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The temperate Bacillus subtilis bacteriophage ¢3T contains within its ge-
nome a locus, designated thyP3, that encodes for a protein with thymidylate
synthetase activity. Bacteriophage 43T is different from the two previously
characterized temperate phages, 0105 and SP02, in: heteroimmunity, response
to bacteriophage antisera, endonuclease digestion pattern, induction in the
presence of 6-(p-hydroxyphenylazo)-uracil, and effect on the lytic cycle of bacte-
riophage 4)1. The mean burst size of k3T is 56. The dose response curve with
bacteriophage 43T DNA is linear for transfection and transformation to the
Thy+ phenotype. The inserted prophage has been mapped by PBS1 transduction;
it is between chromosomal markers ilvA8 and gltA in the terminus of the
chromosome. Thus thyP3 maps at a site separate from, but between, the bac-
terial markers thyA and thyB when thyP3 is in the prophage state.

Infection of Bacillus subtilis usually results phage DNA.) Since our original description of
in: lysis with virulent bacteriophage such as thyP3 (M. T. Williams and G. A. Wilson,
SPOl, 4)1, or 4)e; lysogeny in the case of bacteri- Abstr. Annu. Meet. Am. Soc. Microbiol. 1975,
ophages 0 105 and SP02; the occurrence of gen- p. 110, H84; 27), Dean et al. have characterized
eralized tranduction as observed with bacterio- a bacteriophage, pll, that also can convert
phages PBS1, SP10, or SPP1; or an apparent thymine auxotrophs to prototrophy upon lyso-
low frequency of specialized transduction as re- genization (D. H. Dean, J. C. Orrego, K. W.
cently reported for bacteriophage 4105 (for re- Hutchison, and H. 0. Halvorson, personal com-
view see reference 9). An unusual genetic modi- munication).
fication was observed with phage 43T, isolated The data presented in this communication
by R. G. Tucker from a soil sample in 1964 demonstrate that integration of thyP3 occurs
(Biochem. J. 92:58p-59p, 1964). He noted that with a high frequency at a site near but
lysogeny with phage 4)3T enabled thymine aux- distinct from the chromosomal genes that regu-
otrophs to grow in the absence of exogenous late thymine biosynthesis, thyA and thyB.
thymine (18). This phage differs from the other
temperate phages in guanine plus cytosine con- MATERIALS AND METHODS
tent (18), heteroimmunity of mixed infections
(20), and number of recognition sequences for Bacteria and bacteriophage. Phage 4)3 was ob-
the restriction endonuclease EcoRI (20). This tamned from LuBelle Boice. To distinguish betweentherestrictioendonucleaseER . T the phage isolated by Tucker and a different phagestudy is aimed at further characterization of designated 4)3 by B. E. Reilly (Ph.D. thesis, Western
phage 03T, exploration of the thymine"conver- Reserve University, Cleveland, Ohio, 1965), we
sion" event, and establishment of the position designated Tucker's wild-type phage 4)3T. The prop-
of the attachment site for phage 03T and the agation and assay of phages 41, 4)105, and SP02
site of integration of the gene encoding thymi- were performed as described previously (23). Phage
dylate synthetase activity (thyP3) carried by PBS1 was used in all transduction experiments (27).
phage 43T. (Because the gene encoding thyP3 Our standard strain of B. subtilis 168 (BR 151) and
can be integrated into the chromosome in the its derivatives shown in Table 1 were used to assay
absence of the entire bacteriophage genome, we these viruses. RUB 1617 is a 43T lysogen that has
have used the term "transformation" to connote nonglucosylated teichoic acid in the cell wall. Thehave used the term '~transformation" to connote absence of glucose in teichoic acid results in a failure
the process by which thyA - thyB- recipient of adsorption of many of the viruses that infect B.
cells acquire the capacity to grow in the absence subtilis (25). Therefore this deficiency prevents reat-
of thymine after incubation with 03T bacterio- tachment of 43T to wall fragments after induction.
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TABLE 1. Strains used

