JOURNAL OF VIROLOGY, Apr. 1981, p. 115-124
0022-538X/81/040115-10$02.00/0

Vol. 38, No. 1

Alignment of a Restriction Map with the Genetic Map of

Bacteriophage T4

JIING KUAN YEE anp ROBERT C. MARSH*
Biology Program, University of Texas at Dallas, Richardson, Texas 75080

Received 1 October 1980/Accepted 31 December 1980

A restriction map of the bacteriophage T4 genome was aligned with the T4
genetic map. Included were the cleavage sites for BamHI, Bglll, Kpnl, Puvul,
Sall, and Xbal. The alignment utilized the fact that the T4 genetic map had been
oriented previously with respect to a T2/T4 heteroduplex map. DNA fragments
from a BglII digestion of cytosine-containing DNA from a T4 dCTPase~ denA
denB(rIIH23B) alc mutant were hybridized with full-length chromosomal strands
of bacteriophage T2, and the heteroduplexes were examined by electron micros-
copy. From their lengths and patterns of substitution and deletion loops, the
heteroduplexes formed with 6 of the 13 BglII fragments could be unambiguously
identified and positioned on the T2/T4 heteroduplex map. The ends of the T4
DNA strands in the heteroduplexes directly identified the location of 10 Bglll
cleavage sites. The remaining three Bg!II cleavage sites could be assigned to the
T2/T4 heteroduplex map based on their relative locations on the restriction map.
It was also possible to identify the source of the DNA strands (i.e., T2 or T4) in
four previously unassigned deletion loops on the T2/T4 heteroduplex. Among the
Bgl1l fragments identified in heteroduplexes was the fragment containing the
rIIH23B deletion; this deletion was used as the primary point of reference for
alignment of the T4 restriction map with the T2/T4 heteroduplex map and,

hence, with the T4 genetic map.

Since the isolation of bacteriophage T4 mu-
tants which allow the growth and packaging of
DNA containing cytosine instead of the gluco-
sylated hydroxymethylcytosine residues nor-
mally present (15), T4 DNA has been amenable
to analysis with restriction endonucleases. Cir-
cular cleavage maps of the 166-kilobase pair T4
genome have been published for restriction en-
zymes BamHI, BglIl, Kpnl, Sall, Smal, and
Xhol (3, 6, 14), and maps for Bgll, EcoRI,
HindIll, and Pstl have been completed recently
(2, 12). In the accompanying report, the sites of
cleavage by Puvul and Xbal were added to a
computer-fitted, unified map of the BamHI,
BglIl, Kpnl, and Sall cleavage sites (9). Alto-
gether, more than 250 cleavage sites have been
identified on the T4 genome.

We extend the usefulness of these maps by
reporting here an alignment between our com-
puter-fitted restriction map and the T4 genetic
map. Heteroduplexes were formed between T4
BglIl fragments and full-length T2 chromo-
somal strands and examined by electron micros-
copy. From the positions of the ends of the T4
strands relative to known T2/T4 nonhomolo-
gies, the BglII cleavage sites could be located on
the T2/T4 heteroduplex map. This made possi-
ble an alignment between the restriction map
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and the T4 genetic map, as the T2/T4 hetero-
duplex map had been oriented previously with
respect to the T4 genetic map (7). The alignment
of the restriction and genetic maps is fixed by
the position of an rII deletion. The maps appear
to be correlated within 1 to 2 kilobases (kb) over
their entirety.

O’Farrell et al. (12) have independently
aligned a T4 restriction map with the genetic
map, primarily by filter hybridization of restric-
tion fragments to cloned segments of T4 DNA
known to carry specific genes. Also, Carlson (2)
has determined a general alignment based on
the cleavage patterns of cytosine-containing
DNA from T4 alc mutants which carry various
characterized deletions. Our results are in agree-
ment.

