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Many of the genes responsible for the virulence of bacterial pathogens are carried by mobile genetic
elements that can be transferred horizontally between different bacterial lineages. Horizontal transfer of
virulence-factor genes has played a profound role in the evolution of bacterial pathogens, but it is poorly
understood why these genes are so often mobile. Here, I present a hypothetical selective mechanism
maintaining virulence-factor genes on horizontally transmissible genetic elements. For virulence factors
that are secreted extracellularly, selection within hosts may favour mutant ‘cheater’ strains of the
pathogen that do not produce the virulence factor themselves but still benefit from factors produced by
other members of the pathogen population within a host. Using simple mathematical models, I show that
if this occurs then selection for infectious transmission between hosts favours pathogen strains that can
reintroduce functional copies of virulence-factor genes into cheaters via horizontal transfer, forcing them
to produce the virulence factor. Horizontal gene transfer is thus a novel mechanism for the evolution of
cooperation. I discuss predictions of this hypothesis that can be tested empirically and its implications for

the evolution of pathogen virulence.
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1. INTRODUCTION

Bacterial genomes often contain mobile genetic elements
such as conjugative plasmids or lysogenic phages. These
elements can be inherited vertically during cell division
or can be transmitted horizontally between different
bacterial lineages. They can also impose substantial
fitness costs on the bacteria that carry them (Lenski &
Bouma 1987; Bull et al. 1991) and in this sense may be
molecular parasites. Sometimes, however, mobile elements
carry genes that are beneficial to bacteria, including
genes for such ecologically important traits as antibiotic
resistance (Falkow 1975), pathogen virulence (Kaper &
Hacker 1999), symbiotic nitrogen fixation (Van Rhijn &
Vanderleyden 1995) and the production of allelopathic
bacteriocins (Riley & Gordon 1999). In addition, mobile
elements can serve as vehicles for the horizontal transfer
of genes between distantly related bacterial species,
contributing to a large part of bacterial adaptation and
speciation (Ochman et al. 2000; Karaolis et al. 1995;
Whittam 1998).

Despite this important role for plasmids and phages in
the ecology and evolution of bacteria, several crucial
questions remain unanswered. What evolutionary
mechanisms maintain the mobility of the genes borne by
these elements? Why have these genes not been seques-
tered as normal chromosomal genes without the fitness
costs of mobile elements? And why is it that across
bacterial species certain types of genes are consistently
carried by mobile elements, while other types of genes,
such as those for housekeeping functions, are always non-
mobile? Underlying these questions is the more funda-
mental issue of how natural selection, in general, creates
cooperative higher-level units of biological organization
out of smaller separate ones. Understanding the evolu-
tionary processes maintaining genes on mobile genetic
elements may shed light on processes likely to have been
operating during the evolutionary transition from

Proc. R. Soc. Lond. B (2001) 268, 61-69
Received 26 June 2000  Accepted 25 September 2000

primitive cells occupied by many independent replicators
to cells with large co-replicating chromosomes of linked
genes (Maynard Smith & Szathmary 1995).

One potential explanation for why certain types of
genes are carried by mobile genetic elements is that these
genes are only useful in certain environments or at certain
times. Sometimes-useful genes linked to horizontally
transmissible elements could out-compete non-mobile
versions of the same genes by associating with bacterial
genotypes of greater fitness or by associating with a variety
of different bacterial ecotypes (Bergstrom et al. 2000).
Horizontal transfer could also allow sometimes-useful
genes to colonize bacterial populations already occupying
habitats in which these genes are favoured (Eberhard
1990).

These hypotheses, however, have trouble accounting
for the mobility of virulence-factor genes, genes whose
products are responsible for the morbidity and mortality
caused by bacterial pathogens. Several functionally
diverse virulence factors are carried by mobile elements
in many different pathogen species (table 1). While it can
be argued that virulence factors are only sometimes
useful (Eberhard 1990), it is hard to reconcile the action
of the above mechanisms with the sometimes strong asso-
ciation between specific virulence-factor genes and
specific chromosomal lineages. For example, pathogenic
virulence-factor-bearing strains of Vibrio cholerae are also
genetically distinct from
pathogenic strains at several non-mobile chromosomal
loci (Karaolis ef al. 1995; Beltran et al. 1999). This suggests
that the rate of transfer of virulence-factor genes between
pathogenic and non-pathogenic strains is quite low and
argues against the maintenance of virulence-factor
mobility by mechanisms requiring frequent transfer
between ecotypically distinct bacterial strains.

In this paper, I present a hypothetical mechanism that
can explain the selective maintenance of virulence-factor
genes on horizontally transmissible genetic elements

naturally occurring non-
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Table 1. Examples of bacterial pathogens with horizontally transmissible virulence factors

pathogen virulence factor secreted?  genetic element reference
Vibrio cholerae cholera toxin yes phage CTX® Waldor & Mekalanos 1996
toxin coregulated pilus no phage VPI® Karaolis et al. 1999
Enterotoxigenic LT and ST toxins yes Entplasmids Smith & Halls 1968
Escherichiacoli
CFApili no Entplasmids Murray etal. 1983
Enterohaemorrhagic shiga toxins yes phages H19B, 933W O’Brienetal. 1984
Escherichiacoli
Salmonella enterica spv gene products yes pSLT virulence plasmid Ahmer etal. 1999
SopE type I11 effector yes phage SopE® Mirold et al. 1999
protein
superoxide dismutase SodC no phage Gifsy-2 Figueroa-Bossi & Bossi 1999
Corynybactertum dip theriae dip theria toxin yes phage B Groman 1953
group A streptococci pyrogenic exotoxin A yes phage T12 Johnson & Schlievert 1984;
Weeks & Ferretti 1984
Stap hylococcus aureus enterotoxin A, yes phages PS42-D, 13 Betley & Mekalanos 1985;
staphylokinase Winkler et al. 1965
Agrobacterium tumefasciens tumour-inducing DNA yes Tiplasmids Van Larebeke et al. 1975
Pseudomonasaeruginosa cytotoxin yes phage ®CTX Hayashi et al. 1990
Pseudomonas syringae coronatine phytotoxin yes COR plasmids Benderetal. 1989
Bacillus thuringensis d-endotoxin no pXOplasmids Gonzalez etal. 1982
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Figure 1. Cheater hypothesis for maintenance of virulence-factor genes on horizontally transmissible elements. (a) Pathogenic
bacteria (shown in grey) produce an extracellular virulence factor (black dots). (4) Mutant cheaters (shown in white) that do not
produce the virulence factor can be complemented extracellularly. (¢) Cheaters increase in frequency because they do not pay the
metabolic cost of producing the virulence factor. (d¢) Horizontal transfer (shown here as conjugation) reintroduces functioning
virulence-factor genes to cheaters and (¢) converts them into producers of the virulence factor.

despite low levels of transfer between different chromo-
somal lineages. I illustrate this hypothesis using simple
mathematical models of the population dynamics of
bacterial pathogens within and between hosts, discuss
how the hypothesis can be tested with simple laboratory
experiments, and discuss its implications for the evolution
of pathogen virulence and the evolution of cooperative
social behaviour.

