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Hier guéries dans 60 % des cas par des triazoles, la 
résistance augmente : par endroits aux Pays-Bas, 
90 % des infec/ons sont résistantes... 
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Recrudescence des cas de rage :

30 000 vies humaines perdues par an
32 millions d’euros de coûts
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Tiques et borréliose

sities of some hosts were not directly measured (see Tables 1 and
2), we performed a sensitivity analysis on this parameter. The
results of the analysis, in which we increased the density of each
species by 20% while holding mouse density constant at the
long-term average, showed the model to be relatively insensitive
to changes in host density, producing very minor changes in
NIP ranging from a decrease of 3.1% to an increase of 1.4%
(Table 1).

Some common tick hosts serve not only to dilute the effects of
the most competent reservoirs, but also to maintain the spirochete
in the community under conditions of low mouse density (the
‘‘rescue effect’’; refs. 9 and 34). For example, in the most diverse
community, NIP is predicted to be 34%, even at 0 mice per hectare
(Fig. 1E). This is largely due to the effects of shrews, which have
high reservoir competence, provide meals for many ticks, and can
occur at high densities. In fact, if the densities used in our model are
representative, shrews may function as rescue hosts in most years in
our community. At the long-term average mouse density, 61% of
the infected nymphs have fed on shrews, whereas mice infected only
20%. This situation changes as mouse density increases, with mice
producing an increasing proportion of the infected nymphs.

Our model overestimates NIP slightly at low mouse densities.
There are several possible explanations for this. First, we might have
missed an important dilution host. Second, given that summer
densities of mice and ground-nesting birds are inversely correlated
because of strong predation by mice on nests (35, 36), birds may
feed a larger proportion of the ticks at low mouse densities than is
indicated in our model, resulting in lower NIP. Third, the deter-
ministic nature of our model excludes the possibility that aggre-
gated distributions of ticks on host individuals would reduce NIP
faster than our model predicts. Finally, overestimation of NIP may
occur because low mouse densities result in fewer infected nymphs
to inoculate other hosts, reducing their realized reservoir compe-
tence (32, 37). This would be particularly likely if poor realized
reservoir competence is a result of rapid loss of spirochetemia,
something that has been demonstrated in several species in the
laboratory (38, 39).

Another important metric of Lyme disease risk to humans is
the density of infected nymphs (DIN), which is a complex
function of abiotic factors that affect the survival of larvae and
nymphs; biotic factors that dictate feeding success and availabil-
ity of hosts for juveniles and adults; and the proportion of larvae
feeding on host species of different reservoir competence. We
believe that too little is known about the interactions among
these factors to accurately predict DIN. However, we expect DIN
to decline with increasing host diversity, similar to NIP. For
example, the absolute, as well as the relative, density of white-
footed mice is likely to decline with increasing diversity, as every
species in our community is expected to either compete with or
prey on mice (11). Indeed, mouse density has been negatively
associated with mammalian diversity (14). In addition, larval
body burden on mice declines with increasing density of chip-
munks, thus decreasing the absolute number of tick meals
provided by mice (40). The uncertainty about the indirect effects
of diversity on DIN notwithstanding, assuming our order of
species addition is realistic, then at any given vector density, a
more diverse community always results in lower Lyme disease
risk, regardless of the measure (NIP or DIN).

It should be noted that although at any given mouse density, a
more diverse community results in lower NIP, the lowest NIP (and
probably DIN) would be found in a mouse-free community.
However, all available evidence indicates this to be an ecologically
unrealistic, or at most transient, state (12–14, 41). The superior
reservoir competence of mice may be related to the prominent
position that they occupy in the community. Indeed, if tradeoffs
prohibit efficient horizontal transmission between multiple hosts,
we would expect pathogens to specialize on the numerically dom-
inant host species (8). This result remains to be explored empirically
and theoretically, but could yield insights into the functioning and
characteristics of disease–host communities.

