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Polyomaviruses (PyVs), members of the family Polyomaviridae, are strictly vertebrate resident viruses implicated in
various pathogenic conditions including neoplasias, especially in human. This study aims to review both nucleotide and
amino acid sequences of large T-antigen (LTAg), virion protein 1 (VP1) gene and also whole genomes of all known PyVs
till date, in ascertaining phylogenetic relationships among themselves. The study detected genomic recombinations within
the oncoprotein LTAg coding sequences of PyV group, and identified unique nucleotide and amino acid positions in the
conserved regions of PyV-LTAg coding sequence, which can facilitate strain differentiations in clinical samples.
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Introduction
Polyomaviruses (PyVs) are double-stranded DNA
viruses of the vertebrates that cause no apparent
disease in laboratory mice, but cause a wide varieties
of tumours when artificially inoculated into infant
rodents and, hence, its name. PyVs belong to the
family Polyomaviridae, genus Polyomavirus, and
were discovered in the 1950s as tumour causing
agents1 in mouse and as contaminants (SV40)2 of
Rhesus monkey kidney cultures, which were used to
prepare poliovirus vaccines. These were the first
mammalian viruses to be analyzed molecularly and
extensive information exists regarding their physical
structures, biology and disease potentials. Since
1950/60s several new members of this group have
been isolated and characterized in human (BKV3,
JCV4, KIPyV5, WUPyV6, MCPyV7), rodents (PyV1,
KV8, MPtV8,HaPyV8, RKV9, RPV10,11), stump-tailed
macaques (STMV10,11), African green monkey
(LPV12, AGMPyV13), chimapanzee (ChPyV12,13),
baboon (SA1214), birds (BFDPyV, FPyV, GHPyV,
CPyV15-18), bovine (BoPyV19), Bolivian squirell
monkey (SquiPyV20) and little brown bat
(MyoPyV21). Recently, 3 new human PyVs (KIPyV,
WUPyV and MCPyV) and 1 non-human primate PyV
(Bornean orang-utan, OPyV) have been isolated and
characterized. The KIPyV and WUPyV were isolated
__________
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from nasopharyngeal aspirates and MCPyV was
isolated from Merkel cell carcinoma5-7.
Seroepidemiological surveys, conducted so far
throughout the world regarding infection of human
PyVs, show that seroprevalence of BKV/JCV, SV40,
KIPyV, WUPyV and MCPyV is high in the
populations22,23. PCR-based amplifications of viral
genes from human urine and other body fluids/organs
have substantiated the seroprevalence data in several
human populations, including in India, and in clinical
cases24,25. Virions are ~ 45 nm in diameter, possessing
~ 5000 base pair circular double stranded genome.
The viral genome is arranged in three general regions:
the non-coding control region (NCCR); the earlycoding region coding for the small t antigen (STAg),
middle t antigen (MTAg), large T antigen (LTAg);
and the late-coding region coding for the viral capsid
and important activators/regulators of viral
transcription, and this region tends to vary widely
among strains. The T-antigens are expressed early in
the infective cycle and play crucial roles in altering
the cellular control systems and the replication of the
viral DNAs, transcription of late viral genes and
assembly of virions29. All T-antigens, LTAg, MTAg
and STAg, are encoded from a common mRNA via
alternative splicing events. Several cellular proteins,
e.g., DNA polymerase α, retinoblastoma protein
(pRb) and p107, have been shown to be associated
with 1-82 residue of the T-antigens of the PyVs,
called domain J as found in several DnaJ homolog
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molecular chaperons, e.g., DnaK, DnaJ and GrpE. As
indicated by mutational analyses, T-antigen J domain
is essential for several viral activities, including viral
DNA replication, transformation, transcriptional
activation and virion assembly11,30. The LXCXE motif
at the amino terminal region of the LTAg [amino
acids (aa) 103-107] is essential in binding to pRb
protein11,30. The viral LTAg can bind to all the
members of the pRb family (pRb/p105, p107 and
pRb2/p130), promoting the activation of the E2F
family of transcription factors; thus, inducing the
expression of genes required for the entry to the S
phase. The interaction between early viral antigens
and cell cycle regulators represents an important
mechanism through which viruses deregulate cell
cycle and lead to cell transformation. In the carboxyterminus of LTAg, there is a bipartite domain (aa 351450 & 533-650), which is required for its binding to
p53 tumour suppressor protein in the infected cells31.
The crucial functions played by the LTAg in
determining the fate of an infection, thus, puts a
constraint in the nucleotide variations in this gene.
Hence, PyV T-antigens have been subject of
extensive studies with regard to their structure,
mutation, expression, their interactions with key
cellular proteins and molecular phylogenetic analyses.
Considering the common role played by the T/tantigen DnaJ domain present at the amino terminus
(1-82 aa) and the carboxy-terminal double domains
(351-450 & 533-650 aa), the genes represent a
valuable resource in analyzing its variability within
the PyV group. On the other hand, the major capsid
protein, virin protein 1 (VP1, ~ 45 kDa) is required in
capsid assembly, involved in maintenance of
chromatin core, host cell attachment and entry.
However, VP1 varies among the viral strains,
especially in specific regions, a possible strategy of
the virus to infect newer hosts and distribute through
the vertebrate lineage.
Molecular phylogenetic analyses of the PyVs
conducted so far have employed early (T-antigens),
late (viral capsid) proteins and whole genomes of
several viral isolates from mammalian and nonmammalian hosts. However, there is lack of an up-todate and comprehensive study with all the viruses in
hypothesizing evolutionary interrelationships among
them. Therefore, present study aims to take into
review both nucleotide and amino acid sequences of
LTAg, VP1 gene and whole genomes of 30 different
PyVs, known till date, in ascertaining phylogenetic
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relationships among themselves. The study also
explored the possibility of identifying differences in
the conserved regions (pRb and p53 binding) in the
LTAg amino acid sequences, which might be
important in identifying and differentiating PyVs
from human clinical samples. Nineteen different PyVs
sequences, used in phylogenetic analyses, correspond
to 5 human (BKV-WW, JCV-Type 6, KIPyV,
WUPyV & MCPyV), 1 macaque (SV40-Proto/776
strain), 1 baboon (SA12), 1 orangutan (OPyV), 1
bovine (BoPyV), 3 rodents (PyV-A2, MPtV &
HaPyV), 1 African green monkey (AGMPyV), 1 New
World monkey (SquiPyV), 1 bat (MyoPyV) and 4
avian (BFDPyV, FPyV, GHPyV & CPyV) PyVs.
Chimpanzee PyV (ChPyV) sequences were included
only in the analyses of VP1 gene in the study because
only VP1 sequence was available in the GenBank.
Rabbit PyV (RKV) was not included because only
partial VP1 coding sequence was available. PyV
LTAg sequences used in nucleotide and amino acid
identity plots were BKV (strains WW, Dunlop, MM
& AS), JCV (strains Proto, Tokyo 1, Type 2D & Type
6), KIPyV, WUPyV, MCPyV and SV40 (strains
Proto, B1 & B2).
Materials and Methods
Retrieval of Published Sequences

