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ABSTRACT

Multi-target regulators represent a largely untapped
area for metabolic engineering and anti-bacterial de-
velopment. These regulators are complex to char-
acterize because they often act at multiple lev-
els, affecting proteins, transcripts and metabolites.
Therefore, single omics experiments cannot profile
their underlying targets and mechanisms. In this
work, we used an Integrative FourD omics approach
(INFO) that consists of collecting and analyzing sys-
tems data throughout multiple time points, using
multiple genetic backgrounds, and multiple omics
approaches (transcriptomics, proteomics and high
throughput sequencing crosslinking immunoprecip-
itation) to evaluate simultaneous changes in gene
expression after imposing an environmental stress
that accentuates the regulatory features of a network.
Using this approach, we profiled the targets and po-
tential regulatory mechanisms of a global regulatory
system, the well-studied carbon storage regulatory
(Csr) system of Escherichia coli, which is widespread
among bacteria. Using 126 sets of proteomics and
transcriptomics data, we identified 136 potential di-
rect CsrA targets, including 50 novel ones, cate-
gorized their behaviors into distinct regulatory pat-
terns, and performed in vivo fluorescence-based fol-
low up experiments. The results of this work vali-
date 17 novel mRNAs as authentic direct CsrA tar-
gets and demonstrate a generalizable strategy to in-
tegrate multiple lines of omics data to identify a core
pool of regulator targets.

INTRODUCTION

One of the major challenges of understanding cellular phys-
iology is to decipher the mechanisms and circuitry of regu-
latory networks (1). Although many high-throughput tools
(e.g. proteomics, transcriptomics, metabolomics) have be-
come available to identify and study the effects of global
regulators (2,3), on their own these studies often leave unan-
swered questions regarding the biological importance of
any trends observed. For instance, one of the major chal-
lenges of analyzing these large overarching regulatory sys-
tems is determining the repertoire of targets. Given that a
great number of proteins, metabolites, and RNAs vary in
response to environmental changes, any single omics tech-
nique may produce false positives and any single growth
condition may miss gene expression patterns that happen
under other conditions (4). As such, two omics studies of
the same type performed under different growth conditions
can produce different results, making it difficult to draw
solid conclusions about the targetome (5,6). To alleviate
these problems, multiple omics datasets can be integrated
to reduce false positives and elucidate direct targets and the
true core responses of the network (7,8). Nevertheless, the
use of omics studies for this comprehensive characterization
of global response pathways is only beginning to be realized
(3,9,10).

Many of the challenges involved in characterizing the tar-
gets and responses of a global regulatory network are em-
bodied in the widely conserved bacterial carbon storage reg-
ulatory (Csr) system (11–13). The Csr system is one of the
few known bacterial sRNA–protein regulators (besides Hfq
(14)). It affects a wide array of genes (15–17) that have sig-
nificant impact on bacterial virulence and metabolism (11).
In Escherichia coli, the global regulatory capabilities of the
Csr system have attracted attention for their possible use
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in metabolic engineering applications (18,19) and in engi-
neering complex dynamic control systems (20–22). Likely
as a result of these important cellular roles, the Csr system
forms a complex cellular network of targets and responses.
The Csr system (i) is affected by environmental factors and
is sensitive to changes in growth phase, (ii) depends on mul-
tiple RNAs and proteins, (iii) affects a large collection of
genes and (iv) employs diverse regulatory mechanisms. Im-
portantly, these features suggest that complete behavior of
the Csr system cannot be accurately captured by a single
omics approach or time point.

In this study, we utilize an Integrative FourD omics ap-
proach (INFO) that consists of collecting and analyzing
systems data using (i) multiple genetic backgrounds and
(ii) multiple omics approaches (transcriptomics, proteomics
and coimmunoprecipitations) to evaluate changes in gene
expression after (iii) imposing a particular environmental
stress to amplify the regulatory features of the network
throughout, (iv) multiple time points to monitor dynamic
regulation on a global scale (Figure 1A). We use this ap-
proach to characterize the Csr system and the cellular re-
sponses it elicits starting from the Csr system core compo-
nents.

The Csr system of E. coli has four basic components:
the CsrA and CsrD proteins and the CsrB and CsrC small
RNAs (23–26) (Figure 1B). CsrA regulates many cellular
processes by binding to the 5′ untranslated region (UTR)
of mRNAs and altering their translation, stability, and/or
transcription termination (27–32). CsrB and CsrC bind to
and sequester CsrA from its RNA targets, as observed in
vivo and in vitro (33,34). In association with EIIAGlc, CsrD
mediates RNase E cleavage and degradation of CsrB and
CsrC (26,35,36). As a highly dynamic network, the Csr sys-
tem responds to a variety of environmental conditions, such
as the availability of nutrients (5), pH (37) and acetate levels
(38) through these conditions’ effects on the BarA/UvrY
two component system. This system activates csrB/csrC
transcription (39,40) in the presence of glucose through the
nutrient’s effect on CsrD activity (35,36).

Computational predictions (6,41,42), mass spectrometry
analyses, and omics studies (5,6,17,43) have suggested a
large collection of mRNAs (∼1500) that are potentially reg-
ulated through CsrA interaction with an ANGGA consen-
sus motif (42,44). However, these studies only partially over-
lap and therefore leave the full extent of the network unclear.
Differences in hypothesized CsrA targets from these studies
have been attributed, in part, to differences in environmen-
tal conditions and in growth phases (5,6,17) as it is under-
stood that levels of CsrA, CsrB and CsrC change as the cell
transitions from exponential to stationary phase (25,45). As
such, we wanted to understand if Csr control of genes was
environmentally dependent, specifically if there were sets of
condition-specific Csr-controlled genes and/or a core set of
genes that displayed Csr system control across varying con-
ditions. Additionally, we aimed to assess sequence features
of these genes, particularly ANGGA motifs, to aid in future
prediction of CsrA regulated targets.

In this work, we used the INFO approach to identify po-
tential CsrA targets, map their dynamic changes in expres-
sion during carbon starvation, and develop mechanistic in-
sights about the roles of CsrA in regulation. We performed

Figure 1. Investigating the Escherichia coli carbon storage regulatory sys-
tem. (A) The Integrated 4D omics (INFO) approach. This experiment fo-
cuses on integrating omics measurements to determine the targets and cir-
cuitry of a regulatory network. The four arms of the approach are using
multiple mutant strains, multiple time points, multiple omics analyses and
a stress to trigger the regulatory system. (B) An illustration of the basic
components of the carbon storage regulatory (Csr) system. CsrA binds to
a wide variety of cellular mRNAs, which affects target transcript and/or
protein levels. CsrA is antagonized by CsrB and CsrC sRNAs, which bind
to CsrA and prevent it from interacting with its targets. CsrD promotes
degradation of CsrB and CsrC via EIIAGlc activation. The BarA and UvrY
two-component system senses environmental stimuli such as formate or
acetate levels and activates csrB and csrC transcription.

proteomics, transcriptomics, and high throughput sequenc-
ing crosslinking immunoprecipitation (HITS-CLIP) exper-
iments to track the network dynamically (over the course
of 5 h) in response to a carbon starvation-imposed stress
where the Csr system is expected to play an important role
(5,35,46). This characterization was performed using a csrA
transposon mutant strain and a csrB and csrC double dele-
tion strain to determine genes significantly affected by these
components. Although a variety of recent multi-omics stud-
ies have tracked cellular responses to environmental stress
(3,9,47), few studies have examined the contribution of a
regulator to that stress response.