MATERIALS AND METHODS

Phage and bacterial strains. Bacteriophage T4
56~ (amE51 dCTPase™) denA(nd28) denB(ArIIH23B)
alc8 and its restriction/modification-negative hosts
Escherichia coli K803 (supE hsdS rgl gal met) and
B834 (supE* re~ ms~ gal met) were provided by L.
Snyder (15). Originally, this T4 alc mutant was
thought to carry the 4.2-kb rIIH23 deletion, but in-
stead it has been found to carry a longer rII deletion,
defined genetically as extending from or near the end
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of the rIIA gene into the ac locus (8). We refer to this
deletion as rIIH23B. By electron microscopy of het-
eroduplexes, we found that the rIIH23B deletion re-
moves 5.8 kb and that its starting point at the end of
the rIIA gene is indistinguishable from the starting
point for the rIIH23 deletion. Bacteriophage T2L and
E. coli B were obtained from W. Harm.

Growth of bacteriophage and isolation of
DNA. T4 alc quadruple-mutant particles that con-
tained cytosine-containing DNA were grown by using
first E. coli K803 and then E. coli B834, and the DNA
was isolated by phenol extraction as described in the
accompanying paper (9). T2L stocks were obtained by
infection of exponentially growing E. coli B with single
plaques; H broth was used as the medium; it contains
(per liter) 8 g of nutrient broth (Difco Laboratories),
5 g of peptone (Difco), 5 g of NaCl, and 1 g of glucose.
The T2L particles were purified by differential cen-
trifugation and stored in 20 mM Tris-hydrochloride
(pH 7.8)-0.5 mM EDTA.

T2/T4 DNA hybridization. T4 cytosine-contain-
ing DNA from the alc quadruple mutant was digested
with BglII (New England Biolabs) as described in the
accompanying paper (9) and then extracted with
phenol. The mixture of T4 BglII fragments was hy-
bridized with full-length T2 chromosomal strands es-
sentially by the method of Davis et al. (4). This method
minimizes breakage of the long chromosomal DNA
strands by using alkali to simultaneously disrupt phage
particles and denature the DNA in the same tube used
for the hybridization. To 5 X 10° T2 particles and 0.2
ug of the T4 BglII fragments in 45 pl, 5 ul of 0.2 M
EDTA (disodium salt)-1 M NaOH was added. After
10 min at room temperature, the solution was adjusted
to pH 8.5 with 7 pl of 1.5 M Tris-hydrochloride (pH
7.8)-0.2 M Tris base, and then 41 to 43 ul of 99%
formamide was added. Renaturation of the DNA was
allowed to proceed at room temperature for 2 h during
dialysis against a solution containing 0.45 M NaCl, 0.1
M Tris-hydrochloride (pH 8.5), 0.01 M EDTA, and 40
to 50% formamide or for 5 h without dialysis. The
conditions were designed to permit 50% of the mole-
cules to anneal.

Electron microscopy. Circular, single-stranded fd
DNA (Miles Laboratories, Inc.) containing 6,408 nu-
cleotides (1) and double-stranded pBR322 DNA (ob-
tained from H. Boyer in E. coli RR1) containing 4,362
base pairs (bp) (16) were added to the T2/T4 hybrid
molecules as internal length standards. The DNA was
spread onto a monolayer of cytochrome c in the pres-
ence of formamide as described by Davis et al. (4) and
then picked up on carbon-coated grids. The grids were
rotary shadowed with Pt and photographed with a
Siemans 1A electron microscope at x10,000. Lengths
of DNA molecules were measured on projections of
photographic negatives by using a linear integrator
(Numonics Graphics).

