
1. Introduc,on 

 Over‐represented GO annota,ons for the BHC‐C clusters (BHI = 0.73) and the 
SplineCluster clusters using linear splines (BHI = 0.69), using the S. cerevisiae 1 data set.  

Bayesian Hierarchical Clustering for Microarray Time Series Data 
with Replicates and Outlier Measurements 

Emma J. Cooke, Paul D. W. Kirk, Richard S. Savage, Robert Dawkins and David L. Wild 

 Time series BHC op,onally allows replicate informa,on to be used in order to 
inform a prior distribu,on of the noise variance. Using replicate informa,on can 
split a noisy cluster into smaller, less noisy clusters. 

 Using a mixture model likelihood can allow genes with noisy observa,ons to be grouped 
with other genes of similar biological func,on. The mixture model treats: 

 FSP2 gene ,me point 11 as an outlier 
 CSM3 gene ,me point 2 as an outlier 
 WcaC gene ,me point 4 as an outlier 

 To measure the quality of a clustering we used the Biological Homogeneity Index (BHI) (Da]a 
and Da]a 2005), which uses gene ontology (GO) annota,ons to assess the biological 
homogeneity of the clusters. We also used the average Pearson Correla,on Coefficient (PCC) to 
measure the similarity of gene profiles within clusters. Higher scores are be]er in both cases. 

 We clustered the 4 datasets above with BHC‐SE and BHC‐C and compared the clustering with 
other methods: SplineCluster with linear and cubic splines (Heard et al. 2005), SSClust (Ma et al. 
2006) and MCLUST (Yeung et al. 2001). BHC gives the highest BHI and PCC scores in all cases. 

 We generated 1000 data sets from 13 
synthe,c clusters. BHC‐SE does be]er than 
the other methods at recovering the correct 
number of clusters. 

Data set  BHC‐SE  BHC‐SE mixture model  Genes  Time points  Replicates  Reference 

S. cerevisiae 1  6m 3s  38m 49s  169  17  N/A  Cho et al. 1998 

S. cerevisiae 2  24m 8s  5h 48m  440  15  2  Orlando et al. 2008 

H. sapiens  19s  49s  58  10  44  Rangel et al. 2004 

E. coli  7m 6s  34m 39s  200  13  6  Carzaniga et al. 2007 

 We used 4 ,me series microarray data sets for analysis. The table below shows the number of 
genes, ,me points, replicates and run ,mes on a single core 2.40 GHz Intel Xeon CPU, for these 
data sets. 

5. Modelling outliers 

3. Comparison to other methods 

 BHC‐C is able to separate the 
clusters of mitochondrial and ATP 
synthesis func,ons and also the M 
and S Phase mito,c cell cycle genes, 
that SplineCluster combines together.    We have also implemented the op,on for BHC to use a mixture model likelihood 

which allows a small propor,on of the data to be modelled as outliers. 

  We assume the single data point yn has been generated from an outlier likelihood 
func,on Bn with a small probability b and generated from a Gaussian process likelihood 
func,on An with probability a = 1‐b. Then the likelihood func,on for a cluster with N 
data points is: 

4. Including replicate informa,on 

 Grouping together genes which have similar expression values measured by a 
microarray can suggest genes which are coregulated during a par,cular biological process. 

 We present a model‐based Bayesian hierarchical clustering algorithm for microarray 
,me series data that employs Gaussian process regression to capture the structure of the 
data. Our method can model outlier and replicate values, learns the op,mum number of 
clusters given the data and can incorporate non‐uniformly sampled ,me points. 

 Our ,me series clustering algorithm has been submi]ed to the R Bionconductor suite as 
an extension to the BHC package and will be available in future Bioconductor releases. 

 We model the gene profiles as being drawn from a Gaussian distribu,on with mean 
func,on f and covariance func,on K. 

 We have implemented both squared exponen,al (BHC‐SE) and cubic spline (BHC‐C) 
covariance func,ons. 

