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Abstract The process of coevolution between host and en-
emy has traditionally been viewed as an evolutionary arms
race between resistance and counterresistance. The arms-
race metaphor of coevolution is widely accepted because
it explains the evolution of many characters in species in-
volved in host-enemy interactions. However, molecular
work in plant-pathogen systems suggests a coevolutionary
interplay between plant recognition of an attacking patho-
gen and pathogen evasion from recognition. We refer to this
process as information coevolution, and contrast this with
arms race coevolution to show that these two processes
result in very different patterns of host resistance and enemy
virulence at the population level. First, information coevolu-
tion results in a lower proportion of hosts that are susceptible
to enemy attack within a population. Second, information
coevolution produces a pattern of local maladaptation of
enemy on host, a naturally occurring phenomenon that
is difficult to explain under arms race coevolution. We then
conduct a literature review to survey the empirical support
for either mode of coevolution using the predicted patterns
of host resistance and enemy virulence. Evidence supports
both modes of coevolution in plant-enemy interactions,
whereas no support is found for information coevolution in
vertebrate—parasite and invertebrate—parasite systems.

Key words Local adaptation - Resistance - Arms race -
Information race

Introduction

For more than three decades, coevolution has assumed a
central role in biologists’ explanations for diversity and
adaptation. For example, coevolution has been invoked to
explain the evolution of specialization in herbivorous in-
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sects (Dethier 1954; Krieger et al. 1971; Feeny 1975; Smiley
1978), the evolutionary elaboration of shells in marine mol-
lusks (Vermeij 1987, 1993), and the generation of diversity
in plant secondary chemistry (Ehrlich and Raven 1964;
Berenbaum 1983) and morphology (Janzen 1969; Gilbert
1971, 1975; Rausher 1981; Janzen and Martin 1982). Ex-
amples of coevolution may be divided into two main groups
reflecting the nature of the interaction between the coevolv-
ing species. One type of coevolution may be termed mutu-
alistic coevolution. In this type, interactions are beneficial
for all species involved and natural selection often leads to
very tight mutualistic relationships. Familiar examples of
this type of coevolution include specialized interactions
among plants and their pollinators (Feinsinger 1983), main-
tenance of internal symbionts by insects and several marine
phyla (Vermeij 1983; Moran and Telang 1998), and ant-
plant mutualisms (Janzen 1966).

The second type of coevolution, which may be termed
antagonistic coevolution, may be divided into two subtypes:
competitive coevolution and trophic coevolution. Pur-
ported examples of the former include genetic specializa-
tion of plant populations to tolerate the suite of locally
competing species (Turkington and Harper 1979) and char-
acter displacement in animals (Grant 1986; Schluter and
McPhail 1992). Here we concentrate on trophic coevo-
lution, which, in its broadest conception, is characterized
by species interacting trophically. This category includes
predator—prey coevolution, plant—pathogen coevolution,
and plant-herbivore coevolution.

The traditional conceptualization of trophic coevolution
is in terms of an arms race metaphor (Ehrlich and Raven
1964; Whittaker and Feeny 1971; Dawkins and Krebs 1979;
Berenbaum and Zangerl 1988). Hosts (or prey) are visual-
ized as being attacked by one or more species of natural
enemy, which reduces individual host fitness. The first step
in the coevolutionary arms race is the evolution of some
type of resistance in the host. Genes (alleles) conferring
resistance are favored by natural selection because by defi-
nition they reduce attack rates and thus increase host fit-
ness. The reduction in attack rates is also envisioned to
reduce the average fitness of the natural enemies, which sets
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the stage for the second step in the coevolutionary cycle:
evolution of counterresistance in the natural enemies.
Specifically, genes (alleles) that reduce the detrimental ef-
fects of host resistance, and thus increase enemy fitness, are
favored by natural selection. Completion of this second
step sets the stage once again for the evolution of resistance
in the host, to be followed by the evolution of counter-
resistance in the enemy in repeated cycles.

The arms race conceptualization of enemy-host coevolu-
tion has been successful at accounting for many observed
features of enemy-host interactions. For example, numer-
ous examples of resistance characters in plants including
secondary metabolites (Whittaker and Feeny 1971), hairs
and trichomes (Mauricio and Rausher 1997), egg mimics
(Williams and Gilbert 1981), and tough, nutrient-poor
leaves (Feeny 1975; Rausher 1981) are readily interpretable
as defensive adaptations arising from coevolutionary inter-
actions. Similarly, it is clear that many plant natural enemies
have adapted to overcome resistance factors in their host
plants (Edmunds and Alstad 1978; Berenbaum and Zangerl
1998). Insects are known to have enzymes that detoxify
secondary compounds that plants produce to deter her-
bivory (Rosenthal et al. 1977; Brattsten 1980); fungal patho-
gens have been reported to detoxify plant phytoalexins, a
class of products that is highly fugitoxic (see references in
Vidhyasekaran 1997); and some predators are resistant to
harmful compounds produced by their prey (Brodie and
Brodie 1990). Additional support for the operation of arms-
race coevolution is provided by phylogenetic comparisons
of related host species and their associated natural enemies
(Ehrlich and Raven 1964; Berenbaum 1983).

A final type of evidence pointing toward the occurrence
of arms-race coevolution was recently provided by Bishop
et al. (2000), who examined evolution of antifungal
chitinases in several species of the crucifer Arabis. In addi-
tion to detecting positive selection favoring amino acid sub-
stitutions in these chitinases, the authors showed that this
protein exhibited the greatest number of substitutions in the
region that interacts with chitin. These observations suggest
repeated coevolutionary change in which the fungus
produces an altered chitinase inhibitor that inhibits the abil-
ity of the chitinase to digest the fungal cell wall, while the
plant produces an altered chitinase that is not subject to
inhibition.

