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Supplementary Figure 1 

 

Supplementary Figure 1. Microbiome diversity and its early-life and environmental determinants in Ethiopian 
children. (a) Heatmap of Cramer’s V (0-1) for pairwise associations between categorical variables. Values >0.7 indicate 
redundancy. (b) Heatmap of the top 40 genera identified by 16S rRNA gene sequencing. The heatmap shows log10-
transformed relative abundances (RA), with annotation at the genus level and colored by their respective phylum and 
family on the left. Annotations include sample metadata (sex, breastfeeding status, Helicobacter pylori (Hp) status, 
latrine availability, delivery mode, family size, consumption of products made from teff, anthropometric measures), 
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alpha diversity metrics (Shannon index, Pielou’s evenness, observed features, Faith’s phylogenetic diversity), and IgA-
coating percentages where available. Samples are binned according to their Shannon diversity index, into six bins of 
approximately equal size (quantile-based binning), labelled 1-6 from lowest to highest. (c) Shannon diversity index 
plotted against age, stratified by delivery mode (CS: caesarean section; SVD: spontaneous vaginal delivery). (d) 
Shannon diversity index plotted against age, stratified by breastfeeding status (breastfed ≥18 months: yes or no). 
Statistical significance was assessed using Wilcoxon rank-sum tests between age groups. Red lines indicate medians. 
(e) Proportion of caesarean-delivered children across Shannon diversity bins, with the highest frequency observed in 
the lowest diversity bin. (f) Frequency of H. pylori-positive children aged 3-5 years, indicating an increase in H. pylori 
prevalence with age. (g) Frequency of teff consumption among children aged 2-5 years. All analyses include n=207 
children. 
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Supplementary Figure 2  
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Supplementary Figure 2. Alpha-diversity metrics and IgA coating of the gut microbiota. (a) Pielou’s evenness index 
plotted for all factors shown in the main figure 1. (b) Number of observed ASVs plotted for all factors shown in the 
main figure 1. Statistical significance was assessed using Wilcoxon rank-sum or Kruskal-Wallis tests with post-hoc 
testing and BH correction where appropriate. Only results with p ≤ 0.05 are displayed in the figure, alongside the 
corresponding q-value (n=207). Red lines indicate medians. (c) Flow cytometry gating strategy and representative dot 
plots for IgA coating. The gating strategy (top) was applied to all samples. Below, representative dot plots illustrate 
low (6.45%), intermediate (40.3%), and high (85.9%) IgA coating. IgA (Alexa Fluor 647) is plotted against FSC-H after 
pregating on Syto BC⁺ bacteria. 
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Supplementary Figure 3  

 

Supplementary Figure 3. Associations between bacterial genera, microbial diversity, and host or environmental 
factors. (a) Relative abundance (counts per million, CPM) of Agathobacter, Ruminococcus, 
Ruminococcus_gauvreauii_group, Fusicatenibacter and Anaerostipes are shown in relation to Shannon diversity bins. 
Associations were tested using linear regression models including Shannon diversity and age. The p-values from the 
regression models are plotted. Red lines indicate medians. (b) Top 10 genera most strongly positively and negatively 
associated (20 in total) with H. pylori infection status, household room number, teff consumption frequency, and 
stunting, as identified by MaAsLin3. Associations are shown at the genus level, with corresponding FDR-adjusted p-
values and effect sizes (β-coefficients). Error bars indicate the standard error of the β-coefficients. All analyses 
include n=207 children.  
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Supplementary Figure 4  

 

Supplementary Figure 4. Functional annotation of uSGBs of urban Ethiopian children. (a) Bar plot of the relative 
abundances of COG functional categories identified in the MAGs assigned to uSGBs from teff-consuming and non-teff-
consuming children. Samples are labelled by uSGB and family-level taxonomic classification. Relative abundances are 
calculated per genome. (b-e) Relative abundance of COG functional categories in MAGs assigned as uSGBs in teff-
consuming children versus non-consuming children. COG categories are grouped into major functional classes. 
Statistical significance was assessed using Wilcoxon rank-sum tests with BH correction. Red lines indicate medians. A 
total of 91 uSGBs derived from 105 children were included in the analysis.  