RESULTS

T2/T4 alc mutant heteroduplex. The use
of nonhomology loops as markers to locate the
ends of BglII fragments on the T2/T4 hetero-
duplex map, which in turn permitted an align-
ment of the restriction and genetic maps, re-
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quired verification of the published wild-type
T2/T4 heteroduplex map for the strains which
we used. Because of their circular permutation,
T2 and T4 form large circular heteroduplexes
when denatured and reannealed. Measurements
made on such heteroduplexes formed from T2L
and the T4 alc quadruple-mutant chromosomal
strands yielded a map of substitution and dele-
tion loops (Fig. 1, outer circle) identical to the
one constructed by Kim and Davidson (7) for
wild-type DNAs, except for an additional sub-
stitution-type nonhomology labeled G’, which
we consistently observed, and a 5.8-kb deletion
loop that resulted from the rIIH23B mutation
carried by the T4 alc quadruple mutant. As
pointed out by Kim and Davidson (7), this het-
eroduplex map is an idealized map. In individual
heteroduplexes, neighboring loops sometimes
merged to give a bigger loop. In other cases,
large substitution loops underwent additional
base pairing, creating several smaller loops;
sometimes loops collapsed or became twisted
and appeared as stretches of homologous DNA.
For example, several smaller loops were often
observed in place of the F loop, and the homol-
ogous regions between loops V' and U’ or be-
tween loops H and S often remained unpaired,
generating loops larger than normal.

Heteroduplex mapping of the T4 BgIII
fragments. The Bgl!II restriction fragments
from a total digestion of T4 alc mutant cytosine-
containing DNA (Table 1) were hybridized with
full-length T2 chromosome strands and exam-
ined by electron microscopy. Of 50 well-spread
heteroduplex molecules which were chosen for
measurement, one-half could be assigned to spe-
cific T4 BglII fragments. The others either could
not be positioned unambiguously on the heter-
oduplex map on the basis of their loop patterns
or did not correspond in length to one of the
known BglII fragments. Some examples in this
latter category were to be expected due to ran-
dom cutting of the ends of T4 chromosomes
during phage DNA packaging.

For the initial measurement of the length of
the T4 DNA strand in a heteroduplex, the two
arms of the substitution loops were averaged,
and the lengths of the deletion loops were di-
vided in half unless the loops were already as-
signed to T2 or T4 DNA by Kim and Davidson
(7). In the case of BglII fragments 5 and 7a,
once heteroduplexes were correlated with these
fragments, the measured lengths of the T4 DNA
strands were adjusted upward by assignment of
previously unassigned single-stranded loops to
T4 DNA in order to more exactly match the
known lengths of these fragments.

Figure 2 shows examples of the heteroduplex
molecules that could be correlated with BglII
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Fi16. 1. BglII restriction map of T4 (inner circle) aligned with respect to the T2/ T4 heteroduplex map (outer
circle). The solid arrows indicate BglII cleavage sites located on the heteroduplex map by visualization of
heteroduplexes formed between T4 BglII fragments and full-length T2 chromosomal strands. The dashed
arrows indicate the BglII cleavage sites assigned to the heteroduplex map on the basis of their relative
locations on the restriction map. The circular heteroduplex map was drawn by averaging the lengths of the
two arms of substitution loops and taking one-half of the lengths of deletion loops. The letter designations
given to some of the nonhomologies on the heteroduplex map by Kim and Davidson (7) have been retained;
the remainder of the nonhomologies are designated with letters that carry primes. The subscripts 2 and 4 are
used to indicate the sources of the single strands in the nonhomology loops, if known (T2 and T4, respectively).
The full-length of the 5.8-kb rIIH23B deletion carried by the T4 alc mutant is represented as a segment
bisecting both maps. Its boundaries were used to fix the alignment of the maps.

fragments 2a, 2b, 3, 4, 5, and 7a. Figure 3 shows
the average lengths of the T4 DNA strands and
of the individual duplex and single-stranded re-
gions of all measured heteroduplexes. In the
middle of the heteroduplex in Fig. 2a, a promi-
nent deletion loop that corresponds in size to
the 5.8-kb rITH23B deletion is easily recognized.
About 400 bp away is the neighboring deletion

loop A, which was assigned to T4 DNA by Kim
and Davidson (7) because the duplex segments
between loop A and various rII deletion loops
often open up to form single substitution-type
loops, the arms of which can be accounted for
only if loop A is T4 DNA. Missing from the
heteroduplex in Fig. 2a is loop I, which should
be visible between loop A, and the left end of
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TaBLE 1. BgIII fragments of T4 alc mutant
cytosine-containing DNA

Size (bp)®

55,840
17,530
17,500
14,010
12,660
10,580
7,940
5,540
5,470
4,410
4,350
3,330
1,180

¢ Sizes, as determined by agarose gel electrophore-
sis, were adjusted slightly by a least-squares analysis
designed to yield a best-fit map for the fragments
produced by BglII and five other restriction endonu-
cleases (9).

