
INTRODUCTION

Symbiotic interactions are ubiquitous in nature, wheth-
er they are parasitic (Esch & Fernández 1993, Windsor 
1998) or mutualistic (Douglas 1994). While the term 
“symbiosis” has frequently been used to describe mutual-
ly beneficial associations (referred to as “mutualism” 
herein), here it will be employed in its literal sense of “liv-
ing together” regardless of whether the outcome is benefi-
cial, neutral, or detrimental. For the purpose of this paper, 
symbiosis is defined as an intimate interaction between 
different organisms, where at least one of the parties is 
obligatorily dependent on the association as a part of its 
life history. This definition encompasses relationships 
such as cleaning symbioses, protection mutualisms and 
obligate pollination mutualisms, where even though the 
different organisms are not in constant physical contact, 
the parties involved rely upon the association to fulfil a 
major part of their life cycles. The host organism is 
defined as the provider of resources or the resource base, 
while the symbionts are the consumers of such resources, 
and may or may not provide services in return. This is 
similar to the definition of Ferrière et al. (2007), who con-
sidered the host as the producer of commodities and the 
symbiont or partner as provider of goods and services.

Given that symbiosis may be one of, if not the most 
widespread form of interspecies interaction in existence, 
the fitness outcome for the parties involved in such inter-
actions can have major ecological and evolutionary con-
sequences. However, the costs and benefits of symbiosis 
are not always clear, and fluctuate along a continuum that 
is influenced by environmental factors, time, and the biol-
ogy of the parties involved.

In general ecological and biological textbooks (e.g: 
Campbell & Reece 2005, Eugene & Barret 2005, Solo-

mon et al. 2005), symbiotic relationships are divided into 
three categories based on whether the symbiont has bene-
ficial, harmful, or no effects on the host. In the case where 
both the host and symbiont reciprocally benefit from the 
relationship, the association represents mutualism, where-
as if the symbiont utilises the host without benefiting or 
harming it, it is considered as a commensal. In contrast, if 
the symbiont is using the host as a resource and causing it 
harm as a result, then it qualifies as a parasite.

While useful, such a classification scheme rarely 
reflects the true dynamics of symbiotic relationships in 
nature. As pointed out by previous authors such as Starr 
(1975) and Lewis (1985), interactions between organisms 
exist along a continuous gradation, and the lines between 
mutualism, commensalism, and parasitism are not as 
neatly delineated as the textbooks might suggest. Based 
on such a classification, commensalism is the middle 
ground of a spectrum of relationships. However, in prac-
tise commensals are indistinguishable from parasites that 
cause their host comparatively low levels of pathology, 
and mutualists that exert such a heavy price for their serv-
ice that it is barely compensated by the benefits of the 
association. While according to our labels, these organ-
isms (parasites and mutualists) are from opposite ends of 
a spectrum, in reality the lines are blurred and the position 
they occupy along the theoretical continuum may be 
highly variable and circumstantial.

In this review, we explore the plasticity of symbiotic 
associations, and show how easily they can switch 
between mutualism and parasitism in response to even the 
slightest environmental change. Our survey of the litera-
ture is not exhaustive; instead, we focus on recent research 
to highlight our central argument about the ever-changing 
nature of symbiotic associations. 
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DEFINING COST AND BENEFIT

The costs and benefits of a symbiosis for a host organ-
ism are not always obvious nor easily measured because 
they may exist on many levels and in different currencies 
(Cushman & Beattie 1991). In the case of parasitism, the 
host-exploitation strategies of the parasite may affect a 
number of the host’s life history traits (Poulin 2007). 
While for mutualism, the symbiont may be multi-func-
tional, in that it may benefit the host in a number of differ-
ent ways. The following examples illustrate how subtle 
additive costs or benefits are varied as well as easy to 
overlook.

Hidden costs of parasites

In addition to the pathology usually associated with 
parasitic infections, the parasite’s presence may impose 
additional cost to the host beyond the immediate physio-
logical effects. For example, cardinal fish Cheilodipterus 
quinquelineatus are regularly parasitised by cymothoid 
isopods – ectoparasites that feed on blood and other tis-
sues of their hosts. But in addition to the injuries caused 
to the fish, because of the size of the isopod (which can be 
up to a quarter the length of the host) and the asymmetri-
cal position that it occupies on the fish’s body, its pres-
ence also imposes severe hydrodynamic drag, impairing 
the fish’s capacity to forage or evade predators (Östlund-
Nilsson et al. 2005).

Other additional costs imposed by parasites involve the 
role of parasitism in mediating sexual selection (Hamilton 
& Zuk 1982). For instance, male deep-snouted pipefish 
Syngnathus typhle that are infected with metacercariae of 
the trematode Cryptocotyle sp. are less able to discrimi-
nate against parasitised females (i.e. poor-quality part-
ners), which can be detrimental to their reproductive suc-
cess (Mazzi 2004). Pélabon et al. (2005) found that while 
microsporidian infection has no significant effects on the 
body condition of male two-spotted gobies Gobiusculus 
flavescens, parasitised males showed on average a 30 % 
decrease in courtship rate. Thus, the microsporidian is 
causing a reduction in its host’s overall fitness despite the 
lack of negative effects on host condition. As a final 
example, while acanthocephalans are known to alter the 
phenotype of their crustacean intermediate hosts to make 
them more susceptible to predation by the worm’s defini-
tive host (Sparke et al. 2004). Sparkes et al. (2006) also 
found that male isopods harbouring infective stages of 
acanthocephalus dirus have lower pairing success with 
females than males with uninfective stages of the parasite. 
Prior to the seminal paper of Hamilton & Zuk (1982), 
these kinds of subtle costs went unnoticed by biologists.