Strain Genotype Source and comments
RUB 830 trpC2 pheA thyA thyB R. E. Yasbin
RUB 830 (03T) trpC2 pheA thyA thyB (43T) 03T lysogen of RUB 830a
RUB 1617 gtaB (4)3T) See Materials and Methods
CU 405 ilvA8 thyA S. Zahler
CU 438 ilvA8 ilvD15 thyA thyB S. Zahler
CU 806 ilvA8 thyB gitAl citB S. Zahler
CU 809 ilvA8 thyA thyB gitAl S. Zahler
BR 151 trpC2 metBlO lys-3 B. Reilly
BR 151 (43T) trpC2 metBi1 lys-3 (4o3T) 43T lysogen
BR 151 (4105) trpC2 metBlO lys-3 (4105) 4105 lysogen
BR 151 (SP02) trpC2 metBlO lys-3 (SPO2) SPO2 lysogen

a RUB 830 (43T) is phenotypically Thy+ due to the presence of the functional thyP3 locus.

Media and chemicals. M medium, Penassay broth __ _ _
(antibiotic medium no. 3; Difco), and tryptose blood
agar base (Difco) were used as the basic media for
propagation of bacteria and viruses (24). 6-(p-hy-
droxy-phenylazo)-uracil (HPUra) was obtained from
B. W. Langley.

Propagation of phage 43T. High titers of phage
43T were obtained by growing strain RUB 1617 in M
medium to a density of 50 Klett units (Klett-Sum- 9
merson colorimeter, filter no. 66) and inducing with 10
mitomycin C (final concentration, 0.5 ug/ml). To
form lysogens by infection with 03T, strains were J :
grown to a density of 108 CFU/ml in Penassay broth, .
and 03T was added at a multiplicity of infection
(MOI) of 1. The plaque sizes of the infectious centers Cr .
obtained from transfection were very small com- W
pared with those resulting from infection. They X
were best distinguished on tryptose blood agar base 8
plates in an overlay containing the desired bacterial 10
indicator, 2 ml of M semisolid agar, and 1 ml of LL _
tryptose broth (Difco). Infection with wild-type 413T 0L
yielded turbid plaques the same size as SP02 but
with a very rough turbid zone.

Antisera. Antisera against )3T and SP02 were
prepared by injecting rabbits with approximately
1011 PFU once a week for 3 weeks. After a 2-week
period, the rabbits were given a fourth injection and 7
bled 1 week later. 10

0
I X l

120
Single-step burst experiment. BR 151 (q43T) was 0 30 60 90 120

grown at 37°C in a shaking air bath to an optical
density of 50 Klett units in M medium in the pres- MINUTES AFTER INDUCTION
ence of qb3T antiserum. The cells were pelleted and
washed twice in M medium and then resuspended in FIG. 1. Burst size of bacteriophage 43T. BR 151
M broth, and mitomycin C was added. PFU were carrying 43T was grown at 37°C at 250 rpm to an
assayed at various times after induction (3). No optical density of 50 Klett units in M broth in the
more than 100 phage could be liberated by a single presence of phage 43T antiserum. The cells were
cell (Fig. 1). To confirm this result, an analysis of pelleted, washed twice, and resuspended inM broth,
the burst size was performed as described by Adams and mitomycin C (final concentration 50 pg/ml) was
(1). added. PFU were assayed at various times after in-
Genetic analysis. The transformation and trans- duction.

fection procedures used in this study were described
previously (4, 27). Standard methods for propaga-
tion of PBS1 transducing lysates and the transduc- tants for the selected marker on a susceptible lawn
tion procedure were used (26). The donor lysates in M agar and scoring the clones that gave rise to
carried the thyP3 and 43T (except where noted in areas of lysis. Confirmation of the presence of the
the text). Crosses were performed in the presence of transduced prophage was made by streaking recipi-
43T antiserum to preclude infection. The position of ents onto a lawn ofa clear-plaque mutant of4O3T and
the att43T locus was mapped by streaking transduc- scoring the surviving colonies.
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RESULTS (iii) Inhibition with HPUra. The inhibition
Comparison of phage 4?3T to other temper- of the host DNA polymerase III by HPUra led

