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Using mathematical models that combine population genetic and epidemiological 
processes, we resolve the paradox that many important pathogens appear to persist as 
discrete strains despite the constant exchange of genetic material. We show that 
dominant polymorphic determinants (that is, those that elicit the most effective immune 
responses) will be organized into nonoverlapping combinations as a result of selection by 
the host immune system, thereby defining a set of discrete independently transmitted 
strains. By analysing 222 isolates of Neisseria meningitidis, we show that two highly 
polymorphic epltopes of the outer membrane protein PorA exist in nonoverlapping 
combinations as predicted by this general framework. The model indicates that 
dominant polymorphic determinants will be in linkage disequilibrium, despite frequent 
genetic exchange, even though they may be encoded by several unlinked genes. This 
suggests that the detection of nonrandom associations between epitope regions can be 
employed as a novel strategem for identifying dominant polymorphic antigens. 

For many important pathogens of humans, such as Plasmodium 
falciparum', HIV-1 (ref. 2) and many infectious bacteria', epi
demiological studies indicate that distinct strains persist in host 
populations over long periods of time. However, many of these 
pathogens have the opportunity for the exchange of genetic ma
terial because of, for example, sexual processes in the case of P. 

falciparum•, coinfection of the same host cell for HIV-1 (ref. 5), or 
transformation in bacteria•. These two observations appear para
doxical, because it would seem that strain structure should be 
lost rapidly as a result of genetic recombination. 

With the rapid development of molecular methods for typing 
microorganisms, and for studying the extent of genetic exchange, 
it is becoming increasingly dear that sex in many organisms such 
as Escherichia coli' does not appear to disrupt the "clonal" struc
ture of the population. It has been proposed that extrinsic 
elements such as periodic selection, in combination with low 
rates of genetic exchange, may limit the genetically effective pop
ulation size of organisms•. In this paper, however, we consider the 
more general situation where there are no constraints on genetic 
exchange, and selection is generated endogenously by host im
mune responses to the circulating strains. 

In organisms that lack genetic exchange, a set of discrete 
strains may be clonally maintained, even in the absence of selec
tion, because of nonrandom associations (or linkage 
disequilibrium) between multiple loci. However, it can easily be 
demonstrated• that even the smallest degree of outcrossing will 
eventually result in a random association (or linkage equilib
rium) of alleles. Thus, even in populations of infectious agents 
that recombine infrequently, unless a "strain" is defined by a sin
gle polymorphic determinant, we would expect a rapid loss of 
strain structure due to the disintegration of associations between 
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the relevant loci. Instead, many microorganisms that exchange 
genetic material appear to be transmitted in a manner that is 
consistent with a discrete rather than continuous population 
structure. In this paper, we explore this paradox using a simple 
mathematical model, and propose a solution as to how these 
conflicting observations may be reconciled. 

A simple model for genetic exchange In Infectious agents 
A "strain" may be defined in epidemiological terms simply by the 
loci that affect its transmission rather than by its entire genetic 
constitution. As it is the host immune response that has the most 
profound effect on transmission (in the absence of drugs and 
other interventions), we assume that the relevant loci will encode 
a set of dominant immunogens (that is, those that elicit the most 
effective responses). Thus, for the case where there are two im
munologically dominant loci, each with two alleles or variants, 
the four possible types of strains are ay, ax, bx and by, where a and 
b are alleles at one locus, and x and y are alleles at the second locus. 

