses,
replicates through a rolling-hairpin mechanism (3). The
viral genome has 2 large open reading frames (ORFs),
encoding nonstructural (NS1, NS2, putative NS3) and
structural viral proteins (VP1 and VP2). Alternative
splicing enables expression of multiple messenger RNAs
(4). AMDV strains can exhibit sequence variability in their
NS gene, and 3 genetic groups have been identified on the
basis of partial nucleotide sequences of this region (5).

AMDYV infection can cause an acute and fatal
interstitial pneumonia in newborn mink. It can also cause
a chronic disorder of the immune system in adult mink,
characterized by persistent viral infection, plasmacytosis,
hypergammaglobulinemia, and immune complex—
mediated glomerulonephritis and arteritis, resulting in
major economic losses to mink farms (6). AMDYV infection
can also be asymptomatic. The different outcomes are
determined by host factors that include age, immune
status, and the virulence of the virus strains (7,8). AMDV
can be transmitted through urine, feces, and saliva as well
as vertically in utero (9,10). In 1 report, a ferret found to
be naturally infected with AMDV showed acute dyspnea
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and posterior paresis with histopathologic lesions similar
to those seen in mink; the ferret became comatose and
died (11). Recently, 2 mink farmers with vascular disease
and microangiopathy, similar to conditions in mink with
Aleutian disease, were found to have AMDV-specific
antibodies and were AMDV DNA positive, suggesting
a potential relationship between AMDV and human
symptoms (12).

We used random PCR amplification and high-
throughput sequencing technology to investigate viral
sequences found in the spleen and lung tissues of a sick
gray fox (Urocyon cinereoargenteus) from California. A
highly divergent amdovirus was identified, and the near full
genome of this virus was obtained. Phylogenetic analysis
indicated that this virus, designated as gray fox amdovirus,
is a new amdovirus species, only the second for that genus.

The Study

The gray fox studied here was identified during the
summer of 2009 in Sonoma County, California. It had
severe gait abnormalities, lymphadenopathy, and acute
muscle inflammation, and was euthanized at a wildlife
rehabilitation center. Using the generic viral particle
enrichment method previously described for tissues (13),
we generated ~14,000 sequence reads from spleen and lung
samples. We found 136 sequence reads in spleen tissue that
were related to AMDV by using BLASTx (E score <10°%)
(www.ncbi.nlm.nih.gov/BLAST); these could be assembled
into 24 contigs covering ~60% of the viral genome. By
connecting gaps between sequenced viral fragments and
amplifying the genome extremities by using PCR primers
based on AMDYV sequences, the nearly complete genome
of the new amdovirus (GenBank accession no. JN202450)
was acquired. We temporarily named it gray fox amdovirus
(GFADV).

The partial GFADV genome was 4,441 nt in length
with a low guanine—cytosine content of 37%. Similar
to that of AMDV, the GFADV genome contained 2
major ORFs. The left ORF (LORF) contains the bulk of
the sequences for the putative NS1, and the right ORF
(RORF) codes for VP2 (Figure 1). Two small middle
ORFs (67 and 75 aa long) with putative alternative start
codons were detected in the 448-bp region between the
ORFs. The theoretical proteins showed 55% and 59% aa
identity with the 2 similarly located middle ORF's reported
in AMDV. The partial 5" untranslated region (UTR) was
109 nt and the partial 3’ UTR was 191 nt. Potential RNA
splicing signals in AMDV were present on the GFADV
genome (online Technical Appendix Figure 1, www.cdc.
gov/EID/content/17/10/11-0233-Techapp.pdf) (4). The
predicted spliced transcripts encode hypothetical NSI,
NS2, and NS3 of 635 aa, 115 aa, and 80 aa, respectively,
and a capsid protein VP1 of 674 aa. The putative VP2
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Figure 1. Open reading frames (ORFs) in gray fox amdovirus
genome. Three possible reading frames of the plus-strand
sequence with the stop codons indicated by red lines and ATG
codons by green flags. Two major ORFs, left (LORF) and right
(RORF), are indicated by black bars; 2 small middle ORFs (MORF1
and MORF2) are indicated by gray bars.

was predicted to arise from the intact transcript of RORF
encoding a 630-aa protein.

