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We developed a simple, direct, physical assay to detect genetic recombination
of bacteriophage T7 DNA in vitro. In this assay two mature T7 DNA molecules,
each having a unique restriction enzyme site, are incubated in the presence of a
cell-free extract from T7-infected Escherichia coli cells. After extraction of the
DNA, restriction enzyme digestion, and agarose gel electrophoresis, genetic
recombination is detected by the appearance of a novel recombinant DNA band.
Recombination frequencies as high as 13% have been observed. We used this
assay to determine the genetic requirements for in vitro recombination. In
agreement with results obtained previously with a biological assay, T7 recombina-
tion in vitro appears to proceed via two distinct pathways.

In recent years our understanding of the proc-
ess of genetic recombination has increased
markedly (for a review, see reference 1). This
progress is in part attributable to studies of
recombination mechanisms in bacteria and bac-
teriophages. Bacteriophage T7 is an attractive
system for the study of DNA metabolism and
genetic regulation. This phage has been exten-
sively characterized genetically (4, 22, 23), and
its genome consists of a double-stranded DNA
molecule which codes for about 50 proteins. The
entire genomic DNA molecule has recently been
sequenced (J. Dunn and F. W. Studier, J. Mol.
Biol., in press).

Genetic recombination of T7 has been studied
in vivo (3, 5, 7-9, 19, 20, 24, 25). From these
studies, it was concluded that T7 recombination
in vivo requires the products of T7 gene 3
(endonuclease), gene 4 (DNA primase), gene 5
(DNA polymerase), and gene 6 (exonuclease).
Recombination is independent of the host and
phage ligase, DNA packaging, and maturation
functions. To understand the molecular mecha-
nisms of genetic recombination, we have been
studying this process in vitro.

In vitro genetic recombination ofT7 DNA was
first observed by using a recombination-packag-
ing assay (18). Recombination between endoge-
nous and exogenous DNAs could be demon-
strated by both genetic and physical means (13,
16, 18, 26). In a subsequent refinement of this
assay, an in vitro recombination-packaging sys-
tem was developed, which was independent of
the level of endogenous DNA (15). It was found
that T7 recombination in vitro could proceed via
three pathways. The first was the wild-type
pathway, in which all T7 gene functions were

operative. The second was the endonuclease
pathway, which required gene 3 (endonuclease)
and gene 5 (DNA polymerase) functions but was
inhibited by the gene 4 (DNA primase) function.
The third pathway was the exonuclease path-
way, which required the gene 6 exonuclease.
Although this assay allowed detection of re-

combination between two exogenously added
DNA molecules, it proved to be of limited use in
defining the mechanisms of in vitro recombina-
tion. Because the recombination reaction in-
volved incubations with two crude cell extracts,
followed by plating for viable phage progeny,
one could not draw definitive conclusions con-
cerning the relative contributions of each step
toward the recombination process (17).
Because our ultimate aim is to study the

molecular mechanism of T7 recombination by
fractionating the process into separate compo-
nents, a direct physical assay which allows us to
study in vitro recombination is desirable. In this
paper, we describe the development of such an
assay and its application in determining the
genetic requirements for T7 recombination in
vitro.

MATERIALS AND METHODS

Bacteria and bacteriophages. The bacterial and
phage strains used were those described previously
(13).

Preparation of infected cell extracts. T7 mutant-
infected cell extracts were prepared by infecting Esch-
erichia coli B with T7 phages that carried amber
mutations in the defective genes (for example, T7 3--
infected cell extract was made from a T7 3am infec-
tion, and 4- extract was made from a T7 4am infec-
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FIG. 1. Scheme for the physical assay of genetic recombination. Two T7 mutant DNAs are used as substrates
in the assay. The first mutant contains a unique EcoRI site at position 46% from the left end of the genome (the
DNA is called sRI [sensitive to EcoRI]), and the second contains a unique HindIlI site at 72% (sHindIII2). Thus,
these two unique restriction sites can serve as recombination markers, and recombination between them
generates a recombinant DNA which contains both sites (a). This can be detected after restriction digestion and
gel electrophoresis by the appearance of a newly formed 26% restriction fragment (b). The
reciprocally recombined molecule which contains neither restriction site can also be detected by the presence of
a 56% fragment. BstNI and BglI are used in the assay in addition to HindIll and EcoRl. BstNI is used to digest
selectively the E. coli chromosomal DNA, and BglI is used to resolve the 26% recombinant fragment from the
28% parental fragment.