An important aspect of our study was to obtain a newly
hypothesized targetome based on integrating multiple anal-
yses that generated a total of 126 datasets. Specifically, we
demonstrated that the use of integrated dynamic omics ex-
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periments expands the value of systems studies to uncover
large numbers of CsrA targets that are difficult or impos-
sible to identify with more traditional (lower throughput)
strategies and cannot be mechanistically probed with sin-
gle high-throughput approaches. We identified 136 poten-
tial direct CsrA targets, of which 86 were previously pro-
posed based on computational (42) or experimental analy-
sis (5,6) and 50 are novel. Using two different fluorescence-
based in vivo assays, we validated 19 of our proposed target
genes as true direct CsrA targets in E. coli, adding to the
existing pool of direct mRNA targets that includes glgC,
cstA, nhaR, sdiA, pnp, pgaA, hfq, flhD, moaA, csrA, relA,
ycdT and dgcZ. Collectively, these results substantiate the
use of the INFO approach in identifying the targetome of a
complex global regulatory system and suggesting potential
mechanisms by which individual genes are controlled.

MATERIALS AND METHODS

Stress experiment

Single colonies of E. coli strains CML 377, CML 378 and
CML 379 (Supplementary Table S1) were generated using
E. coli MG1655 as a base strain (Supplementary Materi-
als and Methods). These strains were inoculated into 5 ml
of Luria-Bertani (LB) broth (Becton Dickinson) (48) and
cultured at 37◦C overnight. 330 �l of overnight culture was
added to 33 ml of M9 plus a final concentration of 0.2%
glucose and then cultured overnight at 37◦C, shaking at 200
rpm (49). Biological triplicates of a single strain were grown
on the same day.

The 33 ml culture was added to a Fernbach flask contain-
ing 1.65 l of M9 plus 0.2% glucose medium. We chose to per-
form the experiments in M9 minimal media because it has
well defined growth properties and composition. This me-
dia choice was different than many previous studies, which
have focused on characterizing the Csr system in LB and
Kornberg media (23,66). Each culture was grown to an op-
tical density at 600 nm (OD600) of 0.6. We noted that strain
CML 379 takes about 10 h longer than CML 377 and CML
378 to reach OD 0.6.

Once the cultures reached OD of 0.6, a carbon starvation
stress was imposed by resuspending each culture in glucose
free media and incubating these cultures at 37◦C (see Mate-
rials and Methods, Large scale sample collection). Cell sam-
ples were collected ten minutes prior to this stress and at 0,
30, 60, 180 and 300 min after the stress (t-10, t0, t30, t60, t180,
t300).

Large scale sample collection

Samples were prepared at the t-10 time point as follows. Cells
from 275 ml of culture were collected by centrifugation in
50 ml conical tubes at 4000 rpm (4◦C) for 8 min, flash frozen
on dry ice, and stored at –80◦C for further processing (100
ml for mass spectroscopy, 40 ml for RNA-seq, 135 ml for
crosslinking). For the t0 time point, 275 ml of each culture
was collected under the same conditions and resuspended
in 50 ml of glucose-free M9, before a second centrifugation
at 4000 rpm for 8 min and subsequent flash freezing.

The remaining 1.1 l of every culture was divided equally
into centrifuge bottles and centrifuged at 5000 rpm (25◦C)

for 10 min in a super-speed centrifuge (Thermo Sorvall RC
6 Plus). Cell pellets were resuspended in 12.5 ml glucose-
free M9. Resuspensions were added separately to four 1-l
flasks each containing 262.5 ml glucose-free M9, and were
incubated at 37◦C. At each remaining time point (t30, t60,
t180, t300), a flask containing 275 ml of culture was pelleted,
flash frozen, and stored in the same manner as the t-10 sam-
ple for cross linking, mass spectrometry and transcriptomic
experiments.

Cell samples for mass spectrometry analysis were resus-
pended in 50 �l of Tris–HCl (pH 8.0), lysed, digested with
trypsin and cleaned up according to previously published
protocols (10). Prepared samples were sent to the University
of Texas ICMB proteomics facility for LC–MS/MS analy-
sis using a Dionex UPLC purification followed by tandem
mass spectrometry (Thermo Orbitrap Elite Mass Spec) sim-
ilar to previously published protocols (10).

To prepare samples for RNA-seq, total RNA was iso-
lated according to a previously published protocol (50) and
concentrations were quantified using a NanoDrop (Thermo
Scientific). 1 �g of purified RNA was treated with DNase
I (RNase-free) (NEB) and repurified with a second total-
RNA extraction. Purified samples were submitted to the
University of Texas ICMB Genomic Sequencing and Anal-
ysis Facility (GSAF) for RNA library preparation and
Next-Gen sequencing (Illumina NextSeq 500 platform).

Crosslinking immunoprecipitation was used in combi-
nation with high-throughput sequencing (HITS-CLIP) to
analyze the RNA bound to CsrA (51). A chromosomally-
encoded CsrA-FLAG fusion protein present in strain CML
377 was used to purify CsrA–RNA complexes from the
cell. At each time point, 135 ml sample was taken from the
larger culture and crosslinked with formaldehyde (0.5% fi-
nal concentration) and then processed according to a pre-
viously published protocol with three minor changes (52).
First, samples were temporarily stored at –80◦C for later
processing after crosslinking and glycine quenching rather
than the post-centrifugation wash step as done in the pub-
lished method. Second, samples were sonicated (Microson
XL2000 Ultrasonic Homogenizer) with four five-second
pulses as opposed to 40 half-second pulses. Finally, after
total-RNA extraction and DNaseI digestion, samples were
purified again with ethanol and sent to the UT GSAF facil-
ity for RNA library preparation and Next-Gen sequencing
(Illumina NextSeq 500 platform).

Northern and western blotting

Northern and western blots were performed according to
established techniques to determine if CsrA or CsrB re-
sponded to the carbon starvation stress (see Supplementary
Materials and Methods) (33,50).

