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Bats are the second largest group of mammals on earth and act as reservoirs of many emerging viruses. In
this study, a novel bat adenovirus (AdV) (BtAdV-TJM) was isolated from bat fecal samples by using a bat
primary kidney cell line. Infection studies indicated that most animal and human cell lines are susceptible to
BtAdV-TJM, suggesting a possible wide host range. Genome analysis revealed 30 putative genes encoding
proteins homologous to their counterparts in most known AdVs. Phylogenetic analysis placed BtAdV-TJM
within the genus Mastadenovirus, most closely related to tree shrew and canine AdVs. PCR analysis of 350 bat
fecal samples, collected from 19 species in five Chinese provinces during 2007 and 2008, indicated that 28 (or
8%) samples were positive for AdVs. The samples were from five bat species, Hipposideros armiger, Myotis
horsfieldii, M. ricketti, Myotis spp., and Scotophilus kuhlii. The prevalence ranged from 6.25% (H. armiger in 2007)
to 40% (M. ricketti in 2007). Comparison studies based on available partial sequences of the pol gene demon-
strated a great genetic diversity among bat AdVs infecting different bat species as well as those infecting the
same bat species. This is the first report of a genetically diverse group of DNA viruses in bats. Our results
support the notion, derived from previous studies based on RNA viruses (especially coronaviruses and
astroviruses), that bats seem to have the unusual ability to harbor a large number of genetically diverse viruses
within a geographic location and/or within a taxonomic group.

Members of the family Adenoviridae are nonenveloped, icosa-
hedral viruses approximately 70 to 100 nm in size. The family is
divided into four genera: Mastadenovirus, Aviadenovirus, Atade-
novirus, and Siadenovirus (3, 6, 7). Adenoviruses (AdVs) contain
a linear, nonsegmented, double-stranded DNA (dsDNA) with a
genome size ranging from 30 to 36 kb for mastadenoviruses, 31 to
36 kb for atadenoviruses, and 26 to 45 kb for siadenoviruses (3).

AdV infection can be identified in mammals, birds, amphib-
ians, reptiles, and fish, and live AdVs have been isolated from
at least 40 vertebrate species (3, 6, 21, 25). A total of 52 human
AdV (hAdV) serotypes have been identified and classified into
seven groups, designated serotypes A through G. AdVs are
highly prevalent in the human population and can cause hu-
man infections ranging from respiratory disease (mainly by
AdV-B and -C) and conjunctivitis (AdV-B and -D) to gastro-
enteritis (AdV-F serotypes 40 and 41) (11, 24). In animals,
canine AdV type 1 (CAV-1) and canine AdV type 2 (CAV-2)
cause hepatitis and respiratory and enteric diseases in dogs (20,
30). The egg drop syndrome-1976 virus (EDS-76 virus), be-
longing to the aviadenoviruses, is the causative agent of an
economically important disease characterized by a severe and
sudden drop in egg production (17).

Bats are reservoirs of numerous new or emerging viruses,
including henipavirus, Ebola virus, Marbourg virus, Menangle
virus, rabies virus, coronavirus, and astrovirus, and most of the
bat viral species reported to date are RNA viruses (4, 5, 14, 23,

28, 31). Although numerous virus species and strains were
identified in recent years by PCR and sequencing, the isolation
of live bat viruses remains rare and difficult, probably due to
the lack of appropriate bat cell lines. Recently, two bat adeno-
viruses (bat AdV-FBV1 and bat AdV-2 PPV1) were isolated
from fruit bat (Pteropus dasymallus yayeyamae) and common
pipistrelles (Pteropus pipistrellus), respectively. The agent was
identified as novel adenovirus by partial sequencing (16, 22).

In this study, we report the isolation of a novel AdV from bat
fecal samples using a newly established bat primary kidney cell
culture. The isolated AdV, named bat adenovirus strain TJM
(BtAdV-TJM), is capable of infecting several vertebrate cell
lines and inducing a cytopathic effect (CPE). The near-full-
length genome sequence (except the 5�- and/or 3�-terminal
ends) of BtAdV-TJM is 31,681 bp and carries 30 putative
genes. Our epidemiological investigation demonstrated that
among the 19 bat species surveyed in this study, bat AdVs are
prevalent mainly in Myotis species and Scotophilus kuhlii. This
report represents a first detailed study of a DNA virus group in
bats.

MATERIALS AND METHODS

Sample collection. The bat fecal samples were collected during May 2007 and
May 2008. The sampling of individual bats was performed as described previ-
ously (14). To collect fecal samples from grouped bats, clean plastic sheets
measuring 2.0 by 2.0 m were placed under known bat roosting sites at about
18:00. Relatively fresh fecal samples were collected at approximately 5:30 to 6:00
the next morning and stored in liquid nitrogen. Samples were transported to the
laboratory and stored at �80°C until analyzed.

