Archives of Virology (2024) 169:176
https://doi.org/10.1007/s00705-024-06107-2

VIROLOGY DIVISION NEWS q

Check for
updates

2024 taxonomy update for the family Circoviridae

- Maria Benk43® - Mya Breitbart®
- Karyna Rosario® - Joaquim Segalés'®''® .

- Eniké Fehér®® . Eszter Kaszab3® - Krisztian Banyai>'*

Arvind Varsani'?® . Balazs Harrach®*© . Philippe Roumagnac*
Eric Delwart®® . Giovanni Franzo’ - Darius Kazlauskas®®
Emily Dunay'? - Joshua Rukundo'® - Tony L. Goldberg'?
Mart Krupovic'®

© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2024

Abstract

Circovirids have a circular single-stranded DNA genome packed into a small icosahedral capsid. They are classified within
two genera, Circovirus and Cyclovirus, in the family Circoviridae (phylum Cressdnaviricota, class Arfiviricetes, order Cirli-
virales). Over the last five years, a number of new circovirids have been identified, and, as a result, 54 new species have been
created for their classification based on the previously established species demarcation criterion, namely, that viruses clas-
sified into different species share less than 80% genome-wide pairwise sequence identity. Of note, one of the newly created
species includes a circovirus that was identified in human hepatocytes and suspected of causing liver damage. Furthermore,
to comply with binomial species nomenclature, all new and previously recognized species have been (re)named in binomial
format with a freeform epithet. Here, we provide a summary of the properties of circovirid genomes and their classification
as of June 2024 (65 species in the genus Circovirus and 90 species in the genus Cyclovirus). Finally, we provide reference
datasets of the nucleotide and amino acid sequences representing each of the officially recognized circovirid species to

facilitate further classification of newly discovered members of the Circoviridae.
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Introduction

Circovirids have a small circular single-stranded DNA genome
(~1670-2380 nt in length) that is encapsidated into a small
icosahedral virion (20-25 nm) [1, 2]. All circovirids encode
at least two proteins, the capsid protein (CP) and the replica-
tion-associated protein (Rep). The two proteins are encoded
in an ambisense orientation [3], with the open reading frames
(ORFs) located on the virion and complementary strands of
the replicative form of the genome, respectively. The inter-
genic region between the 5' ends of the two major ORFs has a
stem-loop structure with a conserved nonanucleotide sequence
that serves as the origin of rolling-circle replication (RCR).
The Reps of circovirids catalyze the initiation of RCR by nick-
ing the viral DNA at the origin of replication, similar to the
mechanism used by other cressdnaviricots [4, 5]. Circovirid
Reps consist of two domains, the N-terminal HUH superfam-
ily endonuclease domain and the C-terminal superfamily 3
helicase domain, each of which is characterized by conserved
diagnostic motifs. Circovirid CPs consist of a positively
charged N-terminal arm followed by a jelly-roll fold domain.
Sixty copies of the CP assemble with 7 = 1 icosahedral sym-
metry to form isometric capsids [1, 6].

Circovirids are classified into two genera, Circovirus and
Cyclovirus [7], within the family Circoviridae (phylum Cress-
dnaviricota, class Arfiviricetes, order Cirlivirales) [5]. A large
part of what is known about circovirid biology and transmis-
sion is based on studies of circoviruses associated with psit-
tacine beak and feather disease in parrots, runting syndrome
in geese, young pigeon disease syndrome in pigeons, feather
disorders in young ducks, and porcine circovirus diseases in
pigs [8—11]. Recently, a human circovirus assumed to cause
hepatitis in an immunosuppressed patient and intravenous
drug users was reported [12, 13]. More generally, members
of the genus Circovirus have been found to infect vertebrates,
whereas those of the genus Cyclovirus are associated with both
vertebrate and invertebrate hosts, but no robust virus-host sys-
tems have been reported yet.

The primary feature distinguishing circoviruses from cyclo-
viruses is the orientation of the Rep and CP coding genes rela-
tive to the origin of replication. Furthermore, the Reps and CPs
of circoviruses and cycloviruses are phylogenetically distinct.
The same species demarcation thresholds are used for both
genera, with viruses classified into separate species if their
genomes share less than 80% genome-wide pairwise sequence
identity with the classified family members [3].
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In order to comply with the mandated binomial species
naming format [14, 15], we have renamed the established
species (n = 101, as of April 2023) in the family Circoviri-
dae using binomial nomenclature with a freeform epithet.
All epithets are derived from either the host species or the
isolation source, using names in different languages of the
peoples that inhabit the region of virus origin, whenever
possible (Table 1), with the aim of creating a more inclu-
sive virus nomenclature. In cases where hosts are known
and the viruses were studied experimentally, and in order
to have minimal disruption, we have used common names
for the hosts. In the case of the former species Porcine
circovirus 1, Porcine circovirus 2, Porcine circovirus 3,
and Porcine circovirus 4, we have additionally used an
alphanumeric epithet to rename them as Circovirus por-
cinel, Circovirus porcine2, Circovirus porcine3, and Cir-
covirus porcine4. Notes on species naming are provided
in Table 1. We would like to emphasize that only spe-
cies names have changed, whereas virus names remain
unchanged, i.e., porcine circovirus 2 (PCV2), beak and
feather disease virus (BFDV), etc. should still be referred
to as such. This is because there is a clear distinction in
virology between a species (a taxonomical category) and
a virus (a physical entity) [16].

Recently, a significant number of circovirus and cyclo-
virus genomes have been identified in various organisms
or their fecal samples. Based on genome-wide pairwise
sequence comparisons coupled with phylogenetic analysis,
55 new species (16 in the genus Circovirus and 39 in the
genus Cyclovirus) have been created to classify these new
circovirids (summarized in Table 1). All pairwise identity
scores for the representative members of the genera Circo-
virus and Cyclovirus were determined using SDTv1.2 [17].

The binomial species names and the new species have
been accepted and ratified by the International Committee
on Taxonomy of Viruses (ICTV) [18].

