Measuring immune selection

D.J.CONWAY* and S. D.POLLEY

Department of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, Keppel St,

London WCIE 7THT

SUMMARY

Immune responses that kill pathogens or reduce their reproductive rate are generally important in protecting hosts from
infection and disease. Pathogens that escape the full impact of such responses will survive, and any heritable genetic basis
of this evasion will be selected. Due to the memory component of vertebrate immune responses, pathogens with rare
alleles of a target antigen can have an advantage over those with common alleles, leading to the maintenance of a
polymorphism. At the genetic level, there ought to be detectable signatures of balancing selection in the genes encoding
these antigens. Here, methods for identifying these selective signatures are reviewed. Their practical utility for identifying

which antigens are targets of protective immune responses is discussed.
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INTRODUCTION

Immune responses to pathogens involve diverse
mechanisms, directed against many different target
epitopes. However, only a minority of these re-
sponses may be protective to the host. Empirical
description of all immune responses in natural
infections is an enormous task which is not guaran-
teed to identify the protective responses. Methods
for focusing research efforts on protective immune
responses are therefore desirable.

Logically, mechanisms and targets of protective
immunity should be best understood in studies of
pathogens with small genomes and few expressed
proteins. The specificity of responses to particular
viruses, including Human Immunodeficiency Virus-
1 (HIV-1) and related viruses in monkeys has been
dissected in fine detail. Concurrent study of genetic
variation in the hosts and in the viruses has proved
critical in understanding which responses are pro-
tective (Evans et al. 1999; Allen et al. 2000; Kelleher
et al. 2001). There is tight genetic restriction of
cytotoxic T cell (CTL) responses against viral
peptides, with differences between hosts in MHC
class 1 alleles determining whether an effective
response is made. Due to the high viral mutation
rate, mutants with alterations in CTL epitope
sequences frequently arise, and their growth and
selection is affected by the specificity of the CTL
response in the host (Goulder et al. 2001). It has
even been noted that where selection of sequence
variants is not seen, this is evidence for the absence
of a protective immune response to that sequence
(Hay et al. 1999). This may be an extreme system,
but it raises the question of whether an under-
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standing of immune selection on pathogen antigens
may be generally useful.

POLYMORPHIC AND VARIANT ANTIGENS

It is observed that many pathogen antigens are
polymorphic (multiple allelic forms existing in the
species), and many others undergo variation within a
clone (due to the differential expression of multiple
loci in the genome). Examples of single-locus antigen
genes that are highly polymorphic in pathogens of
humans or domestic animals are given in Table 1,
and examples of multi-locus genes responsible for
antigenic variation are given in Table 2. The
significance of such polymorphism and variation is
not known in most cases. Particular protein domains
may be involved in pathogen adhesion to (or invasion
of) host cells, causing variation in tissue tropism and
virulence. Additionally, these or other domains may
be targets of protective immune responses. The
distribution and function of polymorphism and
variation therefore warrants investigation.

The range of pathogens with single-locus poly-
morphic (Table 1) and multi-locus variant (Table 2)
antigens is very similar. The one obvious exception
is that viruses with small genomes cannot have
multi-locus antigen genes, but otherwise the exist-
ence of either polymorphic or variant antigens
appears not to be phylogenetically restricted. Vir-
tually all of the polymorphic or variant antigens
known so far have a surface location. It may also be
noted that the majority of polymorphic antigens
(Table 1) are on the invasive stages of the pathogens,
whereas most of the variant antigens (Table 2) are on
the surface of infected cells or on extracellular
pathogens. This latter trend is not absolute, and
there is at least one example known of a variant
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Table 1. Examples of highly polymorphic single-locus antigen genes in major pathogens of humans or

domestic animals

Pathogen Gene Location of protein Reference®

HIV-1 env Surface of invasive virus (Vidal et al. 2000)

Influenza A H Surface of invasive virus ("T'suchiya et al. 2001)

Chlamydia trachomatis ompl Surface of invasive stage (Stothard et al. 1998)

Neisseria gonorrhoeae por Porin in bacterial membrane (Fudyk et al. 1999)

Borrelia burgdorferi ospA Surface of pathogen (Rannala et al. 2000)
ospC Surface of pathogen (Rannala et al. 2000)

Theileria annulata Tamsl

Babesia bovis msa-1

Plasmodium falciparum mspl
msp2
msp3
amal
S-antigen

Surface of invasive merozoite
Surface of invasive merozoite
Surface of invasive merozoite
Surface of invasive merozoite
Merozoite surface associated
Apical rhopteries of merozoite
Secreted

(Gubbels et al. 2000)
(Suarez et al. 2000)
(Miller et al. 1993)
(Felger et al. 1997)
(McColl & Anders, 1997)
(Verra & Hughes, 1999)
(Anderson & Day, 2000)

* References are examples which analyse the gene polymorphisms, but are not necessarily primary descriptions. Original
characterization of the genes, data on the structures and putative functions of the proteins they encode and further

information on polymorphism may be found in other papers cited in these references.

