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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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response protein 88 (MYD88)22. In humans, anecdotal 
evidence suggests that specific microbiota can effec-
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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.
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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 
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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 
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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 
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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 
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they are composed of members 
that are more closely related, 
phylogenetically, as this implies 
a shared evolutionary past. 
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(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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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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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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type 1 diabetes in Europe. A comparison of Europe
and Africa reveals a similar and even clearer trend,

 

22

 

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,

 

25

 

 type 1 diabetes,

 

26

 

 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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Altered Schaedler flora
A standard enteric flora 
containing eight species that 
are known to exhibit tissue 
tropism, occupying different 
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gastrointestinal tract.
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A genomic region for which 
variation is associated with the 
quantitative variation in a 
phenotypic trait.
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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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The rate of development of type 1 diabetes among
the children of Pakistanis who migrated to the United
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about 10 times as high as the incidence of type 1 di-
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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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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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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: DFA, direct immunofluorescence antibody microscopy; NIP, nymphal infec-
tion prevalence; DIN, density of infected nymphs.
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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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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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
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tem function provided by high biodiversity deserves to be
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type 1 diabetes in Europe. A comparison of Europe
and Africa reveals a similar and even clearer trend,

 

22

 

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).
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 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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Abstract – This study aimed at determining if microbial diversity can be an asset to guarantee the
microbial safety of raw milk cheeses. Our results show that microbial consortia from the surface of
raw milk cheeses can self-protect against Listeria monocytogenes. Indeed, 10 complex microbial
consortia among 34 tested from the surfaces of raw milk Saint-Nectaire cheeses were particularly
effective for reducing the growth of L. monocytogenes on cheese surfaces in comparison of a
commercial ripening culture, despite the high pH values on the surfaces. One of these consortia
(TR15) was selected and propagated on cheese surfaces to create a collection of strains belonging to
lactic acid bacteria, Gram-positive and catalase-positive bacteria, Gram-negative bacteria and
yeasts. On the surfaces of uncooked cheeses, defined consortia consisting of combinations of
several isolates from this collection displayed weaker antagonist activity against L. monocytogenes
than the complex consortium TR15. The results from plate counting and analysis by single strand
conformation polymorphism (SSCP) converged to show that microbial dynamics in cheeses TR15
differed from that of the defined consortia. TR15 cheeses had the highest levels of cultivable
lactobacilli and leuconostocs. Their SSCP profiles were the richest in peaks and were characterised
by the presence of Marinilactibacillus psychrotolerans, Carnobacterium mobile, Arthrobacter
nicotianae or A. arilaitensis, Arthrobacter ardleyensis or A. bergerei and Brachybactrerium sp.
Further investigation will be necessary to gain a better understanding of the microbial interactions
involved in inhibiting L. monocytogenes.

Listeria monocytogenes / microflora / inhibition / cheese / raw milk

摘要 – 微生物多样性是否可以抑制鲜乳干酪中的 Listeria monocytogenes○ 本研究旨在确定
微生物多样性能否作为监测鲜乳干酪的微生物安全性的有效工具○ 结果表明来自鲜乳干酪
表面的微生物菌群能够自我防护 Listeria monocytogenes○ 实际上，来自鲜奶干酪 St Nectaire
表面的 34 份供试微生物菌群中，比商业成熟发酵剂相比，有 10 个微生物菌群显著地降低
了 L. monocytogenes 在干酪表面的生长，尽管在干酪表面具有高 pH 值○ 微生物菌群 TR15
被接种于干酪表面，分离得到了乳酸菌、革兰氏阳性和过氧化氢酶阳性细菌以及革兰氏阴
性细菌和酵母○ 在未加工干酪的表面，由上述分离菌株组成的菌株明确的微生物菌群，比
TR15 相比，对 L. monocytogenes 的抗性较弱○ 培养基平板计数和单链构象多态性 SSCP 分
析结果，结果表明 TR15在干酪中的微生物动态不同于明确菌株的微生物菌群的动态○ TR15
干酪在琼脂培养基上含有最高水平的乳杆菌和明串珠菌○ SSCP 分析也表明乳杆菌和明串
珠菌最为丰富，同时含有 Marinilactibacillus psychrotolerans, Carnobacterium mobile,
Arthrobacter nicotianae (或者 Arthrobacter arilaitensis), Arthrobacter ardleyensis (或者
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3.3. Antilisterial properties on cheese
surfaces of complex consortium
TR15 and defined consortia