Omics data analysis

Normalization, scaling, and analysis of proteomics, tran-
scriptomics and HITS-CLIP data are described in the Sup-
plementary Materials and Methods.
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Classification of Csr system impacted genes

Genes impacted by the Csr system were grouped on the ba-
sis of proteomics and transcriptomics data by means of a
classification scheme. The basic premise of this classifica-
tion was that true Csr system targets show different patterns
in their gene expression levels between wild type and mutant
strains. Given the inherent difficulty of determining what
a meaningful difference is in dynamic expression data, we
performed four different analyses to search for meaningful
differences. First, we started by visually identifying a pool
of proteins from our proteomics data whose standard de-
viations did not overlap in at least four of the time points
tested. Second, to evaluate total RNA transcriptomics pat-
terns, we used DESeq2 (53) to determine if a given tran-
script responded differentially to the stress in the wild type
versus the mutant strains. Employing the negative binomial
distribution-based Wald test, we considered differences in
expression of a gene between a Csr system mutant strain
and the wild type strain significant if the adjusted P-value
was < 0.02 and the log base 2 fold change > 0.5 or < –0.5
(see Supplementary Materials and Methods). Concurrently,
we also used a Fisher exact test (P-value < 0.05 at four time
points, see Supplementary Material and Methods) to deter-
mine if expression of a given protein was statistically differ-
ent in the wild type as compared to either mutant strain. Ad-
ditionally, CsrA HITS-CLIP data were evaluated to identify
genes that could have direct interactions with CsrA.

Using the proteomics visual analysis (based on standard
deviations) and DESeq2 analysis of total RNA transcrip-
tomics patterns, we separated the genes into five classes as
described below. We additionally sub-classified genes as sta-
tistically significant at the protein level and ‘associated with
CsrA’ based upon the Fisher exact test and analysis of the
HITS-CLIP experiment, respectively (see Supplementary
Materials and Methods). This multi-layered classification
allowed us to develop a pool of genes that would poten-
tially be a mixture of direct and indirect targets of the Csr
system. We also wanted to identify genes that are only influ-
enced by Csr components pre-stress. We identified pre-stress
impacted genes by examining the mass spectrometry data
at time points –10 and 0 min before stress and looking for
standard deviation differences between the csrA::kan and
the wild type strains that were present only at those two
time points. We then binned these genes with a pre-stress
designation.

Class I. Classified gene’s protein levels are higher in the
csrA::kan mutant than in the wild type strain for at least
four time points, according to non-overlapping standard de-
viations. Additionally, the gene’s transcript levels are signifi-
cantly higher in the csrA::kan mutant strain than in the wild
type strain by DESeq2 (P-value < 0.02 and log base 2 fold
change > 0.5).

Class II. Classified gene’s protein levels are higher in the
csrA::kan mutant than in the wild type strain for at least
four time points, according to non-overlapping standard de-
viations.

Class III. Classified gene’s protein levels are lower in the
csrA::kan mutant than in the wild type strain for at least

four time points, according to non-overlapping standard de-
viations. Additionally, the gene’s transcript levels are signif-
icantly lower in the csrA::kan mutant strain than in the wild
type strain by DESeq2 (P-value < 0.02 and log base 2 fold
change < –0.5).

Class IV. Classified gene’s protein levels are lower in the
csrA::kan mutant than in the wild type strain for at least
four time points, according to non-overlapping standard de-
viations.

Class V. Classified gene’s protein levels are lower or higher
in the ΔcsrBΔcsrC mutant than in the wild type strain for
at least four time points, according to non-overlapping stan-
dard deviations. Classified gene’s transcript levels are signif-
icantly different in the ΔcsrBΔcsrC mutant than the wild
type strain by DESeq2 with a P-value < 0.02 and the log
base 2 fold change > 0.5 or < –0.5 such that the direction
of the relationship is the same at the transcript and protein
levels. Additionally, the classified gene does not have differ-
ences at the protein level, according to standard deviations,
for at least three time points when wild type expression is
compared to the csrA::kan mutant strain.

Fluorescent reporter assays

We performed fluorescent reporter translational assays to
more directly determine if the 5′ UTRs of potential di-
rect CsrA targets (genes classified I–IV and associated with
CsrA in HITS-CLIP experiments) could mediate changes
in gene expression in response to CsrA. The reporter con-
sisted of the 5′ untranslated region (UTR) of the gene of
interest and 100 nucleotides of the coding sequence (CDS)
of the gene attached in frame to a GFP reporter (46). Given
the amount of coding sequence included in this design, this
method was likely to have lower success rates in studying
membrane and secreted proteins. Design and construction
of 5′ UTRs is described in the Supplementary Materials and
Methods.

UTR-GFP fusion plasmids (Supplementary Table S2)
were paired with a second plasmid, pHL600, which con-
tained an inducible CsrA gene (Supplementary Table S2).
The two plasmids for this system were expressed in the CML
577 strain (Supplementary Table S1) (46). Cells were grown
overnight and inoculated into fresh LB media. These cells
were grown at 37◦C with agitation to an approximate OD600
of 0.3. At this time, half the samples were induced to ex-
press CsrA by adding IPTG to a final concentration of 0.1
mM. Fluorescence was measured 3 h later by flow cytom-
etry. Measurements were taken after 3 h to limit visualiza-
tion of indirect impacts of CsrA induction while allowing
enough cell divisions to dilute otherwise stable GFP con-
centrations.

To determine the relative amount of CsrA repression or
activation, a ratio of GFP reporter expression was calcu-
lated:

relative repression =
mean f luoresence wi th Csr A uninduced

mean f luoresence wi th Csr A induced .

Constructs were tested in biological duplicate to ver-
ify the observed trends. To evaluate significance, we only
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counted UTRs as impacted by CsrA if (i) their average flu-
orescence was above background (> 10 au), and (ii) they
appear significant using one tailed heteroscedastic student
t-test (P-value < 0.05). Although the experiments were per-
formed in duplicate, our negative control fecA and a variety
of other genes do not show significant changes in a t-test
indicating that this analysis is capturing real trends.

Tri-fluorescence complementation assays (TriFC)

TriFC experiments were performed according to previously
published methods (33) and modified as described in the
Supplementary Materials and Methods.

RESULTS

Designing a four dimensional systems profiling approach

Our first goal was to assess the time and stress dimensions of
our analysis. To study the Csr system in the transition be-
tween two physiologically important states, we imposed a
starvation stress on the cells by culturing them in M9 min-
imal media with 0.2% glucose to mid log-phase (OD600 =
0.6) followed by immediate resuspension in an equal vol-
ume of M9 lacking glucose. We then tracked the stress re-
sponse of CsrA protein and CsrB RNA expression levels
over six total time points (Supplementary Figure S1), two
before the stress (t = –10 and 0 min) and four post-stress
(t = 30, 60, 180 and 300 min). This total time span of 300
min is similar to the timescale of classic proteomics starva-
tion experiments (54,55). We observed that CsrA levels did
not change substantially over this timeframe as detected by
western blotting analysis (Supplementary Figure S1). This
result is consistent with reported observations of CsrA pro-
tein stability (46) and with previous reports of only a modest
increase in CsrA levels when reaching stationary phase (45).
In contrast, CsrB exhibited an observable decrease in cellu-
lar levels within 30 min post-stress, as measured by north-
ern blotting analysis (Supplementary Figure S1). We as-
sumed that CsrC would follow a roughly similar trajectory
to CsrB (25) given the similarity of the CsrB/C synthesis
and turnover pathways. Given the reported low expression
levels of CsrD (26), we suspected that this protein might
not change drastically in response to stress. These initial
assumptions were later confirmed with data from our pro-
teomics and transcriptomics studies, where we profile the
Csr components (Supplementary Figure S2).

