S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Veterinary Microbiology 173 (2014) 177-188

Contents lists available at ScienceDirect

Veterinary Microbiology

journal homepage: www.elsevier.com/locate/vetmic

Mutations of 3c and spike protein genes correlate with the
occurrence of feline infectious peritonitis

=
® CrossMark

Barbara Regina Bank-Wolf?, Iris Stallkamp *'!, Svenja Wiese ¢, Andreas Moritz ”,
Gergely Tekes ?, Heinz-Jiirgen Thiel *
2 Institut fiir Virologie, Fachbereich Veterindrmedizin, Justus-Liebig-Universitdt Giessen, Biomedizinisches Forschungszentrum Seltersberg,

Schubertstrasse 81, 35392 Giessen, Germany
Y Klinik fiir Kleintiere, Fachbereich Veterindrmedizin, Justus-Liebig-Universitdt Giessen, Frankfurter Str. 126, 35392 Giessen, Germany

ARTICLE INFO ABSTRACT

The genes encoding accessory proteins 3a, 3b, 3¢, 7a and 7b, the S2 domain of the spike (S)
protein gene and the membrane (M) protein gene of feline infectious peritonitis virus
(FIPV) and feline enteric coronavirus (FECV) samples were amplified, cloned and
sequenced. For this faeces and/or ascites samples from 19 cats suffering from feline
infectious peritonitis (FIP) as well as from 20 FECV-infected healthy cats were used.
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Ke;{words: . Sequence comparisons revealed that 3c genes of animals with FIP were heavily affected by
Feline coronavirus nucleotide deletions and point mutations compared to animals infected with FECV; these
SEPCY/ alterations resulted either in early termination or destruction of the translation initiation

codon. Two ascites-derived samples of cats with FIP which displayed no alterations of
ORF3c harboured mutations in the S2 domain of the S protein gene which resulted in
amino acid exchanges or deletions. Moreover, changes in 3¢ were often accompanied by
mutations in S2. In contrast, in samples obtained from faeces of healthy cats, the ORF3c
was never affected by such mutations. Similarly ORF3c from faecal samples of the cats
with FIP was mostly intact and showed only in a few cases the same mutations found in the
respective ascites samples. The genes encoding 3a, 3b, 7a and 7b displayed no mutations
linked to the feline coronavirus (FCoV) biotype. The M protein gene was found to be
conserved between FECV and FIPV samples. Our findings suggest that mutations of 3c and
spike protein genes correlate with the occurrence of FIP.

© 2014 Elsevier B.V. All rights reserved.

Spike protein gene
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1. Introduction

Feline coronavirus (FCoV) belongs to the genus Alpha-
coronavirus of the subfamily Coronavirinae, family Corona-
viridae within the order Nidovirales (de Groot et al., 2011).
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The coronaviral genome consists of a single-stranded
positive-sense RNA with a size of about 30 kb, representing
the largest viral RNA genome (Gorbalenya et al., 2006). Two
thirds of the genome (two large open reading frames (ORF1a
and 1b))encode the replication machinery. ORFs 2,4, 5 and 6
encode the structural proteins S (spike protein), E (envelope
protein), M (membrane protein) and N (nucleoprotein),
respectively (Masters, 2006). The FCoV ORFs 3 and 7 encode
the accessory proteins 3a, 3b, 3¢, 7a and 7b with unknown
functions (Haijema et al., 2004; Dye and Siddell, 2005).
FCoV is worldwide distributed and can infect all
members of the Felidae (Heeney et al., 1990; Leutenegger
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et al., 1999; Kennedy et al., 2003). About 80-90% of cats in
catteries and 10-50% of cats in single cat households are
seropositive. Based on serology, two serotypes of FCoV
(types I and II) can be distinguished. While type I FCoV
accounts for the vast majority of infections in the field
(Rottier, 1999), type Il FCoV is less common. About 5-10%
of FCoV infected cats sporadically develop FIP, mostly
within the first two years of their life (Pedersen, 2009). It
has been demonstrated that FECV and FIPV are virulence
variants (biotypes or pathotypes) of the same virus.

FECV replicates mainly in intestinal epithelial cells,
while FIPV replicates efficiently in macrophages and is
disseminated throughout the host (Dewerchin et al., 2005;
Rottier et al., 2005). Infection of cats with the enteric virus
generally leads to inapparent infection or mild enteric
symptoms. FIP, however, is characterized by fibrinous
serositis with protein-rich effusions in body cavities (“wet
form”) and/or granulomatous-necrotizing inflammatory
lesions in several organs (“dry form™) (Pedersen, 1987;
Pedersen et al., 2009). FIP represents the leading viral cause
of death in domestic cats.

Comparative sequence analyses suggest that the
highly virulent FIPV arises by mutation from the low
virulent FECV (Vennema et al., 1998). Point mutations
and/or deletions have been identified in the accessory
genes, the spike protein gene and the membrane protein
gene of FIPV (Herrewegh et al., 1995a; Vennema et al.,
1998; Kennedy et al., 2001; Rottier et al., 2005; Brown
et al., 2009; Pedersen et al., 2009, 2012; Chang et al.,

Table 1

2010, 2011, 2012; Brown, 2011; Takano et al., 2011;
Licitra et al., 2013). Special attention has been paid to the
ORF3c gene which is heavily affected in the majority of
FIPVs but intact in FECVs (Pedersen et al., 2009, 2012;
Chang et al., 2010).

The so-called “internal mutation theory” has been
questioned by an alternative “circulating virulent-aviru-
lent FCoV” hypothesis. According to the latter harmless as
well as virulent strains of FCoV circulate in a population,
and only individuals infected by virulent strains will
develop the disease (Brown et al., 2009). This conclusion
was based on sequencing ORF7 and the M gene. The results
which led to this hypothesis were questioned by others
(Chang et al., 2011).

To detect possible marker mutations that correlate with
FIPV we conducted a comprehensive analysis of the
accessory genes from several FCoV samples. Furthermore,
the S2 domain of the S gene as well as the M gene was
examined.

2. Materials and methods
2.1. Sample collection

For comparison of nucleotide (nt) and amino acid (aa)
sequences of FECV and FIPV samples, faeces and/or ascites
samples from clinically healthy cats as well as from cats
suffering from FIP were collected (Table 1). Faecal samples
from healthy FCoV-infected cats (n=20, FECV-1 to -20)

Samples, regions sequenced and accession numbers. Isolates from healthy cats are designated as FECV. Isolates from cats with FIP are designated as FIPV
(F=faeces derived, A = ascites derived). In the case of the S gene the S2 domain comprising HR1 and 2 or only HR1 and/or HR2 plus adjacent regions and/or a
short fragment including nucleotide 23531 were sequenced as indicated in brackets. n.s.: not sequenced.

FECV sample S gene ORF3 M gene ORF7 FIPV sample S gene ORF3 M gene ORF7
FECV-1 n.s. KJ665813  n.s. KJ665779  FIPV-1F KJ665867 (S2) KJ665834 n.s. KJ665796
FECV-2 (23531) KJ665814 n.s. n.s. FIPV-1A KJ665868 (S2) KJ665833  n.s. KJ665795
FECV-3 n.s. KJ665815 n.s. n.s. FIPV-2A KJ665869 (S2) KJ665839  KJ665811 KJ665797
FECV-4 (23531) KJ665816  n.s. n.s. FIPV-3F KJ665870 (S2) KJ665836 KJ665812  KJ665799
FECV-5 KJ665862 (S2) KJ665817 KJ665806 KJ665785  FIPV-3A KJ665871 (S2) KJ665835 n.s. KJ665798
FECV-6 n.s. KJ665818 n.s. KJ665786  FIPV-4A KJ665872 (HR2) KJ665840 n.s. KJ665800
FECV-7 n.s. KJ665819 n.s. n.s. FIPV-5A n.s. KJ665841 n.s. n.s.
FECV-8 n.s. KJ665820 n.s. n.s. FIPV-6A n.s. KJj665842 n.s. n.s.
FECV-9 n.s. KJ665821 n.s. n.s. FIPV-7F KJ665873 (S2) KJ665837 n.s. KJ665801
FECV-10 n.s. KJ665822 n.s. n.s. FIPV-8F n.s. KJ665844 n.s. n.s.
FECV-11 n.s. KJ665823 n.s. n.s FIPV-8A n.s. KJj665843 n.s. n.s.
FECV-12 KJ665863 (HR1/2) KJ665824 KJ665802 KJ665780  FIPV-9F n.s. KJj665846 n.s. n.s.
FECV-13 (23531) KJ665825 n.s. n.s. FIPV-9A n.s. KJ665845 n.s. n.s.
FECV-14 KJ665864 (HR1/2) KJ665826  KJ665803 KJ665781  FIPV-10F n.s. KJ665848 n.s. n.s.
FECV-15 n.s. KJ665827 n.s. n.s. FIPV-10A n.s. KJ665847 n.s. n.s.
FECV-16 KJ665865 (HR1) KJ665828 n.s. KJ665782  FIPV-11A n.s. KJj665849 n.s. n.s.
FECV-17 (23531) KJ665829 n.s. n.s. FIPV-12F KJ665874 (HR2) KJ665838 KJ665808 KJ665788
FECV-18 (23531) KJ665830 n.s. n.s. FIPV-12A KJ665875 (HR2) KJ665850 K]J665807  KJ665787
FECV-19 KJ665866 (S2) KJ665831 KJ665804 KJ665783  FIPV-13F n.s. KJ665851 n.s. n.s.
FECV-20 n.s. KJ665832 KJ665805 KJ665784  FIPV-14F KJ665876 (S2) KJ665852  n.s. KJ665789
FIPV-15F KJ665881 (S2) KJ665853  n.s. KJ665791
FIPV-15A KJ665877 (S2) KJ665854  KJ665809  KJ665790
FIPV-16F KJ665878 (S2) KJ665855 n.s. KJ665792
FIPV-17F (23531) KJ665857 n.s. n.s.
FIPV-17A KJ665879 (S2) KJ665856  n.s. KJ665793
FIPV-18F n.s. KJ665859  n.s. n.s.
FIPV-18A KJ665880 (S2) KJ665858 KJ665810 KJ665794
FIPV-19F n.s. KJ665861 n.s. n.s.
FIPV-19A n.s. KJ665860  n.s. n.s.
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originated mostly from two different catteries (cattery 1:
FECV-1 to -7; cattery 2: FECV-12 to -18). Samples from
FIPV infected cats (n=19) were provided from the Small
Animal Clinic of the JLU Giessen (faeces and ascites) or
were obtained from the diagnostic laboratory of our
institute. For 10 FIP cats we could obtain both faecal and
ascites samples, both being subjected to analysis.