Likewise, other cost of a symbiosis may be hard to 
detect, possibly even completely hidden due to the host’s 
phenotypic plasticity. Schwanz (2006) found that deer 
mice Peromyscus maniculatus infected with the trema-

tode Schistosomatium douthitti were able to maintain the 
same basal and maximal metabolic rate as uninfected 
mice through physiological and morphological modifica-
tions that ameliorate the cost of infection.

In addition, according to a mathematical model by 
Miller et al. (2006), if the host has evolved tolerance 
instead of resistance as a way of mitigating the harm 
caused by a parasite, depending on the life history charac-
teristics of the parasite, the host may eventually evolve to 
completely tolerate the parasitic infection, resulting in 
what superficially appears to be a commensal relation-
ship. However, this “apparent commensalism” has come 
about at a significant fitness cost to the host, which has 
since been masked over evolutionary time (Miller et al. 
2006).

Hidden benefits for mutualists

Similarly, mutualist partners may be able to convey 
multiple benefits to their hosts. One of the best-known and 
highly visible examples of mutualism is that between 
anemones and damselfish in the genera amphiprion and 
Premnas commonly known as anemonefish or clownfish. 
This obligate association is based around protection mutu-
alism, where the anemone’s stinging tentacles provide 
predator-free territories for the anemonefish, while the 
anemonefish defends its host from predators that special-
ise in preying on anemones, such as butterfly fishes (Cha-
etodontidae) (Fautin 1991). However, in addition to the 
enhanced survivorship deriving from the protection pro-
vided by the anemonefish, the host anemone also appears 
to benefit from the association in another way. Holbrook 
& Schmitt (2005) found that anemones hosting anemone-
fish also experienced significantly enhanced growth rate 
and underwent more frequent asexual reproduction. This 
is most likely due to the ammonium excreted by the fish 
enriching the surrounding water with nitrogen, which is 
not only directly absorbed by the anemones, but also caus-
es an increase in the abundance of the anemone’s endo-
symbiotic algae which provide it with energy-rich photo-
synthetic products (Porat & Chadwick-Furman 2005).

Such hidden benefits have also been found in another, 
rather different system which is also based on protection 
mutualism. The marine isopod Santia spp. from the coral 
reefs of Papua New Guinea are hosts to unicellular algae 
that grow in a dense layer covering the surface of the iso-
pod’s exoskeleton. While the algal growth gives the iso-
pod a conspicuous fluorescent red colouration, Lindquist 
et al. (2005) found that the algae provide protection for 
their host from fish predation through the production of 
noxious secondary metabolites. But in addition to provid-
ing protection, Santia have been observed to feed on the 
algae growing on their surface, and the isopods appear to 
promote the growth of the algal symbiont by inhabiting 
exposed sunlit surfaces. Appropriately, it is the protection 
conferred by the symbiont that allows these highly-visible 
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and slow-moving isopods to exhibit such behaviours 
(Lindquist et al. 2005). Thus, in addition to protection, the 
algae also provide the isopod with a reliable source of 
food.

One of the most recognisable benefits of mutualistic 
symbiosis is niche expansion for the host. Moran (2007) 
views symbiosis as a route through which multicellular 
organisms can acquire capabilities that allow them to 
exploit novel resources and thus expand into new ecologi-
cal niches – this in turn has considerable fitness benefits 
even if these are not immediately measurable, at least in 
the short term.

One such example could be found in two species of 
closely-related plataspid stinkbugs, megacopta punctatis-
sima and megacopta cribraria in Japan. The two species 
are usually hosted by a species of wild leguminous vine, 
but while m. punctatissima has also successfully colo-
nised crop legumes and has become a pest species, m. cri-
braria remains restricted to its original host plant and suf-
fers low egg hatching rates when transferred to crop leg-
umes (Hosokawa et al. 2007). Hosokawa et al. (2007) 
found that the ability of m. punctatissima to exploit the 
crop legume is entirely due to the endosymbiotic bacteria 
in its gut, which are vertically transmitted through a 
unique system involving a “symbiont capsule” attached 
to the egg that is then consumed by the hatchling. When 
the symbionts of m. punctatissima are swapped with 
those of m. cribraria, the situation is completely reversed. 
Therefore, it seems that the ability of m. punctatissima to 
exploit a novel plant host depends entirely upon the sym-
bionts it carries (Hosokawa et al. 2007).

An even more extraordinary example involves sibogli-
nid polychaetes of the genus osedax. This worm lacks a 
functional mouth and gut, but harbours heterotrophic bac-
terial symbionts within highly-vascularised root-like 
structures that allow the worm to obtain nutrients from 
the bones of whale carcasses (Goffredi et al. 2005). The 
great density at which these worms occur at whale-fall 
sites on the sea bed (Rouse et al. 2004) clearly illustrates 
the success of that particular partnership.

For a more familiar example of the niche-expanding 
ability of obligate mutualism, the symbiosis between 
plants and mycorrhizal fungi has been suggested as the 
key innovation that has allowed vascular plants to colo-
nise the terrestrial environment (Simon et al. 1993). At 
the same time, it has also been recognised that the interac-
tion between plants and mycorrhizal fungi exists along a 
continuum, ranging from mutualistic to parasitic, that is 
both context-dependent and variable over time (Kiers & 
van der Heijden 2006). This is a general trend that applies 
to all symbioses and that will be discussed with greater 
details later in this paper.

While the examples above show why fitness outcomes 
of symbiosis are not always easily measurable, sometimes 
costs and benefits with respect to certain fitness traits can 
be directly measured or at least inferred.

