Accepted manuscript (Peer-reviewed)

Moens, M. A. J.,, Pérez-Tris, J., Cortey, M., & Benitez, L. (2018).
Identification of two novel CRESS DNA viruses associated with an
Avipoxvirus lesion of a blue-and-gray Tanager (Thraupis episcopus).
Infection, Genetics and Evolution, 60, 89-96.

This article has been published in a revised form in INFECTION, GENETICS
AND EVOLUTION, the version of record is available here:

https://doi.org/10.1016/j.meegid.2018.02.015

This AM version is published under a Creative Commons CC-BY-NC-ND. No
commercial re-distribution or re-use allowed. Derivative works cannot be
distributed. © Elsevier.


https://doi.org/10.1016/j.meegid.2018.02.015

Highlights:

Two new CRESSDNA viruses are described.

They were found on an Avipoxvirus lesion from a tanager species in Ecuador.
They present a replication-associated protein and several open reading frames.

Characterized Intrinsically disordered regions and nuclear localization signals indicate putative
capsid proteins.

Both genomes share features with Circoviridae although the similarity with the members of the
family is below 65%
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Abstract

The discovery of circular rep-encoding single stranded (CRESS) DNA viruses has increased spectacularly
over the past decade. They represent the smallest animal viruses known worldwide infecting a wide
variety of invertebrates and vertebrates in different natural and human-made environments. The extremely
low similarity of nucleotide and protein sequences among different CRESS DNA genomes has challenged
their classification. Moreover, the existence of putative capsid proteins (Cp) remains difficult to
demonstrate which is crucial to understand the structural properties of these viruses. Here we describe two
unclassified CRESS DNA viruses isolated from a cutaneous lesion, caused by a strain of Avipoxvirus,
from a blue and gray tanager (Thraupis episcopus) in Southern Ecuador. Both viruses present replication-
associated proteins (Rep) and one to two open reading frames (ORF), one of which represents a putative
Cp. The two new Rep are long proteins characterized by the existence of the several highly conserved
amino acid residues characteristic of rolling circle replication. Within the putative Cp we detected
intrinsically disordered regions (IDR), potential protein and DNA binding regions, and nuclear
localization signals (NLS), providing further evidence of presumed Cp. Despite being found on the same
host lesion, both viruses show low similarity between each other (<60%) and other known CRESS DNA
viruses. Furthermore, we analyze the evolutionary relationships within the CRESS DNA diversity.
Additional sampling is needed to explore the possible pathogenetic effects, prevalence and diversity (both

phylogenetical and structural) of these viruses in wild bird populations.
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1. Introduction
Many CRESS DNA (circular rep-encoding single stranded) viruses have been discovered in a wide
diversity of natural and human-made environments, such as estuaries (Dayaram et al., 2015), sewage
oxidation ponds (Kraberger et al., 2015), oceans (Labonté and Suttle, 2013) and in many animal groups
spanning from arthropods to vertebrates, including humans (Halary et al., 2016; Rosario et al., 2015; Steel
et al., 2016). These viruses are the smallest known viruses to infect eukaryotic organisms and have the
potential to evolve rapidly due to their high recombination and mutation rates (Duffy et al., 2008;
Lefeuvre et al., 2009; Martin et al., 2011), which make them good candidates to develop into emerging
pathogens (Rosario et al., 2012). Their genome is usually smaller than 6 kb and they use a rolling circle
mechanism for genome replication, also relying on host cellular proteins for successful replication
(Rosario et al., 2012). Many CRESS DNA viruses present novel genome organizations, although they
include similarities with Rep (replication-associated protein) of other viruses. Still the function of other
proteins such as capsid proteins (Cp) needs to be explored in order to understand the mechanisms how

these viruses replicate in a wide diversity of hosts (Rosario et al., 2015).

