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Abstract

The organisation of the central part of the genome of a fish adenovirus (AdV) isolated from white stétwjpemsér transmontanus) was
studied. The putative genes identified between those of the viral DNA polymerase and the pVIII protein showed no significant difference in
size or localisation compared to other known non-mastadenoviral genomes. The complete nucleotide sequences of the hexon and the viral
protease genes and the intergenic region in the white sturgeon adenovirus (WSAdV-1) were compared with members of the four official
AdV genera. In the case of WSAdV-1, merely two nucleotides separated the hexon and the protease genes, while in the other AdVs certain
genus-specific features were recognised. In distance analyses based on complete sequence of the hexon or the protease proteins, the cle
separation of five groups was seen corresponding to the four accepted AdV genera and WSAdV-1. Although there were slight differences
between the topologies of the phylogenetic trees, the results unambiguously confirmed the distinctness of WSAdV-1 thus supporting the
establishment of a new, fifth AdV genus.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction sialidase gene close to the left terminus, and are members
of the newly accepted genuSadenovirus (Davison and
Adenoviruses (AdVs) infect a wide range of vertebrate Harrach, 200R More recently, the genome of an AdV
animals Russell and Bertk 1999, but for almost five isolated from corn snakeE{aphe guttata) was studied in
decades only mammalian and avian adenoviruses (clas-detail Farkas et al., 2002 and this virus (SnAdV-1) was
sified into theMastadenovirus and Aviadenovirus genus, found to be related to the membersAtbdenovirus (Benkd
respectively) were subjected to detailed studies. AdVs alsoand Harrach, 1998Both, 2003, another genus, recently
occur in lower vertebrate€6sbauer and Ahne, 200TThe approved by the ICTVNayo, 2003.
first molecular study on an AdV strain originating from a The presence of AdV-like particles has been observed in
cold-blooded vertebrate was the analysis of the full genome several fishes, but only one isolate is available to date from
of an isolate from leopard frogRéna pipiens) (Davison white sturgeon Acipenser transmontanus). Initial studies,
et al., 2000. This frog adenovirus (FrAdV-1) proved to be based on phylogenetic analysis of a PCR-amplified portion
a relative of an unusual bird adenovirus, turkey adenovirus of the viral DNA polymerase gene, have confirmed its ade-
type 3 (TAdV-3), also named turkey haemorrhagic enteritis noviral character and distinctness from other AdBerfkd
virus (Pitcovski et al., 1998 FrAdV-1 and TAdV-3 share et al., 2002.
a similar genome organisation characterised by a putative The primary objective of the work presented here was
to obtain further information about the genome of the
WSAdV-1 and to conduct phylogenetic analyses based on
* Corresponding author. Fax:36-1-4674076. complete genes. As our main purpose was to determine
E-mail address: gkovacs@vmri.hu (G.M. Kaacs). the taxonomic position of the WSAdV-1 within the family
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Adenoviridae, the results of phylogenetic calculations were  Multiple alignments of amino acid (aa) sequences of ho-
confirmed by several methods. mologous genes obtained from GenBank were made using
the MultAlin program Corpet, 1988 at the INRA server
with Blossum 62-12-2 score matrix.
2. Material and methods Phylogenetic analyses were carried out with several pro-
grams. Distances of aa sequences were calculated by the