ate phages. (i) Burst size. After the addition of to marked reduction of virus production with
mitomycin C, there was approximately a 30- phage I405 but not phage SPO2 (14). To deter-
min lag before the onset of viral production. mine the effect of HPUra on phage 4)3T, lyso-
The average burst size did not exceed 100 vi- genic cultures were induced by mitomycin C in
ruses per lysogenic cell (Fig. 1) After induction the presence and absence of 250 ,ug of HPUra
of a 43T lysogen with mitomycin C, serial dilu- per ml. Phage 43T, like phage SPO2, was not
tions were made as described by Adams (1). In a inhibited by HPUra (Table 3).
representative experiment consisting of an as- (iv) Exclusion of viral replication. The pres-
say of 50 dilution tubes, 38 had no PFU and the ence of lysogenic phages has been shown to
remaining tubes had 21, 21, 21, 32, 34, 34, 83 result in the exclusion of other viral infections
84, 85, 92, 132, 150 PFU, respectively, for a total (9). The most carefully studied interactions in
of 789 PFU. The Poisson formula is: P(r) - B. subtilis have been between cells carrying
nre-/r!, in which P(r) is the proportion of plates SPO2 and the virulent phage 441 or 4e. To
containing r-induced lysogenic bacteria when determine whether phage 41 is excluded by
the average number of induced lysogens per lysogeny with phage 43T, various lysogens
plate is n. Therefore: were infected by phage 41. There was no signif-

icant exclusion of 41 by phage 43T (Table 4).
P(A) = 38/50; thus n = 0.274 Integration of the gene encoding thymidyl-

induced lysogens per plate ate synthetase (thyP3). (i) Requirement for
P(1) = 10/50 plates with one induced lysogen integration of the complete phage genome.
P(2) = 2/50 plates with two induced lysogens Three experiments were designed to determine

whether the gene encoding thyP3 could be inte-
We must then have an average of 789 total PFU grtdithabecofheomlevrlg-
per 14 induced lysogens or 56 phage liberated grated in the absence of the complete viral ge-perlysogenduced lysoensor5phgelber nome. First, we compared the efficiency of
per lysogen. transfer ofthyP3 during infection and transfec-

(ii) Phage neutralization. Because phages tion with mature and prophage DNA at a final
SPO2 and 4405 share antigenic components, it concentration of approximately 0.1 ug/ml. Sur-
was necessary to determine whether there was prisingly, the efficiency of cotransfer of thyP3
cross-reaction among the structural compo- with the phage genome varied with the mode of
nents of phage 43T and other characterized delivery of genetic information (Table 5). When
temperate viruses. Phage SPO2 antiserum neu- cells were transformed with mature phage
tralized phage 4405 but not 43T, and phage DNA and the Thy+ recombinants were selected,
4)3T antiserum did not neutralize either phage none contained the complete prophage genome.
SPO2 or 4405 (Table 2).

TABLz 4. Efficiency ofplating of bacteriophage 61
TABLz 2. Neutralization by specific phage antisera on lysogens ofBR 151

K value against: Host PFU/ml
Antiserum BR 151 5.9 x 109

4,3T4u105 SPO2 BR 151 (4o3T) 4.7 x 109
43T 250 0 0 BR 151 (4105) 5.4 x 109
SPO2 0 250 250 BR 151 (SPO2) <103

TABLE 3. Induction of bacteriophage in the presence ofHPUraa

PFU at:

Bacteriophage Control (h)b Experimental (h)c

0 3d 0 3

4b3T 6.2 x 105 2.2 x 109 2.8 x 10' 1.1 x 109
4105 5.6 x 104 1.6 x 109 3.1 x 104 3.6 x 104
SPO2 2.2 x 105 4.4 x 109 4.1 x 104 1.4 x 109

a Lysogens of 43T, 4105, and SPO2 were grown to a cell density of 10' cells/ml and induced by transfer
into medium containing mitomycin C with or without HPUra.