Fragment

—

the molecule. Apparently it collapsed in this
example, which was chosen for illustration be-
cause base pairing of the segment between the
rIIH23B and A, loops had occurred and all
other regions were well spread during mounting.
In other examples of this heteroduplex, loop I’
was visible either as a deletion-type loop or as

, the asymmetric substitution-type loop shown in
Fig. 3.

At each end of the heteroduplex region in Fig.
2a is a single-stranded tail of T4 DNA; the single-
stranded T2 DNA extends over a much longer
distance, past the edges of the micrograph.
Cleavage of T4 alc DNA by BglII within the H
nonhomology region would have generated the
1.32-kb tail of T4 DNA at the right end of the
heteroduplex. How the tail of T4 DNA which
was seen at the left end of all examples of this
heteroduplex was generated is not directly ap-
parent. It could have resulted from cleavage by
BglII within the H’ deletion loop, which was not
assigned to T2 or T4 DNA (7). However, as an
examination of the end of the heteroduplex
formed with the adjoining BgIII fragment
showed (Fig. 2d and 3; see below), the H’ loop
was apparently T2 DNA, and cleavage of the T4
DNA occurred 560 bp beyond the H’ deletion
loop: Thus, the tail of T4 DNA appears to have
resulted from a failure of the T4 DNA to base
pair with T2 sequences beyond the H’; loop,
probably due to insufficient homology and the
lack of a well-paired neighboring region, as
would be found in a complete T2/T4 heterodu-
plex.

Altogether, the sequences assigned to T4 in
the heteroduplex shown in Fig. 2a were 12.36 +
0.09 kb long (Fig. 3), indicating that the T4 DNA
strand was derived from Bg!II fragment 4, which
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was 12.66 kb long, as determined by agarose gel
electrophoresis.

On the BglII restriction map of the T4 alc
mutant DNA, one end of Bg!II fragment 4 ad-
joins the smallest BglII fragment (fragment 10),
and beyond that is fragment 2b. The heterodu-
plex that corresponds to this fragment is shown
in Fig. 2b. It contains the seven nonhomology
loops from K’ to O’, which extend from near the
end of BglIl fragment 4 in the H substitution
loop in a counterclockwise direction.” A small,
eighth loop was present between M’ and N’, but
it did not occur regularly in T2/T4 heterodu-
plexes and thus was not designated with a letter.
Given the fact that deletion loops O and P
represent T4 DNA (7), the T4 strand in this
heteroduplex was 17.97 + 0.21 kb long (Fig. 3),
compared with 17.50 kb for BglII fragment 2b
from agarose gels.

The right end of BglII fragment 2b was gen-
erated by cleavage 190 bp beyond loop O’, within
a region of T2/T4 homology. At the left end,
cleavage occurred between loops S and R, leav-
ing space for BglII fragment 10 between frag-
ments 2b and 4 (Fig. 1). Note that in the heter-
oduplex shown in Fig 2b the strand of T2 DNA
terminated within the region of homology be-
tween loops K’ and J’, leaving the T4 DNA
unpaired over the relatively short distance to
the homology region between loops S and R.

Proceeding around the restriction map from
BglII fragment 2b, the next fragments for which
unambiguous heteroduplexes were observed
were fragments 7a and 5, both of which are
shown hybridized to the same T2 DNA strand
in Fig. 2c. The intervening fragment 7b is absent,
and except for this particular example, its cor-
responding sequence along the T2 DNA would
have remained undetected, as it contains no
observable nonhomologies. In agarose gels, frag-
ment 7b was 5.47 kb long; in Fig. 2c the corre-
sponding T2 single-stranded region was 5.39 kb
long. ’

