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An'bio'c	  administra'on	  leads	  to	  enteric	  
infec'ons	  in	  BMT	  pa'ents	  
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Building	  ecosystem	  dynamical	  models	  
constrained	  on	  temporal	  observa'ons	  
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Correspondence analysis
+ Statistical Tests 
 (Kruskall–Wallis, Wilcoxon,…)
+ PCoA/NMDS 
 (using Unifrac, Bray–Curtis, Euclidean)
+ Diversity Indices 
 (Shannon, Chao,…)
+ Community Similarity Time Decay
+ Co-occurance (correlation) undirected networks

Cross-sectional analysis

No prediction on system dynamics

Current Analysis

 

Our Approach
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Microbiota	  treated	  with	  single	  an'bio'c	  

Dethlefsen & Relman (2011) PNAS 
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Microbes	  can	  be	  grouped	  according	  to	  
an'bio'c	  sensi'vity	  

• 	  PC1	  +	  PC2	  >	  70%	  Total	  informa'on	  	  
• 	  PC1	  and	  PC2	  have	  opposite	  stereotypical	  temporal	  behavior	  
• 	  High	  Correla'on	  PC1,	  Low	  correla'on	  PC2	  –	  an'bio'c	  sensi'ves	  
• 	  Low	  Correla'on	  PC2,	  High	  correla'on	  PC2	  –	  an'bio'c	  tolerants	  

SVD	  on	  species	  correla/on	  matrix:	  

Individual #1 



Bucci	  et	  al.	  (2012)	  PLoS	  Comp.	  Bio.	  

A	  first	  minimal	  model	  to	  study	  
microbiota	  dynamics	  



Microbiota	  modeled	  with	  four	  ordinary	  
differen'al	  equa'ons	  
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Microbiota	  modeled	  with	  two	  ordinary	  
differen'al	  equa'ons	  

ε



Domination by 
sensitive bacteria 

Domination by 
tolerant bacteria 

Sensitive-Tolerant 
coexistence  
(unstable) 

Abundance of  
antibiotic-sensitive bacteria 
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An'bio'c	  treatment	  and	  interac'ons	  
produce	  mul'stability	  

Bucci	  et	  al.	  (2012)	  PLoS	  Comp.	  Bio.	  



Model	  explains	  an'bio'c-‐induced	  
catastrophic	  shiSs	  

(relative fitness of antibiotic-sensitive bacteria) 
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Linear	  stability	  analysis:	  
-‐study	  stability	  of	  equilibrium	  points	  as	  func;on	  of	  parameters	  



What	  is	  the	  role	  of	  the	  external	  
non-‐sterile	  environment?	  

• 	  No	  influx	  of	  bacteria	  	  
– 	  Domina'on	  corresponds	  to	  compe'tor	  ex'nc'on	  
– 	  Impossible	  to	  revert	  to	  pre-‐treatment	  condi'ons	  

	  
• 	  Recovery	  'me	  is	  finite	  and	  func'on	  of	  the	  level	  of	  isola'on	  
of	  the	  individual	  

• 	  How	  external	  environment	  affects	  microbiota	  stability?	  

• 	  Can	  we	  quan'fy	  the	  residence	  'me	  in	  each	  microbiota	  
state	  as	  a	  func'on	  of	  interac'ons,	  perturba'ons	  and	  
exposure?	  



Analogy:	  over-‐damped	  system	  with	  addi've	  
noise	  in	  a	  non-‐conserva've	  field	  of	  forces	  

Microbiota	  modeled	  with	  two	  stochas'c	  
differen'al	  equa'ons	  

Deterministic 
Random noise 



Exposure	  to	  environment	  allows	  
coexistence	  and	  reduces	  hysteresis	  

Antibiotic killing 
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Fokker-Planck Equation 

F: interactions + antibiotic effect 
D: environmental exposure 



Framework	  to	  quan'fy	  mean-‐
residence	  domina'on	  'me	  

S(⇢⇤) =

Z tf

ti

dt0
⇥
|⇢̇⇤(t0)|2 � ⇢̇⇤(t0) · F(⇢⇤(t0))

⇤

�i = (1 + Pi!j/Pj!i)
�1

Pi!j � e�
S(⇢�)

D

Mean	  residence	  'me	  in	  state	  i	  	  

i 

j 

Transi'on	  rate	  can	  be	  computed	  as	  

Computed	  by	  solving	  	  a	  
system	  of	  II	  ordinary	  diff.	  
equa'ons	   Bucci	  et	  al.	  (2012)	  PLoS	  Comp.	  Bio.	  
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Days	  
-‐7	   0	  

vancomycin	  
resistant	  
Enterococcus	  

1	   4	   15	  

An'bio'c	  
treatment	  

An'bio'c-‐
sensi'ves	  

reintroduc'on	  

Metagenomic	  
sequencing	  

Measure	  
infec'on	  

Reintroduc'on	  of	  an'bio'c-‐sensi've	  
microbes	  clears	  infec'on	  

Ubeda,	  Bucci	  et	  al.	  (2013)	  Inf.	  Immun.	  	  

