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ABSTRACT Acute central nervous system (CNS) infections cause substantial morbidity and mortality, but the etiology remains
unknown in a large proportion of cases. We identified and characterized the full genome of a novel cyclovirus (tentatively named
cyclovirus-Vietnam [CyCV-VN]) in cerebrospinal fluid (CSF) specimens of two Vietnamese patients with CNS infections of un-
known etiology. CyCV-VN was subsequently detected in 4% of 642 CSF specimens from Vietnamese patients with suspected
CNS infections and none of 122 CSFs from patients with noninfectious neurological disorders. Detection rates were similar in
patients with CNS infections of unknown etiology and those in whom other pathogens were detected. A similar detection rate in
feces from healthy children suggested food-borne or orofecal transmission routes, while high detection rates in feces from pigs
and poultry (average, 58%) suggested the existence of animal reservoirs for such transmission. Further research is needed to ad-
dress the epidemiology and pathogenicity of this novel, potentially zoonotic virus.

IMPORTANCE Acute central nervous system (CNS) infections cause substantial morbidity and mortality, but the etiology fre-
quently remains unknown, which hampers development of therapeutic or preventive strategies. Hence, identification of novel
pathogens is essential and is facilitated by current next-generation sequencing-based methods. Using such technology, we identi-
fied and characterized the full genome of a novel cyclovirus in cerebrospinal fluid (CSF) specimens from two Vietnamese pa-
tients with CNS infections of unknown etiology, which was subsequently detected in none of 122 CSF specimens from patients
with noninfectious neurological disorders but 4% of 642 CSF specimens from Vietnamese patients with suspected or confirmed
CNS infections. Similar detection rates in feces from healthy children suggested food-borne or orofecal transmission routes,
while frequent detection in feces from Vietnamese pigs and poultry (average, 58%) suggested the existence of animal reservoirs
for such transmission. Further studies are needed to address the epidemiology and pathogenicity of this novel, potentially zoo-
notic virus.
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cute central nervous system (CNS) infections cause substan-

tial morbidity and mortality in children and adults, especially
in tropical regions. While the causative microorganisms include a
wide variety of bacterial, parasitic, fungal, and particularly viral
pathogens, the majority of cases remain undiagnosed, despite ex-
tensive diagnostic efforts (1). The identification of previously un-
known pathogens in patients with acute CNS infections remains
essential to improve prevention and clinical management of this
frequently devastating syndrome. The discovery of such novel
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pathogens is facilitated by the availability of sensitive sequence-
independent molecular methods.

Using a combination of an amplified fragment length poly-
morphism (AFLP)-based virus discovery assay (VIDISCA) and
next-generation sequencing (2), we set out to look for nucleic acid
sequences of potential novel pathogens in cerebrospinal fluid
(CSF) specimens from Vietnamese adults and children with acute
CNS infections of unknown etiology. Here we report the identifi-
cation and full genome characterization of a novel virus belonging
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TABLE 1 Oligonucleotide sequences of primers and a probe used in this study

Primers Oligonucleotide sequence (5'-3") Source
CyCV31_53F GAGCGCACATTGAAAGAGCTAAA Newly designed
CyCV178-153R TCTCCTCCTTCAATGACAGAAACAAC Newly designed
CyCV65-96Probe* FAM-CGADAATAAGGMATACTGCTCTAAAGSTGGCG-BHQ1 Newly designed
CVF1 GGIAYICCICAYYTICARGG 3

CVR1 AWCCAICCRTARAARTCRTC 3

CVE2 GGIAYICCI CAYYTICARGGITT 3

CVR2 TGYTGYTCRTAICCRTCCCACCA 3
CyCV31_53F-rc TTTAGCTCTTTCAATGTGCGCTC Newly designed
CyCV178-153R-rc GTTGTTTCTGTCATTGAAGGAGGAGA Newly designed
CyCV_FL1 ACTTATTTCTAATTCATATTGCCGGGTA Newly designed
CyCV_FL2 TCAGCGTCCAGCAGAATCTAC Newly designed
CyCV_FL3 AAGCTCATCGTATTTGATCCATCC Newly designed
CyCV_FL4 CCTCACTGAGCTATGTAAATTTGCT Newly designed

to the recently proposed genus Cyclovirus in the family Circoviri-
dae. In addition, we report the results of initial studies to explore
the pathogenic potential of this virus in humans as well as the
existence of possible animal reservoirs for zoonotic transmission.

