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Listeria monocytogenes presents a challenge to food safety and public health 

worldwide.  This foodborne pathogen is known to cause listeriosis, a serious invasive 

disease that particularly affects susceptible populations including 

immunocompromised individuals, newborns, pregnant women, and elderly people. 

New approaches for prevention and treatment of listeriosis require better 

understanding of mechanisms that enable L. monocytogenes to survive and thrive 

under a wide range of environmental conditions. One key regulatory mechanism of 

this Gram-positive bacterium involves the differential expression of different sets of 

genes by alternative sigma factors. In these studies, we employed next-generation 

sequencing tools to explore the regulatory network controlled by two alternative sigma 

factors, σB and σH. Specifically, our studies focused on (i) the regulatory roles of σB 

and σH, in the absence of other alternative sigma factors, (ii) the contribution of σB 

regulon members in important biological processes, and (iii) the development of a new 

transposon sequencing tool in L. monocytogenes. Our RNA sequencing data indicate 

that σH regulates a number of competence genes; We also found that in addition to 

stress response and virulence, σB has a broad role of resilience. For instance, σB 

regulates the metabolism of macronutrients and micronutrients to succeed in the 

intracellular environment where many nutrients are limited. Lastly, we designed a 

vector for a new transposon delivery system in L. monocytogenes. Overall, these 



	

findings provide a more complete picture of the regulatory network in L. 

monocytogenes.  
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CHAPTER 1 

INTRODUCTION 

Listeria monocytogenes is a fastidious foodborne pathogen that causes the 

serious invasive disease, listerosis, in susceptible populations, such as 

immunocompromised individuals, pregnant women, newborns, and older adults. This 

bacterium is ubiquitous and is commonly isolated from farm and food-processing 

environments.  L. monocytogenes can contaminate various foods including dairy 

products, fresh produce, seafood and deli meat [1]. According to the Centers for 

Disease Control and Prevention (CDC), L. monocytogenes causes the third highest 

number of deaths among the major foodborne pathogens in the US; The CDC 

estimates that in the US, L. monocytogenes causes around 1,600 human cases, 

including 260 cases resulting in death annually [2]. The largest listeriosis outbreak in 

US history occurred in 2011, resulting in 147 illnesses, 33 deaths, and 1 miscarriage 

among residents of 28 states and was linked to whole cantaloupes [3]. L. 

monocytogenes has the ability to survive and grow under a wide range of temperature 

(0 to 45 C°) and pH (4.4 to 9.4), as well as relatively high salt concentrations (13-

14%) [4]. The ability of L. monocytogenes to rapidly adapt to changing environmental 

conditions enables it to survive harsh environments during food processing, as well as 

to switch to a parasitic lifestyle within an animal or human host. 

Rapid adaption often requires systematic modulation of gene expression.  

L.monocytogenes encodes different sigma (σ) factors that each controls a number of 

promoters. In addition to the essential housekeeping σ factor σA, L. monocytogenes has 

up to four alternative factors σB, σC, σH and σL. These four alternative sigma factors 
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have been found to regulate various stress responses, virulence and different growth 

transitions. Comparing these alternative sigma factors, σB, the general stress response 

regulator, is the most extensively studied. σB has been shown to have a regulon of 

approximate 200 genes in one L. monocytogenes strain while σH controls a second 

largest regulon of around 60 genes [5, 6]. So far, σB has been found to play an 

authoritative role in virulence and stresses responses including resistance to acid, 

osmotic, arsenate, cold, and other stresses, as well as transition to the stationary 

growth phase  [7-11]. However, part of the regulatory network controlled by σB 

remains unclear. For instance, deletion of σB resulted improved or impaired resistance 

of L. monocytogenes to oxidative stress [12-15]. Additional genome-wide data on σB 

regulon is required to complete the missing part of the regulatory network of σB. 

Compared to σB, the regulon of σH has been less well defined in L. 

monocytogenes. The study that identified σH regulon also revealed a large category of 

co-regulated genes of other alternative sigma factors, especially σB [6].While research 

is limited, σH has been suggested to play a potential role in minimal medium growth, 

alkaline stress response, and virulence [16]. Recently, σH has also been found to be 

essential for intracellular growth of L. monocytogenes in both phagocytic and non-

phagocytic cells and required for phagosomal escape [17]. Advanced approaches that 

allow for more sensitive identification of σH regulon are crucial for investigation on 

the regulatory network controlled by σH and other interacting regulators. 

Consisting of at least four phylogenetic lineages,  L. monocytogenes strains can 

have diverse genetic characteristics [18]. Furthermore, variation of the regulons and 

regulatory roles of specific alternative sigma factors has been reported in different L. 
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monocytogenes lineages and strains. For example, σB regulation in L. monocytogenes 

can vary in different lineages and strains [13, 14]. In addition, one alternative sigma 

factor, σC, has only been reported in the lineage II of L. monocytogenes and may 

contribute to thermal resistance [19]. Due to this diversity, it is crucial to organize 

genetic data from different lineages and strains to achieve a global understanding of 

regulation involving alternative sigma factors like σB. 

Another challenge to define the complex networks in L. monocytogenes is that 

clear functions remain unknown for many genes involved in its survival and growth 

under different conditions. Therefore, it is important to explore the functions of 

individual genes in this pathogen using efficient tools to screen the whole genome.  

Consequently, if regulons of these important other alternative sigma factors 

can be identified and functions of regulon members can be defined in L. 

monocytogenes, new preventive approaches and treatments may therefore be 

developed to reduce food safety risk caused by this pathogen. The following chapters 

will investigate the regulons of σB and σH in L. monocytogenes without active 

regulation of other alternative sigma factors. For σB regulon, we also conducted a 

systematic search and analysis of its regulon members in different strains. In addition, 

we initiated construction of a Tn-seq library in L. monocytogenes, which could be 

utilized as a tool to screen genes involved in important physiological functions.  
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CHAPTER 2 
 
AN ADVANCED BIOINFORMATICS APPROACH FOR ANALYZING RNA-SEQ 
DATA REVEALS SIGMA H-DEPENDENT REGULATION OF COMPETENCE 
GENES IN L. MONOCYTOGENES 

Published in: BMC genomics 17:1471-2164 
 
ABSTRACT 

Background  

Alternative σ factors are important transcriptional regulators in bacteria. While 

σB has been shown to control a large regulon and play important roles in stress 

response and virulence in the pathogen Listeria monocytogenes, the function of σH has 

not yet been well defined in Listeria, even though σH controls a large regulon in the 

closely related non-pathogenic Bacillus subtilis. 

Results 

Using RNA-seq characterization of a L. monocytogenes strain with deletions of 

all 4 genes encoding alternative σ factors (ΔBCHL), which was further modified to 

overexpress sigH (ΔBCHL::Prha-sigH), we identified 6 transcription units (TUs) that 

are transcribed from σH-dependent promoters. Five of these TUs had not been 

previously identified. Identification of these promoters was facilitated by use of a bio-

informatics approach that compared normalized RNA-seq coverage (NRC), between 

ΔBCHL::Prha-sigH and a ΔBCHL control, using sliding windows of 51 nt along the 

whole genome rather than comparing NRC calculated only for whole genes. 

Interestingly, we found that three operons that encode competence genes 

(comGABCDEFG, comEABC, coiA) are transcribed from σH-dependent promoters. 

While these promoters were highly conserved in L. monocytogenes, none of them 
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were found in all Listeria spp. and coiA and its σH-dependent promoter were only 

found in L. monocytogenes. 

Conclusions 

Our data indicate that a number of L. monocytogenes competence genes are 

regulated by σH. This σH-dependent regulation of competence related genes is 

conserved in the pathogen L. monocytogenes, but not in other non-pathogenic Listeria 

strains. Combined with prior data that indicated a role of σH in virulence in a mouse 

model, this suggests a possible novel role of σH-dependent competence genes in L. 

monocytogenes virulence. Development and implementation of a sliding window 

approach to identify differential transcription using RNA-seq data, not only allowed 

for identification of σH-dependent promoters, but also provides a general approach for 

sensitive identification of differentially transcribed promoters and genes, particularly 

for genes that are transcribed from multiple promoter elements only some of which 

show differential transcription. 

Keywords: RNA-seq; Listeria monocytogenes; sigma H; competence  

 

BACKGROUND  

At the transcriptional level, bacterial gene expression under rapidly changing 

environmental conditions is controlled by changes in associations between different 

alternative σ factors and the catalytic core of RNA polymerase. Alternative σ factors 

are important contributors to gene expression under stress conditions in both Gram-

positive and Gram-negative bacteria [1]. In the foodborne pathogen Listeria 

monocytogenes, four alternative sigma factors (σB, σH, σL, σC) play a role in 
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transcriptional regulation. σB and the σB regulon have been well defined in this 

pathogen through a variety of different approaches [2-4]. A number of different 

studies have indicated that σB controls a large regulon that plays important roles in 

both stress response and virulence. The regulons controlled by the other alternative σ 

factors in L. monocytogenes have been less well defined.  

