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Abstract: The identification of transcription factor binding sites is essential to the understanding of the regulation 
of gene expression and the reconstruction of genetic regulatory networks. The in silico identification of cis-regulatory 
motifs is challenging due to sequence variability and lack of sufficient data to generate consensus motifs that are of 
quantitative or even qualitative predictive value. To determine functional motifs in gene expression, we propose a 
strategy to adopt false discovery rate (FDR) and estimate motif effects to evaluate combinatorial analysis of motif 
candidates and temporal gene expression data. The method decreases the number of predicted motifs, which can 
then be confirmed by genetic analysis. To assess the method we used simulated motif/expression data to evaluate 
parameters. We applied this approach to experimental data for a group of iron responsive genes in Salmonella 
typhimurium 14028S. The method identified known and potentially new ferric-uptake regulator (Fur) binding sites. 
In addition, we identified uncharacterized functional motif candidates that correlated with specific patterns of 
expression. A SAS code for the simulation and analysis gene expression data is available from the first author upon 
request.
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Introduction
Gene expression exhibits temporal and spatial patterns in response to environmental changes 
and as part of developmental and differentiation processes. The binding of transcription factors 
(TFs) to regulatory elements of genes controls when and where specific genes will be expressed. 
The rate of gene transcription is regulated largely by the TFs that bind and affect the affinity 
of RNA polymerase for the transcription initiation site of the gene. The identification and testing 
of relevant TF binding sites remains a significant challenge in functional genomics (Tompa 
et al. 2005).

Traditionally, TF binding sites have been characterized by experimental methods. The availability 
of complete genome sequences enables us to use computational tools and advanced statistical methods 
to predict new potential TF binding sites. In addition, recent advances in high throughput gene expres-
sion analysis technologies can provide large amounts of detailed expression data. These techniques 
include DNA microarray(Conway and Schoolnik 2003; Eisen et al. 1998; Spellman et al. 1998), SAGE 
(serial analysis of gene expression) (Angelastro et al. 2000) and in vivo gene expression using promoter 
reporters(Anderson et al. 1988; Bjarnason et al. 2003; Blouin K. 1996; Kalir et al. 2001; Setty et al. 
2003; Van Dyk et al. 2001; Zaslaver et al. 2004) and in vivo TF binding techniques(Beer and Tavazoie 
2004; Braas et al. 2003; Elemento and Tavazoie 2005; Pritsker et al. 2004; Rosenfeld et al. 2005) 
(Ui et al. 1998).

Thorough the comparison of expression profi les, genes or putative genes can be grouped based 
on similarity of expression profi les by cluster analysis. Within the same cluster, genes are assumed 
to be transcriptionally co-regulated, and upstream regions of these co-expressed genes can be 
searched for shared sequence motifs. High conservation of upstream sequence motifs has lead to 
the widespread use of multiple alignments to search for conserved upstream nucleotide sequences 
(Conlon et al. 2003; Eskin and Pevzner 2002; J. van Helden 2000; J. van Helden 1998; Sinha and 
Tompa 2000) for motif discovery in several eubacterial species (McGuire et al. 2000) and 
Sacchromyces. cerevisiae (Frederick P. Roth 1998; Hughes et al. 2000). Although the strategies 
can identify many signifi cant repeats or conserved sequences upstream of the coding region, the 
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statistically signifi cant meaning of the putative 
motifs is based solely on the frequencies of the 
nucleotides or patterns against the genome spe-
cies. It doesn’t indicate the probability that the 
putative motifs are TF binding sites or have bio-
logical relevance for gene expression (Caselle 
et al. 2002; Cora et al. 2004), and these putative 
TF sites must be confi rmed by wet-bench genetic 
analysis. Compared with relatively simple bac-
terial genomes, the TF binding sites in eukary-
otes tend to be much shorter and the size of the 
potential regulatory region much larger, conse-
quently the number of the predicted putative 
motifs will be greater. Confi rming all putative 
motifs in all organisms by wet bench experimen-
tal analysis becomes challenging. Therefore 
approaches that would decrease the number of 
putative sites and effi ciently obtain functional 
motifs are crucial issues in the in silico analysis 
of regulatory sites. Using the combined analysis 
of complete genome information with gene 
expression data it is possible to identify statisti-
cally signifi cant putative motifs. However, the 
current motif discovery methods enable us to 
overestimate the putative motifs compared to 
what we expect to be signifi cant from biological 
data (Cora et al. 2004; Cora et al. 2005). Using 
traditional statistical methods, the identifi cation 
and testing of functional motifs involves multiple 
comparison tests, and the avoidance of Type I 
error, where a null hypothesis is incorrectly 
rejected, can be problematic. Although some 
researchers have tried to explore analysis tech-
niques to address these issues (Keles et al. 2002; 
Kessler and Witholt 2001), the present status of 
research suggests that the exploration and appli-
cation of the new analysis techniques would be 
advantageous

In this paper, we adopted the method of control-
ling the false discovery rate (FDR) (Benjamini 
1995) to decrease type I error and estimated motif 
candidate effects with longitudinal model (Wolfi n-
ger et al. 2001). We are interested in identifying 
putative functional motifs within co-regulated 
genes derived from temporal expression data. In 
the current study, we demonstrate that controlling 
the FDR and motif effect estimation are more 
appropriate for functional motif detection, and 
illustrate the strategy via a simulation study and 
time series gene expression data in Salmonella 
typhimurium.