RESULTS
Identification of a cyclovirus-like sequence in cerebrospinal
fluid. The analysis of the (pooled) CSF specimens generated
321,000 reads, which were reduced to 161,000 sequence reads for
further analysis after excluding Escherichia coli-like sequences sus-
pected to be derived from VIDISCA-454 (454: Roche 454 Genome
Sequencer FLX System) reagents (data not shown). Of these, a
190-bp sequence was identified in a pool consisting of 5 CSF sam-
ples that showed 82% identity to a replication-associated gene
(Rep) of cycloviruses (CyCV). To confirm this VIDISCA-454
read, a specific PCR (Table 1) targeting the sequence was em-
ployed and successfully detected a fragment of the expected size in
2 out of 5 original CSF samples (Fig. 1A). The fragment was se-
quenced, which confirmed the CyCV-like sequence that was ob-
tained from the VIDISCA-454 analysis (data not shown). These
results indicated that a CyCV-like virus was present in CSF of two
patients (one child and one adult) (Table 2) with acute CNS in-
fections of unknown etiology.

Genome characterization and phylogenetic analysis of a new
cyclovirus. To further characterize the CyCV-like virus, an initial
attempt was made to amplify the partial Rep gene (primers CVFEs

A

and CVRs) (Table 1), but this was unsuccessful. Therefore, inverse
PCR (iPCR) was used for direct amplification of the viral genome
from clinical specimens. An amplified product of less than 2 kb
was successfully obtained from only one sample (Fig. 1B) and was
then subjected to direct sequencing with use of iPCR primers and
primers FL1 to FL4 (Table 1) to generate the full viral genome. The
cyclovirus species of the completed genome was tentatively named
cyclovirus-Vietnam (CyCV-VN). The single-stranded circular
DNA genome consisted of 1,856 bp and revealed a genomic struc-
ture characteristic of the genera Circovirus and Cyclovirus in the
family Circoviridae with the typical feature of two open reading
frames (ORFs) encoding two major proteins, the replication-
associated (Rep) and capsid (Cap) proteins, arranged in opposite
directions (Fig. 2A). These two deduced proteins are 292 amino
acids (aa) and 222 aa long, respectively. The Rep gene of
CyCV-VN was predicted to be interrupted by a 166-bp intron
with a typical splice donor (GT) and splice acceptor site (AG), asin
other CyCVs (3, 4). Amino acid sequencing of the Rep protein
showed that the conserved motifs (WWDGY, DDFYGW, DRYP,
FTLNN, TPHLQG, CSK, and G-GSK) that are commonly ob-
served among circoviruses, including CyCVs, were also found in
CyCV-VN (datanot shown) (3). Asin other CyCVs, the intergenic
region between the 3" ends of the two ORFs was absent (3-5), and
a highly conserved stem-loop structure was present at the 5’ in-
tergenic region of the viral genome (Fig. 2B). The latter structure

FIG 1 Gel electrophoresis of PCR products. (A) Cyclovirus-like sequence PCR; (B) inverse PCR of cyclovirus. Lanes 1 and 8, 100-bp and 1-kb ladders,
respectively; lanes 2 to 6, 9, and 10, patient samples; lanes 7 and 11, negative controls. Arrows indicate products of expected sizes. The thin black line indicates the
spliced margin where the two unrelated lanes between lanes 10 and 11 were removed from the original gel picture.
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A Location of the stem loop
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FIG 2 (A)Predicted genome organization of CyCV-VN; (B) stem-loop structure of CyCV-VN, with nonamer sequence in red.

is thought to initiate the rolling-cycle replication of the virus (6).
The nonamer sequence of CyCV-VN (TAATACTAT) was identi-
cal to that of other CyCVs (Table 3), and the sequence of the loop
was 11 bp long, which is within the 9- to 13-bp range of other
CyCV loops (3-5) (Table 3).