The Dilution Effect may provide incentive to maintain high
diversity and stable community composition through wise land-
use practices. For example, forest fragmentation decreases mam-
malian biodiversity and results in areas of very high mouse
density (12–14, 41), which our model predicts would represent
the highest Lyme disease risk. Both NIP and DIN have been
shown to be inversely related to fragment size, with NIP of over
80% observed in extremely small forest fragments (!1 hectare)
(42). The conditions necessary for the Dilution Effect (a gen-
eralist vector, horizontal transfer of the pathogen, variation in
reservoir competence among hosts, and positive correlation
between reservoir competence and the percentage tick meals
supplied by hosts in the community) may occur in other disease
systems (8). Thus, the reduction of biodiversity and anthropo-
genic changes in the composition of host communities may be
increasing the risk of human exposure to other vector-borne
diseases. The buffering of disease prevalence as a novel ecosys-
tem function provided by high biodiversity deserves to be
investigated on a larger scale.

We are grateful to the field assistants who helped to sample the host
community, especially K. Oggenfuss, D. Whitaker, and V. Crossgrove.
R. Winchcombe estimated deer density. E. Cougler and M. Cougler
provided deer for analysis. Earlier drafts were improved by the comments
of C. Canham and three anonymous reviewers. This research was funded by
the Nathan Cummings Foundation, the National Science Foundation, the
National Institutes of Health (National Institute of Allergy and Infectious
Diseases), and the Institute of Ecosystem Studies. This is a contribution to
the program of the Institute of Ecosystem Studies.
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Fig. 2. The ability of each species to reduce the effect of white-footed mice
(the most competent reservoir) on NIP. Dilution potential is the difference (in
percentage points) between the expected NIP in a two-host community
consisting of mice plus the focal species and a community in which mice are the
only possible host. Sq., squirrel; S.t.s., short-tailed shrew; S.s., Sorex shrew; O,
opossum; Ch., chipmunk; D, deer; B, birds; R, raccoon; Sk, skunk.
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Magnaporthe grisea

La pyriculariose du riz détruit 
chaque année une quan5té 
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de 60 millions de personnes



Magnaporthe grisea

La pyriculariose du riz détruit 
chaque année une quan5té 
de riz … mais pas dans 
Yuanyang (Sud de la Chine)! 
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Deux règles sociales :    

- Toujours donner des graines à qui en veut.     

- Ne jamais donner de conseil.

> biodiversité génétique
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Poplars-winter cereals

14 years



D’après HiSafe + Cosme et al., 2015
In Rebulard, 2018, Le Défi alimentaire
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Figure 2: Cumulative frequencies (a) and frequency distribution (b) of land equivalent ratios 
(LER) for fruits and vegetables intercropping experiments. 

Illustration with three cases from literature 

Among the reviewed papers, the risk-return combination curves took two possible functional 
shapes. The first functional form appears when a low yield - low risk crop is combined with a 
high yield - high risk crop (Figure 3a; 15 of the 24 studies). In the example given here (cabbage-
bean intercropping), diversification led to a strong reduction in risk and association made it 
possible to reach the lowest level of risk for a yield similar to the one obtained with cabbage 
only. The second functional form is obtained when a high yield - low risk crop is combined with a 
low yield - high risk crop (Figure 3b; 9 of the 24 studies). Interestingly, in this functional form, 
adding a high-risk / low-yield crop to a low-risk / high-yield monoculture is still beneficial in terms 
of risk reduction. In the example given here (carrot-parsley intercropping), risk reduction was 
moderate and yield improvement was particularly high. The only agroforestry systems for which 
we found sufficient data in the literature is the coffee-banana system (Figure 3c). It corresponds 
to the first functional form. In this particular example, risk reduction is marginal but yield 
improvement can be important. The main difference with the cabbage-bean association is that 
in the coffee-banana system, no combination of the two crops makes it possible to reach at the 
same time both a lower risk and a higher yield than the sole crops. 

 
Figure 3: Risk-return combinations observed for different types of interactions. The interactions 
are detailed in the body of the text. Dots ( ) represent the performances of intercropping 
systems for different proportions of crop A and B in the case where only the diversification effect 
is considered, triangles ( ) represent the performances of the same intercropping systems in 
the case where both the diversification effect and the association effect are considered. 