While σH specifically has been shown to play an important role in regulating 

spore formation and competence in B. subtilis [5], the function of σH in Listeria has 

not yet been well defined. In B. subtilis, σH has been reported to regulate >400 genes 

(approx. 240 genes positively and approx. 180 negatively) [6]. B. subtilis σH is also 

involved in the transition from exponential phase to stationary phase, nutrient 

transport, and the regulation of many other transcription factors and cell-wall-binding 

proteins [7]. In L. monocytogenes characterization of a sigH null mutant suggested a 

role for σH in growth on minimal medium and under alkaline conditions as well as a 

role in virulence, as assessed in an intraperitoneal inoculated mouse model [8]. While 

previous microarray experiments identified 56 genes as being directly upregulated by 

σH, these experiments also found that the largest category of co-regulated genes were 

represented by genes that showed transcript levels affected by both the σB and σH 

deletions [9]. Based on this considerable overlap between the σB and σH regulon, we 

surmised that different approaches are needed to further define σH-dependent genes in 

L. monocytogenes. In order to eliminate redundancies between transcriptional 

regulation by σH and other alternative σ factors, we chose to perform RNA-seq based 

comparisons of transcript levels between a L. monocytogenes mutant with deletions of 

all 4 genes encoding alternative σ factors (ΔBCHL), and one with the same 
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background that was modified to overexpress sigH (ΔBCHL::Prham-sigH). We also 

implemented an advanced bio-informatics approach where we compare normalized 

RNA-seq coverage (NRC), between these two strains using a sliding window of 51 nt 

and 25 nt overlap along the whole genome, rather than comparing NRC calculated 

only for whole genes; a similar approach was detailed independently in a recent study 

[10]. We surmised that this approach would allow for more sensitive identification of 

differentially regulated genes and gene fragments, particularly for genes that may be 

preceded by multiple promoters (e.g., a σH and a σA dependent promoter), where 

differential transcript levels may only be detectable downstream of the σH-dependent 

promoter, but not in the actual open reading frame (ORF) where transcription from the 

σA-dependent promoter may obscure the differential transcription from the σH-

dependent promoter. 

 

RESULTS AND DISCUSSION 

A sliding window method for identification of differentially regulated genes and 

promoters provides a sensitive approach for identification of σH dependent genes   

Traditionally, analysis of RNA-seq data is performed by calculating the 

normalized RNA-seq coverage (NRC) for a given annotated gene and comparing 

NRCs between strains with different genetic backgrounds or strains grown under 

different conditions. When this approach was used here, we initially identified 5 genes 

that showed significantly higher transcript levels (FDR< 0.05; FC > 2.0) in the L. 

monocytogenes strain overexpressing sigH (ΔBCHL::Prha-sigH), as compared to the 

control strain ΔBCHL::Prha, which does not contain sigH. These 5 genes represented 
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LMRG_00908, LMRG_00935 (comEA), LMRG_00937 (comEC), LMRG_01629 

(lytG), and LMRG_01643 (coiA) (see Supp. Table 2.1). A total of four σH-dependent 

promoters were identified upstream of these five genes as comEA and comEC share 

the same promoter. Considering these promoters and previously reported operon 

structures in L. monocytogenes [11, 12], these 5 σH-dependent genes were found to 

represent 2 multigene operons, including (i) LMRG_00908, LMRG_00907 (dnaG) 

and LMRG_00906 (rpoD); and (ii) LMRG_00935 (comEA), LMRG_00936 (comEB) 

and LMRG_00937 (comEC)) and 2 monocistronic genes, coiA and lytG, for a total of 

8 genes that are positively regulated by σH (Figure 2.1A-D). We did not find any genes 

that were significantly downregulated by σH (FDR< 0.05; FC < 0.5).
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Figure 2.1. Schematic of σH-dependent transcriptional units identified here. (A) 
LMRG_00908-dnaG-rpoD operon; (B) comEABC operon; (C) coiA, (D) lytG; (E) 
comGABCDEFG operon; (F) LMRG_01010-LMRG_01005 operon.  Lines show average 
RNAseq coverage for a sliding window of 100 nt. Blue lines indicate RNA-seq coverage for 
the three replicates experiments with the 10403S::ΔBCHL Prha-sigH strain (which over 
expresses sigH), while green lines indicate RNA-seq coverage for the three replicates 
experiments with the 10403S::ΔBCHL Prha strain (which does not contain sigH). Maximum 
average coverages are shown on the left side of each panel. Black arrows indicate the direction 
in which the RNA-seq reads were mapped to the chromosome. Genes significantly 
differentially expressed by the standard approach are labeled with a * next to the gene name. 
Position of significant fragments is shown as dotted lines underneath the genes with their 
maximum sliding window fold change shown underneath. Stem loop symbols indicate 
transcriptional terminators. Genes colored in gray are part of the operons found to be 
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significantly differentially expressed by the sliding window approach and are drawn to scale. 
Genes colored in magenta are not part of the significant operon and are not drawn to scale. 
Promoters are indicated by stemmed arrows. A window size of 100 nt was used for the 
smoothing method. Values on the graph represent the center of these 100 nt windows.  

 

 Subsequent sliding window analysis, using the same RNA-seq data analyzed 

with the standard BaySeq approach (described in Materials and Methods), identified 

two additional σH-dependent promoters, in addition to also identifying the promoters 

described above. The two newly identified promoters, along with previously reported 

operon structures in L. monocytogenes [11, 12], identified two additional multigene 

operons, including (i) LMRG_00797 to LMRG_00791 and (ii) LMRG_01010 to 

LMRG_01005) as σH-dependent (Table 2.1). Overall, the new σH-dependent operons 

identified using the sliding window approach represent a total of 13 genes that are 

positively regulated by σH (Figure 2.1E-F). The LMRG_01010-LMRG_01005 operon, 

which was identified only with the sliding window approach, showed both a σH- and 

two σA-dependent promoters (Figure 2.1F). These data indicate that the sliding 

window RNA-seq analysis approach described here provides a superior sensitivity for 

identification of differentially transcribed genes, particularly when multiple promoters 

are found upstream a gene or operon. 

 

Newly identified σH-dependent genes include three σH-dependent operons that 

encode competence proteins 

A comparison of the σH-dependent genes identified here with σH-dependent 

genes and operons that were previously found with microarray based characterization 

of a L. monocytogenes ΔsigH strain [9] showed that we identified a number of σH-

dependent genes and operons that had not been previously identified, including 
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LMRG1629 (lytG), LMRG_00937 (comEA), LMRG_00935 (comEC), LMRG001643 

(coiA) (Table 2.1). The previous microarray study used for comparison used a ΔsigH 

strain in a wildtype background and used a standard probe based microarray (not a 

tiling array); no additional transcriptomic studies characterizing the σH regulon in 

Listeria were available for comparison.  Interestingly, among the 56 genes identified 

as directly regulated by σH in the previous microarray based study of a ΔsigH strain 

[9], only 16 showed a FC >2.0 (the other 40 genes showed FCs between 1.5 and 2.0). 

Only one of these previously identified genes (LMRG_00908) was also found to be 

σH-dependent here. This may suggest that a number of genes recognized as σH-

dependent in this previous study only show differential σH-dependent transcription in 

the presence of the other three alternative σ factors, which were not present in the L. 

monocytogenes ΔBCHL strain that was used here. These observations further highlight 

the importance of the use of alternative approaches (e.g., use of a ΔBCHL strain 

overexpressing sigH) we have taken here to allow for identification of additional σH-

dependent genes. Ectopic and artificial induction of sigma factors and other regulatory 

proteins has been used successfully in the past to study those regulators where 

physiological induction signals have not been found [13] and/or where mutants cannot 

be made [14]. In some cases, large periods of time have passed since linking a set of 

genes to a regulator (using artificial induction) and discovering a physiological 

condition where a given regulator and regulated genes are induced. For example in S. 

aureus, σH dependent transcription of competence genes after overexpression was first 

reported in 2003 [15], while functional confirmation of σH contributions to 

competence were only reported almost 10 years later [16]. While our data reported 
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here thus provide important evidence for contributions of σH to regulation of 

competence genes in L. monocytogenes, future experiments will be needed to probe 

the phenotypic importance of this regulatory pathway and to define under which 

conditions competence gene expression is upregulated by σH in wildtype L. 

monocytogenes.
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Table 2.1. Results of Sliding Window approach for identification of differentially expressed fragments regulated by 
σH 
Transcriptio
nal Unit 

Genes (strand) Other genes in the same operon Number 
of 

fragment
sa 

σH -dependent 
promoter 

(distance from 
closest gene) 

Identified as 
differentially 
expressed by 

standard approachb 
1 mpoA (-) 

 
- 1 No No 

2 comGG, 
comGF,comGB, 

comGA (-) 
 

comGC, comGD, comGE,  4 Yes (19 nt) No 

3 rpoD,dnaG, 
LMRG_00908 (-) 

 

- 5 Yes (151 nt) LMRG_00908 

4 comEC,comEA 
(-) 

comEB 7 Yes (22 nt) comEC, comEA 

5 LMRG_02544 (-) LMRG_02542, LMRG_02543, 
LMRG_02545 

 

