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Abstract

Geminiviruses are plant-infecting, circular single-stranded DNA viruses that have a geminate virion morphology. These
viruses infect both cultivated and non-cultivated monocotyledonous and dicotyledonous plants and have a wide geographi-
cal distribution. Nine genera had been established within the family Geminiviridae (Becurtovirus, Begomovirus, Capula-
virus, Curtovirus, Eragrovirus, Grablovirus, Mastrevirus, Topocuvirus, and Turncurtovirus) as of 2020. In the last decade,
metagenomics approaches have facilitated the discovery and identification of many novel viruses, among them numerous
highly divergent geminiviruses. Here, we report the establishment of five new genera in the family Geminiviridae (Citlo-
davirus, Maldovirus, Mulcrilevirus, Opunvirus, and Topilevirus) to formally classify twelve new, divergent geminiviruses.

Introduction

Over the past 50 years, plant-infecting geminiviruses (fam-
ily Geminiviridae) have been amongst the most important
pathogens of cultivated plant species in most tropical and
subtropical regions of the world [28]. Geminiviruses infect
both monocotyledonous and dicotyledonous plants, in
some cases without visible symptoms and in others causing
symptoms that include different degrees of foliar crinkling,
curling, yellowing, distortion, stunting, mosaic and/or stria-
tions [28]. The family Geminiviridae includes viruses with
circular single-stranded DNA (ssDNA) genomes that are
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individually encapsidated into 22 X 38 nm twinned quasi-
icosahedral virions made up of 110 capsid protein subunits
organized as 22 pentameric capsomers [2, 16, 17, 41]. The
genomes of geminiviruses can be monopartite, with a single
DNA molecule of ~2,600-3,600 nucleotides (nt), or bipar-
tite, with two DNA molecules of ~2,600 nt (termed DNA-A
and DNA-B) for a total genome size of ~5,200 nt [38].

As of 2020, there were nine genera (Becurtovirus, Bego-
movirus, Capulavirus, Curtovirus, Eragrovirus, Grablovi-
rus, Mastrevirus, Topocuvirus, and Turncurtovirus) [36, 38]
and two unassigned species, Citrus chlorotic dwarf asso-
ciated virus [19] and Mulberry mosaic dwarf associated
virus [20, 22] in the family Geminiviridae. A framework for
species classification based on pairwise genome sequence
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identity between member viruses, coupled with phyloge-
netic support, has been established for becurtoviruses [35],
begomoviruses [3], capulaviruses [36], curtoviruses [34],
eragroviruses [35], grabloviruses [36], mastreviruses [24],
topocuviruses [26], and turncurtoviruses [35].

Over the last several years, a number of new gemini-
viruses have been identified that do not fit the previously
established nine genera. These include geminiviruses iden-
tified infecting apple trees (Malus domestica Borkh.) [18],
camellia (Camellia japonica L.) [40], grapevine (Vitis vin-
ifera L. [1], sea rush (Juncus maritimus Lam.) [5], passion
fruit (Passiflora edulis Sims.) [8], tomato (Solanum lyco-
persicum L.) [7, 33], cleome (Cleome sp.) [7], cactus plants
(subfamilies Cactoideae and Opuntioideae in the Cactaceae)
[9], white mulberry (Morus alba L.) [20, 22], and paper
mulberry (Broussonetia papyrifera (L.) L'Hér. ex Vent.)
[27]. Based on the inferred genome organizations of these
viruses (Fig. 1) coupled with phylogenetic analysis (Fig. 2),
these diverse geminiviruses are now assigned to five new
genera: Citlodavirus, Maldovirus, Mulcrilevirus, Opunvi-
rus, and Topilevirus (Figs. 1 and 2, Table 1). Within these
genera, twelve species have been established, and species
demarcation criteria have been defined.

Genus Citlodavirus

A group of closely related viruses isolated from citrus in
China, Thailand, and Turkey [19, 37, 42], Camellia japonica
and Camellia sinensis in China [40], Passiflora edulis in
Brazil [8], and Broussonetia papyrifera in China [27] has
been assigned to the new genus Citlodavirus (Table 1). The
genus name Citlodavirus is derived from the “type mem-
ber” of the genus: citrus chlorotic dwarf associated virus
[19]. The genome size of these viruses is approximately 20%
larger than that of other known monopartite geminiviruses
and ranges from 3639 to 3763 nt (Fig. 1). This greater length
of their genomes is due to their predicted mp gene (891-921
nt in size), which likely encodes a protein product homolo-
gous to that encoded by the DNA-B component of bipartite
begomoviruses (genus Begomovirus) [8].

