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ABSTRACT Genes that interact or function together are often clustered in bacterial genomes, and it has been proposed that this
clustering may affect gene expression. In this study, we directly compared gene expression in nonclustered arrangements and in three
common clustered arrangements (codirectional, divergent, and operon) using synthetic circuits in Escherichia coli. We found that gene
clustering had minimal effects on gene expression. Specifically, gene clustering did not alter constitutive expression levels or stochastic
fluctuations in expression (“expression noise”). Remarkably, the expression of two genes that share the same chromosome position
with the same promoter (operon) or with separate promoters (codirectional and divergent arrangements) was not significantly more
correlated than genes at different chromosome positions (nonclustered arrangements). The only observed effect of clustering was
increased transcription factor binding in codirectional and divergent gene arrangements due to DNA looping, but this is not a specific
feature of clustering. In summary, we demonstrate that gene clustering is not a general modulator of gene expression, and therefore
any effects of clustering are likely to occur only with specific genes or under certain conditions.

BACTERIAL genes that have products that interact or
function within a common pathway are often adjacent

to one another on the chromosome (i.e., the genes are “clus-
tered”) (reviewed in Rocha 2008). Genes that are commonly
clustered include those that encode proteins in a metabolic
pathway or proteins in multi-protein complexes. Regulatory
genes that encode transcription factors are also commonly
located next to their target genes. Common arrangements of
clustered genes are (1) codirectional (//, genes on the
same DNA strand with separate promoters); (2) divergent
()/, genes on opposite DNA strands with separate pro-
moters); and (3) operons (/, genes on the same DNA
strand with a shared promoter) (Korbel et al. 2004). Clus-
tered genes that are located on opposite DNA strands with
convergent transcription (/)) are less common.

A common functional explanation for gene clustering is
that it results in more correlated gene expression. That is,
genes that are next to each other on the chromosome are

more likely to be affected in the same way by DNA com-
paction and supercoiling (Jeong et al. 2004; Kepes 2004;
Peter et al. 2004; Allen et al. 2006; Mathelier and Carbone
2010), gene dosage (Cooper and Helmstetter 1968; Chandler
and Pritchard 1975; Schmid and Roth 1987; Sousa et al.
1997), and neighboring sequences (De and Babu 2010).
Therefore, the expression of clustered genes is expected to
be more likely to increase and decrease in synchrony (due to
variation in these local chromosome position effects), result-
ing in more correlated expression than occurs with nonclus-
tered genes. It has been proposed that more correlated gene
expression helps maintain the optimal stoichiometry of the
gene products, thereby increasing efficiency and/or decreas-
ing the concentration of toxic intermediates in metabolic
pathways (Iber 2006).

While the hypothesis that bacterial gene clustering leads
to more correlated expression is appealing, there is no clear
evidence to support it. This hypothesis cannot be easily
evaluated by comparing the expression patterns of native
genes that are clustered and nonclustered because genes in
clusters often share the same regulators (Hershberg et al.
2005) and/or regulate each other (Korbel et al. 2004). As
a consequence, it is unclear whether a higher correlation in
clustered genes compared to nonclustered genes (Korbel
et al. 2004) is actually an effect of clustering itself or be-
cause their regulation is more likely to be coupled. In yeast,
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synthetic circuits have shown that neighboring genes are
more correlated due to local chromosome position effects
(Becskei et al. 2005). However, it is uncertain how applica-
ble these findings are to bacteria, given their different mech-
anisms of transcription and translation. Furthermore, bacteria
have different chromosome structures (Rocha 2008) and lack
histones, which are largely responsible for position effects on
gene silencing (Brand et al. 1985) and gene expression noise
in eukaryotes (Batenchuk et al. 2011).

Given that gene clustering is common, any effect it has on
gene expression could have a major impact on analyses of
gene regulation and the construction of synthetic gene
circuits. Therefore, we sought to directly test whether gene
clustering increases correlations in expression and whether
it affects other fundamental properties of gene expression.
We performed the study using synthetic nonclustered and
clustered arrangements consisting of two fluorescent re-
porter genes (cfp and yfp) that allow the measurement of
gene expression in single cells. The clustered gene arrange-
ments were assembled at two independent loci, and both
coregulated (i.e., genes regulated by identical promoters)
and noncoregulated (i.e., genes regulated by different pro-
moters) arrangements were created. Gene expression in
these synthetic clustered and nonclustered arrangements
can be directly compared because they have identical genes
and their output and regulation is decoupled from a cell’s
physiology and feedback mechanisms. The first part of the
study quantified maximum and minimum expression levels,
cooperativity, and the inducer concentration needed for half-
maximal expression in clustered and nonclustered gene
arrangements. The second part of the study assessed the
impact of gene clustering on stochastic fluctuations and cor-
relations in gene expression.

Materials and Methods

Plasmids and strains

Details of the plasmids, strains, and oligonucleotides are
provided in Supporting Information, Table S1, Table S2, and
Table S3. The plasmids were constructed with cfp and yfp
reporters under the control of the PLlacO-1 and PLtetO-1
promoters amplified from the pZ system of plasmids (Lutz
and Bujard 1997). Monomeric forms of cfp and yfp were
PCR-amplified from plasmids provided by R. Tsien (Uni-
versity of California at San Diego) (Zacharias et al. 2002;
Shaner et al. 2004). We used the highly efficient ribosome
binding sequence (RBS) (T7 10 59 UTR sequence) from
the pET-11a plasmid (Stratagene) to enable single chromo-
somal copies of the genes to be easily visualized. Plasmids
were constructed as templates for PCR amplification, and
the PCR product consisting of the promoter, fluorescent
gene, and/or terminator was inserted into the chromosome
using the lambda Red system (Datsenko and Wanner 2000).

Nonclustered gene arrangements were created by two
sequential chromosome integrations. Codirectional gene

arrangements were constructed by inserting one gene into
the genome followed by integration of a second gene down-
stream of the first gene. Divergent genes were constructed
by inserting the second gene on the opposite strand and up-
stream of the first integration. Operons were created by re-
moving the promoter and terminator sequences separating the
two genes in codirectional arrangements, resulting in a “scar”
sequence of �82 nucleotides separating the first and second
genes. Terminators were included in the gene arrangements
to prevent transcription out of the fluorescent reporter genes.
We found no evidence of transcription readthrough into the
gene arrangements or transcriptional collisions between genes
in the arrangements and neighboring sequences (see Results).
All strains were verified by DNA sequencing.

Measurement of gene expression

Single colonies grown overnight in LB media were diluted
1/25,000 into fresh LB media with the appropriate IPTG
concentration and grown for a further 3.75 hr at 37� and
200 rpm. The samples were harvested and placed on ice.
Immediately prior to microscopy, 1.5 mL of culture was con-
centrated by centrifugation at 16,100 relative centrifugal
force (rcf) for 1 min and resuspended in LB, and 3 ml was
placed on a glass slide with a cover slip (Corning Company).
Approximately five images were captured per slide using
a Pixus 1024 CCD camera (Princeton Instruments) on a Nikon
TE2000E inverted microscope with an X-cite 120PC lamp
(Exfo) as previously described (Lim et al. 2011). Single cells
were identified in each image, and their average fluorescence
was measured using software (Metamorph 7.0, Molecular
Devices). There were �360 identified cells per slide. We mea-
sured the background fluorescence levels in a control strain
without fluorescent genes, which were subtracted from the
above measurements.

Messenger RNA measurements

The protocol and probes used for the Northern blots were
identical to that previously reported (Lim et al. 2011). Total
RNA was extracted from two separate cultures for each
strain at OD600 = 0.1–0.5 using the RNeasy mini kit and
RNase free, DNase I (Qiagen). The membranes were probed
with a 127-bp PCR product that is complementary to the 59
end of cfp and yfp or with a 115-bp PCR product that is
complementary to 16S ribosomal RNA (loading control).
The probes were labeled using the DIG High Prime DNA
Labeling kit (Roche) and detected with the Detection Starter
Kit II (Roche) and radiographic film (Amersham Hyperfilm
ECL, GE Healthcare). Digital images were captured on a Gel
Doc XR imaging system (Bio-Rad) by transillumination of
the film and band intensity was quantified on nonsaturated
exposures with Quantity One Analysis software (Bio-Rad).

Models and simulations

Simplified models of non-operon (nonclustered, codirectional,
and divergent) and operon gene arrangements were con-
structed as shown in Figure 7A. Our experiments showed no

454 L. W. Liang et al.

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-12.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-8.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-15.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-6.pdf


convincing evidence that nonclustered, codirectional, and di-
vergent genes had different constitutive expression or corre-
lation coefficients; therefore, they are described by the same
model—that is, two genes regulated by independent pro-
moters (“non-operon”). The operon has a single promoter that
can produce a full-length messenger RNA (mRNA) containing
the sequence of two genes or a partial-length mRNA contain-
ing all the coding sequence of the first gene but not the second
gene due to premature termination. Premature termination
occurs randomly for 50% of transcription events.

Constitutive expression by the different gene arrangement
models was simulated to support the proposed bases for the
findings in Figure 6. An mRNA is produced at an average rate
of 0.3 mRNA molecules/min and degraded at a rate propor-
tional to the mRNA concentration and the rate constant k2m

(0.15/min). The mRNA degradation rate constant was based
on a typical half-life of 5 min [i.e. ln(2)/5 min] (Bernstein
et al. 2002), and this was used to calculate the production
rate based on a relatively high steady-state mRNA concentra-
tion of two molecules per cell due to the strong promoter
(Taniguchi et al. 2010). Protein is generated at a rate deter-
mined by the product of the mRNA concentration and the
translation rate constant kp (4.0 proteins/mRNA molecule/
min) and degraded at a rate proportional to the protein con-
centration and the rate constant kd (0.03/min). The protein
degradation rate constant was determined by the growth rate
as previously reported (Block et al. 2012), and this was used
to calculate the translation rate constant, assuming the
protein concentrations (267 proteins/cell) are higher than
average (Taniguchi et al. 2010) due to high mRNA concen-
trations and the efficient RBS from the T7 10 gene (Olins
and Rangwala 1989). It should be noted that the experimen-
tal values for the mRNA and protein concentrations may be
higher than our simulated values; therefore, the simulated
contribution of “intrinsic” noise to gene expression and the
effect of operon arrangements on the correlation coefficient
should be considered to be an upper bound.

Variation in global factors such as RNA polymerase,
RNase E, ribosomes, and cell growth were included in the
simulations by assuming that the rate constants randomly
varied from cell to cell by up to 650% of the mean. These
random differences in the global factors that alter the rate
constants for the different reaction steps (transcription,
mRNA degradation, translation, and protein clearance) were
fixed over the time course of the simulations based on re-
ported observations (Rosenfeld et al. 2005) and uniformly
distributed over the range. The simulations were performed
with Gillespie’s algorithm (Gillespie 1977) using Matlab
R2008a (The Mathworks).

