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A consensus nested PCR was used to screen diagnostic samples from approximately 70 reptiles for the presence of adenoviruses (AdV) in the years 2006-2007. Classical virus isolation methods were also used with all samples. After adenoviruses were detected in a group of helodermatid lizards in a Danish zoo, a follow up study was also carried out on lizards from this group (10 Mexican beaded lizards and 24 Gila monsters) over the period of a year. Adenoviruses were detected in a total of 26 lizards and snakes by PCR. The PCR

Introduction

Adenoviruses (AdVs) occur worldwide and have been described from representatives of five classes of the group Vertebrata [START_REF] Russell | Animal adenoviruses[END_REF]. Current taxonomy of the family Adenoviridae [START_REF] Benkı | Family Adenoviridae[END_REF] suggests a coevolutionary lineage of the viruses with their hosts, and additional host switches. According to this theory classes of vertebrates can be assigned to different genera of the virus family. For mammals this would be the genus Mastadenovirus, for birds the genus Aviadenovirus, for reptiles the genus Atadenovirus, for amphibians the genus Siadenovirus and for fish the proposed genus "Ichtadenovirus". The genus classification criteria are mainly based on genomic and genetic characteristics of these viruses, and host specificity, other than that described above, has been postulated to indicate A c c e p t e d M a n u s c r i p t 3 host-switches in the evolutionary past [START_REF] Harrach | Reptile adenoviruses in cattle?[END_REF]. All reptilian AdVs described so far are members of the genus Atadenovirus [START_REF] Wellehan | Detection and analysis of six lizard adenoviruses by consensus primer PCR provides further evidence of a reptilian origin for the atadenoviruses[END_REF][START_REF] Benkı | How to find "new" adenoviruses[END_REF].

In reptiles, AdV infections have been detected by light and electron microscopy (EM) examination or by in situ hybridization (ISH) [START_REF] Ramis | Adenovirus hepatitis in a boa constrictor (Boa constrictor)[END_REF][START_REF] Perkins | Detection and confirmation of reptilian adenovirus infection by in situ hybridization[END_REF] of histopathological sections in a number of different species of the Diapsida class, including one crocodile species from the Archosauria subclass [START_REF] Jacobson | Adenovirus-like infection in two Nile crocodiles[END_REF], and several agamid, varanid and chameleonid species as well as 10 snake species from the Squamata order of the Lepidosauria subclass [START_REF] Essbauer | Viruses of lower vertebrates[END_REF][START_REF] Wellehan | Detection and analysis of six lizard adenoviruses by consensus primer PCR provides further evidence of a reptilian origin for the atadenoviruses[END_REF].

Associated pathological lesions varied from enterohepatic inflammation (hepatitis, oesophagitis, enteritis,) to splenitis, nephritis, pneumonia or encephalopathy. The primary pathogenic role of these viruses was questioned in many cases in which they were detected without signs of concurrent disease [START_REF] Jacobson | Adenovirus-like infection in a savannah monitor[END_REF][START_REF] Jacobson | Adeno-like virus in esophageal and tracheal mucosa of a Jackson's chameleon (Chamaeleo jacksoni)[END_REF][START_REF] Ogawa | Reptilian viruses: adenovirus-like agent isolated from royal python (Python regius)[END_REF][START_REF] Schumacher | Adenovirus-like infection in two rosy boas (Lichanura trivirgata)[END_REF]. However, the pathogenicity of an AdV for reptiles was demonstrated in one case by an experimental transmission study [START_REF] Jacobson | Adenovirus-like infection in a boa constrictor[END_REF].

