
were unable to identify or isolate re- 
combinant plasmids containing dimeric 
inserts of viral DNA. We have isolated a 
phage recombinant containing a head-to- 
tail dimer insert of PY DNA; this DNA is 
infectious, although with extremely low 
efficiency (1). Our failure to construct 
comparable recombinants with pBR322 
in X1776 most likely reflects the exis- 
tence of an active recombination system 
that renders any duplicated DNA insert 
unstable. 
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Molecular Cloning of Polyoma Virus DNA in 

Escherichia coli: Lambda Phage Vector System 

Abstract. The biological activity of recombinant phage and recombinant phage 
DNA containing monomeric or dimeric polyoma DNA inserts was examined in mice 
and cultured mouse cells. Recombinant preparations containing a single copy of 
viral DNA were invariably noninfectious; molecules containing a dimeric polyoma 
DNA insert were at least seven orders of magnitude less infectious than polyoma 
virions after parenteral inoculation. No infection was detected with any recombinant 

Molecular Cloning of Polyoma Virus DNA in 

Escherichia coli: Lambda Phage Vector System 

Abstract. The biological activity of recombinant phage and recombinant phage 
DNA containing monomeric or dimeric polyoma DNA inserts was examined in mice 
and cultured mouse cells. Recombinant preparations containing a single copy of 
viral DNA were invariably noninfectious; molecules containing a dimeric polyoma 
DNA insert were at least seven orders of magnitude less infectious than polyoma 
virions after parenteral inoculation. No infection was detected with any recombinant 
preparation after oral administration. 

We have described (1) the molecular 
cloning of polyoma virus (PY) DNA in 
an Escherichia coli plasmid vector sys- 
tem and an evaluation of the infectivity 
of the recombinant plasmids in mouse 
cells in vivo and in vitro. We now report 
the extension of such experiments to in- 
clude recombinants formed between the 
EK2 lambda phage vector XgtWES.XB 
(2) and PY DNA. 

The phage vector XgtWES.XB (2) con- 
tains three amber mutations, so that it is 
unable to grow in E. coli that do not con- 
tain the appropriate suppressor muta- 
tion. Furthermore, because of the dele- 
tions of the X elements int, xis, and att 
required for integration, and red, for 
phage-promoted generalized recombina- 
tion, XgtWES.XB cannot undergo either 
lysogeny or illegitimate recombination 
with the E. coli genome. These are the 
features that qualify it as an EK2 cloning 
vector (2). 

XgtWES.XB DNA was cleaved with 
Eco RI, and the right and left arms were 
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separated from the smaller middle DNA 
fragment by chromatography on an 
RPC-5 column (3). By removal of the 
middle fragment, the formation of non- 
recombinant phage in the subsequent 
population is eliminated since a ligated 
molecule consisting of the two arms of 
XgtWES.XB alone provides insufficient 
DNA mass for phage packaging (2). Lin- 
ear PY DNA was prepared by digest- 
ing superhelical viral DNA, obtained 
from infected mouse cells as described 
(1), with Eco Rl restriction enzyme. Li- 
gation reaction mixtures containing 
XgtWES.XB arms alone or arms mixed 
with the cleaved PY DNA were in- 
cubated with bacteriophage T4 polynu- 
cleotide ligase and used to transfect E. 
coli strain LE392 under P4 conditions. 
No plaques appeared after the trans- 
fection of bacteria with lambda arms lig- 
ated in the absence of PY DNA. How- 
ever, the transformation frequency of 
the ligation mixture containing vector 
arms with linear PY DNA was approxi- 
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Eco Rl-cleaved XgtWES.XB DNA was then phenol extracted, dialyzed against appropriate buf- 
fer, and applied to an RPC-5 column (3). Purified XgtWES. XB arms (66 ,tg/ml) and Eco Rl- 
cleaved PY DNA (66 ,ug/ml) were then ligated with T4 DNA ligase in buffer containing 0. 1M 
tris-HCl,pH 7.5, 50 mM NaCI, 12 mM MgCl2, 0.1 mM EDTA, 10 mM dithiothreitol, 0.1 mM 
adenosine triphosphate, and 50 /ug of bovine serum albumin per milliliter. Incubation was at 
12?C for 24 hours. Ligated DNA was then used to transfectE. coli LE392. Recombinant DNA's 
were then isolated from the recombinant phages propagated in E. coli DP50 SupF. 
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mately 104 plaques per microgram of 
DNA. 

