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Chapter 3 
Spatial structure and the 

evolution of viral infectivity 
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18, France, 4 Ecology, Behavior and Evolution, Biological Sciences, University of California San Diego, 
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3.1   Abstract: 

Virulence and infectivity are the main determinants of the harm 
imposed by a pathogen on its host population. Both pathogen properties 
are not static, but can be shaped by selection. The selective forces 
strongly depend on the spatial structure of the host and the pathogen 
population. In general, localized interactions are expected to select for a 
lower virulence and a lower infectivity. Here we apply this general idea 
to the adaptation of a bacteriophage to various spatial settings. By 
means of a spatially explicit model we demonstrate that evolution in a 
medium with low diffusivity leads to intermediate levels of infectivity 
and, correspondingly, to epidemics resulting in large plaques with 
fuzzy edges. In a well-mixed environment, infectivity will evolve 
towards much higher levels. When placed back into a spatially 
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structured medium, phage adapted to a well-mixed environment form 
small plaques with sharp edges. We tested this prediction 
experimentally by placing a strain of bacteriophage ΦX174 that was 
adapted to a spatially structured Petri dish environment into a liquid 
environment. As predicted by the model, the phage evolved an 
increased level of infectivity that was associated with a reduced plaque 
forming ability. Some of the experimental results are, however, 
puzzling. During evolution in the liquid environment, the fitness of the 
evolved lines (quantified by lysis time and burst size) decreased rather 
than increased in the course of evolution. We discuss potential causes 
for these unexpected findings. 

3.2   Introduction 

A large body of theory shows that the spatial structure of host and 
pathogen populations has major implications for the evolution of 
pathogen traits like virulence and infectivity (Boerlijst et al. 1993; Sato 
et al. 1994; van Baalen & Sabelis 1995; Rand et al. 1995; Keeling 
1999; Haraguchi & Sasaki 2000; Johnson & Boerlijst 2002; Read & 
Keeling 2003; Lion & van Baalen 2008). Localized host-parasite 
interactions are subject to two evolutionarily relevant factors that are 
absent in well-mixed systems. First, highly infectious and virulent 
pathogens reduce the local pool of susceptible hosts which, as a 
consequence, hampers future spread (Sato et al. 1994; Rand et al. 1995; 
Boots & Sasaki 1999). Second, spatial viscosity leads to the clustering 
of related individuals. In such a situation, long-term benefits for the 
cluster of related individuals can outweigh the short-term benefits of 
high infectivity and virulence, thereby promoting more prudent 
predation (van Baalen & Sabelis 1995; van Baalen & Rand 1998; van 
Baalen 2002; Johnson & Boerlijst 2002; Lion & van Baalen 2008). The 
selective forces in a spatially structured population can therefore be 
fundamentally different than in a homogeneously mixed host 
population. 
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In a series of experimental and modeling studies, Boots and colleagues 
have argued that spatial structure will select for lower levels of 
infectivity, i.e. to a lower probability that an encounter of a pathogen 
with a host leads to infection (Boots et al. 2004; Boots & Mealor 2007). 
The main mechanism is self-shading, i.e. the phenomenon that a highly 
infectious pathogen hampers its own (long-term) rate of transmission 
by surrounding itself by an area of infected host individuals (Boots & 
Sasaki 2000). Boots and colleagues have developed their ideas for the 
context of a host population that upon recovery from infection attains 
life-long immunity (Boots et al. 2004). Experimental evolution of 
larvae of the moth Plodia interpunctella and their species specific 
granulosis virus (PiGV) has demonstrated that host motility can also be 
a mechanism that affects the evolution of infectivity (Boots & Mealor 
2007). Here we argue that the same principles apply to the spread of a 
viral epidemic in a population of bacteria. 

Spatial epidemics of bacterial viruses on a lawn of host bacteria, 
generally known as plaques, create a circular area of host extinction 
that increases at a rate depending on phage infectivity and virulence. 
The infectivity of a phage is determined by its rate of adsorption to the 
host cell, while phage virulence is inversely related to the timing of 
host lysis (Schlesinger 1960; Wang et al. 1996; Bull 2006). Phage 
reproduction in a plaque requires replication of phage inside the host 
cell and phage release through host lysis followed by dispersal though 
diffusion and adsorption to new host cells (Koch 1964; Yin & Mc 
Caskill 1992; You & Yin 1999; Fort 2002). High adsorption rate (high 
infectivity) rapidly exhausts the local pool of available hosts and delays 
the spread to uninfected regions of the host population (Yin & Mc 
Caskill 1992). It is evident that the evolution of infectivity will be 
strongly affected by such spatial aspects of the environment. 