There are no formally defined criteria for classifying a new viral
species within the recently proposed genus Cyclovirus. However,
criteria for a new species within the genus Circovirus proposed by
the International Committee on Taxonomy of Viruses are whole-
genome sequence identities of less than 75% at the nucleotide level
and amino acid sequence identities of the Cap protein of less than
70% (6). Li and colleagues, who first described the genus Cyclovi-
rus, proposed to use these species demarcation criteria of the
genus Circovirus to classify cycloviral species (3). To determine
whether CyCV-VN represents a new cyclovirus species, its com-

TABLE 3 Nonamer sequences of CyCV-VN and 15 different CyCV
species and lengths of the stems

CyCV species Nonamer sequence” Loop length
VN TAATACTAT 11
PK 5006 TAATACTAT 13
PK 5034 TAATACTAT 13
PK 5222 TAATACTAT 13
PK 5510 TAATACTAT 12
Chimp 11 TAATACTAT 13
NGI2 TAATACTAT 13
NG 14 TAATACTAT 11
TN 18 TAATACTAT 12
NG chicken 8 TAATACTAA 12
PK goat 11 TAATACTAT 12
PK goat 21 TAATACTAG 13
TB bat USA TAATACTAT 12
Bat GF-4c TAATACTAT 11
NG 13 TAGTATTAC 9
DfCyCV-Al TAATACTAT 13
FWCasCyV-GS140 TAGTATTAC 11

@ Underlined nucleotides are those that differ from the consensus sequence.

4 mBio® mbio.asm.org

plete genome sequence was compared to 15 representative full-
length genomes of 15 different cyclovirus species. The degrees of
similarity ranged from 44 to 70% at the nucleotide level, with
highest similarity being observed with CyCV-TN18, a cyclovirus
detected in the stool of a Tunisian patient with acute flaccid pa-
ralysis (Table 4). Phylogenetic analysis confirmed that CyCV-VN
was genetically distinct from known cycloviruses, albeit most
closely related to CyCV-TN18 and CyCV-TN25, both derived
from human stool samples from Tunisia and belonging to the
same species as proposed by Li et al. (Fig. 3A) (3). Analysis of
amino acid sequences of the Cap proteins from the same viruses
yielded results similar to those of whole-genome analysis (Ta-
ble 4).

Twenty-nine cyclovirus species have been proposed thus far
(3-5, 7). While complete genomes of only 15 species are available,
partial sequences of the Rep gene are available for the remaining
13 species. It has recently been proposed that separate CyCV spe-
cies should have less than 85% similarity at the amino acid level in
the partial Rep protein (3, 4). To further determine the relation-
ships between CyCV-VN and reported CyCVs for which complete
genomes were not available, pairwise comparison and phyloge-
netic analysis were performed on nonrepetitive amino acid se-
quences of Rep proteins of 28 cyclovirus species. Results of these
analyses confirmed the findings of our analyses of whole genome
sequences and Cap proteins (Fig. 3B; Table 4).

Prevalence of CyCV-VN DNA detection in CSF of patients
with central nervous system disorders of suspected infectious
and noninfectious etiology. To study the prevalence of
CyCV-VN in CSF, we first determined the frequency of viral DNA
detection by CyCV-VN-specific real-time PCR in 642 randomly
selected CSF samples from patients with suspected acute CNS in-
fections enrolled in three descriptive studies in southern and cen-
tral Vietnam from which the acute-infection CSF samples were
selected for our virus detection experiments. We detected
CyCV-VN in 26 of 642 (4%) acute-infection CSF specimens, in-
cluding 10 of 273 (3.7%) CSF specimens from patients with CNS

May/June 2013 Volume 4 Issue 3 e00231-13
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TABLE 4 Degree of sequence identities between CyCV-VN and other cycloviruses®

% identity of:

CyCV species Complete genome (nt level) Cap protein (aa level) Rep protein (aa level) Host
USAbat-TB/2009 46 22 51 Bats
BatGF-4c 45 22 50 Bats
Chimp12 43 24 46 Chimpanzees
NGI12 44 26 51 Humans
NG13 40 14 43 Humans
NG14 44 22 50 Humans
NGchicken15/2009 45 23 49 Chickens
PK5006 46 22 48 Humans
PK5034 44 23 51 Humans
PK5222 44 30 49 Humans
PK5510 46 28 51 Humans
PKgoat11/2009 44 25 49 Sheep
PKgoat21/2009 67 50 70 Sheep

TN18 70 48 74 Humans
DfCyCV-Al 50 30 47 Dragonflies
FWCasCyV-GS140 45 23 33 Cockroaches
NG23 NA NA 50 Humans
Chimp13 NA NA 51 Chimpanzees
PK5192 NA NA 40 Humans
PKgoat24 NA NA 30 Sheep
Pkbeef25 NA NA 76 Bovines
TNI12 NA NA 46 Humans
TNO9 NA NA 46 Humans
TN26 NA NA 49 Humans
NG6 NA NA 46 Humans
NG15 NA NA 46 Humans
Chimp73 NA NA 45 Chimpanzees
TNe6 NA NA 46 Humans
Chimp53 NA NA 48 Chimpanzees

