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Keywords:

A new gemycircularvirus sequence was obtained from total DNAs extracted from olive leaves and twigs tissues.

Olive Its complete genome consists of a single-stranded circular DNA of 2,145 nt, whose sequence was obtained by

Rolling circle amplification
Circular ssDNA
Gemycircularvirus

rolling circle amplification (RCA). Genome analysis identified three open reading frames, sharing homologies
with the coat and replication-associated proteins, these latter in the anti-parallel strand, of known gemycircu-
larvirus species. Search for homologies showed that the circular ssDNA sequence is distantly related to other

gemyecircularviruses thus originating from a new virus species, for which the name olive-associated gemy-
circularvirus 1 (OaGV1) is proposed. A survey in two different olive-growing areas of the Apulian region
(Southern Italy), showed a limited distribution of OaGV1.

In 2016, the International Committee on Taxonomy of Viruses
(ICTV) created a new family of single-stranded circular DNA viruses,
the Genomoviridae, which contains a single genus, Gemycircularvirus
(Krupovic et al., 2016). Members of this family present icosahedral and
non-enveloped capsids 20-22 nm in diameter (Yu et al., 2010; Sikorski
et al., 2013). Their circular single-stranded DNA genomes, ranging from
2.1 to 2.3 kb, mainly consist of two proteins, a coat protein (CP) and a
spliced replication initiation protein (Rep). A conserved stem-loop
structure, including the putative origin of DNA replication is located
between the 5’ ends of the two main ORFs, which are therefore anti-
parallel in the two opposite reading frames.

The first report of a virus belonging to this recently defined genus
dates back to 2010, when Yu et al. described a mycovirus able to induce
hypovirulence on infected Sclerotinia sclerotiorum population
(Sclerotinia sclerotiorum hypovirulence-associated DNA virus 1,
SsHADV1) and to establish infection when applied extracellularly as
purified virus particles. Since then, these viruses have been reported to
be associated with hosts other than fungi, and belonging to different
kingdoms (Yu et al., 2010), such as animals (Rosario et al., 2012;
Dayaram et al., 2015; Li et al, 2015), including human beings
(Lamberto et al., 2014; Phan et al., 2015; Halary et al., 2016) and plants
(Dayaram et al., 2012; Kraberger et al., 2015; Male et al., 2015;
Marzano and Domier, 2016). Moreover, they were also found in en-
vironmental samples like sewage, faeces, and water (Sikorski et al.,
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2013; Conceicao-Neto et al., 2015; da Silva Assis et al., 2016).

In the last years, the application to viral metagenomics of sequence
unbiased techniques, i.e. high-throughput sequencing, and non-specific
rolling circle amplification (RCA), has increased the number and fa-
cilitated the discovery of novel viruses in various ecosystems in parti-
cular those related to the newly described family of Genomoviridae
(Delwart, 2007; Pantaleo and Chiumenti, 2018). The application of
RCA allowed the identification and sequencing of the first gemycircu-
larvirus associated to olive (Olea europaea L.) in Apulia (Italy). In the
present study, we report the complete genome description and mole-
cular characterization of a new gemycircularvirus provisionally named
olive-associated gemycircularvirus 1 (OaGV1). In addition, an extended
survey was conducted in southern Apulia olive orchards to investigate
its distribution in orchards and intraspecific variability.

Olive samples were collected in spring 2015 from plants located at
Palagiano, in the province of Taranto (Apulia region, Southern Italy).
Trees in this experimental orchard were obtained by somatic embry-
ogenesis. Total DNA was extracted using a CTAB protocol from 200 mg
of petioles and leaves of single trees as previously described (Murray
and Thompson, 1980). Total DNA extracts from three plants were used
in a random priming rolling circle amplification RCA, using TempliPhi
(GE Healthcare). One pl of rolling circle amplified product was digested
with BamHI, Spel, Sall and HindIIl. One (L1) out of three samples
analyzed, yielded a linear DNA fragment of about 2.2 kb when digested
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with Sall and HindIII. The restriction-digested DNA fragments were li-
gated to Sall and HindIII-digested pUC19 (Fermentas,USA), respec-
tively (Supplementary Fig. 1).

Two independent recombinant plasmids harbouring Sall or HindIII
RCA-digested fragments were sequenced from both ends. All sequences,
once submitted to Blast search, matched genomic DNAs from genomo-
like entities. Cap contig assembly using Bioedit showed that all the
fragments were perfectly overlapping to long extends and produced a
single-stranded circular DNA of 2145 nt in length with a G + C content
of 52.17%. Sequence analysis of this circular DNA for potential coding
proteins, identified three main open reading frames (ORF) (Fig. 1).
Blast analysis of the full genome found that the closest viruses are
odonata associated gemycircularvirus 1 isolate OdaGmV-1-US-260BC-
12 (OdaGmV1; Acc. Nr. KM598385) and giant panda associated ge-
mycircularvirus strain gpge006 (GpGmCV; Acc. Nr. MF327563) with
65.27 and 41.14% identical nucleotides, respectively.

