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Environmental enteric dysfunction (EED) is an inflammatory syndrome postulated to
contribute to stunted child growth and to be associated with intestinal dysbiosis and
nutrient malabsorption. However, the small intestinal contributions to EED remain
poorly understood. This study aimed to assess changes in the proximal and distal intesti-
nal microbiota in the context of stunting and EED and to test for a causal role of these
bacterial isolates in the underlying pathophysiology. We performed a cross-sectional
study in two African countries recruiting roughly 1,000 children aged 2 to 5 years and
assessed the microbiota in the stomach, duodenum, and feces. Upper gastrointestinal
samples were obtained from stunted children and stratified according to stunting sever-
ity. Fecal samples were collected. We then investigated the role of clinical isolates in
EED pathophysiology using tissue culture and animal models. We find that small intes-
tinal bacterial overgrowth (SIBO) is extremely common (>80%) in stunted children.
SIBO is frequently characterized by an overgrowth of oral bacteria, leading to increased
permeability and inflammation and to replacement of classical small intestinal strains.
These duodenal bacterial isolates decrease lipid absorption in both cultured enterocytes
and mice, providing a mechanism by which they may exacerbate EED and stunting.
Further, we find a specific fecal signature associated with the EED markers fecal calpro-
tectin and alpha-antitrypsin. Our study shows a causal implication of ectopic coloniza-
tion of oral bacterial isolated from the small intestine in nutrient malabsorption and gut
leakiness in vitro. These findings have important therapeutic implications for modulat-
ing the microbiota through microbiota-targeted interventions.

environmental enteric dysfunction j stunted child growth j lipid malabsorption j low-grade inflammation j
small intestine

Stunting is the most common form of childhood undernutrition, affecting roughly
142 million children globally. It has severe long-term effects, including cognitive
delays, higher morbidity, and a higher risk of cardiovascular disease (1, 2). Never-
theless, to date, treatment strategies are limited, and even the best interventions can
only correct for a fraction of the encountered growth delay and associated patho-
physiological disturbances (3). In recent years, evidence has accumulated that the
microbiota plays a crucial role in undernutrition in both its acute and chronic forms
(4–6). Recently, we have shown that stunted children living in two different sub-
Saharan African countries suffer from small intestinal bacterial overgrowth (SIBO)
that is characterized by the presence of an excessive abundance of bacteria that nor-
mally reside in the oropharyngeal tract (7). These results have since been replicated
in a study in Bangladesh, where the authors suggest that this bacterial signature is
associated with small intestinal inflammation (8). Evidence has accumulated that a
chronic inflammatory syndrome of the small intestine, called environmental enteric
dysfunction (EED), plays a role in undernutrition (9). EED is characterized by an
increase in the permeability of the small intestine and influx of immune cells into
the gut epithelium, and it is thought to contribute to malnutrition via nutrient mal-
absorption (10).
Recent work in cell culture and mouse models suggests that members of the micro-

biota modulate dietary lipid digestion, absorption, storage, and secretion (11, 12). In
this study, which is embedded in the Afribiota project (13), we aimed to characterize
the small intestinal and fecal microbiota of children with stunting and/or EED and to
assess for a causal role of the microbiota in the pathophysiology underlying stunted
growth, especially intestinal inflammation and lipid absorption.
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role in chronicmalnutrition.
Nevertheless, themicrobial changes
remain little characterized. Here, we
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Results

Description of Study Population. After filtering out samples
with low sequencing counts or that did not respect the inclu-
sion criteria, we obtained fecal samples for 627 children, duo-
denal aspirates for 128 children, and gastric aspirates for 167
children, of which we had shared gastric and duodenal samples
in 45 individuals, gastric and fecal samples in 218 individuals,
and duodenal and fecal samples in 150 individuals. Fecal sam-
ples were available for moderately and severely stunted and
nonstunted children, and duodenal samples were available for
moderately and severely stunted children. The descriptions of
the three cohorts in terms of country of origin, gender, stunting
status, and age as well as potential biomarkers for EED are
given in SI Appendix, Tables S1–S3. In 96 of 109 duodenal
samples, we observed small intestinal overgrowth, of which 64
samples were from Bangui and 32 samples were from Madagas-
car. This suggests that the vast majority of stunted children
(88.1%) suffer from SIBO. For 50 children (23 from Bangui and
27 from Antananarivo), we obtained valid sequencing data from
all three sites along the gastrointestinal tract (gastric, duodenal,

and fecal samples), allowing us to further probe the underlying
composition and causes of SIBO.

Gastrointestinal Sampling Site, Country of Origin, and Different
Clinical Cofactors Modulate the Intestinal Microbiota. We first
aimed to investigate the overall variation in the microbiota
composition between the different study and sampling sites as
well as in children with differing clinical cofactors. Sample
composition varied between the two countries (Fig. 1 A and C)
and among the different segments along the gastrointestinal
tract (Fig. 1B, Datasets S4–S7, and SI Appendix, Fig. S1A),
with Fusobacteriales, Neisseriales, Pasteurellales, and Lactobacillales
vs. Clostridiales and Bacteroidales, among others, mainly driving
the separation of samples from the upper and lower gastrointesti-
nal tracts and a larger array of different orders driving the separa-
tion of the fecal samples between the two countries (SI Appendix,
Fig. S2). Of note, Bifidobacteriales were more prevalent in fecal
samples from Madagascar, where breastfeeding length is signifi-
cantly longer than in the CAR. We further confirm our previous
result (7) obtained on a subset of the samples regarding the over-
representation of bacteria of oral origin in the duodenum and the

D Alpha Diversity (Shannon) in fecal samples E Beta dispersion (Bray-Curtis) fecal samples
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underrepresentation of putative butyrate-producing bacteria in
feces of stunted children, compared with nonstunted controls
(Fig. 1F and SI Appendix, Fig. S1B). In feces, we also observed a
clear increase of the genus Campylobacter in the context of stunt-
ing in the CAR (SI Appendix, Fig. S1B). Alpha-diversity of the
fecal samples, measured through the Shannon Diversity index,
was mainly affected by country of origin and—driven by the sam-
ples from Madagascar—by age and alpha-antitrypsin (AAT) levels
(Fig. 1D). Beta-dispersion was mainly driven by country of origin,
fecal calprotectin levels, and the age of the children (Fig. 1E).
Further, we observed a small but significant contribution of ane-
mia to the beta-dispersion of the fecal samples in the merged data-
set as well as in the dataset from Madagascar, while stunting status
was only a significant driver in the CAR.
In conclusion, our data confirm our earlier results on the

uniqueness of the small intestinal microbiota as well as the
higher levels of oral bacteria and lower levels of butyrate pro-
ducers in the feces of stunted children compared with non-
stunted controls and show a clear effect of country of origin on
the microbial profile. Further, we demonstrate a negative asso-
ciation between intestinal inflammation, anemia, and overall
fecal microbiota diversity.