b Contained 2.5 mM NaOH for pH equilibration.
c HPUra at final concentration of 250 ,ug/ml.
d PFU were measured immediately after transfer and after 3 h ofincubation as described in Materials and

Methods.
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TABLE 5. Cotransfer of 43T and thyP3 similar. Only at high concentrations of DNA
% of unselected trait on: did the numbers of Thy+ transformants andtrait_

b

PFU approach each other. On the other hand,
trait Infection Transfectionb the frequency of transformation for Trp+ was

Thy+a 98 (MOI = 1.0) 56 (prophage DNA) always 10- to 20-fold greater than that of Thy+.
69 (MOI = 0.1) 0 (mature DNA) (iii) Comparison of Thy+ transformants and

PFUc 100 lood PFU after transfection with mature phage
a RUB 830 was incubated with either intact DNA. Previous experiments with phage infec-

phage, prophage DNA, or mature DNA and selected tion (11) and transfection (19) have indicated a
for Thy+ CFU. These CFU were then tested for the unque order of penetration of phage DNA. To
presence ofthe phage genome by their ability to lyse determine the efficiency of Thy+ transforma-
a nonlysogen. tion as compared with transfection and to es-
bDNA concentration was 0.1 jig/ml. tablish the kinetics of these events, mature
c RUB 830 lysogens from infection or transfection phage DNA was incubated with competent cells

were assayed for Thy+. from strain RUB 830, and the reaction was
d For both prophage and mature DNA.

TABLz 6. Survival of Thy+ transforming activitya
In contrast, 56% of the Thy+ recombinants ob- Transformants/ml
tained with prophage DNA yielded phage. Al- Experimental conditions
though 98% of the Thy+ recombinants after in- Thy+ PFU
fection at an MOI of 1.0 yielded phage, this 43T DNA 9.8 x 104 50
number was decreased significantly at a lower 03T DNA + BamEH 9.4 x 104 <10'
MOI. On the other hand, when survivors in qb3T DNA + DNase <10' <10'
plaques were picked, all of the lysogens carried a Bacteriophage DNA was treated with BamHiI
thyP3. Second, we treated the mature phage (22). After 5 h of digestion, samples were removed
DNA with the site-specific endonuclease for assay of Thy+ transformants and PFU as de-
BamHI. thyP3 activity was still present in 5-h scribed in Materials and Methods.
digests even though plaque-forming activity
had been destroyed (Table 6). Finally, the frag- X
ment carrying the thyP3 gene has been purified .J.J
by agarose gel electrophoresis (G. A. Wilson W
and F. E. Young, unpublished observations). 6
Under these conditions it is possible to intro- Do* Trp'
duce the thyP3 gene with fragment A obtained -

after digestion with the site-specific endonucle- cc lop -
ase BamHI (17). w

(ii) Efficiency of transformation for thyP3. a. Thy
Previous studies in our laboratory have demon- a4 PF U
strated that heterologous DNA is incorporated Z
at a low frequency as compared with intergen- /
otic DNA (21). To compare the efficiency of /
transformation of thyP3 and trpC2, DNA was u _
isolated from a prototrophic lysogen carrying , .
phage 43T and incubated with competent cells f 2
of RUB 830. The slope of the dose response 1_
curve for infectious centers was approximately z
one (Fig. 2), as in the case of 4105 prophage .4
DNA (15). Spatz and Trautner have shown that < 10
there is a linear relationship between DNA '-z
concentration and transfection with DNA iso- 4
lated from lysogens of 4105 or SPO2. They con- ,
cluded that cooperative interaction of molecules 0 0.03 0.3 3.0 30
was not required to produce an infective center. Cz
Our observations with phage 43T support the 4 DNA (jpg per ml)
hypothesis that molecules from temperate ,
phages do not undergo a type of inactivation FIG. 2. Dose response curve for transformation
that necessitates cooperative interaction be- with 43T prophage DNA. DNA from strain CU 809
tween molecules of DNA (16). The slope of the (03T) was used to transform competent RUB 830.
curves for Thy+ and Trp+ transformants were Thy+ and Trp+ CFU and 43TPFU were assayed.
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terminated with DNase as a function of time competent cells. These data, in concert with the
(Fig. 3). The efficiency of Thy+ transformants physical mapping data (17), indicate that the
was significantly greater than PFU at all gene encoding thymidylate synthetase activity
points examined. Most of the Thy+ transform- is not at one end of the molecule. Alternatively,
ants did not contain the complete prophage ge- there may be only a short lag between the
nome. Furthermore, Thy+ transformants ap- uptake of the thyP3 gene and the entire mole-
peared after a lag of 3 min, whereas PFU were cule of phage 03T DNA. Because the mature
not detected until after 5 min of incubation with 03T DNA migrates as a single band in agarose-