Overview of representative viruses
from each species in the family Circoviridae

Genomes

The genomes of circoviruses representing different spe-
cies generally have a small intergenic region between the
3' ends of the ORFs encoding Rep and CP, and very few
(~6%) of their Rep coding regions have introns (Fig. 1).
In contrast, the representative genomes of cycloviruses
rarely have intergenic regions between the 3' termini of
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Table 1 Summary of new species and new binomial species names for representative members of genera Circovirus and Cyclovirus
Binomial Epithet notes Previous species Accession no. Virus name Host /source Country of first Reference
species name name description
Circovirus ban  coyote in - 0Q599924 banfec circovirus 2 Canis latrans USA [43]
Tohono
O’odham
Circovirus common name  Barbel circo- GU799606 barbel circovirus  Barbus barbus Hungary [44]
barbel for host virus
Circovirus bat in Portu- Bat associated ~ KT783484 Tadarida brasilien- Tadarida brasiliensis Brazil [45]
bastao guese circovirus 4 sis circovirus 1
Circovirus bear common name Bear circovirus  MN371255 Ursus americanus  Ursus americanus USA [46]
for host circovirus americanus
Circovirus bat in Chinese Bat associated ~ JQ814849 Rhinolophus Rhinolophus ferrum- China [47]
bianfu circovirus 3 ferrumequinum equinum
circovirus 1
Circovirus common name  Canary circo- AJ301633 canary circovirus  Serinus canaria Italy [48]
canary for host virus
Circovirus common name Canine circo- KC241982 canine circovirus  Canis lupus famil- USA [49]
canine for host virus iaris
Circovirus common name  European catfish JQ011377 Silurus glanis Silurus glanis Hungary [50]
catfish for host circovirus circovirus
Circovirus bat in French (2 Bat associated ~ JX863737 bat associated Rhinolophus ferrum- Myanmar [51]
chauvesouris words) circovirus 1 circovirus 1 equinum
Circovirus cia  bat in Lao Bat associated  KJ641716 bat circovirus CV/  Pipistrellus sp. China [52]
circovirus 12 GD2012
Circovirus civet common name  Civet circovirus 1LC416389 Paguma larvata Paguma larvata Japan [53]
for host circovirus
Circovirus daga rodent in Fili- Rodent associ-  KY370037 rodent circovirus 6 Apodemus draco China [54]
pino ated circovi-
rus 6
Circovirus duck common name Duck circovirus  AY228555 mulard duck Anas domesticus USA [55]
for host circovirus
Circovirus elk  common name  Elk circovirus MN585201 elk circovirus Cervus canadensis Canada [56]
for host
Circovirus human in Human associ-  GQ404856 human stool-asso- Homo sapiens Nigeria [57]
eniyan Yoruba ated circovi- ciated circular
rus 1 virus
Circovirus finch  common name Finch circovirus DQ845075 finch circovirus Chloebia gouldiae - [33]
for host
Circovirus wolverine in - MW686208  wolvfec circovius  Gulo gulo USA [58]
gloton Spanish
Circovirus rodent in Danish  Rodent associ- KY370027 rodent circovirus 5 Niviventer eha China [54]
gnaver ated circovi-
rus 5
Circovirus common name  Goose circo- AJ304456 goose circovirus Goose Germany [59]
goose for host virus
Circovirus rodent in Polish ~ Rodent associ-  MF497827 bamboo rat circo-  Rhizomys pruinosus ~ China -
gryzon ated circovi- virus
rus 7
Circovirus gull common name  Gull circovirus  DQ845074 gull circovirus Larus argentatus Sweden [33]
for host
Circovirus bee-eater in - MZ710935 bee-eater circo- Merops apiaster Hungary [60]
gyurgyalag Hungarian virus
Circovirus hirat  rat in Volapuk - OMS869597  dipodfec virus Dipodomys merriami USA [61]
UAO4Rod_4537  feces
Circovirus virus identi- - ON677309 human circovi- Homo sapiens France [12]
human fied in human rus 1

tissue
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Table 1 (continued)