SYMBIOSES AND CIRCUMSTANCES

By considering the various forms of symbioses as 
existing along a continuum of fitness outcomes, it is pos-
sible to see that the cost incurred by a mutualist for its 
service and the virulence of a parasite may in fact be two 
sides of the same coin. Virulence is often taken as syno-
nym of fitness losses incurred by the host because of 
infection by a parasite (Poulin & Combes 1999), but viru-
lence can also be thought of as how much resource a para-
site takes from the host, coincidentally reducing host fit-
ness in the process. Similarly, mutualists also demand 
resources from their host, however this cost is usually 
compensated by the benefit simultaneously conferred on 
the host by the symbiont. The balance between the costs 
and benefits for the two participants in a symbiosis 
depends on a range of factors, and often only a small push 
is needed to shift that balance.

While digenean trematodes are usually considered as 
parasites, there may be at least one case where a species 
of trematode can be regarded as a mutualist. The trema-
tode Podocotyloides stenometra utilises coral polyps as 
its second intermediate host. The infected polyp is easily 
distinguished by its profoundly altered appearance – it 
becomes bright pink, swollen, and incapable of retracting 
back into its protective skeleton (Aeby 1992). These mod-
ifications make the polyp a more accessible prey to the 
trematode’s definitive host, the butterfly fish Chaetodon 
multicinctus, which preferentially feeds upon the infected 
polyps (Aeby 1992). The phenotypic changes induced by 
the trematode infection also greatly enhance the energetic 
value of each coral polyp, firstly because a swollen polyp 
allows the fish to obtain more tissue per bite, and second-
ly, because parasitised polyps do not retract in an attempt 
to avoid predation, less energy is used by the fish to har-
vest the tissue (Aeby 2002). The rate of establishment of 
the trematode in C. multicinctus is low compared with the 
rate of parasitised polyp consumption, and due to the 
comparatively small mass of the trematode compared 
with its host, the resource drain for the fish of even a 
heavy infection is quite low and may even be more than 
compensated by the greater energetic gains (Aeby 2002). 
Aeby (2002) has found no detectable negative impact of 
P. stenometra infection on its fish definitive host, and 
given the benefits of feeding on parasitised coral polyps, 
the trematode may actually be considered as a mutualist 
of C. multicinctus.

So the labels we attach to various symbionts may not 
necessarily be accurate descriptions of the relationship 
they have with their host. Even among parasites that 
induce obvious fitness cost to their host, the degree of 
harm they cause are by no means fixed. This plasticity in 
virulence (i.e., in the rate at which host resources are 
exploited) has been documented in ascogregarina tai-
wanensis, a protozoan parasite of the mosquito aedes 
albopictus. Tseng (2006) found that while the virulence 
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of the parasite is generally mild, under conditions where 
the host received higher levels of food, the parasite 
exploits its host at a higher rate and the oocysts derived 
from well-fed hosts were more virulent than those origi-
nating from hosts that were not as well-fed. 

The costs and benefits of a symbiotic relationship can 
therefore be highly state-dependent. Even with supposed 
“mutualistic” symbionts, the fitness costs of the associa-
tion are not always offset by the benefits, and are highly 
dependent on environment and circumstances. The fol-
lowing example illustrates this point. Pea aphids, 
acyrthosiphon pisum, are associated with an obligate 
endosymbiont, Buchnera aphidicola, which provides its 
host with the essential amino acids lacking in the aphid’s 
diet of plant phloem sap (Douglas 1998) but necessary for 
successful aphid reproduction (Douglas 1996). In addi-
tion, a. pisum can also harbour a range of facultative sec-
ondary symbionts, one of which is Hamiltonella defensa 
which confers to its host resistance against attack by para-
sitoid wasps (Oliver et al. 2005). However, the symbiont 
also imposes a serious cost to a. pisum for this benefit. 
While a. pisum infected with H. defensa is resistant to 
parasitoids and exhibits even greater resistance to parasit-
ism when co-infected with another secondary symbiont, 
Serratia symbiotica, aphids with the secondary symbionts 
experience a severe fecundity reduction in comparison 
with uninfected aphids (Oliver et al. 2006). Thus, while 
in the presence of parasitoids aphids with H. defensa and 
S. symbiotica might be able to out-survive and hence out-
reproduce their uninfected conspecifics, the fecundity 
cost imposed by these secondary symbionts means that 
the net benefit of infection is at best marginal and in cer-
tain circumstances (absence of parasitoids) may even 
result in comparative fitness loss.

The interaction between a. pisum and its secondary 
symbionts shows us how facultative associations can 
often hover between mutualism and parasitism. But what 
happens when an obligate relationship with a usually ben-
eficial symbiont becomes too costly? Consider the fol-
lowing example.

A rather unique digestive mutualism has evolved 
between the South African carnivorous plant roridula 
dentata and its associated hemipteran Pameridae mar-
lothii. While r. dentata usually traps insect prey with 
sticky droplets on its leaves, P. marlothii is able to walk 
unhindered over the sticky traps of r. dentata while feed-
ing on the trapped insects and defecating on the plant’s 
leaves. r. dentata then absorbs nitrogen in the faecal mat-
ter through its thin cuticle, and in this manner, the plant 
can gain more than 70% of its nitrogen (Anderson & 
Midgley 2002). Because r. dentata has no digestive 
enzyme to digest the prey, it is reliant upon this mutualis-
tic relationship to facilitate the digestion process. Ander-
son & Midgley (2007) found that plants fed with prey that 
had moderate numbers of hemipteran living on them 
experienced a positive level of growth, while both control 

plants (which were not fed) and plants that were fed with 
prey but lacked the hemipteran P. marlothii experienced 
negative growth. However, in addition to feeding on 
insect prey, P. marlothii also sucks sap from its host plant, 
and it was found that at high density, P. marlothii also 
causes its host plant to experience negative growth, at a 
similar level to plants from the control and zero hemipter-
an treatments (Anderson & Midgley 2007). So at high 
density, the benefit provided by the hemipterans is can-
celled out by the cost to its host, with the net effect on the 
plant being the same as if the hemipterans were absent. 
Thus the relationship shifts from mutualism to something 
more akin to commensalism, despite the vital service that 
P. marlothii provides for r. dentata.

