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Abstract

The alternative sigma factor E (σE) is critical for response to extracytoplasmic stress in 

Salmonella. Extensive studies have been conducted on σE-regulated gene expression, particularly 

at the transcriptional level. Increasing evidence suggests however that σE may indirectly 

participate in post-transcriptional regulation. In this study, we conducted sample-matched global 

proteomic and transcriptomic analyses to determine the level of regulation mediated by σE in 

Salmonella. Samples were analyzed from wild-type and isogenic rpoE mutant Salmonella 

cultivated in three different conditions: nutrient-rich and conditions that mimic early and late 

intracellular infection. We found that 30% of the observed proteome was regulated by σE 

combining all three conditions. In different growth conditions, σE affected the expression of a 

broad spectrum of Salmonella proteins required for miscellaneous functions. Those involved in 

transport and binding, protein synthesis, and stress response were particularly highlighted. By 

comparing transcriptomic and proteomic data, we identified genes post-transcriptionally regulated 

by σE and found that post-transcriptional regulation was responsible for a majority of changes 

observed in the σE-regulated proteome. Further, comparison of transcriptomic and proteomic data 
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from hfq mutant of Salmonella demonstrated that σE-mediated post-transcriptional regulation was 

partially dependent on the RNA-binding protein Hfq.
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Introduction

Salmonella enterica serovar Typhimurium (STM, referred to as Salmonella in the following) 

is a facultative intracellular bacterial pathogen capable of colonizing a wide range of hosts. 

In susceptible mice, STM causes systemic infection that resembles typhoid fever caused by 

the S. enterica serovar Typhi in human, which makes STM a paradigm for understanding 

intracellular pathogenesis.1,2 Within the host, Salmonella confronts a hostile environment 

while it proceeds through the digestive tract. It survives the low pH milieu of the stomach 

and out-competes natural gut flora. After invasion of the intestinal epithelium, Salmonella is 

consumed by underlying macrophages allowing for systemic dissemination in mice.3–5 It 

replicates inside different populations of immune cells and is most frequently found in 

monocytes and neutrophils where it reacts to a variety of stresses to maintain cellular 

integrality and evade innate host immunity.6,7 The high adaptability of Salmonella to 

various environments is largely dependent on its capability to integrate different 

environmental cues to achieve coordinated gene regulation under different stresses.

Salmonella utilizes multiple signal transduction systems that govern extracytoplasmic stress 

response.8 In the presence of environmental factors that lead to accumulation of misfolded 

proteins in the periplasm, the alternative sigma factor E (σE, encoded by rpoE) plays a major 

role in sustaining homeostasis. These stressors (e.g., heat shock, ethanol, osmotic stress, 

immune response, etc.) can initiate a proteolytic cascade that releases σE from sequestration 

by the antisigma factor RseA at the bacterial inner membrane.9 Free σE binds to core RNA 

polymerase and recognizes a specific σE-binding motif in DNA to initiate transcription.8,9 

Functional σE is crucial for Salmonella intracellular survival, as null mutant of rpoE persist 

for less than 30 min inside primary macrophage.10

The regulon of σE in Salmonella and its close relative E. coli has been extensively 

studied.11–14 We recently showed that σE regulates approximately 58% of the entire 

Salmonella genome and that an almost equal number of genes are up- or down-regulated by 

this sigma factor under multiple growth conditions.15 The direct effect of σE on gene 

regulation via promoter recognition of the σE-binding motif is traditionally defined as an 

event that activates transcription. Therefore, we speculated that the down-regulation of gene 

expression may not be a direct effect of σE, but rather through the general regulators 

controlled by σE, or that small noncoding RNAs (sRNAs) recognized by σE as one of the 

major functions of sRNA are silencing trans-encoded target mRNAs. It has been shown that 

σE binds sRNAs RybB and MicA, both of which can function as global regulators.16,17 

Thus, it is likely that σE is involved in post-transcriptional regulation through its effects on 
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sRNA. In the context of post-transcriptional regulation, Hfq is a major mediator that binds to 

RNA and facilitates sRNA–mRNA interactions, which modulates the translation and decay 

of mRNA.18 In Salmonella, Hfq has been shown to post-transcriptionally regulate at least 

20% of all possible proteins.19 Both RybB and MicA are regulated by Hfq in repressing 

outer membrane protein expression.16,20 We found that σE regulates hfq expression in both 

nutrient-rich and infection-like conditions, which brought up the question whether or not the 

regulation of σE on Hfq endows σE with the capacity for mediating post-transcriptional 

regulation.

