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Abstract

Microbes can influence host physiology and behavior in many ways. Here we review

evidence suggesting that some microbes can contribute to host stress (and other

microbes can contribute to increased resilience to stress). We explain how certain

microbes, which we call “stress microbes,” can potentially benefit evolutionarily from

inducing stress in ahost, gaining access tohost resources that canhelp fuel rapidmicro-

bial replication by increasing glucose levels in the blood, increasing intestinal perme-

ability, and suppressing the immune system.Othermicrobes,whichwe term “resilience

microbes,” can potentially benefit from making hosts more resilient to stress. We

hypothesize that “stress microbes” use a fast life history strategy involving greater

host exploitationwhile “resiliencemicrobes” use a slow life history strategy character-

ized by more aligned evolutionary interests with the host. In this paper, we review the

evidence that microbes affect host stress and explain the evolutionary pressures that

could lead microbes to manipulate host stress, discuss the physiological mechanisms

that are known to be involved in both stress and microbial activity, and provide some

testable predictions that follow from this hypothesis.
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INTRODUCTION

Ourmicrobiomes – all themicrobes living in andonus – are nowknown

to play a role in our emotions and behavior.[1] Themicrobiome includes

bacteria, yeast and viruses that live in the gut, but also on skin, in our

mouths, and all of the other surfaces of the body that are exposed to

the outside world. Studies estimate that there are thousands of micro-

bial species that can make up the human microbiome, though for any

particular individual, this number ismore likely to be in the hundreds[2]

(though it is possible that these are underestimates of the microbial

diversity, limited by current sampling and sequencing techniques). It is

now becoming clear that our microbes play a critical role in support-

ing human health and protecting us from disease, from obesity[3] to

cancer.[4]

Microbes also can gain an evolutionary advantage through manip-

ulating their hosts physiology and behavior.[5–7] In addition to influ-

encing physical health, microbes can have effects on our mental health

and emotional states.Microbes are able to produce hormones andneu-

rotransmitters that can interact with our own nervous systems and

brains, which can then affect our health, behavior and emotions.[1] This

includes altering stress and anxiety levels.[8] Some studies even sug-

gest that certain gutmicrobesmaybeassociatedwithpersonality traits

such as neuroticism (Gammaproteobacteria and Proteobacteria) and

conscientiousness (butyrate-producers including Lachnospiraceae).[9]

Together these findings suggest that microbes may play an impor-

tant role in shaping who we are, altering our minds and our behavior

through neural and endocrinemechanisms.[10]

In this paper we suggest that microbes might play a critical role

in host stress and stress resilience. Because particular microbes

can potentially benefit from altering host behavior in ways that can

increase the fitness of that microbe (i.e., the survival, reproduction and

transmission of themicrobe), we hypothesize thatmicrobesmight have
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evolved tomanipulate our stress system in order to increase their own

viability. We discuss two potential microbial strategies that different

microbes may use for manipulating host stress to increase their micro-

bial colonization of the current host and possibly also opportunities

for transmission to new hosts: (1) inducing host stress and negative

social interactions, and (2) helping to increase resilience to stress and

promoting positive social interactions. Here we review findings that

are relevant to the hypothesis that microbes might manipulate the

human stress response for their own benefit. We also review the phys-

iological mechanisms that could underlie these microbial strategies

and the evolutionary pressures that could have led to their emergence.

Finally, we identify open questions and discuss directions for future

research.

Certain microbes contribute to host stress

Microbes can influence host stress through many different pathways.

This includes direct activation of the vagus nerve—the neural super-

highway between the gut and the brain – and also through disrup-

tion of normal functioning of the hypothalamic-pituitary-adrenal (HPA)

axis.[8] Other evidence for the role of microbes in host stress come

from studies of germ-free mice. Germ free mice (i.e., mice raised with-

out exposure tomicrobes) show less anxiety-like behavior compared to

mice with microbes.[11] Further, feeding certain bacteria (Campylobac-

ter jejuni) to mice can increase their anxiety-like behavior, even with-

out these bacteria being detectable in the bloodstream or brain.[12]

The relationship between microbes and host emotions and behavior

are not limited to non-human animals. In humans, neuroticism[9] and

depression[13] have been found to be associated with the presence

or absence of specific microbes. Some of these effects that microbes

have on behavior appear to be mediated by the immune system, and

early life stress is associated with both microbial and immune system

dysfunction.[14] The role of microbes in stress and anxiety – as well

as resilience to stress – is now widely accepted[11] though the physi-

ological and evolutionarymechanisms underlying these effects are still

being uncovered.

