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1 Introduction

The recent emergence of whole-genome expression data requires a novel computational method to
efficiently extract biological information from the large-scale data. The typical method for extracting
information about genetic networks is cluster analysis and Fourier analysis of gene-expression patterns
[2, 3, 4]. These analyses have uncovered some of the genetic networks. However, in order to comprehend
all of the genetic networks in a variety of biological processes, it is necessary to develop computational
methods from various viewpoints. Here we propose a computational time-series analysis to infer
gene-regulatory networks from whole-genome expression data.

2 Method

The lag analysis we propose is a method of analyzing a cross-correlation function between mRNA
expression levels to screen for the genes whose expression levels have a time-lagged correlation with
that of a known transcription factor. The cross-correlation function is defined as:
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where xt is the expression level of a known transcription factor at time t, and x̄ is the mean of xt

over t. yk+t is the expression level of a gene at time k + t, and ȳ is the mean of yk+t over t. N is
the number of time points and k is the time delay. We calculate a cross-correlation function and test
a no-correlation hypothesis of the cross-correlation function. The statistic for the no-correlation test
(r = 0) is defined as:
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,

where n is the number of samples and equals N − k in the formula of the cross-correlation function.
The statistic follows the t-distribution with n− 2 degree of freedom, and the statistical significance of
the statistic equals the value of the cumulative distribution function of the t-distribution in a one-sided
test.

We calculate and compare the statistical significance values at all delays within one cell-cycle, and
define the delay with the largest significance value as a “lag”. If a gene has a significance value of more
than 0.99 at a lag, we screen for the gene. This means we select the gene for which the no-correlation
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Figure 1: A lag is the time required until a transcription factor begins to influence a gene. The
expression level of a transcription factor is depicted as a solid line, and the expression level of a gene
is depicted as a broken line.

hypothesis is rejected at a lag at a 0.01 significance level. When naturally interpreted, a lag means
the time needed from the time a transcription factor is expressed until its acting on a gene (Figure 1).

Moreover, we undertake upstream sequence analysis to screen the genes selected by lag analysis
for those that are directly controlled by a known transcription factor. We examine the number of
already known consensus regulatory elements in a 600-base upstream region of the genes screened by
lag analysis. For the reliability of analysis, we screen for the genes that have two or more consensus
regulatory elements in the upstream region.

3 Results

We applied our analysis to the data gathered by Cho et al. [1], who measured the expression levels of
6220 mRNA species of budding yeast. These data provided us with 17 time points taken at 10-minute
intervals. We make our results available at [5]. The results include many genes that are known targets
of MBF (Swi6 + Mbp1), SBF (Swi6 + Swi4), and Swi5, and include those that are unknown targets
of them in previous studies. Interestingly, the results show a “central lag”, an “exceptional lag”, and
“different lags.” A central lag is the time at which a lot of genes are influenced concentrically. Some
genes are influenced at an exceptional lag, which is the time far from a central lag. Different lags
indicate two transcription factors (Swi6 and Swi4) have quite different times in influence on a gene
at mRNA level, although they form into a protein complex (SBF), which is a final transcriptional
regulator.
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