0

25

50

75

100

C
lo

st
rid

ia
ce

ae
, u

SG
B

_6
17

9
C

lo
st

rid
ia

ce
ae

, u
SG

B
_6

17
9

C
or

io
ba

ct
er

ia
ce

ae
, u

SG
B

_1
48

26
C

or
io

ba
ct

er
ia

ce
ae

, u
SG

B
_1

43
51

C
or

io
ba

ct
er

ia
ce

ae
, u

SG
B

_1
43

51
C

or
io

ba
ct

er
ia

ce
ae

, u
SG

B
_1

43
51

Eg
ge

rt
he

lla
ce

ae
, u

SG
B

_1
43

41
Eg

ge
rt

he
lla

ce
ae

, u
SG

B
_1

43
42

Er
ys

ip
el

ot
ric

ha
ce

ae
, u

SG
B

_6
83

7
Eu

ba
ct

er
ia

le
s 

Fa
m

ily
 X

III
, u

SG
B

_3
95

9
FG

B
10

31
2,

 u
SG

B
_6

42
8

FG
B

10
31

2,
 u

SG
B

_6
43

0
FG

B
10

31
2,

 u
SG

B
_6

43
0

FG
B

11
92

, u
SG

B
_3

91
7

FG
B

17
76

, u
SG

B
_6

47
3

FG
B

24
04

, u
SG

B
_9

34
7

FG
B

29
92

, u
SG

B
_1

47
65

FG
B

29
92

, u
SG

B
_1

47
65

FG
B

29
92

, u
SG

B
_1

47
64

_g
ro

up
FG

B
65

8,
 u

SG
B

_2
22

9
FG

B
79

15
2,

 u
SG

B
_6

52
4

FG
B

79
15

2,
 u

SG
B

_6
52

4
FG

B
79

27
0,

 u
SG

B
_6

51
7

Pe
pt

os
tr

ep
to

co
cc

ac
ea

e,
 u

SG
B

_6
14

1
A

ct
in

om
yc

et
ac

ea
e,

 u
SG

B
_1

71
62

_g
ro

up
A

ct
in

om
yc

et
ac

ea
e,

 u
SG

B
_1

71
57

C
lo

st
rid

ia
ce

ae
, u

SG
B

_6
17

9
C

lo
st

rid
ia

ce
ae

, u
SG

B
_4

90
9

C
lo

st
rid

ia
ce

ae
, u

SG
B

_6
17

9
C

lo
st

rid
ia

ce
ae

, u
SG

B
_4

75
0

C
or

io
ba

ct
er

ia
ce

ae
, u

SG
B

_1
43

51
C

or
io

ba
ct

er
ia

ce
ae

, u
SG

B
_1

43
51

C
or

io
ba

ct
er

ia
ce

ae
, u

SG
B

_1
43

51
C

or
io

ba
ct

er
ia

ce
ae

, u
SG

B
_1

43
51

C
or

io
ba

ct
er

ia
ce

ae
, u

SG
B

_1
43

51
C

or
io

ba
ct

er
ia

ce
ae

, u
SG

B
_1

43
51

C
or

io
ba

ct
er

ia
ce

ae
, u

SG
B

_1
43

51
Eg

ge
rt

he
lla

ce
ae

, u
SG

B
_1

43
41

Eg
ge

rt
he

lla
ce

ae
, u

SG
B

_1
43

42
Er

ys
ip

el
ot

ric
ha

ce
ae

, u
SG

B
_6

83
7

Er
ys

ip
el

ot
ric

ha
ce

ae
, u

SG
B

_6
83

7
Eu

ba
ct

er
ia

ce
ae

, u
SG

B
_4

32
7

Eu
ba

ct
er

ia
ce

ae
, u

SG
B

_4
33

3
Eu

ba
ct

er
ia

ce
ae

, u
SG

B
_4

33
3

Eu
ba

ct
er

ia
ce

ae
, u

SG
B

_4
33

3
Eu

ba
ct

er
ia

ce
ae

, u
SG

B
_4

31
6

Eu
ba

ct
er

ia
ce

ae
, u

SG
B

_4
32

8
Eu

ba
ct

er
ia

ce
ae

, u
SG

B
_4

32
7

Eu
ba

ct
er

ia
ce

ae
, u

SG
B

_4
33

3
Eu

ba
ct

er
ia

ce
ae

, u
SG

B
_4

32
8

Eu
ba

ct
er

ia
ce

ae
, u

SG
B

_4
33

5
Eu

ba
ct

er
ia

le
s 

Fa
m

ily
 X

III
, u

SG
B

_3
95

9
Eu

ba
ct

er
ia

le
s 

Fa
m

ily
 X

III
, u

SG
B

_3
95

9
Eu

ba
ct

er
ia

le
s 

Fa
m

ily
 X

III
, u

SG
B

_7
13

68
Eu

ba
ct

er
ia

le
s_

un
cl

as
si

fie
d,

 u
SG

B
_1

52
95

FG
B

13
49

, u
SG

B
_4

35
0

FG
B

13
54

, u
SG

B
_4

36
7

FG
B

14
93

6,
 u

SG
B

_4
30

3
FG

B
17

79
, u

SG
B

_6
53

3
FG

B
17

80
, u

SG
B

_6
54

0
FG

B
17

80
, u

SG
B

_6
54

0
FG

B
17

80
, u

SG
B

_6
54

1
FG

B
29

82
, u

SG
B

_1
43

06
FG

B
29

92
, u

SG
B

_1
47

65
FG

B
29

92
, u

SG
B

_1
47

65
FG

B
29

92
, u

SG
B

_1
47

65
FG

B
29

92
, u

SG
B

_1
47

65
FG

B
31

48
8,

 u
SG

B
_6

43
7

FG
B

38
64

2,
 u

SG
B

_1
53

68
FG

B
65

8,
 u

SG
B

_2
23

0
FG

B
77

98
8,

 u
SG

B
_1

43
32

FG
B

79
15

2,
 u

SG
B

_6
52

4
FG

B
79

27
0,

 u
SG

B
_6

51
8

La
ch

no
sp

ira
ce

ae
, u

SG
B

_5
23

9
La

ch
no

sp
ira

ce
ae

, u
SG

B
_4

63
7

La
ch

no
sp

ira
ce

ae
, u

SG
B

_4
80

8
La

ch
no

sp
ira

ce
ae

, u
SG

B
_5

11
6

La
ch

no
sp

ira
ce

ae
, u

SG
B

_4
93

0
La

ch
no

sp
ira

ce
ae

, u
SG

B
_4

60
7

O
sc

ill
os

pi
ra

ce
ae

, u
SG

B
_1

39
37

8_
gr

ou
p

O
sc

ill
os

pi
ra

ce
ae

, u
SG

B
_1

52
91

O
sc

ill
os

pi
ra

ce
ae

, u
SG

B
_1

39
37

8_
gr

ou
p

O
sc

ill
os

pi
ra

ce
ae

, u
SG

B
_1

50
22

O
sc

ill
os

pi
ra

ce
ae

, u
SG

B
_1

52
91

O
sc

ill
os

pi
ra

ce
ae

, u
SG

B
_1

52
91

O
sc

ill
os

pi
ra

ce
ae

, u
SG

B
_1

52
91

Pe
pt

os
tr

ep
to

co
cc

ac
ea

e,
 u

SG
B

_6
14

1
Pe

pt
os

tr
ep

to
co

cc
ac

ea
e,

 u
SG

B
_6

14
1

Pe
pt

os
tr

ep
to

co
cc

ac
ea

e,
 u

SG
B

_6
14

1
Pe

pt
os

tr
ep

to
co

cc
ac

ea
e,

 u
SG

B
_6

14
1

Ve
ill

on
el

la
ce

ae
, u

SG
B

_5
80

9

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

COG Category
Amino acid transport and metabolism
Carbohydrate transport and metabolism
Cell cycle control, cell division, chromosome partitioning