Binomial Epithet notes Previous species Accession no. Virus name Host /source Country of first Reference
species name name description
Circovirus bat in Scottish Bat associated ~ KX756986 bat circovirus Vespertilio sinensis ~ China [62]
ialtag circovirus 10 Acheng30
Circovirus chimpanzee in Chimpanzee GQ404851 chimpanzee stool  Pan troglodytes Rwanda [57]
impundu Kinyarwanda associated avian-like circo-
circovirus 1 virus
Circovirus bat in Malay Bat associated ~ KJ641741 bat associated Rhinolophus ferrum- China [52]
kelawar circovirus 9 circovirus 9 equinum
Circovirus kiore rodentin Maori  Rodent associ- KY370042 rodent circovirus 2 Apodemus chevrieri  China [54]
ated circovi-
rus 2
Circovirus coyote, - 00599922 banfec circovirus 1 Canis latrans USA [43]
kukwuria scavenger in
Comanche
Circovirus bat in Finnish Bat associated ~ KJ641723 bat associated Rhinolophus sinicus ~ China [52]
lepakko circovirus 7 circovirus 7
Circovirus lin horse in Navajo - MW881235  equine circovi- Equus ferus caballus USA [63]
rus 1
Circovirus magu mongoose in - MZ382570 mongoose-associ-  Urva auropunctata  Saint Kitts and ~ [64]
Punjabi ated circovirus Nevis
Mon-1
Circovirus mink common name  Mink circovirus  KJ020099 mink circovirus Mustela sp. China [65]
for host
Circovirus miztli mountain lionin - MT610105 sonfela circovi- Lynx rufus Mexico [66]
Nahuatl rus 1
Circovirus cat in Milpa Alta - MT610106 sonfela circovi- Lynx rufus Mexico [66]
miztontli rus 2
Circovirus bat in Galician Bat associated ~ KJ641711 bat associated Myotis ricketti China [52]
morcego circovirus 8 circovirus 8
Circovirus common word Mosquito MH188038 Culex circovirus-  Culex sp. USA [67]
mossi for mosquito in  associated like virus
USA circovirus 1
Circovirus waterfowl in - MZ604582 wigfec circovi- Mareca americana USA [68]
naaleeli Navajo rus 1
Circovirus common name Beak and feather AF071878 beak and feather Psittaciformes spe- USA [35]
parrot for host disease virus disease virus cies
Circovirus pato  waterfowl in - MZ604590 wigfec circovi- Mareca americana ~ USA [68]
Spanish rus 2
Circovirus common name  Penguin circo-  MN164703 penguin circovirus Pygoscelis adeliae Antarctica [37]
penguin for host virus
Circovirus tick in Chinese  Tick associated ~KX987146 tick circovirus 2 Ixodes crenulatus China [69]
pichong (two words Pi circovirus 2
chong)
Circovirus common name Pigeon circo- AF252610 columbid circo- Columbia livia Germany [70]
pigeon for host virus virus
Circovirus bat in Italian Bat associated  MN928506  bat circovirus Miniopterus schreib- Italy [71]
pipistrello circovirus 13 Sardinia ersii
Circovirus common name  Porcine circovi- AF071879 porcine circovi- Sus scrofa domes- Germany [35]
porcinel for host rus 1 rus 1 ticus
Circovirus common name  Porcine circovi-  AY651850 porcine circovi- Sus scrofa domes- Canada [72]
porcine2 for host rus 2 rus 2 ticus
Circovirus common name  Porcine circovi- KT869077 porcine circovi- Sus scrofa domes- USA [73]
porcine3 for host rus 3 rus 3 ticus
Circovirus common name Porcine circovi- MK986820 porcine circovi- Sus scrofa domes- China [74]
porcined for host rus 4 rus 4 ticus
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Table 1 (continued)
Binomial Epithet notes Previous species Accession no. Virus name Host /source Country of first Reference
species name name description
Circovirus bat in Catalan Bat associated  KJ641724 bat associated Rhinolophus affinis ~ China [52]
ratpenat circovirus 6 circovirus 6
Circovirus raven common name Raven circovirus DQ146997 raven circovirus Corvus coronoides Australia [34]
for host
Circovirus rodent in Italian  Rodent associ-  KY370039 rodent circovirus 3 Neodon clarkei China [54]
roditore ated circovi-
rus 3
Circovirus rodent in French  Rodent associ-  KY370034 rodent circovirus 1 Neodon clarkei China [54]
rongeur ated circovi-
rus 1
Circovirus rodent in Catalan Rodent associ-  KY370029 rodent circovirus 4 Allactaga sibirica China [54]
rosegador ated circovi-
rus 4
Circovirus bat in Basque Bat associated KJ641727 bat associated Plecotus auritus China [52]
saguzarra circovirus 5 circovirus 5
Circovirus bat in Latvian Bat associated  KX756996 bat circovirus Hipposideros China [75]
siksparnis circovirus 11 Mengyuan2 armiger
Circovirus common name Starling circo- DQ172906 starling circovirus  Sturnus vulgaris Spain [76]
starling for host virus
Circovirus swan common name  Swan circovirus EU056309 Cygnus olor circo- Cygnus olor Germany [77]
for host virus
Circovirus seal in Norwe- - MN164712 werosea circovirus Leptonychotes wed- ~ Antarctica [78]
tetning gian dellii
Circovirus little bittern in - MZ710934 little bittern circo-  Ixobrychus minutus ~ Hungary [60]
torpegem Hungarian virus
Circovirus bat in Nahuatl - OL704833 Eumops bonar- Eumops bonariensis  Argentina [79]
tzinaka iensis associated
circovirus 1
Circovirus bat in Dutch Bat associated ~ KC339249 bat associated Rhinolophus ferrum- Myanmar [51]
vleermuis circovirus 2 circovirus 2 equinum
Circovirus wesa cat in Cherokee - ON596197 calfel virus Lynx rufus USA [40]
LSF45_cir359
Circovirus common name Whale circo- MN103538 beaked whale Indopacetus pacifi-  USA [80]
whale for host virus circovirus cus
Circovirus yaa  tick in Navajo Tick associated ~ KU230452 avian-like circo- Ixodes scapulari USA [81]
circovirus 1 virus
Circovirus common name  Zebra finch KP793918 zebra finch circo-  Taeniopygia guttata  Germany [82]
zebrafinch for host circovirus virus
Cyclovirus spider in Inuk- Spider associ- MHS545516 soft spider associ- Cybaeidae Canada [83]
aasiak titut ated cyclovi- ated circular
rus 1 virus 1
Cyclovirus adie  chicken in Chicken associ- HQ738643 cyclovirus Gallus gallus Nigeria [84]
Yoruba ated cyclovi- NGchicken8/
rus 1 NGA/2009
Cyclovirus ant in Ewe - ON324071 army ant associ-  Dorylus sp. Gabon [42]
anyidiwo ated cyclovirus 2
P8A-4.2 2
Cyclovirus dragonfly in Dragonfly KC512918 dragonfly cyclovi- Aeshna multicolor USA [85]
babka Ukrainian associated rus 6
cyclovirus 6
Cyclovirus bakri goat in Urdu Goat associated HQ738636 cyclovirus Capra aegagrus Pakistan [84]
cyclovirus 1 PKgoatl1/ hircus
PAK/2009
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Table 1 (continued)

