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Abstract

Background: The exponential growth of the number of fully sequenced genomes at varying taxonomic closeness
allows one to characterize transcriptional regulation using comparative-genomics analysis instead of
time-consuming experimental methods. A transcriptional regulatory unit consists of a transcription factor, its
binding site and a regulated gene. These units constitute a graph which contains so-called “network motifs”,
subgraphs of a given structure. Here we consider genomes of closely related Enterobacteriales and estimate the
fraction of conserved network motifs and sites as well as positions under selection in various types of non-coding
regions.

Results: Using a newly developed technique, we found that the highest fraction of positions under selection,
approximately 50%, was observed in synvergon spacers (between consecutive genes from the same strand),
followed by ~45% in divergon spacers (common 5’-regions), and ~10% in convergon spacers (common 3’-regions).
The fraction of selected positions in functional regions was higher, 60% in transcription factor-binding sites and
~45% in terminators and promoters. Small, but significant differences were observed between Escherichia coli and
Salmonella enterica. This fraction is similar to the one observed in eukaryotes.
The conservation of binding sites demonstrated some differences between types of regulatory units. In E. coli,
strains the interactions of the type “local transcriptional factor gene” turned out to be more conserved in
feed-forward loops (FFLs) compared to non-motif interactions. The coherent FFLs tend to be less conserved than
the incoherent FFLs. A natural explanation is that the former imply functional redundancy.

Conclusions: A naïve hypothesis that FFL would be highly conserved turned out to be not entirely true: its
conservation depends on its status in the transcriptional network and also from its usage. The fraction of positions
under selection in intergenic regions of bacterial genomes is roughly similar to that of eukaryotes. Known
regulatory sites explain 20±5% of selected positions.
Background
Currently Genbank contains more than a thousand
complete bacterial genomes and many more are in pro-
gress [1]. On the other hand, the regulation of gene ex-
pression was experimentally studied in detail only for a
few model organisms, such as Escherichia coli, Salmon-
ella enterica, Bacillus subtilis, or selected functional sys-
tems of particular interest in other species.
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However, the availability of numerous genomes at differ-
ent levels of taxonomic closeness now allows one to use
bioinformatic methods relying on statistical analysis and
comparative genomics to reconstruct transcriptional regu-
latory interactions in sets of related species either starting
from experimental data such as known regulatory sites or
genes changing expression in certain conditions [2-7], or
de novo [8-14], for reviews see [15,16]. Such analyses can
be done for particular transcription factors and regulatory
systems (reviewed in [16]) or for entire taxa [17-19], or for
transcription-factor families [20-22].
In each cell, transcription factors (TFs), their binding

sites and regulated genes form transcriptional regulatory
networks (TRNs). Compared to a random graph, natural
TRNs contain an excess of so called “network motifs”
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[23], or “graphlets” [24], that is, subgraphs with a given
structure. One of the most abundant motifs is the feed-
forward loop (FFL) [25]. A FFL comprises three genes,
two TFs and one regulated gene. The first TF controls
the second TF and both of them control the third gene.
FFLs can be further classified based on the type of

regulatory links or TFs. Each of the three interactions in
a FFL can be either activating or repressing [26]. FFL is
called coherent if the first TF has the same direct effect
on the regulated gene as its indirect effect via the second
TF. Otherwise, it is called incoherent [23]. From the bio-
logical point of view, incoherent FFLs might be import-
ant for the transient response to persistent signals [27].
Moreover, incoherent FFLs can speed up the response
time of the network acting as sign-sensitive accelerators,
while coherent FFLs act as sign-sensitive delays [26].
Not all FFLs occur equally often. The coherent FFL with

three activation interactions is the most common one in
E. coli (type C1 in Figure 1). In the most frequent incoher-
ent FFL, the first TF upregulates the expression of the sec-
ond TF and the gene while the second TF downregulates
the expression of the gene (type I1 in Figure 1). At that,
the differences in the frequencies of the FFL types are not
explained simply by the relative abundances of repressor
and activator interactions in the network [26].
It has been suggested that the TRN evolution depends

on the type of the regulator action. Activators are more
likely than repressors to be lost when their targets are
maintained. In order for a repressor to be removed, its tar-
gets need either to acquire alternative regulation, or to be
lost themselves. So the repressors with many targets
turned out to be more conserved than activators [28].
All regulatory links can be classified depending on

whether the TF is global or local. Previous analysis of the
C1 C2 C3 C4

I1 I2 I3 I4
Figure 1 Types of feed-forward loops (FFLs).
network context demonstrated that most FFLs belong to
two types [29]. Either both TFs regulate a large number of
genes and one of them regulates the other, the archetypal
example being FNR and ArcA of E. coli [30], or the first
TF is a global regulator, and the second TF, a local one, as
exemplified in E. coli by CRP and local sugar regulators
[31]. Three possible definitions of global regulators are
feasible. The subsystem-based approach defines global
TFs based on their ability to regulate different metabolic
pathways [32]. The regulation-based approach uses such
criteria as the number of regulated genes, e.g. more than
15 genes [33] or 10 operons [23]. Additional criteria are
the number and types of co-regulators, the variety of con-
ditions in which the regulatory interactions are invoked,
etc. [34]. Finally, the network-based approach identifies as
global those TFs that regulate several modules in the TRN
[35]. In the E. coli TRN, these approaches are consistent
only for seven regulators: CRP, IHF, FNR, Fis, ArcA, Lrp,
H-NS. Other candidates are NarL, Fur, Mlc [33], CspA,
OmpR, RpoN, RpoS [35]. In this work we combined these
approaches to define global regulators.
The abundance of the FFLs yields the question of their

evolutionary significance. Previously, the FFL motif con-
servation has been shown to correlate with the lifestyle
defined as a set of several parameters like oxygen
requirements, optimal growth temperature, environmen-
tal condition and pathogenicity, so that organisms that
share a similar lifestyle tend to conserve similar tran-
scriptional regulatory network motifs [27]. Also, the con-
servation of regulatory links that form FFLs was claimed
to be more correlated than the conservation of triples in
random regulatory interactions or pairs of co-regulated
genes [36]. However, in both these studies an interaction
was considered to persist simply when the TF and the
regulated gene were present, whereas orthologous TFs
in bacteria may have different functions and regulate dif-
ferent genes [37]. Here, we analyzed not only the conser-
vation of TFs and regulated genes, but also the
conservation of the TF binding sites upstream of the
genes, assuming that if the site is conserved, then the
regulation is maintained.
The bacterium arguably best studied from the regula-