These viruses have the virion-strand origin of replication
nonanucleotide motif “TAATATTAC’ and a unique genome
arrangement. The virion-sense strand potentially encodes
a capsid protein (CP), a movement protein (MP), and two
other small hypothetical proteins, referred to as V2 and V3
(Fig. 1). The complementary strand potentially encodes a
RepA protein and expresses a replication initiator protein
(Rep) from an alternatively spliced complementary-sense
transcript (Fig. 1). While the natural vector has not been
formally identified yet, it has been proposed that the vector
of citrus chlorotic dwarf associated virus (CCDaV) could
be a whitefly (Parabemisia myricae) that thrives on woody
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plants [11, 19]. Phylogenetic analysis of the predicted CP
amino acid sequence (Fig. 3) and pairwise sequence com-
parisons (Fig. 4) show that the citlodavirus CPs are most
similar to those of begomoviruses that are transmitted by
Bemisia tabaci. The citlodavirus capsid morphology is cur-
rently unknown, and further studies are needed to ascertain
whether the >3200-nt-long genomes of these viruses are
encapsidated within geminate particles, or whether the par-
ticles form alternative structures [30].

An analysis of the distribution of pairwise identities (one
minus Hamming distances of pairwise aligned sequences
with pairwise deletion of gaps) of known citlodavirus
genome sequences (n=20; Table 1) using SDT v1.2 [25]
indicates that a pairwise-identity-based species demarca-
tion threshold that would minimize conflicts (i.e., possible
assignments of individual isolates to two or more species)
could be placed in the 66-t0-90% interval (Fig. 5, Supple-
mentary Data 1). To align the citlodavirus species demarca-
tion threshold with that of the majority of genera of the fam-
ily Geminiviridae, we have opted to tentatively use 78% as
the pairwise identity species demarcation threshold. Citlo-
daviruses whose genome sequences had less than 78% pair-
wise identity, coupled with phylogenetic support, would be
considered members of new species. Based on these demar-
cation criteria, four citlodavirus species were established to
accommodate the 20 citlodavirus isolates (Table 1). These
species are Citrus chlorotic dwarf associated virus (n=15),
Camellia chlorotic dwarf-associated virus (n=2), Paper
mulberry leaf curl virus 2 (n=2), and Passion fruit chlorotic
mottle virus (n=1). Viruses assigned to a citlodavirus spe-
cies share between 61% and 66% genome-wide nucleotide
sequence identity with members of other species within the
genus (Fig. 2).

Regardless of whether the full-genome nucleotide
sequence, the inferred Rep amino acid sequence, or the
inferred CP amino acid sequence is considered, all viruses
belonging to the proposed citlodavirus species group, with
60-100% bootstrap support, with other proposed citloda-
viruses (Figs. 2 and 3). The Reps and CPs of the viruses
assigned to the genus Citlodavirus share 32-44% and
16-40% amino acid sequence identity, respectively, with
those of other geminiviruses (Fig. 4).

Genus Maldovirus

A group of closely related viruses isolated from two dicoty-
ledonous plants, apple tree in China [18] and grapevine in
China, Israel, Japan, Hungary, and South Korea [1], and
one monocotyledonous plant, sea rush in France [5], has
been assigned to the new genus Maldovirus (Table 1). The
genus name Maldovirus (Malus domestica virus) is derived
from the scientific name of the host plant (Malus domestica
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«Fig. 2 Unrooted neighbor-joining tree inferred from aligned com-
plete genome sequences of representative isolates from the various
geminivirus genera. The five new genera are indicated by asterisks.
Branches with less than 60% bootstrap support have been collapsed

with TreeGraph?2 [32].

Borkh.) of the “type member” of the genus, apple gemini-
virus 1. All 15 known maldovirus isolates have the same
‘TAATATTAC’ virion-strand origin of replication nonanu-
cleotide sequence motif and share a similar arrangement of
five to six open reading frames (ORFs) within their genomes
(Fig. 1). While the virion-sense strand potentially encodes a

Table 1 Summary of the five new genera and 12 new species in the family Geminiviridae

Genus

Species

Accession no.

Virus name

Abbreviation Isolate

Country

Host

Citlodavirus

Citrus chlorotic
dwarf associ-
ated virus

Camellia chloro-
tic dwarf-asso-
ciated virus

MN509440

MG566052

MG566050

KX840470

KX840469

KX840468

KX840467

1Q920490

MN509442

MG566055

MG566053

MG566051

MN509441

MG566054

KF561253

MG452759

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Citrus chlorotic
dwarf associ-
ated virus

Camellia chloro-
tic dwarf-asso-
ciated virus

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CCDaV

CaCDaV

TH-Thal-19-2019

TR-MER52-2017

TR-MER46-2017

CH-YN-EL4-2015

CH-YN-EL3-2015

CH-YN-EL2-2015

CH-YN-EL1-2015

TR-TK4-1995

TH-Tha30-2019

TR-ANT80-2017

TR-HAT62-2017

TR-MER50-2017

TH-Thal-17-2019

TR-ADA74-2017

CH-CNO001-2009

CN-Ca-1

Thailand

Turkey

Turkey

China

China

China

China

Turkey

Thailand

Turkey

Turkey

Turkey

Thailand

Turkey

China

China

Citrus x paradisi

Citrus x paradisi

Citrus limon

Citrus limon

Citrus limon

Citrus limon

Citrus limon

Citrus sp.

