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ABSTRACT 

Background: The feline immunodeficiency virus (FIV) is responsible for a retroviral disease that affects domestic and 
wild cats worldwide, causing Feline Acquired Immunodeficiency Syndrome (FAIDS). FIV is a lentivirus from the family 
Retroviridae and its genome has 3 main structural genes: gag, pol and env. Phylogenetic studies have classified FIV into 7 
subtypes according to the diversity among strains from the World, mainly in the env gene. Epidemiological analyses have 
demonstrated the high predominance of FIV-A and FIV-B. This in silico study aimed to perform a phylogenetic analysis 
to study FIV diversity worldwide. 
Materials, Methods & Results: A total of 60 whole genome sequences (WGS) and 122 FIV env gene sequences were 
included in 2 datasets, which were aligned using MAFFT version 7. Recombination among genomes and/or env genes was 
analyzed with RDP5 software. Phylogenetic analyses with both datasets were performed, after removing the recombinant 
sequences, by the W-IQ-TREE and constructed and edited by the FigTree. A total of 12 recombination events involving 
19 WGS were detected. In addition, 27 recombination events involving 49 sequences were observed in the env gene. A 
high rate of recombinants was observed inter-subtypes (A/B and B/D) and intra-subtypes (A/A). All recombinants were 
removed from the subsequent phylogenetic analyses. Phylogenies demonstrated 6 distinct main clades, 5 from domestic 
cats (A, B, C, E, U) and 1 from wild cat sequences (W) in the WGS, as well as in the specific env gene analyses. Most 
clustered with subtype B sequences. In the WGS analysis, clade B had a prevalence of 65.9% Brazilian sequences (27/41) 
and 2.4% Japanese sequences (1/41). In the env gene analyses, clade B showed a prevalence of 43.8% of Brazilian se-
quences (32/73) and 20.5% of USA sequences (15/73). The results of both analyses also confirm the FIV-wide geographical 
distribution around the world. In the phylogenetic analyses carried out with WGS, sequences from China (1/41; 2.4%), 
Colombia (1/41; 2.4%) and the USA (1/41; 2.4%) were identified in clade A; sequence from Canada in clade C (1/41; 
2.4%); sequence from Botswana belonged to clade E (1/41; 2.4%); sequences from Brazil clustered into clade U (2/41; 
5% - data not yet published); and sequences belonging to the clade W were from Canada (1/41; 2.4%) and the USA (5/41; 
12.3%). Specific env gene phylogenetic analyses showed sequences from Colombia (1/73; 1.4%), France (2/73; 2.7%), 
the Netherlands (3/73; 4.1%), Switzerland (2/73; 2.7%), USA (6/73; 8.3%), belonging to clade A; sequence from Canada 
belonging to clade C (1/73; 1.4%); sequences from Brazil belonging to clade U (2/73; 5% - data not yet published); and 
sequences belonging to clade W from the USA (6/73; 8.3%).
Discussion: The results presented here demonstrate that FIV has a rapid viral evolution due to recombination and mutation 
events, more specifically in the env gene, which is highly variable. Currently, this retrovirus is classified into 7 subtypes 
(A, B, C, D, E, F and U-NZenv) according to their high genomic diversity. It also highlighted the importance of in silico 
sequence and phylogeny studies to demonstrate evolutionary processes. This was the first study to address the WGS FIV 
diversity with a phylogenetic approach.
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INTRODUCTION

Feline Immunodeficiency Virus (FIV) is from 
the family Retroviridae [25]. It causes domestic and 
wild feline progress infections to Feline Acquired Im-
mune Deficiency Syndrome (FAIDS) [17]. The FIV 
genome comprises 3 main structural genes: gag, pol 
and env. The gag gene encodes internal structural pro-
teins (matrix; capsid and nucleocapsid). The pol gene 
codifies the viral polymerase (reverse transcriptase; 
protease; integrase; dUTPase). The env gene encodes 
surface and transmembrane glycoproteins. The FIV 
genome has also other accessory and regulatory genes. 
The env gene is the most variable and the main deter-
minant of antigenic diversity [15]. 

FIV evolution occurs due to recombination 
and mutation events [9]. Currently, it is classified into 
7 subtypes (A, B, C, D, E, F and U-NZenv) accord-
ing to genomic diversity [4,26,40]. Epidemiological 
studies have demonstrated the predominance of FIV-A 
and FIV-B worldwide. FIV-C was described in North 
America, Asia and Oceania, while FIV-D was de-
tected only in Asian countries. FIV-E seems to occur 
in Central / South America and Asia, FIV-F in North 

America, Europe and Oceania, and FIV U-NZenv in 
New Zealand [7,8,10,35]. This study aimed to evaluate 
FIV diversity based on in silico analyses of WGS and 
env gene sequences through a phylogenetic approach.