The cleaning symbiosis between obligate cleaner fish-
es and their clients is a well-known and well-studied sys-
tem that also provides revealing insights into the state-
dependent nature of costs and benefits in symbiotic rela-
tionships. Client fishes seek out cleaners to have their 
ectoparasites removed and this behaviour has fitness ben-
efit for both clients and cleaners (Grutter 2001). The cli-
ent fish is cleared of its parasitic burden while cleaner 
wrasses receive a reliable source of food. However, there 
is an element of conflict in this seemingly reciprocally 
beneficial relationship.

While cleaner wrasses readily eat ectoparasites such as 
gnathiid isopods and monogeneans found on the skin of 
the fish they are servicing, their preferred food is actually 
mucus and tissue from their clients (Grutter & Bshary 
2003). However, mucus and other tissue are costly for the 
client to produce, thus if the cleaner fish were to feed 
according to their preference, they would be “cheaters” 
since they would impose a cost on their clients without 
providing a service (removal of ectoparasites), resulting 
in a conflict of interest (Grutter & Bshary 2003). The 
incentive to cheat threatens the stability of this mutualis-
tic relationship, and the cost to the client can potentially 
shift the relationship along the spectrum toward parasit-
ism. For the cleaners, the impetus to cheat or not is medi-
ated by the ectoparasite load of the client fish. Cheney & 
Côté (2005) found that at locations where the client had 
more ectoparasites, the cleaners removed less client-pro-
duced material, whereas the reverse was true where the 
client fish had few ectoparasites. Cheney & Côté (2005) 
suggested that the outcome of interactions between clean-
er fishes and their clients may be dependent upon varia-
tion in ectoparasite abundance (see also Bansemer et al. 
2002). The availability of ectoparasites for cleaners to 
feed on seems to be a key external factor determining 
whether this association leans toward mutualism or para-
sitism. The persistence of such cleaning symbioses means 
that there must be control mechanisms in place to prevent 
over-exploitation.

A simple game-theoretical model by Johnstone and 
Bshary (2002) showed that the clients have control over 
the cleaners by having the ability to terminate an encoun-
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ter, thus denying the cleaner of its resource base (the 
cleaner’s food source regardless of whether it is ectopara-
site or mucus), enforcing cooperation and reducing 
exploitation. The predictions of the model match reported 
observations of cleaner and client fish interactions (John-
stone & Bshary 2002) and results of experiments that 
show clients can enforce cooperative behaviour by either 
punishing or fleeing from cheaters (Bshary & Schäffer 
2002, Bshary & Grutter 2005).

EXPLOITERS AND CONTROL MECHANISMS

The studies discussed above seem to indicate that 
cleaner fishes are situational exploiters and indeed most 
mutualisms appear to be vulnerable to exploiters or 
“cheaters” that obtain the benefits offered by the host 
while returning none of the services an “honest” partner 
provides (Bronstein 2001). While some exploiters are 
obligate, others are mutualists that switch to being oppor-
tunistic exploiters due to changes in circumstances, as 
illustrated by the cleaner fish example. So how has mutu-
alism persisted in the presence of exploiters?

The issue of cheaters in mutualism and the control of 
such exploiters has been investigated and discussed by 
previous authors in far greater details than possible here 
(Ferrière et al. 2002, Bronstein et al. 2003, Stanton 2003, 
Foster & Wenseleers 2006, Ferrière et al. 2007). Howev-
er, we shall address the issue briefly in the context of its 
implications for the spectrum of symbiosis. The example 
set by the clients of cleaner fishes provides hints to the 
general mechanism for controlling exploiters of mutual-
ism. A common theme that has arisen from studies inves-
tigating the stability of mutualism involves the host 
organism ultimately having control over the resources 
that the symbiont seeks. The implementing of “sanctions” 
or otherwise denial of resources to uncooperative symbi-
onts or exploiters appears to be a strategy shared by hosts 
of a range of well-known mutualisms such as that between 
cleaner and client fish (Bshary & Schäffer 2002, Bshary 
& Grutter 2005), yucca and yucca-moth (Shapiro & Addi-
cott 2003, Holland & DeAngelis 2006), fig and fig-wasp 
(Yu et al. 2004), and legume and rhizobial bacteria (West 
et al. 2002, Kiers et al. 2003). 

While not entirely applicable to the traditionally 
viewed host-parasite interactions, as parasites are exploit-
ers by definition, might host resistance and immunologi-
cal responses be viewed as analogous to the “policing” of 
beneficial symbionts? Ultimately, the need for such mech-
anisms has resulted from the conflict of interests that 
exists within any obligate biological association, and both 
symbiont policing and immunological responses perform 
the role of limiting harm or preventing overexploitation 
of the host by the symbionts in question. The only differ-
ence is that in the case of host-parasite interaction, the 
relationship is more antagonistic – the host is attempting 

to completely deny any resources to the symbiont, where-
as the latter is attempting to exploit the host while return-
ing nothing of benefit.

SYMBIOSES OVER TIME

The changes in circumstance that bring about shifts in 
the nature of a symbiosis can also have a temporal ele-
ment. Over different timescales, a lineage of symbiont 
may make the transition from parasitism to mutualism, 
and then back again to parasitism. This may occur over 
evolutionary timescales, or within the lifetime of the sym-
biont itself. Below we review some examples of the 
changing nature of symbioses over short and long times-
cales.

