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Abstract: Feline coronavirus (FCoV) infections present as one of two forms: a mild or symptom-less
enteric infection (FEC) and a fatal systemic disease termed feline infectious peritonitis (FIP). The
lack of epidemiology of FCoV in central China and the reason why different symptoms are caused
by viruses of the same serotype have motivated this investigation. Clinical data of 81 suspected
FIP cases, 116 diarrhea cases and 174 healthy cases were collected from veterinary hospitals using
body cavity effusion or fecal samples. Risk factors, sequence comparison and phylogenetic studies
were performed. The results indicated that FIPV was distinguished from FECV in the average
hydrophobicity of amino acids among the cleavage sites of furin, as well as the mutation sites 23,531
and 23,537. FIPV included a higher minimal R-X-X-R recognition motif of furin (41.94%) than did
FECV (9.1%). The serotype of FCoV was insignificantly correlated with FIP, and the clade 1 and clade
2 strains that appeared were unique to central China. Thus, it is hypothesized that this, along with
the latent variables of an antigenic epitope at positions 1058 and 1060, as well as mutations at the
S1/52 sites, are important factors affecting FCoV transmission and pathogenicity.

Keywords: FCoV; S gene; mutation; seroprevalence; hydrophobicity

1. Introduction

Ever since the outbreak of COVID-19, great attention has been given to coronavirus,
its epidemiology, prevention and diagnosis [1]. FCoV, one of the best-known coronaviruses
in veterinary medicine, may be of great interest to researchers [2]. Some surveys of the
prevalence of feline coronavirus demonstrated that FCoV colonization of the alimentary
tract is prevalent in most feline populations, with carriage rates exceeding 20% in north-
ern China (80.0%), southern China (73.1%), southwestern China (80.35%), eastern China
(74.6%), Portugal (47.5%), Germany (76.5%), Malaysia (84%), southern Italy (80%) and
Japan (37%) [3-8]. However, there is currently a lack of epidemiological statistics on the
disease in central China.

Feline coronavirus (FCoV) can be divided into two serotypes: type I and type II [9-11].
Serotype I is the most primitive feline coronavirus, and serotype II is a recombination
of feline coronavirus type I and canine coronavirus [11,12]. Additionally, it can also be
divided into two biotypes: FECV and FIPV. FECV is highly contagious, as shown by
Pedersen et al. [13]. The clinical appearance of FECYV, if any, is characterized by mild
enteritis [14]. Comparatively, FIP was first reported in the literature in 1966 and is caused
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by FIPV, a systemic, highly lethal feline infectious disease that spreads worldwide [15]. It
was reported that 75.7% of suspected FIP was coronavirus-positive [4]. It is probable that
mutations in some sites, such as ORF 3c, the spike (S) gene and ORF 7b of FECV, would
change the enterocyte tropism to monocyte/macrophage cells, and especially change the
symptoms from mild enteritis to a fatal symptomatic disease [16].

FCoV is an enveloped, unsegmented, single-stranded positive-sense RNA virus
(ssRNA+), which belongs to Nidovirales (order), Coronaviridae (family), Alphacoron-
avirus (genus) and alphacoronavirus 1 (species) in viral taxonomy. The genome length
is approximately 28-30 kb, which contains 11 open reading frames (ORFs) encoding a
polyprotein with RNA synthesis function (1a, 1b), four structural proteins (highly glyco-
sylated spike protein (S), envelope protein (E), membrane protein (M) and nucleocapsid
protein (N)) and several non-structural accessory proteins (3a, 3b, 3c, 7a, 7b). The UTR
region at the 3’ end of the FCoV genome is a conservative untranslated region [17-20].
Earlier studies showed that mutations at positions 23,531 and 23,537 on the S gene could
increase the probability of FIP [21]. In contrast, some scholars reported that mutations at
these two sites change the tissue tropism of the virus but are uncorrelated with FIP [22]. To
date, the precise cause of the switch from FECV to FIPV is still poorly understood.

For collection, suspected FIP cases need to combine clinical diagnosis, laboratory
diagnosis and other aspects. The main clinical symptoms of FIP are depression, weight
loss, loss of appetite and increased body temperature fluctuations. Most clinical cases are
exudative FIP, with accumulation of fluid in the body cavity and serositis being significant
pathological changes. Some nonexudative FIP manifests as extensive granuloma and
vasculitis, as well as neurological and ocular symptoms [23,24]. The ratio of albumin to
globulin can also be used as a standard for the clinical diagnosis of FIP [25]. In the present
study, these values were used as reference standards for collected cases to analyze the
differences in the S gene of coronaviruses carried by these cats with FIP.

Most of the known coronaviruses contain a furin cleavage site at the S protein. Relevant
reports on human coronaviruses indicate that the deletion of this site significantly reduces
the pathogenicity of human coronaviruses [26,27]. This suggests that amino acid changes
at furin sites could have an impact on the pathogenicity of feline coronaviruses. However,
it is still unclear which sites have changed and caused the impact. In 2013, Licitra et al.
suggest that mutations at furin cleavage sites will change the efficiency of furin’s action
on the peptide chain [28]. In 2014, Izidoro et al. reported that furin cleavage in the S1/52
site was incompatible with a hydrophobic aliphatic side chain [29]. There seems to be a
certain correlation between them, and its correlation with FIP still needs to be supported
by clinical data.