Microbes with a fast life history strategy may benefit
from inducing host stress

Because different microbes have different physiologies (including

different rates of replication and limiting resources that they need

access to in order to survive and replicate) they have different optimal

host environments or ecosystems. For example, some microbes have

the ability to proliferate quickly and could therefore benefit more

when the bloodstream is flooded with glucose during a host stress

response (see Figure 1). Slower proliferating microbes, on the other

hand, might benefit from a more stable host environment. This means

that different microbes would be expected to evolve different strate-

gies for manipulating the host to increase their colonization abilities,

some through inducing stress and a disrupted host environment,

and others through stabilizing the host environment and making it

more resilient to physiological perturbations. Some microbes could

potentially induce negative interactions with other humans in order

to increase transmission, while other microbes might induce the

host to seek out positive interactions with other humans to facilitate

transmission. Given the fact that stressed hosts and non-stressed

hosts are very different ecological environments, it is likely that the

populations of microbes that thrive in stressed versus non-stressed

hosts are distinct. These two potential microbial strategies – of induc-

ing host stress or helping to modulate host stress – may be used by

two different populations of microbes that may be in a kind of “turf

war” over the colonization of the host and manipulation of the host

physiology.

Microbes that can replicate quickly and transmit effectively when

the host is stressed would be under the strongest evolutionary pres-

sure to increase host stress. In evolutionary biology, these kinds of

organisms– that can rapidly reproduce in volatile environments by tak-

ing swift advantage of resources when they are available – are called

fast life history organisms. Life history evolution principles apply to the

evolution of single celled entities[15,16] and so should apply to bacte-

ria and othermicrobes inside their hosts aswell. “Stressmicrobes”may

be fast life history strategists, surviving and thriving inside the environ-

ment of a stressed host, for example by rapidly consuming glucose and

replicating.

Fast life history microbes may be a class of microbes that can

benefit, evolutionarily speaking, from a host stress response through

activation of the autonomic nervous system. Likely candidates –

microbes that have been implicated in stress and have the ability to

produce toxins that can interact with vagus nerves – are pathogenic E.

coli, and C. jejuni.[12] Gammaproteobacteria that have been associated

with personality traits like neuroticism[9] may be candidates as well.

We call these microbes “stress microbes” as shorthand to refer to any

microbes associated with stress in humans and other mammals. Stress

microbes may include bacteria, viruses, yeast, and even multicellular

parasites. Some of these species may be capable of generating a host

stress response on their ownwhile othersmight require amultispecies

community to generate host stress. The term “stress microbes” is not

meant to refer to just one species or one community of microbes, but

rather it refers to any microbe or set of microbes utilizing this strategy

of activating the host’s autonomic nervous system in order to gain an

evolutionary benefit.

But not all microbes – or organisms, for that matter – thrive in a

highly disrupted environment. Slow life history entities are more suc-

cessful in environments that are stable, and they tend to investmore in

survival rather than rapid reproduction.[17] Thus, theremaybe another

class of microbes that thrive in a more stable and less stressed host

environment and utilize a slow life history strategy. We hypothesize

that these microbes might help hosts regulate stress and that they

might also induce positive social feelings that facilitate their trans-

mission. For ease of communication, we refer to these microbes as

“resilience microbes.” These microbes might be better able to main-

tain ecological dominance inside a host when the host is not stressed,

and they might also get fitness benefits through increasing the host’s
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F IGURE 1 Hypothesized “stress microbes” (including pathogenic E. coli, C. jejuni and someGammaproteobacteria)may be able to benefit from a
host stress response.When hosts are stressed this can lead to (A) increased blood glucose levels (which can feed somemicrobes), (B) increased
intestinal permeability (making it more likely that harmful microbes will cross the barrier of the intestinal wall) and (C) suppression of the immune
function (allowing pathogenic microbes to penetrate and proliferate in host tissues)
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desirability as a social interaction partner[18] through inducing positive

emotions.

A potential candidatemicrobe thatmay be protective against stress

is Lactobacillus.[19] Lactobacillus can produce factors like oxytocin[20]

(which increases feelings of calm and connectedness) and help regulate

vagal signaling along the brain-gut axis.[21] Bifidobacteria are another

potential candidate for “resilience microbes” as they have been found

to reduce anxiety-like symptoms in labmice.[22] Inducing calmand con-

nection in the host could be an alternative microbial strategy for colo-

nizing the host and potentially also transmitting to new hosts and this

strategy might be best for microbes that thrive in a more stable host

environment.