Results

Experimental system

Clustered and nonclustered gene arrangements were con-
structed using the cfp and yfp genes encoding monomeric

CFP and YFP, respectively (Zacharias et al. 2002; Shaner
et al. 2004) (Figures 1A and 3A; Figure S1; Figure S2).
The nonclustered genes were placed at separate chromo-
some locations (intS and galK) approximately equidistant
from the origin of replication to minimize differences in
gene dosage (Cooper and Helmstetter 1968; Sousa et al.
1997). For the clustered group, three common gene ar-
rangements were examined: (1) codirectional, (2) diver-
gent, and (3) operon. The clustered gene arrangements were
constructed at both the intS and galK sites (Elowitz et al.
2002), and the order of cfp and yfp was swapped at the
two sites so we could distinguish general effects from ef-
fects that are limited to a particular locus or gene order. For
simplicity, we refer to gene arrangements as being at “intS”
if cfp or yfp is located at intS or the adjacent gtrAB genes
and at “galK” if cfp or yfp is located at galK or the adjacent
galM gene. CFP and YFP expression were measured by fluo-
rescence microscopy (Materials and Methods).

We were unable to insert the different gene arrangements
into the chromosome in a single step so they were assem-
bled piece by piece. As a consequence, in some cases the
kanamycin antibiotic resistance gene (KanR) had to be left
in situ to prevent loss of the inserted genes due to flanking
FRT sites, and in other cases KanR was removed to permit
the insertion of a second fluorescent gene. Therefore, some
genes had KanR upstream of the promoter and others had
a terminator upstream (Figure 1A). We made two different
nonclustered gene arrangements (HL5086 and HL5087)
with the upstream sequences of cfp and yfp swapped so that
we could account for the effect of the different upstream
sequences on gene expression. Terminators were located
downstream of each gene except for one of the two genes
in each divergent arrangement (for reasons that are un-
clear, these arrangements could not be constructed when
both genes had a terminator). There was no decrease in
gene expression or the correlation coefficient of nonclus-
tered genes that would indicate that transcriptional colli-
sions and readthrough were occurring and affecting gene
expression (see sections below).

We confirmed the expected transcript lengths with
Northern blots using a 127-bp cfp probe complementary to
the 59 end of cfp and yfp (100% and .99% nucleotide iden-
tity, respectively) (Figure S3). The blots showed that the
transcription terminators function as expected and that
there is no transcription readthrough from native flanking
sequences into the gene arrangements. The blots also indi-
cated that operons generated partial-length mRNAs as well
as full-length mRNAs. Partial-length operon mRNAs are not
uncommon (Nilsson and Uhlin 1991; Yarchuk et al. 1992;
Patel and Dunn 1995; Khemici and Carpousis 2004). In
these arrangements, the partial-length mRNAs contain the
59 sequence and are about the length of the first gene;
therefore, they are probably due to premature transcription
termination at the “scar” sequence, which can form a hairpin
loop between the first and second genes.

Effect of Clustering on Expression 455

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-4.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-9.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-1.pdf


Gene clustering does not alter constitutive
expression levels

In the first set of experiments, we measured the “induction
curves,” which specify the steady-state gene expression at var-
ious IPTG concentrations (Figure 1, B–G), in arrangements
where both cfp and yfp were transcribed from the PLlacO-1
promoter (termed “coregulated”). Expression from PLlacO-1
was varied by adding IPTG to the media, which prevents the
inhibition of transcription by LacI repressor expressed from
the native lacI gene. For each induction curve, we determined
the maximum and minimum expression [a and d, respectively;

both expressed in arbitrary units (a.u.) of fluorescence], the
IPTG concentration required for half-maximal induction (K,
expressed in micromolar units), and the Hill coefficient (n,
unitless) by fitting the induction curves to a Hill-type function
(Figure 2A). K is a measure of transcription factor-binding
affinity, and n specifies the amount of cooperativity and steep-
ness of the induction curves.

Maximum expression, which is a measure of constitutive
expression, was similar among clustered and nonclustered
gene arrangements except for genes in the second position
of operons and genes lacking terminators (Figure 2B and

Figure 1 Induction curves for coregulated genes. Error bars indicate the SEM of duplicate (HL5087), triplicate (HL3546, HL3573, HL3578, HL4343, and
HL4348), and quadruplicate (HL3515 and HL5086) measurements. (A) Diagram showing the arrangements of coregulated genes where LacI regulates
both genes. (B–G) CFP and YFP expression at different IPTG concentrations. Data symbols indicate gene arrangements shown in A, and lines are fits
obtained with the Hill function. The number sign (#) indicates expression values for HL4348 at low IPTG concentrations after background subtraction
were#0; therefore, a small offset (5 a.u.) was added to the expression simply to enable visualization of the data on logarithmic plots. “0*” indicates an
actual value of zero, not 10�.
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Table S4). The reduced expression of the second gene in
operons is probably due to premature transcription termina-
tion (see above), and the reduced expression of genes with-
out terminators may be due to differences in the 39 mRNA
sequence altering its folding and translation or its degrada-
tion rate. The important point from these measurements is
that highly expressed genes can be clustered without affect-
ing each other’s constitutive expression.

The minimum expression, dynamic range (ratio of maxi-
mum to minimum expression), IPTG concentration required
for half-maximal induction (K), and Hill coefficient (n),
which are all measures of transcription factor binding, var-
ied among the arrangements (Figure 2, C–F; Table S4).
Nonclustered and operon gene arrangements had very sim-
ilar values for all these properties. In contrast, codirectional
and divergent gene arrangements had reduced minimum
expression and increased dynamic range, Hill coefficient,
and IPTG concentration required for half-maximal induc-
tion; together, these changes indicate increased transcrip-
tion factor binding. The increased transcription factor binding
is probably due to DNA looping (Oehler et al. 1990, 1994),
which allows LacI bound at neighboring promoters to
interact.

We next examined gene regulation in a set of noncoregu-
lated gene arrangements where one PLlacO-1 promoter in
each arrangement was replaced by the constitutively tran-
scribed PLtetO-1 promoter (Figure 3A). Gene expression
was again measured at varying IPTG concentrations (Figure
3, B–E), and the induction curves for the PLlacO-1 promoter
were fitted to the Hill function. Most of the noncoregulated,
codirectional, and divergent gene arrangements had similar

values as nonclustered genes (excluding genes that lack
a terminator) for minimum expression, dynamic range, IPTG
concentration for half-maximal induction, and Hill coeffi-
cient (Figure 3, F–J; Table S4). That is, the codirectional
and divergent gene arrangements no longer had increased
transcription factor activity and cooperativity without the
second copy of the PLlacO-1 promoter to enable LacI bind-
ing and DNA looping between neighboring promoters.

Gene clustering has minimal impact on gene
expression noise

We characterized the impact of gene clustering and gene
arrangements on stochastic fluctuations in expression (i.e.,
gene expression noise). Gene expression noise was quantified
by the coefficient of variation (C.V.), which is simply the stan-
dard deviation of the expression divided by the mean. The
C.V. was determined for all strains as well as an additional set
of nonclustered genes without downstream terminators (con-
figuration shown in Figure S2). The latter serve as controls for
the divergent gene arrangements to determine whether any
difference in expression noise is due to the arrangement itself
or due to one of the genes lacking a terminator.

Our analysis showed that gene expression noise generally
decreased as the mean expression increased in agreement
with previous models (Paulsson 2004) and experiments
(Elowitz et al. 2002; So et al. 2011) (Figure 4, A–H). We
found no consistent difference in this relationship between
expression noise and mean expression in clustered and non-
clustered arrangements. That is, the “curve” did not move up
or down in the different arrangements (with the exception of
the coregulated, codirectional arrangements), which would

Figure 2 Effects of gene clustering on coregulated gene expression. Error bars indicate the SEM (number of replicates is stated in Figure 1 legend). (A)
Hill function and its parameters (defined in main text). (B–F) Maximum expression, minimum expression, dynamic range, IPTG concentration required for
half-maximal induction, and Hill coefficient for the different gene arrangements. Data symbols indicate the gene arrangements in A. An asterisk (*)
indicates low maximum expression of cfp and yfp in the second position of the operons; a number sign (#) indicates cfp or yfp without a terminator; ND:
not displayed because the values were #0 after background subtraction.

Effect of Clustering on Expression 457

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-13.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-13.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-13.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.147199/-/DC1/genetics.112.147199-9.pdf


have indicated increased or decreased expression noise for
a given mean expression. The coregulated, codirectional gene
arrangements displayed increased gene expression noise
for both CFP (Figure 4C) and YFP at intermediate IPTG con-
centrations (Figure S4C). The increased gene expression noise
in codirectional arrangements is likely to be due to very high

levels of cooperativity (Figure 2F) and the steep induction
curves (Paulsson 2004; Pedraza and van Oudenaarden 2005).
An increased level of gene expression noise is observed with
CFP in the noncoregulated, codirectional arrangement (Figure
4G) but YFP in the same arrangement does not show increased
gene expression noise (Figure S4G).

Figure 3 Induction curves for noncoregulated genes. Error bars indicate the SEM of duplicate (HL5113 and HL5149) and triplicate (HL3953, HL3954,
HL4302, and HL4342) measurements. (A) Diagram showing the noncoregulated gene arrangements where one gene has the PLlacO-1 promoter and
the other has the PLtetO-1 promoter. (B–E) Induction curves for CFP and YFP expression at different IPTG concentrations. Data symbols indicate gene
arrangements shown in A. Lines are fits to the Hill function in B and D. Lines in C and E are a guide to the eye. “0*” indicates an actual value of zero, not
10�. (F–J) Maximum expression, minimum expression, dynamic range, IPTG concentration required for half-maximal induction, and Hill coefficient for
the different gene arrangements shown in A. A number sign (#) indicates measurements of cfp and yfp genes without terminators.
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Nonclustered genes without terminators (Figure 4B; Fig-
ure S4B; Figure S5B) had much lower mean expression than
nonclustered genes with terminators, but the maximum and
minimum levels of expression noise are almost the same
(resulting in the curve shifting left as opposed to up or
down). That is, the free LacI concentration at 0 and 1000
mM IPTG produces the same amount of gene expression
noise in nonclustered genes with and without terminators
even though their mean expression is different. Therefore,
the amount of gene expression noise is not primarily
determined by the mean expression itself but rather by the
free LacI concentration and thus the activity of the transcrip-
tion factor. This finding is consistent with our previous study
(Block et al. 2012) and other reports in bacteria and yeast
(Elowitz et al. 2002; Pedraza and van Oudenaarden 2005;
Rosenfeld et al. 2005; Skupsky et al. 2010). In summary, our
measurements show that gene clustering and arrangements
do not directly influence gene expression noise but can in-
directly modulate it by altering transcription factor binding.