tion, etc.), except for the following infections. T7 3-
4- 5--infected cell extract was made from a T7
3am4am5am9aml9ts infection, and T7 3- 4- 5- 6--
infected cell extract was made from a T7 3am4am-
Sam6aml9ts infection. Since both gene 9 (prohead
scaffplding protein [14]) and gene 19 (DNA maturation
protein [2]) are not involved in genetic recombination
(3), the absence of these gene products from infected
cell extracts should not affect recombination. For
convenience, references to these phages below omit
mention of the 9am and 19ts mutations.
E. coli B was infected with T7 phage at a multiplicity

of infection of 5, as described previously (15). The
infected cells were then chilled and centrifuged at
4,000 x g for 5 min. The pellet was suspended in 1/200
volume of T7 diluent (20 mM Tris-hydrochloride [pH
7.4], 10 mM MgSO4, 0.5% NaCl, 10 ,ug of gelatin per
ml) and incubated with 500 pLg of lysozyme per ml at

0°C for 30 min. The concentrated cells were frozen in
dry ice and then thawed at 30°C before use. Infected
cells could be stored at -90°C for at least 2 weeks.

In vitro recombination assay. Infected cell extracts
were thawed at 30°C and centrifuged at 37,000 x g for
15 min. Then 10 ,ul of the supernatant was added to an
equal volume of T7 diluent and 3 ,ug of T7 DNAs
(equal amounts of sRI and sHindIII2 DNA). Each
reaction mixture was supplemented with 1 mM ATP
and the four deoxynucleoside triphosphates (0.1 mM
each). The mixture was incubated at 30°C for 60 min,
and then the reaction was stopped by adding EDTA
and Sarkosyl (5) along with 100 ,ug of proteinase K per
ml. After 2 h at 42°C, the DNA was extracted with
phenol, precipitated with ethanol, and digested with
BglI, BstNI, EcoRI, and HindIll (5). One-half of the
reaction mixture was then subjected to agarose gel
electrophoresis (5).
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FIG. 2. In vitro recombination promoted by T7 mutant extracts. Single- and multiple-mutant extracts were
prepared as described in the text. The abilities of these extracts to promote recombination were assayed as
described in the legend to Fig. 1. Recombination is indicated by the presence of the 26% recombinant band, as
determined by ethidium bromide staining (A). Since the T7 mutants used to prepare the infected cell extracts did
not contain either restriction marker, the 56% band could not be used to score for recombination due to the
presence of parental DNA in the extract. To confirm the results, the same gel was blotted onto a nitrocellulose
filter and hybridized with a DNA probe which corresponded to the 26% recombinant fragment (B). The results
were consistent with the results obtained in (A), except with the 3- 4- extract. Since ethidium bromide staining
allows detection of recombination frequencies only greater than 1.0%, this implies that the 3- 4- extract
promoted less than 1.0% recombination.

Filter hybridization. To prepare a suitable probe, T7
sRIsHindIII2 DNA was digested with EcoRI and
HindIll, and the DNA fragment bounded by the two
restriction sites was recovered from an agarose gel by
electroelution and labeled in vitro (12).
The agarose gels were blotted onto nitrocellulose

sheets (21) and hybridized with a nick-translated DNA
probe in a solution containing 0.9 M NaCl, 0.05 M
NaPO4 (pH 7.0), 5 mM EDTA, 0.3% sodium dodecyl
sulfate, 30 ,ug of denatured calf thymus DNA per ml,
and a heat-denatured 32P-labeled DNA fragment (2 x
105 cpm/ml). Hybridization was done at 65°C for 16 h,
and the filter was washed as described elsewhere (5).

