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transcriptional networks controlling development

Bolouri, Davidson
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algorithms:
David J. Reiss (cMonkey)
Vesteinn Thorsson (Inferelator) 
Richard Bonneau
 
functional genomics:
Marc T. Facciotti
Amy Schmid, 
Kenia Whitehead
Min Pan, Amardeep Kaur,
Leroy Hood
Nitin S. Baliga
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An example : Halobacterium

why halobacterium:
• if your friends are working on

halo ... (Hood, Baliga)
• not a “model” system (originally)
• high IQ
• diverse environment
• small genome
• good genetics, cultivable, etc. 
• a very tough extremophile,

bioengineering

Data collection and modeling effort
✴ genome and genome annotation
✴ microarrays
✴ genetic and environmental perturbations
✴ proteomics
✴ ChIP-chip
✴ some protein-protein
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Biological motivation:
Co-regulation dramatically reduces complexity of network inference, 

and unlike simple co-expression has direct mechanistic relevance 
to biological control.

Time (explicit learning/modeling of kinetic parameters) helps even
     in our current state of affairs.
Model must be capable of modeling interactions with bio relevant 

functional forms.
Experimental design is key

cMonkey:
★ integrate data-types other than expression to constrain search for 

co-regulated modules
★ avoid lossey transformations of the data and derive joint P of gene 

given bicluster and all datatypes
★ derive framework with eye toward flexibility (new datatypes)

Inferelator:
★ frame parameterization of global set of ODEs as regression 

problem
★ interactions: map problem onto tropical semi-ring

Our approach
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Learning 
co-regulated 
groups:
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What is Biclustering?
• Concurrent clustering of both rows & conditions 
• Given an n x m matrix, A, find a set of submatrices, Bk, such 

that the contents of each Bk follow a desired pattern, i.e. gene 
co-expression.

Based on lecture notes from Kai Li:
http://www.cs.princeton.edu/courses/archive/spr05/cos598E/Biclustering.pdf
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Reasons to Bicluster in 
Biology & Bioinformatics

• Genes not regulated under all conditions
⇒ patterns of correlation may exist only under subsets
      of conditions

• Genes can participate in multiple modules or 
processes
⇒ exclusive clustering algorithms (HAC, K-means)
      will miss valid clusterings
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Biological motivation:
Co-regulation dramatically reduces complexity of network inference, 

and unlike simple co-expression has direct mechanistic relevance 
to biological control.

strategy:
★ integrate data-types other than expression to constrain search for 

co-regulated modules
★ avoid lossey transformations of the data and derive joint P of gene 

given bicluster and all datatypes
★ derive framework with eye toward flexibility (new datatypes)

Challenges:
 overlapping (genes participate in multiple functions)
 diverse data types
 mix of well studied and completely unknown genes
 many think of this as a solved problem...why?
 Resultant models are a complex low-level abstraction

of the systems behavior (functional modules, complexes, 
annotations, etc. are linked to clusters).

  I. cMonkey: 
         integrative biclustering

Dave Reiss

Peter
Waltman
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The real
advantage of
cmonkey is its
lack of lossy
transformations
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Archaea: bop/bat-associated regulon 
[Halobacterium NRC-1]

Baliga, et al. 
(1999,2000)
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Bacteria: RpoN-associated flagellar regulon [H. pylori]  
---> [also in E. coli]

Niehus, et al. 
(2004)
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multi-biclustering:
multispecies

w/ Patrick Eichenberger, NYU;  Harry Ostrer, NYU-MED
Eric Alm, MIT, Broad     
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score component I:
r, expression [levels]

Reiss, Shannon, Baliga, Bonneau, 2006
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score component II:
    p, motif detection and co-occurance
   [short sequences]
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p = 0.16

Before adding gene

p = 0.012

After adding gene

Reward addition of genes 
to bicluster that share 
edges with other genes in 
bicluster.      

score component III:
q, networks

[associations]

Hypergeometric distribution to derive p-values:
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cMonkey continued
• Combine 3 likelihoods into a joint log-likelihood:

where r0, s0 and q0 are “mixing parameters” – 
Pre-selected and set according to an annealing schedule

