
Mapping of Deletions and Substitutions in Heteroduplex DNA 
Molecules of Bacteriophage Lambda by Electron Microscopy 

Abstract: Electron microscopy of heteroduplex DNA molecules, composed of 
one strand of Escherichia coli phage AX+ DNA annealed to the complementary 
DNA strand of a X deletion or substitution mutant, permits visualization, as well 
as precise measurements and mapping, of the unpaired single-stranded regions 
of nonhomology in the otherwise double-stranded molecules. In the Xb2 mutant, 
the central segment (13 percent) of the X+ DNA molecule is shown to be 
deleted. In the hybrid phages Ai'434 and Ai21 a segment of the right arm of the 
X+ genome (5.5 or 7.6 to 9 percent) is replaced by the corresponding immunity 
regions of phage 434 (3.3 percent or phage 21 (4 percent) DNA. The b5 region 
in the Ab5 mutant appears to be identical to the i2l segment. From these data 
it is possible to estimate the size and posiion of those X genes which are replaced 
by the i434 and i21 segments. The method permits preparing complete physical 
maps of viral genomes with a precision heretofore unattainable. 

One of the aims of classical cyto- 
genetics is to relate the chromosome 
dimensions and general morphology to 
the genetic maps deduced from re- 
combination experiments. This ap- 
proach has been only partially success- 
ful because of the complex and largely 
unknown fine structure of the chromo- 
somes in higher organisms. The genome 
of the bacteriophage X is much sim- 
pler, consisting of a single linear DNA 
molecule, which can be seen in the 
electron microscope. Purthermore, 
there are numerous mutants of X readily 
available, in which practically any re- 
gion of the genome has been deleted 
or replaced by nonhomologous DNA 
derived from the host or other phages. 
These may be classified into three most 
common types: (i) deletions within the 
central region of the A DNA molecule, 
as exemplified by the b2 deletion; (ii) 
hybrids between X and A-related phages, 
including the special case of substitu- 
tions in the immunity region, such as 
Xi434, Xi21, and Ab5; and (iii) substitu- 
tions consisting of Escherichia coli 
DNA within the left (Adgal) or right 
arm (Xbio and Xdbio) of the X mole- 
cule (1). The position of all these 
deletions can be mapped by standard 
genetic crosses. 

We now show that very precise phys- 
ical maps of these deletions can be 
prepared by combining electron micro- 
scopy and DNA-DNA hybridization 
techniques. The precision of the map- 
ping is much higher than that for any 
other known method; the standard devi- 
ation is frequently less than 2 percent. 
The principle of the technique is as 
follows. The complementary DNA 
strands of wild-type X (X+) and of a 
deletion or substitution mutant are 
preparatively separated (2). One strand 
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of X + DNA is hybridized with the 
complementary strand derived from the 
mutant strain DNA. The resulting 
heteroduplex is a double-stranded mole- 
cule with the exception of the regions 
of nonhomology. For a simple deletion, 
such as that of region b2+, the hetero- 
duplex between the A+ and Ab2 strands 
of DNA should appear as an uninter- 
rupted double-stranded molecule of 
Ab2 length with a single-stranded loop 
formed from the unpaired segment of 
the A+ strand, as schematically de- 
picted in Fig. 1. On the other hand, 
substitution by a nonhomologous re- 
gion in one strand of the heteroduplex 
should be seen as a stretch of two un- 
paired single DNA strands (such as 
region ix/i21 in Fig. 1) bridging a gap 
between the double-stranded regions. 
These predictions were fully confirmed 
by preparing electron micrographs of 
heteroduplex molecules in which the 
single-stranded DNA segments are well 
extended and could be readily identi- 
fied and measured; their exact position 
was accurately determined with respect 

A 

to the termini of the molecule and to 
other single-stranded regions (see Figs. 
3 to 5). Independently, Davis and 
Davidson (3) have used a somewhat 
similar approach, although the single 
DNA strands were collapsed ("bushes") 
in their electron microscopic prepara- 
tions; thus, they were unable to deter- 
mine the length and fine structure of 
the unpaired single-stranded regions. 
They did not fractionate the comple- 
mentary DNA strands, and their meth- 
od of renaturation of the mixture of 
denatured DNA's differed from ours. 