In addition to the stress and time scale analyses, we in-
tegrated two other dimensions in this approach: the use
of multiple omics techniques and genetic backgrounds. We
conducted proteomics and transcriptomics studies to iden-
tify genes that were affected (directly or indirectly by com-
ponents of the Csr system) at either the transcriptional
or translational levels. Furthermore, we used CsrA HITS-
CLIP experiments to identify mRNA transcripts that inter-
acted directly or indirectly with the CsrA protein. We used
E. coli K-12 MG1655 and two mutants of this strain: one
lacking the Csr sRNAs (�csrB�csrC) and the second with
a transposon inserted at codon 51/61 of the CsrA protein
(23). It is referred to hereafter as the csrA::kan strain. The
original csrA::kan transposon mutant strain (27) has been

studied extensively, because deletion of csrA causes a se-
vere growth defect (56) that significantly affects phenotypes
(23). The �csrB�csrC and csrA::kan transposon mutants
were compared to an E. coli MG1655 strain containing
a chromosomally-encoded CsrA-FLAG tagged gene. Note
that for the purposes of this study, the CsrA-FLAG tagged
MG1655 strain is referred to as wild type. The genetic di-
mension of this systems profiling approach was designed to
distinguish the carbon starvation stress response from the
pleiotropic CsrA-dependent cellular response by directly al-
tering CsrA or indirectly affecting its activity by eliminating
the CsrB and CsrC sRNAs. With all four design elements
considered, we conducted experiments that involved the col-
lection of growth rates for these strains (Supplementary Fig-
ure S3) and 126 total samples for proteomics, RNA-seq and
CsrA HITS-CLIP analyses.

Resolution of carbon starvation and Csr system dependent
changes in gene expression

To differentiate genes that responded to the Csr system
from genes that responded generally to the carbon starva-
tion stress, we performed a two-way analysis of variance
(ANOVA) on the proteomics data using the strain and the
time points, to account for the stress, as the two factors in
the analysis. We expected that decoupling these effects at
the proteome level would be most relevant due to the post-
transcriptional nature of CsrA regulation. The ANOVA
identified 1903 proteins that responded significantly (P-
value < 0.05) to the genetic differences in the Csr network,
the time points, or an interaction of these two factors (Sup-
plementary Table S3; P-values for all proteins given in Sup-
plementary Table S4). This eliminates ∼50% of the total
3800 unique proteins detected with high confidence (5%
FDR) in these samples. They were not included in further
analysis because their expression changes were determined
to be mediated independently from effects of carbon stress
or the Csr system. Within the remaining 1903, 88 failed to
respond to the strain-imposed differences in the Csr regula-
tory pathway and were attributed to pure carbon stress re-
sponses. Several hundred proteins were impacted by both
strain and stress, indicating that the Csr system and the
stress were impacting a partially overlapping set of genes.
Many of the proteins that responded over time in these anal-
yses have been previously linked to E. coli carbon starvation
stress response in literature (57–59). After eliminating the
genes that did not show a Csr-dependent response in the
ANOVA, we sorted the remaining 1815 genes into different
patterns associated with Csr regulation.

Systems level classification of the Csr targetome by integra-
tive FourD profiling

The objective of our pattern classification was to group
genes that exhibited similar responses at the protein and
transcript levels in the wild type strain compared to the
csrA::kan and the ΔcsrBΔcsrC mutant strains. Since CsrA
regulates mRNAs by a variety of mechanisms (27,28,30,32),
we expected to observe a variety of distinct dynamic pat-
terns. Supported by consistent and complementary pro-
teomics and transcriptomics dynamic signatures, we defined
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five response categories (Materials and Methods, Classifica-
tion of Csr system impacted genes) containing 255 genes.
We determined that, of the remainder of the 1815 Csr-
dependent detected genes from the ANOVA analysis, 1130
genes had no classifiable pattern and 430 were present at
levels that were too low in the proteomics data to infer
meaningful patterns. The five profiled classes (I–V) are sum-
marized in Supplementary Figure S4. All genes classified
from the omics data are referred to hereafter as ‘classified
genes’. Proteomics and transcriptomics profiles of all clas-
sified genes are presented in Supplementary Figure S5 (see
Supplementary Table S5 for list of classified genes and Sup-
plementary Table S6 for specific DESeq2 results).

We also sub-classified genes based on HITS-CLIP data
as not all classified genes were expected to directly inter-
act with CsrA. Although not definitive evidence of direct
CsrA–mRNA interactions, an association with CsrA in
HITS-CLIP analysis suggested genes to serve as prime can-
didates for follow-up testing. As proof of principle, we con-
firmed that well characterized CsrA mRNA targets (glgC,
cstA, hfq, flhD, sdiA, moaA, nhaR, pnp, pgaA, csrA, relA,
ycdT and dgcZ) displayed a consistent signature in the
HITS-CLIP experiments. All of these mRNAs were con-
firmed to interact with the CsrA protein by in vitro binding
analyses in previous studies (27–30,60–65). The normalized
abundance of 10 of these RNAs ranked in the top 35th per-
centile in the abundance of all transcripts identified in at
least two time points in the HITS-CLIP experiments. Using
this signature as a metric, we defined genes as ‘associated
with CsrA’ if their transcripts were found in the top 35th
percentile of all the transcripts identified in the HITS-CLIP
studies in at least two time points (Supplementary Table S5).
Although this designation may produce false positives or
false negatives when taken by itself, we reasoned that when
used in conjunction with the other omics data, this metric
would identify genes that are most likely valid CsrA mRNA
targets. Henceforth, we refer to genes of classes I-IV that are
associated with CsrA in HITS-CLIP experiments as ‘poten-
tial direct CsrA targets.’ Altogether, 136 of the 255 classified
genes fall into the latter category (Supplementary Table S5,
Supplementary Figure S5). Additionally, we sub-classified
genes based on Fisher exact test analysis as ‘classed sig-
nificantly at the protein level’ if they met all the protein-
level classification requirements executed with Fisher ex-
act tests (P-value < 0.05) rather than the non-overlapping
standard deviation metric (Supplementary Table S7, Ma-
terials and Methods, Classification of Csr system impacted
genes). We tracked these sub-classified genes throughout the
rest of the analyses and follow up assays to assess the im-
pact a stringent protein-level statistical classification mea-
sure could impart in integrated analysis of dynamic multi-
omics data. In total, 42 class I–IV genes display correspond-
ing class protein-level patterns significantly (Supplementary
Table S5). It is important to note that while the five classes
were constructed from differences between strains, a variety
of the classified genes including, csiD, lsrB, clpB and frdA,
also showed a dynamic protein response to the stress, indi-
cating that a subset of Csr influenced genes show dynamic
responses to stress as expected. For many of these genes, dy-
namic responses were also observed on the transcript level.
In Supplementary Figure S5, we show all genes that we clas-

sified and all other genes within the operon, as recorded
in RegulonDB (66) for context when interpreting classified
patterns.