RESULTS
Rationale of recombination assay. We have

previously shown the feasibility of using restric-
tion enzyme site polymorphisms to study genet-
ic recombination of T7 DNA in vivo (5). In this
study we used the same approach to assay T7
recombination in vitro. A change in linkage
between unique restriction sites can be detected
by agarose gel electrophoresis without the need
to resort to packaging of DNA into viable phage

particles (15). The rationale for the assay is
summarized in Fig. 1.
As determined by control experiments, this

assay was sensitive enough to detect as little as
1% recombination by using only ethidium bro-
mide staining and UV illumination. The sensitiv-
ity of this assay could be increased another
10-fold by Southern hybridization with a 32p_
labeled DNA probe (5). However, the sensitivity
could not be further enhanced by using 32p-
labeled probes of higher specific activity or
longer exposures of Southern blots due to back-
ground noise from random DNA degradation by
the crude extracts.
Recombination mediated by various T7 mutant

extracts. We previously used a similar assay to
determine the genetic requirements for T7 re-
combination in vivo (5). Therefore, it was of
interest to determine whether the genetic re-
quirements for in vitro recombination were con-
sistent with the in vivo requirements. Further-
more, since our previous results based on the
two-stage biological assay suggested the exis-
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tence of three in vitro pathways by which cross-
ing over can occur (15), we wanted to determine
whether this direct assay could confirm our
previous results.
To determine the role of each gene product,

extracts made from cells infected with T7+
phage, as well as with mutants in genes 3, 4, 5,
and 6, were tested for their ability to promote
recombination. These gene products have previ-
ously been implicated in T7 recombination in
vivo (3, 5, 9). Our results are shown in Fig. 2.
Certain gene 6- extracts cause site-specific
cleavages of T7 DNA in vitro (6). Since the
anomalous cleavage products can migrate at the
same position as the recombinant band, they
might interfere with our ability to detect recom-
bination. This problem was circumvented by
modifying the experimental protocol, and the
results are shown in Fig. 3.
To eliminate the possibility that the recombi-

nant bands observed by ethidium bromide stain-
ing were due to E. coli chromosomal DNA or
incompletely digested T7 DNA, the gels shown
in Fig. 3 and 4 were blotted and hybridized with
a 32P-labeled T7 DNA fragment corresponding
to the 26% recombinant fragment (see above)
(Fig. 2B).
Recombination frequencies were estimated by

densitometric scanning of a photographic nega-
tive of the ethidium bromide-stained gel. The
percentage of recombination was then calculat-
ed from the area under the peaks. (A concern in
using this type of analysis is that this method
only gives a rough estimate due to the logarith-
mic response of photographic film to exposure
[10, 11]. However, since it is convenient and our
control experiments seemed to show a linear
correlation between the traced area and the
molecular weights, we nevertheless used the
procedure for approximating the frequency of
recombination.) The results are summarized in
Table 1.

Multiple pathways of in vitro recombination. (i)
Exonuclease pathway. We first studied the effect
of single mutations in genes 3, 4, 5, and 6 on in
vitro recombination. These experiments showed
that extracts made from gene 3, 4-, or 5-
mutant-infected cells each promoted efficient
recombination (Fig. 2, lanes b through d),
whereas a gene 6- mutant-infected cell extract
did not (Fig. 3, lane a). Furthermore, 3- 4- 5-
extracts promoted recombination, but the 3- 4-
5- 6- extract did not (Fig. 2, lanes j and m).
These results suggested that of genes 3, 4, 5, and
6, only the gene 6 product was needed for in
vitro recombination. This is consistent with our
previous findings, and in accordance with our
initial nomenclature (15), we designate recombi-
nation promoted by a 3- 4- 5- extract as the
exonuclease pathway.

(ii) Endonuclease pathway. The results de-
scribed above showed that in vitro recombina-
tion was dependent on the presence of the gene 6
exonuclease (Fig. 3, lane a). However, a 4- 6-
extract was able to promote genetic recombina-
tion in vitro (Fig. 3, lane b). Again, this finding
confirmed the finding obtained with a biological
assay (15), and this pathway of recombination
has been called the endonuclease pathway.
Since neither a 3- 4- 6- extract nor a 4- 5- 6-
extract gave recombination (Fig. 2, lane k, and
Fig. 3, lane c), this pathway required the func-
tions of both gene 3 (endonuclease) and gene 5
(DNA polymerase), but gene 4 (DNA primase)
function was inhibitory and therefore had to be
absent for recombination to occur.