The separated I and r DNA strands 
of XC72, Xcb2, Acb2bS, Xi434, Xi21 and 
Xb2i21 (1) were isolated as described 
by Hradecna and Szybalski (2), with 
the use of equilibrium centrifugation in 
CsCl gradients containing poly(U,G), a 
copolymer of guanylic and uridylic 
acids. Heteroduplexes were prepared by 
the following procedure, adapted from 
Subirana (4). To 1 ml of 50 percent 
formamide solution (1 volume of for- 
mamide and 1 volume of 0.01 M 
NaHCO3, pH 8.6) was added 10 t1l 
from each of two freshly prepared 6M 
CsCl gradient fractions, one containing 
the separated strands I or r of X DNA 
and the other containing the comple- 
mentary strands of mutant A DNA. 
In a similar manner, homoduplex con- 
trols were prepared. The final concen- 
trations were 1 to 4 jug of DNA per 
milliliter of 0.12M CsCl. Annealing 
was carried out at 4?C for 5 days or 
longer. 

The DNA was prepared for electron 
microscopy by a modification of the 
basic-protein film technique of Klein- 
schmidt and Zahn (5). The cytochrome 
c solution was filtered through 0.2-[ 
Flotronics membranes (FM-13; Selas), 
whereas all other solutions were filtered 
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Fig. 1. Representation of a heteroduplex DNA molecule (++/b2i21; bottom drawing) 
formed by annealing the I strand (++) of X+ with the r strand (b2i ) of Xb2i2' (1). 
The corresponding homoduplexes are represented by the two upper diagrams. In Xb2i2 
the b2+ region is deleted, whereas region ix is replaced by a shorter nonhomologous 
region i21 (knobby line). 
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through 0.22-/- Millipore membranes 
to eliminate the particulate matter, 
which contributes to the clumping of 
the DNA molecules. A mixture com- 

posed of 0.1 ml of the DNA solution 
in 50 percent formamide and 0.01 ml 
of 0.1 percent cytochrome c (Nutri- 
tional Biochemicals) was spread on a 
surface of twice-distilled water from an 
inclined, acid-cleaned, glass slide. The 

monolayer containing DNA was then 
transferred to specimen grids and de- 

hydrated for 5 seconds each in absolute 
ethanol, amyl acetate, and 2-methyl- 
butane. The most satisfactory results 
were obtained with platinum specimen 
grids (19 drilled holes; Siemens Amer- 
ica) coated with Formvar membranes. 
A fresh solution of 0.3 percent Form- 
var (Shawinigan Resins) in 1,2-di- 
chloroethane was dried on a glass 
cover slip. The film was then cast onto 
distilled water in a sintered-glass funnel 
and drawn down onto platinum speci- 
men grids, lightly coated with carbon, 
and used the same day. 

The DNA was rendered visible by 
shadow-casting with uranium oxide. 

Approximately half of the nitrocellu- 
lose binder was removed from commer- 
cial uranium oxide (E. F. Fullam) by 
extracting with acetone, discarding half 
of the supernatant from the sediment, 
and evaporating the solvent remaining 
with the uranium oxide sediment, while 

mixing to obtain an even distribution 
of binder. This uranium oxide (12 mg) 
was evaporated from a tungsten wire 
basket at an angle of 6? to 7?, with a 

distance of 11 cm between the basket 
and rotating specimen ,(10 rev/min). 
The nitrocellulose was first removed by 
slowly heating at a pressure less than 
0.1 /t-Hg. The uranium oxide was evap- 
orated by rapid heating for 5 to 10 sec- 
onds at a pressure lower than 0.03 

/u-Hg (Kinney evaporator SC-3 with a 

liquid nitrogen trap). 
Electron micrographs (Kodak elec- 

tron image plates) were taken with ,a 
Siemens Elmiskop I (intermediate lens 

off, projector polepiece III, double con- 
denser illumination, 10,700X, 60 kv, 
15-pt objective aperture). Magnification 
was calibrated with a carbon replica of 
a diffraction grating (54,864 lines per 
inch; E. F. Fullam). The DNA mole- 
cules were measured as described by 
Ris and Chandler (6). To minimize 
variation in magnification all the micro- 

graphs from one grid were taken with- 
out realigning the microscope or re- 

positioning the grid. The illuminated 
area on the viewing screen was ad- 
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Table 1. Length comparisons between homo- 
duplexes or homoduplex regions of DNA. 
Each set of two was placed on the same 
grid. 

Homoduplex L h Standard 
(or homoduplex deviation; 

region) () (%) 

Xb2/Xb2 14.8 1.6 
X+/X+ 17.0 0.9 

Xb2/xb2 14.8 2.1 
Xb2/X+ 14.7 1.5 

Xb2b5/xb2b5 14.2 1.2 
X+/X+ 17.0 1.4 

X i[ l~/ X i'3't 16.6 2.1 
Xb2/X+ 14.8 2.0 

* Percent of indicated length, for example, 
14.8 ? 0.24 (1.6 percent). 