Propagation of the WSAdV-1 strain and purification of MEGAZ2.1 program Kumar et al., 200Lwith the Poisson
virions were described previouslyBénkd et al., 2002 correction modelNei and Kumar, 2000and with complete
Since the amount of viral DNA obtained was not suffi- deletion of gaps. When calculating distances among groups,
cient for physical mapping of the genome, random cloning the groups were defined as the four AdV genera. Phyloge-
was attempted usingstl and Hindlll restriction enzymes.  nies were inferred by neighbor-joining (NJ) meth&ahitou
The viral DNA fragments were cloned and subcloned into and Nei, 198y on the MEGA2.1 program and tested by
phagemid pBluescript 1l KS (Stratagene). Regions of the bootstrapping Felsenstein, 1985using 1000 replications.
genome between the identified viral clones were amplified Phylogenetic trees were visualised and edited by the Tree
by polymerase chain reaction (PCR) using primer pairs de- Explorer of the MEGA2.1 program. Maximum likelihood
signed with the help of Primer Designer 2.0 (Scientific and (ML) comparisons were carried out using the “codeml” pro-
Educational Software) on the basis of sequences obtainedgram of the PAML packageYang, 1997, 2000 All the
from the clonesKig. 1). To amplify long genome parts high 16 possible bifurcating non-rooted tree topologies of the
fidelity enzyme was used. The amplified parts were cloned five groups were compared. The intra-generic topologies
and subcloned using various restriction enzymes. were retained from the distance-based analyses. For com-
Clones were purified with the Concert Rapid Plasmid parison we used the p-values of multiple-comparison cor-
Miniprep System (GibcoBRL) or the Miniprep Express Ma- rection Shimodaira and Hasegawa, 19@@lculated by the
trix (Bio101). Sequencing was carried out with SequiTherm “codeml” program. The ML trees were visualized by the
Long Read Cycle Sequencing Kit (Epicentre) according to TreeView softwarePage, 1996 All the alignments and pa-
the instructions of the manufacturer (Perkin-Elmer) using rameters of the analyses are available upon request or at the
T3, T7, reverse and forward primers. The primer-walking http://www.vmri.hu~gkovacs/data.htrhomepage.
technigue was also used where necessary. To rule out
PCR-induced errors, at least two independent clones were
sequenced. In case of direct sequencing of PCR products3. Results
the target DNA was a mixture of amplicons from at least
four independent PCR reactions. Sequencing reactions were From the randomly cloned fragments, four plasmids were
analysed on a Pharmacia ALF Express machine. Direct se-identified unambiguously as carrying parts of an adenovirus
guencing of PCR products was carried out with a BigDye genome. OneHindlll clone (marked as No. 1 ifrig. 1)
3.1 Kit (Applied Biosystem) and analysed on an ABI 3100 contained a 373 base pair (bp) part of the DNA polymerase
sequencer (Applied Biosystem). DNA sequences were pro-gene. The inserts of the three positR&l clones were 3000,
cessed and analysed with the Staden Program Packag&85 and 1400 bp in size, and were identified as encoding the
(Staden, 1996 The genes encoded by the sequences wereentire pTP and a part of the 52K protein (No. 2), the 100K
identified with the BLAST homology search program run (hexon assembly) protein (No. 3), and the pVIIl protein (No.
against the NCBI database or our dedicated adenovirus4), respectively Fig. 1). The approximate size of the viral
database http://www.vmri.hu/blast.htth The nucleotide genome fragments amplified by PCR between these regions
sequence reported in this paper has been deposited at Gerwere 2000, 9000 and 1500 bp. Based on the partial or full