In birds several ssDNA viruses have been detected, mainly belonging to the Circoviridae family:
psittacine beak and feather disease virus (BFDV), chicken anemia virus (CAV) and circovirus of pigeon,
goose, gull, canary, raven, duck, swan, finch and starling, all of them considered different species
(Breitbart et al., 2017). According to the International Committee on Taxonomy the family Circoviridae
comprises two genera: Circovirus, which include the most of these avian viruses and Cyclovirus. The
genus Gyrovirus, where CAV is included, has been recently moved to the family of Anelloviridae
(Rosario et al., 2017). More than 70 species have been described in the family, based on the species
demarcation threshold of 80% genome-wide nucleotide sequence identity (Breitbart et al., 2017). The
genomes of this family typically have a circular ambisense organization consisting of two or more major
open reading frames (ORFs), encoding a Rep and a Cp and an origin of replication marked by a predicted

stem loop structure exhibiting the conserved nonamer motif (5’>-NANTATTAC-3"), located between the
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5’-ends of both ORFs (Rosario et al., 2012). Both genera are distinguished by the length of intergenic
regions, the position of the origin of replication or the existence of one intron inside the Rep-enconding
ORF in Cyclovirus (Breitbart et al., 2017). Avian circoviruses have been associated with a variety of
iliness symptoms such as immuno-supression, delayed growth, feather disorders and developmental
abnormalities (Stewart et al., 2006; Todd, 2000, 2004). These viruses are probably widespread and
diverse, but they are poorly studied. Therefore, it is urgent to improve our knowledge of their
phylogenetic and functional diversity, their ecology (how they interact with their hosts or other

pathogens) and their biogeography.

In this paper, we describe a singular yet informative case in which two new genomes of CRESS DNA
viruses were isolated from a pox lesion of a common tropical bird, the blue-and-gray tanager (Thraupis
episcopus). This bird from which the two new genomes were identified was found infected with an
Avipoxvirus strain which caused a cutaneous lesion on the foot (Moens et al., 2017). Moreover we
analyze the structure of the genomes and the characterization of the potential ORFs. Because of the low
identity of two novel putative Cps, we investigate the presence of motifs in the amino acid sequences and
the existence of intrinsically disordered regions (IDRs), which are regions within a protein that lack an
ordered structure (He et al., 2009). These IDRs allow a protein to exist in different states depending on
the substrate they interact with (Dunker et al., 2001) and could reveal the possible existence of Cp in
CRESS DNA viruses (Rosario et al., 2015). Within these IDRs we aim to detect the presence of protein
binding regions which are disordered in isolation but which can undergo disorder-to-order transition upon
binding (Mészéros et al., 2009). Finally, we will analyze their evolutionary relationships within the

known diversity of CRESS DNA viruses.

2. Materials and Methods
The case reported here was sampled during a mist-netting campaign designed to investigate the
prevalence of various avian pathogens in wild bird communities of the Ecuadorian Andes, which involved

blood sampling and revision of possible virus infections. The list of screened pathogens included viruses
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causing skin lesions like poxvirus and papillomavirus. In total, we inspected 941 birds of 135 species, of
which six showed cutaneous lesions on their feet compatible with virus infection. The lesions were
weighted, homogenized by mechanical force using a sterile plastic crusher and viral DNA was extracted
with a standard phenol-chloroform-isoamyl protocol followed by isopropanol precipitation (Pérez-Tris et
al., 2011). We extracted total DNA from blood samples with a standard ammonium acetate protocol
(Green et al., 2012). DNA-extracts were controlled for sample quality on an agarose gel stained with Gel
Red. We estimated the total nucleic acid concentration with a Nanodrop ND100 system (Nanodrop
Technologies, ThermoScientific, Wilmington, DE) and stored the samples at -20 °C. First a multiplex
PCR, designed for the combined detection of Avipoxvirus and Papillomavirus, was performed under
conditions described by Pérez-Tris et al. (2011). This was done with a total reaction volume of 25 pl with
50 pmol/ml of each primer, 0.8 mM of each deoxynucleotide triphospate, 4.0 mM of MgCI2, 0.125 pl
AmpliTag DNA polymerase and 2.5ul of Buffer solution 10x (Applied Biosystems, Warrington, UK)
under the following PCR conditions: 3 min. of initial denaturation (95 °C), 45 cycles of 95°C for 1 min.,
50°C for 1 min. and 72°C for 1 min., and a final extension step at 72°C for 5 min. Samples which tested
positive for poxvirus were visualized on an 2 % agarose gel and were further analysed by amplifying part
of the P4b core protein gene (Lee and Lee, 1997). Amplified samples were visualized on an agarose gel,
one positive sample for Avipoxvirus was sequenced by Macrogen (Netherlands) and the sequence was

compared with known P4b-isolates on Genbank.

