








Sequence (RefSeq) database using the short sequence alignment
tool Bowtie. HAV and HCV sequences were detected in sam-
ples derived from sera pools 2 and 4, respectively. Individual
samples from these two pools then were sequenced to clarify
the source of the hepatitis viruses, and high copy numbers of
HAV or HCV genomes were detected in one patient in each
pool (these two samples were excluded from further analysis of
seronegative hepatitis cases). Furthermore, sequences from
Adenoviridae, Herpesviridae, Parvoviridae, and Anelloviridae were
also commonly detected. For virus discovery, filtered short se-
quences were subjected to de novo assembly. Contigs from
different samples were clustered based on nucleotide-level sim-
ilarities. The resulting contigs were further compared with the
NCBI nonredundant (NR) protein database using tBLASTx. A
contig was predicted as viral origin if the best tBLASTx hit was
from the kingdom of viruses, and a cluster was defined as a
candidate if it contained a contig with viral origin. Contigs for
each cluster were subjected to multiple alignments to define a
consensus contig for later data analysis and experimental validation.
By applying this pipeline to the 10 pooled samples, we identified
a 3,780-bp contig that yielded BLASTx E scores of 7e-05–0.008
against parvoviruses (GenBank accession no.: KC617868).

Characterization of a Human Virus Genome. The 3,780-bp contig was
composed of three major ORFs (Fig. 1 and Fig. S1). Protein Blast
(BLASTp) searches showed that ORF1 encoded a 45-kDa pro-
tein, which contained a domain (GxxxxGK[T/S]) (22) for a phos-
phate-binding loop (P-loop) that is conserved among different
DNA viruses (Table S1); ORF1 was homologous to the replica-
tion-associated protein (Rep) of bat circovirus with E values of 7e-
04. ORF2 encoded a 55-kDa protein which was homologous to
Parvovirus coat protein 1 (VP1) of porcine parvovirus (PPV) and
goose parvovirus, with E scores of 2e-05. Because of low homol-
ogy, only the first 87 amino acid residues encoded by ORF2 could
be aligned reliably to the first 100 amino acids of VP1 of PPV. The
first 100 amino acids of the N-terminal region of the PPV VP1
region constituted an active phospholipase A2 (PLA2), which is
highly conserved among the members of the Parvoviridae and is
essential for parvovirus infection (23). The putative capsid protein
(CP) encoded by ORF2 included a PLA2-like motif that is highly
conserved among the members of the Parvoviridae (Table S2).
ORF3 was located on the left side of the genome on the viral
negative strand and encoded a 15-kDa protein. There was no
homology at the nucleic acid level between the 3,780-bp contig
and known viruses in GenBank.
Sequence analysis also revealed inverted terminal repeats (ITR)

at both ends of the genome (Fig. S1). The ITR was 156 nucleotides
long. The first 75 nucleotides complemented nucleotides 82–156,
allowing the formation of a stem of a hairpin, whereas nucleotides
76–81 were mismatched and could form a loop. By sequence anal-
ysis of the intergenic region between ORF1 and ORF3, we found
multiple direct repeats and TATA boxes (Fig. S1). In silico pro-
moter prediction suggested that consensus sequences for a bi-
directional eukaryote promoter were present in this region (www.
fruitfly.org/seq_tools/promoter.html) and that the NIH-CQV might
have an ambisense genome.

To confirm the sequence of the de novo-assembled 3,780-bp
contig, eight pairs of PCR primers (Table S3) were designed,
based on the sequence predicted and were used to amplify
overlapping DNA fragments from the pooled patient samples.
Eight amplified DNA fragments were of the expected lengths
(Fig. S2), and their sequences could be assembled into a 3,629-bp
contig. Sequencing analysis revealed that the 3,629-bp contig,
composed of the entire coding region plus about half of the ITRs
from both 5′ and 3′ termini, aligned exactly with that of the de
novo-assembled 3,780-bp contig, indicating that the contig con-
tained the nearly complete virus genome, was indeed present in
the patient samples, and was not an artifact generated by mis-
assembly. The virus was provisionally designated NIH-CQ virus
(NIH-CQV), because the samples were collected in a hospital in
Chongqing and the laboratory experiments were conducted at
the National Institutes of Health (NIH).
Because ORF1 of NIH-CQV encodes a putative Rep protein