Cell motility
Cell wall/membrane/envelope biogenesis
Chromatin structure and dynamics
Coenzyme transport and metabolism
Cytoskeleton
Defense mechanisms
Energy production and conversion
Inorganic ion transport and metabolism
Intracellular trafficking, secretion, and vesicular transport
Lipid transport and metabolism
Nucleotide transport and metabolism
Posttranslational modification, protein turnover, chaperones
Replication, recombination and repair
RNA processing and modification
Secondary metabolites biosynthesis, transport and catabolism
Signal transduction mechanisms
Transcription
Translation, ribosomal structure and biogenesis
eggNOG hit without annotation
Function unknown
Multiple functional category

MAGs from uSGBs in Teff-EverMAGs from uSGBs in Teff-Never

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

5

10

15

20

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Translation, ribosomal
structure and biogenesis

0.0174

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0.00

0.05

0.10

0.15

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

RNA processing,
and modification

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

2

4

6

8

10

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Transcription

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

5

10

15

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Replication, recombination
and repair

0.0047

d Information storage and processing

b

a

Cellular processes and signalling

c Metabolism

e Other 

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

1

2

3

4

5

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Cell cycle control,
cell division,

chromosome partitioning

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

1

2

3

4

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Defense mechanism
0.0302

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

2

4

6

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Signal transduction
mechanisms

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

5

10

15

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Cell wall/membrane/
envelope biogenesis

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

1

2

3

4

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Cell motility

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

1

2

3

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Intracellular trafficking,
secretion, and

vesicular transport
0.0066

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

1

2

3

4

5

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Posttranslational 
modification, protein
turnover, chaperones

<0.0001

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

5

10

15

20

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Energy production
and conversion

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

2

4

6

8

10

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Amino acid transport
and metabolism

0.0257

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

1

2

3

4

5

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Nucleotide transport
and metabolism

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

2

4

6

8

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Coenzyme transport and
metabolism

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

1

2

3

4

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Lipid transport and
metabolism

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

2

4

6

8

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Inorganic ion transport
and metabolism

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0.0

0.5

1.0

1.5

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Secondary metabolites
biosynthesis, transport

and catabolism

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

5

10

15

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

eggNOG hit without
annotation

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

10

15

20

25

30

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Function unknown

uSGB-M
AGs

Te
ff-

Nev
er

uSGB-M
AGs

Te
ff-

Eve
r

0

2

4

6

8

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Multiple functional
categories



8 
 

Supplementary Figure 5 

 