In this study, a molecular epidemiological investigation, which was mainly focused on
central China, was conducted for FCoV. The analysis of partial S gene genomes substantiated
the genetic evolution of the identified FCoV strains and described the distinction of FECV
and FIPV at the genetic and amino acid levels. The purpose of this research was to provide
insight into the epidemiology and genetic diversity of the FCoV strains widespread in central
China and to distinguish FECV and FIPV. Valuable information for the diagnosis, prevention
and control strategies of FCoV infections will be provided by the experimental data.

2. Materials and Methods
2.1. Study Design

This article is a retrospective study incorporating molecular epidemiology. In order
to clarify the difference between FIPV and FECV, the previously collected cases and their
related information (clinical status, sex, breed, age and residential density) were analyzed.
Combined with RNA extracted from the disease materials of the corresponding case for
reverse transcription, the target fragment was amplified by PCR, and the sequence was
obtained by sequencing. In order to confirm whether typing can distinguish FIPV from
FCoV, we performed phylogenetic analysis of the sequences and obtained an evolutionary
tree. Combined with the FIP performance, differential analysis and statistical analysis were
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performed on the sequences to distinguish the reason why different symptoms are caused
by feline coronaviruses of the same serotype.

2.2. Sample Collection

From May 2018 to March 2021, 371 cases were collected from veterinary hospitals,
among which 81 cats presented with symptoms of suspected FIP and 116 cats presented
with symptoms of diarrhea. The remaining 174 were healthy cats. Standard virus sampling
tubes were used for temporary storage of fecal samples. Both fecal samples and body cavity
effusion were stored at —80 °C.

Both immunohistochemistry (IHC) and immunofluorescence are the gold standard for
detecting FIP [30]. Since FIP has no specific diagnostic method and immunofluorescence
staining diagnosis is not possible in most hospitals, the collection of FIP suspected cases in
this study is based on IHC or by veterinarians using various methods (mainly including:
ultrasonic, X-ray, hematological and biochemical analyses, RT-nPCR, inappetence, weight
loss, lassitude, cachexia, dyspnea, ocular signs, neurological signs, icterus, fever, body
cavity effusion, abdominal mass and diarrhea, etc.). After initial clinical diagnosis, sus-
pected FIP cats were also diagnosed using necropsy (suppurative granuloma, membranous
glomerulonephritis), histopathological examination and RT-PCR with primers designed
for the highly conserved region (3’-UTR) of the FCoV test. Tissue samples with a positive
IHC test in suspected FIP cases and a positive RT-PCR test in ascites were regarded as
FIP confirmed cases, and the successfully sequenced samples were used as materials for
subsequent molecular epidemiological analysis. Detailed information on the primers used
in this study can be seen in Table 1.

Table 1. The information of primers.

Prime Base Sequence Length Function References
1% Ggféﬁ%%ﬁéﬁ%?gé?ﬁ%%%c 23bp The detection of FCoV for 3-UTR ~ (Herrewegh et al., 1995)
P2 CCACACATACCAAGGCCA 202
R2 CTTAATGCWTWTGTGTCTC P
F3 CCTAGAAAGCCTCAGATGAGTG Tvoe Ik 360 FCoV serotyping (Lin et al., 2009)
F4 CAGACCAAACTGGACTGTAC TYP 11218 bp
R3 CCAAGGCCATTTTACATA ype lt P
F5 CAATATTACAATGGCATAATGG 598
R5 CCCTCGAGTCCCGCAGAAACCATACCTA P FCoV mutation site 23,531 and (Chang et al., 2012)
F6 GGCATAATGGTTTTACCTGGTG 100 23,537 detection getaly
R6 TAATTAAGCCTCGCCTGCACTT P
F7 GGCAGAGATGGATCTATTTTTGTTA 1582 b
R7 ATAATCATCATCAACAGTGCC P Detection of furin cleavage in the (Licitra et al., 2013)
F8 GCACAAGCAGCTGTGATTA 156 b S1/S2 site o
R8 GTAATAGAATTGTGGCAT P

2.3. RNA Extraction and Reverse Transcription

The extraction of RNA refers to the method of Geng et al. [31]. Briefly, after brief
centrifugation to remove debris (3 min at 12,000x g at 4 °C), RNA was extracted with
TRIzol. The HiScript® IT Q RT SuperMix for qPCR (+gDNA wiper) test kit was used,
following the instructions to reverse transcribe RNA into cDNA. The cDNA product was
used immediately or stored at —80 °C to avoid repeated freezing and thawing.

All the amplified products were sent to AuGCT Biotechnology Co., Ltd. (Wuhan, China)
for sequencing.

2.4. The Detection of FCoV for 3'-UTR

The primers F1 and R1 were designed for the 3'-UTR, a highly conserved region
of the FCoV genome. Most FCoV strains have been detected by this region. The
PCR reaction volume was 25 pL. For PCR amplification, 2 x PCR Taq Plus MasterMix
(Applied Biological Materials (abm) Inc., Vancouver, BC, Canada) was used. The expected
size of the product was 223 bp.
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2.5. FCoV Serotyping

To genotype the FCoV strains collected in our study, the 3’ end of the S gene was
amplified by reverse transcription-nested polymerase chain reaction (RT-nPCR) using
the primers designed by Lin et al. (2009). The first round of PCR primers was F2 and
R2, assuming the product size was 702 bp. The nested primers were F3, F4 and R3
(F3 and F4 were forward primers designed specifically against the type I and II FCoV
sequences, respectively; R3 was a universal reverse primer). The expected sizes of the type
I and type II FCoV products were 360 bp and 218 bp, respectively. Two rounds of PCR
products were verified by 1% agarose gel electrophoresis.