L. monocytogenes developed differently
during ripening depending on the microbial
consortium inoculated − complex consor-
tium TR15 and defined consortia as shown
in Figure 1. The lowest count was observed
on cheese surfaces inoculated with complex
consortium TR15 and the highest on those
with only the commercial ripening culture.

The inhibition of L. monocytogenes was
then evaluated by calculating the AI as
described in the Section 2. The AI data
and pH values are shown in Table IV.
The higher the AI values, the stronger the
inhibition of L. monocytogenes. Throughout
the ripening, AI values were highest in
cheeses inoculated with complex consor-
tium TR15 and lowest in those inoculated
with ABCD and ABD. Between days 18
and 28, L. monocytogenes was also
inhibited (positive values of AI) in the
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Figure 1. L. monocytogenes growth on the surfaces of cheeses inoculated with complex
consortium TR15 and defined consortia. L. monocytogenes counts expressed in log CFU·cm−2;
cheese surfaces inoculated with control = commercial ripening culture, TR15 = complex consor-
tium (rind suspension), ABCD, ABC, ABD and ACD = defined consortia from identified isolates
(A = six lactic acid bacteria, B = seven Gram-positive and catalase-positive bacteria, C = three
Gram-negative bacteria and D = three yeasts).

Table IV. Areas of inhibition of L. monocytogenes growth on the surfaces of cheeses inoculated
with complex consortium TR15 and defined microbial consortia.

AI (8–2) AI (18–8) AI (28–18)

TR15 2.66 11.20 16.33
ABCD −0.60 −0.66 2.48
ABC −1.11 0.39 5.65
ABD −0.84 −1.70 2.71
ACD 0.12 3.69 7.28

AI = area of inhibition calculated between 2 days of ripening (t2−t1) according to the formula,
AI = (t2 − t1)/2 × [(Ct2 + Ct1) − (Tt2 + Tt1)], with C = L. monocytogenes counts in the control cheese
and T = L. monocytogenes counts in cheeses inoculated with consortia. Cheese surfaces inoculated with
control = commercial ripening culture; TR15 = complex consortium (rind suspension) and ABCD,
ABC, ABD and ACD = defined consortia from identified isolates (A = six lactic acid bacteria, B = seven
Gram-positive and catalase-positive bacteria, C = three Gram-negative and D = three yeasts). Numbers
in bold fonts indicate the highest inhibition.
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Figure 1. L. monocytogenes growth on the surfaces of cheeses inoculated with complex
consortium TR15 and defined consortia. L. monocytogenes counts expressed in log CFU·cm−2;
cheese surfaces inoculated with control = commercial ripening culture, TR15 = complex consor-
tium (rind suspension), ABCD, ABC, ABD and ACD = defined consortia from identified isolates
(A = six lactic acid bacteria, B = seven Gram-positive and catalase-positive bacteria, C = three
Gram-negative bacteria and D = three yeasts).

Table IV. Areas of inhibition of L. monocytogenes growth on the surfaces of cheeses inoculated
with complex consortium TR15 and defined microbial consortia.