tory point of view is E. coli K12. We used the available
data collected in the RegulonDB database [38] to study
evolutionary changes in transcriptional regulation of
related species. At that, we compared the behavior of
the TRN connections forming FFLs to those not belong-
ing to motifs. We did that at different taxonomy levels:
from E. coli strains, where we required absolute conser-
vation of a site, to the Enterobacteriales order, where we
required existence of a site with the score close to the
score of the original site.
A related problem is that of the evolutionary forces

acting on regulatory sites and, more generally, intergenic



Figure 2 Five types of alignment positions for sequences from
two clades (E. coli and Salmonella spp.).
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regions. In a series of papers, Lassig and coworkers
demonstrated that that even modest positive selection is
sufficient to create a TF-binding site in a relatively short
time [39,40] and that the calculated strength of TF-
binding sites is more conserved than expected given the
sequence conservation level [41], demonstrating specific
purifying selection on the former. In yeasts, the fraction
of positions in intergenic regions subject to purifying se-
lection is ~40% [42], while for Drosophila simulans
introns it is ~45% [43]. For E. coli, an estimate based on
comparison to synonymous codon positions is ~50%
[44]. The latter study used a complicated statistical pro-
cedure to account for the fact that, at least in bacteria,
the existence of the codon usage bias demonstrates that
synonymous positions are not neutral, and thus cannot
serve as a straightforward control.
We propose a simple method for estimating the frac-

tion of positions subject to purifying selection in non-
coding DNA regions given two sets of strains of two
related species. These species should be sufficiently close
so that the intergenic regions could be unambiguously
aligned, yet a substantial fraction of nucleotides had
been substituted since the species diverged from their
common ancestor. We apply this method to the gen-
omes of E. coli strains and Salmonella spp.
Overall, we utilize a large number of available, com-

pletely sequenced genomes at different levels of taxo-
nomic relatedness to characterize the TRN evolution
using a variety of newly developed computational meth-
ods and comparative approaches. Our aim is to deter-
mine how changes in different units such as regulatory
sites, regulated genes, transcriptional factors and net-
work motifs contribute to this process.

Results
Selection in intergenic regions
We suggest that the fraction of sites evolving under
purifying selection can be estimated by comparing con-
servation statistics of orthologous intergenic regions in
alignments from clades of closely related bacterial gen-
omes. The genomes should be sufficiently close in order
(1) to allow for unambiguous identification of ortholo-
gous genes; (2) to retain a considerable fraction of the
gene order so that orthologous intergenic regions could
be identified as regions between pairs of pairwise ortho-
logous genes; and (3) to allow for alignment of ortholo-
gous intergenic regions.
Each alignment position for the two clades may be un-

ambiguously classified as belonging to one of the follow-
ing types (Figure 2):

(i) conserved and identical in both clades (CC);
(ii) conserved in both clades but differs between

them (CD);
(iii) conserved in the first clade but variable in the
second clade (CN);

(iv) variable in the first clade but conserved in the
second clade (NC);

(v) non-conserved in both clades (NN).

We assume that an alignment position is evolving neu-
trally (purifying selection does not act) if it contains at
least one substitution. Still, even a neutrally evolving
position may contain no substitutions, if the genomes
are close: insufficient time may have passed since species
shared their common ancestor for a substitution to
occur. Let s be the total number of neutrally evolving
positions. For the neutral positions we may write a con-
tingency table (Table 1). Assuming that functionality of a
position does not differ between the clades and the sub-
stitution rates are the same in the two clades, we obtain:

s ¼ NN þ CNð Þ NN þ NCð Þ
NN

Since the total number of positions in the alignment,
n, and the numbers of alignment positions of each type
(CC, CD, CN, NC and NN) are directly observable
(Table 1), the fraction of positions under purifying selec-
tion can be easily calculated as ω ¼ 1� s=n . The mean
values and standard deviations for all parameters were
obtained for 100 bootstrap samples of 15 E. coli strains
and 15 Salmonella strains. In the calculation above only
alignment positions without gaps were considered. As-
suming that a position containing a gap is neutral, we
multiplied ω by the fraction of ungapped alignment posi-
tions for each genome.
To assess the robustness of the observed estimates, we

performed a two-stage bootstrap procedure with resam-
pling of both genomes and alignment positions. At the
first (external) cycle we tested whether the estimated
fraction of positions under purifying selection depended
on the choice of genomes included in the alignment. We
randomly selected 15 E. coli strains and 15 S. enterica



Table 1 Distribution of neutrally evolving positions

Variable positions in the
Salmonella clade

Conserved positions in the
Salmonella clade

Total

Variable positions in
the E.coli clade

NN=170±40 NC=749±113 NN+NC

Conserved positions
in the E.coli clade

CN=1370±291 CD=3823±422 and an unknown
fraction of СС=17541±1709

not relevant

Total NN+CN not relevant s
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strains, extracted orthologous intergenic regions, aligned
them and estimated the fraction of positions under se-
lection as described above. The cycle was performed 100
times. At the second (internal) cycle we tested the de-
pendence on positions in the multiple alignment. For
the current set of genomes we constructed a bootstrap
alignment, where each column was sampled independ-
ently with replacement from the initial alignment. This
cycle was performed 10 times.
For each genome we calculated the mean fraction of

non-coding positions under selection, ωω and its 95%
confidence interval. The fraction of positions under se-
lection was estimated for all intergenic regions, for con-
vergons (genes sharing 3’-regions), divergons (genes
sharing 5’- regions) and synvergons (consecutive genes
from the same strand). The obtained estimates are
shown in Figure 3.
Unexpectedly, the highest fraction of positions under

