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Abstract
Data on polyomavirus genomic diversity has greatly expanded in the past few years. The
implications of viral DNA sequence variation on the performance of molecular diagnostic assays
have not been systematically examined. 716 BK, 1626 JC and 73 SV40 virus sequences available
in GenBank were aligned using Clustal-X. Five different published BKV PCR assays currently in
use at major medical centers were evaluated for primer and probe mismatches with available
GenBank sequences. Coverage of naturally occurring BKV strains varied amongst different assay
methods. Targeted viral sequences showed major mismatch with primer or probe sequence in up
to 30.7% of known BKV strains. BKV subtypes IVa, IVb, and IVc were more prone to this
problem, reflecting common use of Type I Dun sequence for assay design. Despite the known
polymorphism of this gene, 484 VP-1 sequences with conserved areas potentially suitable for PCR
assay design are available. Assay targets in the Large T-antigen and agnogene are less subject to
genetic variation, but sequence information corresponding to the latter two genes is available only
for 164 and 174 published strains respectively. Cross reactivity of appropriately selected BKV
primers with JCV and SV40 sequences available in current databases was not a significant
problem.

INTRODUCTION
Polyomaviruses (PV) belong to the family Polyomaviridae. Virions are 45nm in diameter
with a 5 kb circular double stranded genome. The species most relevant to human disease
are BK Virus (BKV), JC Virus (JCV) and Simian Virus (SV40). The viral genome is
arranged in three general regions: non-coding control region (NCCR), the early coding
region (coding for the small and large T antigens), and the late coding region coding for the
viral capsid proteins (VP-1, VP-2, VP-3) and agnoprotein (14–19)[Demeter, 1995; Shah,
1995]. The NCCR contains the origin of replication and regulatory regions containing
enhancer elements that are important activators of viral transcription. The T antigen
promotes viral replication, binds to tumor suppressor proteins Rb and p53, and stimulates
host cell entry into the cell cycle [Eckner et al., 1996; Gomez-Lorenzo et al., 2003; Roy et
al., 2003; Valls et al., 2003]. VP-1, VP-2, and VP-3 are structural proteins required for the
assembly of complete virions.
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The viral capsid coding regions display considerable genetic heterogeneity, and this feature
has been used to divide BKV into distinct subtypes I, II, III, and IV [Randhawa et al., 2002].
Subtype I is the most prevalent in all major geographic areas with a prevalence range from
46–82%. A possible exception is the Chinese and Mongolian region, where a 54%
prevalence for type IV has been reported [Zheng et al., 2007]. Subtype IV is generally the
second most prevalent type, and although, subtype IV strains have been reported from
Europe and USA [Baksh et al., 2001; Di Taranto et al., 1997; Jin, 1993], these are more
frequent in northeast Asia (12–54%). The frequency of subtype IV in Africa is significantly
lower than in Europe and Asia. Subtypes II and III are overall quite rare with frequencies of
0–6% and 0–9% respectively. In one African study subtype III was commoner than type IV
(9% versus 5%).

There is now enough genetic information available about BKV to suggest the occurrence of
subgroups within subtypes I and IV [Ikegaya et al., 2006; Nishimoto et al., 2006; Nishimoto
et al., 2007; Takasaka et al., 2004; Zheng et al., 2007; Zhong et al., 2007]. It appears that
subgroups of genotype I may have predilection for specific geographic regions, such as
subgroup 1a for Africa, 1b-1 for Southeast Asia, 1b-2 for Europe, and 1c for northeast Asia.
The proportion of total type 1 subtypes represented by the aforementioned subgroups in the
corresponding geographic regions is 75%, 90%, 77.5%, and 64% for 1a, respectively [Zheng
et al., 2007]. In one study, differences in prevalence between Europe and northeast Asia are
said to be statistically significant [Ikegaya et al., 2006]. There are also differences in
geographic distribution for subgroups within subtype IV. Thus, subtype IVa1 comprised
8/15 (53%) of subtype IV strains obtained from southeast Asia (Philippines, Vietnam,and
Mynamar). Subtype IVb1 and IVb2 accounted for 40% and 55% respectively of 20 subtype
IV strains obtained from Korea and Japan. In contrast, 21/26 (81%) of chinese strains were
subtype IVc1, and all 22 subtype IV strains from Europe were subgroup IVc2 [Nishimoto et
al., 2007]. It is not yet clear if these geographic variations reflect ethnic background or
clinical circumstances of sample collection. Environmental factors involved in person to
person transmission may also be important. Japanese-Americans in California tend to carry
European subtype 1b-2, and not 1c typical of native Japanese subjects [Yogo et al., 2007].

