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ABSTRACT 

One way to approach the question of the evolution of bacteria 

and bacteriophages is by examining their DNA sequence homology. The 

electron microscope is a tool that allows the detection and measure-

ment of regions of.single- and double-stranded DNA. By using the 

techniques of DNA heterodupiex formation and DNA spreading I was 

able to use the electron microscope to seek regions of DNA sequence 

homology between various pairs of bacteriophages within the lambdoid 

family and between the tna and trp genes in the Escherichia coli 

(E_ coil) chromosome. 

Various phage DNA's were annealed in the presence of formamide 

and the resulting heterodupiex molecules were examined by electron 

microscopy (Davis and Davidson, 1968; Westinoreland etal, 1969; 

Davis et al, 1970). Regions of homology in such heteroduplexes 

appeared as double-stranded segments; regions of nonhomology gave 

two separate single-stranded segments. Regions of homology and non-

homology were mapped in heteroduplexes made between the DNA's of the 

various lambdoid coliphages and between X-transducing phages carrying 

the trp and tna genes of E. coli. This technique was also used to 

determine the sizes of various DNA molecules and DNA segments. 

The sizes of the following DNA molecules and DNA fragments were 

determined: the double-stranded DNA of plasinid pSC101 (19.0 ± 0.2%X 

(s.d.; n = 25)); the single-stranded DNA of bacteriophage M13 

(12.7%A); the DNA'of bacteriophage A (49,150± 730 base pairs (s.d.; 

n = 25)); the DNA of bacteriophage PA2 (99.6 ± 2.0%X (s.d.; n = 19)); 

the DNA of bacteriophage 424 (96.4.± 1.3%A (s.d.; n = 20)); the 

Hindill restriction fragment carrying the tna gene of B. coli (12.0 ± 

0.5%X (s.d.; n = 15)); the Hind III restriction fragment carrying the 

xiv 



trp, trpB and trpC genes of E. coil (11.1± 0.4%A (s.d.; n = 38)); 

the immunity region of A (imn?') (8.0 ± 0.7%A (s.d.; n = 15)); the 

immunity region of bacteriophage 21 (jmm 21) (3.6 ± 0.4%X (s.d.; 

n = 15)) and; the nin region of A (5.4 ± 0.4%A (s.d.; n = 15)). 

These values are expressed as the mean ± standard deviation. The 

number of base pairs comprising A DNA was deduced from the two 

spreadings A with pSC101 and pSC101 with 4X174 (doubie-stranded); 

the size of 4X174 was determined to be 5386 bases (Sanger et al, 1978). 

Other DNA segments within the heteroduplexes were also measured. 

The following heteroduplexes between pairs of lainbdoid phages 

were analyzed X/424, X/PA2, 434/424, 434/21, 434/PA2, 424/PA2 and 

21/PA2. The total amount of homology between each pair was 48.3%, 

56.7%, 45.4%, 42.7%, 27.8%, 56.6%, 53.3% and 37.4%, respectively. 

My results indicate that it is likely, that the processes envisaged 

in the modular hypothesis and in the ancestral chromosome hypothesis 

were important in the evolution of the lambdoid phages. 

Lambda-transducing phages carrying the trpABC and tna bacterial 

fragments, generated by restriction of E. coli and A DNA's (with the 

endonuclease Hindill), followed by ligation and selection, for corn-

plemantation by these genes, were allowed to form heteroduplexes 

using various denaturing and spreading conditions. The following 

. 	 1 
heteroduplexes were analyzed: NM540/Xtna imm A c1857 nm + ; XtrpABC I 

XtIPABcr ;  X/AtrpABC1; A/XtrpABCr ;  AtrpABCh/Atna immX c1857 	and; 

AtrpABC'/Xtna imniX c1857 	The DNA fragments containing the 

trpABC and tna genes were found to share no more than 58% homology 

by using the least denaturing conditions possible. 
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INTRODUCTION 

THE LAMBDOID FANILY 

Lambda and its relatives are members- of a group of Escherichia 

coil bacteriophages, the iambdoid family, which includes A, 434, 424, 

21, 82, 381, 466, 4>80, 4>81, PA2, 4>1)326 and many more (Laderberg, 1951; 

Jacob and Woilman, 1956; Matsushiro, 1963; Schnaitman etal, 1975). 

Lambdoid phages are temperate; they can undergo vegetative replica-

tion or they can propagate as a prophage by integrating into and rep-

licating as part of the host chromosome (under special conditions, the 

A chromosome can survive and multiply in the host in a non-integrated 

form as a plasmid (Chow et al, 1974; Matsubara and Kaiser, 1968; Szy-

baiski and Szybalski, 1974)). Cells carrying a prophage are called 

lysogens and they transmit the ability to .  produce these phage parti-

cles to their progeny (Lwoff and Gutmann, 1950; Lwoff etal, 1950). 

In the lysogen, most phage functions are repressed and the lysogen is 

immune to superinfection by another phage having the same immunity 

(Kaiser and Jacob, 1957). Also, the phage is replicated as part of 

the bacterial chromosome and segregates with it at cell division 

(Sharp etal, 1972). Spontaneous induction to the lytic phase occurs 

at low frequency (about 10 per cell generation). However, treat-

ments such as ultraviolet (UV) irradiation can induce the prophage 

into the iytic phase of development (Roberts and Roberts, 1974). 

This stability of lysogeny depends upon repression of the phage 

genome (Sussman and Jacob, 1962). Repression is mediated by the 

repressor, which is synthesized after infection and prevents the 

expression of those genes necessary for development of the lytic 

pathway (Ptashne, 1971). 

1 



Each of the lambdoid phages has a unique immunity and it is the 

repressor that determines this specificity. The region of the DNA 

that specifies the immunity (imm) of a phage can be defined with re-

spect to recombination with the A immunity region; for example, the 

immunity region of phage 434 includes all the genes that are insepar-

able from the immunity of 434 in a cross between A and 434. The im-

munity region is the length of non-homology between two DNA's in which 

the repressor gene and the sites of action of the repressor protein 

lies. 

Phage of the lambdoid family are distinguishable from each other 

by having different immunities, different host ranges and by their 

sensitivity to anti-immune sera of other phages in the family. Dove 

(1968) classified lambdoid phages as those phages that share common 

cohesive DNA ends, undergo genetic recombination with each other to 

various extents and can be induced from the prophage state by UV-irra-

diation. Simon et al (1970) added that the lambdoid phages are capa-

ble of genetic coxnplementation with each other to various extents. 

Lambda has been studied extensively, more than any of the other 

lambdoid phages. In the following pages I discuss the general phys-

ical, morphological and genetic characteristics of A and some of the 

similarities and differences among the phages of the lambdoid family. 

Other families of related phages are also discussed. 

THE TEMPERATE PHAGE: TWO PATHWAYS UPON INFECTION 

Upon infection, the linear A DNA molecule is injected into the 

host cell and immediately circularizes because of the complementary, 

single-stranded, twelve nucleotide sequences at its ends (Hershey et 

al, 1963; Wu, 1970; Wu and Taylor, 1971; Yarmolinsky, 1971). The DNA 

is then converted into a covalently closed circle by the action of a 



DNA ligase (Gellert, 1967). The phage DNA can then follow either of 

two pathways of development, lysogenic or lytic. In the former, the 

injected phage DNA directs the synthesis of gene products that repress 

the lytic cycle and promote its integration into the bacterial chromo-

some. These protein products bring about a single, reciprocal recom-

bination event, which inserts the circular phage DNA molecule such 

that it becomes a linear sequence in the host chromosome (Campbell, 

1962). The site on the A DNA molecule at which insertion occurs is 

designated att on the A genetic map (see Figure 1). The site on the 

bacterial chromosome at which the A DNA molecule integrates is desig-

nated att'; the sites at which other lambdoid phage DNA molecules 

integrate are designated in an analogous manner. 

The A mt gene product is required for integration (Zissler, 

1967). Once the A DNA is integrated, the host cell is immune to 

superinfection by other A particles because of the synthesis of re-

pressor. Establishment of repressor synthesis requires products of 

both genes cli and ciii (Kaiser, 1957). Transcription of the ci gene 

from promoter 2.re  then leads to the synthesis of repressor, which 

binds to the leftward and rightward operators and prevents further 

expression of all early genes (Ptashne, 1971). Maintanence of lyso-

geny requires the continuation of repressor synthesis originating 

from promoter p rm  (H.einetnann et al, 1970). Sufficient repressor is 

synthesized by a prophage to act upon its own DNA as well as any 

homoimmune superinfecting phage DNA, preventing the superinfecting 

DNA from developing lytically or integrating into the host chromo-

some (Kaiser and Jacob, 1957; Ptashne, 1971). 

Entry into the lytic pathway of development requires the synthe-

sis of A genes whose products promote phage DNA replication, phage 

3 
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coat protein synthesis, DNA packaging into phage particles and host 

cell lysis. To enter the lytic cycle, repressor synthesis must be 

prevented; this is achieved by the cro gene product, which prevents 

transcription from p rm  (Calef and Neubauer, 1968; Neubauer and Calef, 

1970; Eisen etal, 1970). The sequence of gene expression in the 

regulation of lytic development of.  A phage particles depends upon 

the sequential action of the two positive regulator genes, N and 

(Dove, 1966; Protass and Korn, 1966; Radding and Shreffler, 1966; 

Skalka at al, 1967; Radding and Echols, 1968; Oda et al, 1969; Echols, 

1971). 

Synthesis of repressor is a key event in determining the choice 

between the lytic or lysogenic pathway (Heinemann and Spiegeitnan, 

1970b). This choice depends upon the expression of the cli and clii 

genes, Their gene products are positive regulators of ci repressor 

synthesis (Echols and Green,. 1971;. Reichardt and Kaiser, 1971) and so 

they inhibt lytic gene expression (NcNacken at al, 1970; Court et al, 

1975), 

LAMBDA: PHYSICAL PROPERTIES 

The lambda phage particle consists of a single double-stranded 

DNA molecule about 49,150 base pairs in length, equivalent to a mo-

lecular weight of about 32.5 x 106  daltons. The DNA molecule is 

about 14.4 t in length (this thesis). The DNA is encapsulated in an 

icosahedral head, 55 nm in diameter, out of which projects a tubular 

tail, about 153 nm in length and 12 rim in diameter (Eiserling and 

Boy de la Tour, 1965; Hershey and Dove, 1971). The tail terminates 

in a fine fiber, about 25 nm in length with a diameter of about 2 nm, 

which appears to be responsible for host range (Eiserling and Boy de 



la Tour, 1965). The phage particles are about half protein and half 

DNA by weight (Kaiser, 1966; Campbell, 1969; Buchwald, Steed-Glaister 

and Siminovitch, 1970). 

When a break is introduced into the middle of the linear A du-

plex, the left and right halves of the molecule can be separated by 

their different buoyant densities. The left half has a G + C content 

of about 55% and has a greater buoyant density than the right half, 

which has a G + C content of about 45% (Skalka, 1966). The central 

region of the A DNA molecule, from about 44% A to 54% A, has a G + C 

content of about 37%. The buoyant densities of various segments with-

in the A DNA molecule have been determined (Skalka et al, 1968). 

These segments and their respective buoyant densities are labelled in 

Figure 2. 

LAMBDA: GENETIC MAP 

The lambda DNA molecule consists of groups of genes coding for 

related functions. The map in FigurelA is labelled with the A genes 

that have been identified. The head and tail genes are located in 

the left arm of the A molecule. The DNA recombination, positive and 

negative regulatory genes are all located around the center of the 

molecule. The DNA synthesis and host-cell lysis genes are located 

in the right arm of the A molecule. The silent region, also known 

as the non-essential region, about 15% of the chromosome, is located 

to the left of the center of the molecule. A deletion, b, within this 

non-essential region does not affect any phage characteristics other 

than chromosome length and buoyant density (Kellenberger et al, 1961; 

Jordan, 1964; Parkinson and Davis, 1971; Shulman and Gottesman, 1971). 

An article by Echols and Murialdo (1978) reviews the genetic map of A. 

All map positions quoted were taken from this paper. 
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Head and Tail Genes. The genes involved in head synthesis and 

assembly are clustered at the left end of the A DNA molecule between. 

0 and 16.3% A (Weigle, 1966; Mount etal, 1968; Parkinson, 1968). 

The A gene product cuts the DNA concatamers, which result from rolling 

circle DNA replication, at the cohesive end sites, cos (Wang and Kai-

ser, 1973). On the basis of biochemical and genetic analyses, it has 

been shown that the protein products of at least 9 A phage genes and 

the protein product of at least one E. coli gene, groE, are required 

for proper A phage head assembly (Casjens and King, 1975). These 

phage genes include A, W, B, C, Nu3, D, E, F 1 , and F 11 ; two other 

genes may be involved, these are defined by the defective mutations, 

Nul and Nu2 (Parkinson, 1968; Buchwald, Murialdo and Siminovitch, 

1970; Casj ens et al, 1970; Murialdo and Siminovitch, 1972a, 1972b; 

Casjens and King, 1975; Ray and Murialdo, 1975). Genes D and E code 

for major capsid proteins (Casjens et al, 1970; Buchwald, Murialdo 

and Siminovitch, 1970; Murialdo and Siminovitch, 1971; Murialdo and 

Siminovitch, 1972; Bayer et al, 1973; Williams and Richards, 1974; 

Steinberg and Weisberg, 1977). 

The tail genes are arranged to the right of the head genes, 

between 16.3 and 39.4% A, and include the following genes: Z, U, V, 

208, M. L, K, I.andj (Campbell, 1961; Buchwald et al, 1970b; 

Murialdo and Siminovitch, 1971, 1972a; Parkinson, 1968). The product 

of gene H is the second major component of the tail (Buchwald, Murialdo 

and Siniinovitch, 1970; Casjens and Hendrix, 1974). Gene U codes for a 

structural component of the tail and determines tail length (Mount et 

al, 1968; Murialdo and Siminovitch, 1972a;J(atsura and Kühl, 1974). 

Gene V codes for the major protein of the tail tube (Buchwald, Murialdo 

and Siminovitch, 1970; Murialdo and Siminovitch, 1971, 1972; Katsura 

and Tsugita, 1977) and maps between 18.4 and 19.9% A. Gene J codes for 
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a prptein that forms the tail fiber and determines host range of ad-

sorption; it maps between 31.8 and 39.4% A (Dove, 1966; Mount etal, 

1968; Buchwald and Siminovitch, 1969; Shawetal, 1977) 

Recombination Genes. Between about 57.3 and 68.7% A are genes 

whose products determine the interplay between DNA molecules. The 

attP site at 57.3% A is the location of site-specific recombination, 

a 15 base-pair sequence homologous with the bacterial site attB 

(Davis and Parkinson, 1971; Davies etal, 1977; Landy and Ross, 1977). 

The mt gene lies between 57.4 and 59.4% A and its product is an 

enzyme, which mediates the integration of the prophage during lysogen-

ization (Echols etal, 1968; Echols, 1970; Ausubel, 1974). mt 

mutants are defective with respect to insertion into and excision 

from the bacterial chromosome (Gingery and Echols, 1967; Zissler, 

1967; Gottesman and Yarmolinsky, 1968). The xis gene, mapping be-

tween 59.8 and 60.2% A is required for excision from the bacterial 

chromosome (Guarneros and Echols, 1970). The promoter for mt expres-

sion, 21, is under positive regulation by the cli and CIII proteins 

(Shimada and Campbell, 1974a; Shiniada and Campbell, 1974b; Campbell, 

1977; Enquist and Weisberg, 1977). 

Lambda specifies its own recombination system. Two genes, redci. 

(also known as exo), located between 64.7 and 66.1% A and reds (also 

known as aka8), located between 66.1 and 67.8% A determine the proteins 

exonuclease and respectively (Manly et al, 1969) and are required 

for general recombination at normal frequency. These two proteins are 

the major influences on recombination between phage genomes. The 

protein has been shown to increase the affinity of exonuclease for DNA 

(Radding and Carter, 1971). Them (y) gene maps between 67.8 and 
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68.7% A and its protein product directly inhibits the host exonucle-

ase V (product of the host genes recB and recC); it is necessary to 

protect the linear phage DNA concatamers from degradation by exonu-

clease V (Unger et al, 1972; Unger and Clark, 1972; Enquist and 

Skalka, 1973). Because of the inhibitory effect of the gam, gene pro-

duct, the host recombination system makes only a minor contribution 

in most phage x phage crosses (Echols and Gingery, 1968; Signer and 

Weil, 1968a, 1968b). 

Control and Immunity Genes. Phage A has a highly complex con-

trol region, composed of both positive and negative elements, in 

which the decision is made between the lytic and lysogenic pathways. 

The first of these elements to be described was the ci gene, located 

between 76.9 and 78.4% A. As mentioned earlier, this gene codes for 

the repressor, which is responsible for the immunity phenotype and 

for the maintenance of lysogeny. The repressor inhibits transcrip-

tion of genes necessary for vegetative development by binding to the 

operators 	and 	(Ptashne, 1971). 

The operator, 2R maps between 78.4 and 78.5% A and consists of 

three subsites 2M, 	2,and 2R3 , at which the ci and cr0 proteins 

act to prevent binding of RNA polymerase and thus transcription from 

(Ptashne and Hopkins, 1968; Maniatis etal, 1975; Pirrotta, 1975). 

The promoter site, 2., for initiation of early rightwards transcrip-

tion from the crc gene through the region maps at 78.5% A 

(Walz and Pirrotta, 1975). The promoter site 2 Z  or re (promoter 

for repressor establishment), for transcription of the ci and rex 

genes during the establishment stage of lysogeny, maps at 79.2% A. 

The promoter for transcription of the ci and rex genes during the 

maintenance stage of lysogeny, j2M or .2' is located at 78.4% and 
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the terminator for these genes during this stage of lysogeny, 	, 

maps at 74.2% (Isaacs etal, 1965; Hayes and Szybalski, 1973). 

The operator, °L'  located between 73.5 and 73.6% also consists 

of three subsites, 2U ,  212 and 	It is the site at which the 

ci and cro proteins act to prevent binding by RNA polymerase and 

thus transcription from 	(Ptashne and Hopkins, 1968; Pero, 1971; 

Maniatis etal, 1975; Reichardt, 1975; Takeda, 1977). 

The cro (control of repressor and other things) gene product 

depresses the level of transcription from 	and 	by binding 

tO.2L and 	(Eisen et al, 1970; Heineinann et al, 1970; Echols et 	al, 

1973; Takeda et al, 1975; Fol1ianis et al, 1977; Takeda et al, 1977; 

Johnson et al, 1978). The cro gene is also known as tof--turn off 

function; al--anti-immunity; and fed. The cro gene maps between 

78.6 and 79.0%. 

Both the cii and ciii gene products are required to induce re-

pressor synthesis (Signer, 1969; Eisen et al, 1970). They act at 

2-re to initiate repressor mRNA synthesis--this message is transcribed 

leftward reading through the cro gene on the anti-strand into the ci 

gene (Echols and Green, 1971; Court etal, 1975; Chung and Echols, 

1977). The cli gene extends from 79.2 to 79.8%; its protein product 

is necessary for the establishment of immunity (Kaiser, 1957). The 

ciii gene maps between about 68.7 and 70.7%. The clii gene product 

together with the cli gene product are required for the establishment 

of lysogeny; both protein products activate transcription from the ci 

and mt genes and repress transcription of genes of the lytic pathway 

(Eisen et al, 1970; Echols and Green, 1971; Reichardt and Kaiser, 

1971; Spiegelinan et al, 1972; Court et al, 1975; Katzir et al, 1976; 

Court et al, 1977). 
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The N gene extends from 72.5 to 73.3%. The N gene product pro-

vides for positive regulation of three regions of A DNA: recombina-

tion, replication and late genes (Dove, 1966; Eisen et al, 1966; Joy-

ner etal, 1966; Protass and Korn, 1966; Skalká'et:al,  1967; Radding 

and Echols, 1968; Butler and Echols, 1970; Heinemann and Spiegelman, 

1970). The N gene product acts on the phage DNA at the termination 

sites l' Rl and 2  and allows transcription initiated at and 

to proceed through these sites--hence its name, "anti-termination 

factor" (Kourilsky et al, 1968; Kumar et al, 1969; Heineivann and Spie-

gelinan, 1970; Hopkins, 1970; Roberts, 1971; Thomas, 1971). The -Ll 

site maps at about 71.8% and is a rho-sensitive transcription termin-

ation site for the early RNA synthesis initiated at 	(Roberts, 1969; 

Kourilsky etal, 1970; Roberts, 1970). The rho-sensitive transcrip-

tion termination sites, LR, and R2  are the terminators for most of 

the early RNA synthesis initiated at .2R  and map at 79.2% and 83.3% 

respectively (Roberts, 1970; Roberts, 1971). The N protein inter-

acts with RNA. polymerase and renders it insensitive to a variety of 

termination signals (Adhya etal, 1974; Franklin, 1974). The N pro-

tein stimulates the transcription of the following genes: cli, 0, P, 

Q, , reda, red8,  xis and mt (Protass and Korn, 1966; Kourilsky tt 

al, 1968; Radding and Echols, 1968; Roberts, 1969; Luzzati, 1970; 

Hendrix, 1971). The promoter for initiation of transcription from 

N through the mt region, p L , is located at 73.5%, between the genes 

rex and N (Heineniann and Spiegelman, 1971). 

Gene maps between 90.8 and 92.1% and is the positive control 

gene for late gene expression. The , protein acts at the promoter 

which maps at about 93.1%, to allow transcription from p R  to con-

tinue through the late genes--lysis, head and tail genes--from gene S 

through gene J (Toussaint, 1969; Herskowitz and Signer, 1970a; Szpirer 
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and Brachet, 1970; Thomas, 1971; Roberts, 1975). In the absence of 

the product of gene • little late mRNA is synthesized and the levels 

of endolysin and the structural proteins are low (Hendrix, 1971). 

The mutation, byp, makes the expression of gene Q independent of the 

product of gene N (Butler and Echols, 1970; Hopkins, 1970). 

DNA Replication Genes. Phage X replicates bidirectionally 

(Schnös and Inman, 1970). The origin of replication, on, maps at 

80.9% (Kaiser, 1977). The activation of the origin requires the pro-

ducts of genes 0 and P (Joyner et al, 1966; Tomizawa and Ogawa, 1968; 

Dove etal, 1971; Stevens etal, 1971; Takahishi, 1975). 

The major rightward operon of phage A contains the phage DNA 

replication genes 0 and P (Brooks, 1965; Joyner et al, 1966). Gene 

0 maps between 79.9 and 81.9% and gene P maps between 81.9 and 83.3%. 

These genes are rarely transcribed in the absence of the N gene pro-

duct (Takahishi, 1975). 

Lysis Genes. The A lysis genes Sand R, map between about 93.1 

and 93.9% and 93.9 and 95.0% respectively. They control the dissolu-

tion of the cell envelope that terminates the lytic cycle (Harris et 

al, 1967). Gene S codes for a protein involved in turning off phage 

DNA synthesis and affects the host membrane (Adhya et al, 1971; Reader 

and Siminovitch, 1971). Gene R determines the phage endolysin, an 

endopeptidase, which digests the host cell wall by splitting a bond 

between D-amino acids (Taylor, 1971). The morphogenetic genes (head 

and tail) are "late" genes continuous with genes S and R in the cir-

cular A molecule. 
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Other Genes and Genetic Markers. The Mn region affects host 

permeability and stabilizes phage rnRNA (Court, in preparation). The 

A kil function is responsible for killing the host cell prior to cell 

lysis during lytic phage growth (Greer, 1975). The kil gene extends 

from about 68.7 to 69.2%. The ral gene specifies a protein, which 

partially alleviates the restriction of unmodified phage DNA upon 

infection of a K-restriction host (DeBrouwere, Zabeau, Van Montagu, 

Schell, in preparation). The rex gene maps from about 74.2 to 75.9%. 

The rex gene product excludes phage T4r11 mutants from developing in 

A lysogens (Howard, 1967). The rex gene, part of the ci operon, is 

expressed concomittantly with the ci gene. The promoter for tran-

scription of the 4s RNA, p , maps at 79.9% (Scherer etal, 1977). 

Nin5 signifies a deletion, which relieves the requirement of the N 

gene product for phage growth (Court and Sato, 1969). 1mm434 

is the substitution of the immunity region of A by the corresponding 

DNA of phage 434 (Kaiser and Jacob, 1957; Davidson and Szybalski, 

1971). Immn2l is the substitution of the immunity region of A by the 

corresponding DNA of phage 21 (Davidson and Szybalski, 1971). 

The b2 region of A consists of genes nonessential to phage 

growth. The structural deletion mutant of A, Ab2, has an altered 

buoyant density (Kellenbergeretal, 1961; Parkinson, 1971; Shulman 

and Gottesmnan, 1971). This mutant does not produce clear plaques 

(Zichichi and Kellenberger, 1963). Phage Ab2 cannot lysogenize E. 

coli unless a Ab2+ helper phage is present (Zichichi and Kellenberger, 

1963; Campbell, 1965; Fischer-Fantuzzi, 1967; Gottesman and Yarmolin-

sky, 1968b). Bacteria carrying an integrated Ab2 prophage yield very 

little phage upon UV induction (Zichichi and Kellenberger, 1963). 

This phage, however, can elicit the lytic response (Tonegawa and Hay-

ashi, 1968. 
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RELATEDNESS AMONG THE LANBDOID PHAGES 

Heteroduplex Studies and Genetic Evidence. Evidence for relat-

edness among the lambdoid phages includes DNA sequence homology and 

genetic evidence. The electron microscope heteroduplex method was 

used to study and map regions of homology in the DNA molecules of the 

lambdoid group and other phage groups (Davis and Davidson, 1968; 

Westmoreland etal, 1969; Davis etal, 1970). Among phages of the 

lambdoid family, the following heteroduplexes have been described: 

X/21, A/434, X/82, 434/82, X/4>80, 4801481 

and X/4>81 (Simon et al, 1971; Fiandt et al, 1971; Niwa et a!, 1971'). 

Phages 434, 82, 21 and 4>80 share 65%, 55%, 38% and 25% homology 

respectively with phage A (Simon et al, 1971; Fiandt et al, 1971). 

When A was heteroduplexed with 434, 82 and 21 the largest nonhoniolo-

gous region between them corresponded to the nonessential region of 

A between about 40 and 57.4% in A (Simon etal, 1977). However, in 

the 434/82 heteroduplex, the DNA's were homologous up to 64.2% A along 

the 434 chromosome, which includes the DNA corresponding to the A 

silent region. Thus, the DNA in the silent region is not unique for 

each phage. Most of the homology lies in the left arm. Lambda DNA 

is homologous with 434 and 82 DNA's up to 37.3%, which includes the A 

gens A through I for head and tail formation. This correlates with 

the genetic evidence because phages 82 and 434 can complement A in 

genes A, B, C and D (Dove, 1969). 

The left arm of the A/21 heteroduplex shows less homology with 

a series of bubbles, whose sizes and positions varied between mole-

cules, up to 15.9% and 16.7% in the A and 21 DNA molecules respec- 

tively (Simon at al, 1971). Following this, the DNA's of A and 21 are 

identical up to 36.9% in the A DNA molecule and 37.7% A in the 21 DNA 

molecule, which includes the A tail genes. 
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The heteroduplex data indicates that A, 434, 21 and 82 DNA's are 

homologous in the region corresponding to the A exo and 8 genes 

(Simon et al, 1971); the A exo and 8 proteins are immunologically the 

same in A, 434 and 82 (Radding and Schreffler, 1966; Radding etal, 

1967). Lambda DNA is also homologous with 434 and 82 DNA's from 57.0 

to 60.5%, which includes the A crossover point at 57.4%; this implies 

that the sequences around the crossover points and the sequences spec-

ifying the mt proteins may be identical in A, 434 and 82. Lambda, 

434 and 82 DNA's are nonhomologous in the region of the A xis gene, 

but A is homologous with 21 in this region. 

Another homologous region around 95% exists among A, 82, 434 and 

21 DNA's implying that these phages may share a common R gene. 

Regions of homology between A and 080 were found to total 25.8% 

A; again, mostly in the left arm. Other regions of partial homology 

totaled 13% A (Fiandt et al, 1971). Infectious particles were con-

structed from A heads and 4,80 tails and 4,80 was found to complement 

A in the head genes A, B and C (Sato etal, 1968; Deeb, 1970; mo-

kuchi and Ozeki, 1970). No homology was observed in the region of .  

gene J between A and 4>80; this agrees with the known differences in 

the host range of these phages (Dove, 1968). 

DNA sequence homology between 4>80, 4,81 and A was examined by con-

structing and analyzing the 4,80/4,81 and 4,81/A heteroduplexes (Niwa et 

al, 1978). The 4,80/4,81 heteroduplex consists of two homologous re-

gions--the left half and the right terminal region of 13%, including 

the late genes--interspersed by a long nonhomologous region, which 

consists of early gene functions. The 4,81/A heteroduplex has several 

regions of homology. In the left arm there is partial homologybe-

cause more of the region denatured when the denaturing capacity was 

increased. These two partially homologous regions (between 0 % and 
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10.1% A and 11.9% and 14.1% A) include the head gene cluster, A 

through E and are separated by a nonhomologous region of constant 

length (from 10.1 to 11.9% A). The att-int-xis region is homologous 

between 81 and A. 

Other Physical Studies. Skalka and Hanson (1971) determined 

that the order of relatedness of the lambdoid phages.to  A was 82 and 

434 > 21 > 424 > 080. They found that the most common sequences were 

in segments high in G + C content, which in A included the head and 

tail genes. DNA-DNA hybridization results indicated that the DNA of 

phages 424, 21 and 82 contain many sequences in common with A, most 

of these sequences within the highest G + C containing fragments 

(Skalka and Hanson, 1972). This agrees with the heteroduplex results. 

Highton and Whitfield (1974) examined the denaturation patterns 

of 424, 21 and A DNA's. The denaturation maps were found to be sim-

ilar indicating a similar base composition, even in nonhomologous 

regions. 

The terminal DNA sequences of A, 48Q, 82, 424 and 21 are all the 

same (Murray et al, 1975). This sequence consists of twelve syinmetri-

cally arranged base pairs at the 5' termini. They found that the ter-

minal sequence of phage 4D326--a lambdoid phage closely related to 

+80--differs from that of A in two nucleotides (Murray etal, 1975; 

Rocketal, 1974). Still, the +D326 ter system, which codes for the 

gene product that interacts with and nicks the DNA resulting in the 

single-stranded projections of complementary base sequence, recognizes 

the corresponding A DNA sequence (Murray et al, 1975). 
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LAMBDA AND P22: DIFFERENT AND SIMILAR 

The temperate Salmonella typhimurium phage, P22, differs from 

A, an Escherichia coli phage, in many ways. Unlike A DNA, which is 

linear and has single-stranded cohesive ends, P22 DNA is circularly 

permutted and terminally repetitious (Hershey and Burgi, 1965; Thomas 

and MacHattie, 1967; Gough and Levine, 1968; Rhoades etal, 1968; 

Campbell, 1971). The P22 phage has a short tail and baseplate struc-

ture whereas, A has an elongated tail (Kellenberger and Edgar, 1971). 

P22 uses two gene products to repress the prophage (Gough, 1968), in 

contrast to the single repressor employed by A (Ptashne and Hopkins, 

1968; Hopkins and Ptashne, 1971; Chan and Botstein, 1972). In addi-

tion, phage P22 carries out both generalized and specialized trans-

duction (Ozeki and Ikeda, 1968; Wing, 1968) whereas, phage A carries 

out only specialized transduction (Jacob, 1955; Morse etal, 1956a, 

1956b; Arber, 1960; Kayajanian, 1962; Wollman, 1963; Fuerst, 1966). 