ethidium bromide gel electrophoresis, it is un-
likely that Thy+ transformants occur solely

.J from fragmented DNA. Experiments are in
progress to analyze the rate of entry with mu-
tants of phage 43T.
Chromosomal location of 43T prophage.

Although the thyP3 gene encoding thymidylate
synthetase activity is apparently integrated

U.lo4 - | PFU into the chromosome, its relationship to thyA
and thyB remains to be established. It is doubt-
ful that 03T codes for an amber suppressor

10flos 5 / _ function, since lysogenization with 43T does
suppress the hisB2 mutation or allow infection
of known sus phage (M. T. Williams, unpub-
lished observations).
The thyP locus and attachment site of 03T

'K l lintegration were mapped by PBS1-mediated
transduction (Table 7). All transduction crosses
were performed in the presence of 43T antisera.
The relative positions of thyP and att 03T are
displayed in Fig. 4. It can be seen that the

10 20 30 40 w 60o integration site for phage 03T appears in the
MINUTES BEFORE DNese ADDITION terminal region of the chromosome, separate

FIG. 3. Rate ofentry ofthyP3 versus PFU. Mature from thyA and thyB but between these loci.
bacteriophage 43T DNA (0.1 pg/ml) was incubated Unfortunately, there are not numerous auxo-
with competent cells of strain RUB 830. As a func- trophic markers in this region. Therefore, fine-
tion of time, the reaction was terminated by DNase structure analysis must await the isolation of
(50 Mg/ml), and Thy+ transformants and PFU were more mutants in the terminus of the chromo-
determined. some.

TABLE 7. Linkage of 03T to chromosomal markersa

Selected Cotransfer of unselected markers

marker metB iluD thyB ilvA att43T thyP gltA thyA

metB 857 (18.3) 49 (92.9) 8 (95.9) 0
1,049 689 193 293

ilvD 374 (2.9) 1,416 (4.6) 15 (95.6) 0
385 1,484 339 189

thyB 186 (7.0) 188 (6.0) 0
200 200 200

ilvA 144 (8.3) 444 (1.1) 97 (81.0) 32 (88.7) 11 (97.6)
157 449 510 284 465

thyP 2 (96.6) 1 (93.8) 7 (93.6) 100 (13.8) 6 (93.6)
58 16 110 116 94

gltA 0 5 (95.0) 8 (98.6) 82 (42.7)
407 100 567 143

a Frequency of linkage of unselected donor marker found in selected markers in various recipients. The
rates show the actual number of donor-type recombinants (numerator) and the total number of transduc-
tants examined (denominator). The data in the parentheses are the recombination frequencies (1 -percent-
age of cotransfer).
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FIG. 4. Genetic map ofthe terminal region ofthe B. subtilis chromosome showing the attachment site ofthe
(3T genome and thyP3 locus. Map distances are based on the PBS1 transduction analysis shown in Table 7.

DISCUSSION and T6. The lytic phage (e contains 5-hydroxy-
methyluracil in its DNA in place of thymine.