Currently used PCR assays were developed several years ago when the syndrome of BKVN
in kidney transplant patients was first recognized. As noted above, our knowledge of BKV
genomic diversity has increased enormously in the last few years [Chen et al., 2006; Chen et
al., 2004; Ikegaya et al., 2006; Ikegaya et al., 2005; Krumbholz et al., 2006; Nishimoto et
al., 2006; Nishimoto et al., 2007; Nukuzuma et al., 2006; Sharma et al., 2006; Takasaka et
al., 2006; Yogo et al., 2007; Zheng et al., 2005a; Zheng et al., 2005b; Zhong et al., 2007].
Some publications report a relatively stable genome in asymptomatic subjects [Takasaka et
al., 2006], but there is also evidence that BKV can behave as a rapidly evolving virus in
disease states associated with active viral replication[Randhawa et al., 2002]. It has,
therefore, become necessary for laboratories to re-evaluate the ability of their assays to
capture all the BKV strains currently circulating in humans. PCR monitoring techniques will
be less effective without adjustments that take into account continuous appearance of new
viral strains. The present study seeks to define the magnitude of this problem by analyzing
all BKV sequence information published to date.

MATERIALS AND METHODS
Sequence retrieval

Publicly available whole genome sequences (WGS) and partial sequences were retrieved
from GenBank. All data were collected before 1/1/2008. Non coding control region (NCCR)
sequences were not considered because of the high rate of genetic recombination in this
region.. Redundancies in the data were excluded by observing the following rules: (i) if
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identical whole genome sequences were submitted by more than one laboratory, only one
sequence was retained; (ii) if partial BKV sequences matched a whole genome sequence,
only the latter was included in the alignment. Altogether 716 unique BKV sequences were
retained, including 161 WGS and 555 partial sequences. For the related JC polyomavirus a
total of 1626 unique sequences were retrieved, of which 450 were WGS and 1176 were
partial sequences. A much smaller data set of polyomavirus SV40 sequences was available,
comprised of 30 unique WGS and 43 unique partial sequences from viral genomic areas
outside of the NCCR. A complete listing of the sequences used in this study is provided in
supplementary data tables 1–3.

Sequence alignment
DNA sequences were aligned using Clustal X which is a windows version of ClustalW, with
default multi alignment parameters [Thompson et al., 1994]. Nucleotides were numbered
using the system of Seif et al., in which #1 is assigned to the nucleotide upstream of the start
codon of the T antigen [Seif et al., 1979]. BKV MM sequence (V01009) with an alternate
numbering system was first such as BKV strain MM (V01109) was first renumbered
according to Seif’s schema. The partial BKV sequence D00678 which spans the T-antigen
and NCCR regions was truncated at position 1 to facilitate alignment. SV40 sequences
AF168993, AF169001, EU268284, AF136002, AF168995, AF136001, AF136000,
AF136003, AF168996, AF168997, AF168998, AY148408, AY148409, AY148410,
AY148411, AY148412, AY148413, AF169000, AJ276576, BK006135 were reverse
translated. Alignments were manually adjusted using BioEdit (Tom Hall, Department of
Microbiology, North Carolina State University, North Carolina, USA).
http://www.mbio.ncsu.edu/BioEdit/BioEdit.html). Separate alignments were performed for
BKV, JCV, and SV40 strains. The BKV Dunlop sequence was included in each alignment
as a reference point for evauating primer and probe mismatches.