Despite these successes, there remain aspects of evolu-
tionary interactions among hosts and enemies that are diffi-
cult to reconcile with the arms race view of coevolution.
One particular aspect that has received much recent atten-
tion is the nature of the local adaptation of enemy to host.
Because at least in plant-pathogen and plant-herbivore
interactions the generation time of the natural enemies is
often much shorter than that of the host plant, it has been
argued repeatedly that natural enemies will be able to adapt
more rapidly than their host plants, and therefore enemies
should characteristically exhibit local adaptation to their
hosts (Ebert 1994; Lively 1996, Morand et al. 1996; Gandon
and Van Zandt 1998; Mopper and Strauss 1998; Kaltz and
Shykoff 1998). Such local adaptation can be revealed ex-
perimentally by transplant experiments, in which natural

enemies are transplanted among populations and at each
site susceptibility to attack by natural enemies is measured.
Local enemy adaptation is indicated by greater susceptibil-
ity to home-site enemies than to transplanted (away-site)
enemies.

Although a number of investigations have demonstrated
local enemy adaptation, a number of others have failed to
do so. Some have even demonstrated local enemy maladap-
tation: home-site natural enemies are less successful at
attacking hosts than away-site enemies (see following
references). Attempts to reconcile these empirical results
with the naive expectation of local enemy adaptation have
focused almost exclusively on elaborating the arms race
conceptualization of coevolution by examining how factors
such as relative generation time of enemies and hosts, gene
flow, and population spatial structure influence predictions
about local enemy adaptation versus maladaptation (Kaltz
and Shykoff 1998). To date, however, there is little empiri-
cal evidence bearing on the validity of these theoretical
explanations.

Although these attempts to explain patterns of adapta-
tion may ultimately prove successful, recent advances in the
molecular biology of host-enemy interactions suggest that
an entirely different explanation should be considered. As
is described here in detail, recent studies have made clear
that there are two basic types of molecular interaction that
determine whether an attack by a natural enemy is success-
ful and reduces host fitness. The first type is that assumed by
the arms race conceptualization: resistant host genotypes
produce some substance that is either toxic or growth in-
hibitory, and counterresistant enemy genotypes produce
some substance or feature that reduces or eliminates the
effects of the toxin. We term this a toxin—detoxifier (T-D)
type interaction.

The second type of molecular interaction between
enemies and hosts involves not a toxin—detoxification
interplay but rather information exchange. In many plant—
enemy interactions, an induced defensive response (includ-
ing the accumulation of toxins and growth inhibitors) is
triggered by the plant “sensing” the presence of a natural
enemy. Sensing is accomplished by one or more types of
cellular receptors that are triggered by elicitor substances or
other signals produced by the natural enemy. In many inter-
actions, it is known that “virulent” enemy genotypes have
elicitors that are not recognized by the host plant receptors.
Metaphorically, these enemy genotypes have reduced or
eliminated the information needed by the host plant to
detect the enemy presence.

Just as coevolution may proceed by successive alter-
ations of toxins and detoxification mechanisms, it may
also proceed by successive modifications of receptors and
elicitors. Starting with a host attacked by natural enemies
(which do not trigger the host’s induced defenses), natural
selection will favor any alteration of host receptors that
allows recognition of enemy attack. In turn, once hosts have
evolved to recognize the signals given off by their enemies,
selection will favor genes (alleles) in the natural enemy that
alter the elicitor so as to be no longer recognizable by the
host. This cycle, which can presumably be repeated indefi-



nitely, we term information coevolution to distinguish it
from arms-race coevolution. We term this type of molecular
interaction an elicitor-receptor (E-R) interaction.
Recognition of this new type of coevolution is important
only insofar as it helps us understand ecological or evolu-
tionary patterns that the arms-race conceptualization does
not adequately explain. In this article, we show that these
two types of coevolution result in different patterns of
variation in resistance and virulence at the population
level. We also argue that the distinction between these two
types of coevolution may help explain why some natural
enemies are locally adapted to their hosts, while others
appear to be locally maladapted, as already described.

The molecular basis of information-race coevolution

Since the early work by Flor (1956, 1971), it has become
clear that many interactions between plants and pathogens
are mediated by fairly simple genetic interactions. In par-
ticular, in many systems, each resistance allele identified in
the host plant interacts with a single, specific avirulence
allele in the pathogen to induce a resistance response. Such
a response can be a “hypersensitive response,” in which
cells in the neighborhood of the initial infection undergo
programmed death, or a “systemic response,” which in-
volves an induced accumulation of toxins and other anti-
bacterial or antifungal substances (Hammond-Kosack and
Jones 1996; Ryals et al. 1996; Hutchenson 1998).

Either of two types of genetic interactions determine
whether a plant’s resistance response is activated. Under a
“gene-for-gene” system, there are multiple loci in both the
plant and the pathogen that interact in pairs (Flor 1956,
1971; Lamb et al. 1989; Hammond-Kosack and Jones 1997)
(Fig. 1A). For each locus in the plant, there is a correspond-
ing locus in the pathogen that may induce resistance, de-
pending on which alleles are present. Typically, at the
pathogen locus, there is a “virulent” allele (avr) and an
“avirulent” allele (Avr), while at the host locus there is a
“resistance” allele (R) and a “susceptible” allele (). When
the host is R— and the pathogen is Avr—, resistance is
induced and the plant is protected from the pathogen. With
any other combination of genotypes, the pathogen is poten-
tially able to successfully invade its host. Whether it actually
can do so depends on host and pathogen genotypes at the
other loci that influence susceptibility. If, for any pair of
loci, the host and pathogen genotypes are R— and Avr—,
respectively, the host’s resistance response is triggered and
the pathogen is checked. If these genotypes are not ob-
tained for any of the pairs of loci, however, the pathogen
is able to invade.