Materials and Methods

Defi nition of false of the false 
discovery rate (FDR)
The FDR is the expected proportion of true null 
hypotheses erroneously rejected out of the total num-
ber of null hypotheses rejected (Benjamini 1995). In 
theory, if R null hypotheses are rejected in multiple 
comparison tests, V is the number of true null hypoth-
eses erroneously rejected. FDR is defi ned as:

FDR E V R R P R= > >( ) ( )0 0

Assume that m, the number of multiple com-
parison tests, are simultaneously tested, there are 
m null hypotheses H1, H2, ..., Hm on basis of inde-
pendent test statistics Y1, Y2 ..., Ym, from each Yi , 
fi guring out corresponding p-values, P1, P2 ..., Pm , 
then denoting the ordered values as P(1) � P(2) � ... 
� P(m), P(1), being the most signifi cant and P(n) the 
least signifi cant in the usual terminology. The 
values to control FDR when P(i) are independently 
distributed are given by the step-up formula:

k I P I m qi= max{ : ( ) }.( ) ≤

We reject P(1), P(2), ..., P(k*); if no such k exists, 
we reject none. It has been proven that the FDR 
could be controlled at some level, q (Benjamini 
1995). That is, out of k hypotheses rejected, it is 
expected that the proportion of erroneously rejected 
hypotheses is not greater than the FDR adjusted 
p-value.

Analysis of simulated data
The simulated data was generated by Monte Carlo 
simulation. We simulated 10 promoters that were 
associated with 50 sequence motifs: 8 func-
tional motifs (two motifs with negative effect and 
six motifs with positive effects) and 42 non-
functional motifs. The simulation was run 50 times 
and the simulated gene structure is shown in 
Figure 1. We assume that each gene has a con-
served expression profi le, three motifs upstream 
of the gene, and that motif effects are additive. 
A positive effect indicates that the TF site would 
work to enhance or activate gene expression, and 
a negative effect indicates that the TF site works 
to repress or hinder gene expression.
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Here we temporarily ignore non-linear interaction 
among motifs and assume that the effects of multiple 
motifs are additive. All combinations between promot-
ers and motifs have random uniform distribution. The 
simulated parameters are shown in Table 2; the simu-
lated model is as follows:

Y G Motif Motif Motifi i jk jk jk i
kjkj

= + + +∑∑∑∑ * ε

Here, Yi is gene i expression level; Gi is the ith gene 
conserved expression profi le, i = 1,2, ..., 10; Motifjk 
is the kth motifs additive effects in the jth cluster; 
j,k are the number of cluster and motifs, respec-
tively. εi is the ith normal random effects.

To check family-wise error rate (FWER), we 
shuffl ed the motif order against gene expression 
level 50 times to obtain the permutated data. For 
the simulated motifs, we tested by t-test for each 
of 50 motifs in both the simulated data and the 
permutated data. Under the assumption of unequal 
variances, the approximate sig statistic is com-
puted as
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sig is the signifi cant value of statistics; xi  is the 
mean of the ith candidate motif in a cluster and 
given gene expression experiment; x  is the mean 
of a cluster and given gene expression experiment; 
n1 is the number of the ith candidate motif in a 
given cluster and gene expression experiment; n2 
is the total number of a given cluster and gene 
expression experiment.

After the 50 tests were ordered by P(i), the 
FWER and the FDR were determined as described 
above.

Analysis of real gene expression 
data and estimation of motif effect 
in S. typhmurimum
A previous study by our group (Bjarnason et al. 
2003) identified iron responsive genes in 
S. typhimurium by screening a random promoter 
library in hogh and low iron. Expression profi les 
for the iron response clones were further organized 
on the basis of their expression profi le across 11 
conditions and 5-8 time points using cluster 
analysis (Eisen et al. 1998). Cluster analysis 
arranges genes according to their similarity in pat-
terns of gene expression. Genes previously dem-
onstrated to be repressed by the transcriptional 
regulator Fur were found within one of the larger 
clusters. Fur is primary transcriptional regulator 
involved in the regulation of iron uptake and 
metabolism.

We took 300 base pairs (bp) of upstream 
sequences of each gene in this cluster and tried 
to fi nd sequence patterns from the unaligned 
DNA sequences. We adopted the Mismatch Tree 
Algorithm (MITRA) and MEME – approaches 
to obtain composite regulatory patterns that are 
groups of monad patterns that occur near each 
other (Bailey 1999; Eskin and Pevzner 2002). 
The MITRA found 58 dyad motifs of length 6bp 
or greater in this set of co-regulated genes. We 
used unequal variance t-test where a signifi cant 
t-value is indicative of a putative motif or com-
posite pattern affecting the gene expression in 
the condition of that time point. The FDR 
adjusted p-value was computed as described 
above.

M3 G–35 –10M2M1

Figure 1: The simulated gene structure. M1 ,M2 and M3 
are three simulated transcriptional factor binding sites 
and the basal promoter element represented by the -35 
and -10 regions. The combination of the three motifs 
with the basal promoter element was random. The motif 
effects could be negative, positive or have no effect.

