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Within-host competition determines reproductive
success of temperate bacteriophages

Dominik Refardt

Institute of Integrative Biology, Department of Environmental Sciences, ETH Ziirich, Ziirich, Switzerland

Within-host competition between parasites is frequently invoked as a major force for parasite
evolution, yet quantitative studies on its extent in an organismal group are lacking. Temperate
bacteriophages are diverse and abundant parasites of bacteria, distinguished by their ability to enter
a facultative dormant state in their host. Bacteria can accumulate multiple phages that may
eventually abandon dormancy in response to host stress. Host resources are then converted into
phage particles, whose release requires cell death. To study within-host competition between
phages, | used the bacterium Escherichia coli and 11 lambdoid phages to construct single and
double lysogens. Lysogenic bacterial cultures were then induced and time to host cell lysis and
productivity of phages was measured. In double lysogens, this revealed strong competitive
interactions as in all cases productivity of at least one phage declined. The outcome of within-host
competition was often asymmetrical, and phages were found to vary hierarchically in within-host
competitive ability. In double infections, the phage with the shorter lysis time determined the timing
of cell lysis, which was associated with a competitive advantage when time differences were large.
The results emphasize that within-host competition greatly affects phage fithess and that multiple

infections should be considered an integral part of bacteriophage ecology.
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Introduction

The ubiquity of parasites makes multiple infections
a common phenomenon. Parasites rarely have a host
to exploit for themselves, but share it with other
parasite strains or species (Cox, 2001; Read and
Taylor, 2001). Understanding the resulting within-
host interactions is important, as they are predicted
to alter infectious disease dynamics and the para-
sites evolutionary trajectory (Nowak and May, 1994;
May and Nowak, 1995). Furthermore, central evolu-
tionary theories, addressing the evolution of sex,
local adaptation and virulence evolution, have
been developed in the framework of host—parasite
interactions (Hamilton, 1980; Anderson and May,
1982; Thompson, 1994). The influence of multiple
infections on these interactions may thus have
far-reaching implications.

Bacteriophages (phages) are viruses that infect
bacteria. Temperate phages are distinguished by
their ability to reproduce by two different transmis-
sion modes. After infecting a cell, they either follow
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the lytic cycle, converting host resources into new
viral particles and killing the cell to release them, or
they enter lysogeny, integrating their DNA into the
genome of the host to become a prophage. Prophages
are replicated by bacterial division and are stably
maintained over extended periods of time. This
changes once host DNA has been damaged. The
bacterial stress response and possibly other signals
can trigger the induction of the prophage, which
then enters lytic development and finally lyses the
host cell (Ptashne, 2004; Shkilnyj and Koudelka,
2007; Ghosh et al., 2009).

Lysogenic bacteria constitute a large fraction of
microbial communities (Miller and Day, 2008) and a
number of observations suggest that they are often
multiply infected (Leitet et al., 2006; Williamson
et al., 2008). Bacteria are susceptible to many phages,
which can integrate into the same host genome if they
use different insertion sites (Campbell, 2003). Conse-
quently, polylysogens, cells harboring several differ-
ent prophages, are found in a variety of bacterial
species (Reynolds et al., 1988; Espeland et al., 2004;
Asadulghani et al., 2009). Finally, phages contain a
vast amount of genetic diversity, to which recombina-
tion has contributed an important part, indicating
that multiple infections have always played a role in
phage biology (Hendrix, 2002).

Superinfection of a lysogen is a constant threat to
prophages, because entry of the new phage into the
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lytic pathway would destroy the resident prophage
along with the host (Berngruber et al., 2010). To
avoid this threat, prophages must protect their host
against superinfection by phages of their own kind.
This immunity is hardwired into the genetic
circuitry that maintains the lysogenic state and is
an essential feature of lysogeny (Lwoff, 1953; Camp-
bell, 2006). In addition, a number of mechanisms
allow a prophage to secure a cell against lysis by
other, heteroimmune phages. These include the
modification of cell surface receptors required for
phage adsorption (Matsumoto et al., 1985), prema-
ture transcription termination in other phages
(Oberto et al., 1989), restriction-modification
systems to target DNA of incoming phages (Arber
and Dussoix, 1962), increasing the probability that
superinfecting phages establish lysogeny (Serra-
Moreno et al., 2008), and the induction of host cell
death, possibly to prevent the spread of a competing
phage (Benzer, 1955).