The correlation coefficient is modulated by transcription
factor binding

It has been proposed that stochastic fluctuations in gene ex-
pression will be more correlated for clustered genes (par-
ticularly for operons) compared to nonclustered genes (Swain

2004; van Hoek and Hogeweg 2007; Rocha 2008). To in-
vestigate this, we calculated the correlation coefficient (R),
which is a scale independent metric for assessing the linear
dependence of CFP and YFP expression (Taylor 1997) (Figure
S6), for all gene arrangements (Figure 5). R varies from 1
(completely correlated) to 0 (completely uncorrelated) to 21
(completely anti-correlated).

Because the correlation coefficient can be sensitive to
outliers, we repeated the analyses with only those cells within
2 SD of the mean expression and we obtained similar results
(Figure S7). In our system, CFP and YFP do not have equivalent
intensity distributions; therefore, the “intrinsic” (uncorrelated
variation in expression) and “extrinsic” (correlated variation
in expression) components of the gene expression noise could
not be calculated (Elowitz et al. 2002; Paulsson 2005). How-
ever, a positive correlation coefficient typically indicates the
presence of extrinsic noise, and, as the extrinsic noise in-
creases, the correlation coefficient approaches a value of 1.

The correlation coefficient for coregulated, nonclustered
genes showed little change with increasing IPTG (Figure 5,
A and B). Therefore the LacI concentration (and conse-
quently its activity) appears to have little effect on the cor-
relation coefficients of nonclustered genes in contrast to its
effects on gene expression noise. The high correlation at
maximum induction when LacI is unable to bind suggests

Figure 4 Gene expression noise for CFP in nonclustered and clustered gene arrangements. YFP expression noise is shown in Figure S4. (A–H) Each panel
shows the C.V. for a different gene arrangement. The nonclustered gene arrangement with terminators serves as a reference in all plots (blue shading
indicates the range of the C.V. for this arrangement). Data symbols indicate gene arrangements shown in Figure 1A and Figure 3A. In addition, we
include nonclustered genes without terminators (brown symbols, B). An analysis that has only cells within 2 SD of the mean is shown in Figure S5. Error
bars indicate the SEM (number of replicates is stated in the legends of Figures 1 and 3).
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that fluctuations in global factors [including RNA poly-
merases, ribosomes, and the growth rates of individual cells
(Elowitz et al. 2002; Strovas et al. 2007; Tsuru et al. 2009)]
cause the constitutive expression of the nonclustered genes
to increase and decrease together.

The correlation coefficients for codirectional and divergent
gene arrangements were reduced at low and high IPTG con-
centrations and elevated at intermediate IPTG concentrations
(Figure 5, C and D). Therefore, in contrast to nonclustered
genes, codirectional and divergent gene arrangements are
modulated by LacI activity. At low IPTG concentrations, the
correlation coefficient may be reduced for several reasons
(see further explanation in the Discussion): (1) there is
strong repression resulting in decreased mean expression
and increased intrinsic noise; (2) the induction curve is “flat”
at low-IPTG concentrations in these arrangements (Figure
1), making it less sensitive to fluctuations in the LacI con-
centration; and (3) bursts of expression may occur from
only one gene due to DNA looping and partial dissociation
of the bound LacI complexes (Choi et al. 2008). At interme-
diate IPTG concentrations, DNA looping may cause coordi-
nated switching of the two genes between the repressed
and unrepressed states. These correlated switching events
plus the variation in global factors explain the slightly

higher correlation in the expression of genes in the codirec-
tional arrangement compared to the nonclustered arrange-
ment (compare the average of the peaks in Figure 5C and
Figure S7C with Figure 5, A and B, and Figure S7, A and B,
respectively). At high-IPTG concentrations, LacI binding
cannot occur so there is no coordinated switching of gene
expression and the correlation coefficient is less than at
intermediate-IPTG concentrations but still relatively high
due to fluctuations in global factors.

In operons, the correlation coefficients at most IPTG
concentrations were relatively constant and similar to the
nonclustered arrangements (compare Figure 5E with Figure
5A). While this result was initially surprising, it is com-
pletely consistent with all our other findings. The nonclus-
tered genes showed that most of the correlations in gene
expression arise from fluctuations in global factors (i.e., ex-
trinsic noise) and that stochastic gene-to-gene variation (i.e.,
intrinsic noise), which contributes to anti-correlated expres-
sion, is relatively low. Therefore, further reducing the latter
by transcribing genes in the same mRNA to eliminate anti-
correlated transcription events has minimal effect on the
correlation coefficient (see supporting models below).

The correlation coefficient for most of the noncoregu-
lated genes in clustered and nonclustered arrangements

Figure 5 Correlation coefficient as a function of IPTG concentration for clustered and nonclustered gene arrangements. (A–H) Each panel shows the
correlation coefficient for a different gene arrangement. Data symbols indicate the gene arrangements shown in Figures 1A and 3A. In addition, we
include nonclustered genes without terminators (brown symbols, B). Analyses including only cells within 2 SD of the mean expression are shown in
Figure S7. The correlation coefficients are plotted as a function of mean expression in Figure S8. “0*” indicates an actual value of zero, not 10�. Blue-
shaded regions show the approximate upper and lower bounds of the nonclustered gene arrangements with terminators. Error bars indicate the SEM
(number of replicates is stated in the legends of Figures 1 and 3).
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generally increased with the IPTG concentration (Figure 5,
F–H). The exception appeared to be the noncoregulated,
codirectional arrangement (HL3953, Figure 5G), but this
was primarily due to a small number of outliers (Figure
S7G). The general increase in the correlation coefficients
can be explained by fluctuations in the global factors having
opposing effects on PLtetO-1 and PLlacO-1. Global factors
that cause gene expression from PLtetO-1 and PLlacO-1 to
increase will also increase LacI production and thus act to
repress some of the expression from PLlacO-1. The net result
is a decrease or a smaller increase in PLlacO-1 expression
compared to PLtetO-1 and thus a reduced correlation for the
noncoregulated genes. At high-IPTG concentrations, LacI
cannot bind, and therefore PLlacO-1 expression is not con-
strained and is free to increase and decrease in synchrony
with PLtetO-1 expression in response to fluctuations in
global factors, resulting in a higher correlation coefficient.

In summary, gene clustering by itself does not appear
to directly modulate the amount of correlation in gene
expression, but certain arrangements can do so indirectly via
DNA looping and/or highly cooperative transcription factor
binding.

Constitutive gene expression is highly correlated

The above experiments at saturating IPTG concentrations
strongly suggested that variation in global factors causes
highly correlated constitutive expression. We deleted the
lacI gene in strains with nonclustered and clustered gene
arrangements to eliminate the possibility that LacI might
have influenced the correlation coefficients even at saturat-
ing concentrations of IPTG. We found that, with lacI deleted,
the correlation coefficient for constitutive expression was
still very high and that it was similar in both nonclustered
and clustered gene arrangements (Figure 6). In particular,
we again observed that the correlation coefficient was not
significantly higher in operons than in other gene arrange-
ments. The correlation coefficient for the divergent arrange-
ments was slightly lower than other arrangements, and the
significance and basis of this is unclear.

It has been shown theoretically that the constitutive
expression of genes in operons should be more correlated
than the expression of genes in non-operon arrangements
(i.e., nonclustered, codirectional, and divergent arrangements)
(Swain 2004; Sneppen et al. 2010). A likely reason that this
was not experimentally observed is because these models did
not include variation in global factors, which minimizes the
contribution of gene-to-gene variation to the total gene expres-
sion noise and the correlation coefficient. To demonstrate this
point, we created models of non-operon and operon gene ex-
pression (i.e., any arrangement where two genes are tran-
scribed in separate mRNAs and an arrangement where two
genes share a single mRNA, respectively). There were two
models for the operon; in one, a single promoter produced
only full-length mRNAs and in the other a single promoter
produced equal amounts of full-length and partial-length
mRNAs as was observed experimentally (the partial-length

mRNA only has the complete sequence for the first gene due
to premature transcription termination).

We simulated the two models with each reaction step
(transcription, mRNA degradation, translation, and protein
degradation) occurring stochastically (Figure 7A and Materi-
als and Methods). These simulations without variation in
global factors showed that the expression of genes in operons
was highly correlated compared to non-operon arrangements
because each stochastic transcription and degradation event
caused the mRNA for both genes to be created and destroyed
at the same time. In contrast, the creation and destruction of
the separate mRNAs for each gene in non-operon arrange-
ments was independent, and therefore constitutive expres-
sion was less correlated. In addition, the simulations under
these conditions showed that premature transcription termi-
nation has a small effect on the correlation coefficient of
operon genes (Figure 7B).

We repeated the simulations with the inclusion of varia-
tion in global factors such as the concentrations of RNA poly-
merases, RNA degradosomes and ribosomes, and the growth
rate that determines the clearance rate of stable proteins
such as CFP and YFP. Variation in global factors caused the
constitutive expression of genes in non-operon and operon
arrangements to become more highly correlated (Figure 7C
and Figure S10). However, the relative increase in the cor-
relation coefficient was greater for non-operon arrange-
ments, and consequently the difference in the correlation
coefficients between operon and non-operon arrangements
was much smaller with variation in global factors just as we
observed experimentally.

In summary, the experiments and simulations dem-
onstrate that fluctuations in global factors cause highly

Figure 6 Correlation coefficient of gene expression in clustered and non-
clustered gene arrangements with lacI deleted. Data symbols indicate the
gene arrangements shown in Figure 1A. Error bars indicate SEM of five to
seven replicate measurements. Correlation coefficients are calculated
from all cells. An analysis with only the cells within 2 SD of the mean
expression is shown in Figure S9.
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correlated constitutive expression in our system. As a conse-
quence, gene clustering and the organization of genes into
operons has relatively little impact on the correlation of
constitutive gene expression.

Discussion

In this study, we systematically assessed the general effects
of clustering and common gene arrangements on expression
using synthetic circuits in Escherichia coli that allowed ex-
pression between nonclustered and clustered genes to be
directly compared at identical loci and without feedback
control. It would have been very difficult to characterize
the effects of clustering and gene arrangements by analyzing
the expression of native genes because there are too many
confounding factors. Our system also enabled the assessment
of multiple facets of gene expression, including constitutive
expression, transcription factor activity, gene expression noise,
and correlations in gene expression.

