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Gut bacteria that prevent growth impairments transmitted by
microbiota from malnourished children
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The right gut microbes help infants grow

Studies point the way to using microbial therapy to combat the

By Elizabeth Pennisi

Imost 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
annther nlaver in chiintine: the ot miernhi-

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 chil *~—— ——*
on more muscle and developed s

denser bones.
Francnie Tenlier a hinlanoict 1

lasting effects of poor nutrition

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
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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)




Increasing importance in accuracy of model

LETTER

Persistent gut microbiota immaturity in
malnourished Bangladeshi children

Sathish Subramanian', Sayeeda Huq?, Tanya Yatsunenko', Rashidul Haque?, Mustafa Mahfuz?, Mohammed A. Alam?,
Amber Benezra'?, Joseph DeStefano', Martin F. Meier', Brian D. Muegge', Michael J. Barratt', Laura G. VanArendonk’,
Qunyuan Zhang®*, Michael A. Province*, William A. Petri Jr°, Tahmeed Ahmed? & Jeffrey I. Gordon'
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Rank OTU ID Taxonomic annotation

\ 1 326792 Faecalibacterium prausnitzii

2 189827 Ruminococcus sp. 5 1 39BFAA
3 470663 Lactobacillus ruminis

4 191687 Dorea longicatena

5 72820 Bifidobacterium longum

6 194745 Ruminococcus sp. 5 1 39BFAA
7

8

9

Generation of a model that predicts
age based on microbial composition

15141  Lactobacillus mucosae
561483 Bifidobacterium sp.
217996 Staphylococcus sp.
10 364234 Ruminococcus sp. 51 39BFAA Cross-validation error
11 287510 Catenibacterium mitsuokai 1218 24 30 36

. 24 age-discriminatory taxa

12 261912 Dorea formicigenerans 1
13 361809 Ruminococcus torques “ 127
14 108747 Streptococcus thermophilus 5 24
15 533785 Bifidobacterium sp. E ] I\/l h b : t _f . ( I\/l AZ)
16 9514 Haemophilus parainfluenzae é 3 l C rO I O a O r a g e S C O re
17 561636 Streptococcus sp. o\T" 48
18 312461 Clostridium sp. 5 60L
19 470139 Clostridium ramosum kS T |
20 181834 Clostridium sp. g 400 4
2

21 148099 Weissella cibaria
22 469873 Bifidobacterium sp.
23 185951 Clostridiales sp.

Are taxa biomarkers or mediators or

24 212619 Ruminococcaceae sp. 1,200 ‘ h e a | t h y g rOWt h f?

T T 1T 1T 17 17 T T T 1
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Increase in mean squared error (%)




Protocol

Birth » 36 month
27 twins + 2 triplets
V4 16S rRNA seqg and

220 fecal samples > ardom forests H E ALTHY _
Machine learning technique (random forests - RF) TRA' N | N G SET

31 healthy samples identifies species that predict age - random forests
A Rank OTUID Taxonomic annotation
A 1 72820 Bifidobacterium longum

2 4414476 Lactobacillus rogosae

3 197004 Eubacterium rectale
= 4 176269 Eubacterium eligens
3 5 199145 Faecalibacterium sp DJF VR20
= 6 4331360 Clostridium g
S 7 681370 Bifidobacterium pseudolongum Age-discriminatory taxa
Yy 8 185763 Faecalibacterium prausnitzii
g 9 4318208 Prevotella
9 10 184464 Prevotella copri
© 11 4326870 Dialister succinatiphilus .
< 12 4451906 Clostridiales as OTUs are added to the model in
g | 13 1283?28 Coprococcus catus 2 40 order of their feature importance
£ 14 7 Mitsuokella multacida o ;
S 15 188047 Clostridiales § .- rank, the model’s error decreases.
£ 16 180825 Prevotella 8
2| 17 4410166 Prevotella copri T oo [ R g g
® 18 4473509 Clostridium -
g 19 193667 Faecalibacterium S 10+
£ 20 4441855 Streptococcus O

21 177515 Roseburia faecis 0 - : . . Py . .

22 306412 Sarcina ventriculi 0 20 40 60 80 100 800 1,200

23 365385 Bifidobacterium bifidum amriiat

> 191361 Ruminococcus sp 5 1 39BFAA Number of OTUs used for age discrimination

25 4436552 Prevotella copri

0 2 4 6 8 10 12

Increase in Mean Squared Error
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test samples (n=29) from
Malawian cohort