To assess the impact of genetic exchange on the population 
structure of infectious disease agents, we have developed a math
ematical model (see Methods) for the dynamics of a set of 
recombining parasite strains within a homogeneous host popu
lation. To reflect the process of genetic exchange, we assume that 
the progeny of parasites within hosts that are infectious for two 
or more strains will consist of defined fractions of the various 
combinations of the different strains. This is indicated in Fig. 1 
for the two-locus two-allele example presented above. The dia
gram shows that individuals infectious for both ay and bx are 
able to generate infectious elements of all four possible geno
types, while those singly infected can only release infectious 
progeny of the same genotype. 
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Fig. 1 Two principal assumptions of the model in the case where 
strains are defined by two loci each with two alleles. The infectious 
stages are thus given as ay, by, ax and bx. Those infectious with only 
one strain (for example, ay or bx, as shown in the diagram) can only 
generate infectious stages of the same strain. However, those in
fected with both ay and bx (shown by the overlap between the two 
compartments) can generate infectious progeny of all four types. An 
individual immune to a given strain, for example, ay as shown in the 
diagram, cannot be infected by ay, but may be infected by the totally 
unrelated strain bx. The transmission of related strains (in this case by 
and ax) within an individual immune to ay is modified by a factory. 

We consider the simplest case where infection with a given 
strain confers lifelong strain-specific immunity. We assume that 
once an individual is rendered immune to a given strain, say ay, 
other strains sharing any of the relevant determinants (for exam
ple, ax and by) will be at a disadvantage within this host. 
Specifically, we assume that the capacity of such a host to trans
mit these strains will be reduced by a factory, which we will term 
the "degree of cross-protection." The factory is effectively a mea
sure of the cost to a strain of infecting a host who is capable of 
mounting a protective immune response against some, but not 
all, of its specific variants. A strain that does not share any alleles 
with ay (that is, bx) will not be at any disadvantage within a host 
immune to ay. Any population may thus be grouped into set of 
"discordant" strains that do not share any alleles with each other, 
and therefore do not interfere with each other's transmission. 

Analytical studies of the behavior of this model show that, in 
the limit where "cross-protection" between strains sharing alle
les is complete (y = 1), one set of discordant strains will always 
strongly dominate, in terms of abundance, over all other strains. 
Figure 2a illustrates this for the two-locus two-allele example. 
We have assumed that all four strains have the same basic repro
ductive number or R., (the average number of secondary cases of 
infection generated by one primary case in a susceptible popula
tion rn). Thus, although the strains are identical in every respect, 
the system still settles to an "asymmetric" equilibrium. In the 
other limit, where cross-protection is absent (y = 0), all strains in
dependently equilibrate at the same level (1 - l/R0) , creating a 
"symmetric" equilibrium as shown in Fig. 2b. The transition 
from symmetric equilibrium to asymmetric equilibrium occurs 
when the degree of cross- protection, y, exceeds a critical value, y, 
which may be given, in the two-locus two-allele case, as: 

Fig. 2 The temporal changes in the proportions of host population 
exposed (z;) to four strains: ax (heavy solid line), by (light dashes), ay 
(light dashes and dots) and bx (heavy dashed line), where the degree 
of cross-immunity between strains sharing alleles is variously ( a) y = 1, 
(b) y = 0. The strains have the same R0 (= 2), but the proportion initially 
infected varies slightly, that is, y.,= y,,= Yar= 0.0001; y,,= 0.0001001 . 
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y = [1 - 1 / Rn I [1 - 1 /(R~ R~)] 

Here R~ and R~· are the basic reproductive rates of the dominant 
pair of strains and Rb is the lower value of the subordinate pair. It 
can be shown by standard techniques of stability analysis that 
when y exceeds this critical value, the symmetric equilibrium be
comes unstable and bifurcates to give upper and lower 
asymmetric branches, as illustrated in Fig. 3. The switch from the 
symmetric equilibrium to the asymmetric equilibrium will mani
fest itself as a transition from linkage equilibrium to a high level 
of linkage disequilibrium. We conjecture that these broad pat
terns pertain more generally in m locus/n allele (nm) systems. 

The stability of the system against invasion by new recombi
nants is illustrated in Fig. 4, in which an antigenically distinct 
strain (say by) is introduced into a population within which a 
given strain (say ax) is already endemic. It can be seen that even 
recombinants (that is, ay and bx) of very much higher R0 are un
able to displace the original strains, provided the average 
duration of infectiousness is short. This property suggests that 
the persistence of a distinct subset of strains over long periods of 
time is likely to be more commonly observed for infectious 
agents with short infection periods in the host (for example, 
many common directly transmitted viral and bacterial infec
tions) than for pathogens with longer infectious periods (for 
example, persistent viral infections such as hepatitis B, and many 
protozoan infections). 

