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Abstract: Between 2011 and 2018, 518 respiratory adenovirus infections were diagnosed in a pediatric
clinic in Shizuoka, Japan. Detection and typing were performed by partial sequencing of both hexon-
and fiber-coding regions which identified: adenovirus type 1 (Ad-1, n = 85), Ad-2 (n = 160), Ad-3
(n = 193), Ad-4 (n = 18), Ad-5 (n = 27), Ad-11 (n = 2), Ad-54 (n = 3), and Ad-56 (n = 1). Considering
previous reports of the circulation of an endemic recombinant Ad-2, e.g., Ad-89, 100 samples typed as
Ad-2 were randomly selected for further molecular typing by sequencing the penton base-coding
region. Despite the high nucleotide sequence conservation in the penton base- coding region,
27 samples showed 98% identity to Ad-2. Furthermore, 14 samples showed 97.7% identity to Ad-2
and 99.8% identity to Ad-89, while the remaining 13 samples showed an average 98% pairwise
identity to other Ad-C types and clustered with Ad-5. The samples typed as Ad-89 (n = 14) and as
a recombinant Ad type (P5H2F2) (n = 13) represented 27% of cases originally diagnosed as Ad-2,
and were detected sporadically. Therefore, two previously uncharacterized types in Japan, Ad-89
and a recombinant Ad-C, were shown to circulate in children. This study creates a precedent to
evaluate the epidemiology and divergence among Ad-C types by comprehensively considering the
type classification of adenoviruses.

Keywords: Human mastadenovirus C; respiratory infections; pediatric infections; recombination;
molecular epidemiology; adenovirus typing

1. Introduction

Members of the Adenoviridae family are non-enveloped double-stranded DNA viruses with a
size ranging from 70 to 90 nm. Among them, human mastadenoviruses (Ad) infect humans and
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cause a variety of diseases [1,2]. Human mastadenoviruses are classified into seven species from
Ad-A to Ad-G, according to a variety of virological, clinical, and phylogenetic characteristics [1].
Human mastadenovirus C (Ad-C) types are associated with ~5% of upper respiratory tract infections and
~15% of lower respiratory infections in children under the age of five [3,4]. Among Ad-C, adenovirus
type 2 (Ad-2) is one of the most commonly detected types worldwide and is a leading pathogen
associated with pediatric respiratory tract infections. Ad-C types are harbored as latent infections in
tonsillar tissue and, also are intermittently excreted in the feces of children [5]. It is noteworthy that
despite the rarity in frequency, adenovirus encephalitis due to Ad-2 infections has been reported in
immunocompromised patients [6]. Ad-2 ranks as the most frequently detected type in the Japanese
surveillance of adenovirus infections [7], and a similar trend is also observed in the United States of
America [8]. The proper identification and classification of adenovirus types and outbreaks are an
important part of the surveillance of infectious agents performed by the National Institute of Infectious
Diseases of Japan [9].

Since 2007, molecular analyses have increasingly supplanted serological testing as adenovirus
typing methodologies, after the recognition of adenovirus type 52 and a novel species, Ad-G, based
on genomic analysis [10]. Whole genome sequence analysis has become increasingly common
for the complete characterization of adenovirus types [1,11], effectively replacing serotyping due
to the replicability and convenience of molecular techniques [12]. In addition, genomic analysis
allows consideration of adenovirus properties largely overlooked by serotyping methods, such as
recombination events affecting single or multiple epitope-determining regions [13,14]. The shift
in typing methodologies has consequently favored genotypic assignment based on whole genome
sequence instead of serological analyses, and for simplicity hereafter “type” will refer to both.
Furthermore, the taxonomy of adenoviruses can present issues as alternative classification schemes
based solely on either genotypic or serological criteria are inadequate to accommodate all biological
and clinical characteristics of adenoviral species [15]. However, revisions to virus taxonomy should be
embraced to better reflect the current understanding of viral evolution and the progress of genomics
technology [12]. Moreover, within Ad-C, type 57 (Ad-57) was reported in Russia and China [16] in
2011, and type 89 (Ad-89) was reported in Germany in 2019 [17]. The circulation of Ad-C57 in Japan
has also been reported [18]; however, the circulation of Ad-89 remains to be elucidated.

Despite Ad-89 and Ad-2 sharing high pairwise similarity in hexon- and fiber-coding regions,
Ad-89 was initially reported as a novel type based on the criterion of a unique sequence in the
penton base-coding region distinguishable from other Ad-C types [17]. The penton base protein,
one of the major capsid proteins, elicits part of the immune response to Ad infection; therefore, the
information on the penton base region is also considered for type characterization [19,20]. Although
the criteria for typing is based on the three major capsid proteins [11], in routine practice, detection
and typing methodologies focus solely on the hexon region, and to a lesser degree on fiber, and largely
neglect the penton base region, which may create biases and misidentifications within Ad-C types.
Therefore, a large amount of collected sequence information from Ad-2 from diverse samples tends
to be insufficient for proper typing, due to the overreliance on the hexon-coding region as the main
determinant of the type while neglecting other genomic regions [21].

Considering that Ad-2 is the major source of respiratory infections in Japan, representing 26% of
diagnosed adenovirus infections between 2008 and 2017 [9], and the previously reported evidence
of recombinant forms of serotype Ad-2, we identified that the circulation of such recombinant types
in Japan remains to be elucidated. Therefore, the present study assessed Ad-2 strains that could
potentially have been mistyped considering discordances in type assignment based on penton base-,
hexon-, and fiber-coding regions. We hypothesized that a percentage of the circulating novel types
has been detected previously but misclassified over time due to the prevailing typing methodologies
focusing predominantly on the hexon region [22,23]. This study retrospectively examined 100 samples
originally typed as Ad-2 from 518 adenovirus respiratory infections in children attending a pediatric
clinic in Japan between 2011 and 2018. The viral sequences and the clinical data of these infections were
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further analyzed confirming the circulation of Ad-89 in Japan and the identification of a recombinant
Ad-C type.