 

Discussion 

The two perspectives examined here were Modern Portfolio Theory, and Land Equivalent Ratio. 
The former quantifies the effect of diversification on risk, the latter measures the effect of 
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β-diversity
A measure of diversity that 
describes the differences 
between any two ecosystems 
(for example, the UniFrac 
distance metric). Related to 
α-diversity and γ-diversity, 
which are measures of the 
diversity in a single ecosystem 
and across a group of 
ecosystems, respectively.

UniFrac
A β-diversity measure that is 
phylogeny based. Microbial 
communities are more similar if 
they are composed of members 
that are more closely related, 
phylogenetically, as this implies 
a shared evolutionary past. 
UniFrac units range from 0 
(identical communities) to 1 
(totally different communities).

mice can been reduced by exposure to the microbiota 
from NOD mice lacking myeloid differentiation primary 
response protein 88 (MYD88)22. In humans, anecdotal 
evidence suggests that specific microbiota can effec-
tively treat IBD, and microbial transplantation of whole 
microbial communities is sometimes used as therapy 
in pseudomembranous and ulcerative colitis, chronic 
constipation, Crohn’s disease and Clostridium difficile- 
associated diarrhoea23,24. In a recent case study of 
Clostridium difficile-associated colitis, the amelioration 
of symptoms was associated with the persistence of the 
transplanted healthy community in the patient25.

Together, these recent studies suggest that a specific 
combination of microorganisms in the gut can affect 
host health; therefore, host control over the microbiota 
could help maximize fitness. Biogeographical patterns of 
diversity in a single host show that the physiochemical 
properties of the human gut habitat are very important 
selection pressures for its microbial constituents (FIG. 1). 

Variations in those host genes that contribute to proper-
ties of the gut habitat therefore have strong potential to 
affect the variation in the microbiome. Evidence to sup-
port a contribution of host genetics to the diversity of the 
microbial community has been scarce, so the strength 
of the effect is controversial. However, an increasing 
number of studies are now evaluating this effect, and the 
analysis of host genetics is just beginning to be incorpo-
rated into studies of how the diversity of the gut bacteria 
relates to host susceptibility to disease.

In this Review, we describe how environmental fac-
tors can contribute to variation in the diversity and com-
position of the microbiota, and we explore the role of 
host genes in this process. We also highlight an emerg-
ing view of the microbiota: one in which the microbiota 
itself may be considered as a complex trait that is under 
host genetic control and that interacts with environmental 
and host factors in a number of chronic inflammatory 
diseases.

Environmental impact on the microbiota
To measure the impact of host genetics on microbial 
diversity, it is useful to have an understanding of the 
factors that can influence variation in the microbiota in 
the absence of host genetic variation, as these environ-
mental factors constitute the ‘noise’ that can mask host 
genetic effects. Model organisms provide a system for 
controlling variation between identical hosts: genetically 
inbred animals act as replicate hosts, allowing the impact 
of environmental factors on the variation in the micro-
biota to be assessed. Mice are useful models for studies of 
human microbial ecology because the intestines of mice 
harbour communities that are grossly similar in com-
position (that is, have similar phylum and family level 
abundances) to those of human intestines, diverging 
mainly at the genus level (BOX 1). Husbandry conditions 
can be standardized across mice, and experiments can 
incorporate full factorial designs for testing the effects of 
various parameters on microbial diversity.

‘Stochastic variability’ of the microbiome. One of the 
earliest factors that can have a profound influence on 
the microbiota composition is the maternal environ-
ment (BOX 2). Several studies have shown that genetically 
identical mice from the same litters have a more similar 
microbiota than mice from different litters, even though 
they may be reared in adjacent cages22,26,27. This ‘maternal 
effect’ occurs when mouse pups are born vaginally and 
the birth mother’s microbiota is their primary inocu-
lum. Maternal effects can influence bacterial β-diversity28 
(measured by UniFrac) regardless of host genotype22,27, as 
well as affecting the relative abundances of phylotypes26. 
The maternal effect has been documented across two27 

and as far out as four generations26. As a consequence, 
the maternal effect can be a major confounding factor 
when comparing the microbiota of mice with different 
genotypes or under different treatments.

