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For Escherichia coli cells that have been infected by T-even bacteriophages (phages 
T2, T4, and T6), the adsorption of a second T-even phage results in an increase in 
the length of the original phage infection and an associated increase in the number 
of phages produced by the same infected cell. This is a phage encoded response 
called lysis inhibition. In this study the ecological significance of lysis inhibition is 
explored. In particular it is argued that lysis inhibition is an adaptive response to 
environments containing high concentrations of infected cells and low concentrations 
of uninfected cells. 

Introduction 

For T-even bacteriophages (phages T2, T4, and T6) of Escherichia coli, lysis inhibition 
aids in the production of high titer phage stocks (Hershey, 1946a; Doermann, 1948) 
and helps define the morphology of wildtype (wt) plaques (Hershey, 1946a). T-even 
phages lacking lysis inhibition are called rapid lysis (r) mutants (Hershey, 1946a). 
T-even phage r mutants were critical in important early phage studies (e.g. Hershey, 
1946a, b; Benzer, 1955; Crick et al., 1961) and many investigators have explored 
their physiology and genetics (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 inhibition. 

Lysis inhibition is induced in T-even phage infected cells for a finite period by 
the secondary adsorption of one or more T-even phages (Hershey, 1946a; Doermann, 
1948; Rutberg & Rutberg, 1965; Bode, 1967; note, I will refer to T-even phages 
simply as "phages" and phage susceptible E. coli cells simply as "cells"). Lysis 
inhibition is expressed as a prolongation of the phage latent period (the length of 
a phage infection) and a magnification of the phage burst size (the number of 
progeny phages produced per infected cell). The induction of lysis inhibition delays 
the lysis of the infected cell and results in an approximate doubling of the length 
of the period of intracellular progeny production (Doermann, 1948; Rutberg & 
Rutberg, 1965; Bode, 1967). At concentrations of 4×107 cellsm1-1 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). 
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Doermann (1948) suggested that the selective advantage of lysis inhibition may 
be the larger phage burst size. Though he may very well be correct, this explanation 
ignores a key question: If a longer latent period with a larger burst size is an 
advantage, why is lysis inhibition not constitutively expressed? Elsewhere, I have 
argued that the shorter latent period in the uninduced state is an adaptation to rapid 
growth in environments containing high concentrations of cells (Abedon, 1989). 
Here, that the induction of the lysis inhibition phenotype plays two additional roles 
in the lytic strategy of T-even phages will be argued: (i) at high host cell and free 
phage concentrations the extension of the phage latent period with lysis inhibition 
prevents mature intracellular progeny phages from being exposed to previously 
infected cells in the extracellular environment. Previously infected cells display 
superinfection immunity and are consequently restrictive to secondarily adsorbing 
phages (Cornett, 1974; Vall6e & de Lapeyri~re, 1975 and citations contained within 
these references). (ii) The larger burst size is advantageous given the dearth of 
uninfected cells that may arise following the exposure of a cell population to large 
numbers of free phages. 

The three aspects of lysis inhibition, (i) its requirement for secondary adsorption, 
(ii) the extension of the normal phage latent period, and (iii) the increase in the 
phage burst size, are all adaptations to the three phases of normal T-even phage 
growth in environments containing high concentrations of cells. These include: (i) 
rapid growth of phage populations when lysis inhibition is not induced and uninfec- 
ted cells are plentiful, (ii) retention of the infected state when infected cells are 
plentiful and free phages are therefore vulnerable to inactivation, and (iii) retention 
of the infected state and a maximization of the phage burst size when uninfected 
cells are scarce. 

Probability of Secondary Adsorption 

Lysis inhibition is induced in a T-even phage infected cell by the adsorption to 
that cell of one or more additional T-even phages. The kinetics of secondary 
adsorption, thus, are directly relevant to the kinetics of the expression of lysis 
inhibition. In particular, the probability of expression oflysis inhibition is dependent 
on the multiplicity of secondary phage adsorption (Ms). M~ is the number of free 
phages that, on average, adsorb to a cell during the interval of a normal phage 
latent period (h). That is, M5 is the number of phages that adsorb to an infected 
cell following the adsorption of the initially infecting phage. 

