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Abstract
Human mastadenoviruses (HAdVs) are non-enveloped, double-stranded DNA viruses that are comprised of more than 85 
types classified within seven species (A–G) based on genomics. All HAdV prototypes and many newly defined type genomes 
have been completely sequenced and are available. Computational analyses of the prototypes and newly emergent HAdV 
strains provide insights into the evolutionary history and molecular adaptation of HAdV. Most types of HAdV-B are important 
pathogens causing severe respiratory infections or urinary tract infections and are well characterized. However, HAdV-16 
of the B1 subspecies has rarely been reported and its genome is poorly characterized. In this study, bioinformatics analysis, 
based on genome sequences obtained in GenBank, suggested that HAdV-16, a prototype HAdV-B species, evolved from 
multiple intertypic recombination events. HAdV-16 genome contains the hexon loop 1 to loop 2 region from HAdV-E4, the 
partial hexon conserved region 4 (C4) from the subspecies HAdV-B2, genome region 30,897–33,384 containing the fiber 
gene from SAdV-35, and other genomic parts from the subspecies HAdV-B1. Moreover, analysis of sequence similarity 
with HAdV-E4 LI, LII, and SAdV-36 strains demonstrated the recombination events happened rather early. Further, amino 
acid sequence alignment indicated that the amino acid variations occurred in hypervariable regions (HVRs). Especially, the 
major difference in HVR7, which contains the critical neutralization epitope of HAdV-E4, between HAdV-16 and HAdV-
E4 might explain the low level of cross-neutralization between these strains. Our findings promote better understanding on 
HAdV evolution, predicting newly emergent HAdV strains, and developing novel HAdV vectors.
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Introduction

Human mastadenoviruses (HAdVs) are non-enveloped, 
double-stranded DNA viruses that belong to the Adenoviri-
dae family. To date, more than 85 HAdV types, which are 
classified within seven species (A–G), have been identified 
and defined using a new paradigm based on genomics [1–4]. 
HAdVs of species B can be divided into two subspecies, 
namely subspecies B1 including HAdV-3, HAdV-7, HAdV-
16, HAdV-21, and HAdV-50, and subspecies B2 including 
HAdV-11, HAdV-14, HAdV-34, HAdV-35, and HAdV-55. 
HAdVs commonly cause respiratory diseases including the 
common cold and severe pneumonia and also contribute to 
other diseases such as gastroenteritis, cystitis, conjunctivi-
tis, carditis, and meningoencephalitis. HAdV infections can 
occur among patients of all ages and susceptible popula-
tions include infants, school students, military recruits, and 
immunocompromised patients [5, 6]. Further, specific types 
are often associated with particular clinical manifestations.
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All HAdV prototype genomes and many new character-
ized type genomes have been completely sequenced. It is 
thus possible to investigate the evolutionary history and 
perform comparative analyses of the prototypes and newly 
emergent HAdV strains. For example, a re-emergent acute 
respiratory disease pathogen, named HAdV-55, was revealed 
to be an intertype recombinant of HAdV-11 and HAdV-14 
[7, 8]. Previous computational analysis of HAdV-4, a patho-
gen that is the only HAdV member of species E, provides 
insights into its zoonotic origin and molecular adaptation 
[9]. Its genome encodes a domain of the major capsid pro-
tein, hexon, from HAdV-16 that has recombined into the 
genome chassis of a simian adenovirus. In addition, adenovi-
ruses have been explored as vaccines or gene therapy vectors 
due to their safety profile and immunogenicity. Recently, 
some rare HAdV types and non-human adenoviruses have 
attracted attention as potential vectors to circumvent pre-
existing immunity [10, 11]. However, some HAdV proto-
types such as HAdV-16 are poorly characterized. Some pre-
vious studies indicated an intra-hexon recombination event 
in the origin of HAdV-16 [12–14]. HAdV-16 had the highest 
similarity to HAdV-E4 for nucleotide positions 1–1400 of 
the hexon gene including the neutralization determinant, 
whereas for other parts of the hexon gene HAdV-16 was 
more closely related to HAdV-11, which belongs to subspe-
cies HAdV-B2 [12]. However, there is no report on detailed 
computational analysis of HAdV-16 based on complete 
genomes.