The important and general principle revealed by this analysis 
is that populations of infectious agents will be structured into in
dependently transmitted strains by a dominant immune 
response against a polymorphic determinant, when there is a 
moderate to strong cross-protection between genotypes that 
share alleles at the loci that define a strain. When this is the case, 
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Fig. 3 The stable equilibrium state as a function of the degree of cross-immunity. 
Model parameters are identical to those used in Fig. 1. The switch from the sym
metric equilibrium to the asymmetric equilibrium may be interpreted as a transi
tion from linkage equilibrium to a high level of linkage disequilibrium. 
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one set of discordant strains (with nonoverlapping combinations 
of alleles) will dominate over all other strains. The subordinate 
groups will continue to be generated via recombination events, 
but they will persist only at very low prevalences, because of 
strong selection against them by hosts who are immune to the 
dominant strains. Despite the strains being defined by combina
tions of alleles at unlinked loci within this model structure, the 
results equally apply to the generation of novel combinations of 
epitopes through intragenic recombination and to the genera
tion of novel sequences of antigenic variants through 
recombination in multigene families such as variant surface gly
coproteins (VSG) of trypanosomes and variant surface antigens 
(VSA) of Plasmodium falciparum. 

Neisserla meningitidis: A test of the model 
We tested the model by examining the association between the 
two principal antigenic regions VRl and VR2 of the outer mem
brane protein PorA of Neisseria meningitidis in a dataset11 

containing 222 isolates of serogroups B and C, collected in 
England and Wales in the period 1989-1991. The meningococ
cus is a transformable and antigenically diverse commensal 
bacterium that can cause severe infections, particularly in in
fants. Ninety-five percent of cases of disease are caused by 
organisms belonging to three (A, B, and C) of the nine known 
serogroups, which are defined by their capsular polysaccharide. 
Meningococci of serogroup A have a clonal population struc
ture" ; this is consistent with the epidemic life history of these 
bacteria, which ensures that they will have little opportunity for 
recombination with other meningococci"·". In contrast to 
serogroup A, serogroup B and C meningococci do not have a 
strongly clonal population structure", although "clusters" and 
"complexes" of genetically related bacteria, which contain anti
genically diverse strains generated by recombination, do occur in 
these serogroups1• . The UK population experiences a high car
riage rate of serogroup Band C meningococci of up to 10% of 
the population at any one time". During carriage, many 
meningococci are acapsulate1•, thus subcapsular antigens are po
tentially exposed to immune selection . We have focused on the 

Fig. 4 The temporal changes in the proportions exposed (z,) to 
four strains, in the situation where where a new strain by (repre
sented by dots and dashes) is introduced within a host population 
that already harbors a single antigenically different strain ax (solid 
line). It is assumed, in this simulation, that the new recombinant 
types, ay and bx (dashed lines), have an R0 of 28.5, in contrast to the 
R0 values of the original (ax) and introduced (by) strains, which are 
assumed to be 8. Fig. 3 records the outcome of this genetic interac
tion for different values of the duration of infectiousness (1 /a), 
namely (a) 0.1 years (b) 1 year and (c) 10 years. 
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subcapsular antigen PorA, which has two principal antigenic re
gions VRl and VR2 (ref. 19). It has been established that the 
human immune system is capable of mounting a bactericidal im
mune response to VRl and VR2 epitopes20, and that VRl and 
VR2 families can be reassorted by horizontal genetic transfer•·". 
The data in Fig. S show the distribution of VRl and VR2 combi
nations in 222 endemic serogroup B and C meningococci 
isolated from diverse geographical locations in England and 
Wales during the period 1989-1991. The dataset shown in Fig. 
Sa records the association of 8 epitope families of VRl with 14 
epitope families of VR2 in the 222 isolates. Figure Sb shows, for 
comparison, the expected distribution under the null hypothesis 
of random association between the epitopes. As is clear from in
spection, not only do the data depart significantly from the null 
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Fig . 5 a, The association between the two principal antigenic re
gions VR1 and VR2 of the outer membrane protein PorA of Neisseria 
meningitidis in a dataset" containing 222 isolates of serogroups B and 
C, collected in England and Wales in the period 1989-1991 . The epi
tope families have been arranged on the axes to make clear the diago
nal association. b, For comparison, the expected distribution under 
the null hypothesis of random association between the epitopes. 

