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Evolution and Cryo-electron Microscopy
Capsid Structure of a North American
Bat Adenovirus and Its Relationship to
Other Mastadenoviruses

Nicole Hackenbrack,® Matthew B. Rogers,® Robert E. Ashley,® M. Kevin Keel,*
Steven V. Kubiski,<* John A. Bryan,c Elodie Ghedin,** Edward C. Holmes,
Susan L. Hafenstein,® ©© Andrew B. Allison<ef

Department of Medicine, The Pennsylvania State College of Medicine, Hershey, Pennsylvania, USA#;
Department of Computational and Systems Biology, Center for Vaccine Research, University of Pittsburgh,
Pittsburgh, Pennsylvania, USAP; Southeastern Cooperative Wildlife Disease Study, College of Veterinary
Medicine, University of Georgia, Athens, Georgia, USA<; Marie Bashir Institute for Infectious Diseases and
Biosecurity, School of Life and Environmental Sciences and Sydney Medical School, University of Sydney,
Sydney, New South Wales, Australia; Baker Institute for Animal Health, Department of Microbiology and
Immunology, College of Veterinary Medicine, Cornell University, Ithaca, New York, USA¢; Department of
Biomedical Sciences and Pathobiology, Virginia-Maryland Regional College of Veterinary Medicine, Virginia
Tech, Blacksburg, Virginia, USA®

ABSTRACT Since the first description of adenoviruses in bats in 2006, a number of
micro- and megabat species in Europe, Africa, and Asia have been shown to carry a
wide diversity of adenoviruses. Here, we report on the evolutionary, biological, and
structural characterization of a novel bat adenovirus (BtAdV) recovered from a
Rafinesque’s big-eared bat (Corynorhinus rafinesquii) in Kentucky, USA, which is the
first adenovirus isolated from North American bats. This virus (BtAdV 250-A) exhibits
a close phylogenetic relationship with Canine mastadenovirus A (CAdV A), as previ-
ously observed with other BtAdVs. To further investigate the relationships between
BtAdVs and CAdVs, we conducted mass spectrometric analysis and single-particle
cryo-electron microscopy reconstructions of the BtAdV 250-A capsid and also ana-
lyzed the in vitro host ranges of both viruses. Our results demonstrate that BtAdV
250-A represents a new mastadenovirus species that, in contrast to CAdV, has a
unique capsid morphology that contains more prominent extensions of protein IX
and can replicate efficiently in a phylogenetically diverse range of species. These
findings, in addition to the recognition that both the genetic diversity of BtAdVs and
the number of different bat species from disparate geographic regions infected with
BtAdVs appears to be extensive, tentatively suggest that bats may have served as a
potential reservoir for the cross-species transfer of adenoviruses to other hosts, as
theorized for CAdV.

IMPORTANCE Although many adenoviruses are host specific and likely codiverged
with their hosts over millions of years, other adenoviruses appear to have emerged
through successful cross-species transmission events on more recent time scales.
The wide geographic distribution and genetic diversity of adenoviruses in bats and
their close phylogenetic relationship to Canine mastadenovirus A (CAdV A) has raised
important questions about how CAdV A, and possibly other mammalian adenovi-
ruses, may have emerged. Although most adenoviruses tend to cause limited dis-
ease in their natural hosts, CAdV A is unusual in that it may cause high morbidity
and sometimes fatal infections in immunocompetent hosts and is thus an important
pathogen of carnivores. Here, we performed a comparative evolutionary and struc-
tural study of representative bat and canine adenoviruses to better understand the
relationship between these two viral groups.
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he family Adenoviridae comprises a large group of double-stranded DNA (dsDNA)

viruses that infect a diverse range of hosts, including mammals, birds, reptiles,
amphibians, and fish (1). Although genera such as Mastadenovirus, Aviadenovirus, and
Ichtadenovirus are class specific in their host range (i.e., classes Mammalia, Aves, and
Pisces, respectively), other genera, such as Atadenovirus and Siadenovirus, include
viruses that infect a wide range of hosts, including amphibians, reptiles, birds, placental
mammals, and marsupials (2). Although it has been proposed that most adenoviruses
have codiverged with their hosts over long evolutionary time scales, particularly since
a number of adenoviruses appear to be host restricted to a single or few species, the
wide host range of other adenoviruses (particularly members of the genus Atadenovi-
rus) suggests that host switching has also played an important role in adenovirus
evolution (2-4). Recently, an adenovirus outbreak among captive titi monkeys (Calli-
cebus cupreus), characterized by fulminant pneumonia and hepatitis, was documented
in a California research facility (5). Since the outbreak resulted in high case fatality rates,
it was suggested that this newly discovered virus (titi monkey adenovirus [TMAdV])
might have jumped into titi monkeys from an unknown reservoir host, possibly
cohoused macaques (5). Moreover, respiratory disease and seropositive convalescent-
phase sera in both a researcher who handled the monkeys and one of his family
members potentially suggested that cross-species transmission of TMAdV from mon-
keys to humans had occurred, followed by human-to-human transmission (5). This
unique case demonstrates that cross-species transmission of adenoviruses can occur
and should be regarded as a potential source of zoonotic infections.

Although bats have long been recognized as an important reservoir for a variety of
different viruses such as lyssaviruses (6, 7), the number of novel viruses recovered from
bats has dramatically increased in recent years due to a combination of advances in
metagenomic analysis (8-10) and increased surveillance and sampling of bats in
response to the discovery of their potential roles in harboring high-risk human patho-
gens such as severe acute respiratory syndrome (SARS)-like coronaviruses (11, 12),
filoviruses (13), hantaviruses (14), and henipaviruses (15, 16). The discovery of bat
adenoviruses (BtAdVs) is relatively recent, with the first, BtAdV-1 (strain FBV-1), isolated
in 2006 from primary cell cultures derived from the spleen of a healthy Ryukyu flying
fox (Pteropus dasymallus yayeyamae, suborder Megachiroptera) in Japan (17). Since
then, a multitude of bat species, primarily those of the suborder Microchiroptera
(comprising the majority of microbat families) (18, 19), have been shown to harbor
adenoviruses (20-30). Formerly, only two of these viruses, BtAdV-2 (strain PPV-1),
isolated from a common pipistrelle (Pipistrellus pipistrellus) in Germany (20, 23), and
BtAdV-3 (strain TJM), recovered from a Rickett’s big-footed bat (Myotis ricketti) in China
(21), have been extensively characterized genetically. Since BtAdV-3 was the first virus
in which the nearly full genome was sequenced, it has been designated the prototype
bat adenovirus species, Bat mastadenovirus A, within the genus Mastadenovirus, family
Adenoviridae, with BtAdV-2 being recently proposed as Bat mastadenovirus B (31).
However, recent surveillance studies have identified novel adenoviruses from Chinese
rufous horseshoe bats (Rhinolophus sinicus) whose genomes are considerably divergent
from BtAdV A and B (32), greatly expanding the known diversity of BtAdVs. Neverthe-
less, with a few exceptions (33), little is currently known regarding the ecology,
epizootiology, and molecular biology of BtAdVs.