(a) Overview of the hypothesis

The hypothesis is shown schematically in figure 1. If
those genes whose products we recognize as virulence
factors have evolved to aid bacteria in pathogenic life,
their effect must be to increase the pathogen’s net rate of
infectious transmission. Virulence factors may do this by
helping pathogens colonize susceptible hosts, obtain
resources and multiply within the host, evade the host’s
defences or disperse to colonize new hosts. Many
virulence factors, however, are secreted by bacteria into
their extracellular environment (table 1). The trans-
mission benefits of virulence factors that act extra-
cellularly are potentially available to members of a
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pathogen population within a host other than those that
originally produced the factor. In this case, a rare
mutant ‘cheater’ strain that does not produce the factor,
thereby avoiding the metabolic cost of virulence-factor
production, can be complemented extracellularly by
other members of the population within a host and can
increase in frequency over the course of an infection. If
pathogens compete for resources within a host, then the
ascent of cheaters will reduce infectious transmission of
the virulence-factor-producing strain. Such a strain
could recover infectiousness lost to cheaters, however, if
it could reintroduce functional versions of the virulence-
factor genes into cheaters via horizontal transfer and
convert them into producers. I propose that virulence-
factor genes might be maintained on horizontally trans-
missible genetic elements by between-host selection to
prevent cheating.

2. MODEL AND RESULTS

To illustrate and formalize the above arguments, I use
a simple mathematical model describing the within-host
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population dynamics of a rapidly reproducing bacterial
pathogen that is eventually cleared by the host immune
response (modified from Antia ef al. (1994)). This model
1s not meant to realistically describe the quantitative
details of the life cycle of any specific pathogen. Instead,
it is meant to make sure that somewhat vague ideas of
fitness and benefit can be translated into systematic
changes in the frequencies of alleles in populations due to
the differential and reproduction of their
carriers. I consider the special case in which a virulence
factor increases pathogen reproduction within a host by
making available some limiting nutrient, as in, for
example, liberation of iron by Escherichia coli o-haemo-
lysin (Waalwijk et al. 1983). I show that horizontal transfer
of such virulence-factor genes increases infectious trans-
mission of a virulence-factor-producing strain under
conditions favourable to cheaters.

survival

(a) Within-host population dynamics

I first consider the case with no horizontal transfer. In
the model, the pathogen population within a host consists
of two strains, one that produces an extracellular viru-
lence factor and another that does not produce the factor
but is otherwise identical. The population size of the viru-
lence-factor-producing strain at a time ¢ since infection is
P(t) and that of the non-producing cheater strain is C(f).
The total pathogen population is N(t) = P(t) + C(t) and
the frequency of the producer strain is Q () = P() [ N(t).
Cheaters are assumed to be present in the pathogen popu-
lation at the time of infection at some low frequency (I—
Q ;) due to mutation or co-transmission from the previous
host. Throughout this paper I use the subscript zero to
indicate a variable’s value at = 0.

Rather than explicitly tracking the extracellular
concentrations of virulence factor and limiting nutrient,
the factor’s effect can be simplified to an increase b in the
exponential reproductive rate of both producer and
cheater strains from a basal rate, . If »r < 0, the virulence
factor is necessary for growth within a host. Because both
pathogen strains can consume the nutrient, the effects of
the virulence factor are diluted by the presence of chea-
ters such that the increase in growth rate is proportional
to the frequency of the producing strain (see Appendix A).
The benefits of the virulence factor are assumed to be
shared equally among all members of the pathogen popu-
lation but the producing strain pays a metabolic cost such
that its reproductive rate is reduced by an amount ¢ rela-
tive to cheaters. The virulence factor is assumed to confer
a net benefit in the absence of cheaters, such that b > ¢.

The strength of the host’s inducible immune response,
measured, for example, by the number of activated
macrophages and pathogen-specific B and T cells, is /(¢).
Pathogens are removed by the immune response with a
specific killing rate k. The immune response proliferates
in proportion to the total pathogen density with
saturating kinetics at maximum rate p. The pathogen
density at which the immune response proliferates at half
maximum is ¢. Decay of the immune response in the
absence of the pathogen is assumed to be slow relative to
the length of infection and so is not included here. This
form for the immune response is a simple way of control-
ling the pathogen population but its specific details do not
affect the main results.
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relative population density

Figure 2. Within-host population dynamics of bacterial
pathogens with and without horizontal transfer of
virulence-factor genes. («) Horizontal-transfer rate g = 0.

(b) B=2x107". Solid line, virulence-factor-producing strain
in the absence of cheaters; dashed line, producer strain when
cheaters are present; dotted line, cheater strain. Arrows
indicate &, Zy, and ¢y (see §2(b,c) and equations (A6), (A8)
and (A9)). For simplicity, populations are measured in units
of their initial densities, so that N, = [, = 1. Other parameters
are as follows: r= 0.5, b =2.7, c= 1.2, k=103 p=1.0,
¢=10%and (1-Q ) =5x 107,

With these assumptions, the dynamics of pathogen
density and immune response are described by the
equations

dP/dt = (r+ bQ — ¢)P — kIP, (1)
dC/dt = (r+ bQ)C — kIC, (2)
dIjdt = pIN|(N + ¢). (3)

The initial size of the pathogen population is assumed to
be much smaller than that which stimulates the immune
system, such that WN;<<¢. The producer strain’s
maximum reproductive rate, (r+b—¢), and the immune
proliferation rate, p, are assumed to be similar to within
an order of magnitude (Antia ef al. 1994). The host is
assumed to be immunologically naive such that immune-
induced pathogen mortality is initially small and
kly<<(r+b—o).

Figure 2a shows an example of the population
dynamics of infection under this model. In the absence of
cheaters, the virulence-factor-p roducing strain reproduces
exponentially for a time until it is eventually cleared by
the host immune response. Cheaters, when initially
present as a subpopulation, increase in
frequency as the infection progresses because they benefit
from the effects of the extracellular virulence factor
without incurring the metabolic cost of its production. As
cheaters become common, they dilute the benefits of the

minority
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Figure 3. Infectious transmission as a function of the
relative cost of virulence-factor production ¢/(r+b—c¢) for
several values of () initial cheater frequency, (1-0Q ;) and
(b) horizontal transfer rate 5. Horizontal transfer of
virulence-factor genes increases infectious transmission at
intermediate costs. Arrows in (a) indicate minimum cost
for which equation (6) is satisfied. Arrows in () indicate
maximum cost for which equation (9) is satisfied.
(r+b—¢)=2.0,r=05and 1 =1.In (a), 6=0. In (b),

(1—Q ) = 107°. Other parameters are as in figure 2.

virulence factor and in doing so reduce the growth rate of
both pathogen populations. This also reduces the peak
population size reached by the virulence-factor-p roducing
strain.