@ NA, not available. Sequence accession numbers are shown in Fig. 3.

infections of unknown etiology and 16 of 369 (4.3%) from pa-
tients in whom laboratory-confirmed CNS infection with other
pathogens was established. The latter included 4/140 (2.9%) pa-
tients with confirmed viral encephalitis (Japanese encephalitis vi-
rus [JEV] and Dengue virus [DENV]), 7/108 (6.5%) patients with
bacterial meningitis (Streptococcus pneumoniae, Haemophilus in-
fluenzae, or Streptococcus suis serotype 2) and 5/121 (4.1%) pa-
tients with laboratory-confirmed or clinically suspected tubercu-
lous meningitis (Table 2). The viral burden as estimated by cycle
threshold (C;) values was not different between specimens of un-
known etiology and those diagnosed with other pathogens (data
not shown). Details on characteristics and clinical outcome of
CyCV-VN patients are presented in Table 2 and are compatible
with that of other patients with CNS infections, although the mor-
tality observed (4%) was lower than the overall mortalities of pa-
tients in cohorts from the PVE (a pediatric viral encephalitis
study), BMD (an adult viral encephalitis study), and 01SS (a study
of children and adults with suspected CNS infections) studies
(29%, 10% and 12%, respectively). CyCV-DNA could not be de-
tected in 122 CSF specimens collected from Vietnamese patients
with noninfectious neurological disorders.

CyCV-VN detection in human specimens other than CSF.
We tested the presence of CyCV-VN DNA in available specimens
other than CSF that were collected in parallel from patients whose
CSF was positive and found CyCV-VN DNA in 1 of 5 rectal swabs,
1 of 4 throat swabs, and 0 of 3 available sera obtained at the time of
lumbar puncture.

May/June 2013 Volume 4 Issue 3 e00231-13

No viral DNA was detected in 90 residual blood specimens
obtained from routine hospital biochemistry laboratories in Viet-
nam. However, CyCV-VN DNA could be detected in 8/188
(4.2%) fecal specimens from healthy children.

CyCV-VN detection in animal samples. Previous reports have
shown the detection of diverse cycloviruses in farm animal meats
(3). The existence of possible animal reservoirs as potential
sources for human exposure was investigated using CyCV-VN-
specific real-time PCR. We tested fecal material from poultry and
pigs from the home province (Dong Thap) of the “index” patient
from whom the complete genome of CyCV-VN was obtained.
Viral DNA was detected in 38/65 (58%) animal specimens, in-
cluding 12/20 (60%) pigs (5/10 boot swabs and 7/10 individual
fecal droppings), 12/12 (100%) chickens (3/3 boot swabs and 9/9
individual fecal droppings), and 14/33 (42%) ducks (6/13 boot
swabs and 8/20 individual fecal droppings).

Genetic diversity of CyCV-VN. In order to explore the genetic
relationship between the cycloviruses detected in human and an-
imal specimens, we obtained additional 6 full-genome sequences
(4 from human CSF and 2 from chicken and pig feces), 1 nearly
full-genome sequence from a duck fecal sample, and 19 partial
Rep gene sequences (10 from CSF, 4 from human stool samples,
and 5 from animal fecal samples). Pairwise comparison of the
obtained sequences revealed that the obtained human and animal
cyclovirus sequences belong to the same CyCV-VN species, as
reflected by a degree of sequence similarity of >97% between the
detected strains (data not shown). This low intraspecies sequence
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FIG 3 Reconstructed phylogeny trees of cycloviruses. (A) Tree based on complete genome sequences of 7 strains of CyCV-VN (red), 16 cycloviruses, 12
circoviruses, and a gyrovirus as an outlier. (B) Tree based on partial amino acid sequences of Rep proteins of 28 reported CyCV species and 27 CyCV-VN strains,
indicated by the compressed branch. Trees were built by means of neighbor joining (MEGA 4.1); bootstrap tests of the reconstructed trees were done with 1,000

replicates. Sequence accession numbers are in brackets. CV, circovirus.

divergence of the CyCV-VN is consistent with that of other cyclo-
virus species (3-5). The results of phylogenetic analyses are pre-
sented in Fig. 3.

