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N. 2014 The oxidative environment: a mediator

of interspecies communication that drives

symbiosis evolution. Proc. R. Soc. B 281:

20133112.

http://dx.doi.org/10.1098/rspb.2013.3112
Received: 27 November 2013

Accepted: 25 March 2014
Subject Areas:
evolution, physiology, ecology

Keywords:
symbiotic interactions, oxidative environment,

specificity, extended phenotype, coevolution,

resistance/tolerance
Author for correspondence:
Natacha Kremer

e-mail: natacha.kremer@normalesup.org
†These authors contributed equally to this

study.
& 2014 The Author(s) Published by the Royal Society. All rights reserved.
The oxidative environment: a mediator of
interspecies communication that drives
symbiosis evolution
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Symbiotic interactions are ubiquitous in nature and play a major role in driving

the evolution of life. Interactions between partners are often mediated by shared

signalling pathways, which strongly influence both partners’ biology and

the evolution of the association in various environments. As an example of

‘common language’, the regulation of the oxidative environment plays an impor-

tant role in driving the evolution of symbiotic associations. Such processes have

been occurring for billions of years, including the increase in Earth’s atmospheric

oxygen and the subsequent evolution of mitochondria. The effect of reactive

oxygen species and reactive nitrogen species (RONS) has been characterized

functionally, but the molecular dialogue between partners has not been inte-

grated within a broader evolutionary context yet. Given the pleiotropic role of

RONS in cell–cell communication, development and immunity, but also their

associated physiological costs, we discuss here how their regulation can influence

the establishment, the maintenance and the breakdown of various symbiotic

associations. By synthesizing recent developments in redox biology, we aim to

provide an interdisciplinary understanding of the influence of such mediators

of interspecies communication on the evolution and stability of symbioses,

which in turn can shape ecosystems and play a role in health and disease.
1. Introduction
Symbiosis is defined as a long-term interaction between two organisms belonging

to different species [1] and is considered as a major evolutionary force. Indeed, the

intimate interactions between partners can profoundly affect many aspects of

the partners’ biology, through the perturbation of an initial physiological state

to the provision of new functions [2]. A striking example is the evolution of orga-

nelles (mitochondria and chloroplasts) and eukaryotic cells, from an early

association between unicellular prokaryotes [3]. More generally, interactions

between partners can influence the evolution of symbioses along a dynamic con-

tinuum between parasitism and mutualism, but can also impact the stability of

the association and the interdependence between the two partners.

Evolution of symbioses is possible because parasitic and mutualistic inter-

actions mainly use shared signalling pathways, as a common ‘language’ [4].

Both partners can influence the evolution of symbiosis, and selection can act at

the ‘holobiont’ level, which includes the host and its associated symbionts [5].

From the host side, the intensity of the immune response, and the pleiotropy

and trade-offs between different phenotypic traits can play major roles in the evol-

ution of symbioses. From the symbiont side, the virulence and transmission mode

can affect the degree of biological perturbations inflicted on the host, but also

the efficiency of the symbiont transmission and thus its prevalence into host

populations. Finally, the presence of a symbiont can also influence the host

phenotype, hence defined as the ‘extended phenotype’ [6], and affect for instance

the host morphology or behaviour.

As an example of shared functions that could influence symbioses, we pro-

pose to focus on the control of the oxidative environment. Coming back to the

origin of eukaryotic cells, mitochondria enabled cells to respire aerobically, via
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Figure 1. Origin and pleiotropic effects of reactive oxygen (ROS) and nitrogen
species (RNS). Superoxide anion (O2

†�) is generated by the mitochondrial
respiratory chain and by NOXs. O2

†� is then converted to hydrogen peroxide
(H2O2) by the superoxide dismutase enzyme. H2O2 can further react with
Fe2þ to produce hydroxyl radical (HO†) by the Fenton reaction. Nitric
oxide (†NO) is synthesized from L-arginine by the action of NOSs. Nitric
oxide can react with O2