Our results showed that gene clustering and arrangements
generally have minimal effects on expression. Gene cluster-
ing did not directly alter constitutive expression, gene expres-
sion noise, or correlations in gene expression. However, some

clustered arrangements (e.g., codirectional and divergent)
have the potential to alter transcription factor binding via
DNA looping and this can indirectly alter the noise and cor-
relations in gene expression. It must be stressed that DNA
looping is not specific to clustering and can be achieved by
simply having multiple transcription factor-binding sites in the
vicinity of the gene (Oehler et al. 1990, 1994; Geanacopoulos
et al. 2001; Schleif 2010; Lewis et al. 2011). The absence of
direct effects of clustering on gene expression is very infor-
mative; as we further discuss below, it indicates that spatial
differences within bacteria and along the chromosome gen-
erally have minimal impact on gene expression.

Our demonstration that gene clustering does not alter
constitutive expression indicates that there is no significant
competition or local recruitment of global factors even with
highly expressed genes (otherwise the maximum expression
of clustered genes would have been lower or higher than
nonclustered genes). Therefore, there must be an excess of
the global factors required for gene expression and rapid
diffusion of these factors in the cell under our experimental
conditions (i.e., exponential growth in rich media at 37� with
vigorous mixing and aeration). However, this may not be the
case during stress when cellular processes compete for ribo-
somes (Scott et al. 2010).

We found that the total gene expression noise in our
system was not directly altered by gene clustering. However,
in codirectional arrangements, an indirect increase in gene
expression noise does occur at intermediate-IPTG concen-
trations due to their more switch-like response curves. The
minimal impact of clustering and arrangements on gene
expression noise is consistent with our recent finding that
altering chromosome position (and thus altering local factors
such as DNA supercoiling and neighboring DNA sequences)
does not affect gene expression noise (Block et al. 2012).

Our measurements showed that the two major contrib-
utors to gene expression noise in our system are the tran-
scription factor (LacI) and the global factors. Global factors
may affect any aspect of gene expression, including tran-
scription, translation, mRNA degradation, and protein deg-
radation (Maheshri and O’Shea 2007; Shahrezaei et al.
2008). Other studies using fluorescent reporter genes have
also shown that global factors are important contributors to
the total gene expression noise (Elowitz et al. 2002; Pedraza
and van Oudenaarden 2005; Raser and O’Shea 2005; Taniguchi
et al. 2010). Fluctuations in global factors also affect LacI
production and/or degradation, causing its concentration to
fluctuate. Therefore, stochastic variation in global factors
can both directly and indirectly (via LacI) contribute to total
gene expression noise. Global factors tend to fluctuate over
long timescales, resulting in cell-to-cell variation in expres-
sion (i.e., extrinsic noise) rather than gene-to-gene variation
in expression within a cell (i.e., intrinsic noise) (Maheshri
and O’Shea 2007; Shahrezaei et al. 2008).

Intrinsic noise arises from stochasticity in the production
and degradation of mRNAs and proteins, and it generally
increases as their concentrations decrease (i.e., intrinsic

Figure 7 Correlation coefficients from stochastic simulations of non-
operon and operon arrangements. (A) Simplified schemes for non-operon
and operon gene arrangements as described in the main text. (B) Corre-
lation coefficients of non-operon and operon gene arrangements gener-
ated by stochastic simulations in the absence of variation in global factors
of gene regulation. (C) Correlation coefficients of non-operon and op-
eron gene arrangements generated by stochastic simulations with global
fluctuations (650% of the mean) in transcription, mRNA degradation,
translation, and protein degradation.
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noise increases as the mean expression decreases) (Elowitz
et al. 2002; Paulsson 2004). We were unable to directly
estimate the contribution of intrinsic noise to the total gene
expression noise because the reporter genes did not have
equivalent intensity distributions (Elowitz et al. 2002; Paulsson
2005). However, we can get some sense of the impact of
intrinsic noise from the correlation coefficient because it
contributes to anti-correlated expression as well as to corre-
lated expression whereas extrinsic noise contributes only to
correlated expression. That is, if there is a significant amount of
intrinsic noise, we would expect anti-correlated expression
to increase (and therefore the correlation coefficient to de-
crease) as the mean expression decreases (Elowitz et al.
2002; Paulsson 2004).

In nonclustered and operon arrangements, the correla-
tion coefficient was high at all expression levels (Figure 5, A
and E), which suggests that the intrinsic noise is relatively
small in these arrangements. In contrast, the correlation co-
efficient in codirectional and divergent gene arrangements
was reduced at low mean-expression levels. The decreased
correlation coefficient could be due to potent repression
causing very low mean expression and therefore a greater
amount of intrinsic noise (i.e. increased anti-correlated ex-
pression noise). However, it may also be due to other effects
of DNA looping and cooperativity including a “flat” induc-
tion curve at low-IPTG concentrations (i.e. less correlated
expression noise because fluctuations in the LacI concentra-
tion have less effect on the target gene) and partial dissoci-
ation of LacI complexes causing bursts of expression from
only one gene (i.e. increased anti-correlated expression
noise) (Choi et al. 2008).

It has been predicted that the expression of genes in
operons should be much more correlated than in non-
clustered genes (Swain 2004; Sneppen et al. 2010). How-
ever, our experiments and simulations show that the actual
difference in the correlation in expression of nonclustered
and operon genes will be relatively small when global fac-
tors are important contributors to the total gene expression
noise. The expression of genes in operons will be substan-
tially more correlated than in other arrangements only if the
variation in global factors is much smaller than we observed;
the transcription rate is very low so the intrinsic noise is
greater (Elowitz et al. 2002; Paulsson 2005); fluctuations
in the concentration and activity of the transcription factor
are not causing correlated fluctuations in coregulated gene
expression; and, to a lesser extent, there is minimal prema-
ture transcription termination. Fluctuations in global factors
depend on the environment (reviewed in Maheshri and
O’Shea 2007), so it is possible that genes in clusters and
operons could have measurably higher correlations under
some conditions. It is unclear how common the regulatory
and environmental requirements needed to produce more
correlated expression for genes in native operons occur
physiologically.

While we have found no evidence that gene clustering
has general functional effects on gene expression, clustering

may have specific functional effects for particular regulatory
mechanisms and pathways. It has been proposed that clus-
tering may aid the coordinated folding of proteins within
multi-protein complexes because translation can occur at
the site of transcription (Pal and Hurst 2004). The close
proximity of clustered genes also enables transcription fac-
tors at their promoters to interact and modulate their activ-
ity as we observed in the codirectional and divergent gene
arrangements. Native divergent genes often have overlap-
ping promoters (Korbel et al. 2004; Warren and ten Wolde
2004b; Bendtsen et al. 2012) that can result in the binding
of a transcription factor (or RNA polymerase) at one pro-
moter, excluding transcription factor (or RNA polymerase)
binding at the other (Hershberger et al. 1993; Choy et al.
1995; Wang et al. 1998). These overlapping promoters may
generate anti-correlated expression and enhance the stability
of genetic switches (Warren and ten Wolde 2004a; Bendtsen
et al. 2012). The arrangement of genes in operons may facil-
itate a “just-in-time” synthesis of components in pathways,
thereby ensuring that proteins are made as they are needed
to maximize efficiency (Zaslaver et al. 2004, 2006). Operons
may also aid the evolvability of gene regulation because it is
easier to evolve complex programs at a single promoter reg-
ulating multiple genes than at multiple promoters each reg-
ulating a single gene (Price et al. 2005).

Gene clustering may have arisen due to the many specific
functional advantages that it provides for gene regulation as
we describe above. However, an alternative explanation is
that clustering occurs because it increases the probability
that multiple genes needed to acquire and regulate a new
trait (e.g., genes in a metabolic pathway) are inherited in
a single horizontal gene transfer event due to their close
genetic linkage, as proposed in the “selfish operon hypoth-
esis” (Lawrence and Roth 1996). Genetic linkage and func-
tional explanations for the origin of gene clustering and
gene arrangements are not mutually exclusive and both
may be important.

Our study has practical applications for the engineering
of synthetic circuits, which often require several functionally
related genes to generate a compound or achieve a specific
function (de Lorenzo 2008; Lee et al. 2008; Medema et al.
2011). It was previously unknown whether the output of
synthetic gene circuits could be improved by replicating
the common arrangements that occur in the genome. We
have shown that clustering by itself should not be a goal
or a constraint on the design of gene circuits, at least under
conditions of exponential growth and high expression, which
are common conditions for the use of many synthetic sys-
tems. However, in cases where genes are regulated by the
same transcription factor and greater transcription factor
activity and cooperativity is desired, it could be beneficial
to have the genes in codirectional or divergent arrangements
(at the cost of a reduced correlation in gene expression at
low levels of induction). Conversely, if a graded response is
required, then genes should be placed within an operon or
nonclustered arrangement.
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Gene clustering is a common feature of genome organi-
zation, but its impact on bacterial gene expression had not
been comprehensively and systematically studied in an ex-
perimental system; this study represents an important step
forward in addressing this knowledge gap. We found no
difference in the constitutive expression levels, expres-
sion noise, and correlations in expression of three common
clustered arrangements compared to nonclustered arrange-
ments. While our data appear to exclude general effects of
clustering on gene expression, it is possible that there may
be specific genes and/or environmental conditions where
clustering does modulate expression.
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Figure	
  S1	
  	
  	
  	
  Details	
  of	
  the	
  non-­‐clustered	
  and	
  clustered	
  gene	
  arrangements	
  shown	
  in	
  Figure	
  1A.	
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Figure	
  S2	
  	
  	
  	
  Details	
  of	
  the	
  non-­‐clustered	
  and	
  clustered	
  gene	
  arrangements	
  shown	
  in	
  Figure	
  3A	
  and	
  non-­‐clustered	
  genes	
  without	
  

terminators	
  (filled	
  and	
  unfilled	
  maroon	
  symbols).	
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Figure	
  S3	
  	
  	
  RNA	
  measurements	
  by	
  Northern	
  blotting.	
  Error	
  bars	
  indicate	
  the	
  s.e.m.	
  of	
  duplicate	
  measurements.	
  Symbols	
  indicate	
  the	
  gene	
  

arrangements	
  in	
  Figure	
  1A	
  and	
  Figure	
  3A.	
  Representative	
  Northern	
  blot	
  showing	
  hybridization	
  of	
  a	
  cfp	
  probe	
  which	
  binds	
  both	
  cfp	
  and	
  

yfp	
  mRNAs	
  (upper)	
  and	
  a	
  16S	
  RNA	
  probe	
  (lower).	
  Measurements	
  were	
  performed	
  on	
  duplicate	
  sets	
  of	
  samples.	
  #	
  indicates	
  at	
  least	
  one	
  of	
  

the	
  mRNA	
  transcripts	
  does	
  not	
  have	
  a	
  terminator.	
  The	
  maroon	
  symbol	
  represents	
  a	
  non-­‐clustered	
  gene	
  arrangement	
  where	
  cfp	
  at	
  intS	
  

and	
  yfp	
  at	
  galK	
  do	
  not	
  have	
  terminators	
  (HL1852).	
  Blue	
  arrowheads	
  indicate	
  the	
  full	
  length	
  mRNA	
  for	
  operons.	
  Black	
  arrowhead	
  indicates	
  

the	
  single	
  gene	
  mRNA.	
  ◊	
  indicates	
  one	
  of	
  the	
  promoters	
  is	
  PLtetO-­‐1.	
  The	
  green	
  arrowhead	
  indicates	
  the	
  16S	
  RNA.	
  The	
  grey	
  arrowheads	
  

indicate	
  mRNAs	
  in	
  the	
  size	
  ladder.	
  Contrast	
  and	
  brightness	
  were	
  adjusted	
  solely	
  to	
  enhance	
  visualization	
  of	
  the	
  printed	
  figure;	
  no	
  bands	
  

were	
  obscured	
  or	
  selectively	
  enhanced.	
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Figure	
  S4	
  	