Publicly available whole-genome sequences of
different PyVs were retrieved from GenBank before
1st November, 2009. The accession numbers are as
follows: BKV-WW (AB211371), BKV-DUN
(NC_001538), BKV-MM (V01109), BKV-AS
(M23128), JCV-Proto (U61771), JCV-Type 6
(AF015537), JCV-Type 2D (AF015536), JCV-Tokyo
1 (AF30085), KIPyV (EF520288), WUPyV
(FJ890981),
MCPyV
(NC_010277),
SA12
(NC_012122), SV40-Proto (NC_001669), SV40-B1
(AF155359), SV40-B2 AF155358), AGMPyV
(K02562), LPV (M30540), OPyV (FN356900),
ChPyV (AY691168), PyV-A2 (J02288), PyV-A3
(J02289), MPtV (NC_001505), HaPyV (X02449),
SquiPyV (AM748741), MyoPyV (FJ188392), BoPyV
(NC_001442),
BFDPyV
(M20775),
FPyV
(NC_007923), CPyV (NC_007922) and GHPyV
(AY140894). LTAg, VP1 nucleotide and amino acid
sequences were extracted from the whole genome
sequences. The non-coding control regions (NCCRs)
were removed from the whole-genome sequences,
because these regions tend to vary widely among the
isolates. The introns were similarly removed from the
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LTAg and VP1 full-length sequences and only the
coding sequences (CDS) were taken for phylogenetic
analyses. The LTAg DnaJ domain nucleotide
sequence, corresponding to 1-82 aa, was prepared by
extracting the first 246 nucleotides from the LTAg
coding sequence. The BKV (WW) sequence
belonging to subtype I was one of the first human
strains to be molecularly cloned directly from urine32.
The JCV subtype 6 is presently considered to be the
putative ancestral strain which had diverged along
with earliest human out of Africa33. The prototype
reference strain is named in this study as SV40
(Proto). Only the VP1 sequences were available from
published chimpanzee PyV genome informations,
while only partial VP1 CDS were available in the case
of rabbit PyV (RKV); hence, RKV was not included
in the study.