Table 2. Examples of multi-locus genes encoding variant antigens in major pathogens of humans or

domestic animals

Pathogen Gene Location of protein Reference*

Anaplasma marginale msplb Surface of pathogen (Viseshakul et al. 2000)
msp2 Surface of pathogen (Brayton et al. 2001)
msp3 Surface of pathogen (Brayton et al. 2001)

Borrelia burgdorferi olsE Surface of pathogen (Zhang & Norris, 1998)

Chlamydia trachomatis pmp
Neisseria gonorrhoeae pilE
Pneumocystis carinii msg
Babesia bovis vesla
Plasmodium falciparum var
Trypanosoma brucei Vsg

Outer membrane of pathogen
Pilus on surface of pathogen
Surface of pathogen

Infected erythrocyte surface
Infected erythrocyte surface
Surface of pathogen

(Stephens & Lammel, 2001)
(Mehr et al. 2000)

(Stringer & Keely, 2001)
(Allred et al. 2000)

(Smith et al. 2001)

(Borst & Ulbert, 2001)

* References are examples that include recent results and give an overview of each system. Primary descriptions and many

earlier studies are cited within these.

antigen expressed in an invasive stage of a rodent
malaria parasite (Preiser et al. 1999), but it may be
worth future attention.

A common hypothesis is that there is frequency-
dependent selection on antigens, so that a pathogen
with a rare antigenic type is more likely to escape
acquired immune responses than a pathogen with a
common type. This depends on the memory compo-
nent of vertebrate immune responses, and the
advantage of the rare type is soon lost if it becomes
very common. In the case of polymorphic antigens
encoded by single gene loci in the pathogen genome
(Fig. 1A), this would be an effective means of
selection maintaining different alleles within popula-
tions. This would not indicate that the pathogen has
a ‘strategy’ to escape immune responses, but rather
the opposite. It is simply the result of ongoing allele-
specific mortality of the pathogen, from which no
allele has found an escape to fixation.

Antigens encoded by multiple variant gene loci
can provide another means of survival, as a single
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pathogen clone has a range of options for expression
(Fig. 1B). The genetic mechanisms by which
phenotypic switching occurs within a clone will
affect the type of selection to which the pathogen is
subjected. In a single clone infection, antigenic
phenotypes may switch without any changes oc-
curring in the genome, by alteration of gene
transcription. Immune selection among the various
phenotypes will not lead to heritable change in a
population of identical clones. However, selection
may occur between genotypically different patho-
gens, and this selection would potentially involve the
whole repertoire of gene loci encoding the variant
antigens (together with the switching mechanism
itself).

So, why do polymorphic single-locus antigen
genes under balancing selection not always evolve
into multi-locus genes by duplication? It would seem
to be generally advantageous for a pathogen genome
to contain options for many antigenic types and to
temporally express different alternative rare types,
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Fig. 1. A. Scheme of immune selection on a
polymorphic pathogen surface antigen (3 different clones
within a host). Allele-specific immune responses cause
differential survival of the unrecognised genotype, and
thus natural selection on heritable variation. B. Scheme
of immune selection on transcriptionally-determined
phenotypes of a variant pathogen surface antigen
encoded by 3 variant genes (with 3 different phenotypes
of one clone within a host). Variant-specific immune
responses cause differential survival of the unrecognised
phenotype, but this has an identical genotype to the
other variants so there is no heritable change.

rather than encoding and expressing only one type
that is subject to greater mortality when common.
However, the existence of a highly effective and
exclusive expression switching mechanism would be
a logical pre-requisite for a hypothetical selective
advantage of antigen gene duplication and diversi-
fication in the genome. A pathogen with an increased
antigenic repertoire, which was constantly ex-
pressed, would be likely to have a serious dis-
advantage. It would thus appear that evolution of
multi-locus systems of antigenic variation requires
co-evolution of the antigenic repertoire (due to
duplication and changes in the antigen gene coding
sequences) and the regulation of their expression
(due to changes in the promoter sequences and the
expression of transcription factors which bind to
them, or possibly involving other mechanisms). This
requirement for co-evolution of repertoire and
regulation could be a general impediment to the
evolution of antigen variation systems.
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Here, a simple question is considered which is
relevant to either single-locus or multi-locus sys-
tems. How is it possible to identify which antigens
are under selection by immune responses, and
moreover, to identify the particular domains under
the strongest selection?

SIGNATURES OF SELECTION ON ANTIGEN
GENES

An understanding of selection on multi-locus variant
antigen genes will be highly complex. The heri-
tability of a switch in antigenicity may be uncertain,
and not necessarily determined by whether there is a
change at the DNA sequence level. Some transcrip-
tional changes result from ‘epigenetic’ modification
of parts of the genome, for example by methylation
of DNA or acetylation of histones, at specific loci or
whole chromosomal regions such as telomeres.
These modifications may affect the phenotypes of
subsequent generations, and in that sense display a
form of inheritance. In eukaryotes, the existence and
mechanisms of epigenetic inheritance differs among
phylogenetic groups (Martienssen & Colot, 2001),
and it is likely that they differ greatly among
pathogens. Conversely, some mutational changes in
DNA sequences are inherently unstable and may not
be heritable in the long-term. In particular, homo-
polymeric tracts (continuous runs of a single nucleo-
tide) are liable to a high frequency of slip-strand
mutation leading to the loss or gain of a single
nucleotide, leading to frameshifts within coding
sequences (Parkhill et al. 2000). This provides a
mechanism of ‘phase variation’ which switches
protein expression on and off in different genera-
tions, and therefore is potentially important in
varying the expression of antigens and other viru-
lence genes. For each system of antigen variation,
thorough genomic and transcriptional characteriza-
tion of the genes is ideally required as a basis for
studies of natural selection.