MATERIALS AND METHODS

Dataset

A total of 60 whole genome sequences (WGS) 
and 62 env gene sequences FIV were included in 
the dataset. All WGS and complete env genes were 
downloaded from the GenBank - National Center for 
Biotechnology Information (NCBI) [Tables 1 and 2]. 
The terms “complete genome”, “genome”, “envelope”, 
“complete cds” and “feline immunodeficiency virus” 
were used in the search strategy, and only sequences 
with 3 main information (host, country, and year of 
isolation) were included in each dataset. Clonal se-
quences were not included. From the 60 WGS, the 
whole env region was extracted using Geneious version 
2021.2.21, and added to the env dataset, totaling 122 
env gene sequences. WGS and env gene alignments 
were generated using MAFFT version 7 [14].

Table 1. WGS dataset of 60 complete FIV genome sequences downloaded from Genbank.

NCBI Strain/Isolate Country Year
Subtype by 

NCBI
Clade Organism Host

MF352016 CHN17 China NI A A Feline immunodeficiency virus NI
MN630242  GF6 Colombia 2018 A A Feline immunodeficiency virus Felis catus

M25381 Petaluma USA NI A A Feline immunodeficiency virus NI
MF370550 Pequeno_2013 Brazil 2013 B B Feline immunodeficiency virus Felis catus
MW142019 1D Brazil 2015 B B Feline immunodeficiency virus Felis catus
MW142020  2B Brazil 2012 B B Feline immunodeficiency virus Felis catus
MW142021  3A Brazil 2007 B B Feline immunodeficiency virus Felis catus
MW142022  3B Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142023  4A Brazil 2007 B B Feline immunodeficiency virus Felis catus
MW142024  4B Brazil 2009 B B Feline immunodeficiency virus Felis catus
MW142025 5 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142026 6 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142027 9 Brazil 2007 B B Feline immunodeficiency virus Felis catus
MW142029 12 Brazil 2007 B B Feline immunodeficiency virus Felis catus
MW142030 13 Brazil 2007 B B Feline immunodeficiency virus Felis catus
MW142031 14 Brazil 2007 B B Feline immunodeficiency virus Felis catus
MW142033 17 Brazil 2007 B B Feline immunodeficiency virus Felis catus
MW142034 18 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142035 19 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142036 20 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142037 21 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142038 22 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142040 25 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142041 27 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142042 28 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW142043 29 Brazil 2011 B B Feline immunodeficiency virus Felis catus

(continues...)
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MW142046  33A Brazil 2017 B B Feline immunodeficiency virus Felis catus
MW142048 34 Brazil 2002 B B Feline immunodeficiency virus Felis catus
MW815635 26 Brazil 2011 B B Feline immunodeficiency virus Felis catus
MW815636 30 Brazil 2012 B B Feline immunodeficiency virus Felis catus

M59418 NI Japan NI B B Feline immunodeficiency virus NI
AF474246  BM3070 Canada NI C C Feline immunodeficiency virus NI
EU117992 1027 Botswana NI E E Feline immunodeficiency virus Panthera leo

MW142028* 11 Brazil 2007 B R Feline immunodeficiency virus Felis catus
MW142032* 16 Brazil 2007 B R Feline immunodeficiency virus Felis catus
MW142039* 24 Brazil 2011 B R Feline immunodeficiency virus Felis catus
MW142047*  33B Brazil 2017 B R Feline immunodeficiency virus Felis catus
MW815633* 10 Brazil 2008 B R Feline immunodeficiency virus Felis catus
MW815634* 15 Brazil 2006 B R Feline immunodeficiency virus Felis catus
AY713445* pOma3 NI NI NI R Feline immunodeficiency virus Otocolobus manual

X57002*  Z1 Switzerland NI A R Feline immunodeficiency virus NI
M36968* San Diego USA NI A R Feline immunodeficiency virus NI

EU117991*  27B USA NI B R Feline immunodeficiency virus Panthera leo
U11820*  USIL2489_7B USA NI B R Feline immunodeficiency virus Felis domesticus