To see how these dynamics depend on model para-
meters, consider an approximate expression for the size of
the wvirulence-factor-producing population over the
course of an infection,

P (r+b—c)t kI
P(t>t) =~ 0 X [ 1

,/,e —(1 _efl(llu)):|’
(Qo+ (1= Qg)e)™ p
(4)

where ¢ is the time at which the growing pathogen popu-
lation reaches a density ¢ and I, =I(t)) (see Appendix A
for derivation). The numerator of the first term in equa-
tion (4) describes exponential growth of the producer
strain under the beneficial effects of the virulence factor.
The second term describes the eventual clearance of the
pathogen by the host immune response. The denominator
of the first term describes the reduction in growth rate of
the producer strain associated with the increasing
frequency of cheaters. As cheaters become common,
growth of the producer strain decreases from a rate
(r+b—c¢) to a net rate (r—c¢). The reduction in growth
rate occurs sooner for greater initial frequencies of

Proc. R. Soc. Lond. B (2001)

cheaters and for greater costs of production of the viru-
lence factor, but is independent of virulence-factor bene-
fits. In this model the virulence-factor-p roducing strain
always decreases in frequency during an infection (see
Appendix A).

(b) Epidemiology and infectious transmission

Equations (1)—(3) describe the dynamics of a pathogen
population within a host, but in order to persist in a
population of hosts a pathogen must be infectiously trans-
mitted to at least one other susceptible individual, on
average, per infection (Anderson & May 1991). In addi-
tion, the pathogen strain that causes the greatest number
of secondary infections will, in the absence of multiply
infected hosts, drive to extinction all other strains to
which it provides immunity (Bremermann & Thieme
1989). Therefore, a complete consideration of pathogen
fitness must consider a virulence factor’s effect on infec-
tious transmission.

I assume that the rate of infectious transmission is
proportional to the number of pathogen cells released
from an infected host, and thus proportional to the size of
the pathogen population within the host at that time.
While this is unlikely to be strictly true for many patho-
gens, more complicated models involving saturation
effects do not give qualitatively different results (Antia
et al. 1994). The total amount of secondary transmission,
T, from a single infected host caused by the virulence-
factor-producing strain is then given by the integral of
pathogen density over time,

T = /rP(t)dt, (5)

where 7 is the average number of infections caused per
pathogen cell (Antia ef al. 1994). Adaptation among
endemic pathogens maximizes 7 with respect to biological
constraints on reproduction and transmission (Bremer-
mann & Thieme 1989).

Figure 3a shows transmission of the producer strain as
a function of the relative cost of virulence-factor
production, ¢/(r+b—¢), and initial cheater frequency,
(1—0Q)- Relative cost is equivalent to the within-host
selection coefficient favouring cheaters. For a given value
of (r+b—c¢), transmission is approximately constant at
small costs but falls off exponentially above a certain
threshold. This threshold corresponds to those conditions
under which cheaters become common enough to signifi-
cantly reduce the net growth rate of the pathogen popula-
tion and thus reduce the maximum population density
attained by the virulence-factor-producing strain. Since
transmission is dominated by those times when pathogen
density is highest, the peak density attained within a host
is a major determinant of pathogen fitness.

While equation (5) is not amenable to analytical solu-
tion, an approximate condition for when cheaters become
common enough to substantially reduce transmission can
be found by comparing the time at which Q = 0.5, 4, to
the time at which the producer strain reaches a peak
density in the absence of cheaters, /... Examples of 4
and £, are indicated in figure 2a. Cheaters substantially

reduce transmission if 4, </, or, equivalently,

max
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pf(rb—0)
_o.ylrtbmcf &
(1-0,) i (6N0> >1 (6)

(see Appendix A for derivation). Equation (6) shows that
cheaters are more likely to reduce transmission of the
producer strain for greater costs of virulence-factor
production and for greater initial cheater frequencies, as
shown in figure 3a. In addition, cheaters are more likely
to reduce transmission in infections of longer duration
(caused, for example, by decreased £ or increased ¢). This
occurs because longer infections allow more time for
cheaters to become common enough to reduce the growth
rate of the producer strain. Arrows in figure 3a indicate
the minimum values of ¢/(r+ b —¢) for which equation (6)
is satisfied.

A virulence-factor-p roducing strain can be maintained
in a population of hosts despite interference from cheaters
if the pathogen is sufficiently infectious and the virulence
factor is sufficiently beneficial. Between-host epidemiolo-
gical models similar to those described by Bonhoeffer &
Nowak (19944) show that producers can be maintained as
long as their basic reproductive number, R, (Anderson &
May 1991), is not reduced below 1 or below that of the
cheater strain alone (J. Smith, unpublished data). The
former condition will depend on the density of hosts and
the infectiousness of the pathogen, while the latter will
depend on the relative values of r and (r+ b—c¢). If produ-
cers are maintained, then cheaters will also be main-
tained at some frequency due to recurrent within-host
selection. It is also interesting to note that if the frequency
of cheaters in an initial inoculum is correlated with their
frequency in the previous infected host, then cheater
interference  with infectious transmission can be
compounded from one infection to the next.

(c) Virulence-factor mobility

Now consider a virulence factor the genes of which can
be transmitted horizontally between pathogen strains
within a host through the action of conjugative plasmids
or lysogenic phages. I assume that horizontal transfer has
mass-action kinetics with transfer rate 3, proportional to
the product of producer and cheater densities. Accord-
ingly, equations (I) and (2) are replaced by

dP/di = (r+bQ—c)P—kIP+ BPC, (7)

dC/dt = (r+bQ)C— kIC— BPC. (8)

This simple expression for horizontal transfer, based on
infectious transmission in epidemiological models
(Anderson & May 1991), has been shown to describe
accurately the dynamics of plasmid transfer despite the
fact that it ignores potential complications such as latent
periods and saturation effects (Simonsen ef al. 1990). For
lysogenic phage it subsumes phage production, degrada-
tion and lysogeny into a single parameter.