1 No No 

6 LMRG_01010 (-) LMRG_01009, 
LMRG_01008,msrA, msrB, 

LMRG_01005,  
 

1 Yes (277 nt) No 
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7 coiA (-) 
 

- 1 Yes (81 nt) coiA 

8 lytG (-) 
 

- 2 Yes (220 nt) lytG 

9 LMRG_02194 (-)  LMRG_02196, 
LMRG_02195, 
LMRG_02193, 

LMRG_02192, LMRG_02191, 
LMRG_02190 

1 No No 

a Each fragment is composed of one or more 51 nt overlapping windows. 
bThis indicates which genes were identified as differentially transcribed with the analysis approach that calculated the  normalized 
RNA-seq coverage for the complete gene (rather than sliding windows) (for full results see Supp. Table 2.1)  
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Importantly, we identified three σH-dependent transcription units that encode 

competence proteins, including (i) comGABCDEFG, (ii) comEABC and (iii) coiA 

(Figure 2.1). In B. subtilis, a naturally competent bacterium, ComG proteins are 

required for exogenous DNA to reach the membrane bound receptor ComEA during 

transformation [17, 18]. Among the genes in the comEABC operon, only comEA and 

comEC (encoding a polytopic membrane protein that forms the membrane 

translocation channel) have been shown to be required for transformation in B. subtilis 

[19]. B. subtilis coiA has also been shown to be involved in the establishment of DNA 

transport [20]. Even though competence traditionally implies uptake of DNA, 

competence genes have been shown to also play roles in survival [21] and virulence 

[22], processes which do not necessarily require DNA uptake (reviewed in [23]). 

In L. monocytogenes, competence is not well understood. While this organism seems 

to possess the machinery for competence, the gene encoding a key regulator of 

competence in B. subtilis, comK, is often interrupted by prophages in L. 

monocytogenes strains [24]. Excision of this prophage and restoration of an intact 

comK has been shown to be involved in phagosomal escape and virulence [22] but 

competence was not tested in this study. The one published study that experimentally 

tested for competence in L. monocytogenes did not find evidence for competence even 

among two L. monocytogenes strains that carried an intact comK [25].  

Interestingly, S. aureus σH has also been shown to regulate competence-related genes 

[15]. Although S. aureus was originally thought to not be competent, it has now been 

reported that, facilitated by a complex regulatory mechanism, S. aureus cells are able 

to uptake exogenous DNA, such as antibiotic resistance determinants, through 
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horizontal gene transfer [16]. Even though the specific conditions for competence in L. 

monocytogenes have not been found yet, the fact that this pathogen has conserved σH-

dependent mechanisms of regulation of competence genes suggests a specific 

physiological role of these genes in L. monocytogenes.  

Among other genes identified as being directly regulated by σH are the 

housekeeping genes, rpoD, encoding σA and dnaG, encoding the DNA primase 

(Figure 2.1). Another σH-dependent gene, lytG, encodes an enzyme with a mannosyl-

glycoprotein endo-beta-N-acetylglucosamidase-like domain, which is found in 

enzymes such as lysozymes and the flagellar protein J that can hydrolyze 

peptidoglycan [26]. Two genes involved in oxidative stress, msrA and msrB were also 

found to be directly regulated by σH, suggesting a possible role of σH in oxidative 

stress response [27]. Moreover, the σH-dependent promoter upstream this operon has a 

long 5’ UTR (270 nt), which overlaps with the 5’ UTR of another gene, 

LMRG_01011, encoded in the opposite strand. LMRG_01011 encodes a hemolysin III 

protein (Hly III) and the expression of this protein, could therefore, be σH regulated 

post-transcriptionally through RNA interference caused by the 5’ UTR from 

PLMRG_01010. 

 

σH - dependent promoters are highly conserved among different L. 

monocytogenes genomes 

The six σH-dependent promoters identified in L. monocytogenes 10403S were 

all found to be present in the 23 additional L. monocytogenes genomes analyzed here 

(Supp. Table 2.2). In general, -35 and -10 promoter regions were highly conserved 
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(Figure 2.2, Table 2.2). For both the comGA and the lytG promoter sequence, the -35 

region was completely conserved across all 24 genomes, while the -10 region 

presented two variants for each of these two promoters. The comEA promoter showed 

a completely conserved -10 region, while the -35 region showed three variants. On the 

other hand the -35 region and -10 regions for the three other σH-dependent promoters 

(upstream of LMRG_00908, LMRG_01010 and coiA) were each completely conserved 

across all 24 genomes. By comparison, sigH was found to be present in all 24 

genomes with a high level of conservation (only 4 polymorphic amino acid residues 

over 201 amino acids). Overall, these data indicate considerable conservation of σH-

dependent promoters identified, even though some promoters show lineage or strain 

specific sequence features. Comparative analysis of the frequency of nucleotide 

changes within the -35 and -10 signal regions compared to the non-functional 

sequences (assumed here to be under neutral selection) between these two functional 

regions suggests that both -35 and -10 signals are under selective pressure among the 

L. monocytogenes strains analyzed (Table 2.3). This suggests that the σH-dependent 

promoters identified in this study are functional across all L. monocytogenes strains 

and, therefore, are probably important for L. monocytogenes physiology at certain 

conditions that remain to be established. Future studies are needed to explore the 

functional importance of the polymorphic sequence features. Interestingly, a previous 

study [28] found evidence for positive selection of a promoter region that regulates 

virulence gene expression in L. monocytogenes. The sites found under positive 

selection in this previous study generated a putative σB-dependent promoter in some 



	 22	

lineage I strains, which supports that strain and lineage specific promoter region 

polymorphisms may affect virulence gene expression in L. monocytogenes.   
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Figure 2.2. Sequence logos for σH-dependent promoters. A) Sequence logos for the six σH-
dependent promoters found in this study based on alignment of 24 L. monocytogenes strains. -
35 and -10 regions are shown. B) Sequence logo of the consensus sequence of σH-dependent 
promoters based on alignment of sequences from [9].
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Table 2.2. σH promoter sequences for the σH-dependent operons identified in this study 

Promoters L. monocytogenes L. innocua L. welshimeri L. ivanovii L. seeligeri 
 Lineage I Lineage II Lineage III     

comGA        
-35 signal AAAGGATTT AAAGGATT

T 
AAAGGATTT AAAGGATT

T 
NFc AAAGGATT

T 
GAAGGATT
T 

-10 signal GAGGAAT GAAGAAT GAAGAAT GTAGAAT NF GCAGAAT GCAGAAT 
LMRG_0090
8 

       

-35 signal GAAGGACTT GAAGGACT
T 

GAAGGACTT GAAGGACT
T 

GAAGGACT
T 

GAAGGACT
T 

GAAGGACT
T 

-10 signal GGCGAAT GGCGAAT GGCGAAT GGCGAAT GTCGAAT GTCGAAT GTCGAAT 

comEA        

-35 signal AAAGGAATT AAAGGATT
T 

AAAGG(G/A)TT
Ta 

AAAGGAAT
T 

NF NF AGAGGATT
A 

-10 signal GGCGAAT GGCGAAT GGCGAAT GGCGAAT NF NF GGCGAAT 

LMRG_0101
0 

       

-35 signal AGAGGATTA AGAGGATT
A 

AGAGGATTA AGAGGATT
A 

AGAGGATT
A 

AGAGGATT
A 

AGAGGATT
A 

-10 signal GGCGAAT GGCGAAT GGCGAAT GGCGAAT GGCGAAT CGCGAAT GGCGAAT 
coiA        

-35 signal AAAGGAATT AAAGGAAT
T 

AAAGGAATT NF NF NF NF 

-10 signal GGCGAAT GGCGAAT GGCGAAT NF NF NF NF 
lytG        

-35 signal GAAGGAAAT GAAGGAAA
T 

GAAGGAAAT NF NF NF NF 

-10 signal G(G/A)AGAA
Tb  

GGAGAAT GAAGAAT NF NF NF NF 

a All L. monocytogenes lineage III serotype 4a strains show the sequence AAAGGGTTT, while one lineage III serotype 4c strain shows the 
sequence AAAGGATTT 
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b Two L. monocytogenes lineage I strain (i.e., SLCC2540 and L312) show the sequence GGAGAAT, while all other lineage I strains show the 
sequence GAAGAAT. 
c NF: Not found 
 

Table 2.3. Conservation of identified σH-dependent promoters across Listeria monocytogenes genomes 
Gene N° of polymorphic sites within -35 

and -10 signal (out of 16 nt total) 
N° of polymorphic sites between -35 

and -10 signal (out of 11 nt total) 
Probabilitya  

comGA 1 (6%) 3 (27%) 0.0084 
LMRG_00908 0 (0%) 3 (27%) 0.0061 
comEA 2 (13%) 4 (36%) 0.0014 
LMRG_01010 0 (0.00%)  0 (0%) 1.000 
coiA 0 (0.00%) 4 (36%) 0.0007 
lytG 1 (6%) 4 (36%) 0.0011 

a Probability of finding only as many polymorphic sites in the -35 and -10 sequences combined given the polymorphism frequency in 
between -35 and -10 signals for the same promoter; a significant probability (<0.05) provides evidence for higher conservation of the 
promoter regions than expected based on the conservation observed for the region between the -10 and the -35 region. 
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σH promoters and the σH regulon have diverged among different Listeria species 

Further analysis of the six σH-dependent promoters identified in L. 

monocytogenes showed that only the LMRG_00908 and LMRG_01010 promoters 

were found in all 5 Listeria species analyzed (i.e., L. monocytogenes, L. innocua, L. 

ivanovii, L. welshimeri and L. seeligeri). The comGA promoter was not found in the L. 

welshimeri genome (Supp. Table 2.2). The comEA promoter was not found in the L. 

ivanovii and L. welshimeri genomes and the coiA and lytG promoters were only found 

in the L. monocytogenes genomes. Analyses of the genes transcribed by these 

promoters revealed the respective genes were also missing in the genomes where a 

promoter could not be found. Therefore, the competence genes represented by the 

comGABCDEFG operon, the comEABC operon and the coiA gene are not found 

across all Listeria species and the σH regulon is not conserved across these species. 

