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Metagenomics

Microbial ecosystem : population of bacteria in a given environment.
ãÑ Ex : gut, skin, soil, sea water...

These bacteria ensure functions programmed by their genes (DNA).

Gene =
Portion of DNA =

Sequence of nucleotides

Protein produced 
from the gene 

sequence 

The protein 
realises  a 
function

ãÑ Ex : degradation of chemical compounds
ãÑ By extension, we talk about the function of a gene

Metagenomics : analysis of the genetic material of bacteria from
environment samples.
ãÑ A large proportion of these bacteria are unknown

Genomics and metagenomics
Genomics : analysis of the genome of a given organism (animal or plant)
Metagenomics : analysis of genes in a given environment sample
ãÑ genes are not gathered by organisms.
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Measurement of metagenomic abundances

Genes from all bacteria are measured together.
A catalogue is built by assembling pieces of DNA from a large number of
samples ú "metagenome" including genes from all bacteria.
ãÑ catalogue for gut microbiote : 107 genes.
Genes are cut in pieces, whose sequences are read and mapped on the
catalogue.

Sample from
environment:

bacteria

Cut in pieces 
(chemistry) and 

« read » the pieces

Map on a catalogue n 
sa

m
pl

e
s

10 M genes

A
i,j

Matrix of 
abundances 

Abundance of gene j = proportion of gene j among all genes present in the
sample.
Very large dimension ("log p ­! n") : dimension reduction is necessary

ãÑ Phylogenetic grouping.
ãÑ Groups of gene with similar functions from biological knowledge / sequence of

translated proteins
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Metabolism

Metabolism

Metabolism : set of bio-chemical
reactions occuring within a living
organism.

Elementary bio-chemical reaction :
transformation of a chemical A into
one or several chemical(s) B (C,D,...)

ãÑ Each elementary reaction is realised
by a protein (enzyme)

Metabolism of fiber digestion in gut is
well known.

ãÑ Fiber digestion is exclusively realised
by bacteria (human genome does not
include those genes)

Fiber digestion metabolism
86 elementary reactions
extracted from literature

nodes = chemical
arrows= reactions

1 

12 

2 

17 20 22 

26 

30 

50 

51 44 

58 

46 

47 32 
34 

33 

56 

57 

7 6 

9 

39 

60 61 
36 

37 

42 

23 

43 

40 

41 

38 

52 

53 
54 

55 

27 
28 

29 

21 

45 

5 

8 

10 

18 

59 

14 13 

11 

Sugar

Mannose

Glucose

Fructose D-galacturonateGalactose L-FucoseL-RhamnoseL-ArabinoseD-Xylose

AcetateButanoateAcetone Butanediol

Lactate

PropanoateMethane

Formate

L-Lactaldehyde

SCFA

49 

35 

4 

31 

3 

16 

24 25 

19 15 

48 

Pyruvate

5MethylTHM

5MethylCoM

D-Gly3P

Acetyl-CoA

ButanoylP

L-Fuculose

Acetoacetate-CoA

AcetylP

5FTHM

5,10MethenylTHM

5,10MethylTHM

L-Fuculose1P

L-Ribulose

Galactose1P

10-FormylTHF

GlyP

D-Gly1,3P2

Glycerate3P

D-Altronate

2Deoxy3dehydrogluconate6P

Propane1,2diol

D-gluconolactone

D-Gluconate6P

Gly2P

Nonnegative Matrix Factorization for analysis of metabolic pathways associated to fiber digestion from metagenomics data.8 / 38



Metabolism

Metabolism

Metabolism : set of bio-chemical
reactions occuring within a living
organism.

Elementary bio-chemical reaction :
transformation of a chemical A into
one or several chemical(s) B (C,D,...)

ãÑ Each elementary reaction is realised
by a protein (enzyme)

Metabolism of fiber digestion in gut is
well known.

ãÑ Fiber digestion is exclusively realised
by bacteria (human genome does not
include those genes)

Fiber digestion metabolism
86 elementary reactions
extracted from literature

nodes = chemical
arrows= reactions

1 

12 

2 

17 20 22 

26 

30 

50 

51 44 

58 

46 

47 32 
34 

33 

56 

57 

7 6 

9 

39 

60 61 
36 

37 

42 

23 

43 

40 

41 

38 

52 

53 
54 

55 

27 
28 

29 

21 

45 

5 

8 

10 

18 

59 

14 13 

11 

Sugar

Mannose

Glucose

Fructose D-galacturonateGalactose L-FucoseL-RhamnoseL-ArabinoseD-Xylose

AcetateButanoateAcetone Butanediol

Lactate

PropanoateMethane

Formate

L-Lactaldehyde

SCFA

49 

35 

4 

31 

3 

16 

24 25 

19 15 

48 

Pyruvate

5MethylTHM

5MethylCoM

D-Gly3P

Acetyl-CoA

ButanoylP

L-Fuculose

Acetoacetate-CoA

AcetylP

5FTHM

5,10MethenylTHM

5,10MethylTHM

L-Fuculose1P

L-Ribulose

Galactose1P

10-FormylTHF

GlyP

D-Gly1,3P2

Glycerate3P

D-Altronate

2Deoxy3dehydrogluconate6P

Propane1,2diol

D-gluconolactone

D-Gluconate6P

Gly2P

Nonnegative Matrix Factorization for analysis of metabolic pathways associated to fiber digestion from metagenomics data.8 / 38



Metabolism

Metabolism

Metabolism : set of bio-chemical
reactions occuring within a living
organism.

Elementary bio-chemical reaction :
transformation of a chemical A into
one or several chemical(s) B (C,D,...)

ãÑ Each elementary reaction is realised
by a protein (enzyme)

Metabolism of fiber digestion in gut is
well known.

ãÑ Fiber digestion is exclusively realised
by bacteria (human genome does not
include those genes)

Fiber digestion metabolism
86 elementary reactions
extracted from literature

nodes = chemical
arrows= reactions

1 

12 

2 

17 20 22 

26 

30 

50 

51 44 

58 

46 

47 32 
34 

33 

56 

57 

7 6 

9 

39 

60 61 
36 

37 

42 

23 

43 

40 

41 

38 

52 

53 
54 

55 

27 
28 

29 

21 

45 

5 

8 

10 

18 

59 

14 13 

11 

Sugar

Mannose

Glucose

Fructose D-galacturonateGalactose L-FucoseL-RhamnoseL-ArabinoseD-Xylose

AcetateButanoateAcetone Butanediol

Lactate

PropanoateMethane

Formate

L-Lactaldehyde

SCFA

49 

35 

4 

31 

3 

16 

24 25 

19 15 

48 

Pyruvate

5MethylTHM

5MethylCoM

D-Gly3P

Acetyl-CoA

ButanoylP

L-Fuculose

Acetoacetate-CoA

AcetylP

5FTHM

5,10MethenylTHM

5,10MethylTHM

L-Fuculose1P

L-Ribulose

Galactose1P

10-FormylTHF

GlyP

D-Gly1,3P2

Glycerate3P

D-Altronate

2Deoxy3dehydrogluconate6P

Propane1,2diol

D-gluconolactone

D-Gluconate6P

Gly2P

Nonnegative Matrix Factorization for analysis of metabolic pathways associated to fiber digestion from metagenomics data.8 / 38



Metabolism

Metabolism

Metabolism : set of bio-chemical
reactions occuring within a living
organism.

Elementary bio-chemical reaction :
transformation of a chemical A into
one or several chemical(s) B (C,D,...)

ãÑ Each elementary reaction is realised
by a protein (enzyme)

Metabolism of fiber digestion in gut is
well known.

ãÑ Fiber digestion is exclusively realised
by bacteria (human genome does not
include those genes)

Fiber digestion metabolism
86 elementary reactions
extracted from literature

nodes = chemical
arrows= reactions

1 

12 

2 

17 20 22 

26 

30 

50 

51 44 

58 

46 

47 32 
34 

33 

56 

57 

7 6 

9 

39 

60 61 
36 

37 

42 

23 

43 

40 

41 

38 

52 

53 
54 

55 

27 
28 

29 

21 

45 

5 

8 

10 

18 

59 

14 13 

11 

Sugar

Mannose

Glucose

Fructose D-galacturonateGalactose L-FucoseL-RhamnoseL-ArabinoseD-Xylose

AcetateButanoateAcetone Butanediol

Lactate

PropanoateMethane

Formate

L-Lactaldehyde

SCFA

49 

35 

4 

31 

3 

16 

24 25 

19 15 

48 

Pyruvate

5MethylTHM

5MethylCoM

D-Gly3P

Acetyl-CoA

ButanoylP

L-Fuculose

Acetoacetate-CoA

AcetylP

5FTHM

5,10MethenylTHM

5,10MethylTHM

L-Fuculose1P

L-Ribulose

Galactose1P

10-FormylTHF

GlyP

D-Gly1,3P2

Glycerate3P

D-Altronate

2Deoxy3dehydrogluconate6P

Propane1,2diol

D-gluconolactone

D-Gluconate6P

Gly2P

Nonnegative Matrix Factorization for analysis of metabolic pathways associated to fiber digestion from metagenomics data.8 / 38



Metabolism and metagenomics

Usually, metabolism is observed by measuring chemicals called "metabolites".
ãÑ How do we measure metabolism from metagenomics data ?