OTU ID Taxonomy
4414476 Lactobacillus rogosae
4331360 Clostridium
180825 Prevotella
306412 Sarcina ventriculi
176269 Eubacterium eligens
197004 Eubacterium rectale
4451906 Clostridiales
185763 Faecalibacterium prausnitzii <
4410166 Prevotella copri
1614788 Coprococcus catus
199145 Faecalibacterium sp DJF VR20
193667 Faecalibacterium
4300127 Mitsuokella multacida
188047 Clostridiales
191361 Ruminococcus sp 5 1 39BFAA
177515 Roseburia faecis
4318208 Prevotella
184464 Prevotella copri
4326870 Dialister succinatiphilus
4473509 Clostridium
4436552 Prevotella copri
4441855 Streptococcus
681370 Bifidobacterium pseudolongum
72820 Bifidobacterium longum <
365385 Bifidobacterium bifidum

positive MAZ with test samples from

ILINS study



Protocol

singletons
9 samples 4 healthy
/ 6-month 5 unhealthy
iILNNs
5 week old 45 <
19 samples germ-free mice f ] lw?e tTQ'
n=5 per group of colonisation

\ twins /
10 samples 4 healthy
18-month 6 unhealthy

Malawi

M8 diet
corn flour
mustard greens
onions

_ tomatoes
V4 16S rRNA reads with =97%
nucleotide sequence identity ground peanuts

were grouped into operational soaked red kidney beans
taxonomic units (97% 1D :
canned pumpkin

OTUs), and taxonomic

assignments were made peeled bananas




Causal relationship between gut microbiota and growth

A ® Fecal sample
@ Body weight measurement

@ Body compositional analysis (QMR)

Birth Begin M8 Colonization Sacrifice
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% (5 donors)
2 120
z
2 110-
£
o
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p < 0.0001
a0 T T T
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£ 120 -
C
©
°
3 110
E
O\o 100
p = 0.0005
a0 T T 1
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Days post colonization

no difference in food
consumption

Model based on

weight gain
D Rank OTUID
1 denovo 12617

2 238205
3 2724175
a4 2714942
5 4383953
3|6 72820
ol 7 4374302
€l 8 3709990

5| 9 138389 |

>| 10 2575651 |
S | 11 170652
3|12 64384
S |13 342397
14 182506
< |15 681370
8116 1033413
s|17 3203801

t|18 1096610 | |
al19 2148366
£120 3600504
o| 21 773251
=122 4316928
s |23 4448492
5 | 24 195436
£1|25 2700883
26 2148365
27 4348151
28 1860112
29 1141218
30 2424737
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only 8 samples with
transplantation
efficiency >50%

Taxonomic annotation

None

Clostridium butyricum
Ruminococcus gnavus
Ruminococcus gnavus
Clostridium disporicum
Bifidobacterium longum
Dorea formicigenerans
Clostridium innocuum
Enterococcus
Ruminococcus gnavus
Clostridium

Weissella cibaria
Ruminococcus gnavus
Ruminococcus gnavus
Bifidobacterium
Enterococcus faecalis
Clostridium

Finegoldia magna
Paenibacillus
Bacteroides vulgatus
Pediococcus pentosaceus
Enterococcus
Clostridium
Faecalibacterium prausnitzii
Eubacterium desmolans
Clostridium
Enterococcus
Ruminococcus gnavus
Eggerthella

Clostridium

Weight discriminatory taxa

0 10 20 30
Increase in Mean Squared Error

Spearman’s correlation of OTU to age in healthy Malawi cohort

minimum p (-0.5) [ maximum p (0.5)

p-value

<0.0001 T

T 0.4964




ealthy microbiota is dominant over underweight microbiota

selection of 2 donor samples that transferred phenotype best

A Isolator 1 Isolator 1 Isolator 2 B . * :
H H H Un v 130 - —
H H H Un -z.
H H H Un @
IS
H H H Un c
H Un 3
H H Co-house at 4 dpc %
Isolator 2 Isolator 3 =
= Species relative abundance (RA)
Un Un HcH HcH o\o
Un Un UncH UncH R_' _R
Oszs A ow min ow max
Un Un HeH HeH ) 65\\ \00
>N
Un Un Un°" Un°" Fold change I092( 8Verage Matter cohousing
Un Un HeH HeH average RApefore cohousing
[ .
CH CH
Un Un Un Un Row min Row max
C Healthy HealthyCH Stunted/underweight Stunted/underweightCH
o Post cohousing Post cohousing T
5 4 7 14 22 fc 4 7 14 22 fc 4 14 4 7 14 o0 fo —2xonomy
Clostridium nexile o
Faecalibacterium prausnitzii
b Faecalibacterium
Clostridium colinum
i Ruminococcus gnavus

Clostridium Baraputnflcum
Clostridium butyricum
Clostridium symbiosum
Dorea formicigenerans
Clostridium .
Clostridium bartlettii
Clostridium disporicum
Clostridium sartagoforme
Clostridium glycolicum
Clostridium chauvoei
Eubacterium hallii
Clostridium neonatale
Clostridium bolteae
Enterococcus
Eubacterium limosum
Clostridium innocuum
Clostridium difficile
Clostridium perfringens
Bifidobacterium bifidum
Bifidobacterium longum
Coprobacillus cateniformis
Clostridiales
Gordonibacter pamelaeae
None

Paenibacillus

Clostridium ramosum
Weissella cibaria
Eggerthella lenta
Pediococcus
Pediococcus pentosaceus
Weissella