Establishment of a bat primary kidney cell line. The liver, spleen, gut, kidney,
heart, and brain taken from a 1-week-old baby bat were washed with D-Hanks
(0.3 mM Na2HPO4, 137 mM NaC1, 5.4 mM KCl, 0.4 mM KH2PO4 [pH 7.4])
solution on ice four to five times. Organs were cut into 0.5 to 1 mm2 in size and
digested with 0.25% trypsin for 10 min at 37°C. The digested tissues were
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centrifuged at 500 � g for 2 min and cultured with RPMI 1640 medium con-
taining 20% fetal bovine serum (FBS) (Gibco, Invitrogen), 100 U penicillin/ml,
and 0.1 mg streptomycin/ml at 37°C in an incubator supplemented with 5% CO2.
After 6 passages, the cells from kidney were growing very well and used for virus
isolation. All animal work was conducted under conditions and with permits
approved by animal ethics committees of the Wuhan Institute of Virology,
Chinese Academy of Sciences.

Virus isolation, purification, and examination by electron microscopy. All
procedures dealing with live-virus isolation were performed in a biosafety cabinet
in biosafety level 2 (BSL-2) laboratories. Bat primary kidney (BtMsK) cells were
maintained in RPMI 1640 medium supplemented with 20% FBS. Aliquots of 100
mg of feces were homogenized with 500 �l of phosphate-buffered saline (PBS)
and centrifuged at 1,000 � g (catalog no. 1-15; Sigma) for 5 min. The supernatant
from each sample was diluted 1:10 in RPMI 1640 medium and filtered through
a 0.45-�m filter (Millipore). One milliliter of the diluted supernatant was added
to BtMsK cells in 35-mm dishes. After incubation at 37°C for 1 h, the inoculum
was removed and replaced with fresh RPMI 1640 medium supplemented with
10% FBS. Cell cultures were checked daily for cytopathic effects (CPEs). At 72 h
postinoculation, the cell supernatant was collected and inoculated onto mono-
layer BtMsK cells. After incubation at 37°C for 1 h, the inoculum was removed
and replaced with fresh RPMI 1640 medium with 10% FBS. Cultures were
blindly passed three times.

For virus purification, infected cells were harvested at 24 h postinfection when
strong CPEs appeared. After three freeze-thaw cycles, cell debris were clarified
by centrifugation at 3,000 � g for 10 min and filtered through a 0.45-�m filter.
Viruses in the supernatant were purified by ultracentrifugation through a 30%
sucrose cushion at 40,000 rpm for 3 h by using a Ty70 rotor (Beckman). The
pelleted viruses were dissolved with 400 �l of PBS and stored at �70°C in
aliquots.

Purified viruses were checked by electron microscopy using Formvar- and
carbon-coated copper grids (200 mesh), negatively stained with 2% phospho-
tungstic acid (pH 7.0), and examined at 75 kV with a Hitachi H-7000FA trans-
mission electron microscope.

Cell susceptibility study. Cells of different origins (Table 1) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated FBS. Cultures were incubated at 37°C in a humidified atmosphere
containing 5% CO2. Monolayer cells were inoculated with the newly isolated bat
AdV at 2 PFU/cell. After 1 h of adsorption at 37°C, the inoculum was removed
and replaced with fresh DMEM containing 2% FBS. Cell cultures were checked
daily for CPEs. Infection was further confirmed by PCR using primers derived
from the genome sequence (see below) from 10�6-diluted cell supernatants.

Genome characterization by random PCR. Since the identity of the genome
was not completed resolved at this stage of the study, a procedure that covers
both RNA and DNA was employed. Purified virus was treated with 10 ng/�l
RNase A and 100 U DNase I in a total volume of 140 �l at 37°C for 30 min. The
viral nucleic acid (either DNA or RNA) was extracted with a QIAamp viral RNA
minikit (Qiagen, Germany) according to the manufacturer’s protocols. Viral
nucleic acid was eluted in 60 �l AVE buffer and stored at �70°C.

Viral cDNA synthesis was performed by incubation of the extracted viral
nucleic acid at 65°C for 5 min, followed by quenching on ice for 2 min. A 20-�l
reaction mixture containing the following ingredients was prepared: 10 pmol of
universal primer-dN6 (5�-GCC GGA GCT CTG CAG AAT TCN NNN NN-3�)
(8), 10 �l of denatured nucleic acid, 0.6 mM each deoxynucleoside triphosphate
(dNTP), 20 U of RNase inhibitor, and 200 U of Moloney murine leukemia virus
(M-MLV) reverse transcriptase (Promega). The mixture was incubated at 25°C
for 10 min, followed by 37°C for 1 h. To synthesize second-strand cDNA/DNA,

the reaction mixture was boiled for 2 min and cooled rapidly on ice, followed by
incubation at 37°C for 30 min in the presence of 5 U Klenow fragment (exo�;
New England Biolabs, Beverly, MA) and 10 pmol of universal primer-dN6.