selection, approximately 50%, was observed in the syn-
vergon intergenic regions, followed by divergons (slightly
more than 44%) and convergons (approximately 11%).
Small, but significant differences were observed between
E. coli and S. enterica according to the Mann–Whitney
test for all intergenic regions and for synvergons (both
p-values <0.001). Changes in fractions of positions under
selection in convergons for E. coli and S. enterica were
significant (p-value=0.01), while we found no significant
differences between divergons (p-value=0.29).
We also estimated the fraction of positions under se-

lection in different functional DNA regions of E. coli
K12, such as promoters, terminators and TF-binding
sites (TFBS) according to RegulonDB. The fraction of
positions under selection for TF-binding sites was
higher than in the intergenic regions in general,
(~60%) while values for promoters and terminators were
approximately the same (45%) (Figure 4). Again, signifi-
cant differences were observed between E. coli and
S. enterica according to the Mann–Whitney test in all
cases (p-values<0.001).
Definition of global regulators
As the TRN evolution might depend on the regulator type,
it is necessary to define global regulators. We analyzed the
number of the regulated operons (Additional file 1: Table
S1) and the diversity of the metabolic pathways.
The largest regulons were observed for all seven uni-
versally accepted global regulators and FUR. FUR con-
trols several distinct cellular processes: acid and
oxidative stresses, glycolysis and gluconeogenesis, phage
DNA packaging [45,46], metal ion stress [47-49], resist-
ance to cobalt and nickel [50], the tricarboxylic acid
cycle, porins, respiration, purine metabolism, flagellum
chemotaxis, methionine biosynthesis [51-53], 2,3-
dihydroxybenzoate biosynthesis [54], hence we classified
it as a global regulator.
While such TFs as NsrR, LexA, CpxR, NarL have large

regulons, we considered them as local, since each of
their regulons is involved in a single cellular process. In-
deed, NsrR regulates genes involved in cell protection
against nitric oxide (NO) [55,56], LexA mediates SOS-
response [57], CpxR is involved in conjugation [58], NarL
controls anaerobic electron transport and fermentation-
related genes in response to availability of high concentra-
tions of nitrate or nitrite [59].
Conservation of regulatory interactions in E. coli strains
A connection in a TRN may change for a variety of rea-
sons: the regulated gene, TF or TFBS might disappear.
Also, the evolution of binding sites is not strictly qualita-
tive: a site may be present, but with a changed binding
rate. In very closely related species (in our case, the E. coli
strains), the TRN does not change dramatically, as changes
affect TF-binding sites (TFBS) rather than TFs or regu-
lated genes. Thus, analyzing strains we are able to see the
contribution of TFBS gains/losses to the TRN evolution.
We analyzed TFBS in 25 E. coli strains. This resulted

in 355 links involved in FFLs and 367 links in non-motif
connections, that is, connections that do not form FFLs.
We divided them into 105 non-motif links with global
TFs, 262 non-motif links with local TFs, and 194 global
TF and 161 local TF links involved in FFL.
All obtained regulatory links from E. coli K12 were

propagated to other strains. A TFBS was assumed to be
non-conserved if it had at least one substitution in any
strain. Of 199 global links, 165 were conserved: 63 of
non-motif interactions and 102 links from FFLs. Of 423
local links, 261 remained: 152 of non-motif interactions
and 109 links from FFLs. The chi-square test showed
that the local links were slightly more conserved in FFLs
compared to non-motif interactions (p-value 0.047).



Figure 3 Fraction of positions under selection for different types of intergenic regions. Whiskers designate 95%-confidence interval for the
mean.
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The validity of this analysis depends on the data robust-
ness, namely, whether the results will change dramatically
after adding new, distantly related strains. We calculated
how the proportion of conserved regulatory links depends
on the number of analyzed strains. This proportion stabi-
lized starting at 15 ± 2 strains (Figure 5A, B, C, D).
Figure 4 Fraction of positions under selection for different functional
mean.
Conservation of regulatory interactions in the
Enterobacteriales
In the Enterobacteriales, the TRN undergoes all possible
events mentioned above: the TF, TFBS or regulated gene
gain/loss. As the E. coli TRN is the best charcterized one
among bacteria, propagating this TRN to the
DNA regions. Whiskers designate the 95%-confidence interval for the



Figure 5 The fraction of conserved links depending on the number of studied strains. A. global non-motif links; (B) links from global FFLs;
(C) local non-motif links; (D) links from local FFLs.
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Enterobacteriales by identifying conserved interactions
yields a reasonable model of the TRN evolution.
We analyzed only experimentally determined regula-

tory links from the RegulonDB database [38] and further
restricted the analysis to those TFs, for which a PWM
could be produced. This yielded 96 TFs. The final sam-
ple contained 473 non-motif connections and 418 con-
nections involved in FFLs.
As TFs might be global (G) or local (L), there exist six

possible types of regulatory interactions: G➝gene,
L➝gene, G➝G, G➝L, L➝L, L➝G, where “gene” means
a gene not encoding a TF, that is, a terminal node in the
TRN. The case L➝G appeared only once with the pair
NsrR➝Lrp. Also, the G➝G interaction was observed
only in FFLs. Hence, we analyzed the conservation of
FFL and non-motif interactions of four types: G➝L,
L➝L, G➝gene, L➝gene.
We analyzed all possible events at a regulatory link.

All three elements (TF, TFBS, a gene) might be con-
served (referred to as “Conserved links”). Further, the TF
might disappear (“No TF”); an orthologous TF might be
present, but the regulated gene lost (“No regulated
gene”), and, finally, the TFBS might be absent with both
TF and gene being conserved (“No TFBS”). In the case
of multiple TFBSes for the same TF upstream of the
same gene, we considered separately the situation when
all binding sites, hence, the entire regulatory interaction,
were lost. The number of lost and conserved regulatory
links are given in Table 2. The last column represents
these numbers specifically for S. enterica.
For all analyzed species, the link L➝gene was

slightly more conserved in non-motif connections
compared to the FFL ones. The chi-squared p-value
for S. enterica is 0.006. For other Enterobacteriales, the
p-values are not significant, but the same effect is
present in all of them.
No significant differences were observed for global

regulators, so the conservation of their regulatory links
does not depend on participation in the FFL motif.
We further analyzed the most abundant coherent

and incoherent types of FFLs: types C1 and I1 respect-
ively (Table 3, Figure 1). The type C1 FFLs tend to be
less conserved than the type I1 FFLs. The TFBSs in
the C1 FFLs disappear at a faster rate than in the I1
FFLs. This behavior does not depend on the type of
the regulated gene.