Figure 25 shows an example of the within-host popula-
tion dynamics of infection when virulence-factor genes
are horizontally transmissible. As before, cheaters initially
increase in frequency as the infection progresses and
begin to slow the growth of the producer strain. Once the
pathogen population reaches a density where OGN > ¢,
however, the net rate of horizontal transfer exceeds the
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metabolic cost of the virulence factor and cheaters decline
rapidly in frequency as they acquire virulence-factor
genes and become producers (see Appendix A). This
allows the virulence-factor-p roducing population to reach
a peak density nearly high as it would have been in the
absence of cheaters. Due to the mass-action kinetics, hori-
zontal transfer is most effective at reducing cheater
frequency at high pathogen densities, which is when most
infectious transmission occurs.

Figure 3b shows infectious transmission for different
values of the horizontal transfer rate, 8. The main effect
of horizontal transfer is to increase the threshold cost
above which cheaters substantially reduce infectious
transmission. There is thus a range of intermediate
virulence-factor costs for which pathogens with horizon-
tally transmissible virulence-factor genes cause many
more secondary infections than those with non-mobile
genes. It is in this region that horizontal transfer can be
maintained by between-host selection to prevent
cheating.

An approximate measure of the parameter range over
which horizontal transfer is effective can be found by
comparing the time at which a cheater-free population
reaches a density where BN >¢, t5y, to the time i
described above. Horizontal transfer is effective in
preventing cheaters from interfering with infectious trans-
mission if /gy < ly, or equivalently,

. 1/ (r+b—0)

(-0, (
(see Appendix A). Equation (9) shows that horizontal
transfer is more effective for greater transfer rates,
smaller metabolic costs and smaller initial cheater
frequencies. It is also more effective for greater exponen-
tial growth rates, which allow the pathogen population to
reach more quickly the critical within-host density where
the net transfer rate exceeds the metabolic cost of the
virulence factor. Arrows in figure 3b indicate the
maximum values of ¢/(r+b—¢) for which equation (9) is
satisfied. Thus, if equation (6) is satisfied such that chea-
ters reduce the fitness of a virulence-factor-producing
pathogen, then selection will maintain horizontal trans-
mission of virulence-factor genes if equation (9) is satis-
fied as well.

3. DISCUSSION

Using simple mathematical models, I have shown that
selection on pathogens for infectious transmission
between hosts can maintain virulence-factor genes on
horizontally transmissible genetic elements if mutant
pathogen strains can reap the benefits of the virulence
factor without paying its metabolic cost. Horizontal
transfer forces would-be cheaters to produce the virulence
factor. Since horizontal transfer would occur primarily
between a pathogen strain and its cheating derivatives,
this hypothesis provides a mechanism for the main-
tenance of virulence-factor mobility despite low levels of
transfer between separate bacterial ecotypes (Karaolis
et al. 1995; Beltran et al. 1999).

I have modelled only the special case of pathogens that
cause acute infection and factors that increase within-host
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growth but there is no obvious reason why the cheater
hypothesis would not also apply to pathogens that cause
persistent infections or to other types of virulence factors,
such as those that aid in colonization of hosts or those
that increase the infectiousness of released pathogen cells.
Since extracellular complementation is potentially a very
general phenomenon, this hypothesis can potentially
explain the maintenance of horizontal transfer in many
different pathogen species and for many different viru-
lence factors. Indeed, the cheater hypothesis may also
apply to non-virulence traits. This could include, for
example, symbiotic nitrogen fixation in Rhizobia spp.
where cheaters that do not fix nitrogen could still benefit
from plant exudates (Van Rhijn & Vanderleyden 1995),
antibiotic-resistance genes where cheaters that remain
sensitive could still benefit from a detoxified local
environment (Lundback & Nordstrom 1974), and anti-
competitor bacteriocins where cheaters that do not
synthesize the bacteriocin could still retain immunity
(Durrett & Levin 1997).

(a) Predictions and empirical tests

The cheater hypothesis makes a number of testable
predictions. First, it predicts that the virulence factors
carried by horizontally transmissible elements are those
for which virulence-factor- defective mutants can be
complemented extracellularly. This can be tested with
simple co-infection experiments. Such cheating has been
experimentally observed among toxins (Waalwijk e/ al.
1983), siderophores (Wolf & Crosa 1986), type III secre-
tion systems (Hirano ef al. 1999) and even some pili
(Hammar et al. 1996; Wall et al. 1998). Second, the
hypothesis predicts that there is a significant metabolic
cost to virulence-factor production. Such a cost can be
measured in vivo by the ability of cheaters to increase in
frequency when rare (e.g. Hirano et al. 1999) or w vitro
with competition experiments under laboratory condi-
tions that induce production of the virulence factor.
Finally, the hypothesis predicts that cheaters reduce the
fitness of producing strains when the virulence factor is
non-transmissible and that horizontal transfer reduces the
fitness burden of cheaters. This can be tested if there
exists a suitable experimental model for infectious
transmission between hosts or by the ability of cheaters to
dilute within-host benefits.

Note that support for these predictions would not rule
out the possibility that other mechanisms may also be
involved in maintaining horizontal transfer of virulence-
factor genes. Empirical support would, however, reduce
the need to invoke other mechanisms. For example, genera-
tion of novel pathogen strains through horizontal gene
transfer (Karaolis et al. 1995; Whittam 1998) may simply be
a coincidental side-effect of virulence-factor mobility.

(b) Genetic regulation of horizontal transfer

The cheater hypothesis accounts for the fact that
horizontal transfer is sometimes genetically coordinated
with virulence-factor expression, as seen in the tumour-
inducing plasmids of Agrobacterium spp. (Winans et al.
1999), the Shiga toxin phages of FE.coli (Neely &
Friedman 1998) and the cholera toxin phages of V. cholerae
(Lazar & Waldor 1998). If horizontal transfer itself has
some metabolic cost, then there would be selection to
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only express transfer functions when cheaters are likely to
be present. Since cheaters only increase in frequency by
foregoing the metabolic cost of virulence-factor produc-
tion, this would be when the virulence factor is being
expressed. In Agrobacterium, horizontal transfer is also
correlated with high pathogen density via a plasmid-
borne quorum-sensing mechanism, a trait some have
found puzzling (Winans e/ al. 1999). Under the cheater
hypothesis, however, this can be seen as a mechanism for
restricting transfer to those times when it is effective in
reducing the frequency of cheaters, that is, only when the
threshold condition SN > ¢ is met (figure 25).