2. Materials and Methods

2.1. Patients, Clinical Data, and Adenovirus Sample Collection

Pharyngeal swabs from respiratory infections were collected with informed consent between 2011
and 2018 in Kobayashi Pediatric Clinic, Shizuoka prefecture, Japan. The following demographic and
clinical data were collected for adenovirus-positive patients: (1) examination date, (2) age and gender,
(3) clinical manifestations (maximum temperature, duration of fever, and conjunctival injection and/or
ocular symptoms), (4) laboratory tests (white blood cell count (WBC) and C-reactive protein, (CRP)),
and (5) clinical diagnosis (lower respiratory tract infection, and exudative tonsillitis with infected
pharyngeal infection and tonsillar exudate). Lower respiratory tract infections were diagnosed by the
physician based on auscultation findings and clinical observations.

To check for differences in clinical data between groups, clinical data were statistically evaluated
using Fisher’s exact test for dichotomous variables (gender, ocular symptoms, exudative tonsillitis,
and lower respiratory tract infection) and Kruskal–Wallis test for continuous variables (age, maximum
temperature, duration of fever, WBC, and CRP). A p-value < 0.05 was considered as significant. All
statistical analyses were performed using JMP 14 (SAS Institute Inc., Cary, NC, USA).

Pharyngeal specimens were collected from the pharynx of pediatric patients suspected of
adenovirus respiratory tract infections and were tested as positive for adenovirus in screening tests
with immunochromatographic kits [7]. The viral genomes were extracted from the throat swabs using
the High Pure Viral Nucleic Acid Kit (Roche, Basel, Switzerland). The number of adenovirus genome
copies in clinical specimens was determined by real-time PCR, as reported previously [24].

2.2. Determination of Partial Sequences of Hexon Loop and Penton Base-Coding Regions

The nucleotide sequence corresponding to the hexon loop 1 was sequenced (707–710 bp) from all
samples, following a nested PCR, as reported previously [25]. The size of amplified PCR products
was confirmed by 1.5% (w/v) agarose gel electrophoresis, and amplicons of the predicted size were
excised from the gel and purified by the FastGene Gel/PCR extraction kit (Nippon genetics, Tokyo,
Japan). The nucleotide sequences of the purified PCR products were determined by Sanger sequencing
using standard approaches. The sequences were compared to other known sequences deposited in the
International Nucleotide Sequence Database Consortium (INSDC) by BLAST. The partial nucleotide
sequence corresponding to the penton base (~1140 bp), including the tripeptide Arg-Gly-Asp (RGD)
loop coding region, was compared as described in a previous report [26]. The partial sequences of
penton base- and hexon-coding regions were deposited in the DNA Data Bank of Japan (DDBJ), part of
the INSDC, with the accession numbers LC498883-LC498982 and LC499882-LC499981, respectively.

2.3. Multiplex PCR Using the Fiber Region

A multiplex-PCR that simultaneously targets Ad-1, -2, -5, -6, and -57 was employed to amplify
the unique sequences within the fiber-coding regions and discriminated types based on amplicon size
determined by agarose gel electrophoresis [7]. If multiple bands were detected for a single sample at
the expected sizes, the sample was considered a co-infection. It is noteworthy that Ad-2, Ad-89, and
the potential recombinant type described in this study share almost identical fiber-coding sequences
and are consequently indistinguishable by this methodology.

2.4. Virus Isolation and Neutralization

HAdVs were isolated using the A549 cell line, as previously described [7]. There was a total of six
isolates, which were chosen to include differentiable penton base regions and tested by neutralization
analysis using rabbit antiserum against Ad-1, Ad-2, Ad-5, and Ad-6 (Denka-seiken, Tokyo, Japan).
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Neutralization reactions were performed with the antisera at concentrations of 5 U, 10 U, and 20 U,
using the viral solution as the attack virus at concentrations at which approximately 75% of cytopathic
effect (CPE) on A549 cells were observed after 48 h.

2.5. Whole Genome Sequence Analysis

Isolated viruses were extracted from the virus culture solutions and the whole genome sequences
were determined by next generation sequencing on the NovaSeq 6000 platform (Illumina, San Diego,
CA, USA). Assemblies were performed with CLC Genomics Workbench 12 (QIAGEN, Tokyo, Japan).
Also, the inverted terminal repeats (ITR) of both genome sequences were determined by Sanger
methods. The complete genome sequences were annotated and deposited in DDBJ under the accession
numbers LC504573 for the Ad-89 and LC504572 for the recombinant Ad-P5H2F2 strains.

2.6. Sequence Analysis

Partial and complete genome sequences of samples were compared to reference sequences
retrieved from the INSDC. The accession numbers of the reference sequences were: Ad-1 (AC000017),
Ad-2 (AC000007, MF044052), Ad-5 (AC000008), Ad-6 (FJ349096), Ad-57 (HQ003817), Ad-89 (MH121097,
MH121114). Ad-B3 (AY599834) was used as an outgroup to root trees. Multiple sequence alignments
(MSAs) including obtained sequences and the reference sequences of Ad-C were built with MAFFT [27]
and the corresponding phylogenies were inferred with MrBayes v3.5 [28]. The best models were chosen
by MSA using the corrected Akaike information criterion (AIC) calculated by MEGA (version 7) [29]
and the Bayesian chain length was 2 × 106 to assure convergence. Recombination analysis was
performed using SimPlot (version 3.5.1) [30] (with window and step sizes as 500 bp and 100 bp,
respectively, and 100 repetitions) and the recombination detection program (RDP) v4.0 [31], setting the
program to consider reliable recombination events with a significance of p < 0.01 in at least three out of
seven selected methods: RDP, GENECONV, BootScan, Maxchi, Chimaera, SiSscan, and 3Seq.

2.7. Ethical Considerations

The ethical review of this study was approved by the Ethical Review Board of the National
Institute of Infectious Diseases (No. 877, 13 February, 2018), and the Japan Medical Association Ethical
Review Board (No.30-6, 19 February, 2019).