Binomial Epithet notes Previous species Accession no. Virus name Host /source Country of first Reference
species name name description
Cyclovirus human in Arabic Human associ-  GQ404857 cyclovirus TN25 ~ Homo sapiens Tunisia [57]
bashri ated cyclovi-
rus 4
Cyclovirus bat in Portu- Bat associated ~ KM?382270 bat circovirus Molossus Brazil [86]
bastao guese cyclovirus 10 POA/2012/VI molossus, Tadarida
brasiliensis
Cyclovirus ant in Sesotho - ON324104 army ant associ- Dorylus sp. Gabon [42]
bohloa ated cyclovirus 5
170_4
Cyclovirus horse in Spanish  Horse associ- KR902499 cyclovirus Equl Equus caballus USA [87]
caballo ated cyclovi-
rus 1
Cyclovirus robin in Slovak - MZ350969 robinz virus Petroica australis New Zealand [41]
cervienka RP_736
Cyclovirus doi  batin Vietnam-  Bar associated =~ KM382269 bat circovirus Molossus Brazil [86]
ese (originally cyclovirus 12 POA/2012/11 molossus, Tadarida
two words) brasiliensis
Cyclovirus antin Luganda - ON324107 army ant associ-  Dorylus sp. Gabon [42]
enseenene ated cyclovirus 8
P1A-reste_2
Cyclovirus chimpanzee in - 0P934204 chimpanzee asso-  Pan troglodytes Uganda [88]
ezzike Luganda ciated cyclovi-
rus 2
Cyclovirus bat in Danish Bat associated ~ HQ738637 cyclovirus bat Tadarida brasiliensis USA [84]
flagermus cyclovirus 5 CyCV-TB
Cyclovirus bat in Yiddish - OM262456 chifec virus Tadarida brasiliensis USA [89]
fledermoyz UA13_1880
Cyclovirus foca  seal in Galician - MN176052  werosea cyclo- Leptonychotes wed- ~ Antarctica [78]
virus dellii
Cyclovirus ant in French - ON324069 army ant associ-  Dorylus sp. Gabon [42]
Sfourmi ated cyclovirus 6
Pl6-reste_1
Cyclovirus cow in Urdu Bovine associ- HQ738634 cyclovirus Bos taurus Pakistan [84]
gaaye ated cyclovi- PKbeef23/
rus 1 PAK/2009
Cyclovirus gato  cat in Spanish Feline associ- KMO017740  feline cyclovirus  Felis catus USA [90]
ated cyclovi-
rus 1
Cyclovirus human in Espe-  Human associ-  GQ404845 cyclovirus Homo sapiens Pakistan [57]
homa ranto ated cyclovi- PK5034
rus 5
Cyclovirus human in Span-  Human associ-  KF726984 human associated ~Homo sapiens Chile [91]
humana ish ated cyclovirus cyclovirus 10
10
Cyclovirus ant in Kinyar- - ON324066 army ant associ-  Dorylus sp. Gabon [42]
ibimonyo wanda ated cyclovirus 3
PlA-reste_4
Cyclovirus human in Urdu  Human associ-  GQ404844 cyclovirus PK500  Homo sapiens Pakistan [57]
insaan ated cyclovi-
rus 2
Cyclovirus bat in Navajo Bat associated ' HM228874  bat cyclovirus Antrozous pallidus USA [92]
Jjaaabani cyclovirus 1 GF-4c
Cyclovirus bat in Hausa Bat associated ~ JF938079 bat associated Myotis spp. China [93]
Jjemage cyclovirus 2 cyclovirus 2
Cyclovirus duck in Hungar-  Duck associated KY851116 duck associated Anas platyrhynchos ~ Hungary [94]
kacsa ian cyclovirus 1 cyclovirus 1
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Table 1 (continued)
Binomial Epithet notes Previous species Accession no. Virus name Host /source Country of first Reference
species name name description
Cyclovirus rodent in Turkish - OMS869613 dipodfec virus Dipodomys specta-  USA [61]
kemirgen UA23Rod_1805 bilis
Cyclovirus bat in Norwegian Bat associated ~ KJ641720 bat associated Tylonycteris pachy-  China [52]
khangkhaw cyclovirus 9 cyclovirus 9 pus
Cyclovirus bat in Esperanto  Bat associated ~ JF938081 bat associated Mbyotis spp. China [93]
kiroptero cyclovirus 3 cyclovirus 3
Cyclovirus dragonfly in Dragonfly JX185419 dragonfly cyclovi- Pantala flavescens Tonga [95]
kisikisi Tongan associated rus 1
cyclovirus 1
Cyclovirus ant in Yoruba - ON324100 army ant associ-  Dorylus sp. Gabon [42]
kokoro ated cyclovirus 1
P21/23-reste_1
Cyclovirus dragonfly in Dragonfly JX185426 dragonfly cyclovi- Erythrodiplax Puerto Rico [95]
libelula Spanish associated rus 5 umbrata
cyclovirus 5
Cyclovirus robin in Lithu- - MZ350973 robinz virus Petroica australis New Zealand [41]
liepsnele anian RP_1170
Cyclovirus liliac bat in Romanian Bat associated ~ KJ641740 bat associated Rhinolophus pusillus China [52]
cyclovirus 7 cyclovirus 7
Cyclovirus liljak bat in Macedo- - OM262459 chifec virus Lasionycteris nocti-  USA [96]
nian UA15_2320 vagans
Cyclovirus human in Hindi ~ Human associ-  GQ404847 cyclovirus Homo sapiens Pakistan [57]
maanav ated cyclovi- PK5510
rus 1
Cyclovirus human in Tamil  Human associ-  KIJ831064 cyclovirus Homo sapiens Sri Lanka [97]
manitan ated cyclovirus SL-108277
11
Cyclovirus human in Pun-  Human associ-  GQ404846 cyclovirus Homo sapiens Pakistan [57]
manukha jabi ated cyclovi- PK5222
rus 3
Cyclovirus human in Malay- Human associ- KU053483 Indian encepha- Homo sapiens India -
manusyan alam ated cyclovirus litis associated
12 cyclovirus
Cyclovirus ant in Swahili Ant associated ~ MH545511 arboreal ant asso-  Crematogaster Kenya [83]
mchwa cyclovirus 1 ciated circular nigriceps
virus 1
Cyclovirus mier ant in Dutch - ON324103 army ant associ-  Dorylus sp. Gabon [42]
ated cyclovirus 4
P8A-3.2_1
Cyclovirus misi  catin Quechua - ON596195 calfel virus Lynx rufus USA [40]
LSF31_cyc420
Cyclovirus human in Igbo Human associ-  GQ404854 cyclovirus NG12 ~ Homo sapiens Nigeria [57]
mmadu ated cyclovi-
rus 6
Cyclovirus cat in Hopi - ON596196 calfel virus Lynx rufus USA [40]
moosa LSF31_cyc880
Cyclovirus human in Human associ- KC771281 human cyclovirus  Homo sapiens Malawi [98]
munthu Chichewa ated cyclovi- VS5700009
rus 9
Cyclovirus bat in Spanish - OL704826 bat associated Molossus molossus ~ Argentina [79]
murcielago cyclovirus 17
Cyclovirus bat in Catalan - OL704828 Eumops bonar- Eumops bonariensis  Argentina [79]
muricec iensis associated

cyclovirus 1
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Table 1 (continued)