(c) Problems and limitations

The simple model presented here ignores a number of
complicated realities that pose significant challenges to
the hypothesis. The first concerns the origin of cheaters.
The model assumes that cheaters are present at some low
frequency in the pathogen population at the beginning of
an infection and includes no explicit term for their
generation by mutation or loss of the mobile genetic
element. This assumption is appropriate if the rate of
generation of cheaters is small relative to the initial
pathogen population size and to the metabolic cost of the
virulence factor. For many pathogens, however, the initial
infecting population can be very small, as few as ten cells
for Shigella dysenteriae (DuPont et al. 1989). In such a case,
cheaters would be entirely absent at first and not gener-
ated by mutation until some time later, when the popula-
tion reaches a considerable size. This would lengthen the
time required for cheaters to reach an appreciable
frequency and would thus reduce the strength of selection
for horizontal transfer.

Another concern is the genetics of cheating. Plasmids
and phage often carry genes that inhibit super-infection
by closely related elements (Ippen-Ihler & Skurray 1993;
Ptashne 1992). The rate of transfer of virulence-factor
genes to cheaters that retain these exclusion functions will
be much less than for cheaters generated by the loss of the
entire element. Similarly, cheaters could also evolve
resistance to horizontal transfer. Thus, the effectiveness of
horizontal transfer in insuring all pathogen cells produce
a virulence factor depends sensitively on the genetic
characteristics of cheaters that affect transfer rates.

There is also the potentially confounding factor of spatial
structure within hosts. The model assumes that virulence-
factor benefits are equally available to all pathogen strains
within a host. In reality, pathogen cells may be clustered in
microcolonies consisting of a single clone, such that the
benefits of a secreted virulence factor may be preferentially
experienced by clone-mates of the producing cells. This
would reduce within-host selection for cheaters and subse-
quent selection for horizontal transfer.

Finally, the hypothesis only applies to virulence factors
that increase pathogen fitness. It can thus explain the
horizontal transfer of factors that increase colonization or
infectious transmission, but not of factors that affect only
the severity of the disease. The putative fitness benefits of
many virulence factors are unknown.

(d) Pathogen virulence and social evolution
Infection by multiple pathogen strains is often claimed
to promote the evolution of increased virulence,
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increasing the relative value of within-host reproduction
at the expense of host survival (Herre 1993; Nowak &
May 1994; Irank 1996; Ebert & Mangin 1997). These
studies assume that pathogen strains within a host are
engaged in scramble competition for host resources and
that virulence is a by-product of pathogen replication.
For some pathogens, however, within-host reproduction
may be a cooperative activity, involving secreted factors
whose benefits are shared among pathogen strains (e.g.
Bonhoeffer & Nowak 1994b). If virulence is primarily a
consequence of these factors, then infection by multiple
pathogen strains could promote the spread of cheaters and
the evolution of decreased virulence. The cheaters would,
in effect, act as hyperparasites (Taylor ef al. 1998).

As protection against cheaters, horizontal transfer of
genes for cooperative traits is a novel mechanism for the
evolutionary maintenance of cooperation. This mecha-
nism is distinct from (but complementary to) others such
as kin selection (Hamilton 1964), intrademic group selec-
tion (Wilson 1975; Dugatkin & Reeve 1994), reproductive
bribing (Reeve & Keller 1997), reciprocity (Trivers 1971)
and policing (Frank 1995). For obvious reasons, however,
horizontal transfer is a cooperative mechanism that is
probably only available to bacteria and other unicellular
micro-organisms. This mechanism also suggests that plas-
mids and phage have been co-opted to maintain coopera-
tion among the very bacterial cells they originally
evolved to parasitize.

Thanks to R. Antia, C. Bergstrom, S. Bordenstein, J. Bull, S.
Frank, B. R. Levin, J. Logsdon, D. Queller, 1. Stojiljkovic, J.
Strassmann, F. Taddei and the E. coli Liberation Front for helpful
discussion and comments on the manuscript. This work was sup-
ported by a Howard Hughes Medical Institute Predoctoral
Fellowship to the author and a National Institutes of Health
grant GM 33782 to B.R. Levin.

APPENDIX A

The simple 4Q term in equations (1) and (2) can be
derived from a model with explicit variables for the
concentrations of an extracellular virulence factor, V, and
a limiting nutrient, S, that the virulence factor makes
available. Instead of 6Q, the growth rates of both
producers and cheaters are increased by amount «
proportional to nutrient concentration. The virulence
factor is produced by the producing strain at a rate ¢ and
degraded at a rate p. Nutrients are liberated at rate w,
proportional to virulence-factor concentration, and are
consumed by both pathogen strains at a rate €. Thus,

dP/dt= (r+ aS—c)P—kIP, (AD)
dC/dt = (r+ aS)C—kIC, (A2)
dvjdi = oP—pY, (A3)
dS/dt = wV —e(P+ C)S. (A4)

If the dynamics of virulence factor and nutrient concen-
tration are much faster than those of the pathogen
population, then at the quasi-steady state V'=oP[u and
S = owQ [pue. Using these values and defining b = aow/ e,
equations (Al) and (A2) reduce to equations (1) and (2).
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The change in frequency of the virulence-factor-
producing strain under equations (1) and (2) is dQ /d¢
= —0 (1-0Q )¢, which has the solution
Q) = Ql(Qo+ (1-Q)e). (A3)
Since dQ /d¢ is always negative and has equilibria only at
Q =1 or 0, the producer strain always decreases in
frequency over the course of an infection where cheaters
are present. Irom equation (A)), the time at which

0 =0.51s

1 Q,
%_;ln(l _Q.())’

An approximate expression for the density of the
producer strain can be found by separating the course of
infection into two regions (Antia e/ al. 1994). Region ()
is defined as that time ¢ <, where N< ¢. In this region
I make the approximations N << ¢, kI<<(r+b—¢) and
(1-0 )<< 1. The rates of change of pathogen and
immune response are then approximately dJN/d¢
/A (r+b—c)Nand dI/dt~pIN/¢, which have the solutions
N < t)mNge" 0= and  I(t<t,) %Iw”“wfw‘ﬁ/'\"‘+”7">‘§.
Thus, t,~[In(¢/Ny)]/(r+b—c) and 1, %loe”/'\'"+/’7">. Region
(1) is defined as ¢ > t,, where I make the approximation
N>> ¢ such that dI/d¢ =~ pl and

(A6)

I(t>t) ~ e, (A7)
Equation (4) can be obtained by substituting Q and [/
from equations (A5) and (A7) into equation (1) and then
integrating from ¢ to ¢. The approximate time at which a
virulence-factor-producing pathogen reaches a peak
density in the absence of cheaters, ¢,,,, can be found by
setting equation (1) equal to zero, setting Q =1, sub-
stituting / from equation (A7) and solving for ¢,

1 r+ b —¢ ¢ /1/(7‘+b7f)
tmax A-—In|l———| — .
14 kIO CNO

With horizontal transfer of virulence-factor genes, the
change in frequency of the producer strain under
equations (7) and (8) is dQ /dt=Q (1 =Q )(BN—¢). Thus,
cheaters decrease in frequency when BN > ¢. The approxi-
mate time at which a growing pathogen population
reaches a density where SN > ¢ in the absence of cheaters

(A8)

tay, can be found by substituting N =Ny =9 into
BN = ¢ and solving for ¢,

! L (< (A9)
gy ~ ——In .