In order to investigate the effect of spatial structure on the evolution of 
phage life history we study the evolution of phage infectivity by a 
combined theoretical and experimental approach. In our theoretical 
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study we simulate the process of plaque formation and the evolution of 
phage adsorption rate with a spatially explicit individual based 
simulation model. The model enables us to link microscopic parameters 
like phage adsorption to macroscopic processes like the spread of a 
phage epidemic during plaque formation. It also yields an explicit 
prediction of the optimal adsorption rate as a function of the viscosity 
of the host population. To test the theoretical predictions, we followed 
the evolution of phage infectivity by experimental evolution of 
bacteriophage ΦX174. To this end we placed a strain of bacteriophage 
ΦX174 that was adapted to spatial plaque growth in a Petri dish 
environment into a liquid environment and followed the evolution of 
phage adsorption rate, phage plaque sizes and the timing of lysis for 
several months of serial batch transfer. This way we were able to link 
the evolutionary changes in infectivity and virulence to the rate of 
epidemic spread during plaque formation. 

3.3   A simulation model for the spread of a phage 
epidemic 

We simulated  the process of plaque formation in a square lattice model 
that was implemented in the C package CASH 
(http://theory.bio.uu.nl/rdb/software.html). The bacterial host 
population was initialized by placing bacteria with the initial density 0b  
at random locations on a grid of size 256 x 256 or 512 x 512, 
respectively. Host bacteria were immobile and did neither divide nor 
decay spontaneously. Viral particles could be in three states: diffusive, 
adsorbed to a host bacterium or taken up by a bacterial host. Diffusion 
was simulated by swapping adjacent grid points through the Margolus 
algorithm (Toffoli & Margolus 1987). The degree of swapping could be 
changed and reflects the degree of spatial structuring. Well-mixed 
conditions were simulated by swapping every grid point to a randomly 
chosen new location. 
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On a grid point with an alive bacterium, a viral particle adsorbs to the 
bacterium with rate β . This adsorption rate is the evolutionary 
parameter under consideration. Adsorbed viral particles can either 
desorb again (at rate 1β− ) or they are taken up by the host with the 
fusion rate f . Infected hosts lyse at a rate 1/τ , where τ  corresponds to 
the expected lysis time. Upon lysis, Y  viral particles are released that 
all enter the diffusive state. We quantified viral fitness as the total 
number of viral particles after 200 and 2000 time steps in the well-
mixed and spatially structured environment respectively. Standard 
parameters of the simulation were 100τ = , 3

1 10β −
− = , 210f −= , 

0 0.6b = , 10Y = , grid size 256 x 256 in Figure 1A,B and 512 x 512 in 

Figure 1C. In order to determine the rate of adoption *β  that 
maximises viral fitness we simulated the epidemic spread of a range of 
phages differing in their value of β  values on a spatially explicit grid 
and under conditions of random mixing of the grid. 

3.3.1   Simulation results 

As expected the phage population grows exponentially under well-
mixed conditions (Figure 1A), at least as long as uninfected host 
bacteria are still abundant. In a spatially structured population, 
however, the phage density increases at a quadratic rate. Quadratic 
increase is expected if the infection front corresponds to a travelling 
wave moving with constant speed (Yin & McCaskill 1992). It is 
evident from Figure 1A that population viscosity imposes a severe 
constraint on the growth rate of a phage population. 

In addition to the immediate effect of population viscosity on the 
growth rate of the phage population, viscosity has more indirect long-
term implications by affecting the evolution of infectivity. This can be 
concluded from Figure 1B  that shows the effect of the adsorption rate 
β  on viral fitness under both spatially structured and well-mixed 
conditions. In a well-mixed environment, viral fitness is positively 
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associated with β , implying that selection should maximize β . In 
contrast, in a spatially structured environment viral fitness is 
maximized for an intermediate adsorption rate *β  (here * 0.04β = ). 