2.2. Isolation of RNA

Faecal samples were diluted 1:10 in phosphate buffered
saline and vortexed. After centrifugation for 10 min at
4000 U/4 °C RNA was extracted from 140 .l of the super-
natants using the Viral RNA Mini Kit (Qiagen) according to
the manufacturer’s instructions. Ascites samples were
directly applied to RNA extraction. RNA was stored at
—20°C until use.

2.3. Amplification and cloning of ORF3, ORF7, M and S2
domain of spike

ORF3, ORF7, M and S gene sequences were amplified
from RNA samples using nested RT-PCR protocols. Due to a
limited amount of material in some samples analyses of all
available genomes was not possible. We first concentrated
on the 3c gene and subsequently further analyzed
genomes from FIP samples with deletions in 3c as well
as with a complete 3c gene. For FECV, samples were chosen
randomly. Primers were designed using the PrimerExpress
software (Applied Biosystems (Life Technologies)). Primer
sequences are listed in Table 2.

RT-PCR was performed following an in-house protocol
essentially as described earlier (Becher et al., 1997).
Reverse transcription of 2.5 il RNA was performed after

heat-denaturation (3 min/94 °C, 2 min/4 °C) in the pres-
ence of 0.5 pl reverse primer (50 mM) by adding RT mix
(final concentration 50 mM Tris (pH 8.3), 75 mM KCl, 3 mM
MgCl,, 10mM DTT, 2mM dNTPs), 10U RNaseOUT™
recombinant Ribonuclease Inhibitor (Invitrogen) and
50U reverse transcriptase (SuperScriptll, Invitrogen)
for 30 min at 42 °C. Reverse transcription was terminated
by heating to 80 °C for 2 min. Subsequently 0.5 .l forward
primer (50 mM) and 1 U Taq Polymerase (Biotherm) were
added together with PCR mix (final concentration 25 mM
Tris (pH 8.3), 50 mM KCl, 2.5 mM MgCl,, 1.8 mM dNTPs,
0.1% Triton X 100, 0.02% BSA). Amplification conditions
were 30 cycles of denaturation at 94 °C for 30 s, annealing
at 50-55 °C for 30s and extension at 72 °C for 30-90s.

Nested PCR was done using 2.5 .l of the first round
product, 0.5l of both forward and reverse primer
(50 wM), 2 mM dNTPs and 1 U Taq Polymerase (Biotherm)
in PCR buffer (Biotherm). Amplification conditions were 30
cycles of denaturation at 94 °C for 30 s, annealing at 50-
55 °C for 30's and extension at 72 °C for 30-90s.

For ORF3, a cDNA was generated using reverse primer
SM-r1 at 42°C for 30 min. Subsequently, a PCR was
performed (94 °C, 30 s/55 °C, 30 s/72 °C, 90's; 30 cycles) by
addition of forward primer S-TMD-2. In a second step,
2.5 pl of the reaction was applied to a nested PCR using
reverse primer SM-r2 and forward primer S-TMD-1
amplifying a 1.3 kb fragment. For amplification of ORF 7,
reaction conditions were as described above. cDNA was
obtained using reverse primer 211 (Herrewegh et al.,
1995a); for PCR forward primer N1-sense was added.
Nested PCR was performed using reverse primer 204
(Herrewegh et al., 1995a) and forward primer N2-sense
which led to a 1.4 kb fragment. The 3’-terminal part of the
spike gene was amplified as described above with primers

Table 2

Primers used in this study. Numbers refer to position in FCoV laboratory strain Black genome (accession number EU186072).
Primer Sequence (5'-3") Position Black genome (EU186072) Reference
SM-r1 TTTGCATAAAGGTCTTATAGGCATC 26012-26036 This study
S-TMD-2 TGGCTCAACAGGATTGAAACTTATG 24583-24607 This study
SM-r2 ACCCAAATTGCAACATACCATGC 25953-25975 This study
S-TMD-1 TGGCCTTGGTATGTGTGGCTAC 24613-24634 This study
N1-sense GCCAACAAACACACCTGGAAG 27569-27590 This study
N2-sense AACTTTGGTGATAGTGATCTCG 27648-27669 This study
3a-8rev GCCWATRGACTTGACAGTGTCCAT 24809-24833 This study
S702sense TGCACTGATTATAACATATATGG 22507-22529 This study
S1464rev GTGAATGTGAACCTTTTCAATAGG 24772-24795 This study
S726sense GGCCTTTACTACACATCTATTAGTG 22579-22603 This study
SC-3a-sense GGTCTTGGCACTGTGGATGATGATTA 23374-23399 This study
SC-3a-rev ATCACTCATCTGAGGTTTTCTAGGTTG 24259-24285 This study
SC-3b-sense TGTGCCCAATATTACAATGGCATAATGG 23440-23467 This study
SC-3b-rev TTACGAGGAGTCACCATATACGT 24229-24251 This study
SC-4a-sense GTGACGGCATGGTCAGGAATATGTGTT 24142-24168 This study
SC-4b-sense TATGCATATGTGTTGAAAGAYTT 24178-24200 This study
FCoV-M-03F ATGATGCCTATAAGACCTTTATGC 26009-26032 This study
FCoV-M-04R ACGTCTTTTGGAAGGTTCATCTCC 26919-26942 This study
FCoV-M-06R TGACGCGTTGTCCCTGTG 26896-26913 This study
p204 GCTCTTCCATTGTTGGCTCGTC 29138-29159 Herrewegh et al. (1995a)
p211 CACTAGATCCAGACGTTAGCTC 29156-29177 Herrewegh et al. (1995a)
Chang-sense CAATATTACAATGGCATAATGG 23446-23467 Chang et al. (2012)
Chang-antisense CCCTCGAGTCCCGCAGAAACCATACCTA 24033-24060 Chang et al. (2012)
Chang-nested-sense GGCATAATGGTTTTACCTGGTG 23458-23479 Chang et al. (2012)
Chang-nested-antisense TAATTAAGCCTCGCCTGCACTT 23579-23600 Chang et al. (2012)
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3a-8rev and S702sense in the first round at an annealing
temperature of 50°C (product of 2.3 kb), and primers
S1464rev and S726sense in the nested PCR step with
annealing at 53 °C (product of 2.2kb). In some cases
amplification of the complete S2 domain failed; therefore
only putative heptad repeat regions HR1 and/or HR2 were
amplified. For amplification of HR1, primers SC-3a-sense
and SC-3a-rev, and in a nested step SC-3b-sense and SC-
3b-rev were used. For amplification of HR2, primers SC-4a-
sense and 3a-8rev, and for nested PCR SC-4b-sense and
S1464rev were utilized.

For amplification of the genomic region comprising
position 23531 (nt 23535 inreference strain Black (accession
number EU186072; Tekes et al., 2008)), primers Chang-
sense and Chang-antisense were used amplifying a 615 bp
fragment (reference: Black (EU186072)) followed by a
nested PCR using primers Chang-nested-sense and Chang-
nested-antisense (product of 143 bp) (Chang et al., 2012). In
both RT-PCR and nested PCR an annealing temperature of
50°C was used according to the protocol by Chang et al.
(2012).

The matrix protein gene was amplified using primers
FCoV-M-03F and FCoV-M-04R amplifying a 934 bp frag-
ment. A semi-nested PCR was conducted using primers
FCoV-M-03F and FCoV-M-06R (905 bp).

PCR and nested PCR products were analyzed on 1-1.5%
agarose gels stained with ethidium bromide following
standard protocols. Nested RT-PCR products were further
processed by cloning into vector pGEM-T easy using the
pGEM-T easy Cloning Kit (Promega) following the man-
ufacturer’s instructions. Plasmid DNA was obtained using
the QIAprep Spin Miniprep Kit (Qiagen) according to the
manufacturer’s instructions.