DNA was amplified using randomly-primed rolling cycle amplification (RCA) (Johne et al., 2009) using
TempliphiTM 100 Amplification (GE Healthcare) following the manufacturer’s instructions (0.5 pl of
DNA in a total reaction volume of 10 pl). Out of six birds with lesions, three tested positive for

Avipoxvirus, one of which also produced RCA products.

The RCA positive bird was captured on the 22 of June 2012 near San Pedro de Vilcabamba (4°15'S,
79°13'W, 1800 m elevation), in a suburban mosaic of scrub and riverine vegetation on the Rio Chamba

river banks. After the completion of the RCA reaction the product was digested with the EcoRI enzyme.
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We ran an agarose gel of 1.5 % stained with ethidium bromide to visualize the digested product. Four
DNA fragments with different intensities were extracted from the agarose gel (QlAquick Gel Extraction
Kit, QIAGEN, Germany) and cloned. The vector pUC19, cut with EcoRI and processed with shrimp
alkaline phosphatase (Roche Applied Sciences) to avoid re-ligation, was ligated to the RCA digested
fragments in a total volume of 10 pul with the T4 DNA ligase (Roche Applied Sciences). One shot
TOPO10 competent E. coli (Invitrogen) was transformed with the resulting plasmids. We extracted the
plasmid DNA from recombinant clones with a QIAprep Miniprep Spin kit (Qiagen).

Next, successful cloning products were sequenced. After a BLAST search on GenBank we detected
nucleotide similarity with Rep proteins of other CRESS DNA viruses. We designed two sets of back-to-
back primers located inside of two sequenced fragments corresponding to both Rep proteins and two sets
of conventional (non-overlapping) primers (Supplementary table 1). A standard PCR with both types of
primers was performed on the RCA products with TaKaRa taq polymerase (TaKaRa Bio Inc, Otsu, Shiga,
Japan). Additionally, a PCR with back-to-back sets of primers was done on the original DNA extraction
of the lesion (1ul). We ran an extra PCR on the extraction of the blood sample (2ul) of the infected bird to
control if the infection can be detected in the blood. Both PCRs were run under the following conditions:
1 min. of initial denaturation (94 °C), 30 cycles of 98°C for 10 seconds, 43°C for 30 seconds and 68°C for
10 min., and a final extension step at 72°C for 10 min. A 2 % agarose gel was run to visualize the PCR
products.

The multiple sequences obtained from all protocols were assembled into two distinct genomes using the
DNAstar software (Madison, Wisconsin, USA). The genomes were compared to others by means of a
BLAST search of the GenBank database. Putative ORFs were assigned by means of SMS ORF Finder

(http://www.bioinformatics.org/sms2/orf_find.html). Secondary structures of the proteins were analysed

by a web-based version of mfold (Zuker and Jacobson, 1995). Tandem repeats were analysed by Tandem
Repeats Finder (Benson, 1999).

In order to study the phylogenetic position of both Reps within the CRESS DNA diversity we performed
a Bayesian analysis with BEAST 2.0 (Bouckaert et al., 2014). We decided to infer phylogenetic
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relationships of the Rep since the amino acids are easily aligned compared to the other ORFS, which do
not show many similarities among each other. Moreover, the Rep has been proven useful in deciphering
evolutionary relationships in CRESS DNA viruses. We aligned amino acid sequences of the Rep of 159
CRESS DNA viruses, based on the highest similarities found in the BLAST searching GenBank. We used
the most appropriate substitution model for the Rep amino acid sequences according to the Bayesian
Information Criterion implemented in MEGA 5.2 (Tamura et al., 2011): LG+G. We specified the
parameters for the BEAST-run in BEAUTI 2.0 (Bouckaert et al., 2014) and Monte Carlo Markov Chains
(MCMC’s) were run for 10° generations, sampling every 100.000 trees. Traces were inspected for
convergence with Tracer 1.5 (Rambaut and Drummond, 2007). The 10.000 resulting trees were
summarized with TreeAnnotator v2.1.2 (Rambaut and Drummond, 2007) and the phylogenies with the
posterior probabilities of the nodes were displayed in FigTree v1.4.2 (Maddison and Maddison, 2011) for
further analysis. We plotted the host group in which all CRESS DNA viruses were found to analyze if
these viruses infect hosts of restricted or wide phylogenetic ancestry. In order to identify possible patterns
of similarity of the Rep of these viruses with different CRESS virus types already described in the
literature, a pairwise identity matrix of the same Rep and genomes was created with the sequence
demarcation tool of the SDT software (Muhire et al., 2014). We used the same selection of 159 CRESS
DNA genomes and their correspondent Reps. All sequences were aligned with MUSCLE (Edgar, 2004)