M~ is dependent on the concentration of free phages at the beginning of a phage 
latent period (Po), the concentration of cells (N), and the adsorption constant (k). 
k is the probability of adsorption of one phage to one bacterium in 1 ml of solution 
in 1 min (Schlesinger, 1960; Stent, 1963). If free phages are not replenished following 
adsorption to host cells, M~ is defined as, 

Ms -- Po(1 --e-kN")/N, (1) 

where the term e -kN', is from the adsorption equation presented by Schlesinger 
(1960) and Stent (1963) and describes the fraction of free phages that have not 
adsorbed to a host cell after some period, h. 
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Over short periods, at low cell concentrations, or if free phages are replenished 
over time (e.g. as a result of the lysis of  infected cells and phage progeny release), 
the decline in free phages that is taken into account in eqn (1) may be ignored. 
The result is that the term Ms may be "considered to be independent of  cell 
concentration, N, 

Ms = kPot , .  (2) 

Thus, M~ may be described as a direct function of  the concentration of free phages. 
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 

A = 1 - e  -M~. (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 h minutes long is 0.5. If Ms is equal to 4.6, then A is equal 
to 0-99. 

Extended Period of Lysis Inhibition 

In an environment of  sufficient infected cell concentration, 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; 
Fig. 1 of this paper). Presumably iysis inhibition is maintained over long periods 
by the repeated secondary adsorption of previously infected cells. The maintenance 
of  a lysis inhibited state via repeated secondary adsorption implies that the probabil- 
ity of  secondary adsorption approaches 1.0 during successive periods over the length 
of  an extended infection. In other words, lysis inhibition can only be maintained 
by a mechanism requiring repeated secondary adsorptions if at least one secondary 
adsorption occurs before each finite period of  induction of  lysis inhibition passes 
(i.e. before the infected cell lyses). 

The number  of  infected cells that must lyse per unit time in order to maintain an 
extended lysis inhibited state may be estimated. First, it is necessary to assume that 
secondary adsorption 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 about 10 to 30 min given a normal 
phage latent period that is 30 min long (Doermann,  1948; Rutberg & Rutberg, 1965; 
Bode, 1967). 

As noted above, if Ms is equal to 4-6, then A is equal to 0-99 [eqn (3)]. If  it is 
assumed that nearly all cells in an environment are phage infected, then this implies 
that 4.6 free phages are lost to adsorption during a single adsorption interval for 
every cell in the environment given that 99% of the infected cell population 
is secondarily adsorbed to over one adsorption interval. Of  course, with such 
high phage multiplicities, it is likely that nearly all cells in the environment will be 
phage infected. 
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FIG. 1. A visualization of lysis inhibition and lysis as a function of the turbidity of host cells. 
Observations: (i) The period of lysis inhibition lasts for about 3 hr (from a point approximately 3 hr 
after the initiation of the experiment to approximately 6 hr into the experiment; a latent period of about 
30 min is expected with no lysis inhibition under similar conditions). (ii) The lysis of the bulk of the 
infected cell population occurs over a 1 hr period, between 5 and 7 hr into the experiment. Method: 
1-0 ml of a stationary phase Escherichia coli overnight culture was added to 125 ml of Hershey broth 
(Steinberg & Edgar, 1962). Of this (25 ml) solution was added to four flasks which were placed in a 
37"C shaker at 0 hr. Cell growth was allowed until about 107 cells ml -I. At this point (about 1-5 hr) 106 
T4D phages (wt) were added to flasks B, C and D (in a volume of 0.1 ml), but not to flask A. The 
turbidity of these four cultures was determined in Klett units an average of six to seven times per hour. 
(Note: curves were drawn by connecting these individual determinations with their associated points 
omitted in order to enhance clarity.) Following what was perceived to be a post-lysis stabilization of the 
turbidity of the broth (at 8 hr), three drops of chloroform were added to flasks B, C and D to lyse any 
remaining cells. The same general experiment was first performed by Doermann (1948). 