homologous to circovirus Rep, we speculated that the virus might
have a circular form of its genome. To test this hypothesis, we
performed inverse PCR with a primer pair (Table S3) oriented
outwardly with respect to each other. Amplification with the
inverted-primer pair generated an amplicon of 116 bp from two of
three patient samples tested. Sequencing and alignment of the
inverse PCR product showed a junction region between the 5′ and
3′ termini in a head-to-tail orientation. In comparison with the
liner genome of NIH-CQV, a 419-bp region composed of both 5′
and 3′ ITRs present in the linear virus genome was absent in the
inverse PCR product (Fig. S3), indicating a closed circular form of
the virus genome of 3,361 bp present in the patient samples.
Circularization of the viral genome resulted in an extension of
the ORF3 at the left end of the genome, from 369 bp to 435 bp,
with predicted encoding of a 17-kDa protein. The circular form of
NIH-CQV was designated NIH-CQV-Co.

Phylogenetic and Evolutionary Analyses of NIH-CQV. Because ORF1
and ORF2 of NIH-CQV were homologous to different viral
families, phylogenetic analysis of the two ORFs was performed
separately by comparison with members of Circoviridae and
Parvoviridae. Although BLASTp searches showed that the amino
acid sequences encoded by ORF1 were homologous to Rep of bat
circovirus, by gene tree analysis NIH-CQVwas not closely related
to any known circoviruses (Fig. 2A). For ORF2, the amino acid
similarity between NIH-CQV and known parvoviruses was below
20%. Because of low homology, only the first 87 amino acid
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Fig. 1. Schematic diagram of the NIH-CQV genome. The putative ORFs are
diagramed in boxes, and the arrows indicate the orientation of the ORFs.
The conserved P-loop is shown as a shaded box in rep, and the conserved
PLA2-like motifs are shown as shaded boxes with the Ca2+ binding loop in
black and the catalytic residues in gray.
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Fig. 2. Phylogenetic analysis of Rep and CP of NIH-CQV. (A) Phylogenetic
relationship of the Rep of NIH-CQV and other related circoviruses based on
an alignment of amino acid sequences. (B) Phylogenetic relationship of the
CP of NIH-CQV and other related parvoviruses based on an alignment of
amino acid sequences. The phylogenetic trees were constructed by neighbor
joining (NEIGHBOR program from PHYLIP) based on alignments generated
with CLUSTAL V, and 1,000 bootstrap replications were performed. All
sequences were downloaded from GenBank and SwissProt with a BioPerl
script. Detailed information is available in Dataset S1A.
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residues encoded by ORF2 could be aligned reliably with the VP1
of porcine parvovirus and goose parvovirus, and in this region
amino acid identity was ∼31%. NIH-CQV was not closely related
to any known parvoviruses and thus appeared to be deeply rooted
by lineage between human and animal parvoviruses and parvo-
viruses identified in arthropods (Fig. 2B). To confirm further the
phylogenetic location of NIH-CQV, whole-proteome phylogeny
analysis of NIH-CQV with 14 circoviruses and 21 prototypes of
parvoviruses was conducted using a dynamic language model
(24), which correctly divided the 35 selected viruses into two
families, Parvoviridae and Circoviridae, and placed NIH-CQV at
the interface of Parvoviridae and Circoviridae (Fig. 3).
Deep-sequencing data showed that NIH-CQV exhibited re-