EF455607* NI USA NI NI R Feline immunodeficiency virus Puma concolor
EF455608* NI USA NI NI R Feline immunodeficiency virus Puma concolor
EF455609* NI USA NI NI R Feline immunodeficiency virus Puma concolor
EF455610* NI USA NI NI R Feline immunodeficiency virus Puma concolor
EF455611* NI USA NI NI R Feline immunodeficiency virus Puma concolor
EF455612* NI USA NI NI R Feline immunodeficiency virus Puma concolor
EF455613* NI USA NI NI R Feline immunodeficiency virus Puma concolor
EF455614* NI USA NI NI R Feline immunodeficiency virus Puma concolor
MW142044  32A Brazil 2014 U U Feline immunodeficiency virus Felis catus
MW142045  32B Brazil 2014 U U Feline immunodeficiency virus Felis catus
DQ192583 PLV-1695 Canada 1995 NI W Feline immunodeficiency virus Puma concolor
EF455603 NI USA NI NI W Feline immunodeficiency virus Puma concolor
EF455604 NI USA NI NI W Feline immunodeficiency virus Puma concolor
EF455605 NI USA NI NI W Feline immunodeficiency virus Puma concolor
EF455606 NI USA NI NI W Feline immunodeficiency virus Puma concolor
EF455615  CoLV USA NI NI W Feline immunodeficiency virus Puma concolor

NI = data not informed; *R = recombinant.

(continues...)

(...continuation)

Table 2. env gene dataset of the 122 complete FIV sequences

NCBI Strain/Isolate Country Year
Subtype by 

NCBI
Clade Organism Host

MN630242  GF6 Colombia 2018 A A Feline immunodeficiency virus Felis catus

L06312 Wo France 1988 A A Feline immunodeficiency virus NI

AF298778 Wo France 1988 NI A Feline immunodeficiency virus Felis catus

X60725 FIV-UT113 Netherlands  NI A A Feline immunodeficiency virus NI

M73964 19k32 Netherlands NI NI A Feline immunodeficiency virus NI

M73965 19k1 Netherlands NI NI A Feline immunodeficiency virus NI

L00607 Dixon NI NI A A Feline immunodeficiency virus NI

 X57001  Z2 Switzerland NI A A Feline immunodeficiency virus NI

X57002  Z1 Switzerland NI A A Feline immunodeficiency virus NI

M36968 San Diego USA NI A A Feline immunodeficiency virus NI

GQ420651 V1CSF USA 1990 NI A Feline immunodeficiency virus Felis catus

KP264269 P7B_C50_2010.87 USA 2010 NI A Feline immunodeficiency virus Felis catus

KP264287 P5AC5_2010.36 USA 2010 NI A Feline immunodeficiency virus Felis catus

KP264361 M8CC2_2011.06 USA 2010 NI A Feline immunodeficiency virus Felis catus

KP264376 M50AC198_2010.09 USA 2010 NI A Feline immunodeficiency virus Felis catus

MF370550 Pequeno_2013 Brazil 2013 B B Feline immunodeficiency virus Felis catus

MW142019 1D Brazil 2015 B B Feline immunodeficiency virus Felis catus

MW142020  2B Brazil 2012 B B Feline immunodeficiency virus Felis catus

MW142021  3A Brazil 2007 B B Feline immunodeficiency virus Felis catus

MW142022  3B Brazil 2011 B B Feline immunodeficiency virus Felis catus
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(...continuation)

MW142023  4A Brazil 2007 B B Feline immunodeficiency virus Felis catus

MW142024  4B Brazil 2009 B B Feline immunodeficiency virus Felis catus

MW142025 5 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142026 6 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142027 9 Brazil 2007 B B Feline immunodeficiency virus Felis catus

MW142028 11 Brazil 2007 B B Feline immunodeficiency virus Felis catus

MW142029 12 Brazil 2007 B B Feline immunodeficiency virus Felis catus

MW142030 13 Brazil 2007 B B Feline immunodeficiency virus Felis catus

MW142031 14 Brazil 2007 B B Feline immunodeficiency virus Felis catus

MW142032 16 Brazil 2007 B B Feline immunodeficiency virus Felis catus

MW142033 17 Brazil 2007 B B Feline immunodeficiency virus Felis catus

MW142034 18 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142035 19 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142036 20 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142037 21 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142038 22 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142039 24 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142040 25 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142041 27 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142042 28 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142043 29 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW142046  33A Brazil 2017 B B Feline immunodeficiency virus Felis catus