†� to produce peroxynitrite (OONO2). ROS (H2O2,

HO†, O2
†�) and RNS (†NO, OONO2) modulate various cellular processes.
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oxidative phosphorylation, but initiated in the meantime the

production of oxidant radicals, such as H2O2, O2
†� and HO†,

commonly called reactive oxygen species (ROS). In combination

with nitric oxide (†NO), O2
†� radicals produce reactive nitrogen

species (RNS), such as ONOO2. Although ROS and RNS have

distinct chemical and biological properties [7,8], they are collec-

tively called reactive oxygen species and reactive nitrogen

species (RONS) because of their role in redox biology and

their high toxicity in the cell. The biochemical and biological

properties of RONS have been detailed in numerous compre-

hensive reviews, which we recommend for the interested

reader (e.g. [8–10]). Briefly, ROS are mainly produced by the

mitochondrial respiratory chain and by NADPH oxidases

(NOXs), whereas RNS are principally produced by nitric

oxide synthases (NOSs; figure 1). In parallel, various anti-

oxidant mechanisms have been developed by bacteria and

eukaryotic cells and include enzymes involved in ROS scaven-

ging (e.g. superoxide dismutase, catalase, peroxidase) or

disulfide reduction (e.g. thioredoxin, glutaredoxin), but also

small anti-oxidant molecules (e.g. ascorbate and glutathione).

Hence, the balance between RONS production and catabolism,

also called ‘redox homeostasis’, is tightly controlled but can lead

to ‘oxidative stress’ when deregulated [11].

Because adaptation to the oxidative environment has

occurred together with organisms’ diversification, RONS

might be ancestral shared signals between kingdoms. The bio-

chemical instability of RONS makes them versatile enough to be

good signalling molecules, despite the potential toxicity associ-

ated with radicals [12]. ROS are players of conserved pathways

initially used for signalling, such as the two-components
systems [13], and †NO is a transmitter mechanism for

cell–cell communication [14,15]. RONS also influence various

cellular mechanisms (figure 1) [11]. In particular, RONS directly

affect cell division and differentiation, apoptosis [13,16,17] and

multicellular behaviours in various organisms (e.g. [18,19]).

Finally, ROS are strongly involved in microbial killing pro-

cesses, such as ‘oxidative bursts’ or ‘hypersensitive reactions’,

because of their highly toxic properties when they are not buf-

fered in specific compartments of the cell [8]. As the

concentration, timing and combined effects of RONS are tightly

controlled in the organism and play a critical role in signalling

and cellular processes, any variation of the RONS balance

and the associated proximal mechanisms is expected to

impact more generally the symbiotic association.

Although the importance of RONS has been thoroughly

characterized functionally, the associated molecular dialogue

between symbiotic partners has not yet been integrated

within a broader evolutionary context. Focusing on the oxi-

dative environment, we thus propose to illustrate how

interspecies communication can drive the evolution of symbio-

tic associations and impact on their stability. In particular, we

will develop how the regulation of the oxidative environment

plays a critical role in the establishment, the maintenance, but

also in the breakdown of symbioses.
2. Pleiotropic roles of reactive oxygen species
and reactive nitrogen species during the
establishment of symbioses

(a) Role of reactive oxygen species and reactive
nitrogen species in establishing the specificity

RONS modulation plays a critical role during the initiation

of horizontal symbioses, especially when it affects bacterial

homeostasis in complex microbiota or selection of specific

partners in binary associations.

The midgut of insects is protected by a peritrophic mem-

brane and colonized by a large resident bacterial community

[20]. In response to contact with microbe-contaminated food,

an oxidative burst controlled by the H2O2-producing dual

oxidase (DUOX) is detected in the midgut of Drosophila melano-
gaster [21], and the host defence strongly depends on an

immune-regulated catalase [22]. Interestingly, the signalling

pathway associated with DUOX is negatively regulated in

response to colonization by resident bacteria [23], suggesting

that the regulation of H2O2 production plays an important role

in the homeostasis of the gut microbiota, through the tolerance

of resident bacteria and the elimination of pathogenic ones.