3. Results

3.1. Adenovirus Detection and Typing by Hexon- and Fiber-Coding Regions

Between 2011 and 2018, a pediatric clinic in Shizuoka diagnosed 518 pediatric patients as adenoviral
respiratory tract infections using immunochromatography kits. The adenoviruses were both detected
and typed via PCR in 489 samples (94% of cases). The hexon partial sequences of such samples were
submitted by BLAST to the INSDC and determined the infecting types as: Ad-1 (n = 85), Ad-2 (160),
Ad-3 (193), Ad-4 (18), Ad-5 (27), Ad-11 (2), Ad-54 (3), and Ad-56 (1), which were distributed in relatively
comparable frequencies across the study years (Figure 1). These classifications were concordant with
the multiplex PCR results targeting the fiber-coding region of the adenoviral genomes.

3.2. Nucleotide Sequencing of Penton Base- and Hexon-Coding Regions from Ad-2 Positive Samples

The adenovirus copy number was measured in 160 specimens typed as Ad-2; among them,
100 specimens were randomly selected from specimens that contained >104 genome copies/µL. The
hexon and penton coding regions of these 100 samples were sequenced. The naming of these strains
was in the format K#-XXX-isolation year, from K1-006-2012 to K100-390-2016, as shown in Figure 2
(Table S1).
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Figure 1. Adenoviruses (Ads) detected from respiratory patients during 2012 to 2018. The vertical axis
shows the year, and the horizontal axis shows the number of Ads detected. Data from 2011 were not
shown because only three strains were detected in 2011, Ad-1 (n = 2) and Ad-3 (n = 1).

The lengths of the 100 partial sequences targeting the penton base encompassing the RGD loop were
1140–1152 bp (yielding a consensus length of 1152 bp) and the lengths of sequences covering the hexon
loop 1 coding regions obtained were 707–710 bp (an 896-bp consensus length). The phylogenetic trees
for penton base and hexon, considering these and other Ad-C reference sequences, were inferred with
MrBayes using the general time reversible nucleotide substitution model allowing for heterogeneity
modeled with a gamma distribution (GTR+Γ) (Figure 2A,B). In the penton base phylogenetic tree
(Figure 2A), 14 specimens (14%) formed a highly-supported cluster with two strains previously reported
as Ad-89 from Germany and shared high nucleotide sequence similarity (0.99 ± 0.002); therefore, these
specimens were reclassified as Ad-89. Interestingly, 13 samples (13%) formed a new previously
unrecognized cluster that was distinct from Ad-2 (0.975 pairwise identity), Ad-89 (0.983 pairwise
identity), and Ad-5 (0.981 pairwise identity). The remaining 73 samples clustered with high support to
previously described clusters containing Ad-1, Ad-57, and Ad-6, with Ad-2 as an outgroup (Figure 2A).
Furthermore, the similarity of these samples to Ad-1 and Ad-2 was 0.998 + 0.0009 and 0.988 ± 0.0008,
respectively. These findings were consistent with the interpretation that the penton base-coding region
has been affected by multiple recombination events during Ad evolution (Table S1).

The phylogenetic tree corresponding to the loop 1 of the hexon region clustered all samples
from this study with Ad-2 reference sequences (Figure 2B). Despite the contrast in similarity to other
Ad-C types (0.774 ± 0.009 average), Ad-89 samples evidenced a distinguishable difference to Ad-2
(0.98 ± 0.01 average). Moreover, the group of sequences identified as a recombinant type, based on the
penton base, showed high similarity in the hexon loop 1 to Ad-2 (0.995 ± 0.003 average) (Table S1). The
phylogenetic results were further confirmed by neutralization tests by antisera against Ad-2 (Table 1).

Table 1. Neutralization results.

Strain *
Anti-Ad-1 Anti-Ad-2 Anti-Ad-5 Anti-Ad-6

5 U 10 U 20 U 5 U 10 U 20 U 5 U 10 U 20 U 5 U 10 U 20 U

K19-085-2012 ++++ +++ + - - - ++++ +++ + +++ + ±

K27-108-2013 ++++ +++ ++ - - - ++++ +++ + +++ + -

K40-191-2014 +++ ++ + - - - +++ ++ + +++ + ±

K55-255-2014 +++ ++ ± - - - ++++ +++ + +++ + ±

K67-339-2016 ++++ +++ + - - - ++++ ++++ ++ +++ + ±

K85-422-2017 ++++ +++ + - - - ++++ +++ ++ +++ ++ +

++++: 100%, +++: 75%, ++: 50%, +: 25%, ±: <25%, -: 0% cytopathic effect (CPE) after neutralization. * Virus
isolates using A549 cells were clarified by freezing–thawing two times and centrifuging at 800× g for 10 min.
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Figure 2. Phylogenetic trees of (A) the penton base RGD loop and (B) hexon loop 1. The posterior
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used for whole-genome sequencing.

3.3. Complete Genome Sequences for Ad-89 and a Putatively Recombinant Ad Type

The complete genome sequences of two samples were determined to definitively assign the viral
type based on genomic analysis. The sequence of K67-339-2016, classified as Ad-89, and K19-85-2012,
representing a putative recombinant type, were obtained by next-generation sequencing and assembled
from over 20M reads in each sample. The genomic terminal regions were confirmed by Sanger methods
for both samples. The assembled genomes of Ad-89 K67-339-2016 and K19-85-2012 were 35,911 bp
and 35,921 bp in length, respectively. The nucleotide composition of both sequences showed the
characteristic 55% content of guanine and cytosine (GC%) from Ad-C; however, K19-85-2012 derived
from the putative recombinant Ad type showed the lowest GC% among Ad-C types with 55.15%,
while other types showed an average 55.24% ± 0.06. The annotation of both genomes showed the
expected gene order for Ad-C members.

The phylogenetic tree of the genome sequences with other reference Ad-C sequences confirmed
the classification of K67-339-2016 as Ad-89 at the genome level (Figure 3A). However, the highly
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supported position of K19-85-2012 was an outgroup to Ad-2 and Ad-89. Furthermore, the phylogenetic
trees corresponding to the coding sequences of penton base, hexon, and fiber (Figure 3B–D) clustered
K19-85-2012 with Ad-5, Ad-2, and Ad-2, respectively, summarized as P5/H2/F2.
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posterior probability supporting the branching is shown adjacent to the nodes. Tip names of the
recombinant genome sequences from the present study are colored in red.