2.6. Phylogenic Analysis

The target DNA fragment was purified, and the nucleic acid sequence was deter-
mined by sequencing. The reference S gene of typical FCoV strains from China and other
regions was retrieved from the National Center for Biotechnology Information (NCBI) nu-
cleotide database. All the details about the nucleic acid sequence in this study were
uploaded to GenBank, as shown in Table S1 of the Supplementary Materials. Addi-
tionally, the referenced strain-related gene bank number is provided in Table S4 of the
Supplementary Materials. After sequence alignment by MEGA X (64-bit) software, the
phylogenetic tree was constructed using the neighbor-joining method. The NJ phylogenetic
tree was established by using the p-distance method with 1000 bootstrap replications.
Then, the tree was organized and simplified by using the Interactive Tree of Life (iTOL)
version 5 [32]. Additionally, to identify FCoV genotypes, three distinct methods were
used, including MCC tree (BEAST v1.8.4) [33], ML tree (RAXxML v8.2.12) [34] and NJ tree
(MEGA X v10.0.2).

2.7. FCoV Mutation Site 23,531 and 23,537 Detection

As mentioned in a previous review, it is believed that there were two amino acid
substitutions, M1058 L and/or S1060A, corresponding to nucleotide mutations in the S
protein of FCoV identified by Chang et al. To verify whether the FCoV mutation detection
of M1058 L and S1060A is suitable for the diagnosis of FIP, RT-nPCR was performed on the
samples already identified as FCoV-positive according to the primers [21].

The primers for the first round of PCR were F5 and R5, and the genome of FCoV was
amplified from 23,442 to 24,040. In addition, the nested primers were F6 and R6, and the
genome of FCoV was amplified from 23,451 to 23,593. The expected sizes of the first- and
second-round products were 598 bp and 142 bp, respectively.

Sequence alignment was then performed to observe whether there were mutations
at 23,531 and 23,537 of the S gene and to explore whether the detections of M1058 L and
51060A mutations in FCoV were suitable for the diagnosis of FIP.

2.8. Detection of Furin Cleavage in the S1/S2 Site

It is acknowledged that furin cleavage in the 51/52 site is incompatible with a hy-
drophobic aliphatic side chain [29]. To explore the distinction of mutation and the hy-
drophobicity between FIPV and FECV in the S1/52 site, primers F7, R7, F8 and R8 were
designed by Licitra et al. for the PCR amplification of this fragment [28].

All data on protein hydrophobicity were obtained from the Swiss Institute of
Bioinformatics, and graphing for hydrophobicity of amino acids at S1/S2 cleavage
sites and statistical analysis were performed with GraphPad Prism 8 software
(GraphPad Software, 147 Inc., La Jolla, CA, USA).

Sequence logos were generated using Weblogo. The reference sequences of FECV
and FIPV were obtained from NCBI, and then, to give all sequences the same coordinated
alignment, Genious Primer was used to trim the ends and gaps of the alignment sequences.
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3. Results
3.1. FCoV Detection Based on the 3'-UTR

A total of 371 clinical samples, including 81 FIP suspectable cases, 116 diarrhea cases
and 174 healthy cases, were collected from veterinary hospitals using body cavity effusion
or their fecal samples. Feline coronavirus infection was detected by RT-PCR targeting
the 3’-UTR of the S gene. The numbers (N) contributing to individual subscales vary
slightly, since some questions were not answered by pet owners. Among the total clinical
samples (n = 371), 173 cases were positive (46.6%, 173/371). Under classification by clinical
presentation (n = 369), the positive rate of FIP-suspected cats reached 59.3% (48/81), while
the positive rate of healthy cats was 42.8% (124/290). Divided by sex, the positive rate for
male cats was 48.4% (90/186) and that for females was 44.2% (76/172). Roughly divided
by breed, purebred cats had a positive rate of 51.8% (116/224), while that of mongrel cats
(n =127) was 36.2% (46/127). The positive rate in cats younger than 10 months (n = 211)
was 51.7% (109/211) and that in cats older than 10 months was 38.7% (58/150). In terms
of residential density, the positive rate of cats reared in groups was 58.1% (61/105), while
that of cats reared alone was 37.2% (81/218) (Table S2). Above all, it is significant that
the prevalence of FCoV was associated with clinical status (p < 0.01), breed (p < 0.01), age
(p < 0.05) and residential density (p < 0.01) but insignificantly correlated with sex.

3.2. FCoV Serotyping

To further investigate the evolution of FCoV in central China, the 3’ end of the S
gene was amplified by RT-nPCR to genotype FCoV strains. As shown in Table 2, the
FCoV-positive rate based on detection of the 3’ end of the S gene was significantly lower
than that of 3/-UTR detection because of the reduced sensitivity. Of the 172 FCoV-positive
samples, 85 S genes were successfully sequenced. The genotyping results indicated that all
85 samples were positive for type I FCoV (100%), and no coinfection with types I and II
or type Il FCoV infection alone was observed. Information related to these sequences in
GenBank is provided in Table S1.

Table 2. Genotyping of FCoV strains.