Table 1: Outcomes when testing m hypotheses

 H0 NOT 
rejected

H0 rejected Total

H0 True U V m0

H0 False T S m-m0

Total m-R R m

Note: V = number of Type I errors(false positive),T = 
number of type II errors(false negative).
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In the screened motif candidates we obtained 
consensus candidates. In order to quantitatively 
evaluate the motif candidates, we estimate the 
motif candidates with a longitudinal model. 
Let the random variable Yij = Yt(tij) denote the 
gene expression level of ithgene, measured at 
tij in each experiment. We then assume that Yij 
satisfies

Y t t j nij j i ij i ij ij i= + + + =β β β ε1 2 3
2 1, , ,…

Where ni is the number of longitudinal measure-
ments available for the ith gene, and where all error 
components εij are assumed to be independently 
normally distribution with mean zero and variance 
σ 2. The Yij can be rewritten as

Y Zi i i i= +β ε

Where Yi equals (Yi1, Yi2, ..., Yini)′, εi equals (εi1, 
εi2 ..., εini)′, βi equals ( β1i, β2i, β3i)′, and Zi is the 
(ni × 3) matrix, the columns of which contain 
only ones, all time points tij and all squared time 
points t2ij. The above model can now be seen as 
a linear regression model, and the vector βi of 
unknown parameters can be estimated by replac-
ing Yi in the ordinary least squares estimator 
βi OLS i i i iZ Z Z Y, ( ) ,= −' '1  by the vector Yi of observed 
value, leading to β.

All analysis processes were implemented by 
SAS.

Results and discussion

Simulated data
In order to evaluate the different statistical anal-
ysis methods, a simulated data set was generated 
by combining regulatory motifs with basic pro-
moter elements, as illustrated in Figure 1. The 
false discovery rate (FDR) adjusted p-value, 
familywise (or experimentwise) error rate 
(FWER) and comparison-wise error rate (CWER) 
computed from the t-probabilities in the simulated 
data set with ten genes and eight functional motifs 
are plotted in Figure 2A. The fi rst 13 comparisons 
in the simulated data and fi rst seven comparisons 
in permutated data are shown in Table 3. From 
Fig ure 2A, at very low probabilities of null 

hypotheses, FDR adjusted p-value, CWER and 
FWER are very close. With increasing numbers 
of rejected hypotheses, the FDR adjusted p-value 
is always lower than the FWER and higher than 
the CWER. From Table 3, at i = 12, FDR 
adjusted p-value = 0.2016, FWER = 0.91096, 
CWER=0.04837, based on t-probability or 
CWER, 12 motifs are detected, which could be 
considered “true” functional motifs. Based on 
FWER�0.5 criteria, the FDR adjusted p-value 
=0.01778, nine functional motifs would be 
detected, all of the eight true motif in simulated 
data are in the detected motif list, at i = 8, 
FWER=0.1478, FDR adjusted p-value = 0.0200, 
CWER=0.0032. Thus, FDR adjusted p-value 

Figure 2: A. The plot of FDR adjusted p-value, 
experiment-wise type I error (FWER)(alpha) and 
comparison-wise type I error (CWER)(pt) in the simu-
lated data set with ten genes and eight functional 
motifs and 50 motif-gene expression combinations. 
The x-axis is the number of hypotheses rejected and 
the y-axis is he probability level for the different sta-
tistical tests. B. The plot of FDR adjusted p-value, 
experimentwise type I error (FWER) (alpha) and com-
parisonwise type I error (CWER)(pt) in the shuffl ed 
simulation data set with ten genes and eight functional 
motifs and 50 motif-gene expression combinations. 
The x-axis is the number of hypotheses rejected and 
the y-axis is he probability level for the different sta-
tistical tests.
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controlled FDR, the FDR is similar to the family 
wise rate, so in such a situation controlling the 
FDR adjusted p-value is same as the controlling 
of FWER. When the number of null hypotheses 
is less than that of all hypotheses under testing, 
the FDR adjusted p-value is much smaller than 
that of FWER.

Permutation data
In order to generate a negative data set, the puta-
tive motif and condition-time point associations 
calculated above were randomly permutated. The 
FDR adjusted p-value, FWER and CWER were 
determined and plotted in Figure 2B and also 
shown in Table 3. Because the relationships 
among the putative motifs and gene-condition-
time points have been randomized, no null 

Table 2: Parameter values for the transcription 
elements for the simulated dataset.

Basal Promoter Activity Motif Effects1

10 Negative Motifs
50 -40
90 -80
130 Positive Motifs
163 20
180 40
200 60
250 800
300 120
500 150

Note1: In addition to these two negative and six positive 
motifs, 42 motifs with no effects were included in the 
simulated dataset

Table 3: The Tests in Simulated Population and Permutated Population

Obs tValue DF Motif CWER Exp FWER FDR adjusted p-value
1 12.61 331 2 �0.0001 0.0000 0.0000 0.0000