Class I. Genes were included in class I if higher pro-
tein and transcript expression levels were observed in the
csrA::kan mutant relative to the wild type strain (Supple-
mentary Figure S4A). Figure 2A illustrates an example of a
potential direct class I CsrA target, the monocistronic gene
aidB. In total, we identified 40 class I genes, 23 of which are
potential direct CsrA targets and 13 of which show signif-
icant class I protein-level patterns by the Fisher exact test.
This pool includes novel potential direct CsrA targets, such
as aidB and evgA. We also classified several well character-
ized CsrA targets (e.g. glgC, dgcZ and pgaA) as having a
class I pattern. This is consistent with the reported CsrA ef-
fect on regulation of these genes, namely that CsrA represses
their expression (27,67).

Class II. Class II genes displayed a strong CsrA depen-
dent response, manifested by higher protein expression lev-
els of the gene in the csrA::kan mutant strain, but no differ-
ence in transcript levels in the csrA::kan or the ΔcsrBΔcsrC
mutant relative to the wild type strain, Supplementary Fig-
ure S4B. One possible mechanism for class II genes is that
CsrA inhibits translation of the target gene but does not af-
fect transcript stability as described previously (28). In total,
we identified 84 members of this class, including 72 poten-
tial direct CsrA targets and 19 genes that show significant
protein-level patterns by the Fisher exact test. Notable novel
members of this pool of potential direct class II targets are
acnA, dcrB and ybeL. As shown in Figure 2B, dacC is an
example of a member of this class.

Class III. Class III genes (Supplementary Figure S4C)
display lower protein and transcript expression levels in the
csrA::kan mutant strain than in the wild type strain. Some
possible mechanisms for class III genes include mRNA sta-
bilization by CsrA as shown for flhD (56) and increased
RBS availability facilitated by CsrA. In the case of flhD,
CsrA binding blocks RNase E mRNA cleavage (32). We
were not able to detect the FlhD protein; however, the flhDC
transcript displayed increased expression in the presence of
CsrA (Supplementary Figure S5). As shown in Figure 2C,
pta is an example of a class III potential direct CsrA target
which has not been suggested previously in literature. In to-
tal, we identified 10 members of this class, all of which are
potential direct targets and two of which show significant
class III protein-level patterns by the Fisher exact test. It
is worth noting that the majority of these potential direct
targets were already associated with CsrA (17).

Class IV. Class IV genes displayed lower protein expres-
sion, but not lower transcript levels in the csrA::kan strain
than in the wild type strain (Supplementary Figure S4D).
This pattern has not previously been observed in connec-
tion with CsrA regulation, but it is conceivable that CsrA
binding could increase protein expression without affecting
transcript stability (68). In this class, we identified 54 genes,
31 of which were sub-classified using HITS-CLIP data as
potential direct CsrA targets. Eight were sub-classified as
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Figure 2. Genetic responses to Csr components. (A–E) Genes representative of patterns in each class. For each class I–V, we show protein and transcript
expression levels of a representative gene. Error bars depict standard deviation of three replicates. Specifically, class I and II class have lower expression of
the gene’s protein and transcript or just protein respectively in the wild type than the csrA::kan mutant. Class III and IV have the inverse patterns to class
I and IV. Class V genes show no recognizable relationship to the csrA::kan mutant; expression effects are observed in the ΔcsrBΔcsrC mutant relative to
the wild type.
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showing significant class IV protein-level patterns using the
Fisher exact test. An example of a gene in this class is ybiT
(Figure 2D). Altogether, 30 members of this potential target
pool have not before been hypothesized as CsrA targets. We
noted that not as many of these genes were as strongly asso-
ciated with CsrA in our HITS-CLIP experiments than in the
other classes. This could suggest that some of these protein
expression patterns were the result of indirect regulation or
growth defects caused by the CsrA transposon mutation.
To determine if individual genes were indirectly or directly
regulated by CsrA, translation fusion and in vivo protein-
mRNA interaction assays were performed as described in
subsequent sections.

Class V. Class V genes displayed increased or decreased
expression levels on both the protein and the transcript lev-
els in ΔcsrBΔcsrC strains, but not in the csrA::kan strain,
relative to the wild type strain (Supplementary Figure S4E).
The unique dependence on the sRNAs in this class was un-
expected given the paradigm that CsrA protein regulates
by binding to mRNA transcripts and that the CsrB and
CsrC sRNAs sequester the CsrA protein. In total, 67 genes
were classified in this category, of which nudK is an example
(Figure 2E). Twelve of these genes show significant class V
protein-level patterns. Additionally, it should be noted that
55 genes of the 67 genes in this category display a strong
association with CsrA in our HITS-CLIP analysis. One po-
tential explanation of the data is that these genes require a
higher amount of active CsrA than what is present in the
wild type cells grown in our experimental conditions to ob-
serve regulatory effects. Under this paradigm, the removal
of CsrB and CsrC increases the levels of active CsrA in the
cells enough to observe phenotypic differences in this group
of genes.

Fluorescent reporter assays to authenticate CsrA regulation
of multiple target genes

After generating a list of potential direct CsrA targets, we
designed follow up experiments to characterize CsrA-gene
interactions in vivo. As a starting point to validate these in-
teractions, we performed translational expression assays to
study the impact of CsrA on potential CsrA target genes.
This assay was based on the knowledge that CsrA interacts
with the 5′ UTR of its targets to regulate their expression
(11). Assuming our potential targets would largely behave
the same way, we designed a plasmid that fused the 5′ UTR
of a given gene to a GFP reporter (Figure 3, Supplementary
Table S2). This plasmid was transformed into a ΔcsrABCD
ΔpgaABCD ΔglgCAP strain (CML 577) along with a sec-
ond plasmid, pHL600 (Supplementary Table S1, Table S2),
which contained an IPTG-inducible CsrA (46). With this
experimental setup, we compared the resulting GFP fluo-
rescence of 5′ UTR-GFP reporters under two conditions:
(i) with induction of and (ii) without induction of CsrA.
Our hypothesis was that true CsrA targets should display
either translational upregulation (consistent with patterns
observed for class III and IV) or translational downregu-
lation (consistent with patterns observed for classes I and
II) in the presence of CsrA. Importantly, upon quantify-
ing intracellular levels of CsrA relative to the E. coli K-12

Figure 3. CsrA regulation determined using fluorescent reporter con-
structs. The fluorescent reporter assay measures fluorescence output of 5′
UTR-reporter constructs that contain the 5′ UTR of a candidate CsrA-
regulated gene and the first 100 nucleotides of its coding sequence (CDS),
expressed as an in-frame GFP fusion, and transcribed from a constitutively
active promoter. Flow cytometry is used to determine if CsrA induction
has a statistically significant increase or decrease on fluorescence.

MG1655 strain to determine the extent of CsrA overexpres-
sion in this experimental system, IPTG-induced levels of
CsrA were only ∼2× higher relative to the wild type CsrA
(Supplementary Figure S6A). These results indicated that
the assay represented only a mild overexpression of CsrA
relative to native conditions and was ideal for studying the
impact of CsrA under physiological conditions.