But, despite shared environments and parental inoc-
ula, substantial differences in community composition 
and structure can exist between littermates reared in the 
same cage. Although many bacterial phylotypes can be 

Figure 1 | Microbial community composition at different body locations in a 
healthy human. The relative abundances of the six dominant bacterial phyla in each  
of the different body sites: the external auditory canal (nine subjects), the hair on the 
head (nine subjects), the mouth (ten subjects), the oesophagus (four subjects), the 
gastrointestinal tract (nine subjects), the vagina (eight subjects), the penis (12 subjects), 
the skin (nine subjects) and the nostril (nine subjects). Data taken from REFS 93–97. 
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LE POINT DE VUE DES ÉDITEURS

Nous savons aujourd’hui que les microbes ne doivent plus seulement 
être associés aux maladies ou à la décomposition. Au contraire, ils 
jouent un rôle en tout point essentiel : tous les organismes vivants, 
végétaux ou animaux, dépendent intimement de microbes qui contri-
buent à leur nutrition, leur développement, leur immunité ou même 
leur comportement. Toujours pris dans un réseau d’interactions micro-
biennes, ces organismes ne sont donc… jamais seuls. 

Au fil d’un récit foisonnant d’exemples et plein d’esprit, Marc-André 
Selosse nous conte cette véritable révolution scientifique. Détaillant 
d’abord de nombreuses symbioses qui associent microbes et plantes, 
il explore les propriétés nouvelles qui en émergent et modifient le 
fonctionnement de chaque partenaire. Il décrypte ensuite les extraor-
dinaires adaptations symbiotiques des animaux, qu’ils soient terrestres 
ou sous-marins. Il décrit nos propres compagnons microbiens – le 
microbiote humain – et leurs contributions, omniprésentes et parfois 
inattendues. Enfin, il démontre le rôle des symbioses microbiennes au 
niveau des écosystèmes, de l’évolution de la vie, du climat, et des pra-
tiques culturelles et alimentaires qui ont forgé les civilisations.

Destiné à tous les publics, cet ouvrage constitue une mine d’infor-
mations pour les naturalistes, les enseignants, les médecins et pharma-
ciens, les agriculteurs, les amis des animaux et, plus généralement, tous 
les curieux du vivant. À l’issue de ce périple dans le monde microbien, 
le lecteur, émerveillé, ne pourra plus porter le même regard sur notre 
monde.

Professeur au Muséum national d’histoire naturelle et à l’université de Gdańsk 
(Pologne), Marc-André Selosse enseigne également dans d’autres universités 
en France et à l’étranger. Ses recherches portent sur les associations à bénéfices 
mutuels (symbioses) impliquant des champignons, et ses enseignements, sur 
les microbes, l’écologie et l’évolution. Il est éditeur de revues scientifiques 
inter nationales ainsi que d’Espèces, une revue de vulgarisation dédiée aux 
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Fig. 1. Microbiota diversity in fecal, oral, and skin sam-
ples from uncontacted Yanomami in relation to other
human groups. (A) Faith’s phylogenetic diversity (PD)
(average ± SD) of fecal samples from Yanomami and
Guahibo Amerindians, Malawians, and U.S. subjects. OTU
tables rarefied at 5000 sequences per sample. Interpopula-
tion differences were significant (P < 0.001, ANOVA with
Tukey’s HSD) for all but Guahibo-Malawi comparison (P =
0.73). (B) PCoA plot based on UniFrac distances calculated
on the OTU table of fecal samples rarefied at 5000 se-
quences per sample. (C) Top discriminative bacteria among
populations in fecal samples as determined by linear dis-
criminant analysis (LDA) effect size (LEfSe) analysis. (D)
Normalized prevalence/abundance curves for all OTUs
found at 1% abundance or more in fecal samples. (E) Faith’s
phylogenetic diversity (average ± SD) of oral samples from
Yanomami and U.S. subjects. OTU tables rarefied at 1500
sequences per sample. Interpopulation differences were
not significant (P = 0.296, ANOVA with Tukey’s HSD). (F)
PCoA plot based on UniFrac distances calculated on OTU
tables of oral samples rarefied at 1500 sequences per sam-
ple. (G) Top discriminative bacteria among populations in oral samples as determined by LEfSe analysis. (H) Normalized prevalence/abundance curves for all
OTUs found at 1% abundance or more in oral samples. (I) Faith’s phylogenetic diversity (average ± SD) of skin samples from Yanomami and U.S. subjects.
OTU tables rarefied at 1500 sequences per sample. Interpopulation differences were significant (P < 0.001, ANOVA with Tukey’s HSD). (J) PCoA plot based
on UniFrac distances calculated on OTU tables of skin samples rarefied at 1500 sequences per sample. (K) Top discriminative bacteria among populations in
skin samples as determined by LEfSe analysis. (L) Normalized prevalence/abundance curves for all OTUs found at 1% abundance or more in skin samples.
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Yanomami, « non-contactés »
Guahibo & Malawi, peu contactés

… et les Etats-Uniens !