Supplementary Figure 5. Antimicrobial resistance profiles and functional associations in urban Ethiopian children. 
(a) Alluvial plot showing the top 10 antimicrobial resistance (AMR) genes, their associated resistance mechanisms, and 
drug classes identified from metagenomic sequencing data. (b) AMR gene counts stratified by key factors: presence 
of a latrine in the home, teff consumption, number of rooms in the home, delivery mode, H. pylori infection status, 
IgA-coating diversity bins and family size. Statistical significance was assessed using Wilcoxon rank-sum or Kruskal-
Wallis tests with post-hoc testing and BH correction where appropriate. Red lines indicate medians. IgA-coating 
analyses include n=72 children; all other stratifications include n=105 children. 
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Supplementary Figure 6 

 

Origin urban

−5.0 −2.5 0.0 2.5 5.0
PWY.5130..2.oxobutanoate.degradation.I

PWY0.1241..ADP.L.glycero..beta..D.manno.heptose.biosynthesis
PWY.6147..6.hydroxymethyl.dihydropterin.diphosphate.biosynthesis.I

PWY.1269..CMP.3.deoxy.D.manno.octulosonate.biosynthesis
PWY.7371..1.4.dihydroxy.6.naphthoate.biosynthesis.II

PWY.5690..TCA.cycle.II..plants.and.fungi.
GALACT.GLUCUROCAT.PWY..superpathway.of.hexuronide.and.hexuronate.degradation

PWY.6992..1.5.anhydrofructose.degradation
PWY.5505..L.glutamate.and.L.glutamine.biosynthesis

PWY.6415..L.ascorbate.biosynthesis.V..euglena..D.galacturonate.pathway.
PWY.5005..biotin.biosynthesis.II

PWY.6895..superpathway.of.thiamine.diphosphate.biosynthesis.II
P108.PWY..pyruvate.fermentation.to.propanoate.I

PWY.5154..L.arginine.biosynthesis.III..via.N.acetyl.L.citrulline.
P42.PWY..incomplete.reductive.TCA.cycle

THISYN.PWY..superpathway.of.thiamine.diphosphate.biosynthesis.I
PWY.7456...beta...1.4..mannan.degradation

HISDEG.PWY..L.histidine.degradation.I
PWY.8190..L.glutamate.degradation.XI..reductive.Stickland.reaction.

PWY.8182..valproate..beta..oxidation
PWY.7242..D.fructuronate.degradation

PHOSLIPSYN.PWY..superpathway.of.phospholipid.biosynthesis.I..bacteria.
GLUCUROCAT.PWY..superpathway.of..beta..D.glucuronosides.degradation

P23.PWY..reductive.TCA.cycle.I
PWY4FS.8..phosphatidylglycerol.biosynthesis.II..non.plastidic.

PWY4FS.7..phosphatidylglycerol.biosynthesis.I..plastidic.
PWY.6969..TCA.cycle.V..2.oxoglutarate.synthase.

RHAMCAT.PWY..L.rhamnose.degradation.I
PWY.5973..cis.vaccenate.biosynthesis

PWY.7663..gondoate.biosynthesis..anaerobic.
PWY.6572..chondroitin.sulfate.degradation.I..bacterial.

PWY.7992..superpathway.of.menaquinol.8.biosynthesis.III
GALACTUROCAT.PWY..D.galacturonate.degradation.I

PWY.6507..4.deoxy.L.threo.hex.4.enopyranuronate.degradation
SO4ASSIM.PWY..assimilatory.sulfate.reduction.I

PWY.5345..superpathway.of.L.methionine.biosynthesis..by.sulfhydrylation.
PWY.7323..superpathway.of.GDP.mannose.derived.O.antigen.building.blocks.biosynthesis

PWY.7237..myo...chiro..and.scyllo.inositol.degradation
ASPASN.PWY..superpathway.of.L.aspartate.and.L.asparagine.biosynthesis

PWY.7199..pyrimidine.deoxyribonucleosides.salvage
PWY.6703..preQ0.biosynthesis

PANTO.PWY..phosphopantothenate.biosynthesis.I
PWY.6897..thiamine.diphosphate.salvage.II

PWY.6700..queuosine.biosynthesis.I..de.novo.
PANTOSYN.PWY..superpathway.of.coenzyme.A.biosynthesis.I..bacteria.

PWY.5695..inosine.5..phosphate.degradation
DTDPRHAMSYN.PWY..dTDP..beta..L.rhamnose.biosynthesis

PWY.7953..UDP.N.acetylmuramoyl.pentapeptide.biosynthesis.III..meso.diaminopimelate.containing.
RIBOSYN2.PWY..flavin.biosynthesis.I..bacteria.and.plants.

PWY.1042..glycolysis.IV
VALSYN.PWY..L.valine.biosynthesis

PWY.6609..adenine.and.adenosine.salvage.III
BRANCHED.CHAIN.AA.SYN.PWY..superpathway.of.branched.chain.amino.acid.biosynthesis

PWY.5103..L.isoleucine.biosynthesis.III
ILEUSYN.PWY..L.isoleucine.biosynthesis.I..from.threonine.