PCR was conducted with a 50-�l reaction mixture volume containing 10 �l
PCR buffer, 1 mM MgSO4, 0.2 mM each dNTP, and 40 pmol universal primer
(5�-GCC GGA GCT CTG CAG AAT TC-3�) (8), 1 U KOD-Plus DNA poly-
merase (Toyobo, Japan), and 2 �l of the second-strand cDNA/DNA mixture
described above. The reaction was conducted for 40 cycles of 94°C for 30 s, 54°C
for 30 s, and 68°C for 2 min followed by incubation for 10 min at 68°C. The
products were analyzed by agarose gel electrophoresis. PCR products larger than
500 bp in size were purified with an EZNA gel extraction kit (Omega Bio-Tek)
and cloned into the pGEM-T Easy vector (Promega) after adding adenine (A) at
the 3� termini of the PCR products using Taq polymerase. Insert-containing
plasmids were sequenced by using the M13 forward and reverse primers with an
ABI Prism 3730 DNA analyzer (Applied Biosystems). The sequences of the PCR
products were compared with sequences in the GenBank database by using
BLAST.

Full-genome sequencing. The purified viral DNA was used as a template for
PCR amplification with a combination of primer sets (available upon request)
designed either from published AdV genome sequences in GenBank or from
BtAdV-TJM, obtained by random PCR sequencing as described above. PCR
products were either purified with an EZNA gel extraction kit (Omega Bio-Tek)
and sequenced directly or cloned into the pGEM-T Easy vector (Promega)
before being sequenced. For each PCR fragment cloned, at least three indepen-
dent clones were subjected to sequencing to obtain a consensus sequence. The
Roche 3� random amplification of cDNA ends (RACE) kit (Roche Diagnostics)
was used to determine genome terminal sequences of both the sense and anti-
sense strands according to the manufacturer’s instructions.

Molecular epidemiology. Viral DNA was extracted from individual bat fecal
swabs with QIAamp DNA blood minikits (Qiagen, CA) according to the man-
ufacturer’s instructions. For screening the presence of AdVs and studying their
genetic diversity, a partial sequence of the AdV DNA polymerase (pol) gene was
amplified with nested PCR. For the first round amplification, the 25-�l reaction
mix contained 2 �l of extracted DNA, 2.5 �l PCR buffer, 20 pmol each primer
(pol-F [5�-CAGCCKCKGTTRTGYAGGGT-3�] and pol-R [5�-GCHACCATY
AGCTCCAACTC-3�]), 0.2 mM dNTP, and 0.5 U Taq DNA polymerase (Pro-
mega). After an initial incubation step at 94°C for 5 min, 30 cycles of amplifi-
cation were carried out, consisting of denaturation at 94°C for 30 s, annealing at
48°C for 30 s, and extension at 72°C for 30 s and a final extension step at 72°C
for 10 min. For the second round of amplification, 1 �l of first-round PCR
products was used as a template and amplified with forward primer pol-nF
(5�-GGGCTCRTTRGTCCAGCA-3�) and reverse primer pol-nR (5�-TAYGA
CATCTGYGGCATGTA-3�) with the same cycling parameters as those for the
first round. Standard precautions were taken to avoid PCR contamination, and
a negative control was included in every PCR assay. The expected products were
gel purified by using an EZNA gel extraction kit (Omega Bio-Tek) and se-
quenced with the two nested-PCR primers.

Sequence and phylogenetic analysis. Routine sequence management and anal-
ysis were carried out by using DNAStar (DNAStar Inc.). The identification of
open reading frames (ORFs) was performed by a translated BLAST search
(BLASTx at http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). Splice site predictions
were performed by using software available at the Berkeley Drosophila Genome
Project website (http://www.fruitfly.org). Protein identity comparisons were per-
formed by aligning sequences with BLAST (http://www.ncbi.nlm.nih.gov/blast
/Blast.cgi). Sequence alignment was performed by using T-coffee and corrected
manually (18). The phylogenetic trees were constructed by using the neighbor-
joining (NJ) method with a bootstrap of 1,000 replicates with the MEGA, version
4.1, program (13). Gaps were regarded as a complete deletion unless otherwise
specified.

Nucleotide sequence accession numbers. The following published AdV ge-
nome sequences were retrieved from GenBank and included in the analysis in
this study: human adenovirus A (accession no. NC_001460), human adenovirus
B1 (accession no. NC_011203), human adenovirus B2 (accession no.
NC_011202), human adenovirus C (accession no. NC_001405), human adenovi-
rus D (accession no. NC_010956), human adenovirus E (accession no.
NC_003266), human adenovirus F (accession no. NC_001454), ovine adenovirus
A (accession no. NC_002513), ovine adenovirus D (accession no. NC_004037),
porcine adenovirus C (accession no. NC_002702), bovine adenovirus B (acces-
sion no. NC_001876), bovine adenovirus D (accession no. NC_002685), canine
adenovirus 1 (accession no. NC_001734), canine adenovirus 2 (accession no.
AC_000020), murine adenovirus A (accession no. NC_000942), tree shrew ade-
novirus (accession no. NC_004453), snake adenovirus (accession no.
NC_009989), frog adenovirus (accession no. NC_002501), turkey adenovirus A