In contrast, testing for signatures of selection on
single-locus genes can be relatively straightforward,
at least in principle. This is because of the de-
velopment of the neutral theory of molecular evol-
ution (Kimura, 1983; Li, 1997). Understanding how
genes will vary and diverge in populations without
selection (due to mutation, gene frequency drift,
population division, and migration), and how they
are constrained by negative selection on deleterious
mutations, provides a means of noting the exceptions
(i.e. genes at which the polymorphism is influenced
by positive selection). A common misconception is
that genetic variation that shows a non-random
pattern is evidence of selection. In fact, neutral
processes do not normally lead to random patterns in
DNA variation, but rather to a range of possible
patterns, caused by the combined effects of mutation,
recombination, gene frequency drift, and population
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size and structure. The expected range of neutral
variation can only be predicted by a consideration of
the processes themselves. There is extensive statisti-
cal understanding of the patterns of nucleotide
variation that can occur under neutrality, allowing
expectations to be made under different models,
and thereby allowing the detection of significant
observed departures from these (Kreitman, 2000).

METHODS FOR DETECTING SELECTION ON
GENES

It is of practical importance to consider which of
these analytical methods are most useful for detect-
ing evidence of selection on pathogen antigen genes.
One way in which this may be approached is to
compare the results of previous studies. It is of
particular interest to examine a number of different
statistical tests applied to the same antigen gene, or
alternatively to examine the results of the same test
applied to different antigen genes. The malaria
parasite Plasmodium falciparum has the largest
number of polymorphic single-locus antigen genes
yet described, of which 13 have been explored for
evidence of selection by one method or another,
which should provide a reasonably broad base for
such preliminary comparisons. These are listed in
Table 3 (with criteria for inclusion given in the
footnote). Four of the methods listed, named after
their inventors (Watterson, 1978; Tajima, 1989;
McDonald & Kreitman, 1991; Fu & Li, 1993), are
formal tests of whether patterns of polymorphism in
a given locus depart from neutral expectations. The
remaining two, dN/dS ratio and fixation (Fg;)
indices, are effective for comparative analyses of
variation in multiple genes or regions of a gene, to
detect loci which are unusual (Nei & Gojobori, 1986
McDonald, 1994). The dN/dS ratio, i.e. the ratio of
the proportion of nonsynonymous (amino-acid alter-
ing) nucleotide allelic differences per nonsynony-
mous site versus the proportion of synonymous
(silent) differences per synonymous site, can also
operate in principle as a formal test of neutrality.
However, this is skewed by biases in nucleotide
composition and codon usage in many organisms,
including P. falciparum, so other approaches to
account for this are required.

In Table 3, the P. falciparum antigen genes marked
with an asterisk for a given analysis show where data
were indicative of diversifying selection. Evidence of
selection on the amal gene (encoding apical mem-
brane antigen 1 in the micronemes of the invasive
merozoite stage) has emerged from all four different
approaches applied to it (McDonald-Kreitman,
dN/dS ratio, Tajima’s, and Fu & Li’s tests).
Similarly, there are indications of selection from
each of the three analyses applied to msp2 (dN/dS
ratio, Ewens-Watterson, and Fy,), the two analyses
applied to glurp (McDonald-Kreitman, and Ewens-
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Watterson), the two analyses applied to pfs48/45
(McDonald-Kreitman, and Fy,), and the two analy-
ses applied to [lsa-1 (McDonald-Kreitman, and
dN/dS ratio). Conversely, there was no evidence of
selection from either of two analyses of the S-antigen
gene (dN/dS ratio, and Fg;) or two analyses of the
pfs25 gene (McDonald-Kreitman, and dN/dS ratio).
For all of the above genes, the different analyses lead
to very concordant results. From this, it is reasonable
to conclude that there is stronger evidence of
selection on the amal, msp2, glurp, lsa-1, and
pfs48/45 genes than on the S-antigen or pfs25 genes.
For some other antigen genes (e.g. csp, mspl, and
eba-175) there are apparent differences between
analyses in Table 3, with evidence of selection
provided by one test but not another. It is these latter
cases that might be expected to discriminate between
tests (regarding their power or validity). Do some
tests yield false positive results, or are other tests
inherently lacking in power? It is not clear that either
problem exists, because of the different nature and
size of the data sets analysed by each of the tests,
meaning that accurate comparison between tests
cannot be done. Moreover, different regions of the
mspl and eba-175 genes were studied in the different
tests applied to each gene, so the results are not
comparable. In summary, it is advisable to employ
multiple analyses in the investigation of evidence of
selection on a gene. Most tests are informative to
some extent, and it is not clear from Table 3 whether
any one test has generally proved more useful than
others. However, the amount and the nature of the
data needed for each type of analysis differs, and this
may prove the deciding factor for future work which
is likely to require study of larger numbers of
genes. The sequence-based method which probably
requires fewest samples and the least amount of
sequencing is the McDonald-Kreitman test.