1,5 à 3 x moins 
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microbiennes dans 
les microbiotes 
occidentaux



MICROBIOTE ET SANTE

D’après J.-F. Bach

 

912

 

·

 

N Engl J Med, Vol. 347, No. 12

 

·

 

September 19, 2002

 

·

 

www.nejm.org

 

The New England Journal  of  Medicine

 

type 1 diabetes in Europe. A comparison of Europe
and Africa reveals a similar and even clearer trend,
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although the epidemiologic data are less well docu-
mented in Africa. There are similar geographic differ-
ences in Europe with respect to allergy

 

23

 

 and Crohn’s
disease

 

24

 

; in North America with respect to multiple
sclerosis,
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 type 1 diabetes,
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 and Crohn’s disease

 

27

 

;
and in Australia with respect to multiple sclerosis.

 

28

 

Are these differences real? Perhaps, owing to defi-
ciencies in medical facilities, allergic and autoimmune
diseases are underdiagnosed in less-developed coun-
tries. This general explanation is, however, unlikely be-
cause severe diseases like multiple sclerosis and type 1
diabetes are rarely misdiagnosed. Moreover, the dif-
ferences in frequency also involve southern countries
with ample medical resources, such as Greece and
Spain.

 

Genetic Factors

 

There are several explanations for the gradient oth-
er than underdiagnosis. One is the role of genetic fac-
tors. For example, in Japan, there is a low frequency of
HLA alleles (DR3 and DR4-DQB1*0302) that in-
crease the likelihood of type 1 diabetes, and the inci-
dence of the disease is also low. Conversely, the inci-
dence of type 1 diabetes is high among residents of
Sardinia (as compared with residents of neighboring
regions) as well as in first-degree descendants of Sar-
dinians who migrated to continental Italy.

 

29

 

Environmental Factors

 

The contribution of genetic factors to the north–
south gradient seems small, however, as compared

with the contribution of environment. Environmen-
tal factors could account for the rapid increase in the
incidence of allergic and autoimmune diseases in de-
veloped countries. There are striking data on the inci-
dence of multiple sclerosis, type 1 diabetes, and asth-
ma in populations migrating from one country to
another in which the rates of these disorders differ.
The rate of development of type 1 diabetes among
the children of Pakistanis who migrated to the United
Kingdom is the same as the rate among nonimmi-
grants in the United Kingdom (11.7 per 100,000), or
about 10 times as high as the incidence of type 1 di-
abetes in Pakistan (1 per 100,000).

 

30,31

 

 In Israel, mul-
tiple sclerosis is common among immigrants from Eu-
rope and rare among immigrants from Africa or Asia.
By contrast, among native-born Israelis of European,
African, or Asian origin, the prevalence of multiple
sclerosis is as high as that among the European immi-
grants.

 

32

 

 It is also notable that the frequency of sys-
temic lupus erythematosus is dramatically lower in
western Africans than in black Americans, two popu-
lations derived from the same ethnic group but ex-
posed to different environments.

 

33

 

 Conversely, Britons
migrating to northern Australia have a decreased fre-
quency of multiple sclerosis,

 

34

 

 providing a negative
control for the positive migration data, which in prin-
ciple could represent underdiagnosis.

 

Interactions between Genetic and Environmental Factors

 

The degree to which genetic and environmental fac-
tors influence susceptibility to autoimmune and aller-
gic diseases is still ill defined. The best hint derives
from the concordance rates of such diseases in mono-

 

Figure 1.