AI (8–2) AI (18–8) AI (28–18)

TR15 2.66 11.20 16.33
ABCD −0.60 −0.66 2.48
ABC −1.11 0.39 5.65
ABD −0.84 −1.70 2.71
ACD 0.12 3.69 7.28

AI = area of inhibition calculated between 2 days of ripening (t2−t1) according to the formula,
AI = (t2 − t1)/2 × [(Ct2 + Ct1) − (Tt2 + Tt1)], with C = L. monocytogenes counts in the control cheese
and T = L. monocytogenes counts in cheeses inoculated with consortia. Cheese surfaces inoculated with
control = commercial ripening culture; TR15 = complex consortium (rind suspension) and ABCD,
ABC, ABD and ACD = defined consortia from identified isolates (A = six lactic acid bacteria, B = seven
Gram-positive and catalase-positive bacteria, C = three Gram-negative and D = three yeasts). Numbers
in bold fonts indicate the highest inhibition.
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TR15 and defined consortia

L. monocytogenes developed differently
during ripening depending on the microbial
consortium inoculated − complex consor-
tium TR15 and defined consortia as shown
in Figure 1. The lowest count was observed
on cheese surfaces inoculated with complex
consortium TR15 and the highest on those
with only the commercial ripening culture.

The inhibition of L. monocytogenes was
then evaluated by calculating the AI as
described in the Section 2. The AI data
and pH values are shown in Table IV.
The higher the AI values, the stronger the
inhibition of L. monocytogenes. Throughout
the ripening, AI values were highest in
cheeses inoculated with complex consor-
tium TR15 and lowest in those inoculated
with ABCD and ABD. Between days 18
and 28, L. monocytogenes was also
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Figure 1. L. monocytogenes growth on the surfaces of cheeses inoculated with complex
consortium TR15 and defined consortia. L. monocytogenes counts expressed in log CFU·cm−2;
cheese surfaces inoculated with control = commercial ripening culture, TR15 = complex consor-
tium (rind suspension), ABCD, ABC, ABD and ACD = defined consortia from identified isolates
(A = six lactic acid bacteria, B = seven Gram-positive and catalase-positive bacteria, C = three
Gram-negative bacteria and D = three yeasts).

Table IV. Areas of inhibition of L. monocytogenes growth on the surfaces of cheeses inoculated
with complex consortium TR15 and defined microbial consortia.

AI (8–2) AI (18–8) AI (28–18)

TR15 2.66 11.20 16.33
ABCD −0.60 −0.66 2.48
ABC −1.11 0.39 5.65
ABD −0.84 −1.70 2.71
ACD 0.12 3.69 7.28

AI = area of inhibition calculated between 2 days of ripening (t2−t1) according to the formula,
AI = (t2 − t1)/2 × [(Ct2 + Ct1) − (Tt2 + Tt1)], with C = L. monocytogenes counts in the control cheese
and T = L. monocytogenes counts in cheeses inoculated with consortia. Cheese surfaces inoculated with
control = commercial ripening culture; TR15 = complex consortium (rind suspension) and ABCD,
ABC, ABD and ACD = defined consortia from identified isolates (A = six lactic acid bacteria, B = seven
Gram-positive and catalase-positive bacteria, C = three Gram-negative and D = three yeasts). Numbers
in bold fonts indicate the highest inhibition.
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Abstract – This study aimed at determining if microbial diversity can be an asset to guarantee the
microbial safety of raw milk cheeses. Our results show that microbial consortia from the surface of
raw milk cheeses can self-protect against Listeria monocytogenes. Indeed, 10 complex microbial
consortia among 34 tested from the surfaces of raw milk Saint-Nectaire cheeses were particularly
effective for reducing the growth of L. monocytogenes on cheese surfaces in comparison of a
commercial ripening culture, despite the high pH values on the surfaces. One of these consortia
(TR15) was selected and propagated on cheese surfaces to create a collection of strains belonging to
lactic acid bacteria, Gram-positive and catalase-positive bacteria, Gram-negative bacteria and
yeasts. On the surfaces of uncooked cheeses, defined consortia consisting of combinations of
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conformation polymorphism (SSCP) converged to show that microbial dynamics in cheeses TR15
differed from that of the defined consortia. TR15 cheeses had the highest levels of cultivable
lactobacilli and leuconostocs. Their SSCP profiles were the richest in peaks and were characterised
by the presence of Marinilactibacillus psychrotolerans, Carnobacterium mobile, Arthrobacter
nicotianae or A. arilaitensis, Arthrobacter ardleyensis or A. bergerei and Brachybactrerium sp.
Further investigation will be necessary to gain a better understanding of the microbial interactions
involved in inhibiting L. monocytogenes.
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3.3. Antilisterial properties on cheese
surfaces of complex consortium
TR15 and defined consortia