The discordances in type assignment based on the major capsid protein coding regions suggested
the possibility of recombination events which we explored further with the RDP program identifying
four putative recombination events (Table 2). The impact of these recombination events was assessed
further by BootScan and a similarity analyses in Simplot (Figure 4). Notably, the major differences
to other Ad types were located in the hexon- and fiber-coding regions, in support of methodological
approaches assessing both these sections of the Ad genome for type assignment. The BootScan analysis
supported a chimeric origin for K19-85-2012 (Figure 4A) that pointed to regions coding the hexon
and fiber as possibly recombinant areas and explaining their clustering with Ad-2. Analogously,
the similarity sliding window analysis shows high conservation in the penton base- coding region
with small variations that could explain K19-85-2012 clustering to Ad-5 (Figure 4D). The effects of
the recombination events deduced from RDP and Simplot were further assessed with phylogenies
considering the concatenation of sections detected as not recombinant (Figure 5A) and sections of the
four detected putative recombination events (Figure 5B–E). Interestingly, the major part of K19-85-2012
clustered with Ad-5 (Figure 5A), while events 1 and 3 explained the clustering with Ad-2 (Figure 5B,D).
Event 2 suggested the recombinant parent of the E3 region was Ad-57 (see Figure 5C).
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Table 2. Recombination events in Ad strain K19-85 2012 detected by the recombination detection program (RDP).

Sequence No. Start End Minor
Parent

Detection Method Support (p-Value)

RDP GENECONV Bootscan Maxchi Chimaera SiSscan 3Seq

K19-85
2012

1 18,725 21,251 Ad-2
(J01917) NS 5 × 10−9 NS 1 × 10−2 1 × 10−10 4 × 10−12 1 × 10−2

2 27,376 31,060 Ad-57
(HQ003817) 2 × 10−31 6 × 10−101 9 × 10−100 3 × 10−36 2 × 10−32 4 × 10−54 3 × 10−15

3 31,229 32,755 Ad-2
(J01917) 5 × 10−33 2 × 10−82 5 × 10−80 5 × 10−40 2 × 10−39 1 × 10−55 3 × 10−15

4 33,123 34,253 Ad-2
(J01917) NS 2 × 10−7 2 × 10−3 2 × 10−7 1 × 10−5 3 × 10−4 2 × 10−3

NS: non-significant.
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Figure 4. Recombination analysis by sliding window in Simplot. Horizontal axes correspond to the
relative genomic positions in K19-85-2012. (A) BootScan analysis shows the clustering of K19-85-2012
with other Ad-C types. The vertical axis shows the percentage of trees supporting the clustering. Series
are colored according to the legend on top of the panel. (B) Graphical representation of the recombinant
origin of the genomic segments colored as described above. (C) Genome annotation of K19-85-2012.
(D) Sliding window analyses of the pairwise similarity per window of K19-85-2012 and the sequence
described at the top of each chart. The vertical axis of each chart shows percentage similarity.
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Figure 5. Phylogenetic trees considering the effects of detected recombination events. The Bayesian
posterior probability supporting the branching is shown adjacent to the nodes. (A) Phylogenetic tree
considering the section of the genome in K19-85-2012 detected as not recombinant with a length of
27,064 bp. Other phylogenetic trees correspond to sections of the genome for (B) event 1: 2527 bp,
(C) event 2: 3685 bp, (D) event 3: 1527 bp, and (E) event 4: 1131 bp. See Table 2 and Figure 4B. Tip
names of the recombinant genome sequences from the present study are colored in red.

3.4. Clinical Data

Out of the 489 adenovirus-positive cases from respiratory samples, 27 cases were excluded because
of insufficient clinical information. The remaining cases comprised 270 boys and 192 girls with a
median age of 33 months (interquartile range: 18–57.5 months). Among these cases, 155 cases presented
exudative tonsillitis and 126 cases involved lower respiratory tract infections. Ninety-seven of the
100 Ad-2 cases selected for molecular characterization were further analyzed as sufficient clinical
information was collected. The distribution of the causative agent of such cases was: Ad-89 (13 cases),
Ad-P5H2F2 (13 cases), and Ad-2 (71 cases). The statistical analysis showed no evidence that Ad-2,
Ad-89, and the putatively recombinant type had any noticeable difference in any of the recorded
clinical variables such as age, maximum temperature, duration of fever, ocular symptoms, WBC, CRP,
exudative tonsillitis, or lower respiratory tract infection (Table S2).
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4. Discussion

The current retrospective study characterized samples taken from pediatric respiratory infections
over the 2011–2018 period and originally typed with cognizance to the common adenovirus types
frequently diagnosed in Japan. Notably, more detailed characterization of samples typed as Ad-2 led to
the uncovering of two recombinant forms involving serotype Ad-2 previously uncharacterized in Japan.
The most common method of adenovirus detection in infections uses immunochromatography kits [24];
however, such testing only detects the presence of adenovirus and lacks the ability to provide further
information about the viral type. Despite molecular approaches such as partial nucleotide sequencing
of sub-genomic regions, which can provide further details on the identity of the infectious agents, the
selection of the genomic regions to sequence or analyze can lead to misclassification [21]. The results of
this study showed that a relatively high percentage (27%) of the Ad-2 samples in circulation during the
years 2011–2018 were mistyped due to the overreliance on a classification scheme based exclusively on
the hexon-coding region; furthermore, serological tests on the samples also showed neutralization
reactions by rabbit serum against Ad-2. Therefore, although the available evidence shows that these
variants have recombinant origins and have circulated in Japan for at least the previous decade, they
have remained undetected by routine molecular typing and serological approaches.