During lysogeny, the viral genome is inte- Upon infection of B. subtilis, (e not only in-
grated into the bacterial chromosome (2). The duces the new enzyme dUMP hydroxymethyl-
maintenance of the integrated (or prophage) ase, but also gives rise to an inhibitor of host
state usually involves repression of certain re- thymidylate synthetase. The effect of this inhi-
gions of the viral genome. During lysogeniza- bition is to preclude the incorporation of thy-
tion by some viruses, a portion of the viral mine into (e DNA by preventing the thymidyl-
genome may continue to function. This results ate synthetase from competing with dUMP hy-
in the acquisition of a new property (lysogenic droxymethylase for their common substrates
conversion), as in the conversion of nontoxino- (8).
genic strains of Corynebacterium diphtheriae Although thymidylate synthetase is present
to lysogenic, toxinogenic strains by exposure to in uninfected E. coli, Matthews (12) has shown
the temperate phage (t0X+ (7). A particular lo- that the presence of a phage gene for thymidyl-
cus on the phage genome, designated tox, is the ate synthetase is necessary for normal burst
structural gene for the diphtherial toxin. The size of phage T4. The thymidylate synthetase
tox gene can be expressed in three different molecules produced by phages T2, T4, T5, and
states of the phage otx+ genome: (i) as a non- T6 are not identical, however, and in the case
replicating, nonintegrated intracellular phage; of T4 the molecule also becomes a structural
(ii) as a replicating vegetative phage; and (iii) element of the capsid protein (5). It must be
as a repressed, integrated prophage. A similar emphasized that all these infections are lytic.
situation appears to exist in Bacillus cereus We agree with Tucker (18) that the B. sub-
strain w (S,wx). When the bacteria are cured of tilis phage (3T is indeed temperate as evi-
prophage wx, the ability to produce the bacteri- denced by the following: (i) despite repeated
ocin phospholipase A is also lost. The capacity subculture, the lysogen remains stable; (ii) free
is restored by infection with bacteriophage wx phage may be liberated upon induction of the
(10). lysogen by mitomycin C; and (iii) cultivation
The relationship between certain viral infec- in specific phage antiserum has no effect on the

tions and thymidylate synthetase activity has lysogenic state. We have confirmed Tucker's
been noted in various systems (6). The effects observation that forination ofa stable prophage
range from a rapid decrease in thymidylate in a thymine-requiring host results in restora-
synthetase activity during phage (be infection of tion of thymidylate synthetase activity to wild-
B. subtilis to the appearance of phage-deter- type levels, and we are currently working on
mined thymidylate synthetase activity inEsch- further enzyme purification and interaction
erichia coli infections with phages T2, T4, T5, with antifolates. Integration takes place near
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the terminus of the B. subtilis chromosome 3. Birdsell, D. C., G. M. Hathaway, and L. Rutberg. 1969.
and every stable lysogen thus produced isThy+. Characterization oftemperateBacillus bacteriophage
Fufthermoe,integrtion of hyP can ocur in 4405. J. Virol. 4:264-270.

Furthermore, integration of thyP can occur in 4. Boylan, R. J., N. H. Mendelson, D. Brooks and F. E.
the absence of the complete phage genome. Young. 1972. Regulation of the bacterial cell wall:
At present we do not know how much of the analysis of a mutant of Bacillus subtilis defective in

viral genome is incorporated with the gene en- biosynthesis of teichoic acid. J. Bacteriol. 110:281-
codingthymidylate synthetase activity 290.

coding thymidylate synthetase activity 5. Capco, G. R., and C. K. Mathews. 1973. Bacteriophage-
(thyP3). Recent studies from our laboratory (R. coded thymidylate synthetase. Evidence that the T4
S. Graham and G. A. Wilson, Abstr. Annu. enzyme is a capsid protein. Arch. Biochem. Biophys.
Meet. Am. Soc. Microbiol. 1976, p. 97) have 158:736-743.
demonstratetha.activity rem .

