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By Elizabeth Pennisi

A
lmost 180 million children across the 
globe are stunted, a severe, disabling 
consequence of malnutrition and re-
peated childhood infections that puts 
them at risk for cognitive impairment 
and disease. New studies now point to 

another player in stunting: the gut microbi-
ome. The right combination of microbes, it 
seems, can tip the balance between stunting 
and healthy growth, even when calories are 
scarce—a tantalizing, if preliminary, clue to 
possible interventions. 

The three studies, re-
ported in this week’s issues 
of Science and Cell, “are a 
watershed moment in global 
health generally, and in 
nutrition specifi cally,” says 
William Petri, Jr., an infec-
tious disease expert at the 
University of Virginia in 
Charlottesville. Petri was 
not involved in the current 
work, but he has spent years 
tracking the health of in-
fants in Bangladesh. He and 
others have been long been 
frustrated by the inability of 
dietary supplements to re-
verse the negative e� ects of 
poor nutrition. 

When Petri heard that 
gut bacteria might infl uence 
obesity, he reasoned that they might also in-
fl uence a person’s response to hunger. So he 
and Tahmeed Ahmed from the Inter national 
Centre for Diarrheal Disease Research in 
Bangladesh teamed up with Je� rey Gordon, 
a microbiologist at Washington University in 
St. Louis in Missouri, to collect monthly fe-
cal samples from healthy and malnourished 
Bangladeshi children under 2. Petri and Gor-
don found that as children matured, their 
community of gut bacteria normally shifted 
as well. But as they reported in 2014, stunted 
children didn’t have the appropriate bacte-
rial community for their age, but an “imma-
ture” one more typical of a younger child.

On p. 830, Gordon’s team reports fi nd-
ing the same pattern in infants in Malawi, 
and they present evidence that these mi-
crobial communities infl uence growth. 
Working with mice bred to have no gut 
microbes of their own, Gordon’s graduate 
student Laura Blanton fed them a mash 

of the same food typically eaten by Mala-
wian children. Germ-free mice given the 
“immature” microbiomes of children with 
symptoms of malnourishment grew poorly, 
whereas mice on the same diet given “ma-
ture” microbiomes of healthy children put 
on more muscle and developed seemingly 
denser bones. 

François Leulier, a biologist from the 
École Normale Supérieure de Lyon in France 
and colleagues report a similar fi nding on 
p. 854. His postdoc Martin Schwarzer 
showed that young, germ-free mice don’t 

put on as much muscle or grow bones as big 
as mice that have the normal complement 
of bacteria, even when they eat the same 
amount of food. The team also glimpsed a 
mechanism: They found that the microbes 
a� ect the animals’ own hormones.

In healthy animals, growth hormone 
stimulates an increase in a second hormone, 
insulinlike growth factor 1 (IGF-1), which 
in turn promotes tissue growth. Germ-free 
mice still have the same amount of growth 
hormone as other mice, but the activity of 
IGF-1 in their blood, liver, and muscles is 
lower, Leulier’s team found. It’s not clear 
how the microbes infl uence the hormones. 
But injecting germ-free mice with IGF-1 
brought their growth on par with the other 
mice, as did giving them one particular 
strain of lactobacillus. 

A breakdown in this microbiome-
hormone connection may help explain 
stunting in undernourished children. But 

why do only some of them end up with an 
immature microbiome? In the Cell study, 
Gordon, graduate student Mark R. Char-
bonneau, and their colleagues show that 
breast-feeding may help the right microbes 
get established and set the baby’s growth 
on the right trajectory. Healthy mothers 
typically produce modifi ed sugar molecules 
called sialylated human milk oligosaccha-
rides. Babies don’t make use of these nutri-
ents, but their gut microbes thrive on them, 
recent research has shown  (Science, 15 Au-
gust 2014, p. 747). The new work shows that 

mothers of children who 
show signs of severe mal-
nutrition make less of this 
microbiome “food.”  

When the researchers 
added oligosaccharides pu-
rifi ed from whey to the Ma-
lawian diets of mice with 
microbes from a severely 
malnourished infant, the 
mice grew more muscle, 
bigger bones, and had 
quite “dramatic changes” in 
brain and liver metabolism, 
Gordon says. He speculates 
that by processing these 
sugars, the bacteria may 
in turn produce molecular 
building blocks to help the 
host’s body grow well. The 
group has also seen this 
benefi cial e� ect in germ-

free piglets, whose physiology is more hu-
manlike than mice, they report.   

To David Relman, a microbiologist at 
Stanford University in Palo Alto, Califor-
nia, the implications are “profound. … The 
nutritional status of children might be 
modifi able through manipulation of the 
gut microbiota.” Gordon and Leulier plan 
to test that possibility in people, particu-
larly malnourished children, this year with 
dietary interventions. 

A safe and e� ective probiotic “would be 
tremendous,” Petri says. Success in labora-
tory animals may not translate to humans, of 
course. And researchers need to be sure that 
any added microbes don’t cause unwanted 
e� ects, such as infl ammatory disease or obe-
sity, adds Eric Pamer, an infectious disease 
expert at the Memorial Sloan Kettering Can-
cer Center in New York City. But one thing is 
certain, he says: “The health-promoting im-
pact of [these] microbiota is astonishing.” ■

The right gut microbes help infants grow  

Studies point the way to using microbial therapy to combat the lasting e� ects of poor nutrition

In Malawi, studies of infant growth—and undergrowth—are revealing a key role for microbes. 
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Child undernutrition

• leading cause of childhood and 
infant mortality 

• diet with low nutrient availability 

• pathogenic infections 

• mucosal barrier functions 

• Consequences: Stunting, cognitive 
defects, immune dysfunction

Weight-for-hight score (WHZ) 
Weight-for-age score (WAZ) 
Hight-for-age score (HAZ)
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Persistent gut microbiota immaturity in
malnourished Bangladeshi children
Sathish Subramanian1, Sayeeda Huq2, Tanya Yatsunenko1, Rashidul Haque2, Mustafa Mahfuz2, Mohammed A. Alam2,
Amber Benezra1,3, Joseph DeStefano1, Martin F. Meier1, Brian D. Muegge1, Michael J. Barratt1, Laura G. VanArendonk1,
Qunyuan Zhang4, Michael A. Province4, William A. Petri Jr5, Tahmeed Ahmed2 & Jeffrey I. Gordon1