(d), 0.1689 and 1.1105 (d); 0.0329 and 0.6754 (d),
respectively.
The Neighbour-Joining (NJ)36 phylogenetic trees
were built with Mega 4.1 using default parameters
with few changes. The bootstrap consensus trees were
inferred from 1000 replicates for estimating the
confidence of the branching patterns of the developed
trees37. The evolutionary distances were computed
using the Kimura 2-parameter method38 in case of
nucleotide data and poisson correction method in case
of amino acid data, and the distance were in the units
of the number of base substitutions per site. All
positions containing gaps and missing data were
eliminated from the dataset (complete deletion option)
and the trees were visualized with the help of Mega
4.1 Tree Explorer.
Genomic Rearrangements within PyV Groups

Phylogenetic Analysis Based on PyV LTAg, Whole-genome
and VP1 Sequences

Phylogenetic and molecular evolutionary analyses
were carried out with LTAg and VP1 nucleotide as
well as amino acid sequences with the help of MEGA
version 4.134. Full-length genomic sequences were
also subjected to phylogenetic analyses using MEGA
version 4.1. Sequence alignments were carried out by
inbuilt multiple-alignment program ClustalW35 with
gap opening and gap extension penalties 10 and 5,
respectively. Sequences that were 30% divergent were
delayed in alignment seeding. In-built Clustal IUB
DNA weight matrix was used in aligning nucleotide
sequences and Blosum protein matrix was used in
aligning amino acid sequences. Substitution pattern
calculation or transition/transversion bias depicted as
R, transition/transversion rate ratios (k1 & k2) and
overall average nucleotide substitution per site (d)
based on Kimura-2 parameter substitution model for
19 LTAg/LTAg-DnaJ domains and whole genome
sequences and 20 VP1 sequences were calculated,
which are as follows: Full length LTAg nucleotide
[R=0.581; k1=1.576(Pu); k2=1.698(Py); d=0.7040];
LTAg-DnaJ domain nucleotide region [R=0.712;
k1=1.565(Pu); k2=1.766(Py); d=0.5981]; VP1
nucleotide [R=0.720; k1=1.580(Pu); k2=1.772(Py);
d=0.5950]; whole genome [R=0.605; k1=1.484(Pu);
k2=1.464(Py); d=0.7376]. Similarly, overall average
amino acid disparity indices and average poisson
corrected amino acid substitution per site (d) for 19
LTAg-AA and LTAg-DnaJ-AA and 20 VP1-AA
sequences were calculated to be 0.1716 and 0.9529

Genomic segment rearrangements within the PyV
groups were studied with the help of Mauve Ver
2.2.039 using full-length LTAg coding sequences of
16 PyVs in an inbuilt progressive alignment method.
In-built default parameters of the program with match
seed weight 5, and using seed families were used to
discover any genomic rearrangements within the
PyV-LTAg.
Analysis of Amino Acid Variations in DnaJ and Carboxyterminal Domains of LTAg

LTag-DnaJ
domain
nucleotide
sequences
(corresponding to 1-82 aa) of 14 PyVs known to
infect humans or detected in human clinical samples
were extracted from whole genomes with respective
gene IDs and were aligned with the help of BioEdit
Sequence Alignment Editor ver 7.0.9.040 with few
manual adjustments. The LTAg sequences correspond
to BKV (strains WW, DUN, MM & AS), JCV (strains
Proto, Tokyo 1, Type 2D & 6), KIPyV, WUPyV,
MCPyV and SV40 (strains Proto, B1 & B2).
Similarly, the LTAg carboxy-terminal regions (aa
351-450 & 533-650) corresponding to p53-interacting
double domain of 14 PyVs were visualized separately
in BioEdit graphic mode and saved as rich-text format
file. The pRb binding LXCXE motif was also
examined separately (data not shown).
Results
Phylogenetic Analysis of LTAg Sequences

Phylogenetic analyses, using both nucleotide and
amino acid sequences of 19 PyVs-LTAg, were
done to evaluate, a new, the evolutionary relationships
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between them (Figs 1A & B). The phylogenetic trees
suggested that primate PyVs, BKV, JCV, SA12 and
macaque (SV40) groups are closely related to each
other than to other PyVs. It further suggested that
KIPyV and WUPyV, isolated from human clinical
samples, are to be closely related with each other and
to the above primate group (~ 90% bootstrap support),
but as an outlier clade to the anthropoid group.

