
ern boundary current during the last 
glacial maximum, but its SST's were 
lower than those today and its transport 
may have been less. The anomaly pat- 
terns also imply that more of the Agul- 
has is entrained in the West Wind Drift 
during February than in August. 

Third, maps of ASST, at 18,000 years 
B.P. (Fig. 2, C and D) show that equa- 
torward flow (negative ASSTz's) around 
the subtropical gyre occurred as a dis- 
tinct eastern boundary current along 
Australia, whereas today the return flow 
is concentrated offshore between 90? and 
105?E. This observation is consistent 
with the suggestion of Prell et al. (10) 
that since the Subtropical Convergence 
was located at about 35?S at 18,000 years 
B.P., easterly flowing water (associated 
with the West Wind Drift) would be de- 
flected equatorward along the coast of 
Australia. This northward advection 
would produce the negative ASSTz's 
along the coast. Webster and Streten (1 ) 
have come to a similar conclusion based 
on the more equatorward position of sea 
ice and the westerlies during the last gla- 
cial maximum. 

Finally, large negative ASSTz's did not 
occur in the northwestern Indian Ocean 
during August at 18,000 years B.P. (Fig. 
2D). The lack of these negative anoma- 
lies indicates less upwelling then than 
today. Decreased upwelling, in turn, im- 
plies that the southwest monsoon was 
weaker then. During this interval, the 
Somali Current was also weak and may 
even have flowed southward. These re- 
sults are supported by faunal indicators 
of upwelling (7, 12) and by several gener- 
al circulation model simulations of the 
ice-age atmosphere (13, 14). Further- 
more, because monsoon intensity is in- 
fluenced more by increased continental 
albedo than by reduced SST (14), this 
anomaly pattern confirms the simulation 
of the weak ice-age monsoon by Manabe 
and Hahn (14). 

Maps of zonal anomalies of SST can 
be used to identify circulation patterns in 
modern oceans and their ancient coun- 
terparts. Although the mapping tech- 
nique is highly informative, it requires 
quantitative estimates of SST on a syn- 
chronous basis and accurate plotting of 
isotherms. Properly drawn, the ASSTz 
map reflects the thermal contrast across 
an ocean basin and thus the dominant 
circulation patterns. 

WARREN L. PRELL 
CLIMAP, Department of Geological 

ern boundary current during the last 
glacial maximum, but its SST's were 
lower than those today and its transport 
may have been less. The anomaly pat- 
terns also imply that more of the Agul- 
has is entrained in the West Wind Drift 
during February than in August. 

Third, maps of ASST, at 18,000 years 
B.P. (Fig. 2, C and D) show that equa- 
torward flow (negative ASSTz's) around 
the subtropical gyre occurred as a dis- 
tinct eastern boundary current along 
Australia, whereas today the return flow 
is concentrated offshore between 90? and 
105?E. This observation is consistent 
with the suggestion of Prell et al. (10) 
that since the Subtropical Convergence 
was located at about 35?S at 18,000 years 
B.P., easterly flowing water (associated 
with the West Wind Drift) would be de- 
flected equatorward along the coast of 
Australia. This northward advection 
would produce the negative ASSTz's 
along the coast. Webster and Streten (1 ) 
have come to a similar conclusion based 
on the more equatorward position of sea 
ice and the westerlies during the last gla- 
cial maximum. 

Finally, large negative ASSTz's did not 
occur in the northwestern Indian Ocean 
during August at 18,000 years B.P. (Fig. 
2D). The lack of these negative anoma- 
lies indicates less upwelling then than 
today. Decreased upwelling, in turn, im- 
plies that the southwest monsoon was 
weaker then. During this interval, the 
Somali Current was also weak and may 
even have flowed southward. These re- 
sults are supported by faunal indicators 
of upwelling (7, 12) and by several gener- 
al circulation model simulations of the 
ice-age atmosphere (13, 14). Further- 
more, because monsoon intensity is in- 
fluenced more by increased continental 
albedo than by reduced SST (14), this 
anomaly pattern confirms the simulation 
of the weak ice-age monsoon by Manabe 
and Hahn (14). 

Maps of zonal anomalies of SST can 
be used to identify circulation patterns in 
modern oceans and their ancient coun- 
terparts. Although the mapping tech- 
nique is highly informative, it requires 
quantitative estimates of SST on a syn- 
chronous basis and accurate plotting of 
isotherms. Properly drawn, the ASSTz 
map reflects the thermal contrast across 
an ocean basin and thus the dominant 
circulation patterns. 

WARREN L. PRELL 
CLIMAP, Department of Geological 
Sciences, Brown University, 
Providence, Rhode Island 02912 

WILLIAM Hf. HUTSON 
CLIMAP, School of Oceanography, 
Oregon State University, Corvallis 97331 

Sciences, Brown University, 
Providence, Rhode Island 02912 

WILLIAM Hf. HUTSON 
CLIMAP, School of Oceanography, 
Oregon State University, Corvallis 97331 

References and Notes 

1. G. Neumann and W. J. Pierson, Jr., Principles 
of Physical Oceanography (Prentice-Hall, En- 
glewood Cliffs, N.J., 1966). 

2. R. G. Barry and R. J. Chorley, Atmosphere, 
Weather, and Climate (fHolt, Rinehart & Win- 
ston, New York, 1970). 

3. A. Defant, Physical Oceanography (Pergamon, 
New York, 1961), vol. 1, p. 645. 

4. CLIMAP Project Members, Science 191, 1131 
(1976). 

5. R. M. Cline and J. D. fIays, Eds., Geol. Soc. 
Am. Mem. 145 (1976). 

6. August and February SST data for the modern 
ocean were digitized on a grid with 2? by 2? spac- 
ing by D. Hahn of the Geophysical Fluid Dy- 
namics Program, Princeton University. The data 
sources are World Atlas of Sea Surface Temper- 
atures (Publ. 225, U.S. Navy Hydrographic Of- 
fice, Washington, D.C., ed. 2, 1944), and 
Monthly Charts of Mean, Minimum and Maxi- 
mum Sea Surface Temperature of the Indian 
Ocean (Spec. Publ. 99, U.S. Navy Oceano- 
graphic Office, Washington, D.C., 1967). 

7. W. L. Prell, W. H. Hutson, D. F. Williams, A. 
W. H. Be, in preparation. Sea-surface temper- 
ature estimates for February and August condi- 

References and Notes 

1. G. Neumann and W. J. Pierson, Jr., Principles 
of Physical Oceanography (Prentice-Hall, En- 
glewood Cliffs, N.J., 1966). 

2. R. G. Barry and R. J. Chorley, Atmosphere, 
Weather, and Climate (fHolt, Rinehart & Win- 
ston, New York, 1970). 

3. A. Defant, Physical Oceanography (Pergamon, 
New York, 1961), vol. 1, p. 645. 

4. CLIMAP Project Members, Science 191, 1131 
(1976). 

5. R. M. Cline and J. D. fIays, Eds., Geol. Soc. 
Am. Mem. 145 (1976). 

6. August and February SST data for the modern 
ocean were digitized on a grid with 2? by 2? spac- 
ing by D. Hahn of the Geophysical Fluid Dy- 
namics Program, Princeton University. The data 
sources are World Atlas of Sea Surface Temper- 
atures (Publ. 225, U.S. Navy Hydrographic Of- 
fice, Washington, D.C., ed. 2, 1944), and 
Monthly Charts of Mean, Minimum and Maxi- 
mum Sea Surface Temperature of the Indian 
Ocean (Spec. Publ. 99, U.S. Navy Oceano- 
graphic Office, Washington, D.C., 1967). 