Fig. 2. Electron micrograph of a double- 
stranded (ds) homoduplex of X+ DNA, 
prepared by annealing the separated 1 and 
r strands, and of an unpaired single- 
stranded X+ DNA molecule (ss). 

justed to the same size before each 

photograph. One hour was allowed after 
the lenses were turned on before the 

micrographs were taken, and the lenses 
were turned off and on several times 
to reduce hysteresis. Where compari- 
son of the lengths of two different 
molecules was needed, la mixture of 
both duplexes was placed on the same 
grid. Each value represents 20 to 40 
measurements on nonambiguous con- 
figurations. The standard deviations 
were about 2 percent for double- 
stranded DNA and about 5 percent for 
single-stranded DNA. 

As evident in Fig. 2, the annealing 
of two complementary strands of X 
DNA results in the formation of uni- 

formly double-stranded homoduplexes 
(ds). The number of such duplexes 
formed depends on the time allowed 
for annealing (80 percent after 2 

weeks). Some circular duplexes (6) 
(Fig. 4A) were present in all prepara- 
tions, an indication that the conditions 
of annealing permit pairing of homolo- 

gous terminal regions of X as short as 

only 20 base pairs. Under the described 
conditions of annealing, spreading, and 

shadowing, the homoduplexes (ds) ap- 
pear somewhat thicker and more rigid 
than the single DNA strands (ss), an 

example of which also appears in Fig. 
2. Moreover, the single strands, al- 

though somewhat kinky in appearance, 
are reasonably well extended, although 
their length is variable, being frequently 
5 to 10 percent longer than the cor- 

responding double strands (Tables 1 and 
2). Thus, by this technique double- 
stranded and single-stranded molecules 
can be easily distinguished. 

Heteroduplexes (++/b2b5) com- 

posed of an 1 strand of X+ DNA 

(++) and an r strand of Xb2b5 (b2b5) 
are shown in Fig. 3, A-D. The mole- 
cules appear double-stranded except 
for two regions: a single-stranded loop 
(b2+), which must correspond to the 
b2+ region comprising the central sec- 
tor (13 percent) of the X+ strand and 
deleted in the Xb2 mutant (7), and an 

unpaired region with one single- 
stranded segment longer than the other. 
An enlargement of a b2+ loop is shown 
in Fig. 3C. As expected for a simple 
deletion '(Fig. 1), no apparent interrup- 
tion in the double-stranded configura- 
tion occurs at the point where the 

single-stranded loop emanates from the 
double helix (Fig. 3, A-C). Figure 3D 
shows in greater detail the b5/ix 
(b5/+) nonhomology region. It is ob- 
vious from this micrograph and Fig. 
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3A that there is a discontinuity in the 
double-stranded structure, which bi- 
furcates into two single-stranded regions 
before rejoining. The shorter single- 
stranded segment must correspond to 
the b5 region, since the Xb5 (b5/b5) 
DNA molecule is shorter than X+ 
(+1+) DNA (1, 2, 7 and Tables 1, 2, 
and 3). Practically identical results, 
well within the standard experimental 
error (Table 2), were obtained when 
one strand of the heteroduplex was de- 

rived from X+ and the other from the 
Xb2i21 hybrid, in which the X genes 
N, rex, cI, x, y, and CII have been re- 
placed by the analogous segment of the 
phage 21 genome (1, 8, 9, 10). This 
similarity suggests that the i21 region 
is identical with the b5 region. More 
recently, corroboration of this notion 
has been provided by studies carried 
out in cooperation with Dr. Z. Hrad- 
ecna, in which it was shown that hetero- 
duplexes between Xb2b5 and Xb2i21 

appear as perfectly double-stranded 
molecules, free of any readily discern- 
ible single-stranded regions. 

Another example of an unpaired 
single-stranded region is provided by 
a heteroduplex between strand I of Xb2 
and strand r of Ai434 (7, 11). In the 
latter phage, X genes rex, c1, and x have 
been replaced by a corresponding but 
somewhat shorter segment [as judged 
by buoyant density data and length 
measurements; see (1) and Tables 1, 2, 

Fig. 3. Electron micrographs of heteroduplex X DNA molecules. (A) Heteroduplex between strand 1 of X+ and strand r of Xb2b5 
(++/b2b5). (B) An interpretive drawing of the -++/b2b5 heteroduplex, including the single-stranded b2+ loop and the unpaired 
segment ix/b5 (+/b5). (C) Enlargement of another b2+ loop. (D) Enlargement of another iP/b5 (+/b5) unpaired region. (E) 
Enlargement of the ix/i' (+/i21) unpaired region. 
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Table 2. Length of single-stranded (ss) and double-stranded 
of X DNA. 