 The pair of clusters with the highest rc are merged at each stage. When rc < 
0.5 for all cluster pairs, BHC has found the op,mum number of clusters.  

  yc = all the data in cluster C. H1
c  =  hypothesis that 

all the data in cluster C were generated from the same 
Gaussian process. 

 Observa,on = signal + noise 

 Gene expression vs ,me, 
merged red and green clusters. 

 Ini,ally, each gene begins in its own cluster. At 
each stage the two most similar clusters are merged 
together. The BHC algorithm (Heller and Ghahramani 
2005), uses Bayes rule to find rc , the posterior 
probability that two clusters are merged: 

2. Method 

 The log marginal likelihood of the data is: 

To be released as part of the BHC Bioconductor package: h]p://www.bioconductor.org/packages/release/bioc/html/BHC.html 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biopolymer glycosylation (GO:0043413)

leading strand elongation (GO:0006272)

enzyme regulator activity (GO:0030234)

transferase activity (GO:0016740)

transferase activity, transferring hexosyl groups (GO:0016758)

cellular biosynthetic process (GO:0044249)

G1/S transition of mitotic cell cycle (GO:0000082)

premeiotic DNA synthesis (GO:0006279)

regulation of molecular function (GO:0065009)

positive regulation of DNA replication (GO:0045740)

regulation of S phase of mitotic cell cycle (GO:0007090)

regulation of cyclin!dependent protein kinase activity (GO:0000079)

cyclin!dependent protein kinase regulator activity (GO:0016538)

regulation of transferase activity (GO:0051338)

cellular response to stimulus (GO:0051716)

nuclear part (GO:0044428)

intracellular non!membrane!bounded organelle (GO:0043232)

chromosomal part (GO:0044427)

nucleotide binding (GO:0000166)

heteroduplex formation (GO:0030491)

cyclin!dependent protein kinase holoenzyme complex (GO:0000307)

reproductive process (GO:0022414)

purine ribonucleotide binding (GO:0032555)

regulation of kinase activity (GO:0043549)

organelle fission (GO:0048285)

adenyl nucleotide binding (GO:0030554)

mitosis (GO:0007067)

M phase of meiotic cell cycle (GO:0051327)

ATP binding (GO:0005524)

mitotic cell cycle (GO:0000278)

sister chromatid segregation (GO:0000819)

mitotic sister chromatid cohesion (GO:0007064)

cellular response to DNA damage stimulus (GO:0034984)

AT DNA binding (GO:0003680)

double!stranded DNA binding (GO:0003690)

cell division (GO:0051301)

nuclear cohesin complex (GO:0000798)

ribonucleoside monophosphate metabolic process (GO:0009161)

glycogen catabolic process (GO:0005980)

oxidoreductase activity, acting on CH!OH group of donors (GO:0016614)

purine nucleoside monophosphate metabolic process (GO:0009126)

cellular carbohydrate metabolic process (GO:0044262)

hydrolase activity, hydrolyzing O!glycosyl compounds (GO:0004553)

L!iditol 2!dehydrogenase activity (GO:0003939)

catalytic activity (GO:0003824)

nitrogen compound metabolic process (GO:0006807)

cellular amine metabolic process (GO:0009308)

cellular amino acid and derivative metabolic process (GO:0006519)

nitrogen compound biosynthetic process (GO:0044271)

amino acid biosynthetic process (GO:0008652)

aspartate family amino acid metabolic process (GO:0009066)

sulfur compound biosynthetic process (GO:0044272)

sulfur amino acid metabolic process (GO:0000096)

serine family amino acid metabolic process (GO:0009069)

methionine biosynthetic process (GO:0009086)

cysteine biosynthetic process (GO:0019344)

sulfate assimilation (GO:0000103)

glutamate biosynthetic process (GO:0006537)

dolichol!linked oligosaccharide biosynthetic process (GO:0006488)

carboxylic acid metabolic process (GO:0019752)

nitrogen compound catabolic process (GO:0044270)

nucleobase, nucleoside and nucleotide metabolic process (GO:0055086)

mitochondrial nucleoid (GO:0042645)

mitochondrial envelope (GO:0005740)

signal peptidase complex (GO:0005787)