Table 2 The number of events in TRN

G➝L L➝L G➝gene L➝gene L➝gene (specifically in S. enterica)

Non-motif connections

No TF 0 73 0 240 45

No regulated gene 31 8 607 674 26

No TFBS (at least 1) 7 62 708 1201 14

No TFBS (all) 1 25 596 746 11

Conserved links 51 321 840 2522 250

Total links 89 452 2155 4637 335

FFL

No TF 0 189 0 208 44

No regulated gene 281 82 572 193 15

No TFBS (at least 1) 186 117 828 395 17

No TFBS (all) 105 44 536 186 8

Conserved links 290 483 1310 596 110

Total links 757 871 2710 1371 186
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Discussion
Here we approached the evolution of regulatory interac-
tions in the Enterobacteriales from three different
angles.
The abundance of motifs in biological networks leads

to a question of the evolution action on their edges. Pre-
viously, the main criterion of link persistence has been
conservation of the TFs and the regulated gene
[27,28,37,60,61]. But the fate of the third element, the
TFBS, has not been taken into account, though TFBSes
are the most plastic part of the network (one mutation
in a DNA sequence is often sufficient to create a new or
break an existing TFBS). So, they are the main instru-
ment of incorporating or destructing interactions in the
network, thus, the main engine of evolution. Here, we
Table 3 The number of events in TRN

G➝L L➝L G➝gene L➝gene

C1 FFLs

No TF 0 72 0 138

No regulated gene 157 15 131 32

No TFBS (at least 1) 50 40 282 184

No TFBS (all) 10 14 178 77

Conserved links 87 107 483 147

Total links 294 234 896 501

I1 FFLs

No TF 0 193 0 100

No regulated gene 135 50 245 92

No TFBS (at least 1) 154 58 367 131

No TFBS (all) 57 30 166 26

Conserved links 271 258 712 276

Total links 560 559 1324 599
considered the transcriptional link as a set of three ele-
ments and studied the conservation of all three.
The set of genes involved in FFLs is enriched in COG

categories “energy production” (p-value 0) and “carbohy-
drate transport and metabolism” (p-value 7,3x10-7). In-
deed, most FFLs are formed by the global TFs Fnr and
ArcA so that FNR regulates the arcA gene and both co-
regulate genes from the former category; or the global
regulator CRP and local regulators of carbohydrate ca-
tabolism operons [27]. The same trend was obtained
using GeneOntology categories (data not shown). At
that, it should be noted that the FNR-ArcA regulatory
cascade itself is not conserved outside Enterobacteriales,
as the relationships between these genes vary in three
families of gamma-proteobacteria, Enterobacteriaceae,
Pasteurellaceae and Vibrionaceae [30].
A naïve hypothesis that the network motifs are fre-

quent because they are functionally important and hence
more conserved turned out to be not entirely true. Our
analysis demonstrates that the regulatory-link evolution
depends on the link’s status in the TRN. In E. coli
strains, local regulatory links indeed tend to be more
conserved in FFLs. On the level of Enterobacteriales, the
links persist better in non-motif connections. One pos-
sible explanation of the contradiction is that the Entero-
bacteriales transcriptional network is incomplete. We
still do not know all TFs, regulated genes and TFBSs.
Further, TFBSes may be too weak for the comparative
computational analysis. On the other hand, the observed
TRN properties at the level of E. coli strains seem to be
robust, the fraction of conserved links stabilizes at some
point and does not change after adding more strains.
Previous research also pointed to the importance of

the motif usage: if an edge is not useful, it will be rapidly
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destroyed in evolution [62]. The local regulatory link in
the coherent type C1 FFL turns out to be lost more
often than in the incoherent type I1 FFL. As the tran-
scription expression is regulated by two different regula-
tors in the same direction, one of them might be
considered as redundant and hence dispensable. In con-
trast, in the incoherent FFL, the expression is regulated
in different directions, and in this case the loss of a regu-
latory link would destroy the whole expression mode.
We also developed a simple method for studying posi-

tively selected nucleotides in non-coding DNA based on
the comparison of multiple strains in two related species.
Hence it is complementary to the technique used by
Molina and van Nimwegen [44] for quantifying evidence
of purifying selection at noncoding positions in bacteria.
They built explicit models of the substitution rates for
each multiple-alignment column and calculated the
likelihood-ratio R of the “background” and “foreground”
model as an estimation of evidence that position is under
purifying selection. The difference between models is that
in “background” model for all positions substitutions from
nucleotide β to nucleotide α are assumed to go at the
same rate rαβ, while in “foreground” model the substitu-
tion rates are altered due to selection preferences for cer-
tain nucleotides at this position. Our method requires an
assumptions likely satisfied in the performed analysis –
the set of strains should be sufficiently diverse to obtain
an unbiased set of polymorphisms. While the degree of
strain relatedness in our sample is uneven, both samples
contain numerous divergent strains. Moreover, since the
method does not rely on allele frequencies in polymorphic
sites, but only on the presence of polymorphisms, the
presence of close strains does not pose a problem. Finally,
the resampling procedure demonstrates the robustness of
obtained estimates.
Molina and van Nimwegen calculated the distribution

of R for different classes of positions in E. coli. Since no
fixed threshold for R was established to unambiguously
determine positions subject to purifying selection, direct
comparison with our results is not possible. However, if
we set threshold R=1.5 as a stringent criterion to dis-
criminate between sites under selection and neutral
positions, then rough estimates of the fraction of posi-
tions subject to purifying selection would coincide with
Table 4 Distribution of allelic variants