In this study, bioinformatics analysis based on genome 
sequences obtained in GenBank demonstrated that HAdV-
16 evolved from multiple intertypic recombination events 
between simian adenovirus (SAdV) SAdV-35, HAdV-E4, 
subspecies HAdV-B1, and subspecies HAdV-B2, which 
contains the hexon loop 1 to loop 2 region gene from the 
HAdV-E4, partial hexon conserved region 4 (C4) gene from 
the subspecies HAdV-B2, genome region 30,897–33,384 
containing the fiber gene from SAdV-35, and other genome 
parts from the subspecies HAdV-B1. Further amino acid 
sequence alignment indicated that the amino acid variations 
in HVRs between HAdV-16 and HAdV-E4 might explain the 
low-level cross-neutralization between them [15–17].

Materials and methods

Adenovirus genomes

The complete genome sequences of two HAdV-16 strains, 
the prototype strain ch79, a respiratory tract pathogen [18], 
and the strain E26, were obtained from GenBank. Sequence 
and annotation files for the 52 adenovirus genomes used in 
this study were downloaded from GenBank (Table S1). The 
GenBank archived genomes without annotation information 

for coding sequences, SAdV-36 (FJ025917), SAdV-26 
(FJ025923), SAdV-35 (FJ025912), SAdV-41 (FJ025913), 
SAdV-33 (FJ025908), SAdV-27 (FJ025928), and SAdV-46 
(FJ025930), were annotated using the software tool Genome 
Annotation Transfer Utility (GATU) [19] and manually con-
firmed by comparisons to previously annotated genomes 
CAdV-Y25 (JN254802) and HAdV-B3-GZ01 (DQ099432).

Phylogenetic analysis of the genomes and genes

ClustalW was used to align all nucleic acid and protein 
sequences by setting its default score matrices for nucleic 
acid or protein residues, respectively. The Smart Model 
Selection was used to select the best substitution model for 
the resulting alignments of nucleotides or proteins [20]. 
Then, according to the best substitution models, the maxi-
mum likelihood trees were inferred by PhyML [21]. These 
two processes above were done through the web server 
PhyML-SMS. Bootstrap analysis with 100 replicates was 
performed to estimate the robustness of specific tree topolo-
gies. The values of no less than 50 were reported. The cir-
cular form of the whole genome phylogenetic tree was pre-
sented using iTOL [22].

Recombination analysis

Genome and hexon gene similarity scanning analysis was 
performed for nucleotide sequence recombination assess-
ments by aligning the nucleotides of HAdV-B16-ch79 strain 
or HAdV-B16-E26 strain (submission sequence) with those 
of 50 other HAdV strains. Using the nucleotide position of 
the submission sequence as a reference, scanning window 
size was set to 200 bp for whole genomes and 100 bp for 
hexon genes or the genome regions of 30,501–33,600; scan-
ning step size was set to 20 bp for whole genomes and 10 bp 
for hexon genes or the genome regions of 30,501–33,600. 
The alignment in each window was replicated 100 times by 
the bootstrap method. For each replicated alignment, Kimura 
2 parameter distance was calculated between the submission 
sequence and each of the other 50 sequences, prior to which, 
gaps were removed from the paired sequences. In each win-
dow position, the count (close number) of each of the other 
50 sequences was the number of times that its distance was 
closest to the submitted sequence based on 100 repetitions. 
The heat map of the count was drawn at each location of 50 
sequences. The 50 HAdV sequences were divided into nine 
groups as follows: A, B1, B2, C, D, E-HAd4LI, E-HAd4LII, 
E-uH, and F. In one replicated alignment of each window 
position, the close number of the group was counted once 
when one or more sequences in the corresponding group 
were closest to the submitted sequence. A similarity line 
chart was drawn for the close number collected through 
100 replicated alignments at each location of nine groups. 
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At a specific location, a higher close number suggested the 
sequence of the strain or group was more similar to the sub-
mission sequence than that of other strains or groups. The 
bootstrap and distance computation were performed by cor-
responding modules in BioPerl. Perl scripts were written to 
execute the above processes of scanning and calculation. 
The Heatmaps and line charts were drawn by R package of 
pheatmap and ggplot2, respectively.