Therapeutic food interventions have reduced mortality in children
with severe acute malnutrition (SAM), but incomplete restoration of
healthy growth remains a major problem1,2. The relationships between
the type of nutritional intervention, the gut microbiota, and thera-
peutic responses are unclear. In the current study, bacterial species
whose proportional representation define a healthy gut microbiota
as it assembles during the first two postnatal years were identified by
applying a machine-learning-based approach to 16S ribosomal RNA
data sets generated from monthly faecal samples obtained from birth
onwards in a cohort of children living in an urban slum of Dhaka,
Bangladesh, who exhibited consistently healthy growth. These age-
discriminatory bacterial species were incorporated into a model that
computes a ‘relative microbiota maturity index’ and ‘microbiota-
for-age Z-score’ that compare postnatal assembly (defined here as
maturation) of a child’s faecal microbiota relative to healthy children
of similar chronologic age. The model was applied to twins and triplets
(to test for associations of these indices with genetic and environmental
factors, including diarrhoea), children with SAM enrolled in a rando-
mized trial of two food interventions, and children with moderate
acute malnutrition. Our results indicate that SAM is associated with
significant relative microbiota immaturity that is only partially
ameliorated following two widely used nutritional interventions.
Immaturity is also evident in less severe forms of malnutrition and
correlates with anthropometric measurements. Microbiota maturity
indices provide a microbial measure of human postnatal development,
a way of classifying malnourished states, and a parameter for judging
therapeutic efficacy. More prolonged interventions with existing or
new therapeutic foods and/or addition of gut microbes may be needed
to achieve enduring repair of gut microbiota immaturity in childhood
malnutrition and improve clinical outcomes.

Severe acute malnutrition and moderate acute malnutrition (MAM)
are typically defined by anthropometric measurements: children are
classified as having SAM if their weight-for-height Z-scores (WHZ)3

are below three standard deviations (23 s.d.) from the median of the
World Health Organization (WHO) reference growth standards, whereas
those with WHZ between 22 and 23 s.d. are categorized as having MAM.
SAM and MAM typically develop between 3 and 24 months after birth 4.
A standardized treatment protocol for SAM and its complications has
been developed in Bangladesh1. The result has been a reduction in mor-
tality rate, although the extent to which this protocol results in long-term
restoration of normal growth and development needs to be ascertained
through longitudinal studies5,6. There is similar lack of clarity about the
long-term efficacy of nutritional interventions for MAM7,8.

Food is a major factor that shapes the proportional representation of
organisms present in the gut microbial community (microbiota), and
its gene content (microbiome). The microbiota and microbiome in
turn have an important role in extracting and metabolizing dietary
ingredients9–14. To investigate the hypothesis that healthy postnatal

development (maturation) of the gut microbiota is perturbed in mal-
nutrition12, we monitored 50 healthy Bangladeshi children monthly
during the first 2 years after birth (25 singletons, 11 twin pairs, 1 set
of triplets; 996 faecal samples collected monthly; see Methods and
Supplementary Tables 1–3). By identifying bacterial taxa that discrim-
inate the microbiota of healthy children at different chronologic ages,
we were able to test our hypothesis by studying 6 to 20-month-old chil-
dren presenting with SAM, just before, during, and after treatment
with two very different types of food intervention, as well as children
with MAM. The results provide a different perspective about malnutri-
tion; one involving disruption of a microbial facet of our normal
human postnatal development.

To characterize gut microbiota maturation across unrelated healthy
Bangladeshi children living in separate households, faecal samples were
collected at monthly intervals up to 23.4 6 0.5 months of age in a train-
ing set of 12 children who exhibited consistently healthy anthropometric
scores (WHZ, 20.32 6 0.98 (mean 6 s.d.) 22.7 6 1.5 faecal samples per
child; Supplementary Table 4a). The bacterial component of their fae-
cal microbiota samples was characterized by V4-16S rRNA sequencing
(Supplementary Table 5) and assigning the resulting reads to operational
taxonomic units (OTUs) sharing $ 97% nucleotide sequence identity
(see Methods; a 97%-identity OTU is commonly construed as repre-
senting a species-level taxon). The relative abundances of 1,222 97%-
identity OTUs that passed our filtering criterion15 were regressed against
the chronologic age of each child at the time of faecal sample collection
using the Random Forests machine learning algorithm16. The regression
explained 73% of the variance related to chronologic age. The signifi-
cance of the fit was established by comparing fitted to null models in
which age labels of samples were randomly permuted with respect to
their 16S rRNA microbiota profiles (P 5 0.0001, 9,999 permutations).
Ranked lists of all bacterial taxa, in order of ‘age-discriminatory import-
ance’, were determined by considering those taxa, whose relative abund-
ance values when permuted have a larger marginal increase in mean
squared error, to be more important (see Methods). Tenfold cross-validation
was used to estimate age-discriminatory performance as a function of
the number of top-ranking taxa according to their feature importance
scores. Minimal improvement in predictive performance was observed
when including taxa beyond the top 24 (see Supplementary Table 6 for
the top 60). The 24 most age-discriminatory taxa identified by Random
Forests are shown in Fig. 1a in rank order of their contribution to the
predictive accuracy of the model and were selected as inputs to a sparse
24-taxon model.

To test the extent to which this sparse model could be applied, we
applied it, with no further parameter optimization, to additional monthly
faecal samples collected from two other healthy groups of children: 13
singletons (WHZ, 20.46 0.8 (mean6 s.d.)) and 25 children from a birth-
cohort study of twins and triplets, (WHZ, 20.5 6 0.7 (mean 6 s.d.)), all
born and raised in Mirpur, Bangladesh (Supplementary Table 4b, c). We

1Center for Genome Sciences and Systems Biology, Washington University in St. Louis, St. Louis, Missouri 63108, USA. 2Centre for Nutrition and Food Security, International Centre for Diarrhoeal Disease
Research, Dhaka 1212, Bangladesh. 3Departmentof Anthropology,New School for Social Research, New York, New York 10003,USA. 4Division of Statistical Genomics,Washington University in St. Louis, St.
Louis, Missouri 63108, USA. 5Departments of Medicine, Microbiology and Pathology, University of Virginia School of Medicine, Charlottesville, Virginia 22908, USA.
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found that the model could be applied to both groups (r2 5 0.71 and 0.68,
respectively), supporting the consistency of the observed taxonomic sig-
nature of microbiota maturation across different healthy children liv-
ing in this geographic locale (Fig. 1b, c).

Two metrics of microbiota maturation were defined by applying the
sparse model to the 13 healthy singletons and 25 members of twin pairs
and triplets that had been used for model validation. The first metric,
relative microbiota maturity, was calculated as follows:

relative microbiota maturity~microbiota age of child

{microbiota age of healthy children of similar chronologic age

where microbiota age values for healthy children were interpolated across
the first 2 years of life using a spline fit (Fig. 1b). The second metric,
microbiota-for-age Z score, was calculated as follows:
MAZ~

microbiota age{median microbiota age of healthy children of same chronologic ageð Þ
s:d: of microbiota age of healthy children of the same chronologic ageð Þ

where MAZ is the microbiota-for-age Z-score, and median and s.d. of
microbiota age were computed for each month up to 24 months. The
MAZ accounts for the variance of predictions of microbiota age as a
function of different host age ranges (when considered in discrete monthly
bins) (see Extended Data Fig. 1 for the calculation of each metric, and
Supplementary Notes for discussion of how this approach defines imma-
turity as a specific recognizable state rather than as a lack of maturity).