Candidate Biomarkers of EED Are Associated with a Distinct
Fecal Bacterial Signature in the Feces. EED is suspected to be
a main driver of stunting in developing countries. While there is

to date no validated biomarker for the disease, intestinal inflam-
mation is widely accepted as the most robust readout (14). To
assess for microbial members associated with EED, we compared
the fecal microbiota in children with normal or elevated levels of
either fecal calprotectin, a marker of intestinal inflammation, or
AAT, a marker of intestinal inflammation and protein-losing
enteropathy. While the two markers were clearly positively corre-
lated (P < 0.001 in a Spearman correlation test, rho = 0.41), a
significant number of children showed only elevated levels of
AAT (8.4%) or calprotectin (16.95%) vs. children with both
markers concomitantly elevated (7.7%) or both markers in the
normal range (66.95%). We thus analyzed the effect of both
markers separately from each other. Of note, none of the two
markers were associated with stunted child growth.

We next investigated if there was an association between
overall fecal microbiota composition and fecal AAT/calprotec-
tin levels. While only AAT was associated with a modest
reduction in alpha-diversity in Madagascar (Figs. 1D and 2A),
AAT and especially, calprotectin levels appeared significantly
and independently associated with beta-dispersion (Fig. 1E).
Fusobacterium, Megasphaera, and Parabacteroides were enriched
in fecal samples of children with either elevated calprotectin
levels and/or elevated AAT levels (Fig. 2 B and C). Further, in
the children with elevated AAT levels, we observed significantly
higher relative abundance of Bifidobacterium and Collinsella
(Fig. 2C). In the context of elevated AAT and calprotectin

C

Christensenellaceae
R−7_group

Erysipelotrichaceae
UCG−003

Ruminococcus_2

[Eubacterium]
eligens_group

Lachnospira

Ruminococcaceae
UCG−005

Parabacteroides

Megasphaera

Fusobacterium

Mollicutes_RF9

Bacteroidales
S24−7_group

[Eubacterium]
eligens_group

Lachnospira

Parabacteroides

Collinsella

Fusobacterium

Bifidobacterium

Alistipes

Megasphaera

log2 fold change elevated vs. normal

Sig. different genera by fecal
calprotecin levels 

0 1

Sig. different genera by fecal
alpha-antitrypsin levels 

A

B

log2 fold change elevated vs. normal
-1 0 1

increased with elevated calprodecreased with elevated calpro increased with elevated AATdecreased with elevated AAT

�

�

�

�

�

�
�

�

�� �

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�
�

�
�

�

�

��

�

�

�

�

�
�

�

�

��

�

�

�

�

�
�

�

�
�

��

�

�

�

�

�
��

�

�

�

��

�

�

��

�

�

�

�

�
�

�

�

�

�
�

�

�

�

�

�

�

�

��

�

�

�

�

�
�
�

�

�

�

�

�

�

�

�

�

�

� �
�

�

�

�
�
�

�
�

�

�

�

�

��
�

�

�

��

� �
�

��

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

��
�

�

�

�
�

�

�

�

��

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

��
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

��

�

�

�

��

� �

�

�

�

��

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�
�

��

�

��

�

�

�

�

�

��
�
�

�

�

�

�

�

�

�

�
�

�
�

��

��

�

�
�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�
�

�

�

�

�
�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
���

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�
�

�
�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

��

�

�

�

�

�

�
�

�

�

�

�

�

�

��
�

�

�

�
�

�

�

�

�

�
�

�

�

�

�

�

�
��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�
��

�
�

�

�

�

�

�

�

��

�
�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�

�

�

�

�

�
�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

��

� �

�

�
�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

��

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
���

�

�

��

�

�
�

�

�

�

�

�

� �

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�
�

�

�

�

�
�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�
�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

��
�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

��

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�
�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�
�

�

�

� �

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

��

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
��

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

��

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�
�

�

�

�

�

�

�

�

�
�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�
�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

��
�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��
�
�

�

�

�

�

�

�

�
�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��
�

�

��

�

�
�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

��
�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�
�

�

�

�

�
�

�

�

�
�
�

��

�

�
�

�

�

�
�
�

�
�

��

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

���

�

�

�

��

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

Chao1 Shannon InvSimpson

normal too_high
0

10

20

30

40

50

1.5

2.0

2.5

3.0

3.5

4.0

4.5

100

200

300

A
lp

ha
 D

iv
er

si
ty

 M
ea

su
re

Alpha Diversity according to AAT levels, fecal samples

***
* *

normal too_high normal too_high

-1

�

�

�

�

�

�
�

�

���

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�

�

��

�

�

�

�

�
�

�

�

��

�

�

�

�

�
�

�

�
�

��

�

�

�

�

�
� �

�

�

�

� �

�

�

��

�

�

�

�

�
�

�

�

�

�
�

�

�

�

�

�

�

�

��

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

� �
�

�

�

�
�

�

�
�

�

�

�

�

��
�

�

�

��

��
�

��

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�
�

�

�

�

��

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

��
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�
�

�

�

�

��

� �

�

�

�

��

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�
�

��

�

��

�

�

�

�

�

��
�

�

�

�

�

�

�

�

�

�
�

��

�

��

��

�

�
�

�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�
�

�

�

�

�

�
�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�� �

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

� �

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

��

�

�

�

�

�

�
�

�

�

�

�

�

�

� �
�

�

�

�
�

�

�

�

�

�
�

�

�

�

�

�

�
��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�
��

�
�

�

�

�

�

�

�

��

�
�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

��

� �

�

�
�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

��

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
���

�

�

��

�

�
�

�

�

�

�

�

��

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�
�
�

�

�

�
�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�
�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

�

�

�

�

�

��
�
�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

��

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�
�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�
�

�

�

��

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

� �

�

�

�

�

��

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
��

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

��

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�
�

�

�

�

�

�

�

�

�
�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�
�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

� �
�

�

�
�

�

�

�

�

�

�

�
�

�

�

�

�

�
�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�
�
�

�

�

�

�

�

�

�
�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��
�

�

��

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �
�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�
�

�

�

�

�
�

�

�

�
�
�

��

�

�
�

�

�

�
�

�

�
�

��

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

���

�

�

�

� �

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

Chao1 Shannon InvSimpson

0

10

20

30

40

50

1.5

2.0

2.5

3.0

3.5

4.0

4.5

100

200

300

Alpha Diversity according to calprotectin levels, fecal samples

ns
ns

**

normal too_high normal too_high normal too_high

Fig. 2. Fecal inflammatory biomarkers of EED and their association with the fecal microbiota. (A) Alpha-diversity measures in fecal samples according to
AAT and calprotectin levels. Significantly different genera according to (B) calprotectin levels and (C) AAT levels in a multivariate DeSeq2 analysis using a gen-
eralized linear model and a likelihood ratio test correcting for age, gender, country of origin, stunting status, and sequencing run on the pooled dataset
from Bangui and Antananarivo. Taxa similarly affected by calprotectin and AAT are indicated in green. ns, P > 0.05. *P < 0.05; **P < 0.01; ***P < 0.001
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levels and independently of stunting status, we observed in
both countries a reduction in the relative abundance of
Clostridiales. We also observed an increase in several genera,
such as Megasphaera and Fusobacterium. While there were
trends in the fecal samples from the CAR, these effects were
mostly driven by the Malagasy samples (SI Appendix, Fig. S3).
Overall characteristics of the study population and factors
affecting the fecal microbiota are summarized in Fig. 1 and SI
Appendix, Figs. S1–S3 and Tables S1–S3.
Thus, a specific fecal bacterial signature appears associated

with fecal EED markers that is independent of the geographic
origin or the stunting status of the children.