DISCUSSION

The availability of highly sensitive molecular methods such as
PCR and sequence-independent techniques based on next-
generation sequencing technology allows enhanced detection of
(novel and unknown) pathogens in clinical specimens, which is
essential to guide prevention strategies, aid clinical management,
and identify the sources of outbreaks (8). Using a sequence-
independent virus discovery assay, VIDISCA-454, we identified a
cycloviral sequence in the CSF of patients with acute encephalitis
with unknown etiology. Whole-genome characterization indi-
cated that the sequence represented a novel species within the
genus Cyclovirus of the family Circoviridae that we tentatively
named CyCV-VN.

Circoviridae is a family of nonenveloped viruses containing a
circular single-stranded DNA genome and is subdivided into two
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genera, Circovirus and Gyrovirus, both of which have been associ-
ated only with disease in animals, including birds and pigs. Avian
circoviruses have been associated with beak abnormalities, leth-
argy, and anorexia in pigeons and production losses and mortality
in geese (9), and porcine circovirus 2 causes respiratory and en-
teric diseases, dermatitis, and reproductive problems in pigs, re-
sulting in economic losses in the pork industry (10-12). Recently,
novel viruses belonging to the family Circoviridae have been iden-
tified which have been proposed to represent a novel genus, Cy-
clovirus (3). In addition to being found in farm animals (e.g., sheep
and bovines), chimpanzees, bats, cockroaches, and dragonflies (3,
5, 7, 13), cycloviruses have been detected in the blood of patients
with febrile illness, stool samples of children with acute flaccid
paralysis, and skin swabs and feces of healthy adults and children,
respectively (3, 14, 15). However, a causal link between cyclovi-
ruses and human or animal disease has not been proven (3).
After initial discovery and characterization, we detected
CyCV-VN by PCR in a total of 12 CSFs from 273 patients with
acute encephalitis of unknown etiology. We also tested the CSF
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TABLE 5 Samples for PCR screening of CyCV-VN

Identification of a New Cyclovirus

Sample? Disease/syndrome No. Collection period Hospital® Hospital location

CSFe¢ CNS 642 1999-2009 — Southern and central Vietnam

CSF Noninfectious condition 122 1997-2011 Hospital for Tropical Diseases and Cho Ray Hospital Ho Chi Minh City, southern Vietnam
Blood¢ Unknown 90 2009-2010 Hue Central Hospital Hue City, central Vietnam

Human feces Healthy children 188 2011 NA Southern Vietnam

Animal feces’ NA 65 2011 NA Dong Thap Province, southern Vietnam

@ Prior to PCR screening, nucleic acid was isolated from clinical samples with use of the easyMAG (bioMérieux, Marcy I'Etoile, France) or the MagNA pure96 system (Roche),

following the manufacturer’s instructions.

? The hospitals from which the noninfectious CSF and blood samples were collected are referral hospitals for southern and central provinces in Vietnam. NA, not applicable.

¢ From children and adult patients enrolled in the BMD, PVE, or 01SS study (see Materials and Methods for study details).

@ Indications for lumbar puncture included headache/migraine (n = 17), trauma (n = 16), postoperative CSF leakage (1 = 2), tumors (n = 13), benign intracranial hypertension
(n = 1), epilepsy/convulsion (n = 15), encephalopathy (n = 5), external ventricular draining (n = 4), hemorrhage/stroke (n = 29), Guillain-Barré syndrome (n = 3), cranial nerve
palsies (n = 6), and others (n = 11). The patients included both children and adults [age median (range): 36 (1 to 91) years; 67% male], and they were from 26 provinces in central

or southern Vietnam.
¢ Anonymized residual blood samples from an influenza sero-surveillance study.

/ Including samples collected from individual animals and boot swabs—from pigs (n = 20), chickens (n = 12), and ducks (n = 33).

from patients with other laboratory-confirmed CNS infections
and found a detection rate similar to that in patients with un-
known etiology (16/369; 4.3%). In contrast, CyCV-VN DNA was
not detected in 122 CSF specimens from patients with noninfec-
tious CNS conditions (P = 0.015). However, it should be noted
that 88% of 122 CSF samples from patients without CNS infec-
tions were collected over a short period of time (August to Octo-
ber 2011), possibly introducing bias.