Taking into consideration that a sigH mutant has been shown to have reduced 

virulence in a mouse model [8], the absence of these σH-dependent genes in non-

pathogenic Listeria spp. could indicate that these genes may have evolved to 

contribute σH-dependent virulence related functions in L. monocytogenes. By 

comparison, sigH was present in all Listeria species genomes; in addition to the 4 

polymorphic amino acid residues found in L. monocytogenes, a further 18 

polymorphic amino acid residues were found in the Listeria spp. genomes. 

Among the promoters found in other Listeria species besides L. 

monocytogenes, only the LMRG_00908 operon was highly conserved (Figure 2.3). 

This promoter showed a completely conserved -35 region, while two variants of the -
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10 region were found. The comEA promoter, which was only found in L. 

monocytogenes, L. innocua and L. seeligeri, had a perfectly conserved -10 region 

across all three species. However, besides the two variants of the -35 region found 

among the L. monocytogenes strains, each the L. innocua and the L. seeligeri strain 

presented distinct -35 sequences. The comGA promoter showed variable -35 and -10 

regions across the Listeria species. The LMRG_01010 -35 sequence in L. innocua, L. 

ivanovii, L. welshimeri and L. seeligeri matched that of the L. monocytogenes strains. 

The only -10 region that diverged from the others was that found in the L. ivanovii 

strain. Therefore, in addition to a σH regulon that is not conserved across all Listeria 

species, there is also some variation in the σH-dependent promoters that are present in 

other Listeria species. While the σH-dependent promoters present generally seem to be 

conserved enough to suggest conservation of σH-dependent regulation, future 

experimental studies are needed to explore the potential functional importance of these 

polymorphic sequence features.
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Figure 2.3. Alignment of σH-dependent promoters found in Listeria species. L. 
monocytogenes strains 10403S (lineage II), F2365 (lineage I) and HCC23 (lineage III) are 
used for comparison. -35 and -10 regions are shown. 
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CONCLUSIONS  

Combined with prior data that indicated a role of σH in virulence in a mouse 

model, identification of a number of σH-dependent L. monocytogenes competence 

genes that are conserved in the pathogen L. monocytogenes, but not in other non-

pathogenic Listeria strains, suggests a possible novel role of σH-dependent 

competence genes in L. monocytogenes virulence. The development and use of a 

sliding window approach to identify differential transcription using RNA-seq data not 

only allowed for identification of new σH-dependent promoters in L. monocytogenes, 

but also provides a general approach for sensitive identification of differentially 

transcribed promoters and genes. We predict that this approach will be particularly 

valuable for identification of differentially transcribed genes and genomic regions that 

are transcribed from multiple and possibly redundant promoter elements.  

 

METHODS 

Bacterial strains, mutant construction, and growth conditions The quadruple 

alternative σ factor mutant (ΔBCHL; FSL C3-135) of L. monocytogenes strain 10403S 

[29] was used as the background strain in this study. This strain was modified to 

overexpress sigH from a rhamnose inducible promoter. Briefly, the sigH gene was 

amplified from L. monocytogenes 10403S by PCR and cloned into the plasmid pLF1 

[30] downstream of the rhamnose inducible promoter Prha. The plasmid construct was 

confirmed by PCR and sequencing. All the cloning steps were performed in E. coli 

DH5α (NEB). The final plasmid was transformed into E. coli strain SM10 to allow for 

conjugation of the plasmid into L. monocytogenes 10403S ΔBCHL, followed by 
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chromosomal integration of the Prha sigH construct (yielding strain 10403S::ΔBCHL 

Prha-sigH; FSL B2-426). A control strain (ΔBCHL-Prha; FSL B2-429) was constructed 

by introducing the empty plasmid pLF1 into the chromosome of L. monocytogenes 

10403S ΔBCHL through conjugation and chromosomal integration. Transconjugants 

were selected with 200 µg/ml Streptomycin and 7.5 µg/ml Chloramphenicol, and 

confirmed by PCR.   

For RNA isolation, strains were streaked from frozen Brain Heart Infusion 

(BHI) stock, stored at -80°C in 15% glycerol, onto a BHI agar plate, followed by 

incubation at 37°C for 24 h. A single colony was subsequently inoculated into 5 ml of 

BHI broth in 16 mm tubes, followed by incubation at 37oC with shaking (230 rpm) for 

18 h (Series 25 Incubator, New Brunswick Scientific, Edison, NJ). After 18 h, 50 µl 

BHI culture was inoculated into fresh 5 ml BHI broth and grown to OD600 0.4-0.5 at 

37°C.  

Rhamnose induction Induction of sigH transcription was performed by adding 250 µl 

of 1M rhamnose stock solution to 5 ml OD600 0.4-0.5 bacterial cultures (for a final 

concentration of 50 mM rhamnose), followed by incubation at 37°C for an additional 

30 min. Induction with rhamnose was performed for both 10403S::ΔBCHL Prha-sigH 

and ΔBCHL-Prha. qRT-PCR using the SYBR Green Master Mix Reagent (Life 

Technologies) and the ABI Prism 7000 Sequence Detection System (Applied 

Biosystems, Foster City, CA) determined that the optimum rhamnose concentration 

for sigH induction was 50 mM rhamnose. Transcript levels were determined for sigH 

and the housekeeping gene rpoB in strain 10403S::ΔBCHL Prha-sigH. Expression level 
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differences were determined by ΔΔCt method [31] using the housekeeping gene rpoB 

as reference gene. 

RNA isolation RNA isolation was performed as previously described by our group 

[32]; minor modifications were made to this previous RNA isolation protocol. Briefly, 

for each sample, 3 ml of RNAprotect bacteria reagent (Qiagen, Valencia, CA) was 

added to 3 ml of bacterial culture. The mix was incubated at room temperature for 10 

min to ensure that the bacterial RNA was stabilized. Cells were pelleted by 

centrifugation (4,637 × g, 30 min) at 4oC and suspended in nuclease free water with 

proteinase K (25 mg/ml) and lysozyme (50 mg/ml), followed by incubation at 37oC 

for 30 min. After RNA isolation with TRI reagent, total RNA was incubated with 

Turbo DNase (Life Technologies) to remove remaining DNA in the presence of 

RNasin (Promega). Subsequently, RNA was purified using phenol-

chloroform/chloroform extractions, followed by precipitation and resuspension. Purity 

of RNA and efficiency of the DNase treatment was assessed by UV 

spectrophotometry (Nanodrop, Wilmington, DE) and qRT-PCR for the housekeeping 

gene rpoB (all samples showed Ct>35, indicating absence of DNA contamination at 

relevant levels), respectively. All experiments were performed in three biological 

replicas. 

cDNA libraries and RNA-seq Preparation of directional cDNA fragment libraries 

was performed using the ScriptSeq Complete Kit (Bacteria)-Low Input (Epicentre, 

Madison, WI). 16S and 23S rRNA was removed from total RNA with Ribo-Zero 

rRNA Removal Reagents (Bacteria)-Low Input and Magnetic Core Kit-Low Input. 

rRNA-depleted samples were run on the 2100 Bioanalyzer (Agilent Technology, Santa 
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Clara, CA) to confirm reduction of 16S and 23S rRNA and followed by purification 

using Agencourt RNAClean XP Kit (Beckman Coulter Inc, Brea, CA). Indexed RNA-

seq libraries were quantified by digital PCR and sequencing was carried out on a 

Hiseq 2500 (single-end, 150-bp per read) at the Cornell Core Facility for RNA-

sequencing.  

RNA-Seq alignment, coverage and differential expression analysis Sequence reads 

were aligned to a 10403S genome using the BWA mem algorithm in BWA version 

0.7.3a [33] and the data for coverage per base on sense and antisense strands were 

analyzed separately using samtools [34]. 

Differential expression of genes in the two different strains (ΔBCHL::Prha and 

ΔBCHL::Prha-sigH) was initially analyzed using the Bayseq package for R version 

2.2.0 [35]. Genes were considered differentially expressed if the FDR (False 

Discovery Rate) was < 0.05 and the FC (Fold Change) was > 2.0 or < 0.5 (FC = 

average (ΔBCHL-Prha-sigH)/average (ΔBCHL-Prha)).  