2 –12.07 352 7 �0.0001 0.0000 0.0000 0.0000

3 –17.63 341 8 �0.0001 0.0000 0.0000 0.0000

4 –7.68 325 6 �0.0001 0.0000 0.0000 0.0000

5 –5.73 353 5 �0.0001 0.0000 0.0000 0.0000

6 4.48 322 1 �0.0001 0.0005 0.0005 0.0001

7 –3.56 378 4 0.0004 0.0206 0.0204 0.0029

8 –2.97 325 3 0.0032 0.1600 0.1479 0.0200

9 –2.97 325 33 0.0032 0.1600 0.1479 0.0178

10 2.14 359 42 0.0328 1.6410 0.8062 0.1641

11 2.05 304 23 0.0417 2.0854 0.8758 0.1896

12 1.98 333 40 0.0484 2.4187 0.9110 0.2016

13 1.75 356 42 0.0817 4.0858 0.9832 0.3143

Permutation Results

1 2.17 147 17 0.0320 1.5996 0.79802 1.5996

2 2.07 165 32 0.0401 2.0069 0.8656 1.0035

3 –1.76 144 34 0.0807 4.0367 0.98234 1.3456

4 –1.73 134 16 0.0853 4.2632 0.98592 1.0658

5 1.71 154 14 0.0892 4.4588 0.98842 0.8918

6 1.62 147 21 0.1071 5.3558 0.99528 0.8926

7 1.5 124 1 0.13669 6.8346 0.99892 0.9764
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hypotheses should theoretically be rejected. As 
we can see in Figure 3, when the association 
between the putative motifs and expression data 
was shuffl ed, the FWER sharply increased. From 
Table 2, at i = 2, FDR adjusted p-value =1.00346, 
FWER = 0.8656, CWER = 0.04014. Based on 
the CWER criteria, two motifs were tentatively 
detected which could be considered “true” func-
tional motifs. However from FWER � 0.5 and 
the FDR adjusted p-value, nothing of signifi -
cance was detected. The FDR adjusted p-value 
larger than one would imply that the number of 
Type I errors exceed the number of rejected 
hypothesis. These results illustrate how unreli-
able the CWER is in multiple comparison tests 
of motif discovery.

Expression data from an iron-regulated 
cluster from S. typhimurium
We have previously characterized iron respon-
sive genes in S. typhimurium (Bjarnason et al. 
2003). Iron responsive genes were clustered on 
the basis of their expression profi les across 11 
conditions and time points via cluster analysis- 
(Eisen et al. 1998), and one signifi cant cluster 
containing known Fur responsive genes was 
selected for analysis. Fur mediates the majority 
of transcriptional repression to iron in bacteria 
(Earhart 1996). We adopted the Mismatch Tree 
Algorithm (MITRA) (Eskin and Pevzner 2002) 
to search for composite regulatory patterns in 
the 300bp sequence upstream of each gene. The 
MITRA found 58 dyad putative motifs of length 
6bp or greater and the unequal variance t-values 
and their corresponding probabilities were 

calculated from the time series gene expression 
experiment. For the 3886 (67 time points by 58 
dyad putative motifs) pattern-condition-time 
point association tests of the genes in the iron 
regulated cluster, the FDR, CWER and FWER 
are plotted in Figure 3. The behaviors of the 
indices are similar to those in Figure 2. At very 
low probabilities of null hypotheses, FDR 
adjusted p-value, FWER and CWER are very 
small and similar. For analysis of this real data, 
we take the FWER � 0.5, in this case, i = 63, 
FDR adjusted p-value = 0.0088, FWER=0.4260 
and CWER=0.0001, that is only 63 null hypoth-
eses out of 3886 association tests would be 
rejected. Adopting these criteria we would 
accept 22 signifi cant DNA patterns out of 58 
predicted MITRA DNA patterns. If extending 
criteria to the FDR adjusted p-value �0.05, then 
i = 132, FDR adjusted p-value = 0.04894, 
FWER=0.9984, CWER=0.0017, then 132 null 
hypotheses would be rejected and 39 DNA pat-
terns out of 58 putative DNA patterns would be 
accepted. We examined all of the 22 and 39 pat-
terns from the two criteria, respectively, and 
using WebLogo (Crooks GE 2002) they could 
be grouped into three subgroup motifs based on 
overlapping sequence patterns. The averages of 
FDR adjusted p-value, CWER, and FWER val-
ues for the motif candidates are shown in Table 
4, the minimum of FDR adjusted p-value is 
0.0043. It is worth noting that the motif A can-
didate in the Table 4 is similar to reported Fur 
motif binding sequences (Earhart 1996).

Graphical representations of the consensus 
sequences derived from WebLogo (Crooks GE 
2002; Schneider and Stephens 1990) are shown 

Table 4: The Functional Motif Candidates in the Fur-related Cluster

Type tValue CWER exp FWER FDR adjusted p- Motif Sequence
A -10.53 0.0000 0.0000 0.0000 0.0000 GATAATAATTAT
A -10.53 0.0000 0.0000 0.0000 0.0000 ATAATTATTATC
A 4.69 0.0001 0.2300 0.2064 0.0043 TAATGATTATC
B -10.53 0.0000 0.0000 0.0000 0.0000 CGTAACGC
B -5.58 0.0000 0.0000 0.0000 0.0017 CGTGACGC
B -5.58 0.0000 0.0000 0.0000 0.0017 GCGTCACG
C 16.9 0.0000 0.0000 0.0000 0.0015 GCCGGA
C 16.9 0.0000 0.0000 0.0000 0.0015 TCCGGC
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in are Figure 4. Each logo consists of stacks of 
wDNA symbols for each position. The overall 
height of the stack indicates the sequence 
conservation (nucleotide presence/conservation) 
at that position, while the height of symbols within 
the stack indicates the relative frequency of each 
nucleic acid at that position. The sequence logo 
provides a visual description of a binding site. The 
predicted consensus for Motif A matches that of 
the published Fur consensus site (Earhart 1996). 
In addition to the known Fur binding sites in this 
set of promoters, additional Fur sites are predicted. 
Motif candidate B and C did not match any known 
transcription factor binding sites and may repre-
sent a new TF binding sites. This potential 
regulatory motif is currently being investigated 
experimentally.