The detection of CyCV-VN in CSF of patients with CNS infec-
tions, both with known and with unknown etiology, but not in
CSF from patients with noninfectious CNS disorders may imply a
pathogenic role of CyCV-VN, either as a single agent or as a coin-
fecting agent, e.g., by enhancing severity of disease or facilitating
entry of other pathogens into the CNS compartment. While the
mortality of CyCV-VN-infected patients seemed relatively low,
comparison of clinical severities and outcomes between
CyCV-VN patients with and without coinfection with other
pathogens could not be done reliably because of incomplete data
collection at discharge and the small numbers of patients (Ta-
ble 2).

CyCV-VN was detected in patients of all ages, from less than
1 year to over 60 years, from 7 different provinces in southern and
central Vietnam over a 10-year period from 1999 to 2009. This
suggests that this virus can affect persons of all ages, has a broad
geographic distribution in Vietnam, and did not emerge very re-
cently.

No CyCV-VN DNA was found in 3 available parallel sera of
CSF-positive patients, suggesting that the detection of CyCV-VN
DNA in CSF does not reflect ongoing viremia with spillover into
the CSF or blood contamination of CSF after possible traumatic
lumbar puncture. However, the possibility that past viremia was
responsible for CNS entry cannot be excluded. The fact that
CyCV-VN was not detected in 90 randomly selected blood from
Vietnamese subjects renders it unlikely that cyclovirus is a ubiq-
uitous commensal virus, like torque teno virus (TTV), which is
asymptomatically present in blood of 7 to 78% of people, with
occasional detection in CSF (16-21).

CyCV-VN DNA was also detected in throat and rectal swabs of
CSF-positive patients as well as in fecal specimens of healthy chil-
dren. This suggests a possible food-borne or fecal-oral transmis-
sion route for infection, although detection in feces of healthy
children may also merely reflect consumption of CyCV-VN-
infected food rather than true infection.
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To explore the existence of possible animal reservoirs of
CyCV-VN for such transmission, we tested fecal samples from
animals in Dong Thap Province, where the index patient lived,
and found remarkably high detection rates in fecal samples col-
lected from pigs, ducks, and chickens, ranging from 42 to 100%.
Sequence identities between CyCV-VN strains in humans and an-
imals were high (around 98%) (Fig. 3), which may suggest inter-
species transmission between animals and possibly from animals
to humans.

It should be noted that the PCR screening method was de-
signed for specific detection of only CyCV-VN and closely related
viruses and that complete or partial genomic sequences were not
obtained in all CyCV-VN PCR-positive samples; hence, the pos-
sibility exists that genetically diverse, more distantly related CyCV
species are cocirculating in Vietnam. Future research is needed to
investigate this possibility and to determine whether human in-
fections are restricted to CyCV-VN species. While the discovery of
CyCV-VN and its frequent detection in the usually sterile CSF
compartment are remarkable in themselves, the results of the
present study should be interpreted with caution, because the
mere detection of a novel virus in clinical specimens of patients
with disease does not prove a causative role (22, 23). This is illus-
trated by the recent discovery and subsequent “dediscovery” of
xenotropic murine leukemia virus-related virus in patients with
prostate cancer and patients with chronic fatigue syndrome (24,
25), which attracted much attention among scientists, the media,
and patient groups and required stringent follow-up studies to
show the absence of a link between the virus and the disease or
syndrome (26, 27). According to criteria recently proposed by
Lipkin, our findings only point to a possible causal relationship at
present (22, 23). In order to detect a more definitive causal link
between infection with CyCV-VN and CNS disease, studies to
determine whether CyCV-VN fulfills Koch’s postulates or
adapted versions of these are necessary (22, 23, 28-30). For these,
efforts to isolate the virus in cell culture or animal models and the
detection of a specific immune response to CyCV-VN are imper-
ative and ongoing.

MATERIALS AND METHODS

Patients and samples. Clinical data and CSF specimens analyzed in this
study were derived from three prospective clinical studies designed to
establish the etiology of CNS infections in Vietnam. These included a
previously published study (PVE) on children with presumed viral en-
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cephalitis admitted to Children’s Hospital Number One in Ho Chi Minh
City in 2004 (n = 194) (31); a study (BMD) on adults with clinically
suspected viral encephalitis admitted to the Hospital for Tropical Dis-
eases, Ho Chi Minh City, between 1997 and 2008 (n = 291) (unpublished
data), and a study (01SS) of children and adults with suspected CNS
infections admitted to 13 provincial hospitals in central and southern
Vietnam between 2008 and 2010 (n = 1,241) (32).