To identify the level of regulation mediated by σE, we performed sample-matched global 

proteomic and transcriptomic analyses on wild type (WT) and rpoE-deletion mutant 

Salmonella cultured in nutrient-rich Luria–Bertani (LB) broth to log phase, in pH 5.8, low 

phosphate, low magnesium-containing medium (LPM) for 4 h (LPM 4h) or 20 h (LPM 20h). 

The microarray data of σE obtained in this experiment15 are used here to compare with 

proteomic data without further delving into transcriptional regulation. We also conducted 

proteomics and transcriptional analyses in parallel on the parent and isogenic hfq mutant to 

elucidate the role of Hfq in σE–dependent post-transcriptional regulation. We found that (1) 

σE affected 30% (344 proteins) of the observed proteome (1138 proteins) combining all 

three conditions, which involved a broad spectrum of Salmonella proteins needed for 

various biological processes; (2) post-transcriptional regulation accounts for the majority of 

σE-mediated protein-level regulation; and (3) up to 22%, 19%, and 29% of all σE–mediated 

post-transcriptional regulation in LB, LPM 4h, and LPM 20h, respectively, were likely to be 

dependent on Hfq.

Experimental Procedures

Bacterial Strains and Culture Conditions

STM ATCC14028s was used as the parent strain (WT) of all deletion and tagged strains in 

this study. The λ red recombination system was employed to delete or tag genes of interest 

as described before.21 Nonpolar in-frame gene deletion was carried out with modified 

pKD13 (pKD13-mod) plasmid (pKD13; GenBank accession no. AY048744), which 

replaces genes of interest with 135-nucleotide (nt) barcode sequences following homologous 

recombination.22 For HA tagging, pKD13–2HA plasmid was used as PCR template, which 

introduced a DNA fragment encoding 2HA prior to the stop codon sequence of target 

gene.19 The plasmid pHfq expressing Hfq was constructed by cloning a DNA fragment 

containing coding sequence of hfq on pWKS30 via EcoRI and XbaI. Bacterial strains and 

plasmids used in this study are listed in Table S6 of the Supporting Information. The primers 

used for tagging chromosomal genes of Salmonella are listed in Table S7 of the Supporting 

Information.

The WT and mutant strains were grown under three conditions: in LB medium to log phase 

(OD600, 0.5) and in LPM for 4 or 20 h. Briefly, bacteria were first cultured in LB medium 

for 16 h at 37 °C with shaking (200 rpm), then either diluted 100-fold into new LB medium 

and grown to log phase or washed with LPM, diluted 10-fold, and grown in LPM for 4 or 20 

h. Cells were harvested by centrifugation, and for proteomic analysis, the pellets were 

directly frozen at −80 °C until needed; whereas for transcriptomic analysis, pellets were 
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treated with RNAlater (Ambion) and then stored at −20 °C until they were processed. All 

the bacterial samples were prepared in triplicate.

Global Proteomic Analysis

Quantitative proteomic analysis was performed using the accurate mass and time (AMT) tag 

approach. Since the optimum LC-MS/MS running conditions for identifying and for 

quantifying peptides are different, in the AMT tag approach, peptide identification and 

quantification are performed in separated runs. Peptides are first identified by extensive 2D 

LC–MS/MS analysis to maximize the proteome coverage. Then the quantification is done by 

extracting the peak areas of peptides analyzed by 1D LC–MS/MS to diminish variations 

between runs due to prefractionation step.23

The WT, ΔrpoE, and Δhfq cells were mechanically ruptured by vortexing in the presence of 

zirconia/silica beads. Cell lysates were then subjected to ultracentrifugation, and resulting 

soluble and insoluble proteins were digested with trypsin, followed by solid phase extraction 

clean-up, as described previously.19 Peptides derived from digestion of soluble and 

insoluble proteins were pooled together and fractionated into 24 fractions by strong cation-

exchange (SCX) chromatography.24 Each fraction or unfractionated sample (run in technical 

duplicates) was subjected to liquid chromatography–tandem mass spectrometry (LC–

MS/MS) analysis. Peptides were loaded into capillary columns (75 μm × 65 cm, Polymicro) 

packed with C18 beads (3 μm particles, Phenomenex) connected to a custom-made four-

column LC system.25 The elution was performed in an exponential gradient from 0–100% B 

solvent (solvent A, 0.1% FA; solvent B, 90% ACN/0.1% FA) for 100 min with a constant 

pressure of 10 000 psi and flow rate of approximately 400 nL/min. Eluting peptides were 

directly analyzed either on a linear ion-trap (LTQ XL, Thermo Scientific, San Jose, CA) 

(fractionated samples) or an orbitrap (LTQ Orbitrap XL, Thermo Scientific) (unfractionated 

samples) mass spectrometer using chemically etched nanospray emitters.26 Full scans were 

collected at 400–2000 m/z range (60K resolution at 400 m/z for Orbitrap scans), and the top 

ten most intense ions were subjected to low-resolution CID fragmentation once (35% 

normalized collision energy) before they were dynamically excluded for 60 s.