In spite of the numerous detections of reptilian AdV infection by EM, ISH or, more recently, by PCR there are very few reported cases in which the virus was successfully isolated. [START_REF] Jacobson | Adenovirus-like infection in a boa constrictor[END_REF] obtained AdV from a boa constrictor (Boa constrictor) while Ahne and his co-workers isolated an AdV strain from a royal python (Python regius) [START_REF] Ogawa | Reptilian viruses: adenovirus-like agent isolated from royal python (Python regius)[END_REF] and from a moribund corn snake (Elaphe guttata) showing clinical signs of pneumonia (Juhasz & Ahne, 1992). This corn snake isolate was later randomly cloned and completely sequenced [START_REF] Farkas | Genomic and phylogenetic analyses of an adenovirus isolated from a corn snake (Elaphe guttata) imply a common origin with members of the proposed new genus Atadenovirus[END_REF][START_REF] Farkas | Completion of the genome analysis of snake adenovirus type 1, a representative of the reptilian lineage within the novel genus Atadenovirus[END_REF] and thus serves as a prototype for reptilian AdVs. A sequence comparison of partial IVa2 and polymerase gene sequences of this prototype virus with those of three AdV isolates from other German snakes showed that they were identical A c c e p t e d M a n u s c r i p t 4 [START_REF] Marschang | Evidence for wide-spread atadenovirus infection among snakes[END_REF]. Although adenovirus infections are frequently described in lizards, no virus has been isolated from a lizard in cell culture to date. [START_REF] Wellehan | Detection and analysis of six lizard adenoviruses by consensus primer PCR provides further evidence of a reptilian origin for the atadenoviruses[END_REF] designed two degenerate primer pairs based on the consensus sequence of the polymerase genes of different adenovirus types from three genera. This nested PCR system has been shown to be an efficient tool for surveying adenovirus infections of all genera in a wide range of animals, among them reptiles [START_REF] Zsivanovits | Presumptive identification of a novel adenovirus in a Harris hawk (Parabuteo unicinctus), a Bengal eagle owl (Bubo bengalensis), and a Verreaux's eagle owl (Bubo lacteus)[END_REF][START_REF] Benkı | How to find "new" adenoviruses[END_REF]. In spite of the degenerate primers, direct sequencing of the products is possible, and phylogenetic analysis of the sequences can help to determine the virus type. Wellehan and co-workers have used this system to describe 6 novel lizard adenoviruses from seven host species. In both of the above mentioned studies the phylogenetic analysis of the short (ca. 300 bp) polymerase segments clearly clustered all reptilian AdVs within the Atadenovirus genus, giving further support for the coevolution theory [START_REF] Harrach | Reptile adenoviruses in cattle?[END_REF].

However, the sequence recently obtained from a Sulawesi tortoise using the same PCR (Wellehan,unpublished;GenBank Accession No: EU056826) clusters in the Siadenovirus genus, showing that Testudines AdVs may differ from this scheme.

In our diagnostic laboratory we use this consensus nested PCR, together with classical virus isolation methods for the detection of reptilian adenoviruses. The present report describes the use of these methods to detect and characterize adenoviruses from different lizards and snakes, resulting in the description of new reptilian AdVs and the first isolation of a lizard AdV in cell culture.

Materials and Methods

Samples

A c c e p t e d M a n u s c r i p t 5 Routine diagnostic samples from a total of about 60 lizards and snakes with case histories considered suspicious for AdV infection were sent to our laboratory during 2006 and the beginning of 2007. Twelve additional reptilian samples sent for other virus tests were surveyed "blind" for the presence of AdVs as well, using the PCR protocol described later.

DNA or RNA extracts of different organs or swabs were pooled for the same animal or same batch and treated as one. The animals that were positive for AdVs are listed in Table 1.