7. W. L. Prell, W. H. Hutson, D. F. Williams, A. 
W. H. Be, in preparation. Sea-surface temper- 
ature estimates for February and August condi- 

BK virus (BKV) is a virus of human 
origin discovered by Gardner et al. (1). A 
variant of BKV, termed the MM strain, 
was later isolated (2) from the brain tu- 
mor and the urine of a patient with Wis- 
kott-Aldrich syndrome, a genetic dis- 
order characterized by defects of the im- 
mune system. This disease has been 
associated with a high incidence of ma- 
lignancies of the reticuloendothelial sys- 
tem (3). The evidence for the human ori- 
gin of BKV and BKV(MM) includes 
their isolation from humans, the prefer- 
ential growth of the virus in human cells 
(4, 5), and the presence of BKV-specific 
antibodies in 70 percent of the adult pop- 
ulation (6-8). The genome of BKV is a 
closed circular duplex DNA molecule of 
3.45 x 106 daltons, whereas that of 
BKV(MM) is 3.26 x 106 daltons (9). 
Howley et al. showed, by hybridization 
analysis and physical mapping (9), that 
BKV (prototype or wild type) and 
BKV(MM) are essentially identical. We 
have constructed more detailed physical 
maps of the genomes of wild-type 
BKV(WT) and BKV(MM) and have 
found differences only between map po- 
sitions 0.52 and 0.71 (10). 
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Both BKV and SV40 are primate 
papovaviruses. Each genome consists of 
only 5200 base pairs. The simplicity of 
the viral genome and the limited coding 
capacity require that they depend on 
host enzymes for replication, transcrip- 
tion, and translation. Because of the 
close relation with their host cells, these 
viruses are useful models for under- 
standing gene action and the regulation 
of transcription and translation in more 
complex eukaryotic cells. 

In human fetal cells BKV reproduces 
lytically. It can also transform normal 
hamster cells in vitro as well as produce 
tumors in vivo when injected into ham- 
sters (7, 11, 12). One consequence of 
productive infection of human cells by 
BKV is the induction of nuclear tumor 
antigen (T antigen) that reacts with 
serum from animals bearing BKV-in- 
duced tumors (7). The T antigen has 
been implicated as an important factor in 
the initiation of viral DNA synthesis and 
in the induction and maintenance of 
transformation (13, 14). Tumor antigens 
induced in virus-infected cells or trans- 
formed cells by BKV or SV40 are simi- 
lar, since each reacts strongly with the 
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BK Virus DNA: Complete Nucleotide Sequence of a 
Human Tumor Virus 

Abstract. The complete DNA sequence of the human papovavirus BK is present- 
ed. From the 4963 base-pair seqluence of BK virus (MM strain), the amino acid se- 
quence of at least five proteins can be deduced: a T antigen and a t antigen, which 
share amino terminal peptides; proteins VP2 and VP3, which share 232 amino acids; 
and protein VPI, whose coding sequence overlaps those for VP2 and VP3 by 113 
nucleotides but is read in a different frame. The gene loci and the arrangement of 
genes are strikingly similar in BK virus and simian virus 40 (SV40). The sequence of 
the deduced proteins in BK virus shares 73 percent amino acid homology with those 
in SV40, w-hereas the DNA sequence of the two viruses shares 70 percent homology, 
suggesting close evolutionary relationship. However, the repeated DNA sequences 
in the noncoding regions of these viruses are different. 
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heterologous antiserum (7, 8, 12). Phys- 
ical studies confirm this antigenic relat- 
edness. On the basis of coelution by ion- 
exchange chromatography, seven pairs 
out of 21 BKV and 20 SV40 tryptic poly- 
peptides are shown to be similar (15). 

At least three structural proteins from 
BKV have been identified (4, 16). Virus 
protein I (VP1) of BKV is slightly small- 
er than that of SV40, whereas VP2 and 
VP3 are similar in size to the correspond- 
ing proteins of SV40. 

The extent of DNA sequence homolo- 
gy between the genomes of BKV and 
SV40 varies according to the hybridiza- 
tion technique used. Under stringent hy- 
bridization conditions, an overall homol- 
ogy of 11 to 20 percent between the vi- 
ruses has been reported (9, 17). Up to 50 
percent homology was obtained when 
less stringent hybridization conditions 
were used (18). Electron microscopic vi- 
sualization of heteroduplexes formed at 
different effective temperatures in- 
dicated approximately an 85 percent se- 
quence homology between the genomes 
of these two viruses (19). A recently im- 
proved filter hybridization technique al- 
so shows extensive homology between 
BKV and SV40 (20). Dhar et al. deter- 
mined the DNA sequence of BKV near 
the origin of DNA replication (21) and 
found extensive similarity between BKV 
and SV40, especially in the secondary 
structures. Reports on portions of the 
DNA sequence of BKV(WT) (21, 22) and 
BKV(MM) have appeared (10, 23, 24). 
We have determined the complete DNA 
sequence of BKV(MM) in order to un- 
derstand its structural organization in re- 
lation to its biological function and its 
evolutionary relationship with other 
papovaviruses. 

The genome of BKV has been exten- 
sively analyzed by physical mapping (25) 
with the use of 16 restriction enzymes. A 
detailed map including more than 100 
sites on the genome has been con- 
structed (23, 26). The BKV(MM) ge- 
nome codes for four known BKV pro- 
teins (Fig. 1): T antigen, VP1, VP2, and 
VP3. The noncoding regions amount to 
about 12 percent of the genome. The 
general organization of the BKV(MM) 
genome is very similar to that of the 
more extensively studied SV40 (27, 28). 

The complete nucleotide sequence of 
BKV(MM) DNA, which contains 4963 
base pairs, is shown in Fig. 2. Regions 
coding for putative proteins are indicated 
in the right-hand margin. The early re- 
gion codes for the T and t antigens. The 
late region codes for VP2, VP3, and 
VP1. The noncoding region includes the 
origin of DNA replication, repeated se- 
quences, and palindromes, which may 
26 OCTOBER 1979 

be involved in the regulation of tran- 
scription and translation. 

Comparison of the genomes of 
BKV(MM) and BKV(WT) was made by 
detailed physical mapping and sequence 
analysis. Physical mapping revealed that 
the two genomes are essentially identical 
except in the regions shown in Fig. 3. 
The regions from map positions 0 to 
0.512 and 0.699 to 1.0 on BKV(MM) are 
identical to those of 0 to 0.489 and 0.711 
to 1.0, respectively, on BKV(WT). Dif- 
ferences between BKV(WT) and 
BKV(MM) are localized in the regions 
marked with stripes. 

The sequence of BKV(WT) between 
map positions 0.520 to 0.712 is shown in 
Fig. 4. This sequence corresponds to the 
upper strand of the BKV(MM) between 
nucleotides 2701 to 3467 (Fig. 2). In this 
region, the sequence of BKV(WT) DNA 
is longer than that of BKV(MM) DNA by 
233 nucleotide pairs. This difference is 
mainly accounted for by a 262-base dele- 
tion in BKV(MM) between nucleotides 
2751 to 3014 of BKV(WT). 

Fig. 1. Genetic organization of BKV DNA. 
The genome of BKV (strain MM) is presented 
as a circle. The unique Eco RI site is taken as 
0 or 1.0 map position. The standard restriction 
cleavage map shown here to serve as physical 
reference consists of three Hind III sites in the 
inner circle and 11 Mbo I sites in the middle 
circle. The 11 Mbo I fragments thus generated 
are designated A to K (K, situated between H 
and E, is not shown). The major gene loci are 
indicated with arrows on the outer circle. Ar- 
rows start from the amino termini of the genes 
and the arrowheads represent the location of 
the carboxyl termini. The origin of DNA repli- 
cation (Ori) is located at about map position 
0.636. The nucleotide sequence (5' -> 3') 
starting counterclockwise after Ori until map 
position 0.178 represents the early region 
which codes for T antigens. The sequence 
(5' - 3') clockwise from Ori to map position 
0.163 represents the late region, which codes 
for several viral proteins including VP2, VP3, 
and VP1. The repeated small arrows located 
between Ori and VPx indicate tandem repeats 
of nucleotide sequences. 