The largest ORF is in positions 97-975 and reading frame +1. It
starts with an ATG codon, yielding a protein of 292 amino acids (aa)
having a 32.85kDa molecular weight. Blast analysis of this sequence
found no significant similarity at the nucleotide level, while, using the
Blastx algorithm, a significant degree of similarity was retrieved with
the putative coat proteins (CP) of blackbird associated gemycircu-
larvirus 1 (BIBaGV1; Accession nr. YP_009109740; 81% coverage,
maximum aa identity of 59%, E value 1e-88), dragonfly-associated
circular virus 2 (DfasCV2; Accession nr. YP_009021855; 81% coverage,
maximum aa identity of 57%, E value 7e-83), and SSHADV1 (Accession
nr. AGP05336; 80% coverage, maximum aa identity of 57%, E value le-
82). On the complementary strand, a second ORF starts with an ATG at
position 2,120 to 1521 with reading frame -2. It produces a putative
protein of 199 aa in length and 22.47 kDa in weight. Blastx search for
homologies finds similarity with the replication protein (RepA) of
OdaGmV1 (Accession nr. AJD07461; 99% coverage, maximum aa
identity of 80%, E value 7e-105) and DfasCV2 (Accession nr. YP_
009021858; 99% coverage, maximum aa identity of 67%, E value 3e-
86). A third ORF starts at position 396 until nt 1073. It is read in frame
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Fig. 1. Graphical representation of the OaGV1 genome
organization. Grey bold arrows indicate the three open
reading frames. The red bar stands for the long intergenic
region, which can fold producing a hairpin structure (in
the upper right box with its free energy, while red lines
frame the putative origin of replication). Small black ar-
rows localize the primers used for the survey. The small
black vertical bars on the genome point to the restriction
site positions.

-3, and produces a protein of 107 aa and 12.25kDa, with the Blastx
highly significance to replication-associated protein of GpGmCV
(Accession nr. ASH99154; 88% coverage, maximum aa identity of 94%,
E value 7e-59) and DfasCV2 (Accession nr. YP_009021856; 89% cov-
erage, maximum aa identity of 90%, E value 4e-57).

Between the RepA and the CP ORFs there is a 122-nt long intergenic
region (LIR), which, as in other gemycircularviruses, is nine nucleotide
(TAATATTAT) long. This sequence is considered the origin of viral
genome replication, by analogy with the geminiviruses (ori; Fig. 1). A
putative TATA box (TATATA), 30 nucleotides downstream the non-
anucleotide and immediately upstream of a CG-rich region, known to
be involved in transcriptional regulation (Eagle and Hanley-Bowdoin,
1997; Fenoll et al., 1988, 1990), was also identified. In addition, a short
intergenic region (SIR) extends for 98 nt, from the end of the CP ORF to
the end of the replication-associated protein.

Sequence comparison at nucleotide level was performed through
Sequence Demarcation Tool (SDT v1.2; Mubhire et al., 2014) using the
ClustalW alignment algorithm (Thompson et al., 2003). All the gemy-
circularvirus genomes deposited in GenBank RefSeq database together
with 0aGV1 (https://www.ncbi.nlm.nih.gov/refseq/) were pairwise
aligned to evaluate the percentage of sequence identity. As showed in
Supplementary Table 1, OaGV1 revealed a percentage of sequence
identity below 65% with all the other described gemycircularviruses
described, except for dragonfly-associated circular virus 2 (NC_
023871), with which it shares 68.4% of nucleotide identity.

A phylogenetic analysis on the CP proteins was conducted in
MEGA7 (Kumar et al., 2016) using the evolutionary model proposed by
Krupovic et al. (2016) including the closely related species retrieved by
Blast search and few other species associated with plants. Surprisingly,
0OaGV1 appears to belong to the clade of the BIBaGV1, SsHADVI,
0OdaGmV1 and DfasCV2, while the other plant-associated gemycircu-
larviruses form a different group (Fig. 2).

Two specific set of primers selected in the surroundings of the re-
striction sites used for RCA digestion (see Table 1, HindIII-for/HindIII-
rev and Sall-for/Sall-rev) were designed in order to evaluate the
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Table 1

Primers designed on OaGV1 genome around the considered restriction sites and
used for the survey and for variability study. Names, 5’- > 3’ sequence, the
location on the genome and amplicon size are indicated for each primers.