Citrus x paradisi

Citrus sinensis L.

Citrus reticulata

Citrus X aurantium

Citrus x paradisi

Citrus x tangelo

Citrus limon cv.

Eureka

Camellia japonica
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Table 1 (continued)

Genus Species Accession no. Virus name Abbreviation Isolate Country Host
MK613869  Camellia chloro- CaCDaV CN-HZ1-2017 China Camellia sinensis
tic dwarf-asso-
ciated virus
Passion fruit MG696802 Passion fruit PCMoV BR-CDS_MS-2014 Brazil Passiflora edulis
chlorotic mottle chlorotic mottle
virus virus
Paper mulberry ~ MNS595127  Paper mulberry  PMLCV-2  CH-SWU-2020 China Broussonetia papy-
leaf curl virus 2 leaf curl virus 2 rifera
MN595128 Paper mulberry PMLCV-2 CH-TL-2018 China Broussonetia papy-
leaf curl virus 2 rifera
MN595126 Paper mulberry PMLCV-2 CH-HY-2018 China Broussonetia papy-
leaf curl virus 2 rifera
Maldovirus  Apple geminivi- ~ KM386645  Apple geminivi- AGV1 CN-PL-2015-13 China Malus domestica
rus 1 rus 1
Grapevine gemi-  KX570609 Grapevine gemi- GGVA KR-Black Beet-16 South Korea Vitis vinifera cv.
nivirus A nivirus A Black Beet
KX570617 Grapevine gemi- GGVA JP-Koshu Sanjaku-16 Japan Vitis vinifera cv.
nivirus A Koshu Sanjaku
KX570612 Grapevine gemi- GGVA JP- Kyoho-16 Japan Vitis vinifera cv.
nivirus A Kyoho
KX574323 Grapevine gemi- GGVA CN-Longyan2-16 China Vitis vinifera L.
nivirus A
KX570611 Grapevine gemi- GGVA CN-Longyan-16 China Vitis vinifera L.
nivirus A Longyan
KX570607 Grapevine gemi- GGVA KR-Nagano Pur- South Korea Vitis vinifera cv.
nivirus A ple-15 Nagano Purple
KX570615 Grapevine gemi- GGVA JP-Nehelescol-16 Japan Vitis vinifera cv.
nivirus A Nehelescol
KX570613 Grapevine gemi- GGVA JP-Neo-Muscat-16 Japan Vitis vinifera cv.
nivirus A Neo-Muscat
KX570616 Grapevine gemi- GGVA JP-Pione-16 Japan Vitis vinifera cv.
nivirus A Pione
KX570618 Grapevine gemi- GGVA HU-Scolokertek Kira- Hungary Vitis vinifera cv.
nivirus A lynoje-16 Scolokertek
Kiralynoje
KX570614 Grapevine gemi- GGVA KR-Shine Muscat-16 ~ South Korea Vitis vinifera cv.
nivirus A Shine Muscat
KX570610 Grapevine gemi- GGVA JP-Super Hamburg-16 Japan Vitis vinifera L.
nivirus A Super Hamburg
KX618694 Grapevine gemi- GGVA IL-Tamar-16 Israel Vitis vinifera L.
nivirus A
Juncus maritimus MGO001958 Juncus maritimus JmGV1 FR-13-FMN-1-12 France Juncus maritimus
geminivirus 1 geminivirus 1
Mulcrilevirus Mulberry crinkle MN240483  Mulberry mosaic MMDaV CH-ZJTX-2018 China Morus sp.
leaf virus dwarf associ-
ated virus
KP303687 Mulberry mosaic MMDaV CH-AK1-8-2014 China Morus sp.
dwarf associ-
ated virus
KP699128 Mulberry mosaic MMDaV CH-AK1-3-2014 China Morus sp.
dwarf associ-
ated virus
KP699129 Mulberry mosaic MMDaV CH-AK1-4-2014 China Morus sp.

