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Abstract

Viral metagenomic studies have enabled the discovery of many unknown viruses and revealed that viral communities are much 
more diverse and ubiquitous than previously thought. Some viruses have multiple genome components that are encapsidated 
either in separate virions (multipartite viruses) or in the same virion (segmented viruses). In this study, we identify what is 
possibly a novel bipartite plant- associated circular single- stranded DNA virus in a wild prickly pear cactus, Opuntia discolor, 
that is endemic to the Chaco ecoregion in South America. Two ~1.8 kb virus- like circular DNA components  were recovered, 
one encoding a replication- associated protein (Rep) and the other a capsid protein (CP). Both of the inferred protein sequences 
of the Rep and CP are homologous to those encoded by members of the family Geminiviridae. These two putatively cognate 
components each have a nonanucleotide sequence within a likely hairpin structure that is homologous to the origins of rolling- 
circle replication (RCR), found in diverse circular single- stranded DNA viruses. In addition, the two components share similar 
putative replication- associated iterative sequences (iterons), which in circular single- stranded DNA viruses are important for 
Rep binding during the initiation of RCR. Such molecular features provide support for the possible bipartite nature of this virus, 
which we named utkilio virus (common name of the Opuntia discolor in South America) components A and B. In the infectivity 
assays conducted in Nicotiana benthamiana plants, only the A component of utkilio virus, which encodes the Rep protein, was 
found to move and replicate systemically in N. benthamiana. This was not true for component B, for which we did not detect 
replication, which may have been due to this being a defective molecule or because of the model plants (N. benthamiana) used 
for the infection assays. Future experiments need to be conducted with other plants, including O. discolor, to understand more 
about the biology of these viral components.

INTRODUCTION
The known plant- infecting single- stranded DNA viruses are 
found in two families – Geminiviridae and Nanoviridae – 
both of which have circular genomes. Nanovirus genomes 
are multipartite, comprising six to eight genome compo-
nents, while some geminiviruses in the genus Begomovirus 

have bipartite genomes, whereas other geminiviruses have 
monopartite genomes. In some cases, geminiviruses and 
nanoviruses can be found in association with sub- viral 
single- stranded DNA molecules known as satellites. These 
satellites (alphasatellites, betasatellites and deltasatellites 
[1–3]) are classified into two families, Alphasatellitidae [1] 
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and Tolecusatellitidae [4]. While alphasatellites encode their 
own replication- associated protein and are able to replicate 
autonomously, betasatellites and deltasatellites do not encode 
their own replication- associated protein and are therefore 
dependent on their helper virus for replication. All three 
groups of satellites are dependent on their helper viruses for 
movement through the plant, encapsidation and insect trans-
mission. Hence, these satellites have transient interactions 
with ssDNA viruses, adding to the complexity of multipartite 
virus infections.

Recently, with the use of viral metagenomic approaches, 
novel ssDNA viruses have been identified that are not closely 
related to any of the classified viruses and some of these diver-
gent viruses appear to have putative multipartite genomes. 
Coconut foliar decay virus (CFDV), for example, is found 
infecting coconut palms in the Pacific island of Vanuatu and is 
a ssDNA virus with a putative a tripartite genome [5]. CFDV 
encodes a capsid protein with highest amino acid similarity to 
geminiviruses but its virion morphology and genome size are 
more similar to those of nanoviruses. A tripartite virus with 
a ssDNA genome was identified infecting a plant pathogenic 
fungus, Fusarium graminearum [6]. This virus, fusarium 
graminearum gemytripvirus 1 (FgGMTV1), is most closely 
related to the viruses in the family Genomoviridae [7], and is 
the first known instance of a multipartite ssDNA virus associ-
ated with fungi. Other previously identified fungus- infecting 
viruses have non- segmented or segmented genomes. In 
addition, circular replication- associated protein encoding 
single- stranded (CRESS) DNA viruses in the phylum Cress-
dnaviricota [8] with putative multipartite genomes have been 
identified in honey bees and bat guano samples [9, 10].

Here, we describe a novel circular virus (named utkilio 
virus) with a likely bipartite genome, i.e. components A and 
B each ~1.8 kb in size. One component, DNA- A, encodes a 
replication- associated protein (Rep), and the second, DNA- B, 
a capsid protein (CP).