1 allele in Salmonella 2 alleles in Salmo

1 allele in E.coli 17541 + 3824 1087 + 245

2 alleles in E.coli 594 + 126 153

3 alleles in E.coli 24 + 4 9

4 alleles in E.coli 1 0

The first number in cells from the first row and the first column reflects cases wher
other lineage, and the second number reflects the cases where the allelic variants a
bootstrap samples of 15 E. coli strains and 15 Salmonella strains.
our results: synvergons and divergons contain ~50% sites
under selection while convergons contain ~15% of sites
under selection. Thus Molina and van Nimwegen’s ob-
servation that upstream regions shows increased purify-
ing selection compared to downstream regions is in
agreement with our findings.
The calculated values allow one to estimate the frac-

tion of positions in yet unknown functional sites. Indeed,
if Lxy is the total length of known sites of type x (promo-
ters, terminators, TFBSs) in regions of type y (divergons,
convergons, synvergons), Ly is the total length of such
regions, and ωx and ωy are the fractions of positions
under selection in known sites of type x and regions of
type y, respectively, then the total number of position
under selection in the region of type y is Lyωy, whereas
the number of position under selection in the known
sites is Σx(Lxyωx). Hence, the fraction of unknown posi-
tions is (Lyωy – Σx(Lxyωx))/Ly = ωy – Σx(Lxyωx)/Ly. This
calculation yields 44%, 35%, and 8% unknown, selected
positions in the synvergons, divergons and convergons,
respectively. Said in another way, known sites explain
14%, 24%, and 24% of all positions under negative selec-
tion in the synvergons, divergons and convergons, re-
spectively. We recalculated our estimates after excluding
intergenic regions containing RNA-based regulatory
structures such as riboswitches and attenuators as well
as genes that encode small RNAs, and observed small,
statistically insignificant differences in the estimated
fraction of positions subject to purifying selection (data
not shown).
Positions variable at different clades could arise from

ancient polymorphisms. While this does not affect our
calculations and conclusions, as positions polymorphic
in the last common ancestor of E. coli and Salmonella
and retaining this polymorphism are likely neutral, it is
of interest to compare the allelic content of different
types of positions (Table 4). At that, the fraction of situa-
tions where two lineages have different alleles is roughly
20% both in monoallelic positions (of the CC and CD
types) and in positions where one lineage is constant
and the other linage biallelic (the CN and NC types).
Direct comparison of levels of purifying selection in

non-coding regions between eukaryotic and prokaryotic
genomes is complicated by the fact that the fraction of
nella 3 alleles in Salmonella 4 alleles in Salmonella

33 + 4 0

7 0

1 0

0 0

e the single allelic variant in one lineage is among the allelic variants from the
re different. The mean values for all parameters were calculated for 100
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non-coding DNA in bacterial genomes is 6-14%, while
eukaryotic genomes have much more non-coding DNA.
The smallest nuclear genome contains 22% intergenic
DNA [63] and the single-celled eukaryotic model organ-
ism S. cerevisiae contains 30% intergenic DNA [64]. In
genomes of multicellular eukaryotes, the fraction of non-
coding DNA is close to 90% [65] with the intron length
and number highly variable even among related species.
The fraction of functionally constrained intergenic

regions in S. cerevisiae was estimated to be ~43% based
on calculating the ratio of intergenic to synonymous
substitution rate [42]. In the genome of protist Theilleria
parva, ~35% of orthologous intergenic regions and
~30% of intronic regions are constrained [66]. In the
genome of D. melanogaster, a substantial fraction (40-
50%) of intronic and intergenic DNA seems to be under
selection according to comparison with 4-fold degener-
ate (synonymous) sites in coding sequences [67,68].
Thus one can see that despite the differences in the
fraction of non-coding DNA between bacteria and
eukaryotes, various estimates give approximately 40% of
non-coding sites subject to purifying selection.
Here we analysed only one bacterial group, Enterobac-

teriales, in which the genomes of a sufficient number of
strains and closely related species were sequenced, and
experimental data on transcriptional regulation were
available. We plan to apply the developed methods not
requiring experimental data to the analysis of other large
groups with many sequenced member, in particular
Streptococcus and Burkholderis spp.

Conclusions
Overall, we have demonstrated that the naïve hypothesis
that FFLs would be highly conserved turned out to be
not entirely true. The conservation of regulatory interac-
tions depends on their status in the transcriptional net-
work, that is, whether they are involved in a FFL, is the
FFL coherent or incoherent, is the regulator global or
local. On the other hand, the developed simple method
for estimating the strength of the negative selection in
intergenic region provides results largely consistent with
the observation made in other genomes. Advances in ex-
perimental and computational techniques of high-
throughput data collection as well as sequencing of
more genomes and hence increasing statistical power of
comparative analyses will lead to reconstruction of more
complete transcriptional regulatory networks. It will also
show, whether the observed trends and estimates are
universal for all bacteria.

Methods
Complete bacterial genomes were obtained from Gen-
Bank [1] (Additional file 2: Table S2). Selection in inter-
genic regions was studied in 32 strains of E. coli
(including Shigella) and 16 strains of Salmonella enter-
ica. The evolution of regulatory interaction in network
motifs was studied in 25 E. coli strains and 19 genomes
of the Enterobacteriales.
Multiple alignments of intergenic regions were built

using MUSCLE [69]. We generated 100 bootstrap sam-
ples of 15 E. coli strains and 15 Salmonella strains. For
the analysis of selection, only intergenic regions between
pairs of orthologous genes retaining the orientation in
all 30 bootstrap strains were considered, whereas the
analysis of site conservation in E. coli strains used
regions upstream of orthologous genes that occur in
more than ten strains.
Experimentally validated TF-binding sites, promoters

and terminators of E. coli were obtained from the Regu-
lonDB database [38]. FFLs members were extracted
using ad hoc Perl scripts.
Transcriptional regulatory links were reconstructed in

several steps. First, we identified orthologs of TFs and
regulated genes. Orthologs were identified based on the
bidirectional best-hit criterion [70] using ad hoc software
developed with Oracle Express Edition (Oracle). The next
step was the TFBSes reconstruction. For the E. coli strains,
we analyzed multiple alignments of TFBSes in the inter-
genic regions. For the Enterobacteriales, positional weight
matrices were either built using the Genome Explorer and
SignalX programs based on TFBSes in RegulonDB [71] or
obtained from the RegPrecise database [72]. If the TFBS
weight decreased by more than 1 (in the SD units), we
counted it as TFBS loss. We estimated the conservation of
the regulatory links counting the number of those that re-
main unchanged in terms of TFs, TFBSs and regulated
genes conservation. Statistical significance was assessed
using the chi-squared test and the functional enrichment
statistics was calculated using the hypergeometric distri-
bution implemented in the R package.
Additional files

Additional file 1: Table S1. The number of regulated operons for E. coli
transcription factors (Gama-Castro et al. 2011).