within the SDT software.

In order to predict nuclear localization signals and DNA binding residues in the amino acid sequences of
both genomes we used PredictNLS (Cokol et al., 2000) and BindN (Wang and Brown, 2006) respectively.
We predicted intrinsically unstructured regions within the putative ORF’s with the IUPred software
(Dosztanyi et al., 2005). IUPred calculates a pairwise energy profile along the amino acid sequence,
where values above 0.5 indicate disordered regions within the protein. Results were also compared with
the DisProt VL3 disorder predictor (Obradovic et al., 2003; Sickmeier et al., 2007) and the PONDR-fit

software which combines several predictors like VL3, VL2 and VLXT (Xue et al., 2010). Protein binding
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regions within the IDR’s were predicted with the ANCHOR software (Dosztanyi et al., 2009). ANCHOR
pursues to identify segments within disordered regions, which cannot form enough favorable intra-chain
interactions to fold on their own and which are likely to gain stabilizing energy by interacting with a
globular protein partner (Dosztanyi et al., 2009). ANCHOR then generates a probability score profile of
the amino acid residues, indicating the likelihood of the residue to be a part of a disordered region along
the sequence (Dosztanyi et al., 2009). Regions with scores above 0.5 indicate disordered binding regions.
The novel CRESS DNA viruses were uploaded to GenBank under the following accession numbers

(MF804497 and MF804498).

3. Results and Discussion

A cutaneous lesion sample from a blue and gray tanager (Thraupis episcopus), where the existence of an
Avipoxvirus has been previously confirmed (KU356758) (Moens et al., 2017), was analysed by RCA to
detect a possible coinfection with papillomavirus and various fragments were obtained after digestion
with EcoRI (Fig. 1A). The lack of equimolar amounts of DNA suggested at least two different viruses,
indicating the possible existence of more than one original virus. Four of these fragments were cloned and
sequenced showing two very divergent Rep-encoding genes. The design of several sets of back-to-back
(overlapping) and non-overlapping primers along the Rep-encoding regions and several walking primers
allowed the complete sequencing of two different circular viral genomes (Fig. 1B). We successfully
amplified one of both viruses with a PCR on the original lesion extract (Fig. 1C). The second virus was
not amplified by PCR on the lesion extract (Fig. 1C), probably due to its low concentration. We did not
amplify the viruses in the blood sample (Fig. 1C). After all analyses we effectively assembled two
CRESS DNA virus genomes. We named them Tanager-associated CRESS DNA virus TaCV1 (3,398 nt)
and TaCV2 (2,967 nt) (Fig. 2). TaCV1 showed an ambisense genome organization with two predicted
main ORFs of 1,182 and 624 nt long. The longer ORF encodes a Rep of 393 amino acids in sense
direction and the second a protein of 207 amino acids on the complementary-sense strand which could

correspond to the Cp. A third open reading frame (ORF3) of 420 nts (139 aa), partially overlapping with
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Cp-encoding ORF, has been identified but we do not know if it is functional. TaCV2 showed also an
ambisense genome organization, however, the two major ORFs are arranged in the same orientation and
they encode the Rep (321 aa) and the Cp (174 aa). Similarly, an ORF3 (166 aa) on the complementary
strand was detected. TaCV1 had four EcoRI restriction sites while TaCV2 contained a single one, which
coincides with the results of RCA-digestion (Fig. 1A). The top fragment corresponds to TaCV2 while the
remaining fragments belong to TaCV1 (Fig. 1A). The intensity of the latter fragments is lower suggesting

a smaller concentration of the initial virus load for TaCV1 (Fig. 1A).