To study the influences of genetic and environmental factors on these
microbiota maturation indices, we examined their distribution in healthy
Bangladeshi twins and triplets. Monozygotic twins were not significantly
more correlated in their maturity profiles compared to dizygotic twins,
and within the set of triplets, the two monozygotic siblings were not more

correlated than their fraternal sibling (monozygotic pairs, 0.16 0.5 (Spear-
man’s Rho 6 s.d.); dizygotic pairs, 0.33 6 0.3; in the case of the triplets,
values for the monozygotic pair and fraternal sibling were 0.1; and
0.24 6 0.3, respectively). Maturity was significantly decreased in faecal
samples obtained during and 1 month after diarrhoeal episodes (P ,
0.001 and P , 0.01, respectively) but not beyond that period (Extended
Data Fig. 2). There was no discernable effect of recent antibiotic usage
(1 week before sampling) on relative microbiota maturity, whereas intake
of infant formula was associated with significantly higher maturity values
(Supplementary Table 7). Family membership explained 29% of the total
variance in relative microbiota maturity measurements (log-likelihood
ratio 5 102.1, P , 0.0001; linear mixed model) (see Supplementary Notes,
Supplementary Tables 8 and 9, and Extended Data Fig. 3 for analyses of
faecal microbiota variation in mother–infant dyads and fathers).

To investigate the effects of SAM on microbiota maturity, 64 children
with SAM who had been admitted to the Nutritional Rehabilitation Unit
of the International Centre for Diarrhoeal Disease Research, Bangladesh
(ICDDR,B), Dhaka Hospital, were enrolled in a study to investigate the
configuration of their faecal microbiota before, during and after treatment
with either an imported, internationally used ready-to-use therapeutic
food (RUTF; Plumpy’Nut) or a locally produced, lower-cost nutritional
food combination (Khichuri–Halwa). Children ranged in age from 6 to 20
months of age at the time of enrollment and were randomly assigned to
either of the treatment arms. At enrollment, WHZ averaged 24.2 6 0.7
(mean 6 s.d.) (see Supplementary Tables 10–12 for patient metadata and
Fig. 2a for study design). In the initial ‘acute phase’ of treatment, infection
control was achieved with parenteral administration of ampicillin and
gentamicin for 2 and 7 days, respectively, and oral amoxicillin for 5 days
(from days 3 to 7 of the antibiotic treatment protocol). Children with
SAM were initially stabilized by being fed the milk-based gruel, ‘suji’,

a b

c

1 24
Age (months)

1 24

Max.Min.

Relative abundance
of a bacterial taxon

Taxonomic annotation

In
cr

ea
si

ng
 im

po
rt

an
ce

 in
 a

cc
ur

ac
y 

of
 m

od
el

Increase in mean squared error (%)

Healthy singletons (training set) Healthy twins and triplets

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Rank OTU ID 

Age-discriminatory
model training

Model applied to
other singletons

Model applied to
twins and triplets

Chronologic age of a child (months) 

OTU ID 

1 24

Healthy singletons (test set) Taxonomic annotation

0 6 12 18 24
0

6

12

18

24

0 6 12 18 24
0

6

12

18

24

M
ic

ro
bi

ot
a 

ag
e 

(m
on

th
s)

0 6 12 18 24
0

6

12

18

24

326792
194745
189827
364234
185951
212619
287510
469873
361809
261912
191687
470663
9514
312461
181834
148099
470139
533785
15141
108747
561636
561483
72820
217996

Faecalibacterium prausnitzii
Ruminococcus sp. 5 1 39BFAA
Ruminococcus sp. 5 1 39BFAA
Ruminococcus sp. 5 1 39BFAA
Clostridiales sp. 
Ruminococcaceae sp. 
Catenibacterium mitsuokai
Bifidobacterium sp. 
Ruminococcus torques
Dorea formicigenerans
Dorea longicatena
Lactobacillus ruminis
Haemophilus parainfluenzae
Clostridium sp. 
Clostridium sp. 
Weissella cibaria
Clostridium ramosum
Bifidobacterium sp. 
Lactobacillus mucosae
Streptococcus thermophilus
Streptococcus sp. 
Bifidobacterium sp. 
Bifidobacterium longum
Staphylococcus sp. 

326792

189827

470663

191687

72820

194745

15141

561483

217996

364234

287510

261912

361809

108747

533785

9514

561636

312461

470139

181834

148099

469873

185951

212619

Faecalibacterium prausnitzii

Ruminococcus sp. 5 1 39BFAA

Lactobacillus ruminis

Dorea longicatena

Bifidobacterium longum

Ruminococcus sp. 5 1 39BFAA

Lactobacillus mucosae

Bifidobacterium sp. 

Staphylococcus sp. 

Ruminococcus sp. 5 1 39BFAA

Catenibacterium mitsuokai

Dorea formicigenerans

Ruminococcus torques

Streptococcus thermophilus

Bifidobacterium sp. 

Haemophilus parainfluenzae

Streptococcus sp. 

Clostridium sp. 

Clostridium ramosum

Clostridium sp. 

Weissella cibaria

Bifidobacterium sp. 

Clostridiales sp. 

Ruminococcaceae sp. 

0 1 2 3 4 5 6 7 8 9 10

N
um

be
r o

f  
97

%
-id

en
tit

y 
O

TU
s

Cross-validation error

12

24

36

48

60

400

1,200

1

12 18 24 30 36

Age (months) Age (months)

Figure 1 | Bacterial taxonomic biomarkers for defining gut-microbiota
maturation in healthy Bangladeshi children during the first 2 years of life.
a, Twenty-four age-discriminatory bacterial taxa were identified by applying
Random Forests regression of their relative abundances in faecal samples
against chronologic age in 12 healthy children (n 5 272 faecal samples). Shown
are 97%-identity OTUs with their deepest level of confident taxonomic
annotation (also see Supplementary Table 6), ranked in descending order of
their importance to the accuracy of the model. Importance was determined
based on the percentage increase in mean-squared error of microbiota age
prediction when the relative abundance values of each taxon were randomly
permuted (mean importance 6 s.d., n 5 100 replicates). The insert shows
tenfold cross-validation error as a function of the number of input 97%-identity
OTUs used to regress against the chronologic age of children in the training
set, in order of variable importance (blue line). b, Microbiota age predictions in

a birth cohort of healthy singletons used to train the 24 bacterial taxa model
(brown, each circle represents an individual faecal sample). The trained
model was subsequently applied to two sets of healthy children: 13 singletons
set aside for model testing (green circles, n 5 276 faecal samples) and
another birth cohort of 25 twins and triplets (blue circles, n 5 448 faecal
samples). The curve is a smoothed spline fit between microbiota age and
chronologic age in the validation sets (right two panels of b), accounting for the
observed sigmoidal relationship (see Methods). c, Heatmap of mean relative
abundances of the 24 age-predictive bacterial taxa plotted against the
chronologic age of healthy singletons used to train the Random Forests model,
and correspondingly in the healthy singletons, and twins and triplets used to
validate the model (hierarchical clustering performed using the Spearman rank
correlation distance metric).
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iLiNS-DYAD-M study (16)]. We again saw a pos-
itive and significant correlation between chron-
ological age and predicted microbiota age (R2 =
0.71, P < 0.0001). Multiple OTUs from the sparse
Malawian model had ≥97% sequence identity to
OTUs in the sparse Bangladeshi model (Fig. 1A
and table S3B) (11).
We then used theMalawianRF-derivedmodel