(ds) regions in heteroduplexes 

Length S.D.* Length 
Segment of X+) (O) ()% of X+) 

Xi434/ b2 

Left X terminus to 
b2+ loop (ds) 7.53 2.3 44.3 
b2+ loop (ss) 2.33 5.9 13.0- 
b2+ loop to left bifurcation of i"34/i (ds) 2.78 4.3 16.3 
ix (ss) 0.99 5.1 5.5t 
i/t: (ss) 0.58 4.6 3.3- 

Right bifurcation of i431/ix 

to right X terminus (ds) 3.54 2.9 20.9 

Xb2b5/X+ 

Left X terminus to 
b2+ loop (ds) 7.53 1.9 44.3 
b2+ loop (ss) 2.48 5.9 13.01 
b21- loop to left bifurcation of b5/iX (ds) 2.30 7.3 13.5 
i" (ss) 1.71 3.4 9.0- 
b5 (ss) 0.76 5.5 4.0-t 

Right bifurcation of 
bS/ix to right X terminus (ds) 3.43 1.8 20.2 

Xb2iF-1/x + 

Left X terminus to b2t loop (ds) 7.53 4.5 44.3 
b2+ loop (ss) 1.78 17.2 13 -F 
b2+ loop to left bifurcation of i2l/ix (ds) 2.37 9.4 13.8 
iA (ss) 1.17 11.5 8.4; 
F" (ss) 0.62 13.6 4.4-' 

Right bifurcation of i2'/i to 
right X terminus (ds) 3.52 4.9 20.5 

* Percent standard deviation for each region, for example, 7.53 ? 0.17 (2.3 percent). t Corrected to 
equivalent of double-stranded length, taking the b2+ loop as equal to 13 percent of the X+ length. 
$ Preliminary measurements for 20 heteroduplex molecules, with the distance from the left X terminus 
to the b2+ loop used as a standard (7.53 ,u). 

C 

-434 
I rs, 

Fig. 4. Electron micrographs of heteroduplex molecules between the 1 strand of Xb2 
and the r strand of Xi434 DNA. (A) Intact circular heteroduplex molecule. It appears 
that, due to tensions generated during drying of the DNA heteroduplex on the 
Fornvar film, the vegetative (cohesive) ends (v.e.) have become disengaged and the 
I strand of the Xb2 DNA has broken at the point where the single-stranded b2+ loop 
emerges. (B) Enlargement of another unpaired segment iX/i'3, and its interpretative 
drawing (C). 
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and 3] carrying the immunity region 
i434 of phage 434 (8, 9, 11). As shown 
in Figs. 4 and 5, the region lof non- 
homology between Xi434 and X+ is 
shorter than that observed for the i21 

or b5 substitutions. A further com- 
plexity, which was not observed in the 
b5/+ or i21/+ nonhomology regions, 
is indicated by the arrows in Fig. 4. 
In most of the unpaired i434/iX regions 
the single strands meet (pair?) at a spe- 
cific location (Fig. 5B). This probable 
homology region corresponds to less 
than 0.3 percent (150 base pairs) of 
the X+ DNA length but may actually 
be much shorter, since homologies con- 
sisting of only 20 nucleotides can be 
visualized by our technique, as pointed 
out for circular X molecules. 

Our results have been compared with 
molecular and genetic data obtained 
by other investigators using different or 
similar approaches. The figure of 13 

percent, representing the length of the 
b2 deletion, compares favorably with 
recent sedimentation data which indi- 
cate that 13.6 percent of X+ DNA is 
deleted in the 2b2 mutant (12). These 
figures are somewhat lower than those 

reported earlier and summarized in 
Table 3. The only lower value (11.2 
percent) for the length of the b2 de- 
letion was computed indirectly by com- 
paring the electron micrographic 
lengths of ,+, Xb2b5, and Xb5 DNA 
(3), although more recent measure- 
ments performed in the same labora- 

tory indicate a b2+ length of 12.6 per- 
cent (13). On the basis of genetic data 
(14) and the nucleotide distribution in 
k+ and +Xb2 DNA (15), it was pre- 
viously concluded that the b2+ region 
occupies the central portion of the X+ 
DNA molecule. In our micrographs of 
the b2/-+ heteroduplex the b2+ loop 
emanates at a point 50.8 percent from 
the left and 49.2 percent from the right 
end of the double-stranded structure. 
There is less than 1 percent difference 
between this result and other electron 
micrographic measurements (3, 13). 