N b —c \ BN,

REFERENCES

Ahmer, B. M. M., Tran, M. & Heffron, F. 1999 The virulence
plasmid of Salmonella tphimurium is self-transmissible. 7.
Bacteriol. 181, 1364-1368.

Anderson, R. M. & May, R. M. 1991 Infectious diseases of humans.
Oxford University Press.

Antia, R., Levin, B. R. & May, R. M. 1994 Within-host popula-
tion dynamics and the evolution and maintenance of
microparasite virulence. Am. Nat. 144, 457-472.


http://pinkerton.catchword.com/nw=1/rpsv/0021-9193^28^29181L.1364[nlm=9973370]
http://pinkerton.catchword.com/nw=1/rpsv/0003-0147^28^29144L.457[csa=0003-0147^26vol=144^26iss=3^26firstpage=457]
http://pinkerton.catchword.com/nw=1/rpsv/0021-9193^28^29181L.1364[nlm=9973370]

68 J. Smith  Social evolution of p athogenesis

Beltran, P., Delgado, G., Navarro, A., Trujillo, F., Selander,
R. K. & Cravioto, A. 1999 Genetic diversity and population
structure of Vibrio cholerae. §J. Clin. Microbiol. 37, 581-590.

Bender, C. L., Malvick, D. K. & Mitchell, R. E. 1989 Plasmid-
mediated production of the phytotoxin coronatine in
Pseudomonas syringae pv. tomato. J. Bacteriol. 171, 807-812.

Bergstrom, C. T., Lipsitch, M. & Levin, B. R. 2000 Natural
selection, infectious transfer, and the existence conditions for
bacterial plasmids. Genetics 155, 1505-1579.

Betley, M. J. & Mekalanos, J. J. 1985 Staphylococcal enterotoxin
A is encoded by phage. Science 229, 185-187.

Bonhoeffer, S. & Nowak, M. A. 1994« Mutation and the
evolution of virulence. Proc. R. Soc. Lond. B 258, 135—140.

Bonhoeffer, S. & Nowak, M. A. 1994/ Intra-host versus inter-
host selection: viral strategies of immune function impairment.
Proc. Natl Acad. Sci. USA 91, 8062-8066.

Bremermann, H. J. & Thieme, H. R. 1989 A competitive
exclusion principle for pathogen virulence. 7. Math. Biol. 27,
179-190.

Bull, J. J., Molineux, I. J. & Rice, W. R. 1991 Selection of
benevolence in a host—parasite system. Fovolution 45, 875-882.
Dugatkin, L. A. & Reeve, H. K. 1994 Behavioral ecology and
levels of selection: dissolving the group selection controversy.

Adv. Study Behav. 23, 101-133.

DuPont, H. L., Levine, M. M., Hornick, R. B. & Formal, S. B.
1989 Inoculum size in shigellosis and implications for
expected mode of transmission. 7. Infect. Dis. 159, 1126—-1128.

Durrett, R. & Levin, S. 1997 Allelopathy in spatially distributed
populations. J. Theor. Biol. 185, 165—171.

Eberhard, W. G. 1990 Evolution in bacterial plasmids and levels
of selection. Q, Rev. Biol. 65, 3—22.

Ebert, D. & Mangin, K. L. 1997 The influence of host demo-
graphy on the evolution of virulence of a microsporidian gut
parasite. Evolution 51, 1828-1837.

Falkow, S. 1975 Infectious multiple drug resistance. London: Pion.

Figueroa-Bossi, N. & Bossi, L. 1999 Inducible prophages
contribute to Salmonella virulence in mice. Mol. Microbiol. 33,
167-176.

Frank, S. A. 1995 Mutual policing and repression of competition
in the evolution of cooperative groups. Nature 377, 520—522.
Frank, S. A. 1996 Models of parasite virulence. Q. Rev. Biol. 71,

37-78.

Gonzalez Jr, J. M., Brown, B. J. & Carlton, B. C. 1982 Transfer
of Bacillus thuringensis plasmids coding for 8-endotoxin among
strains of B. thuringensis and B. cereus. Proc. Natl Acad. Sci. USA
79, 6951-6955.

Groman, N. B. 1953 The relation of bacteriophage to the change
of  Corynebacterium diptheriae from avirulence to virulence.
Science 117, 297—299.

Hamilton, W. D. 1964 The genetical evolution of social beha-
viour. Part I. 7. Theor. Biol. 7, 1-16.

Hammar, M., Bian, Z. & Normark, S. 1996 Nucleator-
dependent intercellular assembly of adhesive curli organelles
in Escherichia coli. Proc. Natl Acad. Sci. USA 93, 6562—6566.

Hayashi, T., Baba, T., Matsumoto, H. & 'lerawaki, Y. 1990
Phage-conversion of cytotoxin production in Pseudomonas
aeruginosa. Mol. Microbiol. 4, 1703—1709.

Herre, E. A. 1993 Population structure and the evolution of
virulence in nematode parasites of fig wasps. Science 259,
1442-1445.

Hirano, S. S., Charkowski, A. O., Collmer, A., Willis, D. K. &
Upper, C. D. 1999 Role of the Hrp type III protein secretion
system in growth of Pseudomonas syringae pv. syringae B728a on
host plants in the field. Proc. Natl Acad. Sci. USA 96, 9851-9856.

Ippen-Ihler, K. & Skurray, R. A. 1993 Genetic organization of
transfer-related determinants on the sex factor F and related
plasmids. In Bacterial conjugation (ed. D. B. Clewell), pp. 23-52.
New York: Plenum.

Proc. R. Soc. Lond. B (2001)

Johnson, L. P. & Schlievert, P. M. 1984 Group A streptococcal
phage T12 carries the structural gene for pyrogenic exotoxin
type A. Mol. Gen. Genet. 194, 52-56.

Kaper, J. B. & Hacker, J. (eds) 1999 Pathogenicity islands and other
mobile virulence elements. Washington, DC: ASM Press.

Karaolis, D. K. R., Lan, R. & Reeves, P. R. 1995 The sixth and
seventh cholera pandemics are due to independent clones
separately derived from environmental, nontoxigenic, non- Ol
Vibrio cholerae. J. Bacteriol. 177, 3191-3198.