Additional file 2: Table S2. The list of studied genomes. A – analysis
on the level of strains, B – analysis on the level of E.coli and closely
related species, C – analysis on the level of closely related
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Competing interests
The authors declare that they have no competing interests.
Authors’ contribution
MSG conceived and coordinated the project. MAP developed the method of
estimating the fraction of positions under selection. OVT analysed the motif
evolution. MDK constructed orthologous groups. MSG, MAP and OVT wrote
the manuscript. All authors read and approved the final manuscript.

http://www.biomedcentral.com/content/supplementary/1471-2148-12-200-S1.xls
http://www.biomedcentral.com/content/supplementary/1471-2148-12-200-S2.xls


Tsoy et al. BMC Evolutionary Biology 2012, 12:200 Page 10 of 11
http://www.biomedcentral.com/1471-2148/12/200
Acknowledgements
We are grateful to Yegor Bazykin, Shamil Sunyaev, Michael Lässig and Arcady
Mushegian for useful discussions.
This study was partially supported by State contracts 14.740.11.0738 and
07.514.11.4007, Russian Academy of Sciences via program “Molecular and
Cellular Biology”, and the Russian Foundation of Basic Research via grants 10-
04-00431 and 12-04-91332 (RECESS).

Author details
1Institute for Information Transmission Problems, RAS, Bolshoi Karetny per.
19, Moscow 127994, Russia. 2Faculty of Bioengineering and Bioinformatics,
Moscow State University, Vorobievy Gory 1-73, Moscow 119992, Russia. 3V.N.
Orekhovich Institute of Biomedical Chemistry, RAMS, Pogodinskaya St. 10,
Moscow 119121, Russia.

Received: 5 March 2012 Accepted: 26 September 2012
Published: 6 October 2012
References
1. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW: GenBank.

Nucleic Acids Res 2011, 39(Database issue):D32–D37.
2. Babu MM, Lang B, Aravind L: Methods to reconstruct and compare

transcriptional regulatory networks. Methods Mol Biol 2009, 541:163–180.
3. Cho BK, Barrett CL, Knight EM, Park YS, Palsson BO: Genome-scale

reconstruction of the Lrp regulatory network in Escherichia coli.
Proc Natl Acad Sci USA 2008, 105(49):19462–19467.

4. Kaleta C, Gohler A, Schuster S, Jahreis K, Guthke R, Nikolajewa S: Integrative
inference of gene-regulatory networks in Escherichia coli using
information theoretic concepts and sequence analysis.
BMC Syst Biol 2010, 4:116.

5. Li H, Wang W: Dissecting the transcription networks of a cell using
computational genomics. Curr Opin Genet Dev 2003, 13(6):611–616.

6. Roth FP, Hughes JD, Estep PW, Church GM: Finding DNA regulatory motifs
within unaligned noncoding sequences clustered by whole-genome
mRNA quantitation. Nat Biotechnol 1998, 16(10):939–945.

7. Wu WS, Li WH, Chen BS: Computational reconstruction of transcriptional
regulatory modules of the yeast cell cycle. BMC Bioinformatics 2006, 7:421.

8. Duret L, Bucher P: Searching for regulatory elements in human
noncoding sequences. Curr Opin Struct Biol 1997, 7(3):399–406.

9. Galas DJ, Eggert M, Waterman MS: Rigorous pattern-recognition methods
for DNA sequences. Analysis of promoter sequences from Escherichia coli.
Journal of molecular biology 1985, 186(1):117–128.

10. Gu Y, Ding Y, Ren C, Sun Z, Rodionov DA, Zhang W, Yang S, Yang C, Jiang
W: Reconstruction of xylose utilization pathway and regulons in
Firmicutes. BMC Genomics 2010, 11:255.

11. Rodionov DA, Gelfand MS, Todd JD, Curson AR, Johnston AW:
Computational reconstruction of iron- and manganese-responsive
transcriptional networks in alpha-proteobacteria. PLoS Comput Biol 2006,
2(12):e163.

12. Rodionov DA, Li X, Rodionova IA, Yang C, Sorci L, Dervyn E, Martynowski D,
Zhang H, Gelfand MS, Osterman AL: Transcriptional regulation of NAD
metabolism in bacteria: genomic reconstruction of NiaR (YrxA) regulon.
Nucleic Acids Res 2008, 36(6):2032–2046.

13. Staden R: Computer methods to locate signals in nucleic acid sequences.
Nucleic Acids Res 1984, 12(1 Pt 2):505–519.

14. Suvorova IA, Tutukina MN, Ravcheev DA, Rodionov DA, Ozoline ON, Gelfand
MS: Comparative genomic analysis of the hexuronate metabolism genes
and their regulation in gammaproteobacteria. J Bacteriol 2011,
193(15):3956–3963.

15. Gelfand MS: Recognition of regulatory sites by genomic comparison.
Res Microbiol 1999, 150(9–10):755–771.

16. Rodionov DA: Comparative genomic reconstruction of transcriptional
regulatory networks in bacteria. Chem Rev 2007, 107(8):3467–3497.

17. Ravcheev DA, Best AA, Tintle N, Dejongh M, Osterman AL, Novichkov PS,
Rodionov DA: Inference of the transcriptional regulatory network in
Staphylococcus aureus by integration of experimental and genomics-
based evidence. J Bacteriol 2011, 193(13):3228–3240.

18. Rodionov DA, Dubchak I, Arkin A, Alm E, Gelfand MS: Reconstruction of
regulatory and metabolic pathways in metal-reducing delta-
proteobacteria. Genome Biol 2004, 5(11):R90.
19. Rodionov DA, Novichkov PS, Stavrovskaya ED, Rodionova IA, Li X, Kazanov
MD, Ravcheev DA, Gerasimova AV, Kazakov AE, Kovaleva GY, et al:
Comparative genomic reconstruction of transcriptional networks
controlling central metabolism in the Shewanella genus.
BMC Genomics 2011, 12(Suppl 1):S3.