to analyze the relationship between microbiota
maturity and nutritional status in 259 children
enrolled in iLiNS-DYAD-M who had fewer than
three reported days of antibiotic consumption
from 6 to 18 months of age (table S1B). There
was a significant positive correlation between
their MAZ scores and their WHZ (Spearman’s
rank correlation coefficient r =0.1664,P=0.0073)
and WAZ scores (r = 0.1715, P = 0.0056) but not
their HAZ scores (r = 0.1022, P = 0.1) (table
S2B). There was a significant correlation be-
tween MAZ at 12 months and anthropometry at
18months [r = 0.1406 and P = 0.02 forWHZ; r =
0.1373 and P = 0.02 for WAZ (for HAZ, r =
0.1184 and P = 0.05)]. These results suggest
that MAZ may be useful for predicting future
(ponderal) growth. Further studies and analy-
ses are required to discern the effects of several
variables, such as the duration of prior antibiotic
use, enteropathogen load, number of diarrheal
days, geography, and various nutritional inter-
ventions, on the relationship of MAZ measure-
ments at various postnatal ages to anthropometry
and other metrics of healthy growth (e.g., cogni-
tive testing and immunization responses).

Identification of age-discriminatory taxa
that are also growth-discriminatory

To test whether there is a causal relationship be-
tween microbiota maturity and growth, we se-
lected fecal samples from 19 Malawian donors
representing either healthy or undernourished
growth phenotypes for transplantation into
5-week-old, actively growing germ-free C57BL/
6Jmice. Of the 19 donor samples, ninewere from
6-month-old infants, four of which were classi-
fied as healthy [WHZ = 1.45 ± 0.57 (mean ± SD),
WAZ = 1.75 ± 0.56, and HAZ = 1.27 ± 0.45] and
five of which were classified as moderately or se-
verely underweight and stunted (WHZ = –1.27 ±
0.49,WAZ= –3.90 ± 1.82, andHAZ= –4.36 ± 2.07).
Ten samples were from 18-month-old children,
four with healthy weights (WHZ = 1.44 ± 0.08,
WAZ = –0.3 ± 0.57, and HAZ = –2.84 ± 0.99) and
sixwhoweremoderately or severely underweight
and stunted (WHZ = –1.75 ± 0.17, WAZ = –2.88 ±
0.42, andHAZ = –3.28 ± 0.82) (table S4A includes
MAZ metrics; all 18-month-old donors were
members of twin pairs, in which HAZ scores
are typically lower than in singletons, and all
6-month-old donors were singletons). Fecal sam-
ples from the 18-month-old childrenwere from the
Malawi twin cohort; the 6-month-old microbiota
donors were participants in the iLiNS-DYAD-M
study who had not yet received a nutritional
supplement.
Eachmicrobiota sample was transplanted into

a separate group of 5-week-old male germ-free
mice (N = 5 animals per sample). Three days
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Fig. 1. Sparse RF-derived model of gut
microbiota maturation obtained from con-
cordant healthy Malawian twins and trip-
lets. (A) A RF regression of fecal bacterial
97% ID OTUs from a training set of healthy
Malawian infants and children (N = 31) on
chronological age yielded a rank order of
age-discriminatory taxa. RF assigns a mean
squared error (MSE), or feature importance
score, to each OTU; this metric indicates the
extent to which each OTU contributes to the
accuracy of the model. The 25 most age-

discriminatory taxa, ranked by MSE, yielded a sparse model that predicted microbiota age and
accounted for ~80% of the observed variance in the healthy cohort (table S3A gives a complete list of
OTUs and MSE values). The top 25 most discriminatory OTUs with their taxonomic assignments are
shown ranked by feature importance (mean ± SD of the increase in MSE).The inset shows the results of
10-fold cross-validation; as OTUs are added to the model in order of their feature importance rank, the
model’s error decreases. Taxa highlighted in red indicate OTUs with >97% nucleotide sequence identity
with an OTU present in a sparse RF-based model of microbiota maturation in healthy Bangladeshi
infants and children (11). (B) A heat map of changes over time in the relative abundances of the 25 OTUs
in fecal microbiota collected from healthy Malawian infants and children constituting the test set (N = 29).
OTUs are hierarchically clustered according to pairwise distances determined by Pearson correlation.
(C) Predictions of chronological age using the sparse 25-OTUmodel of microbiota age in healthy children
constituting the test set. R2 was calculated by Pearson correlation.
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iLiNS-DYAD-M study (16)]. We again saw a pos-
itive and significant correlation between chron-
ological age and predicted microbiota age (R2 =
0.71, P < 0.0001). Multiple OTUs from the sparse
Malawian model had ≥97% sequence identity to
OTUs in the sparse Bangladeshi model (Fig. 1A
and table S3B) (11).
We then used theMalawianRF-derivedmodel

to analyze the relationship between microbiota
maturity and nutritional status in 259 children
enrolled in iLiNS-DYAD-M who had fewer than
three reported days of antibiotic consumption
from 6 to 18 months of age (table S1B). There
was a significant positive correlation between
their MAZ scores and their WHZ (Spearman’s
rank correlation coefficient r =0.1664,P=0.0073)
and WAZ scores (r = 0.1715, P = 0.0056) but not
their HAZ scores (r = 0.1022, P = 0.1) (table
S2B). There was a significant correlation be-
tween MAZ at 12 months and anthropometry at
18months [r = 0.1406 and P = 0.02 forWHZ; r =
0.1373 and P = 0.02 for WAZ (for HAZ, r =
0.1184 and P = 0.05)]. These results suggest
that MAZ may be useful for predicting future
(ponderal) growth. Further studies and analy-
ses are required to discern the effects of several
variables, such as the duration of prior antibiotic
use, enteropathogen load, number of diarrheal
days, geography, and various nutritional inter-
ventions, on the relationship of MAZ measure-
ments at various postnatal ages to anthropometry
and other metrics of healthy growth (e.g., cogni-
tive testing and immunization responses).