Twenty plaques were selected, and the 
phage was propagated in E. coli strain 
DP50 SupF (4). To ascertain whether the 
putative recombinants contained PY 
DNA, phage DNA was prepared, di- 

gested with Eco RI, and the resulting 
fragments were analyzed by electro- 
phoresis in 0.7 percent agarose gels. In 
all cases, we observed a DNA fragment 
that comigrated with a full-length linear 
PY DNA marker [5.5 kbp or 3.4 x 106 
daltons (5)] and that contained PY 

nucleotide sequences as monitored by 
DNA-DNA hybridization (6). 

The PY genome can be inserted into 
the lambda vector DNA in either of two 
orientations at the Eco RI site, and 
cleavage of the recombinant DNA prepa- 
rations with Bam HI permitted the un- 

. a b c d e f g h a'b'c' d'e' f'a' h' a b c d e f g h a' b' c' d' e fg'h' 
B. = .- .... 

Fig. 2. Restriction enzyme analysis of X-PY3 and X-PY63 DNA. (A) Lanes a, d, f, and h are Eco RI digests of PY, X-PY63, X-PY3, and 
XgtWES.XB DNA's, respectively. Lanes b, c, e, and g are Bam HI digests of XgtWES.XB, X-PY63, X-PY3, and XgtWES.XB DNA's, respective- 
ly. Typical reaction mixtures contained 0.3 jug of DNA and sufficient restriction enzyme for complete digestion. Eco RI buffer is described in the 
legend to Fig. I and Bam HI buffer contained 20 mM tris-HCl, pH 7.5, 6.6 mM MgCl2, 100 mM NaCl, and 2 mM 8-mercaptoethanol. DNA 
fragments were analyzed by electrophoresis on a 0.7 percent agarose slab gel (150 V for 3 hours). Lanes a' to h' represent the Southern blotting 
analyses of the gel shown in lanes a to h, by means of a 32P-labeled PY DNA probe. (B) Lanes a to d are Pst I digests of X-PY3, X-PY63, PY, and 
XgtWES.XB DNA's, respectively. Lanes e to h are Hpa II digests of X-PY3, X-PY63, PY, and XgtWES.XB DNA's. Reaction mixtures contained 1 
,tg of DNA and sufficient enzyme for complete digestion. Pst I buffer contained 20 mM tris-HCl, pH 7.4, 7 mM MgCl2, and 1 mM dithiothreitol. 
After incubation at 37?C for 1 hour, DNA fragments were analyzed by electrophoresis on a 1.4 percent agarose gel (60 V for 16 hours). Lanes a' to 
h' represent the Southern blotting analyses of the gel shown in lanes a to h, by means of a 32P-labeled PY DNA probe. 

a b c d e f g h a' b' c' d e' f' g' h' 

Fig. 3. Restriction enzyme analyses of X-PY30-5T and X-PY30-5B DNA's. (A) Lane a, Eco Rl digest ofPY DNA; lanes b to d, Hpa I digests of X- 
PY30-5B, X-PY30-5T, and XgtWES.XB DNA's, respectively. Lanes a' to d' represent the Southern blotting analyses of the gel shown in lanes a to 
d, with a 32P-labeled PY DNA probe. (B) Lanes a and h are Eco RI digests of PY DNA; lanes b, d, and fare Hae II, Bgl 1, and Bam HI digests of 
X-PY30-5B DNA, respectively; lanes c, e, and g are Hae II, Bgl 1, and Bam HI digests of X-PY30-5T DNA, respectively. Reaction mixtures 
contained 1 /ug of X-PY recombinant DNA in Hae II buffer (50 mM tris-HCl, pH 7.5, 5 mM MgC12, 0.5 mM dithiothreitol), Bgl 1 buffer (identical 
to Barn HI buffer) or Bam HI buffer (see Fig. 2), and sufficient enzyme for complete digestion. DNA digests were analyzed by electrophoresis on 
a 1.4 percent agarose gel (120 V for 8 hours). These conditions allowed maximal resolution of DNA fragments in the 5.5-kbp size range, although 
many of the smaller digestion products have run off the gel. Lanes a' to h' represent the Southern blotting analyses of the gel shown in lanes a to 
h, by means of 32P-labeled PY DNA probe. 
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ambiguous mapping of the viral DNA 
inserts (Fig. 1). An example of such an 
analysis is shown in Fig. 2. Cleavage of 
phage X-PY63 DNA with Bam HI result- 
ed in four DNA fragments, 19.1, 11.4, 
5.4, and 4.8 kbp in size (Fig. 2A, lane c). 
Cleavage of phage X-PY3 DNA, in con- 
trast, yielded fragments 16.7, 11.4, 6.4, 
and 5.4 kbp in size (Fig. 2, lane e). DNA- 
DNA hybridization with a 32P-labeled PY 
DNA probe indicated that the 19.1- and 
4.8-kbp fragments of X-PY63 (lane c') 
and the 16.7- and 6.4-kbp fragments of 
X-PY3 (lane e') contain PY DNA se- 
quences. Thus, these two phages contain 
monomeric viral DNA inserted in oppo- 
site orientations. Digestion with Hpa II 
and Pst I also confirmed these results 
(Fig. 2B). Analysis of the 20 recombinant 
phage DNA's isolated indicated that PY 
DNA is inserted in one orientation in ten 
of the preparations and in the other di- 
rection in the others. 