Amidst these differences, A and P22 share similarities, most 

notably their functional organization (Gough and Levine, 1968; Dove, 

1971; Botstein etal, 1972). As with A, genes specifying related 

functions are clustered within the P22 genetic map (Botstein etal, 

1972). Regions concerned with control, recombination, integration, 

DNA replication and cell lysis are arranged in the same order on the 

genetic maps of A and P22 (Botstein and Herskowitz, 1974). DNA-DNA 

hybridization studies showed 18% homology (Cowie and Szyfranski, 1967) 

and that most of this sequence homology between P22 and A is in the 

right arm of A, where the regions mentioned above are located (Skalka 

and Hanson, 1972). Hybrids between P22 and A have been constructed; 

the immunity region from P22 was inserted into A (Botstein and Hersko-

witz, 1974). This immunity substitution also replaced the A genes N. 

0 and P with the analogous P22 genes 24, 18 and 12 and the genes were 



fully functional (Gemski et al, 1972). The repressor of phage P22 

was found to be functionally identical to that of phage 21 and both 

P22 and 21 DNA's are homologous in part, but not all, of the immunity 

region (Botstein and Herskowitz, 1974). A low but significant amount 

of sequence similarity between A and P22 DNA's was also found by 

Skalka and Hanson (1972). They also found that although phages 080 

and P22 were similar in G + C content they shared little DNA sequence 

homology. 

Compositional heterogeneity of DNA can be measured by changes 

in the absorption spectrum at various wavelengths during thermal de-

naturation. Using this technique, it was confirmed that there is 

G + C clustering within the DNA's of P22, A, 80 and 434 (Falkowetal, 

1969). They found that the DNA's of A, 80 and P22 had DNA base 

sequences in common with each other. 

HOMOLOGY BETWEEN P2, 186 AND THE LAb4BDOID PHAGES 

Phages 186 and P2 are members of a family of temperate coliphages 

distinct from the lambdoid family. These two phages are non-inducible, 

have specific chromosoinal attachment sites, have similar DNA lengths 

and have homologous cohesive ends, different from those of A (Baldwin 

etal, 1966; Mandel, 1967; Mandel and Berg, 1968a; Mandel and Berg, 

1968b). P2 and 186 recombine with each other, and form viable hybrids 

with each other, but not with the lambdoid phages (Bertani and Bertani, 

1971). Hybridization tests showed that phages P2 and 186 have similar -

ities to but few, if any, DNA sequences in common with A (Skalka and 

Hanson, 1972). They showed that P2 and 186 have DNA sequences in com-

mon with each other, in G + C rich regions. 
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RELATEDNESS AMONG FEMALE-SPECIFIC COLIPHAGES 

The female-specific coliphages T7, T3, cI, II, W31 and H were 

all found to share some DNA sequence homology (Hyman etal, 1975). 

Phages T7 and T3 were isolated independently by Demerec and Fano 

(1945) and by Delbriick (1946). Phage II was isolated by Woilman 

(1947); phage $1 was isolated by Dettorij, (1961); and W31yas 

isolated by Watanabe and Okada (1964). Phage H was isolated as a 

lytic phage from Pasteurella pestis (Cavanaugh and Quan, 1953). 

Phage T7 is morphologically, serologically and physiologically 

similar to phage T3 (Delbriick, 1946). Density gradient ultra-centri-

fugation experiments using a mixture of labelled and unlabelled DNA 

resulted in hybrid molecules of T7 and T3 DNA's indicating that there 

is sequence homology between them (Schildkraut et al, 1962). Exam-

ination of the external morphology of phages T7 and T3 by electron 

microscopy using a freeze-dry technique revealed that these phages 

are indistinguishable from each other in appearance and that they 

have a hexagonal cross-section (Fraser and Williams, 1953). 

Davis and Hyman (1971) found that in most regions T7 and T3 DNA's 

are partially homologous with few sequences conserved. Their results 

support the interpretation of Simon at al (1971) that phages which 

recombine have maintained regions that are totally homologous. Phages, 

which are derived from a common ancestor but which no longer undergo 

genetic recombination with each other will be only partially homologous 

in DNA sequence. Without the selective pressure to maintain the abil-

ity to recombine, the DNA's of T7 and T3 may have accumulated random 

base changes giving rise to sequences, which are partially homologous. 

T7 and T3 do not recombine and do not destroy the host DNA and are 

therefore genetically isolated from each other and from their host. 
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The patterns of phage proteins synthesized in UV-irradiatedE. 

coil cells after infection with either T7, 41, qii, W31, H or T3 in-

dicated that T7, I, II, H' and W31 are more similar to each other 

than they are to T3 (Hyman et al, 1974). Heteroduplexes between var-

ious pairs of these phages reveal that only a few discrete regions of 

their chromosomes have distinct base sequences (Hyman et al, 1973; 

Brunovskis etal, 1973; Hyman etal, 1974). The nonessential genes, 

in general, show more variation than do essential genes except for the 

major coat protein, which shows some variation among these phages. 

HOMOLOGY AMONG THE T-EVEN PHAGES 

The T-even bacteriophages T2, T4 and T6 are all virulent coli-

phages. The T-even phage DNA's are circularly permutted and term!-

nally repetitious (Thomas and Rubenstein, 1964; Streisinger et al, 

1967). Genetic recombination takes place between the T-even phages 

(DelbrUck and Bailey, 1946). The T-even phages were found to have 

the same base composition and that 5-hydroxymethyl cytosine replaces 

cytosine in the DNA (Cohen, 1953). The Tm's of T2, T4 and T6 DNA's 

are 84.40C, 84.5
0
C and 84.40C respectively (Cowie et al, 1971). The 

T-even phages share similarities in their morphology and antigenic 

properties (Adams, 1959). 

Sequence homology was found among the T-even phage DNA's although 

it was incomplete:homology (Schildkraut etal, 1962). Results of DNA-

DNA hybridization studies between T-even phages indicated that the mo- - 

lecular weights of their DNA's differ by as much as 10% (T2 > T6 > T4) 

and that T2 and T6 are evolutionarily more related than T2 and T4 or T4 

T4 and T6 (Cowie etal, 1971). They found a significant amount of 

partial DNA sequence homology. The average amount of homology between 
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T2 and T4, T4 and T6, T2 and T6 was found to be 87%, 84% and 91% re-

spectively (Cowie et al, 1971). 

The regions of homology between the T2, T4 and T6 DNA molecules 

were mapped by the electron microscope heteroduplex technique (Kim and 

Davidson, 1974). They found that the heteroduplexes T2/T4, T4/T6 and 

T2/T6 showed 87%, 88% and 89% homology respectively, which agrees 

with the DNA-DNA hybridization results (Cowie et al, 1971). Most 

of these homologous and nonhomologous regions were of gene-size or 

longer. Contrary to the results of Cowie et al (1971), their results 

showed little partial sequence homology, which would be expected for 

phages that undergo recombination; this will be discussed. later. 

HOMOLOGY BETWEEN. BACILLUS SUBTILUS PHAGES SP02 AND $105 

SP02 and $105 are two members of a group of temperate Bacillus 

subtilus phages whose relationship is analogous to that between the 

latnbdoid phages of Escherichia coli. They are serologically related 

and morphologically indistinguishable (Boice et al, 1969). Evidence 

suggests that SP02 and $105 are heteroiimnune and adsorb to different 

receptor sites on the bacterial surface. It has been observed that 

these two phages occupy different locations on the bacterial chromo-

some (Rutberg, 1969). DNA sequence homology between SP02 and $105 

has been mapped using the electron microscope heteroduplex technique 

(Chow et al, 1972). The heteroduplex consists of a central region of 

partial homology--about 14% of the total molecular length--flanked by 

completely nonhomologous regions on.each side. The amount of duplex 

in the central region decreases with increasing denaturing strength 

of the solvent indicating that these DNA's are only partially homol-

ogous within this region. 
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HOMOLOGY AMONG THE N PHAGES 

The N phages are Micrococcus iysodeikticus bacteriophages, which 

were isolated from sewage (Naylor and Burgi, 1956). Phages Ni and N6 

are serologically related and are capable of genetic recombination 

(Naylor and Burgi, 1956). They have very similar DNA base sequence.s 

determined by both DNA-DNA hybridization studies and by electron mi-

croscope heteroduplex studies (Lee and Davidson, 1975). They found 

that N6 and Ni shared 92.5% homology and N5 and Ni shared 1.72% ho-

mology. They also found that the cohesive end sequences of Ni and 

N6 are very similar and are capable of mutual cohesion. The con-

tour lengths and the sedimentation coefficients (s0) of Ni •and 

N6 are also very similar (Lee and Davidson, 1970). The Tm's of 

Ni, N6 and N5 in [Na+] = 0.0115 M are all virtually the same (Lee 

and Davidson, 1970). 

The DNA of phage N5 shows very little homology with Ni and 

its ends are not capable of cohesion with those of Ni. The- contour 

length and sedimentation coefficient of N5 is significantly less than 

those of Ni and N6 andthe...buoyant densities of Nl, N6 and N5 are all 

slightly different (Lee. and Davidson, 1970). 

HOMOLOGY AMONG OThER PHAGES 

The temperate coliphage P1 does not attach to the E. coli chro-

mosome; it replicates autonomously as a plasmid (Ikeda etal, 1968). 

P1 DNA is about twice the length of X DNA and is circularly permutted 

and terminally repetitious for about 14% of its length (MacHattie and 

Thomas, 1970; Ikeda and Tomizawa 1968). The P1 genes and their con-

trol mechanisms are different from those of X (Scott, 1969; Scott, - 

1970a; Scott, 1970b).. Less than 1% hybridization was found between 

x and P1 DNA's (Skaika and Hanson, 1972). 
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HOMOLOGY BETWEEN THE G PHAGES, cpX174 AND S13 

The G phages, 4X174 and S13 are members of a family of small, 

tailless, icosahedral coliphages, 28 to 30 nm in diameter whose ge-

nomes consist of circular, single-stranded DNA of about 5500 bases 

(Godson, 1978). They are also known as isometric phages. They are 

present in sewage and no two isolates appear to be exactly the same. 

The G coliphages have been isolated using a sucrose density gra-

dient (Godson, 1974). Those phages sedimenting at 120S were found to 

be X174-like; the phage particles had almost the same density and 

size as that of X174. The four phages, G4, G14, G6 and G13 all code 

for the same number of proteins as 4X174 and each protein coded for 

by the G phages has a X174 counterpart of nearly the same molecular 

weight (Godson, 1974; Shaw et al, 1978). It was found that G4 and 

4X174 do not recombine or complement each other efficiently (Keegstra 

etal, 1979). In 1977, the entire DNA sequence of X174 was deter-

mined and was found to consist of 5375 nucleotides (Sanger et al, 

1977), which was later revised to 5386 nucleotides (Sanger et al, 

1978). In 1978, the entire DNA sequence of G4was determined and was 

found to consist of 5577 nucleotides (Godson et al, 1978). 

DNA base sequence homologies between the G phages were studied 

by constructing heteroduplexes with X174 DNA and analyzing them by 

electron microscopy (Godson, 1974). These heteroduplex molecules 

were mounted for electron microscopy in 45% formamide, which is equiv-

alent to Tm 310C for X174 DNA. Thus, DNA that is single-stranded at 

Tm 310C must contain at least 24% base sequence mismatch (See Appendix 

1). DNA that is still double-stranded under these conditions can con-

tain up to 24% base sequence mismatch. Phages G4 and G14, which ap-

peared to be the most distantly related to X174 by biological and 

serological criteria as well as by differences in their proteins, 
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produced DNA heteroduplex molecules (X174/G4 and 4X174/G14) with 

characteristic patterns of nonhomology bubbles. This nonhomology 

represented specific regions of the viral DNA. Godson (1974) showed 

that 62.1% of G4 DNA had more than. 24% base sequences mismatch with 

4X174 DNA. He showed that about 25% of G14 DNA had a base sequence 

that was different from OX174 DNA, by a mismatch of at least 24%. 

Phages G6 and G13, based on the same biological and serological cri-

teria, appeared to be very closely related..to qX174. Their hetero-

duplexes with OX174 resulted in random patterns of single-stranded 

bubbles indicating that the base sequence mismatch of 24% was distrib-

uted throughout the entire molecule (Godson, 1974). About 20% of G13 

DNA had a base sequence mismatch of greater than 24% with X174 DNA 

and about 50% of the G6 DNA molecule had a base sequence mismatch 

with OX174 of greater than 24%. 

The amount of conservation of the amino acid and nucleotide se-

quences between 4X174 and G4 is different for each gene as well as 

over the entire genome averaging 34.0% and 32.9% respectively (this 

does not include untranslated sequences or coding regions without 

homologous counterparts) (Godson, Fiddes, Barrell and Sanger, 1978). 

In the coding regions, there is an average of 33.1% base sequence 

difference between 4X174 and G4 DNA's. By comparing the nuc1eotide 

sequences of G4 and X174, it is obvious that the gene order in G4 is 

the same as that in X174. Both DNA molecules contain two overlap-

ping gene systems--gene E is encoded entirely within gene D and gene 

B is encoded entirely within gene A. Gene K was recently found to 

overlap genes B, A and C in G4 and X174 (Shaw et al, 1978). 

Mutants of bacteriophage G4 have been isolated and characterized 

(Borrias et al, 1979). The mutations were mapped and found to lie in 

6 different - genes (A, B, E, F, G and H). Complementation experiments 
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using amber mutants of G4 and X174 revealed that X174 was able to 

use the products of the G4 genes E, F, G and H. In phage G4, only 

the X174 gene H product was cross-functional in vivo. It was sug-

gested that X174 and G4 have evolved independently from a conmion 

ancestor (Godson, Fiddes, Barrell and Sanger, 1978). They also sug-

gested the possibility that the 4X174 and G4 genomes evolved by a 

mechanism of intragenic recombination each using its own replicating 

DNA molecules as a source of new sequences. 

Phage S13, one of the isometric phages was isolated from Sal-

monella cultures, but grows normally onE. coli C strains and behaves 

like a phage closely related to X174 (Burnet, 1927; Spencer etal, 

1978). Analysis of DNA restriction fragments suggest that the DNA 

base sequences of 4,X174, S13 and G6 are closely related (Godson and 

Roberts, 1976; Grosveld et al, 1976) and the DNA base sequences of 

G4 and G14 are distantly related both to 4X174 and among themselves 

(Godson and Roberts, 1976). Both qX174 and S13 code for the same num-

ber of proteins ordered in a circular genetic map (Tessman, 1965; 

Baker and Tessman, 1967; Benbow et al, 1971). They complement each 

other in all but one gene and they can recombine (Tesstnan and Schieser,. 

1963; Jeng et al, 1970). Evidence for an overlap of genes A and B in 

S13 as in X174 was presented by Spencer et al (1978). Godson (1973) 

showed that the DNA's of these phages contain an average of 36% base 

sequence mismatch. A more recent analysis by Coiupton and Sinsheiiner 

(1977) using restriction fragments as reference points in heterodu-

plex studies, showed that three regions of the heteroduplex, total-

ling about 45% were double-stranded under mildly denaturing condi-

tions of 40% formaniide. Under more stringent denaturing conditions 

of up to 80% formainide only two duplex regions totalling between 2% 

and 4% were conserved. 
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HOMOLOGY AMONG TRANSFERABLE F-TYPE PLASMIDS OF E. coil 

DNA sequence homology among transferable F-type plasmids of E. 

coil was studied by use of the electron microscope heteroduplex method 

(Sharp etal, 1973). Homology exists between the sex factor, F, be-

tween map positions in F of 50.0 and 94.5 and the R factors, Ri and 

R6-5 and the colicinogenic plasmid colV-K94. However, the other half 

of F is not homologous to the R factors and shows homology only in 

one small region with colV-K94. They speculated that the end of the 

large homologous region is the boundary between the fertility genes 

(50F to 94.5F) and other genetic functions not related to transfer 

(94.5F to 50F). They also showed that all the DNA sequences contained 

in Rl'OO were present in R6 and about 85% of the DNA sequences of Ri 

were contained in R6. The homology is distributed over their genomes. 

Thus,.these R-factors may be descendants of a single plasmid. 

Various F-like plasmids were found to share DNA sequence simi-

larities with Rldrd DNA. Rldrd is an F-like R factor (Guerry and 

Falkow, 1971). Other F-like R factors were also found to share DNA 

sequence similarities (Guerry and Falkow, 1971). Coi-I factor, an 

I-like transmissible plasmid, and two other I-like R factors, N3 and 

R-144, were found to share only limited DNA sequence similarities 

with Rldrd DNA (Guerry and Falkow, 1971). These sequences were found 

in regions of the RI factor with a higher G + C content than the over-

all molecule; these may be in regions specifying drug-resistance genes. 

HOMOLOGY BETWEEN PEACES AND THEIR RESPECTIVE BACTERIAL HOSTS 

Cowie and-  McCarthy (1963) reported that 33% of the X genome was 

homologous with E. coli DNA using the DNA-DNA agar binding technique 

of Bolton and McCarthy (1962). Green (1963) tound only 8% of X DNA 

'was homologous with I. coil DNA using a DNA-RNA hybridization method 
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(Hall and Spiegelman, 1961). Most, if not all, of the homology found 

by Green resided outside the A b2 region. The b 2  region of A is be-

tween about 44.3% and 57.4% and contains no essential A genes. Ther-

mal dissociation studies of A RNA-E. coli DNA hybrids indicated that 

there is DNA complementarity between A and E. coli DNA's (Kiger and 

Green, 1964). The homology between A DNA and E. coli DNA was found 

to be distributed throughout the length of A DNA (Cowie and Hershey, 

1965). 

Phages 80 and P22 both were found to have base sequences similar 

to those of their bac'terial hosts, E. coli and S. typhimurium, respec-

tively (Cowie and Falkow, 1967; Falkoweta.l, 1969). The similarity 

in DNA sequence between phage and host raises the possibility that the 

host may contain complete or partial genomes of the phage. Temperate 

bacteriophages may have evolved when a segment of the host chromosome 

acquired the ability to control its own duplication (Cowie and McCarthy, 

1963). 

No homology was found between E. coli and T3 DNA's (or between E. 

coli and T7 DNA's) in heating and annealing experiments (Schildkraut 

etal, 1962). DNA-DNA thermal elution chromatographic profiles show 

that the three lysogenic phages A, P22 and 15(TAU) and the semilyso-

genic phage T3 are related to their respective hosts E. coli, S. typhi- 

muriuin, E. coli strain 15(TATr) and E. coli (Cowie and Szyfranski, 1967). 

Phage 15(TAU) can be induced from its lysogenic host (Endo et al, 1965; 

Frampton and Brinkley, 1965; Gelderman et al, 1966). 

Nearest neighbor frequency analysis indicated that the DNA's of 

the T-even phages are genetically related and are different from the 

host DNA (Adams, 1959). No homology was found between the DNA's of 

the DNA's of the virulent phages T2, T4 and the RNA phage MS2 and 

their host E. coli (Hall and Spiegelman, 1961; Doi and Spiegelman, 1962; 

Green, 1963). 
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CLUSTERING OF GENES WITH RELATED FUNCTIONS 

The occurrence of clustering of genes related in function is com-

mon in bacteriophages. In the A genome, the order of these clusters of 

genes is related to the:order in which they function in the life cycle 

of A. The A genome consists of four distinct segments corresponding 

to genetically defined functional regions: DNA maturation and morpho-

genesis genes in the left arm; the silent region near the center; the 

recombination and regulation genes to the right of center; and the DNA 

replication, late, control and lysis genes in the right arm. These 

regions in A differ considerably in base composition (Hershey and 

Burgi, 1965). Evidence that most genes within each segment are sim-

ilar to each other in base composition has been presented (Hershey 

etal, 1967). The four segments of A DNA contained: 43%, 10%, 23% 

and 24% of the DNA from left to right and consisted of an average 

of 57%, 37%, 43% and 48.5% G + C respectively (Skalka et al, 1968; 

Skalka and Hanson, 1972) (See Figure 2). 

Skalka and Hanson (1972) suggested that intramolecular segmen-

tation is a. coion feature of the DNA's of the lambdoid phages. They 

found that 80 DNA had a distribution of functional regions similar 

to that of A DNA and a physical map analogous to that of A DNA.. The 

arrangement of genes on the A and q80 genomes are very similar al-

though certain gene products are not interchangeable or compatible 

with those of the other (Skalka, 1969; Szpireretal, 1969; Deeb, 

1970; Szpirer and Brachet, 1970). The head and tail genes of 80 are 

clustered in the left arm, similar to the arrangement in A. 

Genes with related functions were found to be clustered on the T4 

chromosome (Epstein et al, 1963). Genetic analysis of T2 and T4 bac-

teriophages indicated that the arrangement of genes on their chromo-

somes was similar (Streisinger and Bruce, 1960; Streising'er et al, 
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1967). Intramolecular G + C clustering was found in the sex factors 

F and R (Falkow et al, 1969). 

EVOLUTION OF THE LAMBDOID AND RELATED PHAGES 

The work on lambdoid phage DNA heteroduplex mapping led Hershey 

and Dove (1971) to three conclusions. First of all, the DNA molecules 

of these lambdoid phages contain segments either identical to or com-

pletely different from X.DNA segments; only a few partially homologous 

sequences were found. Secondly, the identical sequences in. a given. 

DNA pair add up to between 35% and 60% of the total molecular length. 

Thirdly, the identical segments occupy positions characteristic of the 

pair and are nearly equidistant from the left end of the DNA's of both 

molecules. These similarities together with the other similarities 

found among the lainbdoid phages suggest the existence of a common 

genome organization and perhaps a common ancestral genome. 

The modular or segmental hypothesis of viral evolution has been 

discussed by several authors (Hershey, 1971; Simon at al, 1971; Bot-

stein and Hershowitz, 1974; Szybalski and Szybalski, 1974). This 

hypothesis professes that the viral genome is a collection of modules 

specifying particular functions such as insertion into the host chro-

mosome, replication, virion formation, regulation and cellular lysis. 

Whole modules could undergo reassortment among various viral genomes 

as well as between viral and host genomes generating new combinations 

of these modules. 

Campbell (1972) proposed that a phage such as A could have been 

generated by the fusion of host genes with perhaps a nonviral plasmid. 

If a number of phages were constructed, each with a number of modules 

in common this could explain the homolgoies observed. A detailed dis-

cussion about the possible courses of viral chromosome evolution is 
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presented by Campbell (1977). 

The clustering of genes with related functions, such as head, 

tail, recombination, regulation, replication and lysis genes, lends 

support to the modular hypothesis. Genes whose products are involved 

in transcription, replication, insertion and packaging are often lo- 

cated adjacent or near to their target sites (Thomas, 1963; Dove, 1968). 

That the regions of homology between two phage DNA's are often gene-

sized or larger also lends support to the modular hypothesis; however, 

often regions of homology between any given pair of phages are less 

than gene-sized. All these observations, however, do not contradict 

the hypothesis that the lambdoid phage genomes are derived from a 

coion ancestral genome. 

Electron microscope DNA heteroduplex studies showed that non-

homologous lengths within heteroduplexes between the lambdoid phages 

can differ (Fiandt et al, 1971; SimOn et al, 1971). This could result 

if evolution from a coon ancestor involved insertion and deletion 

events as suggested by Highton and Whitfield (1974). The similarity 

in denaturation patterns of 424, 21 and A DNA's could indicate evo-

lution from a conon ancestor did occur. 

The similarities between A and P22 could be the result of a com-

mon evolutionary ancestry. The thermal stability of various phage/ 

phage DNA sequences described byFa1kowet al (1969) suggest that 

these phages may have had a coton origin. 

Cowie (1974) discussed the idea that the T-even phages diverged 

from a common ancestor. In the course of their evolution, genetic 

alterations, deletions, substitutions and random base changes may have 

occured, which could explain the occurrence of insertion/deletion 

loops seen in the T-even phage DNA heteroduplexes. 
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The results of the SP02I105 homology studies can lead one to 

suggest that perhaps these phages evolved from a common ancestor 

(Chowetal, 1972). Or, perhaps their unrelated ancestors underwent 

recombinational events resulting in a hybrid phage consisting of genes 

from both phages--possibly the central genes of one phage and the end 

genes of the other. This may explain the heterodupl'ex results, which 

show a central partially homologous region with completely nonhomol-

ogous regions on each side. 

So,. a variety of DNA species have been shown to be homologous. 

Most bacteriophages that are capable of recombination show some homol-

ogyin their DNA sequences. Those that do not undergo recombination 

tend to share little, if any, DNA sequence homology. Most of those 

phages that share. homology with their respective host are capable of 

becomming prophages. F-factors integrate into their host DNA and are 

related to the F-like R plasinids and the colicinogenic plasmid colV-

K94. These plasmids all share some sequence. homology. These find-

ings lend support to the idea that related DNA species have enough 

DNA sequence homology to allow exchange of genetic material to occur 

freely between them. Genetic recombination tends to prevent sequences 

from diverging too far. In this thesis, I have undertaken to study 

DNA sequence homology between a variety of lambdoid phages and per-

haps learn more about the regions, if any, of DNA, which are common 

and about their evolution. 

It seems one cannot predict how closely related two DNA base 

sequences are from the amount of similarities of biological proper-

ties and of viral proteins. Based on base composition studies and 

transcriptional patterns, it was concluded that analogous arrangement 

and function of genes and similarity of transcriptional controls does 

not necessitate a high amount of DNA base sequence homology 
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(Szybalski et al, 1969). Duplex formation between homologous .regions 

of two lambdoid phages is not necessarily conclusive proof that the 

sequences and genes in those regions are identical. For example, 

the exo genes of X.  and 480 are located in the exo-8 homology regions 

common to both phages (Fiandt and Szybalski, unpublished results), 

however, the corresponding exonucleases are immunologically distinct 

(Szpirer et al, 1969). This seems also to be true for the 0 genes 

of A and 80 (Monnat, Szybalski, Lambert and Thomas, unpublished 

results). So, DNA sequences that code for distinct proteins, by at 

least some criteria, can still form duplexes that are stable enough 

to appear homologous by electron microscopic examination. 

The lambdoid group of phages have been ramdomly selected from 

the wild and the presence of homologous regions suggests that the 

number of possible copies of some regions is small. Few, if any, 

regions of the DNA's of the lambdoid phages have been found to be 

common to all the DNA's, suggesting that there is more than one copy 

for most genes of the chromosome. 

The work of Simon et al (1971), on the heteroduplexes X1434, 

X/82 and A/21,. in fact led to the hypothesis that there were certain 

regions common to all phages, which had resulted from some recombin-

ation process, which selected the best copy during evolution. As 

explained by Campbell (1972), these heteroduplexes could yield evi-

dence to support the modular hypothesis of evolution by exchange of 

segments between phages. Subsequent work with the heteroduplexes 

X/424 (ths-4he! 4--; Highton andBmt, unpublished results) and 

Al 80 (Fiandt et al,. 1971; 

however, has shown that there is not more than 0.5% common to all the 

phages. 

I 0 7) 
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On the other hand, the heteroudplexes, all made with A as one 

of the pair, suggested that in some regions all the phages might dif-

fer. To test this, I made heteroduplexes of all possible combinations 

of A, 424, 434, 21 and PA2. 
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METHODS 

Preparation of Plating Cells (Murray et al, 1973) 

Cells were grown overnight in fresh L-broth. These were diluted 

1:20 into fresh L-broth and grown for 2 hours (h) at 37 0C with aer-

ation (i.e. 10 ml in 100 ml flask, gently shaken). The cells were 

harvested by centrifugation 10 minutes (mm) at about 5000 revolu-

tions per minute (rpm). The supernatant was discarded and the cells 

were resuspended in half the volume of 10-2  to 10'3  M NgSO4 and 

stored at 4 0C. 

Titration of Phage (Murray et al, 1973) 

One-tenth ml of each of a range of dilutions of the phage in 

phage buffer was adsorbed to 0.2 ml of fresh plating cells at room 

temperature. After 20 min 2.5 ml of molten BBL soft agar was added 

and inunediately poured onto a BBL agar plate.. After about 12 h or 

overnight incubation at 300C or 37 0C, the plaques were scored and 

counted. 

Isolation of a Single Plaque 

Plating cells of the required host strain were prepared. Phage 

were plated as above to give about 200 plaques/plate. Single plaques 

were picked with a sterile hollow glass rod and blown into 1 ml of 

phage buffer; CHC13 was added to kill any cells carried over with 

the plaque. 	 . 

\ 

Phage Preparation by Heat Induction of aThermosensitive Lysogen 

A thermosensitive lysogen carries a thermosensitive repressor, 

which, at the restrictive temperature (usually about 42 0C) will not 
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bind to the DNA and therefore will notprevent transcription of the 

corresponding tnRNA molecules. Cells lysogenic for a thermosensitive 

prophage were grown overnight at 32 0C. These were diluted 50-fold 

into fresh L-broth, grown until the absorbance at 650 nm was 0.45 

and then transferred to a shaking water bath at 42 0C to inactivate 

the repressor. After 20 to 30 min the flask was transferred to 37 0C 

with continual shaking in order to maintain good aeration for 2 to 

5 h. To the lysed cells CHC13 was added (1 ml CHC1 3  in 500 ml cul-

ture) to lyse any remaining intact cells. The culture was allowed 

to shake for a few minutes and then the debris was spun down (10K 

rpm for 10 miii). RNAase and DNAase (10 .ig/ml final concentration of 

each) were added to the lysate, which was then left to stand at room 

temperature for at least 1 h. Further debris was removed by centri-

fugation (10,000 rpm for 10 mm) at 4 0C and the isolation of phage 

continued by plating the supernatant, selecting a single plaque, 

making a phage lysate, and then pelletung the phage or precipitating 

the phage with polyethylene glycol (PEG) or banding the phage on a 

CsC1 step gradient (See following sections). 

Ultraviolet (UV) Induction of a Lysogen (Miller, 1972) 

Fresh plating cells of a lysogenic bacterium were prepared as 

described above. These were placed in a sterile petri dish or beaker 

and given a dose of UV radiation of 400 ergs/min2 . The suspension was 

immediately diluted 4-fold into fresh warm L-broth in a lightproof 

culture flask and grown at 37 0C in the dark with good aeration for 

2 h. Surviving cells were lysed by the addition of 2 drops of CHC13 

per 5 ml of culture. After 5 mm, cell debris was removed by centri-

fugation (10,000 rpm for 10 miii) and the supennatant was titrated. 
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Preparation of Phage Stocks by Plate Lysate 

A single plaque was picked using a sterile glass rod and then 

was transferred into 1 ml of phage buff ér containing a drop of CHC13. 

The phage were then brought into suspension using a whirlimixer. One-

tenth ml of the suspension of phage was added to 0.2 ml of freshly 

prepared plating cells to give 5 x 10 5  to 5 x 107  plaque forming units 

(pfu) per plate depending on the size of the plaque. Larger plaques 

cover more area on the plate, therefore a more dilute suspension of 

phage producing such plaques was used. The solution of plating cells 

and phage was allowed to incubate at room temperature, to allow the 

phage to adsorb to the bacterial cell surface, and then 2.5 ml of L 

soft agar was added and the solution was iimnediately poured onto 

freshly prepared, thick, moist L agar plates. The plates were incu-

bated at 300C or 370C. After confluent lysis was achieved (usually 

after 5 to 8 h) phage were harvested in either of two ways. In one 

way, 3 to 4 ml of phage buffer was added to each plate and the plates 
& 

were refrigerated overnight to get the phage into suspension; the 

broth was then poured off, CHC13 was added, the debris was spun down 

and the supernatant was titrated. Alternatively, 2 to 3 ml of phage 

buffer were added to the plates, the top layer of agar and buffer 

was removed, CHC1 3  was added, the suspension was centrifuged and the 

supernatant was titrated. The supernatant was stored at 4 0C over a 

drop of CHC13 . Phage immunity and temperature sensitivity were check-

ed on appropriate indicator strains. 