TABLE 1. Susceptibilities of cells of different mammalian species
to BtAdV-TJM

Cell line Species origin Organ origin Susceptibility

BHK-21 Hamster Kidney �
MDCK Dog Kidney �
FK Cat Kidney �
PK-15 Pig Kidney �
HEK 293 Human Kidney �
Vero Monkey Kidney �
Vero E6 Monkey Kidney �
Tb1-Lu Bat (Tadarida brasiliensis) Lung �
BtMsK Bat (Myotis chinensis) Kidney �
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(accession no. NC_001958), fowl adenovirus A (accession no. NC_001720), fowl
adenovirus D (accession no. NC_000899), duck adenovirus A (accession no.
NC_001813), and bat adenovirus FBV1 (accession no. AB303301). All partial pol
gene sequences of bat AdVs sequenced in this study were submitted to GenBank
(accession no. GU226951 to GU226969).

RESULTS

Isolation of a novel adenovirus using bat primary kidney
cells. Bat primary kidney cells were derived from Myotis chi-
nensis bats as described in Materials and Methods. After five
continuous passages, the growth of bat primary kidney cells
became stable (Fig. 1A). The cells were then used to isolate bat
viruses from fecal samples collected from Myotis bats at differ-
ent locations in China in 2007 and 2008. After three passages,
one sample (M. ricketti, collected from Tianjin City in July
2007) exhibited an evident CPE, as shown in Fig. 1B. After
further passage and purification, the virus morphology was
examined by transmission electron microscopy, which revealed
an average viral particle size of 60 to 70 nm in diameter (Fig.
2). Although the size distribution was below the average size of
90 nm for most known AdVs, the electron micrograph images
suggested that the virus is an AdV.

Infection of cell lines of different origins by the newly iso-
lated virus. To test the potential host range of the putative bat
AdV, cell lines of different origins were inoculated with puri-

fied bat AdV at 2 PFU/cell. At 24 h postinfection, an evident
CPE in MDCK, PK-15, HEK 293, Vero, and Vero E6, but not
in BHK-21, FK, or Tb1-Lu, cells was observed. The productive
infection of these cells was later confirmed by specific PCR
amplification of viral genomic DNA (data not shown).

Molecular identification of the putative bat adenovirus. Al-
though the electron microscopy analysis suggested that the
isolated virus could be an AdV, a random sequencing strategy
that covers both RNA and DNA viral genomes was used to
ensure successful genome characterization in the absence of a
confident classification of the virus. As detailed in Materials
and Methods, concentrated viral particles were filtered and
treated with both RNase and DNase before viral nucleic acid
extraction and random amplification, followed by cloning and
sequencing analysis. Out of 15 sequenced clones, 3 clones
(inserts at 364, 425, and 415 nt, respectively) were homologous
to the gene coding for the AdV DNA polymerase (Pol), 3
clones (1300, 770, and 770 nt) were homologous to the DNA
binding protein (DBP), 1 clone (607 nt) was homologous to
ORFC of the E4 region (E4-ORFC), and the other 8 clones
were contaminations of cellular genomic fragments. All frag-
ments randomly sequenced demonstrated the best match to
the homologous genome regions of canine adenovirus type 2
(CAdV-2) strain Toronto A26/61 (GenBank accession no.
CAU77082). The amino acid sequence identities of Pol, DBP,
and E4-ORFC to the counterparts of CAdV-2 were 83%, 78%,
and 30%, respectively. These results confirmed that the newly
isolated bat virus is a member of the family Adenoviridae. The
virus isolated form bat fecal samples was named bat adenovirus
strain TJM (BtAdV-TJM), after the name of the city and bat
species from which the sample was collected.

Characterization of the genome coding structure. The full-
length genome (GenBank accession no. GU226970) of
BtAdV-TJM was sequenced by using primers designed using
the randomly obtained genome fragment sequences and pub-
lished AdV genome sequences and a 3� RACE strategy. The
genome size is 31,681 bp or larger (see below). The genome
organization of BtAdV-TJM is similar to that of most known
members in the genus Mastadenovirus (Fig. 3). The average
G�C content is 56.8%, ranging from 43.6 to 69.4% in different
genes, with slightly higher values in the center of the genome than
at the genome terminal regions. CpG dinucleotide analysis of
BtAdV-TJM using FUZZNUC software (http://bioweb.pasteur.fr
/seqanal/interfaces/fuzznuc.html) revealed 1,885 CpG dinucleo-
tides located within the genome. Despite several attempts, we

FIG. 1. Isolation of bat adenovirus in bat primary kidney cells. (A) Noninfected bat primary kidney cells. (B) The same cells as those shown
in A after infection with BtAdV-TJM at 2 PFU/cell, showing CPEs observed at 24 h postinfection.

FIG. 2. Examination of viral particles by electron microscopy. See
Materials and Methods for a description of the preparation of the
samples.
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were not able to identify inverted terminal repeats (ITRs) present
in all known AdVs. This suggests that (i) one or two ends of the
genome are not completely sequenced and (ii) the genome most
likely contains more than 31,681 bp.