To identify peptides, all tandem mass spectra were converted into DTA files using default 

parameters and searched against the forward and reverse sequences of Salmonella 

Typhimurium 14028s (5634 sequences) using SEQUEST (v27.12). Database searches were 

performed considering (1) no enzymatic digestion specificity, (2) no post-translation 

modifications, (3) 0.5 Da fragment mass tolerance, and (4) 3.0 Da and 20 ppm mass 

tolerance for precursor ion for linear ion-trap and orbitrap data, respectively. Sequest results 

were filtered with Xcorr ≥ 1.9, 2.2, and 3.5 for singly-, doubly-, and triply-charged peptides, 

respectively, expectation value ≤ 0.01, and Peptide Prophet ≥ 0.5. Then identified peptides 

are used to build a database that contains the information on the peptide theoretical mass and 

normalized elution time (NET), named mass tag. The mass tags in the database were 

matched against the high-resolution LC–MS/MS runs using a mass accuracy ≤ 10 ppm and 

NET ≤ 0.025, and the peak areas were retrieved using VIPER. To ensure the quality of 

peptide matching, all peptides matched to the MT database were filtered with statistical tools 

for AMT tag confidence (STAC) using a score ≥ 0.7 and uniqueness probability ≥ 0.5.27 
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Additionally, peptides had to be present in more than half of the replicates of at least one 

sample, and proteins were required to have at least two peptides and at least one peptide 

with STAC ≥ 0.9. Peak areas were then normalized by linear regression and central 

tendency followed by fold change calculation and ANOVA test using DAnTE.28

Immunoblot Analysis

The HA-tagged WT and mutant strains were grown as described above. Cells were washed, 

and approximately 5 × 107 colony-forming units were pelleted and resuspended in Laemmli 

sample buffer, boiled for 5 min, and then loaded on SDS-PAGE. Proteins on the gel were 

then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore). After blocking 

in Tris-buffered saline (TBS) plus 5% nonfat dry milk for 1 h, membranes were probed with 

anti-HA monoclonal antibody (Covance) and anti-DnaK monoclonal antibody (Stressgen). 

Membranes were washed and probed with peroxidase-conjugated antimouse IgG (Sigma). 

The immune complexes were detected via chemiluminescence using Western Lightning 

(PerkinElmer), and images were captured with ImageQuant LAS4000 (GE Healthcare Life 

Sciences).

Transcriptomic Analysis

For each of the three experimental conditions (LB, LPM 4h, and LPM 20h), we identified 

genes that were differentially expressed between Δhfq and WT strain of Salmonella. The 

samples were assayed to the Salmonella Typhimurium/Typhi microarray (version 8), a two-

channel spotted array (70-mer probes) designed by the Pathogen Functional Genomics 

Resource Center at the J. Craig Venter Institute. The analysis consisted of quantifying spot 

intensities, background-correcting, normalizing the intensities, summarizing the intensities 

for replicate probes, removing low quality arrays, and finally finding differentially expressed 

genes.

For each of the arrays, we calculated a single, background-corrected intensity for the probes 

(spots). First, using the scanned array image, we quantified the probe intensities using the 

Spotfinder tool from the TM4Microarray Software Suite,29,30 which gave us an MEV file 

for each array. To load and manipulate the intensity data in the MEV files, we used 

Bioconductor's31 limma package.32 To get background-corrected intensities for the probes 

on each array, we used the maximum likelihood estimation for the normal-exponential 

convolution model,33 as implemented in Bioconductor's limma package.

After background correction, we summarized replicate probe intensities into a single, 

normalized expression value for each gene. First, we normalized all of the mutant and WT 

expression values using quantile normalization,34 as implemented in the normalize.quantiles 

function of the preprocessCore R package.35 Next, we summarized the replicate intensities 

(there were two identical probes per gene) by calculating their mean. Finally, for the WT 

arrays, we identified and removed any replicate samples that did not have at least a 0.7 

correlation with other replicates, which resulted in 13, 12, and seven replicates that passed 

this array-level QC step in LB, LPM 4h, and LPM 20h conditions, respectively. Because of 

a smaller number of starting samples (two in LB, two in LPM 4h, and three in LPM 20h), no 

hfq-deletion strain arrays were removed; however, none of the replicate arrays had a 
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correlation below 0.69. After the low-quality arrays were removed, we repeated the 

background-correction, normalization, and summarization steps.