Duodenal Aspirates in Both Countries Display a Conserved
Set of Bacterial Taxa and Show Distinct Clusters of Co-Occurring
and Co-Excluding Strains. As nutrient absorption takes place in
the small intestine, we assessed the small intestinal microbiota
composition in the duodenum. For ethical reasons, we were only
able to take duodenal samples from stunted children and to com-
pare the community composition between severely and moder-
ately stunted children. There was a clear shared core microbiota
present in at least 90% of all duodenal samples at a relative abun-
dance of >0.01% and a slightly extended microbiota present in at
least 75% of all samples at a relative abundance of >0.01%. This
core microbiota was largely the same in both study countries, with
the Deinococcus–Thermus group being slightly more abundant in
Madagascar (Fig. 3 B and C) (P = 0.005).
Co-occurrence analysis revealed clear groups of co-occurring

and co-excluding taxa. At the lower taxonomic level, we
observed two groups of co-occurring bacteria that are collectively
co-exclusive (Fig. 3D and SI Appendix, Figs. S4 and S5)—typical
oral bacteria, such as Streptococcus, Staphylococcus, Moraxella,
Canocytophaga, or Rothia, and intestinal bacteria, such as Prevotella,
Alloprevotella, Ruminococcaceae, or different Lachnospiraceae.
This pattern was observed in both study countries indepen-
dently (SI Appendix, Figs. S4 and S5). At a higher taxonomic
level, we observed co-occurrence of Actinobacteria, Clostridia,
and Erysipelotrichia in the duodenal samples, which was mutually
exclusive with high levels of Gammaproteobacteria (Fig. 3E),
especially in the CAR.
Country of origin was the only cofactor slightly influencing

beta-dispersion of duodenal samples (explaining 2% of the total
variability). Samples from Madagascar had slightly higher levels
of Proteobacteria (especially Neisseriales and Pasteurellales) and
slightly lower levels of the Deinocuccus–Thermus group and
Firmicutes (Fig. 3B and SI Appendix, Fig. S2C).
Thus, we can define a conserved microbial signature in the

small intestine of stunted children that is governed by patterns
of co-occurrence and co-exclusion.

Characterization of the Gastric and Small Intestinal Microbiota
in the Context of Stunting Severity and SIBO. We next aimed
to assess changes in the community structure of the small intes-
tinal microbiota in the context of moderate and severe stunting
as well as SIBO, a hallmark of EED and stunting.
The duodenal samples were equally distributed between moder-

ately and severely stunted children (SI Appendix, Table S2).
Although we did not observe any differences in the small intestinal
microbiota by stunting severity, SIBO had a significant impact on
the duodenal and gastric microbiota (SI Appendix, Fig. S6).
SIBO was present in 66% of all stunted children from Mada-

gascar who had a test performed and 84% of all children in the
CAR (SI Appendix, Table S2). On average, we counted 2.1 × 106

colony-forming units (CFU)/mL in the samples from the CAR

(minimum: 0, maximum: 2.2 × 108, interquartile range [IQR]:
1.3 × 107) and 2.3 × 106 CFU/mL in the samples from Mada-
gascar (minimum: 0, maximum: 1.6 × 108, IQR: 2.8 × 107).
Assessing for differences in given species in the gastric samples,
there was a clear decrease of several strict anaerobes in gastric
samples from children suffering from SIBO (SI Appendix, Fig.
S6 B and C) and an increase in Helicobacter and Campylobacter
(driven by samples from Madagascar) (SI Appendix, Fig. S6 A
and B). In the CAR, Dolosigranulum pigrum was significantly
increased in duodenal aspirates of children with SIBO com-
pared with children without SIBO, and Helicobacter was
reduced (SI Appendix, Fig. S6H). In Madagascar, SIBO was
associated with slightly higher levels of Treponema and lower
levels of Serratia (SI Appendix, Fig. S6I). No conserved signa-
tures were visible for changes in the relative abundance of given
taxa at the genus level in the feces of children with SIBO com-
pared with children without SIBO (SI Appendix, Fig. S6 D–F).

It has been previously shown that ectopic colonization with
oral bacteria is associated with markers of EED in a mouse model
(8). We thus aimed to assess if SIBO was associated with an
increase in the small intestinal inflammatory state. To this pur-
pose, we measured cytokine, AAT, and calprotectin levels in the
small intestine (SI Appendix, Table S2). There was a statistically
significant positive association between the duodenal levels of
AAT, calprotectin, and cytokines in the CAR but not in Mada-
gascar (SI Appendix, Fig. S7). Further, there was no association
between fecal calprotectin/AAT and duodenal cytokines in any of
the countries. While there were no changes in cytokines, AAT, or
calprotectin in the duodenum by stunting severity (moderate vs.
severe), there was a significant increase in several proinflammatory
cytokines when children exhibited SIBO (Fig. 3A). This indicates
that SIBO in stunted children is associated with increased small
intestinal inflammation.

In conclusion, our data show that SIBO is associated with
specific bacterial species in the upper gastrointestinal tract, with
a small trend to the increased presence of potential proinflam-
matory strains and a small reduction in strict anaerobes. This
inflammation does not seem to be strongly associated with the
relative abundance of a specific bacterial taxon present but
rather, a reflection of the overall community composition.

Ectopic Colonization with Small Intestinal Isolates of Oral
Bacteria Leads to Diminished Lipid Absorption in Cultured
Intestinal Cells. Using a small intestinal clinical isolate of Strep-
tococcus salivarius as a model oral bacterium (strain AF5, S. sali-
varius II) (SI Appendix, Table S5), we assessed for a direct role
in intestinal inflammation using either polarized murine intesti-
nal m-IcCl2 cells or antibiotic pretreated mice (Animal Experi-
ments). The S. salivarius strain tested was not associated with
any change in inflammation (Figs. 4B and 5D).