Analysis of BKV Genomic Variation
Genomic variation analysis was based on 161 unique BKV whole genome sequences.
Polymorphic sites were accepted as those (i) where at least two alternate nucleotides were
present, and (ii) the frequency of substitutiion was greater than 1%, which means that at
least two out of 161 strains possessed variant nucleotides. Areas of deletion were not
considered in the evaluation of polymorphism. Assignment of subtype I, II, III or IV to each
sequence was based on the designation provided by the submitting investigators, generally
based on the schema defined by Jin et al [Jin et al., 1993]. For analysis of Large T gene
included only the 2 exons were included; the intron sequence was omitted.

Evaluation of Primer and Probe Sequences Used in Clinical Diagnosis
The purpose of this evaluation was to determine the extent to which diagnostic PCR assays
being performed in clinical practice capture BKV genomic diversity. We chose five
published assays, four of which are from major transplant centers. Two assays, which we
will designate as assay #1 and 2, target the Large T-antigen [Hirsch et al., 2001; Limaye et
al., 2001]. Assays #3 and 4 target the VP-1 region [Ding et al., 2002; Randhawa et al.,
2004], while assay #5 is based on the agnogene [Leuenberger et al., 2007]. The complete
sequence forward (F) and reverse (R) primers and probe (P), and their positions on the
genome are provided in Table 1. Assay #3 uses SyBr Green dye instead of a virus specific
probe. Primer and probe sequences were systematically evaluated for identity or non-
identity with homologous sequences in our BK, JC, and SV40 sequence alignments. Viral
strains showing a 100% match were designated as a perfect match (PM) for the primer or
probe being evaluated. Any mismatch < 8 nucleotides from the 3’end of a primer was
counted as a major mismatch [Rychlik, 1995]. All other mismatches (8 or more nucleotides
away) were characterized as a minor mismatch. For DNA probes, mismatches at 5’ and 3’
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ends are more likely to cause instability compared to internal mismatches [Suzuki et al.,
2007]. Initially, this analysis was carried out on all viral sequences, irrespective of genotype
(Tables 2–4). Subsequently a subtype specific subanalysis was performed using 161 BKV
WGS that are publicly available (see Table 5).

RESULTS
BKV genome diversity

An analysis of the genomic diversity in the NCCR region has been recently published by us,
and was not the focus of this study [Sharma et al., 2007] Major rearrangements, deletions
and duplications in this region are well known. The coding region of BKV consists of six
genes, namely agnogene, VP3, VP2, VP1, small T antigen, and large T antigen (LTA). Rates
of inter-strain BKV DNA sequence variation in the Agno, VP2, VP1 and LTA genes were
7.5%, 7.1%, 12.4% and 10.8% respectively (Figure 1). The corresponding rates of amino
acid variation were Agno11.9%, VP2 7.1%, VP1 8.6% and LTA 4.2%. The LTA gene was
the most conserved at the protein level. There were fewer non-synonymous variants in LTA
compared with VP1. Most variants in LTA gene were 3rd position substitutions in codons,
and thus synonymous. The most variable coding region was in the VP1 gene spanning
amino acids 61 to 83. This region is a part of Jin’s genotyping region and contains 15
variable sites out of 67 possible (22.39%). The amino acid 208–269 region in the VP2 gene
was also a highly variable region with substitutions at 19/62 (30.65%) sites.

Changes other than nucleotide substitutions were relatively uncommon in the coding region
of BKV. A duplication of agnogene nucleotides 562–573 was seen in all 161 whole
genomes. Several strains had a deletion of nucleotides 553–561 immediately upstream this
duplication. The AS Type III whole genome has a unique 37 nucleotide deletion in the
NCCR which shifts the agnoprotein start codon closer to the origin of relication. Nucleotides
4590 to 4654 in BKV strain Fin-9 were duplicated, while nucleotides 4590–4855 in the LTA
intron were deleted in BKV strain MM. All five type II and III strains deleted nucleotides
2799–2804, and both type III strains lacked nucleotides 2815–2820 in the Large T gene.
There were no deletions or duplications in BKV VP1 and VP2 gene. None of these deletions
in the LTA or Agnoprotein gene shifted the coding frame or showed any association with a
definite disease.