RDP (v4.97) [23] was applied to verify the recombination 
events on the hexon gene using the two sets of alignments 
(nucleotides of hexon gene of HAdV-B16-ch79 or HAdV-
B16-E26 with those of 50 other HAdVs) separately. Simi-
larly, RDP is also used to verify the recombination events 
on the genome region of 30,501–33,600 basing the posi-
tions of HAdV-B16, by inputting the slices of the two whole 
genome alignments (HAdV-BV16-ch79 or HAdV-B16-E26 
with those of 50 other HAdVs) separately. In RDP, 6 meth-
ods, RDP [24], GENECONV [25], MaxChi [26], BootScan 
[27], SiScan [28], and 3Seq [29] were implemented, setting 
the window size to 100 and the step size to 10 in methods of 
BootScan and SiScan, remaining all other settings as their 
defaults.

Results

Sequence recombination analysis

The similarity plot analysis of the prototype strain, named 
ch79, of HAdV-B16 (Figure S1A and S1C) and the strain 
E26 of HAdV-B16 (Figure S1B and S1D) genome sequences 
compared to 50 other genome sequences suggested multiple 
recombination events across the genome. The heat maps of 
HAdV-B16-ch79 (Figure S1A) and HAdV-B16-E26 (Figure 
S1B) genome sequence similarity plot analyses, as compared 
to 50 other genome sequences, suggested HAdV-B16-ch79 
and HAdV-B16-E26 contained a recombinant genome chas-
sis of the HAdV B1 subspecies, namely, HAdV-3, HAdV-
7, HAdV-21, and HAdV-50; moreover, the hexon regions 
were shared between the HAdV-E species and the HAdV B2 
subspecies members HAdV-11, HAdV-34, and HAdV-35. 
The similarity diagram comparing different groups based on 
bootstrap analysis (Figure S1C and S1D) also supported this 
observation. Two HAdV strain genomes, HAdV-B3-Ger-
many and HAdV-68, showed high similarity with HAdV-
B16-ch79 (Figure S1A) and HAdV-B16-E26 genomes (Fig-
ure S1B) except in the hexon region, suggesting that these 
two strains might be recombinant viruses originally from 
HAdV-16.

Further detailed analysis of hexon sequences revealed 
that HAdV-16 hexon gene contained nucleotides 1–200 and 
the last part after nucleotides 2200 (ch79 strain) or 2100 
(E26 strain), which were most similar to those sequences 

of its counterpart from the HAdV-B1 subspecies, nucleo-
tides 220–1300, which were most similar to those from the 
HAdV-E species, and nucleotides 1310–2200 (ch79 strain) 
or 1310–2100 (E26 strain), which were most similar to those 
from the HAdV B2 subspecies. Also in the very narrow area 
after nucleotide 200, there were relatively high similarities 
between HAdV-16s and HAdV subspecies B2 (Figure S2). 
These results indicated at least two recombination events 
that contributed to the current HAdV-16 genomes. In several 
sub-regions of nucleotides 220–1300, HAdV-16 were less 
similar to parental sequences suggesting that the recombina-
tion events did not happen recently and that random muta-
tions contributed to the divergence. The higher similarity 
of HAdV-16 hexon nucleotides 220–1300 with those from 
E-HAdV-4 LI strains, which were isolated 30–50 years ago, 
compared to that with E-HAdV-4 LII strains, which were 
isolated in recent years, also suggested that the recombina-
tion event in this region did not happen in recent years. It is 
not clear whether the two recombination events happened 
at the same time.

Further detailed analysis of genome regions of 
30,501–33,600 revealed that HAdV-16 contained nucleo-
tides 30,800–33,500 containing the fiber gene, which were 
most similar to that from SAdV-35 except for HAdV-
B3-Germany and HAdV-B68 (Figure S3). These results 
indicated the third recombination event in this region of 
HAdV-16 genome with SAdV-35.

