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Abstract The discovery and full-genome sequences of two

isolates of a fourth capulavirus species are reported. The

viruses were discovered during a viral metagenomics sur-

vey of uncultivated Plantago lanceolata plants in the

Åland archipelago of south western Finland. The newly

discovered viruses apparently produce no symptoms in P.

lanceolata. They have a genome organization that is very

similar to that of the three known capulavirus species and

additionally share between 62.9 and 67.1% genome-wide

sequence identity with the isolates of these species. It is

therefore proposed that these viruses be assigned to a new

capulavirus species named ‘‘Plantago lanceolata latent

virus’’.

Metagenomics approaches [16] coupled with the rolling

circle amplification (RCA) [9, 11, 18] technique have had

a particularly profound impact on our appreciation and

knowledge of the prevalence, pervasiveness and extreme

diversity of single-stranded DNA (ssDNA) viruses in the

environment [19]. Among the best studied of these

ssDNA viruses have been the plant-infecting viruses in

the family Geminiviridae. Recently a new genus, called

Capulavirus [4, 5, 17] has been proposed to accommodate

some of the highly divergent viruses that have been dis-

covered in this family. Three distinct species of capula-

viruses were discovered between 2010 and 2011 infecting

a wild spurge (Euphorbia caput-medusae) in South Africa

(Euphorbia caput-medusae latent virus; [4]), alfalfa

(Medicago sativa) plants in France (Alfalfa leaf curl virus;

[17]), and French bean (Phaseolus vulgaris) plants in

India (French bean severe leaf curl virus, accession

number JX094280). Besides being extremely divergent,

these viruses all have genome organizations that are

unique amongst the geminiviruses [4, 5] and for at least

one of them, alfalfa leaf curl virus (ALCV), Aphis crac-

civora, an invasive aphid species with an almost global

distribution, is a vector [17].

GenBank Accession #: KT214389, KT214390.
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In 2013, wild Plantago lanceolata L. (Plantaginaceae)

samples were collected in the Åland archipelago of south

western Finland as part of a project aimed at characterizing

virus communities within these plants. Twelve pooled

samples, each containing leaf material from 12-14 indi-

vidual P. lanceolata plants, were collected. The nucleic

acid extraction and sequencing approach of Kreuze et al.

[12] was used with slight modifications for the P. lanceo-

lata plants. Total RNA was extracted from 100 mg of each

pool of 12-14 P. lanceolata fresh leaf material using Trizol

(Invitrogen, USA) following the manufacturer’s instruc-

tions. Small RNA libraries were directly generated from

total RNAs. Small RNAs ligated with 3’ and 5’ adapters

were reverse transcribed and PCR amplified (98�C for 30

sec; 13 cycles of 98�C for 10 sec, 60�C for 30 sec, 72�C for

15 sec and a final extension of 72�C for 10 min) to create

cDNA libraries selectively enriched for fragments having

adapter molecules at both ends. The last step was an

acrylamide gel purification of the 140-150 nt amplified

cDNA constructs (corresponding to cDNA inserts from

siRNAs ? 120 nt from the adapters). Small RNA libraries

were checked for quality and quantified using a 2100

Bioanalyzer (Agilent, USA). The library was then

sequenced on one lane of a HiSeq system (Illumina, USA)

as single-end 50 base reads. Raw reads were then cleaned

to eliminate Illumina adapters and low quality regions (cut-

off Phred quality score of 25) using cutadapt [13]. De novo

assemblies of cleaned reads were performed using Velvet

[22] and CAP3 [10] with a minimal contig size set at

45 bp.

Between 10 and 21 million high quality sequence reads

in the size range of siRNAs were obtained after filtering

raw reads for the twelve P. lanceolata sample pools. Pool

7, which contained cDNAs from twelve P. lanceolata

plants, yielded 27,803 contigs by de novo assembly, seven

of which showed significant degrees of similarity to the

capulavirus, Euphorbia caput-medusae latent virus

(EcmLV), based on BLASTX analysis [2]. Two of the

seven contigs apparently corresponded to the capsid pro-

tein gene (cp) and the other five to the replication-associ-

ated protein gene (rep).

DNA was separately extracted from the twelve P.

lanceolata plants of pool 7 using the DNeasy Plant Mini

Kit (Qiagen, Germany). DNA was used as a template for

PCR amplification of the complete genome using a pair of

abutting primers with a PstI overlapping site. These pri-

mers were designed based on the contigs from the de novo

assembly (Pla_pstIF: 5’-CTG CAG ATC ATT GTA TAA

ATA CTG TCC CAA ATA CG-3’; Pla_pstIR: 5’-CTG

CAG TAT CTG TGA TAT TTG TAT ACA AAT TTC

TGA C-3’). The amplification was carried out using Kapa

Hifi Hotstart DNA polymerase (KAPA Biosystems, USA)

with the following thermal cycling conditions: 96�C for

3 min, 25 cycles of 98�C (20 s), 60�C (30 s), 72�C (3 min),

and a final extension of 72�C for 3 min. The amplicons

were resolved on a 0.7% agarose gel and from the 12 plants

in pool 7, two (plants 7-5 and 7-11) had *2.8 kb ampli-

cons. These *2.8 kb amplicons were excised, gel purified

and cloned in to the plasmid pJET1.2. The resulting clones

were Sanger sequenced by primer walking at Macrogen

Inc. (South Korea). The contigs produced were assembled

using DNA Baser V4 (Heracle BioSoft S.R.L. Romania)

and pairwise identities between the assembled genomes

and those of other capulaviruses available in GenBank

were determined using SDT v1.2 [15].