Bank with accession number AJ495768. sequence of the cloned PCR products, the putative genomic
p52K pVII pX e v
— I L0 T | BT :mmwnlm
-( polymerase pITP | pVvi (oEH t-] <j
u
#1 2 3, A
~1kbp

Fig. 1. Putative organisation of the central part of the WSAdV-1 genome in comparison with that of FrAs4sdn et al., 2000 Grey arrows indicate

genes that have been identified. The lower line shows WSAdV-1 genome fragments cloned directly (boxes), or after amplification by PCR (single line).
A PCR-amplified segment of the viral DNA polymerase gene, which was sequenced previdesi (et al., 2002 is marked with an asterisk. pr:
protease, DBP: DNA binding protein, unit: 1 kbp.
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Mastadenovirus

HAdV-12 h P F S A G N A T T e
p M G S 8 E Q E L
CCCTTCTCGGCGGGTAACGCTACCACCTAAGAAGGCACCCTCCCAGACTGCTGTAATGGGTTCAAGCGAACAGGAGCTG

EAdV-2 h P F S A G N A T T e
D M G S T E T E L
CCGTTTTCCGCAGGAARCGCAACTACTTAAACCTCACCCTGTGGCGCAGTGTCATGGGGAGTACGGAGACAGAACTG

cadv-1 h P F S A G N A T T e
P M A E G G S S E E E L
CCCTTCTCCGCCGGCAACGCCACGACCTARACTAATATGGCGGAAGGAGGGTCATCAGAAGAAGAGCTG

MAdV-1 h P F S A G N A T T e
p M G 8§ S E T E L
CCGTTTTCAGCCGGCAACGCAACCACCTAATCGTATGGGTTCGTCTGARACAGAGCTC

PAAV-5 h P F S A G N A T T e
P M @G 8§ T E E E L
CCATTCTCTGCCGGTAACGCGACCACATAATGGGTTCCACAGAAGAGGAACTA
Aviadenovirus

FAdV-1 h P F A T G N A V e
M 8§ G T T E T Q L
CCTTTCGCCACAGGCAACGCTGTGTAAAAAAAAGACGGCTGGGATGTCGGGAACCACCGAGACCCAACTG

FAQV-9 h P F A T G N A V e
M 8§ G T T E S8 Q L
CCTTTCGCTACAGGCAACGCGGTGTAAAAARAACTGATTAAAAAATGTCCGGGACCACGGAAAGCCAGCTG

Atadenovirus

OAdV-7 h P F 8 A G S A A T e
e M S G T S E 8 E L
CCTTTTTCAGCTGGTAGTGCAGCAACATGAGCGGCACATCCGAMAGTGAGCTG

BAAV-4 h P F S A G S A T T e
D M s @ T s E & E L
CCTTTTTCAGCTGGTAGTGCTACGACATGAGCGGAACATCAGAAAGTGAATTG

DAdAV-1 h P F A A G 8§ A A T e
P M § G T S E S E L
CCTTTTGCCGCCGEGTAGTGCAGCAACATGAGCGECACATCCGAATCAGAGT TG

SnAdV-1 h P F A S G S A A T
M S G 8 8§ E 0 E L
CCGTTTGCTTCAGGATCAGCCGCGACATGAGCGGGAGCTCCGAGCARGAGTTG

Siadenovirus

TAdV-3 h P F A T G T A 8§ V e
M A G T 8§ 8§ § E L
CCTTTTGCTACTGGAACTGCTTCAGTATAAARTGGCTGGARCTTCARGTTCAGAATTG

FrAdv-1 h P F A T G T A S A e
M G T S G A D L
CCTTTTGCTACTGGAACTGCTTCTGCTTAATGGGAACTTCAGGAGCTGACTTA

fifth genus

WsAdV-1 h P F N I G A N A e =
D M @ T S N K E L
CCCTTCAACATTGGAGCTAACGCCTAAI&ATGGGGACCTCAAATAAAGRATTG

Fig. 2. The end of the hexon and beginning of the protease gene in different adenoviruses arranged according to the four official genera. Overlapping
nucleotides are printed in bold, while intergenic sequences are underlined. h: hexon, p: protease.
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Fig. 3. Unrooted maximum likelihood trees of the 24 (a) hexon and (b) protease sequences. The trees were obtained comparing of 16 different relative
positions of the five groups (see details in text). The relative positions of shadowed branching cannot be separated unambiguously; their different
arrangements do not differ significantly from the ML tree. The bootstrap values were obtained from the NJ analysis (shown as percentages). The
used sequences originated from the GenBank: HAdV-11 (H: human): AY163756; SAdV-21 (S: simia@P40Q1; HAdV-17: NC002067; HAdV-12:
NC_001460; HAdV-40: NC001454; HAdV-2: NC001405; HAdV-5: J01966; CAdV-1 (C: canine): U55001; CAdV-2: U77082; BAdV-2 (B: bovine):
NC_002513 (the sequence was corrected); BAdV-3:.001876; PAdV-3 (P: porcine): N001997; PAdV-5: NQ002702; EAdV-2 (E: equine): L80007;