Here, we characterized the complete genome of a novel bat adenovirus (BtAdV
isolate 250-A) recovered from a Rafinesque’s big-eared bat (Corynorhinus rafinesquii)
from Kentucky, USA. Although a partial sequence of protein VIl from another bat
adenovirus was previously detected in guano obtained from a roost of pallid bats
(Antrozotus pallidus) in California (8), BtAdV 250-A represents the first bat adenovirus
isolate in North America. We investigated the phylogenetic relationships of bat adeno-
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FIG 1 Host species from which bat adenovirus (BtAdV) 250-A was isolated and morphology of purified
virions. (A) Two adult Rafinesque’s big-eared bats (Corynorhinus rafinesquii) roosting in a building in
Mammoth Cave National Park (MCNP), Kentucky, the site of isolation of BtAdV 250-A (photo courtesy of
Tom UhIman). (B) Rafinesque’s big-eared bats hibernating in a cave in MCNP. Note the densely packed
clusters formed by the bats during winter hibernation (photo courtesy of Steven Thomas, National Park
Service). (C) Transmission electron micrograph of BtAdV 250-A virions negatively stained with uranyl
formate, showing particles of icosahedral symmetry ~90 nm in diameter (scale bar, 100 nm). (D)
High-magnification view (52,476 X) of BtAdV 250-A virions clearly showing the long flexible fiber proteins
with their C-terminal knob domain visible (adjacent to the orange circles). Note an apparent kink
(arrowhead) in the fiber protein, suggesting a potential hinge region imparting flexibility. Also high-
lighted is the hexon protein, which comprises the bulk of the adenovirus capsid, where 12 hexons form
each of the 20 icosahedral facets of the particle (i.e., 240 copies per virion) (scale bar, 100 nm).

viruses to other mastadenoviruses, particularly Canine mastadenovirus A (CAdV A), since
CAdVs were hypothesized to have originated by interspecies transfers of adenoviruses
from bats (23). In addition, we performed comparative studies on the biological
properties of BtAdVs and CAdVs to determine their in vitro host ranges and how these
ranges may have been shaped by their evolutionary history. Finally, we conducted mass
spectrometry on purified BtAdV virions and performed single-particle cryo-electron
microscopy (cryo-EM) reconstructions of the BtAdV 250-A capsid and compared the
resolved structure to that of CAdV A, allowing us to examine the structural changes
associated with the phylogenetic divergence between the two groups.

RESULTS

Gross and microscopic analysis of Rafinesque’s big-eared bats. Rafinesque’s
big-eared bats are an insectivorous species of microbat belonging to the family
Vespertilonidae (commonly known as vesper or evening bats) and are a resident species
in Mammoth Cave National Park (34) (Fig. 1A and B). The three bats submitted for
diagnostic evaluation were juvenile males, weighing between 3.7 and 6.4 g. Due to the
severe autolysis of specimen 250-C and its omission from virus isolation attempts, only
bats 250-A and -B will be discussed. Gross lesions in bat 250-A included moderate,
subacute, multifocal, fungal cellulitis in the patagium and moderate, acute, multifocal
hemorrhage and emaciation of the carcass. Microscopically, in bat 250-A, there were
focal areas of hyperkeratosis, serocellular crusts with numerous degenerate neutrophils,
and perivascular accumulations of mononuclear cells in the patagium. The lungs, liver,
kidneys, spleen, brain, and intestinal tract had evidence of bacterial growth that was
consistent with postmortem colonization. Bat 250-B had similar gross and microscopic
lesions, including malnutrition, a focus of round to oblong fungal spores mixed with
keratinic debris in the patagium, and widespread postmortem colonization of bacteria
in multiple tissues. Culture of samples of patagium and muzzle submitted for white
nose syndrome testing revealed growth of multiple fungal contaminants, but no
Pseudogymnoascus (Geomyces) species were isolated. Fluorescent antibody testing for
rabies virus on brain samples was negative for both bats.

Virus isolation and initial characterization. From gastrointestinal tissue samples
taken from bat 250-A, a virus was isolated in Vero cell culture on passage 2. Brain,
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trachea, and heart samples from bat 250-A were negative for virus isolation. Degener-
ate primers based on an alignment of the DNA polymerase (Pol) sequences of various
adenoviruses were used to amplify a 427-bp sequence from DNA extracted from an
infected Vero cell culture. BLAST analysis of the primer-less product showed the highest
nucleotide identity (74.6%) to CAdV-1, demonstrating the virus was a novel adenovirus,
which was also confirmed by transmission electron microscopy (Fig. 1C and D). Due to
postmortem autolysis in tissues from bat 250-A, whether the adenovirus infection was
inapparent or induced pathological changes could not be conclusively determined,
although the lack of virus isolation from peripheral tissues suggested the infection was
likely localized (i.e., to the gastrointestinal tract) rather than systemic.

Genomic sequencing. The BtAdV 250-A genome is 31,481 nucleotides (nt) in length
and is thus slightly shorter than either BtAdV A (isolate TJM [31,806 nt]) or BtAdV B
(isolate PPV1 [31,616 nt]). In the BtAdV 250-A genome, 31 open reading frames (ORFs)
were found with recognizable similarity to known adenovirus proteins, with the in-
verted terminal repeats (ITRs) being 239 nt in length, within the range of other
mastadenoviruses (93 to 371 nt) (1). The complete genomic organization of BtAdV
250-A, as well as its protein identities to other closely related BtAdVs and CAdV
serotypes 1 and 2, is shown in Fig. 2.

The BtAdV 250-A genome shared a nucleotide identity of 72.7% to BtAdV A and
68.7% to BtAdV B. Similarly, the BtAdV 250-A genome shared nucleotide identities of
68.6 and 69.9% to CAdV-1 and CAdV-2, respectively. In contrast, comparisons of BtAdV
250-A to the recently sequenced genomes of BtAdVs from horseshoe and bent-wing
bats from China (BtAdV WIV9-WIV13) exhibited only a 54.8 to 56.2% nucleotide identity
(32). Comparison of the full-length Pol protein sequence of BtAdV 250-A to BtAdV A and
BtAdV B demonstrated 23.3 to 26.7% amino acid divergence, thus substantiating its
tentative designation as a new adenovirus species (i.e, >5 to 15% distance in Pol
amino acid sequence constitutes species demarcation, in association with a lack of
cross-neutralization if antisera were available) (1). In proteome comparisons between
BtAdV-250, BtAdV A, BtAdV B, and the two serotypes of CAdV A, the hexon protein had
the highest amino acid conservation (87.7 to 90.4% identity), whereas the E4 ORF C
protein was the most divergent sequence (20.9 to 49.2% identity). Although BtAdV
250-A shared the highest amino acid identity to BtAdV A in 25 of 31 cognate proteins,
it was most similar to CAdV-2 in the fiber (58.9%), IX (63.0%), and Pol (77.7%) proteins.

The BtAdV 250-A penton did not contain an Arg-Gly-Asp (RGD) motif, common in
many human AdVs (HAdVs) and used to bind to the cell surface integrins o35 and
ayBs after initial coxsackievirus AdV receptor (CAR) binding by the fiber protein (35).
The fiber protein of BtAdV 250-A is long (533 amino acids [aa]), although it is 9 aa
shorter than the CAdV-2 fiber and is missing the 17th repeat (36) based on amino acid
alignments (data not shown). However, BtAdV 250-A and CAdV-2 have recognizable
identity (58.1%) at the two bends predicted in the fiber shaft of CAdV-2 at repeats 4 and
10 (36).