markable intrapatient genetic heterogeneity, suggesting the pres-
ence of closely related variants or quasispecies in the patients
infected with NIH-CQV. To assess the dynamics of circulating
quasispecies, we measured the ratios of nonsynonymous (Ka) ver-
sus synonymous (Ks) substitutions across the entire rep and cp of
NIH-CQV from patients with acute (n = 13) or chronic (n = 9)
non-A–E hepatitis. A higher value of Ka/Ks reflects selection fa-
voring amino acid mutation (positive selection), whereas lower
values are consistent with selection against nonsynonymous var-
iants (negative selection). Positive selection results in the domi-
nance of virus variants with a survival advantage, whereas negative
selection acts to eliminate variants with a diminished capacity to
complete the virus-replication cycle. The average Ka/Ks ratio of the
cp of the virus was greater in patients with chronic hepatitis than in
patients with acute hepatitis (0.98 ± 0.27 versus 0.71 ± 0.17; P <
0.01) (Fig. 4A). There were three regions in cp, ranging from
nucleotides 2,360–2,448, 2,562–2,732, and 2,969–3,036 of the NIH-
CQV genome, in which Ka/Ks ratios were greater than 1 and were
significantly higher than in other regions (P < 0.05) (Fig. 4B),
suggesting positive selection acting on specific regions of the cp
gene. In contrast, although the average Ka/Ks ratio of the rep from
patients with chronic hepatitis was greater than that for patients
with acute hepatitis [0.47 ± 0.08 versus 0.39± 0.08 (P < 0.05)] (Fig.
4C), the overall Ka/Ks ratio was much lower (0.42), and there was
no evidence for positive selection of this gene (Fig. 4D).

Prevalence of the NIH-CQ Virus in Clinical Specimens. We designed
a quantitative PCR (qPCR) assay for the rep region of NIH-CQV
and generated a standard curve using a synthetic DNA rep
fragment. Sensitivity of detection was <10 copies. We conducted

screening of the 90 sera specimens from the patients with sero-
negative hepatitis and 45 sera specimens from healthy blood
donors. Seventy percent (63/90) of the patient samples were
positive, but all the samples from 45 healthy controls were
negative. The average virus titer in the patient specimens was
1.05 e4 copies/μL, and the highest was 3.1 e4 copies/μL (Fig. 5).
No significant difference in NIH-CQV DNA levels was observed
between patients with acute or chronic hepatitis (Table S4). The
two patients with cryptic HAV and HCV infection were negative
for NIH-CQV by qPCR.

Detection of Specific Antibody Against NIH-CQV in Patients with Non-
A–E Hepatitis. To investigate the immune response against NIH-
CQV, a synthetic DNA fragment encoding a 184-amino acid
polypeptide of the C-terminal portion of CP was cloned into an
expression vector, and the affinity-purified recombinant CP (rCP)
was used for serological studies. Cross-reactivities between NIH-
CQV and other human parvoviruses, including B19V, human
parvovirus 4 (Parv4), human bocavirus (HBoV), and adeno-asso-
ciated virus 2 (AAV2), were tested by immunoblotting. No cross-
reactivity was seen between CP of NIH-CQV and other major
human parvoviruses (Fig. 6A). Immunoreactivity of rCP with a to-
tal of 135 human sera specimens was examined. By immunoblot-
ting, 84% (76/90) of the patients with seronegative hepatitis were
positive for NIH-CQV IgG, and 31% (28/90) were positive for
IgM, suggestive of recent infection. In contrast, 78% (35/45) of
healthy controls were positive for IgG, but all were negative for
IgM, consistent with past NIH-CQV exposure (Fig. 6B, Fig. S4 A
and B, and Table 1). There was a significant difference in NIH-
CQV–specific IgM, but not in IgG, between the patients with acute
and chronic hepatitis (Table S4).

Discussion
We report the identification of a virus, NIH-CQV, in patients with
non-A–E hepatitis. Phylogenetically NIH-CQV appears to lie
at the interface of parvoviruses and circoviruses. The genome of
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NIH-CQV has no homology to any known viruses in GenBank.
Although comparative analysis revealed that the Rep and CP
proteins of NIH-CQV have limited homologies with circoviruses
and parvoviruses, respectively, the overall genome organization of
NIH-CQV has the basic characteristics of viruses in Parvoviridae.
NIH-CQV has a small, compact linear DNA genome with two

tandemly arranged major ORFs encoding Rep and CP proteins,
respectively, and a pair of ITRs at the left and right ends of the
genome. In silico promoter prediction suggested that transcription
of the rep and cp was regulated by a single promoter upstream
of the rep, because there was no apparent promoter sequence
immediately upstream of cp. A pre-mRNA encoded by a single