We constructed and tested 5′ UTR-GFP fusions of 132
potential direct CsrA targets (the remaining four were not
successfully cloned). We additionally tested 18 constructs of
class I–IV genes that showed strong classification patterns
but were not associated with CsrA in the HITS-CLIP ex-
periment (Supplementary Table S8). For these experiments,
we initially created and tested two 5′ UTR-GFP fusions
as negative controls, phoB and gmk, since CsrA had been
shown to not bind these UTRs (5,61). Unfortunately, GFP
fluorescence was not observed above background levels in
our assay when controlled by these UTRs so we mined our
omics data for other UTRs to serve as a control. Among
those we considered was the 5′ UTR of fecA whose protein
and transcript levels did not respond to CsrA (Supplemen-
tary Figure S5) and was not pulled down in HITS-CLIP
experiments (Supplementary Table S5). After cloning this 5′
UTR into our reporter construct, we observed that the con-
struct did show appreciable GFP expression, but did not re-
spond to CsrA induction so we established this UTR as our
negative control (Supplementary Table S8). We also tested
well established CsrA targets (sdiA, glgC, hfq, ycdT, pgaA,
cstA, and nhaR) from previous literature as positive con-
trols. Although not all of these constructs produced fluo-
rescence above background levels, the fusions that did fluo-
resce above background showed expected response patterns
to CsrA (Supplementary Table S8). With these controls es-



Nucleic Acids Research, 2017, Vol. 45, No. 4 1681

Figure 4. Differential effects of CsrA on the expression of fluorescent re-
porter constructs. The number of 5′ UTR constructs in which CsrA sig-
nificantly increases, decreases, or has no impact on GFP expression. Col-
ored bars represent genes of class: I, orange; II, blue; III, purple; IV red;
V, green (in numerical order, left to right, for each assay result). Flow cy-
tometry data for each individual gene is contained in Supplementary Table
S8.

tablished, we tested samples by growing the cells to OD 0.3,
inducing CsrA, and waiting 3 hours prior to fluorescence
measurements. We measured the fluorescence using flow cy-
tometry and observed CsrA-dependent upregulation of 10
potential targets, downregulation of 55 potential targets,
and no effect on 33 other genes (Figure 4, Supplementary
Figure S6B). We also noted 52 additional constructs were
tested but they failed to exhibit any fluorescence.

In spite of these limitations, we confirmed that 56%
(55/98) of 5′ UTR constructs that were found to be func-
tional as GFP fusions were affected by CsrA regulation in
a manner consistent with their original classification. The
disagreement with remaining 44% was largely due to genes
which the omics data suggested could interact with CsrA,
but did not show a significant shift in our assay. This dif-
ference could be a result of indirect effects captured by the
omics data or a need for more measurements of some sam-
ples to establish statistical significance.

Confirmation of in vivo 5′ UTR–CsrA interaction using tri-
fluorescence complementation (TriFC)

The ultimate goal of the INFO approach is to identify po-
tential target genes that can be tested for direct regulation
by CsrA. The assays and analyses described up to this point
(i.e. omics analyses, fluorescent reporter assay) can provide
a strong indication that a given gene is functionally affected
by CsrA, but do not conclusively show a direct regulatory
interaction. To corroborate INFO predictions of potential
direct CsrA targets, we conducted additional in vivo RNA–
protein interaction experiments. Because few protocols ex-
ist for evaluating RNA–protein interactions inside of cells
in a high throughput manner, we recently developed an as-
say for RNA–protein interactions using a three component
fluorescence complementation system (TriFC), which was
validated specifically in the context of CsrA–CsrB interac-
tions (33). The assay is based on in vivo reconstitution of
a split yellow fluorescence protein (YFP) to detect a CsrA–
RNA interaction, which has been described previously (33).

Figure 5. TriFC data demonstrate interactions between CsrA and the 5′
UTR of selected potential direct targets. (A) Schematic of CsrA–mRNA
TriFC. The TriFC system consists of two proteins, the CsrA–nYFP fusion
and the MS2–cYFP fusion, and one mRNA. The mRNA fusion contains
a MS2 coat protein binding site (MS2BD) followed by a 5′UTR of po-
tential direct CsrA target, the first 100 nucleotides of the gene’s coding
sequence, and an mstrawberry fluorescence gene in frame with the cod-
ing sequence. The MS2–cFYP protein binds to the MS2BD region on the
RNA upstream of the 5′ UTR of interest. If CsrA interacts with the 5′
UTR sequence, then the two complements of YFP will be in close enough
proximity to refold and produce a fluorescence signal. (B) Number of genes
in each class whose 5′ UTR interacts with CsrA in our TriFC assay. We de-
termined that any 5′ UTR construct with fluorescence higher than the fecA
5′ UTR negative control and a P-value < 0.1 by t-test was interacting with
CsrA (Supplementary Table S9). Blue portion indicates total genes whose
5′ UTR interacts with CsrA in the TriFC assay AND whose 5′ UTR shows
regulation in the fluorescent reporter assay consistent with its class. Orange
portion indicate genes whose 5′ UTR interacts with CsrA in the TriFC as-
say but does not have similar fluorescent reporter assay evidence.

In brief, the system contains three fusions, a CsrA-nYFP fu-
sion protein, an MS2-cYFP fusion protein, and a transcript
containing an MS2-binding domain (MS2BD) conjoined
with an RNA of interest. The MS2-cYFP protein fusion
strongly interacts with the MS2-binding domain containing
transcript and, therefore, if CsrA interacts with the RNA,
the two components of the YFP are brought into close prox-
imity, generating a fluorescent signal not present without a
CsrA–RNA interaction (Figure 5A).

The TriFC assay was adapted here to test interactions be-
tween 5′ UTRs and CsrA. Since CsrA is believed to inter-
act primarily with the 5′ UTR of transcripts, we designed
reporter constructs for the TriFC system, which incorpo-
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rated an MS2 coat protein binding domain followed by the
5′ UTR of the gene of interest (Figure 5A). In order to con-
firm that the mRNA was expressed after addition of the 5′
MS2BD tag, an mstrawberry red fluorescence protein was
attached to the end 3′ end of a control MS2BD-synthetic
RBS construct. The control exhibited sufficient red fluores-
cence, indicating translation of the RBS with the 5′ MS2BD
tag fused. We then focused our attention solely on the yel-
low fluorescence of the system, as this was indicative of the
CsrA-target interaction. To calibrate the assay, we estab-
lished a no-interaction baseline YFP fluorescence level us-
ing the fecA 5′ UTR tested in our fluorescent reporter assay.
Our glgC 5′ UTR, which is known to have CsrA interac-
tions (46,64), served as a positive control confirming that
true direct CsrA targets fluoresce above this baseline. We
used this system to test direct interactions between CsrA
and 5′ UTRs.

We identified 31 class I–IV genes as having YFP fluores-
cence above the established baseline by comparing tripli-
cate fluorescence readings of the test sample to the tripli-
cate readings of the fecA negative control using a one tailed
heteroscedastic t-test (P-value < 0.1) (Supplementary Table
S9). These results strongly suggest a direct interaction be-
tween CsrA and the mRNAs of these 31 genes (Figure 5B,
Supplementary Table S9). The TriFC assay is only a posi-
tive test for CsrA interaction because multiple factors can
affect the refolding of the split YFP fragments, including the
unique geometry in which CsrA binds a particular 5′ UTR.
Therefore, it is likely that some mRNAs that do not display
a TriFC signal may be direct targets of CsrA binding.