6. Freidkin, M. 1973. Thymidylate synthetase. Adv. En-dtemonstrated that thyP activity remains after zymol. 38:235-292.
treatment ofthe mature phage DNA with endo- 7. Gill, D. M., T. Uchida, and R. A. Singer. 1972. Expres-
nucleases BamHI, Bgl II, Pst, and even EcoRI sion of diphtheria toxin genes carried by integrated
(22). Only DNase I completely inactivates the and nonintegrated phage beta. Virology 50:664-68.
thyP gene (Table 3) Recent analysis of this 8. Haslam, E. A., D. H. Roscoe, and R. G. Tucker. 1967.
thyPgne(Tble3) Recet analsis o this Inhibition of thymidylate synthetase in bacterio-

viral genome by a rapid procedure of physical phage infected Bacillus subtilis. Biochim. Biophys.
mapping has established that thyP3 resides on Acta 134:312-326.
fragment A (approximately 36.6 megadaltons) 9. Hemphill, H. E., and H. R. Whiteley. 1975. Bacterio-
of this 74.8-megadalton virus (17). This study phages of Bacillus subtilis. Bacteriol. Rev. 39:257-
also determined that the phage is linear and not 10. Ivanovics, G., V. Gaal, and B. Pragai. 1974. Lysogenic
circularly permuted. Dean and co-workers (D. conversion to phospholipase A production in Bacillus
N. Dean, J. C. Orrego, K. W. Hutchinson, and cereus. J. Gen. Virol. 24:349-358.
H. 0 Halvorson personal communication), us* 1 1. McAllister, W. T. 1970. Bacteriophage infection: whichH. 0. Halvorson personal communication), us- end of the SPO2G genome goes in first? J. Virol.
ing a closely related phage isolated by J. Hoch 5:194-198.
(pll), noted numerous similarities between 12. Mathews, C. K. 1965. Phage growth and deoxyribonu-
p 11 and 43T, but demonstrated that there were cleic acid synthesis in Escherichia coli infected by a
miordifeenesinEcoRI digests of the two thymine-requiring bacteriophage. J. Bacteriol.minor differences in zcoi s. c .lgests OI tne two 90:6U-652.

phage genomes. More recently we have estab- 13. Radding, C. M. 1969. The genetic control of phage-
lished major differences in gel patterns with a induced enzymes. Annu. Rev. Genet. 3:363-394.
variety of restriction nucleases (R. S. Graham, 14. Rutberg, L., R. W. Armentrout, and J. Jonasson. 1972.
varsonal co uniction.Unrelatedness oftemperate Bacillus subtilis bacteri-personal communication). ophages SPO2 and 4105. J. Virol. 9:732-737.
The regulation of thymidylate synthetase ac- 15. Rutberg, L., J. A. Hoch, and J. Spizizen. 1969. Mecha-

tivity and the mechanism of integration of the nism of transfection with deoxyribonucleic acid from
thyP3 gene in the chromosome ofB. subtilis are the temperate Bacillus bacteriophage 4105. J. Virol.
someofthemorintriging quetions. f thyP3 4:50-57.

some of the more intriguing questions. If thyP3 16. Spatz, H. Ch. and T. A. Trautner. 1971. The role of
was originally a bacteriophage gene, then it is recombination in transfection in B. subtilis. Mol.
to our knowledge the only example of a high- Gen. Genet. 113:174-190.
frequency integration of a bacteriophage gene 17. Thomas, E. K., E. M. Hailparn, G. A. Wilson, and F.
into the chromosome of the host We are cur-

E. Young. 1976. Physical mapping of bacteriophageintothhrmsmeohehs.eaeuDNA by exonuclease IH and endodeoxyribonuclease
rently exploring the amount of bacteriophage BamHl. V, p. 605-610. In D. P. Nierlich, W. J. Rut-
genetic information integrated with the thyP3 ter, and C. F. Fox (ed.), Molecular mechanisms in the
gene and attempting to elucidate the regulation control of gene expression. Academic Press Inc., New
ofthishagegee in thebacteril host.York.of this phage gene in the bacterial host. 18. Tucker, R. G. 1969. Acquisition of thymidylate synthe-

tase activity by a thymine-requiring mutant ofBacil-
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