  	
  Gene	
  expression	
  noise	
  for	
  YFP	
  in	
  clustered	
  and	
  non-­‐clustered	
  gene	
  arrangements.	
  (A-­‐H)	
  Each	
  panel	
  shows	
  the	
  coefficient	
  of	
  

variation	
  (C.V.)	
  for	
  a	
  different	
  gene	
  arrangement.	
  Data	
  symbols	
  indicate	
  the	
  gene	
  arrangements	
  shown	
  in	
  Figure	
  1A	
  and	
  Figure	
  3A.	
  In	
  

addition	
  we	
  include	
  non-­‐clustered	
  genes	
  without	
  terminators	
  (maroon	
  symbols,	
  panel	
  B).	
  All	
  cells	
  are	
  included	
  in	
  the	
  analysis.	
  Error	
  bars	
  

indicate	
  the	
  s.e.m.	
  (number	
  of	
  replicates	
  is	
  stated	
  in	
  the	
  legends	
  of	
  Figures	
  1	
  and	
  3).	
  The	
  non-­‐clustered	
  gene	
  arrangement	
  with	
  terminators	
  

(and	
  the	
  blue	
  shading	
  which	
  indicates	
  the	
  range	
  of	
  the	
  C.V.	
  in	
  this	
  arrangement)	
  serves	
  as	
  a	
  reference	
  in	
  all	
  plots.	
  #	
  HL4348	
  had	
  YFP	
  

expression	
  values	
  less	
  than	
  zero	
  after	
  background	
  autofluorescence	
  subtraction	
  at	
  0,	
  1,	
  5	
  and	
  10	
  μM	
  IPTG;	
  these	
  values	
  are	
  therefore	
  not	
  

shown	
  on	
  the	
  plot.	
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Figure	
  S5	
  	
  	
  Gene	
  expression	
  noise	
  for	
  CFP	
  in	
  clustered	
  and	
  non-­‐clustered	
  gene	
  arrangements	
  with	
  only	
  cells	
  with	
  expression	
  within	
  2	
  S.D.	
  of	
  

the	
  mean	
  included	
  in	
  the	
  analysis.	
  (A-­‐H)	
  Each	
  panel	
  shows	
  the	
  coefficient	
  of	
  variation	
  (C.V.)	
  for	
  a	
  different	
  gene	
  arrangement.	
  Data	
  symbols	
  

indicate	
  the	
  gene	
  arrangements	
  shown	
  in	
  Figures	
  1A	
  and	
  3A.	
  In	
  addition	
  we	
  include	
  non-­‐clustered	
  genes	
  without	
  terminators	
  (maroon	
  

symbols,	
  panel	
  B).	
  Error	
  bars	
  indicate	
  the	
  s.e.m.	
  (number	
  of	
  replicates	
  is	
  stated	
  in	
  the	
  legends	
  of	
  Figures	
  1	
  and	
  3).	
  The	
  non-­‐clustered	
  gene	
  

arrangement	
  with	
  terminators	
  serves	
  as	
  a	
  reference	
  in	
  all	
  plots	
  (blue	
  shading	
  indicates	
  the	
  range	
  of	
  the	
  C.V.	
  for	
  this	
  arrangement).	
  Black	
  

dash	
  lines	
  indicate	
  the	
  upper	
  and	
  lower	
  bounds	
  of	
  the	
  C.V.	
  in	
  non-­‐clustered	
  gene	
  arrangements	
  from	
  Figure	
  4A.	
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Figure	
  S6	
  	
  	
  Description	
  of	
  the	
  correlation	
  coefficient.	
  (A)	
  Scatter	
  plot	
  of	
  Gene	
  1	
  and	
  Gene	
  2	
  expression	
  showing	
  the	
  noise	
  and	
  the	
  

correlation	
  coefficient	
  (R).	
  (B)	
  Diagrams	
  showing	
  the	
  steady	
  state	
  expression	
  of	
  Gene	
  1	
  (blue	
  lines)	
  and	
  Gene	
  2	
  (gold	
  lines)	
  as	
  a	
  function	
  of	
  

time	
  and	
  a	
  corresponding	
  scatter	
  plot	
  for	
  highly	
  correlated	
  expression	
  (top),	
  uncorrelated	
  expression	
  (middle)	
  and	
  anti-­‐correlated	
  

expression	
  (bottom).	
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Figure	
  S7	
  	
  	
  Correlation	
  coefficient	
  (R)	
  as	
  a	
  function	
  of	
  the	
  IPTG	
  concentration	
  for	
  clustered	
  and	
  non-­‐clustered	
  gene	
  arrangements	
  with	
  only	
  

cells	
  within	
  2	
  S.D.	
  of	
  the	
  mean	
  included	
  in	
  the	
  analysis.	
  (A-­‐H)	
  Each	
  panel	
  shows	
  the	
  correlation	
  coefficient	
  for	
  a	
  different	
  gene	
  

arrangement.	
  Data	
  symbols	
  indicate	
  the	
  gene	
  arrangements	
  shown	
  in	
  Figures	
  1A	
  and	
  3A.	
  In	
  addition	
  we	
  include	
  non-­‐clustered	
  genes	
  

without	
  terminators	
  (maroon	
  symbols,	
  panel	
  B).	
  Error	
  bars	
  indicate	
  the	
  s.e.m.	
  (number	
  of	
  replicates	
  is	
  stated	
  in	
  the	
  legends	
  of	
  Figures	
  1	
  

and	
  3).	
  	
  0*	
  indicates	
  an	
  actual	
  value	
  of	
  zero	
  not	
  100.	
  

	
  

8	
  SI	
  



L.	
  W.	
  Liang	
  et	
  al.	
   9	
  SI	
  

A

C
or

re
la

tio
n 

co
ef

fic
ie

nt
 (R

) 1

0.6

B C

0.8

0.4

0.2

Non-­‐clustered	
  
(no	
  terminators)

C
or

re
la

tio
n 

co
ef

fic
ie

nt
 (R

)

1

0.6

0.8

0.4

0.2

Codirectional

C
or

re
la

tio
n 

co
ef

fic
ie

nt
 (R

) 1

0.6

0.8

0.4

0.2

Divergent

C
or

re
la

tio
n 

co
ef

fic
ie

nt
 (R

) 1

0.6

0.8

0.4

0.2

Operon

C
or

re
la

tio
n 

co
ef

fic
ie

nt
 (R

) 1

0.6

0.8

0.4

0.2

Non-­‐coregulated,	
  
divergent

C
or

re
la

tio
n 

co
ef

fic
ie

nt
 (R

) 1

0.6

0.8

0.4

0.2

Non-­‐coregulated,	
  
codirectional

Non-­‐coregulated,	
  
non-­‐clustered

00

D

E F G H

C
or

re
la

tio
n 

co
ef

fic
ie

nt
 (R

) 1

0.6

0.8

0.4

0.2
2 3 4
CFP expression 

(fluorescence, log10 a.u.)

Non-­‐clustered

2 3 4
CFP expression 

(fluorescence, log10 a.u.)

2 3 4
CFP expression 

(fluorescence, log10 a.u.)

2 3 4
CFP expression 

(fluorescence, log10 a.u.)

2 3 4
CFP expression 

(fluorescence, log10 a.u.)

2 3 4
CFP and YFP expression 
(fluorescence, log10 a.u.)

2 3 4
CFP and YFP expression 
(fluorescence, log10 a.u.)

2 3 4
CFP and YFP expression 
(fluorescence, log10 a.u.)

C
or

re
la

tio
n 

co
ef

fic
ie

nt
 (R

) 1

0.6

0.8

0.4

0.2

0

100 1000 10000

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 

 HL5149
 HL5113

100 1000 10000

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 

 HL4302
 HL4342

100 1000 10000

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 

 HL3954
 3953

100 1000 10000

0.2

0.4

0.6

0.8

1.0

 

 

 

 

 HL4348
 HL4343

100 1000 10000

0.2

0.4

0.6

0.8

1.0

 

 

 

 

 HL3360
 HL1852

100 1000 10000

0.2

0.4

0.6

0.8

1.0

 

 

 

 

 HL5087
 HL5086

100 1000 10000

0.2

0.4

0.6

0.8

1.0

 

 

 

 

 HL3546
 3515all

100 1000 10000

0.2

0.4

0.6

0.8

1.0

 

 

 

 

 HL3578
 HL3573

	
  
	
  

Figure	
  S8	
  	
  	
  Correlation	
  coefficient	
  as	
  a	
  function	
  of	
  mean	
  expression	
  for	
  clustered	
  and	
  non-­‐clustered	
  gene	
  arrangements.	
  (A-­‐H)	
  Each	
  panel	
  

shows	
  the	
  correlation	
  coefficient	
  for	
  a	
  different	
  gene	
  arrangement.	
  Data	
  symbols	
  indicate	
  the	
  gene	
  arrangements	
  shown	
  in	
  Figures	
  1A	
  and	
  

3A.	
  In	
  addition	
  we	
  include	
  non-­‐clustered	
  genes	
  without	
  terminators	
  (maroon	
  symbols,	
  panel	
  B).	
  All	
  cells	
  are	
  included	
  in	
  the	
  analysis.	
  Error	
  

bars	
  indicate	
  the	
  s.e.m.	
  (number	
  of	
  replicates	
  is	
  stated	
  in	
  the	
  legends	
  of	
  Figures	
  1A	
  and	
  3A).	
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Figure	
  S9	
  	
  	
  Correlation	
  coefficient	
  (R)	
  for	
  different	
  gene	
  arrangements	
  calculated	
  without	
  outliers	
  (cells	
  more	
  than	
  2	
  S.D.	
  from	
  the	
  mean).	
  