This may be a parallel with the evolution of virulence, where some

microbes evolve to be more virulent, exploiting the host in the short-

term to rapidly grow and transmit to new hosts, while other microbes

evolve to be less virulent or even beneficial to the host, using them

as a vehicle to transmit over the long-term.[23] Microbes that induce

host stress might be analogous with more virulent microbes, as the

stress response can be very costly for the host.Microbes competewith

one another over space and resources in the host, so “stress microbes”

and “resilience microbes” may be in competition over colonization and

transmission opportunities that hosts provide. We would therefore

expect that microbes possess a diversity of strategies for host manipu-

lation, some that might bemore aligned with host fitness interests (i.e.,

stressmodulating “resiliencemicrobes”) and some that are less aligned

with host fitness interests (i.e., stress inducing “stress microbes”).

Adaptive host stress responses may be co-opted to
instead promote microbial fitness

The host stress response is often adaptive for the host

Somemicrobesmay have evolved to co-opt what is otherwise an adap-

tive host stress response. The stress response evolved because it pro-

vided survival advantages for organisms that needed to escape from

dangerous situations.[24] The ability to respond rapidly to stress is an

important and adaptive ability – allowing our bodies to re-prioritize

and mobilize resources to help us escape from danger. Certain phys-

iological changes happen with stress – the body prepares itself for

action, allocating resources away from the immune system and releas-

ing energy so that we can respond quickly to threats or capitalize on

potential opportunities. From an evolutionary perspective, this stress

response helps individuals survive and (eventually) reproduce, con-

tributing to the organism’s evolutionary fitness. In fact, many aspects

of the stress response that were previously thought to be maladaptive

arenowthought tobepart of anadaptive conditional response toharsh

and unpredictable environments.[25]

However, this stress response can also come with costs to the

organism, including increased susceptibility to illness as a result of

reprioritization of somatic resources away from immune function.[26]

Studies with human volunteers have found that individuals with

more life stressors were more likely to get a cold when exposed to

a rhinovirus[27] and longitudinal studies in children have found that

social stressors are associated with increased cortisol followed by

greater susceptibility to illness.[28] This increased susceptibility to

infection is a cost for the host, but – from the perspective of certain

microbes – it may also create an opportunity for these microbes to

growwith the host and further colonize host tissues. Stressed hosts are

more vulnerable to infection, which can present as an opportunity for

those microbes that are able to replicate quickly and take advantage

of themore permissive environment with the stressed host.

Host stress can increase the evolutionary fitness of
harmful microbes

For microbes to be able to evolve to manipulate the host stress

response, the fitness of the microbes must be altered by host stress.

Indeed, host stress can alter microbial fitness: as shown in laboratory

studies that look at changes in the microbiome that occur as a result

of stress manipulations. Several studies have shown that when mice

are exposed to stress, there are changes in the relative abundance of

microbes, and that some microbes increase in frequency and others

decrease in frequency. This shows that certain microbes may benefit

from host stress, while other microbes experience fitness costs as a

result of host stress. For example, whenmice are socially stressed, Bac-

teroides decrease and Clostridium increase.[29] In another study, mice

were stressed by placing them in a small but well-ventilated tube that

mimics burrow collapse (i.e., making them feel as if they have been

trapped in a collapsed burrow) and their microbiomes were measured

afterwards. There was an increase in facultative anaerobic microbes

and a decrease in microbial richness and diversity in the stressed

mice compared to controls and the pre-tests from the stress mice.[30]

This same study also examined whether stressed mice were more

likely to be colonized by harmful microbes by administering the mouse

pathogen Citrobacter rodentium (which has virtually identical effects in

mice as E. coli does in humans). They found that the stressed mice had

nearly 10,000 times more Citrobacter rodentium compared to the mice

in the control conditions.[30] This shows that host stress can create an

environment in which certain harmful pathogens can thrive.

Stress increases glucose in the bloodstream, which
can promote pathogen growth

Stress causes many complex physiological changes in the body. One of

these changes is increases in glucose levels in the bloodstream as a

result of both direct changes in glucose production and alterations in

the insulin response (which helps to regulate the uptake and availabil-

ity of glucose in the bloodstream).[31] This mobilization of resources

in the body doesn’t even require direct physiological stress. For exam-

ple, when a mouse watched another mouse get a foot shock, the blood

glucose levels of the foot-shocked mouse and the blood glucose lev-

els of the witness both went up.[32] These higher levels of glucose can

feed certain microbes in the bloodstream, contributing to microbial

growth in the body.[33] For example, in critically ill patients, high blood
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sugar levels are associated with higher rates of infection. Conversely,

reduced blood sugar is associated with lower infections, as shown in

studies of insulin therapy that reduced blood sugar levels and has been

found to reduce infection rates.[33] Microbes that can rapidly prolifer-

ate in thepresenceof glucosewouldbe themost likelymicrobes toben-

efit from the host stress response (Figure 1A).