L. monocytogenes developed differently
during ripening depending on the microbial
consortium inoculated − complex consor-
tium TR15 and defined consortia as shown
in Figure 1. The lowest count was observed
on cheese surfaces inoculated with complex
consortium TR15 and the highest on those
with only the commercial ripening culture.

The inhibition of L. monocytogenes was
then evaluated by calculating the AI as
described in the Section 2. The AI data
and pH values are shown in Table IV.
The higher the AI values, the stronger the
inhibition of L. monocytogenes. Throughout
the ripening, AI values were highest in
cheeses inoculated with complex consor-
tium TR15 and lowest in those inoculated
with ABCD and ABD. Between days 18
and 28, L. monocytogenes was also
inhibited (positive values of AI) in the
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Figure 1. L. monocytogenes growth on the surfaces of cheeses inoculated with complex
consortium TR15 and defined consortia. L. monocytogenes counts expressed in log CFU·cm−2;
cheese surfaces inoculated with control = commercial ripening culture, TR15 = complex consor-
tium (rind suspension), ABCD, ABC, ABD and ACD = defined consortia from identified isolates
(A = six lactic acid bacteria, B = seven Gram-positive and catalase-positive bacteria, C = three
Gram-negative bacteria and D = three yeasts).

Table IV. Areas of inhibition of L. monocytogenes growth on the surfaces of cheeses inoculated
with complex consortium TR15 and defined microbial consortia.

AI (8–2) AI (18–8) AI (28–18)

TR15 2.66 11.20 16.33
ABCD −0.60 −0.66 2.48
ABC −1.11 0.39 5.65
ABD −0.84 −1.70 2.71
ACD 0.12 3.69 7.28

AI = area of inhibition calculated between 2 days of ripening (t2−t1) according to the formula,
AI = (t2 − t1)/2 × [(Ct2 + Ct1) − (Tt2 + Tt1)], with C = L. monocytogenes counts in the control cheese
and T = L. monocytogenes counts in cheeses inoculated with consortia. Cheese surfaces inoculated with
control = commercial ripening culture; TR15 = complex consortium (rind suspension) and ABCD,
ABC, ABD and ACD = defined consortia from identified isolates (A = six lactic acid bacteria, B = seven
Gram-positive and catalase-positive bacteria, C = three Gram-negative and D = three yeasts). Numbers
in bold fonts indicate the highest inhibition.
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Figure 1. L. monocytogenes growth on the surfaces of cheeses inoculated with complex
consortium TR15 and defined consortia. L. monocytogenes counts expressed in log CFU·cm−2;
cheese surfaces inoculated with control = commercial ripening culture, TR15 = complex consor-
tium (rind suspension), ABCD, ABC, ABD and ACD = defined consortia from identified isolates
(A = six lactic acid bacteria, B = seven Gram-positive and catalase-positive bacteria, C = three
Gram-negative bacteria and D = three yeasts).

Table IV. Areas of inhibition of L. monocytogenes growth on the surfaces of cheeses inoculated
with complex consortium TR15 and defined microbial consortia.