Figure 3: The plot of FDR adjusted p-value, experiment-
wise type I error (FWER)(alpha) and comparison-wise 
type I error (CWER)(pt) in the fur-related cluster in a time 
series gene expression experiment in S .typhimurium 
with 3886 motif-gene expression combinations. The x-
axis is the number of hypotheses rejected and the y-axis 
is he probability level for the different statistical tests.
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Figure 4: The LOGO graphical representation (Schneider and Stephens 1990) of predicted motif candidates in 
the iron regulated gene cluster. The images were generated using WebLogo (Crooks GE 2002) using the over-
lapping aligned patterns from the MITRA analysis and DFDR prediction. . The relative height of the base refl ects 
the degree of conservation.
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The estimation of the motif candidates 
via longitudinal model
In order to quantitatively describe the motif can-
didates, we estimated motif effects with a longi-
tudinal model. Motif effects are defi ned as the 
motif candidates take effects for their locating 
genes over time, Table 5 shows motif effects which 
contain hypothesis tests for the signifi cance of 
each of the motif and interaction effects which 
contain hypothesis tests for the interaction between 
time and motif, and indicates that fi xed effects of 
the motif candidates and the interactions among 
motif candidates, time and quadratic time are very 
signifi cant. Subsequently, the maximum likelihood 
(ML) and restricted maximum likelihood (REML) 
and minimum variance quadratic unbiased estima-
tion (MIVQUE0) are used to estimating for all 
parameters in the longitudinal model. From 
Table 6, the estimations of the three methods for 
the parameters are the same, but the standard errors 
of the ML estimates are less than that of the REML 
and MIVQUE0, and the estimates and standard 
error of the REML are the same as that of 
MIVQUE0.

Further investigation of the estimates for the 
parameters shows that signifi cant effects seem 
to be present among the motif candidates A and 
B, although they have opposite effects. The 
motif candidate C has the weakest effects 
(0.0438). There are signifi cant positive interac-
tions between motif candidate B and time 
effects, and weaker interactions between motifs 
A and C and time effects. The results also indi-
cate that the interaction of all motif candidates 
and quadratic time effects are negative and weak, 
and suggest that motif infl uences gene expres-
sion level over time.

Diagrams of functional motifs 
and predicted promoters
To illustrate the distribution of the predicted motif 
candidates and the relationship between the func-
tional motifs and promoters, we used BCM Search 
Launcher (Smith et al. 1996) to predict the position 
of the promoters. The positions of the potential 
motifs were mapped upstream of coding region. 
A motif occurrence is defined as a position in 
the sequence with a match that has a signifi cant 
p-value and signifi cant effects for gene expression 
levels (FDR�0.05). The ordering and spacing of 

all non-overlapping functional motif occurrences 
and the highest score promoters are shown for each 
upstream sequence in Figure 5. We fi nd the distri-
bution of the motifs is neither normal nor uniform. 
We also fi nd that most of the genes are predicted 
to be regulated by more than one TF binding 
site, consistent with the control of transcription 
by comprehensive interactions among the DNA 
binding sites.

Discussion
The past few years have witnessed a dramatic 
increase in our knowledge of primary genetic 
information at the level of genome sequences, 
which has been complemented by the development 
of methodologies for genome scale analysis of gene 
expression. The merging of these two knowledge 
bases provides an opportunity for rapid in silico 
analysis of genetic regulation. In principle there 
are many potential TF binding sites that can exist 
for any given gene. One of the fundamental chal-
lenges is the accurate prediction of TF binding sites 
and ultimately the estimation and evaluation of 
their qualitative and quantitative effects on gene 
expression. In addition to the specifi c TF binding 
site, contextual information can influence the 
quantitative effects of a particular site. This infor-
mation includes surrounding DNA sequence effects 
(infl uencing such processes as DNA fl exibility and 
intrinsic curvature), spacing with respect to pro-
moter elements and combinatorial effects of mul-
tiple TF elements. These infl uences are not readily 
predicted from our current understanding of gene 
regulation and experimental verifi cation is still 
required for many predicted TF sites. By combin-
ing gene expression data with motif prediction and 
the application of statistical analysis, the number 
of predicted TF binding sites can be signifi cantly 
reduced with a greater degree of confi dence (Cora 

Table 5: type 3 tests of fi xed effects

Effects NDF DDF F value Pr � F

Motif 3 262 9.99 �0.0001

Time*Motif 3 262 23.67 �0.0001

Time2 3 262 18.00 �0.0001

Note: NDF: numerator degrees of freedom; DDF: 
denominator degrees of freedom
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et al. 2004; Cora et al. 2005) Here we have dem-
onstrated that using an adjusted False Discovery 
Rate (FDR) and estimation of motif effects as a 
statistical strategy improve the prediction of real 
relative to false TF binding sites.

The combined analysis of motif prediction and 
gene expression data is complex, involving thou-
sands of multiple comparison tests. Avoidance of 
type I error and effi ciently identifying functional 
TF binding sites is not only of theoretical impor-
tance but will also reduce the amount of experi-
mental work required for verification. The 
traditional approach to dealing with multiple 
comparisons is through the control of family-wise 
error rate (FWER), rather than controlling the 
“comparison-wise error rate” (CWER). FWER is 
the probability of one or more false rejections 
of true hypotheses, regardless of how many 
hypotheses are true and what value the parameters 
of the false hypotheses take. FWER is controlled 

by strictly setting the specifi c rejection threshold, 
so that the probability that any of the null hypoth-
eses tested are erroneously rejected is below a 
specified low level. The false discovery rate 
(FDR), the expected ratio of erroneous rejections 
to the number of rejected hypotheses, gives us an 
alternative choice. In our simulation experiment, 
as documented by other researches (Dudoit 2003; 
Reiner et al. 2003; Storey and Tibshirani 2003a; 
Storey and Tibshirani 2003b), the FDR adjusted 
p-value is very similar to FWER when the number 
of null hypotheses is tested. In such a situation, 
controlling the FDR adjusted p-value is similar 
to controlling the FWER. Multiple comparison 
procedures controlling the FDR adjusted p-value 
are more powerful than the commonly used mul-
tiple comparison procedures based on FWER and 
CWER. FDR is well suited to large multiple 
comparison problems in which existing proce-
dures lack power, especially for the preliminary 
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identifi cation and tests of functional motifs in 
large scale gene expression data and bundles of 
putative motifs.