METHODS
Sample collection and processing
An Opuntia discolor plant was originally collected in Bolivia 
in 2007 as part of a taxonomic and phylogenetic study of 
Cactaceae plants in South America. O. discolor is a small 
creeping spreading shrub that is endemic to the ecoregion 
known as Chaco, which comprises an arid and semi- arid 
climate with an associated xerophytic biota. Following collec-
tion in Bolivia, the plant has been grown at research facilities, 
initially in Argentina and, since 2017, in Brazil. The O. discolor 
plant was sampled twice in 2019 and total DNA from both 
collections was extracted using the CTAB method [11].

High-throughput sequencing and genome assembly
The total DNA from the first 2019 samples was used to 
generate Illumina sequencing libraries and was sequenced 
on an Illumina HiSeq X platform (paired read 2×150 bp) 
at RAPiD Genomics (USA). The raw reads were de 

novo- assembled using metaSPAdes v. 3.12.0 [12], and the 
resulting contigs (>500 nt) were analysed using blastx [13] 
against a GenBank viral RefSeq protein database [14]. Two 
contigs with similarity to geminiviruses were identified and 
from these two pairs of abutting primers (FF718_679_F: 
5′-TCG TTT TCC ATT TGA AAT GTT TCC TTC ATC- 3′, 
FF718_679_R: 5′-CCA TTT GAA ATA TCC AGT CCA ATT 
GAA AGC- 3′, FF719_669_1_F: 5′-CGT AAT TTC CAT TTC 
TTA CAA GTG TGA ACG- 3′ and FF719_669_1_R: 5′-ATA 
TTA CCC CTA CTG TAG ACT TTA CTT GGA- 3′) were 
designed to recover the complete sequences of the genome 
components. Using these primers, PCR was performed with 
KAPA HiFi HotStart DNA polymerase (KAPA Biosystems, 
USA) according to the manufacturer’s recommended thermal 
cycling conditions. The amplicons were resolved on a 0.7 % 
agarose gel and the two amplicons with a size of ~2 kb were 
gel- excised, purified and cloned in the pJET1.2 cloning vector 
(Thermo Fisher Scientific, USA). The recombinant plasmids 
were transformed into competent Escherichia coli XL1 Blue 
cells and the recombinant plasmids were Sanger sequenced 
by primer walking at Macrogen, Inc. (Republic of Korea). The 
Sanger sequence assembly and annotations were performed 
using Geneious 11.1.5. (Biomatters Ltd, New Zealand) 
and SMART (http:// smart. embl- heidelberg. de/ [15]). The 
sequences have been deposited in GenBank under accession 
numbers MW694325 and MW694325.

Phylogenetic and pairwise identity analyses
Two ~1.8 kb circular sequences were determined, one appar-
ently encoding a replication- associated protein (Rep) and 
the other a capsid protein (CP) with detectable similarity 
to homologous proteins encoded by geminiviruses. Two 
sequence datasets were created with the Rep and CP amino 
acid sequences encoded by the molecules described in this 
study along with representative sequences from each gemi-
nivirus genus and unclassified geminiviruses (n=54). Each 
dataset was aligned using MAFFT v.7 [16] and the resulting 
alignments were used to infer maximum- likelihood (ML) 
phylogenetic trees with substitution models rtRev+G+I+F for 
the Rep and rtRev+G+I for the CP, as determined to be best 
fitting by ProtTest [17]. Approximate likelihood ratio tests 
(aLRTs) for branch support were performed and branches 
with <0.8 aLRT support were collapsed using TreeGraph2 
[18]. Each ML phylogenetic tree was rooted with Rep and 
CP amino acid sequences from two members of the family 
Genomoviridae [7].

Infectivity assays
Two copies of each viral component were amplified using 
specific primers (Table S1, available in the online version 
of this article), and these were cloned in tandem into the 
binary vector pJL- 89 using the Gibson Assembly method 
(New England Biolabs, USA), as previously described [19]. 
Each clone was transformed into competent E. coli XL1 Blue 
cells. To further confirm the correct cloned orientation of the 
tandem components, clones were analysed by digestion with 
either HindIII (Utkili virus DNA- A) or ScaI (utkilio virus 
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DNA- B). Clones containing the two tandemly cloned copies 
of the utkilio virus DNA- A and DNA- B were used to trans-
form Rhizobium radiobacter GV3101.