We have also determined the sequence 
of BKV(WT) DNA in several other re- 
gions, including map positions 0.15 to 
0.21, 0.302 to 0.415, 0.450 to 0.520, and 
0.712 to 0.750. No differences have been 
found between BKV(WT) and BKV- 
(MM). However, minor differences in 
other regions of the two genomes cannot 
be ruled out. 

The overall DNA sequence homology 
between BKV(WT) and SV40 DNA is 69 
percent. The homology value starting 
from map positions 0 to 0.025 (2.5 per- 
cent of the genome) is 79 percent. The 
values of successive 0.025 map units are 
(percent): 76, 78, 79, 80, 78, 34, 43, 41, 
63, 72, 79, 78, 73, 75, 76, 73, 77, 76, 77, 
71, 67, 68, 59, 73, 77, 54, 34, 39, 76, 64, 
84, 79, 79, 69, 74, 58, 84, 84, 64. Thus, 
the value is from 64 to 84 percent in the 
majority of the regions, and from 34 to 43 
percent homology between map posi- 
tions 0.15 to 0.225 and 0.675 to 0.725. 
These values are somewhat lower than 
the 85 percent overall homology ob- 
tained by heteroduplex analysis (19). 
However, when a value of lowering the 
melting temperature (Tm) of 0.7?C (in- 
stead of 1.4?C) for every 1 percent mis- 
match in the DNA sequence (29) is used, 
the homology values from heteroduplex 
analysis (19) become very close to those 
obtained by sequence analysis. 

BKV is closely related to SV40. Well- 
established facts about SV40 can be used 
as a guide to interpret DNA structure 
and function relationships of BKV. Cells 
infected or transformed by SV40 synthe- 
size an early messenger RNA (mRNA). 
This mRNA is transcribed counterclock- 
wise and hybridizes to the SV40 genome 
from map positions 0.65 to 0.17 (13). 
Since BKV complements the early mu- 
tant tsA58 of SV40 (5), and the sizes of 
BKV and SV40 T antigens are similar, it 
may be assumed that the early region of 
BKV(MM) also codes for a T antigen 
starting from 0.614 map position (Fig. 1) 
counterclockwise to 0.178. A potential 
initiation signal for translation is located 
between nucleotides 3047 and 3045 
(lower strand) in Fig. 2. From this point 
on, there is only one open reading frame 
which can code for a polypeptide of 100 
amino acids (10, 24). This polypeptide 
corresponds to the putative t antigen. By 
comparing this sequence with that of the 
SV40 t antigen, a striking similarity in 
amino acid sequence is evident. Among 
the first 74 amino acids from the amino 
terminus, 64 are identical. Ten additional 
amino acid residues are chemically simi- 
lar [for example, Leu and Ile (leucine 
and isoleucine), Asp and Glu (aspartic 
acid and glutamic acid)]. The high degree 
of similarity leads us to conclude that the 
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Eco RI 20 40 
AATTCCCCTC CCCAATTTAA ATGAGGACCT AACCTGTGGA AATCTACTGA 
TTAAGGGGAG GGGTTAAATT TACTCCTGGA TTGGACACCT TTAGATGACT 

120 140 
CTTAACCTTC ATGCAGGGTC ACAAAAAGTG CATGAGCATG GTGGAGGAAA 
GAATTGGAAG TACGTCCCAG TGTTTTTCAC GTACTCGTAC CACCTCCTTT 

220 240 
TGGAAATGCA GGGAGTGCTA ATGAATTACA GGACAAAGTA CCCAGATGGT 
ACCTTTACGT CCCTCACGAT TACTTAATGT CCTGTTTCAT GGGTCTACCA 

320 340 
CCATAAGGCC TATTTGGACA AAAACAATGC TTATCCAGTT GAGTGCTGGG 
GGTATTCCGG ATAAACCTGT TTTTGTTACG AATAGGTCAA CTCACGACCC 

420 440 
GGAGGGGAAA ATGTTCCCCC AGTACTTCAT GTGACCAACA CAGCTACCAC 
CCTCCCCTTT TACAAGGGGG TCATGAAGTA CACTGGTTGT GTCGATGGTG 

520 540 
TGTATGTTTC AGCTGCTGAT ATTTGTGGCC TGTTTACTAA CAGCTCTGGA 
ACATACAAAG TCGACGACTA TAAACACCGG ACAAATGATT GTCGAGACCT 

MboI(3) 620 640 
AAGATCTGTA AAGAATCCTT ACCTAATTTC CTTTTTGCTA AGTGACCTTA 
TTCTAGACAT TTCTTAGGAA TGGATTAAAG GAAAAACGAT TCACTGGAAT 

720 740 
TCCCAGGTAG AAGAGGTTAG GGTGTTTGAT GGCACAGAAA GACTTCCAGG 
AGGGTCCATC TTCTCCAATC CCACAAACTA CCGTGTCTTT CTGAAGGTCC 

820 840 

AAATGCTGTE~CAGGTGCT TTTATTGTAC ATATACATTT AATAAATGCT 
TTTACGAAAT TTGTCCACGA AAATAACATG TATATGTAAA TTATTTACGA 

920 940 
TAGGCCTTTT AAAACACTGA AAGCCTTTAC ACAAATGCAA CTCTTGACTA 
ATCCGGAAAA TTTTGTGACT TTCGGAAATG TGTTTACGTT GAGAACTGAT 

1020 Mbol(4) 
TTGGGAAGAG CATTGTGATT GGGATTCAGT GCTTGATCCA TGTCCAGAGT 
AACCCTTCTC GTAACACTAA CCCTAAGTCA CGAACTAGGT ACAGGTCTCA 

1120 1140 
ATGCATATAT TATATTTCAT CCTTGAAAAA GTATACATAC TTATCTCAGA 
TACGTATATA ATATAAAGTA GGAACTTTTT CATATGTATG AATAGAGTCT 

1220 1240 
AATCAGCTAC AGGCCTAAAC CAAATTAGCA GTAGCAACAA GGTCATTCCA 
TTAGTCGATG TCCGGATTTG GTTTAATCGT CATCGTTGTT CCAGTAAGGT 