In the second genetic system, a “matching-allele” system,
there is one locus in both the host and pathogen that
mediates the outcome of the host-pathogen interaction
(Nee 1989; Frank 1993) (Fig. 1B). At each locus there are
multiple resistance alleles, R,, R,, R;, ... , in the host, and
multiple virulence alleles, V,, V,, V;, ..., in the pathogen.
Each allele in the host “matches” one of the alleles in the

A
Host genotype
Enemy
genotype R;- R~ Ri-ror; rir; Ro- rirrar;
Vi- Ve - - - +
V- vavy - - + +
viv; VQ‘ - + - +
ViViVav, + + + +
B.
Host genotype
Enemy
genotype R/ R R/ R; R:R;
Vi Vi - - +
V1 V2 - - -
Vz Vg + - -

Fig. 1. Patterns of resistance and virulence under the elicitor-receptor
model for two-locus gene-for-gene interaction and single-locus
matching-alleles systems. Host and enemy are both diploids. A Gene-
for-gene system. B Matching-alleles system. Symbols: +, host suscep-
tible, enemy virulent; —, host resistant, enemy avirulent

pathogen, in the sense that resistance is induced if the
pathogen carries an allele that matches one of the resistance
alleles carried by the host (i.e., if the host is R, R,, resistance
will be induced if the pathogen carries V, or V,).

One hypothesis consistent with these two patterns is that
induction of resistance is initiated when the host “recog-
nizes” the presence of the pathogen (Parker and Coleman
1997). Recognition could be accomplished, for example, by
a cellular receptor in the host that is stimulated by some
type of “elicitor” molecule produced by the pathogen, such
that the precise molecular configurations of the receptor
and elicitor are specified by the host and pathogen geno-
type, respectively. Only when pathogens produce a “match-
ing” elicitor with the precise molecular configuration that
allows it to fit into the receptor would the host be able to
recognize the presence of the pathogen and mount resis-
tance. This hypothesis then explains why host resistance
alleles tend to be dominant whereas pathogen avirulence
alleles tend to be recessive: only one copy of the resistance
allele is needed to produce a particular type of receptor
for recognition, but to prevent recognition, no copies of
the matching allele can be present in the pathogen.

This hypothesis appears to be supported by recent work
that has examined the molecular basis of the genetic inter-
actions between hosts and pathogens (Hammond-Kosack
and Jones 1997; De Wit 1997; Parker and Coleman 1997). In
several plant species, including tomato, rice, tobacco, and
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Arabidopsis, and their associated pathogens, resistance
gene—-virulence gene pairs have been cloned and character-
ized. Pathogen virulence genes from different pathogens
have little in common structurally, as would be expected if
plants target pathogen proteins opportunistically as signal
for induction. By contrast, resistance genes from different
plants show some remarkable similarities to known signal
transduction proteins (Staskawicz et al. 1995; Michelmore
1995; De Wit 1997). Most contain leucine-rich repeat re-
gions that are believed to interact with the pathogen elici-
tor; those which are believed to be located cytoplasmically
also tend to contain a nucleotide-binding site, suggesting
that these receptors bind ATP or GTP in initiating the
signal cascade that produces induced resistance. Finally,
one study has demonstrated that the Pfo resistance gene of
tomato interacts physically with the avirulence gene AvrPto
in the pathogen Pseudomonas syringae, as would be ex-
pected if the products of these two genes constitute a
receptor-ligand system (Tang et al. 1996).

The general model that has emerged from these investi-
gations is depicted in Fig. 2. The pathogen produces some
sort of elicitor molecule, which may either be secreted into a
host cell, or, in the case of fungal pathogens that do not
invade host cells, into the intercellular space. Within the
host cell cytoplasm or on the cell surface resides a receptor
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Fig. 2. Schematic illustration of elicitor-receptor interaction between
host and pathogen cells, showing specificity of the interaction in a
matching-alleles system. Vi and Ri are genes for pathogen elicitor and
host receptor, respectively. Wavy arrows indicate production of elicitor
(solid figures) and receptor (open figures) proteins, respectively. Solid
black arrows indicate a fit between receptor and elicitor proteins, which
triggers an induced resistance response (broken arrows). Gray arrows
indicate lack of fit between elicitor produced by pathogen gene Vi and
receptor produced by host gene R; (i not equal j), which fails to trigger
induced resistance

protein, a product of a specific resistance gene. If that pro-
tein is able to bind the elicitor molecule, one or more signal
cascades are initiated that ultimately trigger the hypersensi-
tive response, as well as the onset of systemic resistance
as reflected in the accumulation of pathogenesis-related de-
fensive proteins. If the protein is not able to bind the elicitor,
as could occur if the pathogen carries mutant copies of the
gene specifying the elicitor, the signal transduction pathway
is not initiated and resistance responses are not induced.