dwarf associ-
ated virus

@ Springer
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Table 1 (continued)
Genus Species Accession no. Virus name Abbreviation Isolate Country Host
KP699130 Mulberry mosaic MMDaV CH-AK2-14-2014 China Morus sp.
dwarf associ-
ated virus
KP699131 Mulberry mosaic MMDaV CH-AK2-38-2014 China Morus sp.
dwarf associ-
ated virus
KP699132 Mulberry mosaic MMDaV CH-AK3-54-2014 China Morus sp.
dwarf associ-
ated virus
KP728254 Mulberry mosaic MMDaV CH-AK2-18-2014 China Morus sp.
dwarf associ-
ated virus
KR131749 Mulberry crinkle MCLV CH-js-2012 China Morus alba L.
leaf virus
Paper mulberry MN595124  Paper mulberry PMLCV-1 CH-HY-2018 China Broussonetia papy-
leaf curl virus 1 leaf curl virus 1 rifera
MN595125 Paper mulberry PMLCV-1 CH-SWU-2020 China Broussonetia papy-
leaf curl virus 1 rifera
Opunvirus Opuntia virus 1 MN099960 Opuntia virus 1 OpVl1 US-2013_1-2015 USA Lophocereus
schottii
MN099981 Opuntia virus 1 OpV1 US-2013_2-2015 USA Lophocereus
schottii
MNO099982  Opuntia virus 1 OpV1 US-2013_3-2015 USA Lophocereus
schottii
MN099983 Opuntia virus 1 OpV1 US-2014_1-2015 USA Opuntia sten-
opetala
MN099984  Opuntia virus 1 OpVl1 US-2014_2-2015 USA Opuntia sten-
opetala
MNO099985  Opuntia virus 1 OpV1 US-2014_3-2015 USA Opuntia sten-
opetala
MNO099986  Opuntia virus 1 OpV1 US-2014_4-2015 USA Opuntia sten-
opetala
MNO099987  Opuntia virus 1 OpV1 US-2014_5-2015 USA Opuntia sten-
opetala
MNO099961 Opuntia virus 1 OpVl1 US-ASU_PP2-2018  USA Cylindropuntia
fulgida
MN099962  Opuntia virus 1 OpV1 MX-ASUH_12-2002 Mexico Opuntia tapona
MN099963 Opuntia virus 1 OpV1 US-ASUH_16-2010 USA Opuntia engelman-
nii
MNO099964  Opuntia virus 1 OpVl1 MX-ASUH_2-2002  Mexico Opuntia santa-rita
MN099988 Opuntia virus 1 OpV1 US-Cacti_2_1-2017 USA Opuntia santa-rita
MN099989 Opuntia virus 1 OpVl1 US-Cacti_2_2-2017 USA Opuntia santa-rita
MNO099990  Opuntia virus 1 OpVl1 US-DBG10_5-2017  USA Opuntia cespitosa
MN099991 Opuntia virus 1 OpVl1 US-DBG10_9-2017  USA Opuntia cespitosa
MNO099992  Opuntia virus 1 OpVl1 US- USA Opuntia cespitosa
DBG10_149-2017
MN099993 Opuntia virus 1 OpV1 UsS- USA Opuntia cespitosa
DBG10_1972-2017
MNO099994  Opuntia virus 1 OpVl1 US- USA Opuntia cespitosa
DBG10_2558-2017
MNO099995 Opuntia virus 1 OpVl1 US- USA Opuntia cespitosa
DBG10_2562-2017
MNO099996  Opuntia virus 1 OpV1 US-DBG13_5-2017 USA Opuntia basilaris
MNO099997  Opuntia virus 1 OpV1 US-DBG13_9-2017 USA Opuntia basilaris
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Table 1 (continued)