The avipolyomaviruses (CPyV, GHPyV, FPyV &
BFDPyV) form a branch separate from the mammalian
PyVs in the nucleotide-based NJ (Figs 1A & B).
Moreover, the LTAg-based phylogenetic trees
supported (~100% bootstrap value) the present view
that JCV (type 6) is ancestral to all human BKV and
baboon SA12 PyVs. The New World squirell monkey
(Saimiri boliviensis Geoffroy & Blainville) PyV
(SquiPyV) consistently grouped together with murine
MPtV (murine pneumotropic virus) and bat MyoPyV
(little brown bat polyomavirus) (100% bootstrap
support). The human oncogenic MCPyV appeared
evolutionary closer to rodent PyVs (hamster HaPyV
& murine PyV) as well as African green monkey
(AGMPyV) and newly isolated Bornean orangutan
(Pongo pygmaeus Linn.) (OPyV-Bo) PyVs. Similar
phylogenetic relationships among BKV, JCV, SA12,
SV40, KIPyV and WUPyV were depicted when
LTAg-DnaJ domain (first 246 nucleotide pairs and 182 aa) sequences were used to generate NJ trees (Figs
1C & D). However, disparate pictures were produced
with regard to avian, bovine, rodents and other
primates PyVs (MCPyV, AGMPyV & SquiPyV).
While MCPyV, HaPyV, PyV, AGMPyV and OPyV
formed a clade in the amino acid-based DnaJ domain
tree (Fig. 1D), the AGMPyV and OPyV appeared to
be distantly related to HaPyV, PyV and MCPyV in
the nucleotide-based DnaJ tree (Fig. 1C). The BoPyV
grouped together with the SquiPyV, MPtV and
MyoPyV group in the nucleotide-based tree, but
appeared a taxon outlier to all the other PyVs in the
amino acid-based tree (Figs IC & D). However,
SquiPyV/MPtV/MyoPyV PyVs showed similar
relatedness as seen in full-length LTAg-based trees
(comparable boostrap support) (Fig. 1).

Fig. 1—Neighbour-Joining bootstrap consensus trees based on
full-length PyV LTAg nucleotide and amino acid sequences (A &
B) and DnaJ domain nucleotide and amino acid sequences (C &
D) from 19 taxa, depicted as accession numbers/gene IDs and
abbreviated virus names at terminal nodes. The percentages of
replicate trees in which the associated taxa are clustered together
in the bootstrap test (1000 replicates) are shown next to the
branches in both the tree types. The NJ trees are drawn to scale,
with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree (A & C). There were
1297 positions in the nucleotide (A) and 499 positions in the
amino acid (C) final data sets of LTAg and 178 positions in the
nucleotide (C) and 73 positions in the amino acid (D) final data
sets. The OPyV/AGMPyV/MCPyV sub-tree is indicated in green
bracket and branch (A & B) and the rearranged relationships
between these taxa are depicted in green and dark black branches.
The altered topology of KIPyV/WUPyV is indicated in red
bracket and branch (C & D). (See methods section for details)

Phylogenetic Analysis of Whole-genome Sequences

Full length genomic sequences of 19 PyVs taxa
were subjected to similar molecular phylogenetic
analyses. The NJ bootstrap consensus trees produced
similar patterns and supported largely the LTAg
nucleotide-based trees (Fig. 2). Human (BKV & JCV)
and macaque (SV40) PyVs consistently formed a
clade with high bootstrap support, and the
avipolyomaviruses grouped together with BoPyV.
Other human PyVs, KIPyV and WUPyV showed
relatedness with avian, rodent and old world monkey
PyVs with low bootstrap support. However,
AGMPyV grouped together with OPyV (100%
bootstrap support) and HaPyV lied totally outlier to
all the PyVs (Fig. 2).
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Fig. 2—Neighbour-joining bootstrap consensus trees based on
PyV whole genome nucleotide sequences from 19 taxa, depicted
as accession numbers and abbreviated virus names at terminal
nodes. The percentages of replicate trees in which the associated
taxa are clustered together in the bootstrap test (1000 replicates)
are shown next to the branches in both the tree types. Branch
corresponding to partitions reproduced in less than 50% bootstrap
replicates are collapsed. The NJ tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. There were a total
2615 positions in the final dataset. (See methods section for
details).