As previously noted for BtAdV B (23), BtAdV 250-A contains two genes in its E3
region, 12.5K and ORF A, with the latter unique to BtAdV A and B, CAdVs, skunk
adenovirus (SkAdV), and equine mastadenovirus A (EAdV A) (23, 37, 38). In contrast,
newly identified BtAdVs from China contain three E3 region genes: 12.5K, E3ls, and E3l,
the latter being the largest adenovirus protein reported to date (32). The functional
roles of the E3 proteins in these viruses are currently unknown. The E4 region, which
contains six ORFs (ORFs 6/7, 34K, D, C, B, and A) in the BtAdV A and B genomes (21, 23),
is found at the right end of the genome, just upstream of the ITR. A number of the
genes in the E4 region are unique to mastadenoviruses (1) and, unlike other transcrip-
tion units, appear to encode proteins that have dissimilar functions (35). Analysis of the
BtAdV 250-A genome revealed the presence of an additional ORF (numbered as 32) in
the E4 region close to the right terminal end of the genome. This ORF, capable of
coding for a protein of 93 aa (putatively designated the E4 10.6K protein), partially
overlaps with the 5" end of E4 ORF A (Fig. 2A and B). Although other potentially coding
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pol DCB
B E4 ORF
ORF Gene/protein  Known or proposed description Nonstructural or  Transcription Coding Gene Protein Protein Genomic Percent amino acid identity:
number d ion and/or function of protein® structural protein patternb strategy”  (nt) (aa) (kDa) position BtAdV-2 BtAdV-3 CAdV-1 CAdV-2
ITR Form panhandles for replication NAY NA NA 239 NA NA 1-239 NA NA NA NA
1 E1A Transcriptional activator Nonstructural Early r-strand 681 226 243 522-1005 + 56.0 46.5 50.5 51.4
1083-1279
2 E1B small Small T-antigen Nonstructural Early r-strand 546 181 204 1412-1957 39.6 59.4 40.5 44.8
3 E1B large Large T-antigen Nonstructural Early r-strand 1353 450 49.0 1792-3144 57.5 4.7 53.0 55.1
4 IX Minor capsid protein Structural Intermediate  r-strand 306 101 10.8 3211-3516 59.2 62.9 61.0 63.0
5 Va2 DNA packaging ATPase (in core) Structural Early I-strand 1350 449 50.8 3524-4860 + 76.8 79.6 75.8 78.9
5139-5151
6 pol DNA polymerase Nonstructural Early |-strand 3432 1143 128.5  4624-8046 + 76.7 73.3 76.7 7.7
12,560-12,568
7 pTP Terminal protein (in core) Structural Intermediate  I-strand 1824 607 70.1 7902-9716 + 87.0 88.8 86.5 88.2
12,560-12,568
8 52K DNA packaging protein Nonstructural Late r-strand 1188 395 44.7 9753-10,940 79.0 3.2 82.0 83.0
9 plila Minor capsid protein Structural Late r-strand 1722 573 64.0 10,825-12,546 83.3 85. 82.8 83.5
11l (Penton) Major capsid protein Structural r-strand 12,567-14,027 & 5
il pVil Major core protein Structural Late r-strand 396 131 14.7 14,055-14,450 77.2 78.5 79.2 77.8
il7) \ Minor core protein Structural Late r-strand 1218 405 45.4 14,529-15,746 66.9 74.8 69.0 70.3
13 PX (1) Minor core protein Structural Late r-strand 210 69 7.6 15,768-15,977 81.2 4.1 83.8 79.7
14 pVi Minor capsid protein Structural Late r-strand 816 271 29.5 16,025-16,840 74.7 82. 81.0 80.6
Il (Hexon) Major capsid protein Structural r-strand 16,852-19,641 . E
16 AVP Cysteine endopeptidase (in core) Structural Late r-strand 621 206 232 19,649-20,269 80.6 89.3 80.6 84.0
17 DBP DNA binding protein Nonstructural Early I-strand 1248 415 46.7 20,311-21,558 73.0 80.0 71.0 71.0
18 100K Hexon scaffold protein Nonstructural Early r-strand 2067 688 76.9 21,717-23,783 79.9 1.5 77.8 78.2
19 33K DNA packaging/assembly protein Nonstructural Intermediate  r-strand 498 165 18.8 23,668-23,809 + | 64.1 77. 67.6 65.5
23,922-24,277
20 22K DNA packaging/cell death protein Nonstructural Intermediate  r-strand 471 157 17.8 23,668-24,138 59.0 68.2 65.8 67.5
21! pVvill Minor capsid protein Structural Early r-strand 669 222 24.4 24,281-24,949 84.7 86.5 78.2 83.2
22 E312.5K Immunomodulatory protein Nonstructural Early r-strand 357 118 133 24,936-25,292 50.4 58.5 50.4 58.5
23 E3 ORFA Immunomodulatory protein Nonstructural Early r-strand 1158 385 42.8 25,317-26,474 44.7 59.. 313 46.3
24 U exon Replication center protein Nonstructural Intermediate  I-strand 55 168 6.4 26,484-26,651 74.6 74. 72.2 66.7

32°

IV (Fiber)
E4 ORF 6/7

E4 ORF 34K
E4 ORFD

E4 ORFC

E4 ORF B

E4 ORFA

E4 ORF 10.6K
ITR

Major capsid protein
Transcriptional activator

p53 and p73 inhibitor

Cell cycle arrest/cell death inducer
Antiviral/DNA repair response inhibitor
Unknown

Oncoprotein

Unknown; small transmembrane protein
Form panhandles for replication

Structural
Nonstructural

Nonstructural
Nonstructural
Nonstructural
Nonstructural
Nonstructural
NA

NA

Early

Early
Early
Early
Early
Early
NA

NA

r-strand
I-strand

I-strand
I-strand
I-strand
I-strand
I-strand
|-strand
NA

291

786
381
423
360
396
282
239

96

261
126
140
119
131
93
NA

10.7

30.1
145
153
135
145
10.6
NA

26,650-28,251
28,281-28,520 +
29,256-29,306
28,521-29,306
29,307-29,687
29,647-30,069
30,090-30,449
30,531-30,926
30,862-31,143
31,243-31,481

4.3

50.0 66.3 43.0 40.7
47.9 619 47.1 50.6
31.0 66.7 34.7 40.3
20.9 49.2 27.9 25.2
57.1 78.2 63.0 68.9
57.3 66.4 53.44 57.3

NA NA NA NA

NA NA NA NA

?Function/identity of BtAdV proteins is based on the characterization of human mastadenoviruses (HAdVs). Note that many proteins, especially those encoded in the E3 and E4 regions, can differ
significantly among species within the Mastadenovirus genus and thus BtAdV proteins may have different biological functions than those indicated for HAdVs (1). Also note that many proteins may
have multi-functional roles which are not represented here due to space contraints.

®Transcription patterns are based on those deduced for BtAdV A (isolate TIM) in Myotis davidii cells (33).

“Coding strategy indicates that mRNAs are transcribed from either the r-strand (top rightward reading strand) or I-strand (bottom leftward reading strand).

9INA: not available and/or applicable.

ORF 32 is hypothetical and based solely on bicinformatic analysis.

FIG 2 Genomic organization of BtAdV 250-A. (A) The 31,481-nt genome of BtAdV 250-A is shown. The inverted terminal repeats (ITRs) found at the ends of the genome
are highlighted in royal blue, with genes transcribed from left to right (from the top DNA strand) shown above the blue-gray solid line, and those transcribed from
right to left (from the bottom DNA strand) are indicated below. Genes that are believed to be spliced are indicated by two genetic elements that are connected by
adjoining lines in a “V" or “V" pattern. (B) The 31 ORFs identified in the BtAdV 250-A genome that share homology to other BtAdVs and canine mastadenoviruses
(CAdVs) are shown. All 13 tentative structural proteins are highlighted with shading: (i) the three major capsid proteins—II (hexon), il (penton), and IV (fiber)—found
on the particle surface (blue), (ii) four minor capsid/cement proteins—Illa, VI, VI, and IX—found on or just beneath the particle surface (green), and (iii) six core
proteins—IVa2, V, VII, X, TP, and the adenovirus protease (AVP)—found internally (gray). The percent amino acid identity of the BtAdV 250-A proteins to other viruses
was determined using the following GenBank accession numbers: BtAdV 250-A (KX871230), BtAdV A (NC_016895), BtAdV B (JN252129), CAdV A (CAdV-1) (AC_000003),
and CAdV A (CAdV-2) (AC_000020). The virus sharing the highest degree of amino acid identity to BtAdV 250-A for each protein is underlined. A lowercase “p”
preceding a protein’s name (i.e., pTP, pllla, pVI, pVII, pVIll, and pX) indicates a precursor form of the protein that is subsequently cleaved by the AVP.
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ORFs were detected throughout the genome (not shown), the locality of the 10.6K ORF
(between the ITR and the last gene) and its predicted topology (below) suggested that
it was a good candidate for a new gene. WU-BLAST of the E4 10.6K gene product
demonstrated a 34.0% amino acid identity to major facilitator superfamily (MFS)
bacterial transporters, which include permeases involved in secondary active transport
of small solutes, such as ions, across cellular membranes (39). Secondary structure
analysis of the E4 10.6K protein predicted the presence of a central transmembrane
domain, although its length differed depending upon the program used (e.g., Phyre2
[aa 24 to 53], Phobius [aa 30 to 48], and HMMTOP [aa 40 to 64]). Since the protein’s
short length (93 aa) and predicted central transmembrane domain are potentially
suggestive of a viroporin-like or other ancillary small viral transmembrane protein (40),
future work will be aimed at determining if a protein is indeed expressed from this ORF
and what its potential function may be.