Identification of age-discriminatory taxa
that are also growth-discriminatory

To test whether there is a causal relationship be-
tween microbiota maturity and growth, we se-
lected fecal samples from 19 Malawian donors
representing either healthy or undernourished
growth phenotypes for transplantation into
5-week-old, actively growing germ-free C57BL/
6Jmice. Of the 19 donor samples, ninewere from
6-month-old infants, four of which were classi-
fied as healthy [WHZ = 1.45 ± 0.57 (mean ± SD),
WAZ = 1.75 ± 0.56, and HAZ = 1.27 ± 0.45] and
five of which were classified as moderately or se-
verely underweight and stunted (WHZ = –1.27 ±
0.49,WAZ= –3.90 ± 1.82, andHAZ= –4.36 ± 2.07).
Ten samples were from 18-month-old children,
four with healthy weights (WHZ = 1.44 ± 0.08,
WAZ = –0.3 ± 0.57, and HAZ = –2.84 ± 0.99) and
sixwhoweremoderately or severely underweight
and stunted (WHZ = –1.75 ± 0.17, WAZ = –2.88 ±
0.42, andHAZ = –3.28 ± 0.82) (table S4A includes
MAZ metrics; all 18-month-old donors were
members of twin pairs, in which HAZ scores
are typically lower than in singletons, and all
6-month-old donors were singletons). Fecal sam-
ples from the 18-month-old childrenwere from the
Malawi twin cohort; the 6-month-old microbiota
donors were participants in the iLiNS-DYAD-M
study who had not yet received a nutritional
supplement.
Eachmicrobiota sample was transplanted into

a separate group of 5-week-old male germ-free
mice (N = 5 animals per sample). Three days
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Fig. 1. Sparse RF-derived model of gut
microbiota maturation obtained from con-
cordant healthy Malawian twins and trip-
lets. (A) A RF regression of fecal bacterial
97% ID OTUs from a training set of healthy
Malawian infants and children (N = 31) on
chronological age yielded a rank order of
age-discriminatory taxa. RF assigns a mean
squared error (MSE), or feature importance
score, to each OTU; this metric indicates the
extent to which each OTU contributes to the
accuracy of the model. The 25 most age-

discriminatory taxa, ranked by MSE, yielded a sparse model that predicted microbiota age and
accounted for ~80% of the observed variance in the healthy cohort (table S3A gives a complete list of
OTUs and MSE values). The top 25 most discriminatory OTUs with their taxonomic assignments are
shown ranked by feature importance (mean ± SD of the increase in MSE).The inset shows the results of
10-fold cross-validation; as OTUs are added to the model in order of their feature importance rank, the
model’s error decreases. Taxa highlighted in red indicate OTUs with >97% nucleotide sequence identity
with an OTU present in a sparse RF-based model of microbiota maturation in healthy Bangladeshi
infants and children (11). (B) A heat map of changes over time in the relative abundances of the 25 OTUs
in fecal microbiota collected from healthy Malawian infants and children constituting the test set (N = 29).
OTUs are hierarchically clustered according to pairwise distances determined by Pearson correlation.
(C) Predictions of chronological age using the sparse 25-OTUmodel of microbiota age in healthy children
constituting the test set. R2 was calculated by Pearson correlation.

RESEARCH | RESEARCH ARTICLEiLiNS-DYAD-M study (16)]. We again saw a pos-
itive and significant correlation between chron-
ological age and predicted microbiota age (R2 =
0.71, P < 0.0001). Multiple OTUs from the sparse
Malawian model had ≥97% sequence identity to
OTUs in the sparse Bangladeshi model (Fig. 1A
and table S3B) (11).
We then used theMalawianRF-derivedmodel

to analyze the relationship between microbiota
maturity and nutritional status in 259 children
enrolled in iLiNS-DYAD-M who had fewer than
three reported days of antibiotic consumption
from 6 to 18 months of age (table S1B). There
was a significant positive correlation between
their MAZ scores and their WHZ (Spearman’s
rank correlation coefficient r =0.1664,P=0.0073)
and WAZ scores (r = 0.1715, P = 0.0056) but not
their HAZ scores (r = 0.1022, P = 0.1) (table
S2B). There was a significant correlation be-
tween MAZ at 12 months and anthropometry at
18months [r = 0.1406 and P = 0.02 forWHZ; r =
0.1373 and P = 0.02 for WAZ (for HAZ, r =
0.1184 and P = 0.05)]. These results suggest
that MAZ may be useful for predicting future
(ponderal) growth. Further studies and analy-
ses are required to discern the effects of several
variables, such as the duration of prior antibiotic
use, enteropathogen load, number of diarrheal
days, geography, and various nutritional inter-
ventions, on the relationship of MAZ measure-
ments at various postnatal ages to anthropometry
and other metrics of healthy growth (e.g., cogni-
tive testing and immunization responses).

Identification of age-discriminatory taxa
that are also growth-discriminatory

To test whether there is a causal relationship be-
tween microbiota maturity and growth, we se-
lected fecal samples from 19 Malawian donors
representing either healthy or undernourished
growth phenotypes for transplantation into
5-week-old, actively growing germ-free C57BL/
6Jmice. Of the 19 donor samples, ninewere from
6-month-old infants, four of which were classi-
fied as healthy [WHZ = 1.45 ± 0.57 (mean ± SD),
WAZ = 1.75 ± 0.56, and HAZ = 1.27 ± 0.45] and
five of which were classified as moderately or se-
verely underweight and stunted (WHZ = –1.27 ±
0.49,WAZ= –3.90 ± 1.82, andHAZ= –4.36 ± 2.07).
Ten samples were from 18-month-old children,
four with healthy weights (WHZ = 1.44 ± 0.08,
WAZ = –0.3 ± 0.57, and HAZ = –2.84 ± 0.99) and
sixwhoweremoderately or severely underweight
and stunted (WHZ = –1.75 ± 0.17, WAZ = –2.88 ±
0.42, andHAZ = –3.28 ± 0.82) (table S4A includes
MAZ metrics; all 18-month-old donors were
members of twin pairs, in which HAZ scores
are typically lower than in singletons, and all
6-month-old donors were singletons). Fecal sam-
ples from the 18-month-old childrenwere from the
Malawi twin cohort; the 6-month-old microbiota
donors were participants in the iLiNS-DYAD-M
study who had not yet received a nutritional
supplement.
Eachmicrobiota sample was transplanted into

a separate group of 5-week-old male germ-free
mice (N = 5 animals per sample). Three days
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Fig. 1. Sparse RF-derived model of gut
microbiota maturation obtained from con-
cordant healthy Malawian twins and trip-
lets. (A) A RF regression of fecal bacterial
97% ID OTUs from a training set of healthy
Malawian infants and children (N = 31) on
chronological age yielded a rank order of
age-discriminatory taxa. RF assigns a mean
squared error (MSE), or feature importance
score, to each OTU; this metric indicates the
extent to which each OTU contributes to the
accuracy of the model. The 25 most age-