20. Camas FM, Alm EJ, Poyatos JF: Local gene regulation details a recognition
code within the LacI transcriptional factor family. PLoS Comput Biol 2010,
6(11):e1000989.

21. Fedonin GG, Rakhmaninova AB, Korostelev Iu D, Laikova ON, Gel'fand MS:
Machine learning study of DNA binding by transcription factors from
the LacI family]. Mol Biol 2011, 45(4):724–737.

22. Zharov IA, Gel'fand MS, Kazakov AE: [Regulation of multidrug resistance
genes by transcriptional factors from the BltR subfamily]. Mol Biol 2011,
45(4):715–723.

23. Shen-Orr SS, Milo R, Mangan S, Alon U: Network motifs in the
transcriptional regulation network of Escherichia coli. Nat Genet 2002,
31(1):64–68.

24. Przulj N: Biological network comparison using graphlet degree
distribution. Bioinformatics 2007, 23(2):e177–e183.

25. Milo R, Shen-Orr S, Itzkovitz S, Kashtan N, Chklovskii D, Alon U: Network
motifs: simple building blocks of complex networks. Science 2002,
298(5594):824–827.

26. Mangan S, Alon U: Structure and function of the feed-forward loop
network motif. Proc Natl Acad Sci USA 2003, 100(21):11980–11985.

27. Madan Babu M, Teichmann SA, Aravind L: Evolutionary dynamics of
prokaryotic transcriptional regulatory networks. J Mol Biol 2006,
358(2):614–633.

28. Hershberg R, Margalit H: Co-evolution of transcription factors and their
targets depends on mode of regulation. Genome Biol 2006, 7(7):R62.

29. Gelfand MS: Evolution of transcriptional regulatory networks in microbial
genomes. Curr Opin Struct Biol 2006, 16(3):420–429.

30. Ravcheev DA, Gerasimova AV, Mironov AA, Gelfand MS: Comparative
genomic analysis of regulation of anaerobic respiration in ten genomes
from three families of gamma-proteobacteria (Enterobacteriaceae,
Pasteurellaceae, Vibrionaceae). BMC Genomics 2007, 8:54.

31. Kremling A, Bettenbrock K, Gilles ED: Analysis of global control of
Escherichia coli carbohydrate uptake. BMC Syst Biol 2007, 1:42.

32. Gottesman S: Bacterial regulation: global regulatory networks. Annu Rev
Genet 1984, 18:415–441.

33. Madan Babu M, Teichmann SA: Evolution of transcription factors and the
gene regulatory network in Escherichia coli. Nucleic Acids Res 2003,
31(4):1234–1244.

34. Martinez-Antonio A, Collado-Vides J: Identifying global regulators in
transcriptional regulatory networks in bacteria. Curr Opin Microbiol 2003,
6(5):482–489.

35. Ma HW, Buer J, Zeng AP: Hierarchical structure and modules in the
Escherichia coli transcriptional regulatory network revealed by a new
top-down approach. BMC Bioinformatics 2004, 5:199.

36. Gonzalez Perez AD, Gonzalez Gonzalez E, Espinosa Angarica V, Vasconcelos AT,
Collado-Vides J: Impact of Transcription Units rearrangement on the
evolution of the regulatory network of gamma-proteobacteria.
BMC Genomics 2008, 9:128.

37. Price MN, Dehal PS, Arkin AP: Orthologous transcription factors in bacteria
have different functions and regulate different genes. PLoS Comput Biol
2007, 3(9):1739–1750.

38. Gama-Castro S, Salgado H, Peralta-Gil M, Santos-Zavaleta A, Muniz-Rascado
L, Solano-Lira H, Jimenez-Jacinto V, Weiss V, Garcia-Sotelo JS, Lopez-Fuentes
A, et al: RegulonDB version 7.0: transcriptional regulation of Escherichia
coli K-12 integrated within genetic sensory response units (Gensor
Units). Nucleic Acids Res 2011, 39(Database issue):D98–D105.

39. Berg J, Willmann S, Lassig M: Adaptive evolution of transcription factor
binding sites. BMC Evol Biol 2004, 4:42.

40. Mustonen V, Lassig M: Evolutionary population genetics of promoters:
predicting binding sites and functional phylogenies. Proc Natl Acad Sci
USA 2005, 102(44):15936–15941.

41. Mustonen V, Kinney J, Callan CG Jr, Lassig M: Energy-dependent fitness: a
quantitative model for the evolution of yeast transcription factor
binding sites. Proc Natl Acad Sci USA 2008, 105(34):12376–12381.

42. Doniger SW, Huh J, Fay JC: Identification of functional transcription factor
binding sites using closely related Saccharomyces species. Genome Res
2005, 15(5):701–709.



Tsoy et al. BMC Evolutionary Biology 2012, 12:200 Page 11 of 11
http://www.biomedcentral.com/1471-2148/12/200
43. Haddrill PR, Bachtrog D, Andolfatto P: Positive and negative selection on
noncoding DNA in Drosophila simulans. Mol Biol Evol 2008, 25(9):1825–1834.

44. Molina N, van Nimwegen E: Universal patterns of purifying selection at
noncoding positions in bacteria. Genome Res 2008, 18(1):148–160.

45. Tardat B, Touati D: Iron and oxygen regulation of Escherichia coli MnSOD
expression: competition between the global regulators Fur and ArcA for
binding to DNA. Mol Microbiol 1993, 9(1):53–63.

46. Vassinova N, Kozyrev D: A method for direct cloning of fur-regulated
genes: identification of seven new fur-regulated loci in Escherichia coli.
Microbiology 2000, 146(Pt 12):3171–3182.

47. Koch D, Nies DH, Grass G: The RcnRA (YohLM) system of Escherichia coli:
a connection between nickel, cobalt and iron homeostasis. Biometals: an
international journal on the role of metal ions in biology, biochemistry, and
medicine 2007, 20(5):759–771.

