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Abstract

Genetically identical populations of unicellular organisms often show marked variation in some phenotypic traits. To
investigate the molecular causes and possible biological functions of this phenotypic noise, it would be useful to have a
method to identify genes whose expression varies stochastically on a certain time scale. Here, we developed such a method
and used it for identifying genes with high levels of phenotypic noise in Salmonella enterica ssp. I serovar Typhimurium (S.
Typhimurium). We created a genomic plasmid library fused to a green fluorescent protein (GFP) reporter and subjected
replicate populations harboring this library to fluctuating selection for GFP expression using fluorescent-activated cell
sorting (FACS). After seven rounds of fluctuating selection, the populations were strongly enriched for promoters that
showed a high amount of noise in gene expression. Our results indicate that the activity of some promoters of S.
Typhimurium varies on such a short time scale that these promoters can absorb rapid fluctuations in the direction of
selection, as imposed during our experiment. The genomic fragments that conferred the highest levels of phenotypic
variation were promoters controlling the synthesis of flagella, which are associated with virulence and host–pathogen
interactions. This confirms earlier reports that phenotypic noise may play a role in pathogenesis and indicates that these
promoters have among the highest levels of noise in the S. Typhimurium genome. This approach can be applied to many
other bacterial and eukaryotic systems as a simple method for identifying genes with noisy expression.
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Introduction

Clonal populations of unicellular organisms growing under

constant conditions often show substantial variation in phenotypic

traits. The rate at which some of these traits vary is so high that it

cannot result from mutational change. Rather, this phenotypic

noise has been shown to result from chance events in the cells,

namely random fluctuation in the transcription and translation of

genes [1–3]. Most of the research on phenotypic noise focuses on

two questions. First, what are the molecular processes underlying

this phenomenon? Second, are there cases in which phenotypic

noise is beneficial? Can it provide a genotype with new biological

functions and improve the chance that it will survive and

reproduce?

To further our understanding of the biological significance of

phenotypic noise, it would be helpful to have a simple method to

identify genes whose expression varies stochastically at a given

timescale and under specific environmental conditions. So far,

most of the research on phenotypic noise was based on the

detailed analysis of individual biological traits [4–6]. It is

interesting to complement these studies with a global analysis,

so that one can ask whether the traits studied so far are indeed

particularly noisy, or whether a substantial fraction of all genes

show such high levels of noise. One possibility for a global

analysis of phenotypic noise is the exhaustive characterization of

ordered libraries of strains marked with reporter proteins [7].

Here, we have established a simple alternative that allows

identifying promoters whose activity varies on a specific time-

scale; we used this method to identify promoters in the bacterial

pathogen S. Typhimurium that switch between active and

inactive over the course of a few generations.

The method is based on subjecting a promoter library to

selection for high levels of random variation on a short time scale.

The screen was initiated with a genomic library consisting of short

genomic fragments upstream of a gene encoding green fluorescent

protein (GFP). Cells carrying a fragment with an active promoter

expressed GFP. In order to select for promoters with a high level of

phenotypic noise, we used fluorescence-activated cell sorting to

select cells based on the cellular concentration of GFP, and

alternated between selecting for high levels of GFP, and selecting

for low levels of GFP. There was no signal indicating the direction

of selection during a given round of the selection experiment; one

would thus expect that promoters that randomly switch between

expressing and not expressing GFP would increase in frequency.
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This screen led to a strong enrichment of promoters with high

levels of noise. The promoters that showed the highest levels of

noise were found to be flagellar promoters, which are involved in

the interaction with the host. These promoters have previously

been reported to be heterogeneously expressed in clonal

populations of S. Typhimurium. Our screen demonstrates that

these promoters stand out in terms of the level of noise, and that

they vary on a very short timescale. This method thus offers a

simple and powerful approach to identify genes with high levels

of noise, and allows for easily modulating timescale and

environmental conditions under which such phenotypic noise

manifests.

Results/Discussion

We established a population of approximately 76106 S.