The 5’intergenic regions (IR), where the origin of viral replication (ori) is placed, are located between the
5ends of the Rep and Cp-encoding ORFs in TaCV1 and the 3"ends of the ORF3 and Rep-encoding ORF
in TaCV2 (Fig. 2B and 2C). These IR regions are characterized because they are exceptionally long (978
nts in TaCV1 and 873 nts in TaCV2) and contain a high amount of A-T rich regions (approx. 65%),
contrarily to described members of the familiy Circoviridae (Rosario et al., 2017). The ori of TaCV1 and
TaCV2 are integrated in a typically stem-loop structure with a putative hairpin (14/13 nt in
TaCV1/TaCV2), coincident to the length described in Circovirus, plus a well conserved nonanucleotide
motif (5-" T/GAGTATTAC-3"), where rolling circle replication is initiated in circular ssDNA replicons
(Fig. 2B and 2C). Moreover 3.5 units of tandem direct repeats of a 26 nt sequence (TaCV1) and 2.6 units
of a 23 nt (TaCV2), which usually are associated to promoter-enhancer activity, were located in both
noncoding regions (Fig. 2 B and 2C). Adjacently to the hairpin structure in TaCV1, two tandem repeats
were found of the sequence 5’-GGAGCCA-3’, described as putative binding sites for the Rep (Phenix et

al., 2001) (Fig. 2 B and 2C).

The two long Rep of these novel CRESS DNA viruses exhibit the three highly conserved sequences
located at the N-terminus, known to be involved in rolling circle replication (RCR): motif I (16-
FTIFN/24-FTLNN), motif I (54-PHIQG/57-PHLQG) and motif 11 (100-YITK/96-YCKK) in
TaCV1/TaCV2 (Rosario et al., 2017). Moreover, some of the motifs related to the superfamily 3 helicase

have been identified within them: Walker A (187-GPSGSGKS/-169-GESGSGKS in TaCV1/TaCV2),
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Walker B (206-1IDDF in TaCV2) and motif C slightly modified (311-KLSN) in TaCV1 (Rosario et al.,
2017). Interestingly, highly conserved human and avian circovirus/cyclovirus motifs (125-WWNGY) and

(226-DRYP) have been found in TaCV2-Rep (de Sales Lima et al., 2015; Garigliany et al., 2014).

The Reps of both genomes showed low similarity (26% identity, 100% coverage) between each other.
However, the TaCV1-Rep showed higher similarity with published Rep of a strain of Penguinpox virus
(30%, 48% coverage), and the TaCV2-Rep was more similar to Canarypox virus (61%, 88% coverage).
The similarity with other Circovirus or CRESS-DNA Reps is lower than 47%. The pairwise identity
matrix shows that the TaCV1-Rep shares 32% pairwise identity (100% coverage) with Acartia tonsa
copepod circovirus (Genbank Accession nr: AFN42891.1) while the TaCV2-Rep shares 47% identity
(100% coverage) with two Reps belonging to bat circoviruses (Genbank Accession nrs: AEL28813,
AFH02742) (Fig. 3A). Interestingly, the nucleotide identity of the ORF encoding TaCV2-Rep even
reaches 81 % identity (48% coverage of total rep gene towards the 5-ends) with the Canarypox virus rep
gene. This suggests that it is probably a recombinant sequence, where the 5"and 3"ends have distinct
evolutionary origins, especially considering the existence of an avipoxvirus identified in the same lesion
(Moens et al., 2017). In fact, the existence of recombination of circoviruses Rep-encoding genes from
unrelated viruses has been proposed (Gibbs et al., 2006). Recombination and reassortment among ssDNA
viruses has not been studied in detail compared to dsDNA viruses and this warrants further research.
Different functional domains of CRESS DNA virus genes can have origins in different virus families,
which increases their capacity to exploit new niches and to switch hosts (Krupovic et al., 2015; Lefeuvre

and Moriones, 2015), but complicates their characterization and classification.