A CLOSE EXAMINATION OF ONE METHOD

We will consider the performance of the McDonald-
Kreitman test in more detail. Table 4 shows the
results of this test applied to 9 different antigen genes
of P. falciparum. This test examines the numbers of
polymorphic nucleotides which are synonymous
(silent) and non-synonymous (amino acid altering),
in a sample of P. falciparum alleles, and also the
number of synonymous and non-synonymous nucleo-
tide fixed differences between P. falciparum and the
homologous gene from a closely-related species (in
this case the chimpanzee parasite P. reichenowi). At
each level, intra-specific and inter-specific, it is
observable that there are more non-synonymous
than synonymous differences. This observation in
itself may be expected in the absence of any positive
or negative selection. This is firstly because of the
trivial but universal feature that most nucleotide
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Table 3. Molecular population genetic studies testing for evidence of selection on P. falciparum

polymorphic antigen genes

Method Data used Gene Reference
McDonald-Kreitman DNA sequences of alleles and a csp (Escalante et al. 1998)
closely-related species lsa-1* (Escalante et al. 1998)
rap-1 (Escalante et al. 1998)
pfsd8/45%* (Escalante et al. 1998)
pfs25 (Escalante et al. 1998)
amal* (Kocken et al. 2000;
Polley & Conway, 2001)

eba-175% (Ozwara et al. 2001)
msp3 (Okenu et al. 2000)
glurp* (‘Theisen et al. 2001)

dN/dS ratio DNA sequences of alleles

Tajima’s D DNA sequences of
randomly sampled alleles

from one population

Fu& Li's D& F DNA sequences of
randomly sampled alleles

from one population

Ewens-Watterson Randomly sampled

alleles from one population

Allele frequencies
in different populations

Fixation indices (Fy;)

csp* (Hughes & Hughes, 1995;
Escalante et al. 1998)

lsa-1* (Escalante et al. 1998)
trap* (Hughes & Hughes, 1995)
mspl (Escalante et al. 1998)
msp2* (Hughes & Hughes; 1995;
Escalante et al. 1998)
msp3* (Escalante et al. 1998)
amal* (Verra & Hughes, 1999)
pfs25 (Hughes & Hughes, 1995)
S-antigen (Hughes & Hughes, 1995;
Anderson & Day, 2000)
amal* (Polley & Conway, 2001)
amal* (Polley & Conway, 2001)
mspl (Conway, 1997)
msp2* (Conway, 1997)
glurp* (Conway, 1997)
msp1* (Conway et al. 2000 a)
msp2* (Conway, 1997;
Hoffman et al. 2001)
eba-175 (Binks et al. 2001)
pfsd48/45* (Conway et al. 2001)
S-antigen (Anderson & Day, 2000)

An asterisk (*) indicates where results led to an inference of diversifying selection on a particular gene. Studies are included
if they analysed at least the following minimal amount of sampled data for each test: McDonald-Kreitman test, 5 alleles
of P. falciparum and 1 sequence of P. reichenowi; dN/dS ratio, 10 alleles of P. falciparum; Tajima’s and Fu & Li’s tests,
20 alleles of P. falciparum randomly sampled from a population; Ewens-Watterson test, 100 alleles of P. falciparum

randomly sampled from a population.

positions in coding sequences are non-synonymous
(synonymous positions are mainly at the third
position in codons). Secondly, in the case of
Plasmodium there is a particularly restricted codon
usage (some synonymous alternative codons being
scarcely used) due to the extreme A+ T richness of
the genome. However, as these general effects are the
same for both P. falciparum and P. reichenowi (which
have similar codon usage), bias will not affect the
McDonald-Kreitman test here (but care needs to be
taken when applying this test to other species). For
this procedure, to test whether non-synonymous or
synonymous differences are particularly skewed in
ratios within a species or between species, a 2 X2
table is constructed. Fisher’s exact test of significance
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is applied, and the ‘Neutrality Index’ odds ratio
shows to what extent there is an excess (odds ratio
> 1) or deficit (< 1) of within-species nonsynony-
mous polymorphisms.

Five of the nine genes analysed in Table 4 show a
significant excess of intra-specific non-synonymous
versus synonymous polymorphism (compared to the
ratios for inter-specific differences), including genes
encoding antigens considered prime candidates for a
blood-stage malaria vaccine (amal, eba-175, glurp).
The significant results do not simply go with the
genes which have a lot of sequence polymorphism.
The results are rather more revealing, possibly even
surprising. The most highly significant result is for
Isa-1 (the gene encoding liver stage antigen-1),
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Table 4. Neutrality index and significance of the McDonald-Kreitman test for nucleotide polymorphism
in P. falciparum antigen genes compared with divergence from their P. reichenowi homologues