We next assessed for a potential influence of small intestinal
bacterial isolates on lipid absorption (Fig. 4A and SI Appendix,
Fig. S8). To this purpose, we tested lipid uptake in murine
small intestinal cells (m-IcCl2) exposed to a subset of clinical
small intestinal isolates representing the main small intestinal
taxa recovered (SI Appendix, Table S5) (15). All oral bacterial
strains tested with the exception of Lactobacillus paracasei, a
reference strain that showed no change in lipid absorption in
previous work (12), significantly decreased 14C–oleic acid
absorption in m-IcCl2 cells compared with control conditions
(Fig. 4C). This decrease was of higher magnitude in S. salivar-
ius strains, particularly in S. salivarius II/strain AF5, and was
independent of the growth velocity of the bacteria in the cell
culture supernatant (SI Appendix, Fig. S8B). We then assessed if
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Staphylococcus pasteuri
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Streptococcus oralis
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C

Fig. 3. Small intestinal microbiota in children suffering from stunted growth. (A) Cytokines with a significantly different relative abundance between duodenal
samples from children suffering from SIBO compared with children not suffering from SIBO in a logistic regression correcting for analysis batch, country of ori-
gin, and the presence or absence of anemia and using the Benjamini–Hochberg correction. (B) Average phylum relative abundance in Bangui, CAR and Antanana-
rivo, Madagascar. (C) Core species at 0.01% relative abundance and a minimal prevalence of 75% in Antananarivo, Madagascar (green) or Bangui, Central African
Republic (blue) or conserved in between both study countries (black). (D) Heat map of the Spearman correlation of duodenal samples co-occurrence/co-exclusion
including all species with a relative abundance of at least 0.1%. Co-occurrence is indicated in red, and co-exclusion is in blue. Significant associations are indi-
cated with a plus sign. (E) Heat map of co-occurrence and co-exclusion of different classes in the small intestine as measured by Spearman correlation on
the relative abundance of given bacterial classes. Only classes with at least 0.1% relative abundance were kept in the analysis. A plus indicates a significant
interaction (P < 0.05). Positive associations are indicated in red, and negative associations are in blue. Co-occurrences in Malagasy samples are indicated in
the Left pannel and co-occurrences in Central African samples are indicated in the Right pannel. ns, P > 0.05. *P < 0.05; **P < 0.01; ***P < 0.001
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the bacteria affected enterocyte monolayer integrity by perform-
ing a sulfonic acid apical to basal permeability assay (Fig. 4D).
Several of the clinical Streptococcus isolates led to a small yet sig-
nificant increase in permeability (of 10%), suggesting that these
bacteria could be directly contributing to the leaky gut syn-
drome. To identify the bacterial effectors by which S. salivarius II
could alter enterocyte lipid metabolism, we tested the effect of live
and heat-inactivated S. salivarius II, S. salivarius II culture superna-
tants, and pH 5 (media pH equivalent to that of S. salivarius II

culture supernatant [SI Appendix, Fig. S8B]) on lipid absorption
and secretion in m-ICcl2 cells (Fig. 4E). Live S. salivarius II,
S. salivarius II supernatant, and the fraction of supernatant
containing molecules with a size smaller than 3 kDa decreased
lipid absorption to a similar extent, while pH and heat-
inactivated bacteria did not interfere with lipid absorption. As
previously shown for Escherichia coli and Lactobacillus paracasei
(11, 12), S. salivarius II and its metabolites further led to
decreased lipid secretion in m-ICcl2 cells (Fig. 4F). We
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Fig. 4. Duodenal isolates of oropharyngeal bacteria lead to decreased lipid absorption in vitro. (A) Experimental setup of the in vitro cell assay. (B) Expression of
proinflammatory genes in m-IcCl2 cells overexposed to either a clinical, small intestinal isolate of S. salivarius or L. paracasei (control bacterium). Values are normal-
ized to the geometric mean of the three housekeeping genes tbp, b2m, and gapdh. (C) Oleic acid absorption in polarized murine small intestinal cells (m-IcCl2)
cocultured overnight with different clinical isolates from the duodenum of stunted children. (D) The sulfonic acid apical to basal permeability assay in polarized
m-IcCl2 cells cocultured overnight with different clinical isolates from the duodenum of stunted children. (E) Oleic acid absorption in the context of live S. salivar-
ius strain II, whole or filtered culture supernatant, or heat-killed cells of S. salivarius II or in a medium acidified to pH 5. (F) BODIPY C12 (lauric acid) secretion in
the context of live S. salivarius strain II, whole or filtered culture supernatant, or heat-killed cells of S. salivarius II or in a medium acidified to pH 5. (G) NMR-
quantified levels of metabolites in the supernatant of polarized m-IcCl2 cells cocultured for 16 h with control medium, S. salivarius, or L. paracasei. Experiments
were performed in three independent replicates. Groups are compared using the Mann–Whitney U test. ns, P > 0.05. *P < 0.05; **P < 0.01; ***P < 0.001.
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hypothesize that low–molecular weight fermentation end
products secreted by S. salivarius II mediate their effects on
enterocyte lipid metabolism. We next performed targeted
NMR analysis of the main fermentation end products present
in bacterial supernatants. There was no difference in the levels
of any of the fermentation products we tested between superna-
tants of S. salivarius and L. paracasei (Fig. 4G), suggesting that
yet another metabolite or small bacterial molecule is mediating
this effect or—in the in vivo setting—that the effect is of quanti-
tative nature rather than of qualitative nature as many of the
children displayed up to 1,000× more bacteria in their small
intestine compared with reference values.
Together, these in vitro results show that small intestinal iso-

lates of oral bacteria, dominated by S. salivarius, decrease the
absorption of lipids in intestinal epithelial cells.

Ectopic Colonization with S. salivarius II Leads to Diminished
Lipid Absorption in the Small Intestine and Liver of Mice. We
next aimed to validate these results in a mouse model (Fig. 5A).
Mice were cleared of their microbiota using an antibiotic mix-
ture containing vancomycin, neomycin, metronidazole, and
amphotericin B (Fig. 5B) and gavaged over 3 d with the clinical
isolate S. salivarius II (AF5; which showed the largest decrease
in lipid absorption in the cell culture assay), L. paracasei, or
phosphate buffer saline (PBS). Mice were quasimonocolonized
with the respective strain and were quasimonocolonized by Pae-
nibacillus sp. in the control group (Fig. 5 C and E). Mice
treated with S. salivarius II displayed significantly lower levels
of jejunal and liver BODIPY C12-labeled fatty acids (Fig. 5F)
and showed no signs of inflammation (Fig. 5D).
Together, these results show that S. salivarius II decreases

intestinal absorption and consequently, liver accumulation of
dietary fatty acids.