RDP analysis results showed strong evidence of these 
recombination events on the hexon gene (Table S2). Between 
the estimated breakpoints of 304 and 1361 on HAdV-16s, 
the region was recombinant from HAdV-E4s. From the 
estimated breakpoint of 209–2285 (ch79) or 2123 (E26), 
the region was recombinant from HAdV subspecies B2 
strains. The RDP result also indicated a subsequent recom-
bination event. The ignored nt sites in the detection of this 
recombination event covered the region that was just right 
from HAdV-4s (Figure S4/S5). In addition, there was very 
small recombinant region before the ignored segment. The 
recombinant signals in this region were much weaker than 
the signals in the large recombinant region after the ignored 
segment (Figure S5). RDP estimated more precise break-
points of the recombination events and the results obtained 
by its multiple triplet sequences analysis verify the results 
of the previous one-to-many similarity scanning method. 
The results of RDP suggested that on hexon gene, HAdV-
16 and HAdV subspecies B2 underwent a large fragment 
recombination, and in the first half of this recombination, 
recombination with HAdV-4 occurred. This was consistent 
with the results of the one-to-many similarity scan in which 
the first half was similar to HAdV-4s and the latter half was 
similar to HAdV subspecies B2s (Figure S2).

The recombination events on HAdV-16′s genome regions 
of 30,501–33,600 were also confirmed by RDP analysis 
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(Table 1). The result showed that among the human strains 
of subspecies B1, HAdV-16s, HAdV-68, and HAdV-
B3-Germany obtained the correspondence segment from 
the simian strain of SAdV-35.

Phylogenetic analysis

Phylogenetic analysis of the whole genomes indicated that 
two HAdV-16 strains were within the clade that contained 
all subspecies B1 members; all subspecies B2 members were 
contained in another clade (Fig. 1).

According to recombination analysis results, several 
regions were examined in detail. The phylogenetic tree of 
IVa2 genes had a similar profile to the whole genome tree 
(Fig. 2a). Phylogenetic analysis of the penton base genes 
showed that HAdV-B16-ch79 and HAdV-B16-E26 formed 
a subclade of the HAdV species B clade with HAdV-3 and 
HAdV-7 strains, but that HAdV-21 and HAdV-50 of sub-
species B1 were contained in another subclade with strains 
of subspecies B2. Surprisingly, HAdV-E4-vaccine formed 
a separate clade with HAdV-36 of species D (Fig. 2b). Phy-
logenetic analysis of the hexon genes showed that HAdV-
B16-ch79 and HAdV-B16-E26 formed a separate subclade 
which was apart from all other types of HAdV-B1 subspe-
cies and clustered into a large clade containing all of HAdV-
E4s. HAdV-D/C/A/F were also contained in this clade but 
with relatively long branch lengths (Fig. 2c). Phylogenetic 
analysis of the fiber genes showed that HAdV-B16-ch79 and 
HAdV-B16-E26 formed a subclade with HAdV-B3-Ger-
many, HAdV-68, and SAdV-35, on a branch apart from 
HAdV-B3-GB and HAdV-B3-GZ01. Further alignment of 
amino acid sequences showed HAdV-16 fibers were most 
similar to that of SAdV-35 with a similarity of 97.45%. 
Amino acid sequences of HAdV-16 fibers had similarities 
of 51.40–63.17% with those from other HAdV-B types (data 
not shown). This result supported the recombination event of 
HAdV-16 fiber from SAdV-35. HAdV-21 and HAdV-50 of 
subspecies B1 formed a subclade with HAdV-35 and HAdV-
34 of subspecies B2, whereas HAdV-7 of subspecies B1 
formed a subclade with HAdV-11, HAdV-14, and HAdV-55 
of subspecies B2 (Fig. 2d).

Hexon analysis

The hexon protein is the predominant target of serotype-
specific neutralizing antibodies [30–36], and the sero-
type-specific neutralization epitopes on hexon are located 
mainly on the tower region (loop 1 and loop 2), which con-
sists of seven hypervariable regions (HVRs) [33, 37–42]. 
Similarity plot analysis of hexon genes (Figure S2) sug-
gested high similarity between HAdV-16 and HAdV-E in 
the V1 to V3 region, which contains all seven HVRs, and 
between HAdV-16 and HAdV subspecies B2 in the first Ta
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half of the C4 region. Therefore, the two regions (amino 
acid 121–456 and 443–695) were analyzed separately. 
Based on the phylogenetic tree for the region sequences 
(amino acid 121–456; Fig.  3a), HAdV-B16-ch79 and 
HAdV-B16-E26 formed a subclade within the HAdV-E 
clade, apart from the subclade of HAdV-E4 LI strains and 
the subclade of HAdV-E4 LII strains. Surprisingly, CAdV-
Y25 strain formed a clade with HAdV-9 of species D. 
For the region sequences (amino acid 443–695; Fig. 3b), 
HAdV-B16-ch79 and HAdV-B16-E26 formed a branch 
within the HAdV subspecies B2 subclade, apart from the 