Ninety-nine open reading frames were identified in both
strands of the BtAdV-TJM genome using a search strategy de-
fining ATG as the start codon and a cutoff size of 60 aa. Among
them, 30 predicted protein products had significant sequence
identity to other known AdV homologs. Eleven of these genes
were carried by the complementary strand (Fig. 3 and Table 2).

Similar to other members of the genus Mastadenovirus, the mid-
dle part of the BtAdV-TJM genome was predicted to contain 18
genus-common genes. These include genes coding for DNA rep-
lication (Pol, pTP, and DBP), DNA encapsidation (52K and
IVa2); the formation and structure of the virion (pIIIa, penton,
pVII, pX, pVI, hexon, protease, 100K, 33K, pVIII, and fiber);
22K, which originates from a lack of splicing in 33K; and the U
exon. No gene coding for VA RNA was identified.

A summary of the sequence similarity comparison between
homologous proteins of BtAdV-TJM and selected members of

FIG. 3. Genome organization of BtAdV-TJM. The viral genome is represented by the double line in the center marked with 5-kbp intervals.
Protein-coding regions are shown as filled arrows. Arrows above the black line represent open reading frames (ORFs) encoded on the forward
(top) strand oriented from left to right. Arrows underneath the genome line represent ORFs that are carried on the complementary (bottom)
strand. ORFs were named according to the nomenclature used for homologous proteins of other AdVs.

TABLE 2. Predicted gene products encoded by the BtAdV-TJM genome

Gene
product Location(s) (nt)a Length (aa) Feature(s) of homologous AdV products G�C content (%)

E1A 391–883, 970–1130 217 Early E1A 25-kDa protein 53.5
E1Bs 1270–1818 182 E1B protein, small T antigen 53.6
E1Bl 1632–3011 459 E1B protein, large T antigen 53.4
IX 3077–3397 106 Adenovirus hexon-associated protein (IX) 57.0
IVa2 3421–4736, 5036–5048c 442 Adenovirus IVa2 protein, maturation protein 55.2
Pol 4521–7940, 12472–12480c 1142 DNA polymerase 58.5
pTP 7796–9616, 12472–12480c 609 Adenoviral DNA terminal protein 62.8
52K 9543–10859 438 Late L1 52-kDa protein, encapsidation protein 52K 64.3
pIIIa 10735–12459 574 IIIa protein precursor, hexon-associated protein (IIIa) 63.8
Penton 12359–13936 525 Adenovirus penton base protein 60.6
pVII 13968–14372 134 Adenoviral core protein VII 69.4
pV 14438–15739 433 Adenovirus minor core protein pV, L2 minor core protein 68.4
pX 15765–15974 69 Mu peptide precursor, late L2 mu core protein, pX 66.2
pVI 16023–16844 273 Capsid protein precursor pVI, minor capsid protein VI 65.7
Hexon 16914–19640 908 Hexon capsid protein 50.4
Protease 19652–20272 206 23K endopeptidase, protease 58.5
DBP 20315–21733 472 Early E2A DNA binding protein, single-stranded DNA

binding protein
57.6

100K 21746–23794 682 L4 100-kDa hexon assembly protein 58.3
33K 23676–23820, 23933–24282 164 Protein, 33K 60.6
22K 23676–24143 155 Encapsidation protein, 22K 62.6
pVIII 24286–24954 222 Adenovirus hexon-associated protein, protein VIII 62.0
E3 25321–26469 382 E3-ORFA 58.5
U exon 26442–26645c 67 U exon 51.0
Fiber 26644–28311 555 Adenoviral fiber protein 53.5
E4-ORF6/7 28325–28567, 29303–29350c 96 Control protein E4-ORF6/7 51.2
E4-34K 28568–29350c 260 Adenovirus early E4 protein, E4-34K 47.9
E4-ORFD 29352–29744c 130 E4-ORFD 44.5
E4-ORFC 29723–30097c 124 E4-ORFC 46.7
E4-ORFB 30300–30659c 119 E4-ORFB 43.6
E4-ORFA 30751–31314c 187 E4-ORFA 48.4

a The letter “c” indicates that those genes are encoded by the complementary strand.
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the genus Mastadenovirus is presented in Table 3. The most
conserved protein is the hexon protein (908 aa), which showed
high sequence identity (86%) to that of CAdV-2. The penton
protein is less conserved, with a sequence identity of 55 to
84%. The Arg-Gly-Asp (RGD) motif, which plays a key role in
the interaction of the virus with the cell surface integrins �v�3

and �v�5 and is the main target of virus neutralization (27), is
missing in the predicted penton protein sequence of BtAdV-
TJM. Neither RGD sequence was found in other viral struc-
tural proteins, including pIIIa, penton, pVII, pX, pVI, hexon,
protease, 100K, 33K, pVIII, and fiber. Similarly, the motif
leucine-aspartic acid-valine (LDV), which interacts with inte-
grin �4�1 (12), is also missing in the BtAdV-TJM penton
protein. On the other hand, the AdV fiber knob, which is
responsible for attachment to cellular receptors, was identified
in BtAdV-TJM with an amino acid identity of 24 to 50%
compared to that of other mastadenoviruses.