• Logistic regression to discriminate between genes in/
out of bicluster:

where p(yik=1) indicates likelihood of membership of gene i to cluster k

• Monte Carlo, annealing of the biclusters:
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Bacteria: RpoN-associated flagellar regulon [H. 
pylori]  ---> [also in E. coli]

Niehus, et al. 
(2004)
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multi-biclustering:
multispecies

w/ Patrick Eichenberger, NYU
w/ Eric Alm, MIT, Broad 
w/ Harry Ostrer 
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Previous Multi-Species 
Comparisons

• McCarroll, Murphy, Zou, et al (2004, Nature 
Genetics)

• Ihmels, Bergmann, Berman, Barkai 
(2005, PLoS Genetics)

• Tirosh, Barkai (2007, Genome Biology)
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3 classes of multi-species comparisons

Wednesday, June 24, 2009



Proposed Multi-species 
cMonkey model

• Given 2 genomes, G1 & G2 :
– OC1 & OC2 as the set of genes in G1 & G2 with 

orthologs in the other
– Define OC12 as the set of 

all putative orthologous
pairs, including:

• 1-to-1
• 1-to-many
• many-to-many

Wednesday, June 24, 2009



Algorithm outline:
• Shared-space search: optimize biclusters in OC12 

space
–Optimize each OC12 bicluster within “species data space”

don’t merge data

–Add/drop a gene-pair from OC12 based on evolving single 
species models
• What to do if a gene exhibits correlation to bicluster in one species, 

but its ortholog in other does not? (answer coming) 

Proposed Multi-species 
cMonkey model
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Algorithm outline:
• Elaborate: optimize OC12 biclusters in each 

organism’s “species space”
–Seed with genes from pairs in the OC12 biclusters
–Use original single-species cMonkey to optimize the 

OC12  seeds:
• Cannot drop genes from original OC12 gene-pairs
• Allow genes from entire genome to be added, i.e. species-specific, 

“orthologous core” and paralogs.

Proposed Multi-species 
cMonkey model
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Algorithm outline:
• Extend: find new biclusters for Gj in its own “species space”

– Seed & optimize new clusters following original cMonkey single-species 
model

– Allow extend step to consider genes from orthologous core (OC)?:
• Yes (currently, we allow overlap potential to reduce over-sampling of explored 

modules)
• No (possible future direction to force identification of species-specific modules)

Proposed Multi-species 
cMonkey model
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Species Analyzed
• Compared 3 bacterial species:

– Bacillus subtilis
– Bacillus anthracis (Anthrax)
– Listeria monocytogenes (Listeriosis)

• 3 organisms → 3 pairings
– Inparanoid to identify orthologs and orthologous families
– 150 biclusters generated per pairing

Number of:

B. subtilis – 
B. anthracis

B. subtilis – 
L. monocytogenes

B. anthracis – 
L. monocytogenes

orthologous groups 2225 1439 1494

orthologous pairs 2443 1564 1690

unique genes (per organism) B. sub'lis: 2279/3928 B. sub'lis: 1519/3928 B. anthracis: 1634/5865unique genes (per organism)