(iii) Modulation of recombination activity by
the gene 4 and 5 proteins. Although the gene 6
exonuclease could mediate recombination by
the exonuclease pathway (Table 1), the recombi-
nation frequency was reduced from 8% in a 3-
4- 5- extract to less than 1% in a 3- 4- extract
(Fig. 2A, lanes e and j). In fact, recombination
could only be detected by Southern hybridiza-
tion. Since the only difference between these
two extracts was the presence of the gene 5
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FIG. 3. In vitro recombination promoted by T7 6-,
4- 6-, and 4- 5- 6- mutant-infected cell extracts.
Since some T7 6- mutants exhibit site-specific DNA
cleavages in vivo and in vitro (6), these DNA cleavage
fragments interfered with our detection of recombina-
tion. To assay for recombination, we modified our
procedure as follows. DNA was incubated and ex-
tracted as described in the text and then subjected to
restriction digestion with only BstNI and BglI. The
digested mixture was then separated by electrophore-
sis on a low-melting-point agarose gel. This allowed
the fast-migrating fragments (which included any
anomalous cleavage products) to be separated from
the slowly migrating 56% DNA band, which arose
from the BglI cleavages (see Fig. 1). The latter band
was then excised and recovered after heating and
phenol extraction. This DNA was then digested with
HindIII and EcoRI and subjected to electrophoresis,
as before. Only the ethidium bromide-stained gel is
shown.
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DNA polymerase in the 3- 4- extract, this
finding could be interpreted to mean that the
gene 5 function was inhibitory to the exonucle-
ase pathway. When the recombination catalyzed
by the 3- 4- extract was compared with that
catalyzed by the 3- extract (Fig. 2, lane b), in
which the gene 4 DNA primase was functional,
the recombination frequency returned to the
wild-type level. This implies that the presence of
the gene 4 protein can relieve the reduced re-
combination rate in 3- 4- extracts.
Our hypothesis that there are at least two

pathways for in vitro recombination is consis-
tent with other observations (Fig. 2 and Table 1).
Both a 3- 5- extract and a 4- 5- extract
promoted recombination because the gene 6
exonuclease was present. On the other hand, the
3- 6-, 5- 6- and 3- 5- 6- extracts did not
catalyze recombination because essential com-
ponents from both the exonuclease pathway
(gene 6 exonuclease) and the endonuclease path-
way (gene 3 endonuclease and gene 5 DNA
polymerase) were absent.
Other requirements. In vitro recombination

was dependent on T7 infection since uninfected
E. coli extracts did not promote recombination.
Furthermore, recombination was independent of
the E. coli recA function since extracts from T7-
infected recA cells still promoted efficient re-
combination (data not shown). Since T7 codes
for a function which inactivates the host recBC
nuclease (27), we think it improbable that the
recBC enzyme plays a role in our system.
We routinely added ATP and four deoxynu-

Genes: 3

Proteins: I
endonuclease ;

Recombination:
Endonuclease

pathway
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TABLE 1. Abilities of various mutant-infected cell
extracts to promote recombinationa

T7 extract Recombination Recombination

Wild type + 4.1
3- + 5.2
4- + 7.2
5- + 12.9
6- - <0.1

3- 4- - <1.0
3- 5- + 5.2
3- 6- - <0.1
4- 5- + 13.6
4- 6- + 4.4
5- 6- - <0.1

3- 4- 5- + 8.3
3- 4- 6- - <0.1
3- 5- 6- - <0.1
4- 5- 6- - <0.1

3- 4- 5 6- - <0.1

a The in vitro genetic recombination promoted by
various single- and multiple-mutant extracts was de-
termined. The results were derived from Fig. 2 and 3.
To quantitate the amount of recombination mediated
by the infected cell extracts, the negative films of the
ethidium bromide-stained gels (see Fig. 2A) were
analyzed by densitometric scanning. The recombina-
tion frequencies were calculated by using the following
formula: recombination frequency = [(area under the
26% band x 100/26)/(area under the 18% band x 100/
18)] x 100.

cleoside tnpnospnates to our reaction mixtures
to avoid the extensive degradation of exogenous
DNA which occurs upon incubation with certain

4 5 6 T7-infected cell extracts. For example, when
I I@ incubated with a gene 5- extract in the absence

of ATP, the DNA underwent extensive degrada-
tion. DNA ligase was also an important compo-

primase DNA exonuclease nent in preventing extensive degradation of the
polymerase DNA substrate since the triphosphates were

ineffective in preventing DNA degradation if
phage ligase (gene 1.3) was mutated in addition
to gene 5. It is likely that the gene 6 exonuclease
was largely responsible for this extensive degra-
dation since the DNA was stable in a gene 6-

Exonuclease extract (data not shown).
pathway

FIG. 4. Modulation of recombination by both T7
gene 4 and T7 gene 5 products. In vitro recombination
can be achieved via two pathways. The first of these is
the exonuclease pathway, which requires only gene 6
exonuclease. The second is the endonuclease path-
way, which requires both gene 3 (endonuclease) and
gene 5 (DNA polymerase) functions. The exonuclease
pathway can be inhibited by the DNA polymerase.
This inhibition is relieved by the presence of the gene 4
primase. The primase can also inhibit the endonucle-
ase pathway.