Stress is associated with increased intestinal
permeability, which can promote pathogen growth

In a healthy state, the cells of the lining of the gut are close together,

forming what are called tight junctions – connections between the

membranes of the cells that make it hard formicrobes to pass between

them and invade into the rest of the body. Low intestinal permeabil-

ity (i.e., in tight junctions between cells in the gut lining) are an impor-

tant host defense against being colonized by potentially pathogenic

microbes. When gut permeability increases, it is easier for microbes

to invade from the gut into the blood and other tissues. Stress is one

cause of greater gut permeability (Figure 1B). For example, one study

showed that participants who engaged in a common stressor – pub-

lic speaking – hid higher cortisol levels and more gut permeability[34]

compared to controls who did not engage in public speaking. Inter-

estingly, Irritable Bowel Disease is associated both with altered stress

response and with increased intestinal permeability.[35] In mice, social

stress leads to greater microbial colonization of the lymph nodes and

liver,[36] suggesting that the physiological changes that occur during

stress may increase microbial colonization opportunities throughout

the body. Not all microbes are associated with stress and increased

intestinal permeability. A variety of species of Lactobacillis have been

shown to reduce intestinal permeability,[35] suggesting that some pro-

biotic microbes may have the potential to counteract negative effects

of pathogenic microbes, a topic we will return to at the end of this

paper. The microbiome affects gut permeability through interactions

with the autonomic nervous system, hypothalamic-pituitary axis and

immune system.[35]

Stress suppresses immune function, which can
promote pathogen growth

The ability to mobilize a stress response can be adaptive for the host,

but it can alsobe costly for thehost,[37,38] oneof these costs being com-

promised immunity in the face of chronic stress. A large meta-analysis

showed that chronic stress can lead to suppressed immunity.[39] This

effect is not just specific to humans; even lizards under stress have

lower immune function.[40] We hypothesize that certainmicrobes that

can increase host stress and dysregulate the immune response could

benefit by inducing a state of chronic stress in the host. This could

expand the ecological niche for stressmicrobes because of lower levels

of immune predation (Figure 1C). However, the effects of stress on the

immune system are extremely complicated, sometimes leading to over

activation and autoimmunity as well.[41] Host stress signals, pathogen

proliferation and immune activation have many complex interactions

that are not fully captured in this hypothesis (but see the discussion

on chronic stress and escalated host/microbiome conflict). Neverthe-

less, it isworth considering thepossibility thatonecontributor to stress

induced immune suppression could be the action of “stress microbes”

that hijack their hosts to raise the hosts’ stress levels and reduce the

allocation of somatic resources to the immune system.

We propose that some fast-growing microbes that thrive in dis-

rupted host ecosystems may be under selective pressure to gener-

ate stress in their hosts because this may enhance the colonization

opportunities of these fast-growing microbes. From the perspective of

fast growing microbes, stressed hosts may be easier to colonize and

exploit. This could create an evolutionary incentive for these microbes

to manipulate host stress response to expand the ecological niche of

themicrobes inside the host.Microbes that effectivelymanipulate host

stress response to increase their survival and reproductive opportu-

nities would be favored by natural selection. The association of cer-

tain microbes with stress might not be a coincidence – it may be a

result of selection onmicrobes for strategies that utilize the host stress

response to expand their niche.

Some microbes may contribute to stress resilience

So far, we have focused on the hypothesis that certain microbes have

been under evolutionary pressure to induce stress in hosts and their

social contacts. However, a similar logic can apply to the microbes that

might have more aligned interests with us, which we call “resilience

microbes.” We hypothesize that these microbes might be able to

benefit, evolutionarily speaking, from maintaining a more stable

host environment and helping the host recover from physiological

perturbations.