It is intuitively obvious that for small values of β an increase of the 
adsorption rate has a positive effect on viral fitness. But why is viral 
fitness in a spatially structured population negatively related to 
adsorption rate at high values of β ? The reason can be seen in Figure 
1C. For high values of β , many phage are delayed in their diffusion 
through temporary adsorption to already infected hosts. This loss is 
several times higher in a spatially structured environment than under 
well-mixed conditions, since in a spatially structured population newly 
formed phage particles are released in a partially ‘harvested’ area with 
relatively few non-infected host targets. This mechanism is analogous 
to the process of epidemic self-shading (Boots & Sasaki 2000; Boots et 
al. 2004). The effects of self-shading are directly visible in the shape of 
the plaques produced at high and low adsorption rates (Figure 2A). In 
case of a high adsorption rate, newly formed phage particles tend to 
harvest all available hosts in the vicinity of their release site. In 
contrast, a phage population with a low adsorption rate corresponds to a 
‘prudent predator’ (van Baalen & Sabelis 1995) that leaves a large 
fraction of hosts unharvested. Prudent predation has the advantage that 
newly formed phage particles move for a long distance before 
adsorbing to a host. This implies that the infection front moves faster 
than in case of a population with high infectivity. 

As a consequence, highly infective phage populations form relatively 
small, slowly expanding plaques with sharp edges, while low-infectious 
populations produce large, more rapidly expanding plaques with sharp 
edges containing a relatively large fraction of unharvested hosts.  The 
optimal level of β  is determined by the trade-off between the intensity 
of harvesting per unit area (which is high for high values of β ) and the 
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area covered by the epidemic per time unit (which is high for a low 
value of β ). 

3.3.2   Model predictions 

For the experiments described below our model leads to the following 
predictions. If a phage population adapted to a spatially structured 
environment (and, hence, with an intermediate infectivity) is placed in 
a well-mixed environment, infectivity should evolve to higher levels. 
When the newly evolved phage are placed back into the ancient 
spatially structured environment they should produce smaller and less 
fuzzy plaques than their ancestor. While the fitness of the newly 
evolved phage should be higher than that of their ancestor under well-
mixed conditions, it should be lower than that of the ancestor under the 
original spatially structured conditions. 

3.4   Experimental evolution of phage infectivity 

3.4.1   Methods 

3.4.1.1   Conditions of evolution 

We used strain AP100 of bacteriophage ΦX174 (kindly supplied by Art 
Poon) which is well adapted to a spatial Petri-dish environment and 
evolved six replicate lines of this strain (A-F) in liquid host suspension. 
Phage were evolved on host E. coli C122 mutT that was grown from a 
frozen reference stock daily in LB broth (10 mM MgCl2 and 5 mM 
CaCl2) in 10 ml at 33 ºC. Using cells from the reference stock 
prevented the host to coevolve with the virus. After 4h of viral growth 
500 µl of culture were chloroformed to eliminate bacteria and 10 µl of a 
10-4 dilution of the supernatant was transferred into 10 ml of fresh LB 
broth into which 10 µl of host overnight culture was simultaneously 
added. By this treatment we evolved six replicate lines (A-F) for 130 
cycles of batch transfer. 
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Figure1: Growth characteristics of a viral population predicted by the spatial 
model. (A) Growth of a viral population in a spatially structured (closed 
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circles) and a well-mixed (open circles) environment. The population grows 
at an exponential rate under mixed conditions and at a quadratic rate in a 
spatially structured host population. (B) Viral fitness (total number of phage 
particles after 200 and 2000 time steps in the liquid an well-mixed 
environment, respectively) as a function of the adsorption rate β  under 
spatially structured (closed circles) and  well-mixed conditions (open circles). 
(C) Proportion of phage that are adsorbed to an already infected host in a 
spatially structured (closed circles) and a well-mixed environment (open 
circles). Parameters (A) 0.08β = , (B,C) 100τ = , 3

1 10β −
− = , 

210f −= , 0 0.6b = , 10Y = ,Grid size 256 x 256 in (A) and (B); 512 x 512 in 
(C). 

 

3.4.1.2   Plaque size assay 

We measured plaque size after plating 10 µl of diluted phage lysate 
with 300 µl of ~107 cfu/ml mid-log bacterial suspension in 3 ml 0.8% 
top-agar. Individual plaques formed after 6h and were photographed. 
Plaques were counted and plaque size (in pixels) was measured by the 
shareware Java package ImageJ (http://rsb.info.nih.gov/ij/). 