subclades of HAdV subspecies B1 strains. These analyses 
confirmed the results of the similarity plot analysis.

For a more detailed analysis, the hexon amino acid 
sequences were compared using multi-sequence alignment 
(Figure S6). Seven hypervariable regions (HVR1–7) were 
identified. The arrows show the amino acid substitutions 
of HAdV-16 and HAdV-E strains, which were all within 
the HVRs, except for one substitution. Amino acid varia-
tions in HVRs between HAdV-16 and HAdV-E4 might 
explain the low level of cross-neutralization between them 
[15–17]. The major difference between HAdV-16 and 

Fig. 1   Phylogenetic trees of 52 whole genomes of adenovirus strains. 
The phylogenetic tree was conducted by using the maximum likeli-
hood method with the substitution model GTR + G + I (GTR matrix; 
G, gamma shape parameter: fixed; I, proportion of invariable sites: 

fixed). The size of gray dots on the branch points represents the con-
sistent quantity derived from bootstrap analysis (a range from 54 to 
100)
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HAdV-E hexons was confined to HVR7 (loop 2). The resi-
due AVAGTSGTQ in HAdV-16 was substituted with the 
residue AGSEK of HAdV-E4, which was conserved in 
HAdV-E4 strains. Previously, we identified this amino acid 
residue (AGSEK) in HVR7 as critical for the neutraliza-
tion epitope of HAdV-E4 [33]. It could thus be inferred that 
this residue (AVAGTSGTQ) might be critical for HAdV-16 
neutralization. It was also noted that this residue in HAdV-
16 was more similar to that in SAdV-36 HVR7 than that in 
HAdV-E4.

Discussion

The one-to-many similarity scanning method in this study 
could provide the similarity profiles between one submis-
sion sequence and dozens of other sequences which were 

classified to several groups (Figure S1/S2/S3/). But, there 
were two limitations that need to be issued: First, although 
the values on heatmaps or line charts were computed bas-
ing on distances of nucleotides, they were the numbers 
of “times with the closest distance in the bootstrap.” So, 
they were the count values and different from the distance 
values originally calculated by the model. For example, in 
some regions of the alignments, when the distances of all 
sequences to the submitted sequence were not very close, 
there were still some sequences that could obtain very 
high-count values. This method could sensitively detect 
the possible recombination signals, but the calculated val-
ues did not reflect the true distances. Second, this method 
did not contain any phylogenetic information. In general, 
under this method, the identification of sequence recombi-
nation requires the synthesis of the results of various other 
analytical methods.

Fig. 2   Phylogenetic trees of four adenoviral genes of structural pro-
teins, IVa2 (a), penton base (b), hexon (c) and fiber (d). The phyloge-
netic trees were constructed based on nucleotide sequences by using 
the maximum likelihood method with the substitution models: GTR 
+ G + I for Iva2, hexon and fiber, GTR + G for penton base (GTR 
matrix; G, gamma shape parameter: fixed; I, proportion of invariable 

sites: fixed). The entry names began with the species (A–F) derived 
from whole genome phylogenetic analysis of the corresponding 
strains. Two strains of HAdV-B16 were marked with red underlines. 
Strains grouped into a clade inconsistent with their species were 
printed in red. Two fiber genes in HAdV-F40 were named “F_HAdV-
F40_1” and “F_HAdV-F40_2” (d)
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Openly accessible and available databases provide large 
amounts of high-resolution virus genome data, which are 
useful for understanding infectious diseases and pathogens. 
All HAdV prototypes and many newly characterized genome 
types are available in the GenBank database. High-through-
put sequencing and fast computational analysis methods will 
help to understand the molecular mechanism of evolution of 
old and novel viruses and to predict emerging pathogens.

