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ABSTRACT 

In this dissertation I explore the ecology of bacte

riophage T4, a virus of Escherichia coli. In particular, 

I argue that the life history of bacteriophage T4 can be 

divided into the growth and survival of T4 phages in three 

distinct environments. I argue that these environments 

are distinguished by at least two T4 phage sensory sys

tems. These include (i) the sensing of secondary adsorp

tion by infecting phages and (ii) the determination of the 

concentration of monovalent cations and free tryptophan in 

solution about free T4 phage particles. The first envi

ronment consists of high concentrations of uninfected, 

logarithmic phase ~. coli cells. These concentrations are 

approximately 106 ~. coli cells/ml and greater. This 

environment occurs in the pre fecal colonic lumen of ani

mals. Here T4 phages exhibit unimpeded logarithmic 

growth. The second environment contains high concentra

tions of infected ~. coli cells, low concentrations of 

uninfected ~. coli cells, and high concentrations of free 

T4 phage particles. This second environment also occurs 

in the pre fecal colonic lumen of animals and represents 

the maturation of environments supporting logarithmic T4 

phage population growth. Such phage phenotypes as second-
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ary exclusion and lysis inhibition characterize T4 phage 

growth in this environment. The third environment con

sists of extra-colonic waters. Here T4 phages avoid 

infecting ~. coli cells and exhibit strategies that maxi

mize their stability. These strategies in extra-colonic 

waters increase the potential of T4 phages to disseminate 

successfully from colon to colon. I employ this enhanced 

understanding of T4 phage ecology, outlined above, in an 

exploration of the ecology of the repair of DNA damage by 

T4 phages. 
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CHAPTER 1 

INTRODUCTION 

1.1 Hypotheses on the ecology of bacteriophage T4 

Bacteriophage (phage) T4, a virus of Escherichia 

coli, is one of the best understood organisms in terms of 

its physiology and molecular biology (reviewed in Mathews 

et al., 1983). Little, though, is known of the ecology of 

T4 phages or the ecology of other phages. This lack of 

understanding is unfortunate considering recent evidence 

that suggests phages make up a significant fraction of the 

total number of living organisms on earth (~lvind et al., 

1989). The reason the ecology of phages remains under

characterized may have a methodological basis. For in

stance, phage ecological studies tend to be limited to (i) 

the morphological characterization of phage particles 

(reviewed by Ackermann & Dubow, 1987a; 1987b), (ii) the 

identification of the habitats in which phages are found 

and the enumeration of phages in these habitats (reviewed 

by Ackermann & Dubow, 1987a and Goyal et a1., 1987), (iii) 

theoretical and experimental work on phage growth in 

continuous culture (reviewed by Lenski, 1988), and (iv) 

the simplistic understanding that phages adsorb to and 
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infect bacteria. 

What all these approaches fail to do is fully use the 

wealth of information that has been generated on phage 

physiology and molecular biology over the past fifty 

years. This information is readily available for and 

highly applicable to the ecological characterization of 

individual phages. In this dissertation I will describe 

the life history of phage T4 in unprecedented detail. In 

doing so I will bring phage T4 from nearly complete eco

logical obscurity to being a model system upon which phage 

ecological understanding must now rest. 

Understanding the ecology of phage T4 is essential 

for fully understanding the context of normal phage T4 

growth, physiology, and molecular biology. It is this 

consideration that has motivated the bulk of the research 

presented here. Significantly, this dissertation consti

tutes a natural extension and, in many ways, one logical 

conclusion to the phage work which Max Delbruck and others 

of the "phage group" initiated fifty years ago at the 

California Institute of Technology and Cold Spring Harbor 

Laboratory. The work that was initiated by the phage 

group today serves as a core of modern biological under

standing. 

Defining the ecology of a phage consists of (i) 
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determining the habitats of that phage, (ii) understanding 

th~ growth and physiological characteristics of that 

phage, and (iii) understanding the evolutionary foundation 

of these growth and physiological characteristics. In 

this dissertation I hypothesize that there are at least 

three ecological strategies that define the phage T4 life 

history. These strategies include: (i) Rapid phage 

growth and host cell lysis in environments containing high 

concentrations of ~. coli cells and low concentrations of 

T4 phages. This is unimpeded, logarithmic phage T4 popu

lation growth. (ii) Phage T4 growth at a sub-optimal rate 

that is accompanied by the maintenance of phage infections 

and protection of intracellular progeny phages. This 

occurs in environments containing high concentrations of 

both phage T4 infected cells and free T4 phage particles. 

(iii) No phage growth and free phage particles that show 

enhanced durability. This occurs in environments where 

growth conditions are poor and ~. coli concentrations are 

low. 

First, I present observational and experimental 

evidence bearing on phage T4 life histories. I then argue 

that these observations and evidences support the three 

hypothesized ecological strategies outlined above. Fur

ther, I argue T4 phages use two sensory systems to coordi-
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nate the expression of the appropriate phenotypes associ

ated with each ecological strategy. One system detects 

high concentrations of free T4 phage particles. The other 

allows phages to distinguish between the colonic lumen and 

extra-colonic environments. Additional aspects of phage 

T4 ecology are also explored. These include (i) the 

significance of stationary and lag phase ~. coli hosts in 

T4 phage ecology, and (ii) the ecology of the avoidance 

and repair of DNA damage by T4 phages and ~. coli cells. 

1.2 The mechanism of phage T4 adsorption to ~. coli cells 

T4 phages are lytic phages. Lytic phages produce 

progeny phages intracellularly. They do not release these 

progeny phages into the extracellular environment unless 

and until the host cell is lysed. Host cell lysis allows 

intracellular progeny phages to diffuse out of the host 

cell. Host cell lysis also terminates the intracellular 

production of progeny phages. The ecology of T4 phages is 

a reflection of the constraints imposed by their lytic 

infective strategy. Because of its importance in the 

ecology of T4 phages, I will begin with a review of the 

phage T4 lytic cycle. 

The lytic cycle of phage T4 (and other similar 

phages; Kim & Davidson, 1974; Russell, 1974; Doermann, 

1983) can be divided into a sequence of three steps: (i) 
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Adsorption of free phage particles to ~. coli cells, (ii) 

the latent period during which progeny phage particles are 

produced, and (iii) host cell lysis followed by the re

lease of progeny phage particles into the extracellular 

environment. Adsorption will be reviewed in this section 

(see also Goldberg, 1983). The phage latent period and 

host cell lysis will be reviewed in Section 1.3. 

Adsorption is initiated with the collision between an 

adsorption competent T4 phage and an ~. coli cell which 

displays suitable phage receptor molecules (these various 

adsorption steps are reviewed in Figure 1). Phage T4's 

bacterial receptor is a lipopolysaccharide molecule that 

is displayed on the cell surface of ~. coli B (Wilson et 

al., 1970; Dawes, 1975; Prehm et al., 1976; reviewed in 

Schwartz, 1980). Alternatively, this receptor can consist 

of a complex of a structurally different lipopolysaccha

ride molecule and the ~. coli outer membrane protein C 

that is displayed on the cell surface of ~. coli K12 

(Mutoh et al., 1978; Furukawa et al., 1979; Henning & 

Jann, 1979; Yu & Mizushima, 1982; reviewed in Write et 

al., 1980). T4 phages recognize and reversibly bind to 

these receptors via their long tail fiber distal tips 

(Simon & Anderson, 1967a; Wilson et al., 1970; see Figures 
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vii 

Figure 1. Phage T4 adsorption to an~. coli cell (derived 
from Goldberg, 1983 and others). Adsorption occurs in the 
following steps: (i) activation of the phage particle by 
free tryptophan; (ii) collision of the phage particle with 
an li• coli cell and reversible binding of one or more 
phage long tail fibers to the cell surface; (iii) reversi
ble binding of the rest of the six long tail fibers to the 
cell surface; (iv) "walking" of the phage particle over 
the cell surface while probing the cell surface with its 
base plate; (v) base plate conformational change with 
binding of the phage short tail fibers to the cell sur
face; (vi) contraction of the tail sheath that forces the 
tail tube through the cell outer membrane, cell wall, and 
periplasm and into contact with the outer leaflet of inner 
cell membrane; and (vii) phage DNA ejection from the phage 
head through the tail tube and into the cell protoplasm. 
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1 and 2). Any cell which displays these receptor mole

cules may be considered to be receptive to phage T4 ad

sorption. 

The long tail fibers of T4 phages consist of six 

long, semi-flexible, jointed protein spines that surround 

the phage base plate (see Figure 2). The reversible 

binding of a single long tail fiber distal tip to the 

surface of a cell constrains the movement of that phage. 

This binding results in a high probability that the rest 

of a phage's long tail fibers will contact and reversibly 

bind to the cell surface. With its long tail fibers bound 

a phage can slide over the cell surface. During this 

process its long tail fiber distal tips reversibly inter

act with the bacterial cell surface receptor molecules. 

As the phage moves over the surface of a cell the lower 

surface of the phage base plate probes the cell surface 

until some undefined "suitable" adsorption site is reached 

(Simon & Anderson, 1967a). 

At this point the base plate of the phage becomes 

irreversibly attached to the surface of the cell. It is 

anchored there by the six short tail fibers that are found 

on the lower surface of the phage base plate (Simon & 

Anderson, 1967a; Simon, 1969; Prehm et al., 1976; Furukawa 

et al., 1979). The short tail fiber receptor molecule is 
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Figure 2. The phage T4 v1r1on particle (derived from 
Eiserling, 1983). Note: {i) the head, which stores the 
phage DNA while in the free phage state, (ii) the contrac
tile outer tail sheath that encircles the tail tube (not 
shown), (iii) the base plate, (iv) the long tail fibers 
(LTFs), and (v) the short tail fibers (STFs). 
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also the cell surface lipopolysaccharide (Zorzopulos et 

al., 1979; Yu et al., 1981; Riede, 1987). This irreversi

ble adsorption step is triggered by the proper reversible 

attachment of the long tail fibers to the cell surface 

(Yamamoto & Uchida, 1975; Arscott & Goldberg, 1976; 

Furukawa et al., 1979; Yu et al., 1981; Crawford & 

Goldberg, 1980). 

Phage gene product 9 serves as the anchor point 

between the long tail fibers and the phage base plate. 

Phage gene product 9 appears to carry the trigger for 

irreversible adsorption (Yamamoto & Uchida, 1975; Crowther 

et al., 1977; Crowther, 1980) suggesting that a proper 

long tail fiber orientation on the cell surface is a 

requirement for irreversible adsorption. The time between 

phage-cell collision and irreversible adsorption can be as 

fast as 10 seconds (Bayer & Bayer, 1981). 

The binding of the phage T4 short tail fibers is 

mediated through a gross conformational change of the 

phage base plate (Simon & Anderson, 1967b; Crowther et 

al., 1977; Eiserling, 1983). This conformational change 

also mediates the compression the phage tail outer sheath 

that thrusts the phage tail tube through the ~. coli cell 

wall (Furukawa et al., 1979). The phage tail tube is a 

rigid and hollow rod found within the tail outer sheath. 
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Movement of the tail tube through the cell wall is proba

bly carried out with the aid of lysozymes found on the 

tail tube's penetrating tip (Simon & Anderson, 1967a; Kao 

& McClain, 1980a; 1980b; Nakagawa et al., 1985; Szewczyk 

et al., 1986). 

Movement of the tail tube through the cell wall 

brings the tail tube tip into contact with the outer 

leaflet of the inner ~. coli membrane (Benz & Goldberg, 

1973; Furukawa & Mizushima, 1982). There the tail tube 

tip interacts with phosphotidylglycerol, cardiolipin, or 

some other structurally similar lipid exposed on the 

surface of the inner membrane. This interaction triggers 

the ejection of the phage chromosome from the phage head 

into the ~. coli protoplasm (Baumann et al., 1970; 

Goldberg, 1980; Furukawa & Mizushima, 1982). Adsorption 

is successful when and if the phage chromosome is fully 

ejected into the ~. coli protoplasm. 

The justification for this highly complex T4 phage 

adsorption mechanism probably lies in the efficiency of 

adsorption it imparts on T4 phages. For many coliphages 

the probability of successful adsorption given phage-cell 

collision is not high. For T4 phages it approaches 100% 

(Garen & Puck, 1951; Stent, 1963; Goldberg, 1983). One 

cost of this complex adsorption mechanism may lie in the 
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fragility it imparts on T4 phages. In Section 4.3 I will 

review evidence that T4 phages have evolved a mechanism 

that, in certain environments, allows them to assume a 

reversible, adsorption-negative conformation of enhanced 

durability. 

1.3 The phage T4 latent period and host cell lysis 

The latent period of a lytic phage lasts from the 

point of successful adsorption until the point of host 

cell lysis. During the latent period the phage infected 

cell is metabolically active and produces progeny phages. 

The latent period may be subdivided into an eclipse period 

and a progeny producing period. An overview of the phage 

T4 latent period is shown in Figure 3. 

During the eclipse period the artificial lysis of an 

infected cell releases no viable progeny phage particles. 

Phage DNA replication is initiated after about 5 minutes 

of infected cell metabolism (under standard laboratory 

growth conditions; that is, in rich broth, at 37 o C, and 

with aeration). At about 8 minutes a phage infected cell 

contains more than one phage chromosome as a result of 

phage replication. 

The progeny producing period begins (and the eclipse 

period simultaneously ends) about 10 minutes into the 
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Figure 3. The phage T4 latent period (taken from Mosig & 
Eiserling, 1988; turn on side for best viewing). Note (i) 
the production of early phage gene products, (ii) the 
destruction of the host genome, (iii) the replication of 
the phage DNA, (iv) the morphogenesis of the phage parti
cle, (v) the packaging of phage DNA into the phage head, 
and (vi) the release of progeny phage particles upon lysis 
at about 25 minutes. This is a typical T4 phage life 
cycle under standard laboratory growth conditions. 
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latent period (see Figure 4). This is when progeny phage 

DNA is first packaged and the first complete intracellular 

progeny phage particles are produced. Throughout most of 

the progeny producing period both the replication of phage 

DNA and the packaging of progeny phages occurs at a con

stant rate (i.e., intracellular phage growth is not loga

rithmic; Doermann, 1952; Levinthal & Visconti, 1953; 

McCarthy et al., 1976; see curves 1, 2, and 3, Figure 4). 

The artificial lysis of a phage infected cell during the 

progeny producing period releases viable progeny phage 

particles into the extracellular environment. 

The phage T4 progeny producing period is normally 

terminated with host cell lysis. Lysis involves the 

partial destruction of the host cell envelope. This 

creates holes through which intracellular progeny phage 

particles can diffuse into the extracellular environment. 

What controls the timing of lysis is not known. 

Two phage T4 gene products are required for success

ful lysis: Gene product t (Josslin 1970; 1971) and the 

phage lysozyme, gene product e (Grutter et al., 1983). 

The intracellular presence of gene product t, but not of 

gene product e, is associated with the termination of T4 

phage metabolism within the infected cell. Gene product t 

is also required for gene product e to lyse the cell. 
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Figure 4. One-step phage growth curve (taken from 
Doermann, 1952). Starting with a population of simultane
ously infected cells, the one-step growth curve shows an 
initial lack of extracellular progeny phage particles (0 
to about 23 minutes, curve 4). At the time of host cell 
lysis there is a rapid rise in the titer of extracellular 
progeny phage particles (23 to about 30 minutes, curve 4). 
Intracellular phage growth curves show the intracellular 
rise in progeny phage particles (around 7 minutes until 
about 23 minutes, curves 1, 2, and 3). The number of 
intracellular phage particles is determined by lysing the 
phage infected cell before enumeration (curves 1, 2, and 3 
show a wild type phage infecting with a multiplicity of 
five, an~ mutant phage infecting with a multiplicity of 
one, and a wild type phage infecting with a multiplicity 
of one, respectively). 
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Gene product t is thought to prepare the host cell en

velope so that gene product e can successfully interact 

with and degrade the host cell wall. 

1.4 T4 phages have short latent periods 

T4 phages have a 25 to 30 minute latent period and a 

10 minute eclipse period (under standard laboratory growth 

conditions; Figure 4). Two lines of evidence suggest that 

the cessation of replication at the end of the phage 

latent period is the result of lysis rather than the cause 

of lysis. First, lysis inhibition (Hershey, 1946a; 

Doermann, 1948; Rutberg & Rutberg, 1965; Bode, 1967) is a 

delay in lysis associated with an increased phage burst 

size. The phage burst size is the number of phage progeny 

particles liberated per cell at lysis. Lysis inhibition 

is induced in a T4 phage infected cell by the adsorption 

of a second T4 phage particle. These "secondarily" ad

sorbing phages usually do not contribute genetically to 

the infection. That is, secondarily adso~bing phages may 

be genetically excluded from the infection by initially 

adsorbing phages (Section 1.6). 

The second line of evidence consists of the phenotype 

of phage T4 i gene mutants. Phage T4 i gene mutants are, 

for the most part, unable to lyse their host cells (Sec

tion 1.3). Similar to the lysis inhibition phenotype, 
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these ~ gene mutant phages continue to produce progeny 

phages past the normal time of lysis (Josslin, 1970; 1971; 

see also Wais & Goldberg, 1973). The existence of both 

phage T4 ~ gene mutants and lysis inhibition suggests that 

the only physiological barrier to the extension of the 

phage T4 latent period is the timing of lysis. 

If two phages are identical except for the timing of 

lysis, then a phage that lyses later has a longer latent 

period than a phage that lyses earlier. Both phages will 

have eclipse periods of the same length. The long latent 

period phage will have a larger burst size than the short 

latent period phage. This results from (i) the rate of 

progeny phage production being constant and (ii) the 

length of the progeny producing period being longer in the 

long latent period phage than in the short latent period 

phage. 

Though the burst size of a long latent period phage 

is larger than the burst size of a short latent period 

phage, wild type T4 phages do not have long latent peri

ods. Wild type T4 phages have short latent periods imply

ing that selection favors short latent period T4 phages. 

That is, short latent period T4 phages must have some 

uncharacterized selective advantage over a hypothetical 

long latent period T4 phage. Levin & Lenski (1983) sug-
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gested that the advantage of a short latent period is that 

short latent period phages more quickly establish parallel 

infections while long latent period phages continue to 

produce, but not release, progeny from a single cell. May 

& Anderson (1983) have argued that a high degree of viru

lence by a parasite (e.g., phages) can be maintained only 

if a high rate of transmission of the parasite to new 

hosts is possible. Consistent with these ideas, in Sec

tion 3.1 I show, using a computer simulation of phage T4 

growth, that a short latent period strategy is probably 

advantageous at high R. coli concentrations (e.g., 106 

cells/ml and greater). These high g. coli concentrations 

are typically found in the colon of animals (Section 1.9). 

1.5 T4 phages also can have long latent periods 

For T4 phages, lysis inhibition aids in the produc

tion of high titer phage stocks (Hershey, 1946a; Doermann, 

1948). Lysis inhibition also helps define the morphology 

of wild type plaques (Hershey, 1946a). T4 phages lacking 

lysis inhibition are called rapid lysis (K) mutants 

(Hershey, 1946a). These K mutants were critical in impor

tant early phage studies (e.g., Hershey, 1946a; 1946b; 

Benzer, 1955; Crick, et al., 1961). 

Many investigators have explored the physiology and 
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genetics of K mutants (for review see Singer et al., 

1983). The physiology of lysis inhibition has also been 

extensively studied (Hershey, 1946a; Doermann, 1948; 

Levinthal & Visconti, 1953; Rutberg & Rutberg, 1965; 

Bode, 1967; Josslin, 1970; 1971; Linder & Carlson, 1985). 

In spite of these efforts, there has been little attempt 

to understand the ecological significance of lysis inhibi-

tion. 

As noted in Section 1.4, lysis inhibition is induced 

in T4 phage infected cells for a finite period by the 

secondary adsorption of one or more T4 phages (Hershey, 

1946a; Doermann, 1948; Rutberg & Rutberg, 1965; Bode, 

1967). The induction of lysis inhibition delays the lysis 

of the infected cell. Lysis inhibition thus results in an 

approximate doubling of the length of the period of intra

cellular progeny production (Doermann, 1948; Rutberg & 

Rutberg, 1965; Bode, 1967). At concentrations of 4 x 107 

cells/ml and greater (Bode, 1967) there may be repeated 

secondary phage adsorptions resulting in the continuous 

induction of lysis inhibition. Phage latent periods may 

be extended in this manner for hours (Hershey, 1946a; 

Doermann, 1948; Levinthal & Visconti, 1953; Rutberg & 

Rutberg, 1965; Bode, 1967). 

Doermann (1948) suggested that the selective advan-
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tage of lysis inhibition may be the larger phage burst 

size. The larger burst size is'a consequence of the 

extended progeny producing period. Doermann's explanation 

ignores a key question: If a longer latent period l-1i th a 

larger burst size is an advantage, why isn't lysis inhibi

tion constitutively expressed? In Section 1.4 I suggested 

that short latent periods in the uninduced state may be an 

adaptation to rapid growth in environments containing high 

~. coli concentrations. This argues directly against the 

long latent periods seen during lysis inhibition being 

useful always during phage T4 growth. 

The lysis inhibition phenotype may play two addition

al roles in the lytic strategy of T4 phages. The first 

role of lysis inhibition is observed at high R. coli and 

high free T4 phage concentrations. Under these conditions 

the extension of the phage latent period with lysis inhi

bition may prevent intracellular progeny phage particles 

from being exposed to previously infected cells. These 

previously infected cells reside in the extracellular 

environment and display secondary exclusion. They conse

quently can restrict secondarily adsorbing ~hages (Section 

1. 6) • 

The second role of lysis inhibition is observed when 

there is a dearth of uninfected cells that arises follow-
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ing the exposure of an R. coli population to large numbers 

of free T4 phage particles. Under these conditions a 

larger burst size may be advantageous. These hypotheses 

are presented in full in Sections 3.2 and 3.3, and summa

rized, along with the selection for phage T4 short latent 

periods, in Section 4.1. 

1.6 Coinfection and secondary exclusion 

An R. coli cell can be infected by two or more T4 

phages at one time. This process is called coinfection. 

Coinfection can result from the adsorption of more than 

one T4 phage to a single R. coli cell. Coinfection re

quires that more than one of the adsorbing phages success

fully infects that cell. Coinfection does not as readily 

occur when more than one T4 phage adsorbs to a metaboliz

ing cell as when more than one T4 phage adsorbs to a 

starved or metabolically poisoned cell. Co infection of 

metabolizing cells does not readily occur because the 

initially infecting T4 phage (the primary phage) expresses 

proteins that prevent secondarily adsorbing phages from 

successfully infecting. This process is called secondary 

exclusion (Dulbecco, 1952; Cornett, 1974; Vallee & de 

Lapeyriere, 1975). Secondary exclusion acts by allowing 

secondarily adsorbing phages to adsorb irreversibly to, 

but not successfully infect or contribute genetically to 
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the primary phage infection. Thus, the secondarily ad

sorbing phage may be considered to be restricted (i.e., 

killed) by the primary phage infected cell. 

Secondary exclusion is expressed by two phage T4 

genes, immunity (imm; Mufti, 1973; Cornett & Vallee, 1973; 

Vallee & Cornett, 1972; Cornett, 1974; Vallee & 

de Lapeyriere, 1975; Obringer, 1988) and spackle (~; 

Emrich, 1968; Cornett, 1974; Vallee & de Lapeyriere, 

1975). The gene products produced by these genes are 

transcribed and their messenger RNAs are translated very 

soon after the initiation of an infection (i.e., immediate 

early gene expression; Visconti, 1953; Peterson et al., 

1972; O'Farrell et al., 1973; Yutsudo & Okamoto, 1973; 

Vallee & de Lapeyriere, 1975; Christensen & Young, 1983). 

Thus, a metabolizing T4 phage infected cell rapidly ex

presses secondary exclusion (Vallee & de Lapeyriere, 1975) 

and therefore inhibits secondary phages from coinfecting 

the primary phage infected cell. Non-metabolizing T4 

phage infected cells, on the other hand, cannot express 

these proteins and therefore cannot exclude secondarily 

adsorbing phages. 

The mechanism by which gene product imm secondary 

excludes may involve the direct disruption of the ability 

of secondarily adsorbing phages to eject their DNA into 
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the protoplasm of the host cell. This mechanism, which 

was suggested by Goldberg (1983) and Obringer (1988), does 

not consider and is not necessarily consistent with some 

phage T4 phenotypes attributable to gene imm. These other 

phenotypes include: (i) Immunity to traumatization fol-

lowing the secondary adsorption of osmotically-shocked, 

DNA-less T4 phage "ghost" particles (Cornett & ValIAe, 

1973; Val16e & Cornett, 1972; Cornett, 1974; Val16e & de 

Lapeyriere, 1975), (ii) resistance to lysis from without 

(Visconti, 1953; Cornett, 1974), and (iii) resistance to 

traumatization resulting from the multiple secondary 

adsorption by normal T4 phage particles (Cornett, 1974). 

Gene product sp, on the other hand, probably prevents 

successful secondary adsorption by interfering with the 

action of the phage gene product 5 lysozyme. This inter

ference occurs during the penetration of the tail tube 

through the ~. coli cell wall (Kao & McClain, 1980b; 

Obringer, 1988). Gene product 5 is found on the T4 virion 

tail tube tip. 

In Section 3.3 I will argue that secondary exclusion 

may be partially responsible for the selection for lysis 

inhibition in populations of T4 phages. In Section 3.4 I 

will argue and present results that suggest that both 

secondary exclusion and lysis inhibition enhance the 
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fitness of individual T4 phages in environments containing 

high concentrations of free T4 phage particles. 

1.7 Adsorption and the natural habitat of T4 phages 

Coliphage source and sink habitats. ~. coli cells 

replicate predominantly in the colonic lumen of animals 

(Savageau, 1983). The strategy of ~. coli in extra-colon

ic waters (sewage, fresh, and sea waters) is mainly one of 

survival until reintroduction into the colonic lumen 

(Savageau, 1983). This implies that the colonic lumen is 

an ~. coli source habitat. A source habitat is one where 

net population growth occurs (Pulliam, 1988). Extra

colonic waters, then, are ~. coli sink habitats. An~. 

coli sink habitat is one where viable ~. coli cells can be 

found but cell deaths outnumber cell births (Pulliam, 

1988) . 

The habitats in which T4 phages can and do replicate 

have not been defined. Coliphages (phages of ~. coli) 

that are morphologically or serologically similar to T4 

phages (T-even-like phages) represent an important frac

tion of culturable coliphages in extra-colonic waters 

(Ackermann & Nguyen, 1983; Ackermann & Dubow, 1987a). T

even-like coliphages are readily isolated from both feces 

(Furuse et al., 1983a) and sewage (Kay & Fildes, 1961; 
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Ackermann & Nguyen, 1983). Whether T4 phages can infect 

~. coli cells found in extra-colonic waters has not been 

established. 

Viable ~. coli cells can be isolated from sewage, 

fresh, and sea waters. Their presence may be used as an 

indication of fecal contamination (Litsky et al., 1953; 

Moore et al., 1959; Hilton & Stotzky, 1973; Cooke, 1974: 

Gerba & McLeod, 1976; Ayres, 1977; Bonde, 1977; Berg et 

al., 1978; McFetters et al., 1978; Doran & Linn, 1979; 

Cundell, 1981; Xu et al., 1982; Goyal, 1983; Caplenas & 

Kanarek, 1984; Joncas et al., 1985; McDaniels et al., 

1987; Lopez-Torres et al., 1988; Mates & Schaffer, 1988; 

Rhodes & Kator, 1988; Covert et al., 1989). The presence 

of viable coliphages in extra-colonic environments also 

can serve as an indicator of fecal contamination (Hilton & 

Stotzky, 1973; Vaughn & Metcalf, 1975; Primrose & Day, 

1977: Scarpino, 1978a, 1978b; Seeley & Primrose, 1979; 

Goyal et al., 1980; Ignazzitto et al., 1980; Seeley & 

Primrose, 1982; Wentsel et al., 1982; Goyal, 1983; Have

laar et al., 1983; Singh & Gerba, 1983; Grabow et al., 

1984; Funderburg & Sorber, 1985; Kennedy et al., 1985; 

Grabow & Coubrough, 1986). The use of ~. coli cells and 

coliphages as indicators of fecal contamination rests on 

the assumption that neither replicates extensively outside 
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of the colonic lumen. In other words, it is assumed that 

the colonic lumen serves as an ~. coli and coliphage 

source habitat and that extra-colonic waters serve as ~. 

coli and coliphage sink habitats. 

Various investigators have shown that coliphages can 

readily grow in the gastrointestinal (GI) tract of animals 

(Ando et al., 1979; Smith & Huggins, 1983; Smith et al., 

1987a; 1987b). This is evidence that the colonic lumen 

can serve as'a coliphage source habitat. The assumption 

that coliphages cannot, in general, replicate in extra

colonic waters has not been extensively tested. This 

assumption should be questioned as a generalizable phe

nomenon. That is, coliphage replication (i.e., increases 

in phage titer) has been observed in sewage (Ignazzitto et 

al., 1980) and in estuarian waters that have been seeded 

with very small quantities of ~. coli (Vaughn & Metcalf, 

1975). 

Seeley and Primrose (1980) have shown that some 

coliphages have adapted to replication at higher tempera

tures (i.e., 25 0 C and greater). These same phages do not 

grow at the lower temperatures of many extra-colonic 

waters. The inability of these phages to replicate at the 

temperatures found in many extra-colonic waters is evi

dence that some coliphages have adapted specifically to 
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growth in the mammalian colonic lumen. 

This proposed lack of growth by "high temperature" 

phages in extra-colonic waters occurs in spite of their 

ready isolation from these extra-colonic waters. An 

argument also can be made that coliphages that adsorb to F 

pili have a higher likelihood of adsorbing to their ~. 

coli hosts in the colon than in extra-colonic environ

ments. This is because F pili production is maximal at 

physiological temperatures but minimal at 25 0 C (Novotny & 

Lavin, 1971). These examples, indicating a potential lack 

of growth by high temperature phages and F pili adsorbing 

phages in extra-colonic waters, suggest that extra-colonic 

waters serve as sink habitats for at least some coli

phages. Below I will present evidence that extra-colonic 

waters serve as sink habitats for T4 phages. 

T4 phage chemical adsorption requirements. T4 phages 

are unusual among coliphages because they require rela

tively high concentrations of monovalent cations (Li+, 

Na+, K+, or NH4+) rather than divalent cations (e.g., 

Mg++ and Ca++) for adsorption to ~. coli cells. These 

monovalent cations are necessary for the proper interac

tion between the phage T4 distal tail fiber tips and cell 

surface receptor molecules (Puck et al., 1951; Cummings et 

al., 1969; Conley & Wood, 1975; Ackermann and Dubow, 



47 

1987a). This requirement for monovalent cations is known 

to depend on the proper functioning of at least one phage 

T4 gene product, wac (Conley & Wood, 1975). Minimally 

0.01 or 0.02 M monovalent cations must be in solution for 

T4 phages to adsorb irreversibly to R. coli cells (Hershey 

et al., 1944; Garen & Puck, 1951; Fildes & Kay, 1963; 

Cummings et al., 1969; Conley & Wood, 1975). For a maxi

mal rate of adsorption approximately 0.08 to 0.2 M monova

lent cations must be present in solution (Fildes & Kay, 

1963). 

The original T4 phage isolate also required free 

tryptophan (trp) as an adsorption cofactor (Demerec & 

Fano, 1945; Anderson, 1948b; Delbruck, 1948). It is 

likely that this trp-dependence is common among T-even

like phages (Adams, 1959; Fildes & Kay, 1963). In the 

presence of trp, trp-dependent T4 phages are rever~ibly 

activated and can adsorb to R. coli cells (Simon & 

Anderson, 1967a; Gamow & Kozloff, 1969; Brown & Anderson, 

1969). Placing trp-activated, trp-dependent T4 phages in 

a cofactor less solution leads to a rapid disassociation of 

activating trp molecules from phages and a 10s8 of trp

activation (Anderson, 1948a; Wollman & Stent, 1950; see 

also Brown & Anderson, 1969). 

Trp-dependent T4 phages do not adsorb to R. coli 
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cells unless trp concentrations exceed 0.1 ~g/ml. For an 

optimal adsorption rate, 1 to 2 ~g/ml trp or greater must 

be present in solution (Anderson, 1945; 1946; 1948a; 

1948b; Delbruck, 1948; Wollman & Stent, 1950; Garen & 

Puck, 1951; Jerne, 1956; Kay & Fildes, 1961; Fildes & Kay, 

1957; 1959; 1963; Kellenberger et al., 1965). Other free 

amino acids, such as phenylalanine, diiodotyrosine, tyro

sine, and various synthetic aromatic amino acids can 

functionally replace trp. When they do the concentration 

of free amino acid required for the same rate of adsorp

tion is at least ten fold higher for these amino acids 

than for trp (Anderson, 1945; 1946; 1948a; DelbrUck, 

1948). 

Monovalent cation and trp concentrations of natural 

waters. For the adsorption of T4 phages to ~. coli cells, 

the colonic lumens of humans and animals probably contain 

ideal concentrations of monovalent cations. This is true 

for body fluids in general (i.e., between 0.8 and 0.2 M 

monovalent cations; Owens & Padovan, 1976; Soergel & 

Hofmann, 1976; Tortora & Anagnostakos, 1981; Schilli et 

al., 1982; Holgate & Read, 1983; Vernia et al., 1984; 

Nyman & Asp, 1985). Sea water contains even greater 

concentrations of monovalent cations (Stumm & Morgan, 

1981; Morel, 1983). River, stream, lake, and all waters 
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classified as either "fresh" or "potable" do not contain 

sufficient monovalent cation concentrations for T4 phage 

adsorption. For example, river water contains, on aver

age, 0.00026 M Nat and 0.00007 M K+ (Morel, 1983). 

"Brackish", "saline", "salty", or "br.il:le" waters contain 

sufficient to excessive concontrations of monovalent 

cations for T4 phag~ adsorption (Davis & DeWiest, 1966; 

Stumm & Morgan: 1981; Drever, 1982). 

The monovalent cation concentration of sewage water 

is highly dependent on the carriage water employed. If 

fresh water is used as the carriage water then sewage 

water, too, would not be expected to contain sufficient 

concentrations of monovalent cations for T4 phage adsorp

tion (Tchobanoglous, 1979). As high as 0.01 M monovalent 

cation in sewage water is possible, though, even given 

fresh water carriage waters (R. Phillips, University of 

Arizona, personal communication). 

Lake, estuarian, coastal, and open sea waters as well 

as the interstitial waters of lake sediments have been 

shown to have low free amino acid concentrations in gener

al and low free trp concentrations in particular (general

ly < 0.1 ~g/ml free trp; Degens, 1965; Williams, 1971; 

Kemp & Mudrochova, 1973; Riley et al., 1975; Spencer, 

1975; Wetzel, 1975; Williams, 1975; J~rgensen, 1982; 



50 

Crompton, 1985; Sigleo & Macko, 1985). Thus, it is likely 

that trp-dependent T4 phages cannot adsorb to ~. coli 

cells suspended in these environments even given suffi

cient concentrations of monovalent cations. 

Sewage waters can contain relatively high concentra

tions of free amino acids (Wuhrman, 1964; Hunter, 1971). 

Sewage waters probably do not contain sufficiently high 

concentrations of trp (Hunter, 1971) to allow trp-depend

ent T4 phage adsorption. On the other hand, the concen

tration of trp in the colonic lumens of humans, mice, and 

rats have been measured. From the lower small intestine 

to feces, the concentrations of free trp tend to range 

from a low of about 1 ~g/ml trp to much greater concentra

tions (Botsford & DeMoss, 1972; Chung et al., 1975; Whitt 

& Demoss, 1975; Owens & Padovan, 1976; Sims & Renwick, 

1983). The relatively high concentration of trp in the 

colon should easily allow trp-activation of T4 phages. 

The natural habitat of T4 phages. The various habi

tats in which T4 phages may be found differ fundamentally 

in addition to differences in the relative concentrations 

of monovalent cations and trp. For instance, the colonic 

lumen usually contains high concentrations of ~. coli 

cells compared with extra-colonic waters (Section 1.9). 

Also, the physiological state of ~. coli host cells living 
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in the colonic lumen probably differs from the physiologi

cal state of ~. coli host cells found in extra-colonic 

waters (Sections 1.8 and 1.9). In addition, the conse

quence of whether T4 phages adsorb in extra-colonic waters 

affects such things as the efficiency with which T4 phages 

repair ultraviolet light induced DNA damages (Appendix E). 

Knowing in which habitats T4 phages may infect ~. coli 

cells, therefore, is crucial for understanding both the 

ecological and the physiological strategies of T4 phages. 

The various arguments presented above suggest that 

trp-independent and, especially, trp-dependent T4 phages 

do not usually adsorb to ~. coli cells in extra-colonic 

waters. Instead, T4 phages probably adsorb to ~. coli 

cells primarily in the colonic lumen of animals (as Conley 

& Wood [1975] have previously speculated). I test the 

ability of T4 phages to adsorb to ~. coli cells suspended 

in various extra-colonic waters in Section 3.5. I confirm 

that adsorption is minimal or absent in most extra-colonic 

waters and demonstrate that this is due to low concentra

tions of monovalent cations, trp, or both. I discuss 

these results in Section 4.3. 

1.8 ~. coli growth 

The ecology of T4 phages is intimately tied to the 

physiology and ecology of their ~. coli host. In particu-
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lar, T4 phages utilize the metabolic machinery of their 

host during the infection process. Much is known of the 

degree to which the physiological and metabolic state of 

~. coli varies in the laboratory though less is known of 

the state of ~. coli cells outside of the laboratory. In 

this section I review the changes ~. coli cells undergo 

during growth in the laboratory. The concentration of ~. 

coli cells in the habitats of T4 phages in the wild is 

also directly relevant to the ecology of T4 phages. The 

concentration of ~. coli cells in the wild is reviewed in 

Section 1.9. 

Batch culture versus continuous cul~ure. ~. coli may 

be grown in liquid media using two general techniques: 

(i) Continuous culture and (ii) batch culture. During 

continuous culture (Davis, 1980), bacterial cells are 

maintained in a steady state. That is, cell concentration 

remains constant at the carrying capacity of the environ

ment. This is done by balancing the division of cells 

(i.e., cell "births") with the removal of cells from the 

environment. At its simplest, continuous culture consists 

of a slow but steady inflow of sterile media, an overflow 

drain that removes cells and media, and some method of 

stirring the culture. Batch culture is much simpler and 

more widely employed than continuous culture. It consists 
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of (i) the addition of starter cells to a constant volume 

of sterile media followed by (ii) cell growth in that 

media. When cell concentrations reach the carrying capac

ity of the environment, cells stop growing. 

Growth in batch culture, especially in rich, complex 

media, occurs over a number of distinct steps (Buchanan, 

1918; see Figure 5 for an illustration of a typical bacte

rial batch culture growth curve). These are: (i) Lag 

phase, a period of physiological adaptation of a cell 

population to a new environment, (ii) logarithmic growth 

(log) phase during which cells double in number at a 

constant rate, (iii) decelerating growth (late log) phase 

during which the rate of cell growth slows, (iv) station

ary phase during which cell growth and cell death do not 

take place, (v) accelerating decline phase during which 

individual cells begin to die, and (vi) logarithmic de

cline phase during which cells die with a constant half

life. Log phase does not imply that cells are replicating 

rapidly. It only requires that cells are replicating with 

a constant doubling time. Thus, a population can grow 

very slowly but still be in log phase. 
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Figure 5. Growth of g. coli in batch culture (taken from 
Buchanan, 1918). Growth is followed via repeated determi
nations of the concentration of viable cells in batch 
culture. Note: (i) lag phase (0 to a), (ii) log phase (b 
to c), (iii) late log phase (c to d), (iv) stationary 
phase (d toe), (v) accelerating decline phase (e to f) 
and (vi) logarithmic decline phase (f tog). 
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Bacterial morphology as a function of growth rate. 

The size of indIvidual log phase cells tends to be an 

inverse function of the length of a cell's doubling time. 

That is, slowly dividing cells (long doubling times) are 

small compared with rapidly dividing cells (short doubling 

times; Kjeldgaard et al., 1958; Schaechter et al., 1958; 

Pierucci, 1978; Trueba et al., 1982; Koch, 1985; Driehuis 

& Wouters, 1987). The number of chromosomes contained 

within one bacterial cell is also an inverse function of 

the cell doubling time with slowly dividing cells usually 

containing just one chromosome (Kjeldgaard et al., 1958; 

Schaechter et al., 1958; Maal~e & Kjelgaard, 1966; Krasin 

& Hutchinson, 1977; Skarstad et al., 1983). Rapidly 

dividing log phase cells tend to contain more than one 

chromosome (Kjeldgaard et al., 1958; Sch~echter et al., 

1958; Maal~e & Kjelgaard, 1966; Churchward & Bremer, 

1977). 

The transit time of contents through the GI tract may 

be used as an upper estimate of the average rate at which 

~. coli cells divide in the colonic lumen. This is done 

by assuming a steady state between the emptying of colonic 

contents and the doubling of colonic ~. coli cells. 

Measured transit times of contents through the GI tracts 

of various animals and humans range from 5 to 140 hours 



(Gibbons & Kapsimalis, 1967; Cummings et al., 1976; 

Luckey, 1979; Fioramonti & Bueno, 1980; Stephen & 

Cummings, 1980a; 1980b; Gear et al., 1981; H¢verstad & 

J¢rneklett, 1984). 
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R. coli growth in extra-colonic waters appears to be, 

at best, no faster than in the colon (Hendricks, 1972; 

Gerba & McCleod, 1976; McFetters et al., 1978; Tate, 1978; 

LaLiberte & Grimes, 1982; Carrillo et al., 1985). In 

addition, under otherwise constant conditions, the NaCI 

concentration at which the R. coli growth rate is opti

mized (i.e., is highest) ranges from approximately 0.1 to 

0.3 M (Van Alphen & Lugtenberg, 1977). These concentra

tions of monovalent cations are the same as those found in 

the colon. The monovalent cation concentration of fresh 

waters, on the other hand, tends to be lower than 0.1 M 

and, in sea water, higher than 0.3 M (Section 1.7). The 

evidence, therefore, suggests that the rate of growth of 

wild R. coli cells is much slower than the rate of growth 

of log phase cells under standard laboratory growth condi

tions.. It may therefore be predicted that R. coli cells 

in the wild have fewer chromosomes and are smaller in size 

than broth grown log phase R. coli cells. 

Stationary phase cells tend to differ both chemically 

and morphologically from log phase cells (Ingraham et ~l., 
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1983). They are also smaller than rapidly growing log 

phase cells. Late log phase is the period during which 

cell size declines from that of log phase (Wade, 1952; 

Herbert, 1961; Davis, 1980). This appears to translate 

into fewer chromosomes per stationary phase cell relative 

to log phase cells grown in laboratory cultures (Maal¢e, 

1960; Herbert, 1961). 

Lag phase. Lag phase may be distinguished into three 

types: (i) nutrient step-down lag phase, (ii) nutrient 

step-up lag phase, and (iii) repair lag phase. During a 

nutrient step-up lag phase cells maintain their pre

nutrient step-up growth rate. These cells also swell 

until they reach the size of a cell in the post-step 

environment (Kjeldgaard et al., 1958; Maal¢o & 

Kjeldgaard, 1966; Pierucci, 1978). An up-shift in the 

rate of cell division signals the end of this type of lag 

phase and the beginning of log phase. 

During a nutrient step-down, the lag phase cell 

presumably produces previously uninduced anabolic enzymes. 

These enzymes are produced in order to synthesize nutri

ents that were previously available in the environment 

(Maal¢e & Kjeldgaard, 1966; Pedersen et al., 1978; i.e., 

cells exhibit an "inappropriate enzyme spectrum" for 

growth; Barford et al., 1982). The nutrient step-down lag 
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phase probably ends when these enzymes are present at 

appropriate levels. The cell can then resume growth and 

division (Maal¢e & Kjeldgaard, 1963; Barford et al., 

1982; Schaechter, 1985). 

A repair lag phase is one during which the cell must 

repair some vital part before the resumption of growth. 

The transfer of cells from stationary phase to fresh media 

may involve some form of repair lag phase (Barford et al., 

1982). During the stationary to fresh media lag phase 

cells do not divide until they have swelled to the size of 

a log phase cell in the new environment (Davis, 1980). 

This is essentially the sequence of a nutrient step-up lag 

phase (i.e., division at the pre-shift rate plus 

swelling). The similarity between the stationary phase to 

fresh media lag phase and the nutrient step-up lag phase 

suggests that both might be physiologically similar. The 

lack of cell division during the stationary phase to fresh 

media lag phase is also equivalent to the lack of division 

during a nutrient step-down lag phase. Unfortunately, 

there is little detailed understanding of the metabolic 

adjustments that occur during any of these types of lag 

phase (Barford et al., 1982). This leaves these specula

tions and comparisons unresolved. 

Phase of growth and T4 phage infec~ion. The effi-
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ciency with which T4 phages infect broth grown log phase 

~. coli cells is well established and approaches 100% 

(Stent, 1963). The efficiency with which T4 phages infect 

~. coli cells in the various other phases of growth has 

not been well characterized. Log phase cells are, effec

tively, ones that grow constantlY at a constant rate in a 

constant environment. This suggests that ~. coli cells 

are probably not found just in log phase in nature. 

There is reason to believe that late log or station

ary phase cells make poorer T4 phage hosts than log phase 

cells (Adams, 1959). As a consequence, the efficiency 

with which T4 phages infect cells that are not in log 

phase may be ecologically relevant. In Sections 3.6 and 

3.7 I describe my determination of the efficiency with 

which T4 phages infect stationary phase, soon-to-be-in lag 

phase, and lag phase ~. coli cells. I discuss some of the 

ecological implications of these experiments in Section 

4.2. 

1.9 ~. coli and coliphages in nature 

E. coli concentrations in the gastrointestinal tract. 

Levin & Lenski (1983) have argued that the "population 

density of the host is the primary factor in determining 

the form" of phage replication. Throughout this disserta

tion I will be arguing that T4 phages have adapted to 
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growth in an environment that contains high concentrations 

of ~. coli cells. In addition, I will be arguing that 

this environment is probably the colonic lumen of animals. 

Thus, in the table presented in Appendix A I present an 

exhaustive overview of the concentrations of ~. coli cells 

in the GI tract and the feces of animals (see Figure 6 for 

a review of the anatomy of the human colon). In particu

lar, I have listed the maximum concentration of ~. coli 

cells measured in a number of studies. I also list the 

average concentration (mostly geometric means) of ~. coli 

cells found in those individual animals which harbor ~. 

coli cells. Studies in which animals were inoculated with 

bacteria or phages are not included in Appendix A. These 

studies were omitted because s1lch manipulations might lead 

to unnaturally high or low concentrations of gastrointes

tinal or fecal ~. coli cells (Ando et al., 1979). 

The following generalizations may be made from Appen

dix A: (i)~. coli concentrations can be very high in the 

GI tract and the feces of animals (concentrations of loa 

~, coli cells/ml are not unusual), (ii) ~. coli concen-

trations vary between species, between sampling sites, 

between young and adult animals, within species, between 

individuals of the same species, and within the same 
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(iii) ~. coli concentra-

tions are generally highest in the colon and in feces. 

(iv) Some species of animals do not tend to harbor ~. 

coli. (v) Young animals tend to harbor higher concentra

tions of ~. coli cells than adult animals (see especially 

Smith & Crabb, 1961). (vi) Animals that are sick with 

d~arrhea, especially when that diarrhea is linked with GI 

tract ~. coli infections, can have extremely high ~. coli 

concentrations (e.g., as high as 1011 viable ~. coli 

cells/ml!). 

E. coli and E. coli concentrations in the extra

colonic environment. In the table presented in Appendix B 

I present the typical concentrations of ~. coli, coli

forms, and fecal coliforms found in extra-colonic waters. 

Coliforms are vaguely defined as a group of ~. coli-like 

bacteria (Taylor et al., 1956; Bonde, 1977; Sonnenwirth, 

1980; Gavini et al., 1985). Coliforms in raw sewage are 

predominantly fecal coliforms (Dias & Bhat, 1965). Fecal 

coliforms may be specifically defined as "Gram negative, 

nonspore-forming, facultatively anaerobic bacilli capable 

of fermenting lactose with acid and gas production at an 

incubating temperature of 44.5 D C within 48 hours (Caplenas 

& Kanarek, 1984)." 

In general, ~. coli and fecal coliforms have lower 
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concentrations in extra-colonic waters than do coliforms 

(e.g., Litsky, 1953; Gerba & McCleod, 1976; Rivera et al., 

1988). Fecal coliforms are assumed to be of fecal origin 

and to consist of predominantly ~. coli. This assumption 

should be accepted with some caution since Caplenas & 

Kanarek (1984) argue that false ~. coli positives can be 

highly likely during fecal coliform enumeration in extra

colonic waters. They find that fecal coliform isolates 

are not all, nor, in some environments, necessarily even 

mostly ~. coli (see also Bonde, 1977; Lavoie, 1983; Gavin 

et al., 1985; Rivera et al., 1989). This result is not 

necessarily relevant to T4 phage ecology. That is, T4 

phages probably can successfully infect many coliforms 

other than ~. coli as long as these bacteria display 

appropriate cell surface phage receptor molecules (Wais & 

Goldberg, 1969). 

Culturable coliform concentrations in extra-colonic 

waters are much lower than they are in the colon. For 

instance, they rarely reach as high as 10 7 cells/ml in raw 

sewage. Dutka et al. (1979) argue that coliform and fecal 

coliform concentrations in extra-colonic waters may be 

routinely underestimat~d. Nevertheless, it would appear 

that ~. coli cells are maximally concentrated in feces but 

are continuously diluted in the extra-colonic environment 



64 

by water. The extra-colonic environment thus may be 

considered to consist of a continuum of fecal dilutions. 

R. coli cells found in extra-colonic waters do not 

appear to undergo sustained or vigorous population growth. 

Instead, they are outcompeted by indigenous microorgan

isms, subjected to predation, can be protectively encapsu

lated by clays, may induce novel stationary phase-like 

survival strategies, suffer physical degradation, are 

known to lose viability in the absence of suitable energy 

sources, and tend to be physiologically ~stressed" espe

cially in warm, energy starved extra-colonic waters 

(McGrew & Mallette, 1962: Clarke et al., 1964: Donsel et 

al., 1967: Gameson & Saxon, 1967: Donsel & Geldreich, 

1971: McFetters & Stuart, 1972: Cooke, 1974: Roper & 

Marshall, 1974; Bissonnette et al., 1975: Enzinger & 

Cooper, 1976; Ayres; 1977: Bissonnette et al., 1977: Gerba 

& McLeod, 1976: Vasconcelos & Swartz, 1976; Roper & 

Marshall, 1978: Tate, 1978; Dutka et al., 1979; 

McCambridge & McMeekin, 1980; Zaske et al., 1980: Fujioka 

et al., 1981; Granai & Sjogren, 1981; McCambridge & 

McMeekin, 1981; Sjogren & Gibson, 1981: Hood & Ness, 1982: 

McFetters et al., 1982; Xu et al., 1982: Borrego et al., 

1983; Flint, 1987; Munro et al., 1987; Roszak & Colwell, 

1987; Gurijala & Alexander, 1988; Lopez-Torres et al., 



1988; Perez-Rosas & Hazen, 1988; Rhodes & Kator, 1988; 

Barcina et al., 1989; Lim & Flint, 1989). 
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Savageau (1983) suggested that R. coli cells at best 

survive in extra-colonic habitats before their recoloniza

tion of the colonic lumen. Alternatively, there is rea

sonable evidence that R. coli cells oan grow in autoclaved 

natural waters when those waters are soil, sediment, or 

sewage contaminated as well as in the filter sterilized 

supernatant of cultured algae (Hendricks, 1972; Gerba & 

McCleod, 1976; McFetters et al., 1978; Tate, 1978; Sjogren 

& Gibson, 1981; LaLiberte & Grimes, 1982; Carrillo et al., 

1985). R. coli cells also metabolize sufficiently to show 

some enhancement of viability in low pH waters (Sjogren & 

Gibson, 1981). These studies suggest that R. coli metabo

lism can be at least maintained in polluted, organic rich, 

or low pH extra-colonic waters. R. coli cells living in 

the colon are probably capable of prolonged growth (Sava

geau, 1983), at least in the prefecal colonic lumen 

(Section 4.2). 

It is not known whether extra-colonic R. coli cells 

or, for that matter, R. coli cells found in the colon can 

support phage T4 infections (assuming adsorption occurs). 

It has been shown that R. coli cells grown in media based 

on bay water or a sea water-waste water mixture can sup-
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port the growth of some T-even-like phages (Chai, 1983; 

r-funro et al., 1987). Nevertheless, the low concentrations 

of ~. coli cells in extra-colonic waters suggest that T4 

phages would rarely collide with ~. coli cells in most 

extra-colonic waters even if they were able to adsorb to 

them following collision. That is, the probability of 

phage-cell collision is only one-half after 46,000 hours 

in an environment containing 102 cells/ml, after 4,600 

hours in an environment containing 103 cells/ml, after 460 

hours in an environment containing 104 cells/ml, after 46 

hours in an environment containing 105 cells/ml, etc. 

(derived from Stent, 1963). 

Coliphage concentrations in nature. In the table 

presented in Appendix C I have summarized a literature 

search of the concentrations of viable coliphages (not 

limited to T-even-like coliphages) in various environ

ments, both colonic and extra-colonic. As with Appendix 

A, animals to which coliphages were introduced artificial

ly are not included in Appendix C. Note that, for the 

most part and like ~. coli cells, the concentration of 

coliphages is highest in feces, lower once they have been 

diluted into sewage, and lowest in waters in which they 

have been maximally diluted. This suggests that coli

phages, as well as ~. coli cells, replicate predominantly 
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in the colonic lumen of animals. 
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CHAPTER ~ 

MATERIALS AND METHODS 

2.1 Phage strains 

Seven phage T4 strains were employed: (i) Phage T4D, 

which is a trp-independent wild type strain; (ii) phage 

T4D amNG372 (trp-independent), which contains a condition

al lethal amber mutation in the phage gene ~ (sigma 

factor); (iii) phage T4D amNG205, am4306 (trp-independent; 

supplied by J. Delaney), which contains two conditionally 

lethal amber mutations: The amNG205 mutation in the phage 

gene 42 (dCMP hydroxymethylase) and the am4306 mutation in 

the phage gene !1 (DNA polymerase); (iv) phage T4 r375, 

amNG205, am4306 (T4B am), a trp-dependent T4 phage that 

was derived from a cross between phage T4D amNG205, am4306 

and the trp-dependent phage T4B r375; (v) phage T4D imm+ 

gQ- (Emrich, Cornett, 1972; Cornett & Vallee, 1973); (vi) 

phage T4D imm- gQ+; (vii) phage T4D imm- ~- (Cornett, 

1974); and (viii) phage T4D amNG372, 5ts1 which contains 

both the amNG372 amber mutation and a temperature sensi

tive mutant, 5ts1, of the phage T4 gene ~ (the 5ts1 mutant 

came from Kao & McClain, 1980b via John Obringer and the 

cross with phage T4 amNG372 was performed by myself). The 
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imm mutant employed is the imm2- mutant of Mufti (1972) 

and Vallee & Cornett (1972). 

2.2 Bacterial strains 

Three R. coli strains were employed: (i) S/G/5, a 

smooth, amber suppressor-minus derivative of ~. coli B; 

(ii) CR63, an amber suppressor-plus derivative of ~. coli 

K12 (Bachmann, 1972); and (iii) B/4, an amber 

suppressor-minus derivative of ~. coli B to which T4 

phages cannot adsorb even given ideal adsorption condi

tions. ~. coli B is the classic host of T4 phages (Demer

ec & Fano, 1945). 

2.3 Media 

T4 phages and R. coli cells were diluted predominant

ly in an M9 salts solution that contains 0.125 M monova

lent cations (Adams, 1959). g. coli and phages were grown 

in the following bacterial growth media: (i) Hershey 

broth (Steinberg & Edgar, 1962), a rich broth medium that 

contains 0.085 M Na+; (ii) Hershey agar (Steinberg & 

Edgar, 1962); (iii) M9-glucose solution (M9-glu; 0.4% glu 

[w/v] plus 1 mM MgS04 in an M9 salts solution); (iv) M9-

glu noble agar; (v) M9-aspartate solution (M9-asp; 0.4% 

asp [w/v] plus 1 mM MgS04 in an M9 salts solution); (vi) 

dilute broth, which consists of 1 part Hershey broth and 
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39 parts M9 salts solution; (vii) Hershey salts, which 

contain that concentration of NaCI found in Hershey broth 

and no additional ingredients; (viii) lOx Hershey broth, 

which contains a ten-fold higher concentration of all the 

ingredients found in Hershey broth except NaCI (the sole 

added metal ion); and 2x Hershey broth which contains a 

two-fold higher concentration of all ingredients found in 

Hershey broth except NaCI which is found in a lx concen

tration. The concentration of NaCI normally found in 

Hershey broth is present. A lx concentration of Hershey 

broth can be made from 9 parts Hershey salts and 1 part 

lOx Hershey broth. 

2.4 Natural waters 

Stream water was collected from a fast running sec

tion of Sabino Canyon Stream in Sabino Canyon State Park, 

Tucson, AZ. Lake water was collected from the shore of 

Kennedy Lake in Kennedy Lake Park, Tucson, AZ. Sea water 

was collected from the surf of Blacks Beach and Torrey 

Pines Beach, La Jolla, CA. Raw Sewage, having passed the 

bar screen only and having a fresh water carriage water, 

was collected from Roger Road Sewage Treatment Plant, 

Tucson, AZ. Fecal water was collected from myself and 

separated from solids via centrifugation. All waters were 

filtered through an 0.45 micron Millipore filter before 
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use in order to remove naturally occurring bacteria. All 

waters, except those in which phage T4B am adsorption was 

tested, were then autoclaved. Waters were stored at 

-20 0 C. 

2.5 Growth and preparation of phages and bacteria 

Phage stocks were grown using the plate lysate tech

nique (Swanstrom & Adams, 1951) or the bottle lysate 

technique (Adams, 1959). Phage plaques (grown using log 

phase ~. coli S/6/5 or CR63 indicator bacteria) and ~. 

coli colonies were grown using the soft agar overlay 

technique (Adams, 1959). Plaques are small areas where 

cells have lysed in a lawn of bacteria. A lawn of bacte

ria is found in the soft agar overlay in a Petri dish and 

consists of a high concentration of bacterial microcolo

nies that form a dense, opaque continuum. Plated phages 

and cells were incubated at 37 0 C. Bacteria strains were 

maintained as agar streaks using Hershey agar. Phages 

were stored in M9 salts solution. 

Experimental cells were grown at 37 0 C with bubbling 

for aeration. They were harvested when they reached a 

concentration of 1 to 2 X lOB cells/mI. These cells were 

then double washed and resuspended in a warm M9 salts 

solution. Experimental cells were used within a few hours 
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of preparation. Indicator bacteria were grown in the same 

manner but were not washed before diluting into what was 

usually Hershey broth. Indicator bacteria were always 

kept at approximately 4°C and used fresh. 

These cultures were inoculated with a small quantity 

of overnight culture to initiate bacterial growth. Over

night cultures were grown in the same type of media as 

their experimental cell and their indicator bacteria 

descendants. Overnight cultures were started with the 

inoculation of a small quantity of~. coli cells that had 

been grown and stored as agar streaks. Overnight cultures 

were grown 12 to 16 hours to stationary phase and stored 

at 4°C. 

Cells which were grown in dilute broth reached con

centrations of about 1 to 2 x 10s cells/ml before growth 

stopped. These cells were used during experiments without 

further preparation. ~. coli cells were also grown in a 

37°C shaker water bath. Cell growth was followed by 

either spectrophotometric turbidity measurements (using a 

Klett-Summerson photoelectric colorimeter, Klett Mfg. Co., 

Inc., New York), viable count, or by total count. Total 

count was determined using a phase contrast microscope 

(Petroff-Hausser, A. M. Thomas Co., Philadelphia, PA). 

Only viable count was employed to follow dilute broth 
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growth. The beginning of stationary phase was designated 

as the point at which the viable count, the total count, 

or the turbidity of a culture stopped increasing. 

Late log phase in Hershey broth culture was designat

ed as the interval toward the end of the total count log 

phase during which turbidity increased but not logarithmi

cally. That is, during late log phase cells divide at the 

same rate as during log phase, but they become progres

sively smaller. For dilute broth, this same point was 

assumed though not observed to be present some short time 

before the onset of stationary phase. ~. coli B/4 had a 

doubling time of 30 and 85 minutes when grown in Hershey 

broth and M9-asp solution, respectively. 

2.6 Assumptions for the simulation of phage T4 growth 

I have simulated the growth of T4 phages through 

approximately three rounds of replication using mathemati

cal constructs of the following assumptions. All these 

assumptions may be represented with simple, linear de

scriptions. (i) The initial portion of a T4 phage infec

tion is marked by an eclipse period during which no intra

cellular progeny phage or parental phage particles are 

present. That is, during the eclipse period progeny 

phages are produced at a rate equal to zero. The intra

cellular production of the first complete progeny T4 phage 
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particle defines the end of this eclipse period. (ii) 

Following the eclipse period, progeny T4 phages are pro

duced intracellularly until normal phage-induced host cell 

lysis occurs. (iii) Each infected cell produces progeny 

at a constant rate throughout the period of progeny pro

duction. This results in a burst size of phage T4 infect

ed cells that increases linearly as the period of intra

cellular phage progeny production is extended (Section 

1. 3) • 

I hold this rate of progeny production per infected 

cell at 100 T4 phages produced per interval equal to the 

length of the T4 phage eclipse period. For example, a 

latent period that lasts 30 minutes with an eclipse period 

of 10 minutes will produce 200 progeny phages upon lysis: 

100 T4 phages produced every 10 minutes for 20 minutes. 

(iv) Lysis ends progeny production. (v) During each 

individual simulation, all phage infected cells have 

latent periods of the same length. (vi) Progeny T4 phages 

disperse about the extracellular environment upon lysis. 

(vii) Coinfection and secondary adsorption to infected 

cells do not take place. Note that assumptions vi and vii 

assure that at most one phage adsorbs to a given cell. 

(viii) T4 phage particles adsorb to ~. coli cells at a 

rate that is cell concentration dependent. 
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The adsorption constant used throughout this disser

tation is 2.5 x 10- 9 ml/minute (stent, 1963). This is the 

probability that one T4 phage will adsorb to one ~. coli 

cell in one minute in one ml of solution. (ix) The ad

sorption of progeny free T4 phages to uninfected cells 

results in successful progeny production as described 

above. (x) The concentration of uninfected ~. coli cells 

remains constant. That is, growth is measured in an 

environment that remains constant. Finally, all ~. coli 

cells are (xi) identical to each other through space and 

time, and (xii) 100% T4 phage susceptible. 

Assumptions vi and vii are approximated by a well

mixed, infinitely large liquid culture. Assumptions x and 

xi may be approximated by batch culture to which fresh 

medium is added at a rate that doubles the volume of the 

culture per cell doubling time. Assumptions v, vi, vii, 

x, and xi are artificial but they simplify the simulation 

and its interpretation without detracting greatly from its 

utility. That is, by invoking these various assumptions I 

am able to simulate T4 phage growth in a homogeneous 

environment that contains very low concentrations of T4 

phages throughout the simulation. This allows the use of 

these simulations to estimate the effect varying latent 

period length has on the optimal growth rate of homogene-
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ous populations of T4 phages. 

2.7 Visualization of lysis and lysis inhibition 

A volume of 1.0 ml of stationary phase ~. coli 8/6/5 

overnight culture was added to 125 ml of Hershey broth. A 

25 ml volume of this mixture was pipet ted into each of 

four 250 ml side arm flasks. These flasks were then 

placed in a 37 0 C shaker water bath (zero hours). Growth 

was allowed until cells reached a concentration of about 

107 cells/mI. At this point (after about 1.5 hours) 106 

phage T4D phages were added to flasks B, C, and D (in a 

volume of 0.1 ml), but not to flask A. Cell growth was 

followed by taking spectrophotometric turbidity measure

ments an average of 6 to 7 times per hour. Following what 

was perceived to be a post-lysis stabilization of the 

turbidity of the broth growth medium (after about 8 

hours), three drops of chloroform were added to flasks B, 

C, and D to lyse the remaining cells. This same general 

experiment was first done by Doermann (1948). 

2.8 "Quantitative" secondary exclusion assay 

Non-amber phage T4 secondary exclusion mutantsror 

wild type T4 phages were adsorbed to starved ~. coli 8/6/5 

cells (approximately 109 cells/ml) which had been suspend

ed in M9 salts. This primary infection was done at a low 
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phage multiplicity (i.e., « 1) so that coinfection be

tween two or more primary phages did not readily occur. 

Metabolism was initiated and exclusion expressed by adding 

an equal volume of warm 2x Hershey broth to this 

phage/cell mixture and aeration was achieved via shaking 

in a 37 0 C shaker water bath. After four minutes of metab

olism a secondary phage was added with a multiplicity of 

approximately ten. The secondary phage contained a condi

tionally lethal amber mutation. Because of this, second

ary phages could not produce progeny phages after infect

ing ~. coli S/6/5 (amber suppressor-minus) unless the cell 

had been previously infected with a non-amber primary 

phage. As a consequence, the ratio of secondary adsorbing 

to primary infecting phages (the input ratio) for infec

tions which produce progeny phages averages about ten to 

one. 

By growing these infected cells until lysis, the 

ratio of secondary phage progeny (i.e., amber mutant 

phages) to primary phage progeny (i.e., non-amber mutant 

phages) could be directly measured. This was done by 

determining the concentration of progeny phages which can 

grow on both E. coli S/6/5 and R. coli CR63 (the non-amber 

mutant primary phage progeny). The concentration of 

progeny phages which can grow on ~. coli CR63 only was 
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then determined (the amber mutant secondary phage progeny, 

the concentration of phages which grow on ~. coli CR63 

minus those which grow on ~. coli S/6/5). The output 

ratio of secondary to primary phage progeny is the ratio 

of that concentration of phages which grow on ~. coli CR63 

(9nly) divided by that concentration which grows on ~. 

coli S/6/5. 

2.9 Phage adsorption assay 

Restriction of amber mutant free phage particles 

following adsorption to the non-amber suppressing (sup

pressor-minus) ~. coli S/6/5 was used as an assay for 

phage adsorption. The rate of adsorption was measured by 

determining the number of free phages that remained in a 

mixture of free phages and ~. coli cells over time. This 

was done assuming first-order kinetics of adsorption 

(Stent, 1963). The use of single or double amber mutated 

phages assured that intracellular phage growth could not 

take place should adsorption occur in the waters, solu

tions, or media tested. 

Cells were grown with bubbling in Hershey broth and 

prepared in the usual manner. These cells were then 

resuspended in 0.12 M NaCl, deionized water, or the appro

priate natural water before use. The solution used was 
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chosen in order to minimize carryover into natural waters 

of trp for phage T4B adsorption assays, and of monovalent 

cations for fresh water adsorption assays employing phage 

T4D. Phages were diluted before use in the same type of 

solution in which cells were suspended. 

Natural waters were diluted during adsorption assays 

by no more than a factor of 0.8. This results from the 

addition of phage (0.1 ml), cells (0.1 ml) and, for some 

assays, NaCI solution (0.1 ml), to 1.4 or 1.5 ml of natu

ral waters (to a final volume of 1.7 ml). An 0.02 ml 

volume of 10 mg trp/ml was added for some assays giving a 

final concentration of approximately 100 micrograms added 

trp/ml. An 0.02 ml volume of 1 M KCN was added as an 

inhibitor of cell metabolism when adsorption assays were 

done in Hershey broth. All assays were done at 37°C. 

2.10 Statistics and calculations (phage adsorption assay) 

A logarithmic decline in the number of viable free 

phages over time is expected and observed in unstructured 

environments (Stent, 1963). This decline may be defined 

by the equation log(y) = mX + b where Y is the number of 

viable free phages, ! is the time, ~ is the slope, and Q 

is the Y-intercept (i.e., the log of the initial concen

tration of free phages). Individual control experiments 

were pooled by first normalizing individual curves to 
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their V-intercept. The slope of these pooled curves and 

that of individual experimental curves were compared using 

linear regression analysis and a two tailed Student's t 

test (as described in Zar, and Sokal & Rohlf, 1981). 

Alternatively or additionally, experimental curves were 

compared to a hypothetical no slope curve (i.e., horizon

t'al, a = 0) that carried an associated standard error of 

slope of zero. The null hypothesis, that two curves have 

identical slopes, was rejected only given an alpha value 

of 0.05 or less. If the concentration of cells was known 

(N in cells/ml), then the value of k, the adsorption 

constant (Stent, 1963), could be calculated. This was 

done using the equation k = 2.3m/N. 

2.11 Stationary phase ~. coli plaque forming efficiency 

A 25 ml volume of an ~. coli 8/6/5 culture was grown 

in Hershey broth in a 250 ml side arm flask, at 37o C, and 

in a shaker water bath. The culture was started with an 

0.1 ml inoculum of stationary phase ~. coli S/6/5 over

night culture. Cell growth was followed both by turbidity 

measurement and by cell viable count. At various times 

1.0 ml of this culture was removed to a 20 ml dilution 

tube in the same shaker water bath. To this tube was 

added 0.1 ml phage T4D stock (diluted in M9 salts solu-
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tion) conta~ning 5 x 106 phage per mI. Adsorption was 

allowed for 10 minutes at which point 0.1 ml of the 

phage-cell mixture was diluted into 9.9 ml of room temper

ature M9 salts solution. Phage infective centers were 

plated directly from this solution using log phase R. coli 

S/6/5 indicator bacteria. To the tube of M9 salts solu

tion containing phage infective centers, 0.1 ml chloroform 

was added. This was followed by vigorous mixing. The T4 

phage particles remaining in this solution were plated 

after 20 0r more minutes to determine the number of free 

phage p~rticles remaining in solution (Adams, 1959). 

Dilute broth grown cells were grown with bubbling but were 

otherwise treated in the same manner except cell growth 

was followed by viable count only. 

2.12 The length of lag phase assay 

~ coli 8/6/5 was grown as described in Section 2.11. 

At various times an aliquot of these cells was removed and 

transferred to 25 ml of fresh Hershey broth in a 250 ml 

side arm flask in the same 37 0 C shaker water bath. Cell 

growth in this second flask was followed by spectrophoto

metric turbidity measurement and by total count (a typical 

experiment is shown in Figure 7). The initial cell count 

(purposefully adjusted to 5 to 20 X 107 cells per ml) was 
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Figure 7. Measurement of length of lag phase. Shown is a 
typical determination of the length of lag phase. This 
lag phase determination is for stationary phase~. coli 
S/6/5 transferred into fresh Hershey broth. Cells were 
added to fresh broth at zero minutes. The arithmetic mean 
of several determinations of the cell total count taken 
before the end of lag phase was used as the measure of the 
initial cell count. Note that the total count of cells 
does not change significantly until cell division resumes. 
Cell division resumes approximately 75 minutes into the 
lag phase. This signals the end of lag phase. A best fit 
curve was then drawn through those points (log trans
formed) that were clearly greater than the initial count 
(i.e., post-lag phase; here these points are found after 
100 minutes into the experiment). The intersection of 
this curve and the initial count was used as the estimate 
of the length of the lag phase. The 95% confidence limits 
of this lag phase are also shown. 
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multiply determined by total cou~t. An equation of the 

total count growth curve was determined by linear regres

sion analysis (i.e., log[y] = mX + b where Y is the total 

count, K is the time, ~ is the slope of the log phase 

growth curve, and g is the Y-intercept). This equation 

was determined for the total count growth curve, starting 

with the first rise above the initial total count, and 

ending when the culture reached a turbidity of 100 klett 

units (approximately the beginning of late log phase in 

Hershey broth under these growth conditions). The initial 

cell count was substituted into this equation to determine 

the time of the transition from lag to log phase. That 

is, Y was set equal to the initial total count and the 

associated K value was found using the growth equation (X 

= [log{y} - b] / m). This K value is the time at which 

the cell lag phase ends. The 95% confidence limits of 

this estimated lag time (K value) were defined using the 

method of Sokal & Rohlf (1981). 

2.13 Nutrient step-up and step-down experiments 

~ coli 8/6/5 log phase cells were grown in Hershey 

broth with bubbling, or in an M9-glu solution with bub

bling. They were prepared in the usual manner (Section 

2.5). For nutrient step-up experiments, a low multiplici

ty of phages «< 1.0) was adsorbed to M9-glu solution 
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grown cells. These infective centers were diluted 10- 2 

into a room temperature M9 salts solution and subsequently 

plated in Hershey agar using either an M9-glu solution or 

Hershey broth grown indicator bacteria. In either case, 

the experimental cells, suspended in M9 salts solution, 

were used as the indicator bacteria. As a control, these 

infective centers were also plated on M9-glu noble agar. 

Nutrient step-down experiments were done similarly 

with the following exceptions: (i) Phages were initially 

adsorbed to Hershey broth grown cells, (ii) the nutrient 

step-down involved plating on the M9-glu noble agar, and 

(iii) a control was plated on Hershey agar. For both 

nutrient step-up and nutrient step-down experiments, the 

concentration of unadsorbed phages was determined by 

lysing infected cells with chloroform (as described in 

Section 2.10). These chloroform treated cultures were 

then plated on Hershey agar using the Hershey broth grown 

~. coli S/6/5 indicator bacteria. 

2.14 Preparation of cells for electrophoresis (SDS-PAGE) 

~. coli S/6/5 cells were grown as described in Sec

tion 2.12. Cell concentration was determined by total 

count throughout the ~. coli growth curve (stationary 

phase was determined by spectrophotometric turbidity 
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measurements, lag phase and log phase were determined by 

total count determinations as done in Section 2.12). At 

various times in the growth curve 100 ~l of bacterial 

culture was pipetted into an Eppendorf tube. To this tube 

was added approximately 10 ~Ci 35S-Methionine. These 

cells were pulse labeled in this manner for 5 minutes at 

37°C. Labeled cells were placed on ice in order to retard 

amino acid incorporation. Cells were then pelleted with 

the supernatant discarded. This pellet was resuspended in 

a solution containing a mixture of 50 ~l lysing buffer and 

50 ~l sodium dodecyl sulfate polyacrylamide gel electro

phoresis (SDS-PAGE) loading buffer. Lysing buffer con

sists of 10 mg egg white lysozyme/ml (Sigma; 40,000 

units/mg) and 0.12 M EDTA (ethylenediamine tetraacetic 

acid, trisodium salt; Sigma). SDS-PAGE loading buffer 

consists of 20% glycerol, 10% SDS, 25% 1M Trizma base 

(Tris[hydroxymethyllaminomethane; Sigma; pH 6.8), and 

0.02% bromphenol blue (a tracking dye; Sigma). The cell

lysing buffer/loading buffer mixture was boiled for five 

minutes. This mixture was allowed to cool and was then 

passed through a Hamilton syringe several times in order 

to homogenize the suspension. This homogenized mixture 

was stored at -20°C. 
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2.15 SDS-PAGE 

Protein electrophoretic separation was done using a 

modification of the technique described by Laemmli (1970). 

This was done using a Bio-Rad SDS-PAGE Protean II appara

tus with a discontinuous buffer system and an 0.5 mm slab 

gel. This slab gel was composed of 4.0% polyacrylamide 

stacking gel and 12.5% polyacrylamide separating gel. The 

stacking gel consisted of 0.62 ml 1M Trizma base (pH 6.8), 

0.15 ml 10% SDS, 0.6 ml 30% acrylamide (Sigma) with 0.8% 

bis (N,N'-methylene-bis-acrylamide; Bio-Rad), and 3.1 ml 

sterile deionized water. The separating gel consisted of 

5.4 ml 1M Trizma base (pH 8.8), 0.2 ml 10% SDS, 8.33 ml 

30% acrylamide with 0.8% bis, and 6.07 ml sterile deion

ized water. Acrylamide polymerization was catalyzed by 

adding ammonium persulfate (15 mg/ml) and TEMED 

(N,N,N',N'-tetramethylethylenediamine; Bio-Rad) to the 

acrylamide solutions. Samples (approximately 10 ~l) were 

loaded into each well of the gel using a Hamilton syringe. 

DNA molecular weight standards (Sigma SDS-7b) of 180 kd to 

26.6 kd were loaded in the two outside wells. 

A constant voltage of 85 volt-hours/cm3 was conducted 

for electrophoresis. Proteins were fixed to the poly

acrYlamide gel in a solution that contained 45% methanol 

and 10% acetic acid. The polyacrylamide gel was fixed in 
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this manner for two hours following electrophoresis. The 

gel was then dried for 45 minutes at SOoC under vacuum. 

After drying, the gel was exposed to diagnostic X-ray film 

(Kodak X-OMAT RP) at room temperature. An intensifying 

screen (Kodak X-Omatic regular) was used to diminish 

background and enhance the clar.ity of protein bands. The 

film was developed using a Kodak OMAT processor. 

2.16 DNA damaging phages and bacterial cells 

Ultraviolet irradiation of phages and cells. To 

minimize shielding or other forms of interference between 

cells, phages, and DNA damaging agents, all DNA damaging 

procedures used cell concentrations that were no greater 

than 107 cells/mI. An 8W GTE "Sylvania" germicidal lamp 

(# G8T5) and a model UVG-SV (254 nm) short wave ultravio

let lamp (Ultra-Violet Products, San Gabriel, CAl were 

used to ultraviolet irradiate mixtures of T4 phages and g. 

coli cells (results using either lamp were identical). 

These phages and cells were both suspended in a room 

temperature M9 salts solution. Experiments were done 

under yellow light and phages and cells were grown in the 

dark in order to minimize photoreactivation (Benzer, 

1952). 

Nitrous acid treatment of phages and cells. For 

nitrous acid treatment, phages and cells were suspended in 
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0.1 M sodium acetate buffer (pH ~.O). To initiate kill

ing, a final concentration of 0.1 M NaNOz was added to 

this mixture. To terminate killing a small aliquot of 

this nitrous acid-phage-cell mixture was diluted 100-fold 

into a room temperature M9 salts solution. Fresh phage 

stocks, stored at 40C, were used, as suggested by Harm 

(1974), to assure consistent phage sensitivity to nitrous 

acid. 

Hydrogen peroxide treatment of phages and cells. 

Hydrogen peroxide inactivation of cells and phages was 

done in M9-glu solution in a shaker water bath at 37°C. 

Phages and starved cells were added to the M9-glu solu

tion. Initial concentrations of viable phages and cells 

were determined before the addition of 0.1 mM CUS04 and 

0.0009 M hydrogen peroxide to this M9-glu solution. 

Inactivation was stopped by diluting this mixture 100-fold 

into an ice cold M9 salts solution containing 400 units of 

catalase per mI. Subsequent dilutions were made into ice 

cold M9 salts solution. 
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CHAPTER ~ 

RESULTS 

3.1 Selection for short latent periods 

A simulation of T4 phage population growth. A hypo

thetical long latent period T4 phage us~s the resources of 

an infected ~. coli cell more completely (i.e., with a 

larger burst size) than a short latent period T4 phage 

(Section 1.4). Wild type T4 phages have relatively short 

latent periods (i.e., 20 to 30 minutes long; Sections 1.3 

and 1.4). One explanation for why T4 phages have short 

latent periods is that high concentrations of ~. coli 

cells select for phages that rapidly liberate progeny. 

That is, liberated progeny phages rapidly initiate 

multiple parallel infections at high cell concentrations. 

Because they rapidly liberate progeny phages, populations 

of short latent period phages in the presence of high ~. 

coli concentrations can monopolize most of the ~. coli 

cells available in an environment. By limiting the number 

of cells which long latent period phages can infect, the 

advantage of a larger burst size is negated. Thus, when 

cell concentrations are great enough, short latent period 

phages out compete long latent period phages growing in 
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the same environment. 

If growth in environments containing high concentra

tions of ~. coli cells does select for short latent period 

T4 phages, then one would predict that sufficiently high 

concentrations of ~. coli can be found in nature. To 

estimate how high ~. coli concentrations must be to select 

short latent period phages over long latent period phages 

I have simulated T4 phage population growth on a computer. 

The fitness (i.e., the growth rate) of hOmogeneous popula

tions of short, medium, and long latent period T4 phages 

can be determined from these simulations. The fitness of 

these different phages is compared in environments con

taining various concentrations of ~. coli cells. Using 

these fitness determinations I am able to estimate the 

approximate threshold ~. coli concentration at which short 

latent period T4 phages are more fit than long latent 

period T4 phages. 

I have incorporated a number of assumptions (listed 

in Section 2.6) into this simulation in order to mimic 

established parameters of phage T4 growth, physiology, and 

adsorption kinetics. These assumptions allow me to ap

proximate the conditions of phage growth in an environment 

containing low phage concentrations. I simulate phage T4 

growth as follows: (i) Latent periods are initiated with 
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an eclipse period. During the eclipse period no intracel

lular progeny phages are produced. (ii) A linear increase 

(i.e., not logarithmic; Section 1.3) in the number of 

intracellular progeny T4 phages per infected cell takes 

place following the eclips~ period and before to lysis. 

(iii) Host cell lysis converts all intracellular progeny 

phage particles into extracellular (free) T4 phage parti-

cles. (iv) Free T4 phage particles adsorb, to uninfected 

~. coli cells at a rate that is dependent qn the concen

tration of ~. coli cells (equation 4, Section 3.2). (v) 

These adsorptions initiate new infections that are simu

lated as described above. Note that the asynchronous 

adsorption of free progeny T4 phage particles to host 

cells results in an asynchronous population of T4 phage 

infections. 

I run this simulation in discrete steps 1/10 of an 

eclipse period long. At the end of each step the number 

of progeny T4 phages is calculated. The number of progeny 

T4 phages is defined here as being equal to the number of 

T4 phages that have been produced intracellularly plus 

those free T4 phage particles that have not yet adsorbed 

to cells. This approach mimics the effect of mixing T4 

phage infected cells with chloroform before enumeration 

(Adams, 1959; Figure 4, Section 1.3). 
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Infected cell lysis during the simulation is followed 

by a decline in progeny number. This decline is the 

result of the adsorption of free phages to cells. That 

is, free phages initiate infections within the phage 

eclipse period, but during the eclipse period ~he treat

ment of infected cells with chloroform liberates no paren

tal or progeny phage particles (Section 1.3). 

The point of lysis, then, represents a local maximum 

in progeny number. A straight line may be drawn through 

these maxima on semi-log graph paper (three per simula

tion; Figure 8). This line was used to estimate the 

number of progeny produced over some period of time. 

Selection for short latent period T4 phages. Figure 

9 shows the number of progeny produced after 100 minutes 

of phage T4 growth starting with the adsorption of one T4 

phage to one cell. I do this for a number hypothetical T4 

phages that have 10 minute eclipse periods and latent 

periods ranging in length from 20 to 80 minutes. It is 

clear from Figure 9 that short latent period T4 phages 

(e.g., those having a latent period between 20 and 40 

minutes long) can have a growth advantage, and therefore a 

fitness advantage, over long latent period T4 phages 

(e.g., those with latent periods that are 60 to 80 minutes 

in length). 
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Figure 8. Simulation of a three-step growth curve. This 
simulation is initiated with the adsorption of a single T4 
phage to a single~. coli cell. Metabolism is initiated 
immediately and by 10 minutes the first intracellular 
phage progeny can be seen. Phage progeny are produced 
continuously at a constant rate until the point of host 
cell lysis (burst) at 20 minutes (this is a simulation of 
the growth of a 10 minute eclipse period and 20 minute 
latent period phages). Adsorption then rapidly occurs 
(the~. coli concentration is equal to 109 cells/ml for 
this simulation). Progeny phages are discounted as they 
adsorb to cells. Hence, there is a rapid decline in 
progeny number starting at 20 minutes. These newly ad
sorbed phages initiate new infections and the cycle is 
repeated twice. A straight line, drawn through the 
points of host cell lysis, is used to estimate the 100 
minute progeny count that, here, is equal to 4 x 109 
progeny phages. 
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This fitness advantage is manifest only when ~. coli 

cell concentrations are minimally about 106 cells/ml and 

greater. That is, at these ~. coli concentrations short 

latent period T4 phage populations multiply more rapidly 

than long latent period T4 phage populations. Thus,~. 

coli concentrations of roughly 106 cells/ml and greater 

may select short latent period T4 phages over long latent 

period T4 phages. In addition, as ~. coli concentrations 

get larger, selection for short latent periods becomes 

stronger. In summary, these results suggest that the ~. 

coli concentrations found in the colonic lumen of animals 

(Section 1.9) are sufficient to select short latent period 

T4 phages over long latent period T4 phages. 

3.2 Understanding the lysis ip~ibited state 

For ~. coli cells that have been infected by T4 

phages, the adsorption of a second T4 phage results in an 

increase in the length of the primary phage's latent 

period. During this extended latent period progeny T4 

phages are produced resulting in an increase in the magni

tude of the phage burst size. This T4 phage coded re

sponse is called lysis inhibition (Section 1.5). In this 

section and the next (Section 3.3) I explore the signifi

cance of lysis inhibition with regard to the ecology of T4 

phages. In particular, I argue that lysis inhibition is 
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an adaptive response to environments containing high 

concentrations of T4 phage infected R. coli cells and low 

concentrations of uninfected R. coli cells. First, 

though, I will define the initiation and the maintenance 

of the lysis inhibited state as a function of the adsorp

tion of free phage particles to infected R. coli cells. 

Multiplicity of secondary adsorption. Since lysis 

inhibition is induced in T4 phage infected cells by the 

secondary adsorption of one or more T4 phages, the kinet

ics of secondary adsorption are directly relevant to the 

kinetics of the expression of lysis inhibition. In par

ticular, the probability that lysis inhibition is ex

pressed is dependent on the multiplicity of secondary 

phage adsorption (~s). ~s is the number of free phages 

that, on average, adsorb to a cell during the interval of 

a normal phage latent period (~I)' That is, ~s is the 

number of T4 phages that adsorb to an infected cell fol

lowing the adsorption of the initially infecting phage. 

~s is dependent on the concentration of free phages 

at the beginning of a phage latent period (Eo). ~s is 

also dependent on the concentration of cells (N) and the 

adsorption constant (k; introduced in Section 2.6). If 

free phages are not replenished following adsorption to 

host cells, then ~s is defined as: 
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-kNtI 
Ms = Po(1 - e ) / N ( 1 ) 

-kNtI 
where the term e is from the adsorption equation 

presented by Schlesinger (1960) and Stent (1963). This 

term describes the fraction of free phages that have not 

adsorbed to cells after some period, ~I. 

The decline in free phage concentration that is taken 

into account in equation 1 may be ignored under certain 

circumstances: (i) When the time variable (~I) is small, 

(ii) when K. coli concentrations are low, and/or (iii) if 

free phages are replenished over time. Free phages may be 

replenished over time, for example, with the release of 

progeny phage particles following the lysis of infected 

cells. If any of these circumstances apply, the term Ms 

may be considered to be independent of the rate of loss of 

free phages from the environment. Ms is consequently 

independent of cell concentration, N, Under these circum

stances Ms may be set equal to the product of the phage 

and cell concentration-independent rate of phage adsorp-

tion (the adsorption constant, k), the interval during 

which adsorption takes place (~I), and a constant phage 

concentration (~o), 
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Ms = Po ktI ( 2) 

Assuming a Poisson distribution of phages adsorbing 

to susceptible cells, the probability that a cell will be 

secondarily adsorbed to and therefore lysis inhibited over 

the length of a phage latent period, A, may be defined as: 

-Ms 
A = 1 - e ( 3 ) 

If, for instance, Ms is equal to 0.75, then A is equal to 

approximately 0.5. That is, the probability that a given 

infected cell will be secondarily adsorbed to and lysis 

inhibited over a period ~I minutes long is 0.5. If Ms is 

equal to 4.6, then A is equal to 0.99. 

Maintenance of the lysis inhibited state by repeated 

secondary adsorptions. In an environment containing 

sufficiently high concentrations of infected cells, the 

lysis inhibited state in the majority of infected cells 

can be maintained for hours (Hershey, 1946a; Doermann, 

1948; Levinthal & Visconti, 1953; Rutberg & Rutberg, 1965; 

Bode, 1967; Figure 10). Presumably lysis inhibition is 

maintained over long periods by the repeated secondary 

adsorption of infected cells. The maintenance of a lysis 

inhibited state via repeated secondary adsorptions implies 
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Figure 10. Latent period extension with lysis inhibition. 
Shown is a spectrophotometric visualization of lysis 
inhibition and lysis as a function of the turbidity of T4 
phage infected~. coli cells. Curve A represents the 
growth of an~. coli strain in an environment that lacks 
T4 phages. Curves B, C, and D show an identical environ
ment to that represented by Curve A with the exception 
that T4 phages are present. This implies that the turbid
ity of T4 phage infected cells is being followed by curves 
B, C, and D. Note that the period of lysis inhibition 
lasts for about three hours (from a point approximately 
three hours after the initiation of the experiment to 
approximately six hours into the experiment on curves B, 
C, and D). A not lysis inhibited latent period under 
similar conditions lasts only about 30 minutes (not 
shown). The lysis of the bulk of the infected cell popu
lation occurs over a one hour period, between five and 
seven hours into the experiment (Curves B, C, and D). See 
Section 2.7 for a description of the methods employed. 
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that the probability of secondary adsorption approaches 

1.0 during successive periods over the length of an ex

tended latent period. In other words, secondary adsorp

tion must occur at least once per some interval in order 

for the lysis inhibited state to be extended another such 

interval (an "adsorption interval"). The length of this 

adsorption interval is probably 10 to 30 minutes given a 

normal phage latent period that is 20 to 30 minutes long 

(Doermann, 1948; Rutberg & Rutberg, 1965; Bode, 1967). 

The number of infected cells that must lyse per unit 

time in order to maintain an extended lysis inhibited 

state may be estimated. As noted above, if ~s is equal to 

4.6 then A is equal to 0.99 (equation 3). If it is as

sumed that nearly all cells in an environment are phage 

infected, then this implies that around 4.6 free phages 

are lost to adsorption per cell during a single adsorption 

interval. This assures that 99% of the infected cell 

population is secondarily adsorbed to over the same ad

sorption interval. Of course, with such high phage multi

plicities it is likely that nearly all cells in the envi

ronment are phage infected. 

Approximately 100 phages are released by the lysis of 

a single T4 phage infected cell (Doermann, 1952). This 

means that approximately 4.6% of the infected cells in an 
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environment must lyse per adsorption interval in order to 

replenish those free phages that have adsorbed to infected 

cells (4.6 phages/infected cell = [100 phages/lysed in

fected cell] * [0.046 lysed infected cell/infected cell]; 

assuming that lysis inhibition is maintained in 99% of the 

infected cells in an environment). One of the character

istics of lysis inhibited cells is an increased burst size 

meaning that the actual fraction of infected cells that 

must lyse per adsorption interval should decrease as the 

length of the lysis inhibited state is extended. 

Of course, if 99% of the infected cells in an envi

ronment continue to be lysis inhibited, then more than 1% 

of them cannot be expected to lyse over the same period. 

A feedback mechanism can be expected to operate to limit 

the lysis of infected cells. Simultaneously, this mecha

nism should act to maintain the number of free phages near 

some minimal level necessary to maintain a population-wide 

lysis inhibited state. 

That is, as free phages become scarce, secondary 

adsorption becomes less likely, and infected cell lysis 

becomes more likely. The lysis of infected cells in

creases the number of free phages in an environment. With 

high free phage concentrations the probability of second

ary adsorption increases. Secondary adsorption then 
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inhibits infected cell lysis leading to a scarcity of free 

phages and the completion of the feedback loop. Given 

this feedback mechanism, it is reasonable to expect that a 

mechanism requiring repeated secondary adsorptions could 

operate to maintain a population-wide lysis inhibited 

state over relatively long periods. 

Free phage adsorption and E. coli infection. Most 

free phages that adsorb to infected cells fail to survive 

because infected cells display secondary exclusion (Sec

tion 1.6). The fraction of free T4 phages remaining 

unadsorbed following ~ minutes of exposure to cells (P/Po ) 

is defined by Schlesinger (1960; see also Stant, 1963) as: 

-kNt 
P/Po = e ( 4 ) 

where ~ is the concentration of free T4 phages at time, ~. 

The fraction of uninfected phage susceptible cells 

(NINo) remaining in an environment also declines as free 

phage adsorption takes place. Following ~ minutes expo

sure to a constant concentration of free phages (~o) NINo 

may be estimated as: 

-kPot 
NINo = e (5 ) 

where No is the concentration of uninfected cells at time 
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t = O. Ignoring cell division, the half-life of uninfect

ed cells, ~F, in an environment of constant phage concen

tration, ~o, can be approximated by setting N/No to 0.5, 

taking the natural log of the terms in equation 5 and then 

solving for ~, 

(6 ) 

With a constant concentration of 108 , 107 , or 106 free 

phages/ml (k is set equal to 2.5 x 10- 9 ml/minutej Stent, 

1963), ~F is equal to 3, 30, or 300 minutes, respectively. 

Of course, with lower free phage concentrations the as

sumption that cell division can be ignored becomes less 

tenable. Nevertheless, high concentrations of free phages 

should lead to a rapid decline in the concentration of 

uninfected cells. 

3~3 Selection for lysis inhibition 

Selection for lysis inhibition by low uninfected E. 

coli concentrations. The various arguments presented in 

Section 3.2 can be summarized as follows: As the concen

tration of free phages increases there is (i) a rise in 

the probability of secondary adsorption, (ii) a decline in 

the number of uninfected cells, and (iii) a rise in the 

number of infected cells. Lysis inhibition may be de

scribed ecologically as a response to these three conse-
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quences of high free phage concentrations, especially when 

cell concentrations are also high. Below I will show that 

the burst size magnification phenotype of lysis inhibited 

cells is selectively beneficial at low concentrations of 

uninfected cells: 

~t is the fraction of free T4 phages that adsorb to 

uninfected cells over some period, i. ~t is determined by 

multiplying the fraction of free T4 phages that have 
-kNt 

adsorbed to cells over i minutes, (1 - e equation 4), 

by the probability that a cell is uninfected,~. Thus, 

-kNt 
St = U (1 - e ) ( 7 ) 

If it is assumed that the adsorption of a free T4 phage to 

an infected cell results in the restriction (i.e., death) 

of the adsorbing phage (a result of secondary exclusion; 

Section 1.6), then ~ is also the probability of survival 

of a given free phage following adsorption to a given 

cell. 

The results of the computer simulations presented in 

Section 3.1 suggest that T4 phages have evolved a short 

latent period in response to periodic growth in environ-

ments containing both high concentrations of uninfected ~. 

coli cells and low concentrations of phages. At lower ~. 
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coli concentrations (10 2 to 104 cells/ml) long latent 

period T4 phages have a growth-fitness advantage over 

short latent period T4 phages (Figure 9, Section 3.1). 

This long latent period growth advantage reflects burst 

size only. For example, at low cell concentrations there 

is approximately a seven-fold growth advantage for a burst 

size of 700 relative to a burst size of 100. 

An environment that contains high concentrations 

of free phages and high concentrations of infected cells 

may be modeled in a manner that is identical to that 

presented in Section 3.1. This is done by assuming (i) 

that free T4 phages die when they adsorb to previously 

infected cells and (ii) that the product of the total cell 

concentration (uninfected plus infected cells, N) and the 

time free phages are exposed to infected cells (~) is 

large. In such an environment the fraction of free phages 
-kNt 

that remain unadsorbed is small (i.e., e --> 0 as Nt 

--> infinity; equation 4). In addition, the probability 

of free phage survival, ~t, becomes effectively equal to 

the probability that the cell to which a free phage ad-

sorbs is uninfected, ~ (equation 7). Similarly, the 

effective phage burst size (i.e., the fraction of a burst 

that survives following adsorption to cells) is now equal 

to the product of the phage burst size and the fraction of 
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phage susceptible cells that are uninfected (g). The 

effective ~. coli concentration, in terms of those cells 

to which phages may adsorb and initiate infections, is 

therefore equal to the concentration of uninfected g. coli 

cells, g. 

Thus, regardless of the number of infected cells or 

free phage particles that are found in a given environ

ment, phages that express lysis inhibition should out 

compete phages that cannot express lysis inhibition as 

long as the concentration of uninfected cells is low. The 

advantage of lysis inhibition under these circumstances is 

a direct result of lysis inhibited phages displaying a 

larger burst size, even though this is at the cost of a 

longer latent period. Low concentrations of uninfected 

cells are, of course, one consequence of high concentra

tions of free phages (Section 3.2). Lysis inhibition as a 

mechanism of burst size magnification, then, can be seen 

as a response to the low concentrations of uninfected 

cells that result from the exposure of a cell population 

to high concentrations of free phage particles. It is 

consistent with this strategy that it is also high concen

trations of free phage particles that induce lysis inhibi

tion. 
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Selection for lysis inhibition as a protective 

mechanism. Lysis inhibition also might be selected as a 

mechanism that limits the exposure of free progeny ~hage 

particles to previously infected cells. That is, the 

progeny of infected cells that lyse before the lysis of 

most of the infected cell population should have a high 

probability of adsorbing to infected cells. For example, 

start with an environment containing 107 lysis inhibited 

infected cells/ml and no uninfected cells. In that envi

ronment 90% of the free phages released following the 

lysis of an infected cell adsorb to infected cells after 

100 minutes (equation 4). Since infected cells express 

secondary exclusion, most of these secondarily adsorbing 

phages die (Section 1.6). Preventing the adsorption of 

progeny phages to previously infected cells, then, should 

increase the fitness of parental phage infections. 

Given the eventual lysis of the bulk of infected 

cells (i.e., Figure 10, Section 3.2), a delay in the lysis 

of infected cells could result in a significant increase 

in the survival of progeny phages. This increase in 

survival should be especially marked if lysis is delayed 

until the point of lysis of the bulk of the infected cell 

population. Thus, the extension of the phage latent 

period with lysis inhibition in an environment containing 
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high concentrations of lysis inhibited T4 phage infected 

cells may be efficacious even without burst size magnifi

cation. 

This is true only in environments that are dominated 

by lysis inhibition-plus T4 phages. That is, lysis inhib

ited cells, and therefore most of the infected cells in 

such an environment, are a threat to progeny free phages 

over the length of a latent period that is extended by 

lysis inhibition. If, on the other hand, most of the 

phage infections in a given environment are lysis inhibi

tion-minus, then the period over which these infected 

cells are present in high concentrations and a threat to 

progeny free phages is roughly the length of a single, not 

lysis inhibited latent period. Thus, in environments that 

are dominated by lysis inhibition-minus phages, the fit

ness advantage of latent period extension without burst 

size magnification is small. The advantage of burst size 

magnification with lysis inhibition is retained in either 

environment. 

In summary, lysis inhibition appears to be a mecha

nism by which short latent period T4 phages can have long 

latent periods in environments in which long latent period 

phages are more fit than short latent period phages. 

These environments appear to be ones in which both phage 
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and cell concentrations are high. The apparent selection 

for lysis inhibition in wild populations of T4 phages, 

therefore, is additional evidence that T4 phages have 

adapted to growth in environments containing high concen

trations of ~. coli cells, i.e., the colonic lumen of 

animals. 

3.4 Selection for secondary exclusion 

Mode 1 and mode 2 phage T4 growth. The concepts and 

results presented in Sections 1.4, 1.5, 3.1, 3.2, and 3.3 

are consistent with a bimodal T4 phage growth strategy. 

The mode 1 growth strategy consists of rapid phage adsorp

tion, host cell lysis, and logarithmic T4 phage population 

growth in environments containing high concentrations of 

uninfected ~. coli cells (Sections 1.4 and 3.1). The mode 

2 growth strategy consists of the retention of infections 

and slower phage population growth in environments that 

have "matured" following mode 1 growth (Sections 1.5, 3.2 

and 3.3). 

Mode 2 growth is selected, both physiologically and 

evolutionarily, by the presence of high concentrations of 

free T4 phage particles (Sections 1.5, 3.2, and 3.3). 

These free phages secondarily adsorb to previously infect

ed cells and induce lysis inhibition. They do not coin

fect cells with a high efficiency. This low efficiency of 
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coinfection is due to the expression of secondary exclu

sion by the primary phage (Section 1.6). If these second

arily adsorbing phages could coinfect, they would repre

sent a cost to primary phages! The cost of sharing the 

resources of the infected ~. coli cell with other T4 

phages. 

Selection for secondary exclusion by high free phage 

concentrations. Since T4 phages code for secondary exclu

sion, an obvious hypothesis is that those genes that are 

required for secondary exclusion are selected for their 

ability to minimize the costs associated with coinfection 

(Obringer, 1988). If secondary exclusion has evolved as a 

mechanism that protects the expressing primary phage from 

sharing infections with secondarily adsorbing phages, then 

a T4 phage that cannot express exclusion (imm- ~-) should 

allow secondarily adsorbing phages to produce progeny 

phages with a high efficiency. Alternatively, secondary 

adsorption may not have evolved as a mechanism that pre

vents this cost of secondary adsorption. If that is the 

case then it would not be inconsistent if secondary phage 

progeny production occurred with high efficiency even in 

the presence of genes imm+ and ~+. Similarly, it would 

not be inconsistent if secondary phage progeny production 

was prevented even without these genes. 
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The roles genes imm+ and ~+ play in the prevention 

of secondary phages from producing progeny phages can be 

tested. This was done, as described in Section 2.8, by 

comparing the infecting (i.e., input) ratio of secondary 

to primary phages with the ratio of secondary to primary 

phage progeny found in the progeny burst (i.e., the output 

ratio). 

The results of these experiments are presented in 

Table 1 as output ratios normalized to the output ratio 

seen using an imm- ~- primary phage. Two types of exper

iments are presented, one using an amNG372 secondary phage 

and the other using an amNG372 5tsl secondary phage. As 

can be seen with those experiments using the phage T4 

amNG372 secondary phage, imm+ ~+ primary phages almost 

completely prevent secondarily adsorbing phages from 

participating quantitatively in the burst as compared with 

imm- ~- primary phages. This is consistent with genes 

imm+ and ~+ having evolved in response to selection 

against the costs of coinfection. Thus, it is likely that 

both secondary exclusion and lysis inhibition have evolved 

as mechanisms that increase phage fitness during mode 2 

growth. 

The gene [ mutant found in phage T4 amNG372, 5tsl is 
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Table 1: Secondary exclusion input-output experi•ents. 

secondary/primary outputa ± SE 

primary secondary phage genotype: 
phage 

genotype: amNG372 amNG372-5tsl 

imm- @- 1.000 1.00Qb 

imm- llt 0.272 ± 0.049 1.018b± 0.118 

imm+ @- o.osoc± 0.005 o.oasc± 0.014 

imm+ @• (wt) 0.014 ± 0.006 0,077C± 0.009 

asecondary to primary phage output (burst) ratio normal
ized to imm- ~- primary phage. Primary phages are added 
at t = 0 minutes. Secondary phages are added at t = 4 
minutes into the primary infection. Shown are the means, 
averaged from four experiments, for each primary phage 
type. 

b,cdifferences are not statistically significant (t-test). 
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known to bypass the effects of sp during secondary exclu

sion (Kao & McClain, 1980b; Obringer, 1987). The experi

ments presented in Table 1 using an amNG372, 5ts1 second

ary phage confirm that secondary phages which carry the 

5tsl mutation are able to bypass the secondary exclusion 

phenotype attributable to gene ~ but not that attributa

ble to gene imm. 

Secondary exclusion assay time course. Though the 

data in Table 1 is presented as normalized to the output 

ratio exhibited by the imm- ~- primary phages, I also 

compared this output ratio with the input ratio: The 

multiplicity of secondary adsorption. Using different 

methods to measure secondary exclusion, other authors 

(Cornett, 1974; Vallee & de Lapeyriere, 1975; Obringer, 

1988) have shown that after four and more minutes of 

metabolism imm- ~- primary phages do not express signifi

cant levels of secondary exclusion. However, using the 

secondary exclusion assay presented here I found that imm

~- primary phages show an output ratio that is signifi

cantly less (~ test, f < 0.01) than the input ratio (0.63 

± 0.15 [SE] using the phage T4 amNG372 secondary phages 

and 0.54 ± 0.11 [SE] using the phage T4 amNG372 5tsl 

secondary phages: The mean of the ratios of measured 

output ratios to the measured input ratios). 
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This indication that imm- gg- primary phages can 

secondary exclude secondary phages prompted me to explore 

the kinetics of the expression of secondary exclusion, 

using this assay, in greater detail. In Figure 11 I com

pare the expression of secondary exclusion by imm- gg- and 

imm+ gg+ primary phages following 1, 2, 3, 4, 5, or 6 

m~nutes of primary phage infection metabolism before the 

addition of secondary phages. First, I found that imm+ 

gg+ primary phages express secondary exclusion rapidly and 

with a high efficiency. This was expected given the 

results presented in Table 1 and is consistent with genes 

imm+ and gg+ having evolved for the expression of second

ary exclusion. 

Second and more surprising, I not only confirmed that 

imm- ~- primary phages can secondary exclude but I found 

that after only about 6 minutes of metabolism imm- gg

primary phages exclude over 90% of secondary phages. Over 

the first three minutes of metabolism, however, the ratio 

of the output ratio to the input ratio was close to 1.0 

(1.12 ± 0.12 [SEl). That is an indication that during 

this period no secondary exclusion is expressed by imm

gg- phages. 

Additional costs of secondary adsorption. There are 

additional costs associated with being repeatedly second 
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Figure 11. Secondary exclusion assay time course. Sec
ondary exclusion was determined as described in Section 
2.8. The X-axis refers to the number of minutes past the 
initiation of metabolism in primary phages that secondary 
adsorption was initiated. 
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arily adsorbed to. These costs result from the physical 

insult and/or degradation of infected cells following high 

multiplicity secondary phage adsorption. That is, repeat

edly secondarily adsorbed infected cells can suffer from a 

subsequent inability to produce progeny phages (traumati

zation by secondary adsorption; Emrich, 1968; Cornett, 

1974) and they can be lysed by these secondarilY adsorbing 

phages (lysis from without; Visconti, 1953). 

Wild type T4 phage infected cells are considerably 

more resistant to lysis from without than are uninfected 

R. coli cells (Visconti, 1953). Resistance to lysis from 

without appears to be a function of gene product Bp and, 

to a lesser extent, gene product imm (Emrich, 1968; Cor

nett, 1974). Resistance to traumatization by secondary 

adsorption appears to be a function of gene product imm 

and, to a lesser extent, gene product sp (Emrich, 1968; 

Cornett, 1974). In addition, gene product sp is required 

for the expression of lysis inhibition (Emrich, 1968: 

Cornett, 1974). 

Thus, both genes imm and ~ appear to have evolved in 

response to the numerous costs of secondary adsorption. 

These two genes, along with the various ~ genes, sh~uld 

therefore be considered to be general fitness enh~ucing 

genes employed during mode 2 growth. ilene product sp 
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alone has a role in four distinguishable fitness enhancing 

mechanisms during modp 2 growth: (i) Lysis inhibition, 

(ii) exclup::'on of secondarily adsorbing phages, (iii) 

resistap~e to lysis from without, and (iv) resistance to 

traumatization by secondary adsorption. See Table 2 for a 

summary of the genes involved in phage T4 mode 2 growth. 

See Table 3 for a of summary of the selection that occurs 

during modes 1 and 2 T4 phage growth. 

3.5 Lack of T4 phage adsorption in most natural waters 

The evidence presented in Section 1.7 suggested that 

T4 phages cannot adsorb to ~. coli cells in most extra

colonic waters. Further, the reason for this lack of 

adsorption is predicted·to lie in the low monovalent 

cation and/or trp concentrations of these waters. In this 

section I report tests of the ability of T4 phages to 

adsorb to ~. coli cells in four extra-colonic waters 

(sewage, lake, stream, and sea water). 

Phage T4D does not require trp activation in order to 

adsorb to ~. coli (i.e., it is trp-independent). Phage 

T4B, in contrast, requires trp activation (i.e., it is 

trp-dependent). I determined the rate of adsorption of 

phage T4D to ~. coli S/6/5 in fresh waters (sewage, lake, 

and stream water) and the rate of adsorption of phage T4B 
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Table 2: Phage T4 genes associated with mode 2 growth. 

gene secondary lysis resistanc-e resistance 
exclusion inhibition to LFWa to 

"traumab" 

imm yesc,4,5 no4 yes• yes4 

~ 

§:Q yes•• s yes3, t yes3, • yes3,t 

"!:." no2,t yes 1 no3,4 ---

alysis from without. 

btrauma is defined as a loss of infection viability, fol
lowing secondary adsorption, which is not a result of cell 
lysis. 

eyes= gene codes for, no= gene does not code for. 

1 Doermann, 1948. 

2nulbecco, 1952. 

3 Emrich, 1968. 

4 Cornett, 19 7 4 . 

svallee & de Lapeyriere, 1975. 



Table 3: Selection imposed upon T4 phages by various 
phage and cell concentrations. 

Concentration: -

cells H H L L 
phages L H L H 

Concentration: 
uninfected cells H L L L 
infected cells L H L L 

Probability: 
free phages adsorb H H L L 
secondary adsorption L H L H 
free phage restrictiona L H L L 

Selection for: 
large burst sizes + + + + 
SLPb with small burst + - - -
LLP with large burst - + + + 
LLP w/o large burst - + - -
lysis inhibition - + - + 
secondary exclusion - + - + 
resistance to LFW - + - + 
resistance to "trauma" - + - + 

Mode of Growthc 1 2a 3 2b 
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aRestriction of secondarily adsorbing phages (Section 1.6). 

bThe lysis inhibition phenotype is an induced long latent 
period with a large burst size; a short latent period with 
a small burst size is the uninduced state. "LLP" = long 
latent period. "SLP" = short latent period. "LFW" = 
lysis from without. "Trauma"= traumatization by second
ary adsorption. 

csee Figure 3 for further explanation. 
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to li. coli 8/6/5 in sea water. This was done by mixing a 

low multiplicity «< 1) of phages and about 108 li. coli 

8/6/5 cells/ml with a sample of each water. Phage adsorp

tion experiments were performed as described in 8ection 

2.9. 

Without exception, T4D phages did not adsorb to li. 

coli 8/6/5 cells in the fresh waters tested. Phage T4B, 

on the other hand, showed minimal adsorption to li. coli 

8/6/5 cells in sea water. This latter result is illus

trated in Figure 12. The highest rate of phage T4B ad

sorption I measured in sea water was about 40% of free 

phages adsorbed after 100 hours. This rate of adsorption 

should be compared with that seen with the same number of 

cells when adsorption conditions are ideal. Under these 

conditions 90% free phage adsorption to 108 li. coli 

cells/ml is typically seen after 20 minutes. As a no 

adsorption control I simultaneously repeated the above 

experiments using li. coli B/4 instead of li. coli 8/6/5 (T4 

phages do not adsorb to li. coli B/4 even under ideal 

adsorption conditions). As expected, T4 phages, with one 

exception, did not show measurable adsorption to ~. coli 

B/4 in any of the waters tested (one in six sea water 

experiments shows significant adsorption, presumably a 

spurious result). 
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Figure 12. Phage T4B adsorption in sea water. The rate 
of adsorption of phage T4B am (trp-dependent) to K· coli 
S/6/5 is measured in sea water. Circles show the adsorp
tion of T4B am to K· coli S/6/5, slope equals -19.5 x 10-4 
log change in free phages per hour. The squares show a 
repeat of the same experiment; slope equals -4.9 x 10-4. 
An excess of trp was added to this sea water-cell-phage 
solution at approximately 140 hours. 
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The result that T4D phages do not adsorb to ~. coli 

8/6/5 cells suspended in sewage, lake, or stream waters, 

and T4B phages adsorb at a minimal rate to ~. coli 8/6/5 

cells suspended in sea water is summarized in Table 4. 

Note that the adsorption experiments of phage T4B in sea 

water did not show consistent results. Besides the one ~. 

coli B/4 experiment that showeu significant adsorption, 

two of six ~. coli 8/6/6 experiments showed no adsorption. 

Nevertheless, of all the waters tested only sea water 

showed some evidence that adsorption to ~. coli S/6/5 had 

taken place. Thus, these fresh water-phage T4D and sea 

water-phage T4B experiments all suggest that the ability 

of T4 phages to adsorb in extra-colonic waters is, depend

ing on the water source, minimal to nonexistent. One 

exception, the adsorption of phage T4D in sea water, is 

presented below. 

Sub-optimal phage T4D adsorption in sea water. 8ea 

water is expected to contain sufficient concentrations of 

monovalent cations to support phage T4D adsorption (Sec

tion 1.7). In addition, T4 phage adsorption in sea water 

is expected since it has been previously shown that var

ious T-even-like phages (uncontrolled for trp dependence) 

could form plaques on ~. coli lawns grown using sea and 

bay water based media (Chai, 1983; Munro et al., 1987). 
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Table 5: Phage T4 adsorption in extra-colonic waters. 

water 
source 

lake 
II 

II 

" 
" 
II 

" 
~ 

" 

sewage 
" 
" 
" 
" 
" 
" 
" 

stream 
" 
" 
" 
" 
" 
" 
" 

sea 
" 
" 
" 
" 
" 

sea 
" 
" 
" 
" 
" 

cella,b phagec 
strain 

B/4f T4D 
II II 

tr " 
" " 

S/6/5 " 
" tr 

" " 
" " 

B/4 T4D 
It " 
" " 
It " 

S/6/5 " 
" " 
" " 
" " 

B/4 T4D 
" " 
" " 
" " 

S/6/5 " 
" " 
" " 
II " 

B/4 T4B 
" II 

II " 
S/6/5 " 

" " 
" " 

B/4 T4B 
" " 
" " 

S/6/5 " 
II " 
" " 

sloped x 104 
(± standard 

error) 

3. 2, ± 3.2 
3.5 ± 2.0 
2.0 ± 2.5 
4.0 ± 2.4 

-2.4 ± 2.8 
-1.0 ± 3.3 
-1. 4 ± 2.5 
-3.1 ± 1. 7 

-1. 2 ± 1. 3 
2.5 ± 2.1 
5.4 ± 2.4 
2.6 ± 2.6 

-0.3 ± 3.4 
-0.7 ± 3.2 

1. 7 ± 3.9 
2.6 ± 2.0 

-0.4 ± 2.4 
-0.4 ± 1.4 
-0.5 ± 2.4 
-0.5 ± 2.7 
-1.4 ± 1.9 
-1.9 ± 2.6 
-0.1 ± 2.0 
-1. 9 ± 2.3 

-1.9 ± 3.0 
-3.1 ± 3.4 
-4.1 ± 3.1 

-10.2 ± 3.2 
-7.8 ± 3.5 
-2.1 ± 2.4 

-3.3 ± 1.8 
-9.0 ± 2.2 
+2.2 ± 3.6 

-19.5 ± 8.1 
-4.9 ± 1. 7 
-4.0 ± 3.3 

slope = oe 

yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 

yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 

yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 

yes 
yes 
yes 
no (0.01) 
no (0.05) 
yes 

yes 
no (0.01) 
yes 
no (0.01) 
no (0.05) 
yes 

Continued next page .•• 
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3Each group of ~. coli B/4 and S/6/5 experiments represent 
multiply repeated determinations of the same water sample. 

bThe ability of T4 phages to adsorb to ~. coli cells at 
the end of experiments was assayed. This was done by 
adding sufficient concentrations of sodium ion or trp to 
the tubes containing the extra-colonic water, cell and 
phage mixtures. In all cases, greater than 80% of the T4 
phages present in these tuhes adsorbed to ~. coli S/6/5 
(but not B/4) cells within five hours. 

cPhages are distinguished by trp-dependence (T4B) and trp
independence (T4D). A double amber mutant strain of each 
phage was used for all the experiments presented. At the 
end of experiments phages were titered using an ~. coli 
S/6/5 indicator to determine whether amber reversion had 
occurred during the experiment. In all cases none had. 

dPhages adsorb with first order kinetics. The adsorption 
slope, ~, in the equation log(y) = mX + b and in units of 
log change in free phage concentration per hour, serves as 
an indicator of the rate of phage adsorption. Y is the 
concentration of free phage particles at time ~, K is in 
hours, and g is the 10g(Y-intercept). The duration of 
each of these adsorption experiments was 100 hours or 
greater. See Sections 2.9 and 2.10 for an explanation of 
the procedure and statistics employed. 

eNull hypothesis: slope (~) = 0, no adsorption takes 
place. A rejection of the null hypothesis is indicated by 
"no" and the associated alpha value follows in parentheses 
(an alpha value of 0.05 or less is considered to indicate 
that the null hypothesis should be rejected). An accept
ance of the null hypothesis is indicated by "yes". Slopes 
which are statistically significantly less than zero 
indicate that adsorption has taken place in the extra
colonic water. See Section 2.10 for an explanation of the 
statistics employed. 

fPhage T4 does not adsorb to ~. coli B/4 and "B/4" experi
ments serve as no adsorption controls. 

gA slope of -20 x 10- 4 , -10 X 10- 4 , -5 X 10- 4 , and -1 x 
10- 4 log decline in free phage concentration per hour is 
equivalent to 64, 79, 89 and 98%, respectively, of free 
phage particles in the environment remaining unadsorbed 
following 100 hours with phages and bacterium mixed in the 
same environment. 
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The rate of adsorption of phage T4D to K. coli S/6/5 was 

determined in sea water (Figure 13) and found to be con

sistently three-quarters the rate of adsorption of phage 

T4D to K. coli 8/6/5 in 0.12 M NaCl. Thus, adsorption of 

phage T4D in sea water takes place but at a slightly 

inhibited rate. This is in contrast to the high degree 

with which phage T4B adsorption is inhibited in sea water. 

The inhibition of phage T4D adsorption in sea water 

could be due either to the presence of some uncharacter

ized T4 phage adsorption inhibitor or, more likely, spe

cifically due to the high concentration of monovalent 

cations present in sea water (Fildes & Kay, 1963; Stumm & 

Morgan, 1981; Morel, 1983). I tested this latter possi

bility by comparing the rate of adsorption of T4D phages 

to K. coli 8/6/5 in 0.5 M NaCl deionized water solution 

(an approximation of the monovalent cation concentration 

in sea water). As can be seen by comparing the rate of 

adsorption of T4D phages in 0.5 M NaCl, 0.12 M NaCl, and 

sea water, 0.5 M NaCl solution supports T4D adsorption but 

only at a suboptimal rate (Figure 13). In fact, the rate 

of adsorption of T4D phages in 0.5 M NaCl tended to be 

about three-quarters the rate of adsorption in sea water. 

The suboptimal rate of phage T4D adsorption in both sea 

water and in 0.5 M NaCl might be a consequence of phage 
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Figure 13. Phage T4D adsorption in sea water and in 0.5 M 
NaCl. Adsorption of phage T4D amNG205, am4306 tot. coli 
S/6/5 in sea water (triangles, the average of two experi
ments), 0.5 M NaCl deionized water (circles, the average 
of three experiments), and in 0.12 M NaCl deionized water 
(squares, the average of three experiments). Error bars 
refer to estimated standard errors of the mean at each 
time point. The best fit line, found by least squares 
linear regression analysis using a log transformed Y 
variable, is shown for both curves. The same concentration 
oft• coli cells and T4 phages were used for all the 
experiments shown. 
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long tail fibers partially folding following exposure of 

T4 phages to a high ionic strength solution (Cummings et 

al., 1969). 

Though the adsorption of T4D phages appears to be 

inhibited in sea water, it is rapid relative to T4B phages 

(compare Figures 12 and 13). The slow adsorption of T4B 

phages suggests that sea water does not contain adequate 

concentrations of trp to activate trp-dependent T4 phages 

for adsorption. I tested the ability of T4B phages to 

adsorb to R. coli S/6/5 suspended in sea water containing 

an excess of added trp (a final concentration of 100 ~g/ml 

trp). This was done by adding trp to the cell/phage/sea 

water mixture at the end of the experiments presented in 

Figure 12. As can be seen in Figure 12, the addition of 

this quantity of trp results in a greatly enhanced rate of 

free T4B phage adsorption to R. coli S/6/5 (no such en

hancement was seen when in the R. coli B/4 experiments, 

not shown). This result is consistent with sea water not 

containing sufficient concentrations of trp to support 

phage T4B adsorption. 

Low monovalent cation concentrations in fresh waters. 

Phage T4D requires only a sufficient concentration of 

monovalent cations in order to adsorb to ~. coli 8/6/5 in 

a given solution (Section 1.7). The fresh waters tested 
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(sewage, lake, and stream waters) typically do not carry 

sufficient monovalent cation concentrations to allow T4 

phage adsorption (Section 1.7). If the absence of monova

lent cations in these waters is solely responsible for the 

absence of T4 phage adsorption, then the addition of 

sufficient concentrations of monovalent cations should 

fully restore the ability of these phages to adsorb to ~. 

coli cells. 

The ability of phage T4D to adsorb to ~. coli S/6/5 

was determined in sewage water, lake water, and stream 

water to which a final concentration of 0.12 M NaCI had 

been added. The rate of adsorption in these waters was 

compared to the rate of adsorption in 0.12 M NaCl deion

ized water. As can be seen in Figures 14, 15, and 16, 

adsorption was fully restored in these waters, compared to 

0.12 M NaCI deionized water, with the addition of 0.12 M 

NaCl. This result implies that it is, indeed, the absence 

of sufficient concentrations of monovalent cations that 

inhibits phage T4D adsorption in the fresh waters tested. 

Low trp concentrations in sewage water. I next 

assayed the ability of the phage T4B to adsorb to ~. coli 

S/6/5 in 0.12 M NaCl raw sewage water. Over periods of 3 

to 5 hours no detectable adsorption of T4B phages to ~. 

coli S/6/5 cells took place in 0.12 M NaCI raw sewage 
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Figure 14. Phage T4D adsorption in 0.12 M NaCl sewage 
water. Same as presented in Figure 13 except circles 
represent four adsorption experiments in 0.12 M NaCl 
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Figure 15. Phage T4D adsorption in 0.12 M NaCl lake 
water. Same as presented in Figure 13 except circles 
represent four adsorption experiments in 0.12 M NaCl lake 
water. 
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Figure 16. Phage T4D adsorption in 0.12 M NaCl stream 
water. Same as presented in Figure 13 except circles 
represent four adsorption experiments in 0.12 M NaCl 
stream water. 
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water. That is, the concentration of free T4B phage 

particles did not decline over time in 0.12 M NaCI raw 

sewage solutions containing ~. coli S/6/5, R. coli B/4, or 

no cells at all. When a final concentration of 100 ~g/ml 

trp was added, 0.12 M NaCI raw sewage water did allow 

rapid adsorption (adsorption occurred at the same rate as 

in Hershey broth; data not shown). This result suggests 

that trp concentrations in sewage water. may not be great 

enough, in general, to allow phage T4B adsorption to ~. 

coli cells in sewage water (at least over the short period 

tested here). Adsorption in sewage water is therefore not 

expected, even in the presence of sufficient concentra

tions of monovalent cations. 

It should be noted that adsorption experiments in 

0.45 micron filtered raw sewage could not be extended for 

the long periods that they could be in autoclaved sewage 

water (i.e., as in Table 4). This is because this raw 

sewage water, not unexpectedly (Section 1.9), contained 

coliphage contaminants. The~. coli cells added to this 

raw sewage water thus became phage infected and lysed 

after a few hours. The lysis of these phage infected 

cells produced high concentrations of phage progeny that 

necessitated the termination of the experiments. These 

contaminants are presumably not trp-dependent T-even-like 
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phages. 

Phage T4B adsorption in feca~ water. I also deter

mined the rate of adsorption of T4B phages to ~. coli 

cells suspended in raw fecal water. Neither NaGl nor trp 

was added to these fecal waters. Unfortunately, the fecal 

water I tested contained even higher concentrations of 

coliphages than raw sewage water (minimally about lOG 

phages/ml; additionally, these phages infected and lysed 

~. coli S/6/5 but not ~. coli B/4 suggesting that these 

contaminants were T4 phages). This phage contamination 

limited my ability to determine the rate of adsorption in 

fecal water with high precision. Nevertheless, I found 

that adsorption takes place in fecal water at a rate that 

is similar to the rate of adsorption of T4B phages to ~. 

coli cells suspended in Hershey broth (Figure 17). This 

result implies that fecal water contains sufficient con

centrations of both monovalent cations and trp to allow 

efficient phage T4B adsorption. 

In summary, the results presented in this section and 

the background presented in Section 1.7 suggest that (i) 

trp-independent T4 phages (i.e., phage T4D) may adsorb to 

~. coli cells in the colonic lumen or in sea water, though 

in sea water adsorption takes place at a sUb-optimal rate. 

(ii) Trp-dependent T4 phages (i.e., phage T4B) can adsorb 
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Figure 17. Phage T4B adsorption in fecal water. The rate 
of adsorption of phage T4 to~. coli S/6/5 in a fecal 
water (circles and squares) and a control ideal adsorption 
solution (Hershey broth; triangles and diamonds) are 
compared. Phage T4B am (trp-dependent) is employed in 
order to determine whether fecal water contains sufficient 
concentrations of both monovalent cations and trp to allow 
phage adsorption (note, for fecal water, the background 
fecal coliphage concentration is subtracted out before the 
calculation of these curves). 
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to ~. coli cells at an appreciable rate only in the colon-

ic lumen. This is strong evidence that suggests that the 

preferred growth environment of T4 phages is the colonic 

lumen of animals. 

3.6 Restriction of T4 phages by stationary phase ~. coli 

Log phase ~. coli cells are commonly employed in the 
" ~~ 

laboratory as the host of T4 phages. The efficiency with 

which T4 phages successfully infect log phase ~. coli 

cells can approach 100% (Stent, 1963). It is unlikely 

that ~. coli cells are always found in log phase in nature 

(Section 1.8). Conjectural evidence suggests that T4 

phages do not grow on stationary phase ~. coli cells 

(i.e., T4 phage plaques are finite in size). In addition, 

Adams (1959) noted that when bacterial growth slows as a 

result of an exhaustion of nutrients, T4 phage infected 

cells lyse less readily and have smaller burst sizes. In 

this section I have quantified the efficiency with which 

T4 phages successfully infect stationary phase ~. coli 

cells. I offer an explanation in Section 3.7 for why this 

efficiency is reduced compared with log phase cells. 

Phage T4D adsorption to stationary phase cells. The 

efficiency with which T4 phages adsorb to stationary phase 

~. coli cells has not been established. Below I have 

determined the rate at which free T4D phages adsorb to 
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stationary phase li. coli cells (see Section 2.9 for a 

description of the methods employed). li. coli S/6/5 cells 

were grown in Hershey broth with shaking at 37 0 C for 

approximately 20 hours past log phase. I use the phrase 

"past log phase" as short hand for "past late log phase" 

and as a measure of the length of time in stationary 

phase. These cells were washed and resuspended in an M9 

salts solution. Phage T4D adsorption in an M9 salts 

solution containing 1 x 108 stationary phase R. coli 

cells/ml (total count) was found to have a slope of -0.050 

± 0.008 (log decline in free phage concentration per 

minute; mean of six experiments ± standard deviation). 

The adsorption constant of T4 phages to stationary phase 

li. coli S/6/5 (k; Stent, 1963) is therefore approximately 

equal to 1 x 10- 9 ml/minute (see Section 2.10 for a de

scription of the calculations employed). This adsorption 

constant compares with a standard value of k = 2.5 X 10- 9 

ml/minute for log phase ~. coli cells (Stent, 1963). 

That k is slightly smaller for stationary phase cells 

than for log phase cells is expected. Smaller cells have 

a smaller surface area to which phages can adsorb and 

stationary phase cells are smaller than log phase cells 

(Section 1.8). More casual observations than those pre

sented above suggest that T4 phages rapidly adsorb to 



137 

stationary phase li. coli cells regardless of the growth 

conditions employed or the length of time a culture is in 

stationary phase (shaker verses bubbling verses no aera

tion, rich broth verses dilute broth). 

Restriction of T4 phages by statir,Asry phase B. coli. 

I measured the ability of T4 ~hages to produce progeny 

phages following the infection of stationary phase li. coli 

cells (grown ip Hershey broth at 37 0 C with shaking). This 

~~s done by adsorbing phage T4D to li. coli S/6/5 (multi

~licity « 1) at various points in the li. coli S/6/5 

growth curve. I then plated these infected cells in fresh 

media (Hershey agar) and used the formation of a plaque as 

an indication that progeny phages had been liberated. 

Representative experiments are presented in Figure 

18. As is obvious from this figure, the efficiency with 

which phage infected li. coli cells form plaques declines 

rapidly as log phase ends (i.e., while in late log phase) 

and stationary phase begins. The efficiency of plaque 

formation eventually plateaus at roughly 10 to 20% and 

then slowly declines toward zero. 

A similar decline in the efficiency of plaque forma

tion was observed when li. coli S/6/5 cells were grown to 

stationary phase in dilute broth with bubbling (Figure 
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Figure 18. Survival of T4 phages adsorbed to stationary 
phase Hershey broth grown~. coli. T4D Phages were ad
sorbed to log, late log, and post log (stationary) phase 
~. coli S/6/5 cells and then plated for phage infection 
viability (as described in Section 2.11). Free phage 
concentrations were measured and found to be approximately 
IC/ICo = 0.01 throughout the post log~. coli growth 
curve. Shown are two (squares and circles) typical deter
minations of phage infected cell survival when cells are 
grown with shaking in Hershey broth. 
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19). R. coli grown in dilute broth stops growing at a 

much lower cell concentration than R. coli cells grown in 

Hershey broth (about 1 to 2 X 108 cells/ml verses about 5 

x 109 cells/ml). Despite this difference, the shape of 

the curves showing the decline in plaque forming efficien

cy is similar between dilute broth and Hershey broth grown 

cells (compare Figures 18 and 19). This suggests that in 

either case this decline is not just an artifact of the 

growth conditions when cells enter stationary phase. 

These experiments suggest that some physiological or 

environmental difference exists between stationary phase 

and log phase cells that affects the ability of T4 phages 

to infect stationary phase cells. ~hatever this differ

ence entails, it is manifest even after infected station

ary phase cells are transferred to fresh media. This 

suggests that the apparent inability of T4 phages to 

infect stationary phase R. coli cells is not entirely due 

to the lack of growth uninfected stationary phase cells 

display before their transfer to fresh media. 

In Appendix D I present a number of experiments that 

investigate possible explanations for the inefficiency 

with which T4 phages infect stationary phase cells. The 

following possibilities were explored: (i) Whether cell 

metabolic poisons are present in spent media, (ii) whether 



140 

1.20 
-a 0 
u 
H 1.00 

' u 
H ........ .80 0 
U1 
L 

0 QJ 

+-' .60 C 
QJ 
u 

OJ .40 
> -~ 
+-' u 

.20 QJ 
~ 
C 
·-i 

.00 
-40 0 40 80 120 --- 160 

time past log phase (hr) 

Figure 19. Survival of T4 phages adsorbed to stationary 
phase dilute broth grown~. coli. Same as Figure 14 
except that two typical determinations are shown with 
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free phage poisons are present in spent media, (iii) 

whether stationary phase cells are more susceptible than 

log phase cells to lysis from without, (iv) whether latent 

periods are extended in stationary phase infected cells 

compared with log phase infected cells, and (v) whether 

stationary phase infected cells are more sensitive than 

log phase infected cells to heating during the soft agar 

overlay assay. None of these possibilities appear to be 

responsible for the reduced efficiency with which T4 

phages infect stationary phase cells. In Section 3.7 I 

present evidence that the lack of efficiency with which T4 

phage infected stationary phase cells produce progeny 

phages may be a consequence of the inefficiency with which 

T4 phage infected cells adapt physiologically to new 

environments. 

3.7 Restriction of T4 phages by lag phase ~. coli 

T4 phages destroy their host's chromosome upon infec

tion (Snustad, 1983). It is reasonable, therefore, to 

expect that infected cells are unable to express the host 

gene products necessary for adaptation to new environ

ments. In other words, T4 phage infected cells may be not 

be able to undergo the physiological adaptations that an 

uninfected cell employs during lag phase (Section 1.8). 

This section is devoted to the question of whether T4 
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phages inefficiently infect stationary phase ~. coli cells 

(Section 3.6) because these infected stationary phase 

cells are then shifted to a new environment, fresh media. 

T4 pbage restriction as a function of latent period 

lengtb. The efficiency with which T4 phages infect sta

tionary phase cells declines as those cells spend increas

ing lengths of time in stationary phase (Section 3.6). 

Hershey (1939) showed that lag phase length also increases 

as cells spend increasing lengths of time in stationary 

phase. Perhaps the decline in progeny producing efficien

cy by stationary phase cells is a function of the length 

of lag phase. 

To check the validity of this hypothesis I determined 

the kinetics with which lag phase lengthens as uninfected 

R. coli 8/6/5 cells spend increasing time in stationary 

phase. As can be seen in Figure 20, lag phase lengthens 

with similar kinetics to the rate of decline of the effi

ciency of plaque formation by T4 phage infected stationary 

phase ~. coli S/6/5 (Compare Figure 20 to Figure 18, 

Section 3.6). This similarity suggests that the efficien

cy with1which stationary phase cells can successfully host 

T4 phage infections is a function of potential lag phase 

length. 
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Figure 20. Extension of~. coli lag phase following 
increasing time spent in stationary phase. Presented is 
the increasing length of the lag phase of~. coli S/6/5 
upon transfer to fresh media as the time spent in station
ary phase in lengthened (See Section 2.12 for a descrip
tion of the methods employed). The error bars approximate 
the 95% confidence limits of each length of the lag phase 
estimate. 
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T4 phage infected cell survival of a nutrient step

down. A second category of lag phase occurs when unin

fected cells are transferred from a high (rich) nutrient 

medium to a low nutrient medium (a nutrient step-down; 

Section 1.8). The nutrient step-down lag phase is presum

ably due to a requirement for the production of new bacte

rial enzymes before the resumption of replication and 

normal metabolism (Section 1.8). With these enzymes 

absent a phage T4 infected cell may not be able to metabo

lize or produce progeny phages. 

The ability of T4 phage infected cells to pass 

through a nutrient step-up or step-down lag phase was 

tested (see Section 2.13 for a description of the methods 

employed). These experiments were done in order to con

firm or refute the suggestion made above that T4 phages 

may inefficiently infect ~. coli cells that are about to 

go through a lag phase. Nutrient step-down experiments 

are classically done by transferring log phase cells from 

a rich broth (Hershey broth) to a mineral medium contain

ing only glucose as a carbon and energy source (M9-glu 

solution; Maal¢e & Kjeldgaard, 1966). Nutrient step-up 

experiments, which also elicit a lag phase (Section 1.8), 

involve the transfer of log phase cells that are growing 

in M9-glu solution to Hershey broth. 
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The efficiency of plating of a constant number of log 

phase phage T4 infected cells (Hershey broth or M9-glu 

solution grown cells) was determined when these infective 

centers were plated on either M9-glu noble agar or Hershey 

agar. This was done using either M9-glu solution or 

Hershey broth grown R. coli 8/6/5 indicator bacteria. T4 

phage infected cells that have gone through a nutrient 

step-down did not produce plaques above the free phage 

background (Table 5). The free phage background consisted 

of those phages, one to two percent, which failed to 

adsorb to experimental cells. The inability of T4 phage 

infected cells to produce progeny phages following a 

nutrient step-down is consistent with the hypothesis 

presented above. That is, conditions that require unin

fected ~. coli cells to synthesize novel proteins before 

growth resumes also restrict the ability the same cells to 

host T4 phage infections. 

In contrast, infective centers readily pass through a 

nutrient step-up (M9-glu solution grown infective centers 

plated on Hershey broth; Table 5). This result suggests 

that not all types of lag phase are equally detrimental to 

ability of T4 phage infected cells to produce progeny 

phages. It was not unexpected that T4 phages could, with 

reasonable efficiency, infect cells that are about to be 
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Table 6: The effect of nutrient step-down (and step-up) 
of T4 phage log phase infected cells on the 
efficiency of infective center formation. 

experiment plating media a indicator 
bacteria #b bacteriac 
grown in: M9-glu agar H-broth agar grown in: 

A. step-downd B. control 

H-broth 1 O.Ole (O.OO)f 1.02 (0.04) M9-glu 
ti 

. - ·"' 2 0.01 (0.00) 0.96 (0.05) " 
" 3 0.01 (0.00) 0.98 (0.02) " 

H-broth 1 0.02 (0.00) 1.10 (0.02) H-broth 
II 2 0.02 (0.00) 0.93 (0.05) " 
II 3 0.02 (0.00) 1. 01 (0.05) ti 

c. control D. step-up 

M9-glu 4 0.16 (0.01) 0.21 (0.02) M9-glu 
" 5 0.12 (0.01) 0.18 (0.01) " 
" 6 0.13 (0.00) 0.23 (0.01) " 

M9-glu 4 0.36 (0.01) 0.25 (0.01) H-broth 
ti 5 0.36 (0.02) 0.22 (0.03) " 
" 6 0.34 (0.01) 0.20 (0.05) ti 

aE. coli S/6/5 was grown in either M9-glu solution or 
Hershey broth (H-broth), 2x washed, and resuspended in an 
M9 salts solution (no glucose). These cells were used as 
both indicator bacteria (IB) and experimental cells (Exp). 
Phages were adsorbed to the latter in order to produce 
infective centers. These infective centers were then 
plated using either indicator bacteria on either M9-glu 
noble agar or Hershey agar plates. One representative 
round of experiments (performed on the same day with the 
same cells) is shown. 

hAbreviations: #=experiment number, M9-glu = M9-glucose 
solution, M9-glu agar= M9-glu Noble agar, H-Broth = 
Hershey broth, H-broth agar= Hershey agar. 

Continued next page •.. 
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eBoth indicator bacteria (Hershey broth and M9-g1u solu
tion grown ~. coli S/6/5) were used for each experiment 
(i.e., both per each box; A, B, C, and D; see following 
footnote) for consistency. 

dBox A: nutrient step-down (experimental cells = Hershey 
broth grown, plating media = M9-glu noble agar), Box B: no 
change, nutrient step-down negative control (positive 
survival control; experimental cells = Hershey broth 
grown, plating media = Hershey agar), Box C: no change, 
nutrient step-up negative control (positive survival 
control; experimental cells = M9-glu solution, plating 
media = M9-glu noble agar), and Box D: nutrient step-up 
(experimental cells = M9-glu, plating media = Hershey 
agar) • 

eNumbers are normalized to the mean number (arithmetic) of 
infected centers which formed using Hershey broth grown 
experimental cells and Hershey media. Numbers are shown 
with their standard deviations in parentheses (three 
plates were used per number except in the determination of 
the number of free phages where only two plates were 
used) . 

fThe number of free phages was determined using Hershey 
broth indicator bacteria and Hershey agar, using chloro
form to lyse, and therefore kill, both infected and unin
fected cells (Adams, 1959). The relative number of free 
phages ranged between 0.01 and 0.02. 
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subject to a nutrient step-up. This is because uninfected 

cells continue to divide during the nutrient step-up lag 

phase (Section 1.8) and that suggests that phage growth, 

too, might occur in these cells. Interestingly, and 

tangentially, there appears to be a general decline in the 

efficiency with which T4 phages successfully infect log 

phase M9-g1u solution grown cells compared with log phase 

Hershey broth grown cells. I can offer no explanation for 

this particular observation. 

Protein expression by stationary and lag phase E. 

coli. If the stationary phase to fresh media lag phase 

involves novel protein synthesis, then these novel pro

teins ought to be observable using SDS-PAGE and proteins 

pulse labeled with 35S-Met. This was tested by comparing 

the spectrum of proteins translated during the stationary 

phase of an uninfected ~. coli S/6/5 (37o C, Hershey broth, 

shaker grown cells) with those proteins expressed during 

lag and log phase following cell transfer to fresh Hershey 

broth, 

Several proteins in lanes ~ through ~ (lag and log 

phase ~. coli) in Figure 21 are not found in lane ~ 

(stationary phase cells, ten-fold higher cell concentra

tion) and vice versa. Particularly, a band above the 36.5 

kd marker and perhaps more than one band near and below 
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Figure 21: See legend on following page. 
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Visualization of stationary, lag, and log phase protein 
synthesis (see figure on previous page). An SDS-PAGE 
(electrophoresis) autoradiograph with proteins pulse 
labeled with 35S-Met. See Sections 2.14 and 2.15 for a 
description of methods. All cells are R. coli S/6/5 grown 
in Hershey broth, at 37°C, and with shaking. Lanes are 
normalized to Ix and lOx cell concentrations as indicated. 
Molecular weight (kd) markers are indicated in the outside 
lanes. Description of lanes: (A) lOx cell concentration, 
late log phase-stationary phase transition; (B) Ix cell 
concentration, same as lane A; (C) lOx cell concentration, 
stationary phase; (D) Ix cell concentration, same as lane 
C; (E,F) Ix cell concentration, lag phase following dilu
tion of stationary phase cells into fresh Hershey broth 
(lane F cells were in lag phase longer than lane E cells); 
(G) Ix cell concentration, lag phase-log phase transition; 
and (H,I) Ix cell concentration, log phase. 
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the 84 kd marker appears in lanes ~ through L but not in 

lane Q. In addition, there are bands above and below the 

58 kd marker, above the 48.5 kd marker, below the 36.5 kd 

marker, and near the 48.5 kd marker that appear in lanes ~ 

through L but may not appear in lane Q. 

The presence of these bands in lanes K though X but 

not in lane Q suggests that novel proteins are induced 

during the stationary phase to fresh media lag phase. 

Note that all the proteins visible during lag phase (lanes 

~ and E) are visible during log phase (lanes Q, R, and L) 

as well. This makes it difficult to conclude that any of 

these proteins are novel proteins that are necessary for 

the resumption of cell growth. Rather, these proteins are 

probably just those that are normally produced during 

growth, whether that growth is in lag phase (i.e., cell 

swelling and lengthening) or in log phase (i.e., cell 

lengthening plus cell division). 

Nevertheless, the induction of lag phase in these 

uninfected ~. coli cells appears to be associated with the 

induction of some proteins that are not synthesized during 

stationary phase. This result is consistent with cell 

growth following stationary phase being dependent on the 

induction of novel proteins. It is not proof that these 

novel proteins are necessary for the production of T4 
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phage progeny. Note that even if these proteins are to 

some extent necessary for the production of progeny 

'phages, they cannot be vitally important or completely 

absent in stationary phase cells. This is true because 

not all T4 phages are unable to produce progeny phages 

following adsorption to stationary phase cells (Figures 18 

and 19; Section 3.6). The partial survival of T4 phages 

upon adsorption to stationary phase cells is in contrast 

to the apparently complete restriction following adsorp

tion to cells that are about to go through a nutrient 

step-down (Table 5). 

On the other hand, the total amount of proteins 

synthesized per cell in stationary phase is low compared 

with lag phase and log phase (i.e., compare lanes Band D 

with lanes E through I). In addition, the amount of 

protein synthesized in early lag phase is low compared 

with later lag phase and log phase (i.e., compare lane 

with lanes F, G, H, and I). This, in itself, suggests 

that the potential a cell has for incorporating 35S-Met is 

low in stationary phase and gradually increases during lag 

phase. The reduced incorporation of 35S-Met can be con

sidered to be a physiological adaptation that occurs 

during lag phase (specifically, it is the down regulation 

of the inhibition of protein synthesis that normally 
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operates during ~. coli stationary phase metabolism; 

Cashel & Rudd, 1987). It is conceivable that the lowered 

efficiency with which infected stationary phase cells 

produce progeny phages is a consequence of a greatly 

reduced potential of these cells to synthesize phage 

proteins. This hypothesis has not been explicitly tested. 

T4 phage infection and stationary phase E. coli 

passage through lag phase. Uninfected stationary phase ~. 

coli cells substantially increase in size and finally 

divide after being introduced into fresh media. I used 

this increase in cell size during lag phase as a means of 

observing, at a first approximation, whether phage T4 

infected cells can pass though an otherwise normal lag 

phase. That is, a lag phase that is similar to the lag 

phase exhibited by un infected cells. As expected, phage 

T4 infected stationary phase cells (phage multiplicity of 

three) do not swell upon introduction into fresh media. 

The lack of swelling observed is consistent with these 

infected cells being unable to adapt to their environment 

in a manner that is analogous to the adaptations displayed 

by uninfected cells. 

Finally, if T4 phage infected stationary phase cells 

have a reduced potential for initiating and passing 

through a normal lag phase, then one would predict that 
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plaque forming efficiency would increase if these cells 

were allowed to incubate in fresh media some period of 

time before phage adsorption. This was tested and results 

are presented in Figure 22. As can be seen, the efficien

cy of plaque formation appears to be a direct function of 

the length of time cells spend in fresh media, following 

stationary phase, and before to infection by T4 phages. 

My explanation for why plaque forming efficiency 

increases with these particular kinetics is not yet fully 

formulated. Nevertheless, the increase in plaque forming 

efficiency after cells have initiated lag phase is con

sistent with T4 phages surviving adsorption to stationary 

phase R. coli cells with a low efficiency as a consequence 

of a low efficiency with which T4 phage infected station

ary phase cells initiate and pass through a normal lag 

phase. The ecological implications of these results are 

discussed in Section 4.2. 
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Figure 22: Survival of T4 phages adsorbed to lag phase E· 
coli. Hershey broth grown stationary phase g. coli S/6/5 
cells (15 hours past log phase for the experiment shown 
here) are added to fresh Hershey broth and followed 
through lag phase by total count as described in Section 
2.12. The survival of T4D phages following adsorption to 
these cells (~) is shown relative to their survival fol
lowing adsorption to log phase cells (~o ). Log phase 
begins at about 95 minutes past the initiation of lag 
phase. The number of free phages at each point has been 
subtracted out so that the survival of those phages which 
have adsorbed to cells is shown. Survival following 
adsorption to stationary phase cells (the zero point) is 
approximately 20%. 
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CHAPTER 1. 

DISCUSSION 

4.1 T4 phage population growth 

Selection for short latent period phages. At high ~. 

coli concentrations, free T4 phages rapidly adsorb to ~. 

coli cells. In section 3.1 I presented evidence that 

rapid phage adsorption at the ~. coli concentrations found 

in the colonic lumen of animals could select short latent 

period T4 phages over long latent period T4 phages. That 

a short latent period may be selectively advantageous at 

high cell concentrations was first suggested by Levin & 

Lenski (1983). 

In a given environment, this short latent period 

advantage only holds as long as uninfected cells remain 

plentiful. A homogeneous population of long latent period 

phages growing on a cell population of finite size will 

produce more progeny than a similar short latent period 

phage population. The larger burst size displayed by long 

latent period phages relative to the short latent period 

phages is directly responsible for this advantage. That 

is, if the total number of infections is held equal for 

both short and long latent period phages, then long latent 
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period phage infected cells, with their larger burst size, 

will produce a greater number of progeny phages than 

short latent period phage infected cells. This is a group 

advantage which homogeneous long latent period phage 

populations should hold, in real world environments, over 

homogeneous short latent period phage populations. 

With mixed phage populations, at high cell concentra

tions, a long latent period phage group advantage should 

not be realized. Rather, although long latent period 

phages produce more progeny per infected cell, in mixed 

phage populations when cell concentrations are high, short 

latent period phages will infect more cells overall. Any 

group advantage long latent period phage populations may 

have over short latent period phage populations should 

therefore be maintained for only as long as long latent 

period phage populations are not invaded, through mutation 

or migration, by short latent period phages. 

Selection for lysis inhibition. As phage concentra

tions increase with phage growth, cell concentrations 

decline with lysis. This lowering of the cell concentra

tion should select long latent period phages over short 

latent period phages. Such a scenario could select for T4 

phages that induce lysis inhibition at this point of T4 

phage growth (Section 1.5, 3.2, and 3.3). That is, lysis 



inhibited T4 phage infections have long latent periods 

compared with T4 phage infections that are not lysis 

inhibited. 
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A long latent period also may be selected, in gener

al, by conditions in which free phages are less durable 

than phage infected cells. An antagonist specific to 

released progeny and other free phage particles should 

therefore select for phages with longer latent periods. 

Restrictive cells, ones that allow irreversible adsorption 

but not phage multiplication, are free phage antagonists. 

Cells which have been previously infected by T4 phages but 

have not yet lysed are restrictive to secondarily adsorb

ing T4 phages (Section 1.6). Thus, lysis inhibition may 

be selected by the cost of otherwise exposing progeny 

phages to high concentrations of previously infected 

cells. 

The probability that a cell has been previously 

infected is a function of the free phage concentration as 

is the probability of secondary adsorption (Section 3.2). 

The rate at which free phage particles are lost to adsorp

tion is dependent on the concentration of ~. coli cells. 

Thus, it may be concluded that lysis inhibition is an 

adaptation to high concentrations of both phages and 

cells. Consistent with this conclusion, it appears thut 
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~. coli cells are routinely found in high concentrations 

in the colonic lumen of animals (Section 1.9). 

A strong competitive advantage of wild type T4 phages 

over ~ mutant phages (lysis inhibition-minus mutant phage) 

at high phage and cell densities was demonstrated by 

Hershey (1946a). This competitive advantage was shown to 

be true in both wild type phage-rich and ~ mutant phage

rich environments. Hershey argued that the burst size 

advantage of lysis inhibited wild type phages over ~ 

mutant phages was not sufficient to explain the competi

tive advantage of wild type phages compared with ~ mutant 

phages. Hershey suggested that a phenomenon known as 

mutual exclusion (DelbrUck & Luria, 1942) might explain 

this additional competitive advantage of wild type T4 

phages over ~ mutant T4 phages. Doermann (1948) later 

suggested that this burst size advantage was sufficient. 

At high cell concentrations wild type T4 phage in

fected cells appear to be maintained in the lysis inhibit

ed state for considerably long periods (Hershey, 1946a; 

Doermann, 1948; Levinthal & Visconti, 1953; Rutberg & 

Rutberg, 1965; Bode, 1965; Figure 10, Section 3.2). The 

maintenance of lysis inhibition under these conditions is 

probably due to the premature lysis of some number of T4 

phage infected cells. The lysis of these phage infected 
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cells releases progeny free phages. The repeated second

ary adsorption of infected cells by these phages may 

maintain the lysis inhibited state in those infected cells 

for hours. 

I propose that most of the phages that are released 

in the presence of high concentrations of lysis inhibited 

cells are doomed to secondary adsorption and restriction. 

Thus, the extra advantage of lysis inhibition may result 

from the secondary exclusion/restriction of K mutant free 

phages by the much longer infecting lysis inhibited wild 

type T4 phages. To a degree, this explanation is consist

ent with Hershey's mutual exclusion explanation of the 

extra fitness advantage wild type T4 phages have over K 

mutant T4 phages. 

Sensory perception of secondary adsorption. The 

lysis inhibition signal is probably carried through the 

host cell envelope. I base this assertion on the follow

ing considerations: (i) phage, including secondary phages, 

adsorb to the cell envelope (Section 1.2), (ii) secondary 

exclusion probably acts at the cell envelope and prevents 

secondarily adsorbing phage DNA from penetrating to the 

cell protoplasm (Cornett, 1974; Vallee & de Lapeyriere, 

1975; Kao & McClain, 1980; Obringer, 1988; Lu & Henning, 

1989), and (iii) phage gene products, including K gene 
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products that are necessary for lysis inhibition, have 

been located on or within the cell envelope of T4 phage 

infected R. coli cells (Peterson, et al., 1972; Pollock & 

Duckworth, 1973; Beckey et al., 1974; Fletcher et al., 

1974; Huang, 1975; citations in Singer et al., 1983). 

Since lysis inhibition is a response to an extracellular 

condition signaled through the secondary adsorption of a 

T4 phage particle, lysis inhibition can be regarded as a 

response to a sensorially transduced signal. The host 

cell envelope, perhaps with phage specified modifications, 

thus may be considered to be a sensory organ by which 

infecting T4 phages monitor the concentration of free T4 

phages in the extracellular environment. 

Conclusion: T4 phage population growth. In summary, 

the growth of T4 phages in an environment containing high 

concentrations of uninfected li. coli cells is logarithmic. 

The primary growth strategy in this environment entails 

the rapid infection of cells by progeny phages before 

these cells are infected by competing phages. This 

strategy I call mode 1 growth (Section 1.4, 3.1, and 3.4). 

As the fraction of uninfected cells in the environment 

declines, the fraction of infected cells rises. This is 

accompanied by the lysis of some of these cells and the 

release of progeny phage particles. This assures that the 
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concentration of free phage particles is hjgh in the 

environment. When free phage particles have a high con

centration, the probability of secondary adsorption is 

high. Secondary adsorption serves as a signal to T4 phage 

infected cells that short latent periods (i.e., mode 1 

growth) are no longer advantageous. The physiological 

response of the infected cell is lysis inhibition. Lysis 

inhibition constitutes mode 2 growth (Section 1.5, 3.2, 

3.3, and 3.4). During mode 2 growth, rapid cell acquisi

tion by progeny phages is deemphasized and intracellular 

progeny production is emphasized. This shift in emphasis 

is an adaptation to an environment in which uninfected 

cells are scarce and infected cells serve as extracellular 

free phage antagonists. 

4.2 Feces and the transition out of the colon 

T4 phages appear to have adapted to growth in envi

ronments that contain high concentrations of uninfected g. 

coli cells (Seotions 1.3, 1.4, 3.1, 3.2, 3.3, and 4.1). 

T4 phage growth in such environments drastically reduces 

the concentration of uninfected g. coli cells (reviewed by 

Lenski, 1988). One way for an individual T4 phage to find 

a new environment containing a high concentration of 

uninfected ~. coli cells is to disseminate to a new colon. 

A phage that replicates in the lumen of the colon of an 
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animal must pass through the feces of that animal in order 

to disseminate to a new colon. 

The concentration of ~. coli cells in the feces of 

healthy, normal individuals is often very high (i.e., 

often 10 8 cells per ml and more; Section 1.9). T4 phages 

adsorb to ~. coli cells at a rate that is cell concentra

tion dependent (Stent, 1963). T4 phages may therefore 

have a very high probability of adsorbing to ~. coli cells 

in feces (i.e., the probability of adsorption is equal to 

one-half after 4.6 hours when ~. coli concentrations are 

106 cells/ml, after 0.46 hours [28 minutes] when cell 

concentrations are 107 cells/ml, after 0.046 hours [180 

seconds] when cell concentrations are 108 cells/ml, and 

after 0.0046 hours [18 seconds] when cell concentrations 

are 109 cells/ml). 

Feces contain very high concentrations of bacteria 

besides ~. coli (e.g., > 1010 bacterial cells per ml; 

Moore & Holdeman, 1974; Holdeman, et al., 1976). Feces 

are also partially desiccated during their formation (up 

to 90% of the water is removed during feces formation; 

Soergel & Hofmann, 1976). Both of these characteristics 

suggest that ~. coli cells found in feces might be in 

stationary phase (Section 1.8). The experiments present

ed in Section 3.6 suggest that T4 phages have a low vi-
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ability upon adsorption to stationary phase ~. coli cells. 

The lumen of the colon probably has a high nutrient 

density compared with the extra-colonic environment (Sava

geau, 1983). In addition, the colon is an anaerobic 

environment (Savage, 1977) while the extra-colonic envi

ronment is, with some exceptions, aerobic. ~. coli cells 

in feces might show a lag in growth upon excretion from 

the colonic lumen in response to: (i) the shift from 

stationary phase to the resumption of log phase growth, 

(ii) a nutrient step-down, and/or, perhaps, (iii) the 

shift from an anaerobic to an aerobic environment. Since 

T4 phages appear to have a low potential for surviving the 

lag phase of their host (Section 3.7), this additionally 

suggests that the adsorption of T4 phages to ~. coli cells 

in feces could lead to the restriction of those phages. 

All these arguments suggest that feces could constitute an 

important barrier to the dissemination of T4 phages from 

colon to colon. 

The notion that T4 phages have a low potential for 

surviving adsorption to stationary phase ~. coli cells 

found in feces side-steps an important question. That is, 

are T4 phages likely to encounter high concentrations of 

T4 phage susceptible ~. coli cells in feces? It is more 

consistent with my arguments (presented in Sections 3.1, 
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3.2, 3.3, and 4.1; see also Lenski, 1988) that the 

presence of T4 phages in an environment containing high 

concentrations of ~. coli cells would result in the lysis 

of these cells. This lysis should occur following multi

ple rounds of phage T4 adsorption-infection-lysis cycles. 

Thus, harboring a population of T4 phages in the pre fecal 

colonic lumen should predispose the feces that form in it 

to a substantially lowered concentration of the phage 

susceptible ~. coli cells. 

Such an argument is consistent with the findings 

argued above in this section and presented in Sections 3.6 

and 3.7. That is, T4 phages appear to be poorly adapted 

to the infection of stationary phase cells or, at least, 

cells that must go through a nutrient step-down or sta

tionary phase to fresh media lag phase before the resump

tion of growth. In fact, it would appear that free T4 

phage particles are more suited than T4 phage infected 

cells to the survival of gross environmental transitions 

such as the excretion of feces. 

These results and arguments are consistent with T4 

phages not having adapted to a life history during which 

adsorption to stationary phase cells is highly probable, 

e.g., the passage through feces that contain high concen

trations of phage susceptible stationary phase ~. coli 
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cells. Further, this suggests that T4 phage infected 

cells that originate in the colon are not likely to be 

highly viable in the extra-colonic environment. This 

argument, along with the arguments and results presented 

in Sections 1.7, 3.5, and 4.3 imply that there is a low 

likelihood that viable T4 phage infected cells may be 

found in the extra-colonic environment. The conclusion 

that T4 phage infected cells are rare in the extra-colonic 

environment is relevant with regard to the characteriza

tion of the mechanisms employed by T4 phages in the repair 

of DNA damages received in the extra-colonic environment 

(discussed in Appendix E). 

4.3 Dissemination from colon to colon 

Phage T4 adsorption occurs primarily in the colonic 

lumen. Of the extra-colonic waters tested (sewage, 

stream, lake, and sea waters) in Section 3.5, T4D phages 

(trp-independent) adsorb to R. coli cells only in sea 

water. Lack of adsorption in sewage, stream, and lake 

waters is apparently due to low concentrations of monova

lent cations in these waters. I base this conclusion on 

the finding that the fresh waters that I tested support 

uninhibited phage T4D adsorption when sufficient quanti

ties of monovalent cations are supplied (Section 1.5). 
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Free trp in sufficient concentrations, like monova

lent cations, is required for the adsorption of trp-de

pendent T4 phages to ~. coli cells (Section 1.7). Lake, 

stream, sewage, and sea waters probably do not harbor 

relatively high concentrations of trp (Section 1.7). The 

low concentrations of trp in these waters apparently 

explain the minimal ability of phage T4B (trp-dependent) 

to adsorb to ~. coli in sea water (Section 3.5). It also 

suggests that T4B phages would be unable to adsorb to ~. 

coli cells in most fresh waters even given sufficient 

concentrations of monovalent cations (e.g., in 0.12 M NaCl 

sewage water, Section 3.5). 

In summary, these results (Section 3.5) imply that 

(i) low concentrations of free trp in sea water and (ii) 

low concentrations of both trp and monovalent cations in 

fresh waters hinder T4 phage adsorption to ~. coli cells 

found in these extra-colonic waters. Trp-dependent T4 

phage adsorption is probably inhibited further in extra

colonic waters by the effect of poor trp-activation at 

lower than p~ysiological temperatures (Anderson, 1948a; 

1948c; Stent & Wollman, 1952; see also Conley & Wood, 

1975). In addition, and perhaps not coincidentally, the 

expression of the pnage T4 receptor on ~. coli K12 (though 

not on ~. coli B that was used in Section 3.5) is down 
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regulated in low ionic strength environments such as fresh 

waters (Van Alphen & Lugtenberg, 1977; Kawaji, et al., 

1979). Finally, T4 phages adsorb at a suboptimal rate in 

sea water due to high monovalent cation concentrations 

(Section 3.5). 

Apparently, the less an environment resembles the 

colonic lumen of mammals in terms of monovalent cation 

concentrations, free trp concentrations, temperature, and 

ionic strength (see also Cummings et al., 1969 and Conley 

& Wood, 1975), the less likely T4 phage adsorption can 

take place in that environment. Indeed, fecal water is 

the only natural water of those tested in which trp-de

pendent T4 phages readily adsorb to li. coli cells without 

the addition of NaCl or trp (Section 3.5). 

This conclusion, that trp-dependent T4 phage adsorp

tion is confined to the colonic lumen, is consistent with 

T4 phage growth characteristics apparently having evolved 

in environments containing high concentrations of li. coli 

(Sections 1.4, 1.5, 3.1, 3.2, 3.3, 3.4, and 4.1). That 

is, the colonic lumen is much more likely to contain high 

concentrations of R. coli cells than extra-colonic waters 

(Section 1.9). Also, E. coli strains grown in natural 

waters in the laboratory have been shown to be more re

sistant to infection by some T-even-like phages than are 
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the same strains when grown in rich laboratory media 

(Chai, 1983). These considerations all suggest that T4 

phages are not adapted to growth in extra-colonic waters. 

Enhanced durability through trp and monovalent cation 

dependence. A selective benefit for trp-dependence proba

bly results from trp-dependent T4 phages having an in

creased durability in extra-colonic waters. An increased 

durability in extra-colonic waters might endow trp-depend

ent T4 phages with a greater potential for reintroduction 

into the colonic lumen of animals. That is, all else 

being held constant, a more durable phage should have more 

opportunities for reintroduction into a colonic lumen than 

a shorter lived, less durable phage. 

The long tail fibers of trp-dependent T4 phages fold 

up in the absence of trp in what may be loosely interpret

ed as a protective long tail fiber conformation (Brenner 

et al., 1962; Kellenberger et al., 1965; Simon & Anderson, 

1967a; Brown & Anderson, 1969; see Figure 1, Section 1.2; 

see also Gordon, 1972). Unfolded long tail fibers are 

required for adsorption to cells (Section 1.2). Long tail 

fibers also seem to be involved in the adsorption to other 

materials such as clays, activated charcoal, and glass 

filters (Puck et al., 1951; Fildes & Kay, 1959; 1963; 

reviewed by Bitton, 1975 and Marshall, 1980). Folded long 
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tail fibers could prevent or minimize adsorption to cells 

in unfavorable environments, or to unfavorable substances. 

This is true if the presence of these cells and materials 

in a T4 phage containing environment is associated with 

low trp concentrations. 

Unfavorable adsorptions by T4 phages also may be 

avoided in fresh extra-colonic waters due to an absence of 

sufficient monovalent cation concentrations (Hershey et 

al., 1944; Puck et al., 1951; Fildes & Kay, 1959; 1963; 

Carlson et al., 1968; Gerba & Schaiberger, 1975). This 

may be because the long tail fibers of T-even-like phages 

are also thought to fold up in solutions of low ionic 

strength (Cummings et al., 1969; Conley & Wood, 1975). 

One caveat to this line of reasoning is that Ca++ and Mg++ 

ion concentrations in fresh waters may be great enough 

(e.g., 0.00037 M Ca++ and 0.00018 M Mg++ in river water; 

Morel, 1983) to allow the adsorption of T2 phages (which 

are trp-independent T-even-like phages) to naturally 

occurring clays even in the absence of sufficiently high 

monovalent cation concentrations (Carlson et al., 1968). 

Gerba (1984) argued that the reversible adsorption of 

T-even-like phages to clay particles may enhance the 

durability of these phages (probably by stabilizing phage 

long tail fibers). Such phages might be eluted off clay 
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particles by small dissolved organic molecules (reviewed 

by Bitton, 1975) once the phage associated particle has 

entered the lumen of the GI tract. Whether clay associat

ed T4 phages have a higher potential for reintroduction 

into the colonic lumen than free T4 phages and whether 

clay associated T4 phages can be readily eluted off clay 

particles in the lumen of the GI tract remain to be deter

mined. 

Folded long tail fibers may be protective even in the 

absence of substances to which T4 phages may adsorb. For 

instance, T4 phages with folded long tail fibers are more 

stable in the presence of ultrasonic waves than are T4 

phages with their long tail fibers unfolded <Kellenberger 

et al., 1965). In addition, various trp-dependent 

T-even-like phages have been isolated that are heat sensi

tive only in the presence of trp and other activating 

amino acids (Cheng, 1956a; 1956b; Kay & Fildes, 1962) or 

less sensitive without tail fibers altogether (Yamamoto & 

Uchida, 1975; Arscott & Goldberg, 1976; Crawford & Gold

berg, 1980). These results suggest that trp activated T4 

phages and trp-independent T4 phages may be less structur

ally stable than T4 phages with their long tail fibers 

folded. 
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Conclusion: The natural hBbitat of T4 phages. 

Conley & Wood (1975) suggested that the folding and un

folding of long tail fibers serve T4 phages as "rudimen

tary environment-sensing device(s)," and speculated that 

this might allow T4 phages to distinguish between colonic 

and extra-colonic environments. The evidence presented 

above also strongly suggests that trp and monovalent 

cation concentrations serve as signals that differentiate 

two T4 phage states and environments: (i) one in which 

adsorption, infection, and growth are emphasized and trp 

and monovalent cation concentrations are relatively high 

(the colonic lumen of animals: the T4 phage source habi

tat), and (ii) one in which adsorption, infection, and 

growth are deemphasized, trp and/or monovalent cation 

concentrations are low, and phage stability and survival 

are emphasized (extra-colonic waters: the T4 phage sink 

habi tat) • 

4.4 The life history characteristics of T4 phages 

Three phage T4 ecological strategies. Taken togeth

er, the evidence and arguments presented above suggest 

that T4 phages have evolved at least three ecological 

strategies that enable them to retain high fitness as they 

shift between three contrasting environments. These three 

strategies consist of: (i) Rapid T4 phage growth in 
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environments that contain high concentrations of uninfect

ed and vigorously growing ~. coli cells, (ii) the mainte

nance and protection of infections, and less rapid growth 

in environments containing low concentrations of uninfect

ed ~. coli cells but high concentrations of T4 phage 

infected ~. coli cells, and (iii) survival and protection 

during dissemination from colon to colon through the 

extra-colonic environment. 

Each strategy depends on a specific phage T4 pheno

type: (i) The first strategy, mode 1 growth (Sections 

1.4, 3.1, and 4.1), is characterized by short phage latent 

periods that assure rapid phage growth and the rapid 

monopolization of ~. coli cells by progeny phages. This 

strategy is effective only when uninfected ~. coli concen

trations are high and adsorption conditions are good. 

(ii) The second strategy, mode 2 growth (Sections 1.5, 

1.6, 3.2, 3.3, 3.4, and 4.1), is characterized by lysis 

inhibition and secondary exclusion. Lysis inhibition 

allows an infecting phage to maximize its utilization of 

an infected cell resource when uninfected cells are 

scarce. Delaying lysis also prevents intracellular proge

ny phages from adsorbing to previously infected cells that 

express secondary exclusion. (Sections 1.6 and 3.4). 

This latter strategy is most useful when infected cells 
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are common and adsorption conditions are good. Secondary 

exclusion is useful to an infecting phage durin~ mode 2 

growth since it prevents secondary phages fr~~ sharing the 

infected cell resource. (iii) Th~ third strategy is the 

stabilization of free T4 p~age particles and a lack of 

non-productive adso~ptions during the passage through the 

extra-0~lonic environment and the dissemination from colon 

to co~on (Sections 1.7, 3.5, and 4.3). This strategy is 

most useful when healthy ~. coli concentrations are low. 

Two phage T4 sensory mechanisms. The proper expres

sion of the three T4 phage ecological strategies depends 

on two sensory mechanisms. These sensory mechanisms are 

(i) the detection of secondary adsorption (Section 4.1) 

and (ii) the determination of the chemical nature of the 

environment in terms of the concentration of monovalent 

cations and free trp (Conley & Wood, 1975; Section 4.3; 

note, the gene product requirements for the determination 

of monovalent cation concentrations by T4 phages are not 

the same as the gene product requirements for the determi

nation of trp concentrations by T4 phages [Conley & Wood, 

1975] suggesting T4 phage virion particles possess not one 

but two sensory mechanisms). The three T4 phage ecologi

cal strategies are coordinated by these sensory mechanisms 

as follows: (i) A short latent period is expressed by an 
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infected cell when that cell is not secondarily adsorbed 

to because the absence of secondary adsorptions indicates 

that infected ~. coli cells are uncommon in the environ

ment. (ii) Lysis inhibition is expressed when secondary 

adsorption occurs because secondary adsorption indicates 

that uninfected ~. coli cells are scarce in the environ

ment, infected ~. coli cells are common, and adsorption 

conditions are good. (iii) T4 phages cannot adsorb to ~. 

coli cells and long tail fibers are stabilized when either 

the monovalent cation or the free trp concentrations are 

low. Adsorption presumably does not occur under these 

conditions because low monovalent cation concentrations 

and/or low trp concentrations indicate that the phage is 

not in its preferred growth environment, the colonic lumen 

of animals. In Figure 23 I summarize the role these T4 

phage sensory mechanisms play in coordinating the expres

sion of these various T4 phage phenotypes in different 

environments. 

The life history characteristics of T4 phages. The 

results and arguments discussed to this point present a 

complex picture of T4 phage ecology that nicely comple

mentn the complexity of T4 phage physiology and molecular 

biology. As suggested at the outset in this manuscript, a 
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probability of secondary adsorption 

high 

STRATEGY 2 

(mode 2 growth, 
lysis inhibition, 

secondary exclusion, 
colonic lwnen) 

low 

STRATEGY 1 

(mode 1 growth, 
short latent period, 

colonic lwnen) 

STRATEGY 3 

(no adsorption, 
LTF stabilization, 

extra-colonic waters) 

Figure 23. Three ecological strategies exhibited by T4 
phages. These are shown as functions of the presence or 
absence of suitable adsorption conditions (presence or 
absence of free trp and monovalent cations), and of a high 
or low probability of secondary adsorption. These corre
spond to the two phage T4 senses discussed in the text. 
It is assumed that an environment in which adsorption 
readily takes place is one that conta;;1s high concentra
tions of~. coli cells. The dominant phage T4 phenotypes 
and strategies in P~ch environment are defined parentheti
cally. The l0rler left hand box is undefined since, by 
~cfinition, secondary adsorption cannot take place in an 
~nvironment in which phage adsorption cannot take place. 
"LTF" = long tail fiber. 
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more complete understanding of T4 phage ecology should 

enhance T4 phage physiological understanding. It may be 

concluded, therefore, that the Htrue H physiology of T4 

phage infected cells may be best approximated under condi

tions that are similar to those found in the prefecal 

colonic lumen. In particular and despite the technical 

difficulties involved, the physiology of T4 phage infec

tions under the anaerobic conditions of the colonic lumen 

deserves more attention than it has historically. 

An example of how an understanding of T4 phage ecolo

gy is helpful in further understanding T4 phage physiology 

is presented in Appendix E. There I present a study of 

the ecology of the acquisition and repair of DNA damages 

by T4 phages. I explore the consequences of the inability 

of T4 phages to initiate infections in the extra-colonic 

environment with regard to the ability of T4 phages to 

repair DNA damages. 

Below I present a speculative summary of the life 

history characteristics of T4 phages. I have listed these 

life history characteristics in temporal order starting 

with immigration of one or more T4 phages into a GI tract 

that does not previously contain T4 phages: 

(i) Considering the low multiplicity of coliphages in 

the extra-colonic environment (Section 1.9), it is likely 



178 

that T4 phages enter the colonic lumen of animals in low 

multiplicities (i.e., « 1). 

(ii) If the phage susceptible li. coli concentration 

is less than about 105 cells/ml then there is a good 

probability, per phage, that each of these phages will 

pass out of the pre fecal colonic lumen without adsorbing 

to an li. coli cell (Sections 1.8 and 1.9; Abedon, 1989). 

The higher the initial phage concentration, the higher the 

·probability that at least some adsorption will occur in 

the pre fecal colonic lumen. 

(iii) Feces are concentrated and so have more li. coli 

cells than the prefecal colonic lumen (Section 1.9). Each 

of those phages that has entered the colonic lumen may 

thus have a higher probability of adsorption in feces than 

in the prefecal colonic lumen. If adsorption occurs in 

feces this probably results in phage restriction (Sections 

3.6, 3.7, and 4.2). 

(iv) If the T4 phage susceptible ~. coli concentra

tion is about 106 cells/ml and greater in the prefecal 

colonic lumen, then T4 phages that have entered the colon

ic lumen have a relatively high probability of adsorbing 

to and infecting an li. coli cell while still residing in 

the pre fecal colonic lumen (Section 4.2; Abedon, 1989). 

(v). If adsorption occurs in the pre fecal colonic 
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lumen then the phage infected cell has a normal latent 

period. This latent period is longer than under standard 

laboratory growth conditions due to anaerobic growth 

conditions and, perhaps, due to a low nutrient density 

compared with rich media (Section 1.8; Abedon, 1989). For 

similar reasons, ~. coli cells are smaller in the colonic 

lumen than in rich broth laboratory culture (Section 1.8). 

(vi) The phage infected cell lyses releasing progeny 

phages. 

(vii) At high ~. coli concentrations, progeny phages 

rapidly adsorb to ~. coli cells within the prefecal colon

ic lumen (Sections 1.4, 1.9, 3.1, 4.1 and 4.2; Abedon, 

1989). If the initial phage adsorption took place at low 

~. coli concentrations then the next step is either step i 

or, eventually, step xiii. 

(viii) Logarithmic phage growth ensues. Rapid ad

sorption to high concentrations of ~. coli cells (mode 1 

growth) selects for short phage latent periods (Sections 

1.4, 3.1, and 4.1; Abedon, 1989; see also Table 2, Section 

3.4). The slower growth conditions and slower adsorption 

conditions present in the pre fecal colonic lumen compared 

with standard laboratory growth conditions (noted in step 

v) may balance each other with regard to the selection for 

short latent period phages (Abedon, 1989). 
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(ix) Phages eventually infect the vast majority of 

the T4 phage susceptible ~. coli cells found in the colon

ic lumen. This selects for lysis inhibition (mode 2 

growth; Sections 1.5, 3.2, 3.3, and 4.1; Abedon, in 

press) • 

(x) The associated high free T4 phage concentrations 

select for secondary exclusion (Sections 1.5, 1.6, 3.2, 

3 . 3, and 3. 4 ) . 

(xi) If the infected cell concentration is suitably 

high (about 4 x 107 cells/ml and greater) then the lysis 

inhibited state may be considerably extended (Sections 

1.6, 3.2, 3.3, and 4.1; Figure 10, Section 3.2; Abedon, in 

press). High infected cell concentrations also select for 

lysis inhibition (Section 3.3; see also Table 2, Section 

3.4; Abedon, in press). 

(xii) Lysis of the population of infected cells in 

the prefecal colonic lumen may then occur (Figure 10, 

Section 3.2). Lysis of these cells results in a low 

infected ~. coli concentration and a low uninfected ~. 

coli concentration, and a high free phage concentration. 

These parameters, too, select for lysis inhibition (Sec

tion 3.3; see also Table 2, Section 3.4; Abedon, in 

press) . 

(xiii) In the environment described in step xii, a 
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continuous culture-like steady state may spontaneously 

occur where the growth of T4 phage susceptible ~. coli 

cells is limited by T4 phage adsorption (mode 3 growth; 

Table 2, Section 3.4; Lenski, 1988). 

(xiv) Phage resistant ~. coli cells grow back to 

relatively high concentrations. 

(xv) The mutation of T4 phages to host range mutants 

capable of infecting phage T4 resistant ~. coli cells 

returns the environment to step 1. 

(xvi) Feces form in the ~. coli depleted prefecal 

colonic lumen. High concentrations of T4 phages (not host 

range mutants) pass through feces that do not contain high 

concentrations of T4 phage (not host range mutant) suscep

tible ~. coli cells (Section 4.2). 

(xvii) Passage from colon to colon through the extra

colonic environment may occur without an extensive disas

sociation of phages from feces (e.g., from hand to mouth). 

For the entrance of phages into new colons, see step i. 

(xviii) Some phages end up in soils following defeca

tion. The fate of these T4 phages is uncertain. Adsorp

tion to ~. coli cells following the disintegration of the 

fecal mass may be unlikely because of low monovalent 

cation and low trp concentrations in soils. 

(xix) Some phages end up in extra-colonic waters. In 
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extra-colonic waters low concentrations of ~. coli and the 

uncertain health of ~. coli cells (Sections 1.8 and 1.9) 

select for trp dependence and the folding of long tail 

fibers (Sections 1.7, 3.5, and 4.3) as durability enhanc

ing mechanisms (Section 4.3). Adsorption to ~. coli cells 

in the extra-colonic environment is unlikely because of 

low ~. coli concentrations (Section 1.9), and low monova

lent cation and trp concentrations (Sections 1.7, 3.5, and 

4.3) • 

Conclusion: The ecology of T4 phages. In this 

dissertation I have systematically defined the ecology of 

T4 phages. This has been done first by presenting evi

dence that T4 phages have adapted to growth in environ

ments containing high concentrations of ~. coli cells. In 

particular, I argued that T4 phages have evolved short 

latent periods which allow rapid acquisition of cells when 

uninfected cell concentrations are plentiful (Sections 

1.4, 3.1, and 4.1). Following successful phage replica

tion, then, T4 phages express lysis inhibition which is a 

physiological and evolutionary response to high concentra

tions of infected ~. coli cells and low concentrations of 

uninfected ~. coli cells (Sections 1.5, 3.2, 3.3, and 

4.1). I also noted that it is as a response to the cost 

of secondary adsorption and coinfection during these same 
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periods that T4 phage infections express secondary exclu

sion (Sections 1.6 and 3.4). 

The adaptation of T4 phages to growth in environments 

containing high concentrations of R. coli cells suggests 

that T4 phages replicate predominately in the colonic 

lumen of animals. That is, in the colonic lumen high 

concentrations of ~. coli cells are common (Section 1.9 

and Appendix A). In extra-colonic waters, on the other 

hand, R. coli concentrations are low (Section 1.9 and 

Appendix B). Strengthening this position I then demon

strated that T4 phages are mostly unable to adsorb to ~. 

coli cells in extra-colonic waters (Sections 1.7, 3.5, and 

4.3). These many aspects of the ecology of T4 phages are 

summarized in Figure 24. Here I show the growth charac

teristics of T4 phages in a continuous culture-like envi

ronment containing high concentrations of T4 phage suscep

tible R. coli cells. As summarized below, presumably this 

environment consists of the pre fecal colonic lumen of 

animals. 

~. coli cell concentrations are higher in feces than 

in the prefecal colonic lumen (Section 1.9 and Appendix 

A). In addition, as I demonstrated (Section 3.5), adsorp

tion conditions in feces can be excellent. Both of these 

criteria suggest that the optimal T4 phage habitat con-
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Figure 24. Growth characteristics of T4 phages in a 
continuous culture-like environment containing high con
centrations of~. coli cells. Shown is a summary of the 
growth characteristics, summarized over time and shown as 
the log of the phage infective center concentration in 
that environment. "L.G." = selection for phage logarith
mic growth; "S.L.P." = selection for short latent periods; 
"S.I." = selection for superinfection immunity (i.e., 
secondary exclusion); "L.I." = selection for lysis inhibi
tion; "L.L.P." = selection for long latent periods; 
"S.S.E." = steady state equillibrium between phages and 
phage susceptible cells in continuous culture. Numbers in 
parentheses refer to the characteristic mode of T4 phage 
growth. 
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sists of either pre- or post-defecation fecal material. 

Log phase g. coli cells are known to support uninhibited 

T4 phage growth. Based on cell density considerations 

alone, it is reasonable to expect that fecal g. coli cells 

are in stationary phase, however. I tested the ability of 

T4 phages to infect stationary phase g. coli cells and 

found that these cells have a limited ability to support 

T4 phage infections relative to log phase cells (Sections 

1.8, 3.6, 3.7, and 4.2). Presumably the pre fecal colonic 

lumen harbors g. coli cells which are predominantly in log 

phase. Thus, I conclude that T4 phages have adapted to 

growth in prefecal colonic lumens which harbor high con

centrations (~ 106 /ml) of g. coli cells. 
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APPENDIX A 

~. COLI CONCENTRATIONS IN THH GI TRACT AND FECES 

viable bacterial concentrationa 
log (per ml) 

--------------------------
source typeb mine max ----meand--- ne Hf refg 

cat: 
stomach li • coli 2.6 to 3.0b 6 AH 31 
small int. li• coli 3.0 to 4.2h 6 AH 31 
cecum li • coli 5.8b 6 AH 31 
feces 11. coli 6.0b 6 AH 31 
feces li • coli 5.2 9.0 7.6b 10 AH 32 
stomach !l. coli 3.5 7.0 5.5 (± 1. 6) 5 YH 30 
small int. !l. coli 2.3 7.0 4.5 to 5.2 7 YH 30 
colon !l. coli 6.4 9.4 8.6 (± 0.8) 11 YH 30 

cattle: 
feces li • coli 1. 7 5.8 4.3b 10 AH 32 
feces coliform 5. 7i ? AH 16 
stomach !l. coli 3.7 6.6 5.6 ( ± 1. 0) 10 YH 30 
abomasum !l. coli 5.6 8.6 6. lh 5 YH 29 
abomasum li• coli 3.3 6.7 5.3b 13 YH 29 
small int. E.. coli 4.3 9.1 5.2 to 8.8h 5 YH 29 
small int. !l. coli 2.7 8.6 3.9 to 7.0b 13 YH 29 
small int. E_. coli 2.7 8.6 4.9 to 6.8 10 YH 30 
cecum E.. coli 6.9 8.9 8.1 ( ± 0.8) 10 YH 30 
colon li • coli 7.5 9.5 9.lh 5 YH 29 
colon E.. coli 6.9 9.6 8.6b 13 YH 29 
rectum E_. coli 7.5 9.5 9.5h 5 YH 29 
rectum !l. coli 7.7 9.7 8.5b 13 YH 29 
feces E_. coli 6.9 9.5 8.6 ( ± 0.8) 10 YH 30 
feces E.. coli 5 10.5 7-8 5 YH 32 
feces coliform 7 .15i ? YH 16 
abomasum E_. coli 2.7 6.3 5.2 to 5.7b l b YS 29 
abomasum 11. coli <1 7.7 5.9h 9 YS 29 
small int. li. coli 1. 7 9.9 4.0 to 7.3b 15 YS 29 
small int. E_. goli 2.1 9.9 6.1 to 8.9 9 YS 29 
colon E. coli ,, . 1 9.4 8.2 to 8.6h 15 YS 29 
colon ~. coli 8.7 9.7 9.5h 9 YS 29 

Continued next page . . . 
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source typeb mine max ----meand--- ne Hf refg 

cattle: 
rectum li. coli 6.8 9.3 8.4 to 9.2h 15 YS 29 
rectum li. coli 8.5 9.9 9.6h 9 YS 29 

chicken: 
feces li. coli 4.0 7.6 6.6h 10 AH 32 
feces coliform 8. 3i ? AH 16 
crop li. coli 4.7 7.6 6.2 ( ± 0.9) 10 YH 30 
gizzard E_. coli 3.0 3.9 3.4 ( ± 0.3) 6 YH 30 
small int. E_. coli 3.2 9.2 4.6 to 5.8 9 YH 30 
cecum li. coli 8.3 10.0 9.3 ( ± 0. 5) 10 YH 30 

cockroach: 
stomach li. coli (lb 3 AH 31 
small int. li. coli < lh 3 AH 31 
cecum E_. coli (lb 3 AH 31 
feces li. coli < 1 b 3 AH 31 

dog: 
stomach li. coli 2.6 to 3.0b 3 AH 31 
small int. li. coli 2.7 to 5.2h 3 AH 31 
cecum E_. coli 7.2 3 AH 31 
feces li. coli 7.2 3 AH 31 
feces li. coli 6.2 8.9 7. 5h 10 AH 32 
feces coliform 8. Qi ? AH 16 
stomach li. coli 1. 7 4.2 3.2 (± 1. 0) 8 YH 30 
small int. E_. coli 2.4 8.2 3.1-4.8 11 YH 30 
colon li. coli 4.3 8.5 6.5 (± 1. 5) 11 YH 30 
feces E_. coli 6.2 10.0 8.7 ( ± 1. 1) 11 YH 30 

duck: 
stomach E_. coli <1 to 1. 7h 3 AH 31 
small int. li. coli 2.0 to 5.7h 3 AH 31 
cecum li. coli 7.0b 3 AH 31 
feces li. coli 6. Qb 3 AH 31 

fowl: 
stomach E_. coli <1 to 1. 7h 6 AH 31 
small int. li• coli 1. 7 to 2.7h 6 AH 31 
cecum E_. coli 5.6h 6 AH 31 
feces li. coli 6.lh 6 AH 31 

Continued next page .•. 
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source typeb mine max ----meand--- ne Hf ref• 

frog: 
stomach R. coli 3.3 to 4. Ob 3 AH 31 
small int. g. coli 2.0 to 6.4b 3 AH 31 
feces R. coli 6.7h 3 AH 31 

gerbil: 
stomach R. coli <lh 3 AH 31 
small int. g. coli < 1 h 3 AH 31 
cecum R. coli <lb 3 AH 31 
feces ~. coli <lh 3 AH 31 

guinea pig: 
stomach )I. coli <lh 6 AH 31 
small int. g. coli <lh 6 AH 31 
cecum g. coli <lh 6 AH 31 
feces g. coli < lh 6 AH 31 
feces R· coli <1 2.7 <lh 10 AH 32 
stomach R· coli 2.7 1 YH 30 
small int. R· coli 1. 7 4.2 2.5 to 3.7 4 YH 30 
cecum R· coli 3.3 6.6 4.3 (± 1. 3) 5 YH 30 
feces R· coli 3.7 6.2 4.5 ( ± 1. 2) 4 YH 30 

hamster: 
stomach g. coli 2.0 to 3.3h 3 AH 31 
small int. g. coli <1 to 2.0h 3 AH 31 
cecum ~. coli 2.4h 3 AH 31 
sto~ach R· coli 1. 7h 3 AH 31 

horse: 
stomach g. coli 2.5-4.5b 3 AH 31 
small int. R· coli 3.0-5.4h 3 AH 31 
cecum g. coli 3.7 3 AH 31 
feces ~- coli 3.4 3 AH 31 
feces g. coli 3.0 5.4 4.lh 10 AH 32 
feces coliform 5. 3i ? AH 16 

human: 
jejunum aero bes 1 8 5.3 ( ± 2.9) 12 AH 4 
small int. coliform 3. 6i 7 AH 14 
small int. coliform 2 5 3.7 ( ± 1. 5) 4 AH 15 
cecum coliform 5 7 6. 1 ( ± 0.9) 6 AH 15 
feces R· coli 7.1 10.1 8.1 to 9.6 6 AH 3 
feces R· coli 5.3 8.2 6.9 ( ± 0.9) 20 AH 5 
feces g. coli 8.6 ? AH 8 

Continued next page . . . 
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source typeb mine max ----meand--- ne Hf reft 

human (continued) : 
feces g, coli 2.4 10.4 8.9 to 9.9 39 AH 9 -feces 11. coli 3.4 10.4 7.5 23 AH 10 
feces g. coli 3.9 11. 7 6.5 to 8.2 104 AH 11 
feces li. coli 3.4 10.4 5.9 to 6.7 24 AH 12 
feces 11. coli 7. 8i 3 AH 17 
feces g. coli 8.0 ( ± 0.9) 5 AH 20 
feces g. coli 8. 6i 20 AH 24 
feces g. coli 5.7 8.5 6.7h 10 AH 32 
feces g. coli 4.0 9.0 6.8 (± 1. 1) 4 AH 39 
feces entero 7.0 to 7.5 58 AH 1 
feces entero 5.2 8.7 7.0 to 7.2 3 AH 6 
feces entero 7.2 9.0 8.2 3 AH 6 
feces aero bes 7 9 8.0 ( ± 1. 0) 12 AH 4 
feces aero bes 8. 9i 7 AH 21 
feces ( j ) 6 9 8.7 ( ± 0.7) 12 AH 22 
feces coliform 6.4 to 7.6 60 AH 13 
feces coliform 6. 5i 30 AH 14 
feces coliform 4 8 7.0 ( ± 2. 0) 4 AH 15 
feces coliform 8. 3i ? AH 16 
feces coliform 4.7 8.8 7.0 (± 0.5) 6 AH 35 
feces coliform 6.6 8.2 7.5 ( ± 0.6) 8 AH 38 
stomach entero <4 7 6. 5i 2 AP 26 
duodenum entero 7 1 AP 26 
jejunum entero 5 1 AP 26 
appendix entero <4 9 7. li 6 AP 26 
ascending g. coli 8. 6i 6 AP 2 
transverse 11. coli 9. Qi 6 AP 2 
descending li • coli 9. 3i 5 AP 2 
colon entero 8.0 ( ± 1.1) 10 AP 25 
colon entero 5 9 7. 3i 6 AP 26 
colon entero 6i 2 AP 26 
feces 11. coli 4.4 10.4 7.6 24 AP 10 
feces li, coli 4.7 11. 4 7.9-8.9 37 AP 11 
feces li. coli 5.2 8.2 7.2 (± 0.7) 20 AS 35 
feces entero 8.4 (± 0.8) 10 AP 25 
feces aero bes 8.0 to 8. 6i 20 AP 21 
feces coliform 7. 1 ( ± 0.6) 8 AS 23 
feces li. coli 8.7 9.5 9.1 ( ± 0.3) 6 YH 23 
feces li. coli 5 .11+ 8-lOb 5 YH 32 
feces ( j ) <6 10 7.9-8.3 31 YH 22 
feces coliform 6 10 9.2 ? YH 23 
stomach 055 5.3 8.7 6.8 ( ± 1. 2) 5 YS 37 
duodenum 055 6.8 7.9 7.4 2 YS 37 

Continued next page . . . 
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source typeb mine max ----meand--- ne Hf refg 

jejunum 055 5.4 10.7 8.1 ( ± 1. 5) 6 YS 37 
ilium 055 6.8 11. 1 9.0 ( ± 1. 4) 6 YS 37 
cecum 055 7.6 10.0 9.2 ( ± 0. -9) 6 YS 37 
tr. colon 055 9.5 9.6 9.6 2 YS 37 
colon 055 7.0 10.2 8.9 ( ± 1. 4) 4 YS 37 
rectum 055 7.0 10.2 8.9 (± 1. 4) 4 YS 37 
feces ~. coli 5 7 6.3 8 ? 7 
feces coliform 8 11 9.4 ? YS 23 

monkey: 
stomach ~. coli 2.6 to 3.0h 3 AH 31 
small int. ~. coli 2.4 to 4.7h 3 AH 31 
cecum E_. coli 5.7h 3 AH 31 
feces ~. coli 6.4h 3 AH 31 

mouse: 
stomach ~. coli <1 to 2.0h 3 AH 31 
small int. ~. coli 1. 7 to 4.0h 3 AH 31 
cecum li. coli 5.4h 3 AH 31 
cecum coliform 9 10 7 AH 19 
feces li. coli 6.0b 3 AH 31 
feces ~. coli 4.8 8.9 6,8b 10 AH 32 
feces coliform <3 9 6.0 (± 2.4) 6 AH 28 
cecum coliform 3 8 5.9 ( ± 1. 6) 9 YH 19 
cecum coliform 4 6 5.0 ( ± 0.7) 5 YH 27 
colon coliform 4 10 7.6 ( ± 2.8) 7 YH 27 
cecum coliform 5 7 7.5 ( ± 1. 9) 4 YS 19 

ox: 
stomach g_. coli 1. 7 to 3.5b 3 AH 31 
small int. ~. coli <1 to 3.0b 3 AH 31 
cecum E_. coli 4,3b 3 AH 31 
feces E_. coli 4.3b 3 AH 31 

pig: 
stomach E.. coli 3.0 to 5.3h 20 AH 31 
small int. E_. coli 3.4 to 5,3h 20 AH 31 
cecum E.. coli 6.5b 20 AH 31 
feces E_. coli 6.8b 20 AH 31 
feces g_. coli 5.2 7.6 6.5b 10 AH 32 
feces coliform 6. Si ? AH 16 
stomach R, coli <1 5.8 2.9 to 3.2b ? YH 33 
stomach R· coli <1 5.9 3.3 to 5.4b 6 YH 34 
small int. E. coli <1 9.4 2.7 to 6.5h ? YH 33 

Continued next page . . . 
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source typeb mine max ----meand--- ne Hf refg 

pig (continued) : 
small int. li, coli <1 7. 3 3.1 to 5.8h 6 YH 34 
cecum li, coli 5.0 7.3 Q., 8h 6 YH 34 
colon li, coli 5.7 8.5 6.7 to 7.5h ? YH 33 
colon li• coli 5.4 7.3 6.6h 6 YH 34 
rectum li• coli 5.4 7.3 6,7h 6 YH 34 
feces li, coli 5.0 10.0 7-8h 7 YH 32 
feces li, coli 7.0 9.7 9.0 ( ± 0.8) 5 YH 36 
stomach li, coli <1 6.5 2.6 to 3.6h 26 YS 33 
small int. hemolyt. 5.0 11. 5 6.2 to 9.5 9 YS 18 
small int. li, coli <1 10.4 2.2 to 9,5h 26 YS 33 
cecum hemolyt. 8.5 11. 0 9.6 ( ± 0.9) 8 YS 18 
colon li, coli 6.5 10.4 7.6 to 9.6 26 YS 33 
colon hemolyt. 8.0 11. 5 9.6 ( ± 1.1) 8 YS 18 
rectum hemolyt. 8.0 11.0 9.3 ( ± 0.9) 8 YS 18 
feces li, coli 9.7 10.7 10.2 (± 0. 3) 11 YS 36 

rabbit: 
stomach li, coli < lb 11 AH 31 
small int. li, coli (lh 11 AH 31 
cecum li, coli < lb 11 AH 31 
feces li• coli < 1 h 11 AH 31 
feces li, coli <1 6.7 2,7h 10 AH 32 
stomach li• coli 4.6 5.8 5.2 2 YH 30 
small int. li, coli 3.2 8.7 5.8 to 6.2 4 YH 30 
cecum li, coli 5.0 9.2 7.7 ( ± 1. 7) 5 YH 30 
feces li, coli 4.9 9.0 7.3 ( ± 1. 7) 5 YH 30 
feces li, coli <1 7.5 3-5h <10 YH 32 

rat: 
stomach li, coli <1 to 2.0b 7 AH 31 
small int. li, coli <1 to 2.0h 7 AH 31 
cecum li. coli <1 to 2.0h 7 AH 31 
feces li. coli <1 to 2.0h 7 AH 31 
stomach li• coli 1. 7 7.5 5.1 ( ± 2.0) 10 YH 30 
small int. E.. coli 1. 7 6.8 4.7 to 4.9 11 YH 30 
cecum li. coli 4.0 8.9 6.6 ( ± 1. 6) 11 YH 30 

sheep: 
stomach li. coli 1. 7 to 3.5 3 AH 31 
small int. li. coli <1 to 4,7h 3 AH 31 
cecum E. coli 5.4b 3 AH 31 
feces E_. coli 5.7h 3 AH 31 
feces li. coli 5.2 8.0 6.5h 10 AH 32 

Continued next page . . . 
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source typeb mine max ----meand--- ne Hf refg 

sheep (coatiaaed) 

feces coliform 7. li ? AH 12 

tortoise: 
stomach li• coli <1 to 3.0h 3 AH 31 
small int. li• coli (lb 3 AH 31 
feces li• coli 3.0h 3 AH 31 

awhen fecal bacterial concentrations were measured in per 
gram (wet) units then I assume that feces have the same 
density as water. When fecal bacterial concentrations are 
found in per gram (dry) units then I assume that this 
measurement represents a four-fold increase in fecal 
concentration above the original wet mass concentration of 
these samples (Finegold et al., 1974; Moore and Holdeman, 
1974; Finegold et al., 1975; Holdeman et al., 1976; Fine
gold et al., 1977; Mastromarino et al., 1978; Fioramonti 
and Bueno, 1980; Reddy et al., 1980; Stephen and Cummings, 
1980a; 1980b; Banwell et al., 1981; Sakata, 1987). When 
bacteria samples were taken along with tissue from the 
animal GI tract, I ignore the diluting effect of weighing 
this tissue with the bacteria sample. 

bThe cell type whose concentration was determined. If a 
strain designation is given or if a description such as 
"hemolyt. (for hemolytic)" is used, then assume that the 
species is~. coli. "Entero" is used instead of entero
bacteria. In all cases I have used the terminology used 
by the authors of the study cited. 

c1 have ignored determinations in young animals when these 
have been done prior to one day after birth since this is 
before the GI tract is fully colonized. 

dGeometric mean, ± standard deviation in parentheses if 
available, of the E. coli concentration of those animals 
which harbor~. coli cells. When multiple samples are 
considered from the same author, the range of means or 
medians is presented. This is true for a number of small 
intestine measurements where determinations were made from 
multiple positions in the small intestine of individual 
animals. 

Continued next page. 
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eNumber of animals examined. Not necessarily the same as 
the sample number in the case of feces. 

f Condition of 

tReferences: 

animal (state of health, state of being): 
AH 
AP 

AS 
YH 
YS 

1. 
2 . 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 

= 
= 
= 
= 
= 

-healthy adult, 
adult with polyps, cancer and/or 
non-diarrheal GI tract disorder, 
adult with diarrhea, 
healthy young animal, 
young animal with diarrhea, 

Aries et al., 1971, 
Arabi et al., 1978, 
Attebery et al., 1972, 
Bj¢rneklett & Midtvedt, 1981, 
Cooke, 1967, 
Crowther et al., 1973, 
Drasar, 1967, 
Evison & James, 1973, 
Finegold et al., 1974, 
Finegold et al., 1975, 
Finegold et al., 1983, 
Finegold et al., 1977, 
Gorbach et al., 1967a, 
Gorbach et al., 1967b, 
Gorbach et al., 1967c, 
Havelaar et al., 1986, 
Holdeman et al., 1976, 
Kenworthy & Crabb, 1961, 
Lee et al., 1971, 
Levison & Kaye, 1969, 
Mastromarino et al., 1978, 
Mata et al., 1969, 
Mata et al., 1972, 
Moore & Holdeman, 1974, 
Morotomi et al., 1989. 
Nelson & Mata, 1970, 
Savage et al., 1968, 
Schaedler & Dubas, 1962, 
Smith, 1962, 
Smith, 1965a, 
Smith, 1965b, 
Smith & Crabb, 1961, 
Smith & Jones, 1963a, 
Smith & Jones, 1963b, 
Speck et al., 1970, 

other 

Continued next page ... 
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36. Tadd & Hurst, 1961, 
37. Thomson, 1955, 
38. Van Houte & Gibbons, 1966, 
39. Zubrzycki & Spaulding, f962, 

hNumber is a median, not a mean. 

iNumber is an arithmetic mean or I am not sure whether the 
author(s) used a geometric or an arithmetic mean. 

jEscherichia and Klebsiella-Aerobacter. 
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APPENDIX~ 

~. COLI CONCENTRATIONS IN THR EXTRA-COLONIC ENVIRONMENT 

viable bacteria concentration 
log (per ml) 

---------------------------
source type a min max ----meanb--- nc refd 

sewage and sewage contaminated water: 
raw E_, coli 5.0 6.7 5.7 ( ± 0.8) 3 9 
raw E.. coli 2.7 6.9 ? 1 
raw E_. coli 4.0 5.2 4.5 8 5 
raw fecale 3.3 5. 1 4.1 ( ± 0. 6) 16 2 
raw fecale 3.2 5.2 4.4 to 4.6 21 8 
raw fecale 4.1 6.0 5.1 ( ± 0.7) 8 19 
raw fecale 4.7 6.2 5.4 to 5. 2i 36 30 
raw coliform 4.0 5.6 4.8 ( ± 0. 6) 13 21 
raw coliform 5. 1 i ? 31 
raw coliform 6.2 7.1 6.6 ( ± 0.4) 3 9 
raw coliform 3.4 5.7 4.9 to 5.2 21 8 
raw coliform 4.7 ? 10 
rawg fecale 2.5 6.7 4.4 to 6. 2i 20 30 
treatedf E.. coli 3.0 6.0 4.1 ( ± 1. 3) 4 9 
treatedf E.. coli 3.4 5.2 4.4 15 5 
treatedf fecale 2.3 4.1 3.2 ( ± 0. 5) 16 2 
treatedf fecale 2.2 5. 1 4.4 ( ± 0.9) 8 3 
treatedf fecale 3.3 5.3 4.2 ( ± 0.9) 11 19 
treated£ fecale <1 5.7 <1 to 5.3b 59 15 
treated£ fecale 3.1 5.6 3.3 to 5.0 23 11 
treated£ coliform 4. 7i ? 31 
treatedf coliform 4.5 6.4 5.3 ( ± 0.8) 4 9 
treated£ coliform 2. 1 5. 1 4.4 ( ± 0.8) 12 20 
treatedf coliform 4.4 6.4 5.3 ( ± 0.6) 8 3 
treated£ coliform <1 <1 <1 55 32 
treated£ coliform <1 7.1 <1 to 6,4b 59 15 
effluent E_. coli 3.0 4.7 2 9 
effluent E_. coli 1. 5 5.8 ? 1 
effluent fecale <1 4.4 1. 8 ( ± 1. 5) 64 16 
effluent fecale <1 <1 (lh 191 15 
effluent fecale 2.1 4.4 2.9 ( ± 0.9) 7 22 
effluent coliform 3. 6i ? 31 

Continued next page . . . 
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source type min max ----mean---- n ref 

sewage and sewage contaminated water (continued) : 
effluent coliform 4.1 5.2 2 9 
effluent coliform <1 2.0 1. 4i 11 14 
effluent coliform <1 <1 (lb 191 15 
fresh li. coli <1 4.4 2.5 ( ± 0.9) 9 9 
fresh coliform 2.7 5.2 3.4 ( ± 0.8) 9 9 
river li. coli 2.3 1 6 
river li• coli 2.1 1 6 
river fecale 2. 9i 6 28 
river fecale <1 1. 7 1. 2i 15 30 
river coliform 2.4 4.7 2.5 to 4.0 18 14 
sea fecale 2.6 to 3. Qi 5 28 
sea coliform 2.0 to 3.5 26 17 

fresh waters: 
fresh li. coli <1 1. 4 <1 20 9 
fresh fecale <1 2.3 (lb 134 15 
fresh coliform <1 1. 2 < 1 b 134 15 
fresh coliform <1 2.2 <2 20 9 
spring li. coli <1 <1 <1 ? 7 
well li• coli <1 <1 <1 ? 7 
well fecale <1 <1 <1 69 4 
well coliform <1 <1 <1 69 4 
leaf axilae li• coli <1 <1 <1 ? 27 
leaf axilae coliform 4.0 4.4 4.2 ( ± 0.1) 4 27 
surface coliform 2.0 ? 10 
stream fecale <1 3.2 1.1 to 1. 2 21 8 
stream coliform 1.0 4.4 2.6 ( ± 1. 0) 20 20 
stream coliform 1.0 3.5 1.8 to 3.3 21 8 
stream coliform <1 <1 <1 10 23 
river li• coli <1 <1 <1 5 6 
river fecale <1 1. 2 <1 11 2 
river fecale <1 2.0 (lb 117 15 
river fecale <1 <1 <1 5 6 
river fecale 1. 6 to 2. Qi 9 28 
river fecale <1 2.2 <1 12 26 
river coliform 1. 7 3.3 2.7 to 3. 1 i 17 14 
river coliform <1 2.9 <1 to 2,3b 117 15 
sound fecale <1 2.0 <2.0 ? 18 
delta sed. fecale <1 2.4 < li 60 30 

Continued next page .•. 
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sea water: 
water 
water 
water 
water 
water 
water 
water 
intertidal 
estuarian 
coral reef 
sediment 
sediment 
sediment 

soil (per 
polluted 
polluted 
unpolluted 
unpolluted 
unpolluted 
unpolluted 

type min 

fecale 
fecale < 1 
fecale < 1 
fecale 
coliform 
coliform 
coliform <1 
fecale <1 
fecale 
fecale 
fecale < 1 
fecale <1 
coliform <1 

gram): 
fecale 
coliform 
R· coli 
fecale 
coliform 
coliform 

<4.5 
<4.5 
<1 
<1 
<2.2 
<1 

max 

2.2 
1. 4 

2.5 
<1 

3.2 
2.8 
4.4 

>4.7 
>5.5 
<1 
>1 
4.5 
2.0 

----mean---- n 

<1 to 1.8b 

<1 
2. 1 to 2. 9i 
<1 
<1 to 2.4h 

<1 
2. 9i 
1. 2i 

1.4 (± 0.9) 

<1 

< 1. 6 

17 
7 
72 
25 
11 
17 
7 
8 
6 
5 
7 
8 
7 

28 
28 
3 
135 
135 
3 

197 

ref 

24 
13 
25 
28 
17 
24 
13 
29 
28 
28 
13 
29 
13 

12 
12 
9 
12 
12 
9 

acell type designation as used by authors. Designations 
of R· coli and fecal coliforms (i.e., fecale) may be 
considered to be equivalent as used here (i.e., a designa
tion of li• coli is usually best interpreted as a designa
tion of fecal coliform). 

bGeometric mean of the bacteria concentrations in a given 
environment± standard deviation when available. This 
mean includes samples containing low concentrations of 
cells (i.e., <10 per ml). 

cNumber of samples tested. 

dReferences: 1 . Ayres, 19 7 7 , 
2. Bell, 1976, 
3. Berg et al., 1978, 
4. Bifulco et al., 1989, 
5. Bonde, 1977, 
6. Carrillo et al., 1985, 
7. Cuthbert, 1954, 
8. Dutka & Tobin, 1976, 

Continued next page . 
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9. Evison & James, 1973, 
10. Freier & Hartman, 1987, 
11. Funderburg & Sorber, 1985, 
12. Geldreich et al., 1962, 
13. Gerba & Mcleod, 1976, 
14. Grabow & Du Preez, 1979, 
15. Grabow et al., 1984, 
16. Green et al., 1977, 
17. Hagler & Mendonca, 1981, 
18. Hazen & Esch, 1983, 
19. Ignazzitto et al., 1980, 
20. Kott et al., 1974, 
21. Litsky et al., 1953, 
22. McDaniels et al., 1987, 
23. McFetters et al., 1978, 
24. Moore et al., 1959, 
25. Olson, 1978, 
26. Perez-Rosas & Hazen, 1989, 
27. Rivera et al., 1988, 
28. Satiago-Mercado & Hazen, 1987, 
29. Shiaris et al., 1987, 
30. Tartera et al., 1989. 
31. Ware & Mellon, 1956, 
32. Wentsel et al., 1982, 

eFecal coliforms. 

'During sewage treatment. 

gSewage is from slaughter house. 

hNumber is a median, not a mean. 

iNumber is an arithmetic mean or I am not sure whether the 
author(s) used a geometric mean or an arithmetic mean. 
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APPENDIX Q 

COLIPHAGE CONCENTRATIONS IN NATURE 

viable phage concentration 
log (per ml) 

--------------------------
source indicatora min max ----meanb-- nc refd 

GI tract: 
cow many <1 5-6 1. 5 20 20 
pig many 2-3 6-7 4.5 3 20 
pig colon many 2-3 >7 5 30 20 

feces: 
birds many <1 6-7 4 25 20 
fowl many <1 2-3 <1 30 20 
duck K12 li 130 10 
chicken CN 7. Qi ? 14 
calf CN 7. 3i ? 14 
cattle C 1.0 7.4 4.4 ( ± 1. 9) 10 6 
cattle Kl2 4. 3i 28 10 
cattle CN 5. 6i ? 14 
cattle many <1 6-7 1.0 20 20 
dog CN 4. 6i ? 14 
goat K12 5.7 to 6. 3i 53 10 
horse CN 4. 3i ? 14 
horse many <1 3-4 <1 30 20 
human C 1.4 6.0 3.1 ( ± 1. 4) 17 6 
human C >9 1 9 
human CN 4. Si ? 14 
human many <1 <7 <1 597 20 
lemur K12 <1 to 5. 7i 388 10 
mammals many <1 >7 3 97 20 
pig C 1.0 7.2 4.0 (± 2.0) 19 6 
pig CN 6. 5i ? 14 
sheep CN 6. 5i ? 14 

Continued next page ... 
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source indicator min max ----mean--- n ref 

sewage and sewage contaminated fresh water: 
raw B 1. 5 4.5 ? 1 
raw B 1. 3 3.0 2.4 ( ± 0.5) 14 2 
raw many 3.2 3.7 3.5 ( ± 0. 2) 6 3 
raw many 1.6 3.9 3.2 ( ± 0.8) 12 4 
raw NCTC 419 1. 3 4.0 3.1 (± 0.9) 10 7 
raw K12 3.0 to 6. 3i 208 10 
raw B 2.2 3.4 2.7 (± 0.3) 12 11 
raw many <1 4.5 2.5 to 3. Si 6 15 
raw B & C 2.1 3.0 2.5 2 16 
raw many 3.6 6.0 5.1 ( ± 1. 1) 4 20 
raw B 3.1 3.9 3.6 (± 0.3) 6 23 
raw C600 2.1 5.4 4.1 to 4.8 36 27 
raw B 2. 6i ? 28 
raw(urban) many 2.8 4.2 3.5 (± 0.5) 6 5 
raw(rural) many 1. 6 3.7 2.6 (± 0. 9) 5 5 
rawg K12 6. Qi 29 10 
rawg C600 5.4 7.4 6. 7i 10 27 
treated' B 2. 6i ? 28 
treated' B 2.1 2.7 2.4 (± 0.2) 16 2 
treated' many <1 1.8 0.5 (± 0.7) 6 3 
treated' NCTC 419 2.1 2.9 2.4 (± 0.3) 6 7 
treated' B 1.8 3.5 2.0 to 3.3 22 8 
treated' B <1 1.1 1.0 (± 0.1) 5 11 
treated' many <1 5.1 <1 to 4.6b 26 13 
treated' C603 <1 4.8 <1 to 4.6b 59 13 
treated' many <1 4.3 2.1 to 3. 5i 12 15 
treated£ K12 3.0 4.0 3.5 (± 0.4) 4 20 
treated' B 1. 7 2.8 2.2 (± 0.4) 5 26 
treated' C <1 1. 7 <1 19 29 
effluent B <1 3.7 ? 1 
effluent K12 4. Qi 17 10 
effluent C603 <1 <1 (lb 19 12 
effluent ? <1 <1 (lb 191 13 
river HfrH & SPAO 2.5 to 3.6 2 21 
effluent B 2.2 3.0 2.7 (± 0.4) 6 23 
effluent B 2.6b ? 28 

fresh waters: 
fresh many <1 1. 9 1. 2h 5 13 
fresh C603 <1 2.2 < lb 106 13 
stream B <1 1. 7 (lb 20 17 
stream HfrH <1 <1 <1 2 25 

Continued next page . 
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source indicator min max ----mean--- n ref 

fresh waters (continued) : 
river B <1 1.0 <1 11 2 
river WG5 & C603 <1 1. 3 <lb 57 12 
river many <1 2.9 <1 to 2.4b 16 13 
river C603 <1 2.5 <1 to 1. 4h 106 13 
river W3110 2.0 ? 18 
river many 1. 0 2.6 ? 19 
river W3110 <1 1. 9 <1 7 24 
delta C600 <1 <1 < 1 i 60 27 
lake W3110 <1 <1 <1 6 22 
pond K12 5. Qi 117 10 
lake B & C <1 <1 <1 2 16 

sea water: 
water K12 1.0i 31 10 

aLaboratory li• coli strain used to titer indigenous phage 
population. Names are~. coli strains. The term "many" 
means that a number of different indicator li• coli strains 
were employed. 

bGeometric mean of the coliphage concentration± standard 
deviation in parentheses if available. This mean includes 
samples containing low concentrations of coliphages (i.e., 
<10 per ml). 

cNumber of samples examined. 

dReferences: 1. Ayres, 1977, 
2. Bell, 1976, 
3. Brenner et al., 1988, 
4. Dhillon & Dhillon, 1974, 
5. Dhillon et al., 1970, 
6. Dhillon et al., 1976, 
7. Dias & Bhat, 1965, 
8. Funderburg & Sorber, 1985, 
9. Furuse et al., 1983a, 
10. Furuse et al., 1983b, 
11. Goyal et al., 1980, 
12. Grabow & Coubrough, 1986, 
13. Grabow et al., 1984, 
14. Havelaar et al., 1986, 
15. Ignazzitto et al., 1980, 
16. Kennedy et al., 1985, 

Continued next page . 
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17. Kott et al., 1974, 
18. Logan et al., 1980, 
19. Logan et al., 1981, 
20. Osawa et al., 1981, 
21. Primrose & Day, 1977, 
22. Primrose et al., 1982, 
23. Qureshi et al., 1988, 
24. Seeley et al., 1979, 
25. Seeley & Primrose, 1979, 
26. Singh & Gerba, 1983, 
27. Tartera et al., 1989. 
28. Ware & Mellon, 1956, 
29. Wentsel et al., 1982, 

fDu~ing sewage treatment. 

gSewage is from slaughter house. 

bNumber is a median, not a mean. 

iNumber is an arithmetic mean or I am not sure whether the 
author(s) used a geometric mean or an arithmetic mean. 
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APPENDIX !! 

Restriction of T4 phages by stationary phase ~. coli: 

Negative experimental results 

Metabolic poisons are not present in spent media at 

relevant concentrations. I determined whether stationary 

phase was brought on in Hershey broth by starvation or, 

alternatively, by some uncharacterized metabolic poison. 

A metabolic poison, if present, might be responsible for 

the decline in infective center viability following phage 

adsorption as seen in Figures 18 and 19 (Section 3.6). I 

tested for the presence of metabolic poisons by measuring 

the ability of fresh (overnight) inocula of ~. coli S/6/5 

cells to grow in filter sterilized (0.45 micron) "spent" 

Hershey broth. Spent broth is Hershey broth in which ~. 

coli S/6/5 stationary phase cells had been previously 

grown (all samples of spent media had pHs that were ap

proximately equal to 6.8, i.e., the normal pH of fresh 

Hershey broth). Presumably, if there was some metabolic 

poison in this spent media, it would inhibit cell growth. 

Indeed, growth in spent media (curves i, ii, and iii, 

Figure 25) was somewhat inhibited compared with growth in 

fresh media (curve vii, Figure 25). On the other hand 
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Figure 25. Growth of~. coli in spent media (i). Spent 
media was prepared by growing~. coli S/6/5 in Hershey 
broth with bubbling at 37°C. These cells were centrifuged 
away from the spent media supernatant and this supernatant 
was then filter sterilized through an 0.45 micron filter. 
The growth of a second inoculum of~. coli S/6/5 in this 
sterilized spent media was followed by turbidity measure
ments. Growth was plotted on a linear-linear scale and 
Figure 26 shows the same curves plotted on a semi-log 
scale. Curves i, ii, and iii (asterisk, cross, and closed 
circle, respectively) show growth in 4, 14, and 22.5 hours 
past log phase spent media. Curves iv, v, vi, and vii 
(open circle, square, triangle and diamond, respectively) 
show growth in 14, 22.5, and 30.5 hours past log phase 
spent media and Hershey broth salts, respectively. A 1/10 
volume of lOx Hershey broth was added to the spent media 
used in curves iv, v, and vi in order to restore the 
nutrient density to that of fresh Hershey broth. No 
growth was observed in the 30.5 hour spent media unless 
10x Hershey broth was added. 
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growth in spent media and in a fresh Hershey broth equiva

lent (curve vii) occurred at similar rates during log 

phase (i.e., the straight line portions of the curves in 

Figure 26 are nearly parallel). This suggests that spent 

media is nutritionally depleted rather than the carrier of 

a metabolic poison. 

If this is true, then adding back nutrients to spent 

media should restore normal growth. To test this I dilut

ed lOx Hershey broth 1:9 into spent media and followed the 

growth of fresh (overnight) inocula of ~. coli compared 

with a fresh media equivalent (curve vii). The addition 

of lOx Hershey broth not only restores normal cell growth 

but cells grow in this medium to an even higher turbidity 

than in fresh broth (compare curves iv, v, and vi with 

curve vii in Figures 25 and 26). This result is consist

ent with ~. coli cells entering stationary phase in Hers

hey broth because of the depletion of some key factor in 

the media rather than because of the accumulation of a 

metabolic poison. In fact, it is probable that stationary 

phase in Hershey broth is a consequence of a reduction in 

the efficiency of the aeration of the dense Hershey broth 

grown ~. coli culture (Ingraham et al., 1983). 

Entrance of ~. coli cells into stationary phase 

inHershey broth is presumably followed by a slow depletion 
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Figure 26. Growth of~. coli in spent media (ii). See 
legend to Figure 25. 
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of the nutrient density of the media. This is evidenced 

by the lowered maximal concentration that cells can reach 

in spent media (Figure 26). Stationary phase in dilute 

broth, on the other hand, is probably the consequence of 

the depletion of some key nutrient. That is, cell growth 

stops when this nutrient(s) is no longer present in dilute 

media. These experiments with depleted Hershey broth 

suggest that metabolic poisons are not present in spent 

media. The exposure of T4 phage infected stationary phase 

cells to spent media, therefore, is probably not responsi

ble for the lowered efficiency with which these cells 

produce progeny phages. 

Free phage poisons are not present in spent media at 

relevant ooncentrations. A poison also might be present 

that inactivates free T4 phage particles before they 

adsorb to stationary phase cells. The presence of such a 

poison could give results that are identical to those seen 

in Figures 18 and 19 (Section 3.6). To determine whether 

spent media is a free T4 phage poison, I added free T4 

phages to spent media containing high concentrations of 

stationary phase ~. coli B/4. ~. coli B/4 is closely 

related to ~. coli S/6/5 (i.e., they are both descendants 

of ~. coli B) but T4 phages cannot adsorb to ~. coli B/4. 

This experiment tests the ability of T4 phages to survive 
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in an environment that contains high concentrations of 

stationary phase ~. coli cells. In such an environment, 

T4 phages decline in viability only over a matter of days. 

This result suggests that free T4 phages are not rendered 

inviable through direct exposure to spent media. 

Stationary phase cells are not unusually susceptible 

to lysis from without. The adsorption of T4 phages to 

stationary phase cells could irreparably damage these 

cells. Such damage by primary infecting phages is called 

lysis from without (Visconti, 1953). I tested whether 

stationary phase cells are highly susceptible to lysis 

from without following adsorption by T4 phages. First I 

adsorbed a multiplicity of ten T4 phages to stationary 

phase ~. coli S/6/5 cells that had been grown ten or more 

hours past log phase. Normally I have used (i.e., Figures 

18 and 19, Section 3.6) a phage multiplicity of less than 

one. 

Using phase contrast microscopy I determined the 

total count of un infected stationary phase cells plus the 

same quantity of stationary phase cells to which an aver

age of ten T4 phages had been adsorbed. The protocol I 

employed was otherwise nearly identical to that employed 

in the experiments presented in Figure 18, Section 3.6. 

This is with one exception: The fresh media cells were 
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exposed to was Hershey broth rather than Hershey agar. 

The lysis of a T4 phage infected cell results in its 

disappearance from view. Lysis from without should there

fore result in a significant decline in the number of 

visible cells following phage adsorption. No such decline 

occurred. This suggests that stationary phase cells are 

not unusually susceptible to lysis from without. 

Stationary phase T4 phage infected cells do not have 

excessively long latent periods. For the experiments 

presented in Figures 18 and 19 (Section 3.6) I employed 

the soft agar overlay method to detect phage progeny 

produced by stationary phase cells. If the latent period 

of an infection is unusually long, then even if progeny 

phages are produced they might not produce visible 

plaques. This would result in false negatives and an 

under estimation of the ability of infected stationary 

phase cells to produce phage progeny. To determine wheth

er this is a problem I measured the latent period length 

of T4 phage infected stationary phase ~. coli (Figure 

27). 

Note that in Figure 27 the latent period of the 

stationary phase infection is lengthened by less than 

two-fold compared with the log phase infection control (a 

40 minute latent period versus 30 minutes). The burst 
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Figure 27. Phage T4 one-step growth curve on stationary 
phase M· coli. One-step growth curves are produced by 
adsorbing phages to host cells at a low multiplicity and 
then determining the number of infective centers in solu
tion over time. Host cell lysis is characterized by a 
jump in phage concentration as progeny phages are released 
into the extracellular environment. To prevent these 
released progeny phages from adsorbing to cells, lysis 
inhibiting previously infected cells, and initiating new 
infections, the concentration of g. coli cells and free 
phage particles was kept low. Here two phage T4D one-step 
growth curves in fresh Hershey broth are presented: (i) 
Growth on a l.Q_g_ phase~. coli S/6/5 host (squares) and 
(ii) growth on a stationary phase~. coli S/6/5 host 
(circles, four hours past log phase, grown in shaker water 
bath at 37° C). 
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size of the stationary phase infection, on the other hand, 

is quite a bit smaller than that of the log phase infec

tion (i.e., twenty-fold smaller). This relatively short 

latent period suggests that there is no problem expected 

in terms of the ~. coli lawn outgrowing the plaques formed 

by T4 phage infected stationary phase cells. 

Stationary phase T4 phage infected cells are not 

unusually susceptible to inactivation by 450 C tempera

tures. The reduced efficiency with which stationary phase 

cells successfully host T4 phage infections could stem 

from other artifacts induced by the soft agar overlay 

assay. Specifically, the soft agar overlay method in

volves the transfer of phage infected cells to melted soft 

agar that is kept at approximately 45 o C. It is conceiva

ble that the exposure of T4 phage infected stationary 

phase cells to these temperatures reduces their ability to 

produce progeny phages. As a primary defense against the 

introduction of an artifact such as this the time infected 

cells were allowed to spend in 45 0 C agar was minimized. 

To test whether extended exposure of T4 phage infect

ed stationary phase cells to high temperatures is detri

mental I followed phage plaque producing ability following 

extended exposure to 45 0 C melted soft agar (0+, 30, 60, 

90, and 120 second exposures). I detected no decline in 
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the plaque forming ability of these infected stationary 

phase cells with increased exposure to melted soft agar. 

I also compared plaque forming ability with cells that 

were not exposed to melted soft agar (i.e., infected cells 

and indicator bacteria were spread directly onto a hard 

Hershey agar base). Again, there was no difference be

tween the plaque forming ability of spread infected cells 

and cells that were exposed to melted soft agar. These 

observations suggest that the results shown in Figures 18 

and 19 (Section 3.6) are not a consequence of experimental 

artifacts introduced by the soft agar overlay protocol. 
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APPENDIX ~ 

ECOLOGY OF DNA DAMAGE AND REPAIR 

E.I Better understanding of physiology through ecology 

Much of this dissertation has emphasized the trans

~uction of information on T4 phage physiology into infor

mation on T4 phage ecology. As I noted at the outset, an 

understanding of T4 phage ecology is crucial for under

standing T4 phage physiology. Only by wedding ecological 

and physiological information is the context of a given 

phage phenotype fully considered. 

T4 phages are one of the most fully defined organisms 

in terms of the repair of DNA damages (Bernstein, 1981; 

Bernstein & Wallace, 1983). Below is an example of how 

even a well defined phage phenotype, the acquisition and 

repair of DNA damages, can be more fully defined when 

phage ecological information is available and considered. 

In this appendix I explore the general question of 

whether dissimilar organisms that live in similar environ

ments have similar capacities to repair DNA damages. To 

test this I have exposed T4 phages and ~. coli cells to 

various DNA damaging agents (ultraviolet light, nitrous 

acid, and hydrogen peroxide) while both organisms reside 
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in the same environment. This guarantees that both phages 

and cells are exposed to the same concentrations of the 

same DNA damaging agents for the same period of time 

(phage-cell adsorption is prevented by using an g. coli 

strain to which phage T4 cannot adsorb). 

I find that g. coli cells die at a rate that is more 

similar to that of T4 phages than is predicted by target 

theory (Harm, 1980). That is, the relative chromosome 

length of g. coli is roughly 28 times that of phage T4 

(4.7 x 106 kb and 1.7 x 10 5 kb, respectively; Mosig et 

al., 1983; Smith et al., 1987). If g. coli cells and T4 

phages repaired individual DNA damages with the same 

efficiency, g. coli cells would be killed off 28 times 

faster than T4 phages in a given DNA damaging environment 

(Section E.3). Instead, it appears that T4 phages less 

efficiently repair DNA damages or neutralize DNA damaging 

agents (per genomic nucleotide) than g. coli cells. This 

suggests that, compared with g. coli cells, T4 phages rely 

more on their small genome size than on the robustness of 

their DNA repair pathways to survive in DNA damaging 

environments. I have divided the remainder of this appen

dix into three sections corresponding to (i) "Theory" 

(Section E.2), (ii) "Results" (Section E.3), and (iii) 

"Discussion" (Section E.4). 
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E.2 Strategies for survival in DNA damaging environments 

Derivation of a simple model. The potential an 

organism has for survival in a DNA damaging environment 

is, minimally, a function of the efficiency with which 

that organism can neutralize DNA damaging agents and 

repair DNA damages. In this section I will derive from 

first principles an argument that the potential an organ

ism has for survival in a DNA damaging environment is a 

function of four parameters. These include: (i) genome 

size, (ii) generation time, (iii) efficiency of DNA re

pair, and (iv) ability to neutralize DNA damaging agents. 

DNA damages may be defined as structural alterations 

in a DNA strand that prevent that DNA strand from being 

used as a template for the polymerization of a daughter 

DNA strand. An inability to replicate at least one com

plement of daughter DNA constitutes the death of "an organ

ism. The repair of DNA consists of the removal of DNA 

damages. Only a repaired or DNA damage-free chromosome 

may serve as a template for DNA polymerization. 

Successful replication produces at least one daughter 

chromosome and this chromosome initially is not DNA dam

aged. It is subsequently exposed to DNA damaging agents 

found in the environment. A genome is DNA damaged in this 

environment at some rate (~) that may be defined as the 
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number of DNA damages (g) that are induced per nucleotide 

(g) per unit time (i.e., ~ is in units of Ln-1t- 1 ). 

A chromosome is undamaged, by definition, if it is 

successfully replicated. The amount of time an organism 

may accumulate DNA damages before the point that all 

thosedamages must be repaired (i.e., for successful repli

cation to take place) is the generation time of that 

organism (~G). Thus, the total number of DNA damages that 

must be removed so that replication can successfully take 

place is the product of the per nucleotide DNA damaging 

rate (Q), the generation time (~G), and the genome size 

(Le., the DNA damage "target" size; Harm, 1980) of the 

organism in nucleotides (N in units of n). 

Whether these DNA damages are repaired and the organ

ism survives is a function of the efficiency with which 

the organism repairs individual DNA damages (R). R is the 

probability that a given DNA damage will be repaired 

before or during replication (in per lesion, L-l, units). 

The probability that a damage will not be repaired is, 

therefore, equal to 1 - E. 

A function, ~ (of Q, ~G, N and ~), may be defined 

where ~ is the number of DNA damages that are found in a 

genome but not repaired before to the attempted replica

tion of that genome: 
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Q = DtaN(l - E) ( 8) 

~ must be less than 1.0 for an organisms to replicate 

successfully and therefore survive in a DNA damaging 

environment (assuming single-target killing kinetics; 

Harm, 1980). That is, an organism must have fewer than 

i:o DNA damages per genome (i.e., zero) for successful 

replication to take place. 

Caveats associated with this model. The derivation 

of equation 8 assumes that the four parameters, ~, ~a, N, 

and ~, are independent with equal weighting. To make 

these assumptions, in turn, requires that the following 

conditions are met: (i) An organislli's ability to repair 

DNA damages (li) is determined predominantly by the struc

ture of these damages, with certain structures being 

repairable and other structures not repairable. (ii) The 

time required to recognize and repair a DNA damage is 

small compared with the generation time of an organism. 

(iii) The efficiency with which an organism can repair an 

individual damage is independent of the number of damages 

present on its DNA. 

If requirement ii is not valid then li is better 

approximated as a function of both ~a and the differences 

in the organism's ability to repair structurally different 
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damages (i.e., assumption i). Keeping all else constant, 

a violation of requirement ii implies that the value of g 

could decline with very short generation times. A decline 

in g, in turn, decreases the efficacy of very short gener

ation times as a strategy for avoiding exposure to DNA 

damaging agents. 

Requirement iii may be violated when DNA damages are 

very frequent and repair enzymes consequently become 

saturated (Harm, 1980). Under these circumstances g may 

more realistically be a function of~. The significance 

of this caveat is questionable since it assumes that 

repair systems are routinely saturated in nature. In 

other words, it assumes that organisms have not evolved 

the ability to repair the number of DNA damages they 

normally receive in their natural environment. 

Interpretation of this model. Equation 8 implies 

that an organism has four mostly independent options in 

the evolution of a strategy for surviving in a DNA damag

ing environment. These options include: (i) increasing 

the efficiency of its DNA repair mechanisms, (ii) decreas

ing the size of its genome, (iii) decreasing the length of 

its generation time, or (iv) increasing its ability to 

neutralize DNA damaging agents before they interact with 

its DNA. 
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Presumably such parameters as genome size and genera

tion time evolve in response to many aspects of the life 

history of an organism besides selection for survival in a 

DNA damaging environment. In a DNA damaging environment, 

then, selection for increased (i) DNA repair capacity and 

(ii) ability to neutralize DNA damaging agents must be 

seen as necessary evolutionary responses to a lengthening 

of an organism's generation time or an increase in an 

organism's genome size. 

R.3 Phage T4 versus ~. coli survival of DNA damage 

T4 phages and ~. coli cells presumably live in the 

same environments. They should, therefore, be exposed to 

the same concentrations of DNA damaging agents. The 

theory discussed in Section E.2 suggests that two dissimi

lar organisms living in the same environment should have 

similar resistance to the same DNA damaging agents. In 

order to test this prediction for T4 phages and ~. coli 

cells I have compared the ability of T4 phages and ~. coli 

cells to survive exposure to the same concentrations of 

the same DNA damaging agents. 

Ultraviolet irradiation of phages and cells. Mix

tures of free T4 phages and uninfected Hershey broth grown 

log phase ~. coli B/4 cells were irradiated with ultravio

let light. A phage T4 and ~. coli B/4 dose-survival curve 
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is shown in Figure 28. This experiment was done in order 

to compare the ultraviolet radiation sensitivity of ~. 

coli cells and T4 phages. It is clear from Figure 28 

that, at most doses of ultraviolet radiation, ~. coli 

cells survive ultraviolet irradiation better than do 

individual T4 phages. The exception is at very low doses 

of ultraviolet radiation where phage T4 displays a small 

shoulder (Stent, 1963). Because of this shoulder both ~. 

coli cells and T4 phages survive at a similar rate, i.e., 

approaching 100%. The difference between phage and cell 

survival should be even greater for the related phages T2 

and T6. This is because these phages are approximately 

two-fold more sensitive to ultraviolet radiation than are 

T4 phages (Luria & Latarjet, 1947; Streisinger, 1956). 

The greater survival of Hershey broth gro~m log phase 

~. coli B/4 cells relative to T4 phages could reflect the 

presence of mUltiple chromosomes in these cells. In~. 

coli's natural environment cells grow more slowly than 

they do in rich broth in the laboratory (Section 1.8). 

Slowly growing cells harbor fewer chromosomes than fast 

growing cells (Section 1.8) such as Hershey broth grown 

log phase ~. coli B/4. Having a low number of chromosomes 

decreases the ability of ~. coli cells to repair some 
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Figure 28. Phage T4 versus R· coli ultraviolet radiation 
killing curve. The survival of T4 phages and~. coli B/4 
cells are compared following the ultraviolet irradiation 
of an environment containing both organisms simultaneously 
(see Section 2.16 for a description of the methods em
ployed). The ultraviolet radiation dose scale (X-axis) is 
in post-shoulder phage T4 lethal hits. A lethal hit is an 
average of one lethal DNA damage per phage, distributed 
Poissonally over a phage population. The phage T4 surviv
al curve is shown as an unbroken line. ~. coli B/4 sur
vival is shown as (i) circles (Hershey broth grown log 
phase; six experiments); (ii) squares (dilute broth grown 
stationary phase; four experiments); (iii) triangles 
(Hershey broth grown stationary phase, at most few hours 
past log phase; three experiments); and (iv) diamonds 
(M9-asp solution grown log phase; three experiments). See 
text for an explanation for the curve marked "N". 
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kinds of DNA damages (Krasin & Hutchinson, 1977). I 

attempted to reduce the number of chromosomes present in 

each ~. coli cell by growing these cells slowly (in M9-asp 

solution) or to stationary phase in either Hershey broth 

or dilute broth (Section 1.8). I could detect no differ

ence in the survival of ~. coli B/4 cells regardless of 

which growth protocol I employed (Figure 28). This SUg

gests that the survival of ~. coli cells following ul

traviolet irradiation is not dependent on the per cell 

chromosome number. 

The chromosome and the DNA damage target size (Harm, 

1980) of ~. coli is approximately 28 times larger than 

that of phage T4 (Section E.1). It is surprising, there

fore, that ~. coli cells are more resistant to ultraviolet 

radiation than T4 phages. In Figure 28 the curve marked 

"N" shows the theoretical ultraviolet radiation killing 

curve of ~. coli B/4 if these cells had only the per 

nucleotide DNA repair capacity of T4 phages. The ability 

of ~. coli cells to survive ultraviolet radiation induced 

DNA damages is much greater than the ability represented 

by curve N (Figure 28). It is much greater, even, than 

the ability of T4 phages to survive ultraviolet radiation 

induced DNA damages. This suggests that ~. coli B/4 

repairs these damages with more than a 28-fold greater 
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efficiency than T4 phages. 

Nitrous acid treatment of phages and cells. To 

determine whether these results are peculiar to cells and 

phages that have been exposed to ultraviolet radiation I 

repeated these experiments using nitrous acid. Nitrous 

acid is a DNA damaging agent that deaminates DNA (Harm, 

~_~74). As seen in Figure 29, individual :!I. coli cells are 

more sensitive to nitrous acid than are T4 phages. In the 

early shoulder region of the :!I. coli B/4 dose-survival 

curve the survival of :!I. coli cells approaches that of T4 

phages. :!I. coli resistance to nitrous acid then declines 

as the time of exposure is lengthened. Nevertheless, com

paring the survival of :!I. coli cells with the theoretical 

curve, N (Figure 29), one sees that :!I. coli cells repair 

or avoid nitrous acid damages much better, per nucleotide, 

than do T4 phages. This general result is similar to that 

seen using ultraviolet radiation (Figure 28). 

Both Hershey broth grown and dilute broth grown 

stationary phase :!I. coli B/4 cells are killed with kinet

ics similar to Hershey broth grown log phase cells exposed 

to nitrous acid (Figure 29). In contrast, M9-asp solution 

grown log phase :!I. coli B/4 cells (Diamonds, Figure 29) 

show more sensitivity and more variability in sensitivity 

to nitrous acid than Hershey broth grown log phase cells. 
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Figure 29. Phage T4 versus~. coli nitrous acid killing 
curve. The survival of T4 phages and~. coli B/4 cells is 
compared following nitrous acid treatment of an environ
ment containing both organisms simultaneously (see Section 
2.16 for a description of the methods employed). The 
nitrous acid dose scale (X-axis) is in phage T4 lethal 
hits. The phage T4 survival curve is shown as an unbroken 
line. ~. coli B/4 survival is shown as (i) circles 
(Hershey broth grown log phase; six experiments); (ii) 
squares (dilute broth grown stationary phase; four experi
ments); (iii) triangles (Hershey broth grown stationary 
phase; at most few hours past log phase; three experi
ments); and (iv) diamonds (M9-asp solution grown log 
phase; five experiments). See text for an explanation for 
the curve marked "N". 
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The increased sensitivity of M9-asp solution grown log 

phase ~. coli B/4 suggests that nitrous acid sensitivity 

may be an inverse function of chromosome number in ~. coli 

cells. These M9-asp solution grown cells were still 

significantly more resistant to nitrous acid than T4 

phages on a per genome nucleotide basis (i.e., compare 

with curve N, Figure 29). 

Hydrogen peroxide treatment of phages and cells. I 

next compared the ability of Hershey broth grown log phase 

~. coli B/4 cells and T4 phages to survive exposure to 

hydrogen peroxide. As seen in Figure 30, the survival of 

individual T4 phages and ~. coli cells is very similar 

throughout the ~. coli survival curve (again, compare ~. 

coli survival with the theoretical curve N). Preliminary 

results indicate that M9-asp solution grown ~. coli B/4 is 

not more sensitive to hydrogen peroxide killing than 

Hershey broth grown ~. coli B/4 (not shown). This sug

gests that the per nucleotide efficiency of repair of 

hydrogen peroxide damages by R. coli cells is independent 

of chromosome number. This result is anti-intuitive since 

it contradicts the results of Krasin & Hutchinson (1977). 

They showed that free radical induced DNA damages are more 

efficiently repaired by ~. coli cells containing multiple 

chromosomes. I can offer no explanation for this apparent 
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Figure 30. Phage T4 versus~. coli hydrogen peroxide 
killing curve. The survival of T4 phages and~. coli B/4 
cells is compared following treatment with hydrogen perox
ide of an environment containing both organisms simultane
ously (see Section 2.16 for a description of the methods 
employed). The hydrogen peroxide dose scale (X-axis) is 
in phage T4 lethal hits. The phage T4 survival curve is 
shown as an unbroken line. ~. coli B/4 survival is shown 
as circles (Hershey broth grown log phase, three experi
ments). See text for an explanation for the curve marked 
"N". 
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contradiction. 

E.4 DNA damage and T4 phage survival 

The experiments presented in Section E.3 suggest that 

the rate at which T4 phages are killed by DNA damaging 

agents is similar to the rate at which ~. coli cells are 

killed by the same concentrations of the same DNA damaging 

agents. This similar capacity to survive exposure to DNA 

damaging agents exists despite ~. coli cells having a 

chromosome that is approximately 28 times the length of 

phage T4's chromosome (Section E.l). If one considered 

only relative chromosome sizes, one would predict that ~. 

coli cells would be killed at a rate that is approximately 

28 times the rate that T4 phages are killed. Thus,~. 

coli cells are roughly 28 times more efficient at repair

ing or avoiding individual DNA damages than are T4 phages. 

It has been suggested that organisms have evolved 

only the minimal tolerance to ultraviolet radiation neces

sary to survive and prosper in their natural habitat 

(Calkins & Thordardottir, 1980; Frederick & Snell, 1988). 

This may be defined generally as the ability to avoid or 

repair with efficiency the DNA damages that an organism 

might normally receive in its natural habitat. In Section 

E.2 I have derived from first principles an argument that 

suggests that two organisms that live in the same environ-
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ment should retain the same capacity to repair or avoid 

DNA damages on a per genome per generation time basis 

despite differences in genome size. The results presented 

in Section E.3 appear to support this argument since ~. 

coli cells and T4 phages have largely independent DNA 

repair pathways (Bernstein, 1981; Bernstein & Wallace, 

1983) and probably live in the same environments. 

There are several caveats associated with this con

clusion. One is that it is dependent on the assumption 

that both T4 phages and ~. coli cells have the same gener

ation time in the wild. A second is that it assumes that 

T4 phages are exposed to DNA damaging agents in the wild 

as free phage particles rather than as phage infections. 

That is, the experiments presented in Section E.3 compare 

the survival of DNA damaged ~. coli cells with free DNA 

damaged phage particles. A third is that it assumes that 

~. coli cells, like free phage particles, cannot repair 

DNA damages while being exposed to DNA damaging agents. 

As I will argue below, assumptions one and three may be 

false, at least in some extra-colonic environments. 

Assumption two, on the other hand, is probably a reasona

ble approximation of conditions in extra-colonic environ-

ments. 
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Reception and repair of DNA damages in the extra

colonic environment. T4 phages do not readily adsorb to 

~. coli cells in their extra-colonic environment (Section 

1.7, 3.5, and 4.3; see also Section 4.2). This suggests 

that T4 phages are likely to be primarily in the free 

phage state when they are exposed to DNA damaging agents 

in the extra-colonic environment. This conclusion further 

implies that the generation time of T4 phages in the 

extra-colonic environment is approximately equal to the 

length of time these phages are found in that environment. 

The generation time of a T4 phage is the time between the 

"birth" of a phage and the birth of its progeny phages 

following the infection of an ~. coli cell. 

The presence of T4 phages primarily in the free phage 

state in the extra-colonic environment suggests that these 

phages cannot repair DNA damages while still residing in 

this environment. ~. coli cells probably can divide or at 

least metabolize in at least some extra-colonic environ

ments (Section 1.9; see also Perez-Rosas & Hazen, 1989). 

This implies that ~. coli cells may be repairing and 

therefore not accumulating DNA damages at the same rate as 

T4 phages (normalized to chromosome length) while residing 

in at least some extra-colonic environments. 

~. coli cells may be especially favored in the 
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extra-colonic environment since they can repair ultravio

let radiation induced DNA damages via photoreactivation 

while they are being exposed to ultraviolret light con

taining sunlight (Harm, 1969). In addition, several ~. 

coli repair pathways are inducible in metabolizing cells 

(Demple & Halbrook, 1983; Walker, 1985). Inducible repair 

~~stems may make ~. coli cells less sensitive to subse-

quent exposures to DNA damaging agents. This should 

further increase the ability of ~. coli cells to survive 

exposure to DNA damaging agents in nature. 

Multiplicity reactivation. All these arguments 

suggest that the ability of ~. coli cells to survive the 

exposure to DNA damaging agents in extra-colonic environ

ments, compared with T4 phages, may be underestimated by 

the experiments presented in Section E.3. Thus, T4 phages 

may have to repair greater numbers of DNA damages than ~. 

coli cells (normalized to chromosome length) after rein

troduction into the colonic lumen and before replication 

can take place. 

If T4 phages coinfect upon their reintroduction into 

the colonic lumen, their ability to repair these damages 

may be greatly enhanced. This is because coinfection 

allows T4 phages to use a powerful co infection-dependent 

recombinational DNA repair mechanism called multiplicity 
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reactivation (Luria & Dulbecco, 1949; Bernstein, 1981; 

Bernstein & Wallace, 1983). This could, to some extent, 

make up for any DNA damage survival adv8,ntage ~. coli 

cells have over T4 phages in the extra-colonic environ

ment. Phage coinfection is unlikely upon reintroduction 

into the colonic lumen, though. This is because the 

p'~obability of multiple phage adsorption to a single cell 

is a function of phage concentration (Section 3.2) but the 

concentration of phages is low in the extra-colonic envi

ronment (Section 1.9). 

In addition, T4 phage infected cells express second

ary exclusion (Section 1.6). Secondary exclusion limits 

the ability of two phages to coinfect a cell successfully 

even given coadsorption to that cell. Multiplicity reac

tivation, therefore, is probably not an important mecha

nism in the repair of DNA damages by T4 phages that are 

damaged in the extra-colonic environment. This conclusion 

would be different if DNA damages somehow induced a coin

fection prone state in T4 phages, thus allowing an in

creased capacity for participating in multiplicity reacti

vation. There is no evidence that such a state is induced 

by ultraviolet radiation, however (unpublished results). 

Luria-Latarjet effect. It is likely that the ability 

of T4 phages to repair DNA damages acquired in the colonic 
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lumen is greater than their ability to repair those dam

ages received in the extra-colonic environment. In the 

colonic lumen, T4 phages are probably able to find, adsorb 

to, and infect R. coli cells quickly (Sections 1.7, 1.9, 

and 3.5). T4 phage infected cells are much less sensi

tive to DNA damages than T4 phages that have been DNA 

damaged while in the free phage state. ·After phage DNA 

synthesis has begun in an infected cell (Section 1.3), 

highly efficient inter-chomosomal recombinational repair 

of DNA damages can take place (Luria & Latarjet, 1947; 

Benzer, 1952; Weigle & Bertani, 1956; Symonds, 1957; Paul 

Hyman, University of Arizona, personal communication). In 

addition, the generation times of T4 phages and ~. coli 

cells in the colonic lumen should be much more similar 

than in the extra-colonic environment. Thus, T4 phages 

should be much more resistant to DNA damaging agents than 

~. coli cells in the colonic lumen. 

Conclusion and speculations: A comparison of the DNA 

repair capacities of T4 phages and E. coli cells. Despite 

the complications discussed above, it is still striking 

that free T4 phages and R. coli cells have a similar 

capacity to survive exposure to DNA damaging agents. This 

similarity is a strong indication that R. coli cells rely 

on a robust ability to repair DNA damages found on their 
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relatively large chromosome. This is compared with free 

T4 phages that rely less on their ability to repair DNA 

damages and more on their ability to avoid being DNA 

damaged altogether by virtue of their relatively small DNA 

target size. For example, the post-shoulder wild type 

phage T4 ultraviolet radiation resistance is 4.4 times 

t~at of mutant phage T4 strains that lack ultraviolet 

radiation induced DNA damage repair pathways (Harm, 1963; 

Symonds et al., 1973). In wild type ~. coli cells it is 

over 200 times that of mutant ~. coli strains that lack 

pathways which repair ultraviolet radiation induced DNA 

damages (Tyrrell et al., 1972; Harm, 1980). 

Why T4 phages have not evolved more robust DNA repair 

mechanisms can only be speculated. It is likely that one 

important factor is the cost of adding new gene functions 

to the T4 phage genome. In particular, a T4 phage gene 

takes up a larger percentage of the phage genome than the 

same gene would take up of the ~. coli genome. That is, a 

1 kb gene makes up about 0.5% of the T4 phage genome but 

only about 0.02% of the ~. coli genome. Perhaps of great

er importance, the size of the T4 phage genome is limited 

by the length of DNA that fits into a T4 phage head (Black 

& Showe, 1983). This makes large increases in the size of 

the T4 phage genome dependent on the evolution of a com-
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pensating larger head. This may slow the rate at which T4 

phages can evolve new genes. It is also possible that 

additional gene functions monopolize a greater fraction of 

the total phage infection energy budget than the same gene 

function may require of the ~. coli energy budget. 

Another possibility is that the requirement that 

p~ages express their DNA repair genes after the phage is 

DNA damaged (i.e., following infection) places limitations 

on the target size of individual DNA repair genes. This 

also may place limitations on the total number of genes 

required for a given repair pathway. Finally, the simi

larity between the repair capacity of T4 phages and ~. 

coli cells, per genome, suggests that the optimal DNA 

damage survival capability of these organisms may be set 

by their environment. If this is true then one could 

conclude that both ~. coli and phage T4 have evolved 

repair capacities that, despite differences in genome 

size, enable each organism to match this survival optimum. 



235 

LIST OF REFERENCES 

Abedon ST (1989). Selection for bacteriophage latent 
period length by bacterial density: A theoretical exami
nation. Microbial Ecology 18:79-88. 

Abedon ST (in press). Selection for lysis inhibition in 
bacteriophage. Journal of Theoretical Biology. 

Ackermann HW, Dubow MS (1987a). Viruses of Prokaryotes, 
Volume l, General Properties of Bacteriophages. eRe 
Press, Boca Raton, Florida. 

Ackermann HW, Dubow MS (1987b). Viruses of Prokaryotes, 
Volume ~, Natural Groups of Bacteriophages. CRC Press, 
Boca Raton, Florida. 

Ackermann HW, Nguyen TM (1983). Sewage coliphage studied 
by electron microscopy. Applied and Environmental Micro
biology 45:1049-1059. 

Adams MH (1959). Bacteriophages. Interscience Publishing 
Incorporated, New York, New York. 

Anderson TF (1945). The role of tryptophane in the ad
sorption of two bacterial viruses on the host Escherichia 
coli. Journal of Cellular and Comparative PhYsiology 
25:17-26. 

Anderson TF (1946). Morphological and chemical relations 
in viruses and bacteriophages. Cold Spring Harbor Sympo
sium on Quantitative Biology 11:1-13. 

Anderson TF (1948a). The activation of the bacterial 
virus T4 by L-tryptophan. Journal of Bacteriology 
55:637-649. 

Anderson TF (1948b). The inheritance of requirements for 
adsorption cofactors in the bacterial virus T4. Journal 
of Bacteriology 55:651-658. 

Anderson TF (1948c). The influence of temperature and 
nutrients on plaque formation by bacteriophages on Escher
ichia coli strain B. Journal of Bacteriology 55:659-665. 



236 

Ando A, Furuse K, Watanabe I (1979). Propagation of 
ribonucleic acid coliphages in gnotobiotic mice. Applied 
and Environmental Microbiology 37:1157-1165. 

Arabi Y, Dimock F, Burdon DW, Alexander-Williams J, Keigh
ley MRB (1978). Influence of bowel preparation and anti
microbials on colonic microflora. British Journal of 
Surgery 65:555-559. --

Aries VC, Crowther JS, Drasar BS, Hill MJ, Ellis FR 
(1971). The effect of a strict vegetarian diet on the 
faecal flora and faecal steroid concentration. Journal of 
Pathology 103:54-56. 

Arscott PG, Goldberg EB (1976). Cooperative action of the 
T4 tail fibers and baseplate in triggering conformational 
change and in determining host range. Virology 69:15-22. 

Attebery HR, Sutter VL, Finegold SM (1972) •. Effect of a 
partially chemically defined diet on normal human fecal 
flora. American Journal of Clinical Nutrition 25:1391-
1398. 

Ayres PA (1977). Coliphages in sewage and the marine 
environment. In: Skinner FA, Shewan JM (editors) Aquatic 
Microbiology. Academy Press, New York, New York. pp. 
275-298. 

Bachmann BJ (1972). Pedigrees of some mutant straino of 
Escherichia coli K-12. Bacteriological Reviews 36:525-
557. 

Banwell JG, Branch W, Cummings JH (1981). The microbial 
mass in the human large intestine. Gastroenterology 
80:1104. 

Barcina I, Gonzalez JM, Iriberri J, Egea L (1989). Effect 
of visible light on progressive dormancy of Escherichia 
coli cells during the survival process in natural fresh 
water. Applied and Environmental Microbiology 55:246-251. 

Barford JP, Pamment NB, Hall RJ (1982). Lag phases and 
transients. In: Bazin MJ (editor) Microbial Population 
Dynamics. CRC Press, Incorporated, Boca Raton, Florida. 
pp. 55-89. 



237 

Baumann L, Benz CW, Wright A, Goldberg EB (1970). Inacti
vation of urea-treated phage T4 by phosphatidylglycerol. 
Virology 41:356-364. 

Bayer ME, Bayer MH (1981). Fast responses of bacterial 
membranes to virus adsorption: A fluorescence study. 
Proceedings of the National Academy of Sciences. United 
States of America 78:5618-5622. 

Beckey AD, Wulff JL, Earhart CF (1974). Early synthesis 
of membrane protein after bacteriophage T4 infection. 
Journal of Virology 14:886-894. 

Bell RG (1976). The limitation of the ratio of fecal 
coliforms to total coliphage as a water pollution index. 
Water Research 10:745-748. 

Benz WC, Goldberg EB (1973). Interactions between modi
fied phage T4 particles and spheroplasts. Virology 
53:225-235. 

Benzer S (1952). Resistance to ultraviolet light as an 
index to the reproduction of bacteriophage. Journal of 
Bacteriology 63:59-72. 

Benzer S (1955). Fine structure of a genetic region in 
bacteriophage. Proceedings of the National Academy of 
Sciences, United States of America 41:344-354. 

Berg G, Dahling DR, Brown GA, Berman D (1978). Validity 
of fecal coliforms, total coliforms, and fecal streptococ
ci as indicators of viruses in chlorinated primary sewage 
effluents. Applied and Environmental Microbiology 
36:880-884. 

Bernstein C (1981). Deoxyribonucleic acid repair ir. 
bacteriophage. Microbial Reviews 45:72-98. 

Bernstein C, Wallace SS (1983). DNA r~pair. In: Mathews 
CK, Kutter EM, Mosig G, Berget p~ (editors) Bacteriophage 
T4. American Society fo:' Microbiology, Washington, D.C. 
pp. 138-151. 

Bifulco J~, Shirey JJ, Bissonnette GK (1989). Detection 
of Acinetobacter spp. in rural drinking water supplies. 
Applied and Environmental Microbiology 55:2214-2219. 



238 

Bissonnette GK, Jezeski JJ, McFetters GA, Stuart DG 
(1975). Influence of environmental stress on enumeration 
of indicator bacteria from natural waters. Applied Micro
biology 29:186-194. 

Bissonnette GK, Jezeski JJ, McFetters GA, Stuart DG 
(1977). Evaluation of recovery methods to detect coli
forms in water. Applied and Environmental Microbiology 
33:590-595. 

Bi tton G (1975). 
soil and water. 

Adsorption of viruses onto surfaces in 
Water Research 9:473-484. 

BJ~rneklett A, Midtvedt T (1981). Influence of three 
antimicrobial agents -- penicillin, metronidazole, and 
doxycyclin -- on the intestinal microflora of healthy 
humans. Scandinavian Journal of Gastroenterology 16:473-
480. 

Black LW, Showe MK (1983). Morphogenesis of the T4 head. 
In: Mathews CK, Kutter EM, Mosig G, Berget PB (editors) 
Bacteriophage T4. American Society for Microbiology, 
Washington, D.C. pp. 219-247. 

Bode W (1967). Lysis inhibition in Escherichia coli 
infected with bacteriophage T4. Journal of Virolo~ 
1:948-955. 

Bonde GE (1977). Bacterial indicators of water pollution. 
Advances in Aquatic Microbiology 1:273-364 

Borrego JJ, Arrabal F, de Viciente A, Gomez LF, Romero P 
(1983). Study of microbial inactivation in the marine 
environment. Journal Water Pollution Control Federation 
55:297-302. 

Botsford JL, DeMoss RD (1972). Escherichia coli trypto
phanase in the enteric environment. Journal Qf Bacteriol
~ 109:74-80. 

Brenner KP, Scarpino PV, Clark CS (1988). Animal viruses, 
coliphages, and bacteria in aerosols and wastewater at a 
spray irrigation site. Applied and Environmental Microbi
ology 54:409-415. 

Brenner S, Champe SP, Streisinger G, Barnett L (1962). On 
the interaction of adsorption cofactors with bacteriophage 
T2 and T4. Virology 17:30-39. 



239 

Brown DT, Anderson TF (1969). Effect of host cell wall 
material on the adsorbability of cofactor-requiring T4. 
Journal of Virology 4:94-108. 

Buchanan RE (1918). Life phases in a bacterial culture. 
Journal of Infectious Diseases 23:109-125. 

Calkins J, Thordardottir T (1980). The ecological signif
icance of solar UV radiation on aquatic organisms. Nature 
283:563-566. 

Caplenas NR, Kanarek MS (1984). Thermotolerant non-fecal 
source Klebsiella pneumoniae: Validity of the fecal 
coliform test in recreation waters. American Journal of 
Public Health 74:1273-1275. 

Carlson JF, Woodard FE, Wentworth DF, Sproul OJ (1968). 
Virus inactivation on clay particles in natural waters. 
Journal Water Pollution Control Federation 40:R89-R10S. 

Carrillo M, Estrada E, Hazen TC (1985). Survival and 
enumeration of the fecal indicators Bifidobacterium ado
lescentis and Escherichia coli in a tropical rain forest 
watershed. Applied and Environmental Microbiology 
50:468-47S. 

Cashel M, Rudd KE (1987). The stringent response. In: 
Neidhardt FC, Ingraham JL, Low KB, Magasanik B, Schaechter 
M, Umbarger HE (editors) Escherichia coli and Salmonella 
typhimurium Cellular and Molecular Biology. American 
Society for Microbiology, Washington, D.C., pp. 1410-
1438. 

Chai TJ (1983). Characteristics of Escherichia coli grown 
in bay waters as compared with rich medium. Applied and 
Environmental Microbiology 45:1316-1323. 

Cheng p-y (1956a). The effect of L-tryptophan on thermal 
lability of bacteriophage T4,38. Biochimical et Biophysi
cal Acta 22:433-442. 

Cheng P-Y (1956b). Properties of tryptophan-inactivated 
bacteriophage T4,38. Biochimical et Biophysical Acta 
22:443-451. 



240 

Christensen AC, Young ET (1983). Characterization of T4 
transcripts. In: Mathews CK, Kutter EM, Mosig G, Berget 
PB (editors) Bacteriophage T4. American Society for 
Microbiology, Washington, D.C. pp. 184-188. 

Chung K-T, Fulk GE, Slein MW (1975). Tryptophanase of 
fecal flora as a possible factor in the etiology of colon 
cancer. Journal of the National Cancer Institute 
54:1073-1078. 

Churchward G, Bremer H (1977). Determination of deoxyri
bonucleic acid replication time in exponentially growing 
Escherichia coli B/r. Journal of Bacteriolog~ 130:1206-
1213. -- -

Conley MP, Wood WE (1975). Bacteriophage T4 whiskers: A 
rudimentary environment-sensing devise. Proceedings of 
the National Academy of Sciences, United States of America 
72:3701-3705. 

Cooke EM (1967). A quantitative comparison of the faecal 
flora of patients with ulcerated colitis and that of 
normal persons. Journal of Pathology and Bacteriology 
94:439-444. 

Cooke EM (1974). Escherichia coli and Man. Churchill 
Livingstone, London, United Kingdom. 

Cornett JB (1974). 
bacteriophage T4. 

Spackle and immunity functions of 
Journal of Virology 13:312-321. 

Cornett JB, Vallee M (1973). The map position of the 
immunity (imm) gene of bacteriophage T4. Virology 
51:506-508. 

Covert TC, Shadix Le, Rice EW, Haines JR, Freyberg RW 
(1989). Evaluation of the autoanalysis colilert test for 
detection and enumeration of total coliforms. Applied and 
Environmental Microbiology 55:2443-2447. 

Crawford JT, Goldberg EB (1980). The function of tail 
fibers in triggering baseplate expansion of bacteriophage 
T4. Journal of Molecular Biolo~~ 139:679-690. 

Crick FHC, Barnett L, Brenner S, Watts-Tobin RJ (1961). 
General nature of the genetic code for proteins. Nature 
192:1227-1232. 



Crompton TR (1985). 
in Water. Volume 2. 
York, New York. 

241 

Determination of Organic Substances 
John Wiley and Sons Limited, New 

Crowther JS, Drasar BS, Goddard P, Hill MJ, Johnson K 
(1973). The effect of a chemically defined diet on the 
faecal flora and faecal steroid concentration. Gut 
14:790-793. 

Crowther RA (1980). Mutants of bacteriophage T4 that 
produce infective fibreless particles. Journal of Molecu
lar Biology 137:159-174. 

Crowther RA, Kikuchi Y, Lenk EV, King J (1977). Molecular 
reorganization in the hexagon to star transition of the 
baseplate of bacteriophage T4. Journal of Molecular 
Biology 116:489-523. 

Cummings DJ, Chapman VA, DeLong SS (1969). The sedimenta
tion and conformational variance among T-even bacterio
phages. Virology 37:94-108. 

Cummings JH, Jenkins DJA, Wiggins HS (1976). Measurements 
of the mean transit time of dietary residue through the 
human gut. Gut 17:210-218. 

Cundell AM (1981). Rapid counting method for coliform 
bacteria. Advances in Applied Microbiology 27:169-183. 

Cuthbert WA (1954). The suitability of farm water sup
plies for dairy purposes. Journal of Applied Bacteriology 
17:76-89. 

Davis SN, DeWeist RJM (1966). Hydrology. John Wiley and 
Sons, Incorporated, New York, New York. 

Davis BD (1980). Bacterial nutrition and growth. In: 
Davis BD, Dulbecco R, Eisen HN, Ginsberg HS (editors) 
Microbiology, Including Immunology and Molecular Genetics, 
third edition. Harper and Row, Publishers, Philadelphia, 
Pennsylvania. pp. 59-70. 

Dawes J (1975). 
receptor site. 

Characterization of the bacteriophage T4 
Nature 256:127-128. 

Degens ET (1965). Geochemistry of Sediments: ~ Brief 
Survey. Prentice-Hall, Incorporated, Englewood Cliffs, 
New Jersey. 



242 

Delbruck M (1948). Biochemical mutants of bacterial vi
ruses. Journal of Bacteriology 56:1-16. 

Delbruck M, Luria SE (1942). Interference between bacte
rial viruses: I. Interference between two bacterial 
viruses acting upon the same host, and the mechanism of 
virus growth. Archives of Biochemistry 1:111-141. 

Demerec M, Fano U (1945). Bacteriophage resistant mutants 
in Escherichia coli. Genetics 30:119-136. 

Demple B, Halbrook J (1983). Inducible repair of oxida
tive DNA damage in Escherichia coli. Nature 304:466-468. 

Dhillon EKS, Dillon TS (1974). Synthesis of indicator 
strains and density of ribonucleic acid-containing coli
phages in sewage. Applied Microbiology 27:640-647. 

Dhillon TS, Chan YS, Sun SM, Chau WS (1970). Distribution 
of coliphages in Hong Kong sewage. Applied Microbiology 
20:187-191. 

Dhillon TS, Dhillon EKS, Chau HC, Li WK, Tsang AHC (1976). 
Studies on bacteriophage distribution: Virulent and 
temperate bacteriophage content of mammalian feces. 
Applied and Environmental Microbiology 32:68-74. 

Dias FF, Bhat JV (1965). Microbial ecology of activated 
sludge: II. Bacteriophages, Bdellovibrio, coliforms, and 
other organisms. Applied Microbiology 13:257-261. 

Doermann AH (1948). Lysis and lysis inhibition with 
Escherichia coli bacteriophage. Journal of Bacteriology 
55:257-275. 

Doermann AH (1952). The intracellular growth of bacterio
phages I. Liberation of intracellular bacteriophage T4 by 
premature lysis with another phage or with cyanide. 
Journal of General Physiology 35:645-656. 

Doermann AH (1983). Introduction to the early years of 
bacteriophage T4. In: Mathews CK, Kutter EM, Mosig G, 
Berget PB (editors) Bacteriophage T4. American Society 
for Microbiology, Washington, D.C. pp. 1-7. 



243 

Doran JW, Linn DM (1979). Bacteriological quality of 
runoff water from pastureland. Applied and Environmental 
Microbiology 37:985-991. 

Drasar BS (1967). Cultivation of anaerobic intestinal 
bacteria. Journal of Pathology and Bacteriology 94:417-
427. 

Drever JI (1982). The Geochemistry of Natural Waters. 
Prentice-Hall, Incorporated, Englewood Cliffs, New Jersey. 

Driehuis F, Wouters JTM (1987). Effect of growth rate and 
c~ll shape on the peptidoglycan composition in Escherichia 
coli. Journal of Bacteriology 169:97-101. 

Dulbecco R (1952). Mutual exclusion between related 
phages. Journal of Bacteriology 63:209-217. 

Dutka BJ, Kuchma S, Kwan XX (1979). Fecal coliforms and 
R. coli estimates, tip of the iceberg. Water. Air and 
Soil Pollution 11:349-362. 

Dutka BJ, Tobin SE (1976). Study on the efficiency of 
four procedures for enumerating coliforms in water. 
Canadian Journal of Microbiology 22:630-635. 

Eiserling FA (1983). Structure of the T4 virion. In: 
Mathews CK, Kutter EM, Mosig G, Berget PB (editors) Bacte
riophage T4. American Society for Microbiology, Washing
ton, D.C. pp. 11-24. 

Emrich J (1968). Lysis of T4-infected bacteria in the 
absence of lysozyme. Virology 35:158-165. 

Enzinger RM, Cooper RC (1976). Role of bacteria and 
protozoa in the removal of Escherichia coli from estuarine 
waters. Applied and Environmental Microbiology 31:758-
763. 

Evison LM, James A (1973). A comparison of the distribu
tion of intestinal bacteria in British and East African 
water sources. Journal of Applied Bacteriology 36:109-
118. 

Fildes P, Kay D (1957). Tryptophan as a bacteriophage 
adsorption factor. British Journal of Experimental Pa
thology 38:563-572. 



, ) 

244 

Fildes P, Kay D (1959). The function of tryptophan in the 
adsorption of a bacteriophage. British Journal of Experi
mental Pathology 40:71-79. 

Fildes P, Kay D (1963). The conditions which govern the 
adsorption of a tryptophan-dependent bacteriophage to 
kaolin and bacteria. Journal of General Microbiology 
30:183-191. 

Finegold SM, Attebery HR, Sutter VL (1974). Effect of 
diet on human fecal flora: comparison of Japanese and 
American diets. American Journal of Clinical Nutrition 
27:1456-1469. 

Finegold SM, Flora DJ, Attebery HR, Sutter VL (1975). 
Fecal bacteriology of colonic polyp patients and control 
patients. Cancer Research 35:3407-3417. 

Finegold SM, Sutter VL, Mathisen GE (1983). Normal in
digenous flora. In: Hentges DJ (editor) Human Intestinal 
Microflora in Health and Disease. Academic Press, New 
York, New York. pp. 3-31. 

Finegold SM, Sutter VL, Sugihara PT, Elder HA, Lehmann SM, 
Phillips RL (1977). Fecal microbial flora in seventh day 
adventist popUlations and control subjects. American 
Journal of Clinical Nutrition 30:1781-1792. 

Fioramonti J, Bueno L (1980). Motor activity in the large 
intestine of the pig related to dietary fibre and reten
tion time. British Journal of Nutrition 43:155-162. 

Fletcher G, Wulff JL, Earhart CF (1974). Localization of 
membrane protein synthesis after infection with bacterio
phage T4. Journal of Virology 13:73-80. 

Flint KP (1987). The long-term survival of Escherichia 
coli in river water. Journal of Applied Bacteriology 
63:361-270. 

Frederick JE, Snell HE (1988). Ultraviolet radiation 
during the Antarctic spring. Science 241:438-440. 

Freier TA, Hartman PA (1987). Improved membrane filtra
tion media for enumeration of total coliforms and Escheri
chia coli from sewage and surface waters. Applied and 
Environmental Microbiology 53:1246-1250. 



245 

Fujioka RS, Hashimoto HH, Siwak EB, Young RHF (1981). 
Effect of sunlight on survival of indicator bacteria in 
seawater. Applied and Environmental Microbiology 41:690-
696. 

Fundenburg SW, Sorber CA (1985). Coliphages as indicators 
of enteric viruses in activated sludge. Water Research 
19:547-555. 

Furukawa H, Mizushima S (1982). Roles of cell surface 
components of Escherichia coli K-12 in bacteriophage T4 
infection: Interaction of tail core with phospholipids. 
Journal of Bacteriology 150:916-924. 

Furukawa H, Yamada H, Mizushima S (1979). Interaction of 
bacteriophage T4 with reconstituted cell envelopes of 
Escherichia coli K-12. Journal of Bacteriology 140:1071-
1080. 

Furuse K, Osawa S, Kawashiro J, Tanalta R, Ozawa A, Sawamu
ra S, Yanagawa Y, Nagao T, Watanabe I (1983a). Bacterio
phage distribution in human faeces: Continuous survey of 
healthy subjects and patients with internal and leukaemic 
diseases. Journal of General Virology 64:2039-2043. 

Furuse K, Sakurai T, Inokuchi Y, Inoko H, Ando A, Watanabe 
I (1983b). Distribution of RNA coliphages in Senegal, 
Ghana, and Madagascar. Microbiology and Immunology 
27:347-358. 

Gameson ALH, Saxon JR (1967). Field studies on effect of 
daylight in mortality of coliform bacteria. Water Re
search 1:279-295. 

Gamow RI, Kozloff LM (1968). Chemically induced cofactor 
requirement for bacteriophage T4D. Journal of Virology 
2:480-487. 

Garen A, Puck TT (1951). The first two steps of the 
invasion of host cells by bacterial viruses. II. Journal 
of Expeimental Medicine 94:177-189. 

Gavini F, Leclerc H, Mossel DAA (1985). Enterobacteriac
eae of the "coliform group" in drinking water: Identifi
cation and world wide distribution. Systemic and Applied 
Microbiology 6:312-318. 



246 

Gear JSS, Brodribb AJM, Ware A, Mann JI (1981). Fibre and 
bowel transit times. British Journal of Nutrition 45:77-
82. 

Geldreich EE, Huff CB, Bordner RH, Kabler PW, Clark HF 
(1962). The faecal coli-aerogenes flora of soils from 
various geographical areas. Journal of Applied Bacteriol
~ 25:87-93. 

Gerba CP (1984). Applied and theoretical aspects of virus 
adsorption to surfaces. Advances in Applied Microbiology 
30:133-168. 

Gerba CP, McLeod JS (1976). Effect of sediments on the 
survival of Escherichia coli in marine waters. Applied 
and Environmental Microbiology 32:114-120. 

Gerba CP, Schaiberger GE (1975). Effect of particles on 
virus survival in sea water. Journal Water Pollution 
Control Federation 47:93-103. 

Gibbons R, Kapsimalis B (1967). Estimates of the overall 
rate of growth of the intestinal microflora of hampsters, 
guinea pigs and mice. Journal of Bacteriology 93:510-512. 

Goldberg E (1980). Bacteriophage nucleic acid penetra
tion. In: Randall LL, Phillipson L (editors) Receptors 
and Recognition, series B, volume 7: Virus Receptors and 
Recognition, part 1: Bacterial Viruses. Chapman and Hall, 
London, United Kingdom. pp. 115-141. 

Goldberg E (1983). Recognition, attachment, and injec
tion. In: Mathews CK, Kutter EM, Mosig G, Berget PB 
(editors) Bacteriophage T4. American Society for Microbi
ology, Washington, D.C. pp. 32-39. 

Gorbach SL, Nahas L, Lerner P, Weinstein L (1967a). 
Studies of intestinal microflora. I. Effects of diet, 
age, and periodic samplying on numbers of fecal microor
ganisms in man. Gastroenterology 53:845-855. 

Gorbach SL, Nahas L, Weinstein L, Levitan R, Patterson JF 
(1967b). Studies of intestinal microflora. IV. The 
microflora of ileostomy effluent: A unique microbial 
ecology. Gastroenterology 53:874-880. 



247 

Gorbach SL, Plaut AG, Nahas L, Weinstein L, Spanknebel G, 
Levitan R (1967c). Studes of intestinal microflora. II. 
Microorganisms of the small intestine and their relations 
to oral and fecal flora. Gastroenterol~ 53:865-867. 

Gordon CN (1972). Dimensions of the heads of fast and 
slow sedimenting forms of bacteriophage T2L. Journal of 
Molecular Biology 65:435-445. 

Goyal SM (1983). Indicators of viruses. In: 
(editor) Viral Pollution of the Environment. 
Boca Raton, Florida. pp. 211-230. 

Berg G 
CRC Press, 

Goyal SM, Gerba CP, Bitton G (1987). Phage Ecology. ORC 
Press, Boca Raton, Florida. 

Goyal SM, Zerda KS, Gerba CP (1980). Concentration of 
coliphages from large volumes of water and waste water. 
Applied and Environmental Microbiology 39:85-91. 

Grabow WOK, Coubrough P (1986). Practical direct plaque 
assay for coliphage in 100-ml samples of drinking water. 
Applied and Environmental Microbiology 52:430-433. 

Grabow WOK, Coubrough P, Nupen EM, Bateman BW (1984). 
Evaluation of coliphages as indicators of the virological 
quality of sewage-polluted water. Water SA 10:7-14. 

Grabow WOK, Du Preez M (1979). Comparison of m-endo, LES, 
MacConkey, and Teepol media for membrane filtration count
ing of total coliform bacteria in water. Applied and 
Environmental Microbiology 38:351-358. 

Granai C III, Sjogren RE (1981). In situ and laboratory 
studies of bacterial survival using a microporous membrane 
sandwich. Applied and Environmental Microbiology 41:190-
195. 

Green BL, Clausen EM, Litsky W (1977). Two-temperature 
membrane filter method for enumerating fecal coliform 
bacteria from chlorinated effluents. Applied and Environ
mental Microbiology 33:1259-1264. 

Grutter MG, Weaver LH, Gray TM, Matthews BW (1983). 
Structure, function, and evolution of the lysozyme from 
bacteriophage T4. In: Mathews CK, Kutter EM, Mosig G, 
Berget PB (editors) Bacteriophage T4. American Society 
for Microbiology, Washington, D.C. pp. 356-360. 



248 

Gurijala KR, Alexander M (1988). Role of sublethal injury 
in decline of bacterial populations in lake water. Ap
plied and Environmental Microbiology 54:2859-2861. 

Guttman B, Kutter E (1983). Overview. In: Mathews CK, 
Kutter EM, Mosig G, Berget PB (editors) Bacteriophage T4. 
American Society for Microbiology, Washington, D.C. pp. 
8-10. 

Hagler AN, Menlionca-Hagler LC (1981). Yeasts from marine 
and estuarine waters with different levels of pollution in 
the state of Rio de Janeiro, Brazil. Applied and Environ
mental Microbiology 41:173-178. 

Harm W (1963). Mutants of phage T4 with increased sensi
tivity to ultraviolet. Virology 19:66-71. 

Harm W (1969). Biological determination of the germicidal 
activity of sunlight. Radiation Research 40:63-69. 

Harm W (1974). Recovery of phage T4 from nitrous acid 
damage. Mutation Research 24:205-209. 

Harm W (1980). Biological Effects of Ultraviolet Radia
tion. Cambridge University Press, Cambridge, United 
Kingdom. 

Havelaar AD, Furuse K, Hogeboom WM (1986). Bacteriophages 
and indicator bacteria in human and animal faeces. Jour
nal of Applied Bacteriology 60:255-262. 

Havelaar AH, Hogeboom WM (1983). Factors affecting the 
enumeration of coliphages in sewage and sewage-polluted 
waters. Antonie van Leeuwenhoek Journal of Microbiology 
49:387-397. 

Hazen TC, Esch GWC (1983). Effects of effluent from a 
nitrogen fertilizer factory and a pulp mill on the distri
bution and abundance of Aeromonas hydrophila in Albermarle 
Sound, North Carolina. Applied and Environmental Microbi
ology 45:31-42. 

Hendricks CW (1972). Enteric bacterial growth rates in 
river water. Applied Microbiology 24:168-174. 



249 

Henning U, Jann K (1979). Two-component nature of bacte
riophage T4 receptor activity in Escherichia coli K-12. 
Journal of Bacteriology 137:664-666. 

Herbert D (1961). The chemical composition of micro
organisms as a function of their environment. Symposium 
of the Society for General Microbiology 11:391-416. 

Hershey AD (1939). Factors limiting bacterial growth. 
IV. The age of the parent culture and the rate of growth 
of transplants of Escherichia coli. Journal of Bacteriol
Q&Y 37:285-299. 

Hershey AD (1946a). Mutation of bacteriophage with re
spect to type of plaque. Genetics 31:620-640. 

Hershey AD (1946b). Spontaneous mutations in bacterial 
viruses. Cold Spring Harbor Symposium on Quantitative 
Biology 11:67-77. 

Hershey AD, Kalmanson GM, Bronfenbrenner J (1944). Coor
dinate effects of electrolyte and antibody on the infec
tivity of bacteriophage. Journal of ~mmunology 48:221-
239. 

Hilton MC, Stotzky G (1973). Use of coliphages as indica
tors of water pollution. Canadian Journal of Microbiology 
19:747-751. 

Holdeman LV, Good IJ, Moore WEe (1976). Human fecal 
flora: Variation in bacterial composition within individ
uals and a possible effect of emotional stress. Applied 
and Environmental Microbiology 31:359-375. 

Holgate AM, Read NW (1983). Relationship between small 
bowel transit time and adsorption of a solid meal: Influ
ence of metoclopramide, magnesium sulfate and lactulose. 
Digestive Diseases and Sciences 28:812-819. 

H¢verstad T, J¢rneklett AB (1984). Short-chain fatty 
acids and bowel functios in man. Scandinavian Journal of 
Gastroenterology 19:1059-1065. 

Hood MA, Ness GE (1982). Survival of Vibrio cholerae and 
Escherichia coli in estuarine waters and sediments. 
Applied and Environmental Microbiology 43:578-584. 



250 

Hunter JV (1971). Origin of organics from artificial 
contamination. In: Fause SJ, Hunter JV (editors) Organic 
Compounds in Aquatic Environments. Marcel Dekker, incror
porated, New York, New York. pp. 51-94. 

Ignazzitto G, Volterra L, Aulicino FA, D'Angelo AM 
(1980). Coliphages as indicators in a treatment plant. 
Water, Air and Soil Pollution 13:391-398. 

Ingraham JL, Maal~e 0, Neidhardt FC (1983). Growth of 
~~ Bacterial Cell. Sinauer Associates, Incorporated, 
Sunderland, Massachusetts. 

Jerne NK (1956). The presence in normal serum of specific 
antibody against bacteriophage T4 and its increase during 
the earliest stages of immunization. Journal of Immunolo
!!J... 76:209-216. 

Joncas M, Michaud S, Carmichael JP, Lavoie MC (1985). 
Detection of false-positives among total and fecal coli
form counts by factorial analysis correspondence. Applied 
and Environmental Microbio~ 49:229-231. 

J~rgensen NOG (1982). Heterotrophic assimilation and 
occurrence of dissolved free amino acids in a shallow 
estuary. M3rine Ecology Progress Series 8:145-159. 

Josslin R (1970). The lysis mechanism of phage T4: 
Mutants affecting lysis. Virology 40:719-726. 

Josslin R (1971). Physiological studies on the ~ gene 
defect in T4-infected Escherichia ~oli. Virology 44:101-
107. 

Kao SH. McClain WH (1980a). Baseplate protein of bacteri
ophage T4 with both structural and lytic functions. 
Journal of Virology 34:95-103. 

Kao SH, McClain WH (1980b). Roles of T4 gene ~ and gene ~ 
in cell lysis. Journal of Virology 34:95-103. 

Kawaji H, Mizuno T, Mizushima S (1979). Influence of 
molecular size and osmolarity of sugars and dextrans on 
the synthesis of outer membrane proteins 0-8 and 0-9 of 
Escherichia coli K-12. Journal of Bacteriology 140:843-
847. 



251 

Kay D, Fildes P (1961). Hydroxymethyl cytosine containing 
and tryptophan-dependent bacteriophages isolated from city 
effluents. Journal of General Microbiology 27:143-146. 

Kay D, Fildes P (1962). The thermal lability of trypto
phan-dependent bacteriophages. Journal of General Micro
biology 27:147-153. 

Kellenberger E, Bolle A, Boy de la Tour E, Epstein RH, 
Franklin NC, Jerne NK, Realle-Scafati A, Sechaud J, Bendet 
I, Goldstein D, Lauffer MA (1965). Functions and proper
ties related to tail fibers of bacteriophage T4. Virology 
26:419-440. 

Kemp ALW, Mudrochova A (1973). The distribution and 
nature of amino acids and other nitrogen compounds in Lake 
Ontario surface sediments. Geochimica et Cosmochimica 
Acta 37:2191-2206. 

Kennedy JE Jr., Bitton G, Oblinger JL (1985). Comparison 
of selective media for assay of coliphages in sewage 
effluent and lake water. Applied and Environmental Micro
biology 49:33-36. 

Kenworthy R, Crabb WE (1963). The intestinal flora of 
young pigs, with reference to early weaning, Escherichia 
coli and scours. Journal of Comparitive Pathology-
73:215-228. 

Kim J-S, Davidson N (1974). Electron microscope heterodu
plex study of sequence relations of T2, T4, and T6 bacte
riophage DNAs. Virology 57:93-111. 

Kjeldgaard NO, Maal¢e 0, Schaechter M (1958). The tran
sition between different physiological states during 
balanced growth of Salmonella typhimurium. Journal of 
General Microbio~ 19:607-616. 

Koch AL (1985). 'The macro economics of bacterial growth. 
In: Fletcher M, Floodgate GD Bacteria in Their Natural 
Environments. pp. 1-42. 

Kott Y, Roze N, Sperber S, Betzer N (1974). Bacterio
phages as viral pollution indicators. Water Research 
8:165-171. 



252 

Krasin R, Hutchinson R (1977). Repair of DNA double
strand breaks in Escherichia coli, which requires recA 
function and the presence of duplicate genomes. Journal 
of Molecular Biology 116:81-98. 

Kubitschek H, Newman E (1978). Chromosome replication 
during the division cycle in slowly growing steady-state 
cultures of three Escherichia coli B/r strains. Journal 
of Bacteriology 136:179-190. ----

Laemmli UK (1970). Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature 
227:680-685. 

LaLiberte P, Grimes DJ (1982). 
coli in lake bottom sediment. 
Microbio~ 43:623-628. 

Survival of Escherichia 
Applied and Environmental 

Lavoie MC (1983). Identification of strains isolated as 
total and fecal coli forms and comparison of both groups as 
indicators of fecal pollution in tropical climates. 
Canadian Journal of Microbiology 29:689-693. 

Lee A, Gordon J, Lee C-J, Dubos R (1971). The mouse 
intestinal microflora with emphasis on the strict anaer
obes. Journal of Experimental Medicine 133:339-352. 

Lenski RE (1988). Dynamics of interactions between bacte
ria and virulent bacteriophage. In: Marshall KC (editor) 
Advances in Microbial Ecology, volume 10. Plenum Press, 
New York, New York. pp. 1-44. 

Levin BR, Lenski RE (1983). Coevolution in bacteria and 
their viruses and plasmids. In: Futuyama DJ, Slatkin M 
(editors) Coevolution. Sinauer Associates Incorporated, 
Sunderland, Massachusetts. pp. 99-127. 

Levinthal C, Visconti N (1953). Growth and recombination 
in bacterial viruses. Genetics 38:500-511. 

Levison ME, Kaye D (1969). Fecal flora in man: Effect of 
cathartic. Journal of Infectious Diseases 119:591-596. 

Lim CH, Flint KP (1989). The effects of nutrients on the 
survival of Escherichia coli in lake water. Journal of 
Applied Bacteriology 66:559-569. --



253 

Linder CH, Carlson K (1985). Escherichia coli Rho factor 
is involved in lysis of bacteriophage T4-infected cells. 
Genetics 111:197-218. 

Litsky W, Rosebaum MJ, France RL (1953). A comparison of 
the most probable numbers of coliform bacteria and entero
cocci in raw sewage. Applied Microbiology 1:247-251. 

Logan RB, Scott GE, Seeley ND, Primrose SB (1981). A 
portable devise for the rapid concentration of viruses 
from large volumes of natural fresh water. Journal of 
Virological Methods 3:241-249. 

Logan RB, Rees GE, Seeley ND, Primrose SB (1980). Rapid 
concentration of bacteriophages from large volumes of 
freshwater: Evaluation of positively charged, microporous 
filters. Journal of Virological Methods 1:87-97. 

Lopez-Torres AJ, Prieto L, Hazen TC (1988). Comparison of 
the in situ survival and activity of Klebsiella pneumoniae 
and Escherichia coli in tropical marine environments. 
Microbial Ecology 15:41-57. 

Lu M, Henning U (1989). The immunity (imm) gene of Esch
erichia coli bacteriophage T4. Journal of Virology 
63:3472-3478. 

Luckey TD (1979). Whither, intestinal microecology. 
American Journal of Clinical Nutrition 32:109-112. 

Luria SE, Dulbecco R (1949). Genetic recombination lead
ing to production of active bacteriophage from ultraviolet 
inactivated bacteriophage particles. Genetics 34:93-122. 

Luria SE, Latarjet R (1947). Ultraviolet irradiation of 
bacteriophage during intracellular growth. Journal of 
Bacteriology 53:149-163. 

Maal~e 0 (1960). The nucleic acids and the control of 
bacterial growth. Symnosium of the Society for General 
Microbiology 10:272-

Maal~e 0, Kjeldgaard NO (1966). Control of Macromolecu
lar Synthesis. W. A. Benjamin, incorporated, New York, 
New York. 



254 

Marshall KC (1980). Adsorption of microorganisms to soils 
and sediments. In: Bitton G, Marshall KC (editors) 
Adsorption of Microorganisms to Surfaces. John Wiley and 
Sons, New York, New York. pp. 317-329. 

Mastromarino AJ, Reddy BS, Wynder EL (1978). Fecal pro
files of anaerobic microflora of large bowel cancer pa
tients and patients with nonhereditary large bowel polyps. 
Cancer Reseach 38:4458-4462. 

Mata LJ, Carrillo C, Villatoro E (1969). Fecal microflora 
in healthy persons in a preindustrial region. Applied 
Microbiology 17:596-602. 

Mata LJ, Mejicanos ML, Jimenez F (1972). Studies on the 
indigenous gastrointestinal flora of Guatemalan children. 
American Journal of Clinical Nutrition 25:1380-1390. 

Mates A, Schaffer M (1988). Quantitative determination of 
Escherichia coli from faecal coliforms in seawater. 
Microbios 53:161-165. 

Mathews CK, Kutter EM, Mosig G, Berget PB (1983). Bacte
riophage T4. American Society for Microbiology, Washing
ton, D.C. 

May RM, Anderson RM (1983). Parasite-host coevolution. 
In: Futuyama DJ, Slatkin M (editors) Coevolution. Sinau
er Associates Incorporated, Sunderland, Massachusetts. 
pp. 186-206. 

McCambridge J, McMeekin TA (1980). Relative effects of 
bacterial and protozoan predators on survival of Escheri
chia coli in estuarine water samples. Applied and Envi
ronmental Microbiology 40:907-911. 

McCambridge J, McMeekin TA (1981). Effect of solar radia
tion and predacious microorganisms on survival of fecal 
and other bacteria. Applied and Environmental Microbiolo
~ 41:1083-1087. 

McCarthy D, Minner C, Bernstein H, Bernstein C (1976). 
DNA elongation rates and growing point distributions of 
wild-type phage T4 and a DNA-delay amber mutant. Journal 
of Molecular Biology 106:963-981. 



255 

McDaniels AE, Bordner RH, Menkedick JR, Weber CI (1987). 
Comparison of the hydrophobic-grid membrane filter proce
dure and standard methods for coliform analysis of water. 
Applied and Environmental Microbiology 53:1003-1009. 

McFetters GA, Cameron SC, Le Chevallier MW (1982). Influ
ence of diluents, media, and membrane filters on detection 
of injured waterborne coliform bacteria. Applied and 
Environmental Microbiology 43:97-103. 

McFetters GA, Stuart DG (1972). Survival of coliform 
bacteria in natural waters: Field and laboratory studies 
with membrane filter chambers. Applied Microbiology 
24: 805-811. 

McFetters GA, Stuart SA, Olson SB (1978). Growth of 
heterotrophic bacteria and algal extracellular products in 
oligotrophic waters. Applied and Environmental Microbiol
.Q.gz ~\5: 383-391 . 

McGrew SB, Mallette MF (1962). Energy maintenance in 
Escherichia coli. Journal of Bacteriology 83:844-850. 

Moore B, Blowers AR, Crone PB, Hughes REA, Hutchinson RI, 
Jameson JR, Jellard CH, King GJG, Smith AJK, Martin PH, 
McCoy JH, Pilsworth R, Ritchie JM, Rycroft JA, Tee GH, 
Walker JHC, Beattie NR, Key A, Parker WS, Southgate BA, 
Sutherland I (1959). Sewage contamination of coastal 
bathing waters in England and Wales. Journal of Hygiene 
57:435-472. 

Moore WEC, Holdeman LV (1974). Human fecal flora: The 
normal flora of 20 Japanese-Hawaiians. Applied Microbiol
.Q.gz 27:961-979. 

Morel FMM (1983). Principles of Aquatic Chemistry. John 
Wiley and Sons, New York, New York. 

Morotomi M, Guillem JG, Pocsidio J, LoGerfo P, Treat M, 
Forde KA, Weinstein IB, Watanabe I, Mutai M (1989). 
Effect of polyethylene glycol-electrolyte lavage solution 
on intestinal microflora. Applied and Environmental 
Microbiology 55:1026-1028. 

Mosig G (1983). Relationship of T4 DNA replication and 
recombination. In: Mathews CK, Kutter EM, Mosig G, 
Berget PB (editors) Bacteriophage T4. American Society 
for Microbiology, Washington, D.C. pp. 120-130. 



256 

Mosig Gt Eiserling F (1988). Phage T4 structure and 
metabolism. In: Calander R (editor) The Bacteriophages, 
volume 2. Plenum Press, New York, New York. pp. 521-606. 

Mufti S (1972). A bacteriophage T4 mutant defective in 
protection against superinfecting phage. Journal of 
General Virology 17:119-123. 

Munro PM, Gauther MJ, Lavmond FM (1987). Changes in 
Escherichia coli cells starved in seawater or grown in 
seawater wastewater mixtures. Applied and Environmental 
Microbiology 53:1476-1481. 

Mutoh Nt Furukawa Ht Mizushima S (1978). Role of lipopo
lysaccharide and outer membrane protein of Escherichia 
coli K-12 in the receptor activity for bacteriophage T4. 
Journal of Bacteriology 136:693-699. 

Nakagawa H, Arisaka F, Ishii S-I (1985). Isoloation and 
characterization of the bacteriophage T4 tail-associated 
lysozyme. Journal of Virology 54:460-466. 

Nelson DP, Mata LJ (1970). Bacterial flora associated 
with the human gastrointestinal mucosa. Gastroenterology 
58:56-61. 

Novotny CP, Lavin K (1971). Some effects of temperature 
on the growth of F pili. Journal of Bacteriology 
107:671-682. 

Nyman M, Asp NG (1985). Bulk laxitives: Their dietary 
fibre composition, degradation, and faecal bulking capaci
ty in the rat. Scandinavian Journal of Gastroenterology 
20:887-895. 

Obringer J (1988). The functions of the phage T4 immunity 
and spackle genes in genetic exclusion. Genetical Re
search 52:81-90. 

O'Farrell PZ, Gold LM, Huang WM (1973). The identifica
tion of prereplicative bacteriophage proteins. Journal of 
Biological Chemistry 248:5499-5501. 

Olson BH (1978). Enhanced accuracy of coliform testing in 
sea waters by a modification of the most-probable-number 
method. Applied and Environment Microbiology 36:438-444. 



257 

0lvind B, B~rsheim KN, Bratbak G, Heldal M (1989). High 
abundance of viruses found in aquatic environments. 
Nature 340:467-468. 

Osawa S, Furuse K, Watanage I (1981). 
ribonucleic acid coliphage in animals. 
ronmental Microbiology 41:164-168. 

Distribution of 
Applied and Envi-

Owens CWI, Podovan W (1976). Limitations of ultracentrif
ugation and in vivo dialysis methods of stool analysis. 
Gut 17:68-74. 

~~dersen S, Bloch PL, Reeh S, Neidhardt FC (1978). Pat
terns of protein synthesis in E. coli: A catalog of the 
amount of 140 individual proteins at different growth 
rates. Cell 14:179-190. 

Perez-Rosas N, Hazen TC (1988). In situ survival of 
Vibrio cholerae and Escherichia coli in tropical coral 
reefs. Applied and Environmental Microbiology 54:1-9. 

Perez-Rosas N, Hazen TC (1989). In situ survival of 
Vibrio cholerae and Escherichia coli in tropical rain 
forest watershed. Applied and Environmental Microbiology 
55:495-499. 

Peterson RF, Cohen PS, Ennis HL (1972). Properties of 
phage T4 messenger RNA synthesized in the absence of 
protein synthesis. Virology 48:201-208. 

Peterson RG, Kievitt KD, Ennis HL (1972). Membrane pro
tein synthesis after infection of Escherichia coli B with 
phage T4: The rIIB protein. Virology 50:520-527. 

Pierucci 0 (1978). Dimensions of Escherichia coli at 
various growth rates: Model for envelope growth. Journal 
of Bacteriology 135:559-574. 

Pollock PN, Duckworth D (1973). Outer-membrane proteins 
induced by T4 bacteriophage. Biochimica et Biophysica 
Acta 322:321-328. 

Prehm P, Jann B, Schmidt G, Stirm S (1976). On a bacteri
ophage T3 and T4 receptor region within the cell wall 
lipopolysaccharide of Escherichia coli B. Journal of 
Molecular Biology 101:277-281. 



258 

Primrose SB, Day M (1977). Rapid concentration of bacte
riophage from aquatic habitats. Journal of Applied Bacte
riology 42:417-421. 

Primrose SG, Seeley ND, Logan KE, Nicolson JW (1982). 
Methods for studying aquatic bacteriophage. Applied and 
Environmental Microbiology 43:694-701. 

Puck TT, Garen A, Cline J (1951). The mechanism of virus 
attachment to host cells. Journal of Experimental Medi
cine 93:65-88. 

Pulliam HR (1988). Sources, sinks and population regula
tion. American Naturalist 132:652-661. 

Reddy BS, Hanson D, Mangat S, Mathews L, Sbaschnig M, 
Sharma C, Simi B (1980). Effect of high fat, high-beef 
diet and mode of cooking beef in the diet on fecal bacte
rial enzymes and fecal bile acids and neutral sterols. 
Journal of Nutrition 110:1880-1887. 

Rhodes MW, Kator H (1988). Survival of Escherichia coli 
and Salmonella spp. in estuariane environments. Applied 
and Environmental Microbiology 54:2902-2907. 

Riede I (1987). Receptor specificity of the short tail 
fibers (gp12) of T-even type Escherichia coli phages. 
Molecular and General Genetics 206:110-115. 

Riley JP, Robertson DE, Dutton JWR, Mitchell NT, Le B. 
Williams PJ (1975). Analytical chemistry of sea water. 
In: Riley JP, Skirrow G (editors) Chemical Oceanography 
Volume 3, Second Edition. Academic Press, New York, New 
York. pp. 193-514. 

Rivera SC, Hazen TC, Toranzos GA (1988). Isolation of 
fecal coliforms from pristine sites in a tropical rain 
forest. Applied and Environmental Microbiology 54:513-
517. 

Roper MM, Marshall KC (1974). Modification of the inter
action between Escherichia coli and bacteriophage in 
saline sediment. Microbial Ecology 1:1-13. 

Roper MM, Marshall KC (1978). Effects of a clay mineral 
on microbial predation and parasitism on Escherichia. 
Microbial Ecology 4:279-290. 



Roszak DB, Colwell RR (1987). Survival strategies of 
bacteria in the natural environment. Microbiological 
Reviews 51:365-379. 

Russell RL (1974). Comparitive genetics of the T-even 
bacteriophages. Genetics 78:967-988. 

259 

Rutberg G, Rutberg L (1965). Role of super infecting phage 
in lysis inhibition with phage T4 in Escherichia coli. 
Journal of Bacteriology 90:891-894. 

Qureshi MA, Jafri AM, Qureshi AA (1988). 
studies on some coliphages from Kuwait. 
104. 

Preliminary 
Microbios 56:97-

Sakata T (1987). Short-chain fatty acids and water in the 
hind gut contents and feces of rats after hind gut bypass 
surgery. Scandinavian Journal of Gastroenterology 
22:961-968. 

Santiago-Mercado J, Hazen TC (1987). Comparison of four 
membrane filter methods for fecal coliform enumeration in 
tropical waters. Applied and Environmental Microbiology 
53:2922-2928. 

Savage DC (1977). Microbial ecology of the gastrointesti
nal tract. Annual Review of Microbiology 31:107-133. 

Savage DC, Dubos R, Schaedler RW (1968). The gastrointes
tinal epithelium and its autichthonos bacterial flora. 
Journal of Experimental Medicine 127:67-76. 

Savageau MA (1983). Escherichia coli habitats, cell 
types, and molecular mechanisms of gene control. American 
Naturalist 122:732-744. 

Scarpino PV (1978a). Human enteric viruses and bacterio
phages as indicators of sewage pollution. In: Gameson ALH 
(editor) Discharge of Sewage From Sea Outfalls. Pergamon 
Press, Oxford, England. pp. 49-61. 

Scarpino PV (1978b). Bacteriophage indicators. In: 
G (editor) Indicators of Viruses in Water and Food. 
Arbor Science, Ann Arbor, Michiga~ pp. 201-207. 

Berg 
Ann 



260 

Schaechter M (1985). Going after the growth curve. In: 
Shaechter M, Neidhardt FC, Ingraham JL, Kjeldgaard NO 
(editors) The Molecular Aspects of Bacterial Growth. 
Jones and Bartlett Publishing, Incorporated, Boston, 
Massachusetts. pp. 370-372. 

Schaechter M, Maal~e 0, Kjeldgaard NO (1958). Dependency 
on medium and temperature of cell size and chemical compo
sition during balanced growth of Salmonella typhimurium. 
Journal of General Microbiology 19:592-606. 

Schaedler R, Dubos RJ (1962). The fecal flora of various 
strains of mice. Its bearing on their susceptibility to 
endotoxin. Journal of Experimental Medicine 115:1149-
1160. 

Schilli R, Brever RI, Klein F, Dunn K, Gnaedinger A, 
Bernstein J, Paige M, Kaufman M (1982). Comparison of the 
composition of faecal fluid in Crohn's disease and ulcer
ated colitis. Gut 23:326-332. 

Schwartz M (1980). Interaction of phages with their 
receptor proteins. In: Randall LL, Philipson L (editors) 
Virus Recognition (Receptors and Recognition, Series B, 
Volume 7). Chapman and Hall, London, United Kingdom. pp. 
60-94. 

Seeley ND, Hallard G, Primrose SB (1979). A portable 
device for concentrating bacteriophages from large volumes 
of fresh water. Journal of Applied Bacteriology 47:145-
152. 

Seeley ND, Primrose SB (1979). Concentration of bacterio
phages from natural waters. Journal of Applied Bacteriol
Qgy 46:103-116. 

Seeley ND, Primrose SB (1980). The effect of temperature 
on the ecology of aquatic bacteriophage. Journal of 
General Virology 46:87-95. 

Seeley ND, Primrose SB (1982). The isolation of bacterio
phages from the environment. Journal of Applied Bacteri
ology 53:1-17. 



261 

Shiaris MP, Rex AC, Pettibone GW, Xeay X, McManus P, Rex 
MA, Ebersole J (1987). Distribution of indicator bacteria 
and Vibrio parahaemolytious in sewage-polluted intertidal 
sediments. Applied and Environmental Microbiology 
53:1756-1761. 

Sigleo AC, Macko SA (1985). Stable isotope and amino acid 
composition of estuarine dissolved colloidal material. 
In: Sigleo AC, Hattori A (editors) Marine and Estuarine 
Geochemistry. Lewis Publishers, Incorporated, Chelsea, 
Missouri. pp. 29-46. 

S~mon LD, Anderson TF (1967a). The infection of Escheri
chia coli by T2 and T4 bacteriophages as seen in the 
electron microscope I. Attachment and penetration. 
Virology 32:279-297. 

Simon LD, Anderson TF (1967b). The infection of Escheri
chia coli by T2 and T4 bacteriophages as seen in the 
electron microscope II. Structure and function of the 
baseplate. Virology 32:298-305. 

Simon LD (1969). The infection of Escherichia coli by T2 
and T4 bacteriophages as seen in the electron microscope 
III. Membrane-associated intracellular bacteriophages. 
Virology 38:285-296. 

Sims J, Renwick AG (1983). The effect of saccharin on the 
metabolism of dietary tryptophan to indole, a known car
cinogen for the urinary bladder of the rat. Toxicology 
and Applied Pharmacology 67:132-151. 

Singer BS, Shinedling ST, Gold L (1983). The rII genes: 
A history and a prospectus. In: Mathews CK, Kutter EM, 
Mosig G, Berget PB (editors) Bacteriophage T4. American 

. Society for Microbiology, Washington, D.C. pp. 327-333. 

Singh SN, Gerba CP (1983). Concentration of coliphage 
from water and sewage with charge-modified filter aid. 
Applied and Environmental Microbiology 45:232-237. 

Sjogren RE, Gibson MJ (1981). Bacterial survival in a 
dilute environment. Applied and Environmental Microbiolo
U 41:1331-1336. 

Skarstad K, Steen HB, Boye E (1983). Cell cycle parame
ters of slowly growing Escherichia coli B/r studied by 
flow cytometry. Journal of Bacteriology 154:656-662. 



262 

Smith CL, Econome JG, Schutt A, Klco S, Cantor eR (1987). 
A physical may of the Escherichia coli K12 genome. 
Science 236:1448-1453. 

Smith HW (1962). Observations on the aetiology of neona
tal diarrhoea (scours) in calves. Journal of Pathology 
and Bacteriology 84:147-168. 

Smith HW (1965a). The development of the flora of the 
alimentary tract in young animals. Journal of Pathology 
and Bacteriology 90:495-513. 

Smith HW (1965b). Observations on the flora of the ali
mentary tract of animals and factors affecting its compo
sition. Journal of Pathology and Bacteriology 89:95-122. 

Smith HW, Crabb WE (1961). The faecal bacterial flora of 
animals and man: Its development in the young. Journal 
of Pathology and Bacteriology 82:53-66. 

Smith HW, Huggins, MB (1983). Effectiveness of phages in 
treating experimental Escherichia coli diarrhoea in 
calves, piglets and lambs. Journal of General Microbiolo
~ 129:2659-2675. 

Smith HW, Huggins Mm, Shaw KM (1987a). The control of 
experimental Escherichia coli diarrhoea in calves by means 
of bacteriophages. Journal of General Microbiology 
133:1111-1126. 

Smith HW, Huggins Mm, Shaw EM (1987b). Factors influenc
ing the survival and multiplication of bacteriophages in 
calves and in their environment. Journal of General 
Microbiology 133:1127-1135. 

Smith HW, Jones JET (1963a). The effect of the addition 
of copper sulfate to the diet of the bacterial flora of 
the alimentary tract of the pig. Journal of Applied 
Bacteriology 26:262-265. 

Smith HW, Jones JET (1963b). Observations on the alLnen
tary tract and its bacterial flora in healthy and diseased 
pigs. Journal of Pathology and Bacteriology 86:387-412. 



263 

Snustad DP, Snyder L, Kutter E (1983). Effects on host 
genome structutr and expression. In: Mathews CK, Kutter 
EM, Mosig G, Berget PB (editors) Bacteriophage T4. Ameri
can Society for Microbiology, Washington, D.C. pp. 40-55. 

Soergel KH, Hofmann AF (1976). Absorption. In: Frohlich 
ED (editor) Pathophyiology. Altered Regulatory Mechanisms 
in Disease, second edition. J. B. Lippincott Company, 
Philadelphia, Pennsylvania. pp. 499-529. 

Sokal RR, Rohlf FJ (1981). Biometry: The Principles and 
Practice of Statistics in Biological Research. second 
edition. W. H. Freeman and Company, San Fransisco, Cali
fornia. 

Somenwirth AC (1980). The enteric Bacilli and Bacte
roides. In: Davis BD, Dulbecco R, Eisen HN, Ginsberg HS 
(editors) Microbiology, Including Immunology and Molecular 
Genetics, third edition. Harper and Row Publishers, 
incorporated, Hagerstown, Maryland. pp. 645-672. 

Speck RS, Calloway DH, Hadley WK (1970). Human fecal 
flora under controlled diet intake. American Journal of 
Clinical Nutrition 23:1488-1494. 

Spencer CP (1975). The micronutrient elements. Analyti
cal chemistry of sea water. In: Riley JP, Skirrow G 
(editors) Chemical Oceanography Volume 2, Second Edition. 
Academic Press, New York, New York. pp. 245-300. 

Steinberg CM, Edgar RS (1962). A critical test of a 
current theory of recombination in bacteriophage. Genet
ics 47:187-208. 

Stent G (1963). Molecular Biolo~y of Bacterial Viruses. 
WH Freeman and Company, San Fransisco, California. 

Stent G, Wollman EL (1952). On the two step nature of 
bacteriophage adsorption. Biochimical et Biophysical Acta 
8:260-269. 

Stephen AM, Cummings JH (1980a). 
dietary fiber in the human colon. 

Mechanism of action of 
Nature 284:283-284. 

Stephen AM, Cummings JH (1980b). The microbial contribu
tion to human fecal mass. Journal of Medical Microbiology 
13:45-56. 



264 

Stumm W, Morgan JJ (1981). Aquatic Chemistry: An Intro
duction Emphasizing Chemical Equilibria in Natural Waters. 
John Wiley and Sons, New York, New York. 

Swanstrom M, Adams MH (1951). Agar layer method for 
production of high titer stocks. Proceedings of the 
Society for Experimental Biology and Medicine 78:372-375. 

Symonds N (1957). Effects of ultraviolet light during the 
second half of the latent period on bacteria infected with 
phage T2. Virology 3:485-495. 

Symonds N, Heindl H, White P (1973). Radiation sensitive 
mutants of phage T4. A comparitive study. Molecular and 
General Genetics 120:253-259. 

Szewczyk B, Krystyna B-S, Kozloff LM (1986). Identifica
tion of T4 gene 25 product, a component of the tail base
plate, as a 15K lysozyme. Molecular and General Genetics 
202:363-367. 

Tadd AD, Hurst A (1961). The effect of feeding colicino
genic Escherichia coli on the intestinal ~. coli of early 
weaned pigs. Journal of Applied Bacteriology 24:222-228. 

Tartera C, Lucena F, Jofre J (1989). Human origins of 
Bacteroides fragilis bacteriophages present in the envi
ronment. Applied and Environmental Microbiology 55:2696-
2701. 

Tate RL (1978). Cultural and evironmental factors affect
ing the longivity of Escherichia coli in histosols. 
Applied and Environmental Microbiology 35:925-929. 

Taylor EW, Cowan ST, Lovell R, Taylor J, Thomas SB, Cuth
bert WA, Jacobs SE, Clegg LFL (1956). The nomenclature of 
coli-aerogenes bacteria. Journal of Applied Bacteriolo~ 
19:108-111. 

Tchobanoglous G (1979). Wastewater Engineering: Treat
ment, Disposal. Reuse. Second Edition. McGraw-Hill Book 
Company, New York, New York. 

Thomsom S (1955). The role of certain varieties of bacte
rium coli in gastro-enteritis of babies. Journal of 
Hygiene 53:357-367. 



265 

Tortora GJ, Anagnostakos NP (1981). Principles of Anatomy 
and Physiology. Harper and Row Publishers, New York, New 
York. 

Trueba FJ, Neijssel OM, Woldringh CL (1982). Generality 
of the growth kinetics of the average individual cell in 
different bacterial populations. Journal of Bacteriology 
150:1048-1055. 

Tyrrell RM, Moss SH, Davies DJG (1972). The variation in 
UV sensitivity of four K12 strains of Escherichia coli as 
a function of their stage of growth. Mutation Research 
16:1-12. 

Vallee M, Cornett JB (1972). A new gene of bacteriophage 
T4 determining immunity against superinfecting ghosts and 
phage in T4-infected Escherichia coli. Virology 48:777-
784. 

Vallee M, de Lapeyriere 0 (1975). The role of the genes 
imm and ~ in the development of immunity against T4 ghosts 
and exclusion of super infecting phage in Escherichia coli 
infected with T4. Virology 67:219-233. 

Van Alphen W, Lugtenberg B (1977). Influence of osmolari
ty of the growth medium on the outer membrane protein 
pattern of Escherichia coli. Journal of Bacteriology 
131:623-630. 

Van Donsel DJ, Geldreich EE (1971). Relationships of 
salmonellae to fecal coliforms in bottom sediments. Fater 
Research 5:1079-1087. 

Van Donsel DJ, Geldreich EE, Clarke NA (1967). Seasonal 
variations in survival of indicator bacteria in soil and 
their contribution to storm-water pollution. Applied 
Microbiology 15:1362-1370. 

Van Houten J, Gibbons RJ (1966). Studies of the culti
vatable flora of normal human feces. Antonei~. Leeuwen
hoek Journal. of Microbiology and Serology 32: 212-222. 

Vasconcelos GJ, Swartz RG (1976). Survival of bacteria in 
seawater using diffusion chamber apparatus in situ. 
Applied and Environmental Microbiology 31:913-920. 



266 

Vaughn JM, Metcalf TG (1975). Colipnages as indicators of 
enteric viruses in shellfish and shellfish raising estua
rine waters. Water Research 9:613-616. 

Vernia P, Brever RI, Gnaedinger A, Latella G, Santoro ML 
(1984). Composition of fecal water. Comparision of ~in 
vitro" dialysis with ultracentrifugation. Gastroenterolo
~ 86:1557-1561. 

Visconti N (1953). Resistance to lysis from without in 
bacteria infected with T2 bacteriophage. Journal of 
Bacteriology 66:247-253. 

W~de HE (1952). Observations on the growth phases of 
Escherichia coli American type 'B'. Journal of General 
Microbiology 7:18-23. 

Wais AC, Goldberg EB (1969). Growth and transformation of 
phage T4 in Escherichia coli B/4, Salmonella, Aerobacter, 
Proteus, and Serratia. Virology 39:153-161. 

Wais AC, Goldberg EB (1973). An extended growth cycle in 
T4-infected Aerobacter aerogenes. Virology 55:397-399. 

Walker GC (1985). Inducible DNA repair systems. Annual 
Reviel<1 of Biochemistry 54:425-457. 

Ware GC, Mellon MA (1956). Some observations on the 
coli/coliphage relationship in sewage. Journal of Hygiene 
54:99-101. 

Wentsel RS, O'Neill PE, Kitchens JF (1982). Evaluation of 
coliphage detection as a rapid indicator of water quality. 
Applied and Environmental Microbiology 43:430-434. 

Wetzel RG (1975). Limnology. W. B. Saunders, Company, 
Philadelphia, Pennsylvania. 

Whitt DD, Demoss RD (1975). Effect of microflora on the 
free amino acid distribution in various regions of the 
mouse gastro-instestinal tract. Applied and Environmental 
Microbiology 30:609-615. 

Williams PJ Ie B (1975). Biological and chemical aspects 
of dissolved organic material in sea water. Analytical 
chemistry of sea water. In: Riley JP, Skirrow G (edi
tors) Chemical Oceanography Volume 2, Second Edition. 
Academic Press, New York, New York. pp. 301-363. 



Williams PM (1971). The distribution and cycling of 
organic matter in the ocean. In: Faust SJ, Hunter JV 
(editors) Organic Compounds in Aquatic Environments. 
Marcel Dekker, Incorporated, New York, New York. pp. 
145-163. 

267 

Wilson JH, Lugtig RB, Wood WB (1970). Interaction of 
bacteriophage T4 tail fiber components with lipopolysac
charide fraction from Escherichia coli. Journal gf Molec
ular Biology 51:423-434. 

Wollman EL, stent GS (1950). Studies on activation of T4 
bacteriophage by cofactor. Biochimica et Biophysica Acta 
6:292-306. 

Wright A, McConnell M, Kanegasalti S (1980). Lipopolysac
charide as a bacteriophage receptor. In: Randall LL, 
Philipson L (editors) Virus Recognition (Receptors and 
Recognition, Series B, Volume 7). Chapman and Hall, 
London, United Kingdom. pp. 28-57. 

Wuhrmann K (1964). Microbial aspects of water pollution 
control. Advances in Applied Microbiology 6:119-151. 

Xu HS, Roberts N, Singleton FL, Attwell RW, Grimes DJ, 
Colwell RR (1982). Survival and viability of noncultura
ble Escherichia coli and Vibrio cholerae in the estuarine 
and marine environments. Microbial Ecology 8:313-323. 

Yamamoto M, Uchida H (1975). Organization and function of 
the tail of bacteriophage T4. II. Structural control of 
the tail contraction. Journal of Molecular Biology 
92:207-223. 

Yatsudo M, Okamoto K (1973). Immediate early expression 
of the gene causing superinfection breakdown in bacterio
phage T4B. Journal of Virology 12:1628-1630. 

Yu F, Mizushima S (1982). Roles of lipopolysaccharide and 
outer membrane protein ompC of Escherichia coli K-12 in 
the receptor function for bacteriophage T4. Journal of 
Bacteriology 151:718-722. 

Yu F, Yamada H, Mizushima S (1981). Role of lipopolysac
charide in the receptor function for bacteriophage TuIb in 
Escherichia coli. Journal of Bacteriology 148:712-715. 



268 

Zar JH (1974). Biostatistical Analysis. Prentice-Hall, 
incorporated, Englewood Cliffs, New Jersey. 

Zaske SK, Dockins WS, McFetters GA (1980). Cell envelope 
damage in Escherichia coli caused by short-term stress in 
water. Applied and Environmental Microbiology 40:386-390. 

Zoropulos J, Kozloff LM, Chapman V, DeLong S (1979). 
Bacteriophage T4D receptors and the Escherichia coli cell 
wall structure: Role of spherical particles and protein b 
of the cell wall in bacteriophage infection. Journal of 
Bacteriology 137:545-555. 

Zubrzycki L, Spaulding EH (1962). Studies on the stabili
ty of the normal human fecal flora. Journal of Bacteriol
Q..gy 83:968-974. 