discriminatory taxa, ranked by MSE, yielded a sparse model that predicted microbiota age and
accounted for ~80% of the observed variance in the healthy cohort (table S3A gives a complete list of
OTUs and MSE values). The top 25 most discriminatory OTUs with their taxonomic assignments are
shown ranked by feature importance (mean ± SD of the increase in MSE).The inset shows the results of
10-fold cross-validation; as OTUs are added to the model in order of their feature importance rank, the
model’s error decreases. Taxa highlighted in red indicate OTUs with >97% nucleotide sequence identity
with an OTU present in a sparse RF-based model of microbiota maturation in healthy Bangladeshi
infants and children (11). (B) A heat map of changes over time in the relative abundances of the 25 OTUs
in fecal microbiota collected from healthy Malawian infants and children constituting the test set (N = 29).
OTUs are hierarchically clustered according to pairwise distances determined by Pearson correlation.
(C) Predictions of chronological age using the sparse 25-OTUmodel of microbiota age in healthy children
constituting the test set. R2 was calculated by Pearson correlation.
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before transplantation, all mice were switched
onto a sterile (irradiated) Malawian diet formu-
lated based on the results of a dietary survey of the
complementary feeding practices for 9-month-old
Malawian children enrolled in the iLiNS-DOSE
study (ClinicalTrials.gov identifier: NCT00945698)
that took place in the Mangochi district. We se-
lected eight ingredients to produce a cooked
diet representative of that consumedbyMalawian
children (M8; see the supplementary materials);
its micro- and macronutrient content does not
fulfill the needs of humans or mice (table S5, A
and B, gives a list of ingredients and the results
of a direct nutritional analysis).
After a single gavage of the donor microbiota,

recipient mice were observed for 4 to 5 weeks
(Fig. 2A shows the experimental design). Fecal
samples were collected for bacterial V4 16S rRNA
analysis. Growth was monitored by serial mea-
surements of total body weight and body com-
position [lean mass and fat mass, as defined by
quantitative magnetic resonance (qMR)]; after
euthanasia, femurs were removed for micro-
computed tomographic (micro-CT) characteri-
zation of bone morphology.

Mice colonized with microbiota from healthy
donors (N = 8 donors) gained significantly more
weight and lean bodymass thanmice colonized
with microbiota from undernourished donors
(N = 11) [P < 0.0001 and P = 0.0001, respectively,
determined by two-way analysis of variance
(ANOVA); table S6, A and B], yet there was no
significant difference in food consumption be-
tween the groups (P > 0.05, determined by
Student’s t test; table S7). 16S rRNA sequencing
of fecal samples obtained from recipient mice
revealed variable transplantation efficiency. Of
the 19 donor samples, eight produced trans-
plantation efficiencies of ≥50%. When we re-
stricted our analysis to the eight donor samples
producing ≥50% transplantation efficiency, the
discordant growth phenotypes between recipi-
ents of healthy versus undernourished micro-
biota were pronounced (weight gain, P < 0.0001;
lean mass gain, P = 0.0005; two-way ANOVA;
Fig. 2, B and C). There was no significant differ-
ence in fat mass gain (P = 0.78, two-way ANOVA;
table S6B) or food consumption between the
groups (P > 0.05, Student’s t test; tables S6, A and
B, and S7).

For both the 6-month and 18-month age bins,
mice colonized with healthy donor microbiota
gained significantly more total body weight and
leanmass than those colonizedwith undernourished
donor microbiota (weight, P = 0.0003 and P =
0.0043 for recipients of the 6- and 18-month-old
donormicrobiota, respectively; leanmass,P=0.03
and P = 0.0013, respectively; two-way ANOVA;
table S6, A and B). Recipients of microbiota from
healthy or undernourished 6-month-old donors
grew more than recipients of microbiota from
18-month-old healthy or undernourished donors
(P < 0.0001 for healthy and P < 0.0001 for under-
nourished, based on lean mass gain; two-way
ANOVA).
Growth over the course of the 5-week experi-

ment in the 19 different groups of recipient mice
ranged from 107 to 156% of the starting weight
(averaged per group; table S6A). There was no
significant relationship between growth pheno-
types andbacterial diversity in the fecalmicrobiota
of recipient animals (table S6A). We applied
RF to regress the growth phenotypes of recipient
gnotobiotic mice against 97% ID OTUs identi-
fied in their fecal microbiota. Two models were
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Fig. 2. Transplantation of microbiota from 6- and 18-month-old donors
to young germ-free mice provides evidence of a causal relationship
between gut microbiota maturity and growth phenotypes. (A) Experi-
mental design of the microbiota screen. Mice (4.5 weeks old) were switched
to the M8 diet 3 days before gavage with the selected microbiota donor’s
fecal sample (N = 5 mice per donor). Fecal samples, body weight, and body
composition were defined at the indicated time. (B and C) Gnotobiotic mice
colonized with fecal samples from healthy donors gain more total body
weight (B) and lean mass (C) than mice colonized with microbiota from
undernourished donors (the graphs show means ± SEM; P values shown
for the donor status effect are based on two-way ANOVA). All recipient
mice harbor microbiota that represent ≥50% of the OTU diversity that is

present in the intact uncultured donor’s sample. (D) The 30 most weight
gain–discriminatory OTUs and their taxonomic assignments, ranked by
feature importance (the bar graph shows increase in mean MSEs ± SD).
The weight gain model explained ~66% of the observed phenotypic var-
iation (P < 0.0001, determined by a permutation test with 999 permuta-
tions).Taxa in red indicate OTUs that appear within the 30 most discriminatory
OTUs for the RF-based models of both weight and lean mass gain. Taxa in
purple indicate species that appear in the 25-member sparse RF-derived
model of Malawian gut microbiota maturation. Colors to the right of the
OTU ID numbers represent Spearman’s rank correlation of the same OTU ID
with chronological age within the healthy Malawian infant and child cohort
(table S9).
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generated, one based on weight gain, the other
based on lean mass gain (Fig. 2D and fig. S2,
respectively, and table S8, A and B). Two of the
growth-discriminatory species represented in the
RF-based models of weight and lean mass gain,
Bifidobacterium longum and Faecalibacterium
prausnitzii, werehighly age-discriminatory, rank-
ing first and eighth, respectively, in theMalawian
model shown in Fig. 1A, and fifth and first in the
Bangladeshi model (11). In the healthy Malawian

andBangladeshi populations used to create these
models, B. longum is an early colonizer with its
highest mean relative abundance at 5 months of
age, whereas F. prausnitzii becomes more prom-
inent later (highest mean relative abundance
achieved at 19 months) (Fig. 1B) (11).
The relative abundances of 13 OTUs that were

significantly correlated with weight gain and
seven OTUs that were significantly correlated
with lean mass gain also had significant correla-