In the case of the AdV positive Gila monsters (Heloderma suspectum) and Mexican beaded lizards (Heloderma horidum) (Nos. 7-11 in Table 1), follow-up tests were performed at the Danish zoo in which these animals were kept after the detection of AdV. Five consecutive tests were performed in the group consisting of Gila monsters, Mexican beaded lizards and leopard tortoises (Geochelone pardalis). First intestine, heart, liver and liver-swab samples from a dead Mexican beaded lizard (No.7) were tested when an outbreak started among a group of juveniles. Two weeks later oral and cloacal swabs were taken from some survivors. This time two beaded lizards (No.8) and a Gila monster (No.9) were tested. Another two months later a Gila monster and two leopard tortoises from the same animal group were swabbed (these samples are not listed in Table 1). Six months after the outbreak, two asymptomatic young Gila monsters from a separate enclosure were swabed for a follow up study (No.10). Finally, another half year later 21 newly introduced Gila monsters and 7 fresh Mexican beaded lizards were orally swabbed, before introducing them to the facility (No.

11).

Virus isolation

Isolation of viruses was attempted from all samples on the iguana heart cell line (IgH-2, ATCC: CCL-108) and/or on Russell's viper heart cells (VH-2, ATCC: CCL-140) and/or Terrapene heart cells (TH-1, ATCC: CCL-50). Small pieces of tissues or the cotton heads of A c c e p t e d M a n u s c r i p t 6 swabs were sonicated in 3ml Dulbecco's modified Eagle's medium (DMEM) (Biochrom AG, Berlin, Germany) supplemented with antibiotics. The samples were centrifuged at low speed (2000 x g, 10 min) for the removal of cell-debris and bacteria, then 200 µl of the homogenate was inoculated onto approximately 70% confluent cell monolayers in 30 mm diameter Cellstar® tissue culture dishes (Greiner Bio-One GmbH, Frickenhausen, Germany). After incubating for 2 hours at 28 ºC, 2ml nutrient medium (DMEM supplemented with 2% foetal calf serum, 1 % non-essential amino acids and antibiotics) was added to each dish. Cells were examined for cytopathic effects (CPE) approximately every 3 days with an inverted light microscope (Wilovet, Wetzlar, Germany), and dishes were frozen when extended CPE was seen. Dishes showing no CPE were frozen after 2 weeks of incubation for blind passaging.

Two additional passages were performed from each dish after a freeze and thaw cycle and low speed centrifugation.

Electron microscopy

Cell culture supernatant was negative-stained with 2% potassium phosphotungstate (pH 7.3) on 3.05 mm copper grids (Plano GmbH, Wetzlar, Germany), and examined with a JEM-1011 transmission electron microscope (JEOL, Japan) for the presence of viral particles. Electron microscopic examinations were carried out by Valerij Akimkin at the Chemische und Veterinäruntersuchungsamt (CVUA) Stuttgart, Germany.

PCR and sequencing

DNA was extracted from sample homogenates using the DNAeasy® kit (Qiagen GmbH, Hilden, Germany). Nested PCR was done in 25 µl reaction mixtures, containing 1x concentration of Taq Buffer with (NH 4 ) 2 SO 4 , 1.5 mM of MgCl 2 , 200 µM of each dNTP, and 0.6 U of Taq polymerase (all from MBI Fermantas, St Leon-Rot, Germany). 1 µM from both A c c e p t e d M a n u s c r i p t 7 forward and reverse primers of the outer or inner pairs [START_REF] Wellehan | Detection and analysis of six lizard adenoviruses by consensus primer PCR provides further evidence of a reptilian origin for the atadenoviruses[END_REF] were used in the first or second rounds of the reaction respectively. In each round, 45 cycles were carried out. In the first round 1 µl DNA extract, in the second round 2.5 µl first round amplicon served as a template. Products were separated on 1.5 % agarose gels (Bioenzym, Oldendorf, Germany) in TAE puffer containing 0.5 µg/ml ethidium-bromide and visualised under 320 nm UV light.

Gel purified PCR amplicons (Invisorb Spin DNA Extraction Kit; Ivitek GmbH, Berlin, Germany) were sequenced directly using a Big-Dye terminator kit v.1.1 and analysed on an ABI prism 310 automated DNA sequencer (both Applied Biosystems, Foster City, USA).