MAdV-1 (M: murine): NC.000942; OAdV-7 (O: ovine): N04037; BAdV-4: NC002685; DAdV-1 (D: duck; also called EDS virus): NiD1813;

SnAdV-1 (Sn: snake): AY082603; FAdV-1 (F: fowl): NG01720; FAdV-9: NC000899; TAdV-3 (T: turkey; also called THEV): NG01958; FrADV-1

(Fr: frog): NC.002501. The “AdV” is omitted from the names.

protease
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map of WSAdV-1 could be further defined. Fig. 1, the in that WSAdV-1 was unambiguously separated from the
central region of WSAdV-1 is presented in comparison with four genera (data not shown).
the corresponding part of the FrAdV-1 genoni2ayison The topology of the distance-based NJ trees inferred
et al., 2000. The genes identified thus far showed identical from the hexon and protease sequences also showed the
positions with, and similar size proportions to, those found separation of the four adenovirus genera and WSAdV-1,
in FrAdV-1. The G+ C content of the individual clones although the genealogy of the two genes differed slightly
ranged between 40 and 48%, and was calculated to be 45%data not shown). The ML trees also showed slight differ-
for the entire sequence known to date. During the BLAST ences Fig. 3). The same relative order of the five lineages
analyses, no tendency of WSAdV-1 to group with se- had the highest likelihood value with both genes as it was
guences originating from recognised adenovirus genera wasobtained by NJ analysis. Based on the hexon gene, the
noted. atadenoviruses seemed to be most closely related to mas-
Two adjacent genes (encoding the hexon and the pro-tadenovirusesHig. 39, whereas on the tree inferred from
tease) situated in a tandem arrangement on gtend were the protease gene, the common branch of avi- and siade-
chosen for further analyses. In WSAdV-1, there were only noviruses was closer to mastadenovirusésg.(3b. The
two nucleotides (nt) between these genes, and, interestinglybootstrap values obtained from distance analyses were in
the hexon gene ended with two termination TAA codons. accordance with the ML analysesig. 3). In the case of the
The hexon—protease intergenic sequences from AdVs rep-hexon gene, two further topologies had similar likelihood
resenting the different genera were compared, and found tovalues to the ML tree (p> 0.050), each with an alterna-
show certain genus-specific characteristi€ig)(2). The se- tive branching pattern within the shaded regiorFig. 3a
guences of the hexon and protease genes are available fronn one, WSAdV-1 branched from close to the root of the
a large number of different AdV types, and are therefore Sadenovirus genus, and in the other it branched from close
preferred subjects for phylogenetic analysearfach and to the root of theSadenovirus-Aviadenovirus cluster. With
Benld), 1999. the protease gene, there were 10 topologies with similar
The hexon gene was 2835bp in size, encoding 944 aalikelihood values (p> 0.050) to the ML tree Fig. 3b),
residues. In the phylogenetic calculations, 802 characters ofand the three hexon topologies mentioned above were
an alignment for 24 different AdV types were studied. The among them.
intrageneric distances were significantly lower than the in-
tergeneric ones, and the distances of WSAdV-1 from all four
genera were higher than any intergeneric distantasl¢ J). 4, Discussion
On the other hand, the highest intrageneric distance val-
ues were always consistently lower than the distance of Based on microscopic studies, the presence of adenovirus-
WSAdV-1 from any member of a given genus. For example, like particles has been reported from epidermal hyperpla-
the largest distance between two atadenoviruses (SnAdV-1sia of cod Jensen and Bloch, 198@nd dab Bloch et al.,
and ovine AdV-7) was 0.2985, while the smallest distance 1986, as well as from a Japanese red sea bream with lymp-
of WSAdV-1 (from SnAdV-1) was 0.7763. holeukemialliyazaki et al., 200 but WSAdV-1 is still the
The WSAdV-1 protease gene was 612 bp in size, encod-only fish adenovirus isolate availabld€drick et al., 198b
ing 203 aa residues. From an alignment for the same 24The characterisation of a fish AdV was of special interest
AdV types, 195 characters were used in phylogenetic anal-because it was expected to contribute to further exploration
yses. As with the results obtained with the hexon, the in- of adenovirus evolution. The hypothesis that the four recog-
tergeneric distances were significantly higher than the intra- nised adenovirus generdéstadenovirus, Aviadenovirus,
generic onesTable 1), and the distinctness of WSAdV-1  Atadenovirus, and Sadenovirus) might correspond to viral
from all four genera was unequivocal. The same conclusion lineages that have co-evolved with the four major vertebrate
was drawn using partial protein sequences from other genesclasses (mammals, birds, reptilians and amphibians) was re-
(e.g. DNA polymerase, pllla, lll, DBP and 100K protein), cently publishedKlarrach, 2000, 200Benk) and Harrach,