Bacteriophage—bacteria interactions represent
an ideal system for studying the competitive inter-
actions within hosts as well as their effect
on parasite fitness. Competition among phages,
particularly within the same host, is a largely
unexplored area in phage ecological research. This
is particularly true for temperate phages. On the one
hand, detailed knowledge exists on their molecular
genetics; on the other, large-scale surveys suggest
that they have an important role in determining
microbial diversity and community structure, and
direct nutrient fluxes on ecosystem scales (Angly
et al., 2006; Suttle, 2007). A link between these two
areas of research, that describes how individual
interactions among phages shape the phage
community, is lacking.

Besides their ecological importance that warrants
a closer examination of multiple infections in
phages, temperate phages offer several advantages
that allow a particularly detailed investigation.
First, sequential insertion of phages into the host
genome allows a controlled construction of singly
and multiply infected cells, so that the effect of the
order of infection on success of competing phages
can be studied. Second, prophages are almost
always single copy, and their lytic development
can be triggered externally. This allows the pro-
cesses of host infection and subsequent within-host
growth to be separated, thereby excluding con-
founding effects of variation in infectious dose on
reproductive success (Hochberg, 1998). Third, time
to host death (that is, lysis time) can be measured
accurately. Although any lytic action eventually
kills a cell, lysis time is an important determinant
for the speed at which a phage devours a bacterial
population and may be interpreted as a component
of virulence (Eshelman et al., 2010). Fourth, repro-
ductive success of coinfecting phages can be
quantified separately, which overcomes a major
obstacle of many experimental studies. Finally, the
detailed knowledge on phage and bacterial genetics
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allows a detailed study of competition in one of the
simplest in vivo systems known (Lewontin, 1970).
Whether multiple infections select for more or
less virulent parasites is controversial and it has
been suggested that it depends critically on the
nature of their competitive interactions (Brown
et al., 2002). If the reproductive success of a parasite
depends directly on its exploitative behavior, multi-
ple infections are expected to favor more virulent
parasites, as they use the available resources quicker
than their competitor (Frank, 1996). More prudent
strategies with a lower virulence may be favored if
exploitation of host resources requires an initial
investment by the parasites, the benefits of which
are then available to all coinfecting parasites (Brown
et al., 2002). The availability of such a public good
allows ‘cheaters’ to persist that do not participate in
the collective action and are consequently less
virulent. Note that both hypotheses assume a direct
link between within-host growth and host mortality,
with more vigorous growth causing more damage
and a shorter host life span. In phage A, which is
among the phages used in this study, cell lysis is
directly controlled by the phage and does not
depend on its within-host growth rate (Wang,
2006), hence the relation between lysis timing and
competitive success within a single cell is unclear.
In this study, I used 11 different lambdoid phages
of Escherichia coli to study within-host competition
in doubly infected cells. To this end, I constructed
all possible single and double lysogens and induced
them under controlled conditions. I measured lysis
time in all lysogens and quantified productivity of
all phages (Figure 1). Besides gaining detailed
information on individual phage interactions, the
diversity of phages used allowed me to address
questions concerning general patterns of competi-
tive interactions in this group of phages. The results
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Figure 1 Life cycle of temperate phages in the context of
this study. Upon infection, phages establish lysogeny and reside
dormant as prophages in the bacterial chromosome. When
induced, they begin lytic development and lyse their host after
some time to release virions. In this hypothetical example, the
white phage has a shorter lysis time than the black phage and
phages differ in productivity. If prophages share a cell and form a
double lysogen, both lysis time and productivity may change.
In this example, the white phage determines lysis time and
competition lowers productivity of both phages.

O



provide evidence that multiple infections have a
severe impact on phage fitness, and caution that
lysis time is only a weak predictor for the outcome
of competition.