Barnesiella	  spp.	  strongly	  	  correlates	  with	  	  displacement	  of	  Vancomycin	  
resistant	  Enterococcus	  



Barnesiella	  nega'vely	  correlates	  with	  
VRE	  domina'on	  in	  pa'ents	  	  
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A method to predict 
microbiome dynamics from 

temporal metagenomics 



Interactions 

Intes'nal	  microbiota	  model	  under	  
'me-‐dependent	  perturba'ons	  
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= µixi(t) + xi(t)

LX

j=1

Mijxj(t)� xi(t)
PX

l=1

"ilul(t)

interac;ons	  
net	  

growth	  rate	  

Mii 

Mij 

Species	  i Species	  j 



Intes'nal	  microbiota	  model	  under	  
'me-‐dependent	  perturba'ons	  

Interactions 
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Inference	  of	  microbiota	  ecology	  from	  
metagenomics	  

•  Fit the model to time-series data   
    

 Linear Algebra inversion 
problem 
  
    

F =

✓
� lnxi(tk)

�tk

◆

i,k
Y =

 
(xi(tk))i,k

(1)k
(ul(tk))l,k

!

F =
�
M µ E

�
Y

•  Defining: 
    



Inference	  of	  microbiota	  ecology	  from	  
metagenomics	  

min
n

�

�

�

M µ �E
�

Y � F
�

�

2

2
+ �1 kMk22 + �2 kµk22 + �3 kEk22

o

Regularization parameters 

•  Matrix is not fully ranked 

•  Use least square minimization with Tikhonov regularization 

•  Optimal regularization obtained by k-fold cross-validation 

kF test �
�
M µ E

�train
�

Y testk22
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build	  a	  random	  (but	  known)	  network	  model	  	   generate	  trajectories	  
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Quan'fica'on:	  	  
Error	  in	  parameters	  

Error	  in	  data	  predic'on	  



Regulariza'on	  minimizes	  error	  in	  
parameters	  inference	  &	  data	  predic'on	  
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Clostridium	  difficile:	  a	  low-‐abundant	  
habitant	  of	  the	  human	  intes'nal	  flora	  

©bionews-tx.com 

•  Gram	  posi've	  bacteria	  of	  the	  genus	  Clostridium	  

•  It	  normally	  reside	  in	  the	  human	  intes'nal	  flora	  at	  very	  low	  
abundances	  (2-‐5%)	  

	  



An'bio'c	  administra'on	  cause	  
Clostridium	  difficile	  infec'ons	  

•  Prophylac'c	  an'bio'c	  administra'on	  increases	  the	  risk	  of	  C.	  difficile	  
infec'ons	  

•  Symptoms	  range	  from	  diarrheas	  to	  pseudomebraneus	  coli's	  and	  toxic	  
megacolon	  

•  3	  million	  CDIs	  in	  US	  every	  year	  
•  Immune	  compromised	  individual	  (e.g.	  BMT	  pa'ents)	  are	  highly	  suscep'ble	  
•  Treatment	  with	  Vancomycin	  (or	  Metronidazole)	  do	  worse	  à	  recurrent	  CDI	  
and	  selec'on	  for	  other	  an'bio'c-‐resistant	  bacteria	  (VRE)	  

hgp://www.nlm.nih.gov/medlineplus/druginfo/meds/a682399.html	  



CDI cleared by faecal transplant 

What species protect from CDI? 
 
What species predispose to CDI? 



Buffie	  et	  al.	  (2011)	  Inf.	  Imm.	  
	  
	  
	  
	  
	  
	  

	  
	  

	  
	  

Clindamycin	  disrupts	  microbiota	  and	  
allows	  pathogen	  establishment	  

days days days 



Inference	  of	  community	  structure	  and	  
response	  to	  clindamycin	  

Stein,	  Bucci	  et	  al.	  (2013)	  PLoS.	  Comp.	  Biol.	  	  
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Stability	  analysis	  confirms	  alterna've	  
perturba'on-‐dependent	  composi'on	  

states	  	  
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What mechanisms mediate 
protection from CDI ? 





Combined	  mouse/human	  analysis	  to	  iden'fy	  
bacteria	  protec've	  against	  C.	  difficile	  
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Common set of taxa with human–mouse 
conserved effects on C. difficile 
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•  Is	  C.	  scindens	  truly	  inhibitory?	  
	  
•  What	  mechanisms	  mediate	  this	  inhibi'on?	  	  
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Transfer of resistance-associated intestinal 
bacteria increases resistance to CDI and 

survival 
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Consor'um:	  	  
•  Barnesiella	  intes;hominis	  (OTU	  9)	  
•  Blau;a	  hansenii	  (OTU	  39)	  
•  Pseudoflavonifractor	  capillosus	  (OTU	  32)	  	  
•  Clostridium	  scindens	  (OTU	  6)	  	  



PICRUSt and shotgun genome seq. show 
negative correlation of secondary bile acids 

genes with CDI 
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bai	  operon	  nega'vely	  correlates	  with	  CDI	  

Buffie, Bucci et al. (2014) Nature 
 
 

 
 



C. scindens is the taxon harbouring gene 
for secondary bile acids production 
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•  Intestinal microbiota has fundamental role in prevention 
against enteric infections (e.g. CDI) 

•  By combining mathematical modeling and time-series 
metagenomics we were able to determine a minimal 
consortium of bacteria that mediates CDI 

•  C. scindens plays a central role in this network. It is the 
only bacteria responsible for bile-acids production 
(mechanism of protection) through baiCD expression 

•  Better understanding of the ecology of C. scindens and of 
any functionally equivalent (e.g. bile-acids producers) 
microbes will open the way to new, effective and rationally-
designed probiotic strategies 

Summary 