MW142048 34 Brazil 2002 B B Feline immunodeficiency virus Felis catus

MW815633 10 Brazil 2008 B B Feline immunodeficiency virus Felis catus

MW815634 15 Brazil 2006 B B Feline immunodeficiency virus Felis catus

MW815635 26 Brazil 2011 B B Feline immunodeficiency virus Felis catus

MW815636 30 Brazil 2012 B B Feline immunodeficiency virus Felis catus

U11820  USIL2489_7B USA NI B B Feline immunodeficiency virus Felis domesticus

KP264262 P9AC19_2010.36 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264320 P21BC76_2010.87 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264331 P17AC99_2010.36 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264356 P11BC35_2010.87 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264372 M5AC13_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264382 M49AC85_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264400 M44AC91_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264415 M3AC168_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264495 M28AC70_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264501 M26AC109_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264506 M25AC98_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264527 M15AC42_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264560 M11AC238_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

KP264562 M10AC285_2010.09 USA 2010 NI B Feline immunodeficiency virus Felis catus

AF474246  BM3070 Canada NI C C Feline immunodeficiency virus NI

KP264341 P14AC25_2010.36 USA 2010 NI NC Feline immunodeficiency virus Felis catus

KP264436 M33AC146_2010.09 USA 2010 NI NC Feline immunodeficiency virus Felis catus

KP330209* FDSydneyC1 Australia 2009 NI R Feline immunodeficiency virus Felis catus

EU117992* 1027 Botswana NI E R Feline immunodeficiency virus Panthera leo

MW142047*  33B Brazil 2017 B R Feline immunodeficiency virus Felis catus

DQ192583* PLV-1695 Canada 1995 NI R Feline immunodeficiency virus Puma concolor

MF352016* CHN17 China NI A R Feline immunodeficiency virus NI

X69496* UK8 England NI A R Feline immunodeficiency virus NI

D37813* Sendai 1 Japan NI A R Feline immunodeficiency virus NI

 D37816* Aomori 1 Japan NI B R Feline immunodeficiency virus NI

D37812* Yokohama Japan NI B R Feline immunodeficiency virus NI

D37814* Sendai 2 Japan NI B R Feline immunodeficiency virus NI

D37817* Aomori 2 Japan NI B R Feline immunodeficiency virus Felis catus

M59418* NI Japan NI B R Feline immunodeficiency virus NI

(cotinues...)
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(...continuation)

D37811* Shizuoka Japan NI D R Feline immunodeficiency virus NI

D37815* Fukuoka Japan NI D R Feline immunodeficiency virus NI

AF298779*  delta20NaiaWo NI NI NI R Feline immunodeficiency virus Felis catus

AY713445* pOma3 NI NI NI R Feline immunodeficiency virus
Otocolobus 

manual
L00608* Dixon No NI A R Feline immunodeficiency virus NI

X69494* UK2 Scotland NI A R Feline immunodeficiency virus NI

M25381* Petaluma USA NI A R Feline immunodeficiency virus NI

AY621093* FC1 USA NI B R Feline immunodeficiency virus NI

EU117991*  27B USA NI B R Feline immunodeficiency virus Panthera leo

EF455607* NI USA NI NI R Feline immunodeficiency virus Puma concolor

EF455608* NI USA NI NI R Feline immunodeficiency virus Puma concolor

EF455609* NI USA NI NI R Feline immunodeficiency virus Puma concolor

EF455610* NI USA NI NI R Feline immunodeficiency virus Puma concolor

EF455611* NI USA NI NI R Feline immunodeficiency virus Puma concolor

EF455612* NI USA NI NI R Feline immunodeficiency virus Puma concolor

EF455613* NI USA NI NI R Feline immunodeficiency virus Puma concolor

KP264267* P8AC1_2010.36 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264279* P6AC68_2010.36 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264295* P4AC34_2010.36 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264297* P4AC31_2010.36 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264315* P22CC73_2011.37 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264323* P2AC12_2010.36 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264324* P18BC13_2010.87 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264350* P13AC71_2010.36 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264360* P10AC51_2010.36 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264389* M47AC135_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264398* M46AC73_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264413* M41AC119_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264439* M32AC159_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264453* M31AC253_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264478* M30AC39_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264480* M2CC1_2011.06 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264484* M29CC1_2011.06 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264508* M20AC284_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264513* M1AC2_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264519* M16AC130_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

KP264536* M14AC254_2010.09 USA 2010 NI R Feline immunodeficiency virus Felis catus

MW142044  32A Brazil 2014 U U Feline immunodeficiency virus Felis catus
MW142045  32B Brazil 2014 U U Feline immunodeficiency virus Felis catus

EF455603 NI USA NI NI W Feline immunodeficiency virus Puma concolor

EF455604 NI USA NI NI W Feline immunodeficiency virus Puma concolor

EF455605 NI USA NI NI W Feline immunodeficiency virus Puma concolor

EF455606 NI USA NI NI W Feline immunodeficiency virus Puma concolor
EF455614 NI USA NI NI W Feline immunodeficiency virus Puma concolor
EF455615  CoLV USA NI NI W Feline immunodeficiency virus Puma concolor

NI = data not informed; *R = recombinat; NC = no clade.