hypothesis (x\, = 419, P « 0.01), but they also have the diagonal 
structure, that is, nonoverlapping epitope combinations, pre
dicted by the model. The data assume particular relevance when 
we recognize that, with more than two alleles at each locus, a 
nonrandom association can manifest itself in many ways other 
than the diagonal signature of strain structure. 

The DNA sequences that encode the different VR families in 
both VRl and VR2 are highly diverse and novel combinations 
are likely to arise only by recombination. There is much evi
dence for recombination events reassorting VR families' but only 
a few, nonoverlapping combinations persist at high frequency", 
as predicted by the model. Although it is conceivable that some 
combinations of the external surface loops containing these epi
topes are not permitted because of protein structural 
requirements, it is unlikely that such arguments would account 
for the diagonal structure of the data. These data thus provide a 
clear illustration of the principles articulated by the model. 

A new strategy for identifying dominant antigens 
Nonrandom associations between immunogenic loci or epitopes 
will only occur when the degree of cross-protection, y, is moder
ate to high (Fig. 3). This suggests that such nonrandom 
associations or "linkage disequilibrium" will only be observed 
among genes encoding the dominant polymorphic antigens, be
cause the cost of sharing alleles at a given locus y must correlate 
strongly with the efficacy of the associated immune response. 
Epitopes located in VRs of PorA proteins have been shown to 
elicit a T cell-dependent, anamnestic immune response21; that 
such an immune response may structure the parasite population 
into nonoverlapping repertoires therefore suggests that it has a 
significant effect on transmission. 

This method may also be employed to discriminate between 
different polymorphic antigens in terms of their impact on para
site transmission, as our model predicts that subdominant 
polymorphic antigens will exist in a greater variety of mosaic 
forms than dominant antigens. This may explain why merozoite 
surface antigens (MSP-1 and MSP-2) of Plasmodium falciparum 
exist in forms that appear to have been generated by recombina
tion•·22, whereas epidemiological and experimental data suggest 
that there is limited overlap between the VSA repertoires of dif
ferent strains'·23 • Variant surface antigens of P. falciparum have 
been implicated by immunoepidemiological and molecular stud
ies as the dominant polymorphic antigen that structures the 
parasite into independently transmitted strains'. As this mole
cule is known to undergo antigenic variation within the host24, it 
has further been suggested that each P. fa/ciparum strain is com
posed of a set of variants with a limited degree of overlap with 
the variant repertoires of other strains23• It has been argued that, 
in the absence of clonality, nonoverlapping variant repertoires 
can only persist if the dominant antigen is defined by a single or 
a tightly linked set of genes25 • To the contrary, our analyses show 
that strain structure can survive under conditions of random 
mating even if the dominant polymorphic antigen is encoded by 
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several unlinked genes. The recent discovery of the genes that 
encode the VSAs (ref. 26-28) should provide an opportunity to 
determine whether the latter do in fact elicit a significantly pro
tective dominant immune response that structures P. falciparum 
into independently transmitted strains. 

Discussion 
We have shown how immune selection by the host can cause pop
ulations of infectious pathogens to self-organize into a stable 
collection of independently transmitted strains with nonoverlap
ping repertoires of dominant polymorphic determinants, despite 
the effects of recombination. Similar results are likely to be ob
tained by substituting mutation for recombination. We have 
assumed, in our analyses, that immunity to a given strain does not 
interfere with the generation of that strain through recombination 
events. This is certainly true for P. falciparum, where recombina
tion takes place within the mosquito vector. However, in the case 
where the infectious progeny are also under selection by the host 
immune system, the cost of sharing alleles will increase, thus in
creasing the probability of the emergence of strain structure. 