Data	
  symbols	
  indicate	
  the	
  gene	
  arrangements	
  shown	
  in	
  Figure	
  1A.	
  Error	
  bars	
  indicate	
  the	
  s.e.m.	
  of	
  5-­‐7	
  replicate	
  measurements.	
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Figure	
  S10	
  	
  	
  Correlation	
  coefficients	
  generated	
  by	
  stochastic	
  simulations	
  that	
  include	
  fluctuations	
  in	
  global	
  factors.	
  Cell-­‐to-­‐cell	
  variation	
  in	
  

global	
  factors	
  such	
  as	
  the	
  concentrations	
  and	
  activity	
  of	
  RNA	
  polymerases,	
  RNA	
  degradosomes	
  and	
  ribosomes,	
  and	
  growth	
  rates	
  are	
  

included	
  in	
  the	
  stochastic	
  simulations.	
  Variation	
  in	
  these	
  global	
  factors	
  effectively	
  alters	
  the	
  rate	
  constants	
  for	
  transcription,	
  mRNA	
  

degradation,	
  translation,	
  and	
  protein	
  clearance	
  (see	
  Materials	
  and	
  Methods).	
  Error	
  bars	
  indicate	
  s.e.m.	
  of	
  quintuplicate	
  simulations.	
  

Results	
  in	
  panels	
  A-­‐D	
  should	
  be	
  compared	
  to	
  Figure	
  7B	
  (stochastic	
  simulation	
  without	
  any	
  variation	
  in	
  global	
  factors).	
  (A)	
  Cell	
  variation	
  in	
  

the	
  transcription	
  rate	
  (km)	
  from	
  0.15	
  to	
  0.45	
  mRNA/min.	
  (B)	
  Cell	
  variation	
  in	
  the	
  mRNA	
  degradation	
  rate	
  constant	
  (k-­‐m)	
  from	
  0.075	
  to	
  

0.225	
  per	
  min.	
  (C)	
  Cell	
  variation	
  in	
  the	
  translation	
  rate	
  (kp)	
  from	
  2	
  to	
  6	
  proteins/mRNA/min.	
  (D)	
  Cell	
  variation	
  in	
  the	
  protein	
  clearance	
  rate	
  

(kd)	
  from	
  0.015	
  to	
  0.045	
  per	
  min.	
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Table	
  S1	
  	
  	
  Strains	
  	
  	
  

Strain	
  	
   Description	
  	
  
cfp	
  

position	
  	
  

yfp	
  

position	
  	
  
Structure	
  	
  

MG1655	
  	
   Yale	
  E.	
  coli	
  genetic	
  stock	
  center	
  (CGSC#7740)	
  	
   N/A	
  	
   N/A	
  	
   N/A	
  	
  

HL716*	
  	
   MG1655	
  +	
  lacIq	
  at	
  intS	
  site	
  	
   N/A	
  	
   N/A	
  	
   N/A	
  	
  

HL1745§	
  	
   MG1655	
  +	
  PLlacO-­‐1::T710::cfp	
  at	
  intS	
  	
   intS	
  	
   N/A	
  	
   Single	
  color	
  	
  

HL1852§	
  	
   HL1745	
  +	
  PLlacO-­‐1::T710::yfp	
  at	
  galK	
  	
   intS	
  	
   galK	
  	
   Non-­‐clustered	
  	
  

HL1951§	
  	
   MG1655	
  +	
  PLlacO-­‐1::T710::yfp	
  at	
  galK	
  	
   N/A	
  	
   galK	
  	
   Single	
  color	
  	
  

HL2028*	
   HL1852	
  +	
  ΔlacI	
  	
   intS	
  	
   galK	
  	
   Non-­‐clustered	
  	
  

HL2960	
  	
   MG1655	
  +	
  PLlacO-­‐1::T710::cfp	
  at	
  galK	
  	
  	
   N/A	
  	
   galK	
  	
   Single	
  color	
  	
  

HL3355*	
  	
   MG1655	
  +	
  KanR::PLlacO-­‐1::T710::cfp	
  at	
  gtrAB	
  	
  	
   gtrAB	
  	
   N/A	
  	
   Single	
  color	
  	
  

HL3360	
  	
   HL2960	
  +	
  PLlacO-­‐1::T710::yfp	
  at	
  intS	
  	
  	
  	
   galK	
  	
   intS	
  	
   Non-­‐clustered	
  	
  

HL3368*	
  	
   MG1655	
  +	
  KanR::PLlacO-­‐1::T710::yfp	
  at	
  galM	
  	
   N/A	
  	
   galM	
  	
   Single	
  color	
  	
  

HL3515*	
  	
   HL3355	
  +	
  T1	
  terminator::PLlacO-­‐1::T710::yfp::Asp	
  

terminator	
  at	
  intS	
  	
  

gtrAB	
  	
   intS	
  	
   Codirectional:	
  cfp	
  upstream	
  of	
  yfp	
  	
  

HL3546*	
  	
   HL3368	
  +	
  T1	
  terminator::PLlacO-­‐1::T710::cfp::Asp	
  

terminator	
  at	
  galK	
  	
  

galK	
  	
   galM	
  	
   Codirectional:	
  yfp	
  upstream	
  of	
  cfp	
  	
  

HL3573	
  	
   HL3515	
  +	
  (ΔT1	
  terminator::PLlacO-­‐1)	
  	
   gtrAB	
  	
   intS	
  	
   Operon:	
  cfp	
  upstream	
  of	
  yfp	
  	
  

HL3578	
  	
   HL3546	
  +	
  (ΔT1	
  terminator::PLlacO-­‐1)	
  	
   galK	
  	
   galM	
  	
   Operon:	
  yfp	
  upstream	
  of	
  cfp	
  	
  

HL3640	
  	
   HL3515	
  +	
  ΔlacI	
  	
   gtrAB	
  	
   intS	
  	
   Codirectional:	
  cfp	
  upstream	
  of	
  yfp	
  	
  

HL3641	
  	
   HL3546	
  +	
  ΔlacI	
  	
   galK	
  	
   galM	
  	
   Codirectional:	
  yfp	
  upstream	
  of	
  cfp	
  	
  

HL3642	
  	
   HL3573	
  +	
  ΔlacI	
  	
   gtrAB	
  	
   intS	
  	
   Operon:	
  cfp	
  upstream	
  of	
  yfp	
  	
  

HL3643	
  	
   HL3578	
  +	
  ΔlacI	
  	
   galK	
  	
   galM	
  	
   Operon:	
  yfp	
  upstream	
  of	
  cfp	
  	
  

HL3953	
  	
   HL3355	
  +	
  T1	
  terminator::PLtetO-­‐1::T710::yfp::Asp	
  

terminator	
  at	
  intS	
  	
  

gtrAB	
  	
   intS	
  	
   Non-­‐coregulated,	
  	
  

codirectional:	
  cfp	
  upstream	
  of	
  yfp	
  	
  

HL3954	
  	
   HL3368	
  +	
  T1	
  terminator::PLtetO-­‐1::T710::cfp::Asp	
  

terminator	
  at	
  galK	
  	
  

galK	
  	
   galM	
  	
   Non-­‐coregulated,	
  

codirectional:	
  yfp	
  upstream	
  of	
  cfp	
  	
  

HL4302	
  	
   HL1951	
  +	
  T1	
  terminator::PLtetO-­‐1::T710::cfp::Asp	
  

terminator	
  inserted	
  at	
  galM	
  	
  

galM	
  	
   galK	
  	
   Non-­‐coregulated,	
  divergent	
  	
  

Previously	
  reported	
  strains	
  in	
  Lim	
  et	
  al.	
  2011	
  (*)	
  and	
  Block	
  et	
  al.	
  2012	
  (§).	
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Table	
  S1	
  continued	
  	
  	
  Strains	
  	
  

Strain	
  	
   Description	
  	
  
cfp	
  

position	
  	
  

yfp	
  

position	
  	
  
Structure	
  	
  

HL4342	
  	
   HL1745	
  +	
  T1	
  terminator::PLtetO-­‐1::T710::yfp::Asp	
  

terminator	
  inserted	
  at	
  gtrAB	
  	
  

intS	
  	
   gtrAB	
  	
   Non-­‐coregulated,	
  divergent	
  	
  

HL4343	
  	
   HL1745	
  +	
  PLlacO-­‐1::T710::yfp::T7	
  terminator::T1	
  

terminator	
  inserted	
  at	
  gtrAB	
  	
  

intS	
  	
   gtrAB	
  	
   Divergent	
  	
  

HL4348	
  	
   HL1951	
  +	
  PLlacO-­‐1::T710::cfp::T7	
  terminator::T1	
  

terminator	
  inserted	
  at	
  galM	
  	
  

galM	
  	
   galK	
  	
   Divergent	
  	
  

HL5056	
  	
   HL3355	
  +	
  T1	
  terminator	
  at	
  intS	
  	
   gtrAB	
  	
   N/A	
  	
   Single	
  color	
  	
  

HL5057	
  	
   HL3368	
  +	
  T1	
  terminator	
  at	
  galK	
  	
   N/A	
  	
   galM	
  	
   Single	
  color	
  	
  

HL5086	
  	
   HL5056	
  +	
  T1	
  terminator::PLlacO-­‐1::T710::yfp::Asp	
  

terminator	
  at	
  galK	
  	
  

gtrAB	
  	
   galK	
  	
   Non-­‐clustered	
  	
  

HL5087	
  	
   HL5057	
  +	
  T1	
  terminator::PLlacO-­‐1::T710::cfp::Asp	
  

terminator	
  at	
  intS	
  	
  

intS	
  	
   galM	
  	
   Non-­‐clustered	
  	
  

HL5113	
  	
   HL5056	
  +	
  T1	
  terminator::PLtetO-­‐1::T710::yfp::Asp	
  

terminator	
  at	
  galK	
  	
  

gtrAB	
  	
   galK	
  	
   Non-­‐coregulated,	
  non-­‐clustered	
  	
  

HL5149	
  	
   HL5057	
  +	
  T1	
  terminator::PLtetO-­‐1::T710::cfp::Asp	
  

terminator	
  at	
  intS	
  	
  

intS	
  	
   galM	
  	
   Non-­‐coregulated,	
  non-­‐clustered	
  	
  

HL5553	
  	
   HL5086	
  +	
  ΔlacI	
  	
   gtrAB	
  	
   galK	
  	
   Non-­‐clustered	
  	
  

HL5554	
   HL5087	
  +	
  ΔlacI	
  	
   intS	
  	
   galM	
  	
   Non-­‐clustered	
  	
  

HL5555	
  	
   HL4343	
  +	
  ΔlacI	
  	
   intS	
  	
   gtrAB	
  	
   Divergent	
  	
  

HL5556	
  	
   HL4348	
  +	
  ΔlacI	
  	
   galM	
  	
   galK	
  	
   Divergent	
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Table	
  S2	
  	
  	
  Plasmids	
  used	
  as	
  templates	
  for	
  chromosomal	
  integrations	
  	
  

Plasmid	
   Description	
  

pHL471*	
  	
   KanR	
  with	
  no	
  FRT	
  sites	
  +	
  PLlacO-­‐1::T710::cfp::T7	
  terminator::T1	
  terminator	
  +	
  ColE1.	
  Template	
  for	
  PCR	
  amplification	
  

for	
  cfp	
  integrations.	
  	