KEGG database (Kyoto Encyclopedia of Genes and Genomes) gathers
biological knowledge about functions of bacterial genes.
ãÑ For some elementary reactions, KEGG provides a list of bacterial genes
which can realise this reaction.
ãÑ list of bacterial genes ô list of columns in the abundance matrix
Therefore, from a metagene abundance matrix A “ nˆ 107, we can compute
the abundance of reaction r in sample i as :

ÿ

genes g associated to reaction r

Ai,g
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Construction of a data matrix for fiber digestion analysis

Original data : abundances of 107 metagenes in gut for 1408 individuals
(gather several studies)

Construction of a matrix with abundances in reactions associated to fiber
digestion, using prior biological knowledge

Litterature

Identify 86 elementary 
reactions associated to 

fiber digestion 

KEGG database

For each reaction : list 
of corresponding 
bacterial genes

 Available datasets

Abundances of 10 M 
metagenes for 1408 

individuals

Abundances in 86 reactions 
for 1408 individuals

X = 1408x86

ãÑ pXi,jqi“1,...,n,j“1,...,p : matrix with abundances of p=86 elementary
reactions associated to fiber digestion, for n=1408 individuals.
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Metabolic pathways

Metabolic pathways are series of bio-chemical reactions occuring together
within a cell.

Chemical A Chemical B Chemical C

Chemical D

Chemical E

Reaction 1 Reaction 2 Reaction 3

Modelling : a metabolic pathway is characterised by its proportion in
elementary reactions
ãÑ A metabolic pathway associated to fiber digestion is defined by a vector
h P pR`q86

Our goal : extract the main metabolic pathways associated to fiber digestion
from data matrix X.
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Modelling metabolic pathways

We assume that fiber digestion mainly occures through a small number k of
metabolic pathways

Each metabolic pathway ` is characterised by a given proportion of
elementary reactions :

H` “ pH`,1, . . . ,H`,pq P pR`qp

Each individual sample i includes abundances of pathways 1, . . . , k :

Wi “ pWi,1, . . . ,Wi,kq P pR`qk

Then the abundance of reaction j in the sample i is

Xi,j «

k
ÿ

`“1

Wi,`H`,j , @i “ 1, . . . , n, j “ 1, . . . , p.

ô X «WH with
"

W P pR`qn˚k individual profiles in the k metabolic pathways
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Formulation of the NMF problem. Let X P pR`qnˆp be a matrix with
non-negative coefficients. The NMF decomposition is the solution of the
following minimisation problem :

pŴ , Ĥq “ arg min
W,H

DpX,WHq ` penpW,Hq for
"

W P pR`qnˆk
H P pR`qkˆp

with k ď minpn, pq, D a distance on pR`qnˆp and pen a penalty function.

Questions to be addressed :
Distance
Number of profiles k : various criteria
Choice of a penalty function
Numerical computing.

NMF in literature
Originally developed in signal theory for source separation.
Then applications to genomics.
Methodological developments : mainly focused on algorithms
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Choice of a distance : underlying statistical model

In literature, two distances mainly used : Frobenius and Kullback-Leiber.

Frobenius distance : D2
F pX,WHq “

ř

i,j pXi,j ´ pWHqi,jq
2

Assume that the pXi,jqi“1:n,j“1:p are independent given W,H and

pXi,jq|pWHqi,j „ N ppWHqi,j , σ
2q

then ´D2
F pX,WHq is equal to the log-likelihood of the observations X.

Generalized Kullback-Leiber distance

DKLpX|WHq “
ÿ

i,j

ˆ

Xi,j log
Xi,j

pWHqi,j
´Xi,j ` pWHqi,j

˙

Assume that the pXi,jqi“1:n,j“1:p are independent given W,H and

Xi,j |pWHqi,j „ P ppWHqi,jq

then ´DKLpX,WHq is equal to the log-likelihood of the observations X.
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Choice of a distance (2)

No methodology proposed to choose the distance (analysis of residuals, etc)
ãÑ Choice based on a priori modelling and implementation practicality

Frobenius : easy computings, classic in regression and modelling, but
homoscedastic measurement error : not very realistic.
KL : problem when pWHqi,j “ 0 (problem in iterative computing) but more
realistic variance modelling

We have chosen Frobenius.
ãÑ Project : develop algorithms for other distances (zero-inflated KL, negative
binomial)

Rq : KL and Frobenius present computing facilities that can not be
generalised.
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Numerical computing

If D is convex, then pW,Hq Ñ DpX,WHq is biconvex, but not convex :
alternate minimisation

Initialisation : pW0, H0q

Update "

Wj Ð argminWě0 DpX,WHj´1q ` penpW,Hj´1q

Hj Ð argminHě0 DpX,WjHq ` penpWj , Hq

Stopping criterion : WjHj «Wj´1Hj´1.
In practise, minimisation is replaced by decreasing of the criterion (first
step of a convex optimisation algo).
"

DpX,WjHj´1q ` penpWj , Hj´1q ď DpX,Wj´1Hj´1q ` penpWj´1, Hj´1q

DpX,WjHjq ` penpWj , Hjq ď DpX,WjHj´1q ` penpWj , Hj´1q

ãÑ For Frobenius and KL distances, we obtain additive and multiplicative
update rules.

No theroretical guarantee of convergence.
No generalisation to other distance or additional constraints.

We implemented alternate minimisation using general algorithm for
constrainted convex optimisation.
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Choice of the reduced dimension k

k has to be chosen from data

Contrary to PCA :
NMF pathways are not automatically ranked and weighted by importance.
The metabolic pathways for a given k are not included in pathways for k ` 1.

Mostly used criteria : stability of W over various initialisations.

Consensus in clustering of samples : each sample i is assigned to the profile
j “ argmaxpWi,1, . . . ,Wi,pq, and the number of pathways k for which
clustering is best preserved along repetitions is selected.

Concordance of W : for a individual profile matrix W , let S be the two-by-two
correlation matrix between individual profiles Wi and Wi1 : S is called the
similarity matrix associted to W .
Then the concordance index between two initialisations r and r1 is defined as

1´

d

ÿ

i‰j

´

S
prq
i,j ´ S

pr1q

i,j

¯2

p1q

and k which maximises concordance between initialisations is selected.
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Choice of the reduced dimension k (2)

In alternative, we consider more heuristic criteria.

Reconstruction error DpX,WHq

Automatically decreases as k increases
Stop when adding a new profile do not improve significantly the reconstruction
error.

Concordance of H when randomly spliting samples t1, . . . , nu “ I1 \ I2 :
for each k “ 2, . . . k0

Compute NMF with XrI1, s and XrI2, s : pW1, H1q, pW2, H2q.
Compute concordance index (1) between H1 and H2.
Stop when the concordance gets poor.

Bi-cross-validation : version of CV adapted to NMF.
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Recall : cross-validation in regression.
Let X P Rn˚p, Y P Rn, and tf̂λ, λ P Λu a set of estimating procedures of the
regression function rpxq “ ErY |X “ xs.

Let I1 \ I2 \ ¨ ¨ ¨ \ IN “ t1, . . . , nu. For ` “ 1, . . . , N ,

Compute tf̂ p`qλ , λ P Λu from Xr´I`, s and Y r´I`s.

For i P I`, Ŷ λi “ f̂
p`q
λ pXiq.

CV-error : E`,λ “
ř

i“1,...,npYi ´ Y
λ
i q

2

Then, we choose the λ which minimises
řN
`“1E

`,λ.
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Let I1 \ I2 \ ¨ ¨ ¨ \ IN “ t1, . . . , nu. For ` “ 1, . . . , N ,

Compute tf̂ p`qλ , λ P Λu from Xr´I`, s and Y r´I`s.

For i P I`, Ŷ λi “ f̂
p`q
λ pXiq.

CV-error : E`,λ “
ř

i“1,...,npYi ´ Y
λ
i q

2

Then, we choose the λ which minimises
řN
`“1E

`,λ.