Intraspecific Interspecific
Neutrality Index

(P.f.) (P.f. vs P.r.) Odds Ratio*
Gene Syn Nsyn Syn Nsyn (with 959, CI) P value® Reference®
csp 4 20 4 34 0:6 (0-1-3-6) n.s. (Escalante et al. 1998)
Isa-1 0 16 15 25 o0 (undefined) 0-003 (Escalante et al. 1998)
rap-1 0 7 16 48 o0 (undefined) n.s. (Escalante et al. 1998)
amal 9 56 18 40 2-:8 (1-1-7-6) 0-02 (Kocken et al. 2000)
msp3 22 70 0 10 0-0 (0-0-1-56) n.s. (Okenu et al. 2000)
eba-175 1 16 47 114 66 (1-0-282-4) 0-044 (Ozwara et al. 2001)
glurp 2 19 17 32 5-1 (1:0-48-9) 0-04 (Theisen et al. 2001)
pfsd8/45 0 6 13 12 o0 (undefined) 0-03 (Escalante et al. 1998)
pfs25 5 7 10 15 09 (0-2-4-9) n.s. (Escalante et al. 1998)

* Odds for likelihood of a nonsynonymous difference to be polymorphic within P. falciparum rather than different between

the species.
P P value from Fisher’s exact test. n.s., not significant.

¢ References and data are from the first published use of the McDonald-Kreitman test on each given gene.

indicating strong diversifying selection on the amino
acid sequence in P. falciparum. 1LSA-1 has been
previously noted to have few amino acid polymor-
phisms, encouraging hopes that a vaccine might be
based on conserved sequences in this case (Fidock et
al. 1994; Aidoo et al. 1995). However, what matters
here (and everywhere else) is the quality rather than
the quantity of allelic differences. For example, at
position 85 in the LLSA-1 protein there are 3 amino
acid alleles, due to 3 different nucleotides at the first
position in the codon (highly unlikely under neu-
trality given the low overall polymorphism). Inter-
estingly, synthetic peptides including the alternatives
at this position have very different binding profiles to
human HLA class I alleles, and interferon vy
responses (putatively by cytotoxic T lymphocytes)
are specific to the allelic peptides (Bucci et al. 2000).
This suggests that these acquired allele-specific
responses may be protective, and this may maintain
the amino acid alleles in a frequency-dependent
manner. Further work is needed to identify the
nature of selection on LSA-1 sequences, as the
results would be relevant to design of a P. falciparum
vaccine containing LSA-1 (Kurtis et al. 2001).

In contrast, the McDonald-Kreitman analysis
shows no evidence of selection on c¢sp (the gene
encoding the circumsporozoite protein), although
the dN/dS ratio within P. falciparum alone has been
taken as evidence for positive selection (Table 3).
Which result should be accepted, or can they be
reconciled? As with any single type of analysis, the
McDonald-Kreitman test will be able to identify a
real non-neutral pattern of sequence polymorphism
in some cases, but not others. For example, it could
be that there is positive diversifying selection on the
csp gene causing adaptive changes between species as
well as allelic differences within species, and both
effects would cancel out the ability of the McDonald-
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Kreitman test to detect either. Immunological
studies have clearly shown T cell responses to allele-
specific peptide sequences of the CSP (Zevering,
Khamboonruang & Good, 1994; Gilbert et al. 1998
Plebanski et al. 1999) and have led to the hypothesis
that these maintain an adaptive polymorphism,
either by escape or by antagonism (Gilbert et al.
1998; Plebanski et al. 1999). However, it is not
known whether these particular responses are
effective in killing parasites, and there is evidence
that most protective responses to the CSP-based
RTS,S/AS02 vaccine are not allele-specific (Bojang
et al. 2001). In this case, and in general, there is a
need to perform further analyses to detect the precise
type of selection operating.

MORE THAN ONE METHOD IS REQUIRED

There is a real possibility that some signatures of
diversifying selection on pathogen antigens are not
caused by immune responses. If the results of one
test are taken in isolation, and caution not applied to
the processes of hypothesis generation and testing,
misleading conclusions are likely. The McDonald-
Kreitman test in Table 4 shows evidence of diversi-
fying selection on the pfs48/45 gene (encoding a
major component of the malaria parasite gametocyte
and gamete surface) in P. falciparum. It would be
incorrect to conclude from this that selection main-
tains variation within P. falciparum populations.
The pfs48/45 sequences were derived from isolates
of scattered origin, rather than being sampled from
one local population, so the result could be due to
geographically divergent selection fixing different
alleles in different populations (Fig. 2). Detailed
studies of the distribution of pfs48/45 alleles
throughout the world show that they are more
geographically skewed than alleles at any other locus
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Fig. 2. Scheme of two cases of positive diversifying
selection within a species, with completely opposite
causes. A. Balancing selection maintains allelic diversity
within populations (for example due to frequency-
dependent selection favouring rare types). B. Divergent
selection in different populations leads to fixation of
different alleles (adaptation of populations to different
conditions). Note that broad sampling of genotypes from
the species would yield similar diversity in each case.
Structured sampling of different populations would be
required to reveal the distribution of the alleles and the
likely cause of selection.

(Drakeley et al. 1996; Conway et al. 2001). This
employs the Fg, index as listed in Table 3, with
pfs48/45 having exceptionally high values compared
to other loci. This is the opposite to the result
expected from balancing selection, and therefore
does not lead to a hypothesis of allele specific
immunity. A much more plausible hypothesis has
emerged in this case, as the Pfs48/45 protein has a
fertilisation role in the male gamete, and intense
competition between male gametes is likely to drive
adaptive changes (Conway et al. 2001 ; van Dijk et al.
2001).