By using the normalized expression values, we then identified differentially expressed genes 

between the Δhfq and WT strains. Since our sample size for the knockouts was small, we 

used the methodology described by Smyth et al., which involves using a moderated t-

statistic that is more reliable for a small number of arrays.36 The differential expressions 

analysis was performed using functions available in the limma package.

Results

Effects of σE on Global Protein Abundances in Salmonella

To determine the impact of σE on protein levels, we performed a comprehensive quantitative 

proteomic analysis of ΔrpoE mutant and WT Salmonella grown in nutrient-rich LB medium 

to log phase and in acidic minimal medium (LPM) that partially mimics the intracellular 

environment for 4 or 20 h. After harvesting, cells were lysed, and proteins were digested 

with trypsin. The resulting peptides were then analyzed by LC–MS/MS using the AMT 

approach for quantification. A total of 1138 Salmonella proteins were confidently identified 

and quantified, which corresponds to 25% coverage of the 4450 Salmonella annotated open 

reading frames.28 The proteomic data were expressed as log2 ratio of ΔrpoE mutant to WT 

strain, and the effects of σE on the Salmonella proteome were determined by an ANOVA 

analysis; changes were considered significant when meeting the threshold of p value ≤ 0.05 

and fold change ≥ 1.5 (Table S1, Supporting Information). Out of the identified proteins, 

126, 186, and 109 were altered by σE at LB log phase, LPM 4h, and LPM 20h conditions, 

respectively (Figure 1A). By combining all three conditions, our analysis revealed that 30% 

(344 proteins) of the observed proteome (1138 proteins) was regulated by σE. More proteins 

were down-regulated than up-regulated by σE in all three conditions. Differences were more 

pronounced in LPM 20h samples. In this condition representing sustained stress, the 

expression of 86 proteins was repressed by σE, whereas 23 proteins were activated (Figure 

1B,C). There were seven proteins belonging to various categories that were commonly 

down-regulated by σE in all three conditions, while no protein was up-regulated by σE in 

both LB log and LPM 20h conditions, but both of these conditions have different overlaps 

with LPM 4h (Figure 1B,C).

Proteomic results were verified by Western blot analysis of the relative protein levels of 

CspA and SrfN (STM0082) in the three growth conditions studied (Figure 2A,C). By using 

chromosomal HA-tagged fusion proteins, we found that CspA expression was significantly 

higher in the ΔrpoE strain compared to WT in LPM 4h condition, while the expression of 

SrfN in ΔrpoE was significantly lower than in WT in the same condition. In LB condition, 

the expression of both CspA and SrfN was comparable in WT and ΔrpoE strains. These 

findings were consistent with the proteomic analysis (Figure 2B,D). More validations were 

also found with SodC2 and PspA in LPM 4h condition (Figure 5D, first two lanes of each 

blot).
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Functional Categories and Groups of Proteins Affected by σE

Salmonella proteins regulated by σE were classified according to the J. Craig Venter 

Institute (JCVI) functional categories (Table 1). Of the proteins with known functions, 

cellular processes and energy metabolism were the most representative categories within 

proteins up-regulated by σE in the LB log phase condition. Conversely, proteins down-

regulated by σE in LB log phase condition were enriched in energy metabolism, cellular 

processes, and protein synthesis. When cells were grown in LPM for 4 h, transport and 

binding proteins was the most represented category among the up-regulated proteins. When 

compared to the LB log phase condition, the LPM 4h condition generally had more down-

regulated proteins by σE in all categories, energy metabolism, cellular processes, and 

transport and binding proteins being the most represented ones. In the LPM 20h condition, 

fewer proteins were up-regulated by σE compared to LB and LPM 4h conditions, where 

cellular processes was most highly represented. However, the proteins down-regulated by 

σE in the same condition were enriched in energy metabolism, protein synthesis, and 

transport and binding proteins (Table 1). These results showed that σE alters proteins with a 

diversity of functions depending on the growth condition.