Bi-cross-validation in NMF

X
1

X
2

X
3

X
4

pW train, Htrainq “ arg minDpX1,WHq ` penpW,Hq

Hval “ arg minDpX2,W
trainHq ` penpW train, Hq

W val “ arg minDpX3,WHtrainq ` penpW,Htrainq

Bi-CV error : DpX,W valHvalq.
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Results on our data
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Choice of penalty

For alternate estimation of W and H : penpW,Hq “ penW pW q ` penHpHq

Similarly to regression :
L1-penalty favor sparsity (possible lost of significant variables)

L2-penalty usually offer a better reconstruction but no sparsity (less easy to
interprete)

Elasticnet : trade-off

Group-lasso, etc : favor biological model of pathway/individual profiles
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A few word about unicity of NMF decomposition

Let M be an invertible matrix of dimension k ˆ k such that M´1 ě 0 and
M ě 0. Then,

WH “ pWM´1qpMHq

Trivial examples : M diagonal, M permutation matrix.
ãÑ the NMF is not unique.
H. Laurberg (PhD 2008) : geometric conditions on X such that the NMF
solution is unique up to rescaling and permutations
ãÑ not easily interpretable.
In practise, we observe almost identical results up to scaling and
permutations over repeated initialisations of the algorithm.
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Inclusion of a priori knowledge

Graph of reactions involved in fiber digestion
Arrow = elementary reaction
Node = chemical
Intra/extra cellular chemicals

ãÑ Metabolic pathways in H are weighted subgraphs.
We want to constraint metabolic pathways to be
unions of subgraphs which are :

Starting and ending with extra-cellular chemicals.
Connex in the graph : if an intra-cellular chemical is
created in a pathway, then it has to be degradated.

We show that it’s equivalent to a linear constraint :

1

δ
Q´Ht ď Q`Ht ď δQ´Ht with δ ą 1

with Q` and Q´ defined from the graph.
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More precisely :

Let Q be the adjacence matrix of the graph without extra-cellular chemical :
for each reaction j and chemical c

Qc,j “

$

&

%

1 if reaction j reaches metabolite c
´1 if reaction j originates on metabolite c
0 otherwise

Let Q “ Q` ´Q´ the decomposition of Q in positive/negative part.
For a metabolic pathway `,
pQ`Hq`,c = sum of proportion in reactions which reach metabolite c
pQ´Hq`,c = sum of proportion in reactions which originate from metabolite c
Thus, the proportion of reactions which create and degradate metabolite c
have same order if :

1

δ
pQ´Hq`,c ď pQ

`Hq`,c ď δpQ´Hq`,c with δ ą 1
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NMF procedure

X is the matrix of abundances in 86 reactions associated to fiber digestion,
for 1408 individuals.

Criterion minimization

pW,Hq “ arg min
Wě0,Hě0

t}X ´WH}2F `
α

k
p}W }2F ` }1

tH}22q such that

1

δ
Q´Ht ď Q`Ht ď δQ´Ht with δ “ 5

k “ 4 is chosen based on the 3 criteria presented above (reconstruction error,
concordance of H and bi-CV).
α is chosen by bi-cross-validation.
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Analysis of the NMF results

Our first goal is to prove that our whole method :
Constitution of the reaction abundance matrix using KEGG
Exploration of metabolic pathways through NMF decomposition

may be of interest for biological interpretation.

Thus, we are interested in
what type of information can be recovered from this analysis
existing biological knowledge (not included as a priori) actually recovered.

X «WH can be seen as a dimension reduction method preserving
interpretability,

The rows of W gives the individual profiles in the reduced space.
The columns of H gives the composition of the metabolic pathways.

Our results are mainly descriptive.
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Contribution of pathway to the total signal

Contrary to PCA or ICA, the part of explained
variance of the metabolic pathway is not relevant
since pathways are not orthogonal/independent.

Fig : Pearson correlation between the 4 pathways
tHr`, s, ` “ 1, . . . , 4u
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Analysis of H

Pathways in H are represented as
weighted subgraphs

ãÑ Biological interpretation .

ãÑ Pathways with a strong total signal
include more reactions.
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Analysis of the individual profiles in W (1)
Is there an underlying clustering structure in matrix W ?

Visual examination : hierarchical clustering of rows and columns.
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X W
Gap = difference between the ratio "variance intra cluster / total
variance" between true and bootstrapped data
- For a given clustering method, compute the gap for k “ 1, 2, ... clusters
- Asa the gap decreases when a new cluster is added, this cluster is not significant.
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Conclusion :
- no strong clustering.
- smaller significant clusters in W .
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Analysis of the individual profiles in W (1)
Is there an underlying clustering structure in matrix W ?

Visual examination : hierarchical clustering of rows and columns.
0 0.06 0.13 0.19 0.25

Color key

X 

G
H

13
G

H
3

G
H

43
K

01
83

4
K

00
01

6
K

00
96

5
K

00
88

2
P

L1
G

H
26

K
07

40
4

G
H

30
K

01
68

5
K

00
04

1
K

01
80

4
K

00
88

3
K

13
92

2
G

H
91

K
01

62
1

K
01

84
8.

K
01

84
9

K
00

16
9.

K
00

17
0.

K
00

17
1.

K
00

17
2

K
13

78
8

K
03

08
0

K
04

02
0

K
01

69
0

K
01

03
4.

K
01

03
5

K
00

00
4.

K
03

36
6

K
00

13
1

K
01

69
9.

K
13

91
9.

K
13

92
0

G
H

48
K

00
15

0
K

00
67

2
K

01
49

9
G

H
44

K
01

57
4

K
00

57
7.

K
00

57
8.

K
00

57
9.

K
00

58
0.

K
00

58
1.

K
00

58
2.

K
00

58
3.

K
00

58
4

K
00

39
9.

K
00

40
1.