Typhimurium clones containing a library of genomic fragments

ranging in size from 400 bp to 1200 bp linked to a GFP reporter

(see Methods). In order to enrich for clones exhibiting increased

levels of phenotypic noise in GFP concentration, we used a regime

of alternating selection. Cells were grown into exponential phase,

and subjected to selection on GFP concentration in a fluorescence-

activated cell sorter (FACS). First, we selected only those clones

having a level of GFP expression in the highest 5% of the

population; these clones were saved and used to inoculate fresh

cultures that were grown overnight. In the next step, the opposite

selection regime was imposed, such that only those clones having a

level of GFP expression in the lowest 5% of the population were

saved and grown. It is also possible to first select cells expressing

low levels of GFP, and then high, which hypothetically would

result in noisy promoters with lower average expression.

This process of fluctuating selection was repeated, until a total of

seven alternating selection events had occurred. The fluctuating

selection regime was performed on five separate populations; five

control populations were also exposed to the same regime of

growth and FACS sorting, but no selection occurred for the level

of GFP concentration (a random subset of cells covering the entire

range of GFP fluorescence was saved and grown). After the seven

rounds of selection, clones from all populations were plated onto

agar plates. Twenty-four clones from each of the ten populations

were randomly selected for future analyses.

Phenotypic Noise Is a Stable and Consistent Property of a
Clone

Selection for increased phenotypic noise can only be successful if

the level of variation is a stable property of a clone. We thus first

asked whether the level of phenotypic noise in GFP expression was

a stable and consistent trait in these clonal isolates. We used the

240 frozen clonal stocks described above to seed fresh cultures of

cells, and analyzed GFP concentration for about 56105 cells per

clone (see Methods). We repeated the same procedure on a

different day, and also gathered data on GFP expression for the

same set of 240 clones. Phenotypic noise was quantified using the

coefficient of variation in GFP expression from a subset of cells

similar in size, shape, and cellular complexity (see Methods). We

found that the level of phenotypic variation observed for a given

clone on day 1 was highly correlated with the level observed on

day 2 (r2 = 0.748, p,0.001). This shows that the level of

phenotypic noise is a consistent property of a clone (presumably

reflecting the noise of the promoter on the genomic fragment it

contains), and that this property is stably maintained in clonal

populations that are repeatedly grown from an individual cell.

Fluctuating Selection Enriches for Clones Exhibiting
Increased Phenotypic Noise

Next, we asked whether fluctuating selection had led to an

enrichment of clones exhibiting larger amounts of stochastic

phenotypic variation. We compared the clones from the five

selected populations to the clones from the five control

populations. Among the clones from the selected populations, a

sizable fraction showed high coefficients of variation in fluores-

cence, which is a measure of stochastic phenotypic variation. In

contrast, the control population did not contain any clones with

high coefficients of variation (Figure 1, Figure 2). An analysis of

variance showed that the average coefficient of variation was

higher in the selected than in the control populations (p-

Figure 1. Noise in GFP expression in clones from selected and
control populations. Clones from selected populations (red) show a
higher level of noise than do clones from control populations (blue)
(univariate GLM, p = 0.016). Open circles indicate clones that contain the
promoter sequence for the fliC gene driving GFP expression, which
were significantly enriched in the selected populations. Each data point
represents the coefficient of variation of the GFP expression of several
thousand individual cells.
doi:10.1371/journal.pgen.1000307.g001

Author Summary

According to the conventional view, the characteristics of
an organism are determined by nature and nurture—by its
genes and by the environment it lives in. Consequently,
one would expect that two organisms that share the same
genes and live in the same environment have identical
characteristics. Recently it has become clear that this
expectation is often not borne out; clonal families of
simple organisms living under constant conditions often
show variation in biological traits and sometimes even
have markedly different properties and do different things.
In order to investigate molecular causes and possible
biological functions of such phenotypic noise, it would be
very valuable to have a simple and fast method for
identifying biological traits that are particularly noisy. Here,
we developed such a method, and screened for noisy traits
in the bacterial pathogen Salmonella typhimurium that
vary at a time scale of one day. We found that traits
involved in interaction with the host are particularly noisy,
suggesting that phenotypic noise might be important in
pathogenesis. This method can be readily adopted for
other organisms and might contribute to elucidating the
role of noise in biology.

Screen for Noisy Promoters
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value = 0.016, by GLM univariate). This demonstrated that

fluctuating selection on fluorescence enriched for strains with

high levels of stochastic variation in this trait.