Predicted coverage of known BKV strains
Assay #1: The forward and reverse primers showed a perfect match to all but one of the 161
BKV strains with sequence data available for the targeted LTA region (Table 2). Only the
subgroup Ib2 strain LAB-14 demonstrated a mismatch (G->A) 4bp from the 5’ end of the
reverse primer. The internal probe matched perfectly 74/161 (45.9%) viral strains, including
all 13 Ia, 42 Ib2 and 19 Ic strains (Table 5). All 28 subtype Ib1 strains had a major probe
mismatch (A->C) 4 bp from the 3’ end. Three of twenty two (3/22) subtype Ic strains
(RYU-2, TW-8, TW-8a) had a major probe mismatch (A->G) at the 3’ terminal nucleotide.

Assay #2: Virtually all subtype I strains perfectly matched the forward primer, an exception
being 8 subgroup Ib2_strains (ETH-4, LAB-21, LAB-8, PittNP3,_PittVM1,
PittVM3,_PittVR7 and_TUR-5), which showed a mismatch ( A->G) 19 bp from the 3’ end.
All subtype II, III, IV strains had a mismatch (G->A/T) 16 bp from the 3’ end; subtypes II
and III also demonstrated a mismatch (G->A) 2 bp from the 5’ end. Four subgroup IVb2
strains (JPN-15, JPN-34, KOM-2 and KOM-7) had a mismatch (C->G) with the reverse
primer located 11 nucleotides from 3’ end. FNL-17 strain (type IVc) had two mismatches 3
and 4 bp from the 5’ end.
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Assay #3: The forward primer was perfectly matched with 163 whole genome sequences
(Table 1), but showed a major mismatch (A->G) located 2 bp from the 3’ end of a partial
VP-1 sequence of subtype Ib1 from strain CAP-m2 (Table 5). The reverse primer perfectly
matched 484 BKV sequences, most of them subtype I strains. This assay based on the VP-1
gene had a potentially higher strain coverage than all other assays. The reverse primer
perfectly matched with 484 BKV sequences (Table 2). Incidence of major primer mismatch
did not exceed 1/164 (0.62%) for the forward primer. Thus, it is possible to find conserved
areas even in the VP1 gene, a somewhat more variable region of the viral genome that is
used to define BKV genotypes.

Assay #4: The forward primer matched 103 BKV sequences but the reverse primer matched
only 18 (Table 2). The mismatches observed were minor. In genotype and subtype analysis
again only minor mismatches were observed for subtype Ib1 and all subtypes of genotype
IV.

Assay #5: The reverse primer was a perfect match for 99.38 % of available whole genome
sequences. The forward primer showed minor mismatches with 46.58% of available whole
genome sequences. No major mismatches were identified (Table 2). There was good
predicted coverage of subytpes Ia, 1b1, 1b2, and 1c. Minor mismatches were seen with most
type IV sequences (Table V)

Potential for cross amplification of JCV DNA
Assay #1 forward and reverse primers derived from BKV LTA showed perfect match with
greater than 98.5% of 447 whole genome JCV sequences available (Table 3). However, the
BKV probe showed a major mismatch with all JCV sequences, indicating that cross
detection of JCV DNA is unlikely. Cross detection of JCV is also unlikely in Assay #2
where both primers and the detection probe show major mismatches with all 454 JCV Large
T-antigen target sequences available. The reverse primer for Assay #3 shows minor
mismatches with 95.89% of available JCV sequences. However, this assay is JCV-specific
because the forward primer is designed to be complementary to an area of the BKV VP1
that is deleted in all JCV strains. The forward primer of Assay #4 had minor Mismatches
with 4 JCV strains, while the reverse primer and probe had major mismatches with all
available JCV strains. In the case of assay #5, the reverse primer showed major mismatches
with 100% of available JCV sequences.

Possible detection of SV40 DNA
Assay #1 showed minor mismatches with 39 of 40 available sequences (Table 4). However,
the non-homologous nature of the reverse primer and probe should prevent amplification of
SV40 DNA. Assays #2, #3 and #4 are not expected to have any interference from the
(unlikely) presence of SV40 DNA in clinical samples as all show major primer and probe
mismatches with simian viral sequences. Likewise, for assay #5, major mismatches with the
forward primer provide assurance against unwanted amplification of BKV DNA.