Recombinant sequence analysis 

To verify the existence of possible recombinant 
genomes and/or a more specific recombinant event in 
the env gene, both alignments were analyzed with the 
RDP5 software [20], which applies different methods 
of recombination and analysis in a set of data. In this 
research, data were analyzed using the following re-

combination methods: RDP, GENECONV, BootScan, 
MaxChi, Chimaera, SiScan and 3Seq [41]. The begin-
ning and end breakpoints of the potential recombinant 
sequences were defined by the RDP5 software. Re-
combinant events were considered significant when 
P ≤ 0.01 was observed for the same event using 4 or 
more algorithms [20].
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Phylogenetic analysis

Phylogenetic analyses with both datasets were 
performed after recombinant events sequence removal. 
The phylogenetic relationships were inferred using the 
maximum likelihood (ML) method with 1000 repli-
cates of the ultrafast bootstrap approximation and the 
optimal nucleotide substitution model selected using 
ModelFinder implemented in the W-IQ-TREE web 
server [37]. The FigTree program was used to construct 
and edit the phylogenetic trees (http://tree.bio.ed.ac.
uk/software/figtree/). 

RESULTS

A total of 12 WGS recombination events were 
detected by RDP5 (Table 3). Among these events, 19 
sequences were involved and were removed from the 
phylogenetic analyses. Most of the events in WGS 
(75%) occurred between wild-type host sequences in 
similar regions of the genome, end of pol, ORF1, ORF2 
and env gene (Figure 1). Furthermore, it was possible 
to verify recombination between subtype A (M36968 
and X57002), between subtype B (MW142032, 
MW142028, MW142047, MW815634, MW815633) 
and between wild-type host and subtype B (EU117991, 
EF455614, MW142039, AY713445, EF455609, 
U11820), sequences. The EF455610 wild-type host 
strain was present in 5 recombination events, it ap-
peared with the highest frequency (Table 3).

A total of 27 env gene recombination events 
were detected by RDP5 (Table 4). Among the env gene 
events, 49 sequences were involved. D37815 subtype 
D sequence was recombinant and had the major parent 
D37811 subtype D and minor parent D37817 sub-
type B, all sequences from Japan. Sequence D37814 
subtype B (from Japan) was recombinant and had the 
major parent KP264478 (from USA) and minor parent 
D37811 subtype D (from Japan). Sequence D37816 
subtype B was recombinant and had the major parent 
D37817 subtype B and minor parent D37815 subtype 
D, all from Japan. Consequently, these events show 
the occurrence of recombination between subtypes B 
and D in Japan. Besides, sequence EU117992 subtype 
E was a minor parent of the recombinant sequences 
AY13445 (wild-type host) and EU117991 subtype 
B (Figure 2). Recombination events between wild-
host sequences (EF455610, EF455609, EF455607, 
EF455611, EF455608, EF455612, EF455613) were 
also found. The L00608 subtype A strain was present 

in 5 recombination events, it appeared with the highest 
frequency (Table 4).

Of the initial 60 WGSs, only 41 remained in 
the study because the recombinant sequences were 
removed. All 41 WGSs sequences were comparatively 
analyzed and they could be classified into 6 well-sepa-
rated clades in the phylogenetic tree. Four clades were 
composed by WGS from the corresponding subtypes: 
FIV-A (n = 3), FIV-B (n = 28), FIV-C (n = 1) and FIV-E 
(n = 1). The remaining genomes clustered into 2 clades: 
U (n = 2), and W (wild-type host; n = 6) [Figure 3]. 
Clade A was composed of genomes from China (1/41; 
2.4%), Colombia (1/41; 2.4%) and the USA (1/41; 
2.4%); clade B was composed of 28 sequences from 
Brazil (27/41; 65.9%) and Japan (1/41; 2.4%); clade C 
was composed by 1 genome from Canada (1/41; 2.4%); 
clade E was composed by 1 genome from Botswana 
(1/41; 2.4%). Clade U was composed of 2 genomes 
from Brazil (2/41; 5%); and clade W was composed 
of 6 genomes from Canada (1/41; 2.4%) and the USA 
(5/41; 12.3%).