Promoters of Genes Involved Flagellar Synthesis Exhibit
High Levels of Phenotypic Noise

This simple selection scheme is thus a good tool for enriching

for noisy promoters. Identifying the genes controlled by these

promoters then gives a fairly unbiased look at genes whose

expression is particularly variable, and might thereby provide new

insights into the biological role of noise. In order to identify these

genes, we sequenced the library inserts from the 240 frozen clonal

stocks (24 from each experimental population). We found that the

clones exhibiting the highest levels of variation were dominated by

two promoter sequences that regulate genes involved in flagellar

synthesis, namely fliC and to a lesser extent flgK (Figure 1; Table

S1). On the other hand, none of the inserts sequenced from the

control populations contained promoters associated with the

expression of flagellar or related genes, suggesting that this result

was not due simply to overrepresentation of flagellar promoters in

the genomic library.

We focused on fliC for two tests of the robustness of our results.

First, we tested whether the fliC promoter is also noisy in the native

chromosomal context. To do so, we constructed a transcriptional

fusion of gfp to the fliC promoter at its native location in the

chromosome. Clones from this chromosomal construction showed

very similar levels of phenotypic noise to the plasmid-based fliC

promoter (Figure S1, Text S1). Second, we asked whether GFP

expression from the plasmid is correlated with actual protein

production of FliC. Clones containing the pfliC-GFP insert in the

plasmid pM968 with high levels of variation in GFP expression

were sorted into three fractions (expression of GFP, no expression

of GFP, and cells expressing all levels of GFP). Western blot

analysis with anti-FliC, anti-fljK antibodies on these three cell

fractions confirmed that GFP expression is positively correlated

with FliC protein production. (Figure S2 and Text S1). These two

experiments indicate that the levels of noise we measured are, at

least in the case of fliC, not an artifact of the plasmid-based

reporter system, but do reflect actual differences in protein

production between cells.

High Levels of Phenotypic Variation in the fliC Promoter
Are Not Due To Genetic Phase Variation

The variation in the expression of GFP under the control of

flagellar promoters observed here is reminiscent of a genetic switch

known as phase variation. S. Typhimurium express two distinct

flagellin proteins, FliC and FljB [8], and switches between the two

flagellar types using a site-specific recombination event in the

chromosome. Can phase variation account for the phenotypic

noise that we measured in the clones harboring the flagellar

promoters? Site-specific recombination occurs at a rate of 1023 to

1025 per cell division [9–11]. In a clonal population grown from a

cell in one phase, it thus takes many divisions until recombination-

mediated phase variation has a reasonable likelihood of occurring.

However, this is not what we observed in the clones with flagellar

promoters: populations grown from single cells quickly attained

substantial proportions of cells with both high and low expression

of GFP (Figure 3, Movie S1). In contrast, clones isolated from the

control populations maintained similar levels of GFP expression

(Figure S3, Movie S2). This suggests that it is unlikely that the

variation observed in these clones can be attributed to phase

variation.

As a direct test of the effect of phase variation on stochastic

phenotypic variation, we transformed the plasmid with the fliC

promoter controlling GFP expression into a host strain that is

incapable of phase variation [8] and into a wildtype strain. The

resulting populations still showed strong variation in the amount of

GFP between cells, and the coefficient of variation was not

significantly different between the plasmid containing the fliC

promoter in the wildtype background and the strain incapable of

phase variation (t-test, p = 0.199, 95% Mean CV for wildtype

background is 1.07, mean CV for fljAB promoter ‘‘locked’’ off

background is 0.95, 95% Confidence interval for the difference is

0.068 and 20.299). This demonstrates that phase variation is not

the main reason for the phenotypic noise observed here, and is

most likely not involved.

Possible Biological Roles of Phenotypic Noise in S.
Typhimurium

Having identified promoters that are particularly variable, one

can then ask whether variability in these promoters might serve a

biological function. This question can be addressed by functional

studies of the genes whose expression is particularly noisy.

However, first insights can be gained from looking at the types

of promoters that showed the highest levels of stochastic

phenotypic variation.

By far the highest level of phenotypic noise observed in our

experiment comes from flagellar promoters, most notably, fliC.

This supports a previous report that the expression of FliC is

heterogeneous in clonal populations of S. Typhimurium [12].