Examination of within- and between-species variation in
the structure of R genes have provided evidence that these
receptors and elicitors are involved in coevolutionary inter-
actions between hosts and pathogens. In particular, several
recent studies have demonstrated rapid evolution of R
genes (Parniske et al. 1997; Wang et al. 1998; Meyers et al.
1998; McDowell et al. 1998). In addition, the rate of
nonsynonymous substitutions is often higher than the rate
of synonymous substitutions, indicating that much of the
observed evolutionary change is adaptive (Wang et al. 1998;
Meyers et al. 1998). Finally, amino acid substitution tends to
be concentrated in the regions of the receptor proteins that
are thought to interact with the elicitor, as would be ex-
pected if these regions were changing in response to evolu-
tionary changes in those elicitors. It thus appears that many
host-pathogen systems are engaged in information race co-
evolution, in which the pathogen is selected to minimize the
information it reveals about its presence, while the host
is selected to detect information the pathogen is unable
to hide. Although most of the evidence for this type of
coevolution has been supplied by investigations of plant—
pathogen interactions, it is also known that feeding by her-
bivores can trigger induced defensive responses, through a
signal transduction system that is now beginning to be un-
derstood (Karban and Baldwin 1997). Consequently, there
is reason to anticipate the operation of information race
coevolution between plants and herbivores as well
[Rhoades’ (1985) notion of “stealthy” herbivores presages
this idea to some extent].

Contrasting information-race coevolution and arms-
race coevolution: patterns of variation within and
between species

The molecular details of host-enemy interactions are of
interest to evolutionary biologists insofar as variation in
those details leads to different evolutionary patterns. In this
section, we present a verbal model that contrasts arms-race
and information-race modes of coevolution. This model
indicates that both the pattern of variation in resistance
within populations, and whether enemies appear locally
adapted to their host plants in between-population com-
parisons, differ depending on the mode of coevolution.

Within-population variation in resistance

Consider first a situation in which interactions between
plant and enemy are controlled by a matching-alleles



system, in which there is one locus controlling resistance in
the plant and one locus controlling virulence in the
enemy. Several authors have demonstrated that frequency-
dependent selection can maintain polymorphisms at both
loci for extended periods, often with the frequencies of the
different alleles oscillating (Nee 1989; Frank 1992, 1993;
Seger 1992).

In such polymorphic populations, interactions between
host and enemy individuals may result in either resistance
or susceptibility of the host, depending on the particular
genotypes that interact. It is thus of interest to ask whether
the proportions of interactions among individuals that re-
sult in susceptibility differ under arms-race versus informa-
tion-race coevolution. The simplest situation, in which the
host is diploid and the enemy is haploid, is portrayed in Fig.
3 for a matching-allele system in which three alleles are
maintained in both the host and enemy. This figure shows
that there are fewer combinations of genotypes that result
in resistance for an E-R (information-race) system than
for a T-D (arms-race) system.

More generally, for polymorphisms in a matching-alleles
system with 7 alleles, the numbers of host-enemy genotype
combinations that result in susceptibility and resistance are
given in Table 1, for both haploid and diploid enemies. The
numbers in this table indicate that, except for the case of
n = 2 for haploid enemies and n = 3 for diploid enemies, the
number of host-enemy genotype combinations that result
in resistance differ for the E-R and T-D systems. More
specifically, with n > 2 for haploid enemies and n > 3 for
diploid enemies, a smaller proportion of genotype combina-
tions result in resistance for an E-R system than for a T-D
system. This result suggests that, in general, genetically
variable populations of hosts will be more susceptible to
attack by natural enemies if the host-enemy interaction
is mediated by an E-R system than if it is mediated by a T-

Enemy Genotype

V1 V2 V3
Host Genotype| R S S

R1R1 S R R
R R S

R1R2 R R R
S R S

R2R2 R S R
R S R

R1R3 R R R
S R R

R2R3 R R R
S S R

R3R3 R R S

Fig. 3. Outcome of interaction between host and enemy genotypes for
matching-alleles system with three alleles and with enemy haploid: R,
host is resistant; S, host is susceptible. Upper left entry in each square is
for elicitor-receptor system; lower right entry in each square is for
toxin—detoxifier system
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D system. In this sense, toxins are more effective defenses
than induced responses in polymorphic populations.

This analysis is admittedly crude because it does not take
into account the relative frequencies of the different host
and enemy genotypes. However, because the frequencies of
alleles associated with polymorphisms involving resistance
and virulence tend to oscillate (Nee 1989; Frank 1992, 1993;
Seger 1992), we anticipate that on average the correspond-
ing allele frequencies in E-R and T-D systems will tend
to be roughly equal. If more detailed analyses prove this
conjecture to be the case, the inferences drawn from our
current analyses should be valid.

A similar result is obtained under a gene-for-gene system.
Resistance and susceptibility for genotypic combinations in
such a system with two loci, each with two alleles in both the
host and enemy, are portrayed in Fig. 4. To construct this
matrix, we assumed that under the E-R system, resistance is
inducedif either R, and V, or O, and X alleles occur together
(i.e.,if a functional receptor is present as well as the elicitor it
detects); otherwise, resistance is not induced. In this model,
R, and Q, are nonfunctional resistance alleles that produce a
receptor that is not capable of recognizing any elicitors. For
the T-D model, we assume that for the plant to be suscep-
tible, the enemy must be able to detoxify all toxins produced
by the host and that V, and X, produce enzymes that are
capable of detoxifying the toxins produced by R; and Q,,
respectively. The latter assumption is conservative, in that
the alternate assumption that V, and X, are null alleles that
are incapable of detoxification produces more genotype
combinations that are resistant.