Karaolis, D. K. R., Omara, S., Maneval Jr, D. R., Johnson,
J.- A. & Kaper, J. B. 1999 A bacteriophage encoding a patho-
genicity island, a type-IV pilus and a phage receptor in
cholera bacteria. Nature 399, 375—379.

Lazar, S. & Waldor, M. K. 1998 ToxR-independent expression
of cholera toxin from the replicative form of CTX®. Infect.
Immun. 66, 394-397.

Lenski, R. E. & Bouma, J. 1987 Effects of segregation and selec-
tion on instability of plasmid pACYC184 in Escherichia coli B.
J- Bacteriol. 169, 5314-5316.

Lundbick, A. & Nordstrom, K. 1974 Effect of R-factor-mediated
drug-metabolizing enzymes on survival of Escherichia coli K-12
in presence of ampicillin, chloramphenicol, or streptomycin.
Antimicrob. Agents Chemother. 5, 492—499.

Maynard Smith, J. & Szathmary, E. 1995 The major transitions in
evolution. Oxford University Press.

Mirold, S., Rabsch, W., Rohde, M., Stender, S., Tschdpe, H.,
Rissmann, H., Igwe, E. & Hardt, W.-D. 1999 Isolation of a
temperate bacteriophage encoding the type III effector
protein SopE from an epidemic Salmonella typ himurium strain.
Proc. Natl Acad. Sci. USA 96, 9845-9850.

Murray, B. E., Evans Jr, D. J., Penaranda, M. E. & Evans, D.
G. 1983 CFA/I-ST plasmids: comparison of enterotoxigenic
Escherichia coli (ETEC) of serogroups 025, 063, O78, and
0128 and mobilization of an R factor-containing epidemic
ETEC isolate. J Bacteriol. 153, 566-570.

Neely, M. N. & Iriedman, D. I. 1998 Functional and
genetic analysis of regulatory regions of coliphage H-19B:
location of shiga-like toxin and lysis genes suggest a role
for phage functions in toxin release. Mol. Microbiol. 28,
1255-1267.

Nowak, M. A. & May, R. M. 1994 Superinfection and the evolu-
tion of parasite virulence. Proc. R. Soc. Lond. B 255, 81-89.

O’Brien, A. D., Newland, J. W., Miller, S. F., Holmes, R. K.,
Smith, H. W. & Formal, S. B. 1984 Shiga-like toxin-converting
phages from FEscherichia coli strains that cause hemorrhagic
colitis or infantile diarrhea. Science 226, 694-696.

Ochman, H., Lawrence, J. G. & Groisman, E. A. 2000 Lateral
gene transfer and the nature of bacterial innovation. Nature
405, 299-304.

Ptashne, M. 1992 A genetic switch: phage ) and higher organisms,
2nd edn. Cambridge, UK: Blackwell.

Reeve, H. K. & Keller, L. 1997 Reproductive bribing and
policing as evolutionary mechanisms for the suppression of
within-group selfishness. Am. Nat. 150, S42—-S58.

Riley, M. A. & Gordon, D. M. 1999 The ecological role of
bacteriocins in bacterial competition. Trends Microbiol. 7,
129-133.

Simonsen, L., Gordon, D. M., Stewart, F. M. & Levin, B. R.
1990 Estimating the rate of plasmid transfer: an end-point
method. F Gen. Microbiol. 136, 2319-2325.

Smith, H. W. & Halls, S. 1968 The transmissible nature of the
genetic factor in Escherichia coli that controls enterotoxin
production. F Gen. Microbiol. 52, 319-334.

Taylor, D. R., Jarosz, A. M., Lenski, R. E. & Fulbright, D. W.
1998 The acquisition of hypovirulence in host—pathogen
systems with three trophic levels. Am. Nat. 151, 343-355.

Trivers, R. L. 1971 The evolution of reciprocal altruism. Q. Rev.
Biol. 46, 35-57.


http://pinkerton.catchword.com/nw=1/rpsv/0095-1137^28^2937L.581[nlm=9986816]
http://pinkerton.catchword.com/nw=1/rpsv/0021-9193^28^29171L.807[csa=0021-9193^26vol=171^26iss=2^26firstpage=807,nlm=2536682]
http://pinkerton.catchword.com/nw=1/rpsv/0016-6731^28^29155L.1505[nlm=10924453]
http://pinkerton.catchword.com/nw=1/rpsv/0036-8075^28^29229L.185[csa=0036-8075^26vol=229^26iss=4709^26firstpage=185,nlm=3160112]
http://pinkerton.catchword.com/nw=1/rpsv/0303-6812^28^2927L.179[nlm=2723551]
http://pinkerton.catchword.com/nw=1/rpsv/0014-3820^28^2945L.875[csa=0014-3820^26vol=45^26iss=4^26firstpage=875]
http://pinkerton.catchword.com/nw=1/rpsv/0022-1899^28^29159L.1126[csa=0022-1899^26vol=159^26iss=6^26firstpage=1126,nlm=2656880]
http://pinkerton.catchword.com/nw=1/rpsv/0022-5193^28^29185L.165[csa=0022-5193^26vol=185^26iss=2^26firstpage=165,nlm=9344720]
http://pinkerton.catchword.com/nw=1/rpsv/0033-5770^28^2965L.3[nlm=2186429]
http://pinkerton.catchword.com/nw=1/rpsv/0014-3820^28^2951L.1828[csa=0014-3820^26vol=51^26iss=6^26firstpage=1828]
http://pinkerton.catchword.com/nw=1/rpsv/0033-5770^28^2971L.37[nlm=8919665]
http://pinkerton.catchword.com/nw=1/rpsv/0027-8424^28^2979L.6951[csa=0027-8424^26vol=79^26iss=22^26firstpage=6951,nlm=6294667]
http://pinkerton.catchword.com/nw=1/rpsv/0022-5193^28^297L.1[nlm=5875341]
http://pinkerton.catchword.com/nw=1/rpsv/0027-8424^28^2993L.6562[nlm=8692856]
http://pinkerton.catchword.com/nw=1/rpsv/0950-382X^28^294L.1703[csa=0950-382X^26vol=4^26iss=10^26firstpage=1703]
http://pinkerton.catchword.com/nw=1/rpsv/0036-8075^28^29259L.1442[csa=0036-8075^26vol=259^26iss=5100^26firstpage=1442]
http://pinkerton.catchword.com/nw=1/rpsv/0027-8424^28^2996L.9851[nlm=10449783]
http://pinkerton.catchword.com/nw=1/rpsv/0026-8925^28^29194L.52[nlm=6374381]
http://pinkerton.catchword.com/nw=1/rpsv/0021-9193^28^29177L.3191[nlm=7768818]
http://pinkerton.catchword.com/nw=1/rpsv/0019-9567^28^2966L.394[nlm=9423889]
http://pinkerton.catchword.com/nw=1/rpsv/0021-9193^28^29153L.566[csa=0021-9193^26vol=153^26iss=1^26firstpage=566,nlm=6336743]
http://pinkerton.catchword.com/nw=1/rpsv/0962-8452^28^29255L.81[csa=0962-8452^26vol=255^26iss=1342^26firstpage=81,nlm=8153140]
http://pinkerton.catchword.com/nw=1/rpsv/0036-8075^28^29226L.694[nlm=6387911]
http://pinkerton.catchword.com/nw=1/rpsv/0966-842X^28^297L.129[csa=0966-842X^26vol=7^26iss=3^26firstpage=129]
http://pinkerton.catchword.com/nw=1/rpsv/0022-1287^28^29136L.2319[nlm=2079626]
http://pinkerton.catchword.com/nw=1/rpsv/0003-0147^28^29151L.343[csa=0003-0147^26vol=151^26iss=4^26firstpage=343]
http://pinkerton.catchword.com/nw=1/rpsv/0027-8424^28^2991L.8062[nlm=8058757]
http://pinkerton.catchword.com/nw=1/rpsv/0303-6812^28^2927L.179[nlm=2723551]
http://pinkerton.catchword.com/nw=1/rpsv/0033-5770^28^2971L.37[nlm=8919665]
http://pinkerton.catchword.com/nw=1/rpsv/0027-8424^28^2979L.6951[csa=0027-8424^26vol=79^26iss=22^26firstpage=6951,nlm=6294667]
http://pinkerton.catchword.com/nw=1/rpsv/0036-8075^28^29259L.1442[csa=0036-8075^26vol=259^26iss=5100^26firstpage=1442]
http://pinkerton.catchword.com/nw=1/rpsv/0019-9567^28^2966L.394[nlm=9423889]
http://pinkerton.catchword.com/nw=1/rpsv/0021-9193^28^29169L.5314[csa=0021-9193^26vol=169^26iss=11^26firstpage=5314,nlm=3312174]
http://pinkerton.catchword.com/nw=1/rpsv/0066-4804^28^295L.492[nlm=4618459]
http://pinkerton.catchword.com/nw=1/rpsv/0027-8424^28^2996L.9845[nlm=10449782]
http://pinkerton.catchword.com/nw=1/rpsv/0966-842X^28^297L.129[csa=0966-842X^26vol=7^26iss=3^26firstpage=129]