Of the initial 122 env gene sequences, only 73 
remained because the recombinant sequences were re-
moved from the study. All 73 env gene sequences were 
comparatively analyzed and they could be classified 
into 5 well-separated clades in the phylogenetic tree. 
Three clades were composed of env gene sequences 
from the corresponding subtypes: FIV-A (n = 15), 
FIV-B (n = 47) and FIV-C (n = 1). The remaining 
env gene sequences clustered into 2 clades: U (n = 
2), and W (wild-type host; n = 6) [Figure 4]. Clade 
A was composed of env sequences from Colombia 
(1/73; 1.4%), France (2/73; 2.7%), Netherlands (3/73; 
4.1%), Switzerland (2/73; 2.7%), USA (6/73; 8.3%); 
clade B was composed by env gene sequences from 
Brazil (32/73; 43.8%) and USA (15/73; 20.5%); clade 
C was composed by 1 env sequence from Canada 
(1/73; 1.4%); clade U was composed by 2 sequences 
from Brazil (2/73; 2.7%); and 6 env sequences were 
clustered in clade W from the USA (6/73; 8.3%). Two 
sequences (2/73; 2.7%) from the USA (KP264341 and 
KP264436) did not cluster into clades.  

In the phylogenies (WGS and env gene) it was 
possible to verify the genetic evolutionary difference 
between the wild-type and domestic cats by the forma-
tion of different clades, and the formation of clusters 
for almost all the FIV subtypes already described (A, 
B, C, E, U, W).
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Table 3. Results of the recombinant WGS FIV sequences, subsequently removed from the phylogenetic study.

WGS

Event Recombinat Major parent Minor parent
Detection methods

R G B M C S T

1 EF455611_USA EF455610_USA EF455614_USA + + + + + + +

2 EF455610_USA EF455609_USA EF455608_USA + + + + + + +

3 EF455610_USA EF455611_USA EF455608_USA + + + + + + -

4 EF455611_USA EF455612_USA EF455614_USA + + + + + + +

5 EF455610_USA EF455612_USA EF455607_USA + + + + + + -

6 EF455613_USA Unknown EF455608_USA + + + + + + +

7 M36968_subtypeA_USA X57002_subtypeA_Switzerland Unknown + - + - + - +

8 MW142032_subtypeB_Brazil MW142028_subtypeB_Brazil MW142047_subtypeB_Brazil - + + + + + -

9 EU117991_subtypeB_USA EF455614_USA MW142039_subtypeB_Brazil + - - + + + +

10 MW815634_subtypeB_Brazil MW815633_subtypeB_Brazil Unknown + - + + + + -

11 AY713445 EF455609_USA U11820_subtypeB_USA + - - + + + -

12 EF455610_USA EF455614_USA EF455612_USA + - - + + - +
R = RDP; G = Genconv; B = BootScan; M = MaxChi; C = Chimaera; S = SiScan; T = 3Seq.

Table 4. Results of the recombinant complete env gene FIV sequences, subsequently removed from the phylogenetic study.