AI (8–2) AI (18–8) AI (28–18)

TR15 2.66 11.20 16.33
ABCD −0.60 −0.66 2.48
ABC −1.11 0.39 5.65
ABD −0.84 −1.70 2.71
ACD 0.12 3.69 7.28

AI = area of inhibition calculated between 2 days of ripening (t2−t1) according to the formula,
AI = (t2 − t1)/2 × [(Ct2 + Ct1) − (Tt2 + Tt1)], with C = L. monocytogenes counts in the control cheese
and T = L. monocytogenes counts in cheeses inoculated with consortia. Cheese surfaces inoculated with
control = commercial ripening culture; TR15 = complex consortium (rind suspension) and ABCD,
ABC, ABD and ACD = defined consortia from identified isolates (A = six lactic acid bacteria, B = seven
Gram-positive and catalase-positive bacteria, C = three Gram-negative and D = three yeasts). Numbers
in bold fonts indicate the highest inhibition.
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during ripening depending on the microbial
consortium inoculated − complex consor-
tium TR15 and defined consortia as shown
in Figure 1. The lowest count was observed
on cheese surfaces inoculated with complex
consortium TR15 and the highest on those
with only the commercial ripening culture.

The inhibition of L. monocytogenes was
then evaluated by calculating the AI as
described in the Section 2. The AI data
and pH values are shown in Table IV.
The higher the AI values, the stronger the
inhibition of L. monocytogenes. Throughout
the ripening, AI values were highest in
cheeses inoculated with complex consor-
tium TR15 and lowest in those inoculated
with ABCD and ABD. Between days 18
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Figure 1. L. monocytogenes growth on the surfaces of cheeses inoculated with complex
consortium TR15 and defined consortia. L. monocytogenes counts expressed in log CFU·cm−2;
cheese surfaces inoculated with control = commercial ripening culture, TR15 = complex consor-
tium (rind suspension), ABCD, ABC, ABD and ACD = defined consortia from identified isolates
(A = six lactic acid bacteria, B = seven Gram-positive and catalase-positive bacteria, C = three
Gram-negative bacteria and D = three yeasts).

Table IV. Areas of inhibition of L. monocytogenes growth on the surfaces of cheeses inoculated
with complex consortium TR15 and defined microbial consortia.

AI (8–2) AI (18–8) AI (28–18)

TR15 2.66 11.20 16.33
ABCD −0.60 −0.66 2.48
ABC −1.11 0.39 5.65
ABD −0.84 −1.70 2.71
ACD 0.12 3.69 7.28

AI = area of inhibition calculated between 2 days of ripening (t2−t1) according to the formula,
AI = (t2 − t1)/2 × [(Ct2 + Ct1) − (Tt2 + Tt1)], with C = L. monocytogenes counts in the control cheese
and T = L. monocytogenes counts in cheeses inoculated with consortia. Cheese surfaces inoculated with
control = commercial ripening culture; TR15 = complex consortium (rind suspension) and ABCD,
ABC, ABD and ACD = defined consortia from identified isolates (A = six lactic acid bacteria, B = seven
Gram-positive and catalase-positive bacteria, C = three Gram-negative and D = three yeasts). Numbers
in bold fonts indicate the highest inhibition.
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microbial safety of raw milk cheeses. Our results show that microbial consortia from the surface of
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yeasts. On the surfaces of uncooked cheeses, defined consortia consisting of combinations of
several isolates from this collection displayed weaker antagonist activity against L. monocytogenes
than the complex consortium TR15. The results from plate counting and analysis by single strand
conformation polymorphism (SSCP) converged to show that microbial dynamics in cheeses TR15
differed from that of the defined consortia. TR15 cheeses had the highest levels of cultivable
lactobacilli and leuconostocs. Their SSCP profiles were the richest in peaks and were characterised
by the presence of Marinilactibacillus psychrotolerans, Carnobacterium mobile, Arthrobacter
nicotianae or A. arilaitensis, Arthrobacter ardleyensis or A. bergerei and Brachybactrerium sp.
Further investigation will be necessary to gain a better understanding of the microbial interactions
involved in inhibiting L. monocytogenes.
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3.3. Antilisterial properties on cheese
surfaces of complex consortium
TR15 and defined consortia

L. monocytogenes developed differently
during ripening depending on the microbial
consortium inoculated − complex consor-
tium TR15 and defined consortia as shown
in Figure 1. The lowest count was observed
on cheese surfaces inoculated with complex
consortium TR15 and the highest on those
with only the commercial ripening culture.