With the exception of one genus-specific gene (pV) that is
located between pVII and pX, most genus-specific genes are
located near the ends of the genome. The two ends of the
BtAdV-TJM genome are predicted to encode the E1 and E4
regions. E1 is encoded by the top or forward strand. One
putative E1A protein (23.3 kDa), the product of a splicing
event, was identified. The protein sequence of E1A is highly
divergent and has only 23 to 47% sequence identity to its
counterpart of human and canine AdVs. Two coding se-
quences, E1Bs (20.7 kDa, small T antigen) and E1Bl (50.4
kDa, large T antigen), were identified in the E1B region. Sim-
ilar to human AdV and CAdV-2, the BtAdV-TJM genome E4
region contains six genes encoded by the complementary
strand that are named E4-ORFA, E4-ORFB, E4-ORFC, E4-
ORFD, E4-34K, and E4-ORF6/7. The ORF6/7 mRNA results
from further splicing between the 5� end of 34K and the region
immediately downstream of 34K. The E4-34K protein has an
amino acid sequence identity of 27 to 51% to its homolog of

other genus members. Only one ORF was identified in the E3
region, which is located between pVIII and the U exon,
whereas five to nine genes were identified in this region in
human AdVs and two were identified in CAdV-2.

Phylogeny. Phylogenetic analysis was conducted to establish
the taxonomy of BtAdV-TJM. Phylogenetic trees based on the
full-length genome sequences (Fig. 4A) and the hexon protein
sequences (Fig. 4B) both unequivocally indicated that BtAdV-
TJM is a member of the genus Mastadenovirus. These trees
also suggest that BtAdV-TJM is most closely related to CAdV
and tree shrew AdV.

Prevalence of adenoviruses in bats. To gain more knowledge
about the prevalence and distribution of AdVs in bats, 350
individual bat fecal samples from 19 bat species collected in
five provinces of China in 2007 and 2008 were examined by
nested PCR, which targets a 261-bp region of the polymerase
gene. A total of 28 (8%) samples tested positive for AdV in five
bat species, including Hipposideros armiger, M. horsfieldii, M.
ricketti, Myotis spp., and Scotophilus kuhlii. The prevalence
ranged from 6.25% to 40% (Table 4). It is notable that AdV
was detected in M. ricketti bats in four out of five provinces;
thus, members of the genus Myotis are the most represented
AdV hosts among the different bat species surveyed in this
study.

Genetic diversity of adenoviruses in bats. BtAdV-TJM was
compared with two other recently isolated bat AdVs, AdV-
FBV1 and AdV-2 PP1, using available pol gene sequences.
BtAdV-TJM shares amino acid sequence identities of 66% and
78% to AdV-FBV1 and AdV-2 PP1, respectively, in the se-
quences compared, indicating that these three bat AdVs are
not genetically closely related. When the sequences of the
261-bp pol gene fragments from bat AdVs detected in this
study were analyzed, it became even more obvious that bat
AdVs are a group of genetically diverse AdVs, with nucleotide
and amino acid sequence identities of 66 to 72% and 68 to

TABLE 3. Amino acid sequence comparison of selected BtAdV-TJM proteins with their homologs from other
members of the genus Mastadenovirusa

Virus
Amino acid identity (%)

E1A E1Bl IVa2 Pol pTP 52K Penton pVII pV Hexon DBP Protease Fiber E4 34K

HAdV-A NA 28 60 63 63 57 62 44 36 71 37 64 25 28
HAdV-B1 24 29 61 65 63 57 56 42 36 69 35 66 27 27
HAdV-B2 24 26 61 65 63 53 56 38 35 68 37 67 26 29
HAdV-C 23 28 60 64 62 52 60 40 33 67 37 66 24 30
HAdV-D 30 28 62 64 63 54 58 41 35 69 36 67 25 28
HAdV-E 27 30 61 65 64 52 58 43 36 69 39 67 26 29
HAdV-F NA 28 61 65 63 57 61 42 34 70 39 64 25 30
SAdV-1 29 28 63 66 63 57 62 38 38 71 43 66 27 31
SAdV-A NA 28 60 65 63 54 64 44 37 70 36 65 29 29
CAdV-1 47 51 73 78 85 75 84 71 58 86 64 79 45 50
CAdV-2 47 55 75 79 86 78 83 73 68 86 64 82 50 51
TsAdV NA 27 60 66 61 65 69 35 33 75 50 69 28 30
OAdV-A NA 29 NI 67 61 NI 63 NI 32 73 NI 66 NI 27
PAdV-A NA 27 60 62 63 55 71 38 29 70 52 58 31 29
PAdV-C NA 27 66 68 64 66 66 36 31 75 58 65 29 30
BAdV-A 25 30 60 68 62 67 66 NI 32 75 59 69 29 NA
BAdV-B NA 27 63 62 58 60 67 42 34 69 51 69 27 28
MAdV-3 NA 26 59 57 41 51 55 NA NA 67 41 61 26 25
MAdV-A NA 25 59 56 41 52 55 39 23 66 32 61 26 28