Discussion

Our results clearly show that stunted growth and/or EED are
associated with specific changes in the bacterial community of
the feces and that there are small intestinal bacterial changes
associated with SIBO, which is pervasive in stunted children in
this population. These bacterial changes are associated with low-
level inflammation and—in experimental models—with gut
leakiness and lipid malabsorption. We further confirm and
expand our previous results, and we show that overgrowth by
oral bacteria in the small intestine leads to a displacement of the
classical small intestinal bacteria and that these clinical isolates
are associated with low-grade inflammation and decreased lipid
absorption in a cell culture model as well as in an animal model.
The decrease in lipid absorption in small intestinal enterocytes is
induced by the massive overgrowth by several phylogenetically
different oral bacteria. These small intestinal bacteria from
stunted patients were associated with changes in nutrient absorp-
tion; this work, therefore, has important implications for a better
understanding of microbiota–host interactions in the context of
undernutrition and other diseases associated with ectopic coloni-
zation of oral bacteria.

Chronic low-grade inflammation and overproduction of
metabolic products reducing lipid absorption may complement
each other as their respective intensity may vary among stunted
children.

Our clinical results show that a low-grade intestinal inflam-
mation occurs in the duodenum of children with SIBO, involv-
ing elevated levels of duodenal AAT and calprotectin as well as
several cytokines, including IL-6 and Mcp1. We were unable to
link a single bacterial taxon to the phenomenon, suggesting
that a group of bacteria rather than a single taxon is driving the
proinflammatory state. This is in line with work in Bangladesh,
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days. (C) Average relative abundance of bacterial genera in the three treatment groups. (D) Expression of proinflammatory genes in the small intestine of
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showing a role for the absolute abundance of a consortium of
14 oral bacteria in small intestinal inflammation in a mouse
model of undernutrition (8).
Further, the microbiota analysis in the small intestine reveals

that there are opposite relative abundances between putative
oral species (defined in the Human Oral Microbiome Data-
base) as well as classical fecal bacteria. Displacement of the typi-
cal intestinal microbiota with bacteria normally found in the
oral cavity has also been described in inflammatory bowel dis-
ease; ectopic colonization by oral bacteria is further associated
with colorectal cancer as well as liver disease (reviewed in ref. 16),
but it remains debated if this disbalance is due to inflammation
induced by the oral bacteria or through driving of the oral bacte-
ria in the context of inflammation. Previous work suggests a link
between Helicobacter pylori infection and gastric pH (17). We did
not see any significant association between SIBO and gastric pH
nor SIBO and Helicobacter infection and only a small trend to
lower pH with higher relative abundance of Helicobacter. Never-
theless, as we did not specifically targeted Helicobacter using, for
example, qPCR to assess for absolute bacterial load and only
assessed pH using pH paper, these results might not be robust
and should be verified in a dedicated study.
In addition to changes in the small intestine, we could show

that markers of EED are also associated with changes in the fecal
microbiota. In our study, EED markers were associated with ele-
vated fecal levels of Fusobacterium, Megasphaera, and Collinsella
and lower levels of strict anaerobic butyrate producers. An earlier
study that assessed EED-associated bacteria in feces in Malawi
and focused on lactulose–mannitol absorbance as a proxy for gut
leakiness and EED (18) found that Megasphaera, Mitsuokella,
and Sutterella were more abundant in the feces of children with
EED, whereas Klebsiella and Clostridium_XI were less abundant;
this is consistent with our observation of more inflammation-
associated taxa and less butyrate-producing Clostridia in the feces
of children with EED. Considering that in our study population,
virtually all children displayed elevated gut leakiness, we were
unable to repeat the analysis with the same biomarker that the
previous studies used. Interestingly, three of the taxa elevated in
children with EED (Fusobacterium, Megasphaera, and Collinsella)
are known to also be overrepresented in feces of patients suffer-
ing from other inflammatory disease, such as colorectal cancer
(19, 20), active Crohn’s disease (21), celiac disease (22), and/or
nonalcoholic steatohepatosis (23). It remains unclear, however,
whether these bacteria are causally implicated in disease or if they
merely thrive better in the context of gut inflammation (24, 25).
Several taxa, including Bilophila wadworthia (26) and Collinsella
(27), have also been implicated in metabolic disease, suggesting a
role for these bacteria in the double burden of undernutrition
and EED in early life and metabolic disease in later life. Further,
our study highlights the overrepresentation of Campylobacter in
stunted children independently of the country, adding to the
growing literature associating asymptomatic Campylobacter carriage
with stunted child growth (7, 28–31).
In addition, our work has unraveled a second unrelated

driver of malnutrition in stunting: the reduction of lipid
absorption by bacteria isolated from the small intestine of
stunted children, which we have shown both in a cell culture as
well as in an animal model. Due to the lack of small intestinal
biopsies from these children, we were, however, unable to assess
this phenomenon directly in the affected children. Future stud-
ies should also assess for blood lipid profiles and spot fecal fat
or calorimetry in fecal samples to assess for lipid status directly
in the affected children and strengthen the link between small
intestinal microbial shifts, lipid malabsorption, and EED.

Recent data in duodenal biopsies from EED children from
Pakistan (32, 33) show changes in lipid absorption and metabo-
lism pathways as well as changes in duodenal and serum bile
acid profiles and signals for dysbiosis (i.e., up-regulation of
DUOX2) and fecal energy loss. Most interestingly, fecal energy
loss and inflammation partially improved in children in a ran-
domized control trial testing alanyl-glutamine as a gut repair
nutrient for an intervention of 10 days (34). Previous work also
found an association between Giardia infestation and steatorrhea
(35, 36), a parasite that is frequently found in low- and middle-
income countries (37–39). However, no association with stunt-
ing was found in the population of children studied here (38).

A direct role for commensal bacteria in lipid metabolism has
previously been described by our group for E. coli (11, 12) and
L. paracasei (11, 12) and also suggested for Clostridiales (40, 41)
and Desulfovibrio (40). Previous work by our group has shown
that the two commensals L. paracasei and E. coli alter lipid metab-
olism through the fermentation products L-lactate and acetate,
respectively (12). More work is needed to elucidate the implicated
metabolite and the cellular pathway by which the small intestinal
clinical isolates lead to decreased lipid absorption and to assess the
role of these bacteria directly in affected children.

Lipid absorption and inflammation most likely indepen-
dently contribute to the pathophysiology underlying stunted
child growth. They are also indirectly linked as inflammation
modulates the composition of the microbiome, which in turn,
then interacts with lipid absorption and storage (11, 12, 41). In
our experimental study, in contrast to our clinical data to a pre-
vious study in Bangladesh (8), the oral clinical isolate tested
was not able to induce inflammation, suggesting that different
members of the SIBO community contribute to different
aspects of the EED pathophysiology. Our results on inflamma-
tion are limited by the fact that only a single strain was tested
for proinflammatory potential. More research on small intesti-
nal bacterial isolates is needed to better understand what is
driving inflammation in the small intestine of stunted children.
Malabsorption could hence be inversely influenced through
low-level inflammation induced by specific bacterial taxa or
communities and the presence of absorption-modulating bacte-
ria, such as members of the oral microbiome.