Some microbes that are thought to be probiotics have also been

associated with positive emotion. For example, the probiotic, Lacto-

bacillus casei, has been found to improve the mood of people initially

reported low mood.[19] These hypothesized “resilience microbes” may

be in competition with “stress microbes” for resources, space and

transmission opportunities that come with successfully colonizing a

host. Both kinds ofmicrobesmay be under selective pressure to essen-

tially engage in ecological niche construction inside the host’s body,

shaping the host into an effective vehicle for them. We posit that

“stress microbes” would benefit from destabilizing the host ecology

through inducing host stress, while “resiliencemicrobes”would benefit

from stabilizing the host ecology and helping it recover from perturba-

tions like autonomic nervous system activation. “Resilience microbes”

might benefit from maintaining a more stable host environment in

which they can thrive in the long-term, as slow live history organisms

typically do.[17] It is also possible that they have evolved to counter-

act some of the effects of “stress microbes” through helping to reg-

ulate stress and other aspects of emotional behavior. By inducing a

state of calmness in their host, they may be able to better survive

and replicate. These microbes may also be under evolutionary pres-

sure to decrease social anxiety and fear, making hosts more likely to
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seek out positive social interactions that could potentially increase the

transmission rate of the microbes. The possibility that some microbes

may induce positive social behaviors has also been suggested bymicro-

biome researcher, Cryan,[22] whohas beenoneof thepioneersworking

on questions about the role of the microbiome in enhancing and atten-

uating the stress response.[10,14] During times of stress, people some-

times reach out for help, while at other times they do not.Whether the

microbiome plays a role in the social aspects of the stress response is

still an open question, but an exciting area for future work.

Microbes can upregulate host oxytocin

Microbes including Lactobacillus reuteri can upregulate oxytocin in their

hosts.[20] Oxytocin can reduce chemosensory-induced stress[42] and

can enhance the positive effect of social support on buffering humans

against stress.[43] In studiesofmice, oxytocinwas found tobean impor-

tant regulator of gastrointestinal function as well – mice with knock-

outs of the oxytocin receptor gene were found to have greater intesti-

nal permeability, more severe colitis-type symptoms, abnormal gut

motility and abnormal mucosa.[44] Administration of oxytocin to wild

type mice in this study also appeared to be protective against exper-

imentally induced colitis.[44] This suggests that proper oxytocin func-

tionmay protect against the effects of stress on gut permeability.

Some potential candidates for “resilience microbes” are species of

Lactobacillus, some Lachnospiraceae as well as some Bifidobacteria, all

of which have been found to have positive effects on host mood via

neuroendocrine signaling. A species of Lactobacillus, L. rhamnosus, was

found to regulate emotional behavior in mice via the vagus nerve.[21]

This may bemediated by the oxytocin system.

In addition to its role in regulating gut function, oxytocin is also asso-

ciated with bonding and trust, playing an important role in parental

behavior and pair bonding.[45] Oxytocin has consistently been found

to decrease activation in the amygdala, which is involved in processing

fearful stimuli,[46] suggesting that oxytocin may reduce stress through

altering the processing of potentially fear-inducing stimuli. In addition,

when healthy men were given oxytocin trans-nasally, they gazed more

at the eye region of faces,[47] the region most critical for effective

interpersonal communication. Genetic differences among individuals

in oxytocin receptor gene (OXTR polymorphisms) are associated with

differences in cognitive and affective empathy, as well as dispositional

stress responses,[48] suggesting that alteration in oxytocin function is

a potential mechanism that might underlie resilience to stress in social

situations.

The ability of microbes like Lactobacillus reuteri to alter oxytocin

expression[20] means that microbes have the potential to influence

host emotion and social behavior, making hosts feel more calm, less

fearful and more comfortable being socially connected. This could also

have the effect of increasing transmission opportunities if it motivates

hosts to engage in physical contact with thosewho they feel connected

to. For example, cuddling, grooming or sexual intercourse could pro-

vide opportunities for these microbes to transmit to new hosts. These

microbes would be under evolutionary pressure to increase host oxy-

tocin production in order to induce the host to seek out social con-

tact that could transmit the microbes. This is one potential evolution-

ary mechanism that could have led to the emergence of microbes that

increase positive social emotions in their human hosts.

Butyrate-producing microbes may contribute to host
stress resilience

Butyrate production is another candidate mechanism that might

underlie positive effects of some microbes on stress resilience.

Butyrate-producing microbes such as those in the family Lach-

nospiraceae are known to be anti-inflammatory and help maintain

the intestinal barrier; they are often underrepresented in individuals

who have dysbiosis, including ulcerative colitis.[49] Interestingly, these

species have also been found to be associated with conscientiousness,

lower neuroticism and lower depression.[9] Together these findings

suggest that Lachnospiraceaemay be another potential candidate for a

microbe that can be protective against stress and other negative emo-

tions.