During the propagation of the re- 
combinant phages, we noticed that, de- 
spite being derived from a single plaque, 
one isolate (X-PY30) gave rise to progeny 
particles that banded at two different 
densities after isopycnic centrifugation 
in CsCl. The two phage bands (X-PY30- 
5T and X-PY30-5B, corresponding to the 
top and bottom components, respective- 
ly) were extensively purified and their 
DNA's were reexamined. The enzyme 
Hpa I, which does not cleave the PY 
genome, cleaved both of the recombi- 
nant DNA preparations into approxi- 
mately eight fragments (Fig. 3A, lanes b 
and c). In both cases, the largest frag- 
ments contained PY DNA by the South- 
ern (6) blotting technique (Fig. 3A, lanes 
b' and c'); the fragment derived from X- 
PY30-5B was larger than that from X- 
PY30-5T. When the two phage DNA 
preparations were digested with Eco R1, 
the cleavage patterns were identical 
(data not shown). These observations 
suggested the possibility that the X- 
PY30-5B recombinant contained more 
than one copy of PY DNA. Cleavage 
with restriction enzymes that make a 
single cut in PY DNA would excise a 
unit-length PY DNA molecule if head-to- 
tail oligomeric viral DNA inserts (that is, 
a tandem repeat in the same orientation) 
were present, but not with a head-to- 
head insert. The Bam HI, Bgl 1, and Hae 
II ("single cut" enzymes for PY DNA) 
cleavage patterns of X-PY30-5T and X- 
PY30-5B DNA's are shown in Fig. 3B. 
With the latter DNA, all three enzymes 
produced a band that comigrated with 
the full-length PY DNA marker, and hy- 
bridization with a 32P-labeled PY DNA 
probe (Fig. 3B, lanes b', d', and f') con- 
firmed that these bands contained PY 
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Fig. 4. Contour length measurements of the 
PY DNA in PY X-PY30-5T and X-PY30-5B 
DNA's. Heteroduplex molecules were formed 
by annealing Eco RI-cleaved PY DNA to 
heteroduplexes of either XgtWES.XB and 
X-PY30-5T DNA's (a), or XgtWES.XB and 
X-PY30-5B DNA's (b). The lengths of the 
double-stranded region located between the 
two branch points (see arrows on micro- 
graphs) represent the PY DNA insert, and are 
presented in the histograms. Mean contour 
lengths for molecules measured in (a) and (b) 
were 1.75 ? 0.03 gm and 3.64 ? 0.07 ,/m, re- 
spectively. Circular PY DNA measured in the 
same preparations had a mean contour length 
of 1.76 ? 0.04 A/m. The absence of single- 
stranded tails in the PY segment of the hetero- 
duplexes would also suggest that only unit 
length PY DNA sequences are inserted into 
these recombinant molecules. 

DNA sequences. This band was not 
present in the X-PY30-5T cleavage prod- 
ucts (Fig. 3B, lanes c', e', and g'). 