Bacterial flagella are required for colonization and tissue invasion

[13,14] and they interact with the host immune system in a myriad

of ways, eliciting both innate and specific immune responses [15–

18]. That variation in the expression of flagella might be

advantageous is a well-established concept [19]; it usually refers

to variation mediated by a site-specific recombination event, but

has recently also been extended to variation that presumably does

not involve changes in the DNA sequence [12,20].

Figure 2. Histograms of GFP expression from clones exhibiting
the highest level of noise in each population. Clones from each of
the ten populations were ranked according to the amount of noise in
GFP expression produced. A histogram of GFP expression was plotted
for a single clone from each population with the highest level of noise.
Clones from selected populations (red, orange, and yellow lines) show a
much higher level of noise than the control those from control
populations (blue lines). Clones containing the fliC promoter are orange
and a clone containing the flgK promoter is yellow.
doi:10.1371/journal.pgen.1000307.g002

Screen for Noisy Promoters
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The advantage that is usually postulated is mediation between

conflicting selection pressures on flagellar expression in the host.

During initial stages of gut infection by S. Typhimurium, flagella

are instrumental for swimming towards the host’s epithelial mucus

layer [14]. During later stages of infection, a switch towards not

expressing flagellin might be of advantage for bacteria that have

invaded epithelial tissue, as it avoids recognition by the innate

immune system [TLR5, Naip/Nalp][21]. There is a second

possible biological function of phenotypic noise in flagella and

other factors involved in the interaction with the host. A recent

study suggested that heterogeneous expression of these traits in

clonal populations of S. Typhimurium promotes the division of

labor between two phenotypically different subpopulations. One

subpopulation invades the gut tissue and elicits an inflammation of

the gut; the other subpopulation remains in the gut and benefits

from the fact that the inflammation reduces competition from

commensal bacteria [22].

Two main insights emerge from this study. The first insight is

that the activity of some S. Typhimurium promoters varies on such

a short time scale that these promoters can absorb rapid

fluctuations in the direction of selection, as imposed during our

experiment. This is an important experimental test of one of the

main ideas for why phenotypic noise can be adaptive: variation in

the phenotypes encoded by a single genotype can increase the

long-term growth rate of this genotype in fluctuating environments

[23,24].

The second insight is methodological: fluctuating selection is a

simple and fast tool to screen large pools of individuals in order to

identify variable promoters in unicellular organisms, and thus

complements exhaustive characterizations of individual genes [7].

Exhaustive characterizations require the construction of ordered

libraries in which fluorescent markers are transcriptionally or

translationally fused to every gene, as well as individual

measurement of all resulting strains. In contrast, the method

presented here only requires the relatively simple construction of a

random genomic library, and sorting of the pooled library. It is

thus also applicable to eukaryotic systems and organisms that are

not genetic model systems, as long as they can be stably

transformed. It should thus be feasible to identify noisy promoters

in a diverse range of environmental, commensal, and pathogenic

organisms, and to ask whether differences in the lifestyle lead to

consistent differences in the types of genes that are variable.

One particular advantage of this tool is that the time-scale at

which the direction of selection changes can be varied. By

changing the direction of selection every few cell divisions, on can

impose selection for promoters that switch at a very high rate;

changing the direction of selection less frequently selects for

promoters that switch at lower rates. It should thus be possible to

identify promoters that vary at different time scales, and to

investigate whether they might be associated with responses to

environmental conditions that vary at different frequencies.

Once noisy promoters are identified, functional studies are

needed to investigate the biological consequences of their

variation. This might lead toward new answers to one of the

fundamental and most challenging questions about the biology of

noise – whether phenotypic noise is beneficial, and what its

possible benefits might be.

Materials and Methods

Growth of Strains
Strains were grown at 37uC on LB agar plates or in 1 ml of

liquid LB broth in 5ml polystyrene round bottom tubes (BD

Falcon), with shaking at 200 rpm until mid-exponential phase.

Ampicillin (Sigma) was used at a concentration of 100 mg/ml in

strains containing plasmid pM968 or its derivatives.