2.4. Sequencing of ORF3, ORF7, M and spike cDNA

Sequencing was performed using the Thermo Seque-
nase Kit (GE Healthcare) with IRD-800 labelled standard
primers M13 and M13reverse (94 °C, 2 min, 1 cycle; 94 °C,
155/56°C, 155/70°C, 30s; 30 cycles) for at least three
independent cDNA clones each in a DNA sequencing device
Li-COR 4000L (MWG Biotech). Sequences were analyzed
using BaselmagIR V4.2 ImageAnalysis (LICOR) and after-
wards analyzed using the HUSAR package (DKFZ, Heidel-
berg, Germany). Later samples were applied to external
sequencing (Qiagen). Consensus sequences of three inde-
pendent clones for each reaction were created and
compared to each other. Sequences have been submitted
to GenBank; the referring accession numbers are listed in
Table 1.

3. Results

Faecal samples from 20 healthy FECV-infected cats
were applied to sequence analyses of the accessory protein
genes 3a, 3b, 3¢, 7a and 7b, the S2 region of the spike (S)
protein gene and the membrane (M) protein gene. Faecal
(F) samples and ascites (A) from 19 cats with FIP were also
tested including 10 animals, where paired samples
comprised ascites as well as faeces from the same animal
(n=20) and nine animals, where only either ascites (n=5)

or faeces (n=4) was available. Sequences were submitted
to GenBank; samples, regions sequenced and the respec-
tive accession numbers are listed in Table 1. In order to
obtain reliable data each sequence represents a consensus
sequence of three independent clones.

3.1. Analysis of accessory genes

Comparison of the ORF3a of FECV and FIPV field viruses
revealed nucleotide exchanges. In five out of 29 FIPV
samples (FIPV-6A, -10F/-10A, -11A, -15A), the putative 3a
translation product was truncated due to point mutations
resulting in stop codons (Table 3).

For ORF3b, 10 FIPV samples showed nucleotide dele-
tions at the 3’-terminus resulting in early termination of
the translation product, while FECV samples did not
exhibit deletions. For three FIPVs some of these deletions
were also found in the respective faeces samples (deletion
in 3b of FIPV-15F/A, -17F/A, -19F/A). In case of FIPV-13F the
mutation affected the stop codon of 3b leading to
elongation of this gene (Table 3).

According to earlier studies ORF3c of FIPV is often
affected by various mutations while FECV exhibits an
intact 3c gene (Chang et al., 2010; Pedersen et al., 2012).
In the case of FIPV-5A and FIPV-6A, deletions comprised
the termination signal of 3b as well as the start codon of
3¢, which abolishes translation of 3c. Similarly, FIPV-13F
and FIPV-18F/A displayed point mutations which
destroyed the start codon of 3c. Deletions found in
ORF3c in the other samples always led to a shift in the
reading frame with subsequent early termination. In
three cases (FIPV8F/A, -9F/A and -18F/A) these deletions
were also present in the respective faecal samples.
However, like all FECV samples, most viruses derived
from faecal samples of cats with FIP (FIPV-1F, -3F, -7F, -
10F, -12F, -14F, -15F, -16F, -17F and -19F) showed intact
3c genes. Two ascites derived viruses from cats with FIP
(FIPV-1A, -3A) exhibited an intact ORF3c. A summary of
the mutations detected within ORF3 of FIPV samples is
listed in Table 3.

For selected samples ORF7 was analyzed. Eight FECV
samples were chosen randomly (FECV-1, -5, -6, -12, -14, -
16, -19 and -20), while FIPV sequences were determined
from either genomes with deletions in 3c (FIPV-2A, -4A, -
12A, -15A, -17A and -18A) as well as with a complete 3¢
gene (FIPV-1F, 1A, -3F, -3A, -7F, -12F, -14F, -15F and -16F).
A comparison of FECV and FIPV samples revealed changes
in the nucleic acid sequences which led to single aa
exchanges. Within ORF7a, aa exchanges were found at
positions 9, 12 and 47 (Fig. 1A). At position 9, the analyzed
FECV samples and five FIPV samples possess a phenylala-
nine (F) residue, while the other FIPV samples have a
leucine (L). Phenylalanine (F) instead of leucine (L) was
also present for three FECV viruses (FECV-1, -5 and 6) at
position 29. In some samples (FECV as well as FIPV) alanine
(A) was present instead of valine (V) (position 12) and a
change from serine (S) to asparagine (N) could be detected
at position 47.

ORF7b displayed a higher number of aa differences
when FECV and FIPV samples are analyzed (Fig. 1B).
Interestingly, one particular change was detected at
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Table 3

Sequence analyses of 3abc genes FIPV samples. Deletions affecting two genes are listed in both columns. Numbering of the nucleotides refers to complete
ORF3, beginning with the first nucleotide of gene 3a and ending with the last nucleotide of gene 3c. The impact of mutations on putative translation
products is given as number of encoded amino acids. Alterations of 3a (70 aa), 3b (73 aa) or 3c (237 aa) are indicated by grey colour.

Sample Gene 3a Gene 3b Gene 3¢
Changes in Number of Changes in Number of Changes in nt sequence Number of
nt sequence encoded aa nt sequence encoded aa encoded aa
FIPV-Black - 70 A334-395 289 A334-395 See 3b
FIPV-1F - 70 - 73 - 237
FIPV-1A - 70 - 73 - 237
FIPV-2A - 70 - 73 A833-834, A884-907 161
FIPV-3F - 70 - 73 - 237
FIPV-3A - 70 - 73 - 237
FIPV-4A - 70 - 73 A744-748 132
FIPV-5A - 70 A348-393 64 A348-393 -
FIPV-6A 184-186 stop 61 A341-395 61 A341-395, A835-836, A1001-1003 -
FIPV-7F - 70 - 73 - 237
FIPV-8F - 70 - 73 955-957 stop 192
FIPV-8A - 70 - 73 955-957 stop 192
FIPV-9F - 70 - 73 A884-908 172
FIPV-9A - 70 - 73 A884-908 172
FIPV-10F 190-192 stop 63 - 73 - 237
FIPV-10A 190-192 stop 63 - 73 427-429 stop, A884-885 16
FIPV-11A 106-108 stop 35 - 73 694-696stop 105
FIPV-12F - 70 - 73 - 237
FIPV-12A - 70 - 73 A586-587 74
FIPV-13F - 70 A337-339 81 Start codon mutated, A886-912 -
FIPV-14F - 70 A337-339 72 - 237
FIPV-15F - 70 A337-339 72 - 237
FIPV-15A 142-144 stop 47 A337-339 72 A739-745 127
FIPV-16F - 70 A337-339 72 - 237
FIPV-17F - 70 A337-339 72 - 237
FIPV-17A - 70 A337-339 72 A834 155
FIPV-18F - 70 - 73 Start codon mutated, A749-751 -
FIPV-18A - 70 - 73 Start codon mutated, A749-751 -
FIPV-19F - 70 A337-339 72 - 237
FIPV-19A - 70 A337-339 72 A705-730 108
A
1 50 100
FECV1 MLVFLHAV[EVTRLILLLIGRIQLLERLLESHLLNLTTVSNVLGVPDS|SLRVNCLQLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALE*
FECV5 MLIFLHAV[EVTALILLLIGRIQLLERLLESHLLNLTTVSNVLGVPDS|SLRVNCLOLLKPDCLDFNILHKVLAEPRLLVVVLRVLFLVLLGFSCYTLLGALE*
FECV6 MLVFLHAV[EVTALILLLIGRIQLLERLLESHLLNLTTVSNVLGVPD|S|SLRVNCLOLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALE*
FECV12 MLVFLHAV[EVTJLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDNSLRVNCLQLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALF*
FECV14 MLVFLHAVEVTJLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDNSLRVNCLQLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALF*
FECV16 MLVFLHAV[EVTVLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDNSLRVNCLQLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALE*
FECV19 MLVFLHAV[EVTALILLLIGRIQLLERSLLSHLLNLTTVSNVLGVPDS|SLRVNCLQLLKPDCLDFKILHKVLAETRLLVVVLRVIFLVLLGFSCYILLGALE*
FECV20 MLVFLHAV[EVTVLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDNSLRVNCLQLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALE*
FIPVIF MIVFLHAVJVTALILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPD|S|SLRVNCLQLLKPDCLDFNILHKVLAETRLLVVLLRVIFLVLLGFSCYTLLGALF*
FIPVIA MIVFLHAVJVTALILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDS|SLRVNCLQLLKPDCLDFNILHKVLAETRLLVVLLRVIFLVLLGFSCYTLLGALE*
FIPV2A MLVFLHAV[JVTALILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDS|SLRVNCLQLLKPDCLDFNILHKALAETRLLVVVLRVIFLVLLGFSCYILLGALE*
FIPV3F MLVFLHAVIVTVLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDSSLRVNCLQLLKPDCLDFNILHRALAETRLLVVVLRVIFLVLLGFSCYTLLGALF*
FIPV3A MLVFLHAVVIALILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPD|S|SLRVNCLQLLKPDCLDFNILHKALAETRLLVVVLRVIFLVLLGFSCYTLLGALE*
FIPV4A MLVFLHAVIVTALILLLIGRIQLLERLLLSHLLNLTTVSNVSGVPD|S|SLRVNCLQLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALEF*
FIPV/F MLVFLHAI[VTALILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDS|SLRVNCLQLLKPDCLDFNILHKVLAETRLLVVALRVIFLVLLGFSCYTLLGALE*
FIPV12F MLVFLHAVFVT|VLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDNSLRVNCLQLLRPDCLDFDILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALE*
FIPV12A MLVFLHAV[EVTVLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDNSLRVNCLOLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALF*
FIPV14F MLVFLHAVJVTALILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDNSLRVNCLQLLKPDCLDFNILHKVLAEIRLLVVVLRVIFLVLLGFSCYTLLGALE*
FIPV15F MLVFLHAVHVTRLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDS|SLRVNCLQLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALF*
FIPV15A MLVFLHAVFVTLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDS|SPRVSCLQLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALE*
FIPV16F MLVFLHAV[JVTLILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDS|SLRVNCLQLLKPDCLDFNILHKVLAEIRLLVVVLRVIFLVLLGFSCYTLLGALE*
FIPV17A MLVFLHAVEVTALILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDS[SLRVNCLQLLKPDCLDFNILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALF*
FIPV18A MEVFIHAVFVTALILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPDNSLRVNCLOLLKPDCLDENILHKVLAETRLLVVVLRVIFLVLLGFSCYTLLGALE*
Black MLVFLHAVLVTALILLLIGRIQLLERLLLSHLLNLTTVSNVLGVPD[S|SLRVNCLOLLKPDCLDFNILHKVLAEIRLLVVVLRVIFLVLLGFSCYTLLGALF*