tionswith chronological age in concordant healthy
Malawian twins and triplets, including threeOTUs
for F. prausnitzii (P < 0.0001; Fig. 2D and fig. S2;
table S9 gives a complete list of OTUs with their
Spearman’s rank correlation coefficients). More-
over, 15 OTUs that were positively and significant-
ly correlated with weight gain and 11 OTUs that
were positively and significantly correlated with
lean mass gain were also significantly correlated
with chronological age for the 259 infants and
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Fig. 3. Cohousing results in the transfer of species from the microbiota
of cagemates colonized with the healthy donor’s community into the
microbiota of cagemates colonized with the severely stunted and under-
weight donor’s community, resulting in the prevention of growth impair-
ments. (A) Experimental design for the cohousing experiments. Dually housed
4.5-week-old mice were switched to the M8 diet and colonized 3 days later
with intact uncultured microbiota from either the healthy or the stunted and
underweight donor. Four days post-colonization (dpc), subsets of the mice
were cohoused (HCH and UnCH), while control mice colonized with microbiota
from the healthy or stunted and underweight donors remained in their original
isolators and were paired with a new cagemate from that isolator (H-H and
Un-Un controls). Fecal samples were collected throughout the experiment;
growth was assayed by changes in total body weight and body composition
(the latter by qMR). Mice were euthanized three weeks after colonization.
(B) HCH and UnCH mice had significantly higher lean mass gain (indicated by
the asterisks) relative to the Un-Un controls 15 days after colonization (Un-Un
versus HCH, P = 0.0447; Un-Un versus UnCH, P = 0.0121; Mann-Whitney test;
N = 6 cages of cohoused mice and 3 cages of each dually housed control
group; two independent experiments). (C) Heat map showing the results of

the invasion assay. To quantify invasion further, we used the mean and SD of
the null distribution of invasion scores (defined as the scores from recipients
of the H or Un donor’s microbiota that had never been cohoused with each
other) to calculate a z value (standard score) and a Benjamini-Hochberg ad-
justed P value for the invasion score of each species in HCH and UnCH mice
(see the supplementary materials).We defined a taxon as a successful invader
if it (i) had a Benjamini-Hochberg adjusted P ≤ 0.05 and (ii) had a relative
abundance of ≤0.05% before cohousing and ≥0.5% in the fecal microbiota at
the time of euthanasia.Table S12 provides information about the direction and
success of invasion. Each row represents a species-level taxon, and each
column represents a mouse at a given day after colonization.The rows of the
heat map were hierarchically clustered according to pairwise distances using
Pearson correlation. Bars at the right side of each experimental arm repre-
sent the fold change (fc) in that species’ relative abundance before and after
cohousing [fold change is defined as the log2 of the average relative abun-
dance of the species after cohousing (days 7 through 22), divided by the
average relative abundance of the species before cohousing (day 4)]. Species
in red represent those identified as one of the top 30 growth-discriminatory taxa
by the RF-based models of weight or lean mass gain shown in Fig. 2.
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children from iLiNS-DYAD-M, including the same
three OTUs for F. prausnitzii that were signif-
icantly correlatedwith age in the cohort of healthy
Malawian twins and triplets (P < 0.0001 for all
correlations; table S9).

The relationship between age- and
growth-discriminatory taxa and femoral
bone phenotypes

We used micro-CT to assay the morphology of
trabecular and cortical regions of femurs ob-
tained from mice harboring microbiota with
≥50% transplantation efficiency. There were
strong trends toward higher cortical ratios of
bone volume to tissue volume (BV/TV) and
volumetric bone mineral density in recipients
of gut microbial communities from undernour-
ished donors (P = 0.05 and P = 0.07, respectively;
Mann-Whitney test). Differences between mice
harboring microbiota from 6- and 18-month-

old donors were evident in trabecular rather
than in cortical bone, regardless of donor nu-
tritional status; mice colonized with 6-month-
old donor communities had significantly higher
bone mineral density, BV/TV, and trabecular
connectivity and number, as well as significantly
lower trabecular spacing, irrespective of their
nutritional status (P<0.001 for all bonemetrics;
Mann-Whitney test; fig. S3). We extended our
RF and Spearman ranked correlation analyses
to identify OTUs that discriminate these femoral
bone phenotypes (fig. S4 and table S10). Six of
the OTUs represented in both of the growth-
discriminatory RF-based models, including one
assigned to B. longum, were also represented
among the top 20 most discriminatory features
in at least three of the five RF-based models of
bonemetrics (fig. S4). Although our sample size
was small, these results provide additional evi-
dence for microbiota-dependent regulation of

bone morphology (17), with the effects being in-
fluenced by the age and nutritional status of the
donor.

Repairing impaired growth phenotypes

We next determined whether age- and growth-
discriminatory bacterial species were capable of
repairing the growth abnormalities associated
with microbiota from stunted and underweight
donors. We selected gnotobiotic recipients of mi-
crobiota from two6-month-old donors that trans-
mitted the most discordant growth phenotypes
in the initial screen of 19 microbiota (fig. S5A).
One was a healthy infant fromMangochi (HAZ =
1.49, WAZ = 1.43, and WHZ = 0.9) with age-
appropriate microbiotamaturity (microbiota age
of 6.7months); the otherwas a severely stunted and
underweight infant (HAZ = –3.35, WAZ = –3.08,
and WHZ = –0.79) from Malindi (located 20 km
from Mangochi) with an immature microbiota
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Fig. 4. A consortium of cultured growth-discriminatory OTUs augments
the growth of mice colonized with the 6-month-old severely stunted
and underweight donor’s microbiota. (A) Experimental design, including
the composition of the five-member consortium of cultured bacterial
strains. (B) Weight gain and lean mass gain (21 days after gavage) of mice
colonized with the donor microbiota, with (treated) or without (control)
the cultured consortium. (C) Comparison of the fecal microbiota of mice

belonging to untreated control and treated experimental groups, showing
the establishment of OTUs from the consortium at 21 days after colo-
nization. (D) The effects of treatment with the consortium on host me-
tabolism (P < 0.05 for all metabolites shown, determined by Student’s
t test). Each row represents a metabolite from a given tissue, and each
column represents an individual mouse. Tissues were collected 21 days after
colonization.
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Gut bacteria that prevent growth
impairments transmitted by microbiota
frommalnourished children
Laura V. Blanton, Mark R. Charbonneau, Tarek Salih, Michael J. Barratt, Siddarth Venkatesh,
Olga Ilkaveya, Sathish Subramanian, Mark J. Manary, Indi Trehan, Josh M. Jorgensen,
Yue-mei Fan, Bernard Henrissat, Semen A. Leyn, Dmitry A. Rodionov, Andrei L. Osterman,
Kenneth M. Maleta, Christopher B. Newgard, Per Ashorn, Kathryn G. Dewey, Jeffrey I. Gordon*

INTRODUCTION: As we come to appreciate
how our microbial communities (microbiota)
assemble following birth, there is an opportu-
nity to determine how this facet of our devel-
opmental biology relates to the healthy or
impaired growth of infants and children. Child-
hood undernutrition is a devastating global
health problem whose long-term sequelae,
including stunting, neurodevelopmental ab-
normalities, and immune dysfunction, re-
main largely refractory to current therapeutic
interventions.