While the associations of brachyuran crabs with pelag-
ic cnidarian hosts have been documented from various 
parts of the world (reviewed in Towanda & Thuesen 
2006), the exact nature of these associations has remained 
largely unknown. Along with the hyperiid amphipod 
Hyperia medusarum, larvae and juveniles of the crab 
Cancer gracilis are often found to be riding the bell of the 
pelagic scyphozoan jellyfish Phacellophora camtschati-
ca. While the younger crab instars actively feed upon host 
tissue and can be considered as parasitic, Towanda & 
Thuesen (2006) found that as the crab develops, the 
breadth of its diet also changes. As it grows, the crab feeds 
less frequently on host tissue and instead a major part of 
its diet eventually consists of the amphipod H. 
medusarum, which the crab gathers from the oral arm of 
the host jellyfish (Towanda & Thuesen 2006). Since 
hyperiid amphipods such as H. medusarum are consid-
ered as harmful parasitoids of their gelatinous host (Har-
bison et al. 1977, Laval 1980), by consuming the parasi-
toids, C. gracilis forms a valuable and unusual facultative 
cleaning symbiosis with its scyphozoan host. Over 
ontogenetic time, the status of C. gracilis shifts being 
from a parasite to a beneficial mutualist.

Figs (ficus spp.) and their pollinating wasps (Agaoni-
dae) are one of the classic examples of co-evolving mutu-
alists due to their dependency on each other for their 
reproductive success and the seemingly high fidelity of 
their relationships (Anstett et al. 1997). However, recent 
studies have shown that the fig and fig-wasp relationship 
is in constant turmoil with frequent host-switching and 
conflicts of interests (Machado et al. 2001, Cook & Ras-
plus 2003, Marussich & Machado 2007). In the light of 
these recent findings, perhaps it should not be surprising 
that members of fig-wasp mutualistic lineages have been 
found to have made the transition to parasitism. While the 
non-pollinating fig wasp Ceratosolen galili retains fea-
tures such as pollen pockets which suggest that it has 
evolved from pollinator fig-wasps, it does not pollinate its 
host fig, ficus sycomorus, which is actually serviced by 
an active pollinator species, Ceratosolen arabicus (Mach-
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ado et al. 2001). While superficially, this may appear to 
be a case of a “mutualist turned bad” – a symbiont that 
has evolved to exploit instead of servicing its original host 
– Kerdelhue et al. (1999) instead showed that C. galili
and C. arabicus are not closely related, and that the 
former is a “cuckoo” species that has probably colonised 
f. sycomorus through a series of host changes.

In addition to former pollinators evolving into para-
sites, figs are also frequently exploited by parasitic Non-
Pollinating Fig Wasps (NPFW) belonging to the Chalci-
doidea superfamily (which also includes the pollinating 
agaonids) that have evolved various ways of exploiting 
the fig syconium without providing the reproductive serv-
ice of pollinating the fig inflorescence (Cook & Rasplus 
2003). However, in another twist of the fig and fig-wasp 
story, Jousselin et al. (2001) found that two genera of 
internally ovipositing NPFW, diaziella and lipothymus, 
both from subfamilies that are usually considered as para-
sites of their respective ficus hosts, appear to be respon-
sible for pollinating their host and do so as efficiently as 
Waterstoniella, the fig’s “legitimate” pollinator. Therefore 
it would appear that diaziella and lipothymus have made 
the evolutionary transition from parasites to mutualists. 
Thus, the co-evolutionary story of figs and fig-wasps 
shows us the constant shift in the position of this associa-
tion along spectrum from mutualist to parasite and vice 
versa over evolutionary time.

SYMBIOSES AND TRANSMISSION

After considering these extrinsic factors of circum-
stances and time that can influence symbiotic relation-
ships, it is worthwhile discussing an intrinsic factor, a 
property of the symbionts themselves, which may influ-
ence the position that a particular symbiosis may occupy 
along the continuum of fitness outcomes. This factor, 
arguably one of the most important life-history traits of 
the symbiont in terms of determining its relationship with 
its host, is its mode of transmission.

Current theories recognise that transmission mode 
plays a key role in determining the virulence of a symbi-
ont (Ewald 1995, Day 2001, Ferdy & Godelle 2005). 
Thus, vertical transmission means that the fitness out-
comes of both the symbiont and the host are aligned, such 
that cooperation between the two parties (or at least lower 
virulence by the symbiont) would be an outcome favoured 
by selection (Ewald 1995). In contrast, if the fitness of the 
symbiont is not exclusively intertwined with that of its 
host, then its fitness can be improved by exploiting its 
host more aggressively while returning fewer benefits, 
which should push the association on the evolutionary 
path towards parasitism.

Wolbachia is a well-known maternally-inherited, verti-
cally-transmitted intracellular reproductive parasite of 
arthropods, most noted for its role in distorting the sex 

ratio of its host’s progeny. It is known to impose various 
fitness costs on its host, such as physiological impairment 
(Fleury et al. 2000), decreased sperm quality (Champion 
de Crespigny & Wedell 2006), reduced immune response 
(Fytrou et al. 2006), mortality of male embryos (Hurst et 
al. 1999, Zeh & Zeh 2006), and reproductive failure 
resulting from cytoplasmic incompatibility (Perrot-Min-
not et al. 2002). However, it has been found that within a 
short period of less than two decades, a strain of Wol-
bachia has actually evolved to improve the fecundity of 
its host by an average 10 % over that of uninfected con-
specifics (Weeks et al. 2007). Thus this particular strain 
of Wolbachia has evolved from a parasite into a mutualist. 
Such a result is fully compatible with the expectations of 
the current theories of virulence. 

While the transmission mode of Wolbachia is predomi-
nantly vertical, with horizontal transmission occurring 
only on rare occasions (Huigens et al. 2004), changes in 
virulence associated with a change in the mode of trans-
mission can be experimentally demonstrated with symbi-
onts that have transmission routes that can alternate 
between the horizontal and vertical modes.