1320 1340 
TCTTAAATAT ATTTTGGGCC TAAAATCTAT TTGTCTTACA 
AGAATTTATA TAAAACCCGG ATTTTAGATA AACAGAATGT 

1420 1440 

AATATTTGGG TTCTTTTGTT TAAATGTTTC TTTTCTAAAT 
TTATAAACCC AAGAAAACAA ATTTACAAAG AAAAGATTTA 

1520 1540 

CTGAAGGCAA ATCCTTTGAT TCAGCTCCTG TCCCTTTTAC 
GACTTCCGTT TAGGAAACTA AGTCGAGGAC AGGGAAAATG 

1620 1640 
CATGGGTAGG TTTACATTTA AGGCTTTACC TCTACACAAA 
GTACCCATCC AAATGTAAAT TCCGAAATGG AGATGTGTTT 

1720 1740 
TATCTTCTTT TAGGTACATT GAAAACAATA CAGTGCAAAA 
ATAGAAGAAA ATCCATGTAA CTTTTGTTAT GTCACGTTTT 

1820 SacI(1) 1840 
TATATTGTTC TAGTACAGCA TTTCCATGAG CTCCAAATAT 
ATATAACAAG ATCATGTCGT AAAGGTACTC GAGGTTTATA 

1920 1940 

ATGAAGGGTA TCTACTCTTT TTTTAGCTAA AACTGTATCT 
TACTTCCCAT AGATGAGAAA AAAATCGATT TTGACATAGA 

2020 2040 
AAGTGCTTTT CATGATACTT AAAGTGATAA GGCTGGTCTT 
TTCACGAAAA GTACTATGAA TTTCACTATT CCGACCAGAA 

2120 2140 
ATAAAAACAC ATCCTCACAC TTTGTCTCTA CTGCATACTC 
TATTTTTGTG TAGGAGTGTG AAACAGAGAT GACGTATGAG 

2220 2240 

CTCCTTTAAG CCCCCTTGAA TGCTTTCTTC TATAGTATGG 
GAGGAAATTC GGGGGAACTT ACGAAAGAAG ATATCATACC 

2320 2340 

AAAAAACTAA AGGTACACAG CTTTTGACAG AAATTATTAA 
TTTTTTGATT TCCATGTGTC GAAAACTGTC TTTAATAATT 

2420 2440 

TGTGTCTACT AATAAAAGTT ACAGAATATT TTTCCATAAG 
ACACAGATGA TTATTTTCAA TGTCTTATAA AAAGGTATTC 

2520 Mbc 

TCTATTACTA AATACAGCTT GACTAAGAAA CTGGTGTAGA 
AGATAATGAT TTATGTCGAA CTGATTCTTT GACCACATCT 

AATCTAGCTT 
TTAGATCGAA 

TTACCTTAAC 
AATGGAATTG 

ATCTTCAAAA 
TAGAAGTTTT 

TCTAACAACC 
AGATTGTTGG 

AATCAAATAT 
TTAGTTTATA 

TAAATCCATT 
ATTTAGGTAA 

ACTGCTTGCT 
TGACGAACGA 

TTTTCTGACA 
AAAAGACTGT 

AGTAATTAAT 
TCATTAATTA 

MboI (6 
TATGGATCTC 
ATACCTAGAG 

TTGCAGAAAC 

60 80 100 

TGTGGGAGGC TGTAACTGTA CAAACAGAGG TTATTGGAAT AACTAGCATG 

ACACCCTCCG ACATTGACAT GTTTGTCTCC AATAACCTTA TTGATCGTAC 
160 180 200 

ACCTATTCAA GGCAGTAATT TCCACTTCTT TGCTGTTGGT GGAGACCCCT 
TGGATAAGTT CCGTCATTAA AGGTGAAGAA ACGACAACCA CCTCTGGGGA 

260 280 300 

ACTATAACCC CTAAAAACCC AACAGCCCAG TCCCAGGTAA TGAATACTGA 
TGATATTGGG GATTTTTGGG TTGTCGGGTC AGGGTCCATT ACTTATGACT 

MboI(1) 380 400 

TTCCTGATCC TAGTAGAAAT GAAAATACTA GGTATTTTGG GACTTTCACA 
AAGGACTAGG ATCATCTTTA CTTTTATGAT CCATAAAACC CTGAAAGTGT 

460 480 500 
AGTGTTGCTA GATGAACAGG GTGTGGGGCC TCTTTGTAAA GCTGATAGCC 
TCACAACGAT CTACTTGTCC CACACCCCGG AGAAACATTT CGACTATCGG 

560 580 MboI(2) 600 
ACACAACAGT GGAGAGGCCT TGCAAGATAT TTTAAGATCC GCCTGAGAAA 
TGTGTTGTCA CCTCTCCGGA ACGTTCTATA AAATTCTAGG CGGACTCTTT 

660 680 700 
TAAACAGGAG AACCCAGAGA GTGGATGGGC AGCCTATGTA TGGTATGGAA 
ATTTGTGCTC TTGGGTCTCT CACCTACCCG TCGGATACAT ACCATACCTT 

760 780 800 
GGACCCAGAT ATGATAAGAT ATATTGACAA ACAGGGACAA TTGCAAACCA 
CCTGGGTCTA TACTATTCTA TATAACTGTT TGTCCCTGTT AACGTTTGGT 

860 HindIII(1) 900 
GCTTTTGTAT AAGCCACTTT TAAGCTTGTG TTATTTTGGG GGTGGTGTTT 
CGAAAACATA TTCGGTGAAA ATTCGAACAC WAAACCCC CCACCACAAA 

960 980 1000 
TGGGGGTCTG ACCTTTGGGA ATCTTCAGCA GGGGCTGAAG TATCTGAGAC 
ACCCCCAGAC TGGAAACCCT TAGAAGTCGT CCCCGACTTC ATAGACTCTG 

1060 1080 1100 
CTTCAGTTTC TGAATCCTCT TCTCTTGTAA TATCAAGAAT ACATTTCCCC 
GAAGTCAAAG ACTTAGGAGA AGAGAACATT ATAGTTCTTA TGTAAAGGGG 

1160 XbaI(1) 1200 
ATCCAGCCTT TCCTTCCATT CAACAATTCT AGATTGTATA TCAGTTGCAA 
TAGGTCGGAA AGGAAGGTAA GTTGTTAAGA TCTAACATAT AGTCAACGTT 

1260 1280 1300 
CTTTGTAAAA TTCTTTTTTC AAGTAAGAAC TCTGAGTTTT GTAAGGATTT 
GAAACATTTT AAGAAAAAAG TTCATTCTTG AGACTCAAAA CATTCCTAAA 

1360 1380 1400 
GCAGGGTTTT AGGGACAGGA TACTCATTCA TTGTAACCAA GCCTGGTGGA 
CGTCCCAAAA TCCCTGTCCT ATGAGTAAGT AACATTGGTT CGGACCACCT 

1460 1480 1500 
ACTTCCATCT AAATAATCTC TCAAACTGTC TAAATTGTTT ATTCCATGTC 
TGAAGGTAGA TTTATTAGAG AGTTTGACAG ATTTAACAAA TAAGGTACAG 

1560 MboI(5) 1580 1600 
ACAACCATGT ACTGATCTAT AGCTACACCT AGCTCAAAGG TTAGCCTTTC 
TGTTGGTACA TGACTAGATA TCGATGTGGA TCGAGTTTCC AATCGGAAAG 
PstI 1660 1680 1700 
CTGCAGCTAG TGTTGTTTTT CCACTATCAA TGGGACCTTT AAATAACCAG 
GACGTCGATC ACAACAAAAA GGTGATAGTT ACCCTGGAAA TTTATTGGTC 

1760 1780 1800 
TACAGAATCC ATTTTAGGTA GCAAACAGTG CAGCCAAGCA ACACCTGCCA 
ATGTCTTAGG TAAAATCCAT CGTTTGTCAC GTCGGTTCGT TGTGGACGGT 

1860 1880 1900 
TTATCTAATA TATGATTGAA TCTTTCTGTT AGCATTTCTT CCCTGGTCAT 
AATAGATTAT ATACTAACTT AGAAAGACAA TCGTAAAGAA GGGACCAGTA 

1960 1980 2000 

GACAAATAAC TTTTTTGTTT TTACTTTCTG CAAAAATAAT AGCATTTGCA 
CTGTTTATTG AAAAAACAAA AATGAAAGAC GTTTTTATTA TCGTAAACGT 

2060 2080 2100 

CTTTTTACAC TCCTCTACAT TGTATTGAAA TTCTAAATAC ATACCTAATA 
GAAAAATGTG AGGAGATGTA ACATAACTTT AAGATTTATG TATGGATTAT 

2160 2180 2200 

TTCCAAGACA CCTGCTTTGT TTCTTCAGGC TCTTCTGGGT TAAAATCATG 
AAGGTTCTGT GGACGAAACA AAGAAGTCCG AGAAGACCCA ATTTTAGTAC 

) 2260 2280 2300 

TAGTTAAGGC ACTATATAGT AAGTATTCCT TATTAACACC CTTACAAATT 
ATCAATTCCG TGATATATCA TTCATAAGGA ATAATTGTGG GAATGTTTAA 

2360 2380 2400 
TCTATGTCTA TGTGGAGTTA AAAAGAATAT AATATTATGC CCAGCACACA 

AACGTCTTTG AGATACAGAT ACACCTCAAT 
2460 

TTTTTTATAC AGAATTTGAG CTTTTTCTTT 
AAAAAATATG TCTTAAACTC GAAAAAGAAA 

oi(7) 2560 
TCAGAGGGAA AGTCTTTAGG GTCTTCTACC 
AGTCTCCCTT TCAGAAATCC CAGAAGATGG 

TTTTCTTATA TTATAATACG GGTCGTGTGT 
2480 2500 

AGTAGTATAC ACAGCAAAGC AGGCAAGGGT 
TCATCATATG TGTCGTTTCG TCCGTTCCCA 

2580 2600 
TTTCTTTTTT TTTTGGGTGG TGTTGAGTGT 
AAAGAAAAAA AAAACCCACC ACAACTCACA 
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2620 2640 2660 2680 2700 () 
TGAGAATCTG CTGTTGCTTC TTCATCACTG GCAAACATAT CTTCATGGCA AAATAAATCT TCATCCCATT TTTCATTAAA GGAACTCCAC CAGGACTCCC Z 
ACTCTTAGAC GACAACGAAG AAGTAGTGAC CGTTTGTATA GAAGTACCGT TTTATTTAGA AGTAGGGTAA AAAGTAATTT CCTTGAGGTG GTCCTGAGGG O 