Fig. 1. Sequence alignments of accessory proteins 7a (A) and 7b (B). Complete 7a comprises 101 aa, complete 7b comprises 206 aa residues. Residues
diverging from the consensus are highlighted by grey boxes. For 7a, aa at positions 9, 12 and 47 and for 7b at position 170 are highlighted by translucent
boxes (see text). 7b of FIPV-Black and FIPV-16F is truncated to 35 residues. Accession number of reference strain Black: EU186072.
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1 50
FECV1 MIVVLLVCGFLANGIKATDVQYDLHEHPVLTWELLQHFVGHTLYITTHQIVALPLGSRVECESVEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDNEFY
FECV5 MIVVLLVCGFLANGIKATDVQYDLHEHPVLTWELLQHFVGHTLYITTHQILALPLGSRVECESVEGLNCTWPGFQNPAHDHIDFYFDLSDPFYSFVDNEY
FECV6 MIVVLLVCGFLANGIKATDVQHDLHEHPVLTWDLLQHFTGHTLYITTHQILALPLGSRVECESVEGFNCTWPGFQNPAHDHIDFYFDLSDPFYSFVDNEY
FECV12 MVVVLLVCVFLANGIKATTVONDEHEHPVLTWDLLTINFVGHTLYITTHQVLALPLGSRVECESIEGLNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDNEY
FECV14 MVVVLLVCVFLANGIKATTVONDFHEHPVLTWDLLQHFVGHTLYITTHQVLALPLGSRVECEGIEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDNFY
FECV16 MVVVLLVCVFLANGIKATTVONDFHEHPVLTWDLLQHFVGHTLYITTHQVLALPLGSRVECEGIEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDNFY
FECV19 MIVVLLVCVFLANGIKAVDVQHDPHEHPVLTWELLQHFVGHTLYITTHQTLALPLGSRVECESVEGFNCTWPGFQNPAQDHIDFYFDLSNPFYSFVDNFY
FECV20 MVVVLLVCVFLANGIKATTVONDEHEHPVLTWDLLQHFVGHTLYITTHQVLALPLGSRVECESIESFNCTWPGFQNPAHDHVDFYFDLSNPFYSFVDNFY
FIPVIF MIVLFLVCVFLSNGIKSTNAQNDLHEHPVLTWELLQHFVGRTLYITTHQVLALPLGSRVECESVEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDNFY
FIPVIA MIVLELVCVFLSNGIKSTNAQONDLHEHPVLTWELEQHFVGRTLYITTHQVLALPLGSRVECESVEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDNFY
FIPV2A MIVVLLVCVFLANGIRATTVQHDLHEHPVLTWELLQHFVGHTLYITTHQILALPLGSRVECESIEGFNCTWPGFQNSAHDHIDFYFDLSNPFYSFVDSFY
FIPV3F MIVVFLVCVFLASGIRATTVQHDPHEHPVLTWELLQHFIGHTLYITTHQILALPLGSRVECESVEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDSFY
FIPV3A MIVVELVCVFLASGIRSTTVQHDLHEHPVLTWELLQHFIGHTLYITTHQILALPLGSRVECESVEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDSFY
FIPVAA MIVVELVCVFLANGIRATTVQHDEHEHPVLTWELLQHSIGHTLYITTNQILALPLGSRVECESVEGFNCTWPGFQNPVHDHIDFYFDLSNPFYSFVDNFY
FIPV7F MIVVYLVCVFLANGIRATTVQHDLHEHPVLTWELLQHFIGHTLYITTHQILALPLGSRVECESVEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDNFY
FIPV12F MVVVLLVCVFLANGIKATTVQNDFHEHPVLTWDLLONFVGHTLYITTHQVLALPLGSRVECESIEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDNEFY
FIPVI2A MVVVLLVCVFLANGIKATTVQNDFHEHPVLTWDLLOHFVGHTLYITTHQVLALPLGSRVECESIEGFNCTWPGFONPAHDHIDFYFDLSNPFYSFVDNEFY
FIPV14F MIVVLLVCVFLANGIKATTVQPDTHEHPVLTWDLLOHFIGHTLYITTYQILALPLGSRVECESIEGFNCTWPGFONPAHDHIDFYFDLSNPFYSFVDEFY
FIPV15F MIVVLLVCGFLANGIKAIDGQYNPHEHPVLTWELLQHFVGHTLYITTHQILALPLGSRVECESVEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDEFY
FIPV15A MIVVLLVCGFLANGIKAIDGQYNPHEHPVLTWELLQHFVGHTLYITTHQILALPLGSRVECESVEGFNCTWPGFQONPAHDHIDFYFDLSNPFYSFVDNEFY
FIPV16F MIVVLLVCVFLANGIKATTVQPDTHEHPVLTIDSL* ~ v n v ma s ae v o v o v v v e 0 0 0 0 0 e
FIPV17A MIVVLLVCGFLANGIKAIDGQYNPHEHPVLTWELLQHFVGHTLYITTHQILALPLGSRVECESVEGFNCTWPGFQNPAHDHIDFYFDLSNPFYSFVDKEFY
FIPV18A MIVAIEVCVFLANGIKANTVLHDPHEHPVLTWELLQHFVGNTLYITTHQILALPLGSRVECESIEGFNCTWPGFQKSAHGHIDFYFDLSDPFYSFVDNEY
Black MIVVLLVCVFLANGIKATTVQPRDTHEHPVLTIDLLH ~~ v nma s a0 0 0 0 N
101 150
FECV1 IVGDGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDRDFQHPVSGRYLECTHRVYFVKYCP
FECV5 IVGDGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDRDFQHPVSGRHLECTHRVYFVKYCP
FECV6 IVGDGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDRDFQHPVSGRHLECTHRVYFVKYCP
FECV12 IVGEGNQRINLRLVGAVPKQKRLNVGCYTPFAVDLPFGTQIYHDRDFQHPVNGRHLECTHRVYFVKYCP
FECV14 IVGEGNQRINLRLVGAVPKQKRLNVGCYTPFAVDLPFGAQIYHDRDFQHPVNGRHLECTHRVYFVKYCP
FECV16 IVGEGNQRINLRLVGAVPKQKRLNVGCYTPFAVDLPFGARIYHDRDFQHPVNGRHLECTHRVYFVKYCP
FECV19 IVGEGNYRINLRLVGAVPKQKRLNVGCHQSFAVDLPFGTQIYHDKDFQYPVEGGHLECTHRVYFVKYCP
FECV20 IVGEGNQRINLRLVGAVPKQKRLNVGCYTPFAVDLPFGTQIYHDKDFQHPVNGRHLECTHRVYFVKYCP
FIPVIF IVGEGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDSEFQHPVSGRHLECAHRVYFVKYCP
FIPV1A IVGEGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDSEFQHPVSGRHLECAHRVYFVKYCP
FIPV2A IVGEGNQRINLRLVGAVPKQKRLNVGCHTSFGVDLPFGTQIYHDRDFQHPVSGRHLDCTHRVYFVKYCP
FIPV3F IVGEGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDRDFQHPVDGRHLACTHRVYFVKYCP
FIPV3A IVGEGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDRDFQHPVDGRHLACTHRVYFVKYCP
FIPV4A IVGDGNQRINLRLVGAVPKQKRLNVGCYTSFAVDLPFGTQIYHDRDFONPVNGRHLECTHRVYFVKYCP
FIPV7F IVGEGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYYDRDFQHPVSGRHLDCTHRVYFVKYCP
FIPV12F IVGEGNQRINLRLVGAVPKQKRLNVGCYTPFAVDLPFGTQIYHDRDFQHPVNGRHLECTHRVYFVKYCP)
FIPV12A IVGEGNQRINLRLVGAVPKQKRLNVGCYTPFAVDLPFGTQIYHDRDFQHPVNGRHLECTHRVYFVKYCP)
FIPV14F IVGEGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDRDFQHPASGRHLECTHRVYFVKYCP)
FIPV15F IVGEGNQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDRDFQHPASGRHLECTHRVYFVKYCP)
FIPV15A IVSGGNQRINLRIVGAVPKQKRLNVGCHRPFAVDLPFGTQIYHDRDFQHPVSGRHLECTHRVYFVKYCP)
FIPVLOE  mv v m s v v v v 0 0 8 0 8 0 0 N
FIPV17A IVSGGNQRINLRIVGAVPKQKRLNVGCHRPFAVDLPFGTQIYHDRDFQHPVSGRHLECTHRVYFVKYCP)
FIPV18A IVGEGTQRINLRLVGAVPKQKRLNVGCHTSFAVDLPFGTQIYHDRDFQHPVNGRHLECTHRVYFVKYCP)
BLaCK  ~rm e s N e e e e

Fig. 1. (Continued).
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position 170. The tyrosine (Y) residue found in seven out of
eight investigated FECV strains (except FECV-19) and three
FIPV samples originating from faeces (FIPV-12F, -14F, -15F)
was replaced by a histidine (H) in seven out of eight
ascites-derived FIPV samples (except -12A). Almost all
investigated genomes contained complete 7a and 7b genes
resulting in full-length translation products except for
FIPV-16F, which encodes a translational stop codon in 7b.

