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Abstract
A single-stranded DNA (ssDNA) virus was detected in Yerba mate samples showing chlorotic linear patterns, chlorotic 
rings and vein yellowing. The full-genome sequences of six different isolates of this ssDNA circular virus were obtained, 
which share > 99% sequence identity with each other. The newly identified virus has been tentatively named as yerba 
mate-associated circular DNA virus (YMaCV). The 2707 nt-long viral genome has two and three open reading frame on 
its complementary and virion-sense strands, respectively. The coat protein is more similar to that of mastreviruses (44% 
identity), whereas the replication-associated protein of YMaCV is more similar (49% identity) to that encoded by a recently 
described, unclassified ssDNA virus isolated on trees in Brazil. This is the first report of a circular DNA virus associated 
with yerba mate. Its unique genome organization and phylogenetic relationships indicates that YMaCV represents a distinct 
evolutionary lineage within the ssDNA viruses and therefore this virus should be classified as a member of a new species 
within an unassigned genus or family.

Yerba mate (Ilex paraguariensis St. Hil., Aquifoliaceae) 
is one of the most important subtropical trees or shrub 
crops in Argentina, Brazil, and Paraguay. Its leaves and 
stems are widely used in an infusion popularly known as 
“mate”. In Argentina, the cultivated area with this tree is 
about 165,200 ha with a total yield of 775 t per year [1]. 
In 2010, yerba mate plants showing chlorotic linear pat-
terns, chlorotic rings, and veins yellowing in symptomatic 
leaves, were observed in the northeast region of Argentina 
[2]. Deep sequencing of small RNAs of symptomatic yerba 
mate plants collected in Cerro Azul, Misiones Province, 

Argentina, revealed the presence of a new virus: cytorhab-
dovirus yerba mate chlorosis associated virus (YmCaV) [2].
Two assembled sequences (contigs) showed a low degree of 
similarity to the capsid and replication associated proteins 
encoded by mastreviruses and the ssDNA virus temperate 
fruit decay-associated virus (TFDaV), respectively, based 
on BlastX analysis.

In this study we describe the complete genome sequence 
of a new circular single strand DNA (ssDNA) virus isolated 
from yerba mate in Argentina, which was named yerba mate-
associated circular DNA virus (YMaCV).

Leaf samples with the described symptoms were col-
lected in six different locations around Corrientes and Mis-
iones Provinces in Argentina (Supplementary Figure 1). 
DNA extractions were performed using 100 mg of infected 
tissue with the cetyltrimethylammonium bromide (CTAB) 
method [3]. Total DNA from each isolate was subjected 
to Phi29 DNA polymerase treatment (TempliPhi™, GE 
Healthcare, USA) to obtain a copy of the complete genome 
of the ssDNA virus by rolling circle amplification (RCA). 
A linear DNA fragment of about 2.7 kb was generated with 
BamHI digestion, cloned and three clones per isolate were 
sequenced bi-directionally with the universal M13 primers. 
Additionally, primers were designed, by primer-walking, 
to sequence the full genome of each clone. The sequence 
fragments obtained for each plasmid DNA were edited and 
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assembled to obtain the complete genome sequence of each 
isolate of the ssDNA virus, which were deposited in Gen-
Bank under accession numbers MG748715-748720 (Sup-
plementary Figure 1), using Geneious R9.1 (Boimatters, 
New Zealand).

The genome of each YMaCV isolate was determined to 
be 2,707 nucleotides (nt) in size and its circular DNA con-
tains a nonanucleotide sequence CAT TAT TAC that indicates 
the probable origin of virion-strand and DNA replication. 
This sequence differs in two nucleotides from the nonanucle-
otide sequence of TFDaV, nanoviruses, alphasatellites and 
circoviruses (TAG TAT TAC) [4]. Five open reading frames 
(ORFs) that might encode putative proteins were identified. 
The inferred genome organization has three virion-sense 
(V1, V2 and V3) and two complementary-sense (C1 and 
C2) genes with two intergenic regions (Fig. 1). Similar to 
curto-and becurtoviruses [5], YMaCV has three ORFs in the 
virion-sense strand with the same genomic location. How-
ever, the number and genomic location of the ORFs in the 
complementary-sense differs in YMaCV, thus the genomic 
organization of this virus is distinct from those of all other 
known ssDNA viruses. The genes on sense and complemen-
tary strands are separated by two intergenic regions (Fig. 1) 
that have similar size.