Construction of the Plasmid Library
A plasmid library (76106 clones) was constructed by partially

digesting S. Typhimurium SL1344 wildtype [25] chromosomal

DNA with Bsp143I. Fragments within a size range of 400 bp to

1200 bp were ligated into BamHI digested pM968. This plasmid is

low copy number promoter-less derivative of pBAD24 containing

promoterless gfpmut2, described in [26]. Plasmids were transformed

into E. coli X6060, re-isolated by standard methods and

electrotransformed into S. Typhimurium M324 (D aroA invC::aphT

ssaV::cat [26]). Colonies were selected by growth on LB agar plates

containing Ampicillin, harvested, and pooled.

Growth for Flow Cytometry and Cell Sorting
A 1:1000 dilution of an overnight culture of the plasmid library

was split into ten equal populations; five populations were assigned

to ‘‘selected’’ and five to ‘‘control’’ groups. Cells were grown for

2 hours to reach exponential growth. Cultures were spun down at

Figure 3. Phenotypic noise in a microcolony in gfp expression
from the fliC promoter. A. An image of a microcolony containing the
plasmid-borne fliC promoter driving expression of GFP. The colony was
started from a single cell and grown for about 6 generations. B. A
lineage tree of this microcolony with GFP expression plotted in green
(light colored boxes represent high levels of GFP, and dark boxes
represent low levels), illustrating the temporal pattern of switching of
the fliC promoter. The image and the lineage tree are based on Movie
S1.
doi:10.1371/journal.pgen.1000307.g003

Screen for Noisy Promoters

PLoS Genetics | www.plosgenetics.org 4 December 2008 | Volume 4 | Issue 12 | e1000307



30006g for five minutes at 4uC. Growth media was removed and

cultures were re-suspended in ice cold PBS. Cells were kept on ice

until sorted or analyzed as described below.

Fluctuating Selection using Cell Sorting
We subjected the plasmid library to fluctuating selection on

fluorescence intensity, where selection for bright cells alternated

with selection for dim cells.

Cells were sorted using fluorescence-activated cell sorting

(FACS) with FACS–Diva sorting software (Becton Dickinson,

CA). Immediately prior to sorting, 56105 cells from each of the

ten populations were analyzed for GFP expression. Based on this

analysis, on the first day, a gate was drawn for each population to

include either the highest 5% of cells expressing GFP, or a gate

that covered the entire range of GFP expression, for selected and

control lines, respectively. From each gated area, 16105 cells were

collected into a sterile well of a 24-well plate. Cells were collected

at a 2.0 flow rate and sorted on the basis of ‘‘single cell’’ and

‘‘purity’’. After sorting, cells were spun at 3000 g for ten minutes

and any FACS buffer was removed. Cells were re-suspended in

1ml LB media containing Ampicillin and grown overnight. The

following day the process was repeated; however the gates for the

selected populations included only the lowest 5% of cells

expressing GFP. This process was repeated for a total of seven

rounds of selection, with gates being drawn for selected

populations in a fluctuating manner: selection on the highest 5%

of GFP expression, then lowest 5%, and back again to the highest

5% of the total. After the 5th round of selection all populations

were placed at 4uC for 48 hours. After this time, selection was

resumed as normal. After all rounds of selection were completed,

the populations were plated on LB agar plates containing

Ampicillin, and 24 single colonies from each experimental

population were randomly selected (240 clones in total). These

were grown overnight in 1ml of LB containing Ampicillin and

frozen at 280uC in 15% glycerol.

Analysis and Data Processing
One day prior to analysis, the 240 frozen clonal stocks were

used to inoculate 1ml of medium in 5ml polystyrene round bottom

tubes (BD Falcon) and prepared in the same manner as described

above (Growth for cytometry and cell sorting). For each clone,

56104 cells were analyzed for GFP expression on the FACS

Calibur (BD, CA).

Raw data was exported from FlowJo 4.6.1 software (TreeStar,

Ashland, OR) into custom software. The software was used to

exclude data deemed to be extraneous and for performing

calculations relating to noise in fluorescence intensity.

The following conventions were applied to calculate variation in

GFP expression and to limit the influence from cellular aggregates,

cell detritus, and undefined values. Modified from Newman et al

[7]:

1. All SSC, FSC, and fluorescence zero values were excluded.

2. Data was excluded that fell within the forward scatter (FSC)

and side scatter (SSC) region where significant counts appeared

in ‘‘buffer only’’ controls.

3. Extreme values of FSC and SSC were excluded (the highest

and lowest 2.5% of events) from total counts in order to limit

influence from cell detritus and cell aggregates.