Phage Preparation by Liquid Lysate (Thomas and Abelson, 1966) 

A fresh overnight culture of cells was diluted 20- to 50-fold 

into fresh L-broth supplemented with-MgSO 4  (to give 10-2  H MgSO4), 

using a flask large enough to allow vigorous shaking to give good 

38 



aeration (100 ml broth in a 1 liter flask). When the absorbance at 

650 rim reached 0.45 to 0.6 (about 2 to 3 x 108 cells/nil) phage were 

added to give a multiplicity of infection (m.o.i.) of one.. The ab-

sorbance at 650 rim was followed; it rose and then dropped as the 

cells lysed, until it reached a minimum when CHC13was aded. The 

lysate was allowed to continue to shake well for 5 to 10 min and was 

then left to stand 10 to 20 min in an ice bath. The lysate was clar-. 

i.fied by centrifugation at 10,000 rpm at 4 0C for 10 min and the super-

natant was titrated. Phage immunity and temperature sensitivity were 

checked on appropriate indicator strains. 

Concentration of Phage by Centrifugation (Thomas and Abelson, 1966) 

Phage were harvested from. a lysate by centrifuging at 21,000 rpm 

for 3 h at 6°C in a 10 x 65 ml rotor (Model 21 rotor). in a Spinco 

Model L centrifuge. The supernatant was titrated for unpelleted phage 

(less than 5% of the input of phage should remain). Phage pellets 

were resuspended overnight in 3 to 4 ml of phage buffer at 4°C by 

gentle rotary shaking (about 60 rpm). Resuspended pellets were corn-

bined and the debris was centrifuged, at. 10,000 rpm for: 10 min at 4 0C. 

The supernatants were stored at 4 0C and the pellets re-extracted in 

another 3 to 4 ml of phag.e buffer as above. These resuspended pel-

lets were combined and the debris was centrifuged as above. The two 

supernatants were pooled and the volume was measured. RNAase and 

DNAase were added (to'give.10ig/ml final concentration of each) and 

allowed to digest the RMA and DNA in the suspension for at least 1 h 

at room temperature; DNA protected within the phage head would not 

be digested by the R}TAase and DNAase. The residual debris was then 

centrifuged at 10,000 rpm for 10 mm. Phage were further concentra-

ted by banding in a CsCl gradient. 
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Concentration of Phage by Polyethylene Glycol (PEG) Precipitation 

(Yamanoto et al, 1970) 	7' 	iLf 	4 44 

To a clarified phage lysate prepared as above, RNAase and DNAase 

were added (to give a final concentration of each of 10 pg/nil). This 

was left to stand at room temperature for at least one hour after 

which the debris was centrifuged at 10,000 rpm for 10 mm. To the 	7 4 \ ( 

supernatant was added NaCl and solid PEG 6000 to give final concentra-

tions of 40 g/l and 10% respectively. The solution was stirred with 

a magnetic stirrer at very low speed for a few min and then stored 

at 40C for at least 1 h (or overnight, if necessary). Phage were 

spun down at 10,000 rpm for 10 mm; at this point the clear super-

natant was titrated. The pellet was resuspended in phage buffer by 

gentle rotary shaking at 4 0Covernightand the unresuspended material 

was centrifuged at 10,000 rpm for 10 mm. The pellet was resuspended 

and the unresuspended material was centrifuged and the supernatants 

from both resuspensions were pooled. The pha.ge were further purified 

and concentrated by banding on a CsC1 step gradient. 

c' 

(-C 
Concentration of Phase by Banding on a CsCl Step/Shelf Gradient 

Phage from a lysate were loaded onto a triple step gradient in 

three Spinco 25.1 centrifuge tubes. To each tube was first added 

2.5 ml of CsCl with density 1.7 g/l. Onto this was gently layered 

2 ml of CsC1 with density 1.42 g/l and then a layer of 2 ml of CsC1 

with density 1.3 gIl. About 30 ml of the phage lysate was gently 

layered on the top of the 3-step gradient in each of the three tubes. 

These were centrifuged at 22,000 rpm for 3 h at 4
0C in a SW 25.1 

rotor in a L265B Beckmann ultracentrifuge with the brake off. Phage 

bands were removed with 5 nil syringes by puncturing the side of each 

tube. The bands were pooled. The weight and volume of the phage 
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solution recovered was recorded and the weight of CsC1 present was 

calculated (wt CsC1 present (g) = (1.3748 x wt solution) - (1.3811 x 

volume solution)). Solid CsC1 was added to give a total of 6.01 g 

CsC1 and the solution was transferred to a screw-top polycarbonate 

tube with a volume of 9.8 ml. The volume was made up to 9.8 ml with 

phage buffer. If more than one polycarbonate tube was required, each 

contained 6.01 g CsCl per 9.8 ml to maintain the proper density at 	-• 

which the phage would band. These were centrifuged in a Type 65 rotor 

in an L265B ultracentrifuge at 35,000 rpm for 48 h at 4 0C with the 

brake off. The phage bands were removed from above with a syringe 

and were stored in EDTA-treated plastic tubes at 4 0C. 

Banding of Phage by Equilibrium CsC1 Centrifugation 

Solid CsCl was added to the phage solution to give 41.5% w/w 

(wt CsCl= 0.71 x wt phage solution). This solution was clarified 

by centrifugation at 15,000 rpm for 1 h at 4 0C and decanted into a 

clean tube to remove the pellicle and the sediment. Phage were 

banded in a SW50.1 rotor at 33,000 rpm in a L265Bultracentrifuge 

for 24 h at 4 0C in cellulose nitrate tubes. The bands were collected 

with a syringe from above and rebanded in preclarified 41.5% CsC1. 

Phage bands were collected from above and stored in clean plastic 

tubes at 40C. 

Construction of Lysogens 

A mixture of 0.2 ml of a fresh overnight culture of the host 

strain and 2.5 ml of L soft agar was poured onto a fresh L agar plate.. 

A drop of the phage was placed on top of the cells and the plate was 

incubated for 6 to 8 h at 37 0C (.or 30°C if the phage carried a thermo-

sensitive repressor). Cells were picked from a turbid area of lysis 
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and streaked to produce single colonies on a fresh L agar plate. 

After lysogenization, the virus does not lyse the host cell and its 

DNA replicates with the host; lysogenic bacteria are found growing 

in the turbid plaques. 

Individual colonies were tested for lysogeny on a dry BBL plate 

by cross-streaking a suspension of the colony against streaks of 

indicator phage, which were at concentrations of 2 x 10, 2 x 10 6  

and 2 x 108 pfu/ml. These were examined after incubation overnight 

at the appropriate temperature. 

Lysogens of a phage carrying ilnmA are immune to XcI27 phage 

but are sensitive to Avir:phage.. The phage Avir is a virulent mutant 

of X that is insensitive to repressor; it can grow in A lysogens. 

The mutations resulting in the virulent phenotype map in the immunity 

region and are operator mutations (Ptashne, 1971). Lysogens carrying 

imm21 , imm424 , imm434  or jmmPA2  are sensitive to Avir and to all 

other phage with a different immunity region, but are immune to 

phage carrying their own immunity region. 

Phage Crosses (Murray et al, 1973) 

Freshly prepared plating cells usually of strain QR47 were in-

fected with a mixture of the two phage each at a m.o.i. of 5 phage 

per bacterium. About 2 x 10 8  bacteria (directly counted with a Coul-

ter counter) were mixed with 2 x 10 9  phage in 1.0 ml. The volume was 

adjusted to 1.0 ml with 10-2  M MgSO4. Fifteen to 20 min was allowed 

for adsorption at room temperature. Cells were harvested by centri-

fugation (10'min at 5,000 rpm) and the supernatant was assayed for 

unadsorbed phage Cells were resuspended in 1.0 ml of prewarnied L 

broth and diluted 10-fold if the frequency of recombination was very 

low (i.e. < 10 6  for the 	Ar x 	Cr) or 100-fold if the frequency 
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of recombination was fairly high, and grown at 37°C with vigorous 

aeration for 2 h. A few drops of CHC1 3  were added to lyse any remain-

ing intact cells, the lysate was allowed to shake for about 10 min and 

then the debris was removed by centrifugation (10,000 rpm for 10 mm). 

The supernatant was titrated on a permissive host for total progeny 

and on a selective host for the desired recombinants and stored at 

49C. 

Coinpiementation of E. coli Auxotrophs by Atrp Phages. or Test. for the 

Presence of Atrp Transducing Phages 

These tests are. based on the observations of Franklin (1971). 

Lambda-tr transducing phages form • 2•+ plaques when grown on a tr rrp 

host in a medium lacking tryptophan. The 	plaques are character- 

ized by a circle of lysis surrounded by a ring of bacterial growth, 

which was stimulated by tryptophan feeding from the phages. In the 

case of a phage producing a turbid plaque, the center of the plaque 

was studded with colonies of jp lysogens. Clear plaque mutants 

elicit a poor response in the test, however, the addition of a drop 

of L broth to the soft .agar improves the growth of the bacterial lawn. 

A mixture of 0.1 ml of fresh plating cells in 2.5 ml of minimal 

soft agar was overlaid onto an appropriately supplemented minimal 

agar plate (ACH A). Ten-fold serial dilutions of A transducing 

phages were spotted onto this top layer and the spots were allowed 

to dry. The plates were incubated at 37 0C (or 300C if the prophage 

carried the thermosensitive repressor). Complementation was scored 

after 36 to 72 h. 

Test for the Presence of tna on Xiun2 nin+ Transducing Phages 

C600 lysogens were made with A transducing phages thought to 
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carry the tna gene. 	These were grown overnight at 30 0C. Single 

colonies were picked and tested for lysogeny by streaking across a 

A vir streak and a X streak at 30 0C. All colonies should have been 

sensitive to A vir whereas those carrying the A with th& A immunity 

region should have been immune to X. The colonies checking out as 

immA were grown overnight in fresh L broth and about 1 ml of each 

was mixed with an equal volume of indole reagent. Colonies lysogenic 

for A tna transducing phage turned bright pink when mixed with the 

indole reagent. This is because a A tna lysogen will break down 

tryptophan'into indole and indole will be released into the medium. 

Indole reacts with the indole reagent and the solution turns pink. 

Preparation of Phage DNA (Thomas and Abelson, 1966) 

Phage stored in CsC1 were dialyzed against 10-2  M Tris, 10 N 

EDTA (pH 8.0) for at least 1 h to remove the CsC1. Dialysis tubing 

was boiled for 20 min in 0.2 mM EDTA before use. The phage were then 

transferred to acid-washed repelicoated screw-capped tubes and di-

luted 2- to 6-fold with 10 mM Tris, 1mM EDTA (pH 8.0) depending on 

phage concentration. Freshly distilled phenol was pre-equilibrated 

with an equal volume of 0.5 N Tris (pH 8.0). The phases were allowed 

to separate and the Tris layer (top) was removed, except for a thin 

layer to prevent air getting in. DNA was extracted with an equal 

volume of phenol by mixing gently, allowing both phases to separate 

and finally removing the lower (phenol and protein) layer' with a pas-

teur pipette. This extraction was repeated 3 to 4 times. Any con-

taminating phenol was then dialyzed out against 4 changes of 10 -2  N 

Tris, 10 N EDTA (pH 8.0) during about 20 h. The DNA was stored in 

acid-washed plastic screw-cap tubes at 4 0C. The absorbance at 260nm, 

280nm and 235nm was measured. 
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)NA Peteroduplex Formation 

The method followed in this thesis was that of Simon, Davis and 

:'avidson (1971). Solutions of two intact phage strains or two phage 

-flNA's were denatured in alkali and then neutralized and allowed to 

enature. Denatured DNA was prepared directly from the intact phage 

y simultaneous lysis and strand separation with alkali. Alterna- 

when using DNA, the DNA was denatured directlywith alkali. 

hi. was achieved by allowing a solution containing 3 to 6 x lO' 

fu/mf'o\r 1.5 to 3.0 ig of DNA per ml, of each of two phages, to stand 

0 tó 40 min at 27 0C. A solution containing 0.1 M NaOH and 20 mM 

MV was sufficient to denature the following phages: A, A 

tna, 424 and 21. To ensure complete denaturation of 80 phage 

d DNA, all heterodupléxes 1involving 80 were given a chelation 

ick treatment before dena"turation. This method is described by 

ier etal (1974). Pha'ge PA2 was denatured in 0.25 MNaOH, but 

NaOH may have been/enough. Phage 434 however, also required 

lat±on shock treatment.. Phage were added to 0.375 ml of 0.2 M 

pE 8 5) and allowed to stand at room temperature for one hour 

which 0.125 mi//of 1.0 M NaOH was added giving a final concen- 

,- of 0.25 M Ná0H. The solution was allowed to stand at room 

eratur for 10 mm. 

I Following denaturation, the DNA solution was neutralized by. the 

.' ion of 50 1.11 of neutralization solution. This was then rena-

red', after the addition ofan equal volume of formamide, for 2 to 

h :t  279C. In the pIsence of- formaxnide, random base interactions 

.siu4e-stranded DNA (is. intrachain hydrogen-bondthg) are melted 

and single-strands can re'rneal to form heteroduplexes or homo-

.p' xes. After renaturing 2 to 3 h at .27 0C about 50% of the mole-

.es were renatured. The DNA was then ready to spread. To store 
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the heterodupiex at this point, the formamide was dialyzed away into 

a buffer solution (10 mM Tris, 1 mM EDTA, pH 8.5) overnight and the 

DNA was then stored at 4 0C. 

Standard Spreading Conditions 

The standard procedure for spreading the DNA heteroduplexes 

was to dilute the DNA into a freshly prepared hyperphase solution 

and, after the addition of cytochrome C, 2 to 3 minutes later, to 

spread it on to the hypophase solution also freshly prepared. The 

hyperphase and hypophase solutions were isodenaturing, that is, a 

DNA molecule had about the same Tm  in both. This is important when 

looking at regions of partial homology. This insures that the regions 

with partial homology will not change from double- to single-stranded 

or from single- to double-stranded when spread on to the hypophase. 

The DNA spreading solution was composed of 20 i.il of the renatured 

DNA solution, 20 i.il of cytochrome C (either 1 mg cytochrome C/mi or 

2 mg cytochrome C/mi) and 200 ii of hyperphase. This gave a final 

concentration of each DNA of 1.45 .ig/ml. The hyperphase used in the 

standard conditions consisted of 58.1% formamide, 0.12 M Tris, 

0.012 M EDTA; thus, the final concentrations of formamide, Tris and 

EDTA in the DNA solution were 48.4%, 0.1 M and 0.01 M respectively. 

The standard hypophase solution consisted of 15% formamide, 0.01 M 

Tris and 0.001 M EDTA. The Tm  (See Appendix 1) of the hyperphase 

was 50.9 0C and the Tm  of the hypophase was 57.8 °C. These two phases 

are about isodenaturing. Cytochrome C was used to form the protein 

film, which binds the DNA on the surface of the hypophase. In the 

microscope, the structure visualized is a column of protein around 

the DNA. The structure is thicker than the DNA alone. The higher 

concentration of cytochrome C was used in some experiments to improve 
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the visualization of the DNA. 

The standards used were double-stranded pSC101 DNA and single-

stranded M13 DNA. These external standards were added because their 

lengths were known. Several of each of these DNA molecules could be 

photographed in the same field of view as a heteroduplex. As a grid 

is moved in the electron microscope, the specimen position changes 

and this results in a change in its magnification. The magnification 

is determined by the distance of the object from the final image plane. 

The presence of these standards allowed me to determine the relative 

sizes of the single- and double-stranded regions in each heteroduplex 

compared with the sizes of their respective standards. 

The copper grids used to support the collodion or parlodion film 

(H4, 2.3 mm, 400 mesh grids) were first cleaned by sonicating them in 

100% ethanol for 2 mm. They were allowed to dry, and then were 

placed on to a wire mesh that rested in a petri dish filled with dis-

tilled water. A drop of either collodion (2% in amyl acetate) or par-

lodion (solid parlodion was baked for 24 h at 60 0C in a vacuum oven 

and the appropriate weight was dissolved in anyl acetate to give a 2% 

w/v solution), both stored at room temperature in the dark, was 

dropped from 1 to 2 cm above the surface of the distilled water and 

allowed to dry into a film. This occurs because the amyl acetate 

evaporates leaving a. film. A corner of the wire mesh was grasped 

with a pair of tweezers and lifted up leaving the grids coated with 

a wrinkle-free area of film. The grids were left to dry at room tem-

perature in a petri dish lined with filter paper. 

After the addition of the cytochrome C, if standards were spread 

with. the DNA, 60 Ill of the DNA/cytochrome C solution was removed, to 

which. a small volume ( < 5 jl) of standard DNA was added (to give 

about 5 to 10 ig/ml final concentration of each standard). Then, 
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50 P1 of this mixture was released down the quartz ramp. This was 

done under a draught-excluding hood on a stable surface with a 50 .il 

pipette held at a fixed angle to the ramp by metal clamps, the pi-

pette tip about 1 mm from the ramp. Occasionally before running the 

DNA solution down the ramp, a small amount of talc was spread on to 

the hypophase. This was done to visualize the. formation of the. cyto-

chrome C film on the hypophase because the talc was pushed away by 

the film. 

The DNA-coated grids were shadowed with platinum. This was done 

by mounting them on a motor driven turntable, placing them in a 

vacuum chamber and evaporating platinum on to their surface at an 

angle of about 70 while the mounted grids were spinning at about 30 

rpm. The platinum wire (1 cm x 0.1 mm, or the equivalent) was wrapped 

tightly around a tungsten filament in the vacuum chamber (10 -  Torr) 

and was allowed 2 seconds to evaporate. Then a layer of carbon was 

evaporated on to the grids from an arc across two graphite electrodes 

to make the grids stable under the electron beam. The grids were f i-

nally rinsed in 100% ethanol to remove the collodion or parlodion and 

stored in a petri dish lined with filter paper. Grids were scanned 

with a Siemens Elmiskop 101 electron microscope at x 40,000 magnif i-

cation, with an accelerating voltage of 80,000 Volts. Photographs 

were taken at x 20,000 magnification. The negatives were enlarged 

5-fold and traced on to sheets of paper. The molecules were measured 

in inches with a Keuffel and Esser map measurer. 

Negative-Staining 

The intact phages were negatively stained using either sodium 

phosphotungstate or uranyl acetate. The negative stains outline the 

phage and reveal surface detail. A drop of phage (about 2 l) was 
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placed on to a parlodion- or collodion-carbon coated grid. The ex-

cess moisture was removed with filter paper until a thin film re-

mained. Then, several drops of the stain solution were dropped on to 

the grid, which was then drained and. allowed to dry. The grids were 

viewed in the electron microscope and photographs were taken at a 

magnification of x40,000. 
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MATERIALS 

The following were sterilized by autoclaving at 15 lb/in2  for 

15 minutes before use: 

BBL Top Agar 	 NaCl 	 5 g 

Baltimore Biological Laboratory 

(BBL). Trypticase 	 10 g 

Difco Agar 	 6.5 g 

Distilled Water 	 to 1 Liter 

BBL Bottom Agar 

(Parkinson, 1968) 

L-Broth (pH 7.2) 

(Lennox, 1955) 

o 

L-Broth Top Agar(1 

(pH 7.2) 

NaCl 

BBL Trypticase 

Difco Agar 

Distilled Water 

Difco Bacto Tryptone 

Difco Bacto Yeast Extract 

NaCl 

Distilled Water 

Difco Bacto Tryptone 

Difco Bacto Yeast Extract 

NaCl 

Difco Agar 

Distilled Water  

5 g 

10 g 

10 g 

to 1 Liter 

10 g 

5 	g 

10 g 

to 1 Liter 

10 g 

5 g 

10 g 

12 g 

to 1 Liter 

L-Broth Bottom Agar(/)DifcO Bacto Tryptone 

(pH 7.2) 	 Difco Bacto Yeast Extract 

NaCl 

Difco Agar 

Distilled Water  

10 g 

5 g 

10 g 

15 g 

to 1 Liter 
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Hanirnerstnith Stabs 
	Difco Nutrient Broth 

	
5 	g 

Difco Agar 
	 7.5 g 

NaCl 
	

5 g 

Thymine 
	 0.1 g 

Distilled Water 
	 to 1 Liter 

Water Top Agar 

Spizizen Minimal Salts 

(Spizizen, 1955) 

Sugars (20%) 

Glucose 

Glycerol 

Maltose 

Davis New Zealand Agar 

Distilled Water 

(NH4) 2SO4  

K211PO4  

(Analar 

Tn-sodium Citrate 

MgSO4  

Distilled Water 

Sugar 

Distilled Water• 

550 g 

to 25 Liters 

10 g 

70 g 

30 g 

5 g 

1 g 

to 1 Liter 

20 	g 

to 100 ml 

ACH Agar "A" Water Agar 

Spizizen Salts 

Glucose (20%) 

Acid Hydrolyzed Casein 

(ACH) 20% 

Indole 

300 ml 

80 ml 

4 ml 

1 ml 

to give 10 g/ml 
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ACH Agar "B" Water Agar 

Spizizen Salts 

Glycerol (20%) 

5-Methyl Tryptophan 

ACH (20%) 

Indole 

Na2HPO4  

NaCl 

MgSO4- 71120 

Distilled H 2  0 

300 ml 

80 ml 

4 ml 

20 mg 

1 ml 

to give 10 g/ml 

9g 

3g 

5g 

10 ml 

10 ml 

1 ml 

1 Liter 

3g 

7g 

4g 

0.2g 

10 Liters 

Phage Buffer 	 Na2HPO4  (Anhydrous) 

(Analar) 

NaCl 

MgSO4 	(0.1M Solution) 

CaC12 	(0.01M Solution) 

1% Gelatin Solution 

Distilled H 2  0 

Bacterial Buffer 

ENZYMES AND CHEMICALS 

Indole Reagent 
	4-Dime thylaininobenzaldehYde 
	

9g 

dissolve in 

Ethanol 

then add 

Concentrated HCl 

then add 

Ethanol 

200 ml 

45 ml 

to 250 ml 
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Pancreatic DNAase and RNAase were obtained from Worthington Bio-

chemical Corporation, Freehold, New Jersey, USA. 

Caesium Chloride was obtained from BDH Ltd., Poole, Dorset, England. 

Cytochrome C (Horse Heart) Type VI was obtained from Sigma Chemical 

Company. 

Formamide (98%) was obtained from BDH Ltd., Poole, Dorset, England. 

lJranyl Acetate (Analar) was obtained from BDH Ltd., Poole, Dorset, 

England. 

HETERODUPLEX INGREDIENTS 

Denaturation Solution "A" 

0.1 M NaOH 	NaOH 

20 mM EDTA 	EDTA 

Distilled H 2  0 

Denaturation Solution "B" 

0.25 M NaOH 	NaOH 

20 mM EDTA 	EDTA 

Distilled H 2  0 

Neutralization Solution 

2.0 M Tris 	Tris 

1.6 M HC1 	 Concentrated HC1 (35%) 

Distilled H 2  0 

0.04 	g 

0.0744 g 

10 	ml 

0.1 	g 

0.0744 g 

10 	ml 

2.42 	g 

1.62 ml 

8.38 ml 

Neutralization Solution "B" 

2.0 M Tris 	Tris 
	 2.42 	g 

1.7 M HC1 	 Concentrated HC1 (35%) 
	

3.16 ml 

Distilled H 2  0 
	

6.84 ml 
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Uranyl Acetate Stain 

0.05 M Uranyl Acetate Uranyl Acetate 
	 21.2 mg 

0.05 M HC1 	 Concentrated HC1 (35%) 
	

5 	111 

Ethanol (90%) 
	

1 	ml 

Hyperphase Solution "A" 

0.1 N Tris 

0.O1MEDTA 

50% Formamide 

Hyperphase Solution "B" 

0.113 MTris 

0.0113 N EDTA 

56.25% Formamide 

Hypophase Solution "A" 

0.01 M Tris 

0.001 N EDTA 

15% Formamide 

Tris 
	 0.605 g 

EDTA 
	 0.186 g 

dissolve in 

Distilled H 2 0 
	

25 	ml 

add 

Concentrated HC1 
	 to pH 8.5 

add 

Formamide 
	 25 	ml 

Stock Solution 

0.3 N Tris 

0.03 M EDTA 

Formamide 

Distilled H 2  0 

3.95 ml 

5.93 ml 

0.60 ml 

Hyperphase "A" 	 10 	ml 

Formamide 	 10 	ml 

Distilled H 2 0 	 80 	ml 

Hypophase Solution "B" 

0.013 M Tris 
	Hyperphase "B" 
	

10 	ml 

0.0013 M EDTA 
	

Formnanmide 
	 9.35 ml 

15% Formamide 
	Distilled H 2  0 
	

80.65 ml 
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Cytochrome C 

Dialysis Solution 

0.01 M Tris 

0.001 N EDTA 

pH 8.5 

(To remove forinamide 

NEGATIVE-STAINS 

Stock Solution (1 mg/mi) 

Stock Solution 

0.2 MTris 

0.02 M EDTA 	 25 

Distilled H 2 0 	 475 

from heteroduplexes) 

ml 

PMA 

Sodium Phosphotungstate 	2% PhosphotungstiC Acid in H 2 0 (w/v) 

adjusted to pH 7 with NaOH 

Uranyl Acetate 	 2% Uranyl Acetate in H 20 (w/v), pH not 

adjusted 
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TABLE 1 

BACTERIAL STRAINS 

a 
Strain 	 Relevant 	 References Source 

Characteristics 

C600 tonA: 	resistant to phage Appleyard NEM 

4)80. (1954) 

C600(X) as for C600; lysogenic for Baldwin NEN 

phage A. (1966) 

C600(Xiumi21) as for C600; lysogenic for Baldwin NEM 

21 
phage Ximm 	. (1966) 

C600(21) as for C600; lysogenic for Baldwin NEM 

phage 21. (1966) 

C600 (434) as for C600; lysogenic for Baldwin NEM 

phage 434. (1966) 

C600(424) as for C600; lysogenic for Baldwin NEM 

phage 424. (1966) 

c600(82) as f or C600; lysogenic for Arber NEM 

phage 82. (1960) 

C600(Xtna) as for C600; lysogeriic for RIM 

phage Atna. 

C600 as for C600; lysogenic for RJM 
+ 

(Atna imin 	c1857 nin X 	 + 
phage Atna 1mm 	c1857 iain 

groN785 restricts growth of phages Georgopoulos NEM 

A, 434 and 21; allows growth & Herskowitz 

of phages with nin deletion. (1971) 

QR47 Signer & Well NEM 

(1968a) 

trpAC9suIII trpABC deleted; trpDE+ ;  Franklin WJB 

tonB. (1971) 
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TABLE 1 (CONTINUED) 

Strain 	 Relevant 	 References Source a 

Characteristics 

w1485 	 Franklin & 	NEM 

Dove (1969) 

W3110 	 SUP•O 	 Yanofsky'& 	WJB 

Ito (1966) 

W3110(82) 	 •••O; lysogenic for 	 NEM 

phage 82. 

W3350 	 prototroph 	 Campbell 	NEM 

(1961) 

a NEM: Noreen E. Murray 

•RJM: Rhonda J.. Myers 

WJB: William J. Braxumar 
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TABLE 2 

BACTERIOPHAGE STRAINS 

Strain Relevant Characteristics Reference 
Sourcea 

Avir virulent strain of A. Jacob & Woilman (1954) WJB 

Aclear clear plaque mutant of A. Neselson (1954) NEM 

Ac126 clear plaque mutant of A. 
NEM 

Ac1857 Si A carrying a temperature sensitive mutation in Goldberg & Howe. (1969) NEM 

the repressor and the S7 mutation, which causes 

adefect in cell lysis; 57 is an amber mutation, 

+ 
supressible by suill 

Xnin5  A with nm 5  deletion. 	. Court & Sato (1969) NEN 

Aiinm21  A carrying the iunn region of phage 21. Liedke-Kulke & Kaiser (1967) NEN 

NN540 A vector phàge deleted for about 21% of the Murray & Murray (1975) NEN 

21 
chromosome; imm 

. 

Atna NN540 carrying the tna gene of E. coli. Borck et al (1976) WJB 

Atna im2 c1857 nin NN540 carrying the tna gene of E. coli and this thesis RJM 

and inini 
x c1857 and the nin region of A. 



TABLE 2 (Continued) 

Relevant Characteristics References 
Sourcea 

Strain 

XtrpA1  NM540 carrying the trpA gene in the leftward orientation. 
Hopkins et al (1976) NEM 

XtrpC1  NN540 carrying the trpC gene in the leftward orientation. 
Hopkins et al (1976) NEM 

XtrpABC1  NM540 carrying the trpABC genes in the leftward 
Hopkins et a]. (1976) NEM 

orientation. 

XSEpA NM540 carrying the trpA gene in the rightward orientation. 
Hopkins et al (1976) NEM 

A trpCr NM540 carrying the trpC gene in the rightward orientation. 
Hopkins et al (1976) NEM 

XtrpABC'  NN540 carrying the çpABC genes in the rightward 
This thesis RJM 

orientation. 

80 clear derivitive of 480 producing clear plaque morphology. 
NEM 

Arber (unpublished) NEM 

82 
Baldwin et al (1966) NEM  

21 
Baldwin et al (1966) NEM  

424 
Baldwin et al (1966) NEM  

434 
Schnaitman et al (1975) CS  

PA2 

h8°  att8° ilmuX c1857 
nin+ 80-X hybrid phage 

MUller-Hill et al (1968) WJB 

a 	NEM 	Noreen E. Murray WJB 	William J. Brammar 	RJH 	Rhonda 
J. Myers 	CS 	Carl Schnaitman 



RESULTS 

ISOLATION AND GROWTH OF THE LAHBDOID PHAGES 

All the steps involved in the growth of cells, isolation of sin-

gle plaques, concentration and purification of phages and isolation 

of phage DNA are described in detail in Materials and Methods. All.. 

DNA was isolated by phenol extraction. All phage and DNA stocks were 

stored at 40C in plastic screw-top tubes. 

Electron m.icrographs of the following negatively-stained bacte-

riophages: A; 424; 21; 434; 80; and; PA2 are shown in Appendix 4, 

Plates I through VIII. 

424 

This phage was induced by 1W-irradiation of c600(424) lysogens 

and grown by infecting C600 cells in a liquid medium. Phage were 

peileted and then banded and rebanded on a CsC1 equilibrium gradient. 

The phage were used in the 424/21 heterodupiex from which came the 

molecules labelled 3902, 3783,. 3786 and 9616. The DNA was used in 

the 434/424 heterodupiex from which came the eleven molecules la-

belied between 4446 and 4478 (See Appendix 3). 

From the above phage stock, a single plaque was isolated from 

which a plate lysate of C600 cells was prepared. The single plaque 

was tested for the 424 immunity by superinfection of homoimmune and 

heteroinimune lysogens (The 424 phages will lyse only those host cells 

carrying heteroiminune phages--phages with immunity other than 424). 

The phage were purified by banding on a CsC1 step gradient and finally 

by banding and rebanding on a CsC1 equilibrium gradient. The phage 

were used in the X/424, PA2/424 and the second 424/21 heteroduplexes. 
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The 434/424 heteroduplex producing molecules labelled between 6033 

and 6208 was made with the DNA. 

21 

The phage resulting from UV induction of an overnight culture of 

C600(21) grown at 370C in L-broth were used to infect C600 cells in a 

single-plate lysate. From this a single plaque was picked and used 

to prepare a large scale plate lysate (30 plates) using C600 cells. 