DISCUSSION

In this paper, we demonstrate the genome-wide applica-
tion of INFO in determining targets of the carbon stor-
age regulatory system. While we present several methods
for predicting and characterizing genetic targets of com-
plex regulators, it is important to note that no single test
presented would have been adequate to identify potential
direct targets of a regulon. The value of this approach is
that it weaves together multiple indirect lines of evidence
using HITS-CLIP, proteomics and transcriptomics of mul-
tiple genetic mutants under the dynamic conditions from an
environmentally induced stress to identify potential targets
of a global regulatory network. This integration narrowed
the CsrA target pool from ∼1600 hypothesized targets in
the literature to 136 potential direct CsrA targets that show
convincing evidence in our INFO analysis. In the context of
previous Csr works, this represents the most information-
dense pool of potential targets identified from omics-type
datasets (5,17).

To evaluate the novelty of the 136 potential direct CsrA
targets identified in this work, we compiled all previous
large omics studies and computational predictions on the
Csr system that inferred CsrA targets (Supplementary Table
S5). We observed that 86 genes (62.3%) had been previously
associated with CsrA in the literature and that 50 genes
(36.7%) are novel genes that could be associated with CsrA
(Figure 6). However, of the 86 genes overlapping with litera-
ture, 23 were only previously suggested from computational
predictions (6,42) and 31 from only CsrA-pulldown studies

Potential 
Direct 
Targets

50

Previous
Literature

1516
86

Figure 6. Genes identified by INFO approach confirm and expand the set
of genes impacted by CsrA. Venn diagram comparing genes that are shared
between potential direct CsrA targets (yellow circle, left) and hypothesized
CsrA literature targets (blue circle, right). Of the 136 candidate CsrA tar-
gets, gathered from our omics analysis, 86 confirm potential literature tar-
gets (yellow and blue overlap).

(5). The integrated experimental findings of this work add
significant evidence for mRNAs of these genes associating
with CsrA.

After identifying a pool of relevant genes (136) from
omics data, our fluorescent reporter assay data provided ev-
idence that CsrA specifically impacted expression from the
5′ UTR of many of these genes. It also suggested a relative
level of CsrA impact on expression, i.e. regulation, of the
tested 5′ UTRs. For instance, our data suggests that CsrA
expression has a greater impact on the glgC, glsA and acnA
UTRs than it does on evgA and ybaL (Supplementary Ta-
ble S8). Qualitatively, this assay identifies 5′ UTRs that are
more or less sensitive to CsrA, providing information not
only suggesting what is a target, but also a rough hierarchy
of which targets are most affected on a genome scale.

Our TriFC experiment allowed us to identify 19 tran-
scripts that we consider bona fide direct CsrA targets, i.e.
potential direct CsrA targets that display regulation consis-
tent with their classification in the fluorescent reporter assay
and direct interaction with CsrA in the TriFC assay (Table
1). Of these 19, five, glgC, nhaR, dps, proP and ucpA, had
previous experimental evidence connecting them with E.
coli CsrA. Two of these transcripts, glgC and nhaR, are well
studied in their relationship to CsrA and are already known
as direct targets (5,6,43,63,67). On the other hand, dps, proP
and ucpA were associated with CsrA in a single pulldown
study (5). The last of the list, ucpA, has also been associated
with CsrA in computational predictions. Six of the 19 tran-
scripts, gstA, ybaL, evgA, gadB, ydhQ and fdoH, were only
predicted as CsrA targets in computational studies (6,42),
likely for the multiple strong consensus CsrA binding motifs
contained in their 5′ UTRs (42). The current research signif-
icantly expands our knowledge of how CsrA impacts these
nine targets. The remaining eight, aidB, sdhA, yebE, sucC,
glsA, patA, purM and clpB, had not been, to our knowl-
edge, previously suggested in the E. coli CsrA target liter-
ature (5,6,16,17,61,69). Our data suggest, in total, 17 new
direct CsrA targets (that were fully validated by all our ex-
perimental systems), significantly increasing the number of
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Table 1. Cumulative omics, fluorescent reporter (FR) assay, and TriFC assay evidences for classified genes

Omics evidence
only

Omics and FR
assay disagree

Omics and FR
assay agree

Omics and TriFC
evidence

Omics and FR
assay agree, and
TriFC evidence Total members

Class I 14 5 14 0 7 40
Class II 38 16 16 4 10 84
Class III 2 3 4 1 0 10
Class IV 28 15 2 7 2 54
Total 82 39 36 12 19 188

transcripts that have been tested for direct interaction with
CsrA. Additionally, patA showed consistent upregulation in
both the omics and fluorescent reporter experiments, sub-
stantially expanding the number of known transcripts di-
rectly upregulated by CsrA (32).

Importantly, when these 19 genes are compared to the
pool of Csr responsive genes identified just from DESeq2
analysis of transcriptomics data (See Supplementary Mate-
rials and Methods, Supplementary Tables S5 and S6), only 8
of 19 direct targets were identified. This observation demon-
strates the value of the INFO approach in identifying ad-
ditional targets not found in traditional single omics ap-
proaches. Additionally, considering the sub-classifications
based on HITS-CLIP analysis and statistically significant
protein-level patterns, only 7 of 19 direct targets have sta-
tistically significant protein-level differences in the Fisher
exact test. These results suggested that in this study HITS-
CLIP experiments were more relevant for identifying true
direct CsrA targets.

One of the most interesting novel CsrA targets we identi-
fied was the succinate-quinone oxidoreductase gene, sdhA.
This gene was consistently impacted by the Csr system in
all our experiments, raising the question of how CsrA might
be affecting it (Supplementary Figure S5, Tables S5, S8 and
S9). We discovered that some of its operon members have
been previously associated with CsrA in E. coli (5,17,42,70)
and in Salmonella enterica (15). Specifically, a UV crosslink-
ing immunoprecipitation experiment identified a CsrA reg-
ulatory element in the 3′ portion of the sdhD coding se-
quence in Salmonella. We identified the same regulatory ele-
ment in the 3′ portion of the sdhD coding sequence in E. coli.
Realizing the proximity (< 100 nucleotides) of the element
to the start codon of the following gene on the operon, sdhA,
we tested the element’s effect on translation of sdhA. Indeed,
we observed that the regulatory element inside of the sdhD
coding sequence directly interacted with CsrA and affected
translation of sdhA in the TriFC and fluorescent reporter as-
says, respectively. This suggests a mechanism where CsrA,
from a single binding site, may directly impact the trans-
lation of two proteins simultaneously via different mecha-
nisms. This contrasts with previous examples of CsrA oper-
onic control in which CsrA exhibits regulation by binding
in the transcript’s 5′ UTR (27,67) or by binding in the inter-
genic region between two members of an operon (63). This
has significant implications for identification of CsrA regu-
lated transcripts because crosslinking studies may miss reg-
ulated transcripts, and suggests a role for CsrA in fine tun-
ing the expression ratios of different proteins from the same
operon.