. Total 3/-UTR-Based Proportion of S FCoV Sequencing and Serotyping
Clinical States Number FCoV Detection Gene-Based Tvpe I Tvpe IT Both I
of Samples FCoV Detection ype ype and II
FIP-suspected cats 81 48/81 (59.3%) 18/81 (22.22%) 18* 0 0
Non-FIP cats 290 124/290 (42.8%) 67/290 (23.10%) 67 ** 0 0
Total number 371 172 85 85 0 0

* Eighteen FIP cats tested positive based on part of the S gene for type I FCoV in this study used for the statistics
in Table 3. ** Sixty-seven non-FIP cats tested positive based on part of the S gene for type I FCoV in this study
used for the statistics in Table 3.

Table 3. The correlation between serotype and clinical status.

Total Number

- 2 o
Clinical Status of Sequences Type I FCoV Type II FCoV X p OR 95% CI
n=136 0.209 0.648
FIP cats * 45 42% 3% 0.646 0.280-1.494
Non-FIP cats # 91 88 *** 3w 1.354 0.603-3.040

# Tissue samples with positive THC test in suspected FIP cases and positive RT-PCR test in ascites will be regarded
as FIP confirmed cases. # Non-FIP means no FIP symptoms. * Eighteen FIP cats tested positive based on part of
the S gene for type I FCoV in this study. Twenty-four FIP isolates were obtained from GenBank for type I FCoV.
** Three FIP cats were obtained from GenBank for type II FCoV. *** Sxty-seven non-FIP cats tested positive based
on part of the S gene for type I FCoV in this study. Twenty-one non-FIP cats were obtained from GenBank for
type I FCoV. **** Three non-FIP cats were obtained from GenBank for type Il FCoV.

Within the 85 sequenced samples, the numbers of FIP-suspected and non-FIP cats that
tested positive based on the partial S gene for type I FCoV were 18 and 67, respectively.
When almost all reported strains were added to the statistics in Table 3 (p = 0.648 > 0.05),
it was found that FIP was insignificantly correlated with the serotype of the feline coro-
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navirus. The referenced strain-related gene bank number is provided in Table S4 of the
Supplementary Materials.

3.3. Phylogenic Analysis

To explore the genetic diversity and evolutionary relationship of feline coronaviruses,
a phylogenetic tree was constructed using isolated feline coronavirus strains from central
China (strains marked with red dots were detected in this study) and around the world.
As shown in Figure 1, of the 85 FCoV strains, 85 belonged to the type I FCoV cluster and
formed 17 clades in the phylogenetic tree based on the 3’ end portion of the S gene. None
belonged to the type II cluster closely related to canine coronavirus and transmissible
gastroenteritis coronavirus.

Colored ranges Proportion of FIP

[] Refenrence strain clades of other species 0

[] Type Il FCoV clades 01
[] Type I FCoV clades 1 02
[ Type I FCoV clades 2 03
[] Type I FCoV clades 3 04
[] Type I FCoV clades 4 05
[ ] Type I FCoV clades 5 06
[] Type 1 FCoV clades 6 o7
[] Type I FCoV clades 7 08
[ Type | FCoV clades 8 09

[] Type I FCoV clades 9 1

[] Type I FCoV clades 10

[] Type I FCoV clades 11

[] Type I FCoV clades 12

[ Type 1 FCoV clades 13 Ml value bar chart of clades.
[I] Type I FCoV clades 14 Ratio of FCoV

[] Type I FCoV clades 15 [l Ratio of FIPV.

[ Type I FCoV clades 16

[] Type 1 FCoV clades 17

Label colors Serotype
[l FcoV strains identified from FIP suspected cats Feline coronavirus type Il
[l Fcov strains idenified from non-FIP cats [ Feine

[l FcoV reference strains || Coronavirus from other species

[l Coronavirus reference strains from other species.

Figure 1. Phylogenetic analyses of FCoV strains on the basis of the partial S gene. The red dot
diagram represents the 85 FCoV strains identified in our study. The number of FIP cats that tested
positive based on part of the S gene for type I FCoV was 18 in this study. The number of FIP isolates
obtained from GenBank for type I FCoV was 24. The number of FIP cats obtained from GenBank
for type I FCoV was 3. The number of non-FIP cats that tested positive based on part of the S
gene for type I FCoV was 67 in this study. The number of non-FIP cats obtained from GenBank for
type I FCoV was 21. The number of non-FIP cats obtained from GenBank for type Il FCoV was 3. The
referenced strain-related gene bank number is provided in Table 54 of the Supplementary Materials.
Color ranges: for the purpose of studying the genetic distance between different clades, the research
has distinguished the different clades with different color ranges. In addition, reference strain clades
of other species are marked in a gray color range. Label colors: the red font leaves represent the
FCoV strains identified from FIP-suspected cats; the green font leaves represent the FCoV strains
identified from non-FIP cats; the black font leaves represent the FCoV reference strains; the blue
font leaves represent the coronavirus reference strains from other species. Serotype: in the outer
circle of the phylogenetic tree lies the serotype of the coronavirus, which has been divided into three
parts: feline coronavirus type II (red); feline coronavirus type I (purple) and coronaviruses from other
species (gray). Proportion of FIP is presented as a histogram with black and white in each clade,
above the bar value we show a green-red block to indicate the FIP prevalence of different clades.
(Color figure can be viewed at https:/ /raw.githubusercontent.com/lljjh /treel/main/%E5%8F %91
%E8%82%B2%E6%A0%91jpg.jpg.) (Accession date is after 1 January 2022).
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3.4. FCoV Mutation Site 23,531 and 23,537 Detection

To further explore the difference between FIPV and FECV, the detected measure reported
by Chang et al. was applied. The 138 sequences (75 in this study and 63 from GenBank)
related to mutation sites 23,531 and 23,537 have been well analyzed (Figure 2). The
mutation of the A base at 23,531 to the T base results in the substitution of the amino acid
M at position 1058 with the amino acid L. Additionally, mutation of the T base at 23,537 to
a G base results in the substitution of amino acid S by amino acid A at position 1060.