The inhibition of L. monocytogenes was
then evaluated by calculating the AI as
described in the Section 2. The AI data
and pH values are shown in Table IV.
The higher the AI values, the stronger the
inhibition of L. monocytogenes. Throughout
the ripening, AI values were highest in
cheeses inoculated with complex consor-
tium TR15 and lowest in those inoculated
with ABCD and ABD. Between days 18
and 28, L. monocytogenes was also
inhibited (positive values of AI) in the
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Figure 1. L. monocytogenes growth on the surfaces of cheeses inoculated with complex
consortium TR15 and defined consortia. L. monocytogenes counts expressed in log CFU·cm−2;
cheese surfaces inoculated with control = commercial ripening culture, TR15 = complex consor-
tium (rind suspension), ABCD, ABC, ABD and ACD = defined consortia from identified isolates
(A = six lactic acid bacteria, B = seven Gram-positive and catalase-positive bacteria, C = three
Gram-negative bacteria and D = three yeasts).

Table IV. Areas of inhibition of L. monocytogenes growth on the surfaces of cheeses inoculated
with complex consortium TR15 and defined microbial consortia.

AI (8–2) AI (18–8) AI (28–18)

TR15 2.66 11.20 16.33
ABCD −0.60 −0.66 2.48
ABC −1.11 0.39 5.65
ABD −0.84 −1.70 2.71
ACD 0.12 3.69 7.28

AI = area of inhibition calculated between 2 days of ripening (t2−t1) according to the formula,
AI = (t2 − t1)/2 × [(Ct2 + Ct1) − (Tt2 + Tt1)], with C = L. monocytogenes counts in the control cheese
and T = L. monocytogenes counts in cheeses inoculated with consortia. Cheese surfaces inoculated with
control = commercial ripening culture; TR15 = complex consortium (rind suspension) and ABCD,
ABC, ABD and ACD = defined consortia from identified isolates (A = six lactic acid bacteria, B = seven
Gram-positive and catalase-positive bacteria, C = three Gram-negative and D = three yeasts). Numbers
in bold fonts indicate the highest inhibition.
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Figure 1. L. monocytogenes growth on the surfaces of cheeses inoculated with complex
consortium TR15 and defined consortia. L. monocytogenes counts expressed in log CFU·cm−2;
cheese surfaces inoculated with control = commercial ripening culture, TR15 = complex consor-
tium (rind suspension), ABCD, ABC, ABD and ACD = defined consortia from identified isolates
(A = six lactic acid bacteria, B = seven Gram-positive and catalase-positive bacteria, C = three
Gram-negative bacteria and D = three yeasts).

Table IV. Areas of inhibition of L. monocytogenes growth on the surfaces of cheeses inoculated
with complex consortium TR15 and defined microbial consortia.

AI (8–2) AI (18–8) AI (28–18)

TR15 2.66 11.20 16.33
ABCD −0.60 −0.66 2.48
ABC −1.11 0.39 5.65
ABD −0.84 −1.70 2.71
ACD 0.12 3.69 7.28

AI = area of inhibition calculated between 2 days of ripening (t2−t1) according to the formula,
AI = (t2 − t1)/2 × [(Ct2 + Ct1) − (Tt2 + Tt1)], with C = L. monocytogenes counts in the control cheese
and T = L. monocytogenes counts in cheeses inoculated with consortia. Cheese surfaces inoculated with
control = commercial ripening culture; TR15 = complex consortium (rind suspension) and ABCD,
ABC, ABD and ACD = defined consortia from identified isolates (A = six lactic acid bacteria, B = seven
Gram-positive and catalase-positive bacteria, C = three Gram-negative and D = three yeasts). Numbers
in bold fonts indicate the highest inhibition.
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La biodiversité et la santé