K
00

40
2

K
00

32
0

K
00

31
9

K
13

94
2

K
00

62
7

K
01

02
6

G
H

12
0

K
00

87
9

K
03

07
7

P
L1

1
G

H
9

K
00

03
6

K
01

05
7

K
06

85
9

G
H

8
G

H
11

5
P

L9
K

15
02

4
K

01
78

6
K

00
62

6
G

H
74

K
01

62
8

G
H

94
K

01
93

8.
K

00
28

8.
K

01
49

1
G

H
10

G
H

39
K

01
81

3
K

01
81

8
K

00
92

9
K

01
84

7
K

00
63

4
G

H
12

7
G

H
51

K
00

85
4

G
H

16
G

H
32

K
01

80
9

K
00

84
9

K
00

62
5

K
00

29
7

G
H

5
G

H
28

K
00

87
4

K
00

65
6

K
01

68
9

K
03

73
7

K
00

13
4

K
00

92
5

K
01

81
0

K
00

92
7

K
01

80
3

763536994−stool3763536994−stool1T2D−25AT2D−112A160704339−stool1764669880−stool1764669880−stool2s3_jou_de_t12DOF007s3_jou_de_t0DOF012ED50ADLF012765074482−stool1T2D−59AMH0013V1.UC36−0V1.UC19−0T2D−68AT2D−31ADLM012DLM009T2D−122AHT8AT2D−35AV1.CD11−0DLF014T2D−146ADLM027DOF008s23_meu_ka_t0NLM009ED13AMH0106V1.CD45−0s17_sal_fr_t0s31_anc_th_t0s31_anc_th_t6s31_anc_th_t12s8_fir_co_t6s6_aya_ca_t0s2_ste_ja_t0s2_ste_ja_t12764224817−stool2MH0001823052294−stool1BGI001AMH0018MH0414V1.UC56−0s29_lag_li_t0s46_ger_be_t0MH0034V1.CD2−0SZEY−90AT2D−121ANOM001SZEY−24AT2D−87AMH0084O2.UC17−0T2D−76AT2D−192AO2.UC17−1V1.UC3−2SZEY−63ASZEY−73ANOM017SZEY−55A159166850−stool1MH0032MH0321MH261MH0119MH0365V1.UC7−0MH0313MH0322MH0164O2.UC34−0s20_bel_fr_t0s20_bel_fr_t12s20_bel_fr_t6N031ADLF004DOM023T2D−132A159227541−stool1159227541−stool3MH0130MH283159632143−stool1SZEY−75AMH0138O2.CD2−0MH0105O2.UC14−0MH299SZEY−44As23_meu_ka_t6MH0085s15_bor_cl_t0158802708−stool1V1.CD28−0MH0108158802708−stool2O2.UC1−1NOM020T2D−8AMH0064O2.UC15−2V1.UC28−0s45_iko_jo_t6s32_lam_pa_t0s32_lam_pa_t6s32_lam_pa_t12MH0187MH0195NLM025V1.CD44−0V1.CD44−4T2D−163ASZEY−20AT2D−52AMH0404N052AO2.UC43−2V1.UC53−4O2.UC43−1O2.UC43−0V1.UC53−0N062ASZEY−27AMH0243N027ANLM024SZEY−40AED20AT2D−195As2_ste_ja_t6MH0244N002As7_noi_jo_t6ED16AMH0091MH0264MH0006V1.FI31O2.UC24−0O2.UC24−1MH0078MH0005MH0260O2.UC38−0O2.UC38−2V1.UC4−0V1.UC25−0MH0307MH0224MH0284MH383MH0272T2D−102AMH0103MH0436O2.UC14−1MH0050V1.CD40−0s7_noi_jo_t0MH0077MH0183765013792−stool1763820215−stool1159268001−stool1159268001−stool2159753524−stool1DOF011NLM001DOM003s48_cho_mu_t6s1_cho_ol_t32s1_cho_ol_t52SZEY−64ADLF007DOF013V1.CD42−0764285508−stool1NOM025MH0274NOM028DOM015SZEY−48AN039AN086AV1.UC61−0O2.UC15−0V1.CD15−0s48_cho_mu_t0160643649−stool1763860675−stool2159733294−stool1s48_cho_mu_t12159207311−stool1159207311−stool2MH0049NOM022DOM014MH0020765640925−stool1159227541−stool2675950834−stool1ED10AMH0134MH0251MH0156MH0133s5_dru_el_t6809635352−stool1DOM001V1.UC59−0158924089−stool1763820215−stool2764811490−stool1MH387V1.CD53−0158883629−stool1159369152−stool1159369152−stool2DLF001159510762−stool1765034022−stool1160158126−stool1686765762−stool1686765762−stool2246515023−stool1246515023−stool2764042746−stool1737052003−stool1764042746−stool2159490532−stool2764143897−stool2MH0087550534656−stool1765135172−stool1159591683−stool1159591683−stool2763982056−stool2MH0186404239096−stool1765094712−stool1765094712−stool2MH0351158256496−stool1158499257−stool1158499257−stool2MH0332763435843−stool1763678604−stool2159753524−stool2764184357−stool1763840445−stool1764325968−stool1764325968−stool2MH0182508703490−stool1MH0178765620695−stool1160178356−stool1764649650−stool1MH0455NLM016N033AT2D−173AO2.UC16−0O2.UC16−1O2.UC16−2NLM002MH0423T2D−126AT2D−2ASZEY−68ASZEY−99ASZEY−60AMH0427N013AV1.UC3−0MH0191MH0428DLM006MH0167NLM004SZEY−97A764447348−stool1159490532−stool1159510762−stool2763759525−stool1159814214−stool1SZEY−08ADLM004NLF014160218816−stool1N028AV1.UC29−0638754422−stool1638754422−stool2160158126−stool2160603188−stool1T2D−73As35_kap_fe_t12s35_kap_fe_t6DLM011V1.CD1−0764508039−stool1604812005−stool1604812005−stool2DOM021763961826−stool2763961826−stool1159146620−stool1159247771−stool1159247771−stool2159611913−stool1159611913−stool2BGI089AO2.UC5−1DLM007T2D−120AV1.CD25−0N003ANOF011NLF012V1.CD17−4160319967−stool1763982056−stool1160421117−stool1764892411−stool1NLM003T2D−207A160582958−stool1765560005−stool1NLF010NLM007T2D−127ANOF007NOM014N032ANOF009N005AN083AV1.CD20−4O2.UC26−0O2.UC26−2N046As6_aya_ca_t6s6_aya_ca_t12N049ANOM008NOM015T2D−134A159551223−stool1159551223−stool2159005010−stool1T2D−157AT2D−19A158479027−stool1V1.CD37−4N040ADLM021T2D−198AV1.FI24DOF004DOM016T2D−206AT2D−113AT2D−81ADOM010NOM010DOM019NOM016MH0239N035ADLM016MH0212MH0266T2D−118AT2D−135As27_rep_an_t0s27_rep_an_t6s27_rep_an_t12NLM017DLF008N034ADOM020N006AMH0302MH0221MH311MH0444MH0227NLF015s35_kap_fe_t0N043AT2D−48ADOM022V1.CD20−0MH0110MH0114160502038−stool1NLF009T2D−22AMH0335NOF013DLF002T2D−29ADOM008NOF006DLM020NLM023T2D−78As10_laj_an_t0159713063−stool1ED11A159814214−stool2338793263−stool1159571453−stool1159571453−stool2764588959−stool1MH0333s13_meu_ka_t6MH246V1.CD12−0SZEY−95AN051ADOM005N085AV1.CD−PT4−0T2D−144AV1.CD3−3−PNs44_des_vi_t6s44_des_vi_t12V1.CD35−0V1.FI23MH0109DOM017NLM005DOF006NOM004NOM023MH0128861967750−stool1T2D−17AMH0061DOM018MH0037O2.UC54−0V1.CD6−0158458797−stool1NLF011764002286−stool1V1.UC14−1O2.UC37−1O2.UC37−0V1.UC51−0ED12AT2D−148AV1.CD21−0V1.CD21−4763901136−stool1763901136−stool2V1.FI10DLM001O2.UC11−1s23_meu_ka_t12NLF008T2D−65AMH0074NOF002s10_laj_an_t6MH0127s25_baj_ve_t0s25_baj_ve_t12s25_baj_ve_t6763759525−stool2764062976−stool2s9_pai_an_t12s9_pai_an_t6MH0281T2D−97As13_meu_ka_t12HT14AT2D−114AV1.UC11−0V1.CD6−4V1.UC11−5V1.UC13−0NLM008O2.UC49−0763577454−stool1763577454−stool2O2.UC5−2MH0180MH0305N042AT2D−140AMH0177O2.UC20−2V1.UC34−0NLF006MH358s17_sal_fr_t12V1.FI21s14_pet_ma_t12s14_pet_ma_t6s41_bel_ma_t12s41_bel_ma_t0DOF014O2.UC36−2MH0297O2.UC36−1MH0088O2.UC27−1O2.UC27−2s39_pou_br_t0s39_pou_br_t6s49_lep_ch_t6s49_lep_ch_t12s49_lep_ch_t0s17_sal_fr_t4SZEY−66AT2D−187As28_bil_ju_t0s28_bil_ju_t6ED9AN047ANLF002O2.CD2−0−PTNLM010T2D−12ANOM029s43_aqu_ma_t0s44_des_vi_t0SZEY−06ANLM028T2D−149AO2.UC3−2V1.UC38−4s8_fir_co_t12O2.CD1−0765074482−stool2MH0388NOF005DLM015DOF003MH342T2D−139ANOF004s47_ger_mi_t6s45_iko_jo_t0s26_vil_ol_t0MH0010s39_pou_br_t12s1_cho_ol_t0DLM014N024AMH0139MH0425T2D−34AV1.FI35DOM024MH0039T2D−14As1_cho_ol_t12s1_cho_ol_t6s47_ger_mi_t12s47_ger_mi_t0N084AV1.UC41−0MH337NOF008O2.UC3−1MH0158O2.UC55−2DLF013MH0184s22_col_ma_t6s22_col_ma_t12s22_col_ma_t0MH0185MH0043MH0275V1.UC35−0s4_hur_an_t0s42_dur_mo_t12s42_dur_mo_t0s42_dur_mo_t6MH0094s53_hen_mu_t6MH0092DLM002MH0170T2D−56AMH0079T2D−177AV1.CD54−0DLM024HT25AT2D−62AED19ASZEY−93As16_cab_ro_t12MH0155V1.CD3−0O2.UC29−0O2.UC29−1O2.UC29−2MH0179SZEY−39ABGI−27AMH0289MH0057V1.FI03765701615−stool1s40_vic_ka_t0MH0012MH0142MH0175MH0124O2.UC60−2MH0120MH0257MH0405SZEY−37AMH0288MH0413SZEY−103AMH0430O2.UC1−0s15_bor_cl_t12MH0024MH0135MH0458MH0095s1_cho_ol_t1MH0080MH0174MH0152SZEY−101AO2.UC12−2V1.FI09DLF003MH0137MH0063MH0141MH0009MH357MH0400MH0421T2D−49AMH0047MH0401s24_gab_au_t12s24_gab_au_t0s24_gab_au_t6MH0161BGI−33AV1.FI27MH0118O2.UC1−2MH0181MH0439MH0440MH0060MH0042MH346MH0409V1.FI12MH0030SZEY−26AMH0036NOM012s17_sal_fr_t6s17_sal_fr_t1MH0144MH0173MH384MH0145MH0075MH0140MH0169MH0096MH0038MH0157MH0053MH374MH0065MH0100MH0132MH0276MH0031MH385MH349MH0070MH0099MH0098O2.UC57−2V1.UC37−0MH0082MH0148MH0004s30_moh_st_t6s30_moh_st_t12s30_moh_st_t0MH0052MH0160MH0193MH0247MH0093MH362V1.FI02N009ADLF005MH0125SZEY−38AMH0011MH0314MH192MH0265MH0046MH0165MH0217T2D−106AMH0418O2.UC48−1MH0229MH0431O2.UC55−0MH0382MH336MH394DOM012MH0389s21_orc_ce_t12MH0147NOM019T2D−109AT2D−203AMH341O2.UC34−2V1.CD18−0V1.CD18−3MH0072MH0068O2.UC56−2O2.UC56−0T2D−133AT2D−143ABGI−06ASZEY−78AV1.CD7−0MH0121T2D−156AT2D−66ANOM005V1.CD41−0T2D−63AT2D−20AO2.CD1−0−PTO2.UC19−1N029AV1.CD12−3MH0236NLF001MH0393N038ADOM026s28_bil_ju_t12s51_des_ni_t6s51_des_ni_t12MH0211s51_des_ni_t0s52_mil_ni_t12N025ASZEY−59AV1.UC21−0MH0369V1.FI07SZEY−22ABGI−28AO2.UC50−2O2.UC53−0T2D−175ADLM018N011ANOM026O2.UC30−1O2.UC30−2O2.UC6−0V1.UC43−0O2.UC6−2O2.UC6−1V1.UC23−0V1.CD17−0O2.UC17−2O2.UC53−2NLM022V1.UC23−1O2.UC8−0V1.FI26O2.UC32−1O2.UC32−0O2.UC32−2MH0298O2.UC18−1V1.UC63−0s11_emo_ma_t0s43_aqu_ma_t12s43_aqu_ma_t6s11_emo_ma_t6MH0205NLM029O2.UC54−2MH363V1.CD43−0N044ANLM021BGI−15AN001A764487809−stool1764487809−stool2V1.CD15−3N087AV1.FI08O2.UC5−0SZEY−29AV1.CD2−0−PN158337416−stool1V1.CD38−0DLM005NOM013763678604−stool1MH0073s29_lag_li_t12NOF001763597684−stool1MH0340DOF009MH327s29_lag_li_t6T2D−154ADOM025706846339−stool1MH0067s13_meu_ka_t0MH0041V1.UC5−0158742018−stool1160400887−stool1763496533−stool2158337416−stool2160765029−stool1V1.CD4−0−PNV1.UC39−4MH378MH372MH0230s4_hur_an_t12MH0426N021AV1.FI34V1.FI05V1.FI18s3_jou_de_t6V1.UC62−0O2.UC49−2MH370MH0055N066AO2.UC41−1DLF006MH361T2D−178AMH0364MH379O2.UC46−0V1.UC54−4DLM017NOF010O2.UC19−2DLM003MH0146MH0166V1.CD25−4V1.UC25−1158944319−stool2NLM015T2D−13ABGI003ANLF013s26_vil_ol_t12MH0016MH0462O2.UC22−0MH0310MH0319DLM010N026ANLM031T2D−33ABGI−34AN079AN074ASZEY−43AT2D−105AT2D−9AT2D−10AN088AED14AN075AT2D−107AT2D−57AV1.UC18−0SZEY−07AN064ANOM018NOF012T2D−123AMH0111MH0420T2D−83AMH345N056A764447348−stool2158944319−stool1MH0022MH0151MH0189MH0366SZEY−09As38_reg_ka_t12s38_reg_ka_t6s38_reg_ka_t0O2.UC11−0O2.UC11−2SZEY−41ASZEY−30ASZEY−69As19_wei_is_t12V1.CD46−0V1.CD48−0V1.CD−PT3−0V1.CD3−0−PNV1.CD32−0V1.CD32−4SZEY−104ASZEY−81ANOM009NOM002SZEY−35AV1.CD7−4V1.CD−PT2−0V1.UC12−0MH0101MH0159SZEY−10AO2.UC48−0V1.UC55−0s19_wei_is_t0V1.CD35−1O2.UC30−0O2.UC37−2V1.UC45−0V1.UC5−3V1.CD8−0−PNO2.UC2−0V1.CD27−0V1.UC30−0O2.UC9−0V1.UC39−0V1.UC15−3MH0007V1.UC22−1V1.FI37MH0086MH0163NLM006O2.UC18−0s17_sal_fr_t32s17_sal_fr_t52DLM023MH0233DOF010ED15AT2D−103AT2D−77AV1.FI33DLF009O2.UC38−1SZEY−106AN104AV1.UC26−4764062976−stool1763496533−stool1O2.UC28−0O2.UC28−2DLM013s5_dru_el_t12MH373T2D−11AO2.UC24−2V1.UC17−2MH0354MH328MH0200N037AMH0238MH0245MH0417V1.FI14s16_cab_ro_t0s16_cab_ro_t6s36_dzi_za_t0s36_dzi_za_t6MH0131MH0318764143897−stool1O2.UC15−1V1.CD31−0O2.UC21−0NLM032MH0035MH0104MH0330MH0396V1.UC31−0V1.UC60−0O2.UC35−2O2.UC35−0V1.UC47−0763536994−stool2V1.CD36−0s53_hen_mu_t0V1.UC12−4V1.UC38−0MH0168V1.CD34−0O2.UC40−0MH0196V1.UC40−0V1.UC40−1O2.UC13−1O2.UC14−2MH0056V1.UC57−0N017AN082AV1.CD19−0V1.CD49−0s5_dru_el_t0T2D−45AV1.UC33−0O2.CD3−0−PTV1.FI32V1.UC8−0O2.UC46−1O2.UC46−2V1.UC54−0MH0008MH0287T2D−41ASZEY−79AO2.UC36−0O2.UC22−1V1.CD51−0T2D−155AV1.FI25MH0015MH0410MH0456MH0452SZEY−58AV1.UC9−0O2.UC47−1O2.UC47−0O2.UC47−2MH0262MH0143MH0117s14_pet_ma_t0V1.FI17V1.UC58−4T2D−15ASZEY−62ADLM019V1.UC26−0MH0323MH0329MH0402O2.UC12−0O2.UC60−0MH0453MH0250MH0415MH0062MH0406MH0442MH390MH0252MH0422MH0447MH0197MH0448MH0437MH0126MH303MH293MH0454O2.UC40−1NOM007MH0188MH0441O2.UC23−2MH0102V1.UC10−0V1.UC10−2MH309MH0040N020AV1.UC13−3V1.UC6−0O2.UC41−2V1.UC52−1MH0450MH339MH338MH0220O2.UC44−1O2.UC44−2MH0435MH0443NLF007MH0407O2.UC13−2T2D−47AMH0048MH0054MH0280MH325MH367MH0107MH0290O2.UC57−0MH0438MH386V1.FI04s8_fir_co_t0DLM022V1.CD30−0MH0445O2.UC40−2V1.CD8−0O2.UC52−2764224817−stool1DOF002MH0206MH0069MH0083MH0457MH0451MH377MH0097MH0419MH0071s9_pai_an_t0763860675−stool1V1.FI29V1.UC15−0V1.CD4−0MH0412O2.UC7−0O2.UC7−1V1.UC49−1O2.UC58−0O2.UC58−2V1.UC17−0O2.UC50−0V1.UC42−0V1.UC51−4MH0122MH0045MH0234s36_dzi_za_t12s41_bel_ma_t6O2.UC27−0s46_ger_be_t6s46_ger_be_t12O2.UC2−2MH0027MH0270V1.UC55−4s34_t0s33_dro_ma_t0O2.UC8−1O2.UC20−0O2.UC20−1s37_gel_al_t12O2.UC21−1O2.UC21−2T2D−54AV1.CD29−0O2.UC9−1V1.UC2−4V1.UC47−4V1.UC21−4V1.UC27−0V1.FI28O2.UC44−0V1.CD16−0MH0203O2.UC41−0V1.UC52−0MH0089V1.UC2−0O2.UC3−0O2.UC8−2O2.UC9−2T2D−176AT2D−110AMH360T2D−53AMH0003s21_orc_ce_t0O2.UC23−0DLM008N089As45_iko_jo_t12MH0347s33_dro_ma_t6O2.UC31−2O2.UC31−0O2.UC31−1DOM013V1.FI15V1.UC14−0s10_laj_an_t12s4_hur_an_t6s1_cho_ol_t4s33_dro_ma_t12V1.CD1−3−PNT2D−150AT2D−26AV1.UC24−0T2D−42AMH0019V1.UC31−4MH0286MH0334O2.UC12−1O2.UC23−1T2D−70AMH0051s26_vil_ol_t6NLM026V1.FI36N103ANLF005O2.UC4−1O2.UC4−0O2.UC4−2MH0292MH0002MH0356SZEY−74AT2D−108AMH0222V1.CD13−0MH0267T2D−189ADLF010V1.UC58−0s52_mil_ni_t6s52_mil_ni_t0MH0014MH0204MH0017MH259MH0176MH0416MH0253MH0398MH0023MH0026s37_gel_al_t6s37_gel_al_t0MH0149MH0153s40_vic_ka_t6s40_vic_ka_t12MH0429MH0399V1.CD50−0MH0411MH0432MH0044MH0434s7_noi_jo_t12MH0090V1.CD22−0MH0326O2.UC13−0O2.UC2−1V1.CD6−0−PNMH0081MH392MH0115V1.CD14−0MH355O2.UC18−2MH350V1.UC64−0V1.CD55−0V1.FI16V1.CD24−0V1.FI20MH0076MH376MH0316MH0058MH395MH0113MH0033MH0198MH0059MH391MH0403MH0408MH0375T2D−91AO2.UC51−0O2.UC52−0s11_emo_ma_t12MH0308MH0066MH0397MH0154MH0021s21_orc_ce_t6MH0028763840445−stool2V1.UC1−0NOF014MH0172V1.UC44−0MH0136s15_bor_cl_t6MH371MH0162V1.UC46−0MH0116s53_hen_mu_t12V1.FI30V1.UC48−0V1.UC49−0MH0268MH271BGI−17AMH0199V1.FI01V1.CD9−0V1.UC50−1MH359V1.FI11V1.FI13MH0433N022AMH0446T2D−51AV1.FI06V1.FI19O2.UC51−2V1.UC35−4O2.UC48−2T2D−6AO2.UC28−1V1.CD52−0MH0301MH343T2D−142ABGI002AMH0348V1.FI22V1.UC4−5O2.UC22−2V1.CD−PT1−0MH0123O2.UC59−0O2.UC59−2DLM028MH0381O2.UC19−0MH0129MH0315V1.UC32−0MH0025O2.UC35−1MH368MH0150MH0424V1.CD1−0−PN