A BLASTp (https ://blast .ncbi.nlm.nih.gov/Blast 
.cgi?PROGR AM=blast p&PAGE_TYPE=Blast Searc 
h&LINK_LOC=blast home) analysis of the predicted 

proteins of YMaCV showed that C2, V2 and V3 proteins had 
no significant sequence similarity to any others sequences 
in the database. However, similar to the putative move-
ment protein of TFDaV, as well as several geminiviruses 
and nanoviruses where transmembrane domains have been 
predicted [4, 6], two transmembrane domains were identi-
fied in the V2 protein sequence. Furthermore, the ORF V2 
(342 nt; 113aa; 13.32 kDa) is immediately upstream of ORF 
V1, putatively coding for the capsid protein (CP), a loca-
tion where movement proteins are usually encoded within 
the monopartite members of the Geminiviridae family [5]. 
The ORF V1 which is 792 nt long, and encodes a 29.73 
kDA protein of 263aa is most similar to the CP encoded 
by the mastrevirus chickpea chlorosis virus-A (CpCV-A) 
(44% identity; 93% query coverage; E value, 7e-56). Unlike 
the V1 protein, the translation product of ORF C1 (960 nt; 
319 aa; 36.61 kDa) is most closely related to the replication 
associated protein (Rep) encoded by TFDaV (49% identity; 
95% query coverage; E value, 9e-94), which is an unclassi-
fied ssDNA virus discovered recently on fruit trees in Brazil 
[4]. YMaCV C1 protein is also homologous to Rep pro-
teins found in a wide variety of ssDNA circular replicons 
including nanoviruses, alphasatellites and some currently 
unclassified environmental ssDNAs. Therefore V1, C1 and 
V2 proteins were identified as the putative CP, Rep and MP 
proteins.

Genome-wide pairwise comparisons using Sequence 
Demarcation Tool (SDT v1.2) [7] indicated that the six 
isolates of YMaCV share 99.0 to 99.9% identity with each 
other, which likely means that this virus emerged recently. 
Moreover these genome-wide pairwise comparisons showed 
that YMaCV shared the highest identity (59.8%) with the 
unclassified ssDNA virus TFDaV. In pairwise comparisons, 
the YMaCV CP aa sequence shared highest identity (44.2%) 
with the mastrevirus CpCV-A (Fig. 2A); whereas YMaCV 
Rep protein sequence was most similar (49.4%) to the corre-
sponding sequence of the unclassified ssDNA virus TFDaV 
(Fig. 2B). These results showed that there is very low vari-
ability within the YMaCV isolates and that this virus is 
distantly related to other ssDNA viruses.The low genetic 
identity of YMaCV with other ssDNA viruses suggests that 
this virus should be classified as a member of a new species.

In order to determine the phylogenetic relationships of 
YMaCV with other ssDNA viruses and to unravel its pos-
sible evolutionary history, maximum likelihood (ML) phy-
logenetic analyses were carried out using the aa sequences 
of the CP and Rep proteins. The predicted YMaCV CP and 
Rep aa sequences were aligned with the corresponding 
sequences of ssDNA viruses described in Supplementary 
Table 1, using MUSCLE [8] as implemented in Mega 7 [9]. 
ML phylogenetic trees were inferred using Mega 7 [9] with 
LG +G+I and RtRev+G+F+I amino acid substitution mod-
els, respectively, chosen as the best-fit using ProtTest [10] 