Materials and methods

Media, reagents and strains
Bacteria were grown in lysogeny broth (LB; 10gl™
tryptone, 5gl™' yeast extract, 10gl~* NaCl). For
plates, 1.5% agar was added, for top agar, 0.7%.
Bacteria were stored in LB with 15% glycerol at
—80°C. Phages were stored in SMG (0.1M NaCl,
10 mM MgSQO,, 0.05 M Tris (pH 7.5), 0.01% gelatin) at
C (Table 1). Several of the phages that we used
belong to a collection of Mexican E. coli phages
(Kameyama et al., 1999). Two of our isolates could
not be assigned to the original isolates, and were

Table 1 Phages that were used in this study

Phage Immunity group Receptor specificity
A (APaPa) XVIII LamB

HKo022 HKo022 FhuA

$80 $80 FhuA and TonB
mEp043 v FhuA and TonB
mEp213 X FhuA and TonB
mEp234 XVIII FhuA

mEp235 XVII FhuA

mEp332 XVIII OmpC

mEp506 XV FhuA

mEpX1 mEpX1 FhuA

mEpX2 mEpX2 FhuA

Nomenclature of immunity groups follows Kameyama et al. (1999).
Receptor specificities were in agreement with previous results where
available.
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renamed mEpX1 and mEpX2, respectively. Mitomy-
cin C (Sigma, Buchs, Switzerland) at a concentration
of 5 ugml~" was used for prophage induction.

Construction of single and double lysogens
To obtain single lysogens, phage dilutions were
spotted on a lawn of E. coli MG1655 and incubated
overnight. Turbid plaques indicated growth of
lysogens and bacteria were picked from these
plaques and reisolated twice. Lysogens were typed
for their immunity group (see below) and the release
of phages upon induction was verified. To avoid
selecting anomalous lysogens, we isolated several
lysogens of every phage and measured their induc-
tion curves (see below). A representative lysogen of
every phage was selected for all further work.
Double lysogens were constructed by super-
infection of single lysogens. Where possible, we
controlled for the order of insertion and constructed
double lysogens twice, changing the order with
which phages were inserted (Figure 2). Double
lysogens were typed for their immunities.

Typing lysogens with clear-plaque phage mutants

A prophage always immunizes its host against itself
and phages of the same immunity group (Table 1).
The specific resistance of a lysogen can therefore be
used to identify the prophages it harbors. Typing
was carried out by cross-streaking a bacterial sample
over a streak of a lysogeny-deficient mutant of the
respective phage. Continued growth indicated
presence of the corresponding immunity and thus
presence of the prophage.
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Figure 2 The outcome of superinfection of 11 different single-lysogens with the same 11 phages.
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Lysogeny-deficient mutants of phages from all
immunity groups were obtained by ultraviolet
irradiation (200 J m~?). Irradiated lysates were plated
on susceptible bacteria and incubated overnight.
Clear plaques that indicated lysogeny-deficient
mutants were cored, reisolated twice and amplified
by confluent lysis.

Prophage induction

Single colonies of lysogens were inoculated in
500l of LB and grown overnight in 96-deep well
plates at 37 °C in a shaking incubator (400 r.p.m.). To
ensure thorough mixing of the culture, a glass bead
was added to each well. Plates were covered with
breathable film to allow aeration and prevent
evaporation and cross-contamination. Overnight
cultures were diluted 1/500 in 500 ul pre-warmed
LB and incubated for 2h to bring cultures into
exponential growth. A volume of 100ul was then
transferred into an optical 96-well plate and in-
duced with 5 pgml~" mitomycin C. Bacterial growth
was monitored in plate readers (Spectramax M2e
and Spectramax 340PC, Molecular Devices, Sunny-
vale, CA, USA) and data on culture density (relative
absorbance at 600nm) were acquired every other
minute. After induction has completed, lysates were
diluted 1/10 in SMG, treated with 25 pl chloroform,
centrifuged at 5000 g for 10 min and stored at 4 °C.