Other antigen genes have yielded consistent evi-
dence of balancing selection, maintaining variation
within populations. The signatures of selection can
be located in particular regions of the genes, and
immune responses to the corresponding regions of
the proteins can then be prospectively studied.

EVIDENCE OF IMMUNE SELECTION ON THE P.
FALCIPARUM APICAL MEMBRANE ANTIGEN 1

The apical membrane antigen-1 gene (amal) is
present in a single copy in all Plasmodium species
studied, and is also present in the distantly related
apicomplexan Toxoplasma gondii (Hehl et al. 2000).
There is sequence polymorphism in amal of P.
falciparum, which is markedly higher at non-
synonymous compared to synonymous nucleotide
sites (Hughes & Hughes, 1995; Verra & Hughes,
1999). The predominance of non-synonymous
changes is particularly high among alleles of P.
falciparum, when compared to inter-specific differ-
ences with P. reichenowi in the McDonald-Kreitman
test, as noted in Table 4 (Kocken et al. 2000). This
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is highly significant for the surface-accessible ‘ecto-
domain’ region of the mature protein, but there is no
effect seen in the region encoding the N-terminal
‘signal and prosequence’ which is cleaved prior to
externalisation of the remainder of the protein on the
merozoite surface (Kocken et al. 2000). Focusing on
the sequence encoding the ectodomain, a large survey
of alleles was then made from a single endemic
population in Nigeria, and multiple tests were
applied to locate any non-neutral effects more
precisely. Figure 3 shows a sliding window plot
along the sequence for indices of neutrality (T'ajima’s
and Fu & Li’s). Departure from neutrality was
significant, with strongest evidence of diversifying
selection (the most positive values of Tajima’s and
Fu & Li’s indices) on domains I and III of the
sequence (Polley & Conway, 2001).

It was thus predicted that acquired protective
immune responses exist against allele-specific epi-
topes in the P. falciparum AMA1 protein, par-
ticularly in Domains I and III. Direct evidence of
this has emerged from recent assays of parasite
invasion inhibition by human antibodies affinity-
purified to one allelic form of AMA1 (3D7 type), and
by antibodies from a rabbit immunised with that
allelic form (Hodder et al. 2001). Homologous (3D7)
parasites were highly inhibited by both antibody
preparations, but parasites with a divergent AMAI1
allele sequence (HB3 type) were less effectively
inhibited. Another heterologous parasite (D10) had a
sequence more similar to 3D7 (being identical in
Domain 1), and this was very effectively inhibited,
suggesting that inhibitory antibodies recognise
allele-specific sequences in Domain I (Hodder,
Crewther & Anders, 2001). Further work is required
to investigate whether there are inhibitory antibodies
to Domain III.

EVIDENCE OF IMMUNE SELECTION ON THE P.
FALCIPARUM MEROZOITE SURFACE PROTEIN 1

The merozoite surface protein 1 (MSP1) is encoded
by a single copy gene in all Plasmodium parasites,
with a high level of sequence polymorphism in each
species studied. In P. falciparum, more than 309, of
the amino acid residues differ among naturally
occurring alleles (Miller et al. 1993), although there
are a few regions of the protein sequence in which
less than 109, of residues are polymorphic (such as
the c-terminal MSP1,, fragment). Immunisation
with purified MSP1 has conferred a significant level
of protection to blood-stage challenge in New World
Monkeys (Hall et al. 1984 ; Siddiqui et al. 1987), and
it is considered essential to identify the targets of
protective antibodies in this model and also in
naturally acquired human immunity. Much atten-
tion has been focused on the c-terminal MSP1,,,
which is a major target of antibodies that inhibit
invasion in vitro (Patino et al. 1997; O’Donnell et al.
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Fig. 3. Scheme of Plasmodium falciparum amal with two
sliding window tests of neutrality, using a sample of 51
alleles randomly taken from one population in Nigeria.
A. Block scheme showing the major domains of the
protein (Domain I-III together comprise the merozoite
surface-accessible ‘ectodomain’ of the mature protein).
B. Sliding window plots Tajima’s D index (positive
values indicate balancing selection, negative would
indicate directional selection). C. Sliding window of Fu
& Li’s D and F indices (positive values indicate
balancing selection, negative would indicate directional
selection). Horizontal lines at the top of panels B and C
show the positions of Domains I-111.

2001). The remainder of the protein has been much
less intensively studied.