Fig. 3—Neighbour-joining bootstrap consensus tree based on VP1
nucleotide (A) and amino acid (B) sequences from 20 taxa,
depicted as accession numbers/gi and abbreviated virus names at
terminal nodes. The percentages of replicate trees in which the
associated taxa are clustered together in the bootstrap test (1000
replicates) are shown next to the branches in both the trees. The
NJ tree is drawn to scale, with branch lengths in the same units as
those of the evolutionary distances used to infer the phylogenetic
tree. There were 755 positions in the nucleotide (A) and 254
positions in the amino acid (B) final data sets. The altered
relationships between human/SV40 clade are emphasized by red
coloured brackets (A & B). (See methods section for details)

nucleotide-based tree (Fig. 3A), the avipolyomaviruses grouped separately along with the
OPyV/AGMPyV/MCPyV/HaPyV/PyV(A2)
and
SquiPyV/MPtV/MyoPyV/BoPyV groups.

Phylogenetic Analysis of VP1 Sequences

Phylogenetic analyses using both nucleotide and
amino acid sequences of 20 PyVs VP1 were done to
evaluate the evolutionary relationships between them
(Fig. 3). The nucleotide-based and amino acid-based
trees largely approximated each other. The human,
baboon and macaque PyVs formed a clade distinct
from the other mammalian and avian groups taken
together. This sub-tree, however, depicted topology in
the VP1 trees. The KIPyV and WUPyV appeared to
be outlier to the entire mammalian and avian group
taken together, in both DNA and amino acid-based
trees. The MCPyV, HaPyV and PyV grouped together
with AGMPyV/OPyV/ChPyV in both the trees
(Figs 3 A & B) as also seen in the LTAg-based
trees; however, with lower bootstrap support.
Moreover, chimpanzee VP1 sequence, included in
this analysis, showed close evolutionary relatedness
with the newly discovered Orangutan polyomavirus
(OPyV) and AGMPyV. While avipolyomaviruses
and SquiPyV/MPtV/MyoPyV/BoPyV group formed
a distinct clade and showed relatedness with
OPyV/AGMPyV/MCPyV/HaPyV/PyV(A2) in the

Segment Exchanges within PyV-LTAg CDS

Study of genomic rearrangements within the LTAg
CDS of the PyV group showed few interesting small
segment transfers, indicative of recombination events
(Fig. 4). There appears to be no genomic segment
rearrangements or exchanges between closely related
subgroups, such as, the BKV/JCV/SV40 group and
between the monkeys OPyV/AGMPyV. The monkey
OPyV/AGMPyV and murine MPtV appear to be
similar, without any exchanges. However, a segment
of about 226 bp seems to have incorporated in baboon
SA12 LTAg sequence (1140-1353 bp) in inverted
orientation from BKV/JCV/KIPyV. While the aminoterminal KIPyV-LTAg (1-1400 bp) region appears to
be similar to BKV/JCV/SV40 comparable region (11370 bp), about 525 bp (1410-1935 bp) region in the
KIPyV carboxy-terminal double domain matches with
no other segments of the PyVs tested in the present
study. Approximately 110 bp (463-574 bp) segment
of WUPyV seems to have exchanged with
MCPyV/PyV(A2), and another small segment
exchange between WUPyV and OPyV/AGMPyV.
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Fig. 4—Genomic rearrangements in LTAg coding sequence of 16 PyVs. The alignment display is organized into one horizontal panel per
input LTAg sequence. Each sequence's panel contains the name of the genome sequence, a scale showing the sequence coordinates, and a
single black horizontal centre line. Local collinear blocks (LCBs) appear as coloured blocks that appear above or below (inverse
orientation) the centre line to indicate homologous regions of the genes among related taxa. There are 4 LCBs with minimum weight 155,
connected by LCB connecting strings that indicate matching regions of the viral genomes possibly exchanged or rearranged. The
boundaries of coloured blocks usually indicate the breakpoints of genomic region rearrangement(s). The BoPyV-LTAg sequence was not
aligned and probably contains specific sequence elements.
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The oncogenic human MCPyV seems to be similar to
PyV(A2). Other important features apparent in Fig. 4
are the similarities of MyoPyV with that of
BKV/JCV/SV40/SA12 group and of the carboxyterminal domain regions of SquiPyV with that of
rodent HaPyV. Additionally, a small segment of about
114 bp (49-163 bp) of SquiPyV LTAg-DnaJ domain
seems to have exchanged with anthropoid
BKV/JCV/SV40/SA12 and chiropteran MyoPyV. The
bovine LTAg seems to have been preserved and a 158
bp segment (1337-1495 bp) of avian BFDPyV seems
to have exchanged with SquiPyV/HaPyV.
Analysis of LTAg Amino Acid Sequences among Human PyVs