Quantification of phage productivity

Productivity as measured here describes the average
number of phages that are released per cell present
at the time mitomycin C was added to the culture. It
thus integrates over the whole time span during
which prophage induction occurs and allows a
comparison between single and double lysogens.
The titer of free phages in lysates was quantified by
spotting a dilution series on double agar plates
(Carlson, 2005). Two different phages in a sample
were quantified separately by spotting the sample
twice on host bacteria with different resistances.
These were either knockout strains that lacked a

Table 2 Bacterial strains and plasmids that were used in this study

specific receptor (Baba et al., 2006), strains that were
transformed with plasmids carrying the repressor
gene of a specific phage (see Supplementary
Material), or lysogens of a specific phage (Table 2).
The latter could not be used in all cases, because
certain phages plate inefficiently on some lysogens,
which impedes accurate quantification. For the
same reason, not all double lysogens were fully
analyzed (Figure 2). To obtain an estimate of the
average number of phages released per cell, titer
data were divided by the average number of
bacterial cells present in the culture before induc-
tion. This number was estimated once for E. coli
MG1655 in 24 independent replicates and used for
all lysogens.

Estimation of lysis time

The onset of lysis causes a distinct clearance of the
bacterial culture and the time at which turbidity
of the culture peaks provides an estimate of lysis
time. To this end, R statistical software v2.11.1
(R Development Core Team, 2010) was used to fit a
spline to the growth curve that was measured in the
plate reader (Supplementary Figure S1, R script
available on request).

Data on productivity and lysis time were analyzed
using R statistical software. Data on single lysogens
were analyzed with one-way analysis of variance
and differences between levels were explored with
Tukey’s range test. Data on double lysogens were
analyzed with a two-way analysis of variance
(including the factors ‘phage 1° (11 levels) and
‘phage 2’ (12 levels, including no phage)). Further
comparisons were performed with non-parametric
tests (Mann—Whitney U test, Kendall’s 1), and where
estimates of slopes were required, linear regressions
were used.

Results

Construction of single and double lysogens
Using 11 different lambdoid phages, I constructed
44 double lysogens that contained unique

Bacterial strain/  Relevant genotype Phage resistance Source

plasmid

MG1655 — None —

JWo0146 AfhuA766::kan HKO022, ®80, mEp043, mEp213, mEp234, Keio collection (Baba et al. 2006)
mEp235, mEpX1, mEpX2, mEp506

JW5195 AtonB760::kan @80, mEp043, mEp213 Keio collection (Baba et al. 2006)

JW3996 AlamB732::kan A Keio collection (Baba et al. 2006)

JW2203 AompC768::kan mEp332 Keio collection (Baba et al. 2006)

pAR pGEM-T Easy vector
carrying cI and Ok of L
As above, but carries clI of HK022  HKO022
As above, but carries cl ®80
and Og of ®80

pHK022R
p®80R

A, mEp234, mEp332

Own construction
Promega, Madison, WI, USA
Own construction
Own construction
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combinations of two different phages. In addition,
35 double lysogens were obtained, in which the
order of insertion of the phages was reversed. Three
causes prevented the construction of 42 double
lysogens: (a) the superinfecting phage belonged to
the same immunity group as the prophage, (b) the
prophage conferred specific resistance to super-
infection by a heteroimmune phage, and (c) super-
infection caused substitution of the resident
prophage (Figure 2).

Order of prophage insertion

I tested whether productivity of a phage depended
on the order of insertion into a double lysogen.
To this end I correlated data on productivity and
lysis time from those double lysogens, which were
constructed using two different orders of insertion.
Linear regressions revealed good linear fits with
slopes close to one for both productivity and lysis
time (Supplementary Figure S2; productivity:
d.f.=60, r*=0.93, slope=0.97, P<0.0001; lysis
time: d.f.=31, r*=0.82, slope=0.91, P<0.0001).
AMmEp213 double lysogens lysed incompletely
causing estimates of productivity and lysis time to
be highly variable. They were excluded from the
regression but kept in the dataset.

Neither productivity nor lysis time depended on
the order by which phages were inserted into the
bacterial genome. In all likelihood these double
lysogens are therefore identical. To avoid pseudo-
replication, their data were combined in all
subsequent analyses, leaving 44 different double
lysogens. Not all lysogens were fully analyzed
(Figure 2).