4. FSC and SSC medians were calculated and a series of circular

gates expanding out from the FSC and SSC medians were

applied. For each gate size the coefficient of variation (CV) was

calculated for fluorescence. A single gate size was then chosen

for all analyses; this gate resulted in the lowest average CV (in

order to maintain a conservative estimate of noise) yet

contained enough cells for robust analysis (a minimum of 950

cells).

5. Extreme values of the fluorescence channel (FL1) (the highest

1.0% of events) were excluded to limit only a very small

number of cells having undue effects on the values of the mean

and CV.

When calculating the correlation between the coefficients of

variation in fluorescence on two consecutive days, two data points

were excluded from the analyses because they were more than 3

standard deviations away from expected values.

Sequencing
The following primers (F: 59 GTCAGAGGTTTTCACCGT-

CATCAC 39. R: 59CAAGAATTGGGACAACTCCAGTG 39)

were used to PCR amplify the genomic segments inserted into

plasmid pM968. Both primers anneal to regions on pM968 that

flank the insert region. Inserts were sequenced using the reverse

primer. The insert sequences were blasted against the genomic

sequence of Salmonella typhimurium LT2 genomic and plasmid

sequence (accession numbers NC_003197 and NC_003277), and

the single best hit was retained as a hypothetical promoter. For

each of these hypothetical promoters, the two nearest downstream

genes were checked to see if either were oriented in the same

direction as the hypothetical promoter. If either of these genes

were oriented in the correct direction, the name and distance to

the closest gene was noted. If neither of these genes were oriented

in the correct direction, we concluded that it was unlikely that the

insert sequence was actively driving transcription.

Cell Tracking and Analysis of GFP Expression in
Microcolony Formation

Cell tracking software was used to track cell lineages and

analyze GFP expression in individual cells during microcolony

growth as described in [27].

Supporting Information

Figure S1 Comparison of noise in expression of chromosomal-

based and plasmid-based fliC promoter. A. Comparison of noise,

as given by coefficient of variation in GFP expression, from the fliC

promoter on the plasmid pM968 and in the native location on the

chromosome of strain M557. Strain M557 (containing no gfp gene)

and a rpsM promoter fused to gfp+[27] inserted in the chromosome

of strain M557 serve as controls. There is no significant difference

in noise between plasmid-based and chromosome-based expres-

sion of GFP under the control of the fliC promoter. B. Histograms

of GFP expression from the fliC promoter on the plasmid pM968

(blue lines) and in the native location on the chromosome (green

lines). These two strains differ in the average expression level and

in the pattern of distribution of the expression levels in the

population. Strain M557 containing no gfp gene (black line) and a

rpsM promoter fused to gfp+ (red line) inserted in the chromosome

of strain M557 serve as controls.

Found at: doi:10.1371/journal.pgen.1000307.s001 (0.61 MB TIF)

Figure S2 Western blot analysis shows that GFP expression

correlates with the expression of FliC. Cells containing the pfliC::gfp

construct in plasmid pM968 were sorted based on expression of

GFP using the FACS. Cells were sorted into three fractions, each

containing the same number of cells: The first fraction contained

cells with high levels of fluorescence; the second fraction contained

Screen for Noisy Promoters
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cells whose fluorescence did not exceed background; the third

fraction was a random sample of cells, chosen irrespective of their

level of fluorescence. Cells were subjected to western blot analysis

with staining using anti-FliC, -FljB antibodies and reprobed with

anti-OmpC as a loading control. Only cells with high levels of GFP

expression of GFP showed a band when stained with anti-FliC,

indicating that GFP expression positively correlates with produc-

tion of FliC protein. It is unclear why the fraction containing all

cells does not also show a band; however, the lower intensity of the

anti-OmpC band of this fraction and the fact that this fraction

contains many cells that do not express gfp suggests that the anti-

FliC band might be too faint to see.

Found at: doi:10.1371/journal.pgen.1000307.s002 (1.34 MB TIF)

Figure S3 Lineage tree of microcolony growth and expression

pattern of the dcm promoter. GFP expression is plotted in grey

(light colored boxes represent high levels of GFP, and dark boxes

represent low levels), illustrating the temporal pattern of switching

of the dcm promoter, isolated from a control population. The

image and the lineage tree are based on Movie S2.