3.2. Analysis of S2-domain of spike protein

For analysis of the spike protein gene we focussed on
2.2 kb of the C-terminal half since this region has been
suggested to be the determinant for efficient infection of
macrophages by FCoV (Rottier et al., 2005). The analyses
comprised FIPV strains with deletions in 3¢ (FIPV-2A, -4A

(only HR2), -12A, -15A, -17A and -18A) as well as FIPV
strains with intact 3c genes (FIPV-1F/A, -3F/A, -7F, -12F
(only HR2), -14F, -15F and -16F). S2 sequences were also
analyzed from FECV samples -5, -12, -14, 16 (only HR1)
and -19.

The sequences comprised the functionally important
heptad repeat regions called HR1 and HR2 (Fig. 2A and B).
Several single nucleotide exchanges, some resulting in aa
exchanges, were found, but did not correlate with either
FECV or FIPV. Special attention was paid to aa position
1045 (nt 23535 of the complete genome of reference strain
Black (EU186072)) within the putative fusion peptide
which was found to be a hotspot for differentiation
between FECV and FIPV biotype (Chang et al., 2012). 10
FECV (FECV-2, -4, -5, -12, -13, -14, -16, -17, -18 and -19)
and 13 FIPV (FIPV-1F, -1A, -2A, -3F, -3A, -7F, -14F, -15F, -
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15A, -16F, -17A, -17F and -18A) samples were analyzed. All
but one (FECV-16) FECV samples harboured an A
residue leading to methionine (M), while all but one
(FIPV-3A) ascites-derived FIPV samples displayed a T
residue resulting in leucine (L). Three faeces-derived FIP
viruses (FIPV-14F, -15F and -17F) encode methionine (M)
at the respective position just like the FECV samples
(Table 5).

Interestingly the aspartate (D) residue (aa position 1108
in spike protein of strain Black) found in all FECV sequences
was substituted by an aromatic tyrosine (Y) residue in
FIPV-2A, -3F, -16F, -17A, and -18A (Fig. 2A). It is located
within a stretch of 14 aa unique to alphacoronaviruses
which is present within HR1 (Fig. 2A).

Table 4 displays a summary of the different mutations
found in ORF3, ORF7 and spike protein genes of FIPV
samples including enteric and systemic viruses of the same
animals.

3.3. Analysis of M protein gene

Five aa positions within the M protein have been
suggested to be hotspots for mutations (positions 108,
120,138,163 and 199) (Brown et al.,2009). We analyzed the
M gene of the following samples: FECV-5,-12,-14,-19and -
20; FIPV-2A, -3F, -12F, -12A, -15A and -18A. After RT-PCR a
677 bp fragment of the M protein gene was obtained; the
region examined encompassed 207 of 263 aa of the M
protein (numbers for serotype I laboratory strain Black).
Sequence comparison revealed few aa exchanges which did
not discriminate between FECV and FIPV biotype (Fig. 3).

4. Discussion

The study presented here was undertaken to identify
mutations in feline coronavirus genomes which might

trigger a switch from the harmless FECV biotype to the

putative
fusion peptide heptad repeat 1
A
1020 1050 1100
FECV5 IMVLPGVVDGNKMAMYTASLIGGMA:GSITSAVAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSNAITTISEGFNTMASALTKIQSVVNQQGEALSLLTS
FECV12 IMVLPGVVDDNKMAMYTASLIGGMAMGSITSAVAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSNAITTISESFNTMASALTKIQSVVNQQGEALSQLTS
FECV14 IMVLPGVVDDNKMAMYTASLIGGMATGSITSAVAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSNAITTISESFNTMASALTKIQSVVNQQGEALSQLTS
FECV16 IMVLPGIVDGNKMAMYTASLIGGMAEGSITSAVAVPFSMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSNAVTTISEGFNTMASALTKIQSVVNQQGEALSQLTS
FECV19 IMVLPGVVDGNKMAMYTASLIGGMAMGSITSAVAVPFSMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSNAITTISBGFNTMASALTKIQSVVNQQGEALNQLTS
FIPVIF IMVLPGVVDGNKMAMYTASLIGGMAEGSITSAVAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKASNAITTISEGFNTMASALTKIQSVVNQQGEALSQLTS
FIPVIA IMVLPGVVDGNKMAMYTASLIGGMAEGSITSAVAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKASNAITTISEGFNTMASALTKIQSVVNQQGEALSQLTS
FIPV2A IMVLPGVVDQNKMAMYTASLIGGMAEGSITSAVAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSNAITTTSEGFNTMASALTKIQSVVNQQGEALSQLTS
FIPV3F IMVLPGVVDQNKTAMYTASLIGGMAEGSITSAVAVPFAMQVQARLNYVALQTDDLQENQKILANAFNNAIGNITLALGKVSNAITTTSEGFNTMASALTKIQSVVNQQGEALSQLTS
FIPV3A IMVLPGVVDQNKMAMYTASLIGGMAEGSITSAIAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSNAITTTSEGFNTMASALTKIQSVVNQQGEALSQLTS
FIPVTF IMVLPGIVDGNKMAMYTASLIGGMAEGTITSAVAVPFSMQVQARLNYVALQTDVLQENQKILANAFNNAIGSITLALGKVSNAVTAISEGFNTMASALTKIQSVVNQQGEALSQLTS
FIPV14F IMVLPGVVDGNKMAMYTASLTGGMAEGSITSAVAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSTAITTISEGFNSMASALTKIQSVVNQQGEALSQLTS
FIPV1SF IMVLPGVVDGNKMAMYTASLIGGMA@GSITSAVAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSTAITTISEGFNSMASALTKIQSVVNQQGEALSQLTS
FIPV15A IMVLPGVVDGNKMAMYTASLIGGMAEGSITSAVAVPFAMQVQAGLNYVALQTDVLQENQKILANAFNYAIGNITLALGKVPTAITTISEGFNSMAPALIKIQSVVNQQGEALSQLTS
FIPV16F IMVLPGVVDQNKTAMYTASLIGGMA?GSITSAVAVPFAMQVQARLNYVALRTDDLQENQKILANAFNNAIGNITLALGKVSNAITTTSEGFNTMASALTKTQSVVNQQGEALSQLTS
FIPV17A IMVLPGVVDQNKTAMYTASLIGGMAEGSITSAVAVPFAMQVQARLNYVALQTDDLQENQKILANAFNNAIGNITLALGKVSNAITTTSEGFNTMASALTKIQSVVNQQGEALSQLTS
FIPV18A IMVLPGVVDQNKTAMYTASLIGGMAEGSITSAVAVPFAMQVQARLNYVALQTDDLQENQKILANAFNNAIGNITLALGKVSNAITTTSYGFNTMASALTKIQSVVNQQGEALSQLTS
Black IMVLPGIVDGNKMAMYTASLIGGMAEGSITSAVAVPFSMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSNAVTTISEGFNTMASALTKIQSVVNQQGEALSQLTS
ClJe IMVLPGVVDQNKMAMYTASLIGGMAEGSITSAVAVPFAMQVQARLNYVALQTDVLQENQKILANAFNNAIGNITLALGKVSNAITTISEGFNTMASALTKIQSVVNQQGEALSQLTS
heptad repeat 1