Further examination of protein abundances affected by σE across the three growth conditions 

according to functional categories suggested that three categories/groups of proteins 

exhibited distinct patterns in relation to growth conditions (Figure 3). The first category was 

transport and binding proteins (Figure 3A), in which the majority of proteins were not 

significantly regulated by σE in LB log phase. However, many proteins in this category were 

regulated by σE in the LPM 4h condition, where more proteins were up- rather than down-

regulated by σE. In LPM 4h, the most significantly up-regulated protein was ModA (533 

folds), a molybdate-specific periplasmic binding protein encoded by modABCD operon that 

functions to transport molybdate.37,38 In E. coli, molybdate is required for the production of 

molybdoenzymes such as nitrate reductase and formate dehydrogenase, which play an 

important role in anaerobic respiration.37 We speculate that up-regulating ModA expression 

might enhance Salmonella energy generation in infection-like conditions to meet the 

increased energy-consuming transport needed for intracellular survival. In the LPM 20h 

condition, most of the σE-regulated proteins in this category were down-regulated, where 

MalK (subunit of maltose transporter), CycA (D-alanine/D-serine/glycine transport protein), 

and GltJ (Glutamate/aspartate transporter) were reduced the greatest. The second category 

was protein synthesis (Figure 3B). Generally, σE repressed the expression of proteins 

involved in protein synthesis across all three conditions; however, in LB log phase and LPM 

4h condition, some of the proteins in this category remained up-regulated by σE, unlike in 

the LPM 20h condition where each of these proteins were down-regulated. The third 

category was stress response proteins (Figure 3C), the majority of which belong to cellular 

processes or regulatory functions categories. This group of proteins was far less regulated 

by σE in LB log phase than in LPM 4h and 20h conditions because of the low stress in the 

nutrient-rich LB media compared to increased cellular stress in the infection-mimicking 

media conditions. Notably, some proteins involved in oxidative stress response were up-

regulated by σE in LPM 4h (e.g., SodC1 and SodC2) and 20h (e.g., SodA and SodC2) 

conditions. Consistent with previous findings that phage shock protein and two-component 

regulatory system CpxR/CpxA play compensatory role to σE on extracytoplasmic stress 
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response,39,40 we found that in the absence of σE the expression of PspA and CpxR 

increased by 42 and 19-fold, respectively, in the LPM 4h condition. Although PspE is 

encoded by pspABCDE operon, the regulation of PspE expression by σE was completely 

opposite to PspA, which may be related to the coexistence of the intrinsic pspE-specific 

promoter.41 In the LPM 20h condition, most of the stress response proteins were down-

regulated by σE.

Comparison of Proteomic and Transcriptomic Profiles of σE

To better understand the mechanisms of regulation, we compared the proteomic profile of 

σE-deficient cells with sample-matched transcriptomic data recently published.15 The 

expression of approximately 58% of Salmonella genes was affected by σE in at least one of 

the three conditions. When transcriptomic and proteomic data sets by Pearson Correlation 

were compared, a very low correlation (≤0.02) was observed between the abundances of 

mRNAs and proteins regulated by σE in all three growth conditions, which suggests that σE 

regulates the abundances of proteins in multiple levels both in transcriptional and 

translational processes.

Transcript and protein data were combined into scatter plots based on fold changes 

comparing ΔrpoE mutant to WT (expressed in log2 scale). The type of regulation was 

classified into four different mechanisms according to the significance of regulation on 

mRNA and protein levels: (1) regulated only at mRNA level, lacking significant change at 

protein level; (2) regulated only at protein level, lacking significant change at mRNA level; 

(3) regulated at both mRNA and protein levels, which is represented by negative correlation 

between mRNA and protein levels; and (4) regulated at mRNA level that has a direct impact 

on proteins level, which is represented by positive correlation between mRNA and protein 

levels (Figure 4; Table S2, Supporting Information). Of the 117 proteins differentially 

regulated by σE at LB log phase, 63 were solely regulated at protein level, and 54 were 

significantly regulated at both protein and mRNA levels. Of these 54 proteins, 22 showed 

the opposite trends at the mRNA and protein levels, which included ribosomal proteins 

(RplP, RplT, RpsE, RpsS, RplK, and RluC) and flagellar proteins (FliC, FlgN, FlgL, and 

FlgE). Thirty-two proteins showed the same trends in regulation at both levels, which 

included SPI-1 chaperones (SicA and InvB) and stress response proteins (CspC, CspE, and 