RONS also play a role in the selection of the symbiotic

partner of the bobtail squid Euprymna scolopes. Indeed, the

squid light-organ can only be efficiently colonized by the lumi-

nescent bacterium Vibrio fischeri, even though it represents less

than 0.1% of the bacterioplankton. The selection of V. fischeri
and the exclusion of non-symbiotic bacteria, or winnowing [24],

is partly linked to the chemical properties of the mucus coating

the light-organ epithelium, which contains antimicrobial

components. †NO in particular is detectable in the mucus

immediately after the squid hatches [25], and haemocyanin,

whose phenoloxidase activity produces toxic quinones, could

also participate to the selection process [26]. Only Gram-

negative bacteria attach to host tissues, and very few bacterial
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species aggregate on the ciliated epithelium [24]. Interestingly,

the size of the aggregate is strongly dependent on †NO levels

[25,27]. After aggregation in the mucus, V. fischeri is the only

species successfully migrating through the pores, the ducts

and the antechamber before reaching its final site of residence,

the crypts. All along the way, and especially in the duct and

antechamber regions, strong expression of †NO and ROS is

detected ([25], N Kremer and MJ McFall-Ngai 2013, unpub-

lished results), suggesting that V. fischeri faces significant

nitroxidative stress. Vibrio fischeri is able to detect †NO through

an H-NOX protein in vitro, and adjusts gene expression accord-

ingly [28]. Vibrio fischeri also expresses a variety of †NO-

detoxifying enzymes, especially a flavohaemoglobin, whose

deletion leads to a reduced competitiveness in colonization of

the squid, in comparison to wild-type bacteria [27]. Interest-

ingly, a pre-treatment with †NO increases the resistance of

V. fischeri to an acute †NO stress, suggesting that bacteria exhi-

bit a ‘pre-adaptation’ phase in the aggregate [27]. This process

must increase their resistance to RONS during the later stages

of their symbiotic journey, and play a role in the establishment

of the specificity.

Finally, RONS play a pleiotropic role in signalling and

immunity in the mutualistic associations between leguminous

plants and rhizobia, soil nitrogen-fixing bacteria. A complex

cross-talk between partners leads to the development of a

specialized symbiotic organ, the nodule, which houses the

symbionts. This ‘conversation’ starts with the secretion by

root exudates of flavonoids that activate bacterial nodulation-

genes and lead to the production of lipo-chito-oligosaccharides

(nodulation factors or NFs) that will, in turn, be recognized by

the plant [29]. The establishment of the symbiosis is highly

specific, as a rhizobia species will only interact with a specific

legume species. Specificity is greatly influenced by the Nod sig-

nalling pathway [30], but H2O2 and †NO also play a role in the

proximal mechanisms associated with the specific establish-

ment of the symbiosis [31]. Indeed, in the common bean

Phaseolus vulgaris, the contact of roots with NF rapidly triggers

a transient burst of intracellular ROS at the tip of the hairs

[32]. After a few minutes, however, the exposure to NF has

an opposite effect on ROS production in legumes, and limits

the H2O2 production in root cells [32]. Interestingly, this

specific decrease in intracellular ROS production is not detect-

able when roots are put in contact with fungal derivatives [32].

The contact with NF also suppresses the early oxidative burst

response observed a few hours after legumes are exposed to

a pathogenic elicitor [33]. All these results suggest that cells

are capable of distinguishing specific signals within seconds,

and that this transient ROS signal plays a role in modulating

the symbiotic response. When the symbiosis is established,

ROS are produced in the infection thread under the control

of NF [35], and this production is correlated with the suppres-

sion of pathogenesis-related genes in the compatible

interaction between Medicago sp. and Sinorhizobium meliloti
[36]. Similar to ROS, †NO is transiently produced at 4 h post-

inoculation of Lotus japonicus with a compatible strain but not

with incompatible ones. By contrast, †NO is continuously pro-

duced after an inoculation with a pathogen [34], suggesting

that †NO is part of the defence response, and is modulated

by symbiotic signals. From the bacterial point of view, trans-

genic S. meliloti unable to scavenge †NO are less competitive

than wild-type rhizobia in the nodulation process [37],

suggesting that †NO is necessary for an optimal establishment

of the association. Similar to the squid–vibrio symbiosis [27], it
has been proposed that the initial exposure to †NO primes the

symbionts to resist against stressful conditions encountered

during later symbiotic stages [31].