The nucleotide sequence alignment of DnaJ or J
domain (first 246 nucleotides corresponding to 1-82
aa) and the carboxy-terminal amino acids (351-450 &
533-650 aa) of PyVs known to infect humans
analysed in BioEdit sequence alignment editor and
identity plots were visualized separately in BioEdit
graphic view modes (Figs 5 & 6). The unique amino
acid positions with corresponding nucleotide triplet
codons in the DnaJ domains (1-82 aa) were
summarized in Table 1. Notable amino acid changes
in this domain are Leu to Val and Thr/Ser to Phe in
the JCV group; Val to Thr in KIPyV/WUPyV; 2 Lys
to Leu and 1 Lys to Met in MCPyV; and Thr/Asp to
Phe and Ser/Asn/Glu to Trp in the SV40 group. The
LTAg-J domain and carboxy-terminal amino acid
identity plots showed that the PyVs, known to have
been detected in human body fluids and clinical
samples, can be differentiated based on differences in
their LTAg amino acid sequences in these conserved
regions. In summary, in the LTAg carboxy-terminal
region, there are 1 (BKV-MM), 3 (BKV-AS) and 32
(JCV strains) unique amino acid positions out of 300
positions; 16 unique positions out of 300 to
distinguish KIPyV/WUPyV/MCPyV; and 61 unique
positions to distinguish SV40 strains (Fig. 6). The
pRb binding LXCXE motif (105 to 109 aa positions)
was also examined separately and the motifs were
found to be absent in the newly identified human
PyVs, KIPyV, WUPyV and MCPyV (data not
shown).
Discussion
Phylogenetic analyses concerning JCV33,41,42,
BKV43,44 and SV4046 whole-genome or coding
regions principally revealed strain-relatedness within
these PyVs. These studies targeted within-group

relatedness of different geographically isolated PyVs
strains of BKV, JCV or SV40. However, recently,
three research groups discovered 3 new human PyVs,
KIPyV, WUPyV and MCPyV5-7, where in each case,
the authors considered several subtypes in
hypothesizing their phylogenetic relatedness with that
of the new human isolates. More recently, 16 different
PyVs VP1 gene sequences were used in estimating
evolutionary relationship of the newly discovered
PyV (SquiPyV), isolated from new world primate,
Bolivian squirell monkey (S. boliviensis)20. A
comparative phylogenetic codivergence study and
tanglegram analysis between 72 complete PyV
genomes, consisting of 9 mammalian and 2 avian
PyVs, with that of their respective hosts, revealed
codivergence and host switching phenomenon of few
viruses in some mammalian hosts47. However, none
of these studies considered all known PyVs together
to ascertain evolutionary relatedness among them.
The present study took into account whole-genomes,
LTAg and VP1 nucleotide, as well as amino acid
sequences of all vertebrate PyVs known till date
including important human, rodent and macaque
subtypes, in revalidating their phylogenetic
relatedness.
The LTAg based NJ bootstrap consensus trees in
the present study validated the earlier views that
human KIPyV and WUPyV together form a sister
clade with the primate/anthropoid PyVs (BKV, JCV,
SA12 and SV40)5,6,46 (Fig. 1). When whole genome
based bootstrap consensus tree was drawn,
KIPyV/WUPyV clade showed distant relationship
with the BKV/JCV/SA12/SV40 group (Fig. 2). Again,
when VP1 nucleotide and amino acid sequences were
considered, both the trees clubbed KIPyV and
WUPyV together as outlier to the entire PyV group
(Fig. 3). The disparate results indicate that KIPyV and
WUPyV have wide variations at the nucleotide level
with respect to the above anthropoid group; they have
different rates of mutation in early and late genes, and
have an overall genomic-level difference with the
above group. However, the functional level
constraints in the protein structures, especially in
pivotal early protein LTAg of KIPyV/WUPyV, may
have conserved the amino acid positions (Fig. 5). This
view is supported by the different topologies in the
LTAg-DnaJ domain-based nucleotide and amino acid
NJ trees (Figs 1C & D). Phylogenetic trees based on
whole genome and LTAg nucleotide and protein
sequences revalidated earlier conclusions of various
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Fig. 5—Nucleotide and amino acid identity plot based on LTAg DnaJ domain of PyVs found in human. Nucleotide sequence and
single letter amino acid symbols are shown for each sequence. Solid dash indicates nucleotide deletions.
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Fig. 6—Amino acid identity plot in the carboxy-terminal p53 interacting double domain regions (351-450 & 533-650) of LTAg
proteins of PyVs detected in human. Identities are showed as dots with respect to BKV (WW) sequence and boxed blocks indicate the
conserved regions known to interact with p53 proteins. BKV (WW) and BKV (DUN) sequences are identical, while others differed at
several positions. (See text)
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Table 1—Unique nucleotide and amino acid positions in LTAg
DnaJ domain of PyVs detected in human samples, with respect to
BKV (WW and Dunlop strains). Nucleotide triplet codon
positions are mentioned in parentheses. Single letter amino acid
symbols are depicted as change as against normal amino acid
present in others at that position in parentheses.
Polyomaviruses