Prophage induction in single lysogens

Single lysogens of different phages differed signifi-
cantly both in their productivity, that is, the amount
of phages that were released on average from an
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induced cell (Figure 3a, Fig440=147.4, P<0.0001),
and in their lysis time (Figure 3b, F,,g55=204.3,
P<0.0001). Across phages, productivity and lysis
time did not correlate significantly (Kendall’s
1=-0.31, d.f.=10, P=0.22): among different
phages, a longer lysis time is not associated with a
higher productivity.

These data obtained from single lysogens are
referred to as baseline productivity and baseline
lysis time, respectively, and describe the perfor-
mance of a phage in the absence of competition.
In later analyses, I will compare the performance of
phages in double lysogens against their baseline
performance.

Prophage induction in double lysogens

Productivity. Most phages failed to maintain
their baseline productivity in a double lysogen
(median =16% of baseline productivity; Mann-—
Whitney U test, n=81, U=-1482.5, P<0.0001).
The magnitude of this loss varied among lysogens
(Supplementary Figure S3) and analysis of variance
confirmed that (a) phages differed in their response
towards competition (effect size #* (proportion of
total variance explained)=0.52, Fig1655=1422,
P<0.0001) and (b) they differed in the effect
they had on a competitor (7*=0.21, Fy; 1655 =537,
P<0.0001). In addition, a significant interaction
indicated that the outcome of competition could not
always be predicted by the main effects of the
phages alone but depended on their specific
combination (y*=0.21, F,.1655 =283, P<0.0001).
These results are addressed in more detail below.
To allow for comparisons among phages, their
productivities were normalized and expressed
relative to their baseline productivity.

The significant main effects observed above
indicated that phages could be described by their
competitive abilities. These were summarized in
two traits, namely, the change in productivity that a
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Figure 3 Phage productivity (a) and lysis time (b) in single lysogens. Box plots summarizing baseline data of all 11 phages that were
used in this study. Lysogenic cultures of E. coli MG1655 carrying a single prophage were induced with mitomycin C and turbidity was
monitored to estimate lysis time. Productivity of different phages was measured as the average number of phages released per cell
that was induced. Analysis of variance found significant variation among phages in both data sets. Letters indicate groups of phages that

were found to differ significantly according to Tukey’s range test.
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Figure 4 Within-host competition between lambdoid phages. (a) Parameters describing the competitive ability of each phage.
Competitive effect measures the effect of a phage on the productivity of its competitors; higher values indicate less effect. Competitive
response measures the response of a phage to competition; lower values indicate a sensitive response. (b) Relative productivity of phages
in double lysogens. Every data point corresponds to a unique pair of phages. To order data points and facilitate their comparison, phages
with higher relative productivity in a pair were plotted on the y-axis. Error bars show the 95% confidence interval. The dotted line shows
the function y=1—x. Points close to the line achieve a combined relative productivity of approximately one. Open symbols are lysogens
where phages strongly interfere as defined by a combined relative productivity <0.1 (circles: A/HK022, A/mEp213, A/mEpX1; squares:
mEp234/®80, mEp506/®80), or where a phage in a double lysogen achieves a productivity that is significantly above its baseline
productivity (diamonds: A/mEpX2, mEp043/mEp234, mEp213/mEp234).

phage experiences in the presence of competitors
(‘competitive response’) and the effect of the phage
on the productivity of its competitors (‘competitive
effect’). Both traits were calculated as the geometric
mean of the relative productivity in all double
lysogens of a particular phage. The traits were found
to correlate (n=11, Kendall’s t=—-0.67, P=0.003).
Phages that responded little to competition exerted a
strong effect on others and vice versa (Figure 4a).
The results indicated that phages could be ranked
according to their competitive ability. Phage A stood
out, as it responded sensitively to competition,
yet also affected its competitors. This observation
will be addressed later.