2720 2740 2760 2780 2800. Q 
ACTCTTCTGT TCCATAGGTT GGCACCTATA AAAAAAATAA TTACTTAGGG CATAGGCCAT TCCTTGCAGT ACAGGGTATC TGGGCAAAGA GGAAAATCAG z 0 
TGAGAAGACA AGGTATCCAA CCGTGfATAT TTTTTTTATT AAT(C CC GTATCCGGTA AGGAACGTCA TGTCCCATAG ACCCGTTTCT CCTTTTAGTC wi Qw 

2820 T 2840 2860 2880 2900 
CACAAACCTC TGAGCTACTC CAGGTTCCAA AATCAGGCTG ATGAGCTACC TTTACATCCT GCTCCATTTT TTTATACAAA GTATTCATTC TCTTCATTTT - 
GTGTTTGGAG ACTCGATGAG GTCCAAGGTT TTAGTCCGAC TACTCGATGG AAATGTAGGA CGAGGTAAAA AAATATGTTT CATAAGTAAG AGAAGTAAAA 

2920 2940 HindIII(2)2960 2980 3000 Z 
ATCCTCGCG CCCCCTTTGT CAGGGTGAAA TTCCTTACAC TTCCTTAAAG CTTTTCTCAT TAAGGGAAGA TTTCCCCAGG CAGCTCTTTC AAGGCCTAAA 
TAGGAGCAGC GGGGGAAACA GTCCCACTTT AAGGAATGTG AAGGAATTTC GAAAAGAGTA ATTCCCTTCT AAAGGGGTCC GTCGAGAAAG TTCCGGATTT i 

SacI(2) 3020 3040 (PP) 3060 PP (P)3080- . P_ 3100 ad 
AGGTCCATGA GCTCCATGGA TTCTTCCCTG TTAAGAACTT TATCC TTT TGCAAAAT GCA AGAAT GGATTTCC TAGTT TTCTAG( C 
TCCAGGTACT CGAGGTACCT AAGAAGGGAC AATTCTTGAA ATA AA ACGTTTTcTA CGTT TCTTA TCTAAGG TTTA T C CG o 

(TP) 3120 3140 . . . . . . . . 0 ...... 3180.7. -7 - 3200 ..................... (( ) L ..................... 
TCAGAAAAAG CCTCq ACC CTTACTACTT GAGAGAAAGG GT AGG AGG CCT CCT TAT ATATTATAAA AAAAAAGGCC ACAGGGAGGA . 
AGTCTTTTTC GGAG~ pTGG GAATGATGAA CTCTCTT TCC, CA TC TCC GG GGA TATAATATTTTT TTTTTTCCGG TGTCCCTCCT J 

87320 3260 3280 61 326300 
_GC"cTTACC CATGGAATGC #CCAAACCA TGACCTCAGG AAGGAAAGTG CATGACTGGG CAGCCAGCCA GTGGCAGTTA A,GTGAAAC HCCGCCCCTA 
!CGACAATGG GTACCTTACG IGGTTTGGT ACTGGAGTCC TTCCTTTCAC GTACTGACCC GTCGGTCGGT CACCGTCAAT TTCACTTTG QGGCGGGGAT 

" 87 3320 61 3340 3360 3380 61 87 .61 
AAATCT T TACCCATGGA ATGC CCAA ACCATGACCT CAGGAAGGAA AGTGCATGAC TGGGCAGCCA GCCAGTGGCA GTTAA GTG AAAC6 fOC. 
TTTAGAGA;A ATGGGTACCT TACG IGGTT TGGTACTGGA GTCCTTCCTT TCACGTACTG ACCCGTCGGT CGGTCACCGT CAATT GCAC TTTG r~ GG 

3420 3440 62 3480 3500 
AAACCATGAC CTCAGGAAG G AAAG TG GCAGTG ACT C CAGCCAGTGG CAGTTAA rT GCGAGCCTAG GAATCTTGGC CTTGTCCCCA GTTAAACTGG 
/TrTGGTACTG GAGTCCTTCC TTTCACGTAC TGACCCGTCG GTCGGTCACC GTCAATT CGCTCGGATC CTTAGAACCG GAACAGGGGT CAATTTGACC 

HhaI HindIII(3) 3560 SacI(3) 3600_ ( 
ACAAAGGCC( TTCTGCG CAGCTGTCA CGACAAGCTT CAGTGAAAGT TGGTAAAACC TGGACTGGAA CAAAAAAAAG AGCTCAGAGG ATTTTTATTT Z 
TGTTTCCGGT ACCAAGACGC GGTCGACAGT GCTGTTCGAA GTCACTTTCA ACCATTTTGG ACCTGACCTT GTTTTTTTTC TCGAGTCTCC TAAAAATAAA 0 

3620 3640 3660 3680 3700 0 
TTATTTTAGA GCTTTTGCTG GAATTTTGTA GAGGTGAAGA CAGTGTAGAC GGGAAAAACA AAAGTACCAC TGCTTTACCT GCTGTAAAAG ACTCTGTAAA 0 
AATAAAATCT CGAAAACGAC CTTAAAACAT CTCCACTTCT GTCACATCTG CCCTTTTTGT TTTCATGGTG ACGAAATGGA CGACATTTTC TGAGACATTT ) 

3720 3740 3760 3780 3800 X 
AGACTCCj GTAAGTAATC CCTTTTTTTT TGTATTTCCA GGTT c G TGCTGCTCTA GCACTTTTGG GGGACCTAGT TGCCAGTGTA TCTGAGGCTG 0., 
TCTGAGGATC CATTCATTAG"GGAAAAAAAA ACATAAAGGT CCAAGTACCC ACGACGAGAT CGTGAAAACC CCCTGGATCA ACGGTCACAT AGACTCCGAC > 

3820 3840 3860 3880 3900 0 
CTGCTGCCAC AGGATTTTCA GTGGCTGAAA TTGCTGCTGG GGAGGCTGCT GCTGCTATAG AAGTTCAAAT TGCATCCCTT GCTACTGTAG AGGGCATAAC Z 
GACGACGGTG TCCTAAAAGT CACCGACTTT AACGACGACC CCTCCGACGA CGACGATATC TTCAAGTTTA ACGTAGGGAA CGATGACATC TCCCGTATTG 0 

3920 3940 3960 3980 4000 O 

AAGTACCTCA GAGGCTATAG CTGCTATAGG CCTAACTCCT CAAACATATG CTGTAATTGC TGGTGCTCCT GGGGCTATTG CTGGGTTTGC TGCTTTAATT 0 
TTCATGGAGT CTCCGATATC GACGATATCC GGATTGAGGA GTTTGTATAC GACATTAACG ACCACGAGGA CCCCGATAAC GACCCAAACG ACGAAATTAA 