The identification of putative regulatory 
motifs is another challenge in this research. The 
methods for discovering DNA patterns are 
directly related to the quality of putative motifs 
and the accuracy of building genetic networks. 
DNA pattern discovery methods (Alvis Brazma 
1998; Eisen et al. 1998; Eskin and Pevzner 2002; 
J. van Helden 2000; J. van Helden 1998; Szymon 
M. Kielbasa 2001; Tompa et al. 2005; Zhou Zhu 
2002), look at the signifi cant patterns (J. van 
Helden 1998), monad or spaced dyads (Eskin 
and Pevzner 2002; J. van Helden 2000; Lars 
M.Jakt 2001) over the whole genome and are 
based on nucleotide frequencies and sampling 
probabilities; each one with its own advantages 
and disadvantages. Applying pattern discovery 
to a cluster of genes based on the similarity of 
their gene expression profi les is more advanta-
geous than the strategy of using the entire 
genome (Eskin and Pevzner 2002; Hao Li 2002) 
and upstream DNA sequence multiple alignments 
(Frederick P. Roth 1998; Hertz and Stormo 1999; 
Sinha and Tompa 2002). Expression profi le clus-
tering associates genes controlled by a regulatory 
cascade even if it may involve many different 
TFs and binding sites (Harmen J. Bussemaker 
2001).

To estimate motif effects, we used a longitudinal 
model. Longitudinal data means when the same 

measurement is made repeatedly on experimental 
units over time, inducing correlation in the mea-
surements within an experimental unit. As com-
pared with cross-sectional data analysis, modeling 
of longitudinal data presents additional diffi culties 
in that we must specify the time trend of the 
population mean and the correlation structure of 
the observations, and how covariates affect both 
of these. The linear mixed models are extensions 
of linear regression models for longitudinal data. 
It contains fi xed and random effects where the 
random effects are used to model between-subject 
variation and the correlation induced by this 
variation; it is an extremely fl exible analysis tool. 
The estimation of motif effects by longitudinal 
model analysis that we present provides a method 
to obtain functional motifs from large scale of 
gene expression data sets. The gene expression 
longitudinal data is characterized by repeated 
observations over time on the same set of genes, 
and the main feature is that the repeated observa-
tions on the same gene tend to be correlated; the 
longitudinal model gives us an method to over-
come the issue.

Identifi cation of TF binding sites remains prob-
lematic. Combining gene expression data with 
motif searching techniques provides improved 
identifi cation of regulatory sites. In the strategy 
presented here, the adjusted FDR and estimation 
of motif effects are demonstrated to provide a bal-
ance between false positive and false negative 
predictions. In the future, we will adopt this 
technique for genomic expression patterns 

Table 6: The estimations of main effects and interaction of the motif candidates

Effects ML(s.e.) REML(s.e.) MIVQUE0(s.e.)
Motif A 0.3278(0.0854) 0.3278(0.0869) 0.3278(0.0869)
Motif B -0.3569(0.0887) -0.3569(0.0901) -0.3569(0.0901)
Motif C 0.0438(0.1482) 0.0438(0.1507) 0.0438(0.1507)
Time * Motif A 0.0636(0.0436) 0.0636(0.0443) 0.0636(0.0443)
Time * Motif B 0.2965(0.0452) 0.2965(0.0460) 0.2965(0.0460)
Time* Motif C 0.6006(0.1129) 0.6006(0.1148) 0.6006(0.1148)
Time2 * Motif A -0.0036(0.0047) -0.0036(0.0048) -0.0036(0.0048)
Time2 * Motif B -0.0166(0.0049) -0.0166(0.0050) -0.0166(0.0050)
Time2 * Motif C -0.1222(0.0185) -0.1222(0.0188) -0.1222(0.0188)

Note: ML: maximum likelihood method. REML: Restricted maximum likelihood method. MIVQUE0: minimum 
variance quadratic unbiased estimation method. S.E.: standard error.
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(Lee et al. 2004; McCarroll et al. 2004) and control 
the proportion of false positive (Fernando et al. 
2004) to improve the accuracy of functional motifs, 
these are likely to help us in functional footprinting 
of the regulatory motif, and the building of genetic 
networks.

Acknowledgements
The authors thank Michael Elowitz and members 
of the Surette lab for helpful discussions. This work 
was supported by a grant though Genome Canada 
and Genome Prairie . M.G.S. is an Alberta Heritage 
Foundation for Medical Research Senior Scholar 
and Canada Research Chair in Microbial Gene 
Expression.



95

Song et al

Evolutionary Bioinformatics Online 2005:1

References
Alvis Brazma, I. J., Jaak Vilo and Esko Ukkonen, 1998 Predicting Gene 

Regulatory Elements in Silico on a Genome Scale. Genome Research 
8: 1202-1215.

Anderson, D. M., S. M. Gruner and S. Leibler, 1988 Geometrical aspects 
of the frustration in the cubic phases of lyotropic liquid crystals. Proc 
Natl Acad Sci U S A 85: 5364-5368.

Angelastro, J. M., L. Klimaschewski, S. Tang, O. V. Vitolo, T. A. Weissman 
et al., 2000 Identifi cation of diverse nerve growth factor-regulated 
genes by serial analysis of gene expression (SAGE) profi ling. Proc 
Natl Acad Sci U S A 97: 10424-10429.