The number of tandem copies of PY 
DNA in the X-PY30-5B molecule was an- 
alyzed by electron microscopy. Hetero- 
duplex molecules formed between 
DNA's of XgtWES.XB and the X-PY re- 
combinants revealed a single internal re- 
gion of strand separation or heterology. 
One strand in that region represents the 
Eco RI B fragment of the XgtWES.XB 
DNA, and the other strand is the PY 
DNA insert. While the two heterologous 
single strands differed in length by a ratio 
of 2.37 (? 0.17) to 1 in heteroduplex 
molecules formed between XgtWES.XB 
and X-PY30-5B, similar measurements 
on the heteroduplex constructed be- 
tween XgtWES.XB and X-PY30-5T yield- 
ed a single-stranded arm ratio near uni- 
ty (1.037 ? 0.02). One of these single- 
stranded arms of the heterology bubble 
could be converted to a duplex structure 
by the addition of linear Eco RI-cleaved 
PY DNA to the hybridization mixture 
(Fig. 4). This permits the accurate mea- 
surement of the contour lengths of the 
"PY-specific" regions of the hetero- 
duplex molecules. Comparisons of these 
data with the contour lengths of known 
circular PY DNA molecules present in 
the same samples established that X- 
PY30-5B recombinant phages contained 
a dimeric PY insert, and confirmed that 
X-PY30-5T contained a single copy of PY 
DNA. 
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To ascertain whether the two phage 
populations arose from the genomic du- 
plication of the monomeric viral DNA in- 
sert or from the excision of a copy of PY 
DNA from a recombinant molecule con- 
taining a dimeric PY DNA insert, the 
phage in the X-PY30-5T and X-PY30-5B 
bands were independently propagated in 
E. coli DP50 SupF, and their progeny 
were analyzed by isopycnic centrifuga- 
tion in CsCl. Passage of X-PY30-5T 
phage uniformly resulted in a single 
phage band, which contained a single 
copy of PY DNA as determined by re- 
striction enzyme cleavage analysis (data 
not shown). However, overnight propa- 
gation of X-PY30-5B again gave rise to 
both types of phage particles, one of 
which banded exactly with recombinants 
containing a single copy of PY DNA. 
When titrated in E. coli DP50 SupF, X- 
PY30-5B formed plaques with "single- 
hit" dose-response kinetics; this in- 
dicates that X-PY30-5B phage is not de- 
fective and does not require the helper 
function of X-PY30-5T phage. Further- 
more, X-PY30-5T and X-PY30-5B were 
comparably infectious forE. coli, wheth- 
er measured with virus particles or free 
DNA (data not shown). 

In serial, low-multiplicity [0.01 plaque- 
forming units (PFU) per cell] passages of 
the mixed phage population derived from 
X-PY30-5B, progeny phage containing 
monomeric PY DNA eventually pre- 
dominated. These experiments indicate 
that the tandem insertion of more than 
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one copy of DNA into the XgtWES.XB 
vector results in unstable recombinants 
that shed extra copies of the inserts at a 
high frequency. This phenomenon has 
been noted by Perricaudet et al. (7), who 
examined recombinants containing a 
segment of the adenovirus genome. 

The infectivity of the recombinant 
phage particles and their DNA's were as- 
sayed in mice or in cultured mouse cells 
as previously described (1). DNA from 
purified phage particles representing re- 
combinants containing monomeric viral 
DNA inserted in both orientations at the 
Eco RI site failed to induce PY infection 
when inoculated parenterally into wean- 
ling mice (Table 1), or when tested in 
mouse embryo cells in culture (data not 
shown). However, when these same 
DNA preparations were digested with 
Eco RI prior to assay, PY infection was 
induced with regularity in the injected 
animals (Table 1), and viral hemaggluti- 
nation activity could be detected in the 
media from inoculated mouse embryo 
cells (data not shown). Similarly, intact 
recombinant phage particles and E. coli 
infected with recombinant phage did not 
induce PY infection after mouse in- 
oculation (Table 1). These results in- 
dicate that while the PY genome is cop- 
ied faithfully in E. coli when it is propa- 
gated as a component of a recombinant 
phage, neither the phage particles con- 
taining the monomeric PY DNA insert 
nor concentrated suspensions of E. coli 
infected with such recombinant phage, 
nor the DNA itself infected mice. Thus, 
these results are in agreement with those 
reported for monomeric PY inserts in a 
plasmid vector system (1). 

In contrast to recombinant phage con- 
taining a single copy of a viral genome, 
those containing a head-to-tail dimer 
insert of PY DNA would, in theory at 
least, be more likely to be infectious in 
mouse cells since infectious PY genomes 
could be generated by intramolecular re- 
combination. PY infection did occur in 
two of five mice inoculated with 2.8 /ug of 
X-PY30-5B DNA and in two of five mice 
injected with 23 ,ug of DNA prepared 
from E. coli infected with X-PY30-5B 
phage (Table 2). Neither DNA (3.6 ,ug) 
from X-PY30-5T, the monomeric re- 
combinant phage that was derived from 
the same plaque from which the re- 
combinant phage with the dimeric insert 
was isolated, nor DNA (16.4 ,ug) isolated 
from E. coli infected with X-PY30-5T 
phage was infectious (Table 2), con- 
firming the results shown in Table 1. 