4020 4040 4060 MboI(8) 4080 4100 Q 
CAAACTGTTA GTGGTATTAG TTCCTTGGCT CAAGTAGGGT ATAGGTTCTT TAGTGATTGG GATCACAAAG TTTCCACTGT AGGCCTCTAT CAGCAATCAG Y 

GTTTGACAAT CACCATAATC AAGGAACCGA GTTCATCCCA TATCCAAGAA ATCACTAACC CTAGTGTTTC AAAGGTGACA TCCGGAGATA GTCGTTAGTC > 
4120 4140 4160 4180 MboI(9) 4200 

G(OCTTT GGAATTGTTT AACCCAGATG AGTACTATGA TATTCTGTTT CCTGGTGTAA ATACTTTTGT TAATAATATT CAATACCTTG ATCCTAGGCA 
CGTACCGAAA CCTTAACAAA TTGGGTCTAC TCATGATACT ATAAGACAAA GGACCACATT TATGAAAACA ATTATTATAA GTTATGGAAC TAGGATCCGT 

4220 4240 4260 4280 4300 
TTGGGGTCCT TCTTTGTTTG CTACTATTTC CCAGGCTTTG TGGCATGTTA TTAGGGATGA TATACCTTCT ATAACCTCAC AGGAATTGCA GAGAAGAACA 
AACCCCAGGA AGAAACAAAC GATGATAAAG GGTCCGAAAC ACCGTACAAT AATCCCTACT ATATGGAAGA TATTGGAGTG TCCTTAACGT CTCTTCTTGT (0 

4320 4340 4360 4380 4400 Z 
GAAAGATTTT TTAGAGACTC CTTGGCTAGA TTTTTGGAGG AAACTACCTG GACAATTGTA AATGCCCCTA TAAACTTTTA TAATTATATT CAACAATATT 0 
CTTTCTAAAA AATCTCTGAG GAACCGATCT AAAAACCTCC TTTGATGGAC CTGTTAACAT TTACGGGGAT ATTTGAAAAT ATTAATATAA GTTGTTATAA 0 

MboI(10) 4420 4440 KpnI 4480 4500 0 
ATTCTGATCT TTCCCCTATT AGGCCCTCAA TGGTTAGACA AGTAGCTGAA AGGGAAGGTA CCCGTGTACA TTTTGGCCAT ACTTATAGTA TAGATGATGC 
TAAGACTAGA AAGGGGATAA TCCGGGAGTT ACCAATCTGT TCATCGACTT TCCCTTCCAT GGGCACATGT AAAACCGGTA TGAATATCAT ATTACTACG 

4520 4540 4560 4580 4600 C0 
TGACAGTATA GAAGAAGTTA CACAAAGAAT GGACTTAAGA AATCAACAAA GTGTACATTC AGGAGAGTTT ATAGAAAAAA CTATTGCCCC AGGAGGTGCT 0. 
ACTGTCATAT CTTCTTCAAT GTGTTTCTTA CCTGAATTCT TTAGTTGTTT CACATGTAAG TCCTCTCAAA TATCTTTTTT GATAACGGGG TCCTCCACGA > 

4620 4640 4660 4680 4700 
AATCAAAGAA CTGCTCCTCA ATGGATGTTG CCTTTACTTC TAGGCCTGTA CGGGACTGTA ACACCTGCTC TTGAAGCATG TGAAe C CCCAACCAAA 
TTAGTTTCTT GACGAGGAGT TACCTACAAC GGAAATGAAG ATCCGGACAT GCCCTGACAT TGTGGACGAG AACTTCGTAC ACTTCTACCG GGGTTGGTTT ( 

4720 4740 4760 4780 XbaI(2) 4800 Z 
AGAAAAGGAG AGTGTCCAGG GGCAGCTCCC AAAAAGCCAA AGGAACCCGT GCAAGTGCCA AAACTACTAA TAAAAGGAGG AGTAGAAGTT CTAGAAGT Q 
TCTTTTCCTC TCACAGGTCC CCGTCGAGGG TTTTTCGGTT TCCTTGGGCA CGTTCACGGT TTTGATGATT ATTTTCCTCC TCATCTTCAA GATCTTCAAT 

4820 4840 BamHI/Mbo(11) 4880 4900 0 
3ACTGGGGT AGATGCTATT ACAGAGGTAG AATGCTTCCT AAACCCAGAA ATGGGGGATC CAGATGAAAA CCTTAGGGGC TTTAGTCTAA AGCTAAGTGC 0 
TTTGACCCCA TCTACGATAA TGTCTCCATC TTACGAAGGA TTTGGGTCTT TACCCCCTAG GTCTACTTTT GGAATCCCCG AAATCAGATT TCGATTCAC 

4920 4940 4960 EcoRI . 
TGAAAATGAC TTTAGCAGTG ATAGCCCAGA GAGAAAAATG CTTCCCTGTT ACAGCACAGC AAG > 
ACTTTTACTG AAATCGTCAC TATCGGGTCT CTCTTTTTAC GAAGGGACAA TGTCGTGTCG TTC 

Fig. 2. Nucleotide sequence of BKV (strain MM) DNA. The DNA sequence was determined by the method of Maxam and Gilbert (36). The 
partial degradation products were analyzed by fractionation in 0.4-mm thick gels (37), 80 cm in length (10). Approximately 85 percent of the 
genome was sequenced from both strands, and the complete sequence of the DNA is given . The upper strand gives the 5' to. 3' direction from left 
to right. The second base of the unique Eco RI hexanucleotide recognition sequence is taken as nucleotide 1. This is intended to coincide with the 
usage of the Eco RI site as 0 or 1.0 map position for the standard physical map shown in Fig. 1. The cleavage sites of Hind III, Mbo I, Xba I, and 
Sac I are each given in consecutive numbers starting clockwise after the Eco RI site. The cleavage sites of single-cut enzymes, Pst I, Hha I, 
Kpn I, and Barn HI, are also indicated. Triplets corresponding to initiation and termination codons of each gene are boxed in. The location of 
each gene locus is given at the right-hand margin. That of palindromes (a double-stranded DNA sequence with a twofold rotational symmetry) 
and the tandemly repeated sequences is indicated at the left-hand side (P, palindrome; PP, perfect palindrome; and TP, true word palindrome). 
The origin of replication (Ori), also a palindrome, is boxed in with a pair of reverse arrows. Sets of repeated sequences are confined within pairs 
of brackets together with italic numbers indicating the length of each repeat. An A.T-rich region is marked with dotted lines. T1 and T2 stand for 
the first and second portion of the T antigen. This figure includes the partial sequences and correction of several errors reported earlier (10, 29). 
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region from map positions 0.614 to 0.554 of SV40. On the other hand, in 
on BKV(MM) codes for t antigen. In one BKV(WT) the putative t antigen is 172 
respect the predicted BKV(MM) t anti- amino acids in length (data not shown). 
gen differs from that of SV40: it contains In SV40, the T antigen is coded for by 
100 amino acids as compared to the 174 two noncontiguous segments of DNA in 

Fig. 3. Differences be- [0.712] 
tween the genomes of [0.512] 
BKV (prototype, WT) 
and BKV (MM strain) a 
as revealed by physi- ~ M 
cal mapping. Exten-L 
sive physical mapping B C A 
by restriction enzymes 
of both BKV(MT) o 06 __6_0.7 .o 
and BKV(MM) DNA BKV(MM) H--"- 4 . 77 -/*, 
has been carried out 8 9 1011,12,13 1405 
(38). The physical // -I. HaeMl-[-- - 
maps include map po-/ 
sitions 0.512 to 0.712 , 
for BKV(MM) DNA/ 
and 0.489 to 0.726/ _ 
for BKV(WT) where/ HaeI 

, difeences between 8a 8 9 101112,13 14151 differences between IBKV(WT) I , . . * I I A a . *l 
the two genomes lie. BKV(WT) 1//11 i 