Approx imate ly  100 phages  are released by the lysis of  a single T-even phage 

infected cell ( D o e r m a n n ,  1952). This means  that  approx imate ly  4.6% of  the infected 
cells in an  e n v i r o n m e n t  mus t  lyse per adsorp t ion  interval  in order  to replenish  those 
free phages that  have adsorbed  to infected cells [4.6 phages / in fec t ed  c e l l =  (100 
phages / ly sed  infected ce l l )*  (0.046 lysed infected ce l l / in fec ted  cell)] while lysis 
i nh ib i t ion  is m a i n t a i n e d  in  99% of the infected cells in an env i ronment .  Since one 
of  the characterist ics o f  lysis inh ib i ted  cells is an increased burst  size, the actual  

f ract ion of  infect ions that  must  lyse per  adsorp t ion  interval  in order  to ma in t a in  
this lysis inh ib i ted  state should  decrease as the length of  the lysis inh ib i ted  state 
is extended.  

Of  course,  i f  99% of  the infected cells in an e n v i r o n m e n t  con t inue  to be iysis 
inhib i ted ,  then  4.6% of  them canno t  be expected to iyse over that  same period.  A 
feedback mechan i sm,  however ,  can be expected to operate  to l imit  the lysis of  
infected cells and  the release of  free phages nea r  some mi n i ma l  level necessary to 

m a i n t a i n  the popu la t i on -wide  lysis inh ib i ted  state. That  is, as free phages  become 
scarce, secondary  adso rp t ion  becomes  less likely and  infected cell lysis becomes  
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more likely. The lysis of  infected cells increases the number of  free phages in the 
environment thus increasing the probability of  secondary adsorption. Secondary 
adsorption, however, inhibits infected cell lysis leading to a scarcity of  free phages 
and the completion of  the feedback loop. A scenario such as this could maintain 
some minimal number of  free phages required for the secondary adsorption and 
the lysis inhibition of  the majority of infected cells. Thus, it is reasonable to expect 
that a mechanism requiring repeated secondary adsorptions could operate to maint- 
ain a population-wide lysis inhibited state over long periods. 

Decline in Uninfected Cell Concentration 

The majority of  free phages that adsorb to infected cells fail to survive because 
infected cells display superinfection immunity. The fraction of  uninfected phage 
susceptible cells ( N / N o )  remaining in an environment following t minutes exposure 
to a constant concentration of free phages is dependent  on that concentration of 
free phages, P, 

N/  No=e -kP', (4) 

where No is the concentration of uninfected cells at t = 0. Ignoring cell division, 
the half-life of  uninfected cells, tF, in an environment of  constant phage concentra- 
tion, Po, can be approximated by setting N/No  to 0.5, taking the natural log of  the 
terms in eqn (4) and then solving for t, 

IF = 0"69k-IPo I , (5) 

tF is equal to 3, 30, or 300 min with a constant free phage concentration of  108, 10 7, 

o r  10 6 free phages per ml and using a value of  k of  2.5 x 10 -9 ml min -~ (Stent, 1963). 
Of  course, with lower free phage concentrations the assumption 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. 

Lysis Inhibition as a Mechanism of Burst Size Magnification 

The various arguments presented in the above three sections can be summed up 
as follows: As free phage concentrations increase 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 defined ecologically 
as a response to these three consequences of  high free phage concentrations, 
especially when cell concentrations are also high. Below it will be argued that the 
burst size magnification phenotype of lysis inhibited cells is selectively beneficial 
at low concentrations of  uninfected cells. To do this, several terms and relationships 
must first be defined: 