Transplantation of “resilience microbes” might be a
viable intervention strategy

A recent study found that two species of Bifidobacterium were more

effective than the anti-anxiety and anti-depressant medication, esci-

talopram (Lexapro), for reducing anxious and depressive behavior in

lab mice.[22] This and other work has led Cryan and other researchers

to suggest that probiotics may be effective intervention strategies for

treating anxiety[50] and that future work should focus on testing and

developing probiotic interventions. This raises an intriguing possibility

that anxiety disorders could be treated in the future with microbiome

transplants – or perhaps even through informal microbiome transmis-

sion from individuals who possess “resilience microbes” that induce

greater calmand connection. A promising clinical trial using fecal trans-

plants for autistic children found a significant and lasting decrease in

autism symptoms, and these changes were associated with increased

levels of Bifdobacteria.[51]

Do “resilience microbes” benefit host fitness?

Some of these microbes that appear to be associated with positive

emotion and resilience to stress – like Lactobacillus and Bifidobacteria

– are predicted to have more aligned fitness interests with us com-

pared to “stress microbes.” If “resilience microbes” actually help main-

tain a host environment that is more stable and less vulnerable to be

invaded by harmful microbes, this could decrease host susceptibility

to infection by pathogens and also increase opportunities for human

hosts to have fitness-enhancing interactions such as socializing, mat-

ing and investing in kin. This suggests that “resilience microbes” could

potentially contribute to our fitness interests as they achieve their
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own. This kind of high fitness interdependence could lead to selection

on both these microbes and us – their hosts – to provide benefits for

one another.[52] We as hosts may preferentially feed those microbes

that provide us benefits, for example through conditionally expressing

glycans on our epithelial surfaces when these beneficial microbes are

around.[53] This kind of selective cultivation of particular microbes on

our epithelial surfaces could contribute to our co-evolution with these

kinds of beneficial microbes.

It is also possible that some of these seemingly positive sociality-

inducing microbes may actually induce us to be more social than is in

our best evolutionary interests. Sociality can have costs as well, includ-

ing lost time and increased risk of becoming infected with pathogens

as a result of social contact. Therefore, we must be cautious and

when considering the effects of seemingly “beneficial” microbes. Just

because a microbe induces positive emotion in the host, that doesn’t

necessarily mean they will enhance host fitness. Nevertheless, from a

therapeutics perspective, we may be more interested in the positive

effects such microbes could have on our subjective well-being than on

our evolutionary fitness.

DISCUSSION

Escalating conflict between hosts and microbes may
lead to chronic inflammation

Both hosts and microbes evolve, and they evolve in response to one

another. We have discussed how microbes can benefit from alter-

ing host behavior in ways that increase their colonization of the host

and transmission to new hosts. Anything that microbes do to alter

host behavior in ways that increase the fitness of the microbe can

be thought of as part of the extended phenotype[7] of the microbe.

And – if that manipulation is not in the best interests of the host –

there is likely to be genetic conflict between hosts and microbes,[5]

potentially leading to the evolution of a host counter-response as

well. These host counter-responses are likely to include immune acti-

vation and targeting of microbes that are manipulating the host in

ways that are against the host’s fitness interests. When there is esca-

lating conflict between individuals with different genetic interests –

whether between mother and fetus[54,55] or host and microbe[5,53] –

this can lead to a sort of evolutionary tug-of-war, in which both sides

investmore andmore in countering the other party’s continued efforts.

Chronic immune activation – part of the host response to microbial

threats – can lead to an inflammatory state in the host that is associ-

ated with depression[56] and other mental health issues.[57] It is possi-

ble that some inflammation-related mental health problems are actu-

ally a result of escalated conflict between microbes (that are trying to

manipulate the host stress response) and the host (who is trying to con-

trol and limit these microbes by deploying an inflammatory response).

This framework of escalating host-microbe conflict may help to make

sense of the complex and often contradictory effects that stress has on

the host glucocorticoid system and immune system, aswell as the large

individual differences in stress response across human populations.[25]

Later in this paper we offer some predictions about the role of host

immune and inflammatory processes in helping to regulate microbe’s

effects on host physiology and behavior.