Infection assays were performed in Nicotiana benthamiana 
plants. In one experiment, 10 N. benthamiana plants were 
inoculated with both utkilio virus DNA- A and DNA- B, and 
4 plants were inoculated with either utkilio virus DNA- A or 
DNA- B on their own. The top leaves of the inoculated plants 
were sampled at 15 and 45 days post- inoculation (p.i.). Total 
DNA was extracted from newly emerged leaves at each time 
point using the GenCatch Plant Genomic DNA Purification 
kit (Epoch Life Science, USA) according to the manufacturer’s 
instructions. The total DNA was screened by PCR with pairs 
of abutting primers for each component (FF718_679_F/R and 
FF719_669_1_F/R) using KAPA HiFi HotStart DNA poly-
merase (KAPA Biosystems, USA). The amplified fragments 
were cloned and Sanger sequenced.

RESULTS AND DISCUSSION
Identification and recovery of geminivirus-like 
sequences
An O. discolor plant was initially collected in Bolivia in 2007 
as part of a phylogenetic study of the family Cactaceae. 
Prior to 2019 when DNA was extracted from the plant for 
high- throughput sequencing, it was maintained at a research 
facility in Argentina until 2017 and thereafter at a facility in 
Brazil. After de novo assembly of the Illumina sequencing 
reads and blastx searches, two contigs of 1806 and 1816 nt 
that potentially encode proteins with similarity to geminivirus 
proteins were identified. As the total DNA extracted from 
the O. discolor sample used for Illumina sequencing was no 
longer available, a second plant sample was obtained in 2019 
and used for further analyses. Two pairs of abutting primers 
designed from the de novo- assembled HTS contigs were used 
to recover the circular geminivirus- like sequences.

Sequence analysis of geminivirus-like sequences
The amplicons obtained corresponded to two sequences 
of ~1.8 kb. One sequence was 1852 nt in size, having only 
one large open reading frame (ORF) encoding a putative 
protein of 350 amino acids with highest amino acid sequence 
identity of 51.5 % to the replication- associated protein (Rep) 
encoded by the geminivirus, Opuntia virus 2 [20] (Fig. 1, Data 
S1). The second sequence had 1862 nt and one large ORF 
encoding a 323 amino acid protein with the highest amino 
acid sequence identity of 30.5 % to the capsid protein (CP) 
of the geminivirus Exomis microphylla- associated virus [21] 
(Fig. 1, Data S1). Two other ORFs, named V2 and V3, that 
could potentially express proteins of 93 and 133 amino acids, 
were identified upstream of the CP coding ORF, but have no 
detectable homology with other described proteins (Fig. 1). 
However, both of the proteins putatively encoded by these two 
ORFs contained some conserved domains identified using 
SMART [15] that have been found within other geminivirus 
proteins. The V3 protein has a 22 amino acid transmembrane 
domain, which has been associated with putative movement 

proteins encoded by geminiviruses [22–24]. The V2 protein 
contains a 54 amino acid zinc- finger3 CxxC domain, other 
zinc- finger domains have been associated with the gemi-
nivirus transcriptional- activator protein (TrAP/AC2) post- 
transcriptional gene silencing functions [25, 26], although 
the V2 protein described here has no detectable homology 
to TrAP.

Geminiviruses replicate via a rolling- circle mechanism 
[27, 28], with the virus- encoded Rep recognizing specific 
replication- associated iterative sequences (‘iterons’) [29] and 
a nonanucleotide sequence present in a hairpin structure at 
the virion strand origin of replication (v- ori). In addition, 
in the case of bipartite begomoviruses, the two genomic 
components share a common region of ~200 nt containing 
iteron sequences where the v- ori hairpin structure is located. 
These ‘common regions’ (CRs) enable the components to be 
replicated by the same Rep, which, in the case of all known 
multipartite ssDNA viruses, is encoded on one of the compo-
nents. Therefore, we sought to identify whether any CR- like 
features were present in the two identified sequences that 
would further suggest that they are two components of the 
same virus.

Comparing the intergenic region of both virus components, 
we identified two possible CRs, hereafter referred to as CR1 
and CR2 (Fig. 1). CR2 is 223 nt long and shares 99 % nucleo-
tide sequence identity between both molecules, and there is 
also a putative hairpin structure containing a possible v- ori 
nonanucleotide motif ‘TACACCTTA’. However, this hairpin 
structure is smaller than what is commonly described for 
geminiviruses, and CR2 does not seem to contain any puta-
tive iteron sequences. On the other hand, CR1 (335 nt long) 
contains a putative hairpin structure that is more similar 
to those of known geminiviruses with a nonanucleotide 
sequence ‘TAACATTGC’, TATA boxes and apparent iteron 
sequences shared by both components. The iteron sequence, 
‘GGTGAC’, occurs as three repeats in both molecules, with 
one of the molecules having an additional inverted repeat 
near the nonanucleotide sequence (Fig. 1). Despite the CR1 
sequences sharing only  ~60 % identity between the two 
components, based on the important features required for 
initiation of replication, we expect that CR1 is where the 
origin of replication is located.