Sequence analyses confirmed that GFADV was
a divergent amdovirus with 76% nt identity with the
genome of AMDV. Conserved protein domains typical
of parvoviruses were identified in GFADV. In the LORF,
the GKRN domain was found (online Technical Appendix
Figure 2), which may act as the nuclear transport signal of
NSI protein. In the RORF, 3 conserved domains (TPW,
YNN, and PIW) of unknown biologic significance were
detected (6,14) (online Technical Appendix Figure 3).
The phosholipase 2 motif in the N terminal VP1 region,
generally conserved in parvoviruses, was not found in
either GFADV not AMDV (online Appendix Figure 3),
which suggests that this parvovirus genus uses a different
mechanism to escape the endosome during infection (15).

Comparison of NSI1 regions showed GFADV shared
~74% nt and 67% aa similarities with AMDV strains,
whereas different strains of AMDYV shared >87% nt and
82% aa similarities. Alignments of the VP2 region showed
GFADV shared =78% nt and 80% aa similarities with
AMDYV strains, whereas strains of AMDV had >92%
nt and 91% aa similarities (online Technical Appendix
Figures 4, 5). To determine the relationship between
GFADV and AMDYV strains, phylogenetic analyses of the
NS1 and VP2 proteins were performed, which showed
that in both genome regions GFADV was more closely
related to AMDYV strains than to those of minute virus of
mice or other parvoviruses analyzed (data not shown), but
was distinct from the 3 AMDYV groups (Figure 2). Pending
review by the International Committee on Taxonomy of
Viruses, GFADV thus appears to be the second reported
parvovirus species in the genus Amdovirus.

GFADV sequences were also detected in the lung
and heart tissues of the same animal by using a GFADV-
specific nested PCR targeting a =400-bp segment of the
VP2 gene, as well as in the heart tissue of another gray fox,
which had the same signs, collected in Sonoma County in
summer 2009. Further PCR screening of 19 tissue samples,
including spleen, lung, liver, lymph node, and muscle from
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9 other gray foxes with similar gait abnormalities and
chronic muscle lesions, collected in 2008 (n = 2) and 2010
(n = 7) were negative by the same GFADV PCR.

Conclusions

We report the identification and nearly complete
genome sequence of an amdovirus found in the spleen, lung,
and heart tissues of 2 gray foxes that exhibited an abnormal
gait and muscle inflammation of unknown origin. On the
basis of phylogenetic analyses, we propose this virus as the
prototype member of a second species in the Parvoviridae
genus Amdovirus. Putative NS and VP1/VP2 gene RNA
splicing sites were detected in the GFADV genome, which
suggests the expression of different NS and VP proteins.

Except for the ubiquitous anellovirus, GFADV was
the only eukaryotic virus found in the spleen tissue of the
diseased gray fox. The same virus was also identified in
the heart tissue of a second gray fox collected the same
summer but was not detected in tissues of 9 other gray
foxes with a similar syndrome collected in different years.
It is possible that GFADV is an incidental finding unrelated
to these foxes’ symptoms. The lack of detectable GFADV
DNA in all gray foxes with similar symptoms may also be
because different tissues were compared in some animals
or because tissue collection occurred at different stage
of infection. Future testing of a possible link between
GFADV and additional unexplained diseases of foxes and
A 1007 Lxo7620
X77083
100 1218276
X77085
GU183265
GU269892
94 GUH08231

X77084

® GFADV
402275 MVM

AMDV
100

0.1

100 - M20036
B X97629
99 [— GQ336866
AF124791
U39013
Z18276
GU269892
— GU183265
— GU183264
ME3051
DQ630721
100 DQ630722
_Ir u3s014
DQE30715
DQ371395 |
® GFADV
J02275 MVM

AMDV

b
0.05

Figure 2. Phylogenetic analyses of gray fox amdovirus (GFADV)
(red dots) and Aleutian mink disease virus (AMDV) based on the
complete amino acid sequence of nonstructural protein 1 region
(A) and viral protein 1 region (B). The neighbor-joining method was
used with p-distance and 1,000 bootstrap replicates. Scale bars
represent estimated phylogenetic divergence. GenBank accession
numbers are shown on the tree. Minute virus of mice (MVM) was
included as an outgroup.
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other carnivores will be facilitated by the availability of its
genome sequence.
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Technical Appendix