Endosymbiotic dinoflagellates provide an example of 
this phenomenon. Members of the genus Symbiodinium 
are known to be associated with a range of invertebrates 
common in the tropical and subtropical marine environ-
ments (Trench 1997). One species, Symbiodinium micro-
adriaticum, is found in the upside-down jellyfish Cassio-
pea xamachana which are born free of the algae and can 
either acquire them from the environment or inherit them 
during the asexual reproduction phase (Sachs & Wilcox 
2006). Sachs & Wilcox (2006) experimentally bred two 
lines of algae under the enforcement of either a horizontal 
or vertical transmission regime, and as expected, algae 
that were selected under the horizontal regime caused a 
significant reduction in host growth and budding when 
compared with algae selected by the vertical transmission 
regime. However, it was also found that the more harmful 
algae were impaired by their own proliferation as they 
debilitated the jellyfish in such a manner that hindered 
their own spread (Sachs & Wilcox 2006). It is conceivable 
that under the right circumstances, normally beneficial 
symbionts can evolve to become harmful, and a symbi-
ont’s status of being either a mutualist or a parasite is by 
no means stable.

RETHINKING OUR LABELS

While it may appear that whether or not to call a par-
ticular biological association parasitism, commensalism, 
or mutualism is a matter of semantics, such labels can be 
value-laden and lead to erroneous assumptions about the 
true nature of the relationship, and they may even hinder 
insightful research. For example, if Anderson & Midgley 
(2007) had simply accepted that the hemipteran symbi-
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onts of r. dentata are mutualists on the basis of the vital 
service they perform for their host plant, they would not 
have discovered the cost the hemipterans can impose on 
the plant at higher densities. Likewise, if Towanda and 
Thuessen (2006) had observed the larvae of C. gracilis 
feeding on tissue of their scyphozoan host and concluded 
that the relationship is a parasitic one, they would not 
have found that as the crab larvae mature, they protect the 
host from harmful parasitoids.

While for some, the term “symbiosis” denotes mutual-
ly-beneficial relationships, we have used it here as a gen-
eral term to describe any kind of intimate biological asso-
ciation. However, recent advances in ecological and evo-
lutionary research have shown us that even the sub-cate-
gories under the broader umbrella of symbiosis – mutual-
ism, commensalism, and parasitism – may not be as per-
manent or well defined as we would like to imagine. We 
therefore urge caution with the use of these labels, since 
the associations they characterise are highly plastic and 
never fixed.

Acknowledgements. - We are grateful to members of the 
Otago Evolutionary and Ecological Parasitology Group and to 
three anonymous referees for useful comments on an earlier 
draft.

REFERENCES

Aeby GS 1992. The potential effect the ability of a coral inter-
mediate host to regenerate has had on the evolution of its 
association with a marine parasite. Proc 7th int Coral reef 
Symp 2: 809-815.

Aeby GS 2002. Trade-off for the butterflyfish, Chaetodon mul-
ticinctus, when feeding on coral prey infected with trematode 
metacercariae. Behav ecol Sociobiol 52: 158-165.

Anderson B, Midgley JJ 2002. It takes two to tango but three is 
a tangle: mutualists and cheaters on a carnivorous plant 
roridula. oecologia 132: 369-373.

Anderson B, Midgley JJ 2007. Density-dependent outcomes in 
a digestive mutualism between carnivorous roridula plants 
and their associated hemipterans. oecologia 152: 115-120.

Anstett MC, Hossaert-McKey M, Kjellberg F 1997. Figs and fig 
pollinators: evolutionary conflicts in a coevolved mutualism. 
trends ecol evol 12: 94-99.

Bansemer C, Grutter AS, Poulin R 2002. Geographic variation 
in the behaviour of the cleaner fish labroides dimidiatus 
(Labridae). ethology 108: 353-366.

Bronstein JL 2001. The exploitation of mutualisms. ecol lett 4: 
277-287.

Bronstein JL, Wilson WG, Morris WF 2003. Ecological dynam-
ics of mutualist / antagonist communities. am nat 162: S24-
S39.

Bshary R, Grutter AS 2005. Punishment and partner switching 
cause cooperative behaviour in a cleaning mutualism. Biol 
lett-uK 1: 396-399.

Bshary R, Schäffer D 2002. Choosy reef fish select cleaner fish 
that provide high-quality service. anim Behav 63: 557-564.

Campbell NA, Reece JB 2005. Biology, 7th ed, Pearson, Ben-
jamin, Cummings, San Francisco.

Champion de Crespigny F E, Wedell N 2006. Wolbachia infec-
tion reduces sperm competitive ability in an insect. P roy 
Soc B-Biol Sci 273: 1455-1458.

Cheney KL, Côté IM 2005. Mutualism or parasitism? The vari-
able outcome of cleaning symbioses. Biol lett 1: 162-165.

Cook JM, Rasplus JY 2003. Mutualists with attitude: coevolv-
ing fig wasps and figs. trends ecol evol 18: 241-248.

Cushman JH, Beattie AJ 1991. Mutualisms: assessing the bene-
fits to hosts and visitors. trends ecol evol 6: 193-1195.

Day T 2001. Parasite transmission modes and the evolution of 
virulence. evolution 55: 2389-2400.

Douglas AE 1994. Symbiotic interactions, Oxford University 
Press, Oxford.

Douglas AE 1996. Reproductive failure and the amino acid 
pools in pea aphids (acyrthosiphon pisum) lacking symbiotic 
bacteria. J insect Physiol 42: 247-255.

Douglas AE 1998. Nutritional interactions in insect-microbial 
symbioses: aphids and their symbiotic bacteria Buchnera. 
annu rev entomol 43: 17-37.

Esch GW, Fernández JC 1993. A Functional Biology of Parasit-
ism, Chapman & Hall, London.