The immunity region of X, which is 
within the unpaired segments i434/ +, 
and i21/+ (1, 8-11), is located near the 
middle of the right arm of the X+ 
DNA molecule. Comparison of the 
electron micrographic measurements 
(Fig. 5, A and B) with the genetic data 
permits assignment of lengths and posi- 
tions to the ,/ genes located within the 
region replaced by the i434 and i21 seg- 
ments and in their immediate vicinity. 
The approximate position of the left 
end of gene N, as based on the sedi- 
mentation data for infectious DNA 
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fragments [73 percent from the left 
,X+ terminus (16)] agrees well with 
its placement between the left ends of 
the i434 and i2l substitution and with 
our measurements of the respective dis- 
tances from the left terminus amount- 
ing to 73.6 percent and 70.8 to 72.2 
percent of the X+ molecule (16a). The 
distance measured between the left ends 
of the i21 and i434 substitutions per- 
mits assignment of 1.4 to 2.8 percent 
(see 16a) to that region of the X genome 
which contains mutations sus7 and 
sus53 (see 9, 17) in gene N (Fig. 5C). 
However, the size of that portion of 
gene N which lies between the i21 and 
i434 substitutions appears much smaller, 
when one compares the difference in 
length between heterologous regions 
i21 and i434, which is only 0.7 percent 
of the A+ length. To make the latter 
comparsion, one must assume that the 
gene supplied by phage 21 in the Xi21 
hybrid corresponds to gene N of X, 
both in function and in length. Sinc2 
the only known difference between the 
i21 and ix regions is the absence of 
the rex function, the length of the i21 
substitution (4 percent of the X+ 
length) must accommodate the func- 
tions corresponding to the following X 
genes and controlling elements: N, pro- 
moter (PL) and operator (OL) for the 
N operon, repressor gene cl, promoter 
(PR) and operator (on) for the x-O-P 
operon, regions x and y, and gene cII 

(1, 9, 10, 17). 
Gene ci, whose length should cor- 

respond to approximately 2 percent of 
the A+ DNA molecule, as judged from 
the molecular weight of the cl protein 
(18), should be located to the right of 
gene rex within the region defined by 
the i434 substitution (Fig. 5C). This re- 
sult, which places the right end of c, 
at least 76 percent from the left X+ 
terminus, indicates that the A region 
which is characterized by 43 percent 
guanine + cytosine (G+C) content 
must extend more than 5 percent be- 
yond its assigned 71 percent right 
boundary (15), because ci-specific 
messenger RNA hybridizes with those 
DNA fragments which contain 43 per- 
cent G+C (19). 

The size of the A immunity region, 
as defined by the i434 substitution, is 
5.5 percent of the A+ DNA length, 
which should be ample for genes c1 
(2 percent) and rex, together with the 
two ci-controlled operators, o, (left) 
and OR (right), the latter in region x 
(8, 17, 18). The analogous functions, 
with the exception of gene rex, must 
occupy only 3.3 percent in phage 434 

21 MARCH 1969 

Table 3. Various estimates of the net loss in the X+ DNA length (percent) as a result of the b2 
deletion and the b5, i21 and i"34 substitutions. 

Phage Refer- 
Measurement 

X+ Xb2 Xi4't Xi21 xbS Xb2i21 b2b5 ence 

Electron microscopy 
Percent deleted 0 23 (23) 
Percent deleted 0 17.8 (24) 
Percent deleted 0 (11.2): 5.3 16.5 (3) 
Percent deleted 0 13.0 2.2? 4.01 5.0t 16.5 (Present 

3.6t 3.5: data) 

Density of heterodimers (16a) 
Percent deleted 0 15.3 (25) 

Zone sedimentation 
Percent deleted 0 15.1 7.5 19.0-20.7 (26) 
Percent deleted 0 13.6 (12) 