Found at: doi:10.1371/journal.pgen.1000307.s003 (0.56 MB TIF)

Table S1 Sequenced inserts from selected and control popula-

tions. Sequence data from the 240 clones used for analysis.

Found at: doi:10.1371/journal.pgen.1000307.s004 (0.07 MB

XLS)

Text S1 Supporting information containing supplementary

materials and methods as well as supplementary figure legends.

Found at: doi:10.1371/journal.pgen.1000307.s005 (0.06 MB

DOC)

Movie S1 Time-lapse movie showing GFP expression under the

control of the fliC promoter during the growth of a microcolony.

GFP is under the control of fliC promoter on plasmid M956. This

movie lasts for 106 minutes in real time. The phase and

fluorescent images have been merged; a lineage reconstruction

of this movie can be seen in Figure 3 in the main text.

Found at: doi:10.1371/journal.pgen.1000307.s006 (0.39 MB

MOV)

Movie S2 Time-lapse movie showing GFP expression under the

control of the dcm promoter during the growth of a microcolony.

GFP is under the control of the dcm (a DNA cytosine methylase)

promoter on plasmid M956. This clone was isolated from a

control population. This movie lasts for 178 minutes in real time.

The phase and fluorescent images have been merged; a lineage

reconstruction of this movie can be seen in Figure S3.

Found at: doi:10.1371/journal.pgen.1000307.s007 (1.37 MB

MOV)

Acknowledgments

We thank T. Bergmiller and A. Sturm for microbiology advice, the ETH

Zurich FACS facility for help with cell sorting, Kelly Hughes for strains

TH5971 and TH5862, Michael Elowitz and Nitzan Rosenfeld for cell

tracking software, and Sebastian Bonhoeffer and the Theoretical Biology

group at ETH for stimulating discussions.

Author Contributions

Conceived and designed the experiments: NEF OKS BS WDH MA.

Performed the experiments: NEF OKS BS. Analyzed the data: NEF OKS

BS WDH MA. Contributed reagents/materials/analysis tools: BS AB

WDH. Wrote the paper: NEF OKS MA.

References

1. Ozbudak EM, Thattai M, Kurtser I, Grossman AD, van Oudenaarden A (2002)

Regulation of noise in the expression of a single gene. Nature Genetics 31:

69–73.

2. Elowitz MB, Levine AJ, Siggia ED, Swain PS (2002) Stochastic gene expression

in a single cell. Science 297: 1183–1186.

3. Raser JM, O’shea EK (2005) Noise in gene expression: Origins, consequences,

and control. Science 309: 2010–2013.

4. Maamar H, Raj A, Dubnau D (2007) Noise in gene expression determines cell

fate in Bacillus subtilis. Science 317: 526–529.

5. Acar M, Becskei A, van Oudenaarden A (2005) Enhancement of cellular

memory by reducing stochastic transitions. Nature 435: 228–232.

6. Blake WJ, Kaern M, Cantor CR, Collins JJ (2003) Noise in eukaryotic gene

expression. Nature 422: 633–637.

7. Newman JRS, Ghaemmaghami S, Ihmels J, Breslow DK, Noble M, et al. (2006)

Single-cell proteomic analysis of S-cerevisiae reveals the architecture of

biological noise. Nature 441: 840–846.

8. Bonifield HR, Hughes KT (2003) Flagellar Phase Variation in Salmonella

enterica Is Mediated by a Posttranscriptional Control Mechanism. Journal of

Bacteriology 185: 3567–3574.

9. Zieg J, Simon M (1980) Analysis of the nucleotide sequence of an invertible

controlling element. Proc Natl Acad Sci US A 77: 4196–4200.

10. Stocker BAD (1949) Measurements of Rate of Mutation of Flagellar Antigenic

Phase in Salmonella typhi-murium. The Journal of Hygiene 47: 398–413.

11. Gillen KL, Hughes KT (1991) Negative regulatory loci coupling flagellin

synthesis to flagellar assembly in Salmonella typhimurium. J Bacteriol 173:

2301–2310.

12. Cummings LA, Wilkerson WD, Bergsbaken T, Cookson BT (2006) In vivo, fliC

expression by Salmonella enterica serovar Typhimurium is heterogeneous,

regulated by ClpX, and anatomically restricted. Mol Microbiol 61: 795–809.