The relation between the relative productivities of
two phages in the same lysogen is shown in
Figure 4b. There was not a single case in which
both phages maintained their productivity at the
baseline level. Overall, the combined relative pro-
ductivities within a double lysogen do not sum up to
one (median =0.56; Mann—Whitney U test, n =44,
U= -288, P<0.0001), which indicates that the loss
in productivity cannot be explained by a sharing of
resources alone. In the majority of cases, however,
combined relative productivities were close to one
and phages either suffered symmetrically from
competition, or one of the phages was dispropor-
tionally affected (closed symbols in Figure 4b). In a
minority of cases patterns deviated (open symbols in
Figure 4b) and a phage benefited from the presence
of a second phage (this was phage mEp234 in two
of three cases) or both phages suffered high losses
(as defined by a combined relative productivity
<0.1). Phages A or ®80 were involved in all of the
latter cases.

To summarize, analysis of competitive interac-
tions that unfold upon prophage induction in
double lysogens presented the following pattern:
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phage productivity changes substantially compared
with single lysogens and at least one phage suffers a
decrease in productivity. The magnitude of this loss
is determined by both phages and allows describing
their competitive abilities by competitive response
and effect. These two traits are correlated and
suggest the existence of a hierarchy of competitive
abilities. The outcome of competition is further
influenced by an interaction term that depends on
the specific combination of two phages. In some
cases, phages mutually interfere or one of the phages
gains a net benefit.

Lysis time. Lysis time varied substantially among
double lysogens (Supplementary Figure S4) and
followed a pattern that was qualitatively similar to
the one found for productivity: analysis of variance

revealed significant effects of both phages
(effect size n* (proportion of total variance
explained) =0.14, F10.2006 = 109.3, P<0.0001;

N*>=0.13, F11 2006 = 93.6, P<0.0001) and a significant
interaction term (n*=0.37, F71.2006 =41.8,
P<0.0001). Lysis time in a double lysogen depended
on both participating phages, and was further
influenced by a combination-specific factor.

If both phages had operated independently during
prophage induction, one would expect lysis time to
be determined by the faster phage. Our data did not
contradict this hypothesis (Figure 5a, Mann—Whit-
ney U test, n=40, U=14.5, P=0.85, median
difference = 0.1 min) but did clearly reject a null
hypothesis that lysis time in a double lysogen will
be the average of the lysis times of the individual
phages (Mann—Whitney U test, n=40, U=—-312.5,
P<0.0001, median difference=—4.3min). The
results remained qualitatively similar once phage
@80 was removed from the dataset.
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Figure 5 Shifts in lysis time and relation to productivity and competitive success. (a) Difference of lysis time of double lysogens from
expectation under two hypotheses: (i) lysis time is determined by the faster phage in a double lysogen (gray bars), and (ii) lysis time is
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to deviation from baseline lysis time. The solid curve is a spline that was fitted to the data. The dashed line indicates no deviation.
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open circles are all other double lysogens.

Relationship between productivity and lysis time.
Across all double lysogens that were tested, pro-
ductivity of a phage declined the further the lysis
time of a double lysogen deviated from the baseline
lysis time (Figure 5b). Beyond a difference of a few
minutes, this decline became substantial. There was
no evidence that the direction of the deviation
mattered, but the data covered mainly lysis times
shorter than baseline lysis times.

On the basis of the preceding observations (earlier
lysis time dominates in double lysogens, productiv-
ity declines with deviation from baseline lysis time),
I asked whether the relative deviation of two phages
from their baseline lysis time was associated with a
competitive advantage of the phage whose baseline
lysis time was closer to the lysis time of the double
lysogen. To test this, I calculated two values for
all double lysogens: the ratio of the relative
productivities of both phages and the difference of
their deviations from lysis time (Figure 5c). These
two values did not significantly correlate when
all phages were included (Kendall’s t=0.02, n=137,
P=0.87), but did so for double lysogens that
contained phage @80 (Kendall’s t=0.67, n=9,
P=0.013). This phage has a particularly long
baseline lysis time (Figure 3b) and hence might be
the only case where shifts in lysis time were
substantial enough to affect productivity.