env gene

Event Recombinat Major parent Minor parent
Detection methods

R G B M C S T

1 KP264324_USA L00608_subtypeA KP264360_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
2 KP330209_Australia D37813_subtypeA_Japan KP264279_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
3 D37815_subtypeD_Japan D37811_subtypeD_Japan D37817_subtypeB_Japan ₋ ₊ ₊ ₊ ₊ ₊ ₊
4 D37812_subtypeB_Japan D37814_subtypeB_Japan M25381_subtypeA_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
5 D37814_subtypeB_Japan KP264478_USA D37811_subtypeD_Japan ₊ ₊ ₊ ₊ ₊ ₊ ₊
6 KP264297_USA L00608_subtypeA KP264439_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
7 KP264267_USA L00608_subtypeA KP264536_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
8 D37816_subtypeB_Japan D37817_subtypeB_Japan D37815_subtypeD_Japan ₊ ₊ ₊ ₊ ₊ ₊ ₊
9 EF455610_USA EF455609_USA EF455607_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
10 KP264480_USA L00608_subtypeA M59418_subtypeB_Japan ₊ ₊ ₊ ₊ ₊ ₊ ₊
11 KP264508_USA X69494_subtypeA_Scotland KP264478_USA ₋ ₊ ₊ ₊ ₊ ₊ ₊
12 EF455610_USA EF455611_USA EF455608_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
13 KP264453_USA KP264508_USA MW142047_subtypeB_Brazil ₊ ₊ ₊ ₊ ₊ ₊ ₊
14 AY621093_subtypeB_USA Unknown KP264315_USA ₊ ₊ ₊ ₊ ₋ ₊ ₊
15 KP264453_USA KP3302209_Australia KP264398_USA ₋ ₊ ₊ ₊ ₊ ₊ ₊
16 KP264389_USA KP264295_USA KP264513_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
17 AY713445 EF455607_USA EU117992_subtypeE_Botsuana ₊ ₊ ₋ ₊ ₊ ₊ ₊
18 EF455609_USA EF455612_USA EF455613_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
19 EU117991_subtypeB_USA DQ192583_Canada EU117992_subtypeE_Botsuana ₋ ₊ ₊ ₊ ₊ ₊ ₊
20 KP264413_USA KP3302209_Australia KP264398_USA ₋ ₊ ₊ ₊ ₊ ₊ ₊
21 X69496_subtypeA_England AF298779 Unknown ₋ ₊ ₊ ₊ ₊ ₊ ₊
22 KP264453_USA MF352016_China KP264360_USA ₊ ₊ ₊ ₋ ₋ ₊ ₊
23 KP264413_USA D37813_subtypeA_Japan KP264360_USA ₊ ₊ ₊ ₊ ₊ ₊ ₊
24 KP264519_USA KP264323_USA Unknown ₋ ₊ ₊ ₋ ₊ ₊ ₊
25 KP264350_USA KP264519_USA L00608_subtypeA ₊ ₋ ₊ ₊ ₊ ₊ ₊
26 KP264448_USA KP264323_USA Unknown ₊ ₋ ₋ ₊ ₊ ₊ ₊
27 KP264360_USA KP264315_USA Unknown ₊ ₊ ₊ ₊ ₊ ₋ ₋

R = RDP; G = Genconv; B = BootScan; M = MaxChi; C = Chimaera; S = SiScan; T = 3Seq.
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Figure 1. Shows the main recombination site in wild-host sequences of the WGS dataset. The gag, pol and env genes; 
ORF1 and ORF2 are identified at the bottom of the figure. Different colors (colored by software RDP5) denote recom-
binant segments in sequences and show their non-recombinant segments.

Figure 2. Shows the main recombinant sites between subtypes B, D and E of the env dataset. Different colors (colored 
by software RDP5) denote recombinant segments in sequences and show their non-recombinant segments.

Figure 3. Phylogenetic tree based on 41 WGS. Red labels are Clade A 
(subtype A); blue labels are Clade B (subtype B); green labels are Clade C 
(subtype C); orange labels are Clade E (subtype E); purple labels are Clade 
U (subtype U); and yellow labels are Clade W (wild-host). The evolutionary 
history was inferred by maximum likelihood, with 1000 bootstrap replicates. 
The main bootstraps are present in the nodes.

Figure 4. Phylogenetic tree based on 73 env gene sequences. Red labels 
are Clade A (subtype A); blue labels are Clade B (subtype B); green labels 
are Clade C (subtype C); purple labels are Clade U (subtype U); and yellow 
labels are Clade W (wild-host). The evolutionary history was inferred by 
maximum likelihood, with 1000 bootstrap replicates. The main bootstraps 
are present in the nodes.
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DISCUSSION

This study evaluated the FIV diversity based 
on in silico analyses of WGS and env gene sequences 
through a phylogenetic approach. The WGS FIV 
recombinants analysis showed intra-subtype recom-
bination between subtype A (M36968 and X57002) 
and between subtype B (MW142032, MW142028, 
MW142047, MW815634, MW815633). There are few 
reports describing these events, which makes it impos-
sible to know the degree of viral diversity of this type 
of recombination [30]. A previous study highlighted 
the difficulty of detecting intrasubtype recombination 
given the high similarity of the sequences, making this 
type of event go unnoticed [9]. Noteworthy, this kind 
of recombination had already been reported in other 
lentiviruses (HIV) [16,18]. On opposition, similar 
intersubtype recombination events observed here had 
already been reported between the most frequent FIV 
subtypes (A and B) [24].