DISCUSSION
We have developed a simple physical assay to

study T7 general recombination. This assay uses
two T7 DNAs as substrates, each having a
unique restriction endonuclease site as a mark-
er. Recombination between these two markers is
detected by restriction digestion, followed by gel
electrophoresis. This assay is capable of detect-
ing as little as 0.1% recombination when it is
coupled with Southern hybridization.
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We used this assay to study the involvement
of T7 genes in recombination in vitro. Our
results in studies with crude extracts suggest
that recombination may proceed via at least two
pathways in vitro. The first of these is the
endonulcease pathway, which requires the prod-
ucts of genes 3 (endonuclease) and 5 (DNA
polymerase) but is inhibited by gene 4 (primase).
The second is the exonuclease pathway, which
requires the product of gene 6 (exonuclease) but
not the products of genes 3, 4, and 5. Gene 5
function is inhibitory in this pathway, but this
inhibition can be relieved by the action of the
gene 4 protein.
Our findings are consistent with previous re-

sults obtained with a two-stage biological assay
(15). However, the physical assay described
here appears to have advantages over the previ-
ous assay in that recombination products are
detected directly without requiring any packag-
ing or plating step. This is important in that it is
not possible to estimate the extents of the contri-
butions that these intermediate steps make to-
ward the final recombination product (17). The
fact that the two assays yielded similar results
substantiates the proposal that there are at least
two pathways for in vitro recombination of T7
DNA.
Because T7 recombination in vivo absolutely

requires the functions of genes 3, 4, 5, and 6, we
still do not understand the relationship of the
endonuclease and exonuclease pathways to re-
combination in vivo. Whereas we have implicat-
ed the gene 3 endonuclease, gene 5 polymerase,
and gene 6 exonuclease in in vitro recombina-
tion, the gene 4 primase has a paradoxical role; it
stimulates exonuclease-mediated recombination
by antagonizing the gene 5 polymerase, but it
also inhibits the recombination carried out via
the endonuclease pathway. It is probable that in
wild-type-infected cell extracts these apparently
antagonistic functions are delicately balanced to
give efficient genetic recombination and that
whenever one component is altered, recombina-
tion is also affected.
We are currently using this assay to define the

mechanisms by which recombination of T7
DNA occurs in vitro.

ACKNOWLEDGMENTS

We thank Andy Becker and Lou Siminovitch for their
critical reading of the manuscript and Janice Reid for typing
assistance.

This work was supported by grants from the Medical
Research Council of Canada and the National Institutes of
Health. P.S. is a Career Investigator of the Medical Research
Council of Canada.

LITERATURE CITED

1. Dressier, D., and H. Potter. 1982. Molecular mechanisms
in genetic recombination. Annu. Rev. Biochem. 51:727-
761.

2. Kerr, C., and P. D. Sadowski. 1974. Packaging and
maturation of the DNA of bacteriophage T7 in vitro. Proc.
Natl. Acad. Sci. U.S.A. 71:3545-3549.

3. Kerr, C., and P. D. Sadowski. 1975. The involvement of
genes 3, 4, 5 and 6 in genetic recombination in bacterio-
phage T7. Virology 65:281-285.

4. Kruger, D. H., and C. Schroeder. 1981. Bacteriophage T3
and bacteriophage T7 virus-host cell interactions. Micro-
biol. Rev. 45:9-51.

5. Lee, D., and P. D. Sadowski. 1981. Genetic recombination
of bacteriophage T7 in vivo studied by use of a simple
physical assay. J. Virol. 40:839-847.

6. Lee, D. D., and P. D. Sadowski. 1982. Bacteriophage T7
defective in the gene 6 exonuclease promotes site-specific
cleavages of T7 DNA in vivo and in vitro. J. Virol. 44:235-
240.