Cases of mutual interference. When both phages
suffered a severe reduction in productivity, lysis
was often observed to begin very early or proceed
slowly. Double lysogens that included ®80 had
often lysis times below the baseline lysis time of
both phages (Supplementary Figure S4). The two
largest drops (14.0min and 8.3min below the
shorter lysis time) occurred in those double lyso-
gens, in which both phages also suffered strong
reductions in reproductive output (open squares in

Figure 4b). Double lysogens of A together with
HKO022, mEp213 and mEpX1 showed a strong
reduction in productivity of both phages (open
circles in Figure 4b). This phenomenon was due to
incomplete lysis of the bacterial culture. Although
both phages lysed their host efficiently as single
lysogens, lysis began very early in double lysogens

but then proceeded slowly (Supplementary
Figure S5).
Discussion

Patterns of competitive interactions among
lambdoid phages

Multiple infections are predicted to be important
determinants of infectious disease dynamics and
pathogen evolution. The genetic and physiological
factors that determine the outcome of within-host
competition are therefore of critical importance, yet
they remain poorly understood. Empirical studies
are typically limited to small numbers of parasite
genotypes, and it is unclear whether the observed
results can be generalized. I have studied within-
host competition among 11 temperate phages of
E. coli, which has allowed me to make inferences
about the general rules that govern these interac-
tions. Multiple infections in temperate phages have
received some attention and the fitness conse-
quences for individual phages have been addressed
(Boyd and Bidwell, 1962; Serra-Moreno et al., 2008),
but never in the context of prophage induction.
Recently, it has been shown that prophage induction
can occur in response to changes in bacterial density
and it has been proposed that it is more than an
adaptation to escape from a cell bound to die (Ghosh
et al., 2009). The ability of prophages to respond to
changes in transmission opportunities emphasizes
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the importance of prophage induction in the life
cycle of temperate phages.

The results herein emphasize the importance of
multiple infections for natural phage populations,
as they clearly show that lytic productivity of
prophages declines, often substantially, when a host
is shared between phages. Within-host competitive
ability varied considerably among phages, which
caused competition outcomes to be often asym-
metric. Because resources in a bacterial cell are
limited, exploitation competition is bound to occur.
This was supported by the observation that the sum
of relative phage productivities in double lysogens
did rarely exceed, and was often closed to one
(Figure 4b). This upper limit was frequently not
reached, however, which suggests that a second type
of competition was operating, interference competi-
tion, which caused a net reduction of total produc-
tivity. The reason for this interference remains to be
elucidated, but it is conceivable that crosstalk
between two simultaneously executed lytic pro-
grams within the same cell may hinder efficient
resource depletion.

It will be important to show whether the estimates
obtained here can predict total phage fitness.
Prophage induction covers only one part of the
phage life cycle. A second key step is the infection
of a cell, and it has been shown here and elsewhere
(Boyd and Bidwell, 1962; Serra-Moreno et al., 2008)
that the order of arrival is of critical importance.

Competition has an important role in structuring
communities. In this study, I found that the
outcome of competition was explained to a large
degree (73% of the variance of productivity) by main
effects, and hence depended mainly on the char-
acteristics of the participating phages and less on
their specific combination (Goldberg, 1996). This
allowed me to describe phages by their individual
competitive abilities, which are competitive effect
(the ability to suppress competitors) and competi-
tive response (resistance of a phage toward suppres-
sion), two measures that are correlated.

The observation that phages can be ranked
according to their within-host competitive abilities
raises the question whether this ranking extends to
their complete life cycle, and therefore compromises
genetic diversity in phage populations if competi-
tively superior phages dominate. I suggest three
possibilities that can explain phage coexistence.
First, I observed that phage productivity did not
only depend on main effects, but to a smaller extent
also on the specific combination of the participating
phages (21% of the variance of productivity).
This may cause competitive abilities to be partly
intransitive, and thus prevent the fixation of a
superior competitor (Kerr et al., 2002). Second,
natural environments are more variable than the
assay conditions of this study. For example, it is
known that lambdoid prophages vary both in their
sensitivity toward an inducing signal and in their
response towards different signals (Los et al., 2009;
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Refardt and Rainey 2010). Finally, it is also
conceivable that competitive ability depends on
the host genotype (de Roode et al., 2004).