These studies suggest that ROS and †NO constitute key

proximal factors to determine the specificity in symbioses, and

that the regulation of the timing and localization of these diffu-

sible molecules is critical. Whether these molecules work in

synergy has not been fully determined yet, but the association

between ROS and †NO could be part of an antimicro-

bial response whose regulation favours the establishment of

compatible associations.
(b) Role of reactive oxygen species and reactive
nitrogen species in building the extended
phenotype

RONS, by inducing the cellular apoptotic programme and

other signalling cascades [13,17], can affect the developmen-

tal programme of both partners, and as such play a role in the

establishment of the extended phenotype.

The role of ROS in the renewal of the gut epithelium in

the presence of resident bacteria or pathogenic ones is a

clear example of how ROS can affect development in a con-

stantly challenged organ. Indeed, the defence response

associated with oxidative burst in the Drosophila gut induces

strong damage to the epithelial cells because of the pro-

duction of H2O2 by DUOX [21,23]. Interestingly, ROS also

act as signalling molecules, by activating the JAK-STAT and

JNK pathways. These pathways play a role in cell delamina-

tion and compensatory epithelium renewal, like proliferation

or differentiation, and participate to the repair of the gut

epithelium after injury [38].

The developmental programme might be even more

affected by RONS, as is the case in the well-studied squid–

vibrio and legume–rhizobia symbioses, when the shape and

the functionality of the dedicated symbiotic organ are directly

modified by the presence/absence of the symbiont. In response

to symbiosis, the ciliated epithelium of the squid light organ,

along which the recruitment of V. fischeri takes place, drasti-

cally regresses after an irreversible signal 12 h after infection

[24]. As soon as 6 h post hatching, †NO production is reduced

in the pores, ducts and antechambers of symbiotic light organs

but not in aposymbiotic ones [25]. In fact, the reduction of NOS

activity and †NO production induced by symbionts is associ-

ated with early-stage apoptosis and chromatin condensation

in the epithelium of symbiotic appendages [39]. This restruc-

turation of the organ might limit secondary infections by

reducing the host–bacterial interface.

ROS regulation also plays a key role in the establishment of

functional nodules. Recently, the decrease in ROS production

in roots after NF signalling has been linked to root hair defor-

mation, including hair tip swelling, polar hair growth and

branching in Medicago [40]. The long-term inhibition of ROS,

however, prevents root hair curling and formation of infection

threads [41] and mutants over-expressing catalase delay nodu-

lation because of an enlargement of infection threads [42]. A

decrease in †NO delays nodule formation [37], suggesting

that †NO plays a role in cell cycle regulation and root organo-

genesis as in lateral root primordia [43]. From the bacterial side,

studies using the catalase mutant of S. meliloti highlight a

role of H2O2 in the bacterial differentiation process into the

symbiotic form [44].
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These examples show how RONS play a role in building the

extended phenotype during the establishment of the symbiosis,

through their effect as signalling molecules in developmental

pathways. Whether these developmental changes have been

selected for in coevolved mutualistic associations or are

the by-product of the pleiotropic role of RONS in immunity,

signalling and apoptosis remains to be determined.
resistance tolerance

detrimental

beneficial

evolutionary outcome

favoured protection strategy

overall effect of immune response on host fitness:

parasitism
symbiosis breakdown dependence

commensalism

Figure 2. Influence of the oxidative stress in the maintenance and evolution
of symbioses. ROS production is generally the first line of defence against the
colonization by a parasite. As RONS are costly, their production will impact
not only immunity, but also other life-history traits. It is thus important
to take into account the overall effect of RONS production on host fitness
(determined by the balance between the benefits associated with immune
response and the cost associated with other life-history traits) to predict
the evolution of the association. Indeed, if this balance is beneficial, a resist-
ance strategy is more likely to be selected for, and the symbiotic association
is expected to remain parasitic or to break down. On the opposite, if the
balance is detrimental, a tolerance strategy is more likely to be selected
for, and the symbiotic association is expected to evolve towards commensal-
ism or even dependence.
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3. Influence of the oxidative stress in the
maintenance and evolution of symbioses

(a) Oxidative stress, life-history traits and the evolution
of symbioses

The presence of a symbiont can alter the physiology of the

host by disturbing the oxidative homeostasis. As this pertur-

bation can affect the life history of the host, the selective

pressures acting on the symbiotic partners will be modified,

and will impact the evolution of the association. Life history

corresponds to the set of traits directly contributing to an

organism’s fitness, and the presence of negative correlations

between traits, or ‘evolutionary trade-offs’, explain why an

organism cannot maximize all those traits at once [45].

Because of their antagonistic pleiotropic effects, oxidative

reactive molecules have been recently proposed as a key

factor underlying evolutionary trade-offs between life-history

traits, such as fecundity, immunity, growth and longevity

[46,47]. Notably, the production of RONS may underlie the

trade-off between immune competence and other life-history

traits, because those molecules are both a component of the

immune response and a cause of damage to the host tissues.

In the Anopheles–Plasmodium interaction, a state of chronic

oxidative stress in the mosquito is indeed associated with

both an increase in immune competence and a decrease in

fecundity [48,49]. Hence, different strategies will be under

selection to limit potential deleterious effects associated

with symbiosis, depending on the initial cost for the host

and the prevalence of the symbiont in the host population.

Tolerance and resistance strategies are two ways by which

a host can reduce the cost of being infected by a symbiont:

resistance protects the host by reducing the load of sym-

bionts, whereas tolerance reduces the cost of a given

symbiotic load [50]. These two protection strategies have

very different evolutionary consequences. When detrimental

to the symbiont, a resistance strategy is expected to lead to

the breakdown of symbiosis or to antagonistic coevolution,

characterized by the arms race between evading strategies

of the symbiont and resistance strategies of the host. By con-

trast, tolerance will secure the maintenance of the symbiosis

and is expected to lead the evolution of a parasitic interaction

towards commensalism [51] or even dependence. These

different strategies will be now exemplified in the context of

the control of the oxidative environment (figure 2).

(b) Arms race between host oxidative defence and
parasite anti-oxidant response

In the case of a resistance strategy, oxidative stress may lead

symbionts to develop a more efficient anti-oxidant response

to overcome the immune-related RONS generated by the

host. The ability of the snail Biomphalaria glabrata to produce

reactive oxidative molecules by circulating immune cells
and the one of its parasite Schistosoma mansoni to adjust its

RONS anti-oxidant systems have been deeply studied

[52–55]. The knock-down of anti-oxidant enzymes of the

parasite increases the susceptibility of S. mansoni larvae to

host-produced ROS, especially to H2O2 [54]. Considering the

coevolutionary arms race between B. glabrata and S. mansoni,
a close phenotypic concordance between the host oxidative

capacity (OC) and the parasite anti-oxidant capacity (aOC) is

expected and was confirmed using two geographically distinct

populations [56]. Indeed, the high-OC snail population natu-

rally interacts with the high-aOC parasite population, and

similarly the low-OC snail population naturally interacts

with the low-aOC parasite population [56]. In experimental

crossed infections however, the low-aOC parasite population

does not effectively infect high-OC snails, whereas the high-

aOC parasites easily infects low-aOC snails [56], suggesting

that the coevolutionary dynamic led to a reciprocal adapta-

tion of the immune-related oxidative response of the host

and its parasite.
(c) Evolution of tolerance in Wolbachia – insect symbioses
When a symbiont is vertically transmitted, its fitness