Table 1
Comparison of distances calculated by MEGA2 for the hexon (below) and protease (above) amino acid sequences within (intra) and between each
adenovirus genus

Mastadenovirus Atadenovirus Aviadenovirus? Sadenovirus® WSAdV Intra
Mastadenovirus - 0.9122 0.8493 0.8313 0.9190 0.4087
Atadenovirus 0.5570 - 0.9634 0.8544 0.9048 0.5123
Aviadenovirus? 0.6520 0.6321 - 0.6864 0.9896 0.2826
Sadenovirus® 0.6088 0.5832 0.5587 - 0.8304 0.5456
WSAdV 0.8067 0.8004 0.7262 0.7419 - -
Intra 0.2564 0.2668 0.1577 0.3503 -

a8 The genus is represented by two species only.
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2003. According to this assumption, fish are expected to  The phylogenetic analyses based on the aa sequences of
have adenoviruses that are distinct from all the AdVs exam- the hexon or protease genes showed the clear separation of
ined thus far. WSAdV-1 from the four adenovirus genera, and confirmed
The organisation of the central part of the WSAdV-1 previous results obtained from the pTP gene and a part of
genome presented in this paper deduced from partial se-the DNA polymerase gendénid et al., 2002 Benkd and
guences of cloned and PCR-amplified viral fragments Harrach, 2008 Interestingly, the distances obtained based
proved that the number, approximate sizes and locations ofon protease aa sequences were always larger than the cor-
genes are similar to those in avi-, at- and siadenoviruses. Inresponding distances of the hexon genes. The lower values
this region, the mastadenovirus genome contains an addi-characterising the distance matrix of the hexon seemed to
tional gene, that of protein V, which is a core protein play- be a paradox. The relatively large hexon protein is known
ing an important role during AdV infectiorMatthews and to possess family-, genus-, species- and type-specific deter-
Russell, 1998; Russell, 20p0The function of this protein  minants, which show significant sequence variati@eni
is presumably replaced by other uncharacterised proteins oret al., 2000. On the contrary, the protease is a relatively
mechanisms in WSAdV-1 and the other genera. Since thesmall protein and contains highly conserved regions. The
sequences of the two ends of the WSAdV-1 genome are asdifference might be due to the different evolutionary rate of
yet unknown, we have focused our analyses on the regionthe two genes. Handling of the gaps in the alignment should
already sequenced. not in principle influence this relation. However, the vari-
The intergenic region between the hexon and proteaseable regions aligned with numerous gaps and therefore ex-
genes showed interesting features seemingly preserved ircluded from the calculations comprised more than 15% of
certain generaHig. 2). In one siadenovirus (TAdV-3), a the hexon sequence, whereas from the protease alignment
single nucleotide (A) separates the terminator TAA triplet only <4% was removed. This might have affected the dif-
from the ATG of the first methionine, while in the other ference between the obtained protein distances of the two
(FrAdV-1), the last A of the hexon terminator TAA overlaps genes.
the A of the first codon of the proteaddd. 2). In WSAdV-1 Inclusion of the sequence data for WSAdV-1 in the phy-
two nucleotide intergenic nucleotides are present, howeverlogenetic trees has slightly changed the previously clear in-
the second TAA stop codon in the frame of the hexon ference of the genetic relationships among the AdV genera.
overlaps the first nucleotide of the protease resembling The analyses of different genes seemed to imply different