a HAdV, human adenovirus; SAdV, simian adenovirus; OAdV, ovine adenovirus; PAdV, porcine adenovirus; BAdV, bovine adenovirus; CAdV, canine adenovirus;
TsAdV, tree shrew adenovirus; MAdV, murine adenovirus; NA, not applicable due to the lack of detectable similarity; NI, homologous gene not identified.
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75%, respectively. Interestingly, genetic diversity was also ob-
served among AdVs identified in the same bat species, includ-
ing M. ricketti (with nucleotide and amino acid sequence iden-
tities of 70 to 98% and 74 to 100%, respectively) and M.
horsfieldii (61% identity in amino acid sequence). AdVs from
S. kuhlii are more conserved, with a nucleotide sequence iden-
tity of 99 to 100% and an identical amino acid sequence. The
phylogenetic tree based on the aligned amino acid sequences
of partial pol genes indicated that bat AdVs that come from the
same bat species cluster together, with the exception of sam-
ples 1285 and 1213, obtained from two M. horsfieldii isolates
(Fig. 4C).

DISCUSSION

For the last decade or so, an increasing number of emerging
RNA viruses has been associated with bats as a natural reser-
voir. However, there has been much less reporting on the
identification and isolation of DNA viruses from bats. Two bat
adenovirus, AdV-FBV1 and AdV-2 PPV1, were recently iso-
lated, but only partial sequence information was available (16,
22). In this study, we have conducted a more comprehensive
investigation of the host range, prevalence, and genetic diver-
sity of bat AdVs in Chinese bat populations.

Using a newly established Myotis bat primary kidney cell line
developed by our group, we succeeded in isolating a novel
adenovirus (BtAdV-TJM) from an M. ricketti fecal sample that
is substantially different from bat AdV-FBV1 and bat AdV-2
PP1. This new bat AdV is capable of infecting and causing
CPEs in several mammalian cells of different species origins,
from dog to human, indicating a potential wide host range.

Determination of the full-length genome indicated that
BtAdV-TJM has a coding structure similar to that of most known
AdVs. Despite several trials of RACE experiments, we failed to
detect inverted terminal repeats (ITRs), which are present in all
known AdVs. This suggests that one or both ends of the genome
were not successfully sequenced in this study. This dilemma will
be resolved later. Phylogenetic analysis based on the full coding
sequence of the genome and the deduced penton protein se-
quence placed BtAdV-TJM within the genus Mastadenovirus, and
it is most closely related to CAdV-2. The average GC content of
BtAdV-TJM is 56.8%, higher than those of CAdV-1 (47%) and
CAdV-2 (50.3%). The most conserved genes are the E1A, E1Bl,
IVa2, Pol, pTP, 52K, penton, pVII, pV, hexon, DBP, protease,
fiber, and E4-34K genes, which have 47 to 86% amino acid se-
quence identity to those of the CAdV-2 homologs.

There are several unusual features revealed for the BtAdV-
TJM genome and its encoded proteins. In the E3 region of the
genome, only one ORF was identified for BtAdV-TJM,
whereas there are two for CAdV-2 and five for hAdVs in the
same region. Recently, Klempa et al. showed that E3 was
missing in a novel murine adenovirus (MAdV-3) (10), suggest-
ing that genes carried within the E3 region may be dispensable
for animal AdV. This notion is supported by findings that
genes in the E3 region from hAdVs play a role in modulating
the host immune response to infection but are not essential for
virus growth in vitro (9, 15). The other unexpected finding was
that two important amino acid motifs in the predicted penton
protein sequence of the BtAdV-TJM were missing. They are
the RGD (Arg-Gly-Asp) and LDV (leucine-aspartic acid-va-