Genus Species Accession no. Virus name Abbreviation Isolate Country Host
MN099998  Opuntia virus 1 OpV1 US- USA Opuntia basilaris
DBG13_1987-2017
MN100000 Opuntia virus 1 OpV1 US-DBG_14_1-2017 USA Opuntia echios var.
echios
MN100001 Opuntia virus 1 OpV1 US-DBG_14_2-2017 USA Opuntia echios var.
echios
MN100002  Opuntia virus 1 OpV1 US-DBG_14_3-2017 USA Opuntia echios var.
echios
MN100003 Opuntia virus 1 OpVl1 US-DBG_14_4-2017 USA Opuntia echios var.
echios
MN100013 Opuntia virus 1 OpVl1 US-DBG_46-2018 USA Opuntia echios var.
echios
MN100014  Opuntia virus 1 OpV1 US-DBG_47-2018 USA Opuntia echios var.
echios
MN100015  Opuntia virus 1 OpVl1 US-DBG_48-2018 USA Opuntia echios var.
echios
MN100004 Opuntia virus 1 OpVl1 US-DBG_26-2018 USA Opuntia rufida
MN100005 Opuntia virus 1 OpVl1 US-DBG_31_1-2018 USA Opuntia mack-
ensenii
MN100006  Opuntia virus 1 OpV1 US-DBG_31_2-2018 USA Opuntia mack-
ensenii
MNO099999  Opuntia virus 1 OpVl1 US-DBG34-2018 USA Opuntia robusta
MN100007  Opuntia virus 1 OpVl1 US-DBG_34-2018 USA Opuntia robusta
MN100008  Opuntia virus 1 OpVl1 US-DBG_36-2018 USA Opuntia engelman-
nii x.0. rufida
MN100009  Opuntia virus 1 OpV1 US-DBG_38-2018 USA Opuntia martiniana
MN100010  Opuntia virus 1 OpV1 US-DBG_41-2018 USA Opuntia rooneyi
MN100011 Opuntia virus 1 OpV1 US-DBG_42_1-2018 USA Opuntia engelman-
nii
MN100012  Opuntia virus 1 OpV1 US-DBG_42_2-2018 USA Opuntia engelman-
nii
MNO099971 Opuntia virus 1 OpV1 US-DBG_42_3-2018 USA Opuntia engelman-
nii
MNO099972  Opuntia virus 1 OpV1 US-DBG_56-2018 USA Opuntia basilaris
MNO099973  Opuntia virus 1 OpV1 US-DBG_57-2018 USA Opuntia basilaris
MNO099974  Opuntia virus 1 OpV1 US-DBG_57_2-2018 USA Opuntia basilaris
MNO099975  Opuntia virus 1 OpV1 US-DBG_58-2018 USA Opuntia basilaris
MNO099976  Opuntia virus 1 OpV1 US-DBG_72-2018 USA Opuntia rufida
MNO099965  Opuntia virus 1 OpV1 US-DBG74-2018 USA Opuntia robusta
MN099966 Opuntia virus 1 OpV1 US-DBG75-2018 USA Opuntia basilaris
MN099967  Opuntia virus 1 OpV1 US-DBG80-2018 USA Cylindropuntia
echinocarpa
MNO099968  Opuntia virus 1 OpVl1 US-DBG86-2018 USA Cylindropuntia
spinosior
MNO099977 Opuntia virus 1 OpV1 US-DBG_86-2018 USA Cylindropuntia
spinosior
MNO099969  Opuntia virus 1 OpV1 US-DBG88-2018 USA Opuntia cf polya-
cantha
MNO099970  Opuntia virus 1 OpVl1 US-DBG90-2019 USA Opuntia phaea-
cantha
MN100016  Opuntia virus 1 OpV1 US-LCM_85-2015 USA Opuntia aureispina
MN100017 Opuntia virus 1 OpV1 US-LCM_91_1-2015 USA Cylindropuntia
arbuscula
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Table 1 (continued)
Genus Species Accession no. Virus name Abbreviation Isolate Country Host
MN100018  Opuntia virus 1 OpV1 US-LCM_91_2-2015 USA Cylindropuntia
arbuscula
MNO099978  Opuntia virus 1 OpVl1 US-S18_1-2018 USA Opuntia engelman-
nii
MNO099979  Opuntia virus 1 OpV1 US-S18_8-2018 USA Opuntia santa-rita
MNO099980  Opuntia virus 1 OpV1 US-S18_89-2018 USA Opuntia engelman-
nii
MN100037  Opuntia virus 1 OpV1 US-TM_cacti_2_1- USA Opuntia engelman-
2018 nii
MN100038 Opuntia virus 1 OpVl1 US-TM_cacti_2_2- USA Opuntia engelman-
2018 nii
MN100019  Opuntia virus 1 OpV1 US-SI_0_1-2017 USA Dactylopius sp.
MN100020  Opuntia virus 1 OpV1 US-SI_0_2-2017 USA Dactylopius sp.
MN100021 Opuntia virus 1 OpV1 US-SI_0_3-2017 USA Dactylopius sp.
MN100022  Opuntia virus 1 OpV1 US-SI_0_4-2017 USA Dactylopius sp.
MN100023  Opuntia virus 1 OpV1 US-SI_1_1-2017 USA Dactylopius sp.
MN100024  Opuntia virus 1 OpV1 US-SI_1_2-2017 USA Dactylopius sp.
MN100025 Opuntia virus 1 OpV1 US-SI_1_3-2017 USA Dactylopius sp.
MN100026  Opuntia virus 1 OpV1 US-SI_1_4-2017 USA Dactylopius sp.
MN100027  Opuntia virus 1 OpV1 US-SI_7_1-2017 USA Dactylopius sp.
MN100028  Opuntia virus 1 OpV1 US-SI_7_2-2017 USA Dactylopius sp.
MN100029  Opuntia virus 1 OpV1 US-SI_7_3-2017 USA Dactylopius sp.
MN100030  Opuntia virus 1 OpV1 US-SI_9_1-2017 USA Dactylopius sp.
MN100031 Opuntia virus 1 OpV1 US-SI_9_2-2017 USA Dactylopius sp.
MN100032  Opuntia virus 1 OpV1 US-SI_23-2018 USA Dactylopius sp.
MN100033 Opuntia virus 1 OpVl1 US-SI_28-2018 USA Dactylopius sp.
MN100034  Opuntia virus 1 OpVl1 US-SI_33-2018 USA Dactylopius sp.
MN100035 Opuntia virus 1 OpVl1 US-SI_35-2018 USA Dactylopius sp.
MN100036  Opuntia virus 1 OpV1 US-SI_39-2018 USA Dactylopius sp.
Topilevirus Tomato apical MG491195 Tomato apical ToALCV AR-Yuto-Tom419-08  Argentina Solanum lycoper-
leaf curl virus leaf curl virus sicum
MG491196  Tomato apical ToALCV AR-Yuto-Tom420-08 Argentina Solanum lycoper-
leaf curl virus sicum
MG491197 Tomato apical ToALCV AR-Yuto-Tom424-08  Argentina Solanum lycoper-
leaf curl virus sicum
Tomato geminivi- MF072689 Tomato geminivi- TGV1 BR-Cleome-15 Brazil Cleome sp.
rus 1 rus 1
MF072688 Tomato geminivi- TGV1 BR-Tomato-15 Brazil Solanum lycoper-