TRNA.CHARGING.PWY..tRNA.charging
PWY.7790..UMP.biosynthesis.II

PWY.7791..UMP.biosynthesis.III
PWY.5686..UMP.biosynthesis.I

PWY.7977..L.methionine.biosynthesis.IV
NONMEVIPP.PWY..methylerythritol.phosphate.pathway.I

PWY.3841..folate.transformations.II..plants.
PWY.5667..CDP.diacylglycerol.biosynthesis.I

PWY0.1319..CDP.diacylglycerol.biosynthesis.II
PWY.6385..peptidoglycan.biosynthesis.III..mycobacteria.

PWY.6163..chorismate.biosynthesis.from.3.dehydroquinate
PWY.6387..UDP.N.acetylmuramoyl.pentapeptide.biosynthesis.I..meso.diaminopimelate.containing.

PEPTIDOGLYCANSYN.PWY..peptidoglycan.biosynthesis.I..meso.diaminopimelate.containing.
PWY.6565..superpathway.of.polyamine.biosynthesis.III

PWY.7221..guanosine.ribonucleotides.de.novo.biosynthesis
PWY.6386..UDP.N.acetylmuramoyl.pentapeptide.biosynthesis.II..lysine.containing.

COMPLETE.ARO.PWY..superpathway.of.aromatic.amino.acid.biosynthesis
PWY.8131..5..deoxyadenosine.degradation.II

PWY.7356..thiamine.diphosphate.salvage.IV..yeast.
PWY.6731..starch.degradation.III

PWY.8178..pentose.phosphate.pathway..non.oxidative.branch..II
METH.ACETATE.PWY..methanogenesis.from.acetate

HSERMETANA.PWY..L.methionine.biosynthesis.III
THRESYN.PWY..superpathway.of.L.threonine.biosynthesis

PWY.6317..D.galactose.degradation.I..Leloir.pathway.
GLYCOLYSIS..glycolysis.I..from.glucose.6.phosphate.

PWY.5659..GDP.mannose.biosynthesis
PWY.6123..inosine.5..phosphate.biosynthesis.I

PWY.7383..anaerobic.energy.metabolism..invertebrates..cytosol.
PWY66.429..fatty.acid.biosynthesis.initiation..mitochondria.

PWY.7400..L.arginine.biosynthesis.IV..archaebacteria.
PWY.6124..inosine.5..phosphate.biosynthesis.II

ANAEROFRUCAT.PWY..homolactic.fermentation
COBALSYN.PWY..superpathway.of.adenosylcobalamin.salvage.from.cobinamide.I

PWY.5484..glycolysis.II..from.fructose.6.phosphate.
OANTIGEN.PWY..O.antigen.building.blocks.biosynthesis..E..coli.

NONOXIPENT.PWY..pentose.phosphate.pathway..non.oxidative.branch..I
GLUCOSE1PMETAB.PWY..glucose.and.glucose.1.phosphate.degradation

PWY66.399..gluconeogenesis.III
PWY.6606..guanosine.nucleotides.degradation.II

NAD.BIOSYNTHESIS.II..NAD.salvage.pathway.III..to.nicotinamide.riboside.
PWY.5100..pyruvate.fermentation.to.acetate.and.lactate.II

PWY.6892..thiazole.component.of.thiamine.diphosphate.biosynthesis.I
SER.GLYSYN.PWY..superpathway.of.L.serine.and.glycine.biosynthesis.I

PWY.7328..superpathway.of.UDP.glucose.derived.O.antigen.building.blocks.biosynthesis
PWY.6608..guanosine.nucleotides.degradation.III

PWY.6630..superpathway.of.L.tyrosine.biosynthesis
P41.PWY..pyruvate.fermentation.to.acetate.and..S..lactate.I

HEXITOLDEGSUPER.PWY..superpathway.of.hexitol.degradation..bacteria.
PWY.6293..superpathway.of.L.cysteine.biosynthesis..fungi.

PWY.821..superpathway.of.sulfur.amino.acid.biosynthesis..Saccharomyces.cerevisiae.
PWY.801..homocysteine.and.cysteine.interconversion

PWY0.1479..tRNA.processing
PWY.6270..isoprene.biosynthesis.I

TCA..TCA.cycle.I..prokaryotic.
PWY.5838..superpathway.of.menaquinol.8.biosynthesis.I

PWY.5861..superpathway.of.demethylmenaquinol.8.biosynthesis.I
PWY.6628..superpathway.of.L.phenylalanine.biosynthesis

UDPNAGSYN.PWY..UDP.N.acetyl.D.glucosamine.biosynthesis.I
PWY0.162..superpathway.of.pyrimidine.ribonucleotides.de.novo.biosynthesis

FOLSYN.PWY..superpathway.of.tetrahydrofolate.biosynthesis.and.salvage
PWY.6612..superpathway.of.tetrahydrofolate.biosynthesis

PWY.822..fructan.biosynthesis
PWY.7196..superpathway.of.pyrimidine.ribonucleosides.salvage

PWY.6936..seleno.amino.acid.biosynthesis..plants.
PWY.621..sucrose.degradation.III..sucrose.invertase.