1150 ‘\\3 1200 1250
FECV5 QLQKNFRAISSSIAEIYNRLDKVEADAQVDRLITGRLAALNAFVSQTLTQYAEVKASRQLATEKVNECVKSQSDRYGFCGNGTHLFSIVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FECV12 QLOKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNAYVSQTLTQYTEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FECV14 QLQKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNAYVSQTLTQYTEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FECV16 QLOKNFQATISSSIAEIYNRLEKAEADAQVDRLITGRLAALNAYVSQTLTQYAEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEKVTAWSGICVN
FECV19 QLQKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNAYVSQTLTQYTEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FIPVIF QLOKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNAYVSQTLTQYAEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FIPV1A QLQKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNAYVSQTLTQYAEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFSHTVLLPTEWEEVTAWSGICVN
FIPV2A QLOKNFQAISSSIAEIYNRLEKVETDAQVDRLITGRLAALNSYVSQTLTQYAEVKASRQLAMEKVNECVKSQSNRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FIPV3F QLOKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNSYVSQTLTQYAEVKASRQLAMEKVNECVRSQSNRYGSCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FIPV3A QLOKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNAYVSQTLTQYAEVKASRQLALEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FIPVTF QLOKNFQAISSSIAEIYNRLEKAEADAQVDRLITGRLAALNAYVSQTLTQYAEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEKVTAWSGICVN
FIPV14F QLQKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNAYVSQTLTQYAEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLPSTEWEEVTAWSGICVN
FIPVIS5F QLQKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNAYVSQTLTQYAEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLPSTEWEEVTAWSGICVN
FIPV1I5A QLQKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNAYVSQTLTQYAEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLPSTEWEEVTAWSGICVN
FIPV16F QLQKNFQAISSSIAEIYNRLEKVGSDAQVDRLITGRLAALNSYVSQTLTQYAEVKASRQLAMEKVNECVRSQSNRYGSCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FIPV1I7A QLQKNFQAISSSIAEIYNRLEKVEADAQVDRLITGRLAALNSYVSQTLTQYAEVKASRQLAMEKVNECVRSQSNRYGSCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
FIPVI8A QLOKNFQAISSSIAEIYNRLEKVETDAQVDRLITGRLAALNSYVSQTLTQYAEVKASRQLAMEKVNECVRSQSNRYGSCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN
Black QLQKNFQAISSSIAEIYNRLEKAEADAQVDRLITGRLAALNAYVSQTLTQYAEVKASRQLAMEKVNECVKSQSDRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEKVTAWSGICVN
ClJe QLOKNFQAISSSIAEIYNRLEKVEADAHVDRLITGRLAALNAYVAQTLTQYTEVKASRQLAMEKVNECVKSQSNRYGFCGNGTHLFSLVNSAPDGLLFFHTVLLPTEWEEVTAWSGICVN

Fig. 2. Sequence alignment of the putative fusion peptide and adjacent heptad repeat 1 (HR1) domain (A) and a part of the linker region and adjacent heptad
repeat 2 (HR2) (B) of the spike protein. Residues diverging from the consensus are highlighted by grey boxes; aa at positions 1045 and 1108 are highlighted
by translucent boxes. The putative fusion peptide and HR 1 and HR 2 domains are indicated by brackets. The leucine zipper domain in HR 2 is highlighted by
black dots. A stretch of 14 aa comprising exactly two heptad repeats which is only found in alphacoronaviruses is indicated by a black bar. Numbers refer to
amino acid position in spike protein of strain Black. Accession numbers of reference strains: Black: EU186072, C1Je: dq848678. Amino acids EY at position
1217/1218 of FECV were replaced with DH or QY in most FIPV spike proteins. Further noticeable changes were D1210N, E1267D/Q, Y1268H, N1275G,
F1295L, T1299A/S, T1308A, YTT/I to FV/SN/R/M (1310-1312), E1315D/N, Y1334H, T/AP to I/TS/T (1341/1342), N/H/DL to HF/L (1345/1346), H1444N and
S1454R/N (B).
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FECV5 AYVLKDFEYSIFSYNNTYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTIFQEIVIDYIDINKT ISDMLEQYNPNYTTPELDLQLE I FNQTKLNLTAEIDQLEQRADNLTNIAH
FECV12  AYVLKDFEYSIFSYNNTYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTTFQEIVIDYIDINKTIADMLEQYNPNYTTPELNLOLEIFNQTKLNLTAEIDQLEKRADNLTTIAH
FECV14  AYVLKDFEYSIFSYNNTYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTTFQEIVIDYIDINKTIADMLEQYNPNYTTPELNLOQLEIFNQTKLNLTAEIDQLEKRADNLTTIAH
FECV19  AYVLKDFEYSIFSYNNTYMVTPRNMFQPRKPQMSDEVQITSCEVTFLNTTYTTFQEIVIDYIDINKTIADMLEQYNPNYTAPELHLQLEIFNQTKLNLTAEIGQLEQRADNLTNIAH
FIPVIF  AYVLKDFQYSIFSYNNTYMVTPRNMFQPRKPQMSDFVQISSCEVTFLNTTYSRFQEIVIDYIDINKTISDMLEQ---=YTTPELDEQLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
FIPVIA  AYVLKDFQYSIFSYNNMYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYSRFQEIVIDYIDINKTISDMLEQ-===YTTPELDLOLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
FIPV2A  AYVLKDFDHSIFSYNGTYMVTPRNMFQPRKPQMSDLVQIASCEVTFLNATYVNFQDIVIDYIDINKTIADMLEQHNPNYTISELHFQLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
FIPV3F  AYVLKDFDHSIFSYNGTYMVTPRNMFQPRKPQMSDLVQIASCEVTFLNATEVNFODIVIDYIDINKTIADMLEQHNPNYTISELHEQLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
FIPV3A  AYVLKDFEYSIFSYNGTYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTTFQEIVIDYIDINKTISDMLEQYNENYTTIELHLOLEVFNQTKLNLTAEIDQLEQRADNLTSTAH
FIPV4A  AYVLKDFEYSIFSYNGSYMITPRNMFQPRKPQMSDFVQITSCEVTFLNATYTTFQDIVIDYIDINKTIADMLEQYSPNYTAPELDLLLEIFNQTKLNLTAEIDQLEQRADNLTTIAH
FIPVJF  AYVLKDFDHSIFSYNNTYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTMFONIVVDYIDINKTIADMLEQYYSNYTTPELDLOLEIFNQTKLNETAEIDQLEQRADNLTTIAH
FIPVI2F AYVLKDFEYSIFSYNNTYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTTFQEIVIDYIDINKTIADMLEQYNPNYTTPELNLOLEIFNQTKLNLTAEIDQLEKRADNLTTIAH
FIPV12A AYVLKDFEYSIFSYNNTYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTTFQEIVIDYIDINKTIADMLEQYNENYTTPELNLOLEI FNQTKLNLTAEIDQLEKRADNLTTIAH
FIPV14F AYVLKDFEYSIFSYNNTYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTTFQEIVIDYIDINKTIADMLEQYNPNYTTPELNLOQLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
FIPV1SF AYVLKDFEYSIFSYNNTYMVTPRNMSQPRKPQMSDFVQITSCEVTFLNTTYTTSQEIVIDYIDINKTIADMLEQYNPNYTTPELNLOQLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
FIPV1SA AYVLKDFEYSIFSYNNTYMVTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTTFQEIVIDYIDINKTIADMLEQYNPNYTTPEENLOQLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
FIPV16F AYVLKDFDHSIFSYNGTYMVTPRNMFQPRKPQMSDLVQIASCEVTFLNATFVNFQDIVIDYIDINKTIADMLEQHNPNYTISELHFQLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
FIPV17A AYVLKDFDHSIFSYNGTYMVTPRNMFQPRKPQMSDLVQIASCEVTFLNATEVNFQDIVIDYIDINKTIADMLEQHNPNYTISELHFQLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
FIPV18A AYVLKDFDHSIFSYNGTYMVTPRNMFQPRKPQMSDLVQIASCEVTFLNATEVNFQDIVIDYIDINKTIADMLEQHNPNYTISELHEQLEIFNQTKLNLTAEIDQLEQRADNLTNIAH
Black AYVLKDFDHSIFSYNNTYMVTPRNMFQPRKPOMSDFVQITSCEVTFLNTTY TMFQNIVVDY IDINKTIADMLEQYYSNYTTPELDLQLEIFNQTKLNETAEIDQLEQRADNLTTIAH
ClJe AYVLKDFESSIFSYNNTYMLTPRNMFQPRKPQMSDFVQITSCEVTFLNTTYTNFQDIVVDY IDINKTIADMLEQYNPNYTTPDEDLHIEIFNQTKLNLTAEIDQLEQRADNLSTIAH
L] L] L]
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FECVS ELQQYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVVIFCIPLLLFCCLSTGCCGCVGCLGSCCHSLCSRRQFESYEPIEKV
FECV12  ELQQYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCLGSCCHSLCSRRQFESYEPIEKV
FECV14  ELQQYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCLGSCCHSLCSRRQFESYEPIEKV
FECV19  DLQQYIDNLNKTLVDLEWLNRVETYVKWPWYVWLLIGLVVVECIPLLLFCCLSTGCCGCFGCLGSCCHSLCSRRQFENYEPIEKV
FIPVIF  ELQLYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCVGCLGSCCHSLCSRRQFESYEPIEKV
FIPVIA  ELQLYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCVGCLGSCCHSLCSRRQFESYEPIEKV
FIPV2A  ELQQYIDNLNKTEVDLEWLNRVETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCIGSCCNSLCSRRQFERYEPIEKV
FIPV3F  ELQQYIDNLNKTEVDLEWLNRVETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCIGSCCNSLCSRRQSERYEPIEKV
FIPV3A  ELQQYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCLGSCCHSLCSRRQFESYEPIEKV
FIPV4A  ELQQYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVVVFCIPLLMFCCLSTGCCGCFVCLGSCCHSLCSRRQFESYEPIEKV
FIPV/F  ELQQYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVIVFCIPLLLFCCLSTGCCGCFGCLGSCCHSLCSRRQFENYEPIEKV
FIPV12F ELQQYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCLGSCCHSLCSRRQFESYEPIEKV
FIPV12A ELQQYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCLGSCCHSLCSRRQFESYEPIEKV
FIPV14F ELQQYIDNLNKTLVDLKWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCLGSCCNSLCSRRQFESYEPIEKV
FIPV1SF ELQQYIDNLNKTLVDLKWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCLGSCCNSLCSRRQFESYEPIEKV
FIPV15A ELQQYIDNLNKTLVDLKWLNRIETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCLGSCCNSLCSRRQFESYEPIEKV
FIPV16F ELQQYIDNLNKTEVDLEWLNRVETYVKWPWYVWLLIGLVVVECIPLLLFCCLSTGCCGCFGCIGSCCNSLCSRRQSERYEPIEKV
FIPV17A ELQQYIDNLNKTEVDLEWLNRVETYVKWPWYVWLLIGLVVVFCIPLLLFCCLSTGCCGCFGCIGSCCNSLCSRRQSERYEPIEKV
FIPV18A ELQQYIDNLNKTEVDLEWLNRVETYVKWPWYVWLLIGLVVVECIPLLLFCCLSTGCCGCFGCIGSCCNSLCSRRQSERYEPIEKV
Black ELQQYIDNLNKTLVDLEWLNRIETYVKWPWYVWLLIGLVIVFCIPLLLFCCLSTGCCGCFGCLGSCCHSLCSRRQFENYEPIEKV
ClJe