Binomial Epithet notes Previous species Accession no. Virus name Host /source Country of first Reference
species name name description
Cyclovirus human in Hausa Human associ-  GQ404855 cyclovirus NG14 ~ Homo sapiens Nigeria [57]
mutum ated cyclovi-
rus 7
Cyclovirus small Indian - MZ382573 mongoose-associ-  Urva auropunctata  Saint Kitts and ~ [64]
mweyba mongoose in ated cyclovirus Nevis
Burmese Mon-20
Cyclovirus chicken in Chicken associ- MG846358 chicken associated Gallus gallus Brazil [99]
naahoohai Navajo ated cyclovi- cyclovirus 2
rus 2
Cyclovirus small rodentin ~ Mouse associ- KT878836 mouse associated  mouse USA -
naastsosi Navajo ated cyclovi- cyclovirus 1
rus 1
Cyclovirus bat in Estonian  Bat associated ~ KJ641715 bat associated Rhinolophus pusillus  China [52]
nahkhiir cyclovirus 8 cyclovirus 8
Cyclovirus dragonfly in Dragonfly KC512919 dragonfly cyclovi- Xanthocnemis zea-  New Zealand [85]
namu Maori associated rus 7 landica
cyclovirus 7
Cyclovirus ant in Igbo - ON324108 army ant associ-  Dorylus sp. Gabon [42]
ndanda ated cyclovirus 9
183_1
Cyclovirus bat in Czech - MT766312 bat associated Eptesicus regulus Australia -
netopyr cyclovirus Vrl
Cyclovirus small Indian - MZ382572 mongoose-associ-  Urva auropunctata  Saint Kitts and ~ [64]
newla mongoose in ated cyclovirus Nevis
Hindi Mon-32
Cyclovirus human in Viet-  Human associ- KF031466 cyclovirus VN Homo sapiens Vietnam [100]
nhanloai namese ated cyclovi-
rus 8
Cyclovirus bat in Polish Bat associated  KJ641728 bat associated Plecotus auritus China [52]
nietoperz cyclovirus 13 cyclovirus 13
Cyclovirus common word - MT707947 Caesalpinia ferrea  Libidibia ferrea Brazil -
pauferro for this tree in associated virus
Brazil - (pau
ferro)
Cyclovirus pea  bat in Samoan Bat associated ~ KT732786 Pacific flying fox  Pteropus tonganus Tonga [101]
cyclovirus 15 associated cyclo-
virus-2
Cyclovirus peka bat in Tongan Bat associated ~ KT732785 Pacific flying fox = Pteropus tonganus Tonga [101]
cyclovirus 14 associated cyclo-
virus-1
Cyclovirus bat in Maori Bat associated  KT732787 Pacific flying fox = Pteropus tonganus Tonga [101]
pekapeka cyclovirus 16 associated cyclo-
virus-3
Cyclovirus pet-  robin in Italian - MZ350965 robinz virus Petroica australis New Zealand [41]
tirosso RP_493
Cyclovirus rat in Slovenian  Rodent associ-  KY370026 rodent associated  Rattus tanezumi China [54]
podgana ated cyclovi- cyclovirus 2 sladeni
rus 2
Cyclovirus popo bat in Swahili Bat associated ~ KJ641712 bat associated Rhinolophus pusillus China [52]
cyclovirus 6 cyclovirus 6
Cyclovirus catin Hawaiian - ON596192 calfel virus Lynx rufus USA [40]
popoki LSF17_cycl102
Cyclovirus robin in Roma- - MZ350968 robinz virus Petroica australis New Zealand [41]
prihor nian RP_620
Cyclovirus bat in Bulgarian - OM262453 chifec virus Lasionycteris nocti-  USA [96]
prilep UAL15_35 vagans
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Table 1 (continued)
Binomial Epithet notes Previous species Accession no. Virus name Host /source Country of first Reference
species name name description
Cyclovirus robin in Finnish - MZ350966 robinz virus Petroica australis New Zealand [41]
punarinta RP_526
Cyclovirus rata  rat in Galician Rodent associ-  KY370028 rodent associated  Rattus flavipectus China [54]
ated cyclovi- cyclovirus 1
rus 1
Cyclovirus risi  squirrel in Japa-  Squirrel associ- 1LCO018134 cyclovirus TsCyV-  Callosciurus eryth-  Japan [102]
nese ated cyclovi- 1 raeus thaiwanensis
rus 1
Cyclovirus common name Cockroach JX569794 Florida woods Eurycotis floridana ~ USA [103]
roach for cockroach associated cockroach cyclo-
in USA cyclovirus 1 virus
Cyclovirus rodent in Portu-  Capybara MK947371 capybara associ- Hydrochoerus hydro- Brazil [104]
roedor guese associated ated cyclovirus 1 chaeris
cyclovirus
Cyclovirus rotte  rat in Danish - OMS869595 dipodfec virus Dipodomys merriami USA [61]
UAO0O4Rod_5913
Cyclovirus robin in Polish - MZ350967 robinz virus Petroica australis New Zealand [41]
rudzik RP_584
Cyclovirus bat in Basque - OM262451 chifec virus Tadarida brasiliensis USA [89]
saguza UA13_1727
Cyclovirus bat in Hopi - OM262452 chifec virus Tadarida brasiliensis USA [89]
sawya UA13_1817
Cyclovirus bat is Croatian  Bat associated ~ JF938082 bat associated Myotis spp. China [93]
sismis cyclovirus 4 cyclovirus 4
Cyclovirus chimpanzee in Chimpanzee GQ404849 cyclovirus Pan troglodytes Central Africa  [57]
sokwe Swahili associated Chimpl1
cyclovirus 1
Cyclovirus ant in Shona - ON324106 army ant associ-  Dorylus sp. Gabon [42]
svosve ated cyclovirus 7
P4A-reste_1
Cyclovirus dragonfly in Dragonfly JX185422 dragonfly cyclovi- Pantala flavescens USA [95]
taniilai Navajo associated rus 2
cyclovirus 2
Cyclovirus dragonfly in Dragonfly KC512920 dragonfly cyclovi-  Orthetrum Sabina Australia [85]
tarako Samoan associated rus 8
cyclovirus 8
Cyclovirus dragonfly in Dragonfly JX185424 dragonfly cyclovi-  Erythemis simplici- USA [95]
tonbo Japanese associated rus 3 collis
cyclovirus 3
Cyclovirus totoi  robin in Maori - MZ350964 robinz virus Petroica australis New Zealand [41]
RP_259
Cyclovirus bat in Tamil - MT766309 bat associated Chalinolobus gouldii  Australia -
vauval cyclovirus Cgl
Cyclovirus dragonfly in Dragonfly KC512916 dragonfly cyclovi- Aeshna multicolor USA [85]
vazka Slovakian associated rus 4
cyclovirus 4
Cyclovirus bat in Latin - OL704827 Tadarida brasil- Tadarida brasiliensis  Argentina [79]
vespertilio iensis associated
cyclovirus 1
Cyclovirus bat in Dutch - OM262457 chifec virus Tadarida brasiliensis USA [89]
vleermuis UA13_1887
Cyclovirus bat in Uzbek Bat associated ~ KJ641717 bat associated Mpyotis spp. China [52]
yarasa cyclovirus 11 cyclovirus 11
Cyclovirus bat in Welsh - OM262458 chifec virus Tadarida brasiliensis USA [89]
ystlum UA13_1800
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the ORFs encoding Rep and CP. Furthermore, a consider-
ably larger fraction of cyclovirus ORFs have introns: ~33%
of the Rep coding genes and one CP coding gene. The
genome organization relative to the nucleotide motif in the
stem-loop (involved in RCR) in cycloviruses is the mirror
opposite of that of circoviruses (Fig. 2). Therefore, the
reverse complement sequences of circovirus genomes are
commonly used to root genome-based cyclovirus phylog-
enies and, conversely, the reverse complement sequences
of cyclovirus genomes are used for the same purpose in
circovirus phylogenies.