Mass spectrometry of purified BtAdV 250-A virions. SDS-PAGE analysis of puri-
fied virus demonstrated at least six prominent, discrete bands ranging from approxi-
mately 10 to 100 kDa in estimated molecular mass. To conclusively determine the
identity of these proteins, each band was excised from SYPRO Ruby-stained SDS gels
(10% Tris-glycine gels for bands of >20 kDa and 10 to 20% Tris-Tricine gels for bands
of <20 kDa) and analyzed by nano-scale high-performance liquid chromatography
coupled to tandem mass spectrometry (nano-HPLC-MS/MS). The mastadenovirus par-
ticle is reported to be composed of 13 proteins: seven capsid proteins (hexon [ll],
penton [lll], llla, fiber [IV], VI, VIII, and 1X), and six core proteins (IVa2, V, VI, X, TP, and
the adenovirus protease [AVP]) (41). The capsid is formed by three major proteins: 240
copies of the trimeric hexon which forms the bulk of the particle, and 12 pentons and
their associated 12 fibers (extending from the pentons) which are found at the 5-fold
vertices (35). The remaining four capsid proteins (llla, VI, VIIl, and IX) are referred to as
minor or cement capsid proteins, since they stabilize the capsid through their interac-
tions with the hexons and pentons (35).

Mass spectrometric analysis of purified BtAdV 250-A virions identified all seven
capsid proteins. In infectious virions, three of these proteins—Illa, VI, and Vlll—are
cleaved from precursor (p) forms by the AVP, such that their molecular masses would
be lower than expected for intact preproteins. The estimated molecular masses for the
cleaved products of the BtAdV 250-A pllla, pVI, and pVlll, along with the core pVIi
protein (shown below), were based on the conserved protease cleavage sites identified
in HAdVs (i.e., [M/I/LIXGX-G and/or [M/I/L]IXGG-X) (42, 43), which were also present in
BtAdV 250-A. However, of note, the pllla protein does not contain the N-terminal
LXGX-G site found in HAdVs (42) but rather a homologous FXGX-G maotif; thus, it is
currently uncertain if this site is cleaved.

The largest and most abundant band, migrating at ~110 kDa, was the hexon protein
(with an estimated molecular mass of 103.5 kDa) (Fig. 3). Between the 50- and 75-kDa
protein markers, at least three closely migrating bands were observed. The majority
proteins identified in these three bands (after further separation) were protein V (ca.
454 kDa; upper band), protein llla (ca. 61.9 or 64.0 kDa for the cleaved or intact
precursor, respectively; middle band), and a mixture of fiber and penton proteins (ca.
56.1 and 54.5 kDa, respectively; bottom band) (Fig. 3). Thus, protein V migrated more
slowly than would be expected, possibly owing to its basic nature (pl = 10.6). Protein
VI (ca. 1.4, 3.4, and 24.7 kDa for the cleavage products), a multifunctional cement
protein (35), migrated between the 25- and 37-kDa markers (Fig. 3). As expected, only
peptides corresponding to the 24.7-kDa fragment were detected in the band; in
addition, the predicted terminal 236-IVGV-G-2¢" cleavage site in protein VI (42) was
confirmed by peptide sequencing. The lowest band (migrating at approximately =10
kDa) contained peptides corresponding to the minor capsid proteins VIII (ca. 4.5, 7.7,
and 12.2 kDa for the cleavage products) and IX (ca. 10.8 kDa), along with the core
protein VIl (ca. 2.4 and 12.3 kDa for the cleavage products) (not shown). Four core
proteins—IVa2, TP, X, and AVP—were not detected in any bands; proteins IVa2, TP, and
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FIG 3 Mass spectrometry of purified virions of BtAdV 250-A. Purified virus was analyzed by SDS-PAGE,
and individual protein bands were excised and subjected to nano-HPLC-MS/MS. Peptide sequencing
identified the three major capsid proteins (hexon, fiber, and penton), the four minor capsid/cement
proteins (llla, VI, VIII, and 1X), and two of the six core proteins (V and VII). Note that the lower band in the
central group of triplet bands was a mixture of both fiber and penton proteins (estimated molecular
masses of 56.1 and 54.5 kDa, respectively). Peptides corresponding to proteins VII, VIIl, and IX were
detected in a band migrating at approximately =10-kDa (not visible after separation of the V-llla-fiber-
penton cluster).

AVP may have been present in the gel but were faint due to their very low abundance
(<10 copies in the case of HAdVs) within the particle (42). No cellular proteins (more
than two identified peptides) were detected within BtAdV 250-A particles.

Cryo-EM reconstruction of the BtAdV 250-A capsid. To better understand the
structural similarities and/or differences that exist between BtAdVs and other AdVs for
which cryo-EM or X-ray crystallographic structures are available (e.g., 36, 44-47), in
particular CAdV A, a 3-D reconstruction of BtAdV 250-A capsid was calculated. The
surface rendition of the BtAdV capsid showed a prototypical mastadenovirus morphol-
ogy (Fig. 4A), with a penton protein present at each of the 12 5-fold axes, and the base
stalk of the elongated fiber (that extends from the center of the penton) visible. Twelve
individual hexon trimers can be viewed within one triangular icosahedral facet, thereby
demonstrating that the core capsid structure is composed of 240 hexons. The cross-section
of the map revealed the internal densities of these three major capsid proteins (hexon,
penton, and fiber), along with the density of the 31.4-kb dsDNA genome which appears
amorphous (disorganized) since it lacks the icosahedral symmetry of the capsid, and
therefore this density does not represent the true position of the genome within the capsid
(Fig. 4B). The density displayed by the structural proteins in the central section confirmed
the quality of the map (Fig. 4C) and the Fourier shell correlation curve indicated a resolution
of 17.9 A at a Fourier shell correlation of 0.5 (Fig. 4E).

To compare the BtAdV 250-A capsid to other mastadenoviruses, the 12-A resolution
map of CAdV A (CAdV-2) (36) and the 3.6-A resolution map (45) of Human mastade-
novirus C (HAdV C) serotype 5 (HAdV-5) were rendered. The three maps revealed similar
morphologies of prototypical adenovirus particles (Fig. 5A), including the five hexons
adjacent to the pentons, known as the peripentonal hexons, being more elevated than
hexons in other locations of the capsid (Fig. 5B). In addition, protein IX in BtAdV (protein
designation based on the CAdV-2 structure [36]), which is a flexible cement protein
found on the outer capsid (47-49), was noticeably prominent. Protein IX extends
outward from the capsid similar to CAdV-2 (36), although more pronounced and is also
reminiscent of the extensive protrusion of LH3 observed in the Ovine atadenovirus D
(OAdV D) serotype 7 capsid (44). However, protein IX appears detached from the capsid
in the BtAdV central section and surface-rendered map due to weak connecting density
(Fig. 4C, arrowhead; Fig. 5A and B). Other minor capsid proteins that lie either at the
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FIG 4 Three-dimensional reconstruction of the BtAdV 250-A capsid. (A) The surface-rendered BtAdV map

74

is colored

according to radius (key) to illustrate the topology of the capsid. An asymmetric unit is highlighted (white) with the
axes of icosahedral symmetry denoted by an oval (2-fold), triangle (3-fold), and a pentagon (5-fold). Only a short

portion of the fiber (Fi) protein, shown extending from the penton (Pe) base at the 5-fold axis,

could be

reconstructed due to its flexible nature (see full-length protein in Fig. 1D). Hexon (He) proteins are also denoted.
(B) A cross section of the BtAdV particle, color-coded by radius, reveals a disordered genome (red) and the internal
structures of the hexons and pentons that comprise the capsid shell. (C) The central cross-section of BtAdV shows
external capsid densities are distinct, but less well defined internally. Weak density connects protein IX (arrowhead)
to the capsid. Scale bar, 10 nm. (D) Image of BtAdV capsids, embedded in vitreous ice, that were used for the
reconstruction. Scale bar, 100 nm. (E) The Fourier shell correlation is shown as a function of resolution indicating

17.9 and 13.7 A, where the curve crosses 0.5 and 0.143, respectively.

external base of the hexons and pentons in HAdVs, such as protein llla, or that form an
internal complex underneath the peripentonal hexons at each 5-fold axis, such as
proteins V, VI, or VIII (47), were not resolved. To directly compare the BtAdV 250-A
structure to that of CAdV-2, the surface maps of the two viruses were superimposed
(Fig. 5C). As anticipated, the densities of both viruses aligned well. Specifically, the
internal densities of the hexons, pentons, and N-terminal regions of the fiber overlap.