P124.PWY..Bifidobacterium.shunt
GALACTITOLCAT.PWY..galactitol.degradation

PWY66.409..superpathway.of.purine.nucleotide.salvage
PWY0.1298..superpathway.of.pyrimidine.deoxyribonucleosides.degradation

PWY.5920..superpathway.of.heme.b.biosynthesis.from.glycine
PWY.6435..4.hydroxybenzoate.biosynthesis.III..plants.

PWY0.301..L.ascorbate.degradation.I..bacterial..anaerobic.
PWY4LZ.257..superpathway.of.fermentation..Chlamydomonas.reinhardtii.

PWY.7392..taxadiene.biosynthesis..engineered.
PWY.5918..superpathway.of.heme.b.biosynthesis.from.glutamate

PWY.7209..superpathway.of.pyrimidine.ribonucleosides.degradation
PWY.8004..Entner.Doudoroff.pathway.I

P164.PWY..purine.nucleobases.degradation.I..anaerobic.
GOLPDLCAT.PWY..superpathway.of.glycerol.degradation.to.1.3.propanediol

PWY.6859..all.trans.farnesol.biosynthesis
PWY0.862...5Z..dodecenoate.biosynthesis.I

PWY.6607..guanosine.nucleotides.degradation.I
HEME.BIOSYNTHESIS.II..heme.b.biosynthesis.I..aerobic.

PWY0.1297..superpathway.of.purine.deoxyribonucleosides.degradation
GLYOXYLATE.BYPASS..glyoxylate.cycle

PWY.6902..chitin.degradation.II..Vibrio.
PWY.6595..superpathway.of.guanosine.nucleotides.degradation..plants.

PWY.I9..L.cysteine.biosynthesis.VI..from.L.methionine.
HEMESYN2.PWY..heme.b.biosynthesis.II..oxygen.independent.

PWY.561..superpathway.of.glyoxylate.cycle.and.fatty.acid.degradation
PWY.6901..superpathway.of.glucose.and.xylose.degradation

PWY.7118..chitin.deacetylation
PWY.8187..L.arginine.degradation.XIII..reductive.Stickland.reaction.

P621.PWY..nylon.6.oligomer.degradation
PWY.702..L.methionine.biosynthesis.II

METHGLYUT.PWY..superpathway.of.methylglyoxal.degradation
P105.PWY..TCA.cycle.IV..2.oxoglutarate.decarboxylase.
PWY.5989..stearate.biosynthesis.II..bacteria.and.plants.

PWY.5384..sucrose.degradation.IV..sucrose.phosphorylase.
PWY.7234..inosine.5..phosphate.biosynthesis.III

PWY.6961..L.ascorbate.degradation.II..bacterial..aerobic.
DAPLYSINESYN.PWY..L.lysine.biosynthesis.I

PWY.5981..CDP.diacylglycerol.biosynthesis.III
POLYISOPRENSYN.PWY..polyisoprenoid.biosynthesis..E..coli.

PWY.5913..partial.TCA.cycle..obligate.autotrophs.
PWY.7013...S..propane.1.2.diol.degradation

PWY.5189..tetrapyrrole.biosynthesis.II..from.glycine.
PWY.2941..L.lysine.biosynthesis.II

P461.PWY..hexitol.fermentation.to.lactate..formate..ethanol.and.acetate
P125.PWY..superpathway.of..R.R..butanediol.biosynthesis

PWY.5367..petroselinate.biosynthesis
PYRIDNUCSAL.PWY..NAD.salvage.pathway.I..PNC.VI.cycle.

PWY.241..C4.photosynthetic.carbon.assimilation.cycle..NADP.ME.type
FASYN.ELONG.PWY..fatty.acid.elongation....saturated

PWY.5910..superpathway.of.geranylgeranyldiphosphate.biosynthesis.I..via.mevalonate.
PWY.7664..oleate.biosynthesis.IV..anaerobic.

PWY3O.4107..NAD.salvage.pathway.V..PNC.V.cycle.
PENTOSE.P.PWY..pentose.phosphate.pathway
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Supplementary Figure 6. Pathway associations with urban and rural origin. (a) Coefficient plot of pathway 
associations identified by MaAsLin3, displaying β-coefficients for both prevalence and abundance models and 
highlighting pathways enriched in either urban (n=105) or rural (n=6) children. The error bars indicate the standard 
error of the β-coefficients. 