Due to the shared molecular signals likely associated with 
the origin of replication, we believe that these two molecules 
(DNA- A and DNA- B) are putative components of a multi-
partite virus, which we have named utkilio virus. Utkilio is a 
vernacular Bolivian name of O. discolor. Although no other 
viral- like sequences were identified in the de novo- assembled 
contigs, it is plausible that other molecules might be addi-
tional components of, or be associated with, utkilio virus.

The Rep protein encoded by utkilio virus DNA- A shares 
31.4–51.5% amino acid sequence identity to the Reps encoded 
by geminiviruses (Data S1). Another important feature that 
provides some evidence for the Rep function of the utkilio 
virus is the presence of conserved motifs shared not only 
by the Reps of geminiviruses but between all rep- encoding 
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ssDNA viruses. The utkilio virus Rep contains the HUH 
(his- hydrophobe- his) endonuclease domain [30, 31] and 
the superfamily 3 (SF3) helicase domain [32, 33]. The HUH 
domain contains conserved motifs I, II and III as well as a 
geminivirus- specific GRS motif [34], all of which are impor-
tant for rolling- circle replication (RCR), while the SF3 domain 
contains the motifs Walker A, Walker B and motif C (Fig. 1).

ML phylogenetic analysis of the utkilio virus Rep protein 
together with those of other geminiviruses shows that the 
sequence is basal to a cluster of sequences of the genera Bego-
movirus, Curtovirus, Eragrovirus, Grablovirus, Opunvirus, 
Topocuvirus and Turncurtovirus, and the currently unclassi-
fied viruses, Opuntia virus 2 [20], Polygala garcinii- associated 
virus [21] and parsley yellow leaf curl virus [35] (Fig. 2).

The CP encoded by the utkilio virus DNA- B shares 19.9–
30.5 % amino acid identity with those encoded by gemini-
viruses (Data S1). ML phylogenetic analysis of the encoded 
CP together with those of other geminiviruses indicated that 
utkilio virus CP sits basal to a cluster containing CP sequences 
of begomoviruses, and the recently established new genera 

Citlodavirus and Mulcrilevirus [36, 37], as well as the Polygala 
garcinii- associated virus [21].

Infectivity experiments
The shared molecular features in utkilio virus DNA- A and 
DNA- B suggest that they are putative components of a bipar-
tite virus. To test the infectivity of DNA- A and DNA- B, we 
experimentally inoculated N. benthamiana plants either indi-
vidually or in combination. As expected, the N. benthamiana 
plants inoculated with only utkilio virus DNA- B displayed 
no evidence of infection in newly emerged leaves. This was 
expected because replication and systemic spread of DNA- B 
would require the Rep encoded by DNA- A to initiate RCR. 
On the other hand, three out of four N. benthamiana plants 
inoculated with only the Rep encoding utkilio virus DNA- A 
displayed evidence of the DNA- A molecule spreading 
systemically, in that DNA- A was detectable by PCR in newly 
emerged leaves at 45 days p.i. There were no perceptible 
visual symptoms in the plants inoculated with utkilio virus 
DNA- A.

Fig. 1. (a) Genomic organization of the utkilio virus components A and B showing the encoded proteins replication- associated protein 
(Rep), capsid protein (CP), V2 and V3, as well as the common region 1 and 2 (CR1 and CR2) with hairpin structure. (b) Hairpin structures 
contained within the CR1 and CR2. (c) Comparison of the CR1 and CR2 between the utkilio virus components A and B. The relative positions 
of the ‘iteron’ sequences, the TATA box and the nonanucleotide sequence within the hairpin are depicted over the CR1 sequences. In the 
CR2 alignment, differences in the nucleotides sequences are marked in red and the nonanucleotide within the hairpin is highlighted. (d) 
Rolling- circle replication motifs and helicase domain motifs contained within the Rep encoded by utkilio virus component A.
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When N. benthamiana plants were co- inoculated with 
both utkilio virus DNA- A and DNA- B components, only 1 
out of 12 plants showed evidence of systemic spread of the 
DNA- A at 15 days p.i. However, at 45 days p.i., 9 out of the 
12 plants displayed PCR evidence of systemic DNA- A spread. 
The DNA- B was not detected in any of the newly emerged 
leaves of co- inoculated plants at either 15 or 45 days p.i. 
Again, no perceptible visual symptoms were identified in the 
co- inoculated plants.