Splice donor site Branch site Splice acceptor site
AIC AG| GT PuAGT PuAPy Pyrich AG|G
< Intron B

NS1 AAATGGCTAA GTACATGGGA...TACTTTACAG GAGAGACTAC
NS2 AAGACCTAAG GTTAGTGTTC...TACTTTACAG GAGAGACTAC
NS3 AAGACCTAAG GTTAGTGTTC...GCAATCAAAG GAGTCACAGT
VPl ATGAGTAAAA GTAAGCAACC...TTTACTTTAG TTCCTCAGCA
Technical Appendix Figure 1. Nucleotide sequence around the predicted RNA splicing sites in the gray

fox amdovirus genome. Splice donor and receptor are shown in pink boxes. NS, nonstructural; VP, viral

protein.
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Technical Appendix Figure 2. Conservative domain in the left open reading frame of gray fox amdovirus

and representative parvoviruses. GKRN region is marked in red.
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Technical Appendix Figure 3. Conservative domains in the right open reading frame of gray fox
amdovirus and representative parvoviruses. PGY region (putative phopholipases A2 domain) is marked in
blue and TPW, YNN, and PIW region are marked in red.
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GFADV PN A QA QEEAE QL QFLIAHO LKK ERNAD GEGLAWLFQ QKI\YTDEDNKP TKJYTP PLRT T SID L RLIYF D S I EElpi:4shujgvlaT, =]
M20036 M2 QAQSNE QIR QIITA4HO L KK ERYD GE GEJAWL FQQK TYTDKDNKP TKATPPLRTTSEDLRLAFDSIEE TAENE H|
X77084 M 2 QA QIANE QI RL QIAT A K EWMAD GEGLAWLFQQK TYTDKDNKP TKATPPLRTTSHDLRLAFD S I EENT 134N S Niole
X77085 FRRM A QAQIMNE QIRL QPILEGNQO LKKEYAD GEGLAWLFQQKTYTDKDNKPTKATPPLRTTSEIDLRLAFD S I EE L i S Nizi{T, Tign]
GFADV RENE TNFCKLTLGETLVEMDKHEK SHRWA NipfelF TWQREKGK T8:80H THC)Y G YED ERNADEAK D K SLEJWF T KKpINEK 4L AT

M20036 81
X77084 g1
X77085 81

EINFCKLTLGETLHALMDEKHVK SHRWDENKHNAIWQMEKGKTQEFHIHCCLGYFDKREDIKD VQK 8L GW PIKEIL NKDL AT
B INFCKLTLGKTLVLADKHVJSHRWDANKHNFE IWQUEKGKTQEFE IHCCLGYFDKIEDEIKDVQK SLCWF IKKLNKDLAMT

GFADV PN S NHH CigflQD TKP E/MR[ele]N LIV WjHeD GRTKP YK Y F NKQ TRIQIH Y NK[e]VINL RI{ Y T T Y L F K5 |K TN AG MD GY |3 AAGNGG|3
M20036 N SNHECDQD IKDP EPIRAMMNLKVWIEDGPTEKPYKYFNKQTKQDYNKPVEILRD YT) IY LFNKDK INMEIMD G Y3 AAGN GG s
X77084 161l WSNHHCDIQEIEDSDGRADNLKIWIEDGPTKPYKYFNKQTKQDYNKPT LRDYTLIYLFNKDKITQEGMDGYYAEGNGGI
X77085 PN SNHH CD[0QD IKDP EENAARNLKVWIEDGPTEP YK YFINKQTKQD YNKPVINLED Y I Y LENKDK Ij; i 4G MD GYF{AA GNGG|H

GFADV 241
M20036 241
X77084 241
X77085 241

IDNETIHK ERKpN:REMY LD E Q&S D ¥AD EReD WiRIDEIQIsi s @iniie D KV THRH TRRINAASAYD S A ARG T Sy T WEYS CE] TE A TESYK
PIDNLTNKERKWLRKMYLDEQS SD IDESS TIDWEDEQIBEREIEIA P KV TD Q TEEEI DSATHEKTGTSLIWKSCATEKVTSKK
IDNLTNKERKKLREMYLD E QSFEI/AD)H4s 1D WEDE]QF] EBID SATEIKTG TS LFWKSCATK VT SKK
IDNLTNKERKE\LREMYLDEQS SD ILLDENY TDWEDEQREREIENA P KV TD Q TR DSATEIKTGTSLIWKSCATKVTSKK