3.4.1.3   Adsorption assay 

Adsorption measurements were done following the method of 
Schlesinger (Schlesinger 1960). Phage were added at MOI < 1:100 to a 
late log-phase bacterial culture (OD 1.0 at 600 nm) that was iced and 
physiologically blocked with 0.1M KCN to avoid the production of 
new phage particles. After 1 and 20 minutes the culture was centrifuged 
at 14k rpm and the supernatant was plated. Adsorption rate was 
determined as the decay of plaque forming units between the 1 min and 
20 min samples. To account for the noise of the stochastic adsorption 
process, the adsorption assay was repeated 10 times independently for 
each evolved strain, and 20 times for the ancestor. 

http://rsb.info.nih.gov/ij/
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3.4.1.4   One-step growth curve assay 

The one-step growth curve was quantified with an automated setup that 
is described elsewhere (chapter 2). Host cells of E.coli C122 mutT  
were kept in exponential growth for 3h at 33° C and were infected with 
the phage lysate of transfer 130 of evolution lines A-D at 106 pfu/ml. 
Infected host cells were applied to a filter-holder that carries a 0.2 µm 
PVDF membrane (impermeable to host cells).  Infected cells were pre-
rinsed by 20 times the volume of the filter chamber (0.2 ml) in order to 
remove free phage. Subsequently, infected cells were rinsed by a 
constant flow (8 volume changes per 10 min) of growth medium and 
the filtered fractions were collected in a 96-well block. The rate of 
phage production per time interval for each of the 8 growth curves was 
determined by the titer of all 96 obtained fractions independently, by 
plating in top-agar 12 h and incubation at 33 °C followed by plaque 
counting. We defined lysis time as the point at which the slope of the 
growth curve starts to decrease and burst size as the difference between 
initial pfu and maximal pfu after the first burst. 

3.5   Results 

3.5.1   Evolutionary changes in infectivity and viral plaque 
formation 

After 130 serial transfers in a liquid environment  all replicate lines 
showed a 2.2 to 4.5-fold increase in the adsorption rate to host cells 
(Figure 3). In the ancestral line (adapted to a Petri dish environment), 
20% of the free phage particles infect bacterial cells within 20 min. The 
evolved strains are much more infectious and infect 44-88% of 
available hosts in the same time window (Figure 3). All evolved strains 
A-F differ significantly from the ancestor (Tukey-Kramer post-hoc 
comparison, in all comparisons p < 0.001 number of replicate assays n 
= 19 for ancestor and n = 10,7,9,10,10,8 for evolved strains A-F). 
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Increased infectivity was associated with a rapid reduction of mean 
plaque size by a factor 5 to 18 in all six evolved strains (Figure 4). 
Furthermore, increased infectivity leads to a change in the appearance 
of plaques that is strikingly similar to the effects of infectivity in our 
individual based simulation (Figure 2). Whereas strains with low 
infectivity show large plaques with a broad infection wave, high 
infectivity leads to small sharp-edged plaques. In the course of 
adaptation temporary relapses of plaque size did occur, which 
disappear towards the end of the experiment at transfer 130 (e.g. C25, 
D80 F15 in Figure 4). 

(A) (B)    

Figure 2: Spatial spread of viral epidemics. (A) Viral epidemics in the spatial 
simulation for a low adsorption rate (β=10-3, upper panel) and a high 
adsorption rate (β=0.5, lower panel). A high adsorption rate leads to small 
and slowly expanding plaques with sharp edges, while a low adsorption rate 
leads to large and more rapidly expanding plaques with fuzzy edges. (B) 
Plaques of ΦX174 in a lawn of host bacteria after 6h of growth. The ancestor 
(ANC, upper segment) produces large plaques with fuzzy edges, indicating 
that that the host population at the edge is only partially infected. After 
adaptation to a well-mixed liquid environment for 20 transfers (E20, lower 
right section) and 100 transfers (E100, lower left section) the evolved lines 
produce smaller plaques with sharper edges. 



 59

3.5.2   Evolution of the viral growth curve 

All experimental results reported up to now are in line with our 
theoretical predictions: Evolution in a well-mixed environment led to 
the expected increase in infectivity (Figure 3) and this increase was 
associated with reduced plaque forming ability (Figure 4) and the 
predicted change in plaque morphology (Figure 2). 