A single. plaque was used.to  ensure a homogeneous population of phage. 

Phage were concentrated by pelleting and purified by banding and re-

banding on CsCl equilibrium gradients. This phage stock was used to 

prepare the 424/21 heteroduplex that includes molecules labelled 3902, 

3783, 3786 and 9616. This DNA stock was used to prepare the 434/21 

heteroduplex. 

A dilution of the above phage stock was plated on C600 cells on 

BBL-agar plates and single turbid. plaques were picked. Phages car-

rying the wild-type imm 21  are turbid in appearance. These plaques 

were tested for immunity by infecting a control plate of C600 and 

by superinfecting the following lysogens: C600(X); C600(21) and; 

c600(434). Only those lysogens carrying phages with immunity differ-

ent than imm21  will allow growth of phages carrying imm 21.A single 

turbid plaque, carrying i 21 , was used to prepare another stock of 

phage 21 by plate lysate using C600 cells. Phage were banded on a 

CsCl step gradient and were finally banded and rebánded on a CsCl 

equilibrium density gradient. The PA2/21 heteroduplex was made using 

this phage stock. 

MA 



434 

A single C600(434) colony was induced by UV-irradiation and plated 

on BBL-agar plates. A single plaque was used to infect C600 cells by 

plate lysis. Phage were pelleted and banded and rebanded on CsCl equi-

librium gradients. This DNA was used to prepare the 434/424 hetero-

duplex that produced the molecules. labelled between 4446 and 4478 and 

the 434/21 heteroduplex. 

From the above phage stock, a single plaque was picked and used 

to make a plate lysate of C600 cells on L-agar plates. Phage were 

concentrated by banding on a CsCl step gradient and purified by CsCl 

equilibriumcentrifugatiofl. DNA from this phage stock was used in the 

434/424 heteroduplex that includes molecules labelled between 6033 and 

6208. 

A 

A plate lysate was made using a single clear plaque and C600 

plating cells. Phage were concentrated by banding on a CsC1 step gra-

dient and then purified by CsCl equilibrium centrifugation. The 

phage were used to make the X/424 heteroduplex. 

Phage 480 clear was plated On the q80-sensitive bacterial strain 

W3350. A single plaque was used to infect W3350 plating cells by 

plate lysis. Phage were banded on a CsC1 step gradient and finally 

banded and rebanded on CsCl equilibrium gradients. Both phage and 

DNA were used to make the following heteroduplexes 	80/434; q80/21; 

80/424 and; 80/PA2. 
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The strainöS2l4, which is lysogenic for the phage PA2 and car-

ries a temperature-sensitive repressor was grown overnight at 30
0C. 

Phage were heat-induced, concentrated by polyethylene glycol precip-

itation and banded on a CsC1 step gradient. The band isolated was 

purified by CsCl equilibrium density centrifugation. The titer of 

this CsC1 stock was about 1011 pfu/ml. To get a stock with a higher 

titer, a single plaque was isolated from the CsCl stock and used to 

prepare a plate lyste using QR47 plating cells and L-agar plates. 

Phage were harvested and then banded on a CsCl step gradient and f i-

nally banded and rebanded on CsCl equilibrium gradients. The phage 

were used to make the PA21424, PA2/21, PA2/X, and PA.2/434 heterodu- 

plexes. 

* 

82 

Attempts were made to grow and concentrate phage 82, but with 

little success. Phage 82 lysogens, both W3110(82) and C600(82) were 

induced by UV-irradiation and either of several procedures were fol-

lowed after this. I tried to grow the phage by liquid and plate 

lysates directly from the 1311-induced stock or after isolating and 

purifying single. plaques. I then tried to concentrate the phage by 

either pelleting, precipitating with polyethylene glycol or banding 

on a CsC1 step gradient. It was after the concentration of the 

phage that the infectivity was lost; before this there was an adequate 

amount of phage to concentrate to get a reasonably high titer for 

CsC1 banding (1012 pfu/ml). Perhaps during the concentration proce-

dures the phage were inactivated and therefore lost the ability to 

lyse bacterial cells. I repeated these procedures but, each time the 

phage titers dropped to well below 1010  pfu/ml prior to banding on 



CsC1 equilibrium gradients. Because of this trouble in getting a 

high-titer stock of phage 82, I did not use the phage in heteroduplex 

studies. 

LENGTH DETERMINATIONS: pSC101; A; M13; 424 and; PA2 DNA MOLECULES 

The lengths of double-stranded pSC101 and A DNA molecules were 

determined as described in the pjtna Results section; their re-

spective lengths are 9361 ± 97 (s.d.; n = 10) and 49,153 ± 727 (s.d.; 

n = 25) base pairs. This value, of the length of pSC101 DNA is based 

on the determination that pSC101 = 173.8 ± 1.8 (s.d.; n = lO)% 4X174 

(this thesij) and the determination that X174 consists of 5386 bases 

(Sanger et al, 1978). Single-stranded M13 DNA was determined to con-

sist of 6230 bases (David Finnegan, personal communication). 

The length of the 424 DNA molecule was determined by spreading 

double-stranded 424 DNA with double-stranded pSC101 DNA under stan-

dar4 spreading conditions.. Twenty 424 DNA molecules,. each surrounded 

by between 6 and 13 pSC101 DNA molecules, were photographed, traced 

and measured. The ratio, 424 length/pSC101 length, was determined to 

5. 0 o3, ( 
be 5.1 ± 0.04 (s.d.; n = 20). The length of the pSC101 DNA molecule 

(.-3x 538 (pi)S) 

is 19.0 ± 0.2 (s.d.; n = 25)%A (9361 ± 97 (s.d.; n = 10) base pairs) 
5.0603 .((?.o45 

thus, the 424 DNA molecule is 96.4 ± 1.3 (s.d.; n = 20)%A. 4hns- 
36 

the 424 DNA molecule consists of 47,369 + 617 (s.d.; a = 20) base - 
/ 

pairs based on the following: 424/pSC101 = 5.1 ± 0.04 (s.d.; n = 20); 

pSC101 = 173.8 ± 1.8 (s.d.; n = 10)% X174 and; X174 = 5386 bases. 

The length of the PA2 DNA molecule was determined by spreading 

double-stranded PA2 DNA with double-stranded pSC101 DNA under stan-

dard spreading conditions. Nineteen PA2 DNA molecules, each adjacent 

to at least two pSC101 DNA molecules were photographed, traced and 

L 	 F 



measured. The ratio, length PA2/length pSC101, was determined to be 

5.7303 
5.2 ± 0.1 (s.d.; n = 19). Thus, PA2 is 99.6 ± 2.0 (s.d.; n = 19)%A. 

PA2 consists of 48,960 ± 983 (s.d.) base pairs based on the following: 
5A3C3 

PA2/pSC101 = 5.2 ± 0.1 (s.d.; n = 19); pSC101 = 173.8 ± 1.8 (s.d.; 

n = 10)% OX174 and; X174 = 5386 bases. 5 Z3)  
- 

COMMON PROCEDURES IN HETERODUPLEX SPREAD INGS 

All six heteroduplexes described in the subsequent pages were 

prepared in the same way and spread under the standard conditions at 

room temperature (about 20 °C). See Materials and Methods for details. 

GENERAL DATA PROCESSING 

With every heteroduplex molecule at least one nearby standard was 

photographed. The standards added were M13 DNA (single-stranded), 

pSC101 DNA (double-stranded) or renatured homoduplexes (double-

stranded), and these had known lengths, either determined in the pre-

sent work or by others; these are expressed in %X units. The process 

by which original measurements within each heteroduplex were converted 

to final values is described below. All molecules were measured at 

least two times with a Keuffel and Esser swivel-handle map measurer. 

If homoduplexes were used as standards, all original measurements 

were divided by the length of the homoduplex. If M13 and pSC101 DNA's 

were used as standards, each single-stranded measurement was divided 

by the average of the measured lengths of all the' nearby M13 Stan-' 

dards and all double-stranded lengths were divided by the average of 

the measured lengths of all the nearby pSC101 standards. The next 

step was to multiply each measurement by the length of the standard 

in %X (the standards, M13, pSC101, 434, 21, 424 and PA2 are 12.7, 

19.0), 100, 89, 96.4 and 99.6%X, respectively (See Tables 3, 3A). These 
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TABLE 3 

LENGTHS OF PHAGE DNAISa 

Phage 	 A 	434 	424 	21 	480 	PA2 	pSC1O1 	M13 

Length compared 

with x z 	 100 	100b964c 
	89b 	92e 	996c 	190c 

97• 2d  

a All measurements are of double-stranded DNA's except for M13, which is single-stranded. 

b Simon et al, 1971. 

C This thesis. 

d Highton and Whitfield, 1974. 

e Davis and Parkinson, 1971. 



TABLE 3A 

THE LENGTHS OF THE X, pSC101 AND M13 DNA MOLECULES 

7174a 	 bases/base pairS 

A 	912.6 ± 13.5 (25) 	100 	 49,153 ± 727 (25) 

pSC101 	173.8 ± 1.8 (10) 	19.0 ± 0.2 (25) 	9,361 ± 97 (10) 

M13 	115.8 	 12.7 	 6,230b 

All values quoted consist of the mean ± standard deviation. The 

number comprising the mean is in parentheses following the standard 

deviation. 	 - 

a The length of 4X174 DNA is 5,386 bases (Sanger et al, 1978). 

b David Finnegan (personal communication). 
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two steps are equivalent to multiplying each original measurement by 

a scale factor (S), equal to the ratio, measured length of standard 

in %X/measured length of standard in inches, which scales the measured 

lengths to %X. 

Each single strand within a bubble was then assigned to one of 

the two phages involved in the heteroduplex. This was done in a se-

ries of. steps. First of all, I assumed that the base separation for 

double-stranded and single-stranded DNA was the same after scaling. 

Results of experiments in which M13 DNA and pSC101 DNA were spread 

together indicated that the ratio, measured length/known base pairs, 

for these single- and double-stranded standards are nearly the same. 

Two principal errors that can effect the results of comparing mole-

cules spread by this heteroduplex technique are the distortion of the 

lengths of the molecules when immobilized on the grids and the varia-

bility in magnification over the grid. To minimize these errors, 

single- and/or double-stranded standards of known lengths have been 

photographed adjacent to every heteroduplex photographed. Secondly, 

each segment was averaged. The longer strands of each bubble were 

averaged together and the shorter strands of each were averaged 

together. The average difference in length between the single strands 

in each bubble was then determined and these differences were com- 

bined so as to equal the known difference in length of the two 

phages' DNA's (in %X) as closely as possible. In this way, the 

single strands in each bubble could be assigned to one or other 

phage. Listed in Appendix 3 are the scaled values and the lengths 

of the standards for all molecules in all heteroduplexes studied. 

Thus, these scaled lengths can be converted back to the original 

measurements. 

p 66  
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After assigning the single strands of each bubble in each mole-

cule the scaled single-stranded lengths were "adjusted" to account 

for errors and to make the sum of the double- and single-stranded seg-

ments equal the known length of each strand. Each molecule will have 

two adjustment factors, one for each phage. I have assumed that the 

adjustment factor for double-stranded DNA is 1. I justify this be-

cause double-stranded DNA is a double helix, stabilized with hydrogen 

bonds and is thus less susceptible to distortion (i.e. local varia- 

tion in spreading) than is single-stranded DNA. The adjustment factor 

(f) also accounts for errors in single-stranded length introduced by 

using only a double-stranded standard. The formula for f is: 

L - Zds 
Ess 

where L = the known length of the phage DNA molecule (in %X) 

Eds = the sum of double-stranded segments in the heteroduplex 

(in %A) 

Ess = the sum of single-stranded segments in the heteroduplex 

(in. %X). 

After adjustment, the individual molecules were drawn out and these 

are shown in Appendix 3 (Figures 13 - 20). Finally, the average 

values for the coordinates of the regions of homology and nonhomology 

were determined (See Table 5); these molecules are shown in Figure 3. 

Included in Figure 3. are the heteroduplexes I have constructed as well 

as those constructed by Fiandt et al, 1971; Niwa et al, 1971 and; 

Simon et al, 1971 (See Tables 5 and 5A). Each heteroduplex is repre-

sented twice in Figure 3, once with one phage DNA on 'top' and once 

with the other phage DNA on 'top'. (The average scaled coordinates, 

before adjustment, of the homologous and nonhomologous regions within 

the heteroduplexes between the lambdoid phages are found in Table 4). 
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TABLE 4 

SCALED COORDINATES OF HOMOLOGOUS AND NONHOMOLOGOUS REGIONS IN THE HETERODUPLEXES 
BETWEEN THE LANBDOID PHAGES 

B i-I 

434 36.8-37.3 41.1-92.2 95.2-95.4 95.6-98.0  
( 

424 36.8-37.3 41.1-86.9 89.9-90.2 90.3-90.4 (9i.(2) 

434 
/f 

0 —15.9 35.8-36.2 	36.8-39.1 39.7-55.9 

K 
63.5-69.9 	77.5-90.4 94.3-95.2 	9 

o - 3 * —/ 	 & 

21 0 —16.7 36.6-37.0 	37.6-38.5 	39.1-59.1 66.7-71.3 	78.9-81.6 85.5-87.8 	2 -3  
ç 

424 0 —15.9 38.0-40.1 40.9-86.5 89.1-89.5 89.8-92.8 

o 
21 0 —16.7 38.8-39.8 40.6-81.9 84.5-84.9 85.1-87.6 

X 37.3-37.5 
p 

37.9-39.0 	39.2-39.4 
H 

41.4-41.5 	41.8-42.5 43.1-43.3 	45.0-92.4 	(97.3) 

424 37.3-37.7 38.1-39.5 	39.6-39.9 41.9-42.1 	42.4-43.7 	44.2-44.6 	46.2-88.0 	(92.8) 

A 37.1-37.7 38.0-39.7 	39.8-40.3 43.2-45.7 	46.4-46.9 	48.3-62.3 	62.5-64.7 	70.6-82.5 	85.5-99.6 	(105) 

o I # 

PA2 37.1-37.7 38.0-39.2 	39.4-39.8 42.7-43.5 	44.2-44.7 	46.0-59.1 	59.3-61.4 	67.3-75.0 	78.0-89.0 	(94-i) 

F 
PA2 43.2-44.7 45.4-45.5 47.1-91.2 

J.3 
(97.9) 

/ 
7? 

424 43.2-45.6 

0 

46.3-46.4 48.0-88.8 (95.4) 4 

£ 
76.8-89.8 	 93.446.4) 

PA2 0 —15.9 37.6-38.5 39.3-60.7 66.5-74.0 (O 	fo 
— 

i 

76.5-81.3 	 84.9-(ä7.5 
21 0 —16.7 38.4-4.0.2 41.0-60.4 66.3-73.7 



TABLE 4 (CONTINUED) 

PA2 	36.5-37.2 40.5-56.2 56.6-59.9 69.0-77.5 77.7-78.6 81.4-90.0 90.3-95.3 98.1-98.5 98.7-101.0 (101 . 8)  

+ S1 	 f I 	 tC7 	 3 	 0 	+2-0 

434 	36.5-37.2 40.5-51.1 51.5-54.6 63.6-70.4 70.6-71.4 74.2-81.9 82.2-91.1 93.9-94.3 94.4- 94.7(9-5
-:4) 

Coordinates in a column define a nonhomologous region. Values of scaled measurements of each molecule within 

each heteroduplex are tabulated in Appendix 3 Tables '13 through 20. It is the overall "average" molecule from 

these scaled values that is represented by the coordinates in this table. 

0\ 
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TABLE 5 

0-1  
SCALED AND ADJUSTED COORDINATES OF HOMOLOGOUS AND NONHOMOLOCOUS REGIONS WITHIN HETERODUPLEXES BETWEEN THE LAMBDOID 

PHAGES 

434 36.8-37.3 41.2-95.6 98.6-98.8 98.9-99.0 (100) 

424 36.8-37.3 41.2-89.5 92.5-92.8 92.9-95.5 (96.4) 

434 0 -15.9 35.8-36.2 	36.9-39.5 40.0-58.1 65.7-72.9 	80.5-94.9 98.7-100 	.3 

21 0 -16.7 36.6-36.9 	37.6-38.7 39.2-59.6 67.2-72.0 	79.6-82.4 86.3-89 

424 0 -15.9 37.9-40.2 41.1-89.5 92.1-92.7 92.9-96.4 

21 0 -16.7 38.7-39.8 40.7-82.8 85.4-85.9 86.2-89 	 - 

A 37.3-37.5 37.9-39.1 	39.3-39.5 41.5-41.6 41.9-42.7 	43.2-43.5 	45.2-94.8 	(100) 

00 	 424 37.3-37.7 38.1-39.7 	39.8-40.1 42.1-42.4 42.7-44.0 	44.6-44.9 	46.6-91.3 	(96.4) 

A 37.1-37.7 38.0-39.6 	39.7-40.2 43.0-45.3 	46.1-46.5 	47.8-61.1 	61.2-63.3 69.2-81.4 	84.3-95.5 	(100) 

PA2 37.1-37.7 38.0-39.8 	39.9-40.4 43.2-44.0 	44.8-45.2 	46.6-60.7 	60.9-63.1 69.0-77.0 	80.0-94.5  

PA2 43.2-44.8 45.4-45.6 47.2-92.9 (99.6) 

424 43.2-45.6 46.3-46.5 48.0-89.6 (96.4) 

PA2 0 -15.9 38.0-39.9 40.8-63.0 68.8-76.6 79.4-92.9 	 96.5-99.6 

21 0 -16.7 - 	 38.8-39.8 40.6-61.0 66.9-74.8 77.6-82.7 	 86.3-89 

- 	 - 



TABLE 5 (Continued) 

PA2 	36.5-37.2 40.5-56.0 56.4-59.8 68.8-75.5 75.7-76.5 79.3-87.8 88.1-93.0 95.9-96.3 96.4-98.7 (99.6) 

434 	36.5-37.2 40.5-51.9 52.2-55.5 64.6-73.7 73.9-74.9 77.7-85.9 86.2-95.7 98.5-99.0 99.1-99.4 (100) 

Coordinates in a column define a nonhomologous region. Individual molecules within each heteroduplex are 

shown in Appendix 3, Figures 13 - 20. It is the overall "average" molecule from these scaled and adjusted 

values that is represented by the coordinates in this Table. Drawings of the above molecules are shown in 

Figure 3. 



TABLE 5A 

PHAGES( LENGTHS OF HOMOLOGOUS AND NONUOMOLOGOUS REGIONS WITHIN HETERODUPLEXES BETWEEN LAMBDOID 

2.1 	16.5 0 	2.3 2.1 3.6 1.5 2.1 4.0 2.6 

X/434a 37.4 1.0 	3.5 0.5 	7.7 0.9 	0.1 6.0 3.4 	1.9 0.8 

2.3 	10.4 0.9 	2.3 2.4 1.6 1.5 1.2 13.8 0.4 

1.9 	16.8 0 2.2 11.2 0.8 9.8 2.5 

37.3 1.0 3.5 	0.5 5.7 0.1 3.0 3.0 0.7 

2.4 	10.3 1.1 2.2 6.1 0.9 13.4 0.2 

15.9 25.4 9.0 2.4 5.9 3.0 

21.0 8.2 5.4 1.9 1.9 

16.7 23.2 4.0 0.2 3.9 2.6 

434182a 
9.2 

64.2 
5.9 

0.1 
0.9 

0.8 

	

8.8 	 9.0 
3.0 	 1.7 

	

10.5 	 2.2 
3.1 

1.0 1.0 0.5 	22.0 	14.0 9.8 7.0 	4.4 	4.5 

X/480b 10.0 	6.5 2.5 7.5 	0.5 	5.5 1.8 	2.0 	0.5 	0 

1.0 1.0 0.5 	15.5 	10.0 13.3 3.7 	6.2 	5.0 

25.3 6.6 9.3 	15.8 0.8 1.5 	4.7 	4.6 

X/81c 24.8 0.2 3.8 	0.3 	0.4 0.3 	1.3 	0.3 	0 

22.5 3.6 11.2 	14.6 3.1 2.7 	4.9 	5.6 

34.4 
80/81c 	47.9 
	

13.0 
38.7 

a Simon et.  al, 1971 
	

b Fiandt et al, 1971 
	 C Niwa et al, 1978 
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PREDICTED HETERODUPLEXES 

From any pair of heteroduplexes, which have one molecule in 

coimnon, it is possible to predict some of the regions of homology 

and nonhomology in a heteroduplex between the other two molecules. 

For example, the heteroduplexes X/21 and X/424 were made and ana-

lyzed by Simon et al (1971). (See Table 5A and Figure 3) and from 

these data the 424/21 heteroduplex was predicted. Where both mole-

cules in the predicted heterodupiex are nonhomologous with the com-

mon one they may be homologous or nonhomologous with eachother. 

Predicted molecules are shown in Figure 4. These were used to help 

the assignment of single strands of bubbles within the actual het- 

eroduplexes. 

A general example of using two heteroduplexes to predict a 

third is as follows. 	
O 	100 

( 	to 	65 

- 

10 °-cz 
10 

0 	10 

65 
50 

"7 

100 
95 

tOO 
90 

I' 	0 	 60 

0 	10 	 70 	 100 

Equivalent A coordinates 

Move along X from left to right. Look for regions homologous to 

both X and Y. Only these are homologous in X/Y. The coordinates in 

X/Y are those corresponding to the coordinates of the regions in X, 

which are homologous with both X and Y. The coordinate 60 on Y in 

X/Y is deduced as follows. Seventy percent in A is 20% along a 
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double-stranded stretch 'from 50%. Fifty percent in A is 40% in Y. 

Therefore 70% in A is 60% in Y. The 10% position in X is calculated 

similarly. All the others come directly from AIX and A/Y. Where 

X and Y are both nonhomologous with A they could be homologous to one 

another. There could be homology between X and Y in the regions cor-

responding to 25 to 50% in A. (Because of the 'differences in length 

between A and X and Y this region cannot be defined' in xIY). The 

lengths of the homologous and nonhomologous regions within the pre-

dicted heteroduplexes between the lambdoid phages are found in 

Table 6. 
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TABLE 6 

LENGThS OF HOMOLOGOUS AND NONHOMOLOGOUS REGIONS WITHIN THE PREDICTED HETERODUPLEXES BETWEEN THE LANBDOID PHAGES 

	

2.7 	0.6 	56.3 	0.4 
434/424 	37.0 	0.1 	0.2 	1.8 	0.8 

	

2.8 	0.7 	51.0 	2.6  

15.9 21.4 7.3 1.5 15.7 1.2 
434/21 21.0 7.2 5.4 1.9 1.5 

16.7 24.3 4.0 0.2 3.9 2.9 

15.9 55.2 3.0 
424/21 21.0 1.9 
- 16.7 46.8 2.5 

0.7 2.1 17.4 2.4 2.3 10.8 	1.0 	10.3 	3.0 
A/PA2 36.5 0.2 0.9 0.4 0.4 	6.4 0.2 	2.8 	1.7 	0.6 

0.7 2.3 15.5 3.3 2.3 6.6 	0.8 	14.8 	2.8 

0.7 1.8 0.9 0 0.8 0.4 	48.7 
PA2/424 37.0 0.3 0.1 2.3 0.3 	0.7 0.5 	5.1 

0.8 1.7 0.7 0.7 3.2 0.4 	43.6 

15.9 0.5 0.4 25.8 7.7 13.6 	3.1 
PA2/434 16.9 2.8 0.6 5.9 2.9 3.5 

15.9 0.5 0.4 22.2 10.3 16.7 	1.3 

	

1.0 	1.0 	0.5 	64.0 	4.5 
424/q80 	10.0 	5.5 	2.5 	7.5 	0.5 

	

1.0 	1.0 	0.5 	58.5 	5.0 

	

16.7 	1.0 	0.5 	34.4 	4.8 	4.8 	3.9 	4.0 

21/80 	 0.6 	2.5 	7.5 	5.5 	1.8 	0.6 	0.4 

	

15.9 	1.0 	0.5 	26.0 	13.3 	3.7 	7.7 	5.0 



TABLE 6 (CONTINUED) 

	

1.0 	1.0 	0.5 	31.5 	8.1 	6.1 	14.2 	2.3 

434/ 80 	10.0 	5.5 	2.5 	7.5 	5.5 	1.8 	2.0 	0.5 

	

1.0 	1.0 	0.5 	26.0 	13.3 	3.7 	6.2 	5.0 

There may be unpredicted regions of homology (i.e. between two strands, which are both nonhomologous with the 

third) and unpredicted regions of nonhomology between two strands only partially homologous with the third. 

10 



HETERODUPLEX RESULTS 

434/424. 	HeteroduplexeS between the DNA extracted_from the 

phages 434 and 424 were made and spread twice. The firstheterodu-

plex was spread without the standards pSC101 and M13 DNA's. Homo-

duplexes were used as standards. The lengths of the 434 and 424 

DNA molecules are100%X and 96.3%'X respectively. I assumed that it 

would be a simple task to distinguish between these DNA's. However, 

the lengths of the homoduplexes measured did not fall into two dis-

tinct groups and it was. not possible to decide whether a hoinoduplex 

was 434 or 424. So, I decided to calculate an average scale factor 

by which every measured length was multiplied. The average scale 

factor (Savg) was: 

100 + 96.4 
2 

Savg  

Havg 

where Havg= the average measured length of all hoinoduplexes. (:NDine 

heteroduplexes and nine homoduplexes were photographed. 

The second 434/424 heteroduplex was spread with pSC101 and M13 

DNA's..(entee3heterOduP1eXe 5  each with at least 2 adjacent pSC101 

and 4 adjacent M13 DNA molecules were photographed and scaled against 

these standards. 

The data from these two spreadings were then analyzed as one 

group. The scaled lengths of each segment in each molecule are tabu- 
p.I.c" 

lated in Appendix 3, Table 13. A picture based on the average scaled 

measurements is shown below. 
-- 	 --- -- 	------ 	 - 

- 	(3 	 LJ 

71O -- --------- 	-------. --f-- ----------- --- 	- 	---------
p. _____ 

An electron micrograph of this heteroduplex is shown in Appendix 4, 

Plate IX. 
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This heteroduplex contains 4 bubbles. The average differences 

in length of the single strands in the bubbles were: AB = 0; AD = 

çj_23 5.2%X; iF = 0 and; AH = 2.3%X. The difference in length between the 

434 and 424 DNA molecules is about(3.7%X) therefore, I assigned the 

longer strand of bubble D, and the shorter strand of bubble H, to 

434. In several molecules the bubbles B and F were not seen and 
/ 

occasionally the region C'wat denatured. This suggests that these 

regions are partially homologous and have Tm's near 20
0C under these 

spreading conditions. 

Some regions of homology between 434 and 424 can be predicted 

from the X/424 and X/434 heteroduplexes (Highton and Beattie, unpub-

lished results; this thesIs; Simon et al, 1971). This predicted 

434/424 heteroduplex (See Figure 4) is very similar to the observed 

heteroduplex and predicts assignment of the strands in the bubbles 

as I have done above. 

After the assignments and adjustments of the.. single-stranded 

regions of. each molecule with appropriate factors (See previous sec-

tions),. the average coordinates of the homologous and nonhomologous 

regions were calculated (See Figure 3 and Table 5 ). 

434/21. 	Heteroduplexes were made from DNA extracted from the' 

phages 434 and 21 (See Materials and Methods). Homoduplexes were used 

as standards and at least one homoduplex was photographed with each 

heteroduplex. The lengths of. 434 and 21 DNA's are l00%X and 89%X (See 

Table 3), respectively, and are sufficiently different to allow unam-

biguous assignment of homoduplexes as either 434 or 21 DNA. 

A picture based on the ,  average scaled measurements is shosm below. 

(7) 	

c 	 K 	fri 
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An electron micrograph of this heteroduplex is shown in Appendix 4 

Plate X. 

This heteroduplex contains 6 bubbles in the right half of the 

molecule and a variable number of bubbles at the left end indicating 

partial homology here. This phenomenon was observed in the X/21 

heteroduplex (Simon at al, 1971). Because the bubbles in the left 

end were small and numerous, I have, like Simonetal, represented 

this left arm with split ends up to 16.7%A in the 21 DNA molecule and 

15.9%X in the 434 DNA molecule. (The 434 DNA is homologous with X 

in the left arm (Simonetal, 1971)). The average differences in 

the lengths of the single strands of each bubble are, from left to 

right along the molecule: EA = 0.8%X; tC = 0; AE = 1.4%X; LG 	3.8%X;. 

Zr 
1.8%X; AK = 10.1%A and; AM = 1.4%X. 	 6 

The difference in length Of 434 and 21 DNA's is ll%A (See Table 

. The heteroduplex has a bubble at the right end so there must be 

a very small stretch of homology at the right end, which is undetect-

able. In order to allocate a proportion of this bubble to 434 and 

the rest to 21, the X/21 and X1434 heteroduplexes made by Simon at al, 

(1971) were consulted. The last coon point of homology of 434 DNA 
q -' 

with A DNA is at 96.6% along A DNA. Lambda DNA and 21 DNA are homol- 

ogous up to 97.0% on A therefore, 21 and 434 must be nonhomologous 

from 96.6% on A (Note that Simon et al (1971) quote the small terminal 

stretch of single strand of 21 in the A/21 heteroduplex as 3.0%A 
.f) 

however, that makes the total length of the 21 DNA molecule 89.4%A and 

therefore, I decided to call this 2.6%A in order to make the total 

length of 21 DNA 89%A (See Table 3 )). Therefore, from the point 96.6% 
434 

on A there must remain 3.0%A of 21 DNA. So, in each terminal single-

stranded loop, I have allocated 3.0/4.2 to 21 and 1.2/4.2 to 434. 

3'O 
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The X/434 and X121 héteroduPleXeS also allow some regions of homology 

between 434 and 21 to be predicted (See Figure 4 ). The resulting 

heteroduplex is very similar to that observed, and allows assignment 

of the strands in all the other bubbles. The long strands of bubbles 
c 

9< 1K7  and,M'belong to 434 and that of 2 to 21. However, if I assign 
3 

the single strands this way, the total difference is only 7. (4'X in- 

ç )f, 	3, 
stead of ll%X. An alternative assignment could have given better 

agreement, but I assigned the single strands as predicted, allowing 

the adjustment factor to take care of inconsistencies in total 

lengths. The average coordinates of the homologous and nonhomologous 

segments, calculated after single strand adjustment, are given in 

Table 5. The molecule is drawn in Figure 3 

424/21. 	Molecules from two different heteroduplex prepara- 

tions from the phages of 424 and 21 are included in these results. 

Homoduplexes were used as standards in the first spreading ('çhetero-

duplex molecules and 1 standard for each), and pSC101 and M13 DNA'.s 

in the second spreading 	heterodupleXeS). A picture of the het- 

eroduplex based on the average scaled measurements is shown below. 

cs) 	
I) 

p 

An electron micrograph of this heteroduplex is shown in Appendix 4, 

Plate a. 
The average differences in length of the single strands in the 

bubbles are: AA = 0.8%X; EtC = l.l%X; EtE 	4.3%X; EtC = 0 and; EtI = 

0.6%A. The difference in length of the 424 and 21 DNA's is 7.3%X 

(See Table 3 ). The DNA of phage 424 is homologous with X DNA up to 

37%A (Highton, unpublished results; this thesis) and therefore the 
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424/21 heteroduplex looks like the X/.21 heteroduplex and the 434/21 

(See previous section) up to about 37%X. In all of the molecules in 

the second spreading there was a bubble at the right end, presumably 

with an undetectable amount of double strand at the very end, as in 

the 434/21 heteroduplex (434 and 424 are homologous at the right end). 