13. Schmitt CK, Ikeda JS, Darnell SC, Watson PR, Bispham J, et al. (2001) Absence

of All Components of the Flagellar Export and Synthesis Machinery

Differentially Alters Virulence of Salmonella enterica Serovar Typhimurium

in Models of Typhoid Fever, Survival in Macrophages, Tissue Culture

Invasiveness, and Calf Enterocolitis. Infection and Immunity 69: 5619.

14. Stecher B, Hapfelmeier S, Muller C, Kremer M, Stallmach T, et al. (2004)

Flagella and chemotaxis are required for efficient induction of Salmonella

enterica serovar typhimurium colitis in streptomycin-pretreated mice. Infection

and Immunity 72: 4138–4150.

15. Hackett J, Attridge S, Rowley D (1988) Oral Immunization with Live, Avirulent
Fla+ Strains of Salmonella Protects Mice against Subsequent Oral Challenge

with Salmonella-Typhimurium. Journal of Infectious Diseases 157: 78–84.
16. Cookson BT, Bevan MJ (1997) Identification of a natural T cell epitope

presented by Salmonella-infected macrophages and recognized by T cells from

orally immunized mice. Journal of Immunology 158: 4310–4319.
17. Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, et al. (2001) The innate

immune response to bacterial flagellin is mediated by Toll-like receptor 5.
Nature 410: 1099–1103.

18. Smith KD, Andersen-Nissen E, Hayashi F, Strobe K, Bergman MA, et al. (2003)
Bacterial Flagella. Nature Immunology 4: 1247–1253.

19. Henderson IR, Owen P, Nataro JP (1999) Molecular switches–the ON and OFF

of bacterial phase variation. Mol Microbiol 33: 919–932.
20. Stecher B, Barthel M, Schlumberger MC, Haberli L, Rabsch W, et al. (2008)

Motility allows S. Typhimurium to benefit from the mucosal defence. Cellular
Microbiology 10: 1166–1180.

21. Salazar-Gonzalez RM, McSorley SJ (2005) Salmonella flagellin, a microbial

target of the innate and adaptive immune system. Immunology Letters 101:
117–122.

22. Ackermann M, Stecher B, Freed NE, Songhet P, Hardt WD, et al. (2008) Self-
destructive cooperation mediated by phenotypic noise. Nature 454: 987–990.

23. Kussell E, Leibler S (2005) Phenotypic diversity, population growth, and
information in fluctuating environments. Science 309: 2075–2078.

24. Booth IR (2002) Stress and the single cell: Intrapopulation diversity is a

mechanism to ensure survival upon exposure to stress. International Journal of
Food Microbiology 78: 19–30.

25. Hoiseth SK, Stocker BA (1981) Aromatic-dependent Salmonella typhimurium
are non-virulent and effective as live vaccines. Nature 291: 238–239.

26. Hapfelmeier S, Stecher B, Barthel M, Kremer M, Muller AJ, et al. (2005) The

Salmonella Pathogenicity Island (SPI)-2 and SPI-1 Type III Secretion Systems
Allow Salmonella Serovar typhimurium to Trigger Colitis via MyD88-

Dependent and MyD88-Independent Mechanisms 1. The Journal of Immunol-
ogy 174: 1675–1685.

27. Rosenfeld N, Young JW, Alon U, Swain PS, Elowitz MB (2005) Gene regulation

at the single-cell level. Science 307: 1962–1965.
28. Hautefort I, Proenca MJ, Hinton JCD (2003) Single-copy green fluorescent

protein gene fusions allow accurate measurement of Salmonella gene expression
in vitro and during infection of mammalian cells. Applied and Environmental

Microbiology 69: 7480–7491.

Screen for Noisy Promoters

PLoS Genetics | www.plosgenetics.org 6 December 2008 | Volume 4 | Issue 12 | e1000307



MASSEY UNIVERSITY

MASSEY RESEARCH ONLINE http://mro.massey.ac.nz/

Massey Documents by Type Journal Articles

A Simple Screen to Identify Promoters
Conferring High Levels of Phenotypic Noise

Freed, NE
2008-12-01

22/04/2023 - Downloaded from MASSEY RESEARCH ONLINE