Once again, fewer combinations of genotypes result in
resistance under an E-R system than under a T-D system
(see Fig. 4), indicating that overall level of resistance would
be higher under a toxin—detoxification (T-D) system of re-
sistance. Examination of a limited number of cases suggests
that this result also holds for gene-for-gene systems with
more than two loci and if the enemy is diploid, though we
have not yet obtained a general proof for all cases.

Between-population effects

In addition to the within-population effects documented
here, whether coevolution is primarily of the arms-race or

Table 1. Number of host-enemy matching-alleles genotype
combinations that result in either resistance or susceptibility under
elicitor-receptor (E-R) and toxin—detoxifier (T-D) models

Host Elicitor-receptor Toxin—detoxifier
genotype Resistant susceptible Resistant susceptible
A. Diploid host and haploid enemy:
ii 1 n—1 n—1 1
ij 2 n—2 n 0
B. Diploid host and diploid enemy:
i n n(n — 1)2 n(n — 1)/2 n
ij 2n -1 1+nn-3)2 [r+12]-11

Entries are numbers of combinations for either a homozygous host
genotype (ii) or a heterozygous (ij) host genotype; n is number of
alleles



Enemy Genotype

v1 v V2 v2
X1 X2 X1 X2
Host Genotype| R R R S

R1IR1Q1Q1 S R R R
R R R S

R1R2Q1Q1 R R R R
R S R S

R2R2Q1Q1 R R R R
R R R S

R1R1Q1Q2 R R R R
R R R S

R1R2Q1Q2 R R R R
R S R S

R2R2Q1Q2 R R R R
R R S S

R1R1Q2Q2 R R R R
R R S S

R1R2Q2Q2 R R R R
S S S S

R2R2Q2Q2 R R R S

Fig. 4. Outcome of interaction between host and enemy genotypes for
gene-for-gene system with two loci and with enemy haploid: R, host is
resistant; S, host is susceptible. Upper left entry in each square is for
elicitor-receptor system; lower right entry in each square is for toxin—
detoxifier system

information-race type is also likely to influence whether
enemies exhibit local adaptation to their hosts. To see why
this is the case, first consider how coevolutionary diver-
gence under the arms-race model is likely to affect the
outcome of the typical reciprocal transplant experiment
that is used to assess local adaptation. In particular, imagine
two pairs of host-enemy populations that are diverging
from a common ancestor in genes affecting resistance and
virulence (Fig. 5). For simplicity of exposition, we consider
a matching-alleles scenario, although similar patterns re-
sult from a gene-for-gene interaction.

Arms-race coevolution is most easily envisioned as in-
volving host resistance genes that produce toxins and en-
emy virulence genes which produce detoxifiers of those
toxins. If we assume there are a large number of potential
alleles at the host toxin and enemy detoxification loci, then
as each pair of interacting populations takes its own coevo-
lutionary trajectory, different toxin and detoxifying alleles
sequentially appear and become fixed in each population
(Fig. 5C). After one complete round of coevolution in each
pair of populations, each host population will produce one
or more toxins for which enemies from the other population
lack effective detoxifiers. Consequently, in a transplant ex-
periment, when a host is exposed to an enemy with which it
has not coevolved, the host will be resistant (Fig. 5D). By
contrast, whether the same host is resistant to enemies from
its own population depends on the exact state of the coevo-

A

POPULATION 1

Information-race coevolution

POPULATION 2

Es Ez E4 Eo Eo
R3 R1 R1 Ry Ro

B Reciprocal exposures

Eo Es
R Ry
+ +

C Arms-race coevolution

POPULATION 1 POPULATION 2

D3 Dy Dy Dy Do
T3 T3 T4 To To
+ — + +

D Reciprocal exposures
Eo E3
Ag Ao

Fig. 5. Schematic portrayal of successive allele substitutions during
divergent coevolution. A Two pairs of daughter host-enemy popula-
tions diverging via information-race coevolution. E; and R; represent
fixed elicitor and receptor alleles of the enemy and host, respectively.
When i = j, the receptor recognizes the elicitor and the plant is resistant
(indicated by the minus sign below the genotype combination). When
i is not equal to j, receptor does not recognize elicitor, and plant is
susceptible (indicated by plus sign). Common ancestral population is
represented by the elicitor-receptor allele combination E,R,. B Out-
come of reciprocal exposure of enemy from one population to host of
other population after one round of allele substitutions in each popula-
tion by the process in A. Receptors do not recognize “foreign” elici-
tors, resulting in host susceptibility. C Two pairs of daughter
populations diverging via arms race coevolution. D, and T, represent
fixed detoxifier and toxin alleles of the enemy and host, respectively.
When i = j, the enemy neutralizes the host toxin and the plant is
susceptible (indicated by the plus sign). When i is not equal to j, enemy
does not neutralize the host toxin, and plant is resistant (indicated by
the minus sign). The common ancestral population is represented by
detoxifier—toxin allele combination D,7, . D Outcome of reciprocal
exposure after one round of allele substitutions by the process in C.
Toxins are not neutralized, and host is resistant

lutionary process. If the host has recently evolved a novel
toxin, then it will generally be resistant to its associated
enemy; however, if the enemy has recently evolved a novel
detoxifier, the host will generally be susceptible. In either
case, however, resistance to the “local” enemy population is



less than or equal to resistance to the “foreign” enemy
population. Another way of saying this is that the enemy
appears to be, on average, locally adapted to its host.

