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In a recent publication inCell, Buffington et al. provide a fascinating example of hologenomic behavioral regu-
lation in an autism mouse model.1 The authors report that gut bacteria from wild-type mice rescue the social
deficit of Cntnap2 knockout mice.
The hologenome theory of evolution,

first formulated in the 1980s,2 posits

that the genetic information of the host

is complemented by the genetic infor-

mation of all symbiotic microorganisms.

Based on this definition, the host and

the symbiotic microbes act as a single

biological entity in evolution. Simple ex-

amples of symbiotic interactions with an

evolutionary success include termites

and Cryptocercus cockroaches that are

strongly distinguished from other insects

by a cellulose-based diet. Indeed, the

insect symbionts provide these insects

the enzymatic capability to synthesize

nutrients from the plant polymer.3

Emerging research investigates the role

of microbial symbionts on behavior

across the animal kingdom with partic-

ular attention on the complex relation-

ship between symbiotic bacteria and

host sociability.4 Here, the authors

went a big step further and explored

the effect of gut microbiota on social

behavior in a disease model (Figure 1).

Mice that lack Cntnap2 (a gene coding

for a neurexin-like adhesion molecule)

loosely associated to autism, when bred

in homozygous isolation, show behavioral

abnormalities that range from enhanced

spontaneous locomotion to a lack of inter-

est for conspecifics along with a gut mi-

crobiome that is distinct from wild type

(WT). Surprisingly, the deficit in social

interaction was not observed when

Cntnap2 knockout (KO) mice were bred

from heterozygous parents. At this stage,

many factors including better parental

care by the heterozygous mother and

pheromonal or semiochemical signals

could possibly ameliorate social deficits

observed in isolated KO mice. The
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authors, however, favor another explana-

tion. What if infection between siblings

could homogenize the microbiota be-

tween WT and KO, and then rescue the

deficit in social interaction? To make their

case, authors housed WT and KO mice

together after weaning, which indeed led

to the disappearance of the difference in

gut microbiota and restored sociability.

While many bacterial species differed be-

tween isolated WT and KO, the authors

found that one bacterial species, Lacto-

bacillus reuteri, was sufficient to restore

interest in conspecifics when fed to iso-

lated KO mice. Exploring the underlying

mechanisms, the authors implicate syn-

aptic plasticity at excitatory inputs onto

dopamine neurons of the ventral

tegmental area (VTA). Indeed, social inter-

actions normally potentiate excitatory af-

ferents,5 a plasticity absent in isolated

KO mice, but again rescued by Lactoba-

cillus reuteri. Finally, the authors per-

formed a metabolic analysis of the gut

and found that tetrahydrobiopterin, a

cofactor of aromatic amino acid hydroxy-

lase enzymes, used in the biosynthesis

dopamine, was deficient in isolated KO

mice but restored by L. reuteri.

While the study is a breathtaking tech-

nological tour de force, many questions

arise. Why is the microbiome of

Cntnap2�/� mice altered in the first

place? Is the social deficit observed in

germ-free mice6 explained by the same

underlying mechanism? In fact, distinct

mechanisms have been previously

described in other autism- related mouse

models. For example, in the inbredmouse

strain BTBR T+ tf/J taurin and 5AV have

been linked to altered social behavior.7

Because of the complexity of social
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behavior indeed, we can hypothesize

that different elements of conspecific

interaction aremediated by distinct neural

mechanisms and therefore differently

influenced by microbiome. While some

microorganisms may influence the

communication between conspecifics

via the production of volatile semiochem-

icals, others could influence the

rewarding properties of the behavior.

Future studies matching high-density

behavioral analysis with neuronal activity

and genetic and metabolomic profiling

will need to parse the specific modules

of social interaction that are modulated

by gut microbiota.

The present study provides additional

evidence for a link between gut micro-

biota and social behavior in rodents, add-

ing to the examples described in inverte-

brates and vertebrates where interaction

between conspecific often provides a

channel for microorganism transmission.

In honeybees, the transfer of microbiota

promoted by social interaction confers

resistance against pathogens,4 while inti-

mate interactions in humans facilitate the

transfer of oral microbiota, which may

diversify microbiota within a social

network.8 The data presented here rein-

forces the idea that the microbiome

should be considered as an important

unit of analysis within a social network.

Studies probing the link between gut

microbiome in human disease reported

that autistic children who suffer from

gastrointestinal disorders9 have low levels

of some bacterial species, such as Prevo-

tella, Coprococcus, and Veillonellaceae

along with an altered permeability of the

blood-brain barrier and intestinal-epithe-

lial barrier.10 The face validity of rodent
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Figure 1. Role of L. Reuteri in social behavior
Social impairments in Cntnap 2 KOmice are rescued when co-housed withWTmice. The authors identified L. reuteri as the commensal bacterial species lacking
in Cntnap2 KO mice and passed by WT co-housing.
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models is further supported by experi-

ments where transfer to gut microbiota

from human donors with autism into

mice was sufficient to reveal behavioral

alterations that are reminiscent of core

symptoms of the disease.7

Development of microbiota-based

therapeutic intervention is still in the

future, but since Lactobacillus reuteri

can also improve anxiety and stereotyped

behavior in mice, probiotic intervention

may benefit patients suffering from a

wider range of symptoms across mental

health diseases.Microbiome-based strat-

ification of patients should be considered

for future medical trials who may greatly

benefit from mechanistic investigations

such as the one by Buffington published

here.

Taken together the study provides fuel

for thoughts and brings us a step closer

to understanding how microbiomes

shape the behavior of vertebrates

including humans.
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