The SDT genome analysis shows that TaCV1 shares 64% pairwise identity with a bat circovirus from
China (JN377580) and several uncultured marine viruses (Genbank Accession nrs: JX904147, JX904605,
JX904185, JX904344) (Dunlap et al., 2013; Labonté and Suttle, 2013) while TaCV2 is 64% identical to
bat guano circovirus (Genbank Accession nr: HM228875) (Linlin et al., 2010) (Fig. 3B). The Bayesian

analyses of the Rep reveals that the TaCV1-Rep forms a sister clade with a wide diversity of CRESS

10



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

DNA Reps, in which the Rep protein of TaCV2 is embedded (Fig. 4). The Rep protein of TaCV2 is most
related to Rep proteins of bat circoviruses (Genbank Accession nrs: AFH02742, AEL28813) (Fig. 4). The
clade in which both viruses are placed infect hosts of wide phylogenetic origins, including insects and
mammals. Moreover, a considerable part of viruses in this clade were found in marine environments (Fig.

4),

The second longest ORFs of TaCV1 and TaCV2 could encode the Cp, although they did not show any
significant similarity using BLAST or BLASTX on GenBank. However, analysis in silico suggests that
both of them could represent putative Cps. Firstly, the two putative Cp of TaCV1 (207 aa) and TaCV2
(174 aa) are basic proteins of 24 and 20 KDa with an isoelectric point (pl) of 9.66 and 9.54 respectively,
as opposed to ORF3 of TaCV2 with pl 5. Basic amino acids (K+R) represented 20% of the total amino
acids in both TaCV1/2-Cps, but were not concentrated exclusively in the N-terminal region such as in
other Cp of circoviruses, which normally contain several arginine-clusters. This highly basic region seems
to be involved in packing of the viral genome into the viral capsid (Johne et al., 2004). On the other hand,
the existence of a putative bipartite nuclear location signal (NLS) corresponds to the classic consensus
sequence [(K/R)2X1012(K/R)3] which was located in the N-terminal region of Cp in TaCV1 (3-
KRHTRSYLQEINTFKKK-19). This motif was first described in Xenopus laevis nucleoplasmine and has
been found in varicella zoster virus (Huang et al., 2014). It is known that the Cp participates in the
attachment, entry and shuttling of the viral genome across the nuclear pore complex because for these
viruses the host cell nucleus is the site of virus replication (Trible and Rowland, 2012). Overlapping with
this region a DNA binding domain (2-SKRHTRSY-9) was identified in the same region. In contrast, no
canonical NLS was found in Cp of TaCV?2, although there was a potential motif (9-RRYKK-13), slightly
different from a type of monopartite NLS containing 3-5 basic amino acids with the weak consensus
KR/KXR/K, similar to simian virus 40 large antigen (Chelsky et al., 1989). Additionally, the same motif
was identified as a DNA binding region. Finally, the data derived from the energy profiles and putative

binding regions of the potential Cp (Mészéros et al., 2009; Rosario et al., 2015) point in the same way.
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Based on the pairwise energy profiles created by IUPred, the potential Cp of TaCV1 and TaCV2 seem to
be intrinsically disordered regions (IDR) over their entire length with the exception of a region between
residues 10 and 50 (Fig. 5). Both proteins show a very similar pairwise energy profile (Fig. 5). However,
they are non-matching profiles with the conserved patterns proposed in other CRESS-DNA viruses
(Rosario et al., 2015), although structural proteins of different viruses contain IDRs (Liu and Huang,
2014). It has been shown that smaller viruses exhibit more intrinsic disorder which may be involved in
encoding multifunctional proteins (Pushker et al., 2013; Xue et al., 2012). The found residues also show
a-helical structure, possibly relevant to the physiological structure of this protein. Within these residues
ANCHOR detected putative binding regions when interacting with other globular proteins (Fig. 5). These
represent sites that can undergo a disorder-to-order transition upon binding (Mészéros et al., 2009). We
did not detect IDRs in the protein encoded by ORF3 of TaCV2 with IUPred but further analyses with
PONDR-fit and DISPROT VL3 detected an IDR between residues 100 and 150 (Fig. 5). Moreover, at
least four regions can be identified as potential binding regions in TaCV1-Cp and TaCV2-Cp, while none

is recognized in the protein encoded by ORF3 in TaCV2 by the ANCHOR-software (Fig. 5).