Our study also has a few limitations, especially the fact that we
were not able to assess for lipid absorption and lipid absorption–
associated genes directly in epithelial tissues. Further, dosing
short-chain fatty acids and providing absolute values on taxa
abundance would give a better idea of the actual reduction in
butyrate and the actual bacterial load. Further, steatorrhea might
also directly contribute to microbiota changes in the colon, a
hypothesis that was not tested in this study. These points should
be addressed in future studies.

In conclusion, our study suggests an implication of ectopic col-
onization of oral bacteria in gut leakiness and nutrient malabsorp-
tion in vitro and confirms the association between SIBO and
low-grade inflammation in stunted children. Further, we show a
specific independent signature associated with EED markers in
the large intestine, which is conserved in both study settings.

Tooth decay and oral health are of major concern in Africa
and have been associated with malnutrition in Cambodia (42).
In our study, more than a third of the participants in Madagas-
car showed visible caries (43), yet oral health was not associated
with stunted growth. Our results show important avenues for
the development of microbiota-targeted interventions. On the
one hand, treating SIBO promises to decrease both small intes-
tinal inflammation and lipid malabsorption. On the other
hand, sustaining and replenishing members of Clostridia in the
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large intestine promise to ameliorate colonization resistance and
decrease inflammation in the large intestine. Clinical trials testing
different microbiota-targeted interventions for the small and large
intestine are clearly indicated (i.e., by ameliorating oral health
and thus, preventing seeding of oral strains to the lower gastroin-
testinal tract and/or by boosting the growth of butyrate producers
[i.e., through microbiota-directed foods and/or through specific
prebiotics]). Such interventions are powerful candidates to ame-
liorate the treatment of stunting in the future.

Material and Methods

Study Setup, Collection of Samples and Metadata, and Biobanking. This
transversal study was carried out in children living in four districts of Bangui,
CAR or in two disadvantaged neighborhoods of Antananarivo, Madagascar. The
study included children aged 2 to 5 years with no obvious signs of disease
(bloody or mucus-containing diarrhea, signs of respiratory distress, HIV, wasting).
All children recruited in the Afribiota project were eligible for this study. The
detailed inclusion and exclusion criteria and recruitment procedures are
described in ref. 13. Children were classified according to the median height of
the WHO reference population (44) in three groups: severe stunting (height-for-
age z score ≤ �3 SD), moderate stunting (height-for-age z score between
�3 SD and �2 SD), and not stunted (height-for-age z score ≥ �2 SD) based
on the cutoffs defined based on the WHO reference cohort (45). Metadata
including nutritional status, iron levels, hemoglobin, age, and socioeconomic
factors were collected with a standardized questionnaire. Complete blood count,
C-reactive protein, and ferritin levels were measured at the Clinical Biology Cen-
ter of the Institut Pasteur de Madagascar and the Laboratoire d’Analyze M�edicale
at the Institut Pasteur de Bangui within 4 h after blood collection according to
accredited methods. Ferritin levels were corrected for systemic inflammation as
described in ref. 46. Hemoglobin values of Malagasy children were adjusted for
altitude as described in refs. 47 and 48, and anemia was defined as less than
110 g of Hb/L of blood according to the WHO criteria (45, 49).

Gastric, duodenal, and fecal sample collection was performed as described
previously (7).

Caregivers were instructed to collect the feces in the morning before coming
to the hospital. Gastric and duodenal samples were collected using a pediatric
nasogastric tube (Vygon, France) and were only collected for stunted children
(ethical constraint). Once the gastric, duodenal, or fecal samples were collected,
they were aliquoted, frozen at �20 °C, and transferred the same day to a
�80 °C freezer (Bangui) or directly snap frozen in liquid nitrogen and then
transferred to a �80 °C freezer (Antananarivo). SIBO was assessed by culture as
described in ref. 15 and defined as >2 × 105 CFU/mL of duodenal liquid. DNA
extraction was performed on site in Antananarivo and Bangui (see below), and
DNA was shipped on dry ice. Biobanking and sample distribution were per-
formed by the Unit�e de Bact�eriologie Exp�erimentale, Institut Pasteur de Mada-
gascar; the Laboratoire d’Analyze M�edicale, Institut Pasteur de Bangui; and the
Clinical Investigation and Access to BioResources Platform at the Institut Pasteur,
Paris. The study protocol for Afribiota was approved by the Institutional Review
Board of the Institut Pasteur (2016-06/IRB) and the National Ethical Review
Boards of Madagascar (55/MSANP/CE, 19 May 2015) and the CAR (173/UB/
FACSS/CSCVPER/16). All participants received oral and written information about
the study. The legal representatives of the children provided written consent to
participate in the study.

DNA Extraction and Sequencing. Samples were extracted by commercial kits
(QiaAmp cador Pathogen Mini or cador Pathogen 96 QIAcube HT Kit; Qiagen)
following the manufacturer’s recommendations with an additional bead-beating
step to increase mechanical disruption. Samples were stored at �80 °C until
sequencing. Extracted DNA samples were shipped to a commercial provider,
where library generation and sequencing were performed (Microbiome Insights).
Extraction protocols were compared in between the two study sites using a
Zymogen Mock Community. Library preparation was performed as recom-
mended by Kozich et al. (50) using primers v4.SA501 to v4.SA508 and
v4.SA701 to v4.SA712. The amplicon library was sequenced on a MiSeq using
the MiSeq 500 Cycle V2 Reagent Kit (250 × 2). Data are available on the ENA
server under accession number PRJEB48119.

Bioinformatic and Biostatistic Analysis of the Microbiota Composition.

Demultiplexed reads were obtained from the sequencing facility and were proc-
essed using the Dada2 pipelines developed by the Holmes laboratory with slight
modifications [https://benjjneb.github.io/dada2/ (51)], and taxonomy was
assigned using the Silva Database (version 128). Minimum sequence lengths of
240 bp for the forward reads and 220 bp for the reverse reads were set, no N was
allowed, and maximum EE was set to six/eight (forward/reverse). The original aver-
age input of the sequencing dataset was of 38,140 sequences/sample (minimum:
117 sequences, maximum: 185,013 sequences). We filtered out reads with a rela-
tive abundance of less than 0.1%. After filtering and removal of the chimeric
sequences, this yielded on average 27,058 sequences per sample. Only samples
with a final sequence count of at least 5,000 sequences were kept in the analysis.
The stunted vs. nonstunted groups were compared using Pearson’s χ2 test or the
Fisher exact test for qualitative variables and the Student’s t test or the
Mann–Whitney U test for quantitative variables. Statistical analyses and visualiza-
tions of the microbial data were conducted in R version 3.4.1 using Phyloseq (52),
vegan (53), DeSeq2 (54), and ggplot2 (55) packages. Alpha-diversity was quanti-
fied using the observed number of taxa, a measure of richness (Chao1 index), a
measure of evenness (Simpson’s diversity index = 1� Simpson’s index), and the
combined Shannon index using rarefied data. Tests of differences of alpha-
diversity between samples were performed using the nonparametric multivariate
analysis of variance with the function “adonis” in the R package vegan (53). P val-
ues were Benjamini–Hochberg corrected. Multivariate analyses of differentially
abundant taxa were performed on pooled samples from both countries as well as
on data from each country independently. Multivariate models were corrected for
gender and age (in months) as well as country of origin and stratified on sample
type and then, on country of origin. Models on the fecal samples were further
corrected for intestinal inflammation (AAT levels and calprotectin levels).