BKV (WW, DUN)
BKV(MM)
JCV (Proto, Tokyo 1,
Type 2D, Type 6)
KIPyV/WUPyV
MCPyV

SV40
(Strains proto, B1, B2)

Nucleotide triplet Corresponding amino
(codon position) acid (normal amino
acid present in all
others)
Identical
Identical
Del (3)
Del(34)
GTC(29)
CTT(41)
TTT(57)
ACT(4)
TCC(6)
TTA(3)
TAT(24)
AAA(31)
AAA(35)
AGC(37)
TTA(39)
AAG(40)
CCT(49)
ATG(53)
UGG(59)
ATC(66)
TTG(11)
TTA(68)
GGC(76)
TTC(77)
TGG(78)
GAT(79)
GCA(80)
ACT(81)
GAG(82)

Del (K)
Del(Y,F)
V(L)
L(F,Y,H)
F(T,S)
T(V)
S(N)
L(K)
Y(W)
K(R)
K(L)
S(K)
L(K)
K(E)
P(E)
M(K)
W(Y)
I(V)
L(M,K,E)
Y(V,S,T,K)
G(T,E,F)
F(T,D)
W(S,N,E)
D(S,I,V)
A(S,W,D)
T(E,Q,S)
E(V,S,A)

workers that baboon PyV SA12 is closer to BKV
group and together they form a clade with JCV and
SV40 group (Figs 1 & 2). However, this view is
supported in VP1 amino acid tree but not in VP1
nucleotide tree, possibly due to different rate of
sequence divergence or synonymous nucleotide
changes in this gene. Most of the LTAg and whole
genome-based trees showed the newly described
Bornean orangutan (P. pygmaeus) PyV (OPyV) to be
closely related to the African green monkey PyV
(AGMPyV). When Chimpanzee VP1 sequence was
included, the VP1 nucleotide-based NJ tree, clubbed
ChPyV, OPyV and AGMPyV together and indicated
closeness of the former two (79% bootstrap support)
(Fig. 3A). The VP1 amino acid-based NJ tree (Fig.
3B)
depicted
slightly
distant
evolutionary
relationships among the above 3 primate PyVs.
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The avian PyVs seemed to have diverged early
from the rest of the PyVs as supported by the NJ trees
based on nucleotide sequences of LTAg (Fig. 1A, B
& C). Similar results were obtained in studies of
KIPyV (NJ method) and SquiPyV (Maximumlikelihood method)5,20. While in the present study, NJ
trees based on nucleotide of VP1 sequences, clubbed
all the avian sequences with BoPyV and
MPtV/MyoPyV/SquiPyV group; amino acid-based
tree showed that the avian group shared a common
ancestor with bovine, rodent and all non-human
primates (Fig. 3). The results seem to indicate that,
primarily, VP1 nucleotide sequence evolved at a
different rate than that of LTAg gene and,
secondarily, the VP1 gene gathered many
synonymous mutations, which resulted in divergence
in amino acid sequences.
The NJ trees based on LTAg and VP1 (nucleotide
and aa) sequences indicated that the newly discovered
human PyV, MCPyV7 is related to the rodent PyVs
(PyV & HaPyV) and indicated with high bootstrap
support that they together are related to African green
monkey PyVs (AFGPyV and OPyV) (Figs 1A & B;
Fig. 3). Similar conclusions could be drawn from the
phylogenetic analyses of MCPyV7.
In contrast to the report on the phylogenetic
relatedness of Bolivian squirell monkey PyV
(SquiPyV) with that of BoPyV20, present study has
found that SquiPyV is closer to murine pneumotropic
virus (MPtV) and little brown bat (Myotis lucifugus
Le Conte) PyV (MyoPyV), based on analyses of
LTAg. Similar relatedness was evident from VP1
gene/amino acid analyses, however with lower
bootstrap support (Figs 1 & 3).
Large scale and frequent recombination events are
comparatively rare in circular than in linear genomes.
In one of the studies undertaken in only human PyV
BK strains, genetic exchanges were found to be
unapparent in coding regions and results were
inconclusive45.
While
intra-strain
genomic
recombination events are reported to be rare or
undetectable, this study targeted the LTAg CDS to
look for signatures of inter-strain recombination
events, if any, within the PyV group (Fig. 4). Absence
of apparent genetic exchanges in LTAg CDS within