(i) The phage latent period, tt, is the sum of  two periods that take place in the 
following order after phage adsorption to an uninfected cell (Doermann,  1952); the 
eclipse period and the progeny producing period (tR). Intracellular progeny phages 
are produced only during the progeny producing period. The number of  progeny 



5 0 6  S . T .  A B E D O N  

phages produced per infection, the burst size (B), is equal to the rate of phage 
production, C, multiplied by the length of the phage producing period, tR (i.e. 
B = tRC). This linear intracellular increase in mature phage progeny with phage 
replication is consistent with that exhibited by T-even phage infections (Doermann, 
1952; Levinthal & Visconti, 1953; McCarthy et al., 1976). Lysis liberates free progeny 
phages and signals the end of the period of infection. 

(ii) Free phages adsorb to phage susceptible cells. The fraction of free phages 
remaining unadsorbed following t minutes of exposure to cells (P /Po)  is defined 
by Schlesinger (1960; see also Stent, 1963), 

P~ Po = e-kN',  (6) 

where P is the concentration of free phages at time, t. This equation assumes that 
phages adsorb to both uninfected and previously infected cells with the same kinetics. 

(iii) S, is the fraction of free phages that adsorb to uninfected cells over some 
period, t. S, is determined by multiplying the fraction of free phages that have 
adsorbed to cells over t min, [1- [P /Po] ;  eqn (6)], by the probability that a host 
cell is uninfected, U. Thus, 

St = U(1-[P/Po]) .  (7) 

If it is assumed that the adsorption of a free phage to an infected cell results in the 
restriction of the adsorbing phage, a result of superinfection immunity, then U 
is also the probability of survival of a given free phage following adsorption to a 
given cell. 

(iv) Elsewhere it is argued (Abedon, 1989) that T-even phages probably evolved 
a short latent period (keeping the rate of intracellular phage growth constant) in 
response to periodic growth in environments containing high concentrations of 
uninfected cellsand low concentrations of phages. That is, at high cell concentrations 
phages with short latent periods more rapidly establish multiple parallel infections, 
rapidly monopolize available cells, and thus out compete long latent period phages. 
Conversely, when cell concentrations are low, phages with long latent periods are 
more fit than phages with short latent periods. This is because long latent period 
phages use their host cell resource more completely. That is, long latent period 
phages have a larger burst size than do short latent period phages. 

These arguments were tested by computer simulation of phage T4 growth through 
several rounds of infection as it would occur in an environment that contains only 
some constant concentration of uninfected cells (Abedon, 1989). An environment 
that additionally contains high concentrations of free phages and infected cells may 
be modeled in an identical manner. This is done by assuming (i) that free phages 
die when they adsorb to previously infected cells and (ii) that the product of the 
total cell concentration (uninfected plus infected ceils, N) and the time free phages 
are exposed to infected cells (t) is large. In such an environment the fraction of 
free phages that remain unadsorbed is small [i.e. P / P o  ~ 0 as N t  ~ infinity; eqn (6)] 
and the probability of free phage survival, St, becomes effectively equal to the 
probability that the cell to which a free phage adsorbs is uninfected, U[eqn (7)]. 
Similarly, the effective phage burst size (i.e. the fraction of a burst that survives 
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following adsorption to cells) is now equal to the product of the phage burst size 
(B) and the fraction of phage susceptible cells that are uninfected (U). The effective 
cell concentration remains equal to the concentration of uninfected cells, U. 

Thus, regardless of the number of infected cells or free phages that are found in 
a given environment, phages that display a long latent period and a large burst size 
(i.e. lysis inhibited phages) should be more fit than phages that display a short latent 
period (i.e. phages that are not lysis inhibited) as long as the concentration of 
uninfected cells is low. Low concentrations of uninfected cells are, of course, one 
consequence of high concentrations of free phages [ eqns (4) and (5) ]. Lysis inhibition 
as a mechanism of burst size magnification, then, can be seen as a response to the 
low concentrations of uninfected cells that results from the exposure of a cell 
population to high concentrations of free phages. 