The criteria for type classification considers analysis of the phylogenetic clustering of types in
the three major capsid proteins penton base, hexon, and fiber, which acknowledges the independent
variation that arises in their coding regions during viral evolution [11]. The adaptive immune
response against adenovirus involves developing antibodies against each of the three major capsid
proteins. Nevertheless, due to the surface occupied by each kind of protein in the capsid, the major
part of the antibody production is focused against the hexon protein, followed by the fiber and the
penton base [19,20,32]. Therefore, despite the major antigenic response residing within the hexon, the
synergistic neutralization of fiber and penton base proteins play an important role in the complete
neutralization of the virus [32]. Additionally, the adenovirus type criteria recognizes the tendency of
Ad to recombine [11,13]. As this criteria considers three different and non-contiguous coding regions
in the adenovirus genome, the criteria also allow assessment of the putative recombination events in
such regions (Figure 4C).

Adenovirus is a common source of respiratory infections among children [33]. Ad-2 and Human
mastadenovirus B type 3 (Ad-3) are among the most frequently diagnosed agents reported on an
annual basis [7,34]. The properties of such types leading to their frequent detection in infectious cases
remain to be explained. The available evidence points to the possibility of recombinant variants being
mistyped as Ad-2 due to a similar hexon-coding region, and, as a consequence, affecting classification
based on serological results. It is noteworthy that frequent illegitimate recombination of the hexon
coding region in Ad-C was recognized even prior to the availability of the current number of genomic
sequences [14]. In addition, considering the effects and frequency of recombination affecting the coding
regions corresponding to epitope determinants in other adenoviral species, penton base, hexon, and
fiber have been reported as recombination hotspots [13,35,36]; however, the mechanism(s) favoring the
recombination at these loci remains to be elucidated.

Our results showed a potential caveat of existing typing approaches based solely on partial
sequencing of hexon-coding regions, as such methodologies are not appropriate for detection of
Ad-89 or the recombinant Ad-P5H2F2 described in the present study. These samples were also
shown to be distinguishable from Ad-2 based on the penton base. In consideration of these results,
International Nucleotide Sequence Database Collaboration (INSDC) was examined with BLAST queries
for strains which could be considered Ad-89 or Ad-P5H2F2 but registered as Ad-2 (as of 11 November
2019). The results suggested multiple sequences classified as Ad-2 but with high similarity to Ad-89
(percent identity >99%) in the United States (KX384959, KF268130), Argentina (JX173079, JX173077.1),
and from the original reports in Germany (MH121097, MH121114); hence, although the number of
available Ad-89 sequences is small, the diversity of geographical origin of the sequences suggests a
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worldwide circulation of the type. BLAST results for the Ad-P5H2F2 returned only sequences with
percent identities lower than 98.5%, supporting the novelty of the characterized sequence.

Ad-C is an endemic source of infection in all geographic regions, and circulates continuously [24,37].
However, the most prevalent type varies between different geographic locations over time likely
attributable to the numbers of immunologically naïve individuals present in a population to maintain
transmission. The present study focused on a single clinic in central Japan; consequently, it highlights the
need to explore other Japanese locations and other countries to generate a more accurate epidemiological
characterization of factors associated with the spread of Ad-89 and other Ad-C types and their differential
clinical presentation in pediatric and adult cohorts. It is noteworthy that although Ad-C infections
can cause persistent infections with viral shedding that could limit the determination of a definitive
diagnosis of the pathogen eliciting the exhibited symptoms [38], the association of symptoms upon
clinical presentation and the Ad types were supported by three factors: (1) the symptoms were
summarized from multiple cases; (2) other types of Ads were not detected in the infections; and (3) the
high concentrations of viral particles per sample needed to be detectable by immunochromatography
kits suggests active infections.

In comparison with types in other Ad species, respiratory infection by Ad-C types has been
reported to have higher levels of inflammatory cytokines such as G-CSF, IL-6, and TNF-α, and
WBC [7]; however, no significant differences were found among Ad-C types. Analogously, the present
study found no significant clinical differences among cases associated with types Ad-2, Ad-89, and
Ad-P5H2F2 infections. It remains to be determined whether the recombinant origins and genomic
divergence characterized in Ad-89 and Ad-P5H2F2 are reflected in the severity, duration, infectivity,
or clinical manifestations in relation to Ad-2 infections, as has been suggested in other adenovirus
species with frequent recombination events [39,40]. Moreover, considering the role of the penton base
in the internalization of the virion by the host cell [41], future research should assess the effects of
these recombination events among types in the internalization process. It also remains to be explored
whether infections by these recombinant types afford any protection against Ad-2 and Ad-5 infection.

5. Conclusions

In the current study, we assessed the percentage of infections mistyped as Ad-2 due to typing
methodologies based solely on the hexon region by further characterization of coding regions
corresponding to the penton base. Twenty-seven percent of samples were shown to belong to a group
distinguishable from Ad-2 based on the penton base; moreover, 13% of samples were characterized
as a potentially novel Ad type based on recombination events. Additional studies including these
recombinant variants will be useful to elucidate whether clinical differences can be attributed to their
recombinant origins. This study provides insights on the pitfalls of currently practiced molecular
typing methodologies and the divergence among Ad-C types, and our data underscore the importance
of detailed molecular epidemiological assessment employing each of the major capsid genes and
downstream genomic analyses to uncover further recombinant types. Two previously uncharacterized
types in Japan, Ad-89 and a recombinant Ad-C type, were shown to circulate in children. This study
creates a precedent to evaluate the epidemiology and divergence among Ad-C types by comprehensively
considering the type classification of adenoviruses.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/12/1131/s1.

Author Contributions: Conceptualization, T.F., M.Kob., and K.T; methodology, T.F., K.T., N.H., N.N., M.Kon.,
M.O., and G.G.; software, G.G., K.T., and T.F.; validation, T.F., K.T., and M.J.C.; formal analysis, K.T., G.G.,
M.Kon. M.O., and T.F.; resources, T.F. and M.Kob.; data curation, K.T., T.F., and G.G.; writing—original draft
preparation, G.G. and T.F.; writing—review and editing, G.G., K.T., N.H., T.F., and M.J.C.; visualization, G.G. and
T.F.; supervision, T.F.; project administration, T.F.; funding acquisition, M.Kob. and T.F.

