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Abstract

Feed forward loops (FFLs) are gene regulatory network motifs. They exist in different types, defined by the signs of the effects
of genes in the motif on one another. We examine 36 feed forward loops in Escherichia coli, using evolutionary simulations to
predict the forms of FFL expected to evolve to generate the pattern of expression of the output gene. These predictions are tested
using likelihood ratios, comparing likelihoods of the observed FFL structures with their likelihoods under null models. The very
high likelihood ratios generated, of over 1011, suggest that evolutionary simulation is a valuable component in the explanation of
FFL structure.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Gene regulatory networks are patterns of directed
interactions between transcription factors and their target
genes. These networks are complex, and, within them,
smaller subsets of transcription factor–gene interactions
can be described, called “network motifs”. The feed
forward loop (FFL) is a 3-gene network motif that is
over-represented in real networks when compared with
randomised networks with the same degree of connectiv-
ity (Conant and Wagner, 2003; Milo et al., 2004, 2002).
A FFL comprises three genes, X, Y and Z, where X
regulates Y and Z, and Y regulates Z (see Fig. 1). A
FFL can be controlled by upstream transcription factors
or cofactors, which regulate gene expression or con-

∗ Corresponding author.
E-mail address: john.brookfield@nottingham.ac.uk

(J.F.Y. Brookfield).

trol transcription factor activity by cofactor binding or
covalent modification. Any factor that regulates X is
described as an input on X, symbolised by Sx. Corre-
spondingly, there can be an input on Y, or Sy, acting in
addition to the regulation of Y by X (Mangan and Alon,
2003).

Fig. 1 shows the eight possible FFL types (coherent
1–4 and incoherent 1–4), defined by the signs of the
effects of the genes’ transcription factor products on their
targets. In addition, many FFLs show autoregulations,
which can be either positive or negative in sign.

Many authors have examined the role of FFLs, and
why these motifs should be over-represented in gene net-
works (e.g. Ishihara et al., 2005; Mangan and Alon, 2003;
Wall et al., 2005). One potential explanation for FFLs
is to hypothesise that the FFL has evolved to convert
a particular pattern of Sx input into a particular pat-
tern of expression of Z. Here, we test this idea with an
evolutionary model, which is designed and tested using
Escherichia coli gene expression and regulatory network
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data as described below. The aims of this study are to
test the validity of the evolutionary model in predicting
FFL network structures, to increase our understanding
of, and make predictions about, FFL gene expression
and evolution, and to establish a method for quantifying
the evolutionary importance of a gene expression func-
tion, in this case, the response of FFL gene Z to the input
Sx.

For each of 42 FFLs identified in E. coli by Shen-
Orr et al. (2002), we identify the relationship between
the pattern of Sx expression and the pattern of Z expres-
sion that it creates. For example, we might see a steady
increase in Sx being converted to a sudden increase in Z
as the Sx level passes a threshold. We would describe this
relationship as an activation threshold. For each FFL we
wish to model, we propose, from published data, a rela-
tionship between Sx and Z. We can also observe whether
any autoregulatory loops (Fig. 1, lowest row) exist in the
FFL.

Fig. 1. Feed forward loops. The figure shows FFL types and some pat-
terns of FFL autoregulation. Circular nodes represent genes, and black
lines represent directed regulatory effects (arrowheads are activating,
flat ends repress). Feed forward loops are termed coherent (“C1–4”:
top row) or incoherent (“I1–4”: second row), depending on whether
there are complementary or antagonistic effects of X on Z directly and
indirectly, via Y. FFLs have been numbered according to their relative
abundance in Escherichia coli and Saccharomyces cerevisiae, with
the more common forms given lower numbers (Ishihara et al., 2005;
Mangan and Alon, 2003; Shen-Orr et al., 2002; Wall et al., 2005). The
third row shows examples of FFL autoregulation along with the termi-
nology used to describe it: The letters “A” or “O”, indicate the position
of autoregulating genes in the order X, Y, then Z in the FFL, where
A represents autoregulation, which can be positive, as shown here, or
negative.

We seek to explain, at least partially, why a particu-
lar feed forward loop has the structure that it has, why
it is a C1, or an I3, for example, and why the signs of
any autoregulations are as they are. However, the type
of a FFL, plus its autoregulatory interactions, does not
uniquely specify the relationship between the input Sx
and the output Z. A given type of FFL can create many
different relationships between Sx and Z, depending on
the quantitative details of the interactions between the
genes. Equally, for a given relationship between Sx and
Z, many FFL types, shown in the first two rows of Fig. 1,
will be capable of creating this relationship. How, then,
can we predict which types of FFL are likely to be seen in
living organisms? Our approach is explicitly evolution-
ary. We note that, while many different FFL types might
be equally capable of converting a given input Sx to a
given output Z, these FFL types may well have unequal
probabilities of evolving.

Therefore, for each FFL, we describe the interactions
between the components of the FFL in terms of a gene
expression model, which creates a pattern of expression
of gene Z with respect to time, as a consequence of a
temporally changing input Sx (see Fig. 2A). Parameters
describing the interactions between gene products and
their targets evolve in a simulation model which ran-
domly mutates these parameters, and tests the effects on
Z gene expression. A parameter change which improves
the fit between the gene expression model and the rela-
tionship between Sx and Z observed in nature (which
forms the aim of the simulation) is retained. After 1000
mutations have been tested, the gene expression pattern
of the final outcome of the evolutionary simulation is
tested against its aim, and classified as to whether it con-
stitutes a successful solution to the gene expression task.
Thus, for each evolutionary simulation, a simulated FFL
is generated, which is classified in terms of which of the
eight types of FFL it belongs to (themselves defined by
the signs of the three between-gene effects in the FFL),
and in terms of the signs of any autoregulations. We
examine in detail the subset of these FFLs that consti-
tute successful solutions to the gene expression task that
has been set.

These evolutionary simulations, therefore, create, for
each E. coli FFL, a frequency distribution of types of
FFL among simulated FFLs that solve the gene expres-
sion task performed by that E. coli FFL. This allows
testing of the model, and indication of whether our pro-
posed expression patterns are likely to have shaped E.
coli FFLs over evolutionary time. To explain FFL struc-
tures, we have to show that, among FFL types that could,
in theory, be used to produce the observed relationship
between Sx and Z, those that tend to be used, in real-
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