Bailey, T. L., Michael E. Baker, Charles P. Elkan and William N. Grundy., 
1999 MEME, MAST, and Meta-MEME: New Tools for Motif 
Discovery in Protein Sequences. J. Wang, B. Shapiro and D. Shasha, 
editors. Oxford UP, 1999.

Beer, M. A., and S. Tavazoie, 2004 Predicting gene expression from 
sequence. Cell 117: 185-198.

Benjamini, Y. H., Y, 1995 Controlling the False Discovery Rate: a Practical 
and Powerful Approach to Mulyiple Testing. Journal of the Royal 
Statistical Society B, 57: 289-300.

Bjarnason, J., C. M. Southward and M. G. Surette, 2003 Genomic profi ling 
of iron-responsive genes in Salmonella enterica serovar typhimurium 
by high-throughput screening of a random promoter library. 
J Bacteriol 185: 4973-4982.

Blouin K., S. W. S., Smit J. and Turner RFB., 1996 Characterization of In 
Vivo Reporter Systems for Gene Expression and Biosensor Applica-
tions Based on luxAB Luciferase Genes. Appl. Environ. Microbiol. 
62: 2013-2021.

Braas, D., D. Kattmann, J. Miethe and K. H. Klempnauer, 2003 Analysis 
of DNase I-hypersensitive sites in the chromatin of the chicken 
adenosine receptor 2B gene reveals multiple cell-type-specifi c cis-
regulatory elements. Gene 303: 157-164.

Caselle, M., F. D. Cunto and P. Provero, 2002 Correlating overrepresented 
upstream motifs to gene expression: a computational approach to regu-
latory element discovery in eukaryotes. BMC Bioinformatics 3: 7.

Conlon, E. M., X. S. Liu, J. D. Lieb and J. S. Liu, 2003 Integrating regula-
tory motif discovery and genome-wide expression analysis. Proc Natl 
Acad Sci U S A 100: 3339-3344.

Conway, T., and G. K. Schoolnik, 2003 Microarray expression profi ling: 
capturing a genome-wide portrait of the transcriptome. Mol Microbiol 
47: 879-889.

Cora, D., F. Di Cunto, P. rovero, L. Silengo and M. Caselle, 2004 Compu-
tational identifi cation of transcription factor binding sites by func-
tional analysis of sets of genes sharing overrepresented upstream 
motifs. BMC Bioinformatics 5: 57.

Cora, D., C. Herrmann, C. Dieterich, F. Di Cunto, P. Provero et al., 2005 
Abinitio identifi cation of putative human transcription factor binding 
sites by comparative genomics. BMC Bioinformatics 6: 110.

Crooks GE, H. G., Chandonia JM, Brenner SE, 2002 WebLogo:A sequence 
logo generator. (in progress http://weblogo.berkeley.edu/).

Dudoit, S., Shaffer, J.P., and Boldrick, J.C., 2003 Multiple hypothesis test-
ing in microarray experiments. Stat Sci 18: 71-103.

Earhart, C. F., 1996 Uptake and Metabolism of Iron and Molybdenum. 
Frederick C.Neidhardt, Editor in Chief. Escherichia coli and Salmo-
nella Cellular and Molecular Biology 1: 1075-1090.

Eisen, M. B., P. T. Spellman, P. O. Brown and D. Botstein, 1998 Cluster 
analysis and display of genome-wide expression patterns. Proc Natl 
Acad Sci U S A 95: 14863-14868.

Elemento, O., and S. Tavazoie, 2005 Fast and systematic genome-wide 
discovery of conserved regulatory elements using a non-alignment 
based approach. Genome Biol 6: R18.

Eskin, E., and P. A. Pevzner, 2002 Finding composite regulatory patterns 
in DNA sequences. Bioinformatics 18 Suppl 1: S354-363.

Fernando, R. L., D. Nettleton, B. R. Southey, J. C. Dekkers, M. F. Rothschild 
et al., 2004 Controlling the proportion of false positives in multiple 
dependent tests. Genetics 166: 611-619.

Frederick P. Roth, J. D. H., Preston W. Estep, and George M. Church, 1998 
Finding DNA regulatory motifs within unaligned noncoding 
sequences clustered by whole-genome mRNA quantitation. Nature 
Biotechnology 16: 939-945.

Hao Li, V. R., Carol Gross, and Eric D. Siggia, 2002 Identifi cation of the 
binding sites of regulatory proteins in bacterial genomes. PNAS 
vol.99: 11772-11777.

Harmen J. Bussemaker, H. L. E. D. S., 2001 Regulatory element detection 
using correlation with expression. Nature Genetics 27: 167-171.

Hertz, G. Z., and G. D. Stormo, 1999 Identifying DNA and protein patterns 
with statistically significant alignments of multiple sequences. 
Bioinformatics 15: 563-577.

Hughes, J. D., P. W. Estep, S. Tavazoie and G. M. Church, 2000 Computa-
tional identifi cation of cis-regulatory elements associated with groups 
of functionally related genes in Saccharomyces cerevisiae. J Mol 
Biol 296: 1205-1214.

J. van Helden, A. F. R. a. J. C.-V., 2000 Discovering regulatory elements in 
non-coding sequences by analysis of spaced dyads. Nucleic Acids 
Research 28: 1808-1818.

J. van Helden, B. A. a. J. C.-V., 1998 Extracting Regulatory Sites from the 
Upstream Region of Yest Genes by Computational Analysis of Oli-
gonucleotide Frequenceies. J. Mol. Biol 281: 827-842.