YecG). In the LPM 4h condition, there were 229 proteins regulated by σE at the mRNA 

level exclusively, which included a majority of ribosomal proteins. One hundred-sixteen 

proteins were regulated by σE exclusively at the protein level. This included select stress 

response proteins (CspA, DksA, KatE, OsmY, and SodC2). Eighteen proteins were 

regulated at both mRNA and protein level, and 43 proteins were regulated at protein level 

directly related to gene level regulation. In the LPM 20h condition, 210, 76, nine, and 19 

proteins were regulated by σE by the above four classified mechanisms, correspondingly 

(Table 2). Some stress response proteins were regulated by σE at the protein level (CspA, 

Tag, SodA, SodC2, OmpA, OmpC, and OxyR), while others exhibited positive correlation 

between mRNA and protein levels (DksA, CspD, KatE, and PspA) (Figure 4C). We found 

that protein level regulation accounted for 25%, 43%, and 33% of total regulation by σE at 

LB log phase, LPM 4h, and LPM 20h condition, respectively. In this category, 73%, 76%, 

and 82% (for details of calculation, see Table 2) were regulated post-transcriptionally in the 
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above conditions, respectively. These results suggest that post-transcriptional regulation 

accounts for the majority of σE-mediated protein-level regulation.

Involvement of Hfq in σE-Mediated Post-Transcriptional Regulation

Our microarray data showed that σE regulates hfq transcription in both LB log and LPM 

conditions. To find out if σE affects Hfq expression at protein level, we performed a Western 

blot comparing the expression of HA-tagged Hfq in WT and ΔrpoE strains (Figure 5A). In 

the LB log phase condition, the level of Hfq was higher in ΔrpoE mutant compared to that in 

WT. In the LPM 4h condition, the level of Hfq was lower in ΔrpoE than in WT. In the LPM 

20h condition, a much higher level of Hfq was expressed in ΔrpoE than in WT. These data 

confirmed that σE regulates Hfq expression under the examined environmental conditions.

To investigate if Hfq plays a role in σE-mediated post-transcriptional regulation, we 

compared transcriptomic and proteomic data of WT and hfq-deletion Salmonella cultured 

under the same condition as the ΔrpoE strain (Table S3, Supporting Information). In the LB 

log phase condition, 775 RNAs and 446 proteins were regulated by Hfq, where 75 genes 

overlapped in both sets (Figure 5B). Within this overlap, 44 genes were positively 

correlated, and 31 were negatively correlated. In the LPM 4h condition, Hfq regulated 989 

RNAs and 372 proteins with an overlap of 74 genes (Figure 5B) consisting of 38 and 36 

positively- and negatively-correlated genes. There was a major reduction of RNAs regulated 

by Hfq in the LPM 20h condition. Thirty-one RNAs and 352 proteins were regulated by Hfq 

(Figure 5B). There were only two overlapping genes where one positively correlated and the 

other negatively correlated. Comparison across all growth conditions revealed a small 

overlap between proteins and RNAs regulated by Hfq (Figure 5B). Moreover, we found that 

Hfq regulated many proteins involved in general metabolism, stress response, virulence, and 

propanediol utilization, which is consistent with previous findings.19

When genes post-transcriptionally regulated by Hfq were compared to those post-

transcriptionally regulated by σE, we found that under each condition studied, Hfq regulated 

a more extensive group of genes at this level than σE (Figure 5C; Table S4, Supporting 

Information). There were genes commonly regulated by both Hfq and σE, which accounted 

for a smaller proportion to Hfq than to σE. Although the overlapping genes comprised 41%, 

39%, and 33% of all genes post-transcription-ally regulated by σE in LB, LPM 4h, and LPM 

20h condition, respectively, further examination of the overlaps suggested that not all of 

these genes were regulated by Hfq and σE in the same direction (Table S5, Supporting 

Information). For instance, within the 34 overlapping genes found in the LB log condition, 

16 genes were regulated by Hfq and σE oppositely (up-regulated vs down-regulated); in the 

LPM 4h condition, 27 of 53 overlapping genes were oppositely regulated by Hfq and σE; 

and in the LPM 20h condition, three of 26 genes were oppositely regulated. These 

desynchronized genes within the overlaps were likely regulated by σE and Hfq using distinct 

mechanisms. Therefore, the potential genes regulated by Hfq and σE dependent mechanism 

correspond to 22%, 19%, and 29% of all σE–mediated post-transcriptionally regulated genes 

in LB, LPM 4h, and LPM 20h, respectively.