Effects of microbes on hosts may differ between
acute and chronic stress

This paper has focused primarily on the possibility that microbes may

induce acute stress in hosts in order to enhancemicrobial fitness. How-

ever, the host response to chronic stress can also alter the opportuni-

ties that microbes have to manipulate the host stress response. One

way that hosts can respond to chronic stress is to blunt the stress

response – reducing glucose levels in the blood,[58] down-regulating

glucocorticoid receptors[59] and muting the cardiovascular response

to stress.[25] This may be part of a host adaptive response to prevent

damage from too high levels of stress hormones, or – as the frame-

work presented here suggests – it could be a host counter-defense

to prevent the proliferation of harmful microbes by reducing glucose

in the blood and limiting other physiological changes that could feed

pathogen growth. These possibilities are not mutually exclusive, in fact

it may very well be that part of the cost of having high levels of stress

hormones is that it makes hosts more vulnerable to being hijacked by

microbes that have fitness interests that diverge fromthoseof thehost.

Can microbes really manipulate their hosts to
enhance their microbial fitness?

There is still debate in evolutionary biology about whether microbes

can evolve tomanipulate host behavior in ways that enhancemicrobial

fitness. Some evolutionary biologists take the position that any effects

that microbes have on host behavior are most likely byproducts rather

than products of natural selection because – some authors argue – it

is difficult to show that microbes can gain a fitness benefit from host

manipulation.[60] In this paper we have reviewed evidence that there

are several species of microbes that can benefit from host stress, and

also that there are microbes that can manipulate the host stress sys-

tem.However, additionalwork is necessary to uncover the roles of spe-

cific species of microbes, further investigate the causal mechanisms

and explore the evolutionary processes that are at work. Comparative

work looking across species at hostmanipulation can help to clarify the

opportunities and constraints on microbes for evolving the ability to

manipulate host behavior.[61] Future theoretical and empirical work is

necessary to understand the conditions under which microbial manip-

ulation of host behavior can evolve andwhether the conditions aremet

for certainmicrobes to alter host stress response and stress resilience.

PREDICTIONS AND FUTURE DIRECTIONS

There are several empirical predictions and directions for future work

that follow from the hypotheses presented in this paper.
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Prediction: “Stress microbes” should have fast life
history strategies

This framework predicts that “stress microbes” should have faster life

history strategies[17] than “resiliencemicrobes” because they aremore

specialized for fast replication when glucose levels in the blood rapidly

increase during stress. This prediction could be tested by looking at

the replication rates of “stress microbes” and “resilience microbes” in

blood with varying glucose levels, the “expected” outcome being that

microbes associated with stress would have faster rates of replication

in higher blood sugar (compared to “resilience microbes”). This could

be done through experimentally varying glucose levels in samples of

blood or even through experimentally manipulating stress in mice or

humans, taking blood samples, and then testing microbial growth in

these samples.

Prediction: Effective immune function might enable
more effective emotion regulation

Another prediction that emerges from this framework is that the

immune systemmayplay a role in emotion regulation via allowing some

microbial populations to flourishwhile limiting othermicrobial popula-

tions. The immune system has tremendous power to shape the micro-

bial populations that live in and on us, both by selectively killing certain

microbes and by selectively promoting others. It is thus possible that

some aspects of emotion regulation are actually the result of immune

processes that are regulating the composition of themicrobiome.

Given the central role of stress and anxiety in many mental health

disorders, it is possible that microbial influences and immune regula-

tion of the microbiome may play an important role. Some research on

cognitive empathy and Lactobacillus suggests that somemicrobesmay

contribute to emotion regulationwithout requiring immune activation.

The ability to regulate negative emotions is associated with cognitive

empathy (the ability to recognize and understand other people’s men-

tal states)[62,63] and lower susceptibility to emotional contagion.[64,65]

Higher levels of cognitive empathy are also associated with lower

levels of inflammatory markers (i.e., CRP). Interestingly, Lactobacillus

positively correlates with cognitive empathy as well. Yet, higher levels

of inflammatory markers (i.e., CRP and IL-6) were not associated with

Lactobacillus.[66] This suggests that the presence of Lactobacillus in

sufficient quantitiesmay allow the host to effectively regulate negative

emotions without requiring themobilization of the immune system.

The ability to regulate this stress might be partially a result of

immune activity that effectively keeps populations of “stressmicrobes”

under control. Thus, it could be valuable to examine the expression of

immune genes in individuals who are given emotionally stressful task

to see whether their emotional regulation capacity. Future work could

investigate whether emotional regulation capacity is associated with

immune genes and inflammatory processes. In mice, several immune

genes (i.e., C1qb, Cx3cl1, H2-d1, H2-k1, Polr3b, Tnfsf13b) are associated

with sociability; mice that lack proper expression of these genes spend

less time with their cage mates,[67] in turn increasing their exposure

to stress through increased social isolation. In future work, it would be

interesting to investigate whether the microbiome may be the media-

tor of this effect, that is, whether immune gene expression affects the

microbiome which then subsequently influences emotional regulation

and social behavior.