the closely related PyVs and concomitant small
segment interchanges between divergent strains are
indicative of an efficient horizontal (cross-species)
co-infection and transmission of PyVs, an indicator of
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efficient host tissue recognition and entry by VP1, and
initial establishment and DNA replication by Tantigen proteins. Consistent with the phylogenetic
inferences based on LTAg CDS and amino acid
identities in the conserved regions (Figs 1, 5 & 6), the
human KIPyV and WUPyV-LTAg nucleotides show
divergence from other human strains. In this context,
the WUPyV-LTAg shows absence of any exchanges
with other human strains, but small region exchanges
with divergent MCPyV and rodent PyV(A2). While
implications of this finding is not apparent at the
moment, small area inter-strain genetic exchanges
need to be explored with regard to NCCRs and also
with regard to the putative effects of these exchanges
within the coding regions of the PyV group with a
larger data set.
It has been reported by a number of workers that
several human PyVs and the macaque PyV, SV40,
have been detected and isolated from human clinical
samples including neoplasias48-52. Therefore, a
sensitive method of identification of the PyV strain
and type could be developed through recognizing
unique nucleotide as well as amino acid changes in a
conserved gene of the virus. In this approach, the pRb
interacting amino terminal DnaJ domain and p53
interacting carboxyterminal double-domain regions
were aligned and unique nucleotide triplet codon and
amino acid changes were identified. The DnaJ
domain-based identity plot showed several unique
locators that could differentiate BKV, JCV,
KIPyV/WUPyV, MCPyV and SV40 (Fig. 5 & Table
1). Similar differences were also observed in the p53
binding carboxy-terminal domains in LTAg protein
sequences (Fig. 6). Considering the importance of
LTAg interactions with several key cell cycle
modulators in determining the course of infection and
disease progression in human malignancies, effect and
role of these amino acid changes in these domains can
be evaluated through protein modelling analyses.
The present study took into account previously
known and recently discovered mammalian and nonmammalian PyVs to revalidate and fine tune
evolutionary relationships among and between them.
Evolutionary relationships between BKV and JCV
strains largely validated earlier findings. With the
inclusion of new taxa, the study has reassessed and
fine tuned the relatedness of the known PyVs. LTAg
CDS and whole genome based phylogenetic trees
approximated each other, while VP1 CDS based
phylogenetic trees produced divergent tree topologies.

The study indicated that LTAg and whole genome
sequence information are more informative than that
of VP1 gene/protein sequences, which seems to have
attained structure-based evolutionary divergence in
the family, in analysing phylogenetic relationships in
polyomaviruses. Considering a common role played
by all small DNA virus transforming proteins through
the interactions of their conserved motifs with p53/
pRb family proteins in the early phase of cellular
establishment, T-antigens seem to be functionally
conserved and have attained structure-based
evolutionary divergence in the family. The study also
devised a mechanism of differentiating clinically
important human PyVs based on conserved regions of
oncoprotein LTAg, which can further be developed
by including larger data sets of each human PyVs.
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