B. anthracis: 2339/5865 L. mono: 1478/2795 L. mono: 1537/2795

Wednesday, June 24, 2009



0 50 100 150 200 250 300

5
0

5

T

A
A

G
T
G
C
G

A

A

G

A

G

T

G
TGG

A
C

T

A

A

C

A

C

A

G

CG

A

G

C
GA

G

C
G
A

A
T
G

A

G

C
G
A
G

A

T
AA

G

A

G

C

G

AC
G

T

C

T
T

A

T

T

G

T

C
G

T

C

A

G

T

G

T

A
C
T
C

T

A
C

T

T

C

T

T

C

C

G

T C C

T

C
T

A

T

0 10 20 30 40 50

4
2

0
2

T

A

T

A

C

T

A

T

A

A

G

A

G

C

G

C

T
GG

C
A

T

T

A
C

C

A

G
C

C

G

A

G

CC

T

T

C

C

T

C

T

G

C

T

T

C

T

C

T

C

C

T

A

T

C

T

A

T

A
G

T

A
G
T

C

G

A

G

T

G

A
G

A
T
C

G

A

G

G

T

A

C

G

G

T

C

T
T

G

T
T

C

T

prolinks_GN
prolinks_PP
prolinks_GC
prolinks_RS
operons

kegg

prolinks_GN
prolinks_PP
prolinks_GC
prolinks_RS
operons

kegg

in bicluster not in bicluster

condition/sample index

no
rm

al
iz

ed
 e

xp
re

ss
io

n

in bicluster not in bicluster

condition/sample index

no
rm

al
iz

ed
 e

xp
re

ss
io

n

E = 7.7e-44

E = 5.0e-21

E =3.5e-6

E = 3.4e-12

E = 5.1e-9

E= 9.4e-39

A.  B. subtilis: 

B.  B. anthracis:
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http://biology.kenyon.edu/courses/biol114/Chap11/spore_cycle.jpg

Significantly enriched for sporulation genes (σE 
regulated):
•Bicluster 17 (includes Metabolism, Glutamine Transport, Transporters genes)
•Bicluster 35 (includes Metabolism, Glutamine Transport, Detoxification, Transporters 
genes)
•Bicluster 84 (includes Metabolism, Glutamine Transport genes)

σE biclusters 
(B. subtilis – B. anthracis)
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• B. anthracis Waves of Gene     
Expression

•(Bergmen et al., 2006)

•Germination and 
early outgrowth

•Rapid Growth

•Rapid Growth and 
Responding to increasing 
toxic environment

•Sporulation and 
Oxidative Stress

•Sporulation and 
early germination 
and outgrowth

•Biclusters 84 : 3 into 4

•Biclusters 35:  4

•Biclusters 17 :  4 into 5
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Sporulation Biclusters
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Flagellar Assembly Biclusters
• Flagellar Assembly biclusters for all 3 organisms
• B. anthracis thought to be non-motile:

– Missing σD (flagellar TF in B. subtilis)
– frameshifts to 4 critical flagellar genes:

• cheA 
• flgL
• fliF (MS ring)
• fliM (C ring component)

• B. anthracis biclusters also 
enriched for:
– Chemotaxis
– Type III secretion system*

http://www.conceptdraw.org/sampletour/medical/GPositiveBFlagella.gif

* B. subtilis – B. anthracis only
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Shared B. subtilis - B. anthracis
Flagellar Assembly Bicluster
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Elaborated B. subtilis - B. anthracis
Flagellar Assembly Bicluster
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Globally Validating Multi-Species 
method

• Issues
–No solved organism as validation - only partial solutions 

available
–Large number of results (12) to validate:

• 3 organism-pairs → 6 results (2 for each pair)
• 2 steps (shared & elaboration opt’s) → 12 total

–No existing metric for measuring quality & conservation
• Could we use either DCA or ECC for a metric?

–DCA not a genuine clustering method & no metric provided
–ECC gave inconsistent results in our own tests
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How to measure or compare 
conservation & quality?

• Conservation metric 
• Compare Shared & Elaboration optimizations with 

biclusters from ideal single-species cMonkey
–Expression (residuals)
–Networks (association p-values)
–Sequence:

• Motif E-values
• Sequence p-values

–Enrichments of:
• GO terms
• KEGG pathways
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New Conservation Metric

Conservation 
Metric
Conservation 
Metric

B. subtilis-
B. anthracis

B. subtilis-
L. monocytogenes

B. anthracis-
L. monocytogenes

Single 0.218 0.235 0.177
Elaborated 0.825 0.883 0.922
Shared 1 1 1

Find                                       for each bicluster and average 
over all biclusters
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Residuals

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

B. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracis
B. subt.B. subt. B. anth.

Shared-SingleShared-Single 1.03E-031.03E-03 0.46
Elaborated-SingleElaborated-Single 0.270.27 0.04

Shared
Elaborated
Single
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P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

B. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracis
B. subt.B. subt. B. anth.B. anth.