Phylogenetic analysis. A phylogenetic analysis of BtAdV 250-A was first undertaken
using a divergent set of penton amino acid sequences of viruses within the genus
Mastadenovirus. This phylogeny indicated a close relationship between BtAdV 250-A
and CAdV A, since they formed a monophyletic group with strong bootstrap support
(91%) (Fig. 6A). Although BtAdV A and B also clustered in this group, recently identified
BtAdVs from China (32) were much more divergent, falling in additional clades through-
out the phylogeny. Sequences of the Pol gene are also available for analysis, including
BtAdVs from micro- and megabats from India, Japan, and Hungary; however, the
sequence alignment is so short that it contains relatively little phylogenetic resolution
and thus was excluded from the analysis. A similar relationship to the penton phylog-
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FIG 5 BtAdV 250-A has a capsid morphology similar to CAdV-2 and a prominent protein IX extending from its
surface. (A) The surface-rendered maps of BtAdV 250-A, CAdV A (serotype CAdV-2) (EMDB 1462), and Human
mastadenovirus C (HAdV C; serotype HAdV-5) (EMDB 5172) are colored according to radius (key) to illustrate similar
topologies. In addition to the radial coloring, protein IX was highlighted in crimson in BtAdV and CAdV to
demonstrate its location and prominence in the capsid. Note that protein IX in BtAdV protrudes well beyond the
hexon proteins. (B) Magnification of the icosahedral 5-fold vertex of BtAdV. The five peripentonal hexons (purple),
which surround a single tulip-shaped penton base (green) with its central projecting fiber stalk (royal blue), are
visible. The C-terminal surface exposed spikes of two protein IX triskelions (crimson) are shown on the left. (C) The
central section of the superimposed structures of BtAdV 250-A (light blue) and CAdV-2 (dark blue) reveal
overlapping internal structural similarities between the viruses.

eny was found when analyzing a set of BtAdVs from Asia (China) and Europe (Germany,
Spain) using the hexon gene (Fig. 6B). The most striking feature of the hexon tree was
that BtAdV 250-A forms a monophyletic group with CAdVs, along with BtAdV A, BtAdV
B, and a greater noctule bat (Nyctalus lasiopterus) isolate from Spain (87% bootstrap
support). Hence, these results may suggest that BtAdV 250-A is more closely related to
CAdV than most other BtAdVs that have been identified to date. Although skunk and
equine AdVs also fell within this same clade (Fig. 6B), tentatively suggesting that BtAdVs
may have served as a common ancestor for other adenoviruses (which may in part be
a function of the wide geographical distribution of bats), the partial sequences of the
hexon gene and its variability within groups may also influence this phylogeny (50).
Clearly, the future analysis of additional complete hexon sequences may assist in
resolving evolutionary relationships. Finally, viruses from two of the Rhinolopus species
(horseshoe bats, family Rhinolophidae), which, together with the pteropodid megabats
and two other microbat families constitute the suborder Megachiroptera, clustered
with viruses recovered from microbats from the suborder Microchiroptera (genera
Myotis and Hypsugo) in the hexon tree, potentially suggesting mixing of viruses
between the two groups.

In vitro host range. Comparative growth curve analysis between BtAdV 250-A and
CAdV-1 demonstrated that there were marked differences in their ability to replicate in
different host cells. Although most mastadenoviruses tend to be restricted to one or a
few closely related hosts, BtAdV 250-A replicated efficiently in fox fibroblast (FoLu), dog
fibroblast (A72), ferret fibroblast (Mpf), opossum epithelial (OK), monkey epithelial (Vero
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FIG 6 Maximum-likelihood phylogenetic analysis of BtAdV 250-A with other mastadenoviruses. For both the penton and the hexon trees,
bootstrap values (>70%) are shown for key nodes. The structural location of the penton and hexon proteins in the BtAdV capsid are
shown in the central inset. BtAdV 250-A is highlighted by a blue branch and bat in each tree for reference. (A) Phylogenetic tree of the
amino acid sequences of the penton protein for member species of the genus Mastadenovirus (i.e., from a diversity of mammalian taxa).
The tree is midpoint rooted for clarity only, and horizontal branch lengths are scaled according to the number of amino acid substitutions
per site. GenBank accession numbers for the sequences used in the penton tree were as follows: BAdV-1 (YP_094036), BAdV-2
(NP_597922), BAdV-3 (AEW91335), BAdV-4 (NP_077393), BtAdV-2 (YP_004782104), BtAdV-3 (YP_005271186), BtAdV 250-A (KX871230),
BtAdV WIV9 (KT698853), BtAdV WIV10 (KT698854), BtAdV WIV11 (KT698855), BtAdV WIV12 (KT698856), BtAdV WIV13 (KT698852), CAdV-1
(NP_044193), CAdV-2 (AP_000617), EAdV-1 (AEP16413), EAdV-2 (YP_009162351), HAdV-1 (AP_000507), HAdV-3 (YP_002213774), HAdV-4
(AAW33302), HAdV-9 (YP_001974428), HAdV-12 (NP_040920), HAdV-40 (NP_040857), MAdV-1 (NP_015541), MAdV-2 (YP_004123742),
MAdV-3 (YP_002822211), PAdV-3 (YP_009205), PAdV-5 (NP_108662), SAdV-1 (YP_213970), SAdV-6 (AFG19591), SkAdV-1 (YP_009162592),
TMAdV (YP_007518317), and TSAdV-1 (YP_068064). (B) Evolutionary relationships between BtAdV 250-A and BtAdVs from Europe and Asia
were assessed using nucleotide sequences of the hexon gene. Closely related viruses (CAdV-1, CAdV-2, SkAdV-1, EAdV-1, EAdV-2, TSAdV-1,
and BAdV-3) as determined from the penton phylogeny in panel A, were also included in the analysis. The tree is rooted using the more
divergent sequence of Murine mastadenovirus A (MAdV A), and horizontal branch lengths are scaled according to the number of
nucleotide substitutions per site. GenBank accession numbers for the sequences used in the hexon tree were as follows: BAdV-3
(AF030154), BtAdV-2 (JN252129), BtAdV-3 (NC_016895), BtAdV 250-A (KX871230), BtAdV WIV9 (KT698853), BtAdV WIV10 (KT698854),
BtAdV WIV11 (KT698855), BtAdV WIV12 (KT698856), BtAdV WIV13 (KT698852), CAdV-1 (AC_000003), CAdV-2 (AC_000020), EAdV-1
(JN418926), EAdV-2 (KT160425), MAdV-1 (M81889), SkAdV-1 (KP238322), TSAdV-1 (AF258784), and BtAdV population set HM856327 to
HM856353 (courtesy of I. Casas, S. Vazquez, J. Juste, A. Falcon, C. Aznar, C. Ibanez, F. Pozo, G. Ruiz, J. M. Berciano, I. Garin, J. Aihartza, P
Perez-Brena, and J. E. Echevarria, National Centre of Microbiology, Madrid, Spain).

E6), and bat epithelial (Tb1Lu) cells, demonstrating a wide in vitro host range (Fig. 7).
In particular, titers over 107-° TCID5o,/ml were observed in primate (monkey), carnivore
(dog, fox), and marsupial (opossum) cells over the 10-day time course. In contrast, CAdV
only replicated efficiently (>10>° TCID5,/ml) in the carnivore cell lines tested (dog, fox,
and ferret cells), reaching the highest titer in gray fox cells (1092 TCID,/ml), the species
from which the virus was isolated. Interestingly, although no detectable replication of
CAdV was observed in noncarnivoran cells such as opossum or monkey cells, CAdV did
grow in bat cells (Tb1Lu) (Fig. 7). Although the CAdV titers in bat cells were compar-
atively low versus the three carnivore cell lines, most viruses do not propagate very
efficiently in this particular cell line (A. B. Allison, personal observation), including BtAdV
250-A. Nevertheless, the recognition that both BtAdV and CAdV replicated in bat cells
further reiterates their likely close phylogenetic relationship. Similar to what has been
observed with other BtAdVs (21), BtAdV 250-A also replicated in human cells lines such
as A549 and Hela cells (data not shown).