7. Lee, M., R. C. Miller, Jr., D. Scraba, and V. Paetkau.
1976. The essential role of bacteriophage T7 endonuclease
(gene 3) in molecular recombination. J. Mol. Biol.
104:883-888.

8. Miller, R. C., Jr., M. Lee., D. Scraba, and V. Paetkau.
1976. The role of bacteriophage T7 exonuclease (gene 6)
in genetic recombination and production of concatemers.
J. Mol. Biol. 101:223-234.

9. Powling, A., and R. Knippers. 1974. Some functions
involved in bacteriophage T7 genetic recombination. Mol.
Gen. Genet. 134:173-180.

10. Prunell, A. 1980. A photographic method to quantitate
DNA in gel electrophoresis. Methods Enzymol. 65:353-
358.

11. Pulleyblank, D. E., M. Shure, and J. Vinograd. 1977. The
quantitation of fluorescence by photography. Nucleic
Acids Res. 4:1409-1418.

12. Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg.
1977. Labelling DNA to high specific activity in vitro by
nick translation with DNA polymerase 1. J. Mol. Biol.
113:237-251.

13. Roberts, L., R. Sheldon, and P. D. Sadowski. 1978. Genet-
ic recombination of bacteriophage T7 DNA in vitro. IV.
Asymmetry of recombination frequencies caused by po-
larity of DNA packaging in vitro. Virology 89:252-261.

14. Roeder, G. S., and P. D. Sadowski. 1977. Bacteriophage
T7 morphogenesis: phage-related particles in cells infect-
ed with wild-type and mutant T7 phage. Virology 76:263-
285.

15. Roeder, G. S. and P. D. Sadowski. 1979. Pathways of
recombination of bacteriophage T7 DNA in vitro. Cold
Spring Harbor Symp. Quant. Biol. 43:1023-1032.

16. Sadowski, P. D. 1977. Genetic recombination of bacterio-
phage T7 DNA in vitro. II. Further properties of the in
vitro recombination-packaging reaction. Virology 78:192-
202.

17. Sadowski, P. D., W. Bradley, D. Lee, and L. Roberts.
1980. Genetic recombination of bacteriophage T7 DNA in
vitro, p. 941-952. In B. Alberts and C. F. Fox (ed.),
Mechanistic studies of DNA replication and genetic re-
combination. Academic Press, Inc., New York.

18. Sadowski, P. D., and D. Vetter. 1976. Genetic recombina-
tion of bacteriophage T7 DNA in vitro. Proc. Natl. Acad.
Sci. U.S.A. 73:692-696.

19. Smith, R. D., and R. C. Miller, Jr. 1981. Replication and
plasmid-bacteriophage recombination. I. Marker rescue
analysis. Virology 115:223-236.

20. Smith, R. D., and R. C. Miller, Jr. 1982. Plasmid-bacterio-
phage recombination. II. Density transfer analysis. Virol-
ogy 119:439-449.

21. Southern, E. M. 1975. Detection of specific sequences
among DNA fragments separated by gel electrophoresis.
J. Mol. Biol. 98:503-517.

22. Studier, F. W. 1969. The genetics and physiology of
bacteriophage T7. Virology 39:562-574.

23. Studier, F. W. 1972. Bacteriophage T7. Science 176:367-
376.

24. Tsujimoto, Y., and H. Ogawa. 1977. Intermediates in
genetic recombination of bacteriophage T7 DNA. J. Mol.

J. VIRO}L.



T7 RECOMBINATION IN VITRO 653

Biol. 109:423-436.
25. Tsujimoto, Y., and H. Ogawa. 1978. Intermediates in

genetic recombination of bacteriophage T7 DNA. Biologi-
cal activity and the roles of gene 3 and gene 5. J. Mol.
Biol. 125:255-273.

26. Vlachopoulou, P. J., and P. D. Sadowski. 1977. Genetic

recombination of bacteriophage T7 DNA in vitro. IV. A
physical assay for recombinant DNA. Virology 78:203-
215.

27. Wackernagel, W., and U. Hermanns. 1974. Inhibition of
exonuclease V after infection of E. coli by bacteriophage
T7. Biochem. Biophys. Res. Commun. 60:521-527.

VOL. 48, 1983