X77084 309
X77085 309

IHOP SKE .oy SAQWNTLDIMLp4ud3GCFTPEDM I SDRYLEMSLEPNGAQKINTLLHMNQVETSSNLTAFECIIKFN

Q

GFADV ERNER RS H-NOP S KK LA EIT LDE|L FoliGCFTPEDMIHKIS DINYLEL SLERINGISYK T TLLHMNQ VK TR R8s Ay A FiiC T K F N|
QPSKKLMSAQWTLDIL FRRMGCFTPEDM IPKIe S DIdYLELSLEPNGIJQK INTLLEMNQVKT SuliiTAFBIC TIKF N|

M20036 309 AN PIOP SKKLESAQEITLDEL FNMGCF TPEDM I K0 S DIdYLEL SLEPNGIOK INTLLHMNQVKT Sig.eiTAFBIC TIKF N
EVA
EVA

GFADV 401
M20036 389
X77084 389
X77085 389

GFADV 481 IWHEECGNIRGNIIED FKATTCGGGDEIK VD TENK QP QR T KGURWSIT SN TTKVTHGIAVE T
M20036 LN RN IWAEECGNYGNVEDFKAITGGGDVEVD TEKNKQPQSIKGEVIVTSNTNITKVTVGCVET
X77084 LN RN I IWAEECGNMGNMVED FKAITGGGDVEKVD TKNKQPQSIKGEVIVTISNTNITKVTVGCVET
X77085 LN RN I IWAEECGNMGNVEDFKAITGGGDVEKVD TKNKQPQSIKGEVIVISNTNITKVTVGCVET

NMHEEPLEQRERIK TRCY

GFADV 56l
M20036 549
X77084 549
X77085 549

K T I N PRy T K I T PG ML KW L ettt F LGNy SURAE SIAGGANNITK SIBEQ REVVD

K TINPKTKITPGML K TWDREPICLSHEMPELYLETTGPNSSA TERATKN EQPTTAISIAESVNTIHICD TPKREIA S

KEMNPKTKETPGMLKT ISTWDRIPIKLSHEMPELYLETEGPNSSATTATKS JFOPTTAIREAESVNTESNCD TPEREA S
TWDR|

KTINPKTKITPGML K P [ L SHEMPELYLETTGPNSSATEIATKYY EQPTTAMSKAE S VEITESSCD TPKR[EA S

GFADV 623
M20036 629
X77084 629
X77085 629

Technical Appendix Figure 4. Nonstructural protein 1 alignment of gray fox amdovirus and representative

amdoviruses. Black highlights 70%—100% similarity, gray highlights 50—70% similarity.
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MDSTEIREQMD TEQATNQTAEAGGGGGCORGGGEEGEEGVENSTGGFNNTTEFKVINNEVY ITCHATRMVEINQADTDEYL I

FNAGRIZPDEIK Tigded ] NLEFFRIgDD FHQOQVMTPWF LVD S NAWGVWMSPED FQOMEKPYLCSEIPLVELEQEIDNVIKTVTE
FNAGRTTD TK TEQWKLNLEFFVYDDFHQQVMTPWEEIVD SNAWGVWMSPKDFQQMK TLCSEISLVIWLEQEIDNVTIKTVTE
FNAGRTTD TK T\ KKLELEFFVYDDFHQQVMTPWFLVDSNAWGVWMSPKDFQQMKTLCSEISLVTLEQEIDNVTIKTVTE
FNAGRTTD TKTHQK L NLEFFVYDDFHQQVMTPWFLVDSNAWGVWMSPED FQOMEKTLCSISLERILEQEIDNVTIIKTVTE

THYQ GleRy SV RIOFNND LTASLQVALD TNNILPYTPAAPLEETLGFVPWRATEKEPTQYRYYHPEY TYNRYPN T QK ST ol Nin's
TNQGNASTKQFNNDLTASLQVALDTNNILPYTPAAPLGETLGFVPWRATKPTQYRYYHPCYI¥YNRYPNIQKEF YRRV, jkiis]
TNQGNASTKQFNNDLTASLQVALDTNNILPYTPAAPLGETLGFEPWRATKPTQYRYYHPCYIYNRYPNIQKTGQQQLE
TNQGNASTKQFNNDLTASLQVALDTNNILPYTPAAPLGETLGFVPWRATKPTQYRYYHPCYIYNRYPNTIQKENeRORHT, IH