0 1 2 3 4

Color key

W4 

P
1

P
4

P
2

P
3

DLM012T2D−146AHT8ADLF014ED50ADOF008V1.CD40−0SZEY−10AT2D−31ADLM027O2.UC29−0764062976−stool1V1.UC12−0DLF012HT25AV1.UC36−0O2.UC29−2BGI−33AMH0013V1.CD8−0−PNO2.UC29−1V1.UC55−0s19_wei_is_t0V1.UC31−0MH0118MH0151MH0145V1.CD27−0V1.CD35−1DOF012O2.UC37−2T2D−62AT2D−77AV1.UC30−0MH0437O2.UC30−0DOM012N056AV1.CD11−0NOM026V1.CD7−4O2.UC28−2V1.UC5−3NOM009MH0292O2.UC15−1O2.UC2−0MH0442s9_pai_an_t0MH0124V1.FI28T2D−122AV1.CD32−0V1.FI37MH303SZEY−35AMH0126MH0104V1.UC22−1V1.UC45−0MH0318T2D−121AMH0400MH0101O2.UC9−0MH0347O2.UC44−2MH0143V1.UC40−0MH0131T2D−15AO2.UC28−0s14_pet_ma_t0V1.UC39−0s48_cho_mu_t6O2.UC60−0MH0290O2.UC20−1MH0329MH0402T2D−20AV1.CD54−0MH0250V1.UC6−0MH0197MH0422O2.UC48−0V1.UC9−0MH373V1.UC25−0V1.CD13−0MH0430V1.UC40−1MH0117ED19AV1.CD8−0DLM022V1.UC50−1MH0014MH383O2.UC38−0O2.UC19−1SZEY−26AT2D−42AN075AT2D−123As33_dro_ma_t12O2.UC7−1O2.UC55−0V1.UC49−1O2.UC50−0MH391O2.UC24−1O2.UC13−0MH0407MH0173NLM004MH0316MH0434s30_moh_st_t0O2.UC30−2MH0076O2.UC57−2MH0431MH0334MH0446MH0004MH0286MH0267MH0439V1.UC35−4V1.UC4−5V1.UC21−4MH0270MH0412O2.UC12−1MH0027MH0326V1.UC32−0s11_emo_ma_t6MH0033MH0181MH0063MH0429NOM007DLM013T2D−51AV1.FI05T2D−155AV1.UC38−4N020AV1.CD17−0MH0284N037AMH370MH325N017AMH259MH0253MH0288s4_hur_an_t6MH0069MH0307MH0141MH0413MH0436MH0012NLM026s37_gel_al_t12158337416−stool1MH0298MH0038DLF005MH0452MH0428s52_mil_ni_t6MH395MH0453V1.UC23−1MH0220MH0265V1.CD44−0V1.FI06MH0230s33_dro_ma_t0O2.UC50−2V1.UC21−0O2.UC38−2ED12AV1.UC11−0MH394O2.UC51−0T2D−106AT2D−33AED9AO2.UC5−2SZEY−104AO2.UC23−0T2D−13AMH0026s53_hen_mu_t0O2.UC57−0MH0019MH0137O2.UC37−0MH0088MH0080V1.FI31MH0023s46_ger_be_t12MH0443MH0113MH0191MH0435SZEY−103AT2D−109AT2D−6AMH0260O2.UC19−2N103AO2.UC31−0O2.UC3−2s22_col_ma_t12MH0058T2D−143AMH0059s4_hur_an_t0T2D−70AMH0021MH0176SZEY−09ADLM023s14_pet_ma_t6MH0456V1.UC35−0O2.UC9−1s43_aqu_ma_t12MH0369O2.UC18−1MH0421MH0140SZEY−58AMH0198s11_emo_ma_t12MH0381V1.UC55−4MH0419O2.UC6−1O2.UC2−2MH0129s48_cho_mu_t12V1.CD50−0DOM013SZEY−38AV1.CD38−0s28_bil_ju_t6T2D−110AT2D−59AV1.FI04V1.UC52−1MH0229O2.UC41−2s40_vic_ka_t0V1.CD18−0MH0154V1.FI19O2.UC12−2MH0305MH0051MH0287O2.UC21−1O2.UC53−0s34_t0V1.UC63−0MH0177MH0089MH0172V1.CD45−0T2D−76AO2.UC46−2MH0272O2.UC8−0T2D−45AN082AMH359V1.UC58−0MH0116s21_orc_ce_t0NOM019V1.UC51−0V1.UC51−4s36_dzi_za_t12764224817−stool1O2.UC22−1MH0052s30_moh_st_t6O2.UC1−0V1.CD14−0MH0024O2.UC27−0V1.UC64−0V1.UC53−0158499257−stool1MH0451T2D−140AO2.UC20−2V1.UC49−0V1.CD52−0MH192O2.UC32−1s37_gel_al_t0V1.UC34−0MH0081s22_col_ma_t0MH0314O2.UC31−1V1.FI25MH0268V1.CD49−0s33_dro_ma_t6SZEY−74ANOF014O2.UC48−1763536994−stool2MH0122O2.UC17−2MH0071V1.UC48−0O2.UC20−0SZEY−37ANLM029V1.FI01NLM008V1.UC47−4O2.UC47−2V1.CD9−0V1.UC17−2s19_wei_is_t12SZEY−81ASZEY−22AT2D−177AMH0262MH0132O2.UC1−2V1.CD32−4DLM009MH0097MH0382MH0007MH0083MH0100MH0189V1.CD31−0V1.UC12−4V1.UC60−0MH0062T2D−83AMH0102MH0454V1.UC10−2O2.UC47−1SZEY−62ADLF010MH0252MH0065MH0217V1.UC3−0MH0054MH0188764143897−stool1MH0031MH0148O2.UC4−2O2.UC35−2MH390MH0086V1.UC26−0MH0030V1.UC33−0MH0448MH0409MH0053s38_reg_ka_t6MH0441MH0174MH0276MH0008MH0204MH372s21_orc_ce_t12MH0447V1.CD34−0O2.UC3−0MH345V1.UC27−0DLM019V1.CD24−0SZEY−69AMH0433O2.UC23−2MH338MH0120MH0144MH0040MH0206V1.FI27V1.CD3−0V1.FI09s38_reg_ka_t0MH385O2.UC11−2V1.UC2−0O2.UC8−1V1.UC58−4T2D−68AV1.FI32MH357V1.CD30−0MH0149O2.UC60−2764447348−stool2O2.UC4−0V1.CD29−0V1.UC47−0O2.UC13−2O2.UC24−2MH293MH0079V1.UC43−0O2.UC40−1MH0060MH0224MH0389V1.FI29MH349MH0077MH0222O2.UC21−0V1.FI12O2.UC8−2MH0356MH0418MH346V1.FI14O2.UC12−0O2.UC31−2O2.UC58−2MH0056MH0157MH309MH0366O2.UC46−1SZEY−41AO2.UC36−0V1.UC15−0SZEY−30As52_mil_ni_t0NLM032O2.UC32−2MH0022O2.UC9−2V1.CD19−0MH0090MH374O2.UC35−0V1.UC15−3MH0417MH392V1.UC2−4O2.UC21−2V1.UC38−0MH0406MH367NOM002MH0420159753524−stool1MH0042MH0457V1.CD−PT3−0O2.CD1−0−PTT2D−66AV1.CD3−0−PNV1.FI33DOF010T2D−108AT2D−47AO2.UC47−0MH0354V1.CD22−0O2.UC58−0MH0115MH0153O2.UC14−2V1.FI15MH328MH0003s8_fir_co_t0MH0015MH0168MH0200MH0161MH377MH0399O2.UC13−1T2D−11AO2.UC6−0V1.FI20V1.UC42−0V1.CD4−0MH0048T2D−54AMH0450V1.CD6−0−PNDLF003MH0165MH0035O2.UC7−0s7_noi_jo_t12MH0159MH0330T2D−176AMH0257T2D−189AV1.UC1−0V1.UC57−0V1.UC13−3s38_reg_ka_t12O2.UC44−0MH0440MH0323V1.FI16MH0396V1.UC52−0V1.CD55−0MH0245MH0075MH0234V1.CD51−0V1.UC54−0MH350MH343O2.CD3−0−PTT2D−150AMH0203MH0028MH0238V1.CD16−0s36_dzi_za_t0MH0280O2.UC32−0V1.UC31−4763860675−stool1MH0415MH0155MH0438O2.UC44−1V1.FI17V1.UC8−0s40_vic_ka_t6MH336s7_noi_jo_t0N026ASZEY−43AV1.CD46−0SZEY−59AV1.FI36O2.UC40−0s36_dzi_za_t6MH0196MH0416O2.UC11−0MH0445V1.FI30O2.UC4−1MH0183MH0009MH0082763496533−stool1158944319−stool1V1.UC19−0O2.UC52−2V1.UC37−0NLM025T2D−35AV1.UC3−2O2.UC37−1s5_dru_el_t0s1_cho_ol_t1s5_dru_el_t12V1.FI26MH0411MH0099MH0169s16_cab_ro_t0O2.UC41−0SZEY−39AT2D−25AN022AT2D−63AV1.CD7−0BGI−06AO2.UC6−2BGI003AV1.CD36−0MH0096MH0070MH0398s41_bel_ma_t6MH371MH0098MH0408O2.UC40−2s40_vic_ka_t12MH376V1.UC10−0MH0175V1.UC4−0MH0002O2.UC2−1O2.UC23−1DOF002MH0147T2D−49AMH339V1.UC14−0MH355MH0397V1.CD44−4MH0111MH0066O2.UC18−2s16_cab_ro_t6DLM024SZEY−93AMH0121SZEY−63AV1.CD−PT2−0O2.UC38−1SZEY−95ADLF009NOM005T2D−114ADLM010T2D−148ADOM003V1.CD41−0O2.CD2−0−PTED15AV1.CD−PT4−0SZEY−48As42_dur_mo_t6V1.CD12−3DLM028s27_rep_an_t0NLM015V1.CD21−0N013ANOM029N025AO2.UC18−0O2.UC52−0MH360V1.FI23DLF008O2.UC26−2T2D−135AO2.UC26−0N089As45_iko_jo_t6SZEY−40AT2D−97As25_baj_ve_t12O2.UC3−1s44_des_vi_t12MH0393s13_meu_ka_t12s41_bel_ma_t12MH363T2D−52AV1.FI21s28_bil_ju_t12s2_ste_ja_t0V1.UC53−4s39_pou_br_t12T2D−149As44_des_vi_t6MH0110T2D−175As17_sal_fr_t52s17_sal_fr_t32763901136−stool2NLF011DOF014SZEY−101AMH0195O2.UC43−2764487809−stool1s20_bel_fr_t12V1.CD6−4T2D−139ADLM006NLM021MH0152O2.UC27−1MH0127T2D−103AMH379MH0041MH0404V1.FI02V1.CD15−3763577454−stool1O2.UC41−1MH0119N011AO2.CD2−0763536994−stool1MH0037NOF004SZEY−55As5_dru_el_t6O2.UC36−2O2.UC5−0s49_lep_ch_t0158337416−stool2MH0455MH0424s39_pou_br_t6s17_sal_fr_t1MH0365V1.UC28−0T2D−78AV1.CD12−0763597684−stool1s43_aqu_ma_t0MH0068O2.UC54−0s28_bil_ju_t0s31_anc_th_t6MH0094V1.UC18−0MH0251SZEY−24AMH0185T2D−107A158944319−stool2NLF013O2.UC54−2V1.UC11−5N029ASZEY−78ANLM001V1.CD25−0N062AV1.CD17−4T2D−178AV1.