 

 Inverse Relation between the Incidence of Prototypical Infectious Diseases (Panel A) and the Incidence of
Immune Disorders (Panel B) from 1950 to 2000.
In Panel A, data concerning infectious diseases are derived from reports of the Centers for Disease Control and Pre-
vention, except for the data on hepatitis A, which are derived from Joussemet et al.
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Firmicutes
Actinobacteria

Bacteroidetes Fusobacteria
ProteobacteriaVerrucomicrobia

Healthy control Patient

Inflammatory
bowel disease

Type 2 diabetes

Necrotizing 
enterocolitis

b

a

c

Altered Schaedler flora
A standard enteric flora 
containing eight species that 
are known to exhibit tissue 
tropism, occupying different 
niches in the mouse 
gastrointestinal tract.

Quantitative trait locus
A genomic region for which 
variation is associated with the 
quantitative variation in a 
phenotypic trait.

Heritability
The proportion of phenotypic 
variation in a population that is 
attributable to genetic 
variation among individuals.

shared across littermates, often the majority of domi-
nant phylotypes in an animal’s gut bacteria are unique or 
shared with just a subset of other animals22,27. Separating 
littermates into different cages can drive the differences 
in their microbiota further. For instance, when the abun-
dances of the eight members of the altered Schaedler 
flora29 were analysed in isogenic mice, it was found that 
those mice that were cohabiting at weaning, whether 
from the same or different litters, had little variation in 
their microbiota profiles. By contrast, the microbiota of 
litters split among different cages at weaning diverged 
in composition. Interestingly, the degree of divergence 
depended on the genotype of the mouse30. Thus, although 
the initial inoculum may be largely obtained from the 
mother, stochastic differences in the colonization process 
between mice, and subtle differences in their environ-
ments, interact with the mouse genotype to determine 
inter-mouse variation in the microbiome31.

Effect of diet on microbiome variation. Diet is one of the 
most important factors shaping microbial diversity in 
the gut, and its effect on the composition of the human 
microbial community is reviewed elsewhere32,33. Here, 
we highlight how changes in the diet can alter the rela-
tive abundances of the taxa that are already present in 
the community. One family of the Firmicutes in particu-
lar, the Erysipelotrichaceae, has been shown by several 
independent studies to alter in abundance in response 
to changes in the amount of dietary fat. After inducing 
obesity in mice by feeding them a ‘Western’ diet (high 
in saturated and unsaturated fats), a bloom occurred for 
an uncultured member of the family Erysipelotrichaceae 
that is related to the human-associated Eubacterium 
dolichum19. The relative abundance of this uncultured 
phylotype diminished when the mouse diet was changed 
to the usual mouse chow19. In a subsequent set of experi-
ments using ‘humanized’ mice (formerly germ-free mice 
harbouring a human faecal microbiota), human-derived 
erysipelotrichi were found to bloom under a high-fat 
diet34. Other groups have also noted that erysipelotrichi 
respond to dietary fat: for instance, it has been reported 
that four clades of this family reacted differently (either 
increased or decreased in abundance) to high-fat and 
low-fat diets in mice35. In humans, changes in diet 
composition can also lead to shifts in the abundances 
of specific gut taxa. For example, changes in the dietry 
amounts of particular carbohydrates result in changes in 
population levels of the butyrate-producing Roseburia 
spp.36. Bacteroides spp. differ in their ability to use spe-
cific substrates such as inulin, and these differences can 
predict the outcomes of competitive interactions between 
the species37. Microbial specialization to diet substrates 
probably underlies the high species diversity of the gut 
microbiota, as bacterial species partition the niche space 
according to their substrate preference and use and, as 
a result, modulation of the diet composition alters the 
relative abundances of the taxa that are present.

Host genetics and the heritability of the microbiota
A significant association between variation in the com-
position of the gut microbiota and variation in the 

genotype of the host would be a hallmark of genetic con-
trol. This type of influence is distinct from inheritance  
of the microorganisms themselves via ‘non-genetic’ 
transmission between generations (for example, the 
maternal effect). In the simplest scenario, specific host 
alleles would result in a different microbiota that may 
be detrimental or beneficial to host health. Studies 
using human twins, comparisons between mouse lines, 
and a more recent ‘quantitative trait loci’ (QTL) detec-
tion approach have measured the heritability of the gut 
microbiota; these studies have yielded contrasting but 
informative results, as discussed below.