Acute-infection CSF specimens were collected, divided into aliquots,
and stored at —80°C until analysis. In addition, acute-infection blood
specimens and rectal and throat swabs were collected from children par-
ticipating in the PVE study. Detailed demographic and clinical data, in-
cluding routine blood and CSF hematology and chemistry laboratory in-
vestigations, were collected on case record forms at enrollment and during
follow-up.

In all three studies, initial diagnostic efforts included CSF Gram stains,
CSF culture, and specific PCR-based methods and serology targeting her-
pes simplex viruses, enteroviruses, JEV, dengue virus, Streptococcus pneu-
moniae, Streptococcus suis serotype 2, Haemophilus influenzae, and Neis-
seria meningitidis. Additional diagnostic tests for flaviviruses (generic),
influenza A virus, and cytomegalovirus were performed in the PVE and
BMD studies. Parechoviruses and Semliki Forest virus were also tested for
in the PVE study (33). Adult patients in the BMD study were further tested
for varicella zoster virus, influenza B virus, Epstein-Barr virus, mumps
virus, and Nipah virus by PCR and for Mycobacterium tuberculosis by CSF
culture and microscopy. A subset of 121 patients in the 01SS cohort with
clinically suspected tuberculosis meningitis was also tested by M. tubercu-
losis PCR (32).

From these case series, CSF specimens with unknown etiology were
selected for VIDISCA-454 analysis, for which the following selection cri-
teria were used to increase the probability of detecting a novel viral patho-
gen causing relevant disease: (i) fever or a history of fever (=37.5°C), (ii)
illness onset of =5 days, (iii) CSF white cell count between 6 and
1,000 cells/ul, (iv) normal CSF glucose (CSF glucose/blood glucose ratio
= 0.5), and (v) absence of an etiological diagnosis by the methods de-
scribed above. In total, 125 CSF specimens from patients with CNS infec-
tions with unknown etiology (PVE, n = 6; BMD, n = 45; and 01SS, n =
74) were selected.

After the discovery of the novel cyclovirus in the initial clinical series,
we investigated its clinical relevance and potential animal reservoirs by
further testing of CSF specimens from patients with infectious and non-
infectious neurological illness, residual blood specimens, stool samples
from healthy children, and fecal samples from poultry and pigs in Viet-
nam (Table 5).

VIDISCA-454 analysis. The selected CSF specimens were analyzed by
VIDISCA-454 either as single samples (n = 27, for samples with CSF cell
counts of =152 cells/ul) or as pools of =5 specimens (n = 23, for the
remaining 98 samples with CSF cell counts of =151 cells/ul).

The VIDISCA-454 procedure was done as previously described (2). In
brief, prior to nucleic acid (NA) isolation, samples were centrifuged to
eliminate cell debris and mitochondria, followed by DNA digestion by
Turbo DNase I (Ambion, Austin, TX). NAs were then extracted by a
guanidinium thiocyanate-based procedure (34) and recovered in 50 ul of
sterile water containing a 10 uM concentration of rRNA-blocking oligo-
nucleotides (2 uM for each oligonucleotide). Blocking oligonucleotides
were used to avoid reverse transcription and amplification of abundant
human rRNA, thereby increasing the sensitivity of the VIDISCA-454 (2).
The sequences of these oligonucleotides were designed based on human
18S and 28S rRNA sequences but contain a 3" dideoxy-C-6 modification
which cannot be extended. Reverse transcription of viral RNA was done
using nonribosomal hexamer primers (35) and Superscript II reverse
transcriptase (Invitrogen, Carlsbad, CA), followed by double-stranded-
DNA (dsDNA) synthesis using DNA polymerase I Klenow fragment
(Westburg, Leusden, the Netherlands) and RNase H (Amersham, Upp-
sala, Sweden). The resulting dsDNA was subjected to restriction enzyme
digestion with Msel (New England Biolabs, Ipswich, MA), Msel-adaptor
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ligation with DNA ligase (Invitrogen), and PCR amplification with prim-
ers containing a restriction site adaptor and a multiplex identifier (MID;
Roche Diagnostics GmbH, Mannheim, Germany). Finally, the amplified
product was subjected to emulsion PCR (GS emPCR kit II; Roche) fol-
lowed by DNA sequencing on a FLX genome sequencer (454 Life Science,
Roche Applied Science, Roche), following the supplier’s instructions.