DISCUSSION
Accumulating sequences over the past several years have demonstrated significant
variability in regions of the viral genome that are targeted for PCR-based diagnostic assays
[Randhawa et al., 2003; Randhawa et al., 2002]. A mismatch between the viral genome and
primer or probe sequences could result in either false negative or underquantitated viral load
measurements by PCR. Manna et al have described clinical samples which yielded atypical
amplification profiles, but the frequency with which this occurs is not clear from their data,
which is reported only in abstract form [Manna et al., 2005]. Limaye et al noted an 8%
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discrepancy rate between two PCR assays, one based on the small t, and the other on the
large T-antigen. Moreover, when these 2 assays were compared, a > 1 log difference in viral
load was seen for 7/25 (28%) samples [Limaye et al., 2005]. Our data provides a
comprehensive assessment of this problem using 716 BKV, 1626 JCV, and 83 SV40
sequences. Available assays differ with regard to primer and probe identity with the targeted
viral sequences. Viral genotype and subtype analysis suggests that currently used assays are
more likely to have difficultires with subtype IV variants. This is not surprising because
many laboratories have designed their primers using a subtype I sequence belonging to the
Dun strain. The extent of the problem for subtypes II and III can not be accurately identified
at this time due to a paucity of available sequences.

An important caveat of our analysis is that we have limited it to a comparison of primer and
probe sequences with viral genomic sequences. It is true that successful PCR requires good
binding of forward and reverse primers to the target sequence, as well as probe to the
amplicon. However, the efficiency of a PCR reaction also depends on numerous other
factors such as primer GC content, melting temperature, and tendency to form hair pin loops
and primer dimers. The probability of a successful PCR using partially mismatched primers
and probes can not be accurately predicted without actual experimentation. Notwithstanding
this limitation, our data demonstrates that available information on BKV genomic diversity
has expanded to the point, where it has become important for clinical diagnostic laboratories
to re-appraise assays currently being offered by them to transplant physicians. A study on
cytomegalovirus demonstrated that 2 mismatches at the 3’ end of a PCR primer can result in
1–2 log differences in calculated viral load [Nye et al., 2005] . Extensive mismatching can
result in lack of amplification of the viral target sequence (false negative result) [Whiley and
Sloots, 2005]. The challenge faced by laboratory directors today is to develop a PCR test for
BKV that covers all known strains, is sensitive, quantitative, and does not amplify JCV or
SV40.

Our sequence analysis offers some guidelines to laboratories seeking to develop robust PCR
tests for diagnosis of BKV. From the point of view of gene polymorphisms, the agnogene or
VP-2 region would be a preferred target site, since it has the lowest rate of genomic
variability. However, for the majority of BKV strains studied from clinical samples only
VP-1 sequences are known. Notwithstanding its higher variability, relatively conserved
sequences can be identified in the VP-1 region: nucleotides 1712–1736 and 1814–1836 are
conserved respectively in 484 and 670 BKV strains sequenced to date. In preliminary
experiments, we have successfully amplified BKV DNA using the aforementioned genomic
regions as the forward and reverse primers. This amplification utilized real time PCR on the
TaqMan platform with SyBr Green-based detection of the amplified product. Large T-
antigen and agnoprotein are sometimes regarded as more attractive sites than VP-1 for assay
development. However, it should be kept in mind that at this time only 164 agnoprotein and
174 large T-antigen sequences are known. It is also likely that additional gene
polymorphisms will be discovered in these two areas.

As our knowledge of BKV diversity increases further, it may become necessary to use
degenerate primers, or develop multiplex assays interrogating more than one target site. At
least one commercial laboratory offers an assay which amplifies both agnoprotein and Large
T-antigen sequences in clinical samples. Such multiplex assays will have to be carefully
validated qualitatively and quantitatively before being offered to transplant patients.
Laboratories may have to keep more than one BKV assay on their diagnostic menu to
accurately quantify viral loads of variant BKV strains with problematic gene
polymorphisms.
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Fig. 1.
Rates of nucleotide and amino acid variation in the major coding areas of BKV (blue bar:
DNA, red bar: amino acids).
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Table 2