A

23531 23537 23531 23537 23531 23537
w 0

1. FCov938051 TUSAZ002RM . CovN165107 1/CrinarcS 2018000

2 FCOVIS38052 Nesneranas/ 20070011
3. FCOVIIS38053.Necneriands 200707
4 FCOV/F938059 1 Netheriands 20077UU10
5 FCOVS38080.1USAI993/UU2

4 FCoVMN202Congmyuan 52 Feovno22529 1BeigumaSISUG NS

B 1058 1060

1. FCOV/FJ238051.1/USA/2002/RM

2. FCOV/FI938052.1/Netherlands/2007/UU11

3. FCOV/FJ938053.1/Netherlands/2007/UU7

4. FCOV/F938059.1/Netherlands/2007/UU10

5. FCOV/FJ938060.1/USA/1993/UU2

6. FCOV/GQ152141.1/China/Taiwan/2007/NTU156/P)

7. FCOV/GUS53361.1/Netherlands/2007/UU22

8. FCOV/HN/2019/Ai

9. FCOV/HN/2019/Dada

0. FCoV/HN/2019/Dahong

11. FCOV/HN/2019/Danxiaogui

2. FCOV/HN/2019/Dazhuang

3. FCOV/HN/2019/Doudou

. FCOV/HN/2019/Erhao
FCOV/HN/2019/Hei
FCOV/HN/2019/Huli
FCOV/HN/2019/)ianjian

. FCOV/HN/2019/Lugougiao

. FCOV/HN/2019/Lvyan

. FCOV/HN/2019/Maoni

. FCOV/HN/2019/Momo

FCOV/HN/2019/Pangpang

. FCOV/HN/2019/Qingin

. FCOV/HN/2019/Sanhao

. FCOV/HN/2019/Shan

. FCOV/HN/2019/Wawa2

. FCOV/HN/2019/aohong

. FCOV/HN/2019/Xiaoliu

. FCOV/HN/2019/Xiacsongshu

FCOV/HN/2019/Xiaoxiao

. FCOV/HN/2019/Vuanliuliu

1058 1060

47. FCoV/HN/2020/dongwuyuandl
48. FCOV/HN/2020/fugui

49. FCOV/HN/2020/huasheng
50. FCOV/HN/2020/jiujiu

51. FCOV/HN/2020/ailai

52 FCOV/HN/2020/1a0wang
53. FCoV/HN/2020/mao

54. FCoV/HN/2020/maomao
55. FCOV/HN/2020/mengmeng
56. FCOV/HN/2020/mimi

57. FCOV/HN/2020/miumiu
58. FCoV/HN/2020/naicha
59. FCOV/HN/2020/naigiu

60. FCoV/HN/2020/paofu

61. FCoV/HN/2020/giugiu
62. FCoV/HN/2020/rourou
63. FCOV/HN/2020/sifeng
64. FCOV/HN/2020/tuanzit
65. FCOV/HN/2020/twanzi2
66. FCOV/HN/2020/wanzi

67. FCoV/HN/2020/xia0jiu
68. FCoV/HN/2020/youzi

93. FCOV/MN165107.1/China/CS/2018/0N
94. FCOV/MT239439.1/China/2016/Z)U1617
95. FCOV/MT239440.1/China/Z)/2017/Z)U1709
96. FCOV/MWO30108.1/China/2021/QS
97. FCOV/MWO30110.1/USA/2002/SD
98. FIPV/AY994055.1/USA/2008/79-1146
99. FIPV/DQ286389.1/USA/2005/DF-2
100. FIPV/DQB48678.1/UK/2006/Clje
101. FIPV/EU186072.1/USA/1970s/Black
102. FIPV/FJ938054.1/Netherlands/2007/UU4
103. FIPV/FJ938055.1/Netherlands/2007/UUS
104. FIPV/FJ938056.1/Netherlands/2007/UUS
105. FIPV/FJ938058.1/Netherlands/2007/UU16
106. FIPV/FJ938061.1/USA/1998/UU3
107. FIPV/FJ938062.1/Netherlands/2007/UU8
108. FIPV/HN/2019/Baozi
109. FIPV/HN/2019/Chami
110. FIPV/HN/2019/Dasuan
111. FIPV/HN/2019/Hanhan
112. FIPV/HN/2019/iujiu
113. FIPV/HN/2019/Kele
114. FIPV/HN/2019/Kimmy
115. FIPV/HN/2019/Latiao
116. FIPV/HN/2019/Nini
117. FIPV/HN/2019/Pipi
118. FIPV/HN/2019/Wanwan
119. FIPV/HN/2019/Zhima
120. FIPV/HN/2020/juzi
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123. FIPV/HQO12369.1/Netherlands/2007/UU21
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79. FCOV/HQO12368.1/Netheriands/2007/UU18
80. FCOV/HQO12371.1/Netherlands/2008/UU31
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. FCOV/HN/2020728 83. FCOV/HQ392471.1/Netherlands/2007/UU20 129. FIPV/KU215419.1/Belgium/2013/inoculum
FCOV/HN/2020/anni 84. FCOV/HQ392472.1/Netherlands/2010/UU30 130. FIPV/KX722530.1/Denmark/2015/Cat 1 Karlslun)
FCOV/HN/2020/babao 85. FCOV/JN183882.1/Netherlands/2010/UU47 131. FIPV/KY292377.1/China/HLy/DQ/2016/01
FCOV/HN/2020/baixiaobai 86. FCOV/JN183883.1/Netherlands/2010/UUS4 132. FIPV/KY566209.1/China/HLy/HRB/2016/10
FCOV/HN/2020/bocai 87. FCOV/ING34064.1/USA/2011/WSU 79-1683 133. FIPV/KY566210.1/China/HLy/HRB/2016/11