Analysis of sequences

Raw sequences were processed by the ABI Sequence Analysis Programme 5.1.1 (Applied Biosystems, Foster City, USA) then edited, assembled and compared using the STADEN Package version 2003.0 Pregap4 and Gap4 programmes [START_REF] Bonfield | A new DNA sequence assembly program[END_REF]. The sequences were compared to the data in GenBank (National Center for Biotechnology Information, Bethesda, USA) online (www.ncbi.nih.gov) using BLASTN and BLASTX options. Homologous sequences were retrieved from GenBank through the non-redundant AdV database of the Molecular Virology Group at the Veterinary Medical Research Institute, Budapest (www.vmri.hu/~harrach). Multiple alignment of sequences was performed with ClustalW algorithm of the BioEdit Sequence Alignment Editor programme [START_REF] Hall | BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT[END_REF] using default settings. This alignment was further used for phylogenetic calculations in the PHYLIP program Package version 3.6. [START_REF] Felsenstein | PHYLIP -Phylogeny Inference Package[END_REF] applying various methods (maximum likelihood and distance based) to obtain an optimal tree. With a bootstrap of 100 replicates, the Dayhoff matrix algorithm for the protein distance calculations and the Fitch-Margoliash method for the tree calculations provided the most robust tree. Liver, intestine, liver-swab and heart samples all showed extensive CPE after 4, 14, 24 and 30 days post inoculation, respectively (Fig. 1). Oral and clocal swabs of a Gila monster tested 6 months later (sample No.10) and one year later (sample No.11) showed a similar CPE on IgH-2 cells. All of the isolates could be passaged. The isolated viruses were identified as AdVs by PCR amplification of virus from the cell culture supernatant as described above as well as by electron microscopic examination of the cell culture supernatants. Non-enveloped icosahedral particles of approximately 80 nm were detected with negative staining in both the Mexican beaded lizard and the Gila monster isolates (Fig. 2).

Consensus nested PCR

We have found AdVs in a total of 26 diagnostic samples during 2006 and beginning of 2007.

AdVs were detected from a total of 6 bearded dragons. In three cases (No.1,No.2 and No.6) virus was detected from both oral and cloacal swabs, in one case (No.5) only from a cloacal swab, in one case (No.3) from mixed tissue and faeces, and in one case (No.4) from several A c c e p t e d M a n u s c r i p t 9 different tissues (lung, liver and kidney) (Table 1). In the case of one dead animal (No.4) and a chronically sick one (No.5) we also tested oral and cloacal swabs of the partner dragons from the same enclosure, but they were all negative in the AdV PCR.

In the Danish zoo cases, among the Mexican beaded lizards all of the tissues and swabs tested from No.7, and the swabs from No.8 were positive for AdVs by PCR. Oral swabs as solitary probes taken from several Gila monsters from the same enclosure collected some time after the original detection were also all positive (No.8 & No.9). However, the companion beaded lizard and two leopard tortoises from the same enclosure tested two months after the original detection gave negative PCR results (data not shown). The latest sampling, of 28 new quarantined Heloderma spp. specimens 1 year after the outbreak detected 12 positives among the Gila monsters (No.11).

The kidney and spleen tissue samples from the emerald monitor (Varanus prasinus) that died with a hepatitis were PCR positive although the liver was negative (No.12).

AdVs were also detected in a snake collection with no specific signs indicative of AdV infection. No.13 was a batch of samples from snakes at a collection containing nine specimens from two asp viper subspecies (Vipera aspis aspis, Vipera a. francisciredi) and two striped Aesculapian rat snakes (Elaphe lineata). The solitary AdV positive sample from this batch was an asp viper which died suddenly and organ samples of intestine, liver, kidney and lung were sent in for paramyxovirus (PMV) testing, along with oral and cloacal swabs from each living companion. PMV was detected in three of these survivors but not in the tissues of the dead snake. However, a pooled organ sample of this animal was positive in the AdV consensus nested PCR.