the organisation of FrAdV-1. From aviadenoviruses, corre- genealogies. This could be a manifestation of the problem of
sponding sequence data are available for only two genomesthe gene versus species trees (seeRage and Charleston,
showing that the hexon and protease genes are separateti998and references therein). However, the ambiguity of the
by 16 nt in each. In mastadenoviruses the junction of the main old branching patterns of the main lineages of AdVs,
two genes varies from overlap (PAdV-5) to relatively long especially in the case of the protease gene, where more pos-
intergenic distances (25 nt in HAdV-12). In the ataden- sible topologies had non-significantly lower likelihood value
oviruses, the presence of a four-nucleotide overlap of thethan in the case of the hexon gene, indicate the limits of
two genes was reported in the egg drop syndrome virusresolution available from these genes. Detailed analysis of
(Harrach et al., 1997in BAdV-4 (Dan et al., 1998and in these molecular evolutionary phenomena will be the subject
SnAdV-1 Farkas et al., 2002In every atadenovirus stud-  of further studies.
ied to date E1b, 2002 Vrati et al., 199§, the same sequence It should be mentioned that the evolutionary relation-
(ATGA) joins the stop codon of the hexon and the start ships among the main fish lineages have not been resolved
codon of the protease gene. This unique feature serves aslearly as yetlhoune et al., 20038 The white sturgeon is an
further evidence for the common origin of atadenoviruses. acipenseriform fish classified into Chondrostei, one of the
This overlap likely appeared in the common ancestor of most ancient lineages of the ray-finned fish (Actinoptery-
atadenoviruses, and as substitutions would change eithegii). Actinopterygii is by far the most diversified group of
the terminator or the start codon with deleterious effects, all vertebrates, and its two main lineages (Chondrostei and
the ATGA sequence remained unchanged. It is notewor- Teleostei, the bony fish) separated approximately 215 mil-
thy that all known non-atadenoviral hexon genes terminate lion years ago Kumar and Hedges, 1998Therefore, the

with TAA. analysis of an AdV originating from bony fish, such as cod
Conserved aa residues H55-D72-C122 (forming the ac- or dab, would be especially interesting.
tive triad) and C104NicGrath et al., 200Bwere identified The results presented here firmly support the previous

in the protease of WSAdV-1. Interestingly, P1&afcourt proposal, based on the analysis of a fragment of the DNA
etal., 199%was also present, although it seems to be missing polymerase Benlkd et al., 2002 and the pTP sequence

in aviadenovirusesGhiocca et al., 1996; Ojkic and Nagy, (Benkd and Harrach, 2003 that WSAdV-1 should be
2000, in the majority of atadenovirusesiérrach et al., considered as the first representative of a prospective fifth
1997; Barbezange et al., 2008nd in TAdV-3 Pitcovski adenovirus genus. The content and organisation of the cen-
et al., 1998. However, P137 is also present in FrAdV-1 tral part of the adenovirus genome are well conserved in
(Davison et al., 200Qand in SnAdV-1 Farkas et al., 2002 all members of the family, whereas the regions close to
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the two ends contain characteristic genus-specific genes members of the proposed new gerAtadenovirus. J. Gen. Virol. 83,

(Davison et al., 2003 Therefore, analysis of the genome
termini of WSAdV-1 would be essential for the definitive
confirmation of a new AdV genus.
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