Alleles of the P. falciparum mspl gene exist at
stable frequencies over time in highly endemic
populations (Conway, Greenwood & McBride,
1992; Ferreira et al. 1998), although they are less
stable in epidemic or low-endemic populations
(Babiker, Satti & Walliker, 1995, Silva et al. 2000).
To investigate whether polymorphism in any single
part of mspl is under particularly strong balancing
selection, polymorphic sites in different parts of the
gene (Fig. 4A) were typed in multiple population
samples from endemic areas in Africa and Southeast
Asia, and the allele frequency distributions analysed.
Of the 10 polymorphic sites studied in the 6 African
populations, the one with the lowest geographical
variance (F\,) in frequencies among populations (i.e.
the polymorphic site at which most of the overall
diversity exists also within each of the local popula-
tions) was block 2 (bk2, Fig. 4B). Also, of the 4
polymorphic sites studied in the two Southeast
Asian populations, block 2 had the most similar allele
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Fig. 4. A. Scheme of the P. falciparum mspl gene
(blocks with solid shading have the most, diagonal
shading intermediate, and no shading the least amino
acid polymorphisms; Tanabe et al. 1987). Below are (i)
10 polymorphic sites studied in 6 population samples
from Africa, (ii) 4 polymorphic sites studied in 2
populations in Southeast Asia (Conway et al. 2000a). B.
Summary of Fy, indices (the proportion of overall allelic
variation which differs among populations) for the 10
polymorphic sites (intragenic loci) among the 6
populations in Africa. C. Summary of F, indices for
the 4 polymorphic sites among the 2 populations in
Southeast Asia. Asterisks show where F, values were
significantly > 0. Arrows indicate the particular site in
the gene (block 2, abbreviated to bk2) with the lowest
F, index in both continental analyses (i.e. at which
most of the overall diversity is also represented within
each local population).

frequencies in both populations and thus the lowest
F, value (Fig. 4C).

From these results, it was predicted that allele-
specific protective immune responses occur against
the block 2 part of the MSP1 protein, causing
balancing selection which maintains alleles within
populations. To test this, a cohort of Gambian
children was studied for serum antibody reactivities
to different recombinant proteins representing dif-
ferent allelic forms of block 2. The antibody
reactivities prior to the annual malaria transmission
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Fig. 5. Associations of anti-MSP1 block 2 antibodies
with protection from clinical malaria in a longitudinal
cohort study of Gambian children (data from Conway et
al. 2000a). Reactivity of IgG in serum from 337
Gambian children in June (prior to the malaria
transmission season) was tested for positivity by ELISA
against a panel of 9 recombinant proteins representing
block 2 sequences which fall into 3 major types (K1-
like, MAD-like, and RO33-like; these have local allele
frequencies in The Gambia of 0-51, 0-33 and 0-16,
respectively). This positivity was tested for association
with the subsequent experience of clinical malaria in
these children from July—November (throughout the
transmission season). A relative risk of < 1 indicates
where antibody reactivity is associated with a reduced
risk of malaria (asterisks show where this is statistically
significant).

season were tested as predictors of an outcome of
clinical malaria at any point during follow up
throughout the malaria season. Antibodies against
any of the recombinant proteins representing the two
most frequent allelic types of block 2 in The Gambia
(K1-like and MAD?20-like) were strongly associated
with a lower prospective risk of clinical malaria
(relative risks of significantly < 1-0, Fig. 5). Children
with antibodies against both K1-like and MAD?20-
like types had an even lower risk of malaria,
consistent with the additive effect expected with
allele-specific immunity (Conway et al. 2000a).
Antibodies to the rarest of the block 2 types (RO33-
like) were not significantly associated with pro-
tection.

PATHOGENS WITH EPIDEMIC POPULATIONS

The studies of P. falciparum that form the above
examples have utilised the fact that this pathogen
shows quite stable endemicity throughout much of
its range, particularly in Africa. The acquisition of
non-sterile protective immunity with repeated ex-
posure throughout life is a characteristic feature of
the epidemiology, as is the temporal stability of the
frequency distributions of antigen types. These
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features are characteristic of many endemic patho-
gens apart from malaria parasites, including some of
those causing diseases of human and veterinary
importance. In contrast, there are many pathogens
which inflict most clinical disease during epidemics.
Those which cause only rare or sporadic human
outbreaks, such as Cryptosporidium parvum (Fayer,
Morgan & Upton, 2000) or Ebola virus (Oyok et al.
2001), are not maintained within the population and
it is likely that human immune selection plays only a
minor role in their evolution.

However, pathogens which cause regular human
epidemics, and those which are normally maintained
asymptomatically in humans (with ‘emergence’ of
symptomatic cases at some times and places), are
likely to be under immune selection. Indeed, distinct
antigenic types evolve, for example in Neisseria
meningitidis group A (Zhu et al. 2001) and Strep-
tococcus group A (Hoe et al. 1999 ; Kaplan, Wotton &
Johnson, 2001) and human immune selection can
cause a replacement of a previous antigenic type with
a new one rather than maintenance of a polymor-
phism. Such positive selection of new types causes
alleles to go towards fixation leading to a different
signature of selection at the DNA level compared
with selection that favours rare types regardless of
their age. In other words, important antigens of
common epidemic pathogens are more likely to be
under directional selection, and those of common
endemic pathogens are more likely to be under
balancing selection. For epidemic pathogens, the
direction and magnitude of allele frequency changes
over time are important parameters to measure, as
well as the frequency distributions of alleles in
different populations at one time. If the replacement
of antigen types is measurable over contemporary or
recent historical time, phylogenetic analyses of the
evolution of the antigen genes may be structured in
relation to known epidemiological or infection events
(Zhu et al. 2001). In these cases, such analyses can
yield more efficient information than gene frequency
based analyses, as more information can potentially
be derived from a given amount of sequence
information (Zanotto et al. 1999; Nielsen, 2001).