DISCUSSION

In this report, we present structural, biological, and evolutionary analyses of a novel
adenovirus (BtAdV 250-A) isolated from a Rafinesque’s big-eared bat. Notably, BtAdV
250-A represents the first isolation of a BtAdV in North America and further suggests
that BtAdVs are likely cosmopolitan in nature, despite their first discovery only a decade
ago (17). However, if BtAdV 250-A is host specific to Rafinesque’s big-eared bats, this
would suggest that its distribution in nature would be relatively restricted, since this
species is nonabundant and confined primarily to the southeastern United States (51,
52). Currently, there are two BtAdVs formally recognized as species by the International
Committee on Taxonomy of Viruses (ICTV): Bat mastadenovirus A (BtAdV-3) from China
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FIG 7 Comparative in vitro host ranges of BtAdV and CAdV. (A) Gray fox (FoLu), domestic dog (A72), domestic ferret (Mpf), African green monkey (Vero E6),
Virginia opossum (OK), and Brazilian free-tailed bat (Tb1Lu) cells were infected with either BtAdV 250-A or CAdV-1 (isolate 24-05), and viral titers (log,,
TCID4/ml) were measured at 2-day intervals over a 10-day period. BtAdV 250-A growth curves are shown in blue, whereas CAdV 24-05 growth curves are shown
in green. Note that although CAdV was host restricted to cells derived from members of the order Carnivora (fox, dog, and ferret) and bats, BtAdV 250-A
replicated efficiently in cells derived from a phylogenetically diverse group of mammals, including primates, as well as a marsupial species (opossum). The data
shown are from multistep single growth curve experiments performed in triplicate, with error bars indicating the standard deviations. (B) Cell morphology of
the cell lines used in panel A at day 6 postinfection with either BtAdV 250-A or CAdV 24-05. Note the induction of cytopathic effects by BtAdV in all of the cell

lines tested beside bat (Tb1Lu) cells.

and Bat mastadenovirus B (BtAdV-2) from Germany (31). In accordance with these
designations, we propose that BtAdV 250-A be recognized as a new species, similar to
the recently identified BtAdVs from China (32).

Although adenovirus evolution has long been thought to result from virus-host
codivergence, on occasion viral transfer to a new host is followed by successful
adaptation and sustained spread that may lead to the evolution of a novel virus (3). One
possible example of such a transfer appears to be the jump of BtAdVs into terrestrial
carnivores, resulting in the emergence of CAdV A (23). Our phylogenetic analysis of the
penton protein (Fig. 6A) further supported this notion, since in addition to the close
evolutionary relationship between BtAdV 250-A and CAdV A, various equine and bovine
mastadenoviruses fell in different clades across the phylogeny, suggesting cross-
species transmission events have shaped the evolutionary history of the genus. Nota-
bly, new BtAdVs from China (32) also fell in multiple clades, again suggestive of
cross-species transfers, although recent surveillance studies also suggest that the
unsampled diversity of AdVs is likely to be extensive (30). In contrast to recent
host-switching events, other parts of the penton phylogeny are suggestive of long-term
virus-host codivergence, such as the strong monophyletic clustering of primate and
rodent viruses. Interestingly, Chiroptera (bats) and Carnivora (e.g., domestic dogs and
foxes) are closely related in the mammalian phylogeny (53), tentatively suggesting that
they might be more conducive to cross-species transfers than more phylogenetically
distant orders. As a consequence, the emergence of CAdV may be an instance of
cross-species transmission within a background of codivergence.

Although our phylogenetic results are clearly compatible with the cross-species
transfer of an adenovirus from bats to carnivores, the large number of bat sequences
in the data set and the absence of those from other species may indicate a potential
ascertainment bias. For example, it is also possible that there are viruses that are
intermediate between BtAdVs and CAdVs presently circulating in other species that
have yet to be identified. The recent identification of an adenovirus closely related to
BtAdVs from a striped skunk (Mephitis mephitis) in Canada (37) supports this hypothesis.
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It is of interest, however, that recent surveillance studies in China and Hungary have
identified viruses in bats that appear to be more similar to CAdV than to other BtAdVs
(i.e., GenBank accession numbers AFG28283 and AlL52733) (26, 30); unfortunately, due
to the short length of these sequences (<100 amino acids of the Pol protein), it is
presently unclear whether they represent true intermediates between currently well-
characterized BtAdVs and CAdVs or possibly a chance spillover event of CAdV from
terrestrial carnivores into bats, suggesting that reciprocal transfers could be occurring.
To further clarify the evolutionary relationships between such viruses, a more thorough
genetic characterization of the wide diversity of BtAdVs that exist is required, in
addition to a more extensive sampling of adenoviruses from additional mammalian
hosts.

Most adenoviruses that infect mammals (i.e., mastadenoviruses and atadenoviruses)
cause relatively benign or subclinical infections, with severe clinical disease usually only
associated with predisposing factors such as immunosuppression or concurrent infec-
tions (54). Indeed, most adenovirus infections in bats appear to be mild or inapparent
(17, 23, 28). However, one notable exception among the mastadenoviruses is CAdV A,
which may induce severe clinical manifestations such as encephalitis, paralysis, hepa-
titis, ocular lesions, and respiratory disease in its normal carnivore hosts (e.g., dogs,
wolves, foxes, skunks, bears, and otters) and can be rapidly fatal (55-60). There are two
serotypes of CAdV A: CAdV-1, which is the etiological agent of infectious canine
hepatitis (61), and CAdV-2, which causes infectious tracheobronchitis (62). CAdV-1 was
first described as the etiological agent of encephalitis in foxes in the 1920s, with the
virus being first reported in domestic dogs in the 1930s and 1940s (63, 64). Whether the
virus was present in domestic dog populations prior to this time period is unknown.
Although there are a number of documented cases of dramatic increases in virulence
after the cross-species transmission of persistent DNA viruses from their normal,
reservoir hosts to new alternate hosts (65), which would be consistent with the
differential pathogenesis demonstrated between BtAdVs and CAdV A, the possible
increase in virulence of CAdV A could also be an adaptive trait that perhaps evolved to
increase transmissibility among carnivore hosts due to alternate routes of infection by
the virus (i.e., respiratory spread).

Previously, the cryo-EM structure of the CAdV A (CAdV-2) capsid was solved at a
resolution of 12 A (36). Although a slightly lower resolution of the BtAdV 250-A capsid
was achieved here (17.9 A; 0.5 Fourier shell correction), the reconstruction allowed for
a direct comparison between the BtAdV 250-A and CAdV-2 capsids to better under-
stand the overall structural changes imparted during their evolution and to compare
their structures to those reported for other adenoviruses (44-47). One striking feature
of BtAdV 250-A virions was the prominent extensions or spikes of protein IX (tentative
identity based on previous cryo-EM structures [36, 47, 66]) from the capsid surface. It is
of interest that a similar (albeit more pronounced) topology is observed in LH3 of
OAdV-7, the atadenovirus equivalent of protein IX, where LH3 forms prominent knobs
on the surface of the virus believed to be important in maintaining capsid stability (44).
Although the N-terminal portion of protein IX in BtAdV 250-A is well conserved relative
to CAdV-2 (87.5% amino acid identity in residues 1 to 40), which is likely dependent
upon the protein-protein interactions that occur between protein IX and the hexons
(47), the C terminus is considerably more variable (46.7% identity; residues 41 to 101).
Since this C-terminal region protrudes well beyond the distal tip of the hexons in BtAdV
250-A (Fig. 5A) and would form 80 trimers (240 molecules) on the surface of the virion
(47), it is possible that protein IX may play some, yet-to-be-identified, ancillary role in
host cell recognition and infection. Interestingly, virions lacking protein IX have been
shown to incorporate genomes into their capsids but are incapable of establishing
productive infections (67).