The two P. lanceolata derived genomes share 97.8%

genome-wide pairwise identity with one another, and 62.9-

67.1% identity with the known capulaviruses, ALCV

(n = 27), EcmLV (n = 16) and French bean severe leaf

curl virus (FbSLCV, n = 2; Supplementary Figure 1).

Circular DNA molecules were amplified by rolling circle

amplification (RCA) from the two P. lanceolata plants

from which these isolates were obtained (plants 7-5 and

7-11) using the u29 DNA polymerase (TempliPhiTM, GE

Healthcare, USA) as previously described [18]. RCA

products were digested with AflII for 3 h at 37�C. Only one

band, of *2.8 kbp, was resolved by electrophoresis fol-

lowing AflII digestion of the RCA products. No fragments

were detected within the size range of known geminivirus-

associated sequences. Plants 7-5 and 7-11 did not exhibit

any conspicuous symptoms (such as chlorotic mosaic,
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Fig. 1 Genome organizations of the known capulaviruses: alfalfa

leaf curl virus (ALCV) from France, Euphorbia caput-medusae latent

virus (EcmLV) from South Africa, French bean severe leaf curl virus

(FbSLCV) from India and Plantago lanceolata latent virus from

Finland
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chlorotic streak or leaf deformation) that differentiated

them from plants that contained no siRNA reads with any

significant degrees of similarity to known capulaviruses.

This suggests that, like EcmLV in E. caput-medusae, this

virus might infect P. lanceolata without inducing symp-

toms (i.e. it too might be defined as a latent virus).

The arrangement of open reading frames (ORFs; Fig-

ure 1) within the 2832 bp circular DNA of clones obtained

from both plants 7-5 and 7-11 is most similar to those

reported for the three known capulavirus species [5], with

three overlapping complementary-sense ORFs (C1, C2 and

C3), two intergenic regions and three virion-sense ORFs

(V1, V3 and V4; by analogy with ALCV; Figure 1).

Although the genomes obtained from the P. lanceo-

lata plants are most closely related to EcmLV, ALCV

and FbSLCV, they only share 62.9-67.1% genome-wide

pairwise identity with these three capulavirus species: a

degree of similarity which is below the lowest of the

species demarcation thresholds recommended by the

ICTV for any of the established geminivirus genera

(78% for mastreviruses, 77% for curtoviruses, 75% for

turncurtoviruses, 91% for begomoviruses and 75% for

eragroviruses; [14, 20, 21]). We therefore propose that

the apparently novel capulaviruses obtained from the

two P. lanceolata plants should be assigned to a new

capulavirus species named ‘‘Plantago lanceolata latent

virus’’ with individual isolates being named equivalently

and abbreviated to PlLV.

We assembled a nucleotide sequence dataset consisting

of the 47 known capulavirus genomes and two amino acid

sequence datasets containing capulavirus Rep and CP

amino acid sequences together with amino acid sequences

from one member of each of the seven other established

geminivirus genera (as outgroups). The sequences in each

dataset were aligned using MUSCLE [7] and the resulting

alignment was used to infer a maximum likelihood
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Fig. 2 Maximum likelihood phylogenetic trees of complete capula-

virus genome nucleotide sequences, capulavirus replication-associ-

ated protein (Rep) amino acid sequences and capulavirus capsid

protein (CP) amino acid sequences. The trees are rooted with

representative sequences of each of the seven other known gemi-

nivirus genera. Branches with less than 80% approximate likelihood

ratio test support have been collapsed
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phylogenetic tree using PhyML3.0 [8]. Whereas the full-

genome phylogenetic tree was inferred using the

GTR ? I?G nucleotide substitution model (selected as the

best fitting model by jModelTest; [6]), the Rep and CP

phylogenetic trees were inferred using the LG ? G?I and

WAG ? G?I amino acid substitution models, respectively

(inferred to be the best fitting models using ProtTest; [1]).

Approximate likelihood ratio tests (aLRT) [3] were used to

infer relative supports for branches (with branches having

\80% support being collapsed). In all three of the gener-

ated phylogenetic trees, the capulavirus derived sequences

cluster together relative to the other geminiviruses (which

were used to root these trees but are not shown in the

figures) with sequences from each of the four capulavirus

species consistently clustering within distinct clades with

greater than 90% aLRT support (Figure 2).

The Rep of PlLV shares 64-74% amino acid identity

with those of other capulaviruses (Supplementary Figure 2)

and 29-45% with those of other geminiviruses. The CP of

PlLV shares 46-53% amino acid identity (Supplementary

Figure 3) with those of other capulaviruses and 20-24%

with those of other geminiviruses.

We therefore conclude that these PlLV should be con-

sidered as isolates of a novel capulavirus species. Fur-

thermore we suggest both that, as with ALCV, it may also

be aphid transmitted, and that, as with EcmLV, its genomes

may be encapsidated in twinned icosahedral virions [17].

The discovery of PlLV extends the known geographical

and host-ranges of capulaviruses and reinforces the possi-

bility raised in other plant virus metagenomics studies

[4, 17] that, in the Eastern hemisphere at least, members of

this new geminivirus genus may be as prevalent in the

environment as begomoviruses or mastreviruses: viruses

belonging to the two most thoroughly sampled geminivirus

genera. The reason they may have evaded detection for so

long could simply be that, as appears to be the case with

EcmLV and PlLV, they might predominantly cause

asymptomatic infections in their natural hosts.
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