ATPase activity, coupled to transmembrane movement of ions (GO:0042625)

oxidoreductase activity (GO:0016491)

nucleotide metabolic process (GO:0009117)

nucleoside triphosphate biosynthetic process (GO:0009142)

ATP synthesis coupled electron transport (GO:0042773)

mitochondrial proton!transporting ATP synthase, central stalk (GO:0005756)

ribonucleoside triphosphate metabolic process (GO:0009199)

purine nucleoside triphosphate metabolic process (GO:0009144)

oxidoreductase activity, acting on the CH!NH group of donors, NAD or NADP as acceptor (GO:0016646)

purine ribonucleoside triphosphate biosynthetic process (GO:0009206)

phosphorylation (GO:0016310)

ligase activity (GO:0016874)

ATP metabolic process (GO:0046034)

ribonucleotide biosynthetic process (GO:0009260)

isoleucine!tRNA ligase activity (GO:0004822)

transmembrane ion transport (GO:0034220)

mitochondrial proton!transporting ATP synthase, catalytic core (GO:0005754)

purine ribonucleotide metabolic process (GO:0009150)

proton transport (GO:0015992)

proton!transporting ATPase activity, rotational mechanism (GO:0046961)

hydrogen ion transporting ATP synthase activity, rotational mechanism (GO:0046933)

generation of precursor metabolites and energy (GO:0006091)

mitochondrion (GO:0005739)

ATP synthesis coupled proton transport (GO:0015986)

proton!transporting two!sector ATPase complex (GO:0016469)

purine nucleotide biosynthetic process (GO:0006164)

inorganic cation transmembrane transporter activity (GO:0022890)

oxidation reduction (GO:0055114)

mitochondrial proton!transporting ATP synthase complex (GO:0005753)

cytoplasm (GO:0005737)

proton!transporting ATP synthase complex, catalytic core F(1) (GO:0045261)

organic acid metabolic process (GO:0006082)

ion binding (GO:0043167)

NADH oxidation (GO:0006116)

membrane part (GO:0044425)

intracellular organelle part (GO:0044446)

FAD binding (GO:0050660)

oxidoreductase activity, acting on NADH or NADPH, quinone or similar compound as acceptor (GO:0016655)

energy derivation by oxidation of organic compounds (GO:0015980)

aerobic respiration (GO:0009060)

mitochondrial inner membrane (GO:0005743)

NADH dehydrogenase (ubiquinone) activity (GO:0008137)

protein complex (GO:0043234)

cell death (GO:0008219)

mitochondrial electron transport, ubiquinol to cytochrome c (GO:0006122)

oxidoreductase activity, acting on diphenols and related substances as donors (GO:0016679)

organelle membrane (GO:0031090)

transporter activity (GO:0005215)

substrate!specific transmembrane transporter activity (GO:0022891)

mitochondrial respiratory chain complex III (GO:0005750)

oxidoreductase activity, acting on heme group of donors (GO:0016675)

cation transmembrane transporter activity (GO:0008324)

mitochondrial electron transport, cytochrome c to oxygen (GO:0006123)

mitochondrial respiratory chain complex IV (GO:0005751)

envelope (GO:0031975)

phosphate metabolic process (GO:0006796)

monovalent inorganic cation transmembrane transporter activity (GO:0015077)

electron transport chain (GO:0022900)

membrane!enclosed lumen (GO:0031974)

vitamin binding (GO:0019842)

steroid binding (GO:0005496)

pyridoxal phosphate binding (GO:0030170)

cellular aromatic compound metabolic process (GO:0006725)

ornithine biosynthetic process (GO:0006592)

glutamine family amino acid metabolic process (GO:0009064)

arginine biosynthetic process (GO:0006526)
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premeiotic DNA synthesis (GO:0006279)

organelle fission (GO:0048285)

adenyl nucleotide binding (GO:0030554)

positive regulation of DNA replication (GO:0045740)

mitosis (GO:0007067)

meiotic cell cycle (GO:0051321)

meiosis (GO:0007126)