In many cases, multiple bands of nonspecific amplicons were visible above the approx. 320 bp long second round specific product, making the evaluation more difficult. In the case of No.8, these bands were equally strong as the specific one. The second round PCR products were all 272 nt long after editing out the primer sequences. These sequences were used for further analysis. An identity matrix of the sequences is shown in Fig. 3, an alignment of the amino acid sequences in Fig. 4 and a phylogenetic tree based on this alignment is shown in Fig. 5. The sequences were submitted to GenBank and have been assigned the accession numbers EU914202 to EU914209 (Table 1).

The six agamid AdVs detected are most similar to one another. There is a maximum of 6 nt differences between the sequences, with at most 2 non-silent mutations. In the data set of the follow-up study from the Heloderma spp., the sequences from the Mexican beaded lizards were always distinctly different from those of the Gila monsters. All Gila sequences in the batches No.10 and No.11 were identical with the corresponding GenBank Helodermatid AdV sequence. Similarly, the sequences of all of the Mexican beaded lizard samples were identical with one another, but show 24 nt differences compared to the Helodermatid AdV sequence.

Yet only 3 of these were non-silent mutations. The partial sequence obtained from the emerald monitor AdV No.12 has the highest BLASTX values with the snake AdV sequence, whereas the identity matrix of the nucleotide sequences shows the highest value with the Agamid AdVs. The asp viper AdV (sample No.13) has the greatest similarity to the Eublepharid AdV and the Helodermatid AdV with approx. 65-68 % and 70-72 % similarity values on the nucleotide and amino acid level respectively. The partial polymerase sequence from the AdV isolate from a Boa constrictor used as a positive control in all PCRs (No. 14) was identical to the corresponding region of the SnAdV-1.

Discussion

A c c e p t e d M a n u s c r i p t 11 This is the first report of the successful isolation of a lizard AdV. Although there have been several papers describing the occurrence of AdVs in eublepharid, geckonid, varanid, chameleonid and agamid Squamates [START_REF] Essbauer | Viruses of lower vertebrates[END_REF][START_REF] Farkas | Genomic and phylogenetic analyses of an adenovirus isolated from a corn snake (Elaphe guttata) imply a common origin with members of the proposed new genus Atadenovirus[END_REF][START_REF] Wellehan | Detection and analysis of six lizard adenoviruses by consensus primer PCR provides further evidence of a reptilian origin for the atadenoviruses[END_REF]), these viruses have never been isolated. All reptilian isolates to date are from snakes, and there is evidence that these might represent the same virus [START_REF] Marschang | Evidence for wide-spread atadenovirus infection among snakes[END_REF]. Isolation of the two different Helodermatid AdVs, in one case from a Mexican beaded lizard and two cases from Gila monsters is therefore an important step in the further study of AdVs of reptiles. PCR amplified partial sequence comparison is possible with field samples, but virus isolation is essential for physico-chemical and ultrastructural characterisation as well as for pathogenicity studies.

The comparison of the partial polymerase sequences of our helodermatid sequences with that in GenBank has revealed that the Gila monsters and Mexican beaded lizards posess two different AdVs. The GenBank helodermatid AdV sequence from a Gila monster in the USA is identical to our Danish Gila sequences, whereas our beaded lizard isolate and sample sequences from the same enclosure differ from these. This finding supports the hostspecificity coevolution-cospeciation theory of AdVs [START_REF] Harrach | Reptile adenoviruses in cattle?[END_REF]. However, this strict host-specificity is not supported by the identical sequences found in isolates from different snakes (Boa sample No.14 and SnAdV-1 from a corn snake; also in [START_REF] Marschang | Evidence for wide-spread atadenovirus infection among snakes[END_REF] python, corn snake & rat snake samples in [START_REF] Benkı | How to find "new" adenoviruses[END_REF]. The difference (8.9% aa and 3.3% nt) between the gene portions of the two helodermatid viruses are relatively small. Compared to those between other AdVs, these viruses seem to represent the same species.