Using 5 µg of total DNA from N. benthamiana plants infected 
with DNA- A, we were unable to visualize the virus replica-
tive forms via Southern blot analysis, which indicates that the 
DNA- A accumulated at very low titres. This was the case for 
both infectivity assays where DNA- A was detected (with or 
without co- infection with DNA- B).

It is important to emphasize that N. benthamiana is not the 
original host of utkilio virus: a fact that may explain our 
inability to detect DNA- B in newly emerged leaves. Moreover, 
we recovered two DNA- B clones from the original O. discolor 
plant, but both clones only shared 99 % sequence identity with 
four single- nucleotide polymorphisms that did not affect the 
size of the ORFs, but there are some variations in the amino 
acid sequences. We cannot rule out that the DNA- B used 

in the infectivity experiments could be defective. It is also 
possible that there might be additional utkilio virus compo-
nents that remain unidentified and that these might impact on 
infection dynamics. Despite screening the de novo- assembled 
contigs using the intergenic region of both components, we 
were unable to identify any other putative components. 
Future experiments should be conducted to identify the host 
range of this virus and, most importantly, test the infectivity 
of the DNA- A and DNA- B pair in cactus plants.

CONCLUDING REMARKS
Here we report the identification and characterization of a 
novel putatively bipartite circular single- stranded DNA virus 
identified in O. discolor that encodes Rep and CP that are 
homologous to those encoded by members of the family 
Geminiviridae. As the analysed O. discolor plant was origi-
nally collected in Bolivia but grown in Argentina for 10 years 
and later in Brazil for a further 3 years, it is not possible to 
determine which country the infection occurred in and it 
is therefore also not possible to associate the virus with a 
precise geographical origin. Future collection of O. discolor 
and neighbouring plants in those areas will be essential to 
determine the origin of the virus and possible host range.

Fig. 2. Maximum- likelihood phylogenetic tree of the Rep and CP amino acid sequences of utkilio virus components and representative 
sequences from various genera in the family Geminiviridae. Branches with <0.8 aLRT support have been collapsed and the trees are 
rooted with sequences of genomoviruses [7].
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The degree of similarity of utkilio virus- encoded protein 
sequences to those of geminiviruses and the molecular 
features its apparent genome components share with multi-
partite begomoviruses and nanoviruses indicate the putative 
multipartite nature of this new virus. Nonetheless, this virus 
is evolutionarily distinct from geminiviruses and future 
research to determine possible insect vectors and virion 
particles morphology is essential.

We sought to further investigate this with infectivity assays. 
The Rep- encoding utkilio virus DNA- A systemically infected 
N. benthamiana plants in the presence of utkilio virus 
DNA- B but also when inoculated individually. The utkilio 
virus DNA- B, however, was not found to systemically infect 
inoculated plants in any of the experiments conducted. It 
is unlikely that utkilio virus is adapted to N. benthamiana, 
and future experiments need to be conducted in its original 
host species. It is interesting, nonetheless, that utkilio virus 
DNA- A was able to spread systemically and replicate within 
N. benthamiana. It has been documented for some bipartite 
begomoviruses that DNA- A components are able to replicate 
and infect N. benthamiana systematically without the pres-
ence of movement protein- encoding DNA- B components 
[38–45]. In fact, an experimental study showed that the 
DNA- A of the begomovirus abutilon mosaic virus can spread 
through the plant and enter the cell nucleus for replication 
in an independent way, even in the presence of DNA- B [43]. 
Although the infectivity experiments with utkilio virus are 
consistent with those for begomoviruses, they should not be 
considered to be definitive, and more experimental work is 
necessary to determine the role of the DNA- B in infections. 
It is possible that the utkilio virus DNA- B may be replicating, 
but at lower levels, and is not able to move systematically and/
or is not well adapted to do so in N. benthamiana, or that the 
cloned DNA- B was defective In addition, it cannot be ruled 
out that there could be other genome components associated 
with utkilio virus in nature that we were not able to detect.

Another important point to keep in mind is the possibility 
that these segments may have arisen in a long- term O. discolor 
infection due to a genome reduction process. This process can 
occur when a virus infects a ‘dead- end host’ and is not able 
to be transmitted. The virus is then trapped in the host and, 
if selection favours faster genome replication over all else, 
genome reduction might occur as a consequence of this. This 
is another hypothesis that needs to be further investigated.
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