In summary, we describe two novel CRESS DNA genomes isolated from a lesion caused by an
avipoxvirus. They share many features with members of the family Circoviridae, and may be considered
as new species (Breitbart et al., 2017), because the similarity of the complete genome with other
circovirus genomes is under 80%. However the atypical size of the viral genomes and the 5'IR, and the
architecture of TaCV2 could challenge their classification. Both viruses have been detected in a sample of
a cutaneous pox lesion (wart-like growths) where a strain of Fowlpox virus had been also identified. We
do not exclude the tissue can be contaminated by fecal material, because many CRESS DNA virus have
been identified in fecal samples from birds (Mahzounieh et al., 2014; Stenzel et al., 2015). However
circoviruses and cycloviruses have also been reported in other samples as chicken muscle tissue or spleen
(Johne et al., 2006; Li et al., 2016). Little is known about the prevalence of CRESS DNA viruses in wild

avian communities and this warrants further research. Experiments are needed to understand the potential
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impacts of these viruses on avian health. Since both new viruses were detected in a common tanager
species, future studies on the prevalence of CRESS DNA viruses in the spectacular diversity of tanagers

are warranted.
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Figure Captions

Figure 1: Agarose gels with amplified products: (A) EcoRI-RCA pattern obtained from four independent
amplifications (1-4). The lack of equimolar amounts of DNA suggested at least two different viruses; (B)
PCR amplification on RCA product using back-to-back primers CIR1000F1S/R1S (line 1),
CIR3000F1S/R1S (line 3) and conventional primers CIR1000F2/R2) (line 2), CIR3000F2/R2 (line 4); (C)
Direct PCR amplification on the lesion DNA and blood sample using back-to-back primers
CIR1000F1S/R1S (lines 1 to 4) and CIR3000F1S/R1S (lines 5 to 8). Lines 1, 2, 5 and 6 (amplification of
1ul of DNA extraction of lesion), line 3 and 7 (amplification of 2 pl of blood sample), lines 4 and 8 are
negative controls. M: GeneRuler 1 kb DNA ladder Plus (ThermoFisher Scientific).

Figure 2: Predicted genome organization of the two novel CRESS DNA viruses described in this study.
(A) Circular structure of TaCV1 and TaCV2, lengths of the ORFs and location of the stem-loop structures
on the origin of replication. (B) Detail of intergenic regions (IR) and conserved origin of replication stem-
loop structure of TaCV1, ORF orientation and tandem repeats of 26 nt (black boxes). Non conserved
bases of the repeats are marked by an asterisk. Shaded bases represent the conserved nonamer.
Underlined sequences correspond to putative binding sites for Rep (C) Detailed stem-loop structure of
TaCV2, ORF orientation and tandem repeats of 23 nt (black boxes). Shaded bases represent the conserved

nonamer.

Figure 3: Colour-coded pairwise identity matrices of Rep (A) and complete genomes (B), showing the
percentage of Rep amino acid and genome nucleotide identity of TaCV1 and TaCV2 with 159 CRESS
DNA viruses.

Figure 4: Evolutionary relationships of Rep of the two genomes characterized in this study (TaCV1 and
TaCV2; marked with arrows) inferred with Bayesian analyses. The colors at the end of the branches
represent the host group or habitat from which the virus was isolated. Numbers along the branches

represent branch support (posterior probabilities).