depends upon its host fitness, thus reducing the likelihood

of an antagonistic coevolution. Furthermore, when the sym-

biont is highly prevalent in the host population, tolerance
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strategies will be under selection to limit the cost of symbiosis

at the holobiont level. The maternally transmitted intra-

cellular bacteria Wolbachia pipientis, which can reach a high

prevalence in host populations as a result of reproduc-

tive manipulations—even when they are physiologically

costly—[57], are interesting model systems to understand

the maintenance of symbiosis through the evolution of toler-

ance mechanisms. In cultured cells from the mosquito Aedes
albopictus, the infection by Wolbachia is associated with a

higher level of ROS (H2O2) and the synthesis of anti-oxidant

proteins [58]. The artificial infection of Wolbachia in Ae. aegypti
adults also increases H2O2 levels and the expression of Nox
and Duox [59], suggesting that ROS were produced as an

immune response. As this study focuses on an artificial infec-

tion, it is informative of the initial state of a Wolbachia-insect

symbiosis: a state where the host immune response leads to

a disruption of oxidative homeostasis. However, the evol-

ution of tolerance through a reduction of ROS production

may occur when the two partners coevolve [60]. Aedes polyne-
siensis is a naturally infected species in which Wolbachia
infection is not associated with an increase in H2O2 levels.

Indeed, ROS are equally produced in naturally infected and

aposymbiotic (Wolbachia-free) mosquitoes [60]. By contrast,

artificial injections of another Wolbachia strain in aposymbio-

tic mosquitoes increase H2O2 levels [60]. This finding suggests

that the relatively low level of ROS generation in naturally

infected individuals is the result of coevolutionary processes

that occurred between the mosquito and the native strain. Pre-

sumably, tolerance is for the mosquito the optimal strategy to

reduce the negative impact of Wolbachia on its life-history traits.

(d) The evolution of dependence as an extreme case
of tolerance

Dependence is the situation in which the partners cannot live

independently. Because of drift occurring in populations of

small-efficient sizes, the loss of redundant functions is fre-

quently associated with dependence of a symbiont on its

host. However, despite the hosts’ large population sizes and

the absence of provision of a new function by the symbiont,

hosts can also become dependent upon their symbionts as

a consequence of the evolution towards tolerance. As

an example, the parasitoid wasp Asobara tabida depends on

Wolbachia for its oogenesis: when the symbiont is removed,

the host is no longer able to produce fertile eggs [61], and the

ovaries of aposymbiotic females exhibit a strong apoptotic

activity [62]. In insects, programmed cell death is known to

occur at specific checkpoints to regulate oogenesis in response

to various stresses [63]. As apoptosis can be triggered by

oxidative stress [11], the dependence of A. tabida may be a

side-effect of the evolution of tolerance following the disrup-

tion of the oxidative homeostasis. More precisely, the

oxidative disturbance could have led to sub-optimal life-

history traits, thus triggering the evolution of compensatory

mechanisms by the host, consequently making it unable to

regulate oxidative stress (and to produce fertile eggs) in the

absence of Wolbachia [62,64,65]. This scenario is supported by

the fact that the removal of Wolbachia alters the expression

of oxidative stress related genes (in particular ferritin and

transferrin) [65–67]. Moreover, the supplementation of diet

with iron, which is known to increase oxidative stress, has

the same effect on oogenesis as the removal of Wolbachia [65].

Therefore, the deregulation of redox homeostasis occurring in
the ovaries of Wolbachia-free wasps may be a consequence of

the tolerance of the host to its symbiont, associated with the

oxidative cost of the infection.