ATP binding (GO:0005524)

regulation of establishment or maintenance of cell polarity (GO:0032878)

reproductive cellular process (GO:0048610)

mitotic cell cycle (GO:0000278)

S phase (GO:0051320)

cell division (GO:0051301)

regulation of S phase of mitotic cell cycle (GO:0007090)

cellular response to stimulus (GO:0051716)

double!stranded DNA binding (GO:0003690)

sister chromatid segregation (GO:0000819)

mitotic sister chromatid cohesion (GO:0007064)

protein kinase binding (GO:0019901)

cyclin!dependent protein kinase holoenzyme complex (GO:0000307)

nucleus (GO:0005634)

M phase (GO:0000279)

DNA!dependent DNA replication (GO:0006261)

cellular response to DNA damage stimulus (GO:0034984)

regulation of molecular function (GO:0065009)

cyclin!dependent protein kinase regulator activity (GO:0016538)

kinase regulator activity (GO:0019207)

nuclear cohesin complex (GO:0000798)

regulation of cyclin!dependent protein kinase activity (GO:0000079)

regulation of transferase activity (GO:0051338)

cation binding (GO:0043169)

nucleoside monophosphate biosynthetic process (GO:0009124)

ribonucleoside monophosphate metabolic process (GO:0009161)

glycogen catabolic process (GO:0005980)

oxidoreductase activity, acting on CH!OH group of donors (GO:0016614)

purine nucleoside monophosphate metabolic process (GO:0009126)

cellular carbohydrate metabolic process (GO:0044262)

hydrolase activity, hydrolyzing O!glycosyl compounds (GO:0004553)

L!iditol 2!dehydrogenase activity (GO:0003939)

catalytic activity (GO:0003824)

O!acyltransferase activity (GO:0008374)

transferase activity (GO:0016740)

sulfate assimilation (GO:0000103)

organic acid metabolic process (GO:0006082)

serine family amino acid metabolic process (GO:0009069)

nitrogen compound metabolic process (GO:0006807)

sulfur compound biosynthetic process (GO:0044272)

cysteine biosynthetic process (GO:0019344)

amine biosynthetic process (GO:0009309)

methionine biosynthetic process (GO:0009086)

vitamin binding (GO:0019842)

membrane!enclosed lumen (GO:0031974)

biosynthetic process (GO:0009058)

steroid binding (GO:0005496)

pyridoxal phosphate binding (GO:0030170)

ligase activity (GO:0016874)

cellular aromatic compound metabolic process (GO:0006725)

ornithine biosynthetic process (GO:0006592)

amino acid biosynthetic process (GO:0008652)

glutamine family amino acid metabolic process (GO:0009064)

nitrogen compound biosynthetic process (GO:0044271)

arginine biosynthetic process (GO:0006526)

carboxylic acid metabolic process (GO:0019752)

cellular amine metabolic process (GO:0009308)

nitrogen compound catabolic process (GO:0044270)

succinate dehydrogenase complex (GO:0045281)

mitochondrial respiratory chain complex II (GO:0005749)

mitochondrial proton!transporting ATP synthase, central stalk (GO:0005756)

NADH dehydrogenase (ubiquinone) activity (GO:0008137)

iron ion binding (GO:0005506)

metal cluster binding (GO:0051540)

isoleucine!tRNA ligase activity (GO:0004822)

mitochondrial proton!transporting ATP synthase, catalytic core (GO:0005754)

mitochondrial nucleoid (GO:0042645)

mitochondrial respiratory chain complex IV (GO:0005751)

coenzyme catabolic process (GO:0009109)

proton!transporting ATPase activity, rotational mechanism (GO:0046961)

metal ion binding (GO:0046872)

nucleoside triphosphate biosynthetic process (GO:0009142)

ribonucleoside triphosphate metabolic process (GO:0009199)