The outcome under information-race coevolution is
quite different. Again we assume that there are a large
number of potential alleles at the host receptor and enemy
elicitor loci, which again means that the two pairs of popula-
tions undergo different coevolutionary trajectories. As be-
fore, different elicitor and receptor alleles will become fixed
in each population (Fig. 5A). In this case, however, after one
complete round of coevolution in each pair of populations,
each enemy population will produce elicitors that are not
recognized by hosts from the other population. Therefore,
in a transplant experiment, when a host is exposed to an
enemy with which it has not coevolved, the host will be
susceptible because it does not recognize that enemy’s
elicitor(s) (Fig. 5B). By contrast, whether the “local” host is
resistant to the same enemy will again depend on the exact
state of the coevolutionary process: if the host has recently
evolved an effective receptor, and is thus able to recognize
the enemy and mount an induced defense, the host will be
resistant; however, if the enemy has recently evolved an
altered elicitor that is no longer recognized by the local
host, that host will be susceptible. In either case, however,
resistance to the local enemy population is greater than
or equal to resistance to the foreign enemy population.
Another way of saying this is that the enemy appears to be,
on average, locally maladapted to its host (Gandon and Van
Zandt 1998; Kaltz and Shykoff 1998; Kaltz et al. 1999).

These considerations indicate that arms-race coevolu-
tion and information-race coevolution are expected to pro-
duce very different spatial patterns of resistance and
virulence. Arms-race coevolution produces a pattern of ap-
parent local adaptation whereas information-race coevolu-
tion produces a pattern of apparent local maladaptation.
Both these patterns have been documented for different
plant-enemy associations (see following). We suggest that
some of these differences among host—enemy species pairs
may result from differences in whether arms-race coevolu-
tion or information-race coevolution has dominated their
interactions.

One additional comment is in order: although greater
susceptibility of a host to enemies from foreign populations
(or, equivalently, greater virulence of foreign than local
enemy populations) has typically been termed maladapta-
tion in the literature (Gandon and Van Zandt 1998; Kaltz
et al. 1999), information race coevolution does not result at
any point in maladaptive evolution by natural enemies.
Within each pair of coevolving populations, every genetic
change in the enemy population is adaptive; i.e., every new
elicitor allele is positively selected because it increases viru-
lence and hence enemy reproductive success. The pattern of
between-population “maladaptation” arises as a by-product
of divergence between reproductively isolated populations,
much in the same way that reproductive isolation is thought
to arise in isolated populations as a result of independent
divergence (Dobzhansky 1970). In essence, an enemy popu-
lation is more successful on a foreign host simply because
that foreign host has never previously been “challenged” by
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the enemy’s elicitors, and thus has not, unlike the local host,
had the opportunity to evolve receptors that recognize that
elicitor.

Distinguishing empirically between modes
of coevolution

The analysis in the preceding sections indicates that
arms-race coevolution may be distinguished from informa-
tion-race coevolution empirically by examining patterns of
variation in resistance and virulence both within and
between populations. In practice, however, using within-
population patterns of variation in this way is likely to be
difficult for at least two reasons:

1. Populations may not be genetically variable for resistance
or virulence. Although some models (e.g., Burdon 1987;
Nee 1989; Frank 1992, 1993; Seger 1992) of host-enemy
coevolution indicate that frequency-dependent selection
can maintain fluctuating polymorphisms for both resis-
tance and virulence, these models are all deterministic
and do not allow for the elimination of alleles by genetic
drift when they reach low frequencies in their cycles.
Consequently, even moderately sized populations may
fail to harbor sufficient genetic variation for analysis.

2. Documenting the pattern of resistance—susceptibility inter-
actions among genotypes within a population requires
extensive genetic crosses and large sample sizes. Although
our analysis suggests that under the T-D mode of coevo-
lution a greater proportion of randomly paired hosts
and enemies should result in induction of host resistance,
it does not establish a critical proportion that can
always be used to distinguish T-D systems from E-R
systems. In fact, as illustrated by Table 1, the proportion
of resistant interactions varies with the number of
alleles in the matching-alleles case; in the gene-for-gene
case, it varies with the number of loci. Consequently,
only by characterizing, for each host-enemy genotype
combination, whether an interaction results in host
resistance or susceptibility can the E-R pattern be distin-
guished from the T-D pattern. Naturally, this approach
requires that all resistance and virulence genotypes be
identified, a prerequisite that will often be very difficult
for investigators wishing to study coevolution in natural
systems.

Although these problems make distinguishing between
arms race and information race coevolution using patterns
of variation within populations difficult, it is likely to be
much easier to distinguish between these two modes of
coevolution using between-population comparisons. For
such comparisons, standard reciprocal transplant experi-
ments may be employed. In these experiments, it is not
necessary to characterize the individual genes or genotypes
involved. Instead, all one need ascertain is whether on aver-
age hosts are more (or less) resistant to local enemies than
to enemies from another population, i.e., whether there is a
pattern of local enemy adaptation or maladaptation.
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Because of the relative ease with which such transplant
experiments can be performed, a relatively large number of
investigations have examined whether specific host-enemy
systems exhibit local adaptation or maladaptation. Al-
though many of these experiments have been reviewed pre-
viously in other contexts (Kaltz and Shykoff 1998), the
potential implications of these investigations for under-
standing the relative importance of arms-race versus
information-race coevolution in natural systems have not
previously been explored. It is thus instructive to examine
what these investigations may tell us about these two
modes of coevolution. We therefore have conducted our
own literature survey with the goal of addressing two
issues: (1) among all host-enemy associations that have
been examined, is there evidence that either of the two
modes of coevolution predominates; and (2) does the
predominant mode differ among different types of in-
teractions (e.g., plant—pathogen versus plant-herbivore
versus invertebrate—parasite versus vertebrate—parasite
interactions).

