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Summary
Studies on the conservation of the inferred transcriptional regulatory network of prokaryotes have suggested
that specific transcription factors are less-widely conserved in comparison to their target genes. This observation implied that, at large evolutionary distances, the
turnover of specific transcription factors through loss
and non-orthologous displacement might be a major
factor in the adaptive radiation of prokaryotes. However,
the recent work of Hershberg and Margalit(1) suggests
that, at shorter phylogenetic scales, the evolutionary
dynamics of the bacterial transcriptional regulatory network might exhibit distinct patterns. The authors find
previously unnoticed relationships between the regulatory mode (activation or repression), the number of
regulatory interactions and their conservation patterns
in g-proteobacteria. These relationships might be shaped
by the differences in the adaptive value and mode of
operation of different regulatory interactions. BioEssays
29:625–629, 2007. ß 2007 Wiley Periodicals, Inc.
Introduction
Transcription regulation is mediated by specific transcription
factors (TFs), which regulate a particular set of target genes
(TGs), by specifically recognizing and binding their promoters.
Regulation by specific TFs can either cause ‘‘activation’’ or
‘‘repression’’, which respectively corresponds to increase or
decrease of mRNA expression levels with respect to the base
line. Over the years, individual studies as well as highthroughput methods have generated an enormous wealth of
information on the regulatory inputs provided by specific TFs
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to their target genes. This has allowed the assembly of
transcriptional regulatory interactions and their modes on the
genome scale for the prokaryotic model organism, E.coli K12.
These data have been made publicly available as RegulonDB
(URL: http://regulondb.ccg.unam.mx/index. html),(2) and is
being widely used as a base for genomic studies on the
structure and evolution of transcription regulation. Typically
this information is represented as a network or ordered graph,
termed the transcriptional regulatory network (TRN), with two
kinds of nodes, namely the TFs and TGs.(3,4) Distribution of
regulatory interactions of TFs has been shown to be
approximated by a power-law decay.(5,6) This implies that the
E. coli TRN has a scale-free topology with a few TFs (hubs)
regulatory a large number of TGs, while the rest of the TFs
have a limited number of TGs.
Some earlier studies on the evolution of the inferred
TRN across a phylogenetically wide range of completely
sequenced prokaryotic genomes have suggested that TFs
and TGs are retained or lost independently of each other.(7,8) In
general TGs were found to be maintained to a greater extent
than their upstream TFs. It was also observed that hubs were
not preferentially retained over TFs with a small number of
TGs. These observations on bacterial TRNs suggested that
they might be highly flexible, with a notable turnover in the
course of evolution of the specific TFs via loss and nonorthologous displacement. This provided a possible model for
the adaptive radiations of bacteria, wherein the target genes
are maintained across lineages but their regulatory inputs are
drastically altered by the turnover of TFs. However, the details
of this process at close phylogenetic distances remained
unclear. Hershberg and Margalit attempted to understand this
by focusing on the g-proteobacteria using a wealth of recently
available genomic data for these organisms.(1) Interestingly,
the authors found that, within enterobacterial lineage of
g-proteobacteria, co-evolution of TFs and their TGs is related
to the mode of regulatory interactions between them,
i.e. activation or repression. Specifically, repressors, unlike
activators, tend to co-evolve tightly with their TGs. Repressors
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with many targets are preferentially conserved as compared to
activators with many targets.
Categorization of TFs and gross evolutionary
dynamics of TFs in g-proteobacteria
For the purpose of their analysis, the authors categorized TFs
using two basic schemes: (1) evolutionary conservation and
(2) regulatory modes. In the first scheme, which is based on
identification of orthologs (Fig. 1), TFs were classified as
‘‘widely present’’ in 30 g-proteobacterial genomes, ‘‘Enteropresent’’ referring to their wide presence only in the
enterobacterial lineage (which includes E.coli and its closest
relatives) and ‘‘Entero-absent’’, which refers to TFs that are

absent in this lineage. In the second scheme, the authors used
the information on individual regulatory modes of TFs provided
by RegulonDB to categorize them as activators, repressors
and dual regulators (which both activate or repress different
sets of TGs). The E.coli TRN used in their study contained
143 TFs, 1048 TGs and 2285 regulatory interactions. Based
on the number of regulatory interactions of TFs in the TRN, the
authors found that nearly half of the TFs (72 out of 143) in
the TRN have more than 5 TGs. These 72 TFs were
then categorized as those with ‘‘many’’ targets and remaining
71 TFs were categorized as ones with ‘‘few’’ targets. The
numbers of TFs respectively classified into ‘‘widely present’’,
‘‘Entero-present’’ and ‘‘Entero-absent’’ were 13, 65 and 65.

Figure 1. Procedure used by Hershberg and Margalit(1) in detecting orthologs. Also shown is methodology used by the authors for
evaluating the extent of evolutionary associations between TFs and TGs in the E. coli TRN for both activating and repressive mode of
regulatory interactions in each of the 30 g-proteobacterial genomes. The four entries in both red and green tables, which respectively
correspond to activations and repressions, contain a number of instances wherein both the TGs and their TFs were conserved, neither of
them was conserved or only one of them was conserved.
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The number of activators, repressors and dual regulators were
68, 49 and 26 respectively.
These observations and analysis of the different categories
suggested several notable features regarding the evolution of
the TRN in g-proteobacteria.
(1) The low number of TFs in the ‘‘widely present’’ category
suggests that only a relatively small proportion of TFs are
widely conserved even within g-proteobacteria lineage,
consistent with the earlier studies on inferred TRNs of
prokaryotes.
(2) TFs that solely activate or repress are much more
prevalent than TFs that perform both the roles.
(3) Activators and repressors were not widely conserved
compared to dual regulators (Fig. 2).
(4) Activators and repressors with few targets display
comparable phyletic spread within the enterobacterial
lineage (Fig. 2).
(5) Among TFs with many targets, the number of repressors
conserved within the enterobacterial lineage is more than
twice that of activators (Fig. 2).
Preferential retention of repressors with many targets has
not been reported in earlier large-scale comparisons of TFs
in bacteria. Hence, it appears that, in short-phylogenetic
ranges, such as the enterobacterial clade, there might be
selective constraints to conserve repressors as compared to
activators.