CD4−0−PNO2.UC55−2s1_cho_ol_t6DOM015MH0375MH0462s35_kap_fe_t0MH0236s44_des_vi_t0s24_gab_au_t12s10_laj_an_t6O2.UC43−1s31_anc_th_t12MH0005N079As53_hen_mu_t6NOM017765013792−stool1MH0184159268001−stool1s20_bel_fr_t0DLM005NOM028HT14AMH0315DOM025SZEY−79ASZEY−68ANLM022T2D−142AV1.CD20−0V1.FI18O2.CD1−0MH0319MH358T2D−105AV1.CD48−0V1.UC62−0s29_lag_li_t6MH0426MH0032N074AO2.UC11−1T2D−126AO2.UC16−0s8_fir_co_t12MH0388763840445−stool2V1.FI08MH0078MH0313MH0432MH0158T2D−163AMH0045159207311−stool1s17_sal_fr_t12MH0073NOM001s15_bor_cl_t12764062976−stool2SZEY−44AT2D−56As47_ger_mi_t0158742018−stool1MH0136MH0064MH0423MH0074N052As22_col_ma_t6s52_mil_ni_t12NOF008NOF012MH0011O2.UC14−0V1.UC26−4T2D−53AO2.UC48−2T2D−154AV1.UC39−4DOM022T2D−17ASZEY−66AED14AV1.UC25−1MH0107BGI−28AN088A765074482−stool1MH0091MH0135SZEY−60AT2D−187AMH0160s39_pou_br_t0MH378MH0047s17_sal_fr_t4160704339−stool1O2.UC16−1s32_lam_pa_t12O2.UC15−2MH0138V1.UC56−0s17_sal_fr_t6s49_lep_ch_t12763577454−stool2MH0199MH0364s15_bor_cl_t0NLF005s4_hur_an_t12BGI002As9_pai_an_t6MH0233V1.CD1−0−PNT2D−102AV1.CD6−0MH0150O2.UC56−0s15_bor_cl_t6ED13AT2D−192ADLF006s23_meu_ka_t12NOM012MH0308NOF001s29_lag_li_t12763678604−stool1MH0092MH0125MH0401s47_ger_mi_t12MH0006MH0410s46_ger_be_t6O2.UC49−0T2D−9ADLM008O2.UC22−2T2D−26AT2D−41AN064AMH0348N003AED16AO2.UC59−2SZEY−27As9_pai_an_t12BGI−17A159268001−stool2s26_vil_ol_t6MH0163DLF013V1.CD1−3−PNs21_orc_ce_t6NLM028NOM013SZEY−07A763901136−stool1MH271MH0130MH0187MH0046s7_noi_jo_t6T2D−57AV1.FI22O2.UC14−1V1.FI07s45_iko_jo_t12SZEY−97ADOM014MH0340O2.UC16−2O2.UC24−0MH362s37_gel_al_t6O2.UC56−2V1.UC17−0O2.UC59−0MH0103MH384MH0142MH0055MH0180MH0281MH386MH0170O2.UC53−2MH0193MH0205N066AMH0403MH0405O2.UC49−2T2D−203AMH0025MH0301O2.UC51−2s1_cho_ol_t4MH0247V1.FI13V1.UC13−0MH368s30_moh_st_t12s43_aqu_ma_t6MH0162NLF007NOM018MH0134MH0123MH0017DLM002MH0050O2.UC19−0O2.UC17−1V1.UC46−0MH0095N042AV1.FI11O2.UC28−1V1.UC23−0s53_hen_mu_t12MH337V1.CD−PT1−0O2.UC35−1O2.UC46−0s3_jou_de_t6DLM018V1.UC44−0765701615−stool1159207311−stool2O2.UC30−1MH0044159733294−stool1s10_laj_an_t12O2.UC27−2V1.UC24−0O2.UC43−0MH0036MH0043V1.CD37−4NOM014T2D−157AMH0156MH0114s6_aya_ca_t12MH0178DOM020DOM023NLF008MH0109823052294−stool1861967750−stool1159591683−stool2N031AMH0227159490532−stool1MH0302s29_lag_li_t0508703490−stool1V1.CD3−3−PNDOM008BGI089As35_kap_fe_t6T2D−198AN028AO2.UC5−1764649650−stool1764285508−stool1MH0057NLF009DLM014MH0182MH387s48_cho_mu_t0159166850−stool1159227541−stool2MH0221V1.UC14−1V1.FI24NLM005DLM015N085AO2.UC36−1NLM016MH311763860675−stool2s23_meu_ka_t0s1_cho_ol_t0NOM016V1.CD28−0DLM021N039AT2D−34AN021AED11AN040ANLM003NOM025NOM004s10_laj_an_t0T2D−134AT2D−206AT2D−29ADLF007V1.CD15−0158256496−stool1N034ANOM015MH0087N024AMH0186s3_jou_de_t0DLM020NOF009N051ADOM021NLF015763820215−stool1NOF007V1.CD42−0159551223−stool1159551223−stool2160603188−stool1N032A159490532−stool2764143897−stool2V1.UC61−0N049ANOM008DOF007NLM024NLF014T2D−127AT2D−19A763759525−stool2158479027−stool1675950834−stool1DOF006DLF001V1.CD53−0NOF006DLM011T2D−207A686765762−stool1763982056−stool1SZEY−08A160643649−stool1404239096−stool1764892411−stool1V1.CD1−0159247771−stool2638754422−stool1764224817−stool2159753524−stool2DLM004246515023−stool2N046A764669880−stool1NLF010159814214−stool1763961826−stool1160158126−stool1160158126−stool2763840445−stool1765560005−stool1246515023−stool1765135172−stool1158924089−stool1159591683−stool1764811490−stool1765094712−stool2765094712−stool1763982056−stool2764669880−stool2763536994−stool3764447348−stool1763961826−stool2159146620−stool1550534656−stool1765034022−stool1764508039−stool1764325968−stool2764325968−stool1764042746−stool2764042746−stool1763820215−stool2763759525−stool1763435843−stool1686765762−stool2638754422−stool2604812005−stool2604812005−stool1338793263−stool1160582958−stool1160421117−stool1160319967−stool1159814214−stool2159713063−stool1159611913−stool2159611913−stool1159571453−stool1159510762−stool2159510762−stool1159369152−stool2159369152−stool1159247771−stool1159227541−stool1158883629−stool1159005010−stool1SZEY−106AT2D−156As27_rep_an_t6T2D−22AMH0093MH0264N104ASZEY−73AT2D−144AN005AT2D−118AT2D−91As42_dur_mo_t12s42_dur_mo_t0V1.FI34s27_rep_an_t12T2D−48ANLM023DOM001s26_vil_ol_t0764588959−stool1DOM026MH0020NLM031MH0128s11_emo_ma_t0MH0414MH0458BGI−15ADLF004T2D−2AT2D−81AMH0211DOF003MH0039s20_bel_fr_t6NOF005SZEY−29ADLM003N002AV1.UC41−0N087ADLF002DLM007DOM010MH0016MH0322O2.UC34−0MH261N027AMH0105NLF002SZEY−06AMH0289765640925−stool1MH361V1.CD43−0BGI−34AMH246MH0067MH283MH0139s45_iko_jo_t0MH0164NLF006159571453−stool2s24_gab_au_t6T2D−14AV1.CD35−0N009AV1.CD18−3NOF002V1.CD21−4T2D−12AED20ANOM023DLM001DOF009DOF004NOM020MH0274V1.CD25−4V1.UC5−0MH0333MH0239SZEY−99ASZEY−20AT2D−112AMH0243MH0275159227541−stool3MH0244s51_des_ni_t0MH327N047As1_cho_ol_t12s26_vil_ol_t12MH0321MH0085V1.FI10s8_fir_co_t6MH0310MH299DOM018s32_lam_pa_t6O2.UC22−0SZEY−75AMH0425T2D−10As25_baj_ve_t6NLM010706846339−stool1MH0072s25_baj_ve_t0s23_meu_ka_t6MH0166s31_anc_th_t0s14_pet_ma_t12160765029−stool1MH0133s49_lep_ch_t6764487809−stool2s2_ste_ja_t6NLM002N043ABGI−27AN006A158458797−stool1SZEY−90ABGI001AMH0018DOM024ED10ANOF011T2D−73AN001As6_aya_ca_t6159632143−stool1763496533−stool2MH0146O2.UC15−0765074482−stool2V1.UC7−0MH0061V1.FI35763678604−stool2MH0108T2D−87As46_ger_be_t0NLM017765620695−stool1N044AN033AO2.UC1−1DOM017NOM010158802708−stool1MH0034N083ANLM006T2D−120AT2D−8ADOM005MH0427DOM016T2D−65ASZEY−64ADLM016MH341DOF013V1.CD20−4MH0444N038AN086AV1.UC54−4160178356−stool1160400887−stool1NOM022V1.UC29−0DLM017O2.UC17−0DOM019V1.FI03160502038−stool1s35_kap_fe_t12NOF010V1.CD2−0−PNN035AV1.UC59−0764184357−stool1s17_sal_fr_t0NLF001MH0001MH0297s51_des_ni_t12N084AT2D−173AMH0179T2D−132AMH0351MH0266MH0335MH0010MH0084160218816−stool1MH0167s6_aya_ca_t0T2D−113AT2D−133As1_cho_ol_t32s1_cho_ol_t52O2.UC34−2s13_meu_ka_t0809635352−stool1s47_ger_mi_t6s2_ste_ja_t12737052003−stool1MH0049DOF011s51_des_ni_t6MH0212T2D−195As13_meu_ka_t6V1.CD2−0s32_lam_pa_t0s24_gab_au_t0NLM007MH342s3_jou_de_t12158499257−stool2s41_bel_ma_t0764002286−stool1158802708−stool2MH0332NOF013s16_cab_ro_t12NLF012NLM009MH0106