48. Patzer SI, Hantke K: Dual repression by Fe(2+)-Fur and Mn(2+)-MntR of
the mntH gene, encoding an NRAMP-like Mn(2+) transporter in
Escherichia coli. J Bacteriol 2001, 183(16):4806–4813.

49. Puskarova A, Ferianc P, Kormanec J, Homerova D, Farewell A, Nystrom T:
Regulation of yodA encoding a novel cadmium-induced protein in
Escherichia coli. Microbiology 2002, 148(Pt 12):3801–3811.

50. Sumi T, Sekino H: A crossover from metal to plasma in dense fluid
hydrogen. J Chem Phys 2006, 125(19):194526.

51. Stojiljkovic I, Baumler AJ, Hantke K: Fur regulon in gram-negative bacteria.
Identification and characterization of new iron-regulated Escherichia coli
genes by a fur titration assay. J Mol Biol 1994, 236(2):531–545.

52. Tseng CP: Regulation of fumarase (fumB) gene expression in Escherichia
coli in response to oxygen, iron and heme availability: role of the arcA,
fur, and hemA gene products. FEMS Microbiol Lett 1997, 157(1):67–72.

53. Zhang Z, Gosset G, Barabote R, Gonzalez CS, Cuevas WA, Saier MH Jr:
Functional interactions between the carbon and iron utilization regulators,
Crp and Fur, in Escherichia coli. J Bacteriol 2005, 187(3):980–990.

54. Brickman TJ, Ozenberger BA, McIntosh MA: Regulation of divergent
transcription from the iron-responsive fepB-entC promoter-operator
regions in Escherichia coli. J Mol Biol 1990, 212(4):669–682.

55. Bodenmiller DM, Spiro S: The yjeB (nsrR) gene of Escherichia coli encodes
a nitric oxide-sensitive transcriptional regulator. J Bacteriol 2006,
188(3):874–881.

56. Rankin LD, Bodenmiller DM, Partridge JD, Nishino SF, Spain JC, Spiro
S: Escherichia coli NsrR regulates a pathway for the oxidation of
3-nitrotyramine to 4-hydroxy-3-nitrophenylacetate. J Bacteriol 2008,
190(18):6170–6177.

57. Fernandez De Henestrosa AR, Ogi T, Aoyagi S, Chafin D, Hayes JJ, Ohmori H,
Woodgate R: Identification of additional genes belonging to the LexA
regulon in Escherichia coli. Mol Microbiol 2000, 35(6):1560–1572.

58. Lau-Wong IC, Locke T, Ellison MJ, Raivio TL, Frost LS: Activation of the Cpx
regulon destabilizes the F plasmid transfer activator, TraJ, via the HslVU
protease in Escherichia coli. Mol Microbiol 2008, 67(3):516–527.

59. Unden G, Bongaerts J: Alternative respiratory pathways of Escherichia
coli: energetics and transcriptional regulation in response to electron
acceptors. Biochim Biophys Acta 1997, 1320(3):217–234.

60. Madan Babu M, Balaji S, Aravind L: General trends in the evolution of
prokaryotic transcriptional regulatory networks. Genome Dyn 2007, 3:66–80.

61. Price MN, Dehal PS, Arkin AP: Horizontal gene transfer and the evolution
of transcriptional regulation in Escherichia coli. Genome Biol 2008, 9(1):R4.

62. Alon U: An introduction to systems biology: design principles of biological
circuits. Chapman & Hall: CRC; 2007.

63. Gilson PR, Su V, Slamovits CH, Reith ME, Keeling PJ, McFadden GI: Complete
nucleotide sequence of the chlorarachniophyte nucleomorph: nature's
smallest nucleus. Proc Natl Acad Sci USA 2006, 103(25):9566–9571.

64. Goffeau A, Barrell BG, Bussey H, Davis RW, Dujon B, Feldmann H, Galibert F,
Hoheisel JD, Jacq C, Johnston M, et al: Life with 6000 genes. Science 1996,
274(5287):546–547. 563.

65. Rogozin IB, Makarova KS, Natale DA, Spiridonov AN, Tatusov RL, Wolf YI, Yin
J, Koonin EV: Congruent evolution of different classes of non-coding DNA
in prokaryotic genomes. Nucleic Acids Res 2002, 30(19):4264–4271.

66. Guo X, Silva JC: Properties of non-coding DNA and identification of
putative cis-regulatory elements in Theileria parva. BMC Genomics 2008,
9:582.

67. Andolfatto P: Adaptive evolution of non-coding DNA in Drosophila.
Nature 2005, 437(7062):1149–1152.
68. Halligan DL, Keightley PD: Ubiquitous selective constraints in the
Drosophila genome revealed by a genome-wide interspecies
comparison. Genome Res 2006, 16(7):875–884.

69. Edgar RC: MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res 2004, 32(5):1792–1797.

70. Tatusov RL, Fedorova ND, Jackson JD, Jacobs AR, Kiryutin B, Koonin EV,
Krylov DM, Mazumder R, Mekhedov SL, Nikolskaya AN, et al: The COG
database: an updated version includes eukaryotes. BMC Bioinformatics
2003, 4:41.

71. Mironov AA, Vinokurova NP, Gel'fand MS: [Software for analyzing bacterial
genomes]. Mol Biol 2000, 34(2):253–262.

72. Novichkov PS, Laikova ON, Novichkova ES, Gelfand MS, Arkin AP, Dubchak I,
Rodionov DA: RegPrecise: a database of curated genomic inferences of
transcriptional regulatory interactions in prokaryotes. Nucleic Acids Res
2010, 38(Database issue):D111–D118.

doi:10.1186/1471-2148-12-200
Cite this article as: Tsoy et al.: Evolution of transcriptional regulation in
closely related bacteria. BMC Evolutionary Biology 2012 12:200.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Selection in intergenic regions
	Definition of global regulators
	Conservation of regulatory interactions in E. coli strains
	Conservation of regulatory interactions in the Enterobacteriales

	Discussion
	Conclusions
	Methods
	Additional files
	Competing interests
	Authors’ contribution
	Acknowledgements
	Author details
	References