EEIODD Y S VD[ YFNFITIENNIP I ILRTGDNFHTGRYEFKSKPCKLTLISYQSTRCLGLPPLCKPKTDTESH IENG
AVQDDYLSVDEQYFNFITIENNIPINILRTGDNFHTGLYEFESKPCKLTLSYQSTRCLGLPPLCKPKTDT IHENG
eMODD YLEVDEQYFNFITHENNIPINILRIGDNFHTGLYEFKSKPCKLTM8YQSTRCLGLPPLCKPKTDRY Ie'N G
(MO DDYLSVDEQYFNFITIENNIPINILRTGDNFHTGLYEFKSKPCKLTIPSYQSTRCLGLPPLCKPKTD)S T SIAENG

[eaHcinle] YIRS G QIO TRIMGHFWGE ERg K Ny ERINRIMR P YN IGHOQIZPEWIPPAGLQGSYFPYGGPRQWSDTTKGAG TH S QpRMO QN
ADL e COBNTRLGHFWGEERGKENAEMNRIIRP YNIGHMOYPEWI IPAGLQGESYFAGGPRQWSDTTEKGAGTHSQRILQQN|
ADLQ INHGOBINTRLGHFWGEERGEKENAEMNRMRP YNIGIHQYPEWITPAGLQGSYFAGGPRQWSDTTEGAGTHSQEL QON]
ADLGTREARNOENTRLGHFWGEMRGEKKNAEMNRINRP YNTIGHOQYPEWITPAGLEAGSYFAGGERQWSDTTKGAGTH SQIYLIAQON

Q] Q] OAWWTL TATNKAQ - - TGKIAW EEAM e =V ¥ le pig-0-y AN AT k4 F
FSTRYIYDRNHGGDNEVDLLDGIPIHERSYYYSDWEIEQHTAKQPKLRUWPPTHHSKIDSWEEEGWPAASGTHFEDEVIYL
FSTRYIYDRNHGGDNEVDLLDGIPIHERSYYYSDEEIEQHTAKQPKLRYPPITHHSKIDSWEEEGWPAASGTHFEDEVIYL
FETRYIYDRNRIGGDIMEVRILLDGIPIHERSIqYYSDREIEQHTAKQPKLRWP PIHHSKIDSWEEEGWPAASGTHEFEDEVIYL

DYFNFSGEpSNENFPOE VLEDEAOMKKLLNNYYQPTV[EQODBVGPVYPWGQIWDKKPDMDHKP SMNpNAPFVCENNPP GQ LAY
DYFNFSGEMYLNMFPHEVLDDAAQMEKLLNSYQPTVAQDNVGPVYPWEQIWDKKPEIMDHEP SMNNNAPFVCENNPP GQLF V|
D YFNF[EGE[WLIFPHEVLDDAAQMKKLLNSYQPTVAQDNVGPVYPWGRQIWDKKPDMDHKP SMNNNAPFVCKNNPPGQLFEV
DYFNASGERSALINFPHEVLDDAAQMEKLLNSYQPTVAIDNVGPVYPWGQIWDKKPDMDHKP SMNNEAEFVCENNPPGQLFEFV

KLTENLTD TFNYDENPDRIKTYGYFTWRGKLVLKGKLSQVTCWNPVKRELIGEPGVF TKDYHKQIPNNKGNFEIGLQYG
KLTENLTDTFNYDENPDRIKTYGYFTWRGKLVLEKGKLSQVTCWNPVKRELIGEPGVFTKDNYHKQIPNNKGNFEIGLQYG
KLTENLTDTFNYDENPDRIKTYGYFTWRGKLVPIEKGKLSQVTCWEPVKRELIGEPGVFTKDNYHKQIPNNKGNMEIGLQYG

RETIKYIY)

RETIKYIY)|
RSTIKYIY,

Technical Appendix Figure 5. Viral protein 2 alignment of gray fox amdovirus and representative

amdoviruses. Black highlights 70%—100% similarity, gray highlights 50—70% similarity.
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