The distribution of genome sizes for representative cir-
coviruses ranges from 1674 to 2224 nt (median: 1957 nt),
whereas that of representative cycloviruses ranges from
1688 to 2379 nt (median: 1791.5 nt) (Fig. 3A). Notably, the
% GC content (Fig. 3B) in the genomes of most cycloviruses
is lower (median, 44.6; range: 34.6-52.1%) than that of cir-
coviruses (median, 50.3; range: 42-56.2%), likely reflect-
ing differences in the codon usage of their respective hosts.
Consistent with the genome size, the Rep and CP coding
regions of cycloviruses are smaller than those of circovi-
ruses (Fig. 3C and D).

Conserved motifs

The nonanucleotide motifs located at the apex of the stem-
loop, corresponding to the origin of replication, are very
similar for circoviruses and cycloviruses, with variations
observed only at positions 1 and 3 of the consensus sequence
NANTATTAC (Fig. 4A and B).

Compared to other members of the Cressdnaviricota,
all members of the Circoviridae display characteristic sig-
natures within the conserved motifs of the HUH endonu-
clease and superfamily 3 helicase domains of their Reps.
For instance, the conserved ‘PP’ in the Walker A motif is
not common among other viruses [4]. In addition, circovi-
ruses and cycloviruses display more-subtle, genus-specific
variations within the three RCR motifs (motif I, II, and III)
[19-21] and the superfamily 3 helicase motifs (Walker A,
Walker B, motif C [22, 23] and the Arg finger [24]) (Fig. 4C
and D).

Phylogenetic analysis of genome, Rep,
and CP sequences

Maximum-likelihood phylogenetic trees were constructed
based on genome sequences (Supplementary Data 1 and 2)
as well as the Rep and CP amino acid sequences of repre-
sentative members of each species of the genera Circovirus
and Cyclovirus.

@ Springer

The trimmed genome sequence alignment-based maxi-
mum-likelihood phylogenetic trees of representative mem-
bers of the genera Circovirus and Cyclovirus are shown in
Figures 5 and 6, with the species names next to the corre-
sponding accession numbers of the representative members.
These phylogenetic trees illustrate the diversity of circovirids
and provide insights into evolutionary relationships within
both genera. Consistently, the genome-wide pairwise iden-
tity values obtained using SDT v1.2 [17] range from 54.94
to 79.37% and 54.25 to 78.85% for the representatives of
the genera Circovirus and Cyclovirus, respectively (Fig. 7).

Two datasets of the Rep and CP amino acid sequences
were assembled (Supplementary Data 4 and 5) and used for
the downstream phylogenetic and comparative analyses. For
the Rep dataset, we used three circovirus-like Rep sequences
as an outgroup (AXH77637, AXQ03942, and ATP66722).
For the CP dataset, the phylogenetic tree was rooted at the
midpoint due to difficulties in aligning the CPs of circovi-
ruses and cycloviruses reliably (Figs. 8 and 9). The Rep and
CP phylogenetic trees support the species classification as
well as the correct genus assignment for the various species-
level taxa. Notably, based on pairwise identity values, the
Rep is more conserved than the CP for all members of the
family Circoviridae (Fig. 7), likely reflecting different selec-
tion pressures on these two proteins. The CP amino acid
sequence identity values for representative circoviruses and
cycloviruses range from 17.04 to 87.03% and from 12.62 to
72.69%, respectively.

In the supplementary information, we provide the ref-
erence datasets of genome sequences, Rep sequences, and
CP nucleotide sequences representing each of the currently
recognized species in the genera Circovirus (Supplementary
Data 1, 3, 4) and Cyclovirus (Supplementary Data 2, 5, 6).
We hope that these datasets will be useful to the community
for further taxonomic assignments of new species.