Promoter search using a Sliding Window approach In order to identify further σH-

dependent promoters that may not result in differential expression of the actual gene 

due to the coexistence of σA-dependent promoters regulating a given gene, a sliding 

window approach was implemented. Three different window sizes and window sliding 

values were used (window sizes = 26, 51 and 102 nt; window sliding values = 13, 25 

and 50 nt, respectively), which all resulted in the identification of the same promoters. 

However, the combination of window size = 51 nt and window sliding = 25 nt resulted 

in a lower number of fragments that were not preceded by upstream promoters (which 

was considered a “false positive” finding); a sliding window size of 51 yielded 3 false 
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positive fragments as compared to 18 and 10 with sliding windows sizes of 25 and 

100, respectively. Therefore, results obtained with window size = 51 nt and window 

sliding = 25 nt are presented here. Briefly, the 10403S genome was divided into 

windows of 51 nt (window size) with 25 nt overlap (window sliding) and the RNA-

Seq coverage was obtained for each of the 116,123 resulting windows. RNA-Seq 

coverage was obtained as described above and the coverage per nt was used to obtain 

the total coverage of each window (e.g., the coverage of the window ranging from nt 1 

to nt 51 is the sum of the coverage of each nt between nt 1 and nt 51). Bayseq version 

2.2.0 was then used, as described above, to identify windows with significant 

differential expression between the ΔBCHL::Prha-sigH strain and the ΔBCHL::Prha 

strain. Fold change was also calculated as described above and windows presenting an 

FDR < 0.05 and FC > 2.0 were considered for further analysis. Windows matching the 

required thresholds were then sorted and overlapping windows were considered part of 

the same fragment. Fragments that were mapped to the same gene or operon were 

considered as being part of the same transcriptional unit (TU). The 5’ end of 

significant TUs were then manually scanned for promoter sequences located 5 to 30 nt 

upstream the identified transcriptional start sites using the genome browser Artemis to 

identify σH-dependent promoters based on the consensus sequence 

(A/G)(A/C)AGG(A/G)(A/T)(A/T)(A/T) – N11-12nt – (A/G)(A/G)(A/C)GAA(A/T)) [9] 

(Supp. Table 2.3). 

Identification and characterization of σH-dependent promoters in additional L. 

monocytogenes and Listeria spp. genomes A total of 28 finished genome sequences 

representing 10 L. monocytogenes lineage I strains, 10 L. monocytogenes lineage II 
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strains (including 10403S), 4 L. monocytogenes lineage III strains, 1 L. innocua strain, 

1 L. ivanovii strain, 1 L. welshimeri strain and 1 L. seeligeri strain were retrieved from 

NCBI GenBank database (Supp Table 2.2). Standalone Blast searches using the σH-

dependent promoter sequences or their respective regulated genes as queries were 

carried out against two databases containing (i) all 24 L. monocytogenes genomes (L. 

monocytogenes database) and (ii) all 4 non-L. monocytogenes genomes (Listeria spp. 

database). Blast searches against both databases were carried out with the following 

parameters: “Expectation Value (E)” set to 0.2, “Word Size” set to 8, and “Filter 

Query Sequence (DUST)” set to FALSE. For searches against the L. monocytogenes 

database, the “Penalty for Nucleotide Mismatch” was set to -4 while the “Reward for a 

Nucleotide Match” was set to 5. For searches against the Listeria spp. database, the 

mismatch penalty was set to -2 and the reward for a match was set to 2 to allow for 

matches against more divergent sequences. Matches against the query sequences were 

parsed from the output using in-house Perl scripts. Only the best match against each 

query was retrieved and sequences were aligned using standalone ClustaW [36]. Two 

or more equally best matches were not obtained in any of the BLAST searches. 

BLAST results and alignments are available and will be provided by request. 

Sequence logos were created using the WebLogo generator available online at 

http://weblogo.berkeley.edu/logo.cgi [37]. 

 

AVAILABILITY OF SUPPORTING DATA 
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RNA-seq data have been deposited in NCBI's Gene Expression Omnibus and are 

accessible through GEO Series accession number GSE73008 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73008). 
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CHAPTER 3 

HOME ALONE: ELIMINATION OF ALL BUT ONE ALTERNATIVE SIGMA 

FACTOR IN L. MONOCYTOGENES ALLOWS PREDICTION OF NEW ROLES 

FOR σB 

Published in Frontiers in Microbiology 8:1664-302X  

ABSTRACT 

Among Listeria monocytogenes’ four alternative σ factors, σB controls the 

largest regulon, which includes genes that contribute to important stress response and 

virulence functions.  As σB-dependent transcription of some genes may be masked by 

overlaps between the σB regulon and the regulons of other alternative σ factors, and as 

some σB-dependent genes are expressed only under very specific conditions, we 

hypothesized that the σB regulon is not yet fully defined. To further extend our 

understanding of the σB regulon, we used RNA-seq to identify σB-dependent genes in 

an L. monocytogenes strain that expresses σB following rhamnose induction, and in 

which genes encoding the other alternative sigma factors have been deleted. 

Analysis of RNA-seq data with multiple bioinformatics approaches, including a 

sliding window method that detects differentially transcribed 5’ untranslated regions 

(UTRs), identified 105 σB-dependent transcription units (TUs) comprising 201 genes 

preceded by σB-dependent promoters. Of these 105 TUs, 7 TUs comprising 15 genes 

had not been identified previously as σB-dependent. An additional 23 genes not 

reported previously as σB-dependent were identified in 9 previously recognized σB-

dependent TUs.  Overall, 38 of these 201 genes had not been identified previously as 

members of the L. monocytogenes σB regulon. These newly identified σB-dependent 
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genes encode proteins annotated as being involved in transcriptional regulation, 

oxidative and osmotic stress response, and in metabolism of energy, carbon and 

nucleotides. In total, eighteen putative σB-dependent promoters were newly identified. 

Interestingly, a number of genes previously identified as σB-dependent did not show 

significant evidence for σB-dependent transcription in our experiments. Based on 

promoter analyses, a number of these genes showed evidence for co-regulation by σB 

and other transcriptional factors, suggesting that some σB-dependent genes require 

additional transcriptional regulators along with σB for transcription.  

Over-expression of a single alternative sigma factor in the absence of all other 

alternative sigma factors allowed us to: (i) identify new σB-dependent functions in L. 

monocytogenes, such as regulation of genes involved in 1,2-propanediol utilization 

(LMRG_00594-LMRG_00611) and biosynthesis of pyrimidine nucleotides 

(LMRG_00978-LMRG_00985); and (ii) identify new σB-dependent genes involved in 

stress response and pathogenesis functions. These data further support that σB not only 

regulates stress response functions, but also plays a broad role in L. monocytogenes 

homeostasis and resilience. 

Keywords: RNA-seq; Listeria monocytogenes; sigma B; overlapping regulons; 

promoter 

 

INTRODUCTION 

Listeria monocytogenes is a Gram-positive foodborne pathogen that causes the 

serious invasive disease listeriosis, predominantly in susceptible populations such as 

the immunocompromised, pregnant women, and adults over 65 years old [1]. In the 
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US, L. monocytogenes causes around 1,600 human listeriosis cases resulting in ~260 

deaths annually [2].  L. monocytogenes’ ability to rapidly respond to changing 

environmental conditions enables it to survive under a wide range of circumstances 

such as those that may be encountered during food processing as well as in animal or 

human hosts [3]. Alternative sigma factors represent one key regulatory mechanism 

that allows bacteria to adjust rapidly to different environments. Differential association 

between alternative sigma factors and core RNA polymerase allows the RNA 

polymerase to recognize specific promoter sequences and initiate transcription of 

targeted genes under specific conditions. L. monocytogenes has up to four alternative 

sigma factors (σB, σC, σH and σL) in addition to the housekeeping sigma factor σA. The 

four alternative sigma factors regulate transcription of genes important for virulence 

and for response to various stress and growth conditions [4]. To date, the general 

stress response regulator σB is the most extensively studied alternative sigma factor in 

L. monocytogenes; σB has been shown to control a regulon of more than 180 genes [5]. 

Specifically, σB plays important roles in virulence and stress response, including 

transition to stationary phase and resistance to acid, osmotic, arsenate, oxidative, and 

cold stresses [6, 7].  

Regulons controlled by other L. monocytogenes alternative sigma factors are 

less well defined. σC, which is present only in lineage II strains of L. monocytogenes, 

appears to have a small regulon (< 10 genes) that contributes to thermal resistance [8]. 

σL, which is a member of the σ54 family, has a regulon of > 70 genes involved in 

carbon and amino acid metabolism and cold stress [9]. σH appears to have the second 

largest regulon among the alternative sigma factors (> 150 genes) [4] and has been 
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reported to contribute to growth in minimal media, alkaline stress response, virulence 

[10] and competence [11, 12]. Previous studies in L. monocytogenes have identified 

considerable overlaps among the regulons controlled by these four alternative sigma 

factors [4] [13]. Redundant regulation of a gene by multiple sigma factors may make it 

difficult to classify a gene as a member of a specific regulon following deletion of a 

single alternative sigma factor. Hence the commonly used approach of comparing 

transcript levels between a wild type (WT) strain and a corresponding isogenic mutant 

bearing a deletion of a targeted alternative sigma factor gene may not provide a 

complete picture of the regulon for a given alternative sigma factor as the approach 

may fail to identify all genes that are co-regulated by multiple transcriptional 

regulators. Furthermore, many of the previous transcriptional studies of the σB regulon 

[4, 5, 14-19] have used microarray technology, which is heavily affected by extrinsic 

noise and is limited to annotated open reading frames (ORFs). In order to provide a 

more complete definition of the L. monocytogenes σB regulon, we performed RNA 

sequencing (RNA-seq) using an L. monocytogenes strain that expresses σB under an 

inducible promoter as the only active alternative sigma factor, thereby removing 

potential redundancies in regulation by σC, σH and σL. 