The metadata, ASV table, and taxonomy table can be found in Datasets
S1–S3. The code can be found in GitHub under the following link: https://
github.com/VonaeschLabUNIL/Afribiota.

Culture of Duodenal Aspirates and Identification of Colonies. Duodenal
samples were processed as described previously (7). Briefly, RCM-diluted duode-
nal aspirations were diluted and streaked on plates according to the protocol
described in Chandra et al. (56). Reisolated colonies were identified by MALDI-
TOF mass spectrometry (Bruker Biotyper; Bruker Daltonics and Antananarivo).
Cultures were considered positive for SIBO if the total bacterial count was ≥2 ×
105 CFU/mL of duodenal fluid (56). Only duodenal samples with a pH value of
at least five were retained in the analysis, as lower pH values suggested that the
probe was localized rather than in the stomach (recoiling of the probe).

LUMINEX Analysis of Duodenal Cytokines. LUMINEX analysis was per-
formed at the Centre d’Immunologie Humaine of the Institut Pasteur using the
commercial Cytokine 30-Plex Human Panel from Invitrogen according to the
manufacturer’s instructions. In brief, 200 μL of duodenal aspirate was homoge-
nized in 1 mL of PBS containing Protease Inhibitor Mixture (Roche Diagnostics
GmbH), incubated for 30 min on ice, and centrifuged for 10 min at 10,000 × g
at 4 °C in a tabletop centrifuge. Cytokines were measured on the undiluted
supernatant using the DropArray method (Curiox Biosystems Pte Ltd.) on a
Bioplex 200 machine (LUMINEX) according to the manufacturer’s instructions.
Values were measured in duplicates, and all samples with more than 20% dif-
ference in between the two measurements or values above the standard curve
were repeated. Values that repeatedly produced discordant results were
imputed by the mean of each cytokine. Values repeatedly under the standard
curve were imputed with half the minimum, and values repeatedly over the
standard curve were imputed with double the maximum for this cytokine. Dif-
ferences in cytokine composition between children suffering of moderate or
severe stunting as well as SIBO or specific bacterial taxa were analyzed using
R, the Wilcoxon rank-sum test for categorical variables, and Spearman correla-
tions for continuous variables. All comparisons were corrected for multiple
testing using the Benjamini–Hochberg correction.

Assessment of Intestinal Inflammation and Permeability. Fecal and duo-
denal calprotectin concentrations were assayed in duplicate by a “sandwich”-type
enzyme-linked immunosorbent assay, which uses a polyclonal antibody system
(Calprest; Eurospital) according to the manufacturer’s instructions (measurement
range: 15 to 5,000 μg/g). Fecal and duodenal AAT was measured using an
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immunonephelemetric method adapted on the BN ProSpeco system (Siemens).
Briefly, stool samples were diluted 1:5 in 0.15 M NaCl and then, shaken vigor-
ously by the mean of a vortex until complete homogenization. The homogenate
was centrifuged at 10,000 × g for 15 min at 4 °C, and the supernatant was
used for analysis (analysis at dilutions 1:5 and 1:500 to avoid any prozone phe-
nomena; measurement range: 0.01 to 20 mg/g) (57). For AAT, values below
1.25 mg/g of fecal dry weight or below 0.15 mg/g of fecal wet weight were con-
sidered normal. For calprotectin, thresholds were adapted to age and were con-
sidered normal if the calprotectin levels were below 150 mg/g of fecal wet
weight for children aged 2 to 3 y and 100 mg/g of fecal wet weights for children
aged 3 y and older.

Enterocyte Cell Line (m-IcCl2). The m-ICcl2 murine fetal intestinal epithelial
cell line derived from small intestinal villi was obtained from the laboratory of
Alain Vandewalle, Facult�e de M�edecine Xavier Bichat, Paris, France (11), and it
was used between passages 6 and 16. Cells were maintained in a humidified
atmosphere of 5% CO2 and 95% air and were grown in advanced DMEM/F12
medium (Gibco) supplemented with 2% fetal calf serum (Eurobio), 2 mM gluta-
max, 20 mM Hepes (Gibco), 50 nM dexamethasone, 10 nM human epidermal
growth factor, and 1 nM triiodothyronine (Sigma-Aldrich). For subculturing, cells
were removed enzymatically (0.05% Trypsin–EDTA; Gibco; 10 min, 37 °C) and
seeded on 12-well transwell plates (1.12 cm2, Ø 12 mm; 0.4-μm pore size
inserts; Corning Costar) at a density of 3 × 105 cells/mL The medium was
changed every 2 to 3 days until complete cell differentiation (14 days).

Coculture Assay of Bacterial Strains with m-IcCl2 Cells. L. paracasei WT
strain ATCC 334 (formerly referred to as Lactobacillus casei ATCC 334) and the
nonpathogenic murine E. coli RB01 isolate (11) were grown at 37 °C under aero-
bic atmosphere in MRS and LB medium, respectively (Difco). Bacterial strains iso-
lated from duodenal samples of children were grown at 37 °C under aerobic
atmosphere in the absence (S. salivarius) or the presence of 5% CO2 (SI
Appendix, Table S5 has details). Bacterial growth rates for the different strains
were within a log except for Moraxella catarrhalis, for which we recovered
roughly two log less bacteria in the cellular supernatant. Bacteria in stationary
growth phase were harvested by centrifugation, washed with PBS, and resus-
pended in m-ICcl2 cell medium at a density of 3 × 105 CFU/mL except for strain
AF2, which was resuspended at a density of 1.5 × 106 CFU/mL, and strains AF1
and AF3, which were resuspended at a density of 3 × 107 CFU/mL. Bacteria
were then cocultured with m-ICcl2 cells in the apical compartment for 16 h. For
the mouse experiments, S. salivarius II was grown to stationary growth phase,
harvested by centrifugation, washed with PBS, and resuspended in PBS at a den-
sity of 109 CFU/mL.

m-ICcl2 Monolayer Integrity. The integrity of the m-ICcl2 cell monolayer was
determined by two methods: the CytoTox 96 cytotoxicity assay according to the
manufacturer’s protocol (Promega) and measurement of the apical to basal per-
meability of sulfonic acid as described in ref. 12. Concerning the latter method,
phenol red–free media containing sulfonic acid (200 μg/mL; Thermo Fisher Sci-
entific) and bacteria were placed on the apical compartment, and phenol
red–free media were placed on the basal compartment. After 16 h, the fluores-
cence of sulfonic acid (excitation at 485 nm and emission at 530 nm) on the
basal compartment was measured with a TECAN Infinite M200 Pro plate reader
(Tecan Austria GmbH).