The DNA's of X and 424 are homologous from 94.8% to 100% on the A DNA 

molecule therefore, the 424/21 heteroduplex should look like the 

A/21 heteroduplex from 94.8%A to the right end. The X/21 hetero-

duplex as represented by Simon et al (1971) however, has a split 

right end with A DNA comprising 3.0%A and 21 DNA comprising 2.5%X. 

This is presumably because the A and 424 molecules are not completely 

homologous at the very end and so the 21 DNA is less homologous with 

A here than with 424. Therefore, of the final bubble in the 424/21 

heteroduplex, 3.0/5.5 has been assigned to 424 and 2.5/5.5 has been 

assigned to 21. 

The A/424 and A/21. heteroduplexes (Highton. and Whitfi'eld, 9 -75;. 

this. thesis; Simon et al, 1971) also allow some regions of homology 

between 424 and 21 to be predicted (See Figure 4 ). The observed 

heteroduplex differs from the predicted one by the presence of two 
(ci 

regions of partial homology, D and G. The longer single strands in 

bubbles C and E were assigned to 424 on the basis of the difference 
F .  z c 

in length between 424 and 21 DNA's (7.4%A), which was consistent with 

the predicted heteroduplex. 

The average coordinates of the homologous and nonhomologous seg-

ments calculated after single-strand 'adjustment are given in Table 5 

and Figure 3. 



PA2/424. 	This heteroduplex was made from DNA extracted from the 

phages PA2 and 424. The DNA's of pSC101 and M13 were added as stan-

dards. A picture based on the average scaled measurements is shown 

below. 

An electron inicrograph of this heteroduplex is shown in Appendix 4 

Plate XII. 

, The differences in the lengths of the single-stranded DNA within 
PAt 

each bubble are: AB = j-67.A; ED = 0; AF = ,3- -87A. The difference in 

the lengths of 424 and PA2 DNA's is -27.1 (See Table3 ). Based on 
q. 

this difference in length of .-2%X, the longer single strand of bub- 

ble F was assigned to PA2 and the longer single strand of bubble B 

was assigned to 424. The average coordinates of the beginning and 

end of each homologous and nonhomologous region calculated after 

single-strand adjustment are given in Table 5 and Figure 3. 

A/424. 	This heteroduplex was made directly from the A and 

424 phages. N13 DNA was added to the spreading solution as the sin-

gle-stranded standard and homoduplexes were used as double-stranded 

standards. 

At lease two adjacent homoduplexes and two adjacent M13 mole-

cules were photographed with each heteroduplex. I was able to sep-

arate these hornoduplexes into two groups on the basis of their ratio 

to the average of the M13 molecules adjacent to them. Those homo-

duplex lengths giving a ratio less than 8.0 were considered to be 

424 and those giving a ratio greater than 8.0 were considered to be 

A. The length of A is 100%, the length of 424 is 96.4%A and the 

length of M13 is 12. 7%A (See Table 3). A picture of the heteroduplex 
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based on the average scaled measurements is shown below. 

-- 	
- 	DL 	 - 

An electron micrograph of this heteroduplex is shown in Appendix 4 

Plate XIII. 

The region just left of the large bubble is partially homologous. 

The average differences. in length of the single strands comprising 

the bubbles are: AB = 0.2%X; AD = 0.3%X; AF = 

AL = 0 and; LN = 5.7%X. The longer strand in the large bubble, N,  

was assigned to A as were all the shorter strands in the bubbles B, 

1 
D, F-and J. The difference in length between A and 424 DNA's is 

3.6%). The regions C, E, F, H and L are partially homologous. 

The average coordinates of the beginning and end of each homolo-

gous and nonhomologous region after single-strand adjustment are 

given in Table 5 and Figure 3. The coordinates of this heteroduplex 

are in agreement with the unpublished results of Highton and Beattie. 

PA2/21. 	This. heteroduplex was made directly from the phages 

PA2 and 21. Both double-stranded pSC101 and single-stranded M13 DNA 

'molecules were added as standards. At least three adjacent pSC101 

DNA molecules and six adjacent M13 DNA molecules were photographed 

with each heteroduplex. (Seven 	molecules were analyzed. 

A picture of the heteroduplex based on the average scaled measure- 

ments is shown below. 	. 	 . 	. .. 	. 	. 

Ci. 	 .. 	. 	.. 	. 	I 	. 	. 

An electron micrograph of this heteroduplex is shown in Appendix 4 

Plate XIV. 

1.0 



The DNA of phagé PA2 is homologous with phage 424 up to 43.2%X, 

therefore, the PA2/21 heteroduplex resembles the 424/21 heteroduplex 

up to 43.2%. The average differences in length of the single strands 
V2 ! 	 D4L 

in each bubble are: AA = 0.8%X; tC = 1.0%X; E,E = 2.0%A; AG = 0; tI = 

8.2%X and; AK = 0.4%X. The heteroduplex also has a bubble at the 

right end as in the 424/21 heteroduplex because 424 and PA2 are homolo-

gous in this region. Because PA2 and 424 are homologous up to 43%X 

the longer strand of bubble C belongs to PA2 (See the 424/21 hetero-

duplex results). The difference in length of the PA2 and 21 DNA's P 
- 

is 10.6%X. The longer strands of bubbles E and I were assigned to 

PA2.. The average coordinates of the homologous and nonhomologous 

regions after single-strand adjustment are given in Table 5  and 

Figure 3 

PA2/434. 	This heteroduplex was made directly from the phages 

PA2 and 434. Both double-stranded pSC101 and single-stranded M13 DNA 

molecules were added as standards. At least one adjacent pSC101 and 

four adjacent N13 DNA molecules were photographed with each heterodu-

plex. Three he'teroduplex molecules were used in this analysis. A 

picture of the heteroduplex based on the average scaled measurements 

is shown below. 	
(u) 

B 	 F 

U 's- 	 -' \.J&- 	> 1, 	i ii 

	

----P 	 -- 	P ---- 	- p- -  p 

An electron micrograph of this heteroduplex is shown in Appendix 4 

Plate XV. 

The average differences in the lengths of the single-stranded 
(t a 

	

DNA within each bubble from left to right along the molecule were: i' 	2 
- 

= 0; D = 5.1; F =jO.3; LH = 1.8; AJ = 0; AL = 0.8; AN = 3.8; 

i 
AP = 0 and; AR = 2.1.( 1 examined the 434/21 and PA2/21 heteroduplexes 

WA 



to predict the assignment of single strands of-the bubbles in the 

434/PA2 heteroduplex (Drawings of the predicted heteroduplexes are 

shown in Figure 4). The predicted differences in the lengths of the 

single strands of each bubble and the phages to which these differences 

w.ined are: AB = 0; AD + AF = +3.6 (PA2); AH = +2.6 (434); LU = 

0; AL + AN = ±3.1 (434); -AP = 0; AR = +1.8. (PA2). On the basis of 

these differences I assigned the longer strands of bubbles D,)L and 

R to PA2 and the longer strands of bubbles H and N to 434. 

After the assignments and adjustments of the single-stranded 

regions of each molecule with appropriate factors (See previous sections) 

the average coordinates of the beginning and end of each homologous and 

nonhomologous region were calculated. These are given in Table 5 and 

represented in Figure 3. 

A/PA2. 	This heteroduplex was made directly from A and PA2 

phages. Phage M13 DNA and plasmid pSC101 DNA were added to the spreading 

solution as single- and double-stranded standards, respectively. At 

least one adjacent pSC101 and four adjacent M13 DNA molecules were 

photographed with each heterodulex. 	
Een,1teroduPlex molecules 

were analyzed. A picture of the heterodiex based on the average 

scaled measurements is shown below-y 	 - 
- .... 	 BF 	 / 	...............--. 

.--------.-., -----
--...--... 

An electron micrograph is shown in Appendix 4 Plate XVI. 

The . average differences in length of the single strands comprising 

the bubbles were: AB = 0; AD = 0.5; AF = 0; All = 1.7; AJ = 0; AL = 1.0; 
PL 

AN = 0.1; AP = 4.1 and; AR = 3.2. I examined the X/434 and PA2/434 het- 

eroduplexes to predict the assignment of single strands of the bubbles 

in the X/PA2 heteroduplex (See Figure' 4 ). The predicted differences in 

- 
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the lengths of the single strands and the phages to which these dif- 

1- ferences were asi-gñed are: tB = 0; tD + tF = +0.2 (PA2); AH + EJ + 

2 L = +1.0 (X); AN = 0; AP = +4.2 (X) and; AR = +4.6 (PA2). The total 

''difference between the actual lengths of the single strands in all 

bubbles but N is l.l%X. Therefore, because A is only 0.4% longer than pFL 

PA2, I assigned the longer strand of bubble N to PA2. 

After the assignments and adjustments of the single-stranded 

regions of each molecule with appropriate factors (See previous sec-

tions) the average coordinates of the beginning and end of each homol-

ogous and nonhomologous region were calculated. These are given in 

Table 5 and represented in Figure 3. 

INTREPRETATION OF HETERODUPLEXES 

Inspection of the heteroduplexes suggests that there are a number 

of fixed points along each phage genome, which define the regions 

that may differ in a particular pair. (Several contiguous regions 

may differ in a particular pair) . The distances between the points 

are not the same in all the phages (in other words, each phage has 

its own copy of the region, which may or may not be the same as in 

another phage). For example, 
- 	

- 	I 

	

1 A 	3 	 c 3 	E 

	

A 	 DE 
2 

B 	C 	D 	E 

	

3 A 	 I 	 I 

B 	C 	DE 
1/2 
 B 	C 	D 

213 A 

	

,3A 	 - L 	____ 



where A, B, C and D represent points where. regions begin or end. 

(Phages are represented by the numbers 1, 2 or 3 at the left of the 

molecule, and the heteroduplexes between them are represented by the 
1 

numbers 1/2, 2/3 and 1/3). The designation 1 represents a region in 
1 

which each of the three phages has its own sequence, 2 represents a 

region in which two phages have the same sequence and the third has 

a different sequence and 3 represents a region in which all three 

phages have the same sequence. An alternative is that there is no 

relation between the lengths of the regions that are the same in 

one pair, and those that are the same in another. For example, 

A 	 B 	C 	D E 
1/2  

x 	_x x__ 
2/3 	___________  

VYY 
1/3  

I IE 

2A 

Yx 	 XYYX 
3 	I 	I 	 II 

where A, B, C, D, E, X and Y represent points where regions begin or 

end. The first possibility gives a pattern much more like that 

observed. 

To analyze the phage genotnes in these terms I have used draw-

ings of the heteroduplexes studied in this thesis and those studied 

by Simon et al (1971) (See Figure 3 and Table 5A). I have included 

phage 82 in this even though I do not have all the possible hetero-

duplexes with it. I first arranged the drawings of the lambda het-

eroduplexes one above the other, with lambda on top, in descending 
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sequence A/434, X/82 31 
AIPA2, A/21 and A1424. Below this I had 434/82, 

434/PA2, 434/21, 434/424 and then PA2/21, PA2/424 and finally 424/21. 

I then determined the positions of the homology/nonhomOlogy bounda-

ries in the heteroduplexeS between A and all the other phages. I 

have used A as the 'reference' for convenience only--any other phage 

should give the same results. As I did this I checked that all the 

non-A heterodupiexes had homology and corresponding boundaries where 

(/J( 	
predicted by the A heteroduplexes, and looked for any unpredicted 

, 

homology. The regions were. given the approximate average values of 

the boundaries that defined them (See Table 7). 

I summarized across the phage (See Table 7) the relationships 

between the phages in each region. Below are given all the avail-

able values for the coordinates of the right boundary of the region. 

First, all the positions in A (below the corresponding partner, and 

with the coordinates in that partner in brackets), then 434 and so 

on. Un-bracketed numbers in a row should be the same and bracketed 

numbers in a column should be the same. Numbers in a 434 row (un-

bracketed) should equal numbers in a 434 column (bracketed) and so 

on. This gives a measure of the consistency of the heteroduplexes. 

Then a plot was produced showing the number of different copies for 

each region and the number assigned to each region (See Figure 6). 

Then, Table 8 was deduced from Table 7 and. groups together the 

regions along the chromosome (i.e. 1 through 33) that are the same 

with respect to the number of phage copies. Finally, from inspec- 

tion of Table 8, Figure 7 was produced. This figure shows a possible 

sequence of events to explain the evolution of the phages. These 

results are discussed in the following section. 
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TABLE 7 Positions of the Homology/Nonhomology Boundaries in the Heteroduplexes Between A and the Lainbdoid Phages 

(1) 0 	-37 A 	= 434 	= 82 = 	PA2 = 	21 = 	424 

A 37.1(37.1) 36.9(37.7) 37.3(37.3) 

434 36.5(36.5) 35.8(36.6) 36.8(36.8) 

(2) 37 	-37.5 A 	= 434 	= 82 PA2 = 	21 = 	424 

A 37.7(37.7) 37.5(37.7) 

37.2(37.2) 36.2(36.9) 37.3(37.3) 
434 

(3) 37.5-38 A 	= 434 	= 82 = 	PA2 = 	424 (=) 	21 

A 37.4(37.4) 37.3(37.3) 38(38) 37.9(38.1) 

36.9(37.6) 
434 

38.0 (38. 8) 
PA2 

37.9 (38. 7) 
424 

(4) 38 	-39.5 A 	, 434 	= 82 = 	PA2 = 	424 21 

A 39.5(39.7) 39.2(39.7) 39.6(39.8) 39.1(39.7) 

39.5(38.7) 
434 

39.9(39.8) 
PA2 

40.2(39.8) 
424 

(5) 39.5-40.5 A 	= 434 = 	82 (=) 	PA2 (=) 	424 (=) 	21 

A 40.5(40.7) 40.2(40.7) 40.2(40.4) 39.5(40.1) 

434 40.5(40.5) 41.2(41.2) 40.0(39.2) 

40.8(40.6) 
PA2 

41.1(40.7) 
424 



TABLE 7 (ContInued) 

 40.5-43 A 	= PA2 	= 424 434 	= 82 

A 43(43.2) 41.5(42.1) 

PA2 43.2(43.2) 

 43 	-44.5 A 434 	= 82 PA2 21 

A 45.3(44.0) 

PA2 

 44.5-45.5 A 	= PA2 	= 424 0 434 	= 82 

A. 46.1(44.8) 43.2(44.6) 

PA2 45.4(46.3) 

 45.5(46) A 434 = 	82 0 PA2 21 

A 46.5(45.2) 

PA2 

 46 	-47.5 A 	= PA2 = 	424 0 434 	= 82 

A 47.8(46.6) 45.2(46.6) 

47.2(48) 

 47.5-57 A 434 = 	82 0 PA2 21 

A 57(51.1) 57(51) 

PA2 56(51.9) 

 57 	-57.4 A 	= 434 = 	82 = PA2 21 

PA2 56.4(52.2) 

21 

424 

42.7 (44) 

44.8(45.6) 

21 

424 

43.5 (44. 9) 

45.6(46.5) 

21 

424 

424 



TABLE 7 (Continued) 

(13) 57.4-61 A = 	434 = 	82 PA2 21 

A 61(56) 61(56.1) 61.1(60.7) 

PA2 59.8(55.5) 

(14) 61 -63 A 434 = 	82 = PA2 21 

A 63.3(58.3) 63.2(58.3) 63.3(63.1) 62.3(60.9) 

434 
58.1(59.6) 

PA2 63(61) 

(15) 63 -69 A = 	434 = 	82 = PA2 = 21 

A 68.9(64) 69.2(69) 

434 64.2(64.2) 64.6(68.8) 

21 66.9(68.8) 

(16) 69 -71 A = 	434 = 	21 (82) PA2 

A 71(66) 70.5(69.1) 

21 69.2(65.7) 

(17) 71 -73 A 434 (82) PA2 424 

A 73.1(68.4) 

(18) 73 -74 A = 	434 (82) PA2 424 

A 74(69.3) 

(19) 74 -79 A # 	434 (82) PA2 424 

A 79.2(73.5) 

424 

424 

424 

424 

21 

21 

Offl 
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TABLE 7 (ContInued) 

(20) 79 -80 A = 	434 (82) PA2 

A 80.1(70.1) 

434 73.4(70.1) 73.9(75.7) 

(21) 80 -81 A = 	434 = 	21 (82) 

A 81(71.1) 

434 74.4(71) 

21 

(22) 81 -84 A = 	434 = 	82 = PA2 

A 84(74.1) 84.3(80) 

434 77.4(74) 77.7(79.3) 

21 77.6(79.4) 

(23) 84 -85 A = 	434 = 	21 (82) 

A 85.2(78.5) 84.9(78.5) 

(24) 85 -87.5 A 434 = 	21 (82) 

A 87.3(79.7) 87.3(78.7) 

(25) 87.5-89 A =. 	434 = 	21 (82) 

A 89.2(80.6) 

434 80.5(79.6) 

(26) 89 -91 A = 	434 (82) PA2 

A 90.7(83.1) 

21 	 424 

79 .5 (73. 1) 

72.9(72.0) 

PA2 	 424 

81.4(77) 

76.9(76.5) 

74.8(76.6) 

= 	21 	 424 

PA2 424 

PA2 424 

PA2 424 

21 	0 	424 



TABLE 7 (Continued) 

(27) 91 -92 X 	# 434 	0 (82) PA2 21 424 

434 86.2(84.5) 85.9(87.8) 

(28) 92 -93 X 	,' 434 	= 82 = 	PA2 21 424 

434 87.9(86.2) 86.2(88.1) 

(29) 93 -94 A 434 (82) PA2 21 424 

A 93.8(87.5) 

434 95.7(93) 94.9(82.4) 95.6(89.5) 

92.9(82.7) 92.9(89.6) 
PA2 

82.8(89.5) 
21 

(30) 94 -95 A 	= 82 434 = 	PA2 	= 21 	= 424 

A 94.7(96.9) 95.5(94.5) 95.1(84.5) 94.8(91.3) 

434 96.9(88.4) 

(31) 95 -97 A 	= 434 	= 82 = 	PA2 	= 21 	= 424 

A 96.6(98.8) 96.8(90.5) 97(86.4) 

434 98.5(95.9) 98.7(86.3) 98.6(92.5) 

96.5(86.3) PA2 

(32) 97 -99 A 	= PA2 	= 424 434 	= 82 21 

A 
99.2(99.2) 99.3(90.7) 

434 99.4(98.7) 99(95.5) 
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TABLE .7 (Continued) 

(33) 99 -100 	A 	= 	434 	= 	82 	= 	PA2 	= 	424 	 21 

A 	100(100) 	100(91.5) 	100(99.6) 	100(97) 	100(89) 

Region 

(1) 	21 has only weak homology with all the others in the region defined as 0-15.9% 
in A. 

(3) 	434 = PA2 = 424 = 21. However, A = 434 = PA2 = 424 but\# 21. See explanation for (5). 

(5) 	434 = PA2 = 424 = 21. However, A = 434 but not PA2, 424 or 21. This is possible if 434 is only 

partially homologous with all the others. A could be more like 434, than like the others. In 

fact, the region is double-stranded in some X/424 heteroduplexes. This could occur if A, PA2, 

424 and 21 diverged from a '434' region (in other words, '434' in ancestors (1) and (2) in Figure 

This is not really a type (c) region. 

(7) 	There is 0.5% homology between A and 424 in this region. 

(7)-(10) Better agreement between the A/424, A/PA2 and PA2/424 heteroduplexes in these regions is achieved if 

the strands in 424/A in region (7) beyond the 0.5% homology are reversed. However, this makes the 

agreement between the observed and predicted differences of the strands In the big bubble less good. 

A = 434 and PA2 = 434 but A PA2 (Same explanation as for (5)). 

434 and 82 are 1% longer than A. 

(13-14) The X/PA2 heteroduplex suggests 0.2% A= 434 = 82 = PA2 between these regions (type I region). 

(See Figure 6). The cIT is known to be between the 1mm434  and imm21 . Szybalski and Westmoreland 

(1969) got 79.8 for the right end of 1mm21 . Szybalskl and Szybalski (1974) quote 71.1 for the 

ir  

left end of I21 (See (16)). 

For 0.1% at the left end, PA2 = 434, 434 (and 82) = A but) 0 PA2. Same explanation as for (5). 



TABLE 	7 (Continued) 

Region 

(28) This should probably be two regions. 

(32) 0.1% 434 (and 82) = PA2 = 424, butX 0 434 (and 82), which predicts 0.1% in the A/PA2 and 

X/424 heteroduplexes to be nonhomologous. 	This is not observed. 	0A?E 

(19) 0.1% A = 434. 
4 

1 4 

/XN x 	 4 
Pfl 2,474 

(82) This means that 82 could be homologous with PA2, 424 or 21. 	P/?2J 41 ?ç 

Numbers 1 through 33 represent regions along the chromosome as indicated in Figure 6 
Following each number (1 - 33) are the coordinates of the homology/nonhomology boundary in the hetero-

duplexes between A and all the other phages. These were given the rough average values of the coordin-

ates of the boundaries, which defined them. 

Across the page are summarized the relationships between the phages In each region. Below are given 
00 

all the available values for the coordinates.of the right boundary of the region. See the text for a 

detailed discussion of this Table. 
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FIGURE 6. Plot showing the number of different copies for each region along the chromosome. 

The top scale (0 - 100) represents the length of the phage chromosome. 

The numbers below the scale represent the number of copies of a particular sequence in a 

region of the chromosome. 

The bottom row of numbers (1 - 33) represents regions along the chromosome. 



Regions 3  1 	2 	,3 	4 	
6 	7 

5 	 33 	 8 	9 
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H  
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TABLE 8 R 

6 1  

2 
hage 

A 	A 

434 	A 

82 	A 

PA2 	A 

21 	A 

ions Along the Phag 

33 	51 	411 

i 	 F 
U 

A A X x 

A A 434 
434A 434 

A A 434 
434A 434 

PA2 A 434 Xa 	I PA2 

PA2 21 21 21 21 

CA') 1 434 A 424 

rII,_nmncnmP That are the Same With Respect to the Number of Phage Copies.__ 

321, 	2111 	411 

A 

A 

A 

A 

21 

424 

12 

3111 3111- 

k 

A 	A 

A 	434 

A 	434 

PA2 	434 

21 	21 

424 	424 

13 	14 

28 

51 2(1)111 (1)11111 3(1)11 2(1)111 42 

m n o p 

A A A A A 

A 434 434 A A 
434b 

A (82) (82) (82) (82) - 

[b 
A PA2 PA2 PA2 PA2 

A 434 21 A 434 

424 424 424 424 424 434 

15 24 17 16 18 30 

22 19 21 20 

27 23 26 

Designations 	A - like x; 434 like 434, unlike X; PA2 - like PA2, unlike X or 434; 

82, 21, 424 - found only in 82, 21, 424. 

These numbers indicate the number of copies of a particular sequence in a particular region of the chromosome. 

2 Letters c through q are assigned to the different regions 1 through 33. Regions that are the same with respect 

of a given sequence have been grouped together and assigned a letter. (For example, 
to the number of copies  

ons: all. the phageshave k copy of that region. 
regions 1, 5 and 31 have been grouped together for in these. regi 	

.  

Numbers 1 through 33 represent regions along the chromosome as indicated in Figure 
6 



FIGURE 7 	A Possible Sequence of Events to Explain the Evolution of the Lambdoid Phages. 

d e f 9 h i k 1 m n o p 

(1) 2  A ?ç A 434 ? 434 A A 434 A 434 A' A A ? 

 A ?A X.  434 A. 434 A A 434 A 434 A' A A 434 

 A A 434 434 434 A A 434 A 434 A' A A A 

 A 7 A 434 A 434 A A 434 A 434 A' A A A 

 A 7 A 434 434 434 A A 434 A 434 A' A A 434 

 A PA2 A 434 A 434 A A 434 A 434 A' A A 434 

(1) 

PA2, 424, 21.—(6)_< (2) 	(3)—.82 

(5)><(4) 

434 	 A 

This figure shows a possible sequence of events to explain the evolution of the phages. This is deduced 

by inspection of Table 8 The regions designated . are different in each phage.(t 

1 Letters c through q are assigned to the different regions of the phage chromosome 1 through 33. Regions 

that are the same with respect to the number of copies of a given sequence have been grouped together and 

assigned a letter (c through 
2  Numbers (1) - (6) represent 6 d,i-f--ferent phage molecules. 

A more detailed explanation of this Figure is presented in the text. 



DI SCTJSSION 

Under the standard conditions used in this thesis (50% formiwide 

in the hyperphase, 15% formamide in the hypophase, spreading tempera-

ture 20
0C), those DNA regions appearing homologous (double-stranded) 

had greater than 79% homology and those appearing nonhomologous 

(single-stranded) had less than 79% homology. By spreading under 

less denaturing conditions (30% forintnide in the hyperphase and 5% 

formamide in the hypophase, spreading temperature 4 
0C), it has been 

shown that the nonhomologous regions of the X1424 heteroduplex have 

less than 58% homology. Within a population of a particular hetero-

duplex, most regions were consistently double- or single-stranded. 

Those regions that had about 79% homology appeared double-stranded 

in some molecules and single-stranded in others. In other words, 

these regions were partially homologous. The left end of phage 21 

containing the head and some tail genes has regions, which are 

partially homologous to those of X, 434, 424 and PA2. 

In some regions, all the lambdoid phages studied differ in 

their DNA sequences. In others, the sequences are the same in all 

the phages. In yet others, the sequences may be the same for only 

some of the phages. This was deduced by making heteroduplexes 

between all possible combinations of X, 424, 434, 21 and PA2. My 

results indicate that among those lambdoid phages studied here and 

possibly among all lambdoid phages, which exist in nature the number 

of copies of most DNA regions is small. In the five phage DNA's 

studied in this thesis, X, 434, 424, 21 and PA2, one copy of most 

regions occurs at least twice. 

My results reveal how many times any copy of a region of the DNA 

molecule is present in the population of phages. For X, the results 
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indicate that about 40% of the X DNA molecule is cotmnon to the four 

other lambdoidphageS studied and to 82 (I have included in the 40% 

the left armof X from 0 to about 37%; all six phages share this 

DNA sequence except for phage 21, which is partially homologous with 

the others in the region between 0 and 15.9%X). Perhaps mutations 

are less tolerated in these genes and therefore these"commo&' 

regions are the most highly conserved. Thus, these regions may be 

less active in terms of evolutionary change than other regions of 

the chromosome such as most of the right half, which shows only one 

short common region. A further 31% of the A DNA molecule is common 

to at least one other phage. In only about 10% of the genome has no 

homology been found between any pair, and phage 82 has not been 

checked against all others here. 

Hypotheses have been presented to explain the homologous and 

nonhomologous DNA sequences that exist between the lambdoid phages. 

Mutations in certain DNA base sequences or protein amino acid 

sequences may not be well tolerated. These sequences, therefore, 

would be conserved. Such conserved sequences are known to exist in 

proteins inter- and intraspecially. The present amounts of homolo-

gies between various pairs of phages could reflect some of these 

regions where mutations are not tolerated and thus remain the same 

in all the phages. The heteroduplex analyses of the following pairs 

of lambdoidphage DNA's; A/434, A/82, A/21 and 434/82 (Simon, 

1971) led to the hypothesis that homology existed because there were 

certain regions common to all the lambdoid phages, which may have 

resulted from some recombination process that selected the best 

gene copies during evolution (Davis and-Hymen, 1971). Subsequent 

work with PA2, 424 and A (this thesis; Highton and Beattie, unpub-

lished results) and 80 and A (Fiándt et al, 1971; Highton and 
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Beattie, unpublished results) however, has shown that there is not 

more than about 15% common to all seven of these phage DNA's, whereas 

most pairs have much more homology than this. 

My data could suggest that the present-day phages were assembled 

from a choice of previously evolved modules. This hypothesis 

(Campbell, 1972) predicts that genes from one module, which are 

related in function, should be .situated near to each other. The 

fact that the clustering of functions exists in the DNA's.of the 

lambdoid phages is in agreement with the modular hypothesis. In any 

two phages.there are segments of homology separated by segments of 

nonhomology. Perhaps the .genome is composed of separate modules 

within which recombination cannot occur in heterologous matings. 

Regions of homology might lie between modules. Alternatively, 

recombination could occur within modules cotmuon to both partners. 

DNA exchanges between phages are possible provided there is some 

sequence homology. Viable hybrid phages among the lambdoid phages 

and between the lambdoid and other phages have been isolated. 

These have characteristics of both parental phages. This can be 

interpreted to support the modular hypothesis, where the functional 

segments (modules) such as head, tail, DNA replication, lysis and 

immunity genes are allowed to reassort among the phages resulting 

in viable phages with different combinations of these functional 

segments. This ability for DNA exchanges to occur between phages 

can however, also be interpreted to support the theory of phage evo-

lution from a common ancestor. If a common. ancestral chromosome 

were allowed to evolve with spontaneous mutations occuring without 

restriction and some of these mutations were selected for; the 

result. could be a family of phages with different copies of some 
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common ancestral genes, and identical copies of others, which is 

necessary for DNA exchange to occur. 

It is possible to explain the existing relationships between 

A, 434, 82, PA2, 424 and 21 in terms of direct evolution from a 

common ancestor, apart from one DNA exchange. This is explained in 

the following paragraphs. 

In Table 8 all the regions have been arranged according to 

the copies present. Thus, a region designated 6 would be represented 

in each of the six phage DNA's. A region designated 51 would be rep-

resented in five of the phage DNA's and the sixth phage DNA would 

have a different sequence in this region. There are also regions 

designated 42, 33 and 321. The 42 designation implies that four 

phage DNA's share the same DNA sequence and two phages share another 

but different sequence. 

Figure 7 is a representation of one way to explain the evolu-

tion of these six DNA molecules from a common ancestor. It is de-

deduced from Table 8 . Regions such as 111111, 21111, 3111, 411, 

51 and 6 can evolve from a common ancestor if regions can change 

in some lines, but not in others. A hypothetical common ancestor 

can be deduced by first picking the copy for each region that occurs 

more than once. If this is done the result is ancestor (1). Quer-

ies indicate that 2 copies occur more than once. In g and q 

regions this can be explained if the original ancestor splits into 

2 lines with changes at g and q, giving ancestors (2) and (3). 

However, because '434' and 'A' copies occur in g and q in all 4 

possible combinations, ancestors.(4) and (5), which can be derived 

from (2) and (3) by an exchange, are required (See Campbell, 1972). 

If region d is 'A' then A, 434 and 82 can be derived directly from 

(4), (5) and (3), respectively. If dchanges to 'pJ!  in (2) 
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giving ancestor (6),PA2, 21 and 424 can be derived directly from it. 

This scheme requires that some regions change while others do not, 

and then stop changing while yet others start. This is necessary to 

explain how two copies can occur more than once in d, g and q regions. 

The alternative explanation is that all six phages have evolved di- 

rectly from an ancestor such as (1), but withsome exchanges. For 

example, region d could start as X but change to 'PA2' in PA2 some-

time after evolution of the six lines. Exchange with 424 and 21 could 

change them to 'PA2' in this region. The g and q regions could be 

similarly derived. We still have to postulate that regions can change 

in some lines, but not in others, unless all homologies are the result 

of exchanges. The d, g and q regions are the only ones, which could 

indicate an exchange because only in these do two copies occur more 

than once. 

If there has been an exchange of segments, Campbell (1972) shows 

that we should expect to find arrangements such as 

- 

In Table 8 all the regions have been arranged according to the copies 

present. Of interest are types d, g and q. The boxed areas indicate 

an exchange. Following Campbell's (1972) notation a possible sequence 

of events would be 

A B 
b 

A b 
•tt1.vt -LI. 	'.1. 

b 
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A(434) 	B(X) 

	

0(X) 	B(X) 	j ' 	A(434) 	b(434) 
(434) (A) ///;if/ 

(pA2 	 b(434) 	 A(434) 	B(X) 
21 1 

	

 424/ i;i'//riI 	Il \\\\ 	 (82) 

There are a number of such possible schemes, but this one fits the 

data.(°. 