The region to which Bgl!II fragment 7a was
hybridized covered deletion loop V’ and substi-
tution loop U’. The 1.39-kb loop V’ was not
assigned to either T2 or T4 by Kim and David-
son, but must be T4 DNA if the measured length
of the T4 strand in the heteroduplex is to match
the length of Bg!II fragment 7a. Including V',
the T4 fragment was 5.76 kb long (Fig. 3); in
agarose gels, fragment 7a was 5.54 kb long. The
counterclockwise end of fragment 7a could be
placed 1.85 kb beyond loop V’. The other end
was located about 1 kb past the U’ substitution
loop in a region which normally is base paired in
full-length T2/T4 hybrids but remained un-
paired in this heteroduplex.

Bg!1I fragment 5 was 10.58 kb long as deter-
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b) T2/T4 Bg/II fragment 2b

F1G. 2. Electron micrographs and tracings of heteroduplex DNAs formed from full-length T2 chromosomal
strands and strands from BgllI fragments of T4. The arrows designate the ends of the T4 DNA strands and,
thus, BglII cleavage sites. Nonhomology loops are designated by letters as described in the legend to Fig. 1.

mined by agarose gels. To account for this length
in the corresponding heteroduplex in Fig. 2c, we
assigned the long arm of substitution loop W’
and the deletion loop X’ to T4. Altogether, the
T4 strand in the heteroduplex then was 10.42 +
0.42 kb long (Fig. 3). BglII cleavage sites were
located 2.47 kb before loop W', and 1.85 kb after
loop X's.

Turning to the restriction fragments located
on the clockwise side of BglII fragment 4, ex-
amples of the heteroduplexes assigned to frag-
ments 3 and 2a are shown in Fig. 2d and e,
respectively. The heteroduplex in Fig. 2d con-
tained the readily recognized pattern of non-
homologies between loops D’ and G’ and con-
tained a T4 strand with an average length of
14.12 + 0.13 kb (Fig. 3). From agarose gels, BglII

fragment 3 was 14.01 kb long. Note that the
right end of the heteroduplex region which ad-
joined fragment 4 was fully duplex and, accord-
ing to its 6.02-kb distance from loop G’, termi-
nated before the H’ deletion loop, which was
6.23 kb from loop G’. This supports the earlier
assignments of loop H' to T2 DNA and the BglII
cleavage site at the end of fragment 4 to the
homologous region beside the H’ loop rather
than to the DNA within the H’ loop. However,
our assignment of loop H’ to T2 DNA can only
be tentative. The left end of the heteroduplex
with BglII fragment 3 is located 2.80 kb from
loop D'.

The heteroduplex in Fig. 2e contained the
nonhomologies C’ through N, along with an
unlettered substitution loop near Ny, which was



c) T2/T4 Bgl/1l fragments 5 and 7a

d) T2/T4 Bg/11 fragment 3

Fi1G. 2 c and d.

e) T2/T4 Bg/1l fragment 2a

Fic. 2e.

120
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F1G. 3. Maps of the T2/T4 BglII fragment heteroduplexes. The heteroduplexes are numbered according to
the T4 BglII fragment which they contain. Distances are given in kilobases for each duplex and single-
stranded region. The average length + standard deviation for each T4 strand is given above each map, and
the number of heteroduplexes measured is given in parentheses. The two values given for the length of
substitution loop U’ in the heteroduplex with BgllI fragment 7a represent the lengths of the two arms of the
loop in full T2/ T4 heteroduplexes. Here the upper arm is not shown due to the lack of base pairing beyond the

loop in the heteroduplex with the BglII fragment.

only occasionally observed and is not shown in
Fig. 3. The average length of the T4 strand was
17.26 = 0.21 kb, compared with a value of 17.53
kb for BglII fragment 2a measured with agarose
gels. The right end of the heteroduplex region
terminated 580 bp beyond loop C’. This was
within 60 bp of the location assigned to the same
Bglll cleavage site by measuring from loop D’
in the heteroduplex with BglII fragment 3. The
left end of the heteroduplex with Bg!II fragment
2a was located 1.28 kb before loop N4, within 170
bp of the location assigned to this Bg!/II cleavage
site by measuring from loop C” in heterodu-
plexes formed with part of the neighboring BglI1

fragment 1 (data not shown). Several heterodu-
plexes containing this end of Bg/II fragment 1
were found, although no unambiguous hetero-
duplexes containing the entire 56-kb BglII frag-
ment were observed.