rus 1

sicum

CP and one other small hypothetical protein, referred to as
V2 (Fig. 1), the complementary strand potentially encodes
a Rep and two or three other small hypothetical proteins,
referred to as C2, C3, and C4 (Fig. 1). It is noteworthy that
a naturally occurring 1559-nt subgenomic/defective form
of grapevine geminivirus A has been isolated from various
grapevines housed in germplasm collections in the USA [1].
Grapevine geminivirus A and its defective molecule were
both shown to be graft-transmissible [1]. The natural vector
of maldoviruses has not been identified to date.

An analysis of the distribution of pairwise identity val-
ues for known maldovirus genomes (n=15; Table 1) indi-
cates that a pairwise-identity-based species demarcation
threshold could be placed in the 67-t0-97% interval (Fig. 5,
Supplementary Data 1). To align the maldovirus species
demarcation threshold with that of the majority of genera
of the family Geminiviridae, a 78% pairwise identity spe-
cies demarcation threshold has tentatively been adopted.
Therefore, groups of maldoviruses with less than 78% pair-
wise identity to other maldoviruses but >78% identity to
one another, coupled with phylogenetic support for their
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KT214373 Alfalfa leaf curl virus
—————————— JX094280 French bean severe leaf curl virus
————————— KT214386 Euphorbia caput-medusae latent virus
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KJ437671 Axonopus compressus streak virus
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KP410285 Beet curly top Iran virus
- MG001960 Exomis microphylla associated virus
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KR131749 Mulberry crinkle leaf virus

0.2 amino acid substituions per site

Fig. 3 Maximum-likelihood phylogenetic trees inferred using PhyML
3 [13], based on the Rep and CP amino acid sequences of representa-
tive members of the various genera in the family Geminiviridae.
rtREV+G+1 (Rep) and rtREV+G+F+1 (CP) were used as best-fit

branching within a separate clade, would be considered
members of the same new species.

The 15 maldoviruses can therefore be assigned to three
species (Table 1) i.e., Apple geminivirus I (n=1), Grape-
vine geminivirus A (n=13), and Juncus maritimus gemini-
virus 1 (n=1). Genome sequences within each species share
between 62% and 67% genome-wide identity with members
of other maldovirus species (Fig. 2). Furthermore, regard-
less of whether the full-genome nucleotide sequence, the
inferred Rep amino acid sequence, or the inferred CP amino
acid sequence is considered, all of the viruses belonging to
the proposed maldovirus species group, with 88-100% boot-
strap support, with other proposed maldoviruses (Figs. 2 and
3). The Reps and CPs of the viruses assigned to the genus
Maldovirus share 28-69% and 14-29% amino acid sequence
identity, respectively, with those of other geminiviruses
(Fig. 4).
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support
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0.5 amino acid substituions per site

substitution models as determined using ProtTest 3 [6]. Branches
with <60% bootstrap support have been collapsed with TreeGraph2
[32].