. FCOV/HN/2020/dagou 88. FCOV/KF530123.1/NLD/2010/UUSS 134. FIPV/KYS66211.1/China/HLJHRB/2016/13

. FCOV/HN/2020/dali 89. FCOV/KP143509.1/UK/2013/65F 135. FIPV/MGB93511.1/Germany/2012/Felix
FCOV/HN/2020/daliu 90. FCOV/KP143510.1/UK/2013/67F 136. FIPV/MT444152.1/China/SH/2019/HF 1902
FCOV/HN/2020/dongwuyuan1s 91. FCOV/KP143511.1/UK/2013/80F 137. FIPV/MWO30109.1/USA/2018/79-1146 CA
FCOV/HN/2020/dongwuyuan21 92. FCOV/KX722529.1/Belgium/2015/UG-FHE 138. FIPV/NC 002306.3/USA/2005/Ref FIPV

Figure 2. The mutation sites 23,531 and 23,537 of the detection results of nucleotide sequence
translation of the fragments. (A) Alignment analyses of the nucleotide sequences of partial S genes
between the identified FECV strains and FIPV strains. (B) Alignment analyses of the amino sequences
of the corresponding partial S genes between the identified FECV strains and FIPV strains. The
referenced strain-related gene bank number is provided in Table 54 of the Supplementary Materials.
T: thymine; A: adenine.
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There were 11 FIPV-related sequences whose A base at position 23,531 was mutated to
a T base and two FIPV-related sequences whose T base at position 23,537 was mutated to a
G base. The mutation at this site is significantly associated with the development of FIP
(p < 0.01; Table 4).

Table 4. The correlation between mutation sites 23,531 and 23,537 and clinical status.

Total Number 23,531 or 23,537

s 2 o,
Clinical Status of Sequences Sites Changed Normal X 4 OR 95% CI

In this study n=285 50.287 0.000

FIP cats 14 13 1 52 7.301-370.380
Non-FIP cats 71 4 67 0.239 0.101-0.563
Including the n=138 50.807 0.000

reference sequence

FIP cats 41 32 9 7.348 3.843-14.051

Non-FIP cats 97 13 84 0.320 0.201-0.508

3.5. Key Restriction Site Detection of Furin Protein in the S1/S2 Region of FCoV

This study considered that mutations at other sites of the S gene might also convert
FECV to FIPV, while the key restriction sites of furin protein in the S1/S2 region were also
sequenced in this study (Figure 3). The average hydrophobicity of amino acids around the
cutting site was calculated and plotted by the software (Figure 4).

According to amino acid sequence analysis, the proportion of P at position —6 in the
FCoV sequence (15.2%) was significantly lower than that at position —6 (19.4%) in the
FIPV sequence. The sequence at position —4 of the FCoV sequence is relatively conserved,
consisting of F (3.0%) and R (97.0%). However, FIPV showed diversity at the —4 site
(R: 71.0%; G: 12.9%; T: 9.7%; Q: 3.2%; S: 3.2%). At position —3, the proportion of hydropho-
bic amino acid A in the amino acid sequence of FIPV (29%) is much higher than that of
FCoV (24.2%). At position 2, the FCoV amino acid sequences are composed of T (75.7%),
1(6.1%), A (6.1%), E (6.1%), P (3.0%) and E (3.0%), while the sequences of FIPV consist
of hydrophobic amino acids A (19.4%), P (14.3%), V (6.5%) and E (3.2%) and hydrophilic
amino acids S (3.2%) and T (28.6%). Through comparison, it was found that in the above-
mentioned positions, the ratio of hydrophobic amino acids in the sequence composition of
FIPV was significantly higher than that of FCoV.