Buoyant density of phage in CsCI gradient 
Percent deleted 0 14.7 2.8 5.9 5.9 20.5 20.5 
Density (g/cm3) 1.508 1.491 1.505 1.5015 1.501s 1.4835 1.4835 (1,2)t 
Percent deleted 0 14.7 6.4 20.9 
Density (g/cm3) 1.508 1.491 1.501 1.483 (7)t 
Percent deleted 0 5.5 17.9 
Density (g/cm8) 1.508 1.502 1.487 (3)t 
* Value obtained indirectly from the difference between measurements of double-stranded DNA. 
t Difference between the lengths of the single DNA strands in unpaired regions (corrected to 
equivalent of double-stranded length). $ Percent deleted was calculated (or presently recalculated 
from the formula in (3). 
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Fig. 5. Representation of heteroduplex X DNA molecules and the physical map of X+ 
DNA derived from measurements of the double-stranded and unpaired regions in the 
heteroduplexes. (A) Linear dimensions of a heteroduplex formed by annealing one 
strand of X+ with the complementary strand of xb2b5. Practically identical results were 
obtained when one strand of x+ was annealed with the complementary strand of Xb2i2 
DNA (Fig. 3E and Table 2; see also 16a). (B) Linear dimensions of a heteroduplex formed by annealing of one strand of Xi4 with the complementary strand of Xb2. 
The enlarged section of the map represents the fine structure of the unpaired ix/i4l4 
region including the short segment of apparent homology. (C) Physical map of X+ 
DNA with the position of the deleted or substituted regions indicated as the distance 
from the left terminus, expressed in percent of the total length of the X+ DNA 
molecule. The location of the various genes is indicated on this physical map. Site 
aa' (57.3 percent) is the crossover point between X and E. coli DNA in int-mediated 
X integration or excision (16a, 17). [For a description of the genes see (2, 8, 9, 17); 
for more recent measurements of the position of the left end of the i2 substitution 
(72.2 percent instead of 70.8 percent) see (16a).] 
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and less than 4 percent in phage 21. 
The cI gene of X should be similar in 
size to the repressor gene of phage 
434, since the molecular weights are 
similar (20). At present it is difficult 
to speculate on the meaning of the 
short region of apparent homology 
within the unpaired j434/ + segment, 
probably within gene ci (Fig. 5B). 

The distance between the right ends 
of the i434 and i21 substitutions permits 
assignment of 0.7 percent of the X+ 
length to region y and gene cu1. There 
is excellent agreement between the 
earlier mapping of the left end of gene 
O [79 to 81 percent from the left termi- 
nus (16)] and the position of the 
right end of the i21 substitution (79.8 
percent from the left terminus), which 
is located between genes c1l and 0 
(Fig. 5C). 

Another conclusion to be derived 
from our data is the identity or near 
identity of the so-called b5 region in 
the Xb5 "mutant" and the i21 non- 
homology region in Xi21 (1, 7). Phage 
Ab5, which has a density identical to 
that of phage Xi21 and which has the 
immunity of phage 21 (1, 7, 21), is a 
recombinant between X+ and the de- 
scendents of a plaque which appeared 
as a fortuitous contaminant during 
crossing of X mutants (22). Our data 
on the position of the b5 region agree 
well with the results of Davis and 
Davidson (3), although the length com- 
puted by them for the corresponding 
deletion in the X genome is substan- 
tially lower (5.3 percent) than the value 
we obtained by direct measurement of 
the homoduplexes (Table 1 and 3) and 
the single-stranded X DNA [7.6 to 9 
percent (16a)] within the unpaired 
b5/+ region (Fig. 5A). 

The lack of pairing between particu- 
lar regions of the I and r strands in a 
heteroduplex could be caused either by 
substitution or by inversion of a seg- 
ment of the genome. In the case of 
inversion, the base sequences of the 
single DNA strands in the unpaired re- 
gion would be identical instead of com- 
plementary. The differences in length 
between the single-stranded ix segment 
on *one hand, and the corresponding 
i434, i2, or b5 segments on the other, 

provide an argument against inversion; 
the absence of any observable homolo- 
gies between the r strands of X+ and 
the r strands of the Xb5 mutant is also 

and less than 4 percent in phage 21. 
The cI gene of X should be similar in 
size to the repressor gene of phage 
434, since the molecular weights are 
similar (20). At present it is difficult 
to speculate on the meaning of the 
short region of apparent homology 
within the unpaired j434/ + segment, 
probably within gene ci (Fig. 5B). 

The distance between the right ends 
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of various heteroduplexes of viral DNA 
can be accurately measured, permits 
the construction of precise molecular 
maps, including the assignment of both 
position and size to various genes (28). 
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tory tyrosinemia observed in 89 percent 
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tributed in part to low amounts of this 
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of appearance and development of both 
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