PY infection also developed in 6 of 11 
mice injected with a crude phage lysate 
which had been precipitated with poly- 
ethylene glycol; this lysate contained 
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2 x 108 viable PY30-5B ph 
oculum (Table 2). Injection o 
DP50 SupF, infected with the 
phage, failed to induce infect 

Table 1. Inoculation of mice wit 
X-PY phage, or X-PY-infected E 
ling mice from a PY-free colony 
er Laboratory) were inoculated 
tions of recombinant DNA, 
phage, or E. coli infected with 
phage. At 3 and 6 weeks after t 
infected, serums were assayed f( 
glutination inhibiting antibody 
greater than 1:20 were considei 
of PY infection. X-PY3 and X- 
combinant phages with monome 
inserted in one orientation, whe 
and X-PY25 phages contain the 
the opposite orientation (see Fig 
binant phage was prepared from 
sates by precipitation with poly 
col (10 percent) in the presence o 
and was purified by isopycnic c 
in CsCl. X-PY DNA's were 
extracting purified phage three t 
equal volume of phenol, equil 
0.05M tris-HC1, pH 7.5, and di 
extract against 0.01M tris-HCl, 
0.1 mM EDTA. The X-PY and 
were cleaved with Eco RI as des( 
2. In the experiment involving th 
of mice with live bacteria, E. col 
(in the log phase of growth) were 
X-PY recombinants. After a 1. 
sorption period at room temperat 
teria were grown at 37?C for 20 r 
chilled in ice and injected into 
An uninoculated control mouse 
in each cage; all remained neg. 
antibody. 

Inoculum 

X-PY3 DNA 

X-PY3 DNA + 
Eco RI 

X-PY63 DNA 

X-PY63 DNA + 
Eco RI 

X-PY10 DNA 

X-PY 10 DNA + 
Eco RI 

X-PY25 DNA 

X-PY25 DNA + 
Eco RI 

PY DNA I 

PY DNA I + 
Eco RI 

X-PY3-infected 
E. coli 

X-PY63-infected 
E. coli 

X-PY3 phage 
X-PY63 phage 
Saline 

Dose* 
(Kg 
per 

mouse) 

1.43 
1.43 x 10-2 
1.43 
1.43 x 10-2 
1.43 
1.43 x 10-2 
1.43 
1.43 x 10-2 
1.43 
1.43 x 10-2 
1.43 
1.43 x 10-2 
1.43 
1.43 x 10-2 
1.43 
1.43 x 10-2 
1.0 x 10-1 
1.0 x 10-3 
1.0 x 10-1 
1.0 x 10-3 
2 x lO9PFU 

E. coli 
2 x 10PFU 

E. coli 
2 x O19PFU 
2 x lO9 PFU 
0.1 ml 
0.1 mlt 

*Unless otherwise stated, the materia 
tered by intraperitoneal injection. 
cutaneously. 

iage per in- 28 recipient animals (Table 2). Also, 
)f live E. coli feeding of comparable infected bacteria 
e X-PY30-5B did not induce PY infection in any of the 
ion in any of 13 mice tested. (These experiments were 

done with bacterial cultures infected at a 

h XPY DNA, low multiplicity of infection in order to 
,. coli. Wean- allow multiple cycles of phage infection 
(Charles Riv- in the mouse.) We had expected that 
with prepara- mice injected with live E. coli, infected 
recombinant with X-PY30-5B, would develop a viral 

I recombinant 
he mice were infection since each animal was in- 
or PY hemag- oculated with a sufficient number of bac- 
z (9). Titers teria to generate amounts of infectious 
ed indicative phage (108 to 109 PFU) known to induce 

Pric PY DNA a PY infection (Table 2). The negative re- 
ereas X-PY63 sults in the inoculated animals may in- 
viral DNA in dicate that phage replication is severely 
g. 1). Recom- inhibited in E. coli DP50 SupF when the 

bacterial ly- bacteria are maintained in the subcutane- 
,ethylene gly- 
fO.5MNaCl, ous environment; for example, the an- 
;entrifugation aerobic conditions in the tissues may be 
prepared by inhibitory since optimal phage produc- 
times with an tion is known to require highly aerobic 
librated with .. 
ialysis of the conditions. Alternatively, if progeny 
pH 7.5, and phage are produced, their ability to gain 
I PY DNA's access to mouse cells may somehow be 
cribed in Fig. impeded by the presence of bacterial cell 
e inoculaton components (for example, by phago- 
infected with cytosis of the phage-infected E. coli or 
5-minute ad- readsorption of phage particles to cell 
ture, the bac- wall fragments). 
ninutes, then The relative infectivity of various 
test animals. 
was included forms of PY DNA when administered to 
ative for PY mice by injection or feeding is summa- 

rized in Table 3. Viral DNA's are far less 
No. infectious (105-fold or more) when they 

infect are free as compared to when they are 
ed/No. packaged into virions. We have recently 
inocu- shown that this is true of PY DNA as 
lated well (8), and that the free PY DNA is 
0/4 noninfectious when fed to mice. When 
0/5 contained in a recombinant molecule, 
5/5 the PY DNA is far less infectious still 
0/5 than the free viral DNA, by about three 
0/5 orders of magnitude for dimer inserts 
5/5 and by at least four orders of magnitude 
2/5 when present as a monomeric insert. 
0/4 Thus, the free recombinant DNA mole- 
15 
^ cules are of the order of 109-fold less in- 