  

pHL538*	
  	
   KanR	
  with	
  FRT	
  sites	
  +	
  PLlacO-­‐1::T710::cfp::T7	
  terminator::T1	
  terminator	
  +	
  ColE1.	
  Template	
  for	
  PCR	
  amplification	
  for	
  

cfp	
  integrations.	
  	
  

pHL582*	
  	
   KanR	
  with	
  FRT	
  sites	
  +	
  PLlacO-­‐1::T710::yfp::	
  T7	
  terminator::T1	
  terminator	
  +	
  ColE1.	
  Template	
  for	
  PCR	
  amplification	
  for	
  

yfp	
  integrations.	
  	
  

pHL1167*	
  	
   CamR	
  with	
  FRT	
  sites	
  +	
  T1	
  terminator::PLlacO-­‐1::T710::yfp::Asp	
  terminator	
  +	
  ColE1.	
  Template	
  for	
  PCR	
  amplification	
  

for	
  yfp	
  integrations.	
  

pHL1168*	
  	
   CamR	
  with	
  FRT	
  sites	
  +	
  T1	
  terminator::PLlacO-­‐1::T710::cfp::Asp	
  terminator	
  +	
  ColE1.	
  Template	
  for	
  PCR	
  amplification	
  for	
  

cfp	
  integrations.	
  

pHL1181*	
  	
   KanR	
  with	
  no	
  FRT	
  sites	
  +	
  PLlacO-­‐1::T710::yfp::T7	
  terminator::T1	
  terminator	
  +	
  ColE1.	
  Template	
  for	
  PCR	
  amplification	
  

for	
  yfp	
  integrations	
  

pHL1257	
  	
   CamR	
  with	
  FRT	
  sites	
  +	
  T1	
  terminator::	
  PLtetO-­‐1::T710::cfp::Asp	
  terminator	
  +	
  ColE1.	
  Template	
  for	
  PCR	
  amplification	
  

for	
  cfp	
  integrations.	
  

pHL1274	
  	
   CamR	
  with	
  FRT	
  sites	
  +	
  T1	
  terminator::	
  PLtetO-­‐1::T710::yfp::Asp	
  terminator	
  +	
  ColE1.	
  Template	
  for	
  PCR	
  amplification	
  

for	
  yfp	
  integrations.	
  

pHL1580	
  	
   CamR	
  with	
  FRT	
  sites	
  +	
  T1	
  terminator	
  +	
  ColE1.	
  Template	
  for	
  PCR	
  amplification	
  for	
  integration	
  of	
  the	
  T1	
  terminator	
  at	
  

the	
  end	
  of	
  cfp	
  or	
  yfp.	
  

Previously	
  reported	
  plasmids	
  in	
  Lim	
  et	
  al.,	
  2011	
  (*).	
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Table	
  S3	
  	
  	
  Oligonucleotides	
  used	
  for	
  chromosomal	
  integrations	
  	
  

Oligonucleotide	
   Description	
   Sequence	
  (5’	
  to	
  3’)	
  

CYFPendpKD1F*	
  	
   integrate	
  a	
  second	
  gene	
  downstream	
  of	
  cfp	
  or	
  yfp	
  	
  	
   tcgtgaccgccgccgggatcactcacggcatggacgagctgtacaagtaagtgt

aggctggagctgcttc	
  	
  

CYFPgalKR*	
  	
   integrate	
  cfp	
  or	
  yfp	
  with	
  no	
  terminators	
  at	
  galK	
  	
   gtttgcgcgcagtcagcgatatccattttcgcgaatccggagtgtaagaattactt

gtacagctcgtccatgcc	
  

CYFPintCR*	
  	
   integrate	
  cfp	
  or	
  yfp	
  with	
  no	
  terminators	
  at	
  intS	
   ccgtagatttacagttcgtcatggttcgcttcagatcgttgacagccgcattacttg

tacagctcgtccatgcc	
  

GalKColER*	
  	
   integrate	
  cfp	
  or	
  yfp	
  with	
  terminators	
  at	
  galK	
  	
   gtttgcgcgcagtcagcgatatccattttcgcgaatccggagtgtaagaaagctg

ataccgctcgccgcagccgaacg	
  	
  

GalKFRCCYFPR*	
  	
   integrate	
  yfp	
  with	
  no	
  terminators	
  at	
  galM	
  	
   cggaagagctggtgcctgccgtacagcaagctgtcgctgaacaatatgaattact

tgtacagctcgtccatgcc	
  	
  

GalMFtermOext*	
  	
   integrate	
  yfp	
  at	
  galM	
  	
   ctggtgatttgaacaatatgagataaagccctcatgacgagggcgtaacaatca

acaggagtccaagcgagctctcg	
  	
  

GtrBFtermOext*	
  	
   integrate	
  cfp	
  at	
  gtrAB	
  	
   tcattttttgactctcttgatgatgtatttcgggcgttttttggtttcaaatcaacagg

agtccaagcgagctctcg	
  	
  

IntCColER*	
  	
   integrate	
  cfp	
  or	
  yfp	
  with	
  terminators	
  at	
  intS	
  	
   ccgtagatttacagttcgtcatggttcgcttcagatcgttgacagccgcaagctga

taccgctcgccgcagccgaacg	
  	
  

IntCFRCCYFPR*	
  	
   integrate	
  cfp	
  with	
  no	
  terminators	
  at	
  gtrAB	
  	
   tgggcggactggcttgatgagaaggtggagtgagcgaccttaacaactatttact

tgtacagctcgtccatgcc	
  	
  

PKD1FgalKF*	
  	
   integrate	
  cfp	
  or	
  yfp	
  at	
  galK	
   ttcatattgttcagcgacagcttgctgtacggcaggcaccagctcttccggtgtag

gctggagctgcttc	
  	
  

PKD1FintCF*	
  	
   integrate	
  cfp	
  or	
  yfp	
  at	
  intS	
   atagttgttaaggtcgctcactccaccttctcatcaagccagtccgcccagtgtag

gctggagctgcttc	
  	
  

RevgalMColER	
  	
   integrate	
  cfp	
  with	
  terminators	
  at	
  galM	
  	
   ctggtgatttgaacaatatgagataaagccctcatgacgagggcgtaacaagct

gataccgctcgccgcagccgaacg	
  	
  

RevgalMpKD1F§	
  	
   integrate	
  cfp	
  at	
  galM	
  	
   ggtattaaagagactttttacgtttgtaaaccatcacaaggagcaggacagtgta

ggctggagctgcttc	
  	
  

RevgtrApKD1F§	
  	
   integrate	
  yfp	
  at	
  gtrAB	
  	
   aagacttggatgatagacttcattcctttgattattagctgatagaagaagtgtag

gctggagctgcttc	
  	
  

RevgtrBColER	
  	
   integrate	
  yfp	
  with	
  terminators	
  at	
  gtrAB	
   tcattttttgactctcttgatgatgtatttcgggcgttttttggtttcaaagctgatac

cgctcgccgcagccgaacg	
  	
  

T710RBSpKD4R	
  	
   remove	
  T1	
  terminator::PLlacO-­‐1	
  from	
  codirectional	
  

genes	
  to	
  create	
  an	
  operon	
  	
  

ctagccatatgtatatctccttcttaaagttaaacaaaattatttctagaattccgg

ggatccgtcgacc	
  	
  

Previously	
  reported	
  oligonucleotides	
  in	
  Lim	
  et	
  al.,	
  2011	
  (*)	
  and	
  Block	
  et	
  al.	
  2012	
  (§).	
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Table	
  S4	
  	
  	
  Maximum	
  and	
  minimum	
  expression	
  levels	
  and	
  parameters	
  obtained	
  from	
  fits	
  to	
  the	
  Hill	
  function	
  	
  

Group Fluorescent	
  reporter,	
  

construction	
  (strain)	
  ‡ Max* Min*
	
  
 α

	
  
 δ	
   K n Reduced	
  

χ
2
	
  (R

2
) 

Non-­‐clustered	
   CFP,	
  PLlacO-­‐1::cfp	
  at	
  intS	
  

&	
  PLlacO-­‐1::yfp	
  at	
  galK	
  

(HL1852)	
  

2263	
  ±	
  253	
   463	
  ±	
  16	
   2145	
  ±	
  70	
   479	
  ±	
  9	
   24.9	
  ±	
  2.0	
   1.30	
  ±	
  0.09	
   1.34	
  

(>0.99)	
  

Non-­‐clustered	
   YFP,	
  PLlacO-­‐1::cfp	
  at	
  intS	
  

&	
  PLlacO-­‐1::yfp	
  at	
  galK	
  

(HL1852)	
  

824	
  ±	
  213	
   93	
  ±	
  10	
   771	
  ±	
  87	
   96	
  ±	
  8	
   24.8	
  ±	
  4.1	
   1.54	
  ±	
  0.19	
   0.13	
  

(>0.99)	
  

Non-­‐clustered	
   CFP,	
  PLlacO-­‐1::cfp	
  at	
  galK	
  

&	
  PLlacO-­‐1::yfp	
  at	
  intS	
  

(HL3360)	
  

1088	
  ±	
  19	
   132	
  ±	
  14	
   927	
  ±	
  47	
   135	
  ±	
  7	
   20.1	
  ±	
  2.5	
   1.71	
  ±	
  0.26	
   0.07	
  

(>0.99)	
  

Non-­‐clustered	
   YFP,	
  PLlacO-­‐1::cfp	
  at	
  galK	
  

&	
  PLlacO-­‐1::yfp	
  at	
  intS	
  

(HL3360)	
  

1180	
  ±	
  84	
   90	
  ±	
  12	
   1122	
  ±	
  89	
   92	
  ±	
  8	
   27.0	
  ±	
  3.0	
   1.58	
  ±	
  0.14	
   0.09	
  

(>0.99)	
  

Non-­‐clustered	
   CFP,	
  PLlacO-­‐1::cfp	
  at	
  intS	
  

&	
  PLlacO-­‐1::yfp	
  at	
  galK	
  

(HL5086)	
  

5622	
  ±	
  119	
   449	
  ±	
  23	
   5175	
  ±	
  88	
   524	
  ±	
  10	
   19.8	
  ±	
  0.5	
   1.91	
  ±	
  0.06	
   6.14	
  

(>0.99)	
  

Non-­‐clustered	
   YFP,	
  PLlacO-­‐1::cfp	
  at	
  intS	
  

&	
  PLlacO-­‐1::yfp	
  at	
  galK	
  

(HL5086)	
  

3901	
  ±	
  507	
   221	
  ±	
  66	
   3655	
  ±	
  86	
   282	
  ±	
  9	
   19.2	
  ±	
  0.6	
   2.04	
  ±	
  0.08	
   3.47	
  