 

MATERIAL AND METHODS 

Bacterial strains, mutant construction The quadruple alternative σ factor mutant 

(ΔBCHL; FSL C3-0135) of L. monocytogenes strain 10403S [13], which was used 

here as the background strain, was modified further to overexpress sigB from a 

rhamnose inducible promoter. The strain was constructed using methods reported 
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previously to construct a strain overexpressing σH [11].  Briefly, the sigB ORF was 

amplified from L. monocytogenes 10403S by PCR and cloned downstream of the 

rhamnose inducible promoter Prha in plasmid pLF1 [20]; this construct was used to 

create strain 10403S::ΔBCHL Prha-sigB (FSL B2-0425). A control strain (ΔBCHL-

Prha; FSL B2-0429) was constructed by introducing plasmid pLF1 into the 

chromosome of L. monocytogenes 10403S ΔBCHL through conjugation and 

chromosomal integration (see Supp. Table 3.1 for strains, plasmids and primers used).  

Growth conditions and rhamnose induction Strains were streaked from frozen 

Brain Heart Infusion (BHI) glycerol stock onto a BHI agar plate, followed by 

incubation at 37°C for 24 h. A single colony was subsequently inoculated into 5 ml of 

BHI broth in a 10 ml tube and incubated at 37°C for 18 h with shaking (220 rpm). 

After incubation, 50 µl BHI culture was inoculated into fresh 5 ml BHI broth in a 10 

ml tube and grown to OD600 0.4-0.5 at 37°C 4with shaking. Induction of sigB 

transcription was performed by adding 250 µl of 1 M rhamnose stock solution to 5 ml 

OD600 0.4-0.5 bacterial cultures (for a final concentration of 50 mM rhamnose), 

followed by incubation at 37°C for an additional 30 min. Induction with rhamnose was 

performed for both 10403S::ΔBCHL Prha-sigB and ΔBCHL-Prha. qRT-PCR using the 

SYBR Green Master Mix Reagent (Life Technologies) and the ABI Prism 7000 

Sequence Detection System (Applied Biosystems, Foster City, CA) was used to 

determine 50 mM rhamnose as the optimal rhamnose concentration for sigB induction 

(Supp. Figure 3.1). For these experiments, transcript levels were determined for sigB 

and the housekeeping gene rpoB in strain 10403S::ΔBCHL Prha-sigB. Expression level 
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differences were determined by the ΔΔCt method using the housekeeping gene rpoB 

as reference gene [21]. 

RNA isolation and sequencing To define the σB regulon, strains 10403S::ΔBCHL 

Prha-sigB and ΔBCHL-Prha were grown to log phase, followed by induction with 50 

mM rhamnose for 30 min, as previously described [11]. RNA isolation and cDNA 

library construction were also performed as previously described [11]. All experiments 

were performed in three biological replicates. Indexed RNA-seq libraries were 

quantified by digital PCR and sequencing was carried out on a Hiseq 2500 (single-

end, 150-bp per read) at the Cornell Core Facility for RNA-sequencing. RNA-seq data 

are accessible through GEO Series accession number GSE94284. 

RNA-Seq alignment, coverage and differential expression analysis RNA-seq data 

analysis was performed as previously described [11]. Briefly, sequence reads were 

aligned to a 10403S genome using the BWA-mem algorithm [22] and the data for 

coverage per base on sense and antisense strands were obtained separately using 

samtools [23]. Differential expression of genes between the two strains (ΔBCHL::Prha 

and ΔBCHL::Prha-sigB) was initially assessed using the Bayseq package for R version 

2.2.0 [24]. Genes were considered differentially expressed (DE) if the FDR (False 

Discovery Rate) was less than 0.05 and the Fold Change (FC) was more than 2.0 or 

less than 0.5. Genes with significantly higher transcript levels in the ΔBCHL-Prha-sigB 

strain were identified as upregulated by σB (FC > 2.0) while genes with significantly 

higher transcript levels in ΔBCHL-Prha were identified as downregulated (FC < 0.5). A 

sliding window method described previously [11] was also applied to identify 

significant differential expression of fragments along the chromosome; this method 
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provides more sensitive identification of σB-dependent genes, particularly if genes are 

preceded by multiple promoters (as described in [9] [11] ). Briefly, the 10403S 

genome was divided into windows of 51 nt (window size) with 25 nt overlap (sliding 

window) and the RNA-Seq coverage was obtained for each window. Bayseq was then 

used, as described above, to identify windows with significant differential expression 

(FDR < 0.05 and FC > 2.0) between the ΔBCHL::Prha-sigB and the ΔBCHL::Prha 

strains. Overlapping windows were considered as one fragment, and fragments 

mapped to the same TU were considered to comprise one TU. TUs are defined as all 

of the genes and/or ncRNAs that are included in a transcript initiated from a specific 

promoter. These analyses used an L. monocytogenes 10430S genome annotation 

where TUs were designated based on an RNA-seq analysis of the 10403S WT strain 

[25]; a file with this genome annotation in Genbank format is available from the 

authors upon request.  

Comparison between previously identified σB-dependent genes and genes 

identified in this study To allow us to define newly identified σB-dependent genes, 

we compiled data on the L. monocytogenes σB regulon from 12 independent studies 

that used genome-wide transcriptomics and proteomics approaches to compare 

different L. monocytogenes WT strains and corresponding isogenic sigB deletion 

mutants [4, 5, 14-19];[25-28][Orsi et al, in preparation]. Combined, these studies 

identified a total of 902 different genes as σB-dependent; only genes that were 

identified here, but not among these previously reported 902 genes were classified as 

“newly identified σB-dependent genes”. We also defined a “high confidence” core σB 

regulon for L. monocytogenes lineage II (which includes strain 10403S, used here), 
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which contained 184 genes that have been reported as σB-dependent in at least three 

independent experiments among the 12 studies detailed above. This “high confidence” 

core σB regulon was used to define the previously identified σB-dependent genes that 

were not found to be differentially expressed (NDE) in our study reported here. The 

datasets supporting the conclusions of this article are available in the GEO repository. 

(Private link for reviewers: 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=gbktssowflaften&acc=GSE94

284) 

Promoter search and consensus The transcription start sites (TSS) and 5’ 

untranslated regions (UTRs) of the differentially expressed TUs were manually 

annotated based on visual inspection of the locations where RNA-seq coverage data 

abruptly increased. Subsequently, the 5-50 nt regions upstream of the TSSs were 

manually scanned for σB-dependent promoter consensus sequences (GTTT-N12-16-

GGGTAT). A consensus sequence logo of the newly identified σB-dependent 

promoters was generated using the WebLogo generator [29].  

5’ Rapid amplification of cDNA ends (5’ RACE) analysis Six newly identified σB-

dependent promoters were selected to map promoter regions with the 5′ RACE system 

(ThermoFisher); these experiments were performed in three biological replicates. 

Briefly, isolated RNA was reverse transcribed into cDNA with gene-specific primers 

and cDNA was tailed with dCTP by terminal transferase. The products were then 

amplified with a nested gene-specific primer and an abridged anchored primer in a 

touchdown PCR with DreamTaq PCR master mix (ThermoFisher). PCR products 

were visually analyzed with agarose gel electrophoresis. 
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GO term enrichment analysis Gene Ontology (GO) enrichment analysis to identify 

GO terms enriched among all 201 genes identified in the 105 σB-dependent TUs was 

performed using the GOseq 1.24.0 package for R [30] as previously described [31]. 

All GO terms containing more than five genes were analyzed for enrichment. FDR 

correction for multiple testing was applied and only GO terms with FDR < 0.05 were 

considered significant.  

Comparative genomics of newly identified σB-dependent promoters Newly 

identified σB-dependent promoters were searched against a database containing 27 

finished genomes representing L. monocytogenes lineage I (n=10), L. monocytogenes 

lineage II (n=9), L. monocytogenes lineage III (n=4), Listeria innocua (n=1), Listeria 

seeligeri (n=1), Listeria ivanovii (n=1), and Listeria welshimeri (n=1) using BLAST 

[32]. Matches with coverage > 70% and identity > 60% were considered significant 

and the promoters were, therefore, considered to be present in the respective genome. 