Eugene PO, Barret GW 2005. Fundamentals of Ecology, Thom-
son Brooks/Cole, London.

Ewald PW 1995. The evolution of virulence: a unifying link 
between parasitology and ecology. J Parasitol 81: 659-669.

Fautin DG 1991. The anemonefish symbiosis: what is known 
and what is not. Symbiosis 10: 23-46.

Ferdy JB, Godelle B 2005. Diversification of transmission 
modes and the evolution of mutualism. am nat 166: 613-
627.

Ferrière R, Bronstein JL, Rinaldi S, Law R, Gauduchon M 2002. 
Cheating and the evolutionary stability of mutualism. P roy 
Soc B-Biol Sci 269: 773-780.

Ferrière R, Gauduchon M, Bronstein JL 2007. Evolution and 
persistence of obligate mutualists and exploiters: competi-
tion for partners and evolutionary immunization. ecol lett 
10: 115-126.

Fleury F, Vavre F, Ris N, Fouillet P, Boulétreau M 2000. Physi-
ological cost induced by the maternally-transmitted endo-
symbiont Wolbachia in drosophilla parasitoid leptopilina 
heterotoma. Parasitology 121: 493-500.

Foster KR, Wenseleers T 2006. A general model for the evolu-
tion of mutualisms. J evol Biol 19: 1283-1293.

Fytrou A, Schofield PG, Kraaijeveld AR, Hubbard SF 2006. 
Wolbachia infection suppresses both host defence and para-
sitoid counter-defence. P roy Soc B-Biol Sci 273: 791-796.

Goffredi SK, Orphan VJ, Rouse GW, Jahnke L, Embaye T, Turk 
K, Lee R, Vrijenhoek RC 2005. Evolutionary innovation: a 
bone-eating marine symbiosis. environ microbiol 7: 1369-
1378.

Grutter AS 2001. Parasite infection rather than tactile stimula-
tion is the proximate cause of cleaning behaviour in reef fish. 
P roy Soc B-Biol Sci 268: 1316-1365.

Grutter AS, Bshary R 2003. Cleaner wrasse prefer client mucus: 
support for partner control mechanisms in cleaning interac-
tions. P roy Soc B-Biol Sci 270: S242-S244.

Hamilton WD, Zuk M 1982. Heritable true fitness and bright 
birds: a role for parasites? Science 218: 384-387.

Harbison GR, Biggs DC, Madin LP 1977. The associations of 
Amphipoda Hyperiidea with gelatinous zooplankton II. 
Associations with Cnidaria, Ctenophoran and Radiolaria. 
deep-Sea res 24: 465-488.



114 T. L. F. LEUNG, R. POULIN 

Vie milieu, 2008, 58 (2)

Holbrook SJ, Schmitt 2005. Growth, reproduction and survival 
of a tropical anemone (Actiniaria): benefits of hosting anem-
onefish. Coral reefs 24: 67-73.

Holland JN, DeAngelis DL 2006. Interspecific population regu-
lation and the stability of mutualism: fruit abortion and den-
sity-dependent mortality of pollinating seed-eating insects. 
oikos 113: 563-571.

Hosokawa T, Kikuchi Y, Shimada M, Fukatsu T 2007. Obligate 
symbiont involved in pest status of host insect. P roy Soc 
B-Biol Sci 274: 1979-1984.

Huigens ME, de Almeida RP, Boons PAH, Luck RF, Stoutham-
mer R 2004. Natural interspecific and intraspecific horizon-
tal transfer of parthenogenesis-inducing Wolbachia in trich-
ogramma wasps. P roy Soc B-Biol Sci 271: 509-515.

Hurst GDD, Jiggins FM, von der Schulenberg JHG, Bertrand D, 
West SA, Goriacheva II, Zakharov MEN, Werren JH, 
Stouthamer R, Majerus EN 1999. Male-killing Wolbachia in 
two species of insect. P roy Soc B-Biol Sci 266: 735-740.

Johnstone RA, Bshary R 2002. From parasitism to mutualism: 
partner control in asymmetric interactions. ecol lett 5: 634-
639.

Jousselin E, Rasplus JY, Kjellberg F 2001. Shift to mutualism in 
parasitic lineages of the fig/fig wasp interaction. oikos 94: 
287-294.

Kerdelhue C, Le Clainche I, Rasplus JY 1999. Molecular phyl-
ogeny of the Ceratosolen species pollinating ficus of the 
subgenus Sycomorus sensu stricto: biogeographical history 
and origins of the species-specificity breakdown cases. mol 
Phylogenet evol 11: 401-414.

Kiers ET, van der Heijden 2006. Mutualistic stability in the 
arbuscular mycorrhizal symbiosis: exploring hypotheses of 
evolutionary cooperation. ecology 87: 1627-1636.

Kiers ET, Rousseau RA, West SA, Denison RF 2003. Host sanc-
tions and legume-rhizobium mutualism. nature 425: 78-81.

Laval P 1980. Hyperiid amphipods as crustacean parasitoids 
associated with gelatinous zooplankton. oceanogr mar Biol 
annu rev 18: 11-56.

Lewis DH 1985. Symbiosis and mutualism: crisp concepts and 
soggy semantics. in Biology of mutualism, Boucher DH eds, 
Oxford University Press, 400 p.

Lindquist N, Barber PH, Weisz JB 2005. Episymbiotic microbes 
as food and defence for marine isopods: unique symbioses in 
a hostile environment. P roy Soc B-Biol Sci 272: 1209-1216.

Machado CA, Jousselin E, Kjellberg F, Compton SG, Herre EA 
2001. Phylogenetic relationships, historical biogeography 
and character evolution of fig-pollinating wasps. P roy Soc 
B-Biol Sci 268: 685-694.

Marussich WA, Machado CA 2007. Host-specificity and coevo-
lution among pollinating and nonpollinating New World fig 
wasps. mol ecol 16: 1925-1946.