Two other results are, however, quite puzzling in the light of theoretical 
predictions. First, we tried to reverse the evolutionary trajectory by 
selecting for the ability of plaque formation in lines that had adapted to 
a liquid environment (lines A130-F130). Placing these lines into a 
spatially structured Petri-dish environment should lead to a reduction in 
infectivity and increased plaque sizes. This predicted response to 
reversed selection did, however, not occur (data not shown). Second, 
we quantified the one-step growth curve of the ancestral line and four 
of the evolved lines in a liquid medium (Figure 5). We expected the 
well-described trade-off between burst size and lysis time. Surprisingly, 
evolution of viral strains in liquid conditions led to a substantial fitness 
decrease in all evolved lines, since the evolved lines did not only 
exhibit a longer lysis time (30 min  vs. 25 min for the ancestor), but 
also a substantially smaller burst size (between 100 and 200 pfu vs. 
1000 pfu for the ancestor). Only line A has a comparable burst size, but 
still suffers from a delay in lysis time. Accordingly, the rate of 
offspring production was strongly reduced in all evolved lines, which is 
against all theoretical expectations. 
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Figure 3: Adsorption rate of ancestor and evolved lines. Percentage of viral 
particles adsorbed to host cells within 20 minutes of the ancestor and evolved 
lines A-F. Error bars indicate 95% confidence intervals. The adsorption rate 
of the ancestor (20%) is considerably lower than that of all evolved lines 
(44% to 88%). Numbers above bars indicate the number of replicate assays 
performed per strain 

3.6   Discussion 

The spatial context of a pathogen-host interaction has a direct, short-
term effect on the dynamics of epidemic spread (Grenfell & Harwood 
1997; Wallinga et al. 1999; Keeling 1999). In addition, spatial structure 
has a long-term effect on the evolution of pathogen virulence and 
infectivity (Sato et al. 1994; van Baalen & Sabelis 1995; Rand et al. 
1995; Boots & Sasaki 1999; Keeling 1999; Johnson & Boerlijst 2002; 
van Ballegooijen & Boerlijst 2004). We studied the effect of spatial 
structure on the evolution of viral infectivity in the context of 
bacteriophage plaque formation. By means of a spatially explicit 
stochastic model we show that in a spatially structured environment 
infectivity should evolve to an intermediate optimum, while a well-
mixed environment should select for a maximal level of infectivity. 
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Figure 4: Evolution of plaque size during adaptation to a liquid environment. 
Each dot represents the size of an individual plaque. Plaque size was 
measured in each of the six replicate lines A to F at various time points of the 
evolutionary trajectory (transfer 0 = ancestor to transfer 130). n-values 
represent the total number of measurements per line.  
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The process of plaque formation is an ideal context to study the role of 
spatial structure on the evolution of pathogen life history. The 
biochemical properties that determine the phage life cycle and the 
process of plaque formation are well defined and can therefore directly 
be derived from first principles (Koch 1964; Yin & Mc Caskill 1992; 
Abedon & Culler 2007a; Abedon & Culler 2007b). As a conseuqence 
the effects of spatial structure can be related to micro-level 
mechanisms. 