To verify the genes that were regulated by σE through Hfq (listed in Table S5, Supporting 

Information), we selected SodC2, which was shown to be regulated by both σE and Hfq in a 
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synchronized manner in LPM 4h and 20h conditions. The sodC2 gene fused with an HA tag 

was transformed into WT or ΔrpoE strains with or without a plasmid expressing Hfq 

controlled by the lac promoter. In this experiment, if σE regulated SodC2 expression through 

Hfq, the decreased expression of SodC2 in ΔrpoE strain should be compensated by the 

complementation of Hfq. The Western blot confirmed our hypothesis and showed that the 

SodC2 expression could be rescued by overexpressing Hfq (Figure 5D). As a negative 

control, we used PspA, which was down-regulated by σE (Figure 3) but not predicted to be 

post-transcriptionally regulated by Hfq. The results clearly show an increase of PspA 

abundance in ΔrpoE strain, which was not diminished by the overexpression of Hfq (Figure 

5D). Hence, our results suggest that genes post-transcriptionally regulated by σE can be 

mediated through indirect regulation of Hfq.

Discussion

Gene expression regulated by alternative sigma factor σE has been extensively studied at the 

transcriptional level.11–13,42 Consensus sequences recognized by σE and genes directly 

regulated by σE were reported in multiple studies.13,14 In Salmonella, σE was found to 

repress gene expression through regulating two Hfq-dependent sRNAs, RybB and MicA,17 

which suggests that σE is likely involved in post-transcriptional regulation indirectly. 

However, accurate characterization of σE on gene expression at the post-transcriptional level 

on a global scale had not yet been performed. Here, we performed sample-matched 

transcriptomic and proteomic analyses on WT and ΔrpoE strains grown under multiple 

conditions to understand the extent and the mechanism of σE-mediated post-transcriptional 

regulation. Global analyses revealed that a large portion of σE-mediated protein-level 

regulation actually occurred post-transcriptionally. Recently, we found that σE regulates a 

high percentage of all the annotated Salmonella genes (58%),15 including the transcription 

of hfq, a major post-transcriptional regulator. Therefore, the sample-matched method was 

also applied on WT and Δhfq strains to compare the post-transcriptional regulation mediated 

by Hfq and σE. We found that part of the post-transcriptional regulation mediated by σE was 

dependent on Hfq.

Gene regulation occurs at different levels. Post-transcriptionally regulated genes were often 

determined as genes regulated only at protein level but not at mRNA level, excluding genes 

that are regulated at both mRNA and protein levels.19 However, arbitrary exclusion of genes 

regulated at both levels from post-transcriptional regulation may generate false negatives. In 

this study, we looked more carefully at these genes and further divided them into positive 

and negative correlations. We included the negatively correlated genes as part of the post-

transcriptionally regulated candidates since they are regulated after the transcription. 

Therefore, we classified genes that were regulated in “protein level only” and “negatively 

correlated” as candidates of post-transcriptional regulation. This new classification 

improved the accuracy of post-transcriptional regulation identification.

Although 20–30% of σE-mediated post-transcriptional regulation found in this study was a 

possible result of Hfq activity, the mechanism for the rest of the genes that are post-

transcriptionally regulated by σE is still not clear. Post-transcriptional regulation of stress 

adaptation can be mediated by sRNA, riboswitches, RNA binding proteins, guanosine 
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tetraphosphate (ppGpp), cold-shock proteins (Csp), transfer-mRNA (tmRNA), and 

others.18,43–47 We found that σE down-regulated CspA expression in infection-like 

conditions. Since CspA functions as an RNA chaperone to prevent formation of secondary 

structure in mRNA and thus facilitates translation initiation,48 it is possible that some genes 

are post-transcriptionally regulated by σE though its effects on CspA. Moreover, σE reduces 

RelA (ppGpp synthetase) production in LPM 4h condition (Table S1, Supporting 

Information), which may reduce the level of ppGpp and affect the feedback control of 

ribosomal protein synthesis via ppGpp.49 Hence, σE could presumably utilize other 

pathways for post-transcriptional regulation, which needs to be further elucidated.

A total of 1138 proteins were observed in the proteome compared to the 4450 Salmonella 

annotated open reading frames; 75% of the ORFs were either not detected or the levels were 

too close to the background and they were excluded for further quantitative analysis. If the 

remaining ORFs were expressed, we expect that a larger range of functions would be 

affected by σE. Since the changes in the majority of σE-regulated proteome were caused by 

post-transcriptional regulation, which allows more rapid adaptation than for synthesis of 

proteins that must be transcribed first, this feature may contribute to the acute attenuation in 

virulence observed in rpoE null mutant.10

It is not surprising that σE regulates a considerable number of genes post-transcriptionally 

since increasing evidence has shown that post-transcriptional regulation is widespread in 

prokaryotes. In E. coli, large-scale measurement of protein expression suggested that only 

47% of protein abundance is directly related to mRNA concentration.50 In L. interrogans, 

only 25% of the outer membrane proteins that were significantly regulated by temperature 

were indeed regulated at the transcriptional level.51 In P. fluorescens Pf-5, iron acquisition is 

regulated at both the transcriptional and post-transcriptional levels.52 Therefore, post-

transcriptional regulation plays an important role in gene regulation for prokaryotes.