Lactobacillus

Bacillaceae



A 5-member consortium can prevent microbiota-related stunting

A Attempt to culture F.p and R.gg
Isolator 1 ("Control”) Isolator 2 ("Treated”) 5-member consortium 120 ' - !
F. prausnitzii TS3092C (OTU 265871) . @
. s B 5 R. gnavus TS8243C (OTU 2724175) 110~ : . T 154
: <
Stunted/underweight | | Stunted/underweight + | C- nexile T88243C2(OTU 4436046) 2 5
5-member consortium | € syml?/qsum TS8243C (OTU 4378683) 2 2 1104
D. formicigenerans TS8243C < 105- ©
. o (OTU 4374302) 3 = € 105-
Begin M8 Colonization Sacrifice = <
| | I X 5
00 O O O O O O 100- 100-
(C O] @ @ @ @ : Control Treated Control Treated
3 days 21 days (@)
@® Fecal sample @ Body weight @ Body compositional @ Tissues for metabolic
measurement analysis phenotyping
C D Control Treated Metabolite
100 Clostridium symbiosum Hﬁﬁ SQ?DC
N » Liver: C6-DC/C8-OH
one 2§ Liver: C12-OH/C10-DC
90+ Ruminococcus gnavus < = Il::xg 8;4:3
= :
Weissell o Serum: C16
< elsseta > Serum’ C16:1-OH/C14:1-DC
2 804 Pediococcus < Serum: C12-OH/C10-DC
S _ ® Gastrocnemius: C22
= Lactobacillus < Gastrocnemius: C21:3
9 S B Gastrocnemius: C12:3
8 70+ = Enterococcaceae = gastrocnemius: 819:3
3 . 0 astrocnemius: C20:3
§ Gordonibacter pamelaeae i Gastrocnemius: C14:3-OH/C12:3-DC
2 60- = Coprobacillus cateniformis g  Gastrocnemius: C7-DC
© ) Cecal: Glx
"‘j =Eggerthella lenta o I Cecal: His
c .
cq\;- 50- = Bifidobacterium bifidum § 8382:; ﬁjétate
o o . Cecal: Fumarate
_§ = Bifidobacterium longum gecal: 812%8%812%88
: o ecal: 1- :1-
é 1 Tieissela chane gecal: 8%8 OH/C18-DC/C22:6
© idi ecal: - - .
0 * Clostridium ramosum Cecal: C18:2-OH/C16:2-DC
® 30 = Eubacterium limosum Cecal: C20:1-OH/C18:1-DC
@ A o _ ® Cecal: C20:4
= = Clostridium perfringens 2 Cecal: C18:1-OH/C16:1-DC
= o = Cecal: C16:1-OH/C14:1-DC
S 201 " Clostridium s | Gecal: C20:1 Bl Amino acid
& = Clostridium innocuum o f &ecalklgz 3
S Ol Gecal G161 B Acylcarnitine
= Clostridium difficile < Cecal- C16
104 ecal =12, : B Organic acid
u Clostridium bolteae Cecal: C16:2-OH/C14.2-DC
Cecal: C14:1 [ Acyl CoA
® Enterococcus Cecal: C18:3-OH/C16:3-DC cyl Lo
0- Cecal: C22:5 .
Control Treated m Clostridium neonatale Cecal: C10:2 . Ceramide




Summary of the study

A 0 Age (months) . 3 B

H microbiota Un microbiota

' '

H Un
!

Discordant growth, metabolic,
and bone phenotypes

Age-discriminatory taxa

C
H Co-house
Un CH
microbiota \) H
e
U nCH
Cultured
invasive taxa = Un* > Un*
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Sialylated Milk Oligosaccharides Promote

Microbiota-Dependent Growth in Models of Infant
Undernutrition




Highlights
e Malawian mothers with undernourished infants have
decreased milk oligosaccharides

e Sialylated milk sugars promote growth of animals colonized
with infant microbiota

e Growth promotion does not occur with provision of inulin or
in germ-free mice

e Sialylated oligosaccharides impact liver, muscle, and brain
metabolism

6-month-old stunted,
underweight
Malawian infant

* Fecal microbiota

o000000GD

Mass spectrometry of breast
milk from Malawian mothers with:

Healthy  Severely stunted

infants infants /

Decreased total, sialylated, and
fucosylated milk oligosaccharides

Arrayed bacterial
25| culture collection

L)

. %

Germ-free mice Gnotobiotic mice Gnotobiotic piglets

\4 \4 \4

Prototypic Malawian Diet + Sialylated Milk Oligosaccharides

v \ \

* Increased body weight gain  Confirmation of
and lean body mass gain body weight gain and
* Bone growth phenotype metabolic phenotypes
« Metabolic effects in liver, observed in mice
muscle, and brain

No growth
effects
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% Initial Weight

160 —m- M8 + S-BMO B 81
—¥— M8 + Inulin
-o- M8 =
140 !
=
©
o
120 % %
£
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©
100 —gg ™. - - 3
80 T T T T T T T T 1
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Days post colonization
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100 014
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