Analysis of Primer and Probe Mismatch with All Published BKV Sequences*

Assay Primer Perfect match Minor Mismatch Major Mismatch

1 Forward 161/161(100%) 0/161 (0%) 0/161 (0%)

Reverse 160/161(99.38%) 1/161 (0.62%) 0/161 (0%)

Probe 74/161 (45.96%) 51/161 (54.04%) 36/161 (0%)

2 Forward 96/161 (59.63%) 64/161 (39.77%) 1/161 (0.62%)

Reverse 105/161(65.22%) 0/161 (34.78%) 56/161 (0%)

Probe 19/161 (11.80%) 142/161(88.20%) 0/161 (0%)

3 Forward 163/164(99.39%) 0/164 (0%) 1/164 (0.61%)

Reverse 484/704(68.75%) 283/704(40.91%) 7/704 (0.28%)

4 Forward 103/166(62.05%) 63/166 (7.8%) 0/166 (0%)

Reverse 18/166 (10.84%) 148/166(89.16%) 0/166 (0%)

Probe 107/166(62.65%) 6/166 (37.35%) 51/166 (0%)

5 Forward 86/161 (53.42%) 75/161 (46.58%) 0/161 (0%)

Reverse 160/161(99.38%) 1/161 (0.62%) 0/161 (0%)

*
The variable denominators reflect the fact that not viral strains described in the literature have sequence information available corresponding to

the area of the viral genome targeted by different assays.
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Table 3

Analysis of Primer and Probe Mismatch with JC Virus Sequences*

Primer Perfect match Minor Mismatch Major Mismatch

1 Forward 453/454(99.7%) 0/454 (0%) 1/454 (0.22)

Reverse 447/454(98.5%) 3/454 (0.66%) 4/454 (0.88)

Probe 0/454 (0%) 0/454 (0%) 454/454 (100%)

2 Forward 0/454 (0%) 0/454 (0%) 454/454 (100%)

Reverse 0/454 (0%) 0/454 (0%) 454/454 (100%)

Probe 0/454 (0%) 0/454 (0%) 454/454 (100%)

3 Forward 0/487 (0%) 0/487 (0%) 487/487 (100%)

Reverse 0/487 (0%) 467/487(95.89%) 20/487 (4.11%)

4 Forward 0/1590 (0%) 2/1590 (0.16%) 1588/1590(99.84%)

Reverse 0/1590 (0%) 0/1590 (0%) 1590/1590(100%)

Probe 0/1590 (0%) 0/1590 (0%) 1590/1590(100%)

5 Forward 0/453 (0%) 452/453(99.78%) 1/453 (0.22%)

Reverse 0/453 (0%) 0/453 (0%) 453/453 (100%)

*
Numbers in the first column refer to PCR assays referenced in table 2. The variable denominators in data cells reflect the fact that not viral strains

described in the literature have sequence information available corresponding to the area of the viral genome targeted by different assays.
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Table 4

Analysis of Primer and Probe Mismatch with SV40 Virus Sequences*

Assay Type Perfect match Minor Mismatch Major Mismatch

1 Forward 0/40(0%) 39/40(97.5%) 1/40 (2.5%)

Reverse 0/40(0%) 0/40 (0%) 40/40(100%)

Probe 0/40(0%) 0/40 (0%) 40/40(100%)

2 Forward 0/36(0%) 0/36 (0%) 36/36(100%)

Reverse 0/40(0%) 0/40 (0%) 40/40(100%)

Probe 0/40(0%) 0/40 (0%) 40/40(100%)

3 Forward 0/36(0%) 0/36 (0%) 36/36(100%)

Reverse 0/35(0%) 0/35 (0%) 35/35(100%)

4 Forward 0/43(0%) 0/43 (0%) 43/43(100%)

Reverse 0/43(0%) 0/43 (0%) 43/43(100%)

Probe 0/43(0%) 0/43 (0%) 43/43(100%)

5 Forward 0/40(0%) 0/40 (0%) 40/40(100%)

Reverse 0/39(0%) 38/39(97.44%) 1/39 (2.56%)

*
Numbers in the first column refer to PCR assays referenced in table 2. The variable denominators in the data cells reflect the fact that not viral

strains described in the literature have sequence information available corresponding to the area of the viral genome targeted by different assays.
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