By sequence alignment, 90.9% of the amino sequences of FCoV contain the canonical
R-X-K/R-R recognition motif, and 9.1% of the amino sequences of FCoV contain the mini-
mal R-X-X-R recognition motif. A total of 54.84% of the amino sequences of FIPV contain
the canonical R-X-K/R-R recognition motif. A total of 41.94% of the amino sequences
of FIPV contain the minimal R-X-X-R recognition motif. A total of 3.23% of the amino
sequences of FIPV do not include the furin cleavage site. The FIPV ratio with the minimal
R-X-X-R recognition motif was significantly higher than that of FCoV.
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Figure 3. Sequence analysis of feline enteric coronavirus (FECV) and feline infectious peritonitis
virus (FIPV) in the spike gene at the S1/52 site. (A) Amino acid sequence alignment of feline enteric
coronavirus (FECV) at the S1/S2 region of S proteins aligned by Geneious Primer. (B) Amino acid
sequence alignment of feline infectious peritonitis virus (FIPV) at the S1/S2 region of S proteins
aligned by Geneious Primer. (C) Sequence analysis of feline enteric coronavirus. The relative
frequency with which an amino acid appears at the S1/S2 position is reflected by the color, as
depicted by the scale bar. The pie chart represents the percentage of amino acid sequences in the
51/S2 region. (D) Sequence analysis of feline infectious peritonitis virus. The probability of amino
acids is indicated by the size of the letters. The relative frequency with which an amino acid appears
at the S1/52 position is reflected by the color, as depicted by the scale bar. The pie chart represents
the percentage of amino acid sequences in the S1/S2 region.

A line graph of the average hydrophobicity change at these sites is presented
in Figure 4. Point 0 in Figure 4 represents the furin cleavage site. This indicated that,
for both the data statistics in this study and the sequence statistics after combining with the
reference sequence, in the —5 to +5 region of the figure, the value of FIPV is significantly
higher than that of FCoV, which is a specific numerical reflection of hydrophobicity.
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Figure 4. Hydrophobicity of amino acids at S1/S2 cleavage sites. Alignment analyses of the
nucleotide sequences of partial S genes between the identified FECV strains and FIPV strains.
The furin cleavage site was taken as the zero point, and the protein hydrophobicity value was
obtained from the Swiss Institute of Bioinformatics and graphing for hydrophobicity of amino acids
at S1/S2 cleavage sites and statistical analysis were performed with GraphPad Prism 8 software
(GraphPad Software, 147 Inc., La Jolla, CA, USA). The average value of amino acid hydrophobicity
of the obtained 33 non-FIP coronal strains (11 in this study and 22 from GenBank) and 31 FIP
strains (7 in this study and 24 from GenBank) from position —28 to position 16 was calculated as
the ordinate. The red line and the green line were generated by the data obtained in this study,
and the blue and yellow lines were generated including the reference sequence. The referenced
strain-related gene bank number is provided in Table S4 of the Supplementary Materials.

4. Discussion

Earlier studies showed that mutations at positions 23,531 and 23,537 on the S gene
could increase the probability of FIP. In contrast, some scholars reported that mutations at
these two sites change the tissue tropism of the virus but are uncorrelated with FIP [21].
The precise cause of the switch from FECV to FIPV is still poorly understood. Aiming
to deepen the understanding of FCoV epidemiology and the distinction between feline
enteric coronavirus (FECV) and FIPV at the molecular level, this article provided analysis
of known risk factors, a genetic evolutionary tree, mutations in sites 23,531, 23,537 and the
cleavage sites of furin.

Focusing on known risk factors, this study augments the data on the prevalence of
FCoV infection in central China. In this region, the FCoV positivity rate is 46.6%, which is
significantly lower than that in northern China (80.0%), southern China (73.1%), Portugal
(47.5%), southern Italy (80%), southwestern China (80.35%) and eastern China (74.6%) [3-5].
The FCoV positivity rate in cats with FIP was 59.3%, which is lower than that reported
by Li et al. (75.7%) and higher than that reported in South Korea (19.3%) and Turkey
(37.3%) [5,35,36]. Differences in data may be related to the number of samples, the way
they were collected and stored and the specificity and sensitivity of the detection methods.
The specific reasons for the low prevalence of feline coronavirus in the central region
need to be further explored. It is speculated that it may be related to the feeding density
(single cat or multiple cats) and breeding methods (domestic or free-range) of people in
different regions.
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Data analysis showed that the presence of FCoV was significantly associated with the
presence of FIPV, indicating that FIPV likely evolved from FECV through mutations, and
that the control of FCoV is very important in reducing the occurrence of FIP. In addition,
the density of cats is significantly associated with the spread of FCoV. Currently, no vaccine
prevents the development of FIP in China, where the fatality rate and treatment costs are
high. Moreover, it was suggested that breeders could limit the density of cats to reduce
the spread of FCoV and consequently reduce the incidence of FIP. Additionally, the data
indicated that FCoV infection does not directly cause diarrhea (Table S3) and that the vast
majority of healthy cats similarly carry FCoV, which is an opportunistic pathogen that is
likely to exhibit pathogenicity when its host experiences stress. The correlation between
stress and FIP in cats has also been previously confirmed [25].

As observed in this study, all FCoV strains circulating in central China are statistically
considered FCoV type I strains, and the occurrence of FIP does not seem to be associated
with the serotype of the coronavirus (Table 3, p = 0.648 > 0.05). Overall, FCoV exhibits rich
genetic diversity. As seen in the phylogenetic tree, FCoV is distantly related to the human
coronavirus and is closely related to the canine and porcine coronaviruses. Similar to
Herrewegh et al.’s opinion, FCoV type Il might have originated from genetic recombination
of canine coronavirus and cat coronavirus type I [11,12]. The type I FCoV clades 14, 16 and
17 might be unique to China, and clades 16 and 17 seem to be a branch of the FCoV that
emerged in central China.