RATIONALE: To test the hypothesis that per-
turbations in the normal development of the
gut microbiota are causally related to under-
nutrition, we first applied random forests
(RF), a machine learning method, to bacterial
16S ribosomal RNA data sets generated from
fecal samples that were collected serially from
healthy Malawian infants and children during
their first 3 postnatal years. Age-discriminatory
bacterial taxa were identified with distinctive
time-dependent changes in their relative abun-
dances; they were used to construct a sparse
RF-derived model describing a program of
normal postnatal gut microbiota development
that is shared across biologically unrelated
individuals. A metric based on this model
(microbiota-for-age Z-score) was used to de-
fine the state of development (maturation) of
fecal microbiota from infants and children
with varying degrees of undernutrition. Fecal
samples obtained from 6- and 18-month-old
children with healthy growth patterns or with
varying degrees of undernutrition were trans-
planted into young germ-free mice that were
fed a representative Malawian diet. The recip-
ient animals’ rate of lean body mass gain was
characterized by serial quantitative magnetic
resonance, their metabolic phenotypes were de-
termined by targeted mass spectrometry, and

their femoral bone morphologic features were
delineated by microcomputed tomography.

RESULTS: Undernourished children in the
Malawian birth cohort that we studied have
immature gut microbiota. Unlike microbiota
from healthy children, immature microbiota
transmit impaired growth, altered bone mor-
phology, and metabolic abnormalities in the
muscle, liver, and brain to recipient gnoto-
biotic mice. The representation of several
age-discriminatory taxa in the transplanted mi-
crobiota harbored by recipient animals corre-

lated with their growth rates. Microbiota from
6-month-old infants produced greater effects
on growth than did microbiota from 18-month-
old children, although in each age bin, the growth
effects produced by a healthy donor’s commu-
nity were greater than those produced by an
undernourished donor’s community. Cohousing
coprophagic mice shortly after they received

microbiota from healthy
or severely stunted and
underweight 6-month-old
infants resulted in the in-
vasion of age- and growth-
discriminatory taxa from
the former into the latter

microbiota in the recipient animals, with as-
sociated prevention of growth impairments.
Introducing cultured members from this group
of invasive species ameliorated growth and
metabolic abnormalities in recipients of micro-
biota from undernourished donors.

CONCLUSION: These preclinical findings pro-
vide evidence that gut microbiota immaturity is
causally related to childhood undernutrition.
The age- and growth-discriminatory taxa that
we identified should help direct studies of the
effects of host and environmental factors on gut
microbial community development, and they
represent therapeutic targets for repairing or
preventing gut microbiota immaturity.▪
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Preclinical evidence that gut microbiota immaturity is causally related to childhood under-
nutrition. (A) A model of normal gut microbial community development in Malawian infants and
children, based on the relative abundances of 25 bacterial taxa that provide a microbial signature
defining the “age,” or state of maturation, of an individual’s (fecal) microbiota. (Hierarchical cluster-
ings of operational taxonomic units are indicated on the left.) (B) Fecal samples from healthy (H) or
stunted and underweight (Un) infants and children were transplanted into separate groups of young
germ-free mice that were fed a Malawian diet. The immature microbiota of Un donors transmitted
impaired growth phenotypes to the mice. (C) Evidence that a subset of age-discriminatory taxa are
also growth-discriminatory. Cohousing mice shortly after they received microbiota from 6-month-old
healthy or undernourished donors resulted in the invasion of taxa from the healthy donor’s
microbiota (HCH) into the undernourished donor’s microbiota (UnCH) among recipient animals and
prevented growth impairments. Adding cultured invasive growth-discriminatory taxa directly to the
Un donor’s microbiota (Un+) improved growth.
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E. coli is not known to be a direct consumer of HMOs. We hy-
pothesized that its response to S-BMO reflects membership in
a bacterial food web, where primary consumers catabolize
S-BMO and E. coli benefits secondarily. Members of the genus
Bacteroides harbor arsenals of polysaccharide utilization loci
(PULs), which function to import and metabolize dietary and
host glycans. PULs are minimally defined by an adjacent pair of
genes homologous to two B. thetaiotaomicron starch utilization
system (Sus) genes: susCand susD. Two species ofBacteroides,
B. fragilis and B. ovatus, were represented in the Malawian infant
community that colonized recipient gnotobiotic mice. While no
differences in PUL expression were documented in B. ovatus,
several B. fragilis PULs exhibited differential expression with
S-BMO supplementation. One upregulated PUL contains susC
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Figure 3. S-BMO Promotes Growth in
Gnotobiotic Mice Harboring the Malawian
Infant Culture Collection and Fed a Proto-
typic Malawian Diet
(A) Weight gain of mice fed M8 ± inulin or S-BMO

over time normalized to body weight at the time of

colonization. ***p < 0.001, two-way, repeated-

measures ANOVA.

(B) Lean bodymass gain 44 days after colonization

of mice fed M8 ± inulin or S-BMO. *p < 0.05, **p <

0.01 two-tailed, unpaired Student’s t test.

(C) Weight gain over time of germ-free mice fed

M8 ± S-BMO for 4 weeks (normalized to weight at

5 weeks of age).

(D) Cortical and trabecular bone volume/tissue

volume (BV/TV; TV = cortical area + medullary

area). *p < 0.05, **p < 0.01 two-tailed, unpaired

Student’s t test.

(E) Representative histomorphometry images of

femurs from mice colonized with the culture

collection and fed M8 ± S-BMO. Black boxes

highlight the trabecular region of interest, and ar-

rowheads point to examples of trabeculae. Scale

bars, 1 mm. All values are represented as mean ±

SEM,andall comparisonsaremade toM8controls.

See also Figure S1 and Table S5.

and susD homologs adjacent to genes
encoding an N-acetylneuraminic acid
lyase (EC4.1.3.3) and an N-acetylglucos-
amine epimerase (EC5.1.3.8) (Figure 4D),
consistent with this PUL being involved in
S-BMO metabolism (N-acetylneuraminic
acid and N-acetylglucosamine are major
components of S-BMO) (Table S3A).

Cross-Feeding between B. fragilis
and E. coli
These findings suggested thatB. fragilis is
a primary consumer of S-BMO, involved
in a food web where E. coli acts as a sec-
ondary consumer. To test this notion, we
incubated B. fragilis or E. coli in PBS con-
taining S-BMO and assayed the superna-
tants for sialyllactose and sialic acid using

ultra high performance liquid chromatography-mass spectrom-
etry (UPLC-MS). This analysis confirmed thatB. fragilis degraded
sialyllactose, producing a concomitant increase in free sialic
acid. In contrast, E. coli did not significantly alter the concentra-
tion of either compound under these conditions (Figure 4E).
We next determined whether the products of S-BMO degra-

dation by B. fragilis could support the growth of E. coli. S-BMO
was incubated with B. fragilis. Subsequent growth of E. coli
was robust in minimal medium containing the B. fragilis-condi-
tioned S-BMO as the sole carbon source but minimal with un-
conditioned S-BMO (Figure 4F). Growth in medium containing
conditioned S-BMO was also significantly increased compared
to controls with sialic acid added as the sole carbon source (Fig-
ure 4F), even though E. coli degraded sialic acid (28.0% ± 4.2%
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