Lysis Inhibition as a Mechanism of  Latent Period Elongation 

Below it will be argued that the delay of lysis phenotype of lysis inhibited cells 
can be selected as a mechanism that limits the exposure of free progeny phages to 
the restriction that results from adsorption to previously infected cells and the 
expression of superinfection immunity by these cells. 

The lysis of a population of lysis inhibited infected cells growing in rich broth 
occurs over a short interval (Fig. 1). The progeny of an infected cell which lyses 
before the lysis of most of the infected cell population would have a high probability 
of adsorbing to infected cells and dying if the concentration of infected cells is high 
and the concentration of uninfected cells is low [eqn (6)]. For example, in an 
environment containing 107 lysis inhibited infected cells per ml and no uninfected 
cells, 90% of the free phages released following the lysis of an infected cell would 
adsorb to infected cells, and, therefore, die after 100 min [eqn (6)]. 

Given the eventual lysis of the bulk of infected cells (i.e. Fig. 1), a delay in lysis 
could result in a significant increase in the survival of progeny phages. This is 
especially true if lysis is delayed until the point of lysis of most of the infected cell 
population. Thus, the extension of the phage latent period with lysis inhibition in 
an environment containing high concentrations of lysis inhibited infected cells and 
low concentrations of uninfected cells can be efficacious even without burst size 
magnification. An environment that is dominated by lysis inhibition-minus rather 
than lysis inhibition-plus phage infected cells, however, would derive less of a fitness 
advantage from latent period extension alone but a similar advantage from the 
associated burst size magnification. 

Lysis Inhibition is a Response to Sensory Input 

The lysis inhibition signal is probably carried through the host cell envelope. This 
assumption is based on the following considerations: (i) phages, including secondary 
phages, adsorb to the cell envelope (Gotdberg, 1983), (ii) exclusion of secondarily 
adsorbing phages probably acts at the cell envelope and prevents secondarily 
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adsorbing phage DNA from penetrating to the cell protoplasm (Cornett, 1974; 
Vall6e & de Lapeyri~re, 1975; Kao & McClain, 1980; Lu & Henning, 1989), and 
(iii) phage gene products, including r gene products necessary for lysis inhibition, 
have been located on or within the cell envelope (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 T-even phage, lysis inhibition can 
be regarded as a response to a signal that is sensed at or through the envelope of 
an infected cell. The host cell envelope, perhaps with phage specified modifications, 
thus may be considered to be a sensory organ by which infecting T-even phages 
monitor the concentration of free T-even phages in the extracellular environment. 

Discussion 

Lysis inhibition is a phage encoded mechanism of latent period prolongation and 
burst size magnification (Hershey, 1946a; Doermann, 1948; Rutberg & Rutberg, 
1965; Bode, 1967). It is initiated by the adsorption of a second T-even phage to a 
T-even phage infected cell. For the most part this second phage does not enter the 
cell, does not replicate, and does not express the lysis inhibition phenotype (Cornett, 
1974; Vall6e & de Lapeyripi~re, 1975; Rutberg & Rutbert, 1967). There are two key 
aspects of lysis inhibition that require explanation: (i) what, if any, is the benefit 
of the extended phage latent period and (ii) why is the expression of lysis inhibition 
tied to secondary adsorption? 

A long latent period may be selected by conditions in which free phages are less 
durable than phage infected cells. An antagonist specific to released progeny and 
other free phages should therefore select for a longer latent period. Restrictive cells, 
ones that allow irreversible adsorption but not phage multiplication, are free phage 
antagonists. Cells which have been previously infected by T-even phages but have 
not yet lysed are restrictive to secondarily adsorbing homologous phages (Cornett, 
1974; Vall6e & de Lapeyri~re, 1975). 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 [eqns (1), (2) 
and (4)]. The rate at which free phages are lost to adsorption, however, is dependent 
on the concentration of cells. Thus, it may be concluded that lysis inhibition is an 
adaptation to high concentrations of both phages and cells. A second advantage of 
lysis inhibition, one that is dependent only on high free phage concentrations, is 
an increase in phage burst size. This reflects a more complete utilization of each 
host cell resource for progeny phage production when uninfected cells are scarce 
(Abedon, 1989). The selection for lysis inhibition and for long and short phage 
latent periods in general (from Abedon, 1989) are summarized in Table 1. 