Funding: This study was partly supported by the Grant-in-Aid for Scientific Research (10110713 and 10110802) of
the Ministry of Health, Labour, and Welfare and the Daido Welfare Foundation (2019–18).

http://www.mdpi.com/1999-4915/11/12/1131/s1


Viruses 2019, 11, 1131 13 of 15

Acknowledgments: The authors thank Kiyosu Taniguchi from Mie Hospital, Kimihito Ito from the Research
Center for Zoonosis Control of Hokkaido University, and Shigetaka Sugihara from Tokyo Women’s Medical
University Medical Center East, for their support on this work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Harrach, B.; Benkö, M.; Both, G.W.; Brown, M.; Davison, A.J.; Echavarría, M.; Hess, M.; Jones, M.S.; Kajon, A.;
Lehmkuhl, H.D.; et al. Family Adenoviridae. In Virus Taxonomy: Classification and Nomenclature of Viruses:
Ninth Report of the International Committee on Taxonomy of Viruses; King, A.M.Q., Adams, M.J., Lefkowitz, E.J.,
Carstens, E.B., Eds.; Elsevier Academic Press: San Diego, CA, USA, 2011; pp. 125–141.

2. Wold, W.S.; Ison, M.G. Adenovirus. In Fields Virology, 6th ed.; Lippincott, Williams & Wilkins: Philadelphia,
PA, USA, 2013; pp. 1732–1767.

3. Fox, J.P.; Brandt, C.D.; Wassermann, F.E.; Hall, C.E.; Spigland, I.; Kogon, A.; Elveback, L.R. The Virus Watch
Program: A Continuing Surveillance of Viral Infections in Metropolitan New York Families: Observations of
Adenovirus Infections: Virus Excretion Patterns, Antibody Response, Efficiency of Surveillance, Patterns of
Infection, and Relation to Illness. Am. J. Epidemiol. 1969, 89, 25–50.

4. Avila, M.M.; Carballal, G.; Rovaletti, H.; Ebekian, B.; Cusminsky, M.; Weissenbacher, M. Viral etiology in
acute lower respiratory infections in children from a closed community. Am. Rev. Respir. Dis. 1989, 140,
634–637. [CrossRef] [PubMed]

5. Fox, J.P.; Hall, C.E.; Cooney, M.K. The Seattle virus watch: VII. Observations of adenovirus infections. Am. J.
Epidemiol. 1977, 105, 362–386. [CrossRef] [PubMed]

6. Tunkel, A.R.; Baron, E.L.; Buch, K.A.; Marty, F.M.; Martinez-Lage, M. Case 31-2019: A 45-Year-Old Woman
with Headache and Somnolence. N. Engl. J. Med. 2019, 381, 1459–1470. [CrossRef] [PubMed]

7. Nakamura, H.; Fujisawa, T.; Suga, S.; Taniguchi, K.; Nagao, M.; Ito, M.; Ochiai, H.; Konagaya, M.;
Hanaoka, N.; Fujimoto, T. Species differences in circulation and inflammatory responses in children with
common respiratory adenovirus infections. J. Med. Virol. 2018, 90, 873–880. [CrossRef] [PubMed]

8. Centers for Disease Control and Prevention. Adenoviruses | Surveillance Data for National Adenovirus
Type Reporting System (NATRS). Available online: https://www.cdc.gov/adenovirus/reporting-surveillance/

natrs/surveillance-data.html (accessed on 31 October 2019).
9. National Institute of Infectious Disease and Tuberculosis and Infectious Diseases Control Division, Ministry

of Health, Labour and Welfare. Adenovirus infections, 2008 to June 2017, Japan; Infectious Agents Surveillance
Report.2017; National Institute of Infectious Disease: Tokyo, Japan, 2017; pp. 133–135. Available online:
https://www.niid.go.jp/niid/en/iasr-vol38-e/865-iasr/7390-449te.html (accessed on 5 December 2019).

10. Jones, M.S., 2nd.; Harrach, B.; Ganac, R.D.; Gozum, M.M.; Dela Cruz, W.P.; Riedel, B.; Pan, C.; Delwart, E.L.;
Schnurr, D.P. New adenovirus species found in a patient presenting with gastroenteritis. J. Virol. 2007, 81,
5978–5984. [CrossRef]

11. Seto, D.; Chodosh, J.; Brister, J.R.; Jones, M.S.; Members of the Adenovirus Research Community. Using
the whole-genome sequence to characterize and name human adenoviruses. J. Virol. 2011, 85, 5701–5702.
[CrossRef]

12. Imperiale, M.J.; Enquist, L.W. What’s in a Name? J. Virol. 2011, 85, 5245. [CrossRef]
13. Gonzalez, G.; Koyanagi, K.O.; Aoki, K.; Kitaichi, N.; Ohno, S.; Kaneko, H.; Ishida, S.; Watanabe, H. Intertypic

modular exchanges of genomic segments by homologous recombination at universally conserved segments
in human adenovirus species D. Gene 2014, 547, 10–17. [CrossRef]

14. Crawford-Miksza, L.K.; Schnurr, D.P. Adenovirus serotype evolution is driven by illegitimate recombination
in the hypervariable regions of the hexon protein. Virology 1996, 224, 357–367. [CrossRef]

15. Aoki, K.; Benko, M.; Davison, A.J.; Echavarria, M.; Erdman, D.D.; Harrach, B.; Kajon, A.E.; Schnurr, D.;
Wadell, G.; Community, A.R. Toward an Integrated Human Adenovirus Designation System That Utilizes
Molecular and Serological Data and Serves both Clinical and Fundamental Virology. J. Virol 2011, 85,
5703–5704. [CrossRef] [PubMed]

http://dx.doi.org/10.1164/ajrccm/140.3.634
http://www.ncbi.nlm.nih.gov/pubmed/2675703
http://dx.doi.org/10.1093/oxfordjournals.aje.a112394
http://www.ncbi.nlm.nih.gov/pubmed/192073
http://dx.doi.org/10.1056/NEJMcpc1904045
http://www.ncbi.nlm.nih.gov/pubmed/31597024
http://dx.doi.org/10.1002/jmv.25032
http://www.ncbi.nlm.nih.gov/pubmed/29350418
https://www.cdc.gov/adenovirus/reporting-surveillance/natrs/surveillance-data.html
https://www.cdc.gov/adenovirus/reporting-surveillance/natrs/surveillance-data.html
https://www.niid.go.jp/niid/en/iasr-vol38-e/865-iasr/7390-449te.html
http://dx.doi.org/10.1128/JVI.02650-06
http://dx.doi.org/10.1128/JVI.00354-11
http://dx.doi.org/10.1128/JVI.00560-11
http://dx.doi.org/10.1016/j.gene.2014.04.018
http://dx.doi.org/10.1006/viro.1996.0543
http://dx.doi.org/10.1128/JVI.00491-11
http://www.ncbi.nlm.nih.gov/pubmed/21450837