Reported here, the HAdV-16 genome provides an exam-
ple of a reanalysis of HAdV prototype genomes. As shown 
in Figure S1, using all 51 HAdV prototype genomes as ref-
erences, the relationship between each HAdV-16 genome 
region with those of other HAdV prototype genomes could 
be easily revealed. Here, all prototypes of HAdV-B and typic 
strains of two HAdV-E subgroups [43, 44] were included. 
With this method, evidence is provided that HAdV-16 con-
tains a recombinant subspecies B1 genome chassis and a 
hexon composite of E4 and subspecies B2. Several early 
studies reported a high degree of homology between HAdV-
16 and HAdV-E4 hexons [9, 13, 14]. However, this is the 
first report that the HAdV-16 hexon 1310–2200 nucleic acid 
sequence is most similar to that from HAdV subspecies B2, 
as compared to that with other strains, and that HAdV-16 
might have evolved from two recombination events. In 
the hexon gene, which contained recombination events, a 
phylogenetic tree showed that HAdV-16 s formed a clade 
with HAdV-E4s, and that this clade formed a higher-order 
clade with SAdV-V36, SAdV-26, CAdV-Y25, and HAdV-D 

strains, in that order (Fig. 2c). In the phylogenetic tree based 
on hexon region sequences (amino acid 121–456), HAdV-
16s formed a clade with HAdV-E4 s, and then formed a 
higher-order clade with SAdV-36 and SAdV-46 (Fig. 3a). 
These two higher-order clades did not include HAdV-B. 
HAdV-68 strain Arg827/04 was an intertypic recombinant 
adenovirus with a serotype 3-like hexon gene and a serotype 
16-like fiber isolated in Argentina from an infant admitted 
to the hospital with acute respiratory disease [45]. In this 
study, it was found that HAdV-68 and another strain HAdV-
B3-Germany showed high similarity with HAdV-B16-ch79 
(Figure S1A) and HAdV-B16-E26 genomes (Figure S1B) 
except in the hexon region, suggesting that these two strains 
might be recombinant viruses originally from HAdV-
16. The results of the detailed similarity plot analysis of 
genome regions of 30,501–33,600 (Figure S3), RDP analy-
sis (Table 1), and phylogenetic analysis of the fiber genes 
(Fig. 2d) suggested the third recombination event of HAdV-
B16-ch79 and HAdV-B16-E26 from SAdV-35.

A previous report holds that HAdV-E4 evolved from 
recombination of HAdV-16 and a simian adenovirus SAdV-
E26 [9]. Based on our result, most of the genome regions 
of HAdV-16 were very similar to HAdV-B comparing with 
other groups, and HAdV-16 clustered into HAdV-B clade 
in the phylogenetic tree of whole genome; this suggests that 
it is more likely that HAdV-16 evolved from HAdV-B with 
recombination of HAdV-E4, and the direction is not from 
HAdV-16 to HAdV-E4. Moreover, especially considering 

Fig. 3   Phylogenetic trees of two regions of the adenoviral hexon 
gene. The phylogenetic trees were constructed based on amino acid 
sequences by using the maximum likelihood method with the substi-
tution models: JTT + G + I + F for (a) amino acid 121–456, CpREV 

+ G + I + F for (b) amino acid 443–695 (JTT matrix; CpREV 
matrix; G, gamma shape parameter: fixed; I, proportion of invariable 
sites: fixed; F, equilibrium frequencies: empirical). Two strains of 
HAdV-B16 were marked with red underlines
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the fact that HAdV-16 is a human adenovirus, there are few 
opportunities of co-infection with a simian adenovirus. In 
contrast, HAdV-E4 and most types of HAdV-B are impor-
tant human respiratory pathogens which may more likely 
co-infect human beings to produce novel recombinant 
adenovirus.