promoter that is processed by alternative splicing and alternative
polyadenylation to generate multiple mRNAs had been reported
for other parvoviruses, such as B19V (25) and Aleutian mink
disease virus (26). By amino acid sequence analysis, CP protein of
NIH-CQV is minimally homologous to porcine and goose par-
vovirus VP1 (27). The homologous region is mainly in the N
terminus of CP and contains the conserved PLA2-like motif,
which is present in the N-terminal extension of the VP1 unique
region of members of Parvoviridae (23). The phylogenetic tree
constructed using amino acid sequences of CP of NIH-CQV and
VP1 of other representative viruses in Parvoviridae showed that
NIH-CQV represents a deeply rooted lineage between two
groups: (i) human and animal parvoviruses and (ii) insect par-
voviruses. Thus, NIH-CQV appears to be a parvovirus-like virus.
However, NIH-CQV also has features shared by members of the
Circoviridae family (28). First, a BLASTp search revealed that the
Rep of NIH-CQV is more related to circoviral Rep than to those
of other viruses. Second, NIH-CQV appears to have an ambi-
sense genome because there are bidirectional putative promoters
in the intergenic region between the rep and 15-kDa protein and
because rep and 15-kDa protein arranged head-to-head flank the
intergenic region, which is a feature of circoviruses. Finally, se-
quencing and alignment of the inverse PCR products indicated
the existence of the circular genome of NIH-CQV in the clinical
samples. The circular form of NIH-CQV genomemight represent
a subviral DNA or an intermediate structure of viral replication,
as reported for other parvoviruses (29). Therefore, NIH-CQV
appears to be a “hybrid” virus, perhaps formed by interfamilial
recombination between a parvovirus and a circovirus. This idea
was supported further by whole-proteome phylogenetic analysis,
which showed NIH-CQV located between Parvoviridae and
Circoviridae.
Both recombination and a high mutation rate are often cited as

key in evolutionary innovation. For many viruses, recombination
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fected with the plasmids that expressed capsid pro-
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transferred to a nitrocellulose membrane. After
blocking with 5% (wt/vol) nonfat milk for 2 h, the
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antibodies against the rCP of NIH-CQV. Samples sub-
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allows single-step acquisition of multiple genetic changes, and
a high mutation rate enhances adaptation to new hosts (30). These
processes are critical driving forces in viral evolution and lead to
viral emergence, host-switching, and adaptation, which often re-
sult in disease outbreaks (31, 32). Recent studies had demon-
strated that small eukaryotic ssDNA viruses have high rates of
nucleotide substitutions and genetic recombination, which may
surpass rates seen in RNA viruses (33, 34). These observations
may explain the extensive diversity seen in ssDNA viruses. Par-
voviruses (family Parvoviridae) and circoviruses (family Circovir-
idae) are both ssDNA viruses that infect a wide variety of animal
species, including mammals, birds, and insects. Although hori-
zontal gene transfer and high mutation rates have been docu-
mented in these viruses, cross-species viral transfers resulting from
interfamilial recombination and leading to a infection in the new
host species are not common.
A high rate of viral evolution has been reported for emerging

parvoviruses (35). Canine parvovirus (CPV) is one well-charac-
terized example (35). CPV emerged from feline panleukopenia
parvovirus or a closely related virus, differing at several amino acid
residues. Sequences of the viruses collected at time points before
and after host-switching suggest that the emergence of CPV was
dependent on a high mutation rate and positive selection of the
major capsid gene. Our deep-sequencing data showed that NIH-
CQV has a high substitution mutation rate throughout its genome.
However, the impact of selective pressures, as measured by the Ka/
Ks ratio, appeared to vary depending on location. The cp gene
contained three regions in which the Ka/Ks ratio exceeded 1, sug-
gesting positive selection. These substitutions would be presumed
to enhance fitness. In contrast, selective pressure on the rep ofNIH-
CQV appeared to be dominated by purifying selection, because the
average Ka/Ks ratio for the rep from 14 patients was only 0.42. The
Ka/Ks ratios for the regions encoding the PLA2 motif in the CP
protein or P-loop nucleoside triphosphatase (NTPase) in the Rep
proteins were lower than in other regions, as is consistent with
strong purifying selection and functional importance of this region
in viral replication.
NIH-CQV exhibited remarkable genetic heterogeneity within