Unlike the more conserved hexon, penton, and N-terminal tail (amino acid residues
1 to 40) of the fiber protein, which had overlapping densities when BtAdV 250-A and
CAdV-2 internal capsid structures were superimposed (Fig. 5C), the C-terminal regions
of their fibers showed more limited conservation (58.6% amino acid identity; residues
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41 to 533). The elongated fiber in CAdV-2 (estimated to be 33 nm in length) has been
suggested to contain 18.5 repeats (15 to 21 aa per repeat), with the longest repeats
(hinge regions) likely imparting a greater degree of flexibility that may aid in subse-
quent integrin binding by the penton and increase infectivity (36, 68). Although the
full-length BtAdV 250-A fiber protein on the virion could not be reconstructed by
cryo-EM due to it being disordered as a consequence of its flexible nature, it likely
contains a similar topology to CAdV-2 based on transmission electron micrographs of
negatively stained virions (Fig. 1D) and the overall conservation of the two hinge
regions identified in the CAdV-2 stalk that would impart increased flexibility (36). In
addition, BtAdV 250-A shared a higher identity to CAdV-2 than to other BtAdVs (i.e.,
BtAdV A and B) when comparing the level of amino acid conservation in their fiber
proteins.

In vitro host range comparisons demonstrated that CAdV A (CAdV-1) was generally
restricted in its ability to replicate in various hosts outside of the order Carnivora,
whereas no such host restriction was observed with BtAdV 250-A, since it replicated to
high titers in cell lines from multiple divergent mammalian species (Fig. 7). This finding
would tentatively be compatible with the potential for successful cross-species trans-
mission of BtAdVs, in addition to their wide geographical distribution. Although CAdV-1
did not replicate in cells derived from noncarnivoran hosts such as primate or marsupial
cells as did BtAdV, it did grow in bat cells, further demonstrating the close relationship
between bat and carnivore viruses. Whether the fiber proteins of BtAdVs use the CAR
to infect cells, as does CAdV-2 (69), is currently unknown. Although a RGD o35 and
ayBs integrin-binding motif is absent in the BtAdV 250-A penton (as it is in CAdV-2)
(36), a Leu-Asp-Val (LDV) motif— used by other AdVs to bind to alternate integrins such
as a,f3; (70)—was present in protein llla, a minor cement protein that was abundant in
BtAdV 250-A capsids (Fig. 3) and is found on the surface exterior near the penton base
in HAdVs (47). Although no role of protein Illa has been ascribed in integrin binding, we
found the LDV motif conserved in BtAdV 250-A, BtAdV-2, BtAdV-3, CAdV-1, and CAdV-2.
Mutagenesis and subnanometer or near-atomic cryo-EM reconstructions of BtAdV
250-A or other BtAdVs in the future will help to resolve any potential roles such minor
capsid proteins (e.g., proteins llla and IX) may play in the viral life cycle and also confirm
their positions in the capsid. As exemplified by TMAdV (5), a better understanding of
the natural host ranges and mechanisms of infection of adenoviruses may be insightful
in determining their potential propensity to cross species barriers.

As more research is oriented toward determining the diversity of viruses in insec-
tivorous and fruit bat species around the world, the number of BtAdVs detected will
likely continue to increase, as reiterated by recent surveillance studies (30, 32). Such
findings will shed more light on the evolutionary history between BtAdVs and other
mastadenoviruses and may also aid in the discovery of novel unorthodox adenovirus
vectors for use in human therapeutics, as exemplified by CAdV-2 (71). Although bats are
now being recognized as reservoir hosts for both RNA and DNA viruses, including some
that may pose a risk to human health, it is important to emphasize the key biological
role they play in many different ecosystems through pollination, seed dispersal, and
pest control (72, 73). Therefore, future research by disease ecologists and virologists
into the natural history and epizootiology of bat viruses (such as BtAdVs) should be
coupled with the aims of bat conservationists in order to maintain and protect their
populations from negative stigmas that may be associated with being potential reser-
voirs of viral zoonoses.

MATERIALS AND METHODS

Sampling of bats and gross and microscopic examination. On 21 July 2009, three Rafinesque’s
big-eared bats were found dead at a known maternity roost in an abandoned building in Mammoth Cave
National Park, Edmonson County, Kentucky, and were submitted to the Southeastern Cooperative
Wildlife Disease Study for diagnostic evaluation. Routine postmortem gross and microscopic examination
was conducted on the three bat carcasses (designated as clinical cases 09-250-A, -B, and -C). Samples of
major organs were collected and tested for virus isolation (below) or fixed in 10% buffered formalin for
microscopic analysis. Fixed tissues were routinely processed for histology, embedded in paraffin,
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sectioned at 3 to 5 um, and stained with hematoxylin and eosin. Special stains and/or fungal cultures
were performed as indicated.

Virus isolation and preliminary identification. Samples of brain, heart, trachea, and gastrointes-
tinal tract from the bats were taken for attempts at virus isolation. Tissue samples (~0.5 cm3) were
mechanically homogenized in 650 ul of minimum essential medium (MEM) supplemented with 5% fetal
bovine serum and 400 U/ml penicillin, 400 pg/ml streptomycin, and 1 ug/ml amphotericin B (Sigma, St.
Louis, MO). Homogenized tissues were centrifuged for 6,700 X g for 10 min, and clarified supernatant
(100 wl) was used to infect 2-day-old 3.8-cm? confluent monolayers of Vero E6 cells in duplicate (see cell
line information below). Supernatant (100 wl) from inoculated cultures was then transferred at weekly
intervals and cultures were monitored daily for evidence of cytopathic effects (CPE). Wells exhibiting CPE
were harvested and passaged once to generate stock virus. DNA was extracted using a QlAamp DNA
minikit (Qiagen, Valencia, CA) and tested by PCR using degenerate adenovirus primers targeting a
conserved stretch of the DNA Pol gene (5'-CYTTGTCTGCYTTTTCYTTSGC-3" and 5'-TATGACATMTGYGGM
ATGTAYGC-3') and a GoTaq Flexi DNA polymerase kit (Promega, Madison, WI). Amplicons were cloned
using a PCR cloning kit (Qiagen) and sequenced using plasmid-specific primers.

Virus purification. Confluent Vero E6 cell cultures were grown in 175-cm? flasks infected with stock
virus (250-A) at a multiplicity of infection (MOI) of 0.5 to 1 PFU/cell. Supernatant was harvested at day 4
postinfection and clarified by low-speed centrifugation at 4,400 X g for 30 min at 4°C. Virus was then
concentrated using an Amicon Ultra-15 100K centrifugal filter unit (Millipore, Billerica, MA) and layered
on a cesium chloride (CsCl) step gradient (1.5, 1.35, and 1.25 g cm—3) (74). The gradient was centrifuged
at 169,000 X g for 4 h at 4°C using a Beckman SW 32 Ti rotor in an Optima L-100K ultracentrifuge
(Beckman Coulter, Brea, CA). The two virus bands (upper “light” noninfectious particles in the 1.25-g
cm~3 phase and lower “heavy” DNA-containing infectious particles in the 1.35-g cm~3 phase) were
individually recovered by pipetting. The heavy capsids were then gently mixed with a 1.35-g cm—3
solution of CsCl and centrifuged at 169,000 X g for 18 h at 4°C. The band was recovered as above,
dialyzed overnight in purification buffer (10 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl, [pH 7.5]), and
concentrated to =200 wl using an Amicon Ultra-15 100K centrifugal filter, and then aliquots were frozen
at —80°C until further use.

Genomic sequencing and assembly. Since preliminary genetic evidence suggested that the virus
(250-A) isolated from the Rafinesque’s big-eared bat was a novel adenovirus, purified virus was subjected
to next-generation sequencing to obtain the full genome. Extracted viral DNA was barcoded and
sequenced on an lllumina HiSeq2000 platform using 100-bp paired-end chemistry. Reads were demul-
tiplexed using custom in-house software and quality trimmed using the open source trim.pl script
(http://wiki.bioinformatics.ucdavis.edu/index.php/Trim.pl). Multiple genome assemblies were generated
with the Velvet genome assembler (75), using k-mer sizes ranging from 33 to 65, and an estimated
coverage of 250X. Assemblies for each k-mer were BLASTx-searched against a local version of the nr
database to predict scaffolds containing viral proteins. The most complete assembly (k-mer 53) con-
structed an adenovirus into a single segment of 30,386 nt. The ends of the genome were then filled in
using primers based on the newly assembled 250-A genome and the conserved termini of BtAdV PPV-1
(BtAdV B) and CAdVs.