Shared-Single 1.03E-031.03E-03 0.460.46
Elaborated-Single 0.270.27 0.040.04

B. subtilis - L. monocytogenesB. subtilis - L. monocytogenesB. subtilis - L. monocytogenesB. subtilis - L. monocytogenesB. subtilis - L. monocytogenes
B. subt.B. subt. L. mono.L. mono.

Shared-Single 2.82E-042.82E-04 7.81E-047.81E-04
Elaborated-Single 0.090.09 3.98E-043.98E-04

B. anthracis - L. monocytogenesB. anthracis - L. monocytogenesB. anthracis - L. monocytogenesB. anthracis - L. monocytogenesB. anthracis - L. monocytogenes
B. anthB. anth L. monoL. mono

Shared-Single 0.010.01 0.020.02
Elaborated-Single 1.68E-061.68E-06 0.010.01
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Association p-values (-log10)

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

B. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracis
B. subt.B. subt. B. anth.

Shared-SingleShared-Single 0.400.40 1.52E-05
Elaborated-SingleElaborated-Single 0.340.34 0.01

Shared
Elaborated
Single
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P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

B. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracis
B. subt.B. subt. B. anth.

Shared-SingleShared-Single 0.400.40 1.52E-05
Elaborated-SingleElaborated-Single 0.340.34 0.01

B. subtilis - L. monocytogenesB. subtilis - L. monocytogenesB. subtilis - L. monocytogenesB. subtilis - L. monocytogenesB. subtilis - L. monocytogenes
B. subt.B. subt. L. mono.

Shared-SingleShared-Single 0.280.28 0.14
Elaborated-SingleElaborated-Single 0.730.73 1.64E-03

B. anthracis - L. monocytogenesB. anthracis - L. monocytogenesB. anthracis - L. monocytogenesB. anthracis - L. monocytogenesB. anthracis - L. monocytogenes
B. anthB. anth L. mono

Shared-SingleShared-Single 0.010.01 0.18
Elaborated-SingleElaborated-Single 0.030.03 0.03
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Sequence p-values (-log10)

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

P-values from two-sided 
Wilcoxen’s rank test (α=0.01):

B. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracis
B. subt.B. subt. B. anth.

Shared-ElaboratedShared-Elaborated 0.010.01 0.04
Shared-SingleShared-Single 1.42E-221.42E-22 0.85

Elaborated-SingleElaborated-Single 1.70E-291.70E-29 0.36

Shared
Elaborated
Single
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P-values from two-sided 
Wilcoxen’s rank test (α=0.01)

P-values from two-sided 
Wilcoxen’s rank test (α=0.01)

P-values from two-sided 
Wilcoxen’s rank test (α=0.01)

B. subtilis - B. anthracisB. subtilis - B. anthracisB. subtilis - B. anthracis
B. subt B. anth

Shared-elab 0.01 0.04
Shared-single 1.42E-22 0.85

Elaborated-single 1.70E-29 0.36

B. subtilis - L. monocytogenesB. subtilis - L. monocytogenesB. subtilis - L. monocytogenes
B. subt L. mono

Shared-elab 0.01 0.1
Shared-single 3.37E-15 0.07

Elaborated-single 7.36E-23 9.23E-03

B. anthracis - L. monocytogenesB. anthracis - L. monocytogenesB. anthracis - L. monocytogenes
B. anth L. mono

Shared-elab 0.01 0.03
Shared-single 0.99 0.24

Elaborated-single 0.55 0.01
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Multi-species retrieves more biologically 
meaningful results
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Multi-species retrieves more biologically 
meaningful results
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Conclusions

• Multi-species cMonkey improves bicluster 
quality over conserved modules
–Expression (residuals)
–Networks (association p-values)
–Motifs are area of potential improvement

• Retrieves more 
–biologically significant results (GO/KEGG)
–conserved modules
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• Explore the optimization further:
–Alternate objective functions for OC12 optimization:

• Bi-variate model:

• Co-reference model:     

If, we let:

• Application to different species/data sets
– Cancer: human-mouse, cancer-normal
– Additional triplets, i.e. (E. coli, Salmonella, Vibrio (already have preliminary 

results))

Proposed Multi-species 
cMonkey model
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