Pitfalls of circovirid genome annotation

1) We encourage the community to carefully analyze the
genome sequences of newly identified circovirids for the
presence of introns in their genes. This will help both
the researchers and the ICTV Circoviridae Study Group
in classifying the corresponding viruses. We provide a
fasta file of the genome sequences as well as the Rep
and CP sequences as supplementary datasets in this
article to help with intron identification and prediction
of putative acceptor/donor sites. We direct the readers to
Wright et al. [32] as a guide for detection of the intron
5'(GT) and 3' (AG) sequence boundaries in members of
the family Geminiviridae (phylum Cressdnaviricota).

2) For convenience of comparison with reference circovir-
ids, we recommend defining the first nucleotide of the
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Fig.1 Linearized representation of the genome organization of circo-
viruses representing each species. The binominal species names and
the representative member accession numbers are provided to the left
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correspond to introns.

of each genome illustration. The Rep and CP coding genes are shown
as orange and blue bars, respectively. Interruptions in the Rep regions

3)

nonanucleotide sequences at the ori site as position 1
of the genome. Thus, we urge researchers to identify
the nonanucleotide motif and recircularize the genome
sequence starting at this position prior to depositing it
in GenBank or other public repositories.

In the cases of some circovirid CPs, there is evidence of
an alternative start codon usage (e.g., serine as opposed

to a methionine in avian circovirids belonging to the spe-
cies Circovirus gull [33], Circovirus raven [34], Circovi-
rus parrot [35], and Circovirus penguin [36, 37]). Thus,
we encourage researchers to keep this alternative start
codon used by circovirids in mind when analyzing open
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Fig.2 Linearized representation of the genome organization of cyclo-
viruses representing each species. The binominal species names and
the representative member accession numbers are provided to the left
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of each genome illustration. The Rep and CP coding genes are shown
in orange and blue bars, respectively. Interruptions in the Rep and CP
regions correspond to introns.
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Fig.4 The nonanucleotide motif sequences of members of the genera
Circovirus (A) and Cyclovirus (B) depicted as sequence probability
logos generated in Weblogo 3 [25]. (C and D) Sequence probability
logos (generated using Weblogo 3 [25]) of the conserved amino acid
residues characteristic of rolling-circle replication (RCR) endonu-

reading frames. It is also a good practice to align the CP
coding region with those of reference circovirid CPs.

Recommendations for classification
and nomenclature of viruses in the family
Circoviridae

1) For species assignment and classification, please follow
the guidelines established by Rosario et al. [3]. In brief,
the species demarcation threshold for members of the
family Circoviridae is 80% genome-wide pairwise iden-
tity, i.e., only viruses sharing less than 80% identity with
classified members of the family represent new species.

2) A large number of novel cressdnaviricots are being
routinely identified in various ecosystems. Many of
these viruses encode proteins homologous to those of
circovirids but represent other viral groups/families in
the phylum Cressdnaviricota. For instance, members
of the family Vilyaviridae belong to the same order as
the Circoviridae and encode similar Reps but neverthe-
less represent a different virus family [38, 39]. Thus,

@ Springer

cleases, including RCR motifs I, II, III, and superfamily 3 helicase
motifs, including Walker A and B, motif C, and the Arg finger, found
in replication-associated proteins (Rep) of members of the genera
Circovirus (C) and Cyclovirus (D).

as a rough rule, as outlined by Rosario et al. [3], if a
newly sequenced/identified virus genome shares <55%
genome-wide pairwise identity with classified circo-
virids, it is likely a member of a different family or
an unclassified group of cressdnaviricots. We encour-
age analysis of the Rep and CP phylogenies for a more
informed assignment.

3) Note that there is a clear distinction between a species
name and a virus name, as outlined by Zerbini et al. [16].
We urge correct use of virus names and species names.

a. For example, the following statements are correct:
“Viruses in the species Circovirus porcine2 are
associated with porcine circovirus-2-systemic dis-
ease in pigs.”
of the species Circovirus porcine2 and is the causa-
tive agent of porcine circovirus-2-systemic disease
in pigs.”

b. Incorrect use includes, for example, “Circovirus
porcine2 infects pigs and is associated with por-
cine circovirus-2-systemic disease in pigs.” Note
that a virus species does not infect a host, because a

or “Porcine circovirus 2 is a member
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Fig.5 Maximum-likelihood
(ML) phylogenetic tree of
representative members of each
species in the genus Circo-
virus (Supplementary Data

1). The ML tree was inferred
using PhyML 3 [26] with the
GTR+I+G substitution model
(determined using ModelTest2
[27]), using a trimmed (trimmed
with TrimAl [28], gap thresh-
old option of 0.2) alignment
(aligned with MAFFT [29])

of the genome sequences of
representative members of each
species in the genus Circovi-
rus. The tree is rooted with
reverse complement sequences
of representative cycloviruses
(IX185419, KF726984, and
KMO017740), as their genomes
are mirror opposite in terms

of organization of Rep and CP
coding genes. Branches with
<80% SH-like support have
been collapsed using Tre-
eGraph?2 [30].
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99 0Q599924 Circovirus ban
OM869597 Circovirus hirat
KY370029 Circovirus rosegador
KC241982 Circovirus canine
MF497827 Circovirus gryzon
MT610105 Circovirus miztli
KY370042 Circovirus kiore
100 KY370039 Circovirus roditore
99 KY370034 Circovirus rongeur
MN103538 Circovirus whale
MT610106 Circovirus miztontli
MN928506 Circovirus pipistrello
KX756986 Circovirus ialtag

100
MK986820 Circovirus porcine4

KJ020099 Circovirus mink
JX863737 Circovirus chauvesouris
KJ641741 Circovirus kelawar
KX756996 Circovirus siksparnis
KC339249 Circovirus vieermuis
MW881235 Circovirus lin
MN585201 Circovirus elk
AY651850 Circovirus porcine2
AF071879 Circovirus porcine1
MZ604582 Circovirus naaleeli
AY228555 Circovirus duck
100 EU056309 Circovirus swan
9 AJ304456 Circovirus goose
AF071878 Circovirus parrot
99 MN164703 Circovirus penguin
DQ845074 Circovirus gull
100 MH188038 Circovirus mossi
AF252610 Circovirus pigeon
KU230452 Circovirus yaa
2% GQ404851 Circovirus impundu
DQ172906 Circovirus starling