E%QQYIDN%NNTLVD%EWLNRIETYVKWPWYVWLLIGLVLVFCIPSLLFCCLSTGCCGCFGCLGSCCHSLCSIRQFENYEPIEKV

Fig. 2. (Continued).

highly virulent FIPV biotype. Our work involved the
sequence analysis of several genes (3a, 3b, 3c, 7a, 7b, S2
of S protein gene, M protein gene).

The changes of ORF3c in the FIPV samples investigated
in this study were present as deletions and point mutations
(early termination or deletions comprising the start codon
of 3c¢) in accordance with the literature (Vennema et al.,
1998; Chang et al., 2010; Pedersen et al., 2012). Such
mutations could not be detected in ORF3c of FECV samples.
It has been shown before that an intact 3c gene is
considered to be essential for efficient FECV replication in
the intestinal tract, but dispensable for systemic FIPV
replication (Chang et al., 2010; Le Poder, 2011; Pedersen
et al, 2012).

Previous studies described deletions in ORF7a in FIPV
samples compared to FECV samples suggesting that
mutations of 7a might correlate with the development
of FIP (Kennedy et al.,2001). ORF7b has been speculated to
play a determining role in virulence (Vennema et al.,
1992; Herrewegh et al., 1995b). The most recent work on
ORF7b revealed small in-frame deletions in the 3’-
terminal region of 7b in some of the virulent and avirulent
FCoV strains (Lin et al., 2008). Our analysis of ORF7

showed only minor changes in the nucleic acid sequence
resulting in single aa exchanges (Fig. 1B and Table 4).
However, all investigated genomes except for FIPV-16F,
which encodes a stop codon in 7b at the same position as
laboratory strain Black (position 36), contained complete
7a and 7b genes.

Subsequently, we analyzed the S2 domain of the S
glycoprotein from FECV as well as from several FIPV
samples. Previously, Vennema et al. (1998) found deletions
and point mutations of the S genes of FIPV compared to
FECV. By comparison of the highly virulent strain 79-1146
(FIPV) and the enteric strain 79-1683 (FECV) 10 aa
exchanges were detected in the S2 domain (Rottier
et al, 2005). In our analyses, we could not identify
mutations of these residues. Recent results obtained by full
genome sequencing of 11 viruses of each pathotype
revealed two aa differences in the putative fusion peptide
of the S protein gene as promising hotspots for differenti-
ation between FECV and FIPV, namely at positions 1045
and 1047 (M1058L and S1060A for strain FIPV strain C1Je
(DQ848678)) (Chang et al., 2012). We could confirm that
residue 1045 represents a hotspot since all but one FECV
samples analyzed harboured an A residue leading to a
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Synopsis of relevant aa changes in ORF3, ORF7 and spike protein and resulting translation products of FIPV samples. Numbers in brackets indicate number of
truncated aa. Onlychanges affecting more than 50% of examined samples are listed. The change in the respective sample is underlined. Numbers refer to

positions according to reference strain Black (EU186072). n.s.: not sequenced.

Sample Gene 3a Gene 3b Gene 3¢ Gene 7a  Gene 7b Gene S
FIPV-1F - - - FOL Y170H Deletions (4), M1045L/D1108H/Y,
E1267D/Q, T1299A/S, T1311V/S, L1345F
FIPV-1A - - - FIL Y170H Deletions (4), M1045L/D1108H}/Y,
E1267D/Q,T1311V/S
FIPV-2A - - Truncation (76) FOL Y170H M1045L/D1108H/Y/D1210N, E1267D/Q,
Y1268H,
N1275G, T1299A/S, T1308A, T1311V/S, E1315D/N,
P1341S/T, L1345F, H1444N, S1454R/N
FIPV-3F - - - FIL Y170H M1045L/D1108H/Y/D1210N, E1267D/Q,
Y1268H, N1275G, T1299A/S, T1308A, T1311V/S,
E1315D/N, P1341S/T, L1345F, H1444N, S1454R/N
FIPV-3A - - - FOL Y170H M1045L, N1275G, P1341S/T
FIPV-4A - - Truncation (105)  FIL Y170H Only HR2: N1275G, T1308A, E1315D/N
FIPV-5A - Truncation (6)  No translation n.s. n.s. n.s.
product
FIPV-6A Truncation (9) Truncation (9)  No translation n.s. n.s n.s.
product
FIPV-7F - - - FOL Y170H E1267D/Q, Y1268H, E1315D/N, S1454R/N
FIPV-8F - - Truncation (45) n.s n.s n.s.
FIPV-8A - - Truncation (45) n.s n.s n.s.
FIPV-9F - - Truncation (65) n.s n.s n.s.
FIPV-9A - - Truncation (65) n.s n.s n.s.
FIPV-10F  Truncation (7) - - n.s. n.s n.s.
FIPV-10A  Truncation (7) - Truncation (221) n.s. n.s n.s.
FIPV-11A  Truncation (35) - Truncation (132) n.s. n.s n.s.
FIPV-12F - - - - - Only HR2
FIPV-12A - - Truncation (163) - - Only HR2
FIPV-13F - Elongation (8)  No translation n.s n.s n.s.
product
FIPV-14F - Truncation (1) - FIL - M1045L, H1444N
FIPV-15F - Truncation (1) - - - M1045L, H1444N
FIPV-15A  Truncation (22)  Truncation (1)  Truncation (110) - Y170H H1444N
FIPV-16F - Truncation (1) - FIL Truncation D1108H/Y/D1210N, E1267D/Q, Y1268H,
(171) N1275G, T1299A/S, T1308A, T1311V/S,
E1315D/N, P1341S/T, L1345F, H1444N,
S1454R/N
FIPV-17F - Truncation (1) - n.s n.s. Only 23531: M1045L
FIPV-17A - Truncation (1)  Truncation (82) - Y170H D1108H/Y, D1210N, E1267D/Q, Y1268H,
N1275G, T1299A/S, T1308A, T1311V/S, E1315D/N,
P1341S/T, L1345F, H1444N, S1454R/N
FIPV-18F - - No translation n.s. n.s. n.s.
product
FIPV-18A - - No translation - Y170H D1108H/Y/D1210N, E1267D/Q, Y12668H, N1275G,
product T1299A/S, T1308A, T1311V/S, E1315D/N, P1341S/T,
L1345F, H1444N, S1454R/N
FIPV-19F - Truncation (1) - n.s. n.s. n.s.
FIPV-19A - Truncation (1)  Truncation (129) n.s. n.s. n.s.

methionine (M), while all but one ascites-derived FIPV
samples display a T residue resulting in a leucine (L)
(Table 5).

At aa position 1108 (Fig. 2A) within HR1 the aspartate
(D) residue found in all FECV sequences was substituted by
a tyrosine (Y) residue in five FIPV samples. Interestingly,
some virus isolates from FIP cats that had no major
mutations in 3c showed differences at this aa position
(Table 4). Moreover, the linker region was subject to
several aa substitutions when FECV and FIPV sequences
were compared.

A recent paper hypothesized that changes of the furin
recognition motif, located between S1 and S2 domains
within the S gene, might represent a contributing factor
for development of FIP (Licitra et al., 2013). All FECVs
analyzed in their study contained a conserved furin

cleavage motif, while the FIPVs showed substitutions in
the motif. Therefore, the authors suggested that the
presence/absence of this cleavage site correlates with the
biotype. We analyzed the furin cleavage site of two FECV
and 13 FIPV samples. While both FECV samples had an
intact furin cleavage site, nine FIPVs showed alterations at
positions P4 and/or P5. Positions P2 and P1 were
conserved (RR) except for one FIPV sample (data not
shown).