Fig. 1  Genomic organization of the yerba mate-associated circular 
virus (YMaCV) as well as the stem-loop structure with the nonanu-
cleotide sequence containing the probable virion-strand origin of rep-
lication
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together with 1000 bootstrap replicates. We used the Akaike 
Information Criterion (AIC) to select the best-fitting evolu-
tion model. The phylogenetic analysis performed with the 
CP aa sequence showed that the YMaCV isolates are located 
in a monophyletic clade which clusters with the CP of the 
mastreviruses CpCV, CpCV-A, CpCV-E as well as tobacco 
yellow dwarf virus-A (TYDV-A) (Fig. 3A); whereas the 
Rep protein based tree showed that YMaCV isolates formed 
a distinct clade that clustered with the Rep protein of the 
unclassified ssDNA virus TFDaV (Fig. 3B); this cluster is 
also related to the Rep proteins of nanoviruses and alphas-
atellites, which further supports the results obtained when 
the CP and Rep sequences were analyzed using SDT. Phy-
logenetic analysis placed YMaCV in a unique taxon within 
ssDNA viruses; therefore it can be concluded that this virus 
represents an evolutionary distinct ssDNA virus member. 
Furthermore, the different evolutionary relationships of the 
Rep and CP proteins likely support a modular organization 
and a different evolutionary history of the virion-sense and 
complementary-sense frame of the YMaCV genome.

It is evident that the YMaCV CP and Rep phylogenies are 
not congruent, probably due to an inter-family recombina-
tion resulting in a chimeric virus encoding Rep and CP with 

differential evolutionary histories. However, when recombi-
nation analysis of full-length genomes was performed using 
RDP, GENECONV, MaxChi, BootScan, 3Seq, Chimera and 
SiScan statistical methods, implemented in the RDP4.67 
software [11], no recombination events were detected in the 
YMaCV sequence. This result could be explained by the fact 
that the non-recombinant descendants of YMaCV parents 
have not been described or no longer exist.

In this study we identified and characterized a novel 
ssDNA virus infecting yerba mate in Argentina, which 
was named as yerba mate-associated circular DNA virus 
(YMaCV). This virus displays a geminivirus-like genomic 
size and organization, and encodes a CP that is most closely 
related to that of mastreviruses, viruses which taxonomi-
cally belong to the Geminiviridae family; however, the Rep 
protein is most closely related to unrelated viruses not and 
the YMaCV nonanucleotide sequences are different from 
those characteristic of geminiviruses. Thus, this virus rep-
resents an evolutionary distinct lineage within the ssDNA 
viruses and may represent a new genus within a new family 
of ssDNA viruses that could also include TFDaV.

The use of next generation sequencing (NGS) has 
identified a large number of whole genome sequences 

Fig. 2  Pairwise identity matrix of yerba mate-associated circular 
virus (YMaCV) and representative ssDNA virus CP (A) and Rep 
(B) amino acid sequences, generated using the SDT v1.2 software 

(Muhire et  al., 2014). Acronyms and accession numbers of every 
virus are listed in Supplementary Table 1
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for viruses with chimeric genome architecture and phy-
logeny, such as YMaCV. Issues regarding taxonomical 
classification of ssDNA viruses that are known only from 
metagenomic data have been recently discussed, where a 
new robust framework for sequence-based virus taxonomy 
was identified as crucial for the comprehensive characteri-
zation of the global virome [12]. Furthermore, biological 
properties of most of these viruses have not been charac-
terized, therefore the information in this paper will also be 
useful to elucidate the taxonomical classification of those 
currently unassigned ssDNA viruses.

This is the first report of a circular ssDNA virus infect-
ing yerba mate, both in Argentina and worldwide. Further 
work, such as the construction of an infectious clone, is 
necessary to unravel not only the symptoms induced by 
YMaCV, but also its role in yerba mate chlorotic disease, 
which will be useful to understand the biological signifi-
cance of this virus in infected plants.
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