4/5 fectious by injection than is the polyoma 
0/5 virus itself, and the recombinants have 
0/5 been noninfectious when given by 

,55 mouth, either as DNA or in live E. coli. 
1/5 
5/5 When intact lambda phage particles con- 
3/5 taining recombinant DNA with a dimeric 
5/5 PY DNA insert were injected into mice, 
1/5 the DNA was infectious at a level com- 

parable to free PY DNA. However, in- 
J/108 0/5 jection or feeding of mice with E. coli in- 

fected with these phage did not result in 
Jt 0/5 PY infection. 
it 0/5 To what extent can these results be ex- 

0/5 trapolated to the assessment of the pos- 
sible risks involved in cloning other eu- 

tl was adminis- karyotic viral genomes? Polyoma virus is 
a member of the Papovaviridae, which 
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also includes SV40, the human papo- 
vaviruses JC and BK, the various papil- 
loma viruses, and a number of other vi- 
ruses of vertebrates. These are rela- 
tively simple DNA viruses, having 
icosahedral symmetry, no envelope, a 
relatively small genome, and a virion 
made up of only three virus coded poly- 
peptides. It thus seems clear that a simi- 
lar reduction in, or lack of, infectivity of 
cloned genomes can be predicted for oth- 
er papovaviruses as well as the majority 
of other DNA viruses, which contain 
larger and more complex genomes. 

One of the main objectives of the poly- 
oma cloning experiments was to gain in- 
sight into the extent to which DNA mole- 
cules can be transferred from E. coli to 
mammalian cells in potentially functional 
form. The results with the dimeric re- 
combinant DNA molecules are most 
relevant to this question, since mole- 
cules containing a single copy of viral 
DNA would initiate infection only if 
site-specific endonucleases recognizing 
Bam HI or Eco RI sites were present in 
the mouse cells, or if there were some 
still unknown mechanism for accurate 
excision of the PY genome. With the di- 
mers, however, there is no need to pos- 
tulate a specific excision system or novel 
replication mechanism in order to gener- 
ate infectious PY molecules from a linear 
DNA template, since intramolecular re- 
combination can produce an intact circu- 
lar PY genome. The rarity of infection by 
the dimer-containing molecules (Table 3) 
is thus all the more striking. 

The polyoma system can provide an- 
other important test of the ability of 
DNA molecules to move from E. coli in- 
to host cells, namely, the development of 
tumors after the injection of bacteria 
containing PY DNA recombinants into 
newborn hamsters. PY DNA is capable 
of inducing tumors in suckling hamsters 
(8), and we have found that restriction 
enzyme-cleaved DNA preparations can 
be tumorigenic in the absence of residu- 
al infectivity. It is thus conceivable that 
the recombinant-containing bacteria, al- 
though not capable of eliciting produc- 
tive viral infection, might be able to de- 
liver a tumorigenic dose of PY DNA to 
the hamster cells. Tests of this hypothe- 
sis, which require long-term observa- 
tion, remain to be completed. 

While it is clear from our studies that 
risk assessment analysis of the cloning of 
DNA viral genomes should take into 
consideration whether head-to-tail tan- 
dem inserts might be cloned, in most ex- 

perimental systems they are highly un- 

likely to occur. It is particularly unlikely 
that dimeric viral inserts would be 
formed during the course of a shotgun 
2 MARCH 1979 