Letus look at the lanibdoid chromosome in terms of left and 

right halves. The left half contains the head and tail genes--

genes coding for proteins, which are involved in interactions with 

eachother. The right half of the chromosome consists of the genes 

coding for proteins that are involved in regulatory functions. The 

proteins coded by the genes in the left half are more intimately 

involved with other proteins than are those coded by the genes in 

the right half. Perhaps mutations, involving even only a single 

base pair, in a gene involved in phage head or tail formation would 

change the protein sufficiently to cause a deleterious effect and 

thereby make the phage unable to make a functional head. The 

mutant would not survive, would never be found in nature. 

Phage gene J codes for the phage tail fiber. My results indi-

cate that the homology that exists between the phages in the tail genes 

ends within the J gene. The protein prodCict of gene J is involved 
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in an interaction with other proteins--both at the tail/tail fiber 

junction and with proteins on the bacterial cell surface. Only the 

left half of this gene seems to remain constant among this family of 

phages. Beckendorf (1973) suggested that the left end of the gene J, 

the NH2-terminus, codes for the part of the protein that is involved 

with the tail/tail fiber interaction and interacts with other phage 

proteins and that the right half of the gene J, the COOH-terminus, 

codes for the part of the protein involved with the tail fiber/bac-

terial cell surface protein interaction. Thus, the right end of 

gene J has evolved more rapidly to accomodate new receptors whereas 

the left end is invariant since the product of this portion of the 

gene would still be involved with the same interactions. My het-

eroduplex results support this suggestion. 

The genes in the right half of the phage chromosomes code for 

proteins of a regulatory nature. These proteins interact with DNA 

rather than (or in addition to) proteins. Perhaps not being inti-

mately involved with protein structures allows the genes in the right 

half the freedom to acquire mutations in their DNA and amino acid 

sequences without these mutations being deleterious. Thus, a muta-

ted, but viable phage would result. Thus, the spontaneous mutations 

occurring in the DNA sequences could be manifested throughout the 

replication and propagation of the phage and its progeny. The 

progeny would also be able to acquire such mutations. Throughout the 

many generations since the ancestor evolved to its present stage, the 

various lambdoid bacteriophages could have acquired many such muta-

tions and thus the more different they have become from each other in 

these more evolutionarily active regions of the chromosome. 	- 

As indicated above, 480 was found to have only about 15% homology 

with the other six phages studied under the standard conditions. 

108 



This has actually only been shown for A and 434, but the 15% lies at 

the left end, which is homologous in A, 434, 82, 424 and PA2. In 

fact, only the first 5% of 80 appears truly homologous with A, the 

rest being partially homologous, and because 21 is only partially 

homologous with the other five throughout this region there can be no 

region that is exactly the same in all seven molecu'les, in the 

"common" region from 0 to 37% discussed above.- Of the other three 

"common" regions defined in Figure 7, regions 3, 5 and 31, none are 

homologous to 80, and in fact regions 3 and 5 are probably not corn-

pletely homologous in the other six phages (See Table 7 notes 3 and 

5). 

The fact that these regions are not completely homologous does 

not affect the process of evolution proposed, and it will be of in-

terest to see, by varying the conditions of denaturation, just how 

close any regions in the six phages are to one another, and how far 

they are from 480. Fiandt etal (1971) detected more homology between 

A and 80 than did Highton and Beattie (unpublished results), pre-

sumably because their conditions were less denaturing. Also, the 

amount of homology observed between A and 81 at the left end, where 

481 and 80 are homologous, increases as the denaturing capacity of 

the solutions is reduced (Niwa et al, 1978). 
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INTRODUCT ION 

EVOLUTION OF THE ESCHERICH.IA coli CHROMOSOME 

The circular chromosome of E. coil contains enough DNA to code 

for about 3000 polypeptide chains with average molecular weight of 

40,000 daltons. Over 600 of these genes have been assigned specific 

functions and positions on the E. coil chromosome. Genes coding for 

proteins with related functions, such as isoenzymes catalyzing the 

same reactions or groups of enzymes involved in sequential metabolic 

conversions, may be either close together or far apart on the circular 

chromosome. Some related genes are close together because they form 

part of the same operon and aretranscribed together. Other related 

genes are close together but do not share a common control mechanism. 

Lewis (1951) discussed the idea of new genes arising from pre-

existing genes. He envisioned a new gene originating by a two-step 

process: one or more duplications of a gene would occur after which 

the duplicate genes would mutate to a new function. This could be 

related to the function of the original gene. Clustering of genes 

with related functions. may be the result of such a tandem geria dupli-

cation followed by evolution of a series of related genes (Lewis, 

1951; Horowitz, 1965; Dixon, 1966). 

Hopwood (1967) found that related genes on the circular map of 

Streptomyces coelicolor were separated by 180 0 . He speculated then 

that a genome duplication event may have been a mechanism of evolu-

tion of this organism. Sparrow and Nauman (1976) proposed that a pro-

cess of chromosome doubling was a major event in the evolution of all 

major phylogenetic groups. 

Primitive organisms most likely would have had fewer genes and 

corresponding enzymes than their more highly developed, 
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biosynthetically sophisticated present-day descendants. One can then 

say that the present-day bacterial genome evolved from a simple to a 

more complex form. The evolution of the bacterial genome must have 

involved the increase of total genetic information as well as the in-

crease in the complexities of metabolic function and cell structure. 

Duplications of genes, of longer genetic segments and of the entire 

chromosome may have been important in increasing the size of the bac-

terial chromosome. Retention of nonfunctional genes would provide 

genetic plasticity that is probably evolutionarily advantageous. 

Zipkas and Riley (1975) proposed a mechanism for the evolution 

of the E. coli K12 chromosome. This, they said involved two succes-

sive duplications of an ancestral chromosome--one quarter the size 

of the present chromosome--followed by mutation and divergence of 

the duplicated genes. They found that many pairs of genes that are 

biochemically related are located either 900  or 1800  apart on the 

E. coli K12 circular chromosome. This proposed .theory of chromosome 

duplication is supported by the observations of Wallace and Morowitz 

(1973). These authors tabulated the chromosome sizes of about 70 

different species of bacteria. They found that the sizes, which vary 

from 0.5 to 3.0 x 109  daltons do not vary randomly. Mycoplasma 

species have chromosome sizes. clustered about the peaks 1.4 x 10 9  and 

2.8 x lO daltons. This is consistent with the idea that smaller 

chromosomes give rise to larger ones by duplication. 

among the 460 genes listed by Taylor and Trotter (1972), Zipkas 

and Riley (1975) selected those for which sufficient information was 

available about their gene products. They listed pairs or groups of 

genes considered to be related. Genepairs were considered to be 

related if their gene products fell into one of the following three 

categories: 1) isoenzymes catalyzing the same reaction; 
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2) functionally related genes sharing some specificity such as se-

quential enzymes in metabolic conversions and enzymes catalyzing sun-

ilar reactions involving the same or similar small molecules and; 3) 

genes coding for related cellular structures or functions such as 

ribosomal proteins and proteins involved in K transport. Pairs 

within a single operon were rejected, however, individual members of 

an operon were paired with other biochemically related genes that 

lie outside the operon (for example, thrC and ilvA). 

Zipkas and Riley (1975) discussed three possible modes of chromo-

some duplication. The first involves homologous crossing over be-

tween identical circular chromosomes. Another involves head-to-tail 

joining of two identical linear chromosomes having complementary co-

hesive ends. The third involves the production of concatamers fol-

lowed by cleavage at specific points resulting in unit chromosomes. 

The latter would involve mutation at a cleavage site yielding a diiner 

chromosome, which, following circularization and subsequent replica-

tion would yield concatamers that would eventually be reduced to 

dimers by cleavage. 

In 1976, a revised genetic map of E. coli was published (Bach-

mann et al, 1976) after which the concept of biochemical relatedness 

of genes was more strictly defined (Riley et al, 1978). Genes were 

considered to be related if their enzyme products either catalyzed 

similar reactions according to the Enzyme Commission classification 

scheme or interacted with the same small molecule either as a sub-

strate or as a product. Related gene pairs were statistically ana-

lyzed but showed no tendency to be located 90 0  or 1800  apart. The 

tendency to lie 90 0  or 1800  apart resided almost entirely in the 

group of genes concerned with the central pathways of glucose catab-

olism. However, nonrandom distribution of genes may not be confined 
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to those genes involved with glucose degradation. Spatial relation-

ships may exist between pairs of genes that descended from a single 

ancestral gene. 

Mizobuchi and Saito (1975) investigated gene and chromosome 

duplication and the principle of gene diversification. They classi-

fied 246 genes of E. coli K12 into functionally related groups and 

inspected the relationships between the positions on the circular 

genetic map of genes in the same group. Genes they considered to 

be related fell into one of the following three groups: 1) genes 

encoding isoenzymes; 2) genes encoding identical or similar products 

other than proteins (for example, the two tyrosine tRNA genes, which 

have identical base sequences and; 3) genes encoding enzymes with 

similar reaction mechanisms (i.e. genes that are functionally related). 

This last criterion is different from that used by Zipkas and Riley 

(1975) who defined functionally related genes as those involved in 

one sequential metabolic.pathway. 

Of the genes classified by Mizobuchi and Saito (1975), 63% were 

found to be separated from homologs by a multiple of 12.4 ± 1 min on 

the 100 min circular map of E. coli. They have therefore adopted the 

12.4 min map distance as a duplication unit of the chromosome. If 

the ancestor of the modern E. coli underwent total chromosome dupli- 

cation three times this theory predicts that each gene will have seven 

sister genes positioned every 12.5 min on the 100 min map, or every 

450 . These authors do not dismiss the possibility that the duplica-

tion unit may be further divided into a smaller unit. Thus, Zipkas 

and Riley predicted that the present-day chromosome is the result of 

two duplications of an ancestral E. coli chromosome and Mizobuchi and 

Saito predicted that the chromosome is the result of at least three 

previous duplications. 
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TWO RELATED GENES: AE&F AND 	I 

One example of biochemically related genes is the pairgF and 

gI. These genes are not 900, 180 0  or 2700  apart, but both code for 

the enzyme ornithine transcarbamoylase (Glansdorff et al, 1967). 

Ornithine transcarbamoylase (OTC). áatalyzes the carbamoylation of. 

ornithine into citrulline in E. coil, the sixth.step of arginine bio-

synthesis. Zipkas and Riley (1975) suggested that although these 

genes are biochemically related in that they specify proteins that 

carry out the same reaction, they may have had independent origins; 

as a consequence they may be expected to have different DNA sequences. 

Mizobuchi and Saito (1975) classified .&F  (8.1 mm) and AE&I (94.7 

mm) into the same group because they have similar catalytic reaction 

mechanisms, they are separated by 13.4 min and thus may be sister 

genes. Kikuchi and Gorini (1975) have shown that these genes have 

similar base sequences, suggesting that one of the genes arose by 

duplication of the other. This is not consistent with the suggestion 

that functionally related genes not 900, 180 0  or 2700  apart evolved 

independently (Zipkas and Riley, 1975). It does, however, lend sup-

port to the theory that. duplicate genes will be separated by a mul-

tiple of 12.4 ± 1 mm. Kikuchi and Gorini (1975) found that the homol-

ogy detected by electron microscope heteroduplex formation extended 

over a length equivalent to that of the genes. This homology between 

and Ar&I does not support the theory that the chromosome arose 

by two duplications. They are too far apart from each other on the 

chromosome to be the result of tandem gene duplication. It seems 

reasonable to suggest that they arose by an early chromosome dupli-

cation event assuming that the unit of duplication was about one-

eighth the size of the present chromosome. The work of Sens et al 
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(1977) established that between 25 and 40% of the base pairs in the 

gF and Ar&I genes have changed since they diverged from a hypothet- 

ical ancestral gene. The extent of divergence of these genes was 

determined by mRNA-DNA hybridization. They suggest that the IMF 

- 

	

	gene is new and probably arose as a result of the duplication of the 

• I gene. 

Perhaps gene duplication followed by translocation can explain 

the gF and jr&I homology. The acquisition of multiple copies of 

a gene on the bacterial chromosome by gene duplication is one way to 

improve the potential yield of that gene product. The duplication 

will be selected for and maintained only under conditions in which 

the duplication will be advantageous or essential to the growth and 

survival of the cell. Otherwise, the duplicated gene will be lost 

by recombination between the two homologous segments with loss of 

one of them. This would most likely occur if the duplicate genes 

are very near to the original gene. 

In the strains E. coli B and E. coil W, only the z1 gene is 

present. Also, in B. subtilus and Proteus mirabilis only one OTC 

gene locus has been found (Masters and Pardee, 1965; Zaharia and Soru, 

1971). This indicates that perhaps the presence of both the gI 

and jr&F genes in E. coil K12 strains could be the result of a dupli-

cation of the argI gene locus. However, the fact that not even all 

E. coli strains have these two genes suggests that this duplication 

was rather recent and did not occur during duplication of an ances-

tral genome. 

Elongation factor Tu (EF-Tu) of E. coil promotes the binding of 

aminoacyl-tRNA to ribosomes in the form of an equlmolar complex with 

GTP and aminoacyl-tRNA (Lucas-Lenard and Lipmann, 1971). Two copies 

of the EF-Tu have been identif led, one near rif (tufB) and the other 
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near fus (tufA) (Jaskunas et al, 1975). Both are the same size and 

of the same antibody specificity. They are very similar in their 

physical properties; there is, however, a slight difference of one 

spot in the tryptic fingerprint (Furano, 1977). Although the proteins 

have practically identical amino acid sequences (Miller et al, 1978; 

Furano, 1977), they have been separated•by ion exchange chromatog-

raphy on DEAE-Sephadex A50 (Geiser and Gordon, 1978a and 1978b). 

Duplication of the tuf genes has been conserved in both E. coli K12 

and E. coli B strains as well as in Salmonella typhimurium (Furano, 

1978). 

NEW GENES THROUGH GENE DUPLICATION 

The significance of gene duplication in evolution has been dis-

cussed by Dixon (1966). As an evolutionary mechanism, gene dupli-

cation is important in that it results in the addition of information. 

Bacteria and viruses- and other microorganisms contain much less DNA 

than higher organisms. If higher organisms evolved from simpler 

ones, an increase in information would be required. Gene duplication 

would provide a double dose of a particular piece of information. Sub-

sequent mutations in the duplicate region could occur, be selected for 

and eventually expressed resulting in a modified protein. The original 

gene would still be able to produce its product according to selective 

pressures. Dixon (1966) suggested that gene duplication could be re-

sponsible for evolution of closely linked genes in biosynthetic path-

ways, for example the histidine genes in Salmonella typhimurium (10 

enzymes) and the galactose pathway of E. coli. Gene duplication 

with subsequent independent evolution of the genes could be respon-

sible for the clustering of genes that code for groups of function 

ally related enzymes. Partial gene: duplication would result in a 
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modified gene increased in length and incorporating a repeated se-

quence. Jackson and Yanof sky (1973b) have discussed duplication and 

translocation events and their roles in evolution. A gene duplica-

tion event followed by a translocation event may play an important 

role in evolution by generating new copies and arrangements of genet-

ic segments while keeping the original genes intact. Gene duplica-

tions have been found of many genes and operons including the follow-

ing: the ribosomal RNA genes in the oocytes of several amphibians, 

of an echiuriod worm and of a surf clam (Brown and Dawid, 1968); 

genes of the E. coli arginine operon (Glansdorff and Sand, 1968); 

genes of the E. coli galactose operon (Morse, 1967; Ahmed, 1975); 

E. coil tRNA genes (Hill at al, 1969; Russell at al, 1970); the 

E. coli glycyl-transfer RNA synthetase gene (Folk and Berg, 1971); 

the genes of the E. coli tryptophan operon (Jackson and Yanofsky, 

1973b); the bacteriophage T4 nIB cistron (Freedman and Brenner,, 

1972); the early genes A and B of the bacteriophage P2 (Bertani and 

Bertani, 1974; Chattoraj and Inman, 1974); the tetracycline-resistant 

determinant on the ct-plasmid of Streptococcus faecalis strain DS-5C1 

(Clewell at al, 1975); the dihydrofolate reductase structural gene 

(Schimke at al, 1977; Alt at al, 1978); the tryptophanase gene of 

E. coil (Yudkin, 1977); the ,p region of the E. coil K12 chromosome 

(Normark et al, 1977a; Normarketal, 1977b; Ediundetal, 1979). 

Anderson and Roth (1977) present a review of tandem genetic duplica-

tions in bacteriophage and bacteria. 

The gene dosage of an operon ma-be increased by introducing 

into the cell an episome carrying that operon. For example, the 

E. coil F-factor can carry bacterial genes; it can be introduced 

into an F cell. By introducing into the cell an F factor carrying 

a duplicate region of the chromosome, the gene dosage would be 
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doubled and so would gene expression (MUller-Hill et al,.1968). An 

F factor carrying a duplicate region of the chromosome could inte-

grate into the host and upon excision leave the duplicated region 

intergrated into the host. 

It is possible that primitive bacteria containing duplicated 

genes and chromoeomes may have had a selective advantage over the 

others. Several possible suggestions explaining the advantage of 

having a duplicated chromosome have been put forward byZipkas and 

Riley (1975).. The selective advantage may be because of an increased 

gene dosage effect, or because of a reduced frequency of deleterious 

mutations in the multiploid bacterium or because of the increased 

genetic capacity, which would provide DNA for future evolutionary 

changes, leading to an increased genetic capability. Mizobuchi and 

Saito. (1975) found very few genes on the E. coli K12 genetic map to 

be individually duplicated. They argued that chromosome duplication 

was more important than individual gene duplication in increasing 

the size of the E. coli chromosome. 

The theories of evolution by chromosome duplication would be 

supported by the detection of further examples of homology between 

pairs of genes classified as functionally and spatially related by 

both Zipkas and Riley (1975) and Mizobuchi and Saito (1975). A com-

plete list of gene pairs examined by Mizobuchi and Saito has not been 

published; it is therefore not possible to make a complete comparison 

of the related gene pairs of these two groups. One pair of genes 

classified as functionally and spatially related by both groups is 

the tryptophan synthetase B gene (trpB) and the tryptophanase gene 

(tna) of E. coli. 
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THE E. coil TRYPTOPHAN SYNTHETASE B AND TRYPTOPHANASE GENES AND 

GENE PRODUCTS 

E. coil tryptophan synthetase B and tryptophanase are two en 

zymes that catalyze similar but not identical reactions involving the 

same small molecules. Tryptophanase degrades tryptophan to indole, 

the reverse of the reaction catalyzed by tryptophan synthetase. 

Tryptophanase can be used by a cell with a complete deletion of the 

tryptophan operon to-convert indoie to tryptophan (i.e. it can work 

in the reverse direction to catalyze the same reaction as tryptophan 

synthetase). The exact reactions catalyzed by these two enzymes are: 

Indole + Serine - 	 > Tryptophan 

CH20H 	 CH2-CH-COOH 

@nN
+ H2NC00II 

Tryptophan 	 >. Indole + Pyruvate +Aniinonia 

CH -CH-COOH 
CHC.COOH 4- NH 3  

11 NH2 	
WN 0 

Both enzymes require the coenzyme pyridoxal phosphate. It is 

relevant here to discuss briefly the tryptophan operon of E. coil. 

Tryptophan synthetase B participates in the biosynthetic pathway of 

tryptophan synthesis. The tryptophan gene cluster consists of five 

structural genes: trpA; trpB; trpC; trpD and .trpE reading clockwise 

round the circular linkage map (Yanof sky and Lennox, 1959; Taylor and 

Trotter, 1972; Bachmann at al, 1976). The proteins coded by these 

genes catalyze the conversion of choristnic acid (an intermediate 

common to the biosynthesis of the amino acids phenylalanine, tyrosine 

and tryptophan) to tryptophan as shown in Figure 8 . The role of 

119 



t\) 
0 

Hind HI 
	

Hind III 

P0 	E 
	

D 	C 
	

A 
I 7 	1675 
	

675 	I 	1250 I 	1400 
	

805] base pairs DNA 

60,000 	 60,000 	45,000 	50,000 	29,000 monomer 

y y 
ANTHRANILATE 	INDOLE 	TRYPTOPHAN 
SYNTHETASE 	GLYCEROL-® 	SYNTHETASE 	enzyme. 

SYNTHETASE / 

CHORISMIC U ANTHRANILIC - PHOSPHORIBOSYL - COR P —c INDOLE- GLYCEROL -® —c TRYPTOPHAN 

ACID 	 ACID 	ANTHRANILATE 

Figure 8. THE TRYPTOPHAN OPERON. (Adapted from Yanof sky, 1971). 

The Hindill restriction sites within the tryptophan operon are indicated. Abbreviations: 

CDRP, 1_(o_Carboxyphenylamino)-1-deOXYribUlose-5-PhosPhate; (P), phosphate. 



each of the five enzymes has been identified and biochemical assays 

exist for all five (Smith and Yanof sky, 1962; Creighton and Yanof sky, 

1969a). 

TrpE is the structural gene for the enzyme anthranilate synthe-

tase component I. In the absence of component II, component I con-

verts chorismate to anthranilate but does so inefficiently compared 

with its activity when complexed with component II (Ito and Yanof sky, 

1966; Ito et al, 1969). 

TrpD determines component II of anthranilate synthetase, which 

is known as phosphoribosyl transf erase (Ito and Yanof sky, 1969). Com-

ponent II alone is required for the transfer of a phosphoribosyl 

group to anthranilate from 5-phosphoribosyl 1-pyrophosphate (Hender-

son et al, 1970; Henderson and Zalkin, 1971; Jackson and Yanof sky, 

1974). 

TrpC gene product, indoleglyceroiphosphate synthetase, is 

responsible for the conversion of N-(phosphoribosyl) anthranilate 

to indole-3-glycerolphosphate (Smith, 1967; Creighton and Yanof sky, 

1969b). 

TrpB and trpA genes code for the two distinct components 0. and 

, respectively, of tryptophan synthetase. These act as a complex, 

0.22 (two A and 2 B gene monomers) and catalyze the conversion of 

indole-3-glycerolphosphate to tryptophan (Canton and Yanof sky, 1962; 

Wilson and Crawford, 1965; Goldberg et al, 1966). 

The five genes are transcribed as a single polycistronic mRNA 

from the tryptophan promoter (Imamoto et al, 1968). Expression of 

the operon is repressed by high levels of tryptophan (Jacob and 

Monod, 1961) acting with the product of the unlinked trpR gene (Cohen 

and Jacob, 1959). 
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The trpB gene is located at 27.4 min and the tna gene is 

located at 82.2 min on the 100 min E. coil linkage map. So, trpB 

and tna are 55 min apart. This pair of genes, therefore, are bio-

chemically related and about 180 0  apart. Thus, they make an appro-

priate pair to study for evidence to test the proposed theories 

of the evolution of the E. coli chromosome.by duplications of an 

ancestral chromosome followed by mutation and divergence of the 

duplicate genes. Duplicate copies of an ancestral gene concerned 

with tryptophan metabolism could have evolved to yield the gene for 

0 
tryptophan synthetase and 180 apart from it, the gene for trypto-

phanase. 

If this were the case, one would expect that there may be some 

sequence homology between the trpB gene and the tna gene. If such 

homology existed it would lend support to either the theory proposed 

by Zipkas and Riley (1975) or the theory proposed by Mizobuchi and 

Saito (1975).. Because both gene products involve the same substrates 

it would be likely in view of the proposed theories that their DNA 

sequences would not have mutated as much as pairs of related genes 

not involving the same substrates. 

I have used the technique of heteroduplex formation to determine 

whether any DNA sequence homology exists between the trpB gene and 

the tna gene. Basically, DNA of transducing phages carrying either 

the trpB gene or the tna gene were denatured and renatured together, 

and spread for electron microscopy by the method of Davis et al 

(1971). The resulting heteroduplexes were photographed and analyzed 

by measuring with a map measurer. 
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PHAGES AND STANDARDS 

The parental vector phage used in these heteroduplex studies is 

a derivative of phage A (Murray, 1975). It carries the wild-type 

phage 21 repressor and thus forms turbid plaques. It has a single 

Hindill restriction target at which the bacterial fragments carry-

ing the trpABC genes and the tna gene were inserted. The transducing 

phages used in this research are: NM540; XtrpA'; Xt rpCr ;  XtrpA1 ; 

AtrpC1 ; AtrpABC'; AtrpABC 1 ; Atna and; AtnaimmX. 

The construction of all phage vectors and transducing phages 

used in this research was expedited by using restriction endonucle-

ases (commonly called restriction enzymes). Restriction endonucle-

ases recognize and bind to a very specific sequence of nucleotides, 

breaking internal phosphodiester bonds and leaving two tails with 

complementary DNA sequences, which at some later stage can hydrogen-

bond to other complementary DNA sequences. 

The orientation of the inserted DNA fragment is designated 

either 1 or r. The fragment with 1 orientation is transcribed 

from the 1 strand of th& A transducing phage from. the A promoter p L 

The fragment with r orientation is transcribed from the r strand of 

the A transducing phage from the A promoters p R and p R 	
The trypto- 

phan operon contains two targets for the restriction endonuclease 

Haemophilus influenzae serotype Rd (Hindill), one in the trpD gene 

and one in the trpB gene (See Figure 8 ). It was therefore not pos-

sible to generate a Hindill fragment consisting only of the trpB 

gene. The trpABC fragments consist of genes trpA, trpB and trpC and 

include DNk to the right of gene trpA and to the left of gene trpC. 

The tryptophan operon is normally transcribed from trpE ----) trpA. 

1 
The transducing phage AtrpABC was constructed in vivo by 

making the following phage cross: XtrpA 1  x AtrpC 1  (Hopkins, PhD 
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thesis, 1975). I constructed the AtrpABCr transducing phage by mak-

ing the following phage cross: XtrpAr  x AtrpCr  in vivo using the 

host QR47. Lambda-transducing phages carrying the E. coli trypto-

phanase gene have been produced in vitro (Branunar et al, personal 

communication). 

Local standards were needed in these heteroduplex studies because 

of magnification variation, which results principally form variation 

of the vertical specimen (grid) position. Single-stranded and double-

stranded standards were both needed because their nucleotide spacing 

may be different. The transducing phage Atna i mmA nin+ was construct-

ed to provide internal standards when heteroduplexed with the phage 

NM540. This heteroduplex consists of three regions of nonduplexed 

DNA. (See Figure 9-1). The left single-stranded loop represents the 

tna gene. The bubble represents the immunity regions of A (iA) 

and 21 (iinm23 ). The right loop represents the nin region. The 

genes comprising the immunity region of.A are different from the 

genes comprising the immunity region of phage 21. Therefore, when 

these two segments of DNA are aligned, they will not hybridize and 

will appear as two single strands. The Atna i mmA nin+ transducing 

phage contains the genes comprising the nin region of A; the NM540 

vector phage does not carry these genes. When these two phages 

are annealed, there will be a loop projecting from the Atna immA n in  

phage at the point where the nin genes are inserted. In Table 9 

are listed values of immA,  imm21  and nin lengths 

determined by various persons. 

The small circular DNA molecules of the following: 	M13 

(single-stranded); pSC101 (double-stranded) and; 4X174 (double-

stranded) were obtained from David Finnegan and were used as standards 

in most of my later heteroduplex experiments. David Finnegan 
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determined the size of M13 DNA, measured relative to X174 DNA, 

using gel electrophoresis methods (David Finnegan, personal coinmuni-

cation). I used his value of 6230 bases as the size of M13 DNA in 

my experiments in which M13 DNA was used as a single-stranded stan- 

dard. 

The sizes of ilnmX,21, nm, M (the double-stranded segment of 

DNA between the immX/inim2 l nonhomology bubble and the nin loop in 

appropriate heteroduplexes) and N (the double-stranded segment of 

-DNA to the right of the nin loop in appropriate heteroduplexes) 

were also determined by DNA heteroduplex spreadings with M13 and 

pSC101 DNA's as standards. These values are tabulated in Table 9. 

These segments of DNA are labelled below 

tZ21imm 

Hind III 

where Hindlil represents the bacterial DNA fragment (produced by 

restriction with HindIll) inserted at the Hindill restriction target. 
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RESULTS 

THE CONSTRUCTION OF AtrpABCr 

I constructed the XtrpABCr  transducing phage by crossing AtrpAr 

with AtrpCr  in vivo in the host QR47. The AtrpA' and AtrpCr  phages 

were isolated from a pool of DNA's of E. coli and the X  vector, NM540, 

which had been digested with the endonuclease R. Hindlil and subse-

quently ligated (Hopkins et al, 1976). The XtrpA' and AtrpCr  phages 

were selected for by their abilities to complement trpA and trpC 

mutants, respectively. A dilution of the cross between these two 

phages was incubated with trpAC9suIII plating cells. Single turbid 

recombinant plaques were picked after incubating at 37 0C for 48 h 

on fresh ACII plates. The host cells, trpAC9suIII, lack the genes 

trpA, trpB and trpC and therefore require the addition of tryptophan 

or the complementation of the trpA, trpB and trpC genes in order to 

grow in this medium. These plaques were purif;ied by plating again 

f or single turbid plaques on ACE plates using the host trpAC9suIII. 

THE CONSTRUCTION OF Xtna immA' c1857 njn+ 

A A transducing phage carrying the E. coli tryptophanase (tna) 

gene has been produced in vitro (W. J. Brammar, S. Dunbar and S. Muir, 

personal communication). This transducing phage was crossed with a 

phage of the genotype h 80  att 80  imm?  c1857 nin+.  The cross was made 

in the host QR47. Recombinants were selected for their ability, to 

form clear plaques on the host C600 (phage carrying the immA  c1857 

temperature-sensitive allele produce clear plaques at 37 0C). The 

desired recombinant phage is Atna immA  c1857 nin+  (See Figure 9) 

Single clear plaques werepicked and dilutions were spotted on various 

lysogens to check the immunity carried by the phage. Those plaques 
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being immA c1857 (i.e. clear plaque morphology) were further screened 

for the presence of the nin region by spotting dilutions on to a groN 

host. The strain groN carries a mutation in R.NA polymerase, which 

will not allow a complex to form between RNA polymerase and the N 

protein. The RNA polymerase will therefore fall off when it sees the 

termination sequence. A wild-type A phage (A+) requires the N protein 

to bind to the RNA polymerase to allow transcription to continue in 

to the late genes. A At phage will not grow on a groN host because 

the late genes will not be expressed. A phage with the nin region 

deleted will grow on the groN host because this deletion removes the 

termination sequence. 

To screen for the presence of the tna insertion, C600 lysogens 

of the recombinant phage were isolated by picking from the center of 

several recombinant plaques and streaking these on to fresh L plates. 

Single colonies were picked and screened for lysogeny by streaking 

across streaks of Avir arid. ?C phages. Single lysogens were grown in 

L broth overnight at 30 0C, the permissive temperature. These were 

then added to an equal volume of indole reagent. If a lysogen car-

ries a Xtna transducing phage, the solution will turn red, other-

wise it will remain yellow. A high-titer phage stock was prepared 

by plate lysate from a single Atna i tmnA c1857 nin+ plaque. 