patients, indicating the presence of closely related variants or
quasispecies in NIH-CQV–infected individuals. The Ka/Ks ratios of
both viral cp and rep were greater in patients classified as having
chronic hepatitis than in those with acute hepatitis, suggesting
greater variation or more diversity of quasispecies of NIH-CQV
over time. For hepatitis viruses C and E, diversification of qua-
sispecies during infection is driven by the interaction between the
viruses and host immune response and may be associated with
different clinical outcomes (36, 37). With a limited number of
serial samples from a single individual, we were unable to conclude
whether quasispecies dynamics of NIH-CQV in patients correlated
with disease.
Despite technological advances in molecular biology, an etiology

cannot be determined in as many as 20% of hepatitis cases. As of
yet, no causative agent may be defined in a significant proportion
of patients with chronic liver disease and cirrhosis, whose disease
therefore is characterized as “cryptogenic.” Additional hepatitis
agents have been suspected. Over several decades, several human

viruses, such as GB virus C (38), Torque teno virus (39), and SEN
virus (40), have been putatively claimed to be hepatitis viruses,
but subsequent investigation revealed no conclusive association
between these viruses and liver disease. Therefore, the etiology
of non-A–E hepatitis remains unresolved. In this study, we applied
NGS methodology to virus discovery and indentified a parvovirus-
like virus in the sera samples collected from a cohort of patients
with non-A–E hepatitis. Our results showed that 28% of patients
were positive for both NIH-CQV–specific IgM and viral DNA,
suggesting recent infection in patients. Most patients and healthy
controls were positive for virus-specific IgG, suggesting that ex-
posure was common in the population studied. The patients who
yielded positive specimens suffered from symptoms of hepatitis
with a wide range of liver dysfunction, including acute and chronic
hepatitis. There was no difference between patients diagnosed with
acute versus or chronic hepatitis with respect to detection of
NIH-CQV DNA, but viral DNA was not detected in healthy
controls. Although these findings are suggestive of an etiologic
relationship, our study has limitations. By electron microscopy,
we observed virus-like particles in NIH-CQV qPCR-positive sera
which cosedimented with viral DNA, but we were unable to con-
firm their identity by immunogold labeling with our antisera. In
addition, because of the limited availability of samples, we had
insufficient material for viral propagation and isolation in cell
culture, and efforts are in progress to detect viral proteins in a
few liver biopsy tissue blocks. Additionally, with the limited
number of samples available, we cannot exclude the possibility of
reactivation of a latent virus in the course of liver inflammation.
In general, parvoviruses cause systemic infection, but clinical

manifestations of the infection are varied and may depend on
specific tissue tropisms as well as on host immunologic compe-
tency. For two human pathogenic parvoviruses, B19V (10) and
HBoV (41), clinical symptoms range from none to acute systemic
manifestations involving skin and joints to subtle persistence of
infection; in immunocompromised populations, B19V chronic
infection causes pure red cell aplasia. In addition, coinfection of
parvoviruses with other viruses, especially related DNA viruses,
can lead to synergy and more severe clinical symptoms in the
affected host. Because of the complexity of disease associations,
more comprehensive epidemiology and in vitro studies are needed
to establish a pathogenic role of NIH-CQV in hepatitis.

Materials and Methods
Study Subjects. We studied a total of 92 sera samples from patients with non-
A–E hepatitis who were admitted to the Institute of Infectious Disease of
Southwest Hospital, Third Military Medical University, China, between 1999
and 2007. According to the criteria of the Chinese Society of Infectious Disease
and Parasitology, and the Chinese Society of Hepatology (42), 33 patients were
diagnosed with acute hepatitis by clinical and biochemical parameters. Fifty-nine
patients had chronic aggressive hepatitis confirmed by biopsy, and 10 of them
had cirrhosis; eight outpatients with chronic persistent hepatitis did not have
liver biopsies performed. The patients had amedian age of 42 y (range: 12–73 y);
among of them, 55 males had a median age of 41 y (range: 12–73 y), and 37
females had median age of 43 y (range: 15–70 y). On admission, mean liver
function tests were as follows: total bilirubin 174 ± 130 μmol/L (range: 14–735
μmol/L), alanine aminotransferase 421 ± 623 IU/L (range: 5–3,150 IU/L). Sero-
logical tests for anti-HAV IgM (HAV IgM, ELISA Kit; Wantai Biological Pharmacy),