For survival and proliferation in various circumstances, Salmonella takes advantage of its 

highly complex regulatory network to rapidly adapt to the newly encountered 

environment.10,19,53 Our results suggest that extracytoplasmic stress regulator σE utilizes not 

only transcriptional, but also post-transcriptional mechanisms to enable Salmonella to 

rapidly adjust to changing conditions. Future systematic studies of multiple regulators 

combining multiple techniques will add new layers of information and lead to a deeper 

understanding of the global regulation process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AMT accurate mass and time tag

LB Luria–Bertani broth

LC–MS/MS liquid chromatography–tandem mass spectrometry
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LPM acidic minimum medium low in phosphate and magnesium

nt nucleotide

PVDF polyvinylidene difluoride

SCX strong cation exchange

sRNAs small noncoding RNAs

STM Salmonella enterica serovar Typhimurium

TBS Tris-buffered saline solution

WT wild type
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Figure 1. 
Overview of protein expression regulated by σE in Salmonella Typhimurium cultured under 

three growth conditions. Salmonella WT and rpoE-deletion strains were grown in LB 

medium to log phase or in acidic minimal medium (LPM) for 4 or 20 h in biological 

triplicates. Total protein was digested, and the peptides were analyzed by LC–MS/MS using 

AMT approach for quantification. The Venn diagrams show overlaps of (A) total proteins 

regulated by σE, (B) proteins up-regulated by σE, (C) and proteins down-regulated by σE in 

the three growth conditions.
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Figure 2. 
Western blots and proteomics of CspA and SrfN levels from Salmonella WT and ΔrpoE 

strains in LB log, LPM 4h, and LPM 20h conditions. For Western blots (A, C), cspA or srfN 

gene was tagged with two HA at chromosomal level in WT and ΔrpoE strains. The same 

amount of cell lysates was loaded in each lane and probed for the indicated proteins and a 

control protein DnaK. For quantification, the ratio of CspA/DnaK or SrfN/DnaK was 

relativized to 100 in the WT background under LB condition. Proteomics data are 

represented by the log2 of peak areas ratios of (B) CspA and (D) SrfN in ΔrpoE divided by 

the WT strain.
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Figure 3. 
Heat maps of three groups of proteins that are differentially regulated by σE in Salmonella 

grown in LB to log phase, or in LPM for 4 or 20 h. Shown are proteins involved in (A) 

transport and binding, (B) protein synthesis, and (C) stress response. Green represents up-

regulation of protein expression by σE, while red represents down-regulation.
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Figure 4. 
Scatterplot of fold changes of transcript versus protein expression regulated by σE in (A) LB 

log, (B) LPM 4h, and (C) LPM 20h conditions. The charts show log2-based fold changes of 

ΔrpoE compared to WT at mRNA level and protein level that were derived from 

transcriptomic and proteomic data, respectively. The legend describes the mechanism of 

regulations based on the changes on mRNA and protein levels. Each dot represents one 

gene/protein of Salmonella and was colored differently according to the way of regulation.
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Figure 5. 
Hfq is involved in σE-mediated post-transcriptional regulation. (A) The effect of σE on Hfq 

expression in LB log, LPM 4h, and LPM 20h conditions. Western blots of Hfq-2HA in 

protein extracts from WT and ΔrpoE strains in the three conditions studied. DnaK was used 

as loading control. For quantification, the ratio of Hfq/DnaK was relative to the WT 

background in LB log condition (arbitrarily set to 100). (B) Venn diagrams showing 

transcripts and proteins regulated by Hfq in LB log, LPM 4h, and LPM 20h conditions. (C) 

Venn diagrams comparing post-transcriptional regulons of σE and Hfq. (D) Western blots of 

SodC2–2HA and PspA–2HA in protein lysates from WT, ΔrpoE strain, and ΔrpoE strain 

complemented with Hfq-expressing plasmid in LPM 4h condition. DnaK was used as 

loading control. For quantification, the ratio of SodC2/DnaK or PspA/DnaK was relative to 

the WT background.
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