A strong competitive advantage of wt T-even phages over r mutants (lysis inhibi- 
tion-minus phages) at high phage and cell densities was demonstrated by Hershey 
(1946a) in both wt and r mutant phage-rich environments. Hershey noted that the 
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TABLE 1 

Summary of selection imposed upon T-even phages by various combinations 
of high and tow phage and cell concentrations 
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Different  env i ronmen t s  

i ii iii iv 

[Cell]t high high low low 
[Phage] low high low high 
[Uninfected cell] high low low low 
[Infected cell] low high low low 
P~: (free phage adsorption) high high low low 
P (secondary adsorption) low high low high 
P (free phage restriction§) low high low low 
S:l: (large BS:I:) y e s  II y e s  yes yes 
S (SLP:I: with small BS) yes no no no 
S (LLP:]: with large BS) no yes yes yes 
S (LLP without large BS) no yes no no 
S (rapid lysis I) yes no no no 
S (lysis inhibition I) no yes no yes 

f Brackets, "'[x],'" denote concentration of "'x". 
1: "P'" refers to probability. "S" refers to selection for a particular trait. "'BS"= burst 

size. "SLP" = short latent period. "LLP'" = long latent period. 
§ Restriction is due to phage adsorption to infected cells. 
I1 "'Yes" and "'no" refer to whether this trait will be selected for in a given environment. 
¶ The lysis inhibition phenotype is an induced long latent period with a large burst size; 

the rapid lysis phenotype is an uninduced short latent period with a small burst size. 

burs t  size a d v a n t a g e  o f  lysis inh ib i t ed  wt phages  over  r mutan t s  was not  sufficient 
to e xp l a in  the  compe t i t ive  a d v a n t a g e  o f  wt phages  c o m p a r e d  with r m u t a n t  phages  
( D o e r m a n n ,  1948, however ,  la te r  sugges ted  that ,  i ndeed ,  it was).  He r shey  sugges ted  
tha t  a p h e n o m e n o n  k n o w n  as mu tua l  exc lus ion  (Delbr iJck  & Lur ia ,  1942) might  be  
r e spons ib l e  for  this di f ference.  

At  cell concen t r a t i ons  o f  4 x 107 ml-~ and  g rea te r  (Bode,  1967), wt p h a g e  infec ted  
cells a p p e a r  to be  m a i n t a i n e d  in the  lysis i nh ib i t ed  s tate  for  c o n s i d e r a b l y  longer  
pe r i ods  than  at lower  cell  concen t r a t i ons  (Hershey ,  1946; D o e r m a n n ,  1948; Levin tha l  
& Viscont i ,  1953; Ru tbe rg  & Rutberg ,  1965; Bode,  1965; Fig. 1 o f  this pape r ) .  This  
is p r o b a b l y  due  to the  p r e m a t u r e  lysis o f  some  infec ted  cells l ead ing  to r epea t ed  
s e c o n d a r y  a d s o r p t i o n  o f  the  r ema in ing  in fec t ions  (Hershey ,  1946; D o e r m a n n ,  1948; 
Lev in tha l  & Viscont i ,  1953; Ru tbe rg  & Rutberg ,  1965; Bode,  1965). I p r o p o s e  tha t  
the  mos t  o f  the  p rogeny  phages  tha t  are  r e l eased  in the  p resence  o f  h igh  concen t ra -  
t ions  o f  lysis inh ib i t ed  cells a re  d o o m e d  to s e c o n d a r y  a d s o r p t i o n  and  res t r ic t ion  
[eqns  (6) and  (7)]. Thus ,  the  ext ra  a d v a n t a g e  o f  wt phages  over  r m u t a n t  phages  
m a y  resul t ,  in par t ,  f rom supe r in f ec t i on  i m m u n i t y  de r ived  res t r ic t ion  o f  r m u t a n t  
free p h a g e s  by  the much  longe r  infec t ing  lysis i nh ib i t ed  wt phages .  To a degree  this  
e x p l a n a t i o n  is cons i s t en t  wi th  He r shey ' s  sugges t ion  tha t  mutua l  exc lus ion  be tween  
wt a n d  r m u t a n t  phages  was r e spons ib l e  for  the  u n e x p l a i n e d  fitness a d v a n t a g e  o f  
wt p h a g e s  ove r  r m u t a n t  phages .  C o n s i d e r i n g  tha t  h igh E. coli cell  concen t r a t i ons  
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(i.e. 4 x 107 ml  - I  a n d  g r ea t e r )  h a v e  b e e n  r o u t i n e l y  m e a s u r e d  in t he  p r e - f e c a l  ga s t ro in -  