Bioinformatic analysis. The molecular weights of BtAdV 250-A proteins were predicted using the
ProtParam tool on the ExPASy server (http://web.expasy.org/protparam/). Potential conserved motifs and
protein topologies in putative new genes were assessed by using Quick2D in the Max Planck Institute
Bioinformatics Toolkit (http://toolkit.tuebingen.mpg.de/), WU-BLAST on the EMBL-EBI server (http://
www.ebi.ac.uk/Tools/sss/wublast/), and the Protein Homology/analogY Recognition Engine V 2.0 server
(Phyre2; http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) (76). Nucleotide and protein
identities of BtAdV 250-A to other BtAdVs, along with CAdV A serotypes, were determined using the
percent identity matrix in Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).

Mass spectrometry. An aliquot of CsCl-purified BtAdV 250-A virions was subjected to SDS-PAGE to
visualize the electrophoretic profiles of the structural proteins and to determine their identities by mass
spectrometry. Briefly, 5X Laemmli sample buffer (250 mM Tris-HCl [pH 6.8], 25% B-mercaptoethanol, 10%
SDS, 50% glycerol, 0.05% bromophenol blue) was added to CsCl-purified virus, followed by incubation
at 100°C for 5 min. The mixture was then electrophoresed by SDS-PAGE, and the molecular masses of the
denatured proteins were estimated using a Precision Plus Protein Dual Color Standards ladder (Bio-Rad,
Hercules, CA). Proteins were then stained with a SYPRO Ruby protein gel stain (Molecular Probes/
Invitrogen, Carlsbad, CA), excised from the gel, digested with trypsin, and analyzed by nano-HPLC-MS/MS
using a LTQ-Orbitrap Elite mass spectrometer (Thermo-Fisher Scientific, San Jose, CA) as described
previously (77). Peptides were identified using the MascotDaemon search engine (version 2.3.02; Matrix
Science, Boston, MA) against a database of BtAdV 250-A proteins deduced from the genomic sequence
and Chlorocebus aethiops (Vero cell host) proteins.

Cryo-EM. Purified BtAdV 250-A virions were vitrified using a Gatan Cryoplunge 3 (Pleasanton, CA). A
3.5-ul aliquot of virus was placed on a glow-discharged continuous carbon supported Quantifoil grid
(Jena, Germany) and plunge-frozen in liquid ethane. Imaging was done under cryo conditions with a
Gatan 626 cryo holder in a 200kV JEOL 2100 LaB6 transmission electron microscope (TEM) (Peabody, MA).
Data were collected under low-dose imaging conditions on a Gatan Ultrascan US4000 CCD, calibrated
with a MAG*I*CAL (Ted Pella, Inc.) calibration standard for a pixel size of 2.33 A and a real magnification
of 64,472 X. Negative-stain images of BtAdV 250-A virions were prepared using 0.75% uranyl formate and
imaged on continuous carbon grids in the 2100 LaB6 TEM.

For the cryo-EM single particle reconstruction, 1,592 particles were extracted from 383 micrographs
using a box size of 450 in EMAN/1.9 (78). Using 1,109 particles, a structure with a resolution of 17.9 A was
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produced after 20 iterations in auto3dem (79). Continuing the reconstruction or using a more stringent
particle selection option (85% of the selected particles) did not further improve the reconstruction (data
not shown). These experiments confirmed that the maximum quality of the map with the given number
of particles was reached at the 20th iteration. The structure was interpreted in Chimera and the central
section was created in Robem (79).

Phylogenetic analysis. Two adenovirus data sets were compiled for phylogenetic analysis: (i) 32-aa
sequences of the full-length penton protein (which is 486 aa in length in BtAdV 250-A) and (ii) 43-nt
sequences of the partial hexon gene (spanning the region of nt 1165 to 1824 in BtAdV 250-A). The
penton data set contained sequences of all species of the genus Mastadenovirus approved by the ICTV
(note that full penton sequences are not currently available for Ovine mastadenovirus B or Porcine
mastadenovirus B) (1). Eight additional proposed mastadenoviruses—BtAdV 250-A, TMAdV ECC-2011, a
skunk adenovirus (SkAdV-1, isolate PB1) (37), and five new BtAdVs (isolates WIV9 to WIV13) recovered
from Rhinolophus sinicus and Miniopterus schreibersii in China (32)—were also included in the analysis.
Bovine atadenovirus D (BAdV-4) was used as an outgroup to root the penton tree. The hexon gene data
set comprised 35 BtAdVs, along with viruses that were identified to be most closely related to BtAdVs
from the penton phylogeny: CAdV A, SkAdV-1, Bovine mastadenovirus B (BAdV-3), Tree shrew mastade-
novirus A (TSAdV-1), Equine mastadenovirus A (EAdV-1), and EAdV B (EAdV-2) (38). The homologous
sequence from Murine mastadenovirus A (MAdV A) was used as an outgroup to root the hexon tree. See
Fig. 6 for the GenBank accession numbers of all sequences used in the phylogenetic analysis.

All sequences were aligned using MUSCLE (80) employing 16 iterations. Because of the highly
divergent nature of some parts of the sequence alignment, all gap positions and ambiguous parts of the
alignment were removed prior to subsequent analysis using Gblocks (81). This resulted in final data
sets of 408 aa residues for the penton protein and 559 nt for the hexon gene. Phylogenetic trees of
both data sets were then estimated using the maximume-likelihood method available within the
PhyML program (82). The LH+1I" model of amino acid substitution was used in the case of the penton
data set, while the GTR+I+1I" nucleotide substitution model was used for the hexon sequences. In
both cases, subtree pruning and regrafting branch-swapping was used to find the tree of highest
likelihood, with nearest neighbor interchange branch-swapping used in a subsequent bootstrap
analysis (1,000 replications).

In vitro host range studies. The in vitro host ranges of BtAdVs and CAdVs were examined using two
viruses: (i) BtAdV 250-A (Vero E6 passage 3) and (i) CAdV 24-05 (MDCK passage 3). The CAdV 24-05 isolate
(serotype 1) was recovered from the liver of a gray fox (Urocyon cinereoargenteus) with infectious canine
hepatitis sampled in Georgia in 2005 (83). For comparative replication studies between the two viruses,
we used the following bat and carnivore cell lines: (i) Tb1Lu (Mexican free-tailed bat [Tadarida brasiliensis)
lung), (ii) FoLu (gray fox lung), (iii) A72 (domestic dog [Canis lupus familiaris] tumor), and (iv) Mpf
(domestic ferret [Mustela putorius furo] brain). To determine whether the two viruses could replicate in
cells derived from species outside of the orders Chiroptera and Carnivora, we tested them in Vero E6
(African green monkey [Chlorocebus aethiops] kidney) and OK (Virginia opossum [Didelphis virginianus]
kidney) cells. Finally, the ability of BtAdV 250-A to replicate in human A549 (carcinomic alveolar basal
epithelial) and Hela (adenocarcinomic cervical) cells was assessed. All cells were obtained from the
American Type Culture Collection (Manassas, VA) and grown in MEM with 5% fetal bovine serum (growth
media) in a 5% CO, atmosphere. For growth curve analysis of BtAdV 250-A and CAdV 24-05 in each cell
line, cells were seeded at a density of ~2 X 10° cells/ml in a 3.8-cm?-well format and, once the
monolayers were confluent, each well was infected with an MOI of 0.01 tissue culture infection dose 50
(TCID4,)/cell. Virus was allowed to absorb to the cells for 2 h; the inocula were then removed, the cells
were washed three times in PBS, and growth medium was added. Wells were harvested at 2-day intervals
for 10 days and frozen at —80°C until further processing. Titers were assessed by 10-fold titrations in A72
cells in a 96-well plate format and expressed as the log,, TCID;,/ml.

Accession number(s). The complete genome of BtAdV 250-A has been deposited in NCBI GenBank
under accession number KX871230. The cryo-EM map of BtAdV 250-A has been deposited in the Electron
Microscopy Data Bank (www.emdatabank.org) under accession number EMD-8371.
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