Figure 5: Representation of intrinsically disordered regions profiles of all non-Rep-encoding ORFs of
both CRESS DNA viruses described in this study based on the IUPred software (A) and the ANCHOR
software (B). Putative binding regions within amino acid sequences are shown. Values above the 0.5

threshold indicate disordered regions and binding regions.
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1 Appendices

2 Table A.1: List of primer sets used for PCR and walking sequencing

Virus | Primer Type Sequence Used for

TaCV1l | CIR1000F1S PCR Back-to-back 5'-GAAAGAAACGTGATGACTCC-3' RCA/Not amplified sample
TaCV1l | CIR1000R1S PCR Back-to-back 5'-TCGAATTTGGAGTCATCACG-3' RCA/Not amplified sample
TaCV1l | CIR1000F2 PCR Non-overlapping | 5'-CAAGCGGTAGTGGTAAAAG-3' RCA/Not amplified sample
TaCv1l | CIR1000R2 PCR Non-overlapping | 5'-CAAGCTGGAGACCGAAACT-3' RCA/Not amplified sample
TaCVv1l | Mi500F1 Sequencing 5'-AGCGAGCATTCCCATTTTTCA-3' Cloned sequences/RCA
TaCvl | MilOR1 Sequencing 5'-GTTTTCTGGTCCAAGCGGTAGTG-3' Cloned sequences/RCA
TaCVv1l | Mi500F2 Sequencing 5'-TAAAACGGAGTGTAAGTGGT-3' Cloned sequences/RCA
TaCV1l | Mil0R2 Sequencing 5'-AAGGCGAGTAATAACAGTAAGTCT-3' Cloned sequences/RCA
TaCvl | Mil0F3 Sequencing 5'-CATTACCACTTACACTCCGTTTTA-3' Cloned sequences

TaCVv1l | Mi500R3 Sequencing 5'-TGTTATTACTCGCCTTCTCAG-3' Cloned sequences

TaCV1 | Mil1000/walk/FW1 | Sequencing 5'-AACTCCTTCGTGATATAAATGTAAT-3' RCA

TaCV1l | Mi1000/walk/RV1 Sequencing 5'-ACGAGGAAGGGTTTTGTAATAATA-3' RCA

TaCV1 | Mil1000/walk/FW2 | Sequencing S5-TTCTCTTTTAACTCCTTCGTGATA-3' RCA

TaCV1 | Mi1000/walk/RV2 Sequencing 5'-CGATATTTAACGTTGGTGAGG-3' RCA
TaCV1l | Mi1000/walk/FW3 | Sequencing 5'-ATCATTTGGTTATATCATTTTA-3' RCA
TaCV1l | Mi1000/walk/RV3 Sequencing 5'-TCGATAGAAACAAGATACCC-3' RCA
TaCvl | M13RP Sequencing 5'-CAGGAAACAGCTATGACC-3' Cloned sequences
TaCV1l | M13FP Sequencing 5'-TGTAAAACGACGGCCAGT-3' Cloned sequences

TaCV2 | CIR3000F1S PCR Back-to-back 5'-TAATAGAAACAAAAATAAAGAACC-3' RCA/Not amplified sample
TaCV2 | CIR3000R1S PCR Back-to-back 5'-TTGTTTCTATTATGTTGTTTATTG-3' RCA/Not amplified sample
TaCv2 | CIR3000F2 PCR Non-overlapping | 5'-GCTTATGAAATCTTGCACTACTTG-3' RCA/Not amplified sample
TaCV2 | CIR3000R2 PCR Non-overlapping | 5'-TATGTGAATGTAGAAAGTGAGTTGG-3' | RCA/Not amplified sample
TaCV2 | Mi3000/walk/FW1 | Sequencing 5'-TCAAAAATAGTGGAAAAATAGG-3' RCA
TaCV2 | Mi3000/walk/RV1 Sequencing 5'-CCTCTTCTTTCTTCCCAATGTA-3' RCA
TaCV2 | Mi3000/walk/FW2 | Sequencing 5'-TCTAAAGCTTCATCACTCAATCTAT-3' RCA
TaCV2 | Mi3000/walk/RV2 Sequencing 5'-TAGTCCATGGCATATTCCTTTTTA-3' RCA
TaCV2 | Mi3000/walk/FW3 | Sequencing 5'-TTGGAAAGATGACACTAAATGGT-3' RCA
TaCV2 | Mi3000/walk/RV3 Sequencing 5'-CTTTCTGTTATAGTAGGGATTTTC-3' RCA