We have shown that two variable epitope regions within the 
PorA protein of N. meningitidis exist as nonoverlapping combina
tions as predicted by the model. A recent study of the kinetics of 
the ompl gene of Chlamydia trachomatis in two Gambian villages 
shows a similar pattern of nonoverlapping combinations of specific 
epitopes between genovars, despite evidence of genetic exchange"". 

The dynamics of a parasite population that is structured into 
strains by a dominant immune response may be influenced at 
other levels by weaker responses to both conserved and other poly
morphic determinants. For instance, the typical age-distribution 
of P. falciparum prevalence suggests that although the VSA cate
gorizes the population into strains, some degree of infection-
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Fig. 6 The different types of pathogen population structures pre

cipitated by (a) a strong conserved determinant acting in tandem 

with strong polymorphic determinants, (b) strong polymorphic de

terminants dominating over weak conserved and polymorphic de
terminants and (c) a strong conserved response dominating over 
weak polymorphic determinants. 

blocking immunity to all strains is eventually established after re

peated exposure to a conserved antigen30 • A conserved response 
such as antibodies to the carboxy terminus of MSP-1 may reach 
densities at which merozoite invasion is blocked, as suggested by 

immunization experiments31• Similarly, immunity to sporozoite 
antigens32'33 or cytotoxic T lymphocytes against liver stages34 may, 
after many exposures, achieve densities that render such re

sponses effective against infection by all strains. It is because 

these conserved responses are relatively weak that strong immune 

responses against the VSAs may be able to structure the parasite 

population into strains. A strong immune response against a con
served determinant would effectively reduce the system, through 
competitive exclusion, to a single transmission entity with the 
highest basic reproductive rate35 • An example of this may be 

Neisseria meningitidis of serogroup A which has a strongly im

munogenic capsular polysaccharide'6 in contrast to serogroup B 
(ref. 37) (which is why immunization with the former is effective, 

and with the latter is not). Long-lasting VRl and VR2 associations 
have been shown in epidemic meningococci of serogroup A (ref. 
12). This may be a consequence of the competitive exclusion of 

other strains (VR1-VR2 combinations) of serogroup A because of 

strong immunity against the shared capsular polysaccharide. For 

serogroup B meningococci, immunity against the capsular poly

saccharide is too weak to result in the selection of a single, most 
transmissible, strain. Instead, immune selection occurs at the sub
capsular level, resulting in nonoverlapping combinations of 
VR1-VR2 as discussed above. These two paradigms are illustrated 

in Fig. 6. Figure 6a schematically illustrates how competitive ex

clusion by a dominant conserved response can reduce the 

parasite population to a single strain. In Fig. 6b, the conserved de
terminant is weak in comparison with one set of polymorphic 
determinants, which are therefore able to structure the popula
tion into independently transmitted strains. These strongly 

immunogenic polymorphic determinants are thus in linkage dis

equilibrium, in contrast with other weak polymorphic 

determinants, which will be in linkage equilibrium. We have sug

gested that this property may be exploited as a strategy for 

identifying dominant antigens, provided that caution is exercised 
to eliminate other explanations for the occurrence of linkage dis

equilibrium such as structural constraints. 
Finally, weak polymorphic determinants may exist alongside 

strong conserved determinants. A possible example is the hepati

tis B virus (HBV), where a strong response against the a 
determinant is the primary structuring force in the pathogen 
population3". In contrast to the VRl and VR2 epitope families of 