Recombination events were more frequently 
observed in an additional analysis of the env genes. 
Interestingly, recombination among sequences of 
isolates from subtypes B (D37814 and D37817) and 
D (D37815 and D37811) from Japan were identified, 
reinforcing data presented by a previous report [1]. 
Recombination between lentivirus genomes was also 
demonstrated in HIV-1 and HIV-2, which circulated 
simultaneously in different geographic regions [27,29]. 
The analysis of 2 FIV isolates from Japan also suggests 
that limited similarities in some hot-spot recombination 
regions can occur in cats coinfected with more than 1 
subtype  [13].

Recombination events in the whole-ge-
nomes and env gene sequences obtained in wild 
cats (EF455610, EF455609, EF455607, EF455611, 
EF455608, EF455612 and EF455613) were also 
observed. It was already reported that 3 lineages 
were derived from recombination events (EF455611, 
EF455609/EF455610 and EF455613/EF455614) [3]. 
This previous study highlighted that the ancestral 
sequences EF455607/EF455608 were involved in 
all recombination events that resulted in EF455611, 
EF455609/EF455610 and EF455613/EF455614 
strains, making them important precursors of the cur-
rent circulating FIVs from this subtype. Importantly, 
FIV sequence EF455610 showed the highest number of 
recombination events (5/12) in the analysis performed 
with WGS. In the analysis of the env gene sequences, 1 

isolate from subtype A (L00608) was more frequently 
(5/27) demonstrated in the recombination events. These 
isolates are probably derived from lineages in felines 
living in mid-distance geographic regions (Greater Yel-
lowstone Ecosystem and Wyoming), which indicates 
that individuals were infected by ancestral viruses in 
close contact in the recent past [3].

It was possible to observe the classification 
of almost all FIV subtypes in clades, both in the phy-
logeny of the WGS and in the env gene. There were 6 
distinct clades: A, B, C, E, U and W.  In addition, most 
sequences isolates were from subtypes A and B. This 
result confirms other studies demonstrating subtypes 
A and B as the most common and prevalent worldwide 
[10,30]. Previous reports from northern and western 
Europe (France, the Netherlands and Switzerland) 
demonstrated the dominance of subtype A in this conti-
nent [28,32]. In addition, studies carried out in Canada 
and the west coast of the USA also report the preva-
lence of isolates from clade A [26,38]. Importantly, it 
was not possible to observe the clade D here because 
all previous sequence classified as D were removed 
due to recombination events. It was also not possible 
to observe clade formation for subtype F because there 
are no WGS or complete env gene sequences available, 
only partial sequences that were not included in this 
study. Thus, sequencing FIV complete genomes is im-
portant for a more robust classification. Many studies 
are still carried out with only partial sequences of the 
selected region of the genome [6,11,23,28].

Brazil had an expressive number of sequences 
grouped in clade B both in the WGS analysis and in 
the env gene (n = 27 and n = 32, respectively). The 
predominance of subtype B was already demonstrated 
in studies carried out in different geographic regions: 
southeast [5,21,35], midwest [19], south [4] and 
northeast [36]. Only 1 study reports the occurrence of 
subtype A circulating in the northeast of Brazil [22]. 
The USA was the second country to have a high fre-
quency of FIV sequences from clade B in the analysis 
of the env gene (n = 15). Other studies carried out in 
the country previously showed the circulation of this 
subtype on the East Coast [38], in the states of Texas 
[39], Tennessee and Illinois [2]. The sequences grouped 
in the clade U, from Brazil, have not yet had their data 
published in an article so there could be some explana-
tion for the possibility of the existence of the subtype 
in circulation in the country.
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Other studies are focusing in the analysis of 
other FIV genomic regions for phylogenetic classifi-
cations: pol [33,34], vif [17], and gag [17]. However, 
the env gene codes for the most exposed protein and 
is under pressure from immune response, generating 
positive exhaustion mutation selection and high diver-
sity to classify this virus and compare with vaccine 
strains [12,23,28]. This gene also has high variable 
sequences in the corresponding region of loops in the 
Env protein [28,31]. Thus, nucleotide sequences from 
the V3-V5 region of the env gene have been widely 
used in the genetic subtyping of FIV strains, as well 
as in molecular epidemiological studies [30]. 

CONCLUSION

FIV recombination events (inter and intrasu-
btype) were observed in the whole-genomes and env 
gene sequences evaluated, reinforcing their importance 

in FIV evolution. The phylogenetic analysis demon-
strated 6 different clades (A, B, C, E, U, W). These 
results highlight the importance of in silico evaluation 
and phylogenetic studies to elucidate FIV evolutionary 
processes as well as circulating lineages worldwide.
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