(>0.99)	
  

Non-­‐clustered	
   CFP,	
  PLlacO-­‐1::cfp	
  at	
  intS	
  

&	
  PLlacO-­‐1::yfp	
  at	
  galK	
  

(HL5087)	
  

7721	
  ±	
  1482	
   1470	
  ±	
  499	
   6285	
  ±	
  292	
   1464	
  ±	
  27	
   18.1	
  ±	
  2.3	
   1.39	
  ±	
  0.12	
   0.19	
  

(>0.99)	
  

Non-­‐clustered	
   YFP,	
  PLlacO-­‐1::cfp	
  at	
  intS	
  

&	
  PLlacO-­‐1::yfp	
  at	
  galK	
  

(HL5087)	
  

3161	
  ±	
  512	
   340	
  ±	
  16	
   2975	
  ±	
  322	
   341	
  ±	
  15	
   31.7	
  ±	
  7.2	
   1.53	
  ±	
  0.32	
   0.10	
  

(>0.99)	
  

Non-­‐

coregulated,	
  

non-­‐clustered	
  #	
  

CFP,	
  PLlacO-­‐1::cfp	
  at	
  intS	
  

&	
  PLtetO-­‐1::yfp	
  at	
  galK	
  

(HL5113)	
  

4258	
  ±	
  223	
   320	
  ±	
  10	
   4075	
  ±	
  273	
   330	
  ±	
  26	
   19.9	
  ±	
  3.2	
   1.80	
  ±	
  0.27	
   0.25	
  

(>0.99)	
  

Non-­‐

coregulated,	
  

non-­‐clustered	
  #	
  

YFP,	
  PLlacO-­‐1::yfp	
  at	
  galK	
  

&	
  PLtetO-­‐1::cfp	
  at	
  intS	
  

(HL5149)	
  

3028	
  ±	
  230	
   225	
  ±	
  22	
   3165	
  ±	
  321	
   237	
  ±	
  15	
   31.0	
  ±	
  6.7	
   1.51	
  ±	
  0.30	
   1.11	
  

(0.99)	
  

Operon	
  

(1st	
  gene)	
  

CFP,	
  PLlacO-­‐1::cfp-­‐yfp	
  at	
  

intS	
  (HL3573)	
  

6881	
  ±	
  94	
   701	
  ±	
  56	
   6320	
  ±	
  300	
   713	
  ±	
  27	
   25.8	
  ±	
  3.0	
   1.51	
  ±	
  0.14	
   0.76	
  

(>0.99)	
  

Operon	
  

(1st	
  gene)	
  

YFP,	
  PLlacO-­‐1::yfp-­‐cfp	
  at	
  

galK	
  (HL3578)	
  

2913	
  ±	
  241	
   120	
  ±	
  15	
   2847	
  ±	
  212	
   123	
  ±	
  15	
   17.6	
  ±	
  2.7	
   1.67	
  ±	
  0.36	
   0.13	
  

(>0.99)	
  

*Actual	
  values	
  obtained	
  at	
  0	
  and	
  1	
  mM	
  IPTG	
  as	
  opposed	
  to	
  fit	
  values.	
  ‡	
  lacI	
  is	
  in	
  the	
  native	
  position	
  in	
  all	
  strains.	
  #	
  Hill	
  function	
  was	
  fitted	
  
only	
  to	
  the	
  gene	
  under	
  the	
  control	
  of	
  PLlacO-­‐1.	
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Table	
  S4	
  continued	
  	
  	
  Maximum	
  and	
  minimum	
  expression	
  levels	
  and	
  parameters	
  obtained	
  from	
  fits	
  to	
  the	
  Hill	
  function	
  	
  

Group Fluorescent	
  reporter,	
  

construction	
  (strain)	
  ‡ Max* Min*
	
  
 α

	
  
 δ	
   K n Reduced	
  

χ
2
	
  (R

2
) 

Operon	
  

(2nd	
  gene)	
  

CFP,	
  PLlacO-­‐1::yfp-­‐cfp	
  at	
  galK	
  

(HL3578)	
  

2671	
  ±	
  198	
   302	
  ±	
  39	
   2395	
  ±	
  260	
   308	
  ±	
  27	
   14.6	
  ±	
  4.2	
   1.75	
  ±	
  0.44	
   0.06	
  

(>0.99)	
  

Operon	
  

(2nd	
  gene)	
  

YFP,	
  PLlacO-­‐1::cfp-­‐yfp	
  at	
  intS	
  

(HL3573)	
  

995	
  ±	
  48	
   162	
  ±	
  7	
   1080	
  ±	
  232	
   165	
  ±	
  15	
   29.1	
  ±	
  

12.0	
  

2.16	
  ±	
  1.26	
   0.19	
  

(0.98)	
  

Codirectional	
  

(1st	
  gene)	
  

CFP,	
  PLlacO-­‐1::cfp::T1	
  

term::PLlacO-­‐1::yfp	
  at	
  intS	
  

(HL3515)	
  

6621	
  ±	
  326	
   82	
  ±	
  15	
   5934	
  ±	
  219	
   85	
  ±	
  15	
   45.4	
  ±	
  2.3	
   3.59	
  ±	
  0.54	
   0.74	
  

(>0.99)	
  

Codirectional	
  

(1st	
  gene)	
  

YFP,	
  PLlacO-­‐1::yfp::T1	
  

term::PLlacO-­‐1::cfp	
  at	
  galK	
  

(HL3546)	
  

2913	
  ±	
  241	
   38	
  ±	
  6	
   3171	
  ±	
  176	
   39	
  ±	
  15	
   36.3	
  ±	
  3.3	
   4.06	
  ±	
  0.92	
   0.03	
  

(>0.99)	
  

Codirectional	
  

(2nd	
  gene)	
  

CFP,	
  PLlacO-­‐1::yfp::T1	
  

term::PLlacO-­‐1::cfp	
  at	
  galK	
  

(HL3546)	
  

6169	
  ±	
  222	
   177	
  ±	
  14	
   6034	
  ±	
  271	
   180	
  ±	
  25	
   34.4	
  ±	
  2.2	
   3.97	
  ±	
  0.64	
   0.07	
  

(>0.99)	
  

Codirectional	
  

(2nd	
  gene)	
  

YFP,	
  PLlacO-­‐1::cfp::T1	
  

term::PLlacO-­‐1::yfp	
  at	
  intS	
  

(HL3515)	
  

3138	
  ±	
  244	
   56	
  ±	
  0	
   3864	
  ±	
  60	
   60	
  ±	
  6	
   47.3	
  ±	
  0.6	
   3.53	
  ±	
  0.27	
   4.35	
  

(>0.99)	
  

Non-­‐coregulated,	
  

codirectional#	
  

CFP,	
  PLlacO-­‐1::cfp::T1	
  

term::PLtetO-­‐1::yfp	
  at	
  intS	
  

(HL3953)	
  

6298	
  ±	
  326	
   144	
  ±	
  29	
   5995	
  ±	
  271	
   154	
  ±	
  27	
   15.9	
  ±	
  1.9	
   1.63	
  ±	
  0.16	
   0.83	
  

(>0.99)	
  

Non-­‐coregulated,	
  

codirectional#	
  

YFP,	
  PLlacO-­‐1::yfp::T1	
  

term::PLtetO-­‐1::cfp	
  at	
  galK	
  

(HL3954)	
  

3425	
  ±	
  119	
   239	
  ±	
  20	
   3397	
  ±	
  213	
   242	
  ±	
  15	
   17.7	
  ±	
  2.3	
   1.67	
  ±	
  0.30	
   0.15	
  

(>0.99)	
  

Divergent	
   CFP,	
  PLlacO-­‐1::cfp	
  &	
  PLlacO-­‐

1::yfp	
  at	
  intS	
  (HL4343)	
  

2429	
  ±	
  76	
   56	
  ±	
  8	
   2366	
  ±	
  62	
   62	
  ±	
  3	
   61.0	
  ±	
  3.5	
   2.64	
  ±	
  0.12	
   1.95	
  

(>0.99)	
  

Divergent	
   YFP,	
  PLlacO-­‐1::cfp	
  &	
  PLlacO-­‐

1::yfp	
  at	
  intS	
  (HL4343)	
  

3934	
  ±	
  58	
   34	
  ±	
  4	
   3385	
  ±	
  60	
   46	
  ±	
  2	
   61.7	
  ±	
  2.4	
   3.11	
  ±	
  0.12	
   9.20	
  

(0.99)	
  

Divergent	
   CFP,	
  PLlacO-­‐1::cfp	
  &	
  PLlacO-­‐

1::yfp	
  at	
  galK	
  (HL4348)	
  

8316	
  ±	
  633	
   98	
  ±	
  13	
   7973	
  ±	
  61	
   127	
  ±	
  2	
   64.0	
  ±	
  1.0	
   3.04	
  ±	
  0.05	
   39.73	
  

(0.99)	
  

Divergent	
   YFP,	
  PLlacO-­‐1::cfp	
  &	
  PLlacO-­‐

1::yfp	
  at	
  galK	
  (HL4348)	
  

811	
  ±	
  126	
   -­‐4	
  ±	
  5	
   750	
  ±	
  49	
   5.0	
  ±	
  2	
   48.9	
  ±	
  9.1	
   4.47	
  ±	
  1.25	
   0.73	
  

(0.99)	
  

Non-­‐coregulated,	
  

divergent#	
  

CFP,	
  PLlacO-­‐1::cfp	
  &	
  PLtetO-­‐

1::yfp	
  at	
  intS	
  (HL4342)	
  

1751	
  ±	
  876	
   342	
  ±	
  17	
   2027	
  ±	
  35	
   341	
  ±	
  4	
   9.6	
  ±	
  0.2	
   1.42	
  ±	
  0.03	
   10.52	
  

(>0.99)	
  

Non-­‐coregulated,	
  

divergent#	
  

YFP,	
  PLlacO-­‐1::yfp	
  &	
  PLtetO-­‐

1::cfp	
  at	
  galK	
  (HL4302)	
  

786	
  ±	
  132	
   69	
  ±	
  7	
   797	
  ±	
  50	
   69	
  ±	
  4	
   15.3	
  ±	
  1.4	
   1.24	
  ±	
  0.07	
   3.83	
  

(>0.99)	
  

*Actual	
  values	
  obtained	
  at	
  0	
  and	
  1	
  mM	
  IPTG	
  as	
  opposed	
  to	
  fit	
  values.	
  ‡	
  lacI	
  is	
  in	
  the	
  native	
  position	
  in	
  all	
  strains.	
  #	
  Hill	
  function	
  was	
  fitted	
  
only	
  to	
  the	
  gene	
  under	
  the	
  control	
  of	
  PLlacO-­‐1.	
  