Viruses 2019, 11, 1131 14 of 15

16. Walsh, M.P.; Seto, J.; Liu, E.B.; Dehghan, S.; Hudson, N.R.; Lukashev, A.N.; Ivanova, O.; Chodosh, J.;
Dyer, D.W.; Jones, M.S.; et al. Computational analysis of two species C human adenoviruses provides
evidence of a novel virus. J. Clin. Microbiol. 2011, 49, 3482–3490. [CrossRef] [PubMed]

17. Dhingra, A.; Hage, E.; Ganzenmueller, T.; Bottcher, S.; Hofmann, J.; Hamprecht, K.; Obermeier, P.; Rath, B.;
Hausmann, F.; Dobner, T.; et al. Molecular Evolution of Human Adenovirus (HAdV) Species C. Sci. Rep.
2019, 9, 1039. [CrossRef] [PubMed]

18. Tatsumi, C.; Iizuka, S.; Mita, T.; Wada, M.; Hanaoka, N.; Fujimoto, T. First Identification of Human Adenovirus
57 (HAdV-57) in Japan. Jpn. J. Infect. Dis. 2018, 71, 259–263. [CrossRef]

19. Hong, S.S.; Habib, N.A.; Franqueville, L.; Jensen, S.; Boulanger, P.A. Identification of adenovirus (Ad)
penton base neutralizing epitopes by use of sera from patients who had received conditionally replicative ad
(Addl1520) for treatment of liver tumors. J. Virol. 2003, 77, 10366–10375. [CrossRef]

20. Tomita, K.; Sakurai, F.; Iizuka, S.; Hemmi, M.; Wakabayashi, K.; Machitani, M.; Tachibana, M.; Katayama, K.;
Kamada, H.; Mizuguchi, H. Antibodies against adenovirus fiber and penton base proteins inhibit adenovirus
vector-mediated transduction in the liver following systemic administration. Sci. Rep. 2018, 8, 12315.
[CrossRef]

21. Singh, G.; Robinson, C.M.; Dehghan, S.; Schmidt, T.; Seto, D.; Jones, M.S.; Dyer, D.W.; Chodosh, J.
Overreliance on the hexon gene, leading to misclassification of human adenoviruses. J. Virol. 2012, 86,
4693–4695. [CrossRef]

22. Hashimoto, S.; Gonzalez, G.; Harada, S.; Oosako, H.; Hanaoka, N.; Hinokuma, R.; Fujimoto, T. Recombinant
type human mastadenovirus D85 associated with epidemic keratoconjunctivitis since 2015 in Japan. J. Med.
Virol. 2018, 90, 881–889. [CrossRef]

23. Fujimoto, T.; Yamane, S.; Ogawa, T.; Hanaoka, N.; Ogura, A.; Hotta, C.; Niwa, T.; Chiba, Y.; Gonzalez, G.;
Aoki, K. A novel complex recombinant form of type 48-related human adenovirus species D isolated in
Japan. Jpn. J. Infect. Dis. 2014, 67, 282–287. [CrossRef]

24. Fujimoto, T.; Okafuji, T.; Okafuji, T.; Ito, M.; Nukuzuma, S.; Chikahira, M.; Nishio, O. Evaluation of a bedside
immunochromatographic test for detection of adenovirus in respiratory samples, by comparison to virus
isolation, PCR, and real-time PCR. J. Clin. Microbiol. 2004, 42, 5489–5492. [CrossRef]

25. Okada, M.; Ogawa, T.; Kubonoya, H.; Yoshizumi, H.; Shinozaki, K. Detection and sequence-based typing of
human adenoviruses using sensitive universal primer sets for the hexon gene. Arch. Virol. 2007, 152, 1–9.
[CrossRef] [PubMed]

26. Matsushima, Y.; Nakajima, E.; Ishikawa, M.; Kano, A.; Komane, A.; Fujimoto, T.; Hanaoka, N.; Okabe, N.;
Shimizu, H. Construction of New Primer Sets for Corresponding to Genetic Evolution of Human Adenoviruses
in Major Capsid Genes through Frequent Recombination. Jpn. J. Infect. Dis. 2014, 67, 495–502. [CrossRef]
[PubMed]

27. Katoh, K.; Standley, D.M. A simple method to control over-alignment in the MAFFT multiple sequence
alignment program. Bioinformatics 2016, 32, 1933–1942. [CrossRef] [PubMed]

28. Ronquist, F.; Teslenko, M.; van der Mark, P.; Ayres, D.L.; Darling, A.; Hohna, S.; Larget, B.; Liu, L.;
Suchard, M.A.; Huelsenbeck, J.P. MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice
across a large model space. Syst. Biol. 2012, 61, 539–542. [CrossRef]

29. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger
Datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [CrossRef]

30. Lole, K.S.; Bollinger, R.C.; Paranjape, R.S.; Gadkari, D.; Kulkarni, S.S.; Novak, N.G.; Ingersoll, R.;
Sheppard, H.W.; Ray, S.C. Full-length human immunodeficiency virus type 1 genomes from subtype
C-infected seroconverters in India, with evidence of intersubtype recombination. J. Virol. 1999, 73, 152–160.