Future directions: Microbiome transplants have the
potential to improve mental health

One of the most exciting possibilities for future work in this area is

the development of interventions for improving mental health. Work

by Cryan and colleagues shows that probiotics can reduce anxiety-like

behavior in mice.[50] And in autistic children, fecal transplants signif-

icantly reduce autism symptoms.[51] Future work using double blind

clinical trials will be necessary to determine how effective these inter-

ventions truly are, but these existing studies are certainly promising.

The approach presented here also makes interesting predictions

about potential mechanisms that might underlie other mental health

challenges such as bipolar disorder and schizophrenia. Existing studies

have shown that individuals with schizophrenia and bipolar disorder

have higher levels of inflammation and dysregulated stress signaling

pathways.[68] It is possible that emotional instability and other erratic

behavior might be a result of changes in the sizes of various micro-

bial populations as well as changes in the host immune responses to

these microbial populations. An initial prediction that could be tested

would be to do longitudinal studies of the microbiomes of individuals

with mental health challenges and look for correlations between shifts

in mood and changes in the microbiome and inflammation. Experimen-

tal studies using microbiome transplants could be a second step if lon-

gitudinal and correlational studies are promising.

Genome-wide analyses of self-reported empathy suggest that

empathy is genetically correlatedwith schizophrenia and anorexia ner-

vosa, which are associated with impairments in cognitive empathy

(but intact or even heightened affective empathy).[69] This suggests

that microbiome-immune system interactions could potentially play

a role in these disorders. Individuals with impaired emotion regula-

tion abilities might be particularly vulnerable to microbial colonization

when exposed to other stressed hosts. Future work could investigate

thesequestions by examiningwhether schizophrenia and anorexia ner-

vosa are associated with larger populations of “stress microbes,” and

whether this susceptibility to being colonized is associatedwith partic-

ular immune genes.

CONCLUSION

Here we have suggested that certain microbes – which we call “stress

microbes” – may increase host stress. These microbes can potentially

increase their fitness by inducing host stress through increasing glu-

cose levels in the blood, suppressing immune function and weakening

epithelial tight-junctions in the gut, allowing the microbes to colonize

host tissues and extract resources from the host. We also suggest
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that there may be another class of microbes, “resilience microbes”

that may counteract these effects and induce feelings of calm and

social connectedness in their hosts, possibly through manipulating the

host’s oxytocin system. “Through influencing systems including the

autonomic nervous system, the hypothalamic pituitary axis and the

immune system,[35] these microbes could have widespread effects on

host physiology aswell as the experienceof stress and resilience to that

stress.” If microbes do indeed play an important role in host emotion

and well-being, this suggests that studies of the microbiome should

be incorporated into future research of emotion, social behavior,

personality and mental health. The regulation of stress is an important

issue in mental health, not just for those experiencing clinical levels

of anxiety but for everybody who struggles with managing stresses of

day-to-day life.

By taking an evolutionary perspective – examining the fitness inter-

ests of hosts and microbes – it becomes possible to see that there

may be a great deal of genetic conflict between hosts and microbes

over host behavior (as well as potentially conflict between the pro-

posed “stress microbes” and “resilience microbes). This means there

mayoftenbea sort of tug-of-warover control of host behavior, and that

there may be the potential for escalating conflict as well. One of the

major ways that the host can “fight back” against microbial manipula-

tion is through the deployment of the immune system. This means that

hosts and microbes can potentially become trapped in an arms race of

escalating conflict. It is possible that escalating conflict between hosts

and microbes (or between different kinds of microbes) about manipu-

lation of host behavior and mood might be at the root of some mental

health problems that are associatedwith inflammation, such as chronic

depression[56] bipolar disorder and schizophrenia.[68]

The more we learn about microbial influences on our behavior, the

more it seems that we may not be able to understand human behav-

ior without considering the possibility that microbes have been evolv-

ing all along the way to manipulate our brains and behavior for their

own ends.[70] If microbes do indeed manipulate our stress response to

increase their niche within us, this could have important implications

for our understanding and treatment of anxiety and related disorders.

It would also force us to reconsider many assumptions in psychology,

including the centrality of the individual as the causative agent inmany

aspects of behavior. Microbes may have an important role to play in

shaping our personalities, calibrating our stress responses and altering

our moods – both in positive and negative ways. As we move forward

into this new research frontier, it is starting to look like microbes may

be a part of our selves in ways we could not even have imagined a few

decades ago.
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