DETERNINATION OF THE SIZE OF pSC101 DNA 

I determined the size of double-stranded pSC101 DNA by spreading 

it with double-stranded $X174 DNA under the standard conditions (See 

Materials and Methods). Ten sets of photographs were traced and 

measured; each set consisted of photographs of between 8 and 31 X174 

and pSC101 DNA molecules lying within about 20i.i of each other. There 

were about equal numbers of each pSC101 and 4X174 DNA molecules in 
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each set. Within each set, all photographs were taken without chang-

ing the magnification of the microscope. The ratio of the mean pSC101 

DNA length to the mean X174 DNA length was determined for each set. 
L3 7( 

The length of pSC101 DNA was determined to be 173.8 ± 1.8 (s.d.; n = 

lO)% of the length of X174 DNA. Because the size of X174 DNA is 

5386 base pairs (Sanger et al, 1978). the size of pSC101 DNA was 

deduced to be 9361± 97 (s.d.; n = 10) base pairs. 	 fc' 76 7 

DETERNINATION OF THE SIZE OF WILD-TYPE A DNA 

Wild-type A DNA was spread with pSC101 DNA under the standard 

conditions. Twenty-five A DNA molecules, each with between 4 and 29 

pSC101 DNA molecules lying within about 20i of it were photographed. 

The ratio of the mean pSC101 DNA length to the mean A DNA length was 

determined to be 19.0 ± 0.2 (s.d.)% of the length of A DNA (%A) and 

from the preceding section, the length of A DNA was hence deduced to 
X 	 3 'V 

be 912.6 ± 13.5 (s.d.)% 4X174, i.e. 49,15,0 ± 730 (s.d.) base pairs. 

1. 	 f P ~ ,f t C, 
DETERNINATION OF THE SIZES OF THE INTERNAL STANDARDS AND OF THE tna 

BACTERIAL FRAGNENT 

A heteroduplex was made between the A vector, NM540 and 

A .+ 
Atna inmi c1857 jun . 

This was spread under standard spreading condi- 

tions. Before spreading, pSC101 and M13 DNA's were added to the 

spreading. solution. At least 1 adjacent pSC101 DNA molecule and be-

tween 5 and 11 adjacent M13 DNA molecules were photographed with each 

heteroduplex. The averages of these were used as the double- and 

single-stranded standards, respectively for the heteroduplex. The 

lengths of these standards are listed in Table 3. ,The heteroduplex - 

is shown in Figures 10 and 11. An electron micrograph is 
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FIGURE 10 

10-1 NM540/Xtna inimA c1857 nin 

10-2 A trpABC1/A 

10-3 X/XtrpAEC 1  

10-4 A/XtrpABC1  

10-5 ______ 

10-6 ______ 

10-7 Afl .  in= 
x  c1857 nin/XtrpABC1  (spread at 20

0
C) 

10-8 Xtna l!2 A  c1857 (spread at 200C) 

10-9  IMM 	c1857 nin/AtrpABC1  (spread at 4 0C) 

10-10 Atna X c1857 nifl/AtrpC (spread at 40C) 
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shown in Appendix 4 Plate XVIII.. The lengths of its segments are tabu-

lated in Table 9. The molecule is double-stranded from the left end 

up to the R. HindIIIX3 (shnhIIX3) restriction target because the strands 

are identical up to this point. I determined the size of this double-

stranded segment, K, to be 47.3 ± 1.3 (s.d.; n = 15)%X in length. 

The single-stranded insertion loop that follows is the bacterial 

fragment containing the gene coding for tryptophanase (tna). This 

loop is 12.0 ± 0.5 (s.d.; n = 15)%A in length. This is followed by 

a double-stranded stretch of DNA, L, 14.1 ± 0.4 (s.d.; n = 15)%X 

in length. The bubble that follows consists of the inm?' and the 

jinm2 l DNA fragments; the A vector, NM540, contains the iinm 2 - and the 

Atna ixmnX  c1857 nin+ transducing phage contains the iinmA.  The 

strand is 8.0 ± 0.7 (s.d.; n = 15)%A in length. The jjn 21  strand is 

3.6 ± 0.4 (s.d.; n = 15)%A in length. Rightward of the innnunity 

bubble is a double-stranded segment, M, 2.8 ± 0.3 (s.d.; n = 15)%A 

in length. The loop that follows is the nin segment, which is deleted 

in the nin mutant, 5.4 ± 0.4 (s.d.; n = 15)%A in length. This size 

of the nin segment agrees with the previously quoted value of 5.4%A 

(Fiandt etal, 1971) determined by electron microscopy. The right 

end of this heteroduplex is a double-stranded segment, N, 10.5 ± 

0.5 (s.d.; a = 15)%A in length. 

The lengths used as internal standards were imm X + 	+ nm 

(single-stranded) = 17.0 ± 0.1 (s.d.; n = 15)%A. Segments were sum-

med in each molecule before determining the mean and standard devia-

tion. 

For comparison, I have included in Table 9 values for each 

double- and single-stranded segment of this heteroduplex based on 

previously reported values for the internal standards. 

133 



TABLE 9 

THE LENGTHS OF DOUBLE- AND SINGLE-STRANDED DNA SEGMENTS IN THE 

NM540/Xtna immAcI857 
1+  HETERODUPLEXa 

b 

K 47.3 ± 1.3 (15). 49.1 ± 1.4  

tna  12.0 ± 0.5 (15) 13.0 ± 0.9  

L 14.1 ± 0.4 (15) 14.5 ± 0.6 (15) 

8.0 ± 0.7 (15) 8.6 ± 0.5 (15) 

j.2l  3.6 ± 0.4 (15) 3.9 ± 0.3 (15) 

M 3.8 ± 0.3 (15) 3.9 ± 0.2 (15) 

nin  5.4 ± 0.4 (15) 5.9 ± 0.5 (15) 

N 10.5 ± 0.5 (15) 10.9 ± 0.2 (15) 

All values quoted consist of the mean ± standard deviation. The 

number comprising the mean is in parentheses following the standard 

deviation. 

a See Figure 10 and Figure 11. 

b Single-stranded standard used was M13 = 12.7%A. 

Double-stranded standard used was pSC101 = 19.0 ± 0.2 (25)%X. 

c Single-stranded standard used was i lnmX + iii21  + nm = 17.9%X 

where immA = 8.7%X (Szybalski and Szybalski, 1974) 

imm2l =  3.8%X (Westmoreland etal, 1969) and 

nin = 5.4%X (Fiandt et al, 1971). 

Double-stranded standard used was M + N. 
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DETERNINATION OF THE LENGTH OF trpABC 

A heteroduplex was made between XtrpABC 1  and XtrpABCr and spread 

under the standard conditions with the standards pSC101 and M13 DNA's. 

The heteroduplex is shown in Figures 10 and 11 it consists of one bubble. 

An electron micrograph is shown in Appendix 4 (Plate XX). The left 

double-stranded segment, K, the left end of the A vector, NM540 up 

to the shnIIIX3 restriction target, is 46.2 ± 1.2 (s.d.; 

n = 19)%A in length. This result compares well with the value of 

47.3 ± 1.3 (s.d.; n = 15)%A determined for the same stretch of DNA 

in the heteroduplex NM540/Atna immX cI857 nin+ spread under the same 

conditions and using the same standard (pSC101). The bubble that 

follows consists of the trpAB&' and trpABCr bacterial DNA fragments. 

Because they were inserted in opposite orientations in the phage 

vector, they would not hybridize in the heteroduplex. These two 

strands should be the same length because they were generated in the 

same way and therefore, I treated them equally in determining the 

size of the trpABC fragment. The size of this fragment is 11.1 ± 0.4 

(s.d.; n = 38)%A. The size of the right hand stretch of double-

stranded DNA, L', is 32.4 ± 0.9 (s.d.; n = 19)%A. The sum of the 

left and right double-stranded segments gives the total length of 

the A vector, NM540 as 78.6 ± 1.5 (s.d.; n = 19)%A. The size of the 

A vector, NN540 determined by restriction and gel electrophoresis is 

79%A (Murray and Murray, 1975). I have concluded from examining 

this heteroduplex and the heteroduplex previously discussed (NM540/ 

Atna immXcI857 nin+) that in a heteroduplex between a XtrpABC trans-

ducing phage and a Xtna transducing phage, the longer single strand 

in the nonhomology bubble composed of these two bacterial segments 

will be the tna fragment and the shorter single strand will be the 

trpABC fragment. I can also conclude that the trpABC 1  and trpABCr 
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fragments are indeedinserted in opposite orientations in the X 

vector, NM540. 

The length of the trpABC fragment was also determined from the 

heteroduplexes made between A and AtrpABC 1  and between A and AtrpABCr; 

these were spread under the standard conditions and analyzed as above. 

Two populations of heteroduplex molecules were present in each spread-

ing (Figs. 10, 11). Electron micrographs of these heteroduplexes are 

shown in Appendix 4 Plates XXI, XXII. The lengths of the segments 

are given in Table 10. From this heteroduplex I expected to see two 

single-stranded loops in the left arm. These loops, b1 and b1 7 , 

correspond to the length of DNA between the srlXl and srIA2 restric-

tion sites and the length of the trpABC 1  or trpABCr bacterial frag-

ments, respectively. This structure corresponds to "2" in Figure 11. 

These two loops are separated by a short length of double-stranded 

DNA corresponding to the distance between the srIA2 restriction 

site and the shnIIIX3 restriction site. The other structure 

seen, corresponding to "3" in Figure 11, had a single nonhomology 

bubble extending from the srIXl restriction site to the shnIIIA3 °  

restriction site; in other words, the small double-stranded segment 

separating the srIA2 and shnIIIA3 restriction site was denatured. 

This is most likely because this small segment is in the region of 

lowest C + C content and the Tm  could be close to the spreading 

temperature, in 50% formamide. This interpretation that this seg-

ment has a Tm  close to the spreading temperature under the condi-

tions used is justified because the a's are equal in length and the 

L's are equal in length in the two heteroduplexes and; the length 

of b 2  is about equal to the sum of b1 ' and b 3  and the length of 

b2' is about equal to the sum of the lengths of b 1  and b3. The Tm 

of this double-stranded segment, b 3 , must be close to the spreading 

MR 



TABLE 10 

LENGThS OF DNA SEGMENTS IN THE X/XtrpABC HETERODUPLEXES (%X) 1  

ii iii iv V vi 
a 44.5 43.6 ± 3.4 (5) 43.3 ± 2.7 (15) 41.6 ± 1.6 (3) 44.9 ± 1.2 (3) 

b1 9.8 8.8 ± 0.5 (13) 8.8 ± 0.5 (4) 

b3 2.7 2.6 ± 0.2 (14) 2.7 + 0.3 (3) 

b2' 12.5 10.4 ± 0.8 (5) 11.6 ± 0.9 (4) 

b1 ' 10.2 + 0.6 (13) 10.4 + 0.7 (4) 

b2 12.9 + 1.1 (5) 13.1 ± 0.7 (4) 

L 14.0 ± 1.0 (5) 14.2 ± 0.7 (13) 13.6 ± 0.8 (4) 14.9 ± 0.5 (4) 

All values quoted consist of the mean ± standard deviation. The number comprising the mean is in parentheses 
-.4 

following the standard deviation. 

i See Figure 10 and Figure 11. 

ii Values were determined by agarose gel electrophoresis of endoriuclease digests (Murray and Murray, 1975). 

iii Values were determined from A/AtrpABC- heteroduplex data. 

iv Values were determined from X/AtrpABC' heteroduplex data. 

v Values were determined from A/XtrpABCr heteroduplex data. 

vi Values were determined from A/XtrpABCr  heteroduplex data. 



temperature so that it is not always renatured at this temperature. 

From these heteroduplexes I have deduced the lengths of the 

other DNA segments. The length of "a" represents the length from 

the left end of the X DNA molecule to the srIXl restriction site. 

The length of b1  represents the length of DNA between the srIXl and 

srIX2 restriction sites. The length of b3  represents the length of 

DNA between the srIX2 and shnIIIA3 restriction sites. Therefore, I 

have concluded that the srIAl, srIA2 and shnIIIA3 restriction tarT 

gets are at 43.3 ± 3.1 (s.d.; n = 26), 52.2 ± 2.4 (s.d.; n = 16) and 

54.7 ± 2.4 (s.d.; n = 16)%, respectively from the left end of the 

X DNA molecule. The positions of these restriction targets, deter-

mined by gel electrophoresis of DNA restriction fragments are: 44.3, 

54.2 and 56.6%, respectively from the left end of the A DNA molecule. 

From these heteroduplexes I can deduce the length of "K": 54.7 - 52.2 

± 43.3 = 45.8%X. The length of "K" was determined to be 47.3 ± 1.3 

(s.d.; n = 15)%X from the NM540/Xtna immX c1857 	heteroduplex and 

46.2 ±1.2 (s.d.; n = 19)%A from the AtrpABCu/AtrpABCr heteroduplex. 

ARE ANY REGIONS OF THE trpABC AND tna GENES HOMOLOGOUS? 

To answer this question, four heteroduplexes were made and ana-

lyzed. Two heteroduplexes spread under normal conditions are dis-

cussed below. Two heteroduplexes spread under slightly modified 

conditions are discussed in the next section. 

A heteroduplex was made between XtrpABC1 	 in and Atna im A c1857 nin 

and spread under the standard conditions. The heteroduplex is shown in 

Figs. 10, 11; 	the lengths of its segments are given in Tablell. 

An electron micrograph is shown in Appendix 4Plate XXIII. For deter-

mining the size of each single- and double-stranded segment, internal 

standards were used (ilnmX + 	+ nin = 17.0 ± 0.1 (s.d.; n = 15)%A 
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TABLE 11 

THE LENGThS OF DOUBLE- AND SINGLE-STRANDED DNA SEGMENTS IN THE XtrpABC/Atna i mmXcI857 nin± HETERODUPLEXa 

K' 	 tna' 	 trpABC' 	 I L" 

b 	44.6 ± 1.9 (9) 

C 	46.2 ± 1.8 (10) 

d 	44.2 ± 2.7 (13) 

e 	44.9 ± 2.5. (19) 

11.4 ± 1.2 (11) 

11.2 ± 0,5 (11) 

10.6± 1.2 (16) 

10.8 ± 1.1 (20) 

10,3 ± 0.8 (11) 

10.2 ± 0.6 (11) 

9.6 ± 1.2 (16) 

9.5 ± 1.3 (20) 

13.6 + 0.8 (11) 

14.3 ± 0.5 (9) 

14.0 ± 0.8 (16) 

13.9 ± 0.8 (20) 

All values quoted consist of the mean ± standard deviation. The number comprising the mean is in paren-

theses following the standard deviation. 

a See Figure 10 and Figure 11. 

b Data from AtrpABC-/Xtna lmmXcI857 nin± heteroduplex spread at 200C. 

C Data from XtrpABC'7Atna imm1c1857 	heteroduplex spread at 20 0C. 

d Data from XtrpABC1/Xtna l mmAcI857 nin+ heteroduplex spread at 4°C. 

e Data from AtrpABCr/Xtna  imi2cI857 nin+  heteroduplex spread at 40C. 



as the single-stranded standard and N + N = 14.3 ± 0.5 (s.d.; n = 15)%X 

as the double-stranded standard). The total number of heteroduplexes 

analyzed was 11 but a few segments were tangled and could not be 

measured. The heteroduplex begins with a double-stranded segment, 

K', 44.6 ± 1.9 (s.d.; a = 9)%X in length. Following this is a non-

homology bubble in which the longer strand, tna, is from the tna 

fragment of the Atna transducing phage DNA. (I have concluded from 

the previous experiments that the longer single strand of the 

trpABCltna bubble in a heteroduplex between these two fragments will 

be tna). If homology exists between these two segments, with trpABC 

in this orientation, then the tna fragment will be shorter than the 

length of the tna fragment in the NM540/Xtna i inmX c1857 nin hetero-

duplex. In this heteroduplex, the shorter of the single strands in 

the nonhomology bubble (trpABC 1) is 10.2 ± 0.8 (s.d.; n = ll)%X. 

The tna fragment is 11.4 ± 1.2 (s.d.; n = ll)%A. The double-stranded 

segment that follows is 13.6 ± 0.8 (s.d.; a = 11)%X. 

' A heteroduplex was also made between XtrpABC and Xtna immA 

c1857 j+ and analyzed as above. The general features are the same 

as in the previous heteroduplex and the lengths of its segments are 

given in Table 11. An electron micrograph is shown in Appendix 4 Plate 

xix. 	From these two heteroduplexes I have concluded that 

there is greater than 21% nonhomology (assuming 50% G + C content 

in this region; see Appendix 1) between the tna and trpB genes or 

elsewhere between the tna and trpABC fragments, except possibly at 

the ends, which will be discussed later. These conclusions are sub-

stantiated in two ways. First of all, the lengths of the tna and 

trpABC fragments are about equal to the lengths of these fragments 

previously determined (See previous sections). Secondly, gene trpB 

lies between genes trpA and trpC in the trpABC fragment (See Figure 12). 
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Figure 12. The trpABC Restriction Fragment. The vertical dashed lines indicate 

the location of the Hindlil restriction site, within the trpB gene. 



and therefore it is not possible for homology to exist between trpB 

and tna in view of the configurations of the heteroduplex. If homol-

ogy existed at the ends of these genes, gene trpB would not be in-

volved. At this point, I decided to try to spread the heteroduplexes 

under less denaturing conditions to reveal lower homology. 

ATTEMPTS TO SPREAD UNDER LESS DENATURING CONDITIONS 

The denaturing capacity can be altered by varying the formamide 

concentration or the ionic strength of the solution. By appropriately 

adjusting the formaxuide and Tris concentrations, conditions that were 

nearly iso-denaturing were maintained. 

A heteroduplex was spread under the standard conditions but with 

the concentrations of formamide in the hyperphase and hypophase low-

ered to 30 and 5%, respectively. The Tm  of the DNA in the hyperphase 

was 62.90C. Thus, if the DNA remained single-stranded in this spread-

ing, there must have been more than 31% mismatch, i.e. 1 in 3.3 bases. 

The DNA was well spread on the grid but the single strands were very 

difficult to distinguish from the double-stranded DNA. 

I tried using other combinations of formamide concentration and 

ionic strength to further reduce the denaturing capacity but with 

little success. I tried spreading a hyperphase solution of 17.8% 

formamide, 0.1 M Tris, 0.01 M EDTA onto a hypophase solution of 0% 

formamide, 0.0167 M. Tris, 0.001 M EDTA (Tmhyperphase = Thypophase = 

70.80C). The DNA in this experiment was not well spread out and 

flower-like structures were present in the double-stranded regions. 

The single-stranded regions were often tangled. 

Perhaps the formamide concentration was too low and/or the ionic 

strength too high in these latter experiments causing the DNA to 

aggregate and form these flower-like structures and tangled regions 
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during spreading. The purpose of having forinamide present in. the 

solutions during renaturation and spreading is to prevent intrachain 

hydrogen-bond formation. The low formamide concentration may not 

have been sufficient to do this. The action of the increased ionic 

strength may have been to decrease the repulsion between the charged 

phosphate groups reducing the extension of the DNA molecule. 

Lowering the temperature at which a heteroduplex is spread 

increases the percent mismatch required to prevent renaturation. 

This means that spreading at 4 0C under standard conditions may allow 

one to detect regions of homology, which were not detected at 200C. 

This denaturing capacity is very close to that with low formamide 

concentrations in the hyperphase and hypophase (30 and 5%, respec-

tively), as described in the previous section. The spreading done 

at 40C under standard conditions gave DNA that was well spread out 

and the single strands and double strands were distinguishable. 

A heteroduplex was made between XtrpABC1  and Atna immA c1857 

nin+ under the standard conditions but was spread at 4 0C instead of 

at the standard 20 0C. By spreading at 40C, 33% mismatch is required 

to prevent renaturation of DNA of 50% G + C content. Under stan-

dard spreading conditions 21% mismatch is required to prevent rena-

turation of DNA of 50% G + C content. This heteroduplex was ana-

lyzed as above and the lengths of its segments are given in Table 11. 

An electron micrograph is shown in Appendix 4 Plate XXIV. The visi-

bility of the molecules, particularly in the single-stranded re-

gions was much less than at 20
0
C. 

A heteroduplex made between XtrpABCr 	 mm  and Xtna iX c1857 nin 

was also spread at 4 0C and analyzed as above. The lengths of its 

segments are given in Table 11. An electron micrograph is shown in 

Appendix 4 (Plate XXV). 

143 



My conclusions from these two experiments is that there is more 

than 33% nonhomology (assuming 50% G+C content in the DNA) between 

the trpB and tna genes or elsewhere between the trpABC and tna DNA 

fragments, except possibly at the ends, which will be discussed later..; 

Preliminary spreadings between XtrpABC and Atna ium? c1857 nin 

DNA's at 4
0C. with 30% formairtde spread onto 5% formamide (all other 

conditions standard) to give less denaturing conditions indicated that 

there is more than 42.% nonhomology between the trpB and tna genes. The 

visibility of the DNA under these spreading conditions was much lower 

than that in previous experiments (See Appendix 4, Plates XXVI, DCCVII); 

this could be because of the low concentration of formamide present. 

It was shown in my previous experiments that even at room temperature 

the visibility of the DNA decreases as the formamide concentration de-

creases. The lengths of homologous and nonhomologous regions within the 

heteroduplexes between the 2./tna  transducing phages discussed in this 

section are summarized in Table 12. 

IS THERE HOMOLOGY AT THE ENDS OF THE trpABC AND tna FRAGMENTS? 

The segments of interest here are the inserted bacterial fragments 

1  trpABC , trpABC r and tna and the double-stranded segments on each side 

of these single strands. The lengths determined for the trpABC and tna 

fragments with the trpABC inserted in each orientation differed slight-

ly. I therefore decided to analyze the lengths of the relevant seg- 

ments statistically to determine if there was any significant difference. 

First of all, I will discuss the lengths of the trpABC fragments 

in both orientations and the tna fragment from the spreadings 

XtrpABC1/Xtna immX  c1857 nin and 	 immA  c1857 nin 	- 

spread at 20
0C. I will refer to the tna fragment from the former 

spreading as tna1  and from the latter spreading as tnat , even though 
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TABLE 12 

LENGTHS OF HOMOLOGOUS AND NONHOMOLOGOUS REGIONS WITHIN HETERODUPLEXES. BETWEEN trpltna TRANSDUCING PHAGES 

12.0 8.0 5.4 
Atna lminA nin/NN540 47.3 14.1 3.8 	10.5 

O 3.6 0 

11.1 
XtrpABCh/AtrpABCr 46.2 32.4 

11.1 

8.8 0 7.7 	5.5 

X/AtrpABC' 	(a) 43.3 2.6 14.2 	3.9 	10.4 
O 10.2 3.7 	0 

10.4 	8.0 	5.4 

X/XtrpABC' 	(b) 	 43.6 	14.0 	3.8 	10.5 
12.9 	3.7 	0 

8.8 	0 	 7.9 	5.5 
X/XtrpABCr 	(a) 	 44.9 	2.8 	14.9 	3.9 	10.4 

0 0 	10.4 	3.6 	0 

11.6 7.7 5.7 

X/XtrpABC' 	(b) 41.6 13.6 	4.0 10.3 
13.1 3.6 0 

11.4 7.7 5.6 
Atna jinmA nin/XtrpABC 1  44.6 13.6 	3.9 10.5 

10.2 . 	 3.5 0.0 

	

11.3 	7.9 	5.6 
xtna ilnmA nin+/XtrpABCr 	46.2 	14.3 	4.0 	10.3 

	

10.2 	3.5 	0 



TABLE 12 (CONTINUED 

10.6 8.0 5.3 
A tna immA nin/XtrpABC1 	(c) 44.2 14.0 3.9 	10.4 

9.6 3.6 0 

10.8 - 	 7.9 5.4 
10.4 X tna 	njn+/XtrpABCr 	(c) 44.9 13.9 3.9 

9.5 3.6 0 

formamide spread onto 15% formamide). 

X/XtrpABC1  and X/A trpABCr spreadings: (a) 

to structure 2 in Figure 11. 

See Table 11. 

All heteroduplexeS were spread under standard conditions (50% 

Two populations of heteroduplex molecules were present in the 

corresponds to structure 1 in Figure ii (b) corresponds 

(c) These heteroduplexes were spread at 4C instead of 20
0
C. 

I-a 

0' 



the tna fragment is in the same orientation in both heteroduplexes. 

Unless the trpABC or tna fragments contain inverted repeated sequences 

we would expect the homology to exist between either trpABC 1  and tna 

or between t rpABCr and tna. 	If this is the case, we 

would expect to see a difference in length between the trpABC frag-

ments and between the tna fragments in these two spreadings. 

The lengths of the trpABC 1  and trpABCr fragments in the 200C 

spreadings were determined to be 10.3± 0.8 (s.d.; n = 11) and 10.2 ± 

0.6 (s.d.; n = ll)%A, respectively (See Table 12). There appears to 

be.no significant difference between the lengths of these fragments. 

The pooled estimate of the variance (pev) is 0.50. The standard 

error of the difference between the means (sedm) is thus 0.30, and 

the estimated deviate, t, is 0.30. Referring to a ."t" table, with 

20 degrees of freedom, as high a value as 0.30 occurs by chance with 

greater than 50% probability if the. samples are from the same popu-

lation. Therefore, I have concluded that there is no difference 

between the lengths of the trpABC 1  and the tr.pABCr fragments in these 

two spreadings. 

The lengths of the tna 1  and tnar fragments from the 20 0C spread-. 

ings were determined to be 11.4 ± 1.2 (s.d.; ii = 11) and 11.2 ± 0.5 

(s.d.; n = ll)%A. Is there any significant difference between the 

lengths of these two fragments? The pev is 0.81, the sedm is 0.38 

and t is 0.45. With 20 degrees of freedom, as high a value as 0.45 

occurs by chance with greater than 50% probability. I have concluded 

that there is no difference between the two lengths. 

So, I have determined that there is no difference in the lengths 

of the trpABC 1 and trpABCr  fragments at 20 o i C. There s no difference 

between the lengths of the tna
l and tnar fragments. In other words, 

there appears to be no homology between the trpABC and tna fragments 
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under the conditions of, these spreadings. Thus, there is more than 

21% homology between these two fragments. 

Is there any significant difference between the lengths of the 

trpABC1  and trpA.BCr fragments from the 4 0C spreadings? The lengths 

of these fragments were determined to be 9.6 ± 1.2 (s.d.; n = 16) 

and 9•5 ± 1.3 (s.d.; n = 20)%X respectively. It is obvious that 

there is no significant difference between these two values, however, 

a t test was done. The pev is 1.54, the sedm is 0.52 and the t is 

0.04. With 34 degrees of freedom the probability of as high a value 

as 0.04, if the two samples are from the same population, is greater 

than 50%.. 

The lengths of the tna1  and tna
r  fragments from these 40C spread-

ings were determined to be 10.6 ± 1.2 (s.d.; n = 16) and 10.8 ± 1.1 

(s.d.; n = 20)%X. Are these two means significantly different? The 

pev is 1.23, the sedm is 0.37 and the t is 0.46. With 34 degrees of 

freedom, as large a difference as has been observed would occur by 

chance with more than 50% probability in two samples from the same 

population. Thus, these two means are not significantly different. 

There appears to be no homology between the trpABC and tna fragments 

even at 4 
0C and therefore there must be greater than 33% mismatch in 

their' nucleotide sequences. 

In view of the above conclusions, I would expect the double-

stranded segments on either side of the .trpABC/tna nonhomology bubble 

to be the same in all heteroduplexes between transducing phages 

carrying the trpABC and tna fragments. These were therefore also 

tested statistically and no significant differences were found. 

From Table 11 it is clear that the lengths of the trpABC frag- 

0 
ments in the two orientations at 4 C differ from the lengths at 20 0  C 

by significantly more than they differ from each other at either 
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temperature. The same is true for the tna fragments. Statistical 

analysis as above, however, indicates that there is no reason to con-

sider that this is more than the result of chance sampling. The de-

crease in length also does not correlate with an increase in length 

of the flanking double-stranded regions K' and L" (See Figure 11). 
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DISCUSSION 

Although no homology was detected between the trp and tna genes 

under the conditions used in this research, which means that there was 

less than 58% homology, these genes are nevertheless functionally sim-

ilar. Also, there are regions among the DNA's of lambdoid phages, 

which have less than 58% homology and yet, are believed to be func-

tionally identical and may have evolved from a coimnon ancestral se-

quence. The A and 424 DNA's in the region extending from about 45% 

to about 95% are no more than 58% homologous (Highton and Beattie, 

unpublished results). This region presumably include analogous func-

tionaly regions in the two phage DNA's, for example, the integration, 

excision, recombination, regulation, DNA replication and host cell 

lysis genes. That the lambdoid phage DNA's consist of analogous func-

tional units has been discussed by Dove (1971), Simon et al (1971) and 

Fiandt etal (1971). The fact that homologous segments are positioned 

about equidistantly from the left ends of the DNA molecules indicates 

that in some phages some stretches of genes are in roughly the same 

position. 

It has been shown independently in several laboratories that under 

the appropriate selection pressure segments of the chromosome can be 

duplicated (See Introduction). However, in the cases reported so far, 

the segments that have been duplicated are quite. small. Such a dupli-

cation followed by translocation of one of the copies would explain 

the origin of pairs of such identical genes as argl and argF and tufA 

and tuf B and others. Such duplications of small DNA segments could 

have been very important in the evolution of the E. coli chromosome. .. 

It is possible that my results are compatible with the proposal 

that the present E.coli chromosome evolved via duplication of an 

150 



ancestral chromosome.. If the trpB and tna genes have evolved by dupli-

cation of an ancestral chromosome followed by mutation of the duplicated 

genes then my results indicate that these genes have diverged to such 

an extent that less than 58% homology remains between them. That is, 

at least 1 in 2.4 bases of the ancestral sequence must have mutated in 

either the trpB or the tna gene. There areX174 and G4 genes with as 

much as 50% nonhomology, which presumably caine from a common ancestor 

and are presumably still doing the same job (Godson, 1974; Godson, 

Fiddes, Barrell and Sanger, 1978). 

If an electron microscope technique could be devised, which 

would detect less than 58% homology between two DNA sequences, this 

could be used to further analyze the DNA sequences of the 2B and 

tna genes. Others pairs of functionally and spatially related genes 

would also be examined for DNA sequence homology. The results might 

reveal if chromosome duplication occurred in the evolution of the 

E. coli chromosome. However because the pB and tna genes share so 

little homology, other pairs of biochemically and spatially related 

genes may not share DNA sequence homology. 
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APPENDIX l• 

The denaturing capacity of a solution is dependent on the con-

centration of formamide present, the ionic strength (measured in 

terms of the concentration of Na+,[Na]) and the temperature. The 

Tm  is defined as the midpoint of transition from double-stranded DNA 

to melted or single-stranded DNA. The Tm  is dependent on the concen-

tration of formamide, the ionic strength, the G + C content of the 

DNA and the percent mismatch between the two DNA sequences. 

The amount of non-homology seen in a heteroduplex in the electron 

microscope under the particular conditions used depends on the temp-

erature at which the DNA is spread. So, if under a given concentra-

tionof formamide and a given ionic strength a region of DNA is non-

homologous, we can say that that region has a Tm less than the temp-

erature at which the DNA was spread. By decreasing the denaturing 

capacity we. are, in effect, decreasing the amount of homology re-

quired to form a double-stranded structure. 

There is a linear dependence of T on log [N a+] expressed by the 

following equation: 

T m = 176 - (2.6 - x 0 ) ( 36 - 7.04 log [Na]) 

where x0  is the fractional G + C content of the DNA and lNa+1 repre-

sents the molar concentration of sodium ions (Frank-Kamenetski, 1971). 

The G + C content of X and E. coli DNA's is about 50 %. I have 

assumed that the G + C content of the E. coli trpABC and tna genes 

is 50 %. 

There is a linear dependence of the Tm on both the percent mis-

match between the two DNA's and the percent formamide in solution. 