31. Martin, D.P.; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and analysis of recombination
patterns in virus genomes. Virus. Evol. 2015, 1, vev003. [CrossRef]

32. Gahery-Segard, H.; Farace, F.; Godfrin, D.; Gaston, J.; Lengagne, R.; Tursz, T.; Boulanger, P.; Guillet, J.G.
Immune response to recombinant capsid proteins of adenovirus in humans: Antifiber and anti-penton base
antibodies have a synergistic effect on neutralizing activity. J. Virol. 1998, 72, 2388–2397.

33. Larranaga, C.; Kajon, A.; Villagra, E.; Avendano, L.F. Adenovirus surveillance on children hospitalized for
acute lower respiratory infections in Chile (1988-1996). J. Med. Virol. 2000, 60, 342–346. [CrossRef]

http://dx.doi.org/10.1128/JCM.00156-11
http://www.ncbi.nlm.nih.gov/pubmed/21849694
http://dx.doi.org/10.1038/s41598-018-37249-4
http://www.ncbi.nlm.nih.gov/pubmed/30705303
http://dx.doi.org/10.7883/yoken.JJID.2017.476
http://dx.doi.org/10.1128/JVI.77.19.10366-10375.2003
http://dx.doi.org/10.1038/s41598-018-30947-z
http://dx.doi.org/10.1128/JVI.06969-11
http://dx.doi.org/10.1002/jmv.25041
http://dx.doi.org/10.7883/yoken.67.282
http://dx.doi.org/10.1128/JCM.42.12.5489-5492.2004
http://dx.doi.org/10.1007/s00705-006-0842-8
http://www.ncbi.nlm.nih.gov/pubmed/16957827
http://dx.doi.org/10.7883/yoken.67.495
http://www.ncbi.nlm.nih.gov/pubmed/25410569
http://dx.doi.org/10.1093/bioinformatics/btw108
http://www.ncbi.nlm.nih.gov/pubmed/27153688
http://dx.doi.org/10.1093/sysbio/sys029
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1093/ve/vev003
http://dx.doi.org/10.1002/(SICI)1096-9071(200003)60:3&lt;342::AID-JMV14&gt;3.0.CO;2-0


Viruses 2019, 11, 1131 15 of 15

34. Binder, A.M.; Biggs, H.M.; Haynes, A.K.; Chommanard, C.; Lu, X.Y.; Erdman, D.D.; Watson, J.T.; Gerber, S.I.
Human Adenovirus Surveillance - United States, 2003-2016. Mmwr-Morb. Mortal. W. 2017, 66, 1039–1042.
[CrossRef]

35. Gonzalez, G.; Koyanagi, K.O.; Aoki, K.; Watanabe, H. Interregional Coevolution Analysis Revealing
Functional and Structural Interrelatedness between different genomic regions in human mastadenovirus D.
J. Virol. 2015, 89, 6209–6217. [CrossRef] [PubMed]

36. Yoshitomi, H.; Sera, N.; Gonzalez, G.; Hanaoka, N.; Fujimoto, T. First isolation of a new type of human
adenovirus (genotype 79), species Human mastadenovirus B (B2) from sewage water in Japan. J. Med. Virol.
2017, 89, 1192–1200. [CrossRef] [PubMed]

37. Wang, S.L.; Chi, C.Y.; Kuo, P.H.; Tsai, H.P.; Wang, S.M.; Liu, C.C.; Su, I.J.; Wang, J.R. High-incidence of human
adenoviral co-infections in taiwan. PLoS ONE 2013, 8, e75208. [CrossRef] [PubMed]

38. Kalu, S.U.; Loeffelholz, M.; Beck, E.; Patel, J.A.; Revai, K.; Fan, J.; Henrickson, K.J.; Chonmaitree, T. Persistence
of adenovirus nucleic acids in nasopharyngeal secretions: A diagnostic conundrum. Pediatr. Infect. Dis J.
2010, 29, 746–750. [CrossRef]

39. Gonzalez, G.; Yawata, N.; Aoki, K.; Kitaichi, N. Challenges in management of epidemic keratoconjunctivitis
with emerging recombinant human adenoviruses. J. Clin. Virol. 2019, 112, 1–9. [CrossRef]

40. Aoki, K.; Gonzalez, G.; Hinokuma, R.; Yawata, N.; Tsutsumi, M.; Ohno, S.; Kitaichi, N. Assessment of clinical
signs associated with adenoviral epidemic keratoconjunctivitis cases in southern Japan between 2011 and
2014. Diagn. Microbiol. Infect. Dis. 2019, 95, 114885. [CrossRef]

41. Wickham, T.J.; Mathias, P.; Cheresh, D.A.; Nemerow, G.R. Integrins alpha v beta 3 and alpha v beta 5 promote
adenovirus internalization but not virus attachment. Cell 1993, 73, 309–319. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.15585/mmwr.mm6639a2
http://dx.doi.org/10.1128/JVI.00515-15
http://www.ncbi.nlm.nih.gov/pubmed/25833048
http://dx.doi.org/10.1002/jmv.24749
http://www.ncbi.nlm.nih.gov/pubmed/27943297
http://dx.doi.org/10.1371/journal.pone.0075208
http://www.ncbi.nlm.nih.gov/pubmed/24073254
http://dx.doi.org/10.1097/INF.0b013e3181d743c8
http://dx.doi.org/10.1016/j.jcv.2019.01.004
http://dx.doi.org/10.1016/j.diagmicrobio.2019.114885
http://dx.doi.org/10.1016/0092-8674(93)90231-E
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patients, Clinical Data, and Adenovirus Sample Collection 
	Determination of Partial Sequences of Hexon Loop and Penton Base-Coding Regions 
	Multiplex PCR Using the Fiber Region 
	Virus Isolation and Neutralization 
	Whole Genome Sequence Analysis 
	Sequence Analysis 
	Ethical Considerations 

	Results 
	Adenovirus Detection and Typing by Hexon- and Fiber-Coding Regions 
	Nucleotide Sequencing of Penton Base- and Hexon-Coding Regions from Ad-2 Positive Samples 
	Complete Genome Sequences for Ad-89 and a Putatively Recombinant Ad Type 
	Clinical Data 

	Discussion 
	Conclusions 
	References