Genus Mulcrilevirus

A group of closely related viruses isolated from white mul-
berry and paper mulberry in China [20, 22, 27] has been
assigned to the new genus Mulcrilevirus (Table 1). Spe-
cifically, eight mulberry mosaic dwarf associated virus
(MMDaV) isolates and one mulberry crinkle leaf virus
(MCLV) isolate (Table 1) have been characterized from dis-
eased white mulberry plants displaying crinkle leaf, mosaic
and/or dwarfing symptoms [20, 22]. The genus name Mul-
crilevirus is derived from the “type member” of the genus:
mulberry crinkle leaf virus. All 11 known mulcrilevirus iso-
lates have the same ‘TAATATTAC’ virion-strand origin of
replication nonanucleotide sequence motif and an arrange-
ment of ORFs similar to those described previously for other
geminiviruses (Fig. 1). The virion-sense strand encodes a
putative MP, a CP, and two additional small hypothetical
proteins, referred to as V2 and V4 (Fig. 1). The comple-
mentary strand of the genome potentially encodes a RepA
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Fig.4 Pairwise identity matrix of Rep and CP amino acid sequences of representative members of the genera in the family Geminiviridae and
four unassigned species determined using SDT v1.2 [25].
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«Fig.5 Distribution of pairwise identity values for the genomes of
viruses in the genera Citlodavirus, Maldovirus, Mulcrilevirus, Opun-
virus, and Topilevirus, determined using SDT v1.2 [25]. The cyan
line represents the species demarcation threshold for each genus.

protein and expresses a Rep protein from a spliced com-
plementary-strand transcript (Fig. 1). It has been proposed
recently that MCLV could be transmitted by the leafthopper
Tautoneura mori Matsumura [21].

An analysis of the distribution of pairwise identity val-
ues for known mulcrilevirus genomes (n=11; Table 1)
indicates that a pairwise-identity-based species demarcation
threshold could be placed in the 61-t0-97% interval (Fig. 5,
Supplementary Data 1). To align the mulcrilevirus species
demarcation threshold with that of the majority of genera
of the family Geminiviridae, we have tentatively adopted a
78% pairwise identity species demarcation threshold. The
MCLYV and MMDaV isolates share >96.9% genome-wide
pairwise identity with each other, indicating that they belong
to the same species (Fig. 2). Based on these criteria, two
species in the genus Mulcrilevirus were established: Mul-
berry crinkle leaf virus (including isolates of MMDaV's and
MCLVs) and Paper mulberry leaf curl virus 1. Isolates of a
given Mulcrilevirus species share between 60.5% and 60.8%
genome-wide sequence identity with each other (Fig. 2) and
cluster together in phylogenetic trees with 63-91% bootstrap
support, regardless of whether the full-genome nucleotide
sequence, the inferred Rep amino acid sequence, or the
inferred CP amino acid sequence is used for the analysis
(Figs. 2 and 3). The Reps and CPs of the viruses assigned
to the genus Mulcrilevirus share 32-53% and 17-40% amino
acid sequence identity, respectively, with those of other gem-
iniviruses (Fig. 4).

Genus Opunvirus

A group of closely related viruses has been identified in
asymptomatic New World Cactaceae plants [9] and has
been assigned to the new genus Opunvirus (Table 1). Spe-
cifically, 79 opuntia virus 1 (OpV1) genome sequences
have been determined from cactus plants belonging to 20
different cactus species from both the Cactoideae and Opun-
tioideae subfamilies and from nine cactus-feeding cochineal
insects (Dactylopius sp.) sampled in the USA and Mexico
[9] (Table 1). The genus name Opunvirus is derived from
the “type member” of the genus: Opuntia virus 1. All 79
known opunvirus genomes have the same ‘TAATATTAC’
virion-strand origin of replication nonanucleotide sequence
motif and an arrangement of the six ORFs similar to those
described previously for other geminiviruses (Fig. 1). The
genome organization of opunviruses resembles that of
monopartite begomoviruses. On the complementary strand,

the opunvirus sequences encode a Rep, a putative replication
enhancer protein (Ren), a putative transactivation protein
(TrAP), and a putative symptom determinant protein (C4)
(Fig. 1). A CP and a possible MP are encoded on the virion
strand. Interestingly, OpV1 sequences were isolated directly
from cochineal insects that were associated with the cactus
plants from which OpV1 sequences were isolated [9]. How-
ever, the transmission of OpV1 has not been unequivocally
demonstrated, and controlled insect transmission experi-
ments will be needed to determine if cochineal insects are
vectors for opunviruses.

An analysis of the distribution of pairwise identity values
for of known OpV1 sequences (n = 79; Table 1) indicates
that their genomes share >78.4% genome-wide pairwise
identity with each other (Fig. 5, Supplementary Data 1),
and thus, for the moment, they have been assigned to a sin-
gle species, Opuntia virus 1. We suggest that a 78% species
demarcation threshold should also be used for this genus.
In addition, OpV1 genome sequences share less than 64.9%
identity with all other known geminiviruses within currently
established species (Fig. 2).

Regardless of whether the full-genome nucleotide
sequence, the inferred Rep amino acid sequence, or the
inferred CP amino acid sequence is used for the analysis,
all OpV1 isolates cluster together in phylogenetic trees with
100% bootstrap support (Figs. 2 and 3). The Reps and CPs
of the viruses assigned to the genus Opunvirus share 30-68%
and 15-29% amino acid sequence identity, respectively, with
those of other geminiviruses (Fig. 4).