Human twin studies. Several studies have used compari-
sons between monozygotic (MZ; identical) and dizygotic 
(DZ; fraternal) twins to ascertain the heritability of the 
microbiota13. Heritability can be assessed using a classic 
technique in which a measure of the phenotypic trait of 
interest is correlated for twin pairs, and the strength  
of the correlation is compared for MZ versus DZ twin 
pairs (that is, h2 = 2 × (rMZ – rDZ), in which h2 is herit-
ability and r is the correlation between twins). In tradi-
tional twin studies, it is assumed that the resemblance 
between twins that is due to common environmental 
effects is the same for MZ and DZ twins. For any given 
component of the microbiota, a greater within-pair simi-
larity for MZ twins than for DZ twins would be an indi-
cation of heritability. Heritable aspects of the microbiota 
that are under host genetic control could include, for 

Figure 2 | Gut microbial dysbiosis associated with 
disease. The relative abundances of the predominant 
bacterial phyla: in caecal samples from patients with 
inflammatory bowel disease (using clone libraries for 
bacterial identification)17 (part a); in faecal samples from 
VGP�JGCNVJ[�EQPVTQNU�CPF�VGP�RCVKGPVU�YKVJ�V[RG|��FKCDGVGU�
(using pyrosequencing)16 (part b); and in faecal samples 
from ten healthy infants and ten infants with necrotizing 
enterocolitis (using clone libraries)18 (part c).
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Beyond these GI improvements, ASD-related behavior
also improved following MTT. The PGI-II assessment,
which evaluates 17 ASD-related symptoms, revealed sig-
nificant improvement during treatment and no reversion
8 weeks after treatment ended (Fig. 2b). Further, a sig-
nificant negative correlation between change in GSRS
and PGI-III (Spearman’s correlation test showed r = −0.59
and p < 0.001, Additional file 3: Figure S2) suggests that
GI symptoms worsen directly with ASD behaviors, and
that these can be altered via MTT. The scores on CARS,
which rates core ASD symptoms, decreased by 22% from
beginning to end of the treatment and 24% (relative to
baseline) after 8 weeks of no treatment (Wilcoxon signed-
rank test, p < 0.001, Fig. 2c). Children with ASD saw im-
provement in their scores in the SRS, which assesses social
skill deficits, and the ABC, which evaluates irritability,
hyperactivity, lethargy, stereotypy, and aberrant speech
(Fig. 2d, e). The VABS-II scoring, which evaluates adaptive
behaviors such as communication, daily living skills, and
socialization, found that the average developmental age

increased by 1.4 years (p < 0.001) and across all sub-
domain areas (Additional file 3: Figure S3) during MTT,
though the final VABS-II age equivalent was still lower
than their chronological age. Finally, MTT appears to be
beneficial for children ages 7–16 years old (no significant
correlations between age and GSRS or CARS improve-
ment), and there was no significant difference in clinical
outcomes between those who received the initial SHGM
dose orally or rectally.
The MTT treatments were generally well-tolerated,

with only temporary adverse effects (primarily mild to
moderate hyperactivity and tantrums/aggression) at the
beginning of vancomycin treatment, no major changes in
blood chemistry or long-term adverse effects were noted.
Detailed information is provided in Additional file 4. The
improvements in GI and ASD symptoms are consistent
with a previous 8-week trial of the use of vancomycin for
treating children with ASD [22], but a key difference is
that in the previous study, benefits were lost within a few
weeks of stopping vancomycin therapy (despite the use of