N. meningitidis, the polymorphic subdeterminants d/y and w/r of 

HBV do not exhibit linkage disequilibrium39• This suggests that 
the influence of these subdeterminants on the transmission of 

the virus is relatively low, such that the level of cross-protection 
(y) between the subtypes adw, adr, ayw and ayr is not sufficiently 

large to counteract the diversifying force of recombination. That 
recombination does indeed occur in HBV has recently been 

demonstrated by Bollyky et al.'0 • Thus d/y and w/r of HBV form 
an example of weak polymorphic determinants in linkage equi-
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librium existing alongside a dominant conserved determinant a. 
Figure 6c schematically illustrates this scenario where all combi
nations of polymorphic determinants (in linkage equilibrium) 
function as a single transmissible entity or "strain" because of a 

dominant conserved determinant. 
To date, analyses of linkage disequilibrium patterns within in

fectious pathogens have, for the most part, addressed the question 
of clonality3·". Our theoretical framework suggests that such stud
ies may also be employed to identify dominant, strain-structuring 

immune responses in the large number of pathogens that, despite 
recombination, appear to be transmitted as discrete strains. 

Methods 
The model. For simplicity (but without significant loss of generality), 
we consider the specific case of a sexually reproducing pathogen 
population where the developmental stage present in the human 

host, and subject to selection by immunological attack, is haploid. 
Each combination of alleles (for example, four possible combinations 
in the case of two loci, each with two alleles) represents a particular 

antigenic type. The model describes changes in the proportions of 

the host population who are, respectively, immune (z,) and infectious 
(y,) with respect to strain i. We assume, for simplicity, that an individ
ual enters the "immune" and "infectious" categories simultaneously 

upon infection. We have assumed, since we are defining the strains 
by the strongest polymorphic determinants, that the "strain-specific" 
immunity generated by these determinants is lifelong, so that losses 
from the immune categories occur at the same rate as mortality: 

dz) dt = J.,, (1 - z;) - µz, 

dy,!dt = ).,, (1 - z,)[1 - y (1 - cf>,)] - cry, 

(1) 

(2) 
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Here the parameters 1 / µ and 1 / er record, respectively, the life ex
pectancy of the host and the average duration of infectiousness; <f,, = 

II(l - z;) with j denoting any strain that shares alleles one or more al
leles with i; A, is the per capita rate of infection for a given strain; and 
the parameter ymeasures the degree to which infection with a given 
strain limits the transmission of strains that share any of its alleles. 
Following conventional lines of analysis", the basic reproductive 
number of strain i, R~, is simply [3,Ja, where [3, is a combination of pa
rameters affecting the transmission of strain i (A; - [3,). 

The force of infection, ')..,1, can be explicitly formulated as a linear 
combination of (the probability of a set of strains coinfecting a host) 
x (the fraction of the resultant progeny that is likely to be of geno
type 1). For instance, in the two-locus/two-allele case, when y = 1, ').., = 

/3, [y, (1 - y;) + (a/4) (y,y,. + YiYi)], where i' is the discordant of i (that is, 
shares no alleles), whereas j and j' are the other discordant pair (each 
sharing one allele with i). The parameter a indicates the degree to 
which the transmission capacity of a host is affected by infection with 
two strains as compared With a singly infected host (if the transmis
sion capacity is unaffected, a = 1; if it is doubled, a = 2; and so on). 
When y = 1, coinfection is only possible with i and i' or with j and j'. 
When y < 1, all possible combinations of i, i', j and j' (whose probabil
ities are in turn conditional on y) must be considered; the resulting 
expression for ')..,, is straightforward but lengthy. In the limit µ/a « 1, 
however, the latter simplifies, yielding the following solutions: 

(1) All y, - Oµ, whence A,= [3,y, (1 + Oµ), -t.i. As illustrated by Fig. 1 
and 2, such a solution becomes unstable at a critical value of y, y, de
termined by the relative R0 values. 

(2) For one discordant pair, y,_,. - Oµ, whereas for the other pair, Y;.r 

- 0µ2 • In this case A,= [3,y, (1 + Oµ) with a similar expression for A, .. 
For A; and \., however, we have A.1 = /3; (y1 + (a/4) y,y,.) (1 + Oµ). 

These solutions can exist only if y > y. 
(3) Solutions with all but one y, - Oµ. and one with y, - 0µ.2 can be 

obtained but they are not stable. 
These results can be extended in a straightforward way to m loci, 

each with two alleles. (Note: The symbol O indicates "of the order".) 
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