 

RESULTS 

Combined bioinformatics analyses identify a number of new σB-dependent genes 

that showed significant differential transcript levels in the respective ORF 

Using RNA-seq data from an L. monocytogenes strain with deletions in genes 

encoding all four alternative sigma factors (ΔBCHL) as well as from a corresponding 

isogenic strain where sigB was re-introduced under rhamnose regulation (ΔBCHL-

Prha-sigB), we employed two separate bioinformatics approaches to identify σB-

dependent genes. These bioinformatics approaches included (i) Bayseq analysis that 

assessed differential expression using RNA-seq coverage for the full length of all 
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annotated genes (“the traditional Bayseq approach”) and (ii) Bayseq analysis that 

assessed differential expression using RNA-seq coverage for sliding windows that 

covered the complete L. monocytogenes chromosome (“the sliding window 

approach”).  

With the traditional Bayseq approach, we initially identified 141 genes, 

including 7 ncRNAs, that showed significantly higher transcripts levels (FDR<0.05; 

FC>2.0) in the L. monocytogenes strain overexpressing σB (ΔBCHL-Prha-sigB), as 

compared to the ΔBCHL strain that does not express any alternative sigma factors 

(Table 3.1). Among the 141 genes with higher transcript levels, 117 were preceded by 

upstream σB-dependent promoters. When the sliding window approach was applied, 

we identified 299 fragments that showed significantly higher transcripts levels 

(FDR<0.05; FC>2.0) in the L. monocytogenes strain overexpressing σB. These 

fragments represented 177 genes, including 7 ncRNAs; 124 of these genes (including 

all 7 ncRNAs) were preceded by σB-dependent promoters (Supp. Table 3.2). Together, 

these two analyses identified 193 genes as upregulated by σB; 133 of these genes 

(including 7 noncoding RNAs) were preceded by σB-dependent promoters (Table 3.1). 

These 133 genes are located in 93 TUs that each includes a σB-dependent promoter. 

Overall, 141 of the 193 upregulated genes identified here had been reported as σB-

dependent in previous microarray, RNA-seq, or proteomics studies in L. 

monocytogenes [4, 5, 14-19];[25-28]. Among the 52 genes newly identified, with these 

approaches, as upregulated by σB, 16 genes (representing 10 TUs) were preceded by a 

putative σB-dependent promoter, while 36 did not include an upstream σB-dependent 

promoter. In the subsequent sections, we will only focus on those genes that showed 
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both evidence for higher transcript levels in the presence of σB and have an upstream 

σB-dependent promoter. 

With the traditional Bayseq approach, we also identified 18 genes that showed 

significantly lower transcripts levels (FDR<0.05; FC<0.5; see Supp. Table 3.3) in the 

L. monocytogenes strain overexpressing σB (ΔBCHL-Prha-sigB), as compared to the 

ΔBCHL strain. Among these 18 downregulated genes, 9 had been reported as 

downregulated in previous studies [4, 5, 14-19];[25-28]. Most of the nine genes newly 

identified as downregulated by σB encode transport proteins, including (i) 

LMRG_01249 and LMRG_01248, which encode subunits of a PTS galactitol 

transporter; (ii) LMRG_01581, which encodes ArpJ, an amino acid ABC transporter 

permease; and (iii) LMRG_01595, which encodes an MFS transporter permease. 

Other downregulated genes include LMRG_01332, which encodes Listeria adhesion 

protein (Lap), an alcohol acetaldehyde dehydrogenase involved in pathogenesis [32]; 

LMRG_00198, encoding a phosphoglycerate mutase; LMRG_01596, encoding a 

shikimate 5-dehydrogenase, and LMRG_01597 encoding an NADH oxidase. 

Interestingly, one of the nine newly identified σB-downregulated genes was 

LMRG_01250, which encodes a putative transcriptional regulator.  
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Table 3.1. Summary of traditional Bayseq and sliding window analyses results 
for upregulated genes and TUs 

Categorya Bayseq Sliding Window Combined
b 

New 

(1) No. of genes identified as σB-dependent 
(FC>2.0; FDR<0.05) 

141 177 193 
 

52 

(2) No. of genes in (1) that have upstream 
σB promoters  

117 124 133 16 

(3) σB-dependent TUs represented by 
genes in (2) 

86c 87c 93c 4 

(4) σB-dependent TUs that were identified 
by only 5’UTR DE fragment and contain 
upstream σB promoters  

NAd 12 12 3 

(5) Genes found in the TUs in (4) 
 

NA 16 16 4 

(6) Total number of TUs with both σB 
promoters and DE fragment in ORF or 
5’UTRe 

     NA                       NA                       105 
TUsc 

7 TUs 
(represent 
15 genes) 

 (7) Total gene number of σB regulon 
members located in the TUs in (6) 

    NA                       NA                     201 
genes 

38 genes 
(represent 
16 TUs) 

aIndented categories indicates groups that represent a subset of the main, non-indented 
category in bold. 
bThe category “combined” represents the number of genes or TUs that were identified by 
either the BaySeq or the sliding window approach or both. 
cLMRG_02094 has two σB-dependent promoters directly upstream of the gene; this gene was 
counted as two TUs identified by BaySeq and as two TUs identified by the sliding window 
analysis. This gene was also counted as two TUs in the “combined” column.  
dNA means “Not Applicable”. 
eCategory 6 represents the combination of categories (3) and (4) 
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Figure 3.1. Gene co-transcribed from both σB-dependent and σA-dependent promoters RNA-seq coverage is shown for 
the ΔBCHL Prha-sigB strain (red) and ΔBCHL-Prha strain (green). Transcription start sites (TSS) are indicated by arrows 
labeled with the regulating sigma factor. The dotted line below the schematic represents the region found to be differentially 
expressed (FDR <0.05) with the sliding window approach. The highest window fold change (FC) is shown under the dotted 
line.  
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Sliding window analyses of 5’UTR regions identified 12 additional TUs with σB-

dependent transcription and upstream σB-dependent promoters in the absence of 

significant differential transcript levels in the respective ORF.  

The sliding window approach used here not only identified differentially 

regulated genes via identification of differentially transcribed fragments that mapped 

within an ORF (described above), but also identified differentially transcribed 

fragments that mapped into different 5’UTR, even if the associated downstream genes 

did not show evidence for differential transcription. This approach thus identified 

additional TUs (which may include one or multiple genes) as σB-dependent. For 

example, in the intergenic region upstream of srtA we identified a fragment with an 

FC of 3.77 located upstream of the srtA σA-dependent promoter (Figure 3.1). Visual 

inspection of the region upstream of this fragment identified a σB-dependent promoter. 

Hence, using the sliding window approach, we identified srtA as a new σB-dependent 

TU. Overall, this approach identified 12 additional TUs (Supp. Table 3.4) with σB-

dependent transcription and upstream σB-dependent promoters. For each of these TUs, 

the associated genes located in the TU did not show significant evidence for higher 

transcript levels in the strain overexpressing σB.  

 

Overall analyses reveal a total of 105 σB-dependent TUs that cover 201 genes, 

including a number of genes not previously identified as part of the σB regulon 

Overall, our analyses identified 105 σB-dependent TUs (i.e., TUs upregulated 

in the presence of σB) that are preceded by σB-dependent promoters; this includes (i) 

93 TUs that showed significant differential transcript levels in one or multiple ORFs 
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that are part of a TU and (ii) 12 TUs that showed significant differential transcript 

levels in a fragment located in the 5’UTR. Seven of these 105 TUs had not been 

previously identified as σB-dependent (meaning none of the 15 genes in these 7 TUs 

had been identified as σB-dependent in previous studies [4, 5, 14-19];[25-28]). Overall, 

the 105 σB-dependent TUs include 201 different genes; 38 of these 201 genes had not 

been previously identified as members of the L. monocytogenes σB regulon (Table 3.1, 

Table 3.2). While additional genes were newly identified as σB-dependent through our 

bioinformatics approaches (see Table 3.1), not all of these genes met the dual criteria 

of having both an upstream σB-dependent promoter and differential upregulation in the 

ΔBCHL-Prha-sigB strain.   
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Table 3.2. Newly identified σB regulon members grouped by function  
New σB regulon 
member 

Locus tag for 
strain EGDe 

TU Gene product 

Oxidative stress response 
LMRG_00891 lmo1439 LMRG_00891 Manganese superoxide dismutase 
LMRG_02644 lmo0222 LMRG_02644-LMRG_02643 Heat shock protein 33  
LMRG_02443 lmo0014 qoxABCD A quinol oxidase  
Osmotic stress response 
LMRG_02775  lmo1701 LMRG_02775-LMRG_02778  An hypothetical protein 
LMRG_02115 
LMRG_02116 

lmo1015 
lmo1016 

LMRG_02114-LMRG_02116 Permease protein OpuAB, glycine betaine-binding protein Op of glycine 
betaine ABC transport system, 

Pyrimidine biosynthesis 
LMRG_00978-
LMRG_00985 

lmo1831-
lmo1838 

LMRG_00978-LMRG_00985 Enzymes in uridine-5’-phosphate biosynthesis  

1,2-propanediol utilization 
LMRG_00596-
00599, 
00601,00603-00606, 
00608-00611 

lmo1153-
1156,1160-1163, 
1165-1168 

LMRG_00594-LMRG_00611  Enzymes that degrade carbon compound 1,2-propanediol 

Metabolism of carbon 
LMRG_01960 
LMRG_01962 

lmo2736 
lmo2734 

LMRG_01960-LMRG_01963 A glycerate kinase and a glycosyl hydrolase 

Transcriptional regulation 
LMRG_01913 lmo2784 LMRG_01913 Transcriptional antiterminator of lichenan operon, BglG family 
LMRG_00050 
LMRG_00051 

lmo0359 
lmo0360 

LMRG_00050-LMRG_00051 A fructose-biphosphate hydrolase and a DeoR family putative 
transcriptional regulator  