Brown et al. (2009) reported differences at five aa
positions within the M protein which allow differentiation
between FCoV biotypes. Like Chang et al. (2011), we were
not able to confirm these aa signatures in our samples. The
same group also promoted a so-called “circulating viru-
lent-avirulent FCoV” hypothesis of viral pathogenesis
suggesting that non-pathogenic and pathogenic strains
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57 100 150
FECV5 FSWSVILIVFITVLOYGRPQFSWLVYGIKMLIMWLLWPIVLALTIFNAYSE[YJOVSRYVMFGFS[VAGAVITFALWMMYFVRS[[OLYRRTKSWWSFNPETNAILCVNALGRSY
FECV12 FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPIVLALTIFNAYSE[YJQVSRYVMFGFSAGAVVTFALWMMYFVRS[JOLYRRTKSWWSFNPETNAILCVNALGRSY
FECV14 FSWSVILIVFITVLQYGRPQFSWEVYGIKMLIMWLLWPIVLALTIFNAYSEY|QVSRYVMFGFSVAGAVVTFALWMMY FVRSTJOLYRRTKSWWSFNPETNAILCVIALGRSY
FECV19 FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPVVLALTIFNAYSE?QVSRYVMEGFSEAGAVITFALWMMYFVRS?QLYRRTRSWWSFNPGTNAILCV MLGRsY
FECV20 FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPIVLALTIFNAYSE[Y]QVSRYVMEGFS[IAGAVVTFALWMMY FVRS|[T|QLYRRTKSWWSSNPETNATLCVNRALGRSY
FIPV2A FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPIVLALMIFNAYSE[YJOVSRYVMFGFSVAGAVVTFALWTMYFVRS|[JOLYRRTKSLWSFNPETNAILCVNALGRSY
FIPV3F FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPIVLALTIFNAYSE[YJOVSRYVMFSFSVAGAVVTFALWMMYFVRS[JOLYRRTKSWWSFNPETNAILCVNALGRSY
FIPVI2F FSWSVILIVFITVLQYGRPQOLSWLVYGIKMLIMWLLWPIVLALTIFNAYSEY|QVSRYVMFGFSVAGAVVTFALWMMY FVRS[TQLYRRTKSWWSFNPETNATLCVNALGRSY
FIPV12A FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPIVLALTIFNAYSEiQVSRYVMPGFSjAGAVVTFALWMMYFVRS?QLYRRTKSWWSFNPETNAILCV ZFGRSY
FIPV15A FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPIVLALTIFNAYSEY|QVSRYVMFGFSVAGAVVTFALWMMY FVRSJOLYRRTKSWHSFNPETNAILCVNALGRSY
FIPV18A FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPIVLALTIFNAYSEN|QVSRYVMFGFS[VAGAVVTFALWMMY FVRS[I]QLYRRTKSWWSFNPETNAILCVNALGRNY
p04135 FSWSIILIVFITVLQYGRPQFSWEVYGIKMLIMWLLWPVVLALTIFNAYSE[Y|QVSRYVMFGFS[IAGAIVTFVLWIMYFVRS[IJQLYRRTKSWHSFNPETKAILCVSALGRSY
79-1146 FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPIVLALTIFNAYSE[YJOVSRYVMFGFS|VAGAVVTFALWMMYFVRS|VOLYRRTKSWASFNPETNATLCVNRALGRSY
Black FSWSVILIVFITVLQYGRPQFSWLVYGIKMLIMWLLWPIVLALTIFNAYSE§QVSRYVMFGFSEAGAVVTFALCMMYFVRSEQLYRRTKSWWSFNPETNAILCV BlLGRsY
200 250
FECV5 VLPLDGTPTGVTLTLLSGNLYAEGFKMAGGTIEHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*
FECV12 VLPLDGTPTGVTLTLLSGSLYAEGFKMAGGLTIEHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*
FECV14 VLPLDGTPTGVTLTLLSGSLYAEGFKMAGGLTIEHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*
FECV19 VLPLDGTPTGVTLTLLSGNLYAEGFKMAGGLTIEQLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*
FECV20 VLPLDGTPTGVTLTLLSGNLYAEGFKMAGGHTIDHLPKYVMIATPSRT IVYTLVGKQLKATTATGWAYYVKSKAGDYSTEART DNLSEHEKLLHMV *
FIPV2A VLPLDGTPTGVTLTLLSGNLYAEGFKMAGGLTIEHLPKYVMIATPSRAIVYTLVGKQLKATTATGWAYYVKSKAGDY STEARTDNLSEHEKLLHMV*
FIPV3F VLPLDGTPTGVTLTLLSGNLYAEGFKMAGGLTIEHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*
FIPVI2F VLPLDGTPTGVTLTLLSGSLYAEGFKMAGGTIEHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*
FIPVI2A VLPLDGTPTGVTLTLLSGSLYAEGFKMAGGLTIEHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*
FIPV15A VLPLDGTPTGVTLTLLSGNLYAEGFKMAGGLTIEHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*
FIPV18A VLPLAGTPTGVTLTLLSGNLYAEGFKMAGGETIDHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV *
p04135 VLPLEGVPTGVTLTLLSGNLYAEGFKIAGGMNIDNLPKYVMVALPSRTIVYTLVGKKLKASSATGWAYYVKSKAGDYSTEARTDNLSEQEKLLHMV*
79-1146 VLPLDGTPTGVTLTLLSGNLYAEGFKMAGGTIEHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*
Black VLPLDGTPTGVTLTLLSGNLYAEGFKMAGGTIEHLPKYVMIATPSRTIVYTLVGKQLKATTATGWAYYVKSKAGDYSTEARTDNLSEHEKLLHMV*

Fig. 3. Sequence alignment of aa 57-263 of the membrane protein. Residues diverging from the consensus are highlighted by grey boxes. Numbers refer to
amino acid position in spike protein of strain Black. Clear boxes indicate five aa positions formerly described as being marker mutations. Accession numbers
of reference strains: p04135: TGEV, 79-1146 (serotype II): AY994055, Black (serotype I): EU186072.

circulate in a population based on phylogenetic analyses of
the ORF7b and M genes (Brown et al., 2009). Therefore, we
applied our sequences obtained for ORF7 and M to
phylogenetic analyses using the HUSAR package provided
by DKFZ (Heidelberg, Germany) (data not shown). For
ORF7, we could not determine a clear segregation between
FECV and FIPV isolates, however, this data was not
supported by high bootstrap values in all branchings.
Phylogenetic analyses of 645 b of the M gene of both FECV
and FIPV samples did also not allow clustering into
biotypes (data not shown). Our data support the clustering
of FCoVs according to geographic origin irrespective of
their pathotype as shown by others (Vennema et al., 1998;
Chang et al., 2011).

It is still an open question whether FIPV can be
transmitted horizontally. An intriguing finding within this
study is that viruses with a mutated 3c gene could not only
be found in ascites but also in the respective faecal
samples of FIP animals (FIPV-8, -9 and -18). This is
surprising in the light of a recent study where FIPVs with a
mutated 3c were not shed in the faeces after either
oronasal or intraperitoneal inoculation (Pedersen et al.,
2012). Furthermore, we could detect viruses with an
intact 3c gene but mutations within the S protein gene
(M1045L)in both faeces and ascites (FIPV-1) or only in the
faecal sample (FIPV-3).

For five animals the viruses in faeces and ascites were
different (FIPV-10, -12, -15, -17 and -19): In the ascites a

truncated 3c gene could be detected but in the faeces an
intact 3c. This finding is in accordance with other studies
(Chang et al., 2010). Whether the enteric virus has been
acquired by FECV superinfection as suggested (Chang et al.,
2010) or represents the original persisting FECV is not
known. Accordingly horizontal transmission of FIP viruses
cannot be excluded.

Considering all sequence data obtained in this study as
well as the literature, the 3c gene is often affected by
mutations. 13 out of 15 FIPV ascites samples displayed
changes in 3c. The other two showed alterations in the S
protein gene. Furthermore, only one out of eight faeces
derived FIPV samples with an intact 3¢ and one ascites
derived FIPV sample with a truncated 3c did not display
mutations in the S protein gene. These findings might
reflect an interplay between 3c and S proteins.

Our findings provide further support for the involve-
ment of mutations in 3¢ and S genes in the biotype switch
from FECV to FIPV. Furthermore, our data suggests that the
involvement of the other investigated genes (3a, 3b, 7a, 7b
and M) in the development of FIP is negligible. In
conclusion, the data obtained in this study support the
“internal mutational theory” rather than the “circulating
virulent/avirulent FCoV” hypothesis. However, the signifi-
cance of specific mutation events in the generation of FIPV
needs to be further evaluated using reverse genetic systems
for both serotype I and II feline coronaviruses followed by
animal experiments (Tekes et al., 2008, 2010, 2012).
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Table 5

Amino acid sequence alignment of mutation 23531 (corresponding to nt
23535) (aa 1045-1047 in spike protein) in reference strain Black (accession
number EU186072).

23535

FECV2 [ATGGGCTCT FIPVIF [TTGGGTTCT
M ¢ s b e s

FECV4 [ATGcGCTCT FIPVIA [TTGGGTTCT
M ¢ s b e s

FECV5 [ATGGGCTCT FIPV2A [TTGGGCTCC
G s b e s

FECV12 [ATGGGATCT FIPV3F [ITGGGCTCC
G s U ¢ s

FECV13 [ATGGGATCT FIPV3A [ATGGGeTCC
G s G s

FECV14 [ATGGGATCT FIPV7F [TTGGGCACT|
G s G

FECV16 [ITGGGCTCT FIPV14F [ATGGGTTCT
b e s M ¢ s

FECV17 [ATGGGATCT FIPVISF [ATGGGTTCT
G S M G s

FECV18 [ATGGGATCT FIPV15A [ITGGGTTCT
M ¢ s G s

FECV19 [ATGGGCTCT FIPV16F [TTGGGCTCC
M ¢ s G s
FIPV17F [BATGGGTTCT

M ¢ s

FIPV17A [PTGGGCTCC

G s

FIPV18A [TTGGGCTCC

G s

Black [TTGGGCTCT

G s
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