Genus Topilevirus

From tomato and cleome plants sampled in Argentina and
Brazil [7, 33], a group of closely related viruses has been
identified that has been assigned to the new genus Topi-
levirus (Table 1). The genus name Topilevirus was derived
from the “type member” of the genus: tomato apical leaf curl
virus. The genome of topileviruses has a “TAATATTAC’
virion-strand origin of replication nonanucleotide motif.
A CP, a possible MP, and a protein that possibly regulates
relative ssDNA and dsDNA levels (Reg) are encoded on
the virion strand (Fig. 1). The complementary strand of the
genome potentially encodes a RepA protein, one small hypo-
thetical protein, referred to as C3, and a Rep protein from a
spliced complementary-strand transcript (Fig. 1).

Similar to viruses in the genera Becurtovirus, Capula-
virus, Citlodavirus, Eragrovirus, Grablovirus, and Mas-
trevirus, topileviruses have two intergenic regions (large
intergenic region [LIR] and small intergenic region [SIR];
Fig. 1). The natural vector of topileviruses is not known.
However, using in silico prediction based on capsid pro-
tein sequences, it has been proposed that treehoppers in the
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family Membracidae could be the vector of this virus [33].
Nonetheless, this has not been experimentally confirmed yet.

An analysis of the distribution of pairwise identity values
for known topilevirus genomes (n = 5; Table 1) indicates
that a pairwise-identity-based species demarcation threshold
could be placed in the 65-t0-99% interval (Fig. 5, Supple-
mentary Data 1). A 78% pairwise identity species demarca-
tion threshold has tentatively been adopted for topileviruses,
and thus the five viruses are assigned to two species, i.e.,
Tomato apical leaf curl virus (n=3) and Tomato geminivirus
1 (n=2) (Table 1). Based on pairwise identity comparisons,
all isolates (tomato apical leaf curl virus and tomato gemi-
nivirus 1) within each of these species share between 64.2%
and 64.9% genome-wide sequence identity with all isolates
that have been assigned to other proposed topilevirus spe-
cies (Fig. 2).

Regardless of whether the full-genome nucleotide
sequence, the inferred Rep amino acid sequence, or the
inferred CP amino acid sequence is used for the analysis,
all topilevirus isolates cluster together in phylogenetic trees
with 75-99% bootstrap support (Figs. 2 and 3). The Reps and
CPs of the viruses assigned to the genus Topilevirus share
32-70% and 17-35% amino acid sequence identity, respec-
tively, with those of other geminiviruses (Fig. 4).

Concluding remarks

With this report, a total of 10 new geminivirus genera have
been established in the last decade to classify diverse mem-
bers of the family Geminiviridae. These genera have been
created to accommodate sequences that have predomi-
nantly been identified as a result of improved molecular
techniques, including rolling-circle amplification [14] and
high-throughput sequencing approaches [23, 29]. Further-
more, a recent study has identified previously unappreciated
coding regions within the genome of what is arguably one
of the best-studied geminiviruses, the begomovirus tomato
yellow leaf curl virus. These coding regions encode small
proteins that appear to play key roles in the subcellular local-
ization of viral components and in virulence [12]. What this
study indicates is that the genome organizations of all other
geminiviruses, including those described here, could also
be considerably more complex than can be determined by a
cursory accounting of conserved ORFs.

At the time of writing, there remain four geminivirus spe-
cies that have not been assigned to any established genera:
Common bean curly stunt virus, Limeum africanum asso-
ciated virus, Parsley yellow leaf curl virus, and Polygala
garcinii associated virus [5, 15, 39]. These four species are
either singletons or do not group with other known gemini-
viruses (Figs. 2 and 3). Further, we note that there have also
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been two recent reports of novel geminiviruses that have
been identified in olive trees [4] and cacti [10].

Finally, we would like to point out that virus taxonomy
is dynamic and not static. As we survey ever-increasing
swathes of the geminivirus sequence space, representatives
of novel species will be discovered that will demand that
we change some of the criteria that we use to classify these
viruses. We would like to note that although species names
may change within this dynamic taxonomy, the virus names
do not change. For example, bean golden mosaic virus will
always be bean golden mosaic virus, even though the spe-
cies name may change. We also would like to remind the
reader that a standardized binomial species nomenclature,
consisting of the genus name and a free-form species epithet,
has been ratified recently by the International Committee
on Taxonomy of Viruses (ICTV) [31]. A summary of the
current species in the family Geminiviridae is provided in
Supplementary Data 2. Thus, we encourage the community
to engage with the ICTV Geminiviridae and Tolecusatel-
litidae Study Group to help smooth the transition from the
more free-form virus nomenclature of the past to its new
standardised version.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00705-021-05309-2.
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