Table 2. Inoculation of mice with phage recombinants containing one or two copies of PY DNA. 
Escherichia coli DP50 SupF (in the mid-log phase) were infected with X-PY30-5B at a multi- 
plicity of 0.04 PFU per cell and allowed to absorb for 15 minutes at room temperature; 0.1-ml 
samples containing approximately 5 x 107 E. coli were then inoculated into test animals. Other 
mice that had been fasted overnight were fed approximately 1 x 108 bacteria suspended in milk 
and absorbed on bread. Two other feedings were given during the first week of the test. In 
another experiment DNA was prepared from E. coli DP50 SupF infected with X-PY30-5T or X- 
PY30-5B at a multiplicity of 20. The organisms were grown for 20 minutes at 37?C, chilled in ice 
in the presence of 0.02M sodium azide, and then incubated at 37?C for 1 hour with lysozyme (50 
/Lg/ml). Samples were then digested with Proteinase K (50 ,ug/ml) in the presence of 1 percent 
sodium dodecyl sulfate for 1 hour at 37?C, extracted three times with an equal volume of phenol, 
and dialyzed against 0.01M tris-HCl, pH 7.5. X-PY30-5B phage was prepared as described 
(Table 1), except that isopycnic centrifugation in CsCl was omitted. Phage DNA was purified as 
described in Table 1. 

No. infected/ 
No. tested 

Inoculum Dose 
Subcu- Oral 
taneous 

E. coli infected with X-PY30-5B 
Live bacteria 2 x 106 PFU/5 x 107E. coli 0/28 

4 x 106 PFU/1 x 108E. coli 0/13 
DNA 23 ,g 2/5 

X-PY30-5B phage 
Concentrated lysate 2 x 108 PFU 6/11 
DNA 2.8,/g 2/5 

E. coli infected with X-PY30-5T 
DNA 16.4 jig 0/5 

X-PY30-5T phage 
DNA 3.6,/g 0/5 

Controls 
PYDNAI 0.01 zg 5/5 
Saline 0.1 ml 0/5 

Table 3. Infectivity for mice of polyoma DNA in various forms. These estimates were calcu- 
lated by the Poisson distribution from the data in (1, 8, 10) and in this report. The following 
assumptions or data were also used. (i) Polyoma virions have a ratio of particle to infectivity of 
about 3 x 102. (ii) One microgram of PY DNA is 1011 molecules. (iii) The PY-plasmids are 
carried at ten copies per bacterium. (iv) The PY-plasmid is 58 percent PY DNA, the monomer 
PY-X DNA is 14 percent, and the dimeric PY-X DNA is 25 percent PY DNA. (v) At 20 minutes, 
the time when E. coli lytically infected with PY-X were harvested for the "total E. coli DNA" 
tests, the cells contained ten PY DNA equivalents per cell in the case of the monomeric inserts, 
and 20 in the case of the dimeric inserts. (vi) These estimates are also assumed for the PY-X 
infected E. coli administered to mice by injection or feeding; this very low estimate is used 
because of the inefficiency of the lytic cycle under anaerobic conditions. 

No. of PY DNA 
Infectivity molecules in MID* 

Form of DNA Paren- Paren- 
teral Oral teral Oral 

Virions + + 102to 103 108to 109 
Extracted from virions 

Supercoiled circles + - 7 x 107 > 7 x 1012 
Relaxed circular + 108 
Eco Rl linears + 4 x 108 
Bam HI linears + 5 x 108 

Cloned in plasmid pBR322 (monomer) 
Live Xl776 - - > 5 x 1011 > 1012 
Plasmid DNA - > 5 x 1012 
Plasmid DNA, cleaved + < 4 x 108 

Cloned in X, monomeric insert 
Live coli in latent period - > 5 x 1010 
Total (coli) cellular DNA - > 3 x 1011 
Purified phage - > 2 x 1010 
DNA from purified phage - > 4 x 1011 
DNA from purified + < 5 x 109 

phage, cleaved 
Cloned in X, dimer insert 

Live coli in latent period - - > 3 x 1010 > 8 x 1010 
Total (coli) cellular DNA + 3 x 1011 
Purified phage + 109 
DNA from purified phage + 1011 

*Mean infectious dose. 
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experiment with eukaryotic cellular 
DNA. For example, the phage recombi- 
nants we constructed were ligated at a 
PY DNA concentration of 66 ug/ml, and 
only one of the 20 clones studied con- 
tained a dimeric insert. If, for example, 
during the course of a shotgun experi- 
ment, tissue inadvertently infected with 
a papovavirus and containing virus or 
DNA at an average of 100 genome equiv- 
alents per cell was used as the source of 
DNA, the ligation reaction mixture con- 
taining 66 /,tg of cellular DNA would 
contain approximately 0.006 jug of viral 
DNA. Not only would the number of re- 
combinants containing single copies of 
viral DNA be very low (about one clone 
per 104), but the number containing a di- 
meric insert would be negligible, since 
dimer formation would be highly concen- 
tration-dependent. Furthermore, our re- 
sults and those of others (7) indicate that 
recombinants containing more than one 
copy of viral DNA are unstable in the 
rec bacteria used for their propagation 
and would eventually disappear from the 
population. 