Alignment of the T4 restriction and ge-
netic maps. Altogether, the heteroduplexes be-
tween T2 DNA and the T4 Bgl/II fragments
permitted 10 of the 13 BgIII cleavage sites on
the T4 alc mutant DNA to be located on the
T2/T4 heteroduplex map. The exact location of
the large rITH23B deletion on the T2/T4 heter-
oduplex map and within Bg/II fragment 4 was
also defined. By using this deletion as a point of
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reference and the BgIII cleavage sites to cor-
rectly orient the T4 BglII restriction map with
respect to the T2/ T4 heteroduplex map, the two
maps were aligned, as shown in Fig. 1. The small
differences observed between the locations of
the cleavage sites on the restriction map (Fig. 1,
inner circle) and the locations of the cleavage
sites on the heteroduplex map (Fig. 1, arrows
pointing toward the outer circle) reflect the fact
that the restriction map is a strictly physical
map of the T4 genome, whereas the heterodu-
plex ‘map was constructed by averaging the
lengths of the substitution loop arms and halving
the lengths of the deletion loops. This procedure
was necessary because not all loops could be
assigned to T2 or T4. Over long distances, the
contributions from T2 and T4 average out, but
over short distances, unequal amounts of DNA
attributable to T2 or T4 can cause the BglII
sites on the heteroduplex map to be shifted
relative to the physical restriction map.

As Fig. 1 shows, two of the three BglII cleav-
age sites not directly located by the heteroduplex
analysis fall at the ends of fragments that con-
tain no nonhomology loops, i.e., fragments 8b
and 9. These two neighboring sites could be
located on the T2/T4 heteroduplex map by mea-
suring from the BgIII cleavage site located be-
tween fragments 5 and 9. The last Bg/II site falls
between fragments 8a and 6. Its location on the
heteroduplex map could not be determined ex-
actly due to the presence of unassigned deletion
loops in both of these fragments; however, by
measuring from the BgIII cleavage site at the
end of fragment 7a, it could be defined as lying
at one end or the other of a 330-bp interval,
which is a distance equal to the unassigned S’
deletion loop in fragment 8a.

The final alignment of the Bg/I restriction
map with the T4 genetic map is shown in Fig. 4.
Also included are the cleavage sites for the five
other restriction enzymes mapped in the accom-
panying report (9). The alignment is based on
the prior orientation of the T2/T4 heteroduplex
map with the T4 genetic map as described by
Kim and Davidson (7). The rII locus was used
as the primary reference point for the alignment,
with the start of the rIIH23B deletion being
placed at the left end of the 7IIA gene. The rIIA
gene has been estimated to contain 2,300 bp by
electron microscopy of heteroduplexes formed
with various rII deletion mutants (7). This is in
line with length estimates based on the molec-
ular weight of the rIIA protein (13).

DISCUSSION

Bglll cleaves the cytosine-containing DNA of
T4 amE51 nd28 rITH23B alc8 into 13 fragments,
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6 of which we have identified in heteroduplexes
with full-length T2 chromosomal strands. The
ends of these heteroduplexes specified the loca-
tions of 10 of the BglII cleavage sites on the T2/
T4 heteroduplex map, providing the framework
for (i) the assignment of the remaining 3 BgllIl
cleavage sites on the heteroduplex map, (ii) the
identification of the source of DNA in four more
of the nonhomology loops on the T2/T4 heter-
oduplex map, and (iii) the orientation of the
restriction map with respect to the T4 genetic
map. The final alignment between the restric-
tion and genetic maps was fixed by the location
of the start of the rITH23B deletion at the end
of the rIIA gene.