Social evolution of pathogenesis ~ J. Smith 69

Van Larebeke, N., Genetello, C., Schell, J., Schilperoort, R. A.,
Hermans, A. K., Van Montagu, M. & Hernalsteens, J. P. 1975
Acquisition of tumour-inducing ability by non-oncogenic agro-
bacteria as a result of plasmid transfer. Nature 255, 742-743.

Van Rhijn, P. & Vanderleyden, J. 1995 The Rhizobium—plant
symbiosis. Microbiol. Rev. 59, 124—142.

Waalwijk, C., MacLaren, D. M. & DeGraaf, J. 1983 In vivo
function of hemolysin in the nephropathogenicity of
Escherichia coli. Infect. Immun. 42, 245-249.

Waldor, M. K. & Mekalanos, J. 1996 Lysogenic conversion by
a filamentous phage encoding cholera toxin. Science 272,
1910-1914.

Wall, D., Wu, S. S. & Kaiser, D. 1998 Contact stimulation of Tgl
and type IV pili in Myxococcus xanthus. J. Bacteriol. 180, 759-761.

Weeks, C. R. & Ferretti, J. J. 1984 The gene for type A strepto-
coccal exotoxin  (erythrogenic toxin) 1is located in
bacteriophage T12. Infect. Immun. 46, 531-536.

Whittam, T. S. 1998 Evolution of Escherichia coli O157:H7 and
other shiga toxin-producing FE. coli strains. In Escherichia coli
0157: H7 and other shiga toxin-producing E. coli strains (ed. J. B.

Proc. R. Soc. Lond. B (2001)

Kaper & A. D. O’Brien), pp. 195-209. Washington, DC: ASM
Press.

Wilson, D. S. 1975 A theory of group selection. Proc. Natl Acad.
Sci. USA 72, 143-146.

Winans, S. C., Zhu, J. & Moré, M. 1. 1999 Cell density-
dependent gene expression by Agrobacterium tumefasciens during
colonization of crown gall tumors. In Cell—cell signalling in
bacteria (ed. G. M. Dunny & S. C. Winans), pp. 117-128.
Washington, DC: ASM Press.

Winkler, K. C.; De Waart, J., Grootsen, C., Zegers, B. J., lellier,
N. F. & Vertregt, C. D. 1965 Lysogenic conversion of
staphylococci to loss of PB-toxin. 7 Gen. Microbiol. 39,
321-333.

Wolf, M. K. & Crosa, J. H. 1986 Evidence for the role of a side-
rophore in promoting Vibrio anguillarum infections. F. Gen.
Macrobiol. 132, 2949-2952.

As this paper exceeds the maximum length normally permitted,
the author has agreed to contribute to production costs.


http://pinkerton.catchword.com/nw=1/rpsv/0146-0749^28^2959L.124[nlm=7708010]
http://pinkerton.catchword.com/nw=1/rpsv/0019-9567^28^2942L.245[csa=0019-9567^26vol=42^26iss=1^26firstpage=245,nlm=6352494]
http://pinkerton.catchword.com/nw=1/rpsv/0036-8075^28^29272L.1910[nlm=8658163]
http://pinkerton.catchword.com/nw=1/rpsv/0021-9193^28^29180L.759[nlm=9457887]
http://pinkerton.catchword.com/nw=1/rpsv/0019-9567^28^2946L.531[csa=0019-9567^26vol=46^26iss=2^26firstpage=531,nlm=6389348]
http://pinkerton.catchword.com/nw=1/rpsv/0027-8424^28^2972L.143[nlm=1054490]
http://pinkerton.catchword.com/nw=1/rpsv/0022-1287^28^2939L.321[nlm=4222155]
http://pinkerton.catchword.com/nw=1/rpsv/0022-1287^28^29132L.2949[nlm=2957462]
http://pinkerton.catchword.com/nw=1/rpsv/0036-8075^28^29272L.1910[nlm=8658163]
http://pinkerton.catchword.com/nw=1/rpsv/0027-8424^28^2972L.143[nlm=1054490]
http://pinkerton.catchword.com/nw=1/rpsv/0022-1287^28^2939L.321[nlm=4222155]
http://pinkerton.catchword.com/nw=1/rpsv/0022-1287^28^29132L.2949[nlm=2957462]