FIG. 4. Phylogenetic analysis of bat adenoviruses. The phylogenetic
trees were constructed based on the alignment of full-length AdV genome
nucleotide sequences (A), the amino acid sequences of hexon proteins
(B), and partial amino acid sequences of the polymerases (C) of bat
adenoviruses by using the neighbor-joining (NJ) method with a bootstrap
of 1,000 replicates with the MEGA 4.1 program. Gaps were regarded as
a complete deletion unless otherwise specified. A condensed tree is pre-
sented in C. The scale bar is in units of nucleotide (A) or amino acid (B
and C) residue substitutions per site. Bootstrap values (percent) are in-
dicated at the branch nodes of the phylogenetic trees. Abbreviations are
as follows (with GenBank accession numbers in parentheses): HAdV-A,
human adenovirus A (accession no. NC_001460); HAdV-B1, human ad-
enovirus B1 (accession no. NC_011203); HAdV-B2, human adenovirus
B2 (accession no. NC_011202); HAdV-C, Human adenovirus C
(NC_001405); HAdV-D, human adenovirus D (accession no.
NC_010956); HAdV-E, human adenovirus E (accession no. NC_003266);
HAdV-F, human adenovirus F (accession no. NC_001454); OAdV-A,
ovine adenovirus A (accession no. NC_002513); OAdV-D, ovine adeno-
virus D (accession no. NC_004037); PoAdV-C, porcine adenovirus C
(accession no. NC_002702); BAdV-B, bovine adenovirus B (accession no.
NC_001876); BAdV-D, bovine adenovirus D (accession no. NC_002685);
CAdV-1, canine adenovirus 1 (accession no. NC_001734); CAdV-2, ca-
nine adenovirus 2 (accession no. AC_000020); MAdV-A, murine adeno-
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virus A (accession no. NC_000942); TsAdV, tree shrew adenovirus (accession no. NC_004453); SnAdV, snake adenovirus (accession no.
NC_009989); FrAdV, frog adenovirus (accession no. NC_002501); TAdV-A, turkey adenovirus A (accession no. NC_001958); FAdV-A, fowl
adenovirus A (accession no. NC_001720); FAdV-D, fowl adenovirus D (accession no. NC_000899); DAdV-A, duck adenovirus A (accession
no. NC_001813); bat AdV-FBV1, bat adenovirus FBV1 (accession no. AB303301). The bat AdV detected in this study is named by the
sample number followed by the abbreviation of the sampling location and species name. The sequences derived from different locations are
highlighted with different symbols. HB, Hubei; HN, Hainan; GD, Guangdong; YN, Yunnan; TJ, Tianjin; Ha, Hipposideros armiger; Md,
Myotis daubentoni; Mh, Myotis horsfieldii; Mspp, unidentified Myotis species; Mr, Myotis ricketti; SK, Scotophilus kuhlii.
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line) motifs, which are important for interactions with the cell
surface integrins �v�3 and �v�5 (27) and integrin �4�1, respec-
tively (12). It is not clear whether bat AdV no longer requires
these functional motifs or whether they are replaced by other
yet-to-be-identified structural components.

When partial sequences of the pol genes of different bat
AdVs were examined by PCR surveillance of 350 bat fecal
samples, two conclusions were drawn. First, bat AdVs are
present in a wide range of different bat species, ranging from
microbats to fruit bats. Among the species surveyed, AdVs
appeared to be most abundant in the genera Myotis and S.
kuhlii. Second, bat AdVs present in different bat species dis-
play great genetic diversity. This is true for sequences detected
in different members of the genus Myotis and among different
individuals of the same species, M. horsfieldii, at a single loca-
tion. The great genetic diversity of viruses among the same
species of bats at the same location has been observed for
RNA viruses in the past as one of the unexplained features of
bat viruses that is rarely seen for other animal viruses (4, 23, 29,
31). Here we have demonstrated this again for a DNA virus.
The genetic diversity of bat viruses is an interesting and im-
portant observation that requires further investigation.

Based on this discovery from our limited surveillance work,
it can be predicted that bat AdVs are prevalent in more bat
species and in more geographic locations. Further epidemiol-
ogy work is required to fully appreciate the genetic diversity
and distribution of bat AdVs in China and elsewhere.

Human AdV 5 (Ad5) is widely used as a vector for gene
therapy or a vaccine. A major hurdle to the successful clinical
use of the AdV vector is the preexisting neutralizing antibodies
to the viral vector (2). Thus, AdV vectors derived from immu-
nologically distinct viruses could potentially be advantageous
in that regard. A recent report suggested that CAV-2 and
recombinant HAd5/CAV-2 vectors may be the antithesis of
Adenoviridae immunogenicity and that each one may have spe-
cific clinical advantages (19). The main structural proteins
(penton and hexon) of BtAdV-TJM share amino acid se-

quence identities of 56 to 62% and 68 to 71%, respectively,
with those of human AdVs. In addition, the GC content, which
is recognized by the innate immune system (1), is high in the
bat AdV genome. Both of these features suggest that bat AdV
might be an ideal substitute for existing AdV vectors applied in
gene therapy and vaccine delivery for humans.

Bats have been reported to be natural reservoirs of many
viruses, including henipaviruses, lyssaviruses, filoviruses, coro-
naviruses, and astroviruses. Most bat viruses discovered to date
are RNA viruses. Here we have extended this trend of bat virus
discovery into a group of highly diverse DNA viruses. In ad-
dition, we have also discovered a group of genetically diverse
adeno-associated viruses (AAVs) in the same sample collec-
tion used in this study (our unpublished data), which provided
further support to our results presented in this paper, as most
AAVs are associated with AdVs. Our findings, together with
the discovery of bat herpesvirus (26) and AdVs (16, 22) by
others, revealed that bats carry diverse DNA viruses as well.
Considering the wide host range and geographic locations of
bat AdVs and more contact between humans and bats, there is
a need to conduct future research into the potential spillover of
these virus into human and domestic animal populations and
their pathogenic potentials in spillover hosts.
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