Primer name  Sequence 5’ - > 3’ Locationon  Amplicon size

the genome
HndlII for GCTGCTCTCTTGCAATGATGCAC 1991-2013 231
HndIII _rev GGTACGCCATCGGACGGCA 106-88
Sall _for CCTGGTGTATGATGACGACGAGTC  861-884 358
Sall _rev GGAGTGGTTAGGGGCTCAGGC 1217-1197

presence of this virus in the olive orchards and investigate its sequence
variability. In spring 2017, ninety olive plants were sampled in
southern Apulia, 41 and 49 from Lecce and Taranto provinces, re-
spectively. Among these trees, 18 different cultivars and one seedling
were sampled (Supplementary Table 2). Total DNA extracts obtained
from leaves and petioles using the above-mentioned CTAB-based pro-
tocol, were analyzed with Sall-for/Sall-rev set of primers by PCR. Only
three samples from the same area (Taranto province) of the first posi-
tive tree were positive for OaGV1. Sequences from OaGV1-infected
trees were further analysed in the HindlIlI-for/HindIlI-rev amplified
regions, in order to gather more data about intraspecific variability.
Amplicons of the expected size were obtained from all plants and were
sequenced from both ends.

The alignment of the obtained amplicons, including the fragment
from the original L1 tree, disclosed a percentage of nucleotide identity
ranging between 97.31% to 100% in the region amplified with HindIII-
for/HindIIl-rev primers, and 93.83% to 99.69% in that amplified with
the Sall-for/Sall-rev primers (Table 2). The higher values of sequence
identity obtained with HindIII-for/HindIll-rev confirm the importance
and conservation of this region, since it contains a fragment of the LIR
region including the putative origin of replication and the hairpin
structure (see Fig. 1). On the other hand, amplicons in the Sall-for/Sall-
rev region show a slightly higher variability as it includes the SIR and
part of the CP and putative Rep protein, which are likely more tolerant
to nucleotide variation.

To date viruses belonging to the family Genomoviridae have never
been reported as plant pathogens. Indeed, when found in plants they
were considered as viruses likely infecting fungi associated with plant
species under analysis and, in our study, such hypothesis was possibly
supported by the presence of SSHADV1 in the same phylogenetic group
of OaGV1. This prompted to screen the total DNAs from OaGV1-positive
olive trees with broad-spectrum panfungal primers. The Internal
Transcribed Spacer (ITS) region, partial sequence of B-tubulin (TUB2),
and Actin (ACT) genes were amplified using the primers ITS5/4 (White
et al., 1990), T1/bt2b (O’Donnell and Cigelnik, 1997; Glass and
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Fig. 2. Unrooted molecular phylogenetic tree
obtained with Maximum Likelihood method
using the evolutionary model described by
Krupovic et al. (2016). Protein sequences used
for phylogenetic analysis, were aligned using
Bioedit (Hall, 1999) and manually edited to
remove gaps. All viruses are indicated with
their GenBank accession numbers followed by
their full names.

AGS12482.1 putative coat protein Hypericum japonicum associated circular DNA virus
YP 009021042.1 capsid protein Cassava associated gemycircularvirus 1

YP 009181998.1 putative capsid protein Soybean leaf-associated gemycircularvirus 1

Table 2

Intraspecific variability: The emimatrices below show the percentage of se-
quence identity among amplicons obtained in the two different region under
study. Matrix A represents the amplicons obtained with HindIII for/rev primers
and matrix B amplicons obtained using Sall for/rev primers. Alignments were
run using ClustalW algorithm using Sequence Demarcation Tool (SDTv1.2).

A. identity matrix HindlIII for/ HindIIl rev primers

HindIIl

L1 100.00

14 100.00 100.00

L3 97.31 97.31 100.00

12B 100.00 100.00 97.31 100.00
B. identity matrix Sall for/ Sall rev primers

Sall

L1 100.00

14 95.68 100.00

L3 97.83 93.83 100.00

12B 99.69 96.30 97.53 100.00

Donaldson, 1995), and ACT-512F/ACT-986R (Carbone and Kohn,
1999), respectively. The expected amplicons about 700, 600 and 300 bp
for ITS, TUB2, and ACT, respectively, were cloned and sequenced from
both ends. Sequence analysis of the amplicons showed similarity with a
diversity of fungi belonging to a range of genera, including Pleospora,
Hormonema, Arthrocaldium, Dactylonectria, Isaria, Toxicocladosporium,
Alternaria, and Mycosphaerella. The wide range of fungal genera re-
trieved does not suggest an unambiguous fungal group as host of
0OaGV1. Although it is probable that OaGV1 is a mycovirus, further
efforts for host range identification and characterization are needed,
like synthesizing and using infectious clones of this virus for patho-
genesis tests on selected fungal species.

Olive and its related agricultural context represent an additional
environment in which a new gemicyrcularvirus species was found. As in
other members of the genus an almost total absence of information
related to the host range, biology and epidemiology (except for
SsHADV-1) exist, a gap that needs to be closed. 0aGV1 showed the
closest nucleotide sequence identity (68.4%) with dragonfly-associated
circularvirus 2, which is below the thresholds set by ICTV in the family
Geminiviridae, ranging from 75% for mastreviruses to 89% for curto-
viruses and begomoviruses, while no species demarcation criteria exist
yet for the genus Gemycircularvirus. Altogether, these findings endorse
the proposal that this is a new species, tentatively named olive-asso-
ciated gemycircularvirus 1 (OaGV1). The sequence was deposited in
Genbank under accession number MH444690.
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