14C–Oleic Acid Absorption. After a 16-h treatment with bacteria or their super-
natants, m-ICcl2 cells were washed three times with PBS and incubated on the
apical compartment with 150 μL of serum-free culture medium containing 0.1%
bovine serum albumin (BSA) free of fatty acids and 5 μM 14C–oleic acid (Perkin-
Elmer) for 2 min. The choice of this incubation time was based on previous time
course experiments showing that 14C–oleic acid absorption in m-ICcl2 cells was
linear for up to 2 min (SI Appendix, Fig. S8A). After this period, absorption was
stopped by removing the medium, washing cells three times with ice-cold PBS
containing 0.1% BSA free of fatty acids, and placing them on ice. Cells were then
solubilized with 225 μL of 0.1% (vol/vol) Triton X-100 (in 5 mmol/L Tris�HCl, pH
7.4) and left at 4 °C overnight. Intracellular radioactivity was measured by liquid
scintillation counting and normalized for total cell protein determined by the EZQ
Protein Quantitation Kit (Invitrogen) according to the manufacturer’s protocol.

Lipid Secretion Assay. After a 16-h exposure of m-ICcl2 cells to bacteria or
their supernatants, medium of the apical compartment was replaced by serum-
free medium containing lipid micelles, which consisted of 0.6 mM oleic acid,
2 mM sodium taurocholate, 0.2 mM 2-mono-oleoylglycerol, 0.05 mM CHOL,
0.2 mM L-α-lysophosphatidylcholine (Sigma-Aldrich), and 0.02 mM BODIPY C12
fatty acid. Following a 10-min incubation, the medium containing micelles was
removed and replaced by regular serum-free medium. Six hours after the addi-
tion of micelles, the fluorescence in the basal compartment was measured using
a TECAN Infinite M200 Pro plate reader.

NMR Quantification of Fermentative Products. For analysis of bacterial
metabolites, bacteria were incubated at 105 CFU/mL in advanced DMEM without
glucose and any other additives. Quantifications were performed at the metabo-
lomics platform of the University of Nantes (Capacit�es Spectrom�etrise) using
NMR; 1D 1H spectra of cell culture supernatants from polarized m-ICcl2 cells
were exposed during 16 h to control medium, S. salivarius strain II, or L. paraca-
sei. Spectra were acquired on a Bruker 700-mHz spectrometer with a inversed
1H/13C 5-mm cryogenic probe. The following metabolites were quantified: lactic
acid, acetic acid, acetoin, diacetyl, and glucose. Briefly, samples stored at
�80 °C were thawed for 30 min at ambient temperature, 500 μL of supernatant
was mixed with 35 μL of buffer solution (pH 2, reference for chemical displace-
ment) and 30 μL of TSP solution (internal control, [TSP] = 28,83 mmol L�1).
After homogenization, pH was adjusted using hydrochloric acid to reach a final
pH between 1.95 and 2.05. Samples were frozen again at �20 °C prior to NMR
analysis. The day of the NMR measurement, the samples were thawed for 30
min at room temperature, homogenized, and introduced in an NMR cuvette.
Spectra were acquired and treated with the Topsin 3.2 software using a recupera-
tion delay of 35 s and a number of accumulations set to 128. The area under
the curve for each metabolite was determined using the software AMIX.

Animal Experiments. Animal experiments were performed in compliance with
French and European legislation on the care and protection of laboratory animals
(EC Directive 2010/63, French Law 2013-118, 6 February 2013). All experiments
were approved by the Ethics Committee of Institut Pasteur and by the French
Ministry of Agriculture (reference no. 2015-0027). C57BL/6JR specific
pathogen–free (SPF) mice (8-wk-old females) were purchased from Janvier Labs
and were housed in the animal facility of Institut Pasteur. SPF mice were fed a
regular chow diet and administered a microbiota-depleting antibiotic treatment
for 8 d, consisting of a daily administration, by gavage, of a mixture of 5 mg/mL
vancomycin (Acros Organics), 10 mg/mL neomycin, 10 mg/mL metronidazole
(Sigma-Aldrich), and 0.1 mg/mL amphotericin B (Dominique Dutscher) resus-
pended in water. A gavage volume of 10 mL/kg body weight was administered
with a stainless steel tube without prior sedation of the animals. One gram per
liter ampicillin (Sigma-Aldrich) was also present in the drinking water. Fresh anti-
biotics were mixed every day, and ampicillin-containing water was renewed
every 2 d. The day after the 8-d antibiotic treatment, fresh stools were collected
for bacterial counts in order to confirm the efficacy of antibiotics, and mice were
randomly assigned to three experimental groups (n = 4 to 5 per group). Mice
were orally gavaged with 0.2 mL of PBS (control), S. salivarius II (109 CFU/d), or
L. paracasei WT (109 CFU/d) during 3 consecutive days. After the 3-d treatment
(12th day), overnight-fasted mice were orally gavaged with a bolus of 0.2 mL
sunflower oil (Sigma-Aldrich) containing 1 mg/mL BODIPY 558/568 C12 (Thermo
Fisher Scientific). After 1 h, mice were killed by cervical dislocation, and blood,
jejunum, distal ileum (containing the luminal content), and liver (left lateral
lobe) were immediately recovered for BODIPY C12 quantification, histological
procedures, and/or CFU counts. BODIPY C12 fluorescence present in plasma and
jejunal, distal ileum, and liver homogenates was measured using a TECAN Infi-
nite M200 Pro (Tecan Austria GmbH; excitation at 548 nm and emission at
578 nm).

Data, Materials, and Software Availability. The 16S sequence data have
been deposited in ENA (accession no. PRJEB27868) (58). All code has been
deposited in GitHub under https://github.com/VonaeschLabUNIL/Afribiota (59).
The bacterial strains isolated in this study are protected through a tripartite
Charta by the Institut Pasteur, the Institut Pasteur de Madagascar, and the Insti-
tut Pasteur de Bangui, which foresees prior validation of the research by a scien-
tific commission and establishment of an MTA. Any request for reagents should
be addressed to the corresponding authors, who will then relate the information
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to the scientific advisory board and inform interested parties about the steps to
take. All other data are included in the article and/or supporting information.
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