Cleavage sites of each 
restriction enzyme are\ 
consecutively num- B +- AD*- - C A 
bered starting clock- m 3p I 
wise (from left to right) g . Xo a. 
after the Eco RI site. r H 5 
The shaded regions be- M , 
tween cleavage sites7 [0.489] [0.726] 
for Mbo I and 8 for 0726 
Hae III as well as sites 13 and 14 for Hae III show differences in size of restriction fragments 
of the two genomes. The DNA sequence of this region is shown in Fig. 4. 

the early region (28, 30). The first 82 
amino acids in T antigen are identical to 
those in t antigen. The SV40 early 
mRNA is spliced to a point 347 nucle- 
otides away and the mRNA from that 
point on codes for another 626 amino 
acids before reaching a termination co- 
don at map position 0.172. At the junc- 
tion of splicing, the sequence AGGU (A, 
adenine; G, guanine; U, uracil) appears. 
This sequence or a related sequence, 
such as CAGG (31) (C, cytosine), has 
been found at the junction of splicing of 
other eukaryotic mRNA's, and it may be 
a part of the sequence recognized by the 
splicing enzyme. Since a large number of 
AGGT (T, thymine) sequences occur in 
the SV40 and BKV genomes and only a 
few points are involved in RNA splicing, 
there must be additional sequences or 
secondary structural information (32) in- 
volved in providing the necessary speci- 
ficity. 

In BKV(MM) DNA, at a region corre- 
sponding to the SV40 T antigen coding 
sequence, an AGGT occurs between nu- 
cleotides 2809 and 2806 (lower strand). 
Thus, it is likely that the mRNA of T an- 
tigen is also spliced at this point and 
joined to nucleotide 2725 (within another 
AGGT sequence), the starting point for 
the remainder of the T antigen coding se- 

ACTCTTCTGTTCCATAGGTTGGCACCTATAAAAAAAATAATTACTTAGGGCCTTTTAATATTTTATTATTTATCTAAATA 

TAAGTTAGTTACCTTAAAGCTTTAGATCTCTGAAGGGAGTTTCTCCAATTATTTGGACCCACCATTGCAGAGTTTCTTCA 

GTTAGGTCTAAGCCAAACCACTGTGTGAAGCAGTCAATGCAGTAGCAATCTATCCAAACCAAGGGCTCTTTTCTTAAAAA 

TTTTCTATTTAAATGCCTTAATCTAAGCTGACATAGCATGCAAGGGCAGTGCACAGAAGGCTTTTTGGAACAAATAGGCC 

ATTCCTTGCAGTACAGGGTATCTGGGCAAAGAGGAAAATCAGCACAAACCTCTGAGCTACTCCAGGTTCCAAAATCAGGC 

TGATGAGCTACCTTTACATCCTGCTCCATTTTTTTATACAAAGTATTCATTCTCTTCATTTTATCCTCGTCGCCCCCTTT 

GTCAGGGTGAAATTCCTTACACTTCCTTAAATAAGCTTTTCTCATTAAGGGAAGATTTCCCCAGGCAGCTCTTTCAAGGC 

CTAAAAGGTCCATGAGCTCCATGGATTCTTCCCTGTTAAGAACTTTATCCATTTTTGCAAAAATTGCAAAAGAATAGGGA 

TTTCCCCAAATAGTTTTGCTAGGCCTCAGAAAAAGCCTCCACACCCTTACTACTTGAGAGAAAGGGTGGAGGCAGAGGCG 

GCCTCGGCCTCTTATATATTATAAAAAAAAAGGCCACAGGGAGGAGCTGCTTACCCATGGAATGCAGCCAAACCATGACC 

2780 

2860 

2940 

3020 

3100 

3180 

3260 

3340 

3420 

3500 

TCAGGAAGGAAAGTGCATGACTCACAGGGGAATGCAGCCAAACCATGACCTCAGGAAGGAAAGTGCATGACTCACAGGGA 3580 

GGAGCTGCTTACCCATGGAATGCAGCCAAACCATGACCTCAGGAAGGAAAGTGCATGACTGGGCAGCCAGCCAGTGGCAG 3660 

TTAATAGTGAAACCCCGCCGACAGACATGTTTTGCGAGCC 

Fig. 4. Nucleotide sequence of BKV(WT). The DNA sequence between map positions 0.520 to 0.712 on BKV(WT) is given. The DNA sequence 
presented here is between nucleotides 2701 to 3700, corresponding to map position 0.544 to 0.699 on BKV(MM) genome. The nucleotides that are 
underlined indicate homology with the BKV(MM) DNA sequence. The nonhomologous parts are due to addition, deletion, or base changes when 
compared to BKV(MM) DNA. 
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quence. The predicted amino acid se- 
quence of the second portion of the 
BKV(MM) T antigen contains 614 amino 
acids. Within the first 525 amino acids it 
shows 80 percent homology with the 
SV40 T antigen. 

As in SV40, there is insufficient coding 
capacity for the BKV(MM) T antigen un- 
less another segment of mRNA is spliced 
onto the mRNA which codes for the ma- 
jor part of the T antigen (map positions 
0.55 and 0.17). Thus, the BKV(MM) T 
antigen is probably also coded for by two 
noncontiguous segments of DNA. 

In both BKV(MM) and SV40, the nu- 
cleotide sequences at the 5' noncoding 
region of the T antigen genes also show 
remarkable homology. Immediately be- 
fore the AUG initiation codon a stable 
secondary structure may form. It con- 
tains an 8-base pair double-stranded 
stem adjacent to a hairpin loop (24). This 
potential secondary structure may be in- 
volved in regulating transcription or 
translation of the T antigen mRNA. 

The late coding region starts at map 
position 0.707 (Fig. 1) and extends clock- 
wise to map position 0.163 (nucleotide 
808). There is a potential initiation codon 
ATG at positions 3510 to 3512. Starting 
from this reading frame, the DNA se- 
quence can code for a putative protein of 
66 amino acids in length, designated 
VPx, which has not yet been isolated 
from this or related viruses. The corre- 
sponding region of the SV40 genome can 
code for a similar protein of 62 amino 
acids with 40 amino acids being identical 
to those of BKV(MM). It has been re- 
ported that an abundant RNA species of 
SV40 is complementary to the DNA se- 
quence in this region (28). 

Starting from the ATG coding se- 
quence at 3746 to 3748 (Fig. 2), the se- 
quence of a protein of 351 amino acids in 
length (data not shown) can be deduced 
from the only reading frame. Within the 
first 41 amino acids of this protein, 38 are 
identical to those of VP2 of SV40. The 
overall amino acid homology between 
the putative VP2 of BKV(MM) and that 
of SV40 is 77 percent. This very high de- 
gree of homology is not likely to occur 
by chance, and thus this region of the 
BKV(MM) genome most likely codes for 
VP2. The amino acid composition of 
VP2 is rather unusual. The region within 
the first 99 amino acids from the amino 
terminus is very rich in hydrophobic 
amino acids, and there are no basic 
amino acids. The central region of VP2, 
between amino acids 121 to 220, is de- 
void of methionine, cysteine, and lysine. 
Finally, among the 33 amino acids at the 
carboxyl terminus, 14 are basic amino 
acids; there are no acidic amino acids. 

26 OCTOBER 1979 

The initiation codon for VP3 is located 
at nucleotides 4103 to 4105, within the 
VP2 gene. The amino acid sequence of 
VP3 is a subset of VP2 and shares amino 
acids 120 to 351. 