Kalir, S., J. McClure, K. Pabbaraju, C. Southward, M. Ronen et al., 2001 
Ordering genes in a fl agella pathway by analysis of expression kinet-
ics from living bacteria. Science 292: 2080-2083.

Keles, S., M. van der Laan and M. B. Eisen, 2002 Identifi cation of regulatory ele-
ments using a feature selection method. Bioinformatics 18: 1167-1175.

Kessler, B., and B. Witholt, 2001 Factors involved in the regulatory network 
of polyhydroxyalkanoate metabolism. J Biotechnol 86: 97-104.

Lars M.Jakt, L. C., Kathryn S.E. Cheah, and David K. Smith, 2001 Assess-
ing Clusters and Motifs from Gene Expression Data. Genome 
Research 11: 112-123.

Lee, C. W., E. Stabile, T. Kinnaird, M. Shou, J. M. Devaney et al., 2004 
Temporal patterns of gene expression after acute hindlimb ischemia 
in mice: insights into the genomic program for collateral vessel 
development. J Am Coll Cardiol 43: 474-482.

McCarroll, S. A., C. T. Murphy, S. Zou, S. D. Pletcher, C. S. Chin et al., 
2004 Comparing genomic expression patterns across species identi-
fi es shared transcriptional profi le in aging. Nat Genet 36: 197-204.

McGuire, A. M., J. D. Hughes and G. M. Church, 2000 Conservation of 
DNA regulatory motifs and discovery of new motifs in microbial 
genomes. Genome Res 10: 744-757.

Pritsker, M., Y. C. Liu, M. A. Beer and S. Tavazoie, 2004 Whole-genome 
discovery of transcription factor binding sites by network-level 
conservation. Genome Res 14: 99-108.

Reiner, A., D. Yekutieli and Y. Benjamini, 2003 Identifying differentially 
expressed genes using false discovery rate controlling procedures. 
Bioinformatics 19: 368-375.

Rosenfeld, N., J. W. Young, U. Alon, P. S. Swain and M. B. Elowitz, 2005 
Gene regulation at the single-cell level. Science 307: 1962-1965.

Schneider, T. D., and R. M. Stephens, 1990 Sequence logos: a new way to 
display consensus sequences. Nucleic Acids Res 18: 6097-6100.

Setty, Y., A. E. Mayo, M. G. Surette and U. Alon, 2003 Detailed map of a cis-
regulatory input function. Proc Natl Acad Sci U S A 100: 7702-7707.

Sinha, S., and M. Tompa, 2000 A statistical method for fi nding transcription 
factor binding sites. Proc Int Conf Intell Syst Mol Biol 8: 344-354.

Sinha, S., and M. Tompa, 2002 Discovery of novel transcription factor 
binding sites by statistical overrepresentation. Nucleic Acids Res 30: 
5549-5560.

Smith, R. F., B. A. Wiese, M. K. Wojzynski, D. B. Davison and K. C. 
Worley, 1996 BCM Search Launcher--an integrated interface to 
molecular biology data base search and analysis services available 
on the World Wide Web. Genome Res 6: 454-462.

Spellman, P. T., G. Sherlock, M. Q. Zhang, V. R. Iyer, K. Anders et al., 1998 
Comprehensive identifi cation of cell cycle-regulated genes of the 
yeast Saccharomyces cerevisiae by microarray hybridization. Mol 
Biol Cell 9: 3273-3297.



96

Motif analysis in temporal gene expression

Evolutionary Bioinformatics Online 2005:1

Storey, J. D., and R. Tibshirani, 2003a Statistical methods for identifying 
differentially expressed genes in DNA microarrays. Methods Mol 
Biol 224: 149-157.

Storey, J. D., and R. Tibshirani, 2003b Statistical signifi cance for genome-
wide studies. Proc Natl Acad Sci U S A 100: 9440-9445.

Szymon M. Kielbasa, J. O. K., Dieter Beule, Johannes Schuchhardt and 
hanspeter Herzel, 2001 Combining frequecncy and positional infor-
mation to predict transcription factor binding sites. Bioinformatics 
17: 1019-1025.

Tompa, M., N. Li, T. L. Bailey, G. M. Church, B. De Moor et al., 2005 
Assessing computational tools for the discovery of transcription 
factor binding sites. Nat Biotechnol 23: 137-144.

Ui, M., D. Endoh, K. O. Cho, Y. Kon, A. Iwata et al., 1998 Transcriptional 
analysis of Marek’s disease virus (MDV) genes in MDV-transformed 
lymphoblastoid cell lines without MDV-activated cells. J Vet Med 
Sci 60: 823-829.

Van Dyk, T. K., E. J. DeRose and G. E. Gonye, 2001 LuxArray, a 
high-density, genomewide transcription analysis of Escherichia coli 
using bioluminescent reporter strains. J Bacteriol 183: 5496-5505.

Wolfi nger, R. D., G. Gibson, E. D. Wolfi nger, L. Bennett, H. Hamadeh et al. 
2001 Assessing gene signifi cance from cDNA microarray expression 
data via mixed models. J Comput Biol 8: 625-637.

Zaslaver, A., A. E. Mayo, R. Rosenberg, P. Bashkin, H. Sberro et al., 2004 
Just-in-time transcription program in metabolic pathways. Nat Genet 
36: 486-491.

Zhou Zhu, Y. P. a. G. M. C., 2002 Computational Identifi cation of Transcrip-
tion factor Binding Sites via a Transcription-factor-centric 
Clustering(TFCC) algorithm. J. Mol. Bio. 318: 71-81.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