Table 1. Results of real-time PCR and immunoblot analysis

qPCR

Seronegative hepatitis patients Healthy controls

IgM IgG IgM IgG

+ - + - + - + -

+ 27.8% (25/90) 42.2% (38/90) 70.0% (63/90) 0 (0/90) 0 (0/45) 0 (0/45) 0 (0/45) 0 (0/45)
- 3.3% (3/90) 26.7% (24/90) 14.4% (13/90) 15.6% (14/90) 0 (0/45) 100% (45/45) 77.8% (35/45) 22.2% (10/45)
Total 31.1% (28/90) 68.9% (62/90) 84.4% (76/90) 15.6% (14/90) 0 (0/45) 100% (45/45) 77.8% (35/45) 22.2% (10/45)
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HBV markers (HBsAg and HBeAg; Roche Diagnostic Systems) anti-HCV anti-
bodies (HCV ELISA Kit; Wantai Biological Pharmacy), anti-HDV IgM (HDV IgM
ELISA Kit; Wantai Biological Pharmacy), anti-HEV IgM (HAV IgM ELISA Kit;
Wantai Biological Pharmacy), HCV RNA tests (HCV Quantitative RT-PCR Kit;
Kehua Bio-engineering), anti-HIV-1 and 2 antibodies (HIV ELISA Kit; Wantai
Biological Pharmacy), HIV viral load test (HIV Quantitative RT-PCR Kit; Roche
Diagnostic Systems), and serological tests for anti-CMV IgM and (CMV IgM
ELISA Kit; Wantai Biological Pharmacy) and anti-EBV IgM (EBV IgM Kit; YHLO
Biotech) were all negative. Additional tests for antinuclear antibody, rheu-
matoid factor, anti-mitochondrial antibody (Microplate ELISA Test Systems
for Autoimmunity; EUROIMMUN), as well as blood cultures, urine cultures,
and throat swabs for bacteria were negative. The research protocol was
approved by the Human Bioethics Committee of the Third Military Medical
University, and all participants provided written informed consent.

Solexa Deep Sequencing and Phylogenetic and Evolutionary Analysis. Details of
deep sequencing and phylogenetic and evolutionary analysis are provided in
SI Material and Methods.

Overlapping PCR and Reverse PCR. To verify the sequence of the viral genome
assembled from the Solexa data, eight sets of overlapping primer pairs were
designed (Table S3). Viral DNA was extracted from sera as described in the
Solexa deep sequencing. Extracted DNA (5 μL) was used as template for the
PCR. The 50-μL reaction mix consisted of 1× Platinum Taq PCR Buffer (Invi-
trogen), 1.5 mM MgCl2, each dNTP at 0.2 mM, and 25 pmol each of the
primers. After 2 min at 94 °C, 35 cycles of amplification (94 °C for 1 min, 54 °C
for 1 min, and 72 °C for 1 min) were performed. To detect circularized viral
DNA, inverse PCR with a primer pair (Table S3) that oriented outwardly with
respect to each other was used for amplification. PCR was performed as

described above, and amplified products were visualized on an agarose gel.
All PCR products were sequenced.

Diagnostic qPCR. For quantitative PCR, DNA was extracted by the QIAamp
MinElute Virus Kit (Qiagen), and 5 μL of the resulting DNA was used for
analysis with the NIH-CQV rep primers set (NIH-CQV_Rep-1295F and NIH-
CQV_Rep-1470R), and NIH-CQV_Rep probe was used for qPCR (Table S3). All
reactions were performed using the Chromo4 real-time detector (Bio-Rad).
The reaction started with activation of the polymerase at 95 °C for 15 min,
followed by 45 cycles of 15 s at 94 °C and 1 min at 60 °C. The quantitation of
amplicon was performed by interpolation with the standard curve to the
synthesized rep gene (ORF1) with serial dilutions.

Immunoblotting. To investigate the immune response against NIH-CQV,
a synthetic DNA fragment encoding a 184-amino acid polypeptide of the
C-terminal portion of CP was cloned into an expression vector, and the af-
finity-purified rCP was used for immunoblotting. Cross-reactivities between
NIH-CQV and other human parvoviruses, including B19V, Parv4, HBoV, and
AAV2, were tested by immunoblotting. Details are provided in SI Material
and Methods.
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