Further sequencing and/or serological testing are needed for further characterization of these isolates.

A c c e p t e d M a n u s c r i p t 12 Our six bearded dragon AdV sequences possess less than 2.5% nt variation in the examined region, and thus, together with data from GenBank and additional sequences from Hungary [START_REF] Benkı | How to find "new" adenoviruses[END_REF]Farkas, personal communication) they provide further support that a single agamid AdV is circulating in the bearded dragon collections across Europe and the USA.

There were several interesting aspects of the AdV found in the emerald monitor (No.12).

Although the histological examination of this animal showed hepatitis, no AdV was detected in the liver by PCR. The spleen and kidney were both PCR positive and the sequence obtained from these amplicons revealed that this varanid AdV is very different from every earlier described reptilian AdVs. Using either nucleotide or amino acid sequence in the distance matrix analysis the virus clustered not in but beside the Atadenovirus genus, equally distant to the proposed "Ichtadenovirus" genus and the Mastadenovirus genus. Yet the sequence is short and the bootstrap values at this branching of the tree are under 50 (Fig. 5).

Further sequencing is necessary to determine the exact taxonomic position of this virus.

The asp viper sample (No.13) is a good example for the successful detection of new AdVs in blind surveys. This snake was the only animal that died in a collection of snakes in which a PMV was detected although only the companion animals were positive in a PMV RT-PCR.

The phylogenetic analysis of the polymerase gene portion of the AdV in this animal has clustered this virus into the Atadenovirus genus, but representing a new species: Viperid AdV.

Each of the viruses presented above have a balanced A+T content (41.7% -57.5%) in the sequenced region which might indicate that they have coevolved over a longer period of time together with their hosts [START_REF] Farkas | Genomic and phylogenetic analyses of an adenovirus isolated from a corn snake (Elaphe guttata) imply a common origin with members of the proposed new genus Atadenovirus[END_REF][START_REF] Wellehan | Detection and analysis of six lizard adenoviruses by consensus primer PCR provides further evidence of a reptilian origin for the atadenoviruses[END_REF]. 

  viruses Viruses were isolated from three animals out of the total of 26 that tested adenovirus positive by PCR during the course of the study (Tab. 1). All three of these were Heloderma spp. (one Mexican beaded lizard and two Gila monsters) from a single zoo. During this study and the follow-up investigation at this zoo, a total of 34 Heloderma spp. specimens (10 Mexican beaded lizards and 24 Gila monsters) were tested for adenoviruses. The isolated viruses caused a CPE with rounding and detachment of some cells. The samples from the dead Mexican beaded lizard (No.7) were strongly positive on IgH-2 cells in the first passage.

  while the majority of our sequence data support the coevolution-cospeciation theory and the reptilian origin of atadenoviruses, a close look at individual reptilian AdV shows that this theory may not explain all of the AdV found in reptiles. One open question is the occurance of the same AdV in different snake hosts. The other is posed by the Varanid AdV which does not seem to belong to the Atadenovirus genus. Additional work is necessary, both to obtain additional taxonomic information on the AdVs described here as well as to characterize further reptilian AdV.
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 1 Adenovirus positive samples with short case histories, the results of virus isolation on cell-culture and GenBank accession numbers of the obtained partial DNA polymerase gene sequences. Only PCR positive animals are listed.
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A c c e p t e d M a n u s c r i p t 20 background shading of the names. Vertical background shading of sequences in black and grey refers to 80% identity and similarity of conserved amino acid positions respectively, regarding the alignment of all available sequences for this region. (helodermatid and agamid isolates show a maximum of 3 amino acid variations between one another, and are therefore also grouped together as they most probably belong to one species.) For abbreviations and GenBank accession numbers see legend of Fig. 5.