Co-evolution of TFs and their target genes
The authors devised a procedure to specifically decipher the
relationship, if any, between regulatory mode (activation,
repression) and co-evolution of TFs and their TGs (Fig. 1).
They omitted 95 regulatory interactions involving rRNA, tRNA
and ncRNA target genes and concentrated only on proteincoding genes. The procedure employed could be divided in
three steps.
(1) For each of the 30 g-proteobacterial genomes, the
information on presence or absence of TFs and TGs were
recorded and mapped on to all the TF and TG regulatory
interactions in the E. coli TRN.
(2) This information was combined with data on mode of
regulatory interactions in the E. coli TRN, two 2  2 tables
for each genome—one for activation and the other for
repression. In each of the four cells of these tables,
the following entries were recorded: the number of
interactions with (i) both TF and its TG were
conserved, (ii) both TF and its TG were not conserved,
(iii) only TF was conserved and (iv) only TG was conserved
(Fig. 1).
(3) Then a statistical measure, the phi-coefficient, was used to
assess the extent of association or co-evolution between
TFs and their targets in each of these tables. Analogous
to Pearson correlation coefficient, phi-coefficient takes
up values between 1 to þ1. The higher the value of
phi-coefficient the greater is the extent of co-occurrence

Figure 2. Matrix plots depicting percentage of activators, repressors and dual regulators in each category of evolutionary conservation
(see Fig. 1). The percentage values have been taken from the original data. The plot on the left (A) corresponds to TFs with less than 5 TGs
and (B) corresponds to TFs with 5 or more target genes. The values shown in black denote that there are only few representations in that
category. The dark blue and violet boxes indicate high and low extent of representation of TFs. Entero-Abs, Entero-Pres and Widely-Pres
denote respectively ‘‘Entero-absent’’, ‘‘Entero-present’’ and ‘‘widely present’’ category of TFs. The matrix plots were made using matrix2png
program.(10)
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between TFs and TGs. The statistical significance of each
of this phi-coefficient measure was assessed using a
P-value measure, which indicates the chance of getting
the given value of phi-coefficient purely by chance. The
P-values <0.05 were considered to reflect statistically
significant phi-coefficients.
The authors found that the phi-coefficients for repressive
interactions are significantly higher than those for activating
interactions in all 15 enterobacterial genomes. Thus, it was
inferred that there is higher propensity for repressors and their
TGs to be present or absent simultaneously. Further, the
authors also evaluated the probability of conservation of
TGs given that their activators or repressors are not
conserved. The probability measures suggested that, in most
of enterobacterial genomes, repressors have significantly less
tendency as compared to activators to be lost if their target
genes are conserved. Thus, even though on larger evolutionary scales TFs in general are less-widely conserved in
comparison to TGs,(7) on smaller scales, repressors tend to be
co-maintained with their TGs.
Potential implications of TRN evolution in
small phylogenetic ranges
The ‘‘zoomed-in’’ view of evolutionary dynamics of bacterial
TRN, which is restricted to enterobacterial lineage, present
certain differences vis-à-vis the global evolutionary picture.

We suspect that there might be a potential relationship
between the higher conservation of repressors with many
targets and the tighter co-evolution of repressors and their
TGs. While there might be multiple repressors acting at a
given promoter region, it appears that they typically provide
regulatory inputs ‘‘in series’’, responding to different physiological or signaling states. Thus, many of the repressors
provide single inputs to their target genes, each at a given time
(Fig. 3). However, activators tend to allow more-rapid uses of
resources, and appear to relatively more often provide
combinatorial regulatory inputs in parallel (Fig. 3). Thus, for
a given condition, retention of a target gene and not its
repressor could allow unnecessary transcriptional responses
in the organism, and levy a cost which could potentially reduce
its fitness.(9) Further, the more the number of TGs for a
repressor, the consequences of its loss are likely to be more
serious. In contrast, conservation of a target gene but not one
or more of its multiple parallel-acting activators is unlikely to
shut-off gene expression completely and, at the same time, not
result in major cost from spurious overexpression. Thus, the
differential evolutionary dynamics of repressors and activators
might be significant in a closely related group of organisms,
especially as they adapt to parasitic niches through genomic
stream-lining. Objective tests for the generality of the
observations of Hershberg and Margalit and their explanations
should be soon possible with reconstruction of TRNs of other
major bacterial radiations.

Figure 3. A schematic representation of hypothesized distinct operational modes of activators and repressors at different physiological
states of cell. These states are denoted by time points T1 to T3. Activators and repressors are represented by green and red circles, while the
target genes are denoted by blue circles or rectangles. It could be easily seen from the figure that there are multiple activators providing
parallel inputs to a target gene at any given time. But repressors act in a serial mode providing single input at any time. The circles denoted in
grey and yellow correspond to absence and loss of transcription factors, respectively. The gene expression levels, spurious and base-level
expressions are indicated respectively by thickness of the arrows, open arrows and dotted arrows.
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