  



11 
 

Supplementary Figure 7  
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Supplementary Figure 7. Urbanization impacts gut microbial composition across cohorts. (a) Bar plot of age of 
children across the three cohorts (means +/- SD are shown). Differences between groups were assessed using Kruskal-
Wallis tests with post-hoc pairwise comparisons. (b) Heatmap of genera relative abundances (log10-transformed) 
across samples. Displayed are all genera with >15% mean relative abundance. Sample metadata, including origin, 
setting (urban/rural), age, delivery mode, and teff consumption, are annotated. Samples are clustered by similarity. 
(c) Heatmap of genera relative abundances (log10-transformed) across samples. Displayed are the top 20 most 
abundant genera per cohort, sorted by overall mean abundance. Genera are annotated as row names, with phylum 
and family shown as left-side annotations. Sample metadata including origin, setting (urban/rural), age, delivery mode, 
and teff consumption are displayed. Samples are clustered by similarity. (n=105 urban Ethiopian, n=6 rural Ethiopian, 
n=16 Italian) 
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Supplementary Figure 8 

 

Supplementary Figure 8. Urbanization-associated differences in microbial pathways, antimicrobial resistance, and 
pathogen prevalence. (a) Prevalence of Treponema berlinense, T. peruense and T. succinifaciens, as detected by 
MetaPhlAn, stratified by cohort. Prevalence is the proportion of samples with non-zero relative abundance per species. 
(b) Heatmap of pathway relative abundances (log10-transformed) across samples. Displayed are the top 30 most 
abundant pathways per cohort. Sample metadata, including origin, setting (urban/rural), age, delivery mode, and teff 
consumption are annotated. Samples and pathways are clustered by similarity. (c) Pie charts of the top 10 
antimicrobial resistance (AMR) genes per cohort; genes with lower counts are grouped as “Others”. (d) Prevalence of 

b
Top 30 Pathways by Cohort 

Origin
Setting
Age (Years)
Delivery mode
Teff
PWY−7238: sucrose biosynthesis II
PWY−5941: glycogen degradation II
GLYCOGENSYNTH−PWY: glycogen biosynthesis I (from ADP−D−Glucose)
PWY−1042: glycolysis IV
DTDPRHAMSYN−PWY: dTDP−&beta;−L−rhamnose biosynthesis
PWY−7221: guanosine ribonucleotides de novo biosynthesis
PWY−6386: UDP−N−acetylmuramoyl−pentapeptide biosynthesis II (lysine−containing)
PWY−6387: UDP−N−acetylmuramoyl−pentapeptide biosynthesis I (meso−diaminopimelate containing)
PEPTIDOGLYCANSYN−PWY: peptidoglycan biosynthesis I (meso−diaminopimelate containing)
PWY−6151: S−adenosyl−L−methionine salvage I
PWY−5686: UMP biosynthesis I
PWY−7790: UMP biosynthesis II
PWY−7791: UMP biosynthesis III
PWY−6385: peptidoglycan biosynthesis III (mycobacteria)
PWY−6122: 5−aminoimidazole ribonucleotide biosynthesis II
PWY−6277: superpathway of 5−aminoimidazole ribonucleotide biosynthesis
PWY−6121: 5−aminoimidazole ribonucleotide biosynthesis I
COMPLETE−ARO−PWY: superpathway of aromatic amino acid biosynthesis
ARO−PWY: chorismate biosynthesis I
PWY−6163: chorismate biosynthesis from 3−dehydroquinate
ANAGLYCOLYSIS−PWY: glycolysis III (from glucose)
PWY−5097: L−lysine biosynthesis VI
PWY−3841: folate transformations II (plants)
VALSYN−PWY: L−valine biosynthesis
ILEUSYN−PWY: L−isoleucine biosynthesis I (from threonine)
BRANCHED−CHAIN−AA−SYN−PWY: superpathway of branched chain amino acid biosynthesis
PWY−5103: L−isoleucine biosynthesis III
ARGSYNBSUB−PWY: L−arginine biosynthesis II (acetyl cycle)
NONMEVIPP−PWY: methylerythritol phosphate pathway I
PWY−6609: adenine and adenosine salvage III
TRNA−CHARGING−PWY: tRNA charging
COA−PWY−1: superpathway of coenzyme A biosynthesis III (mammals)
PWY−7953: UDP−N−acetylmuramoyl−pentapeptide biosynthesis III (meso−diaminopimelate containing)
PWY−8178: pentose phosphate pathway (non−oxidative branch) II
NONOXIPENT−PWY: pentose phosphate pathway (non−oxidative branch) I
PWY−6700: queuosine biosynthesis I (de novo)
PWY−5695: inosine 5'−phosphate degradation