PHYLOGENETIC CONSIDERATIONS

A general method for detecting selection in phylo-
genies involves a maximum likelihood approach,
using codon-based models of nucleotide substitution
(reviewed by Yang & Bielawski, 2000). This can
account for different nucleotide transition/transver-
sion ratios and codon bias when calculating the
number of potential synonymous and nonsynony-
mous sites in the data set. The models operate at the
level of instantaneous changes between codons which
are identified from phylogenetic trees representing
the various sequences in the data set. Thus the
analytical models can allow for variable selection
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Table 5. Pathogen genes studied by Phylogenetic Analysis using
Maximum Likelihood (PAML) to look for evidence of positive

selection
Estimates of w parameters
Positive  (dN/dS ratio classes) where

Gene selection positive selection shown
Dengue Virus No n/a

E-glycoprotein gene
Human influenza virus A Yes w, = 0049, v, = 1-284, v, = 6:898

hemagglutinin (HA) gene
HIV-1 vif gene Yes w, = 0108, v, = 1211, v, = 4024
HIV-1 pol gene Yes w, = 0049, v, = 0:849, w, = 4739
HIV-1 env gene Yes w, = 0175, w, = 1781, w, = 7-141
Japanese encephalitis env gene  No n/a
Tick-borne flavivirus No n/a

NS5 gene

Analyses are from Yang et al. (2000). The selection model used allows codon sites
to fall into three distinct classes with regards to dN/dS ratio. Where positive
selection was evident the dN/dS (w) value of each of the three site classes is shown.
Where the dN/dS ratio of a class of sites is greater than 1, this indicates that there
are codons under diversifying selection. n/a, not applicable (where models did

not support positive selection).

intensities amongst codon sites, where not all sites in
the sequence will have the same dN/dS ratio. This is
important as many codons in a sequence are likely to
be under negative or purifying selection (where
mutations are deleterious and selected against) and
thus have a dIN/dS ratio of less than 1, and the
method is therefore capable of detecting sites under
positive selection even against this background of
negative selection operating at other sites within the
gene. In contrast, other methods which calculate
dN/dS give an average ratio for all sites analysed and
so are more greatly influenced by negative selection.

The maximum likelihood approach applies a series
of models to the data set including models which
incorporate selection, and assigns a likelihood value
to each model allowing comparison between models.
This maximum likelihood approach has been used to
test for positive selection in several pathogen genes
(Table 5). A problem arises where recombination is
evident in a data set, as no single branching
phylogeny will be accurate for all polymorphic sites
(anet-like structure would best show the relationship
between gene sequences). There is some indication
that the method is not greatly affected by different
possible alternative tree morphologies (Yang et al.
2000), but the use of any single phylogeny in these
cases will cause some individual sites to be over-
sampled, as they will appear on more than one
branch due to recombination. Care must be taken
therefore to assess the level of recombination in a
data set before applying this or other phylogenetic
analyses and interpreting their outcome.

Where high levels of recombination exist, making
the formation of an accurate intra-specific phylogeny
impossible, an ad hoc method which includes
information on codon bias but not on phylogenetic
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structure may be attempted (Yang & Nielsen, 2000).
This is less powerful than the phylogenetic approach,
as it assigns an overall dN/dS value which is the
average across all sites and will therefore be affected
by a background of negative selection. However, this
retains the discriminatory feature of rejecting dN/dS
ratios of > 1 which are the result of codon bias rather
than positive selection. For parasites such as P.
falciparum (very high A/'T content) and Toxoplasma
gondii (very high G/C content) this may prove a
useful approach.

It is relevant to note that many pathogens have
probably become common in human populations
quite recently, and contain only a very low overall
level of nucleotide variation today. These include
viral (Zanotto et al. 1996), bacterial (Sreevatsan et al.
1997; Achtman et al. 1999), and protozoan (Rich et
al. 1998 ; Conway et al. 20005; Volkman et al. 2001)
examples. Some diseases caused by these pathogens
have been known for hundreds or thousands of
years, so they are not necessarily recent in an
epidemiological or historic sense. However, an origin
in the order of tens of thousands of years ago is still
evolutionarily recent and can have an impact on
current population structure and the choice of tests
for selection, but is not likely to be a general
disadvantage. Expanding populations tend to have
an excess of rare new alleles and fewer at intermediate
frequencies compared to older populations at muta-
tion-drift equilibrium (Li, 1997). This will cause an
opposite effect on nucleotide frequency distributions
to that caused by balancing selection, so frequency-
based tests such as Tajima’s (Tajima, 1989) will be
conservative (i.e. a positive inference of balancing
selection is likely to be robust). Intra-specific
phylogenies will be shallow, but otherwise will be as
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robust (or non-robust depending on the amount of
recombination) as in older species. Moreover, a low
background of nucleotide diversity means that
broadly surveying genomes for regions of high
diversity could be a useful screening procedure,
allowing particular loci to be chosen for further
work. The evaluation of extensive or intensive means
of identifying pathogen loci under immune selection
is an ongoing priority for infectious disease research.
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