100 100 KP793918 Circovirus zebrafinch
DQ845075 Circovirus finch
99 AJ301633 Circovirus canary
% KX987146 Circovirus pichong
100 DQ146997 Circovirus raven
MZ604590 Circovirus pato

KT783484 Circovirus bastao
JQ814849 Circovirus bianfu
100 MN371255 Circovirus bear
LC416389 Circovirus civet
KY370027 Circovirus gnaver
ON677309 Circovirus human
MW686208 Circovirus gloton
KT869077 Circovirus porcine3
6 KY370037 Circovirus daga
0Q599922 Circovirus kukwuria
ON596197 Circovirus wesa
KJ641724 Circovirus ratpenat
KJ641723 Circovirus lepakko
MZz382570 Circovirus magu
KJ641716 Circovirus cia
KJ641711 Circovirus morcego
0L704833 Circovirus tzinaka
KJ641727 Circovirus saguzarra

MZ710934 Circovirus torpegem

JQ011377 Circovirus catfish

75

0.2 nucleotide subs per site

species is a taxonomic category and not a physical
entity .

4) The ICTV Circoviridae Study Group evaluates new spe-
cies annually, typically during the first quarter of the
year, prior to assembling taxonomy proposals for review
by the ICTV Executive Committee and the community
at large. All members of the community are encouraged

5)

GQ404856 Circovirus eniyan
MZ710935 Circovirus gyurgyalag
MN164712 Circovirus tetning
GU799606 Circovirus barbel

to submit taxonomy proposals to the ICTV (see https://
ictv.global/).

Given that many circovirid genomes are sequenced by
metagenomics of whole animals and environmental
samples, in many cases, the true host of these viruses
is unknown. To avoid confusion and issues with down-
stream data mining based on virus names, in the absence
of robust evidence of host specificity, we encourage the
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Fig.6 Maximum-likelihood
(ML) phylogenetic tree of
representative members of each
species in the genus Cyclo-
virus (Supplementary Data

2). The ML tree was inferred
using PhyML 3 [26] with the
GTR+I+G substitution model
(determined using ModelTest2
[27]) using a trimmed (trimmed
with TrimAl v1.4.1 [28], gap
threshold option of 0.2) align-
ment (aligned with MAFFT
[29]) of the genome sequences
of representative members of
each species in the genus Cyclo-
virus. The tree is rooted with
reverse complement sequences
of circoviruses (AF071878,
AF071879, and JQ011377), as
their genomes are mirror oppo-
site in terms of organization

of Rep and CP coding genes,
Branches with <80% SH-like
support have been collapsed
using TreeGraph?2 [30].
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Fig.7 Distribution of pairwise identity values, determined using SDTv1.2 [17], of the genome, Rep (amino acid) and CP (amino acid)
sequences of representative members of each species in the genera Circovirus (blue) and Cyclovirus (purple)
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Fig. 8 Maximum-likelihood (ML) phylogenetic trees of the Rep (A)
and CP (B) amino acid sequences of representative members of the
genus Circovirus. The ML trees were inferred using PhyML 3 [26]
with the RtREV+I+G and RtREV+G+F substitution model (inferred
using ProtTest3 [31]) for the Rep and CP amino acid sequences,

virology community to refrain from including suspected
host names explicitly in the names of viruses. We pro-

vide the following examples for virus naming:

@ Springer

971 00— DQ146997 Circovirus raven
KX987146 Circovirus pichong
9 AJ301633 Circovirus canary
CcP DQ845075 Circovirus finch
95— KP793918 Circovirus zebrafinch
87 DQ845074 Circovirus gull
98 MN164703 Circovirus penguin
AF252610 Circovirus pigeon
100 MH188038 Circovirus mossi
99 DQ172906 Circovirus starling
9 KU230452 Circovirus yaa
392 GQ404851 Circovirus impundu
AF071878 Circovirus parrot
MN103538 Circovirus whale
o7 99 KX756986 Circovirus ialtag
MN928506 Circovirus pipistrello
93 MT610106 Circovirus miztontli
100 KY370034 Circovirus rongeur
92 KY370039 Circovirus roditore
KY370042 Circovirus kiore
MT610105 Circovirus miztli
91 KC241982 Circovirus canine
OM869597 Circovirus hirat
99 0Q599924 Circovirus ban
KY370029 Circovirus rosegador
82 MF497827 Circovirus gryzon
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88 MZ710935 Circovirus gyurgyalag
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respectively, using trimmed (trimmed with TrimAl v1.4.1 [28], gap
threshold option of 0.2) alignments (aligned with MAFFT [29]).
Branches with <80% SH-like support have been collapsed using Tre-
eGraph?2 [30].

a. acircovirid identified in a fecal sample of a moun-
tain lion from California was named calfel virus
(derived from California felid virus) [40];
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Fig.9 Maximum-likelihood (ML) phylogenetic trees of the Rep (A)
and CP (B) amino acid sequences of representative members of the
genus Cyclovirus. The ML trees were inferred using PhyML 3 [26]
with the RtREV+I+G and RtREV+G+F substitution model (inferred
using ProtTest3 [31]) for Rep and CP amino acid sequences, respec-
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tively, using trimmed (trimmed with TrimAl v1.4.1 [28], gap thresh-
old option of 0.2) alignments (aligned with MAFFT [29]). Branches
with <80% SH-like support have been collapsed using TreeGraph2
[30].

@ Springer



176 Page 20 of 23

A.Varsani et al.

b. a circovirid identified in a fecal sample of a New
Zealand black robin was named robinz virus
(derived from robin New Zealand virus) [41];

c. a circovirid identified in army ant samples from
Gabon was named army ant associated cyclovirus
[42];

6) Prior to assigning the “circovirus” labels to newly dis-
covered viruses, please verify that Reps and CPs of these
viruses phylogenetically cluster with those of classified
circovirids (Supplementary Data 3—6). Viruses wrongly
labeled as “circoviruses” in GenBank create confusion
and propagate naming errors.

7) Finally, we encourage the community also to review the
Virus Metadata Resource (VMR; https://ictv.global/
vmr) for metadata on species and representative mem-
bers of each species.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00705-024-06107-2.
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