 
Figure 5: One-step growth curve of the ancestor and the evolved lines A to D. 
Time course of phage density in a liquid environment for the ancestor (that 
was adapted to a Petri-dish environment) and four lines that had an 
evolutionary history of 130 transfers in a liquid environment. Lysis time was 
about 25 min for the ancestor and 30 min for the evolved lines. Burst size was 
about 1000 for the ancestor and about 1000, 100, 200, and 100 for lines A to 
D, respectively.  
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In spatially structured host populations highly infectious pathogens 
may succumb to their own success when they locally exhaust the pool 
of susceptible hosts (Sato et al. 1994; Rand et al. 1995; Boots & Sasaki 
1999). Pathogen impact on the host population during plaque formation 
is particularly severe, especially in lytic bacteriophages like ΦX174. In 
the center of the plaque the host population is driven close to extinction 
and any phage that fails to disperse to an area of uninfected hosts loses 
any future reproductive output (Koch 1964). These processes favor 
prudent predation of the host population for two reasons. First, high 
relatedness within one plaque can shift selection on the individual 
towards selection on the fecundity of the entire plaque. All phage 
individuals within one plaque are descendents of a single phage 
ancestor. Generally, relatedness of phage within one plaque should 
therefore be higher than the relatedness of phage originating from 
different plaques. When highly related individuals are clustered in 
space, long-term benefits for the cluster of relatives can outweigh the 
short-term benefits of increased virulence and infectivity for the 
individual (van Baalen & Sabelis 1995; van Baalen & Rand 1998; van 
Baalen 2002; Johnson & Boerlijst 2002; Lion & van Baalen 2008). By 
this mechanism long-term benefits for ‘plaque fecundity’ can overrule 
the fitness costs for the individual phage (Abedon & Culler 2007b). 
Second, higher infectivity does not necessarily lead to a higher fitness 
in a spatially structured population due to pathogen self-shading (Boots 
& Sasaki 2000; Boots et al. 2004). In the case of bacteriophage plaque 
formation, self-shading is mediated by a  slightly different mechanism. 
During plaque formation the rim of the plaque contains a high 
concentration of infected host cells. Adsorption of phage particles to 
this barrier of infected hosts hampers the dispersal of phage particles in 
the center of the plaque towards an area of uninfected hosts. Reversible 
adsorption to infected hosts delays viral diffusion (Yin & McCaskill 
1992). More importantly, the adsorption to infected hosts reduces viral 
fecundity. Even if a phage that adsorbs to an already infected host cell 
succeeds in co-infecting the host cell it has to share the resources of the 
host cell with the first infecting phage and will therefore produce at 
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best half the offspring it would gain from a single infection. Moreover, 
many viruses exhibit mechanisms that provide immunity against co- 
and superinfection (see chapter 4 of this thesis). Immunity to 
superinfection is well known in bacteriophages and has also been 
described in phage ΦX174 (Hutchison & Sinsheimer 1971). Adsorption 
to infected host cells that are immune to superinfection therefore 
creates a high fecundity cost which results in a strong effect of self-
shading in the process of plaque formation. 

So far we have considered the evolution of infectivity independent of 
changes in lysis timing and viral burstsize. Our observation that ΦX174 
evolved towards reduced rates of reproduction (Figure 5) is puzzling 
since viral adaptation to a static environment generally leads to 
increased viral reproduction towards a fitness maximum (Bull et al. 
2000). Nevertheless, evolution towards reduced rates of reproduction 
can occur when the environment of a virus changes in the time course 
of evolution. In our case the environment might have changed through 
three basic mechanisms: (1) increased host resistance caused by 
pathogen-host co-evolution (Buckling & Rainey 2002); (2) the 
accumulation of defective interfering particles (Dennehy & Turner 
2004); or (3) the occurrence and accumulation of a viral competitor 
(Hattman & Hofschne 1967; Huppert et al. 1967; Dales & Silverbe 
1968; Freda & Buck 1971; Goldman & Lodish 1975). 

The possibility of host-pathogen coevolution was excluded on purpose 
by the setup of our experiment. At the end of each infection cycle all 
host bacteria were killed by chloroforming and replaced by host 
bacteria from a reference strain. Therefore the host bacterium could not 
evolve resistance to the prevailing virus population.  Co-evolution of 
the host bacterium can therefore not explain the evolution towards 
reduced viral fecundity in our experiment. 

In principle, the accumulation of defective interfering particles (DIPs) 
can be a factor that reduces viral fecundity (Dennehy & Turner 2004). 
Liquid conditions are prone to select for an increase of DIPs, since the 
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reproduction of DIPs requires their co-infection with a wildtype phage. 
In liquid conditions DIPs and wildtype are constantly mixed and co-
infection readily occurs. In contrast, in a spatially structured Petri-dish 
environment DIPs can find themselves in a region that does not contain 
wildtype virus and therefore are not be able to reproduce. Furthermore, 
plaques that contain DIPs will have a lower fecundity than DIP-free 
plaques. Therefore selection in a spatially structured plaque will select 
against DIPs in the long run, whereas liquid conditions should allow for 
the invasion of DIPs. In principle at least, the reduction of viral 
reproduction during evolution in a liquid environment could therefore 
be explained by the accumulation of DIPs. Yet, we find this 
explanation improbable, since the formation of DIP’s has never been 
described for ΦX174 under standard growth conditions (even though 
the formation of DIPs has been forced at low temperature (Espejo & 
Sinsheimer 1976)). 

For this reason, we consider the occurrence and accumulation of 
another virus, which competes with the reproduction of ΦX174, as the 
most likely explanation for our puzzling findings. In the next chapter, 
we explore this possibility in more detail. 
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