The dual-condition nature of our study played an im-
portant role in our understanding of Csr system targets.
Imposing a carbon starvation stress revealed a pool of 20
condition-specific CsrA-impacted genes and lead to the
identification of two novel CsrA targets, sucC, impacted
pre-stress only, and glsA, impacted post-stress only (Sup-
plementary Table S5; Materials and Methods, Classification
of Csr system impacted genes). The remaining potential di-
rect targets show Csr system impact in both pre-stress and
post-stress conditions; this highlights a core pool of poten-
tial CsrA targets relatively insensitive to glucose starvation
(Results, Systems level classification of the Csr targetome
by integrative FourD profiling). The dynamics also allow us
to capture the important role of CsrB and CsrC in altering
gene expression profiles when a stress causes growth arrest.
For example, the protein levels of class V genes rely on CsrB
and CsrC to titrate CsrA when cells cannot dilute CsrA con-
centration through cell division (46). These results suggest
that class V genes may be more sensitive to the levels of CsrB
and CsrC than other classified genes because they weakly
interact with CsrA. Although the interaction with CsrA is
presumably weak, it is surprising that removing CsrB and
CsrC results in very strong regulation for genes such as ydcJ,
flu and astD (Supplementary Figure S5). These genes rep-
resent novel UTR parts for metabolic engineering with the
Csr system that are easily titratable because they give strong
responses to the CsrB and CsrC regulators.

In addition to identifying new CsrA targets, we were
also interested in identifying similar sequence features of
these genes that may aid in future prediction of CsrA reg-
ulated targets. In addition to analyzing the sequence fea-
tures of the 5′ UTRs of all classed genes, we derived an ad-
ditional approximately 4300 5′ UTRs sequences (using an-
notations from regulonDB and the E. coli genome (NCBI
accession: CP014225.1)) to compare sequence features of
classed genes to the entire genome (66). From this analy-
sis, we observed that class I and II genes have significantly
more ANGGA motifs than the ∼4300 non-classified genes;
75% of class I genes have at least one ANGGA motif in
their tested sequence, 76% for class II, 50% for class III,
46% for class IV, 61% for class V and 53% for the remaining
4300 genes. This analysis agrees with previous findings that
suggest ANGGAs are an effective way to identify CsrA re-
pressed targets (42), with the caveat that an ANGGA motif
search would have missed four genes, dps, clpB, patA and
purM, which we identified as direct CsrA targets in this
study. Considering targets activated by CsrA, most class
III/IV genes either did not work (no fluorescence above
baseline) or were not impacted by the presence of CsrA
when tested in the fluorescent reporter assay. This might
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suggest that many of these genes were activated indirectly
by CsrA in our omics studies, potentially explaining why the
amount of ANGGA’s present in these groups is more sim-
ilar to the genome average. However, patA (IV) and purM
(IV) were determined to be direct CsrA targets and we did
observe CsrA increasing expression of mtlD (III), ytfQ (III),
pta (III), ugpB (III), aroD (IV) and uxuB (IV), suggesting
that CsrA does have a limited role in direct upregulation
of genes, as previously thought (17,30,32) (Supplementary
Table S8). Interestingly, of the class III genes, six of its ten
members were identified as upregulated by CsrA in a re-
cent work by Esquerre (17), which, in combination with the
data in this paper, makes a convincing argument for further
characterization of CsrA regulation of class III genes. More
generally, these classified genes provide excellent starting
points for tailored investigation of specific types of CsrA-
transcript control.

Taken together, these findings have broad applicabil-
ity to the study of gene regulatory networks. While the
INFO approach was explicitly aimed at the CsrA post-
transcriptional regulator, it can be applied to many tran-
scriptional regulators using ChIP-seq or ChIP-exo (40) in
place of the CsrA immunoprecipitation. This study demon-
strates the basic design principle that integrating multiple
streams of omics data allows for strong conclusions even if
a particular data stream is inherently noisy. The strength of
combined data facilitated identification of core genes in the
Csr regulon, genes that are stress dependent Csr targets, and
new avenues of research to further understand the physio-
logical or metabolic impacts of Csr regulon configurations.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Melefors,Ö. (2008) The RNA binding protein CsrA controls cyclic
di-GMP metabolism by directly regulating the expression of GGDEF
proteins. Mol. Microbiol., 70, 236–257.

62. Wei,B.L., Brun-Zinkernagel,A.M., Simecka,J.W., Pruss,B.M.,
Babitzke,P. and Romeo,T. (2001) Positive regulation of motility and
flhDC expression by the RNA-binding protein CsrA of Escherichia
coli. Mol. Microbiol., 40, 245–256.

63. Pannuri,A., Yakhnin,H., Vakulskas,C.A., Edwards,A.N., Babitzke,P.
and Romeo,T. (2012) Translational repression of NhaR, a novel

pathway for multi-tier regulation of biofilm circuitry by CsrA. J.
Bacteriol., 194, 79–89.

64. Baker,C.S., Morozov,I., Suzuki,K., Romeo,T. and Babitzke,P. (2002)
CsrA regulates glycogen biosynthesis by preventing translation of
glgC in Escherichia coli. Mol. Microbiol., 44, 1599–1610.

65. Park,H., Yakhnin,H., Connolly,M., Romeo,T. and Babitzke,P. (2015)
CsrA participates in a PNPase autoregulatory mechanism by
selectively repressing translation of pnp transcripts that have been
previously processed by RNase III and PNPase. J. Bacteriol., 197,
3751–3759.

66. Salgado,H., Peralta-Gil,M., Gama-Castro,S., Santos-Zavaleta,A.,
Muniz-Rascado,L., Garcia-Sotelo,J.S., Weiss,V., Solano-Lira,H.,
Martinez-Flores,I., Medina-Rivera,A. et al. (2013) RegulonDB v8.0:
omics data sets, evolutionary conservation, regulatory phrases,
cross-validated gold standards and more. Nucleic Acids Res., 41,
D203–D213.

67. Liu,M.Y., Yang,H. and Romeo,T. (1995) The product of the
pleiotropic Escherichia coli gene csrA modulates glycogen
biosynthesis via effects on mRNA stability. J. Bacteriol., 177,
2663–2672.

68. Ren,B., Shen,H., Lu,Z.J., Liu,H. and Xu,Y. (2014) The phzA2-G2
transcript exhibits direct RsmA-mediated activation in Pseudomonas
aeruginosa M18. PLoS ONE, 9, e89653.

69. Sabnis,N.A., Yang,H. and Romeo,T. (1995) Pleiotropic regulation of
central carbohydrate metabolism in Escherichia coli via the gene
csrA. J. Biol. Chem., 270, 29096–29104.

70. Cunningham,L. and Guest,J.R. (1998) Transcription and transcript
processing in the sdh CDAB-sucABCD operon of Escherichia coli.
Microbiology, 144, 2113–2123.