Protection  contre  l’allergie  par  l’environnement  de  la  ferme  625

Figure  2  Facteurs  promoteurs  (en  vert)  et  protecteurs  (en  rouge)  vis-à-vis  de  la  survenue  de  manifestations  cliniques  de  l’allergie
IgE-dépendante.  Th1  ;  profil  cytokinique  de  type  T-helper  1  (dominé  par  Interféron-gamma  et  TNF-alpha)  ;  Th2  :  profil  cytokinique
de type  T-helper  2  (dominé  par  Interleukine  [IL]-4,  IL-5,  IL-13,  et  caractérisé  par  la  production  d’anticorps  d’isotype  IgE).  L’équilibre
cytokinique  est  représenté  par  une  balance  qui  « penche  » dans  le  sens  de  Th2  pendant  la  vie  fœtale,  mais  aussi  chez  les  sujets  aller-
giques. L’environnement  de  la  ferme  assure  une  balance  équilibrée  (la  tendance  Th1  du  profil  étant  « corrigée  » par  l’intervention
T-régulatrice  « T-reg  »).

T-regs  pourrait  être  en  relation  avec  le  polymorphisme  de
l’IL-33  [58].  L’influence  du  contact  avec  les  animaux  sur  les
T-regs  est  suggérée  par  la  corrélation  entre  les  anticorps
IgG  anti-acide  N-glycolylneuraminique  et  l’expression  de
l’ARNm  de  FOXP3  dans  le  sang  [24].  Cependant,  une  réduc-
tion  de  la  génération  de  T-regs  a  pu  être  observée  entre  4  ans
½  et  6  ans  ;  la  réduction  était  la  plus  importante  chez  les
enfants  les  plus  exposés  à  l’environnement  de  la  ferme  [32]  ;
ce  changement  semble  définir  la  « fenêtre  d’opportunité  »
pendant  laquelle  la  vie  à  la  ferme  exerce  son  effet  protec-
teur  ;  ces  observations  doivent  cependant  être  confirmées
sur  d’autres  cohortes  et  par  les  études  faites  à  10  ans  ½  et  à
16  ans.  Il  n’y  avait  pas  de  différence  entre  fermiers  et  non-
fermiers  pour  les  sous-population  lymphocytaires  T  CD8  ;
cependant,  il  semble  que  la  population  de  cellules  T  CD3+
CD8low  (CD25+)  exerce  un  rôle  particulier  chez  les  enfants
nés  à  la  ferme  et  cependant  asthmatiques,  en  lien  avec  les
allèles  de  risque  d’asthme  GSDMB  et  ORMDL3  [59].

Rôle  de  l’inflammation  chronique  et  interactions
gènes-environnement

Une  inflammation  chronique  mineure  entretenue  par
l’environnement  de  la  ferme  pourrait  être  un  des  détermi-
nants  de  l’équilibre  immunitaire  observé  chez  les  enfants
« fermiers  » jusqu’à  l’âge  de  6  ans.  Plusieurs  études
complémentaires  ont  tenté  de  la  mettre  en  évidence  :  effec-
tivement,  le  risque  de  SA  est  réduit  chez  les  enfants  qui
ont  les  taux  sanguins  les  plus  élevés  de  C-Réactive  Protéine

(CRP)  ;  cependant,  le  risque  d’asthme  ou  d’autres  maladies
allergiques  n’est  pas  modifié  [60]  et  il  y  a  peu  de  relations
avec  les  taux  sanguins  de  CRP  ultra-sensible  dans  le  sang  des
enfants  à  4  ans  ½,  même  si  certains  enfants  très  sensibili-
sés  aux  allergènes  communs  avaient  des  taux  très  bas,  voire
indétectables  de  CRP  ultra-sensible  [61].  Enfin,  les  enfants
avec  des  concentrations  fécales  hautes  de  calcoprotectine
(un  marqueur  d’inflammation  intestinale)  à  2  mois  ont  le
risque  le  plus  élevé  de  développer  une  DA  ou  un  asthme
dans  les  6  premières  années  [62].