X W

Gap = difference between the ratio "variance intra cluster / total
variance" between true and bootstrapped data
- For a given clustering method, compute the gap for k “ 1, 2, ... clusters
- Asa the gap decreases when a new cluster is added, this cluster is not significant.
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Conclusion :
- no strong clustering.
- smaller significant clusters in W .
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Analysis of the individual profiles in W (1)
Is there an underlying clustering structure in matrix W ?

Visual examination : hierarchical clustering of rows and columns.
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X W
Gap = difference between the ratio "variance intra cluster / total
variance" between true and bootstrapped data
- For a given clustering method, compute the gap for k “ 1, 2, ... clusters
- Asa the gap decreases when a new cluster is added, this cluster is not significant.
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Conclusion :
- no strong clustering.
- smaller significant clusters in W .
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Analysis of the individual profiles in W (1)
Is there an underlying clustering structure in matrix W ?

Visual examination : hierarchical clustering of rows and columns.
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X W
Gap = difference between the ratio "variance intra cluster / total
variance" between true and bootstrapped data
- For a given clustering method, compute the gap for k “ 1, 2, ... clusters
- Asa the gap decreases when a new cluster is added, this cluster is not significant.
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Conclusion :
- no strong clustering.
- smaller significant clusters in W .
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Analysis of the individual profiles in W (1)
Is there an underlying clustering structure in matrix W ?

Visual examination : hierarchical clustering of rows and columns.
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X W
Gap = difference between the ratio "variance intra cluster / total
variance" between true and bootstrapped data
- For a given clustering method, compute the gap for k “ 1, 2, ... clusters
- Asa the gap decreases when a new cluster is added, this cluster is not significant.
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Conclusion :
- no strong clustering.
- smaller significant clusters in W .
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Analysis of the individual profiles in W (2)

8 metavariables (age, disease, nationality, BMI...) are available.

Are metabolic pathways associated with some metavariables ?
The metavariables are highly correlated by construction (e.g. study focused
on a specific disease and done in a given country).
ãÑ Caution in interpretation
Example of visual result : boxplot of abundances of metabolic pathway 4 by
study*disease :

In Spanish study, pathway 4 is more present in Crohn disease
patients.

Difficult to validate statistically

Multiple testing problem.
Pathways have been built to discriminate individuals :
p-values may be biased.

ãÑ Perspective for validation on an independent data set of
Crohn/healthy indivduals.
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Summary of the biological analysis

Goal : explore potential of our methodology to analyse metabolic
pathways based on metagenomics data
ãÑ Focus on fiber digestion in gut
Procedure :
- Build a matrix with abundances in reactions associated to fiber digestion,
combining metagenomic data and a priori knowlegde.
- Decompose this matrix in pathways by NMF
Results
- This procedure provides results easy to handle and interprete.
- Some biological knowledge is recovered
- NMF can enlight metabolic pathways which represent a low signal but may
be significantly discriminative.
Perspective : validation on independent data.
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Summary on the NMF methodology

NMF procedure is defined by the following elements :
Distance = statistical model
ãÑ We have chosen Frobenius as a first approach.

Criterion for the choice of the reduced dimension : linked to the global goal
of NMF decomposition.
ãÑ We have proposed more interpretable criteria than the usual numerical stability.

Penalty : linked to general biological assumptions / posterior use of the NMF
results
Possibly : additional constraints
Algorithm
ãÑ We have developed an alternate minimisation algorithm that can be adapted to
various distances and constraints
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Methodological perspectives

Compare results on our data with Frobenius and KL distances (adapt
algorithm for KL distance)
Develop a simulation framework for NMF
ãÑ Further : pseudo-simulations which keep the correlation structure of
experimental data and generate a controlled signal on them

Propose an analysis of the criteria used for the choice of the reduced
dimension k, at first using simulations.
ãÑ In particular, the concordance of H could require a rescaling by a function of k

Develop residuals analysis to choose between various distances.
Theoretical analysis of NMF estimator in a statistical context : convergence,
consistence...
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