Conventional and real-time PCR. To confirm the presence of the
cyclovirus-like sequence generated by high-throughput sequencing, spe-
cific PCR primers (CyCV31-53F and CyCV178-53R) (Table 1) were de-
signed based on the obtained sequence and were used to test the 5 indi-
vidual original CSF specimens of the initial pool in which the sequence
was detected. Sequence alignment indicated that these primers could de-
tect CyCV-VN and a closely related CyCV species—CyCV-20— classified
by Li et al. (3) (see Fig. S1 in the supplemental material). The PCR was
done in a final 25-ul volume reaction mixture containing 1.25 U of Hot-
StarTaq DNA polymerase (Qiagen GmbH, Hilden, Germany), an 800 uM
concentration of each primer, a 400 uM concentration of each deoxy-
nucleoside triphosphate (ANTP), 5 mM MgCl, (provided with the poly-
merase), 1X PCR buffer (provided with the polymerase), and 3 ul of
extracted NAs. PCR was performed in a Mastercycler (Eppendorf, Ham-
burg, Germany) with an initial polymerase activation step at 95°C for
14 min 30 s, followed by 45 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C
for 30 s. Confirmation of amplified product was done by sequencing,
using BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems,
Carlsbad, CA) in an ABI377 automatic sequencer (Applied Biosystems),
following the manufacturer’s instructions.

For high-throughput screening of clinical specimens, we designed a
real-time PCR using the same primers and a 6-carboxyfluorescein
(FAM)-labeled probe (CyCV65-96) (Table 1) at a final concentration of
100 uM. The real-time PCR was performed on a Chromo4 platform (M]
Research, Bio-Rad, Hercules, CA) or a LightCycler480 real-time PCR sys-
tem (Roche) using the above-described thermal cycling program.

Inverse PCR and (full-length) genome sequencing. For whole-
genome sequencing, iPCR was employed and performed in a final reac-
tion volume of 50 ul containing 400 uM of the primers CyCV31-53F-rc
and CyCV178-53R-rc (Table 1), 250 uM of each dNTPs (Roche Diagnos-
tics), 1X PFU ultra buffer (provided with the polymerase), 1 ul of PfuUl-
tra IT fusion HS DNA polymerase (Stratagene, Santa Clara, CA), and 5 pl
of extracted NAs. PCR was performed in a Mastercycler (Eppendorf, Ger-
many) with an initial polymerase activation step at 95°C for 2 min, fol-
lowed by 50 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 1 min.

To obtain a partial replication associated protein-coding gene se-
quence, primers CyCV-FL3 and CyCV-FL4 (Table 1) were employed, and
the PCR was carried out with PfuUltra II fusion HS DNA polymerase
under the conditions used for iPCR.

The product was directly sequenced in duplicate using the same PCR
primers and walking primers (CyCV-FLI to -FL4) (Table 1), whose de-
sign was based on the sequences obtained with the iPCR primers. All
sequencing reactions were done using a BigDye Terminator v1.1 cycle
sequencing kit (Applied Biosystems), following the manufacturer’s in-
structions.

All the PCR experiments were performed in molecular diagnostic fa-
cilities that consist of three physically separated laboratories for reagent
preparation, extraction, and amplification, and these used a unidirec-
tional workflow.

Sequence analysis. Sequence reads were imported into CodonCode
Aligner v. 3.7.1 (CodonCode, Dedham, MA) to remove adaptor se-
quences and DNA fragments of Escherichia coli genome. The remaining
reads were then subjected to a sequence similarity search by BLASTn.
Pairwise comparisons and phylogenetic analyses were done using AlignX
(Vector NTI Advance 11; Invitrogen) and neighbor-joining in MEGA
version 4 (36), respectively. Prediction of ORF of the virus genome was
done using Vector NTT advance 11 (Invitrogen).

Ethics statement. All clinical studies were reviewed and approved by
the Institutional Review Boards of collaborating hospitals/authorities and
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the Oxford Tropical Research Ethics Committee (OxTREC), University of
Oxford, United Kingdom.

Nucleotide sequence accession number. The GenBank accession
numbers for the CyCV-VN sequences are KF031465-KF031492.

SUPPLEMENTAL MATERIAL
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Figure S1, TIF file, 1.2 MB.
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