The accuracy with which the ends of the T4
DNA strands in the heteroduplexes with T2
could be identified, and thus the accuracy with
which the BglII restriction sites could be as-
signed to the T2/T4 heteroduplex map, can be
gauged by examining those cases where hetero-
duplexes were found for neighboring restriction
fragments (e.g., fragments 1 and 2a or fragments
2a and 3). In these two cases, the independent
assignment of the restriction sites varied by only
60 and 170 nucleotide pairs. This is in line with
the limit of resolution expected for heteroduplex
mapping by electron microscopy.

Because our alignment of the T4 restriction
map with the genetic map is fixed at the rII
locus, its accuracy over the entirety of the map
depends upon the extent to which the genetic
map itself represents true physical distances
along the DNA. Actually, the correlation should
be quite good, as the genetic map in Fig. 3 is not
a classical map based only on recombination
frequencies, which can vary from region to re-
gion within the genome. For many loci, the
genetic map represents physical distances deter-
mined by measuring the frequency with which
two given genes are carried together on the
incomplete chromosomes found in small T4 par-
ticles (10, 11). The positions of the remaining
genes were interpolated from recombination fre-
quencies. The distance in kilobase pairs between
the rII and lysozyme genes was measured di-
rectly by electron microscopy of deletion heter-
oduplexes (7). These two loci are nearly opposite
one another on the circular genetic map and
thus have served to fix distances along the T4
genetic map at two widely separated points.
Between these points some distortion can be
anticipated, but it should not be too great.

The location of the single BamHI cleavage
site can be taken as an indication of the degree
with which the restriction and genetic maps
coincide outside the rII and lysozyme regions.
Our alignment places the BamHI site within
gene 8, very near its juncture with gene 7. This
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FiG. 4. Restriction map of T4 DNA for BamHI, Bglll, Kpnl, Pvul, Sall, and Xbal aligned with the T4
genetic map. The unified map of cleavage sites for these restriction endonucleases was constructed by Marsh
and Hepburn (9). The genetic map is an updated version of the map of Wood and Revel (18), with expansion
of the distance between genes 30 and 54 in accordance with the map of Mosig (11). Genes whose exact locations
are unknown are bracketed. Shaded areas denote the estimated sites of genes, based on heteroduplex mapping
and the molecular weights of polypeptide products (18). The alignment of the maps is fixed by the boundaries
of the rIIH23B deletion carried by the T4 alc mutant used to construct the restriction map. The scale just
inside the genetic map shows the distance in kilobase pairs around the map; the total length is 166 kb (9).

is in exact agreement with Wilson et al. (17),
who located the BamHI site by digestion of a
cloned EcoRI fragment known to carry genes 7
through 9.

Hinggi and Zachau (5) have mapped in detail
a segment of the T4 genome that extends from
gene 35 through gene 63. Our alignment places
one Xbal cleavage site within the end of gene 34
proximal to gene 35 and another in the middle
of gene 63, in exact agreement with the locations
determined by Hanggi and Zachau (5). These
authors also identified a Sall site near the Xbal

site in gene 34, as we did, and showed that a
second Sall site lies within the dihydrofolate
reductase (frd) gene. To accommodate this as-
signment, the frd gene must be moved about 1
kb closer to gene 32 than is shown on the genetic
map in Fig. 3. This should represent the variance
that can be expected between the restriction and
genetic maps as aligned in Fig. 3.

Using different approaches and different T4
mutants, two other groups of workers have in-
dependently aligned restriction maps with the
T4 genetic map. Carlson (2) has examined the
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Bgll, Kpnl, and Sall cleavage patterns of sev-
eral T4 deletion mutants to determine a general
alignment between the maps. O’Farrell et al.
(12) have constructed a T4 restriction map
which contains the EcoRI, HindIIl, and PstI
cleavage sites and have aligned it with the T4
genetic map by hybridization of restriction frag-
ments to cloned segments of the T4 genome and
by correlation of restriction fragment sizes with
the pattern of fragments produced by digestion
of the cloned DNAs. In both cases, there was
agreement with the alignment which we found
for the restriction and genetic maps.
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