Literature survey

We have attempted to examine all published investigations
of natural host-enemy associations in which between-site
(population) reciprocal transplant experiments involving
hosts and either one or more of their natural enemies have
been performed. In these studies, host resistance and enemy
virulence were estimated in a variety of ways, as necessi-
tated by the differences in basic biology of the organisms
examined. To be included in this analysis, an investigation
had to satisfy two criteria:

1. Transplant localities had to plausibly represent separate
populations for both hosts and enemies. This require-
ment was imposed to be reasonably confident that diver-
gent coevolution could have occurred between the
localities examined. This criterion eliminated several
studies involving intertree transfer of insect herbivores
among trees at the same site (Edmunds and Alstad 1978;
Cobb and Whitham 1993; Sork et al. 1993; Hanks and
Denno 1994). Although it is conceivable that in these
studies insect colonies on different trees represent repro-
ductively isolated demes, it is virtually certain that the
trees employed represented individuals from a single
population.

2. Inference of local adaptation or maladaptation had to
be supported by an appropriate statistical analysis.
Acceptable statistical analyses included examination
of host site X enemy site interaction and home versus
away contrasts, as well as other more idiosyncratic analy-
ses adapted to the specifics of the experimental design
used.

We located 18 investigations of natural populations that
satisfied these two criteria. Of these, 8 involved plant—
pathogen interactions, 5 involved plant-herbivore interac-
tions, 5 involved invertebrate—parasite interactions, and 1

involved vertebrate—parasite interactions. This sample is
admittedly small, but serves to illustrate some preliminary
patterns that should be viewed as tentative, pending addi-
tional investigations. Table 2 lists the relevant characteris-
tics of these investigations.

Considering all types of plant-enemy interactions to-
gether, there is not a marked preponderance of one mode of
coevolution. Eight investigations revealed some form of
local adaptation by the enemy, consistent with the expecta-
tions of arms-race coevolution, while four exhibited local
maladaptation, consistent with information-race coevolu-
tion (Table 3). Six investigations were ambiguous, exhibit-
ing neither local adaptation nor local maladaptation. It is
unclear whether these six studies indicate lack of coevolu-
tionary divergence between the populations examined or a
joint, compensatory operation of both modes of coevolu-
tion. Overall, this small sample of studies suggests that
information-race coevolution may be slightly, though not
substantially, less common in nature than arms-race
coevolution.

Considering different types of plant-enemy interactions
separately, some tantalizing hints of patterns are evident.
For example, within invertebrate—parasite and vertebrate—
parasite interactions there are no cases of local maladapta-
tion. Although little is known about the molecular basis of
resistance and virulence in these organisms, these limited
results suggest T-D systems may form the basis for coevolu-
tion in these interactions. In contrast, for plant—pathogen
interactions, local adaptation and local maladaptation
appear equally common. Although most recent discussions
of plant—pathogen coevolution either explicitly or implicitly
assume interactions based on elicitors and receptors, this
result is consistent with what is known about the defenses
of plants against pathogens. On the one hand, recent elabo-
ration of the molecular basis of gene-for-gene systems
clearly implicates the potential for the type of coevolution
of elicitor-receptor interactions characteristic of infor-
mation-race coevolution (Hammond-Kosack and Jones
1997, De Wit 1997; Parker and Coleman 1997). On the
other hand, plants are also defended from their pathogens
by various toxin-like factors (Dixon 1986; Ebel 1986;
Bishop et al. 2000), which can give rise to arms race
coevolution.

Although the sample size is very small, plant-herbivore
associations exhibit the same number of cases of local mal-
adaptation, indicative of information race coevolution,
and of local adaptation. This result is surprising because,
in contrast with plant—pathogen coevolution, the toxin—
detoxifier arms-race metaphor is closely identified with
plant-herbivore coevolution (Rosenthal et al. 1977,
Berenbaum 1983; Bowers 1988). Plants produce numerous
types of toxins, growth inhibitors, and other traits that con-
fer active resistance of the type involved in arms-race co-
evolution, and it is largely these traits that have been the
focus of discussions of plant-herbivore coevolution. Over
the past two decades, however, it has become clear that in
many plants, chemical resistance factors may be induced
by herbivore damage (Ryan 1983; Karban and Carey 1984;
Baldwin 1988a,b). Such induction requires a signal-re-
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Host species Enemy species Transplant ~ Measure of Outcome Reference
distance resistance/virulence
Plant-pathogen associations
Triticum aestivum Septoria tricici Between Percent leaf area + Ahmed et al. 1995
CA and OR infected
Silene dioica Microbotryum violaceum — 2km Percent infection + Carlsson-Graner 1997
Spartina pectinata Puccinia spp. 4.5km Percent leaf area 0 Davelos et al. 1996
infected
Silene latifolia Microbotryum violaceum ~ 10-170km Percent infection - Kaltz et al. 1999
Stipa leucotricha Atkinsonella hypoxylon Between Percent infection 0 Leuchtmann and Clay 1989
counties
Amphicarpaea bracteata Synchytrium decipiens 1km Percent infection + Parker 1985
Podophyllum peltatum Puccinia podophylli 48km Percent infection - Parker 1989
Arabis holboellii Puccinia spp. Between Percent infection — Roy 1998
mountain
valleys
Plant-herbivore associations
Erigeron glaucus Apterothrips secticornis 500m Number of thrips + Karban 1989
per plant
Arabis holboelli Pieris sp. Between Percent attacked — Roy 1998
mountain
valleys
Rhus glabra Blepharida rhois >10.9km Larval survival, 0 Strauss 1997
weight
Pinus monophylla Matsucoccus acalyptus Between Larval survival 0 Unruh and Luck 1987
counties
Invertebrate—parasite associations
Daphnia magna Pleistophora intestinalis 0.5-1.5km Spore load, host + Ebert 1994
reproduction
Bombus terrestris Crithidia bombi >20km Percent infection, 0 Imhoof and Schmid-Hempel
host survival 1998
Potamopyrgus antipodarum Microphallus spp. 10-85km Percent infection + Lively 1989
Bulinus globosus Schistosoma spp. 60km Percent infection + Manning et al. 1995
Bulinus truncatus Schistosoma haematobium  500km Percent infection 0 Vera et al. 1990
Vertebrate—parasite association
Phoxinus phoxinus Diplostomum phoxini 35km Host size + Ballabeni and Ward 1993