Mazzi D 2004. Parasites make male pipefish careless. J evol 
Biol 17: 519-527.

Miller MR, White A, Boots M 2006. The evolution of parasites 
in response to tolerance in their host: the good, the bad, and 
apparent commensalism. evolution 60: 945-956.

Moran NA 2007. Symbiosis as an adaptive process and source 
of phenotypic complexity. Proc natl acad Sci 104 supl 1: 
8627-8633.

Östlund-Nilsson S, Curtis L, Nilsson GE, Grutter AS 2006. Par-
asitic isopod anilocra apogonae, a drag for the cardinal fish 
Cheilodipterus quinquelineatus. mar ecol Prog Ser 287: 
209-216.

Pélabon C, Borg ÅA, Bjelvenmark J, Barber I, Forsgren E, 
Amundsen T 2005. Do microsporidian parasites affect court-
ship in two-spotted gobies? mar Biol 148: 189-196.

Perrot-Minnot MJ, Cheval B, Migeon A, Navajas M 2002. Con-
trasting effects of Wolbachia on cytoplasmic incompatibility 
and fecundity in the haplodiploid mite tetranychus urticae. J 
evol Biol 15: 808-817.

Porat D, Chadwick-Furman NE 2005. Effects of anemonefish 
on giant sea anemones: ammonium uptake, zooxanthella 
content and tissue regeneration. mar freshw Behav Physiol 
38: 43-51.

Poulin R 2007. Evolutionary Ecology of Parasites, 2nd ed, Princ-
eton University Press, Princeton.

Poulin R, Combes C 1999. The concept of virulence: interpreta-
tions and implications. Parasitol today 15: 474-475.

Oliver KM, Moran NA, Hunter MS 2005. Variation in resistance 
to parasitism in aphids is due to symbionts not host genotype. 
P roy Soc B-Biol Sci 102: 12795-12800.

Oliver KM, Moran NA, Hunter MS 2006. Costs and benefits of 
a superinfection of facultative symbionts in aphids. P roy 
Soc B-Biol Sci 273: 1273-1280.

Rouse GW, Goffredi SK, Vrijenhoek RC 2004. Osedax: bone-
eating marine worms with dwarf males. Science 305: 668-
671.

Sachs JL, Wilcox TP 2006. A shift to parasitism in the jellyfish 
symbiont Symbiodinium microadriaticum. P roy Soc B-Biol 
Sci 273: 425-429.

Schwanz LE 2006. Schistosome infection in deer mice (Pero-
myscus maniculatus): impacts on host physiology, behaviour 
and energetics. J exp Biol 209: 5029-5037.

Shapiro JM, Addicott JF 2003. Regulation of moth-yucca mutu-
alisms: mortality of eggs in oviposition-induced ‘damage 
zones’. ecol lett 6: 440-447.

Simon L, Bousquet J, Lévesque RC, Lalonde M 1993. Origin 
and diversification of endomycorrhizal fungi and coinci-
dence with vascular land plant. nature 363: 67-69.

Sparkes TC, Weil KA, Renwick DT, Talkington JA 2006. Devel-
opment-related effects of an acanthocephalan parasite on 
pairing success of its intermediate host. anim Behav 71: 439-
448.

Sparkes TC, Wright VM, Renwick DT, Weil KA, Talkington JA, 
Milhalyov M 2004. Intra-specific host sharing in the manipu-
lative parasite acanthocephalus dirus: does conflict occur 
over host modification? Parasitology 129: 335-340.

Solomon Ep, Berg LR, Martin DW, Ville CA 2005. Biology, 7th 
ed, Thomas Brooks/Cole, Belmont CA.

Stanton ML 2003. Interacting guilds: moving beyond the pair-
wise perspective on mutualisms. am nat 162: S10-S23.

Starr MP 1975. A generalized scheme for classifying organismic 
associations. Symp Soc exp Biol 29: 1-20.

Towanda T, Thuesen EV 2006. Ectosymbiotic behaviour of 
Cancer gracilis and its trophic relationships with host Pha-
cellophora camtschatica and the parasitoid Hyperia 
medusarum. mar ecol Prog Ser 315: 221-236.

Trench RK 1997. Diversity of symbiotic dinoflagellates and the 
evolution of microalgal-invertebrate symbiosis. Proc 8th int 
Coral reef Symp 2: 1275-1286.

Tseng M 2006. Interactions between the parasite’s previous and 
current environment mediate the outcome of parasite infec-
tion. am nat 168: 565-571.



 EXPLORING THE MANY SHADES OF SYMBIOSES 115

Vie milieu, 2008, 58 (2)

Weeks AR, Turelli M, Harcombe WR, Reynolds KT, Hoffman 
AA 2007. From parasite to mutualist: rapid evolution of Wol-
bachia in natural population of drosophila. PloS Biol 5: 
997-1005

West SA, Kiers ET, Simms EL, Denison RF 2002. Sanctions 
and mutualism stability: why do rhizobia fix nitrogen? P roy 
Soc B-Biol Sci 269: 685-694.

Windsor DA 1998. Most of the species on Earth are parasites. 
int J Parasitol 28: 1939-1941.

Yu DW, Ridley J, Jousselin E, Herre EA, Compton SG, Cook 
JM, Moore JC, Weiblen 2004. Oviposition strategies, host 
coercion and the stable exploitation of figs by wasps. P roy 
Soc B-Biol Sci 271: 1185-1195.

Zeh JA, Zeh DW 2006. Male-killing Wolbachia in a live-bearing 
arthropod: brood abortion as a constraint on the spread of a 
selfish microbe. J invertebr Pathol 92: 33-38.

received September 6, 2007 
accepted october 10, 2007 

associate editor: Y desdevises