On average, the Tm  is reduced by 1.4 °C for each percent mismatch 

and 0.65 °C for each percent formamide (Davis and Hyman, 1971). 

These relationships allow the determination of the percent mismatch 
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between the DNA's in a heteroduplex. For example, in a solution of 

0.06 14 [Na+] (equivalent to 0.1 M Tris as in the standard hyperphase 

of my spreadings) the Tm of DNA with 50 % C + C content when no for-

mamide is present is 82.4 °C. If the solution contains 50 % formamide 

the T is reduced to 49.9 °C. If the DNA is single-stranded in this m   

mediUm when spread at 20 °C (i.e. Tm - 29.9 °C) the Tm of the hetero-

duplex must be less than 20 °C, and at least 29.9/1.4 or 21.4 % mis-

match must be present between the two DNA's. If these conditions are 

modified and the DNA is spread at 4 °C instead of 20 °C (i.e. Tm  - 

45.9 °C), 32.8 % mismatch is required for the DNA's 
to be denatured. 
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APPENDIX 2 

DEFINITIONS OF STATISTICAL TERMS 

- 	 n 
Arithmetic mean: 	Ex1/n = 	where n = number of observations 

i=1 

Standard deviation: s (a measure of the spread of the set of 

- 	 observations)  

Variance: s 2  

Standard error: s/v'n (an indication of the accuracy of the mean 

of n observations) 

(sf) 	+ (s) (n2-1 ) 
Pooled estimate of the variance (pev):  

(n1-l) + (n2-1) 

Standard error of the difference between the means (sedm): 

i(pev) (l/n + 11n2 ) 

Estimate deviate (t): Mean1  - Mean2  

sedm 

STATISTICAL ANALYSES 

It is usually true to say that about two thirds of a set of 

observations differ from the mean by less than the standard devi-

ation. To test the difference between two means we assume that 

the means are from the same population and therefore the distri-

bution of the difference has a zero mean. This distribution is 

used to calculate the probability of getting as large a difference 

as that observed. If this probability is small, we can assume that 

there is a difference between the means. When the number of obser-

vations is small., the variances will be inaccurately determined and 

in testing the difference between means a correction is made. Be- 

cause I will assume that the variances of two samples are equal, the 
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correction to be made depends upon the degrees of freedom of the 

pooled variance. In my experiments the numbers of observations is 

small (less than 100) and the fact that the variances are not accu-

rately estimated is. taken into account by using a "t" Table. A "t" 

Table gives the "t" values corresponding to given probabilities and 

degrees of freedom. The values of thenormal deviate-the difference 

of the mean expressed in terms of the standard error of the differ-

ence between the means-when the estimated variance is used are 

called "t" values. 

155 



APPENDIX 3 

155A 



TABLE 13 

SCALED LENGTHS OF HOMOLGOUS AND NONHOMOLOGOUS REGIONS WIThIN THE 

434/424 HETERODUPLEX MOLECULES  

0.4 48.8 0.1 
4446,7 38.7 4.2 41a 0.8 

0.4 43.6 1.8 

0.8 52.2 0.4 
r- ii 

0.1 
4449 36.8 3.7 3.0 0.2 0.7 

0.8 48.3 0.4 2.5 

0.7 48.4 0.3 0.2 
4452,3 36.5 3.4 •2.7 0.2 0.8 

0.7 44.0 0.3 2.2 

0.8 49.0 0.3 0.1 
4456 36.3 3.6 2.9 0.2 0.6 

0.8 46.3 0.3 2.3 

0.6 44.9 0.1 
4457 36.1 4.0 

36a 1.0 
0.6 41.7 2.4 

0.8 55.0 0.2 
4459 38.0 3.6 

34a 0.6 
0.8 50.0 3.1 

0.4 53.1 0. 1 
4463,4 37.5 . 3.6: , 

39a 
0.8 

0.4 50.5 2.3 

58.4 0.1 
4467 

364a 35a 09 
53.8 2.4 

56.5 0.2 
4470,1 

433a a 
3.8 0.6 

52.1 2.5 

53.6 0.3 0.1 
4474,5 41.7 3.2 0.1 1.0 

50.5 0.3 2.6 

0.4 52.2 0.4 0.1 
4477,8 37.3 4.0 3.0 0.2 1.0 

0.4 48.4 0.4 2.4 

0.3 49.8 0.1 
6033-35 36.0 3.9 

37a 0.8 
0.3 43.2 2.3 

51.7 0.1 0.1 
6129-31 391a 3.0 0.2 0.8 

46.1 0.1 3.0 
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TABLE 13 (Continued) 

	

0.2 	53.5 	0.1 	0.1 

6132-4 	36.6 	3.9 	 2.9 	0.1 	0.6 

	

0.2 	44.8 	0.1 	3.1 

0.3 52.2 0.1 0.1 

6135-8 37.5 3.8 3.1 0.2 0.8 
0.3 47.4 0.1 2.3 

0.3 49.0 0.5 0.1 

6142-4 37.2 3.8 3.2 0.1 0.6 
0.3 43.3 0.5 2.6 

0.5 49.8 0.2 0.1 

6152-5 37.0 4.0 3.1 0.1 0.8 
0.5 42.7 0.2 2.2 

49.9 
6156-8 41.2' 4.8 

44.4 

45.9 0.2 0.1 

6159-61 
43•0a 3.0 0.1 0.8 

42.0 0.2 2.3 

0.3 49.2 0.1 0.1 

6162-4 37..0 4.2 2.8 0.1 0.8 
0.3 44.7 0.1 2.4 

0.6 51.6 0.1 

6165-8 36.8 3.8 3.2' 0.8 
0.6 44.8 2.4 

0.7 54.9 0.1 

6169-72 37.3 . 3.9 36a 0.8 
0.7 49.8 1.7 

53.0 0.3 0.2 

6173-6 404a 2.8 0.2 0.7 
44.4 0.3 2.9 

0.3 54.2 0.2 0.1 

6177-9 34.4 3.8 2.9 0.2 0.7 
0.3 48.1 0.2 2.5 

0.5 46.6 0.1 0.1 

6185-7 36.4 4.0 3.0 0.2 0.8 
0.5 41.7 0.1 2.2 

0.7 51.8 0.2 0.1 

6189-92 37.0 3.8 2.9 0.2 0.8 
0.7 45.9 0.2 2.3 

0.3 50.8 0.3 0.1 

6193-5 35.6 3.9 3.2 0.1 0.7 
0.3 42.4 0.3 2.2 
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TABLE 13 (Continued) 

	

0.5 	50.8 	0.1 	0.1 

6204-8 	37.4 	4.0 	 3.3 	0.2 	0.9 

	

0.5 	45.3 	0.1 	2.5 

a In several molecules the small nonhomology bubble was not present 

and this region appeared homologous. 

Numbers on the left represent the molecule number. Numerical values 

represent scaled lengths of homologous and nonhomologous regions 

within the individual 434/424 heteroduplex molecules (See A Results). 

These lengths are in %A. Duplex regions are represented by single 

values, single-stranded bubbles are represented by a pair of values--

the top one belongs to 434, the bottom one belongs to 424. 

The standards used to scale the measurements within each molecule are: 

Molecule Average Length M13 Average Length pSC101 No. Comprising 

(inches) (inches) Average 
M13 	pSC101 

4446-4478 See 	Results See 	Results 

6033-5 7.8 12.3 13 	4 

6129-31 7.7 12.4 5 	3 

6132-4 7.6 12.5 5 	2 

6135-8 7.6 12.4 7 	3 

6142-4 7.6 12.3 4 	3 

6152-5 7.9 12.5 4 	2 

6156-8 8.0 12.3 6 	3 

6159-61 7.8 12.5 6 	3 

6162-4 7.8 12.5 6 	2 

6165-8 8.2 12.7 8 	2 

6169-72 8.1 12.2 4 	2 

6173-6 8.1 12.7 8 	3 

6177-9 8.4 12.8 3 	2 

6185-7 8.3 12.6 4 	2 

6189-92 8.4 12.6 4 	2 

6193-5 8.2 12.3 4 	3 

6204-8 7.9 12.0 6 	4 
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TABLE 14 

SCALED LENGTHS OF HOMOLOGOUS AND NONHOMOLOGOUS REGIONS WITHIN THE 434/21 HETERODUPLEX MOLECULES 

15.9 0.5 0.5 2.7 17.6 7.1 14.3 1.0 
4784-6 16.9 	2.8 0.7 0.3 8.6 7.3 4.6 

16.7 0.5 0.5 1.2 21.4 5.1 2.7 2.4 

15.9 0.6 18.2 6.5 13.6 0.9 
4856 211a 0.3 7.4 7.2 3.9 

16.7 0.6 22.5 4.1 2.1 2.1 

15.9 0.2 2.0 15.4 6.8 12.2 0.9 
4788-90 

17•6a 0.7 0.5 7.2 5.7 3.9 
16.7 0.2 0.9 20.1 4.9 3.4 2.1 

15.9 0.1 2.6 17.5 6.3 12.2 0.9 
4792-4 207a 0.6 0.6 7.4 8.0 3.9 

16.7 0.1 1.0 20.1 4.3 3.3 2.1 

I_a 
Ln 15.9 0.2 2.0 13.6 6.0 11.7 0.9 

4768 195a 0.2 0.6 7.0 6.7 3.5 
16.7 0.2 0.8 17.4 4.4 2.6 2.1 

15.9 2.5 15.0 6.4 14.4 0.9 
4745 22•2a 0.7 7.6 8.5 3.8 

16.7 0.9 20.3 4.9 2.4 2.1 

15.9 1.8 	 17.7 6.2 14.6 10 
4774 

23•3a 	 0.6 8.1 8.2 	2.0 
16.7 1.7 	 19.3 5.6 2.8 2.4 

15.9 0.7 	2.3 	15.0 6.5 11.0 1.3 
4832 

20•6a 	
0.7 	0.6 7.4 8.0 	5.2 

16.7 0.7 	0.9 	18.8 3.9 - 	 3.2 3.2 



TABLE 14 (Continued 

	

15.9 	 0.6 	2.6 	15.8 	6.2 	11.9 	0.9 
4763 	 209a 	 0.7 	0.7 	7.6 	8.6 	4.1 

	

16.7 	 0.6 	0.9 	20.0 	4.4 	2.6 	2.2 

a In several molecules the small nonhomology bubble was not present and this region appeared homologous. Num-

bers on the left represent the molecule number. Numerical values represent scaled lengths of homologous and non-

homologous regions within the individual 434/21 heteroduplex molecules (See A Results). These lengths are in V. 

Duplex regions are represented by single values, single-stranded regions are represented by a pair of values--the 

top number belongs to 434, the bottom number belongs to 21. 

The standards used to scale the measurements within each molecule are homoduplexes: 

NOlëcule 	__Length.ofStandard(linchesi. StandardAssignment 
H 

4784-6 	 56.1 	 434 

4856 	 64.3 	 434 

• 	4788-90 	 61.2 	 434 

4792-4 	 62.2 	 434 

4768 	 66.1 	 . 	434 

4745 	 52.5 . 	 2-1 

4774 	 50.4 	 21 

• 4832 	 56.5 	 21 

4763 	 52.4 	 21 



TABLE 15 

SCALED LENGTHS OF HOMOLOGOUS AND NONHOMOLOGOUS REGIONS WITHIN THE 424/21 

HETERODUPLEX MOLECULES 

15.9 2.1 45.7 2.8 
7094,5 22.6 0.8 

3•7a 

16.7 1.1 39.2 2.3 

15.9 2.0 47.7 3.6 
7083 22.0 1.0 

16.7 0.9 43.2 3.0 

15.9 1.8 44.1 3.0 
7096,7 22.2 0.7 3•0a 

16.7 0.8 40.7 2.5 

15.9 3.0 46.4 3.1 
7098,9 24.7 0.7 3•6a 

16.7 1.1 43.3 2.6 

15.9 2.2 43.7 2.8 
7109,10 19.0 1.0 

16.7 1.3 40.7 2.3 

15.9 1.6 36.4 0.4 2.8 
7127,8 21.7 0.4 2.6 0.2 

16.7 0.9 33.6 0.4 2.3 

15.9 40.9 
3902b 22.2 7.8 

16.7 30.0 

15.9 49.4 3.2 
9616b 21.3 2.6 

16.7 43.9 3.1 

15.9 48.4 3.5 
b 

3786 22.2 2.7 
16.7 40.9 3.0 

15.9 2.1 45.8 2.8 
3783b 2.6 1.4 3.2 

16.7 1.0 40.3 2.0 

a In several molecules the small nonhomology bubble was not present 

and this region appeared homologous. 

b Homoduplexes were used as standards. 

Numbers on the left represent the molecule number. Numerical values 
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TABLE 15 (Continued) 

represent scaled lengths of homologous and nonhomologous regions within 

the individual 424/21 molecules (See A Results). These lengths are in 

U. Duplex regions are represented by single values, single-stranded 

regions are represented by a pair of values--the top number belongs to 

424, the bottom number belongs to 21. 

The standards used to scale the measurements within each molecule are: 

Molecule Average Length M13 Average Length pSC101 No. Comprising 
(inches) (inches) •Average 

Ml3 	pSC101 

7094,5 6.5 12.4 4 2 

7083 6.7 11.9 4 1 

7096,7 6.3 12.0 3 1 

7098,9 6.4 12.0 2 1 

7109,10 6.3 12.7 4 2 

7127,8 8.1 12.7 1 2 

Molecule Length of Standard Standard Assignment 
(inches) 

3902 	 44.0 	 21 

9616 	 48.4 	 21 

3786 	 58.2 , 	 424 

3783 	 52.5 	 21 
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TABLE 16 

SCALED LENGTHS OF HOMOLOGOUS AND NONHOMOLOGOUS REGIONS WITHIN THE 

PA2/424 HETERODUPLEX MOLECULES 

1.6 46.7 
6212-5 43.6 2.5 6.7 

2.4 43.4 

1.6 0.2 43.4 
6224-6 43.2 0.5 1.6 6.4 

2.5 0.1 39.7 

1.2 44.2 
6229-32 43.0 2.9 6.7 

2.6 41.5 

1.4 0.1 44.7 
6233-5 42.7 0.8 1.5 6.7 

2.3. 0.1 41.2 

1.6 45.8 
6236-9 45.0 2.4 6.9 

2.4 42.9 

1.5 	 0.1 	 43.7 
6240-3 44.4 0.8 1.6 7.0 

2.2 0.1 39.1 

1.5 45.5 
6244-7 42.5 2.7 6.7 

2.1 41.8 

1.7 0.2 42.4 
6248-50 44.8 0.8 1.7 7.0 

2.3 0.2 38.9 

1.5 0.1 43.8 
6254-7 43.2 0.6 1.6 6.8 

2.3 0.1 40.1 

1.5 0.2 42.8 
6258-61 41.9 0.7 1.6 6.9 

2.6 0.1 40.0 

1.4 0.1 45.2 
6265-8 42.3 0.7 1.5 6.0 

2.4 0.1 42.9 

1.5 0.3 42.2 
6269 43.2 0.6 1.5 6.3 

2.2 0.3 39.8 

1.3 0.1 42.9 
6271-3 41.9 0.8 1.6 6.4 

2.3 0.1 39.1 

O.L 
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TABLE 16 (Continued) 

Numbers on the left represent the molecule number. Numerical val-

ues represent scaled lengths of homologous and nonhomologous regions 

within the individual PA2/424 heteroduplex molecules (See A Results). 

These lengths are in %A. Duplex regions are represented by single 

values, single-stranded regions are represented by a pair of values--

the top number belongs to PA2, the bottom number belongs to 424. 

The standards used to scale the measurements within each molecule are: 

Molecule Average Length Average Length No. Comprising 
M13 (inches) pSC101 (inches) Average 

M13 	pSC101 

6212-5 8.3 12.0 6 	1 

62.24-6 7.8 12.2 6 	2 

6229-32 8.2 12.2 7 	3 

6233-5 8.9 12.6 6 	2 

6236-9 8.4 12.3 9 	4 

6240-3 8.6 12.1 5 	6 

6244-7 8.6 12.5 7 	4 

6248-50 8.4 12.0 6 	3 

6254-7 8.8 12.6 7 	3 

6258-61 8.7 12.3 4 	2 

6265-8 8.8 12.5 11 	3 

6269 8.9 12.6 10 	2. 

6271-3 9.2 13.3 13 	2 
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TABLE 17 

SCALED LENGTHS OF HOMOLOGOUS AND NONHOMOLOGOUS REGIONS WITHIN THE X/424 

HETERODIJPLEX MOLECULES 

0.2 1.1 0.3 0.7 0.3 47.5 
5535,6 36.5 0.4 0.3 2.5 0.4 1.9 4.4 

0.5 1.2 0.3 1.3 0.4 42.0 

0.2 1.2 0.4 0.2 0.3 47.7 
5782,3 38.0 0.4 0.1 3.3 0.2 2.5 4.9 

0.4 1.4 0.5 0.8 0.4 42.3 

0.4 1.2 0.6 0.3 49.0 
5788,9 36.6 0.9 3.4 0.8 1.5 4.9 

0.4 1.6 1.5 0.3 43.0 

1.9 0.7 0.2 48.4 
5793,4 36.1 2.7 0.7 1.5 4.6 

1.9 1.0 0.2 43.3 

0.2 0.9 0.1 0.1 0.8 0.2 46.3 
5806,7 38.4 0.2 0.2 2.4 0.2 0.7 2.2 5.0 

0.5 1.1 0.1 0.2 1.4 0,2 38.6 

0.4 0.2 0.9 0.5 46.4 
5812,3 37.3 0.2 4.4 0.5 1.5 4.4 

0.8 0.4 1.4 0.6 40.1 

0.2 1.2. 0.5 1.7 46.4 
5814 39.0 0..3 2.8 2.8 0.3 5.1 

0.4 1.5 1.5 2.5 41.1 

0.2 0..9 0.3 0.8 0.2 47.4 
5819 38.7 0.8 0.2 2.7 0.7 1.3 5.1 

0.3 1.1 0.4 1.4 0.4 41.6 

1.7 0.1 0.5 45.7 
5827,8 36.1 2.2 0.4 2.6 4.8 

1.8 0.1 1.0 38.5 

0.2 0.9 0.6 0.1 48.0 
5833,4 38.0 0.2 3.3 0.5 1.6 4.7 

0.2 1.2 1.4 0.1 43.0 

0.2 0.8 0.1 0.6 0.2 47.3 
5838,.9 38.3 0.3 0.2 3.2 0.4 1.7 4.7 

0.4 1.7 0.1 0.9 0.4 42.3 

0.5 0.3 0.6 49.3 
5849,50 38.2 0.6 4.0 2.8 5.2 

0.7 0.5 1.4 41.9 

0.2 1.9 0.8 50.4 
5855 36.5 0.4 3.1 2.6 4.6 

0.6 2.3 1.1 44.3 
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TABLE 17 (Continued) 

0.4 0.9 3.4 46.7 
5860,1 36.8 0.2 0.5 1.8 4.8 

0.4 1.9 4.4 41.6 

0.2 1.5 1.0 0.2 47.2 
5867,8 36.2 0.3 2.6 0.3 1.5 4.9 

0.3 2.1 1.4 0.2 41.9 

0.1 1.1 0.2 0.4 0.2. 46.6 
5869,70 36.9 0.4 0.1 1.7 1.6 1.2 4.6 

0.2 1.2 0.3 0.8 0.2 41.4 

0.3 0.8 0.8 48.9 
5873-5 37.1 0.3 3.2 2.2 5.1 

0.4 1.1 1.3 44.4 

0.2 1.7 0.2 0.5 45.7 
5876 36.2 0.2 1.4 0.2 3.3 5.0 

0.6 1.9 0.3 0.9 41.0 

Numbers on the left represent the molecule number. Numerical values rep-

resent scaled lengths of homologous and nonhomologous regions within the 

individual X/424 molecules (See X Results). These lengths are in %X. 

Duplex regions are represented by single values, single-stranded regions 

are represented by apair of values--the top number belongs to A, the 

bottom number belongs to 424. 

The standards used to scale the measurements within each molecule are: 

Molecule Average Length Average Length Homo- No. Corn- Homoduplex 
M13 (inches) duplexes (inches) prising Assignment 

Average 

M13 Homoduplex 

5535,6 8.2 62.8 10 	2 424 

5782,3 8.3 67.6 13 	2 A 

5788,9 8.0 66.8 12 	2 A 

5793,4 8.2 65.0 6 	1 424 

5806,7 8.2 66.2 11 	2 A 

5812,3 8.2 66.2 11 	2 A 

5814 7.6 61.0 2 	1 424 

5819 7.8 64.5 17 	2 A 
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TABLE 17 (Continued) 

Molecule 	Average Length Average Length Homo- No. Corn- Hornoduplex 
M13 (inches) 	duplexes (inches) 	prising Assignment 

Average 

M13 Homodupléx 

5827,8 8.2 65.1 5 2 424 

5833,4 7.7 64.2 11 2 A 

5838,9 7.6 63.2 7 2 A 

5849,50 8.1 63.2 12 1 424 

5855 8.4 66.0 11 1 424 

5860,1 8.4 64.3 9 2 424 

5867,8 8.4 64.3 9 2 424 

5869,70 8.3 63.5 13 1 424 

5873-5 8.3 63.5 13 1 424 

5876 8.2 63.8 7 1 424 
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TABLE 18 

SCALED LENGTHS OF HOMOLOGOUS AND NONHOMOLOGOUS REGIONS WITHIN THE 

PA2/21 HETERODUPLEX MOLECULES 	 - 

15.9 1.7 21.7 7.5 12.6 3.8 
6297 22.5 1.0 5.5 3.0 3.1 

16.7 1.0 20.7 7.5 4.5 3.2 

15.9 2.0 21.5 7.8 12.4 2.6 
6300-2 22.6 0.9 5.7 3.0 3.8 

16.7 0.9 19.6 7.8 4.1 2.2 

15.9 1.6 21.2 7.4 13.1 29 
6311-3 22.1 0.7 6.1 3.0 3.8 

16.7 0.8 18.5 7.4 5.5 2.4 

15.9 2.4 20.2 7.2 13.5 2.9 
6314-7 22.1 0.8 6.2 2.7 3.5 

16.7 1.0 20.2 7.2 5.1 2.4 

15.9 1.6 22.0 9.2 13.0 2.8 
6318-21 22.6 0.6 3.8 3.8 3.8 

16.7 0.9 18.7 9.2 4.4 2.3 

15.9 1.8 22.8 7.5 13.0 2.7 
6328-30 21.5 0.8 5.8 2.6 3.6 

16.7 0.8 19.3 7.5 4.9 2.2 

15.9 1.8 20.3 7.2 13.3 3.1 
6337-40 21.3 0.8 5.8 2.8 3.5 

16.7 1.0 18.6 7.2 5.0 ---- 2.6 

Numbers on the left. represent the molecule number. Numerical values 

represent scaled lengths of homologous and nonhomologous regions within 

the individual PA2/21 heteroduplex molecules (See A Results). These 

lengths are in %A.. Duplex regions are represented by single values, 

single-stranded regions are represented by a pair of values--the top 

number belongs to PA2, the bottom number belongs to 21. 

The standards used to scale the measurements within each molecule are: 

Molecule Average Length Average Length No. Comprising Avg. 
M13 (inches) pSC101 (inches) M13 	pSC101 

6297 8.2 12.2 10 	4 
6300-2 8.0 12.2 6 	3 
6311-3 8.1 12.0 7 	3 
6314-7 7.5 12.0 6 	3 
6318-21 7.7 11.9 6 	5 
6328-30 7.8 11.7 10 	5 
6337-40 7.6 11.7 14 	5 
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TABLE 19 

SCALED LENGTHS OF HOMOLOGOUS AND NONHOMOLOGOUS REGIONS WITHIN TEE 

PA2/434 HETERODUPLEX MOLECULES 
P-I-F 

0.8 	19.2 	7.1 	9.4 	6.1 	2.0 

	

7285,6 	37.5 	3.4 	8.8 	3.2 	0.3 	3.2 	0.8 
0.8 	13.6 	9.7 	7.8 	10.3 	0.2 

	

F 	f-i 	 At 
15.6 	3.5 	8.2 	9.0 	5.2 	3.0 

	

7297,8 	37.4 	0.8 	8.6 	2.4 	0.2 	3.0 	0.8 
8.5 	2.9 	10.1 	8.1 	9.0 	0.7 

01 	 0 	F 	t -  t&( 
0.5 	18.7 	3.2 	27.0 	0.4 	2.1 

	

7322,3 	36.5 	0.5 	0.3 	5.3 	2.5 	0.2 	0.8 
0.5 	13.3 	2.7 	35.2 	0.4 	0.2 

Numbers on the left represent the molecule number. Numerical 

values represent scaled lengths of homologous and nonhomologous 

regions within the individual PA2/434 heteroduplex molecules (See X 

Results). These lengths are in %X. Duplex regions are represented 

by single values, single-stranded regions are represented by a pair 

of values--the top number belongs to PA2, the bottom number belongs 

to- 434. 

The standards used to scale the measurements within each molecule are: 

Molecule Average Length Average Length No. of Molecules 
M13 (inches) pSC101 (inches) Comprising Avg. 

M13 	pSC101 

7285,6 7.3 12.0 3 	3 

7297,8 7.4 12.5 5 	2 

7322,3 7.5 12.4 5 	2 

16 



e'(P 
TABLE 20 

SCALED LENGTHS OF HOMOLOGOUS AND NONHOMOLOCOUS REGIONS WI 
	

THE X/PA2 
	

MOLECULES 

FJ 

0 

1 	7  

~0. 
\34  

4) 	UL.8 0.3) 3.or 	0.2 	14.5 	5.6 3.8 	2,7 	0.2 	1.7 	0.2 1.3 	7.1 
7256 	38.4) 	h2") 0.1 (2.8) 	(0.7 	1.4 	6.4 2.2 	0.2 	1.7 	0.4 	0.2 	0.2 0.2 	5.6 

(o.4 	L8 O.3\ 1.O'\. 0.2 	17.2 	3.4 2.1 	2.5 	1.8 	2.5 	1.1 1.3 	7.1 

10.5 \O.5 \O.9 1 12.1 
34.1 0.4 3.4 7232-4  2.b b.0 / i.L 

1 0.5 1.8 1.0 ~ 13.3 2.5 I 	8.0 13.0 

0.8 1.9 17.4 12.0 12.7 
7235-7 37.1 0.2 2.8 

2.4 CO7 
0.7 	J1.5 6.1 2.8 4. 

0.8! 2.7 	___ 1.0 .7/ _ 18.0 7.0 13.7 

0.4 1.7 0.4 	to 13.6 2.2 / 2.2 10.5 10.9 
7250,1 36.0 0.4 640 0.9 5.9/ 0.3 3.0 

0.4 __ 2.2 k 0.4 _13.6 2.2 _ 1.8 5.6 - 14.7 

0.8 
I 

2.0 3.3 
H 

15.0 
1 

10.5 	J 0.9 11.7 
7252,3 37.9 0.2 2.8 

T 
2.7 .5.9 0.2 3.2 5. 

0.8 2.5 0.9 16.5 _7.2 0.9 15.8 - 

0.8 1.7 2.6 12.2 2.3 10.8 11.3 
7254,5 37.4 0.2 / 2.5 2.6 CO2 5.7 2.8 5. 

0.8 __ 2.6 I _ 0.9 13.2 2.3 8.3 14.2 

I 
0.2 

I 
12.9 1.9 12.7 11.8 

7258,9 39.62 7.8 (0.?)  5.8 3.2  
0.2 __ 15.0 "-" 1.9 8.1 _ 15.2 

0.6 2.6 1.3 15.2 11.2 10.1 
7260,1 38.4 0.3 3.0 1.8 6.0 2.9  

0.6 3.0 	. 0.3 15.2 7.9 14.0 



TABLE 20 (ContlnueU 

0.5 )22 ' 13.0 4.2 	6.8 

7262-4 	37.4 0.8 	/ 2.8 3.0 6.0 2.7 	0.2 	5.2 

0.5 / 2.6 0.6  15.4 1.9 8.2 11.0 	3.4 

1.8 / 2.7 15.8 12.4 10.4 

7265 	36.6 / 	2.5 2.4 5.8 3.0 	4.7 

1.8 I 1.1 15.8 6.9 13.4 

1.9 0.6 14.2 9.0 0.2 8.4 

7266,7 	39.1 5.0 1.2 9.0 1.4 1.8 	 4.9 

1.9 0.3 15.2 8.6 0.2 11.6 

1 1.6 1.7 / 	13.9 11.5 - 	- 	10.9 	- 

' 	\ 

	

/0.2 	
N11 	0.7 	2.3 	 11.9 	 11.0 	 10.7 

	

7271,2 38.01 	0.5 	0.2 	3.0 	 2.5 	 5.0 	 2.9 	4.9 

	

1 0.2 	1.6 	0.6 	1.0 	 14.6 	 7.4 	 14.9 

H 

	

0.7 	2.2( 	 2.3 	 15.5 	 12.1 	 10.3 

	

7273-5 36.9 	0.2 	 3.0 	 2.4, 	\ 	 5.5 	 2.8 	4.9 

	

0.7 	2.4 	 '1.0 	 16.0 	 7.9 	 13.9 

Numbers on the left represent the molecule number. Numerical values represent scaled lengths of homologous and 

nonhomologous regions within the individual X/PA2 heteroduplex molecules (See X Results). These lengths are in %X. 

Duplex regions are represented by single values, single-stranded regions are represented by a pair of values--the 

top number belongs to A, the bottom number belongs to PA2. 



TABLE 	20 (Continued) 

The standards used to scale the measurements within each.molecule are: 

Molecule. Average Length Average Length 	 No. of Molecules Comprising 
M13 (inches)• pSC101 (inches) Average 

M13 pSC1O1 

7256 7.0 11.8 4 4 

7232-4 7.2 11.8 8 2 

7235-7 7.4 12.1 7 2 

7250,1 7.7 12.5 5 2 

7252,3 7.3 11.6 4 2 

7254,5 7.7 12.0 7 3 

7258,9 7.2 11.9 5 2 

7260,1 7.8 11.9 4 3 

7262-4 7.3 12.0 7 4 

7265 7.6 12.6 4 1 

7266,7 7.6 12.0 4 2 

7268-70 8.2 11.8 8 2 

7271,2 7.6 12.1 6 6 

7273-5 7.6 12.1 9 2 
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X(UA) 	 PA2(UA) 	 434(tJA) 	 080(UA) 

21(NapT) 	 21(NaPT) 	 21(UA) 	 21(UA) 

Plates i-Viii Negatively stained phages 
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PLPTE IX 434/424 
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PLATE X 434/21 
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PLATE XI 424/21 
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PLATE XII PA2/424 
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PLATE XIII A/424 
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PLATE XIV PA2/21 
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PLATE XV PA2/434 
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PLATE XVI A/PA2 

191 



PLATE XVII 434/080 
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PLATE XVIII NN540/Atna .immX c1857 nin 
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PLATE XIX 	 PLATE XX 

XtrpABCn/Xtna imn c1857 nin 	 XtrpABCh/XtrpABCr 

PLATE XXI 	 PLATE XXII 

X trpABCr 	 X/X trpABCr /X  

lq,i 



PLATE XXIII 

AtrpABC 1 /Xtna imm  c1857 nin 
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PLATE XXIV 

XtrpABC 1 /Xtna imm 
A

c1857 nm 

PLATE XXV 
A 

XtrpABC /Atna imm c1857 nm +  

PLATE XXVI 	 PLATE XXVII 

XtrpABC1/Atna immA c1857 tii. 
	 AtrpABCn/Atnainu2 c1857 nin 
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