The studies reviewed here show that RONS play a major

role in the evolution of symbioses because of their role in the

immune response and their physiological costs. The extent to

which the oxidative environment influences host–symbiont

coevolution remains nonetheless to be clarified; although a

deregulation of the redox homeostasis is often viewed as a

proximal response to symbiosis, the ultimate effects of this

perturbation on trade-offs between host life-history traits

have not been thoroughly studied yet.
4. Influence of an ecological perturbation of the
oxidative environment on the breakdown
of symbioses

Redox homeostasis plays a role in the selection of symbiotic

communities and in the maintenance of the associations. As

the oxidative balance results from a tight tuning from both part-

ners, even a small perturbation can affect the oxidative balance

and induce profound changes in the physiology of both

partners, their interactions and the stability of the association.

(a) Influence of diet on the oxidative environment and
ecosystem management of the gut-microbiota
symbioses

We previously highlighted the key role of ROS in the control of

the composition of the gut microbiota in Drosophila, through a

fine-tuning of DUOX activity that favours the tolerance of the

resident microbiota and the killing of pathogens. The gut

microbiota is critical for the host health and a change in its

composition can lead to metabolic disorders, such as obesity

or diabetes, or behavioural modifications [2]. Interestingly,

the composition of gut microbial communities is greatly influ-

enced by diet [68,69]. In mice, a long-term high-fat diet

increases the plasma ROS level and induces a shift in microbial

composition towards an increase of bacteria that are tolerant to

oxidative conditions, such as Escherichia coli and enterococcus

[70]. Hence, oxidative stress could be, at least in part, the func-

tional link between diet and alteration of gut microbiota

leading to metabolic disorders [70].

In haematophagous insects, the gut microbiota experi-

ences oxidative challenges during a blood meal. In the

mosquito Anopheles gambiae, the catabolism of a blood meal

releases large amounts of haem and leads to the generation

of ROS [71]. Interestingly, the gut bacterial community is

strongly reshaped after a blood meal, with a reduction of

diversity and an increase in Enterobacteriaceae. These domi-

nant bacteria have an anti-oxidant capacity that enables them

to maintain gut redox homeostasis [68].

The gut is constantly exposed to new diets that can affect

among other physiological parameters, the oxidative environ-

ment. The examples presented above highlight how oxidative

changes associated with diet can profoundly reshape the gut

community and stabilize the ‘ecosystem’. The understanding

of the ecosystem management of gut-microbiota symbioses is

an ongoing challenge to develop new therapies against meta-

bolic disorders or measures to control vector-borne diseases,

often transmitted by haematophagous insects.
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teristics of the symbiosis. In particular, they can influence the position of the
association along the continuum between parasitism and mutualism, the
level of dependence between partners and the stability of the symbiotic
association.
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(b) Deregulation of oxidative processes in response to
climate changes

Environmental changes can also disrupt the redox homeostasis

in symbiotic interactions, leading to the breakdown of the

association, as observed in corals in response to the global cli-

mate change. Coral reefs are complex ecosystems based on the

mutualistic interaction between scleractinian cnidarians and

unicellular dinoflagellate algae of the genus Symbiodinium
(‘zooxanthellae’). Environmental stresses, such as light or

high temperature, can strongly impact corals, leading to a

phenomenon called ‘coral bleaching’, which consists of the

loss of the zooxanthellae from the coral tissues [72].

Coral bleaching under stressed conditions is likely to be

caused by a combination of several mechanisms, among

which are the induction of host cell death [73] and the pro-

duction of ROS after damage of the photosynthetic apparatus

of the zooxanthellae [74]. This increase in ROS concentration

overcomes the symbiont anti-oxidant capacity and damages

both symbiont and host tissues [74]. If it is largely accepted

that ROS mainly trigger the cnidarian/dinoflagellate break-

down through their toxic effect, the downstream events

linked to apoptosis-mediated disruption of the symbiosis are

poorly understood. ROS and †NO are suggested to play a pivo-

tal role during the bleaching response, triggering the NF-kB

signalling pathway that results in the induction of the NOS

enzyme in host cells [75]. One mechanism leading to symbiont

loss is the induction of apoptosis by †NO and ONOO–, but

their respective involvement in bleaching remains unclear.