FAD binding (GO:0050660)

purine nucleoside triphosphate metabolic process (GO:0009144)

ribonucleotide biosynthetic process (GO:0009260)

nucleobase, nucleoside and nucleotide metabolic process (GO:0055086)

tricarboxylic acid cycle (GO:0006099)

purine ribonucleoside triphosphate biosynthetic process (GO:0009206)

ATP metabolic process (GO:0046034)

purine ribonucleotide metabolic process (GO:0009150)

transmembrane ion transport (GO:0034220)

proton!transporting two!sector ATPase complex (GO:0016469)

cell death (GO:0008219)

oxidoreductase activity (GO:0016491)

nucleotide metabolic process (GO:0009117)

cofactor metabolic process (GO:0051186)

proton transport (GO:0015992)

organelle membrane (GO:0031090)

purine nucleotide biosynthetic process (GO:0006164)

intracellular (GO:0005622)

ATP synthesis coupled proton transport (GO:0015986)

aerobic respiration (GO:0009060)

transporter activity (GO:0005215)

hydrogen ion transporting ATP synthase activity, rotational mechanism (GO:0046933)

generation of precursor metabolites and energy (GO:0006091)

mitochondrial proton!transporting ATP synthase complex (GO:0005753)

energy derivation by oxidation of organic compounds (GO:0015980)

glutamate biosynthetic process (GO:0006537)

oxidation reduction (GO:0055114)

proton!transporting ATP synthase complex, catalytic core F(1) (GO:0045261)

mitochondrial electron transport, ubiquinol to cytochrome c (GO:0006122)

ATP synthesis coupled electron transport (GO:0042773)

oxidoreductase activity, acting on diphenols and related substances as donors (GO:0016679)

substrate!specific transmembrane transporter activity (GO:0022891)

oxidoreductase activity, acting on heme group of donors (GO:0016675)

envelope (GO:0031975)

mitochondrial electron transport, cytochrome c to oxygen (GO:0006123)

cytoplasm (GO:0005737)

mitochondrial inner membrane (GO:0005743)

mitochondrial respiratory chain complex III (GO:0005750)

mitochondrial envelope (GO:0005740)

mitochondrion (GO:0005739)

cation transmembrane transporter activity (GO:0008324)

phosphorus metabolic process (GO:0006793)

phosphorylation (GO:0016310)

electron transport chain (GO:0022900)

monovalent inorganic cation transmembrane transporter activity (GO:0015077)

transferase activity, transferring hexosyl groups (GO:0016758)

dolichol!linked oligosaccharide biosynthetic process (GO:0006488)

!"#$%&'()*+,&)-*

!(#&).&/0,($'*

12/)3&/4*

567*48/#."4(4*

9(&48/#."3)*+,&)-*

:$#$'83)*$)3;(#8*

!*+.$4"*&1**

<(#&3)*)"''*)8)'"*

=**+.$4"*&1*

<(#&3)*)"''*

)8)'"*

=**$/0*!*+.$4"*&1*

<(#&3)*)"''*)8)'"*

:$#$'83)*$)3;(#8*

9(&48/#."3)*+,&)-*

9(&48/#."3)*+,&)-*

567*48/#."4(4*$/0*

<(#&).&/0,($'*

12/)3&/4*

!"#$%&%'()(*%#)'24#",4*1,&<*

9>:*)2%()*4+'(/"*)&;$,($/)"*

!"#$%&%'()(*%#)'24#",4*1,&<*

=+'(/")'24#",*?(#.*'(/"$,*4+'(/"4*

email: e.cooke@warwick.ac.uk, p.kirk@warwick.ac.uk, r.s.savage@warwick.ac.uk and d.l.wild@warwick.ac.uk 