The gene coding for VP1 protein starts 
at nucleotide 4686. A protein 362 amino 
acids in length (data not shown) can be 
deduced from a unique reading frame of 
the DNA sequence. There is an overall 
79 percent amino acid homology with 
SV40 VP1. The VP1 coding sequence 
initiates at a point 113 nucleotides within 
the gene coding for the carboxyl termi- 
nus of VP2 and VP3, but uses a different 
reading frame. Thus, this region of the 
BKV(MM) genome codes for three dif- 
ferent proteins in two different reading 
frames. Overlapping genes have also 
been reported for SV40, where the VP1 
gene overlaps 110 nucleotides with the 
VP2/VP3 gene (27, 28), and for bacterio- 
phage OX174 (33). The overlapping of 
genes is expected to restrict the accumu- 
lation of mutations since each mutation 
may affect the sequence of three poly- 
peptides. However, a comparison of the 
BKV and SV40 sequences does not sup- 
port this expectation. Changes in the nu- 
cleotide sequence coding for VP1 or 
VP2/VP3 as well as changes in the amino 
acid sequence of these proteins appear to 
be as frequent as those of nonover- 
lapping genes. 

Certain DNA sequences are directly 
repeated on the genome of BKV(MM). 
The repeated sequences and palindromic 
sequences are mainly located at map po- 
sitions 0.614 to 0.707 on BKV(MM), a 
region which does not code for any 
known protein. This region includes the 
origin of DNA replication and the sites at 
which the transcription of early and late 
mRNA are initiated in SV40 and prob- 
ably in BKV (21, 27, 28). Within this re- 
gion SV40 T antigen also binds (34) and 
exerts a regulatory function on DNA 
synthesis. Presumably, the same is also 
true of BKV T antigen. 

As shown in Figure 2, there are sever- 
al palindromes in the noncoding region. 
The origin of DNA replication (Ori) is 
characterized by G-C rich inverted re- 
peats of G-C-C-T-C, which can be drawn 
as long hairpin loops. These G-C rich pa- 
lindromes are also found near or at the 
origin of replication of SV40 (27, 28), 
polyoma virus (35), and wild-type BKV 
(21). There are several direct repeats 
within this region (shown between 
brackets in Fig. 2). In BKV(MM), there 
are two 87 nucleotide-long segments and 
three 61 nucleotide-long segments (two 
of which are a part of the 87-long re- 
peats). These include three 36-base re- 
peats identical to those in BKV(WT). 

Repeated sequences have also been re- 
ported in SV40 (27, 28); however, the se- 
quences as well as the pattern of these 

repeats are different from those of BKV. 
These repeated sequences may come 
from the host cells by recombination. 

ROBERT C. A. YANG 
RAY Wu 

Section of Biochemistry, Molecular and 
Cell Biology, Cornell University, 
Ithaca, New York 14853 
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agent of natural selection. 

Insectivorous birds can be expected to 
influence their prey populations in at 
least two major ways. First, they may 
act as regulators of insect abundance, an 
effect that has been the subject of 
lengthy debate, especially as it applies to 
herbivorous insects (1). Second, as visu- 
ally hunting predators, they may exert 
strong selective pressures that result in 
the evolution of crypsis or other preda- 
tor-avoidance adaptations among their 
insect prey (2). Few data, however, exist 
on the actual impact of birds on their 
prey in nature (3). We report experimen- 
tal evidence that birds depress the abun- 
dance of free-living defoliating insects in 
a temperate deciduous forest. 

In 1978, we measured the impact of 
bird predation in the summer on endemic 
levels of foliage-dwelling arthropods in a 
northern hardwood forest (4). We used 
crop protection netting (5) to exclude 
birds from patches of striped maple (Acer 
pensylvanicum L.), an understory shrub 
(6). Ten exclosures, measuring about 
6 by 6 by 2 m high, were estab- 
lished in early June after leaf flush was 
complete. An area of approximately 
equal size, similar plant species compo- 
sition, and foliage density was chosen 
near each exclosure to serve as a con- 
trol. At weekly intervals from 15 June 
through 10 August, we selected 400 
striped maple leaves within each ex- 
closure and each control area, and visu- 
ally made a census of all insects present 
on the leaves and adjacent petioles and 
stems (7). 

The results differed among the arthro- 
pod groups. For Arachnida, Coleoptera, 
Homoptera, and Hemiptera, we ob- 
served no significant differences in den- 
sities between the control and the experi- 
mental groups in any single sampling pe- 
riod, or for the season as a whole (Table 
1). Indeed, in some sampling periods, 
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there were slightly more individuals out- 
side than inside the netting. Although 
birds in this forest do prey on these ar- 
thropods (8), their effect was either negli- 
gible or unmeasurable in this experiment 

Table 1. Densities of the major arthropod taxa 
on leaves of striped maple inside and outside 
of exclosures. Numbers per 400 leaves 
(mean + 95 percent confidence limits) were 
based on samples taken from ten exclosures 
and ten controls at eight weekly intervals dur- 
ing the period 15 June through 10 August 
1978. 

Taxa Exclo Controls P sures 

Arachnida 5.3 + .88 5.5 + .92 .84 
Coleoptera 1.7 ? .37 2.2 + .48 .08 
Homoptera 1.4 ? .53 1.3 ? .31 .86 
Hemiptera 2.3 + .74 1.9 + .46 .95 
Lepidoptera 3.3 + .53 2.3 ? .44 .003 
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June July August 

Fig. 1. (A) Densities of Lepidoptera larvae on 
leaves of striped maple in ten exclosures and 
in ten outside control plots (asterisks indicate 
P < .05). (B) Densities of adult birds and of 
their fledged young in the Hubbard Brook Ex- 
perimental Forest (12). 
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because of the relatively high mobility of 
these kinds of prey. 

The numbers of the more sedentary 
Lepidoptera larvae (9), however, were 
always higher inside the exclosures than 
outside (Fig. 1A). Because variances in 
the density data approximated the 
means, large differences were needed for 
statistical significance (10). When the 
numbers of Lepidoptera larvae are con- 
sidered for the season as a whole (Table 
1), significantly fewer Lepidoptera 
(P < .003) were found outside than in- 
side the exclosures. In addition, we 
could distinguish statistically significant 
differences in the abundances of Lepi- 
doptera larvae on two sampling dates, 29 
June (P < .02) and 21 July (P < .05). 

Since birds are the only element in the 
system excluded by the netting (11), we 
estimate from Fig. 1A that the weekly re- 
moval rates of caterpillars from under- 
story foliage by birds range from 18 to 63 
percent, averaging 37 percent. This ef- 
fect is most extreme in late June and 
mid-July (Fig. 1A), coinciding with the 
nestling and fledging periods of in- 
sectivorous birds in this forest (12). Dur- 
ing this part of the summer the numbers 
and biomass of birds hunting or needing 
to be fed nearly doubles (Fig. 1B), and 
their predation intensity must increase 
accordingly. The birds primarily respon- 
sible for this predation in the understory 
at Hubbard Brook were two warblers 
(Seiurus aurocapillus and especially 
Dendroica caerulescens), two thrushes 
(Catharus ustulatus and C. fuscescens), 
and several species that expand their 
vertical foraging ranges into the under- 
story during the nestling and early fledg- 
ling periods (Vireo olivaceus, V. phila- 
delphicus, and Setophaga ruticilla). That 
Lepidoptera larvae are a major food for 
most passerine birds, especially when 
young are being fed (8, 13) explains why 
the more significant depression of cater- 
pillar numbers occurs at this time. 

The proportion of the caterpillar 
standing crop removed in our experi- 
ment greatly exceeds the 0.1 to 1 percent 
reportedly taken by birds during most 
caterpillar outbreaks (14, 15). This sug- 
gests that, although birds seem to be un- 
important as control agents during insect 
epidemics, they can depress further the 
numbers of caterpillars when the latter 
are already at low densities. Our results 
therefore provide experimental evidence 
supporting the suppositions of Tinbergen 
(16), Morris et al. (15) and Campbell and 
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Sloan (17) that bird predation may be 
most effective at endemic prey popu- 
lation levels. The effect at these times is 
to reduce insect numbers at least locally 
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Bird Predation on Forest Insects: An Exclosure Experiment 

Abstract. Exclusion experiments show that birds significantly reduce densities of 
larval Lepidoptera on forest understory vegetation. When insect densities are al- 
ready low, bird predation may act both as a population regulator and as a strong 
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