While ONOO– has a bleaching-inducing capacity linked to

the release of pro-apoptotic molecules by damaged mitochon-

drial membranes [76], levels of ONOO– generated in vivo may

be insufficient to influence symbiont loss, suggesting a key role

for †NO through the mediation of apoptotic pathways [77].

Oxidative stress also affects the Ca2þ homeostasis, leading to

the induction of cell death via apoptosis and necrosis, the change

in cytoskeletal and cell adhesion, and the decrease in calcification

[78]. The intense oxidative stress that results in the disruption of

various cellular processes could lead to the ‘perception’ of the

symbiont as a toxic partner for the host [72]. Recently, it was

shown that thermal stress induces the degradation of the cnidar-

ian host mitochondria independently of symbiont cellular

deterioration [79], suggesting that the oxidative stress altering

the host tissues could also trigger the bleaching.

All together, these results suggest that the disturbance of

the redox homeostasis by environmental stresses is one mech-

anism at the basis of the coral-symbioses breakdown. In the

context of global warming and accelerated environmental

changes, the understanding of the mechanisms leading

to the disruption of symbiosis will be relevant to develop

conservative measures.
6. Conclusion and perspectives
The regulation of the oxidative environment plays a pivotal

role in the molecular ‘conversation’ between hosts and sym-

bionts. Indeed, RONS are key molecules during symbiosis, as

mediators during the interplay between organisms, and as

toxic molecules during the induction of the immune-mediated

oxidative burst. It is interesting to notice that RONS have been

initially characterized within cells for this dual nature as signal-

ling molecules and effectors, emphasizing the ubiquity of
redox processes and their associated effects. Because of the

influence of RONS on various life-history traits, the molecular

interplay will shape the interactions and affect the extended

phenotype, but will not necessarily canalize the output. As

each partner can adjust the redox balance towards its own

interest during the coevolutionary history of the symbiosis,

variations of the balance will generate a great diversity of

symbiotic interactions (figure 3).

It is now necessary to also integrate to this interplay the

constantly changing environment in which symbiotic associ-

ations evolve, and the associated selective pressures. On the

one hand, the ability to regulate RONS can play a crucial

role in the adaptive potential of organisms and the selection

for evolutionary novelties; the best example being probably

the evolution of mitochondria. Also, the increased mutation

rate associated with the presence of radicals can eventually

promote new genotypes whose extended phenotype is fitter

in a new environment, and thus influence the evolution of

the holobiont. On the other hand, the rupture of symbiosis

in response to environmental changes can affect the structure

of the whole ecosystem. For instance, the bleaching of corals

in response to global warming, mediated by RONS, affects

coral reefs in terms of species richness and diversity that

directly disturb the food chain.

Taking into account the coevolutionary processes under-

lying the persistence of symbiotic associations also appear to

be critical to an understanding of the response of partners to

change. If we take the example of mammalian hosts and

environmental microbes, the coevolutionary processes allow-

ing the tolerance of such microbes by the host lead to a state

of ‘evolved’-dependence where the host immune system is

now dependent on the presence of these microbes to be effi-

ciently regulated [80]. Interestingly, the mechanisms selected

to tolerate these ‘old friends’ can now explain the emergence

of autoimmune diseases such as allergies, diabetes or inflam-

matory bowel disease in aseptic environments where these

http://rspb.royalsocietypublishing.org/
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microbes are depleted [80]. Similarly, the mechanisms involved

in limiting oxidative perturbations induced by environmental

microbes—with which humans have evolved—could now

explain the prevalence of several diseases such as diabetes or

neurodegenerative diseases, for which an ROS deregulation

is observed [11].

To summarize, using RONS and the oxidative environment

as perhaps the most ancient example, we highlighted that

mediators of interspecies communication play a central role in
the interactions between partners and can promote evolutionary

novelties and coevolution between partners, which in turn can

shape ecosystems and affect health and disease.
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