No clearly annotated functions 
LMRG_01659 lmo2173 LMRG_01658-LMRG_01659 σL -dependent activator 
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LMRG_01784 lmo2464 LMRG_01784-LMRG_01786 Transcriptional regulator of tetR Family  
LMRG_01676  lmo2156 LMRG_01676  A hypothetic protein 
LMRG_01199_as N/A LMRG_01199_as Antisense RNA 
LMRG_00529 lmo1067 LMRG_00529 GTP-binding protein TypA/BipA 
LMRG_02699 lmo2569 LMRG_02695-LMRG_02699 Periplasmic oligopeptide-binding protein oppA 
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Newly identified σB regulon members include genes involved in stress response, 

metabolism of carbon and nucleotides, and virulence 

The 38 genes newly identified as members of the σB regulon (Table 3.2) 

encode proteins involved in oxidative and osmotic stress response, metabolism of 

energy, carbon and nucleotides, transcriptional regulation, and other functions of L. 

monocytogenes. Newly identified σB-dependent genes involved in oxidative stress 

response include (i) LMRG_00891, which encodes a manganese superoxide 

dismutase; (ii) LMRG_02644, which is part of a two gene operon and encodes the heat 

shock protein 33 (HslO); and (iii) LMRG_02443, which is the second gene in the 

qoxABCD operon (encoding subunits of a quinol oxidase that is involved in the 

pathways of aerobic respiration and as a proton pump). Our data newly identified σB-

dependent promoters upstream of all of these operons. We also newly identified 

LMRG_02775, which encodes a hypothetical protein, as a member of the σB regulon. 

While the other members of the LMRG_02775-LMRG_02778 operon had previously 

been identified as σB-dependent [4, 14], we newly identified a σB-dependent promoter 

upstream of this operon, suggesting direct σB-dependent transcription of this 4-gene 

operon, which encodes four proteins, including one OsmC/Ohr family protein. While 

the functions of the genes in this operon have not yet been elucidated, OsmC proteins 

are induced by ethanol and osmotic stresses and Ohr proteins are induced by organic 

peroxide and are involved in organic hydroperoxide detoxification in Gram-negative 

bacteria [33].  In other intracellular pathogens such as Mycobacterium tuberculosis, 

OsmC proteins have been reported to protect against organic hydroperoxide stress 
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[34], suggesting this operon may contribute to oxidative or osmotic stress response in 

L. monocytogenes. We also newly identified two members of the LMRG_02114-

LMRG_02116 operon as part of the σB regulon and newly identified a σB-dependent 

promoter upstream of this operon. This operon encodes the OpuAA, OpuAB and 

OpuAC subunits of the glycine betaine ABC transport system. Expression of the opuA 

operon is under osmotic control in B. subtilis, and a B. subtilis mutant strain lacking 

the OpuA transport system showed a considerably decreased ability to uptake the 

osmoprotectant glycine betaine [35].  
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Figure 3.2. Pathway of uridine-5’-phosphate biosynthesis Genes encoding the 
enzymes involved in this pathway are labeled in purple. All genes in the TU 
LMRG_00985-LMRG_00978 except LMRG_00981 are shown in this pathway.  
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Our study also identified a number of new members of the σB regulon involved 

in energy, carbon and nucleotide metabolism. Specifically, we newly identified 

LMRG_00978-LMRG_00985 as a σB-dependent TU; genes in this TU encode a set of 

enzymes involved in uridine-5’-phosphate biosynthesis, a pyrimidine ribonucleotides 

de novo biosynthesis pathway (Figure 3.2). Importantly, our data also indicate that all 

genes in the LMRG_00594-LMRG_00611 operon are part of the σB regulon; this 

operon encodes all enzymes involved in utilization of carbon compound 1,2-

propanediol, which is an important carbon source during infection for bacterial 

pathogens such as S. enterica [36] and was reported to be degraded by L. innocua 

[37]. In addition to providing direct RNA-seq evidence for significant differential 

transcript levels for 6 genes in this operon, which had not been previously identified as 

σB-dependent, we also identified a σB-dependent promoter upstream of this operon; in 

previous studies, only 5 genes in this 18-gene operon had been identified as σB-

dependent [4, 5, 14-19];[25-28]. Our data also newly identified a σB-dependent 

promoter upstream of the three-gene operon LMRG_01960-LMRG_01962 with 

LMRG_01960 and LMRG_01962 (encoding a glycerate kinase and a glycosyl 

hydrolase) newly identified as σB-dependent. We also newly identified a σB-dependent 

promoter upstream of LMRG_01432-LMRG_01431, which encodes a glycerol kinase 

and glycerol uptake facilitator protein, suggesting direct σB regulation of this operon.  

We also identified new members of the σB regulon that encode transcriptional 

regulators, further supporting that σB is part of a complex regulatory network in L. 

monocytogenes. Specifically, we newly identified LMRG_01913, which encodes a 

lichenan operon transcriptional antiterminator (classified into the BglG family of 
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transcriptional regulators) as a σB-dependent TU. In addition, we newly identified 

LMRG_00050-LMRG_00051 as a σB-dependent TU, in which LMRG_00051 encodes 

a putative transcriptional regulator. LMRG_01659, encoding a σ54-dependent activator 

[38] and LMRG_01784, encoding a TetR family transcriptional regulator, were also 

newly identified as members of the σB regulon. While the other genes in TUs 

LMRG_01658-LMRG_01659 and LMRG_01784-LMRG_01786 had previously been 

reported as σB-dependent [4, 5, 14, 15, 18, 19, 25], we newly identified σB-dependent 

promoters upstream of both operons.  

Our data also identified a σB-dependent promoter upstream of a TU including a 

single gene encoding sortase A, srtA. SrtA is involved in proteolysis and virulence in 

L. monocytogenes [39]. Additional newly identified σB-dependent TUs (where none of 

the genes in a TU had previously been identified as σB-dependent) included 

LMRG_00529 and two TUs (LMRG_01676 and LMRG_01199_as) with no clearly 

annotated functions. 
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Table 3.3. Enriched GO terms for 201 genes in 105 σB-dependent TUsa 

GO ID DE genes in this GO term (LMRG_) GO term  
GO:0006066 00050, 00236,00272, 00594, 00600-00607, 00611, 01432, 01627, 

01789-01793, 01962, 02219, 02632, 02695 
alcohol metabolic process 

GO:0006091 00050, 00981, 01627, 01790-01793, 02442-02444, 02632 
 

generation of precursor metabolites and 
energy 

GO:0006096 00050, 01627, 01790-01793, 02632 glycolytic process 
GO:0006220 00978-00985, 01076 pyrimidine nucleotide metabolic process 
GO:0006221 00978-00985, 01076 pyrimidine nucleotide biosynthetic process 
GO:0009056 00050, 00221, 00600-00603, 00605, 00607, 00611, 01030, 01627, 

01790-01793, 02219, 02304, 02472, 02632 
catabolic process 

GO:0015418 00873, 00874, 00877-00880, 02114-02116 quaternary-ammonium-compound-
transporting ATPase activity 

GO:0015695 00873, 00874, 02114-02116 organic cation transport 
GO:0015697 00873, 00874, 02114-02116 quaternary ammonium group transport 
GO:0030104 00873, 00874, 02114-02116 water homeostasis 
GO:0034311 00594, 00600-00603, 00605, 00607, 00611 diol metabolic process 
GO:0034313 00600-00603, 00605, 00607, 00611 diol catabolic process 
GO:0044248 00050, 00221, 00600-00603, 00605, 00607, 00611, 01030, 01627, 

01790-01793, 02219, 02304, 02472, 02632 
cellular catabolic process 

GO:0044275 00050, 00221, 01030, 01627, 01790-01793, 02219, 02632 cellular carbohydrate catabolic process 
GO:0046164 00050, 00600-00607, 00611, 01627, 01790-01793, 02219, 02632 alcohol catabolic process 
GO:0048878 00873, 00874, 02041, 02114-02116 chemical homeostasis 
GO:0051143 00594, 00600-00603, 00605, 00607, 00611 propanediol metabolic process 
GO:0051144 00600-00603, 00605, 00607, 00611 propanediol catabolic process 

a σB regulon members are defined as genes in the σB-dependent TUs that are preceded by σB-dependent promoters and showed 
significant differential transcript levels in one or more fragments located within the TU.  
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Figure 3.3. Sequence logo for newly identified putative σB-dependent promoters A. Sequence logo for the eighteen σB-
dependent promoters associated with newly identified σB-dependent genes. B. Sequence logo for σB-dependent promoters 
published in previous study (Oliver et al., 2009).  
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Figure 3.4. 5’RACE PCR confirmation of six putative σB-dependent promoters newly identified here by RNA-seq. 
The six putative σB-