In view of the widespread interest in 
the polyoma cloning experiments as a 
way of evaluating certain postulated po- 
tential biohazards of recombinant DNA 
research, it is important to give our per- 
ception of what the studies presented in 
this and the preceding report (1) do and 
what they do not contribute to the as- 
sessment of risk. First, no single experi- 
mental system or program can declare 
recombinant DNA research to be "dan- 
gerous" or "safe." Risk assessment of a 
large and complex area of research is in- 
cremental, and our findings should be 
viewed as a useful addition to, and con- 
firmation of, the immense body of rele- 
vant preexisting knowledge of virology 
and bacteriology that has already been 
considered in the context of risk assess- 
ment. 

Our data are most pertinent to the 
question of cloning viral sequences, but 
they have some implications for general 
cloning of eukaryotic DNA in E. coli as 
well. With regard to the former, our find- 
ings give no support to the concept, al- 
ready virtually eliminated by the accu- 
mulating knowledge of the complexity of 
viral gene regulation and synthesis, that 
bacteria carrying recombinant plasmids 
or phages containing a eukaryotic viral 
genome would become producers of vi- 
rus particles. 

In the many discussions with virolo- 
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In the many discussions with virolo- 
gists during the planning of these studies, 
there was a general consensus that the 
experiments would show E. coli carrying 
PY-X or PY-plasmids to induce no PY in- 
fections when given by mouth, to give 
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some infections when given parenterally, 
and to be quite infectious by parenteral 
injection if the insert was an oligomer. 
The most striking feature of our results, 
then, is the extremely low or absent in- 
fectivity of the recombinant molecules. 
In no instance was a recombinant mole- 
cule with a monomeric insert infectious, 
and in no instance did oral or parenteral 
administration of massive doses of live 
recombinant-containing E. coli induce 
PY infection. 

We thus view these results as being 
highly reassuring with respect to the 
safety of cloning viral genomes in E. 
coli. 
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The free eccentricity of Io's orbit is 
approximately .00001 (1). If this eccen- 
tricity accounted for all of the variation 
in the Jupiter-Io separation, the dissi- 
pation of energy from tides raised on lo 
by Jupiter would be negligibly small (2), 
since lo is synchronously rotating. But 
the resonant structure of the Galilean 
satellite leads to forced eccentricities 
that are considerably larger than the free 
values. Although still modest by most 
standards, these forced eccentricities 
coupled with the enormous tides induced 
by Jupiter lead to magnitudes of tidal dis- 
sipation that are certainly important and 
may completely dominate the thermal 
history of the innermost satellite lo. We 
will first establish values of the forced 
eccentricities and later substitute these 
into an expression for the total tidal dis- 
sipation. 

The Galilean satellites are numbered 
in the conventional manner with 1 to 4 
corresponding respectively to lo, Eu- 
ropa, Ganymede, and Callisto. Let Xi, n, 
(=dXi/dt), and c&i denote the mean longi- 
tude, mean orbital motion, and longitude 
of the perijove. The relation n, - 
3n2 + 2n3 = 0 is satisfied exactly within 
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observational error such that XA - 

3X2 + 2X3 = 180? with no observed libra- 
tion amplitude. This is the well-known 
Laplace relation and is often called sim- 
ply the libration. In addition, the mean 
motions of 1 and 2 and, separately, of 2 
and 3 are nearly in the ratio 2:1 

n - 2n2 = n - 2n3 = ?739507/day (1) 

compared to n2 = 101?375/day. The 
nearness of the two sets of mean motions 
to the 2:1 commensurability suggests 
that some of the resonance variables 

i - 2X2 + ()l, X 1- 2X2 + W>2, X2 2X3 
+ (?2, and X2 - 2X3 + )03 may be librat- 
ing about constant values. A periodic 
solution of the equations of motion with 
these resonance variables having con- 
stant values was used by de Sitter (3) as a 
first approximation in his theory of the 
Galilean satellites. Sinclair (4) has rede- 
rived the complete periodic solution and 
shown that in fact the first three of the 
four resonance variables are librating 
with small amplitude-the first and third 
about 0? and the second about 180?. This 
means that conjunctions of 1 and 2 occur 
when 1 is near its perijove and 2 is near 
its apojove; conjunctions of 2 and 3 oc- 
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Melting of lo by Tidal Dissipation 

Abstract. The dissipation of tidal energy in Jupiter's satellite Io is likely to have 
melted a major fraction of the mass. Consequences of a largely molten interior may 
be evident in pictures of Io's surface returned by Voyager I. 
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