t e s t ina l  t r ac t s  o f  no i 'ma l ,  h e a l t h y  m a m m a l s  ( S m i t h  & J o n e s ,  1963; S m i t h ,  1965; 

S a v a g e  et  al. ,  1968; L e e  e t  al. ,  1971), a s c e n a r i o  s u c h  as th is  o n e  c o u l d  ve ry  wel l  

m a i n t a i n  lysis  i n h i b i t i o n  in na tu re .  

Many thanks to Harris Bernstein for his help wrestling this manuscript  into shape. Thank 
you to R. Patric McCreary,  Richard E. Michod,  and Stephen L. Zegura for their comments  
on this manuscript .  This work was supported by N I H  grant CA-09213 and BRSG grant 2S07 
RR05675. 

R E F E R E N C E S  

ABEDON, S. T. (1989). Selection for bacteriophage latent period length by bacterial density: a theoretical 
examination. Microbiol. Ecol. 18, 79-88. 

BECKEY, A. D., WULFF, J. L. '~ EAR.HART, C. F. (1974). Early synthesis of membrane protein after 
bacteriophage T4 infection. J. Virol. 14, 886-894. 

BENZER, S. (1955). Fine structure of a genetic region in bacteriophage. Proc. nam. Acad. Sci. U.S.A. 41, 
344-354. 

BODE, W. (1967). Lysis inhibition in Escherichia coli infected with bacteriophage T4. J. Virol. !, 948-955. 
CORNETr, J. B. (1974). Spackle and immunity function of bacteriophage T4. J. Virol. 13, 312-321. 
CRICK, F. H. C., BARNE~Iq', L., BRENNER, F. & WATTS-TOBIN, R. J. (1961). General nature of the 

genetic code for proteins. Nature, Lond. 192, 1227-1232. 
DELBR.0CK, M. & LURIA, S. E. (1942). Interference between bacterial viruses. 1. Interference between 

two bacterial viruses acting upon the same host, and the mechanism of virus growth. Arch. Biochem. 
1, 111-141. 

DOERMANN, A. H. (1948). Lysis and lysis inhibition with Escherichia coil bacteriophage. J. Bact. 55, 
257-275. 

DOER.MANN, A. H. (t952). The intracellular growth of bacteriophages. I. liberation of intracellular 
bacteriophage T4 by premature lysis with another phage or with cyanide. J. Gen. Physiol. 35, 645-656. 

FLETCHER, G., WOLFF, J. L. & EARHART, C. F. (1974). Localization of membrane protein synthesized 
after infection with bacteriophage T4. J. Virol. 13, 73-80. 

GOLDBERG, E. (1983). Recognition, attachment, and injection. In: Bacteriophage T4 (Mathews, C. K., 
Kutter, E. M., Mosig, G. & Berget, P. B., eds) pp. 32-39. Washington, D.C.: American Society for 
Microbiology. 