Origin
Ethiopia_rural
Ethiopia_urban
Italy

Setting
rural
urban

Age (Years)
2
3
4
5

Delivery mode
CS
SVD

Teff
Ever
Never

RA log10

0
0.01
0.02
0.03

Top 30 Pathways by Cohort 

Origin
Setting
Age (Years)
Delivery mode
Teff
PWY−7238: sucrose biosynthesis II
PWY−5941: glycogen degradation II
GLYCOGENSYNTH−PWY: glycogen biosynthesis I (from ADP−D−Glucose)
PWY−1042: glycolysis IV
DTDPRHAMSYN−PWY: dTDP−&beta;−L−rhamnose biosynthesis
PWY−7221: guanosine ribonucleotides de novo biosynthesis
PWY−6386: UDP−N−acetylmuramoyl−pentapeptide biosynthesis II (lysine−containing)
PWY−6387: UDP−N−acetylmuramoyl−pentapeptide biosynthesis I (meso−diaminopimelate containing)
PEPTIDOGLYCANSYN−PWY: peptidoglycan biosynthesis I (meso−diaminopimelate containing)
PWY−6151: S−adenosyl−L−methionine salvage I
PWY−5686: UMP biosynthesis I
PWY−7790: UMP biosynthesis II
PWY−7791: UMP biosynthesis III
PWY−6385: peptidoglycan biosynthesis III (mycobacteria)
PWY−6122: 5−aminoimidazole ribonucleotide biosynthesis II
PWY−6277: superpathway of 5−aminoimidazole ribonucleotide biosynthesis
PWY−6121: 5−aminoimidazole ribonucleotide biosynthesis I
COMPLETE−ARO−PWY: superpathway of aromatic amino acid biosynthesis
ARO−PWY: chorismate biosynthesis I
PWY−6163: chorismate biosynthesis from 3−dehydroquinate
ANAGLYCOLYSIS−PWY: glycolysis III (from glucose)
PWY−5097: L−lysine biosynthesis VI
PWY−3841: folate transformations II (plants)
VALSYN−PWY: L−valine biosynthesis
ILEUSYN−PWY: L−isoleucine biosynthesis I (from threonine)
BRANCHED−CHAIN−AA−SYN−PWY: superpathway of branched chain amino acid biosynthesis
PWY−5103: L−isoleucine biosynthesis III
ARGSYNBSUB−PWY: L−arginine biosynthesis II (acetyl cycle)
NONMEVIPP−PWY: methylerythritol phosphate pathway I
PWY−6609: adenine and adenosine salvage III
TRNA−CHARGING−PWY: tRNA charging
COA−PWY−1: superpathway of coenzyme A biosynthesis III (mammals)
PWY−7953: UDP−N−acetylmuramoyl−pentapeptide biosynthesis III (meso−diaminopimelate containing)
PWY−8178: pentose phosphate pathway (non−oxidative branch) II
NONOXIPENT−PWY: pentose phosphate pathway (non−oxidative branch) I
PWY−6700: queuosine biosynthesis I (de novo)
PWY−5695: inosine 5'−phosphate degradation

Origin
Ethiopia_rural
Ethiopia_urban
Italy

Setting
rural
urban

Age (Years)
2
3
4
5

Delivery mode
CS
SVD

Teff
Ever
Never

RA log10

0
0.01
0.02
0.03

Italy

Ethiopia_urban

Ethiopia_rural

0% 25% 50% 75% 100%

Campylobacter_jejuni
Campylobacter_concisus

Serratia_marcescens
Klebsiella_pneumoniae
Clostridium_perfringens
Enterococcus_faecalis
Enterococcus_faecium
Bacteroides_fragilis

Escherichia_coli

Campylobacter_jejuni
Campylobacter_concisus

Serratia_marcescens
Klebsiella_pneumoniae
Clostridium_perfringens
Enterococcus_faecalis
Enterococcus_faecium
Bacteroides_fragilis

Escherichia_coli

Campylobacter_jejuni
Campylobacter_concisus

Serratia_marcescens
Klebsiella_pneumoniae
Clostridium_perfringens
Enterococcus_faecalis
Enterococcus_faecium
Bacteroides_fragilis

Escherichia_coli

Prevalence

Pathogen prevalence by Origin

Italy

Ethiopia_urban

Ethiopia_rural

0% 25% 50% 75% 100%

Treponema_berlinense
Treponema_peruense

Treponema_succinifaciens

Treponema_berlinense
Treponema_peruense

Treponema_succinifaciens

Treponema_berlinense
Treponema_peruense

Treponema_succinifaciens

Prevalence

Pathogen prevalence by Origina

c

d

tet(Q)
Bifidobacterium adolescentis rpoB mutants conferring resistance to rifampicin
tet(W)
Mef(En2)
ErmF
Bifidobacterium bifidum ileS conferring resistance to mupirocin
Campylobacter coli chloramphenicol acetyltransferase
tet(X)
tet(O)
CfxA2
aadS
tet(40)
dfrF
tet(M)
msrC
ErmX
Others

Top 10 AMR Genes by Origin
Ethiopia (rural) Ethiopia (urban) Italy



14 
 

selected potentially pathogenic species detected by MetaPhlAn, stratified by cohort. Prevalence was calculated as the 
proportion of samples in which each species had non-zero relative abundance. (n=105 urban Ethiopian, n=6 rural 
Ethiopian, n=16 Italian) 