Chang et al. proposed that the base mutations at positions 23,531 and 23,537 of the S
gene of FCoV have a greater effect on the evolution of FECV into FIPV. In 2014, Porter et al.
found that the amino acid changes in the spike protein of FCoV are associated with the
spread of the virus from the intestinal tract and that they are not associated with FIP [22]. In
their research, 112 samples were collected, including 51 samples from 16 non-FIP cats; the
sequencing results were obtained for nine out of 41 tissue samples and for six out of 10 stool
samples. The results showed that the leucine codon was found in most (89%) of the non-FIP
tissue samples, and a large number (9%) of FIP tissue samples had a methionine codon
at this position. Therefore, it is concluded that the mutations at the two positions of the S
protein have no association with the occurrence of FIP. The possibility of operation-related
cross-contamination could not be considered given the small sample size.

In our research, leucine (5.6%) was found at the S1058 site in the samples obtained
from the non-FIP cats. This finding indicated that the occurrence of a mutation at this
position is indeed not a necessary and suitable condition for FECV to evolve into FIPV.
Nonetheless, through statistical analysis, the relationships and conclusions postulated
remain highly plausible, and it is reasonable that the mutation at this site is significantly
associated with the development of FIP (p < 0.01; Table 4). Peter et al.’s idea that mutations
at this locus increase the tissue orientation of FECV and render it possible for this virus to
spread throughout the body is consistent with our conclusion. On this basis, the systemic
transmission of FECV is associated with the development of FIP, and it does not rule out
the possibility that mutations in other locations also cause the same effect.

The average hydrophobicity of the amino acids was calculated through sequencing
and comparison (Figure 4). It was shown that the hydrophobicity of the FIPV sequence,
which ranged from the —4 site to the +5 site, was significantly higher than that of the
ordinary FCoV sequence. This finding is consistent with the results obtained based on the
reference sequence data. Hydrophobic amino acids are not conducive to the action of furin.

Izidoro et al. reported that peptides bearing the RPP sequence are resistant to furin
hydrolysis. In this study;, it is believed that hydrophobic amino acids similar to P and A
appear around the furin cleavage site, increasing the resistance of the peptide chain to
furin, which might be one of the reasons why FECV evolved into FIPV. The internationally
recognized typical FIPV strain FIPV-791146 and the typical strain FIPV/HN/2021/xina
found in this study both lacked furin cleavage sites, also supporting the above proposition.
Sequence comparison also revealed that nearly all FCoV type II strains do not contain furin
cleavage sites. This lack of furin cleavage sites may also be the reason why type II FCoV
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is more likely to cause FIP in previous studies, and why the replicability of type I FCoV
in feline cell lines is lower than that of type II FCoV in Felis catus whole fetus (fcwf)-4
cells [37].

5. Conclusions

FCoV spreads widely in cats in central China and is significantly related to the occur-
rence of FIP. The mutations at sites 23,531 and 23,537 of the S gene of FCoV are significantly
related to the occurrence of FIP, and they can be used as a reference for clinical diagnosis.
Mutations at S1/52 sites are an important factor affecting FCoV transmission in vitro and
pathogenicity in vivo. The replacement of hydrophobic amino acids at this site, the deletion
of the cleavage site or the transformation of the virus into a difficult-to-recognize state are
more likely to lead to FIP in the host.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pathogens11040460/s1, Table S1: Information related to
sequences in the gene bank, Table S2: Correlation of FCoV prevalence with clinical status, sex, breed,
age and residential density, Table S3: The relationship between FCoV and diarrhea in non-FIP cats,
Table S4: The reference sequence involved and its related information.
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Abbreviations

3-UTR 3/-Untranslated region

A/G Albumin/Globulin ratio
CCoV Canine coronavirus

CI Confidence Interval
COVID-19 Coronavirus disease 2019
FCoV Feline coronavirus

FcwF-4 Felis catus whole fetus-4 cells

FECV Feline enteric coronavirus
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FIP Feline infectious peritonitis

FIPV Feline infectious peritonitis virus

IF Immunofluorescence

IHC Immunohistochemistry

M Months

Y Years

OR Odds ratio

X2 Chi-square

Ref Reference

ORFs Open reading frames

RPP Arginine-Proline-Proline

PCR Polymerase Chain Reaction

RT-PCR Reverse transcription polymerase chain reaction
RT-nPCR Reverse transcription-nested polymerase chain reaction
TGEV Porcine transmissible gastroenteritis virus

NCBI National Center of Biotechnology Information

amino acid A or Ala

Alanine

amino acid R or Arg  Arginine
amino acid N or Asn  Asparagine
amino acid D or Asp  Aspartic acid
amino acid C or Cys  Cysteine
amino acid E or Glu Glutamic acid
amino acid Q or GIn  Glutamine
amino acid Gor Gly  Glycine
amino acid Hor His  Histidine
amino acid Wor Trp  Iryptophan
amino acid I or Ile Isoleucine
amino acid L or Leu Leucine
amino acid Y or Tyr Lyrosine
amino acid K or Lys Lysine

amino acid M or Met Methionine
amino acid F or Phe  Phenylalanine
amino acid P or Pro Proline
amino acid S or Ser Serine

amino acid T or Thr Threonine
amino acid V or Val Valine

A base Adenine deoxyribonucleic acid
Cbase Cytosine deoxyribonucleic acid
G base Guanine deoxyribonucleic acid
T base Thymidine deoxyribonucleic acid
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