Competition and the evolution of lysis time

In double lysogens of lambdoid phages, the faster
phage dictated lysis time. This finding differs from a
previous study, where no consistent directional shift
was found when AS holin alleles conferring different
lysis times were coexpressed together with the AS
holin wild-type allele (Raab et al., 1988). It may be
that dominance of a shorter lysis time requires
differences beyond the holin gene itself. Evidence
that the observed shift was associated with a
competitive advantage of phages with a short
baseline lysis time was weak however. Although
productivity declined with deviations from baseline
lysis time, this did not translate into a clear
competitive benefit for phages with a short lysis
time. Most shifts in lysis time were in the order of
minutes (lower quartile —8.1min, upper quartile
0.7min), and because phages accumulate linearly
over time in a cell (Wang, 2006), this scale is too
small to explain the observed changes in productiv-
ity over orders of magnitude. Only ®80, which has a
comparatively long lysis time, exhibits a decline
in productivity that appears at least partially to be
caused by a shortening of its lysis time (Inokuchi
and Ozeki, 1970). It is interesting to speculate
whether the lysis times of the phages in this study
have already been shortened by natural selection in
response to within-host competition and whether
the remaining differences are therefore too small to
confer a measurable competitive advantage.

If the timing of cell lysis of phage A is extended
beyond its normal lysis time, burst size can be
more than doubled, yet comes at the cost of a
longer generation time. Because generation time and
burst size both contribute to fitness, it has been
proposed that an intermediate lysis time optimizes
phage fitness (Wang, 2006). At the same time, it has
been noted that this optimization might fail in the
presence of competing phages. My data confirm that
multiple infections indeed can thwart the attempt of
a phage to optimize lysis time. In addition, there
is tentative evidence that competition can select
phages with a shorter lysis time, yet it is also evident
that lysis time is not the sole determinant of
competitive success.

I therefore propose that competitive success
largely depends on the ability to monopolize
cellular resources. A phage that dominates intracel-
lular processes is competitively superior. Deviations
from baseline lysis time then reflect the degree by
which the developmental program of a phage is
distorted and thus indicate competitive inferiority.
This would explain why productivity of a phage
decreased both when the lysis time of a double
lysogen was shorter or longer than its baseline
lysis time.



Mutual interference and parasitism

While the majority of competitions followed a
pattern, in which at least one of the competitors
maintained productivity close to the baseline level,
a number of phage pairs (all of which involved
either phage A or ®80) appeared to strongly mutually
interfere with each other’s lytic development, which
caused a substantial loss of productivity for both
phages. In the case of A, this corroborates similar
phenomena involving lambdoid and T-even phages,
which are mediated by the Rex system of A (Benzer,
1955; Toothman and Herskowitz, 1980; Parma et al.,
1992). Such strong interference competition (spite),
in which the harm inflicted to a competitor comes at
a considerable cost to oneself, can be favored by kin
selection if it benefits a third, closely related party
(West and Gardner, 2010). This reasoning has been
put forward to explain the maintenance of
bacteriocin production in bacteria, in which toxin
release is lethal to the producer (Inglis et al., 2009).
In this study, it may be advantageous because it
prevents the invasion of foreign phages into a
population of A lysogens (Parma et al., 1992).

In three double lysogens, one phage increased its
productivity above the baseline level, and produc-
tivity of the second phage was reduced. The under-
lying mechanism of this parasitic interaction is not
known, yet it is interesting to note that mEp234
benefits from coinfection with mEp043 and
mEp213, two phages with weak competitive effect.
mEp234 has a low lytic efficiency as single lysogen
(D Refardt, unpublished results) and while it may
dominate competition intracellularly, it must rely
on the lytic action of its competitor to finally release
its virions.

Conclusion

Lytic productivity of lambdoid prophages was
strongly altered in the presence of competitors.
In several cases, their productivity was nearly
nullified. Together with the emerging evidence that
polylysogeny is a common phenomenon in natural
bacterial populations, my study suggests that multi-
ple infections must be taken into account if phage
population dynamics are to be understood.
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