a

b

c

e

d

Fig. 2 GI- and ASD-related symptoms of 18 children with ASD. Children were treated with MTT for 10 weeks, with a single follow-up evaluation
8 weeks after treatment ended. a GSRS scores vs. time. GSRS is scored on a Likert scale from 1 (no symptoms) to 7 (very severe discomfort).
b Changes in PGI-III scores (overall autism/related symptoms). PGI-III is scored from −3 (much worse), −2 (worse), −1 (slightly worse), 0 (no
change), 1 (slightly better), 2 (better) to 3 (much better) compared to baseline. c CARS assessment at pre-treatment, post-treatment, and 8 weeks post-
treatment. d Total SRS score at pre-treatment, post-treatment, and 8 weeks post-treatment. e Total ABC score at pre-treatment, post-treatment, and
8 weeks post-treatment. The data points represent 18 individual participants, and some data points overlap in the box plot. Asterisks (at the top of the
box plot) indicate whether individuals (at each time points) have significantly decreased since pre-treatment (week 0). ns indicates not significant, single
asterisk indicates p < 0.05, double asterisks indicate p < 0.01, triple asterisks indicate p < 0.001 (two-tailed Wilcoxon signed-rank test). Two participants
who had less than 50% improvement in GSRS scores are defined as non-responders and color-coded in grey
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type 1 diabetes in Europe. A comparison of Europe
and Africa reveals a similar and even clearer trend,
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although the epidemiologic data are less well docu-
mented in Africa. There are similar geographic differ-
ences in Europe with respect to allergy
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 and Crohn’s
disease
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; in North America with respect to multiple
sclerosis,
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 type 1 diabetes,
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 and Crohn’s disease
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;
and in Australia with respect to multiple sclerosis.
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Are these differences real? Perhaps, owing to defi-
ciencies in medical facilities, allergic and autoimmune
diseases are underdiagnosed in less-developed coun-
tries. This general explanation is, however, unlikely be-
cause severe diseases like multiple sclerosis and type 1
diabetes are rarely misdiagnosed. Moreover, the dif-
ferences in frequency also involve southern countries
with ample medical resources, such as Greece and
Spain.

 

Genetic Factors

 

There are several explanations for the gradient oth-
er than underdiagnosis. One is the role of genetic fac-
tors. For example, in Japan, there is a low frequency of
HLA alleles (DR3 and DR4-DQB1*0302) that in-
crease the likelihood of type 1 diabetes, and the inci-
dence of the disease is also low. Conversely, the inci-
dence of type 1 diabetes is high among residents of
Sardinia (as compared with residents of neighboring
regions) as well as in first-degree descendants of Sar-
dinians who migrated to continental Italy.
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Environmental Factors

 

The contribution of genetic factors to the north–
south gradient seems small, however, as compared

with the contribution of environment. Environmen-
tal factors could account for the rapid increase in the
incidence of allergic and autoimmune diseases in de-
veloped countries. There are striking data on the inci-
dence of multiple sclerosis, type 1 diabetes, and asth-
ma in populations migrating from one country to
another in which the rates of these disorders differ.
The rate of development of type 1 diabetes among
the children of Pakistanis who migrated to the United
Kingdom is the same as the rate among nonimmi-
grants in the United Kingdom (11.7 per 100,000), or
about 10 times as high as the incidence of type 1 di-
abetes in Pakistan (1 per 100,000).

 

30,31

 

 In Israel, mul-
tiple sclerosis is common among immigrants from Eu-
rope and rare among immigrants from Africa or Asia.
By contrast, among native-born Israelis of European,
African, or Asian origin, the prevalence of multiple
sclerosis is as high as that among the European immi-
grants.
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 It is also notable that the frequency of sys-
temic lupus erythematosus is dramatically lower in
western Africans than in black Americans, two popu-
lations derived from the same ethnic group but ex-
posed to different environments.
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 Conversely, Britons
migrating to northern Australia have a decreased fre-
quency of multiple sclerosis,

 

34

 

 providing a negative
control for the positive migration data, which in prin-
ciple could represent underdiagnosis.

 

Interactions between Genetic and Environmental Factors

 

The degree to which genetic and environmental fac-
tors influence susceptibility to autoimmune and aller-
gic diseases is still ill defined. The best hint derives
from the concordance rates of such diseases in mono-

 

Figure 1.

 

 Inverse Relation between the Incidence of Prototypical Infectious Diseases (Panel A) and the Incidence of
Immune Disorders (Panel B) from 1950 to 2000.
In Panel A, data concerning infectious diseases are derived from reports of the Centers for Disease Control and Pre-
vention, except for the data on hepatitis A, which are derived from Joussemet et al.
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 In Panel B, data on immune dis-
orders are derived from Swarbrick et al.,
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 Dubois et al.,
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 Tuomilehto et al.,
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 and Pugliatti et al.
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