Les  interactions  complexes  entre  gènes  et  environne-
ment  ont  été  évoquées  plus  haut  à  propos  des  influences
s’exerçant  in  utero,  en  particulier  les  modifications  épigé-
nétiques  impliquant  une  méthylation  de  l’ADN  [14].  Alors
que  les  bronchites  sifflantes  induites  par  les  virus  sont  pré-
dictives  de  l’asthme  chez  les  enfants  à  risque  d’asthme  en
relation  avec  le  locus  17q21,  l’analyse  des  bronchites  sif-
flantes  chez  les  enfants  de  la  cohorte  a  montré  que  leur
survenue  dans  la  première  année  était  associée  à  un  asthme
lié  à  17q21  dans  la  fratrie,  mais  que  ces  mêmes  gènes  étaient
sensibles  aux  influences  protectrices  de  l’environnement
de  la  ferme,  confirmant  que  ce  locus  était  une  cible  de
l’influence  environnementale  [63].  Le  rôle  des  microARN
contenus  dans  les  exosomes  présents  dans  le  lait,  aussi  bien
le  lait  maternel  que  le  lait  de  vache  consommé  par  la  mère
et  l’enfant,  susceptibles  de  participer  aux  mécanismes  épi-
génétiques  et  en  particulier  de  favoriser  la  différentiation
lymphocytaire  vers  un  profil  régulateur,  est  une  hypothèse
qui  n’a  pas  encore  été  testée  [64].
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LE POINT DE VUE DES ÉDITEURS

Après avoir révélé le monde microbien dans Jamais seul, Marc-André 
Selosse nous propose l’exploration sensorielle et naturaliste d’une famille 
de molécules ignorées : les tannins (ou polyphénols), omniprésents dans 
les couleurs, les goûts, les odeurs et les formes de notre quotidien. C’est à 
un voyage à travers le globe, dans le temps et dans la vie ordinaire que nous 
convie cet ouvrage érudit et accessible, rythmé de dessins humoristiques. 

On y découvre une nouvelle vision de la plante, construite avec des tan-
nins et protégée par eux contre les parasites, les animaux herbivores, mais 
aussi contre les stress. On réalise comment fruits et "eurs sont colorés et 
parfumés par des tannins qui leur permettent d’interagir avec les animaux. 
On comprend comment les animaux, cibles des tannins, les subissent, les 
évitent… ou parfois les utilisent, comme les insectes ou nous-mêmes.

L’auteur dévoile ensuite le rôle majeur mais méconnu des tannins dans 
la vie des sols : issus des débris végétaux, ils façonnent les processus qui 
régénèrent la fertilité du sol et déterminent les plantes qui y poussent !

Si l’homme évite les tannins toxiques, il en utilise d’autres : matériaux 
(bois ou liège), teintures, encres, parfums, épices, conservateurs, antimi-
crobiens… De leur pouvoir antioxydant à leurs usages médicinaux, ils 
contribuent à notre santé. Les amateurs de vin ou de thé, de fruits ou de 
chocolat, s’apercevront que leurs plaisirs sont faits de tannins.

Au terme d’un cheminement captivant, les tannins omniprésents se 
résument à quelques propriétés simples, et l’on se demande pourquoi 
nous ignorons si souvent leur existence. C’est à un véritable question-
nement personnel sur notre vision de la nature et notre lien sensoriel au 
monde que nous sommes #nalement conviés.

Professeur du Muséum national d’Histoire naturelle, Marc-André Selosse 
enseigne dans plusieurs universités en France et à l’étranger. Ses recherches 
portent sur les associations à béné"ces mutuels (symbioses) impliquant des 
champignons, et ses enseignements, sur les microbes, l’écologie et l’évolution. 
Éditeur de revues scienti"ques internationales et d’ Espèces, une revue de 
vulgarisation dédiée aux sciences naturelles, il est aussi l’auteur de Jamais 
seul (Actes Sud, 2017). 
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