Although SAdV-36 was less similar to HAdV-16 s than 
HAdV-E4 s based on nucleotide distance measuring (Figure 
S2A and S2B), it did cluster into a single branch closest to 
the clade of HAdV-16s and HAdV-E4s (Fig. 2c); further, 
the amino acid alignment of seven HVRs revealed the high 
similarity of HAdV-16 and SAdV-36. Therefore, HAdV-
16 might have evolved from an ancestor that is common 
to HAdV-E and SAdV-36. It was also found that in many 
regions, HAdV-16 had less similarities with all of the other 
HAdV prototypes (Figure S1), indicating that more muta-
tions still occur in these regions compared to those in coun-
terparts of similar strains. This finding also supported the 
fact that HAdV-16 evolved from a relatively ancient ances-
tor. The evolutionary origin of any novel HAdV genomes 
might also be quickly identified in this manner.

The phylogenetic trees based on penton base genes, 
hexon genes, and fiber genes had different profiles com-
pared to those of the whole genome tree, in which HAdV-
21 and HAdV-50 of subspecies B1 were found to be con-
tained in subclades with subspecies B2 strains (Fig. 2). 
Based on the phylogenetic tree of fiber genes, HAdV-7 of 
subspecies B1 formed a subclade with HAdV-11, HAdV-
14, and HAdV-55 of subspecies B2. These results indicate 
the possible complexity of HAdV evolution, which might 
be related to recombination. Serum neutralization tests 
(SNs) have been used to differentiate and type HAdVs 
over the last century. However, SN depends on the neu-
tralization epitopes that are mainly located in seven HVRs 
of hexon. Sometimes a small change in critical amino acid 
residues might contribute to a dramatic reversal of SN 
[33]. In this study, HAdV-16 was found to form a clade 
with HAdV-E4 based on the hexon region, which was also 
reported in some previous studies [9, 12–14]. However, SN 
data in early studies did not agree with the high similar-
ity based on the hexon loop1 sequence between HAdV-16 
and HAdV-E4. These studies reported that HAdV-16 and 
HAdV-E4 were neutralized by all heterologous sera tested 
with 4- to 32-fold lower heterologous titers compared to 
homologous titers [15–17]. Although the V1 to V3 region 
(loop1) of the HAdV-16 hexon gene was highly similar to 
that of HAdV-E4, a major variation in HVR7 (loop 2) was 
found between them. Our recent research identified this 
residue (AGSEK) in HVR7 as the critical neutralization 
epitope of HAdV-E4 [33]. This might explain the low-level 
cross-reaction between HAdV-16 and HAdV-E4. Further, 
the residue VAGTSGTQ in HVR7 might be critical for 

the neutralization of HAdV-16 which should be further 
confirmed. It would thus be interesting to detect the anti-
sera cross-neutralization between HAdV-16 and SAdV-36. 
Moreover, there are some other epitopes of lesser impor-
tance that contribute to detectable cross-neutralization.

To the best of our knowledge, other than HAdV-E4, 
HAdV-16 is the only strain that evolved from two different 
HAdV species. The structural complexity and long-term 
adaptive evolution of adenoviruses may make interspecific 
recombination difficult. In our previous experiment, a chi-
meric adenovirus Ad3/H4 could not be rescued by replac-
ing the HAdV-3 hexon gene with that of HAdV-E4. This 
result indicates an incompatibility with the hexon of other 
species, which could result in defective packaging [36]. 
This incompatibility agrees with a study on the HAdV-5 
vector [46]. The potential incompatibility between vari-
ous species of HAdV may influence Ad evolution. Based 
on the findings on HAdV-16 hexon, it might be possible 
to obtain a chimeric adenovirus Ad3/V4 by replacing the 
HAdV-3 hexon V1 to V3 region with the correspond-
ing region of HAdV-E4. It is unclear whether this chi-
meric hexon would affect the stability and proliferation 
of HAdV-16 due to a lack of experimental data. However, 
these findings on HAdV-16 indicate that new Ad strains 
could still emerge from recombination between different 
species, thus highlighting the importance of continuous 
monitoring.

In conclusion, this study provides evidence of HAdV-
16 molecular evolution through multiple recombination 
events, based on computational analysis. In addition, 
the variations in HVR7 between HAdV-16 and HAdV-
E4 might have contributed to the low level of cross-neu-
tralization. Our findings will enhance our understanding 
of HAdV evolution, monitoring newly emergent HAdV 
strains, and developing novel HAdV vaccines and vectors.
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