CA, California; OR, Oregon
+, local adaptation; —, local maladaptation; 0, neither

Table 3. Number of studies reporting local adaptation, local maladap-
tation, and neither, categorized by type of host-enemy association

plant-herbivore and plant-pathogen systems is more simi-
lar than currently appreciated.

Type of host-enemy Local Neither Local
association adaptation maladaptation
Plant—pathogen 3 2 3
Plant-herbivore 1 2 1
Invertebrate—parasite 3 2 0
Vertebrate—parasite 1 0 0

Totals 8 6 4

sponse system that triggers induction and that could serve
as a focus for coevolution between the elicitors and recep-
tors that mediate the signaling. Moreover, the molecular
details of this signal-response system are beginning to be
elucidated (Karban and Baldwin 1997). It might thus be
expected that coevolution between plants and herbivores
would sometimes occur in the information race mode.
In fact, our preliminary analysis suggests (weakly) that
information-race coevolution may be roughly as common as
arms-race coevolution in plant-herbivore associations. If
this pattern is confirmed by additional analyses, evolution-
ary biologists will be led to conclude that coevolution in

Conclusions and caveats

We have argued that host-enemy antagonistic coevolution
can occur in two fundamentally different modes. We have
also argued that these modes are expected to produce dif-
ferent ecological patterns both within and between popula-
tions. In particular, information race coevolution naturally
gives rise to heretofore puzzling instances of apparent local
enemy maladaptation. Finally, utilizing the assumption that
local enemy adaptation reflects the arms-race mode and
local maladaptation reflects the information-race mode of
coevolution, we have shown that a literature review of re-
ciprocal transplant experiments suggests some interesting
patterns in the relative prevalence of these two modes of
coevolution that deserve further examination.

We recognize that few of our suggestions are supported
by definitive proof. For example, although the operation of
information-race coevolution can explain cases of apparent
local enemy maladaptation, other explanations are also fea-
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sible. Extinction, migration, and genetic drift may prevent
any correlation between host resistance and pathogen viru-
lence alleles within a single population (Burdon and Thrall
1999). This possibility supports the notion that transient
local maladaptation may sometimes arise when coevolving
traits are temporarily mismatched within a population that
exists in a complex geographic landscape with variable
demographics (Thompson 1999).

Other authors have also argued that gene flow among
populations within a metapopulation, differing spatial
structure of host and enemy populations, and long enemy
generation times can, under some circumstances, produce
at least transiently a pattern of apparent local maladapta-
tion (Gandon et al. 1996; Lively 1996; Mopper and Strauss
1998; Kaltz and Shykoff 1999). The existence of examples of
local maladaptation clearly cannot be used to distinguish
among these alternative hypotheses. Rather, the intent of
our arguments is to present a conceptually novel explana-
tion for this phenomenon and to illustrate the kinds of
inferences that might be drawn if this explanation is
correct.

We offer this explanation in part to suggest an alterna-
tive to the conclusion of some authors that local maladapta-
tion indicates that enemy-imposed selection for host
resistance is more effective than host-imposed selection for
virulence in enemies (Kaltz et al. 1999). We also offer this
explanation in the belief that it will be easier to distinguish
empirically between these two classes of alternative expla-
nations — information-race coevolution versus complicated
demographics — than among the existing hypotheses in the
demographics category. Establishing a definitive causal
connection between, for example, gene flow or enemy gen-
eration time and the pattern of local adaptation in natural
host—enemy associations, may well be impossible both be-
cause these demographic characteristics often cannot be
manipulated; also, even if they can be manipulated, the time
scales necessary for observing subsequent evolutionary
divergence of populations will likely be prohibitive.

By contrast, establishing or refuting the importance of
information-race coevolution in creating patterns of local
maladaptation should require “only” performing the de-
tailed molecular characterization of resistance—virulence
genes that have diverged between populations. Without at-
tempting to minimize the effort and funding that would be
required for such a project, we suggest that recent progress
in characterizing E-R (Hammond-Kosack and Jones 1997;
De Wit 1997; Parker and Coleman 1997) and T-D (Hung et
al. 1996; Bishop et al. 2000) systems at the molecular level
indicates that it is technologically feasible. By applying
this technology to a few well-chosen examples of both
local adaptation and local maladaptation, it should be
straightforward to determine whether these two patterns
are strongly associated with changes in toxin—detoxifier in-
teractions and elicitor-receptor interactions, respectively.
Such an association would constitute, in our view, effec-
tively definitive proof of the operation of information-race
coevolution. Conversely, lack of a strong association would
indicate the prevalence of demographic characteristics in
causing apparent local maladaptation.
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