HERSHEY, A. D. (1946a). Mutation ofbacteriophage with respect to type of plaque. Genetics 31,620-640. 
HERSHEY, A. D. (1946b). Spontaneous mutations in bacterial viruses. CoM Spring Harb. Syrup. quant. 

Biol. II,  67-77. 
HOANG, W. M. (1975). Membrane-associated proteins of T4-infected Escherichia coli. Virology 66, 

508-521. 
JOSSLIN, R. (1970). The lysis mechanism of phage T4: mutants affecting tysis. Virology 40, 719-726. 
JOSSLIN, R. (1971). Physiological studies on the t gene defect in T4 infected Escherichia coll. Virology 

44, 101-107. 
KAO, S. H. & MCCLAIN, W. H. (1980). Roles ofT4 gene 5 and gene S in cell lysis. £ Virol. 34, 104-107. 
LEE, A., GORDON, J., LEE, C.-J. & Dubos, R. (1971). The mouse intestinal microflora with emphasis 

on the strict anaerobes. J. expl. Med. 133, 339-352. 
LEVlNTHAL, C. & VISCONTI, N. (1953). Growth and recombination in bacterial viruses. Genetics 38, 

500-511. 
LINDER, C. H. & CARLSON, K. (1985). Escherichia eoli RHO factor is involved in lysis of bacteriophage 

T4-infeeted cells. Genetics I l l ,  197-218. 
Lo, M. & HENNING, U. (1989). The immunity ( imm) gene of Escherichia coil bacteriophage T4. J. Virol. 

63, 3472-3478. 
MCCARTHY, O., 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. £ molec. Biol. 
106, 963-981. 

PETERSON, R. F., KiEvrr'r, K. D. & ENNIS, H. L. (1972). Membrane protein synthesis after infection 
of Escherichia coil B with phage T4: the rIIB protein. Virology 50, 520-527. 



S E L E C T I O N  FOR LYSIS I N H I B I T I O N  511 

POLLOCK, P. N. & DUCKWORTH D. (1973). Outer-membrane proteins induced by T4 bacteriophage. 
Biochim. biophys. Acta 322, 321-328. 

RUTBERG, B. & RUTBERG, L. (1965). Role of superinfecting phage in lysis inhibition with phage T4 in 
Escherichia coli. J. Bact. 90, 891-894. 

SAVAGE, D. C., DUBOS, R. & SCHAEDLER, R. W. (1968). The gastrointestinal epithelium and its 
autochthonous bacterial flora. J. expl. Med. 127, 67-76. 

SCHLESINGER, M. (1960). Adsorption of bacteriophages to homologous bacteria (english translation, 
originally published in German, 1932). In: Papers on Bacterial Viruses (Stent, G. S., ed.) pp. 26-36. 
Boston, MA: Little, Brown and Co. 

SINGER, B. S., SHINEDLING, S. T. & GOLD, L. (1983). The rll genes: a history and a prospectus. In: 
Bacteriophage T4 (Mathews, C. K., Kutter, E. M., Mosig, G. & Berget, P. B., eds) pp. 327-333. 
Washington, D.C.: American Society for Microbiology. 

SMITH, H. W. (1965). The development of the flora of the alimentary tract in young animals. J. path. 
Bact. 9tl, 495-513. 

SMITH, H. W. & JONES, J. E. T. (1963). Observations of the alimentary tract and its bacterial flora in 
healthy and diseased pigs. J. path. Bact. 86, 387-412. 

STEINBERG, C. M. & EDGAR, R. S. (1962). A critical test of a current theory of recombination in 
bacteriophage. Genetics 47, 187-208. 

STENT, G. S. (1963). Molecular Biology o f  Bacterial Viruses. San Fransisco, CA: H. Freeman and Co. 
VALLf~E, M. & DE LAPEYRIF.RE, O. (1975). The role of the genes imm and s in the development of 

immunity against T4 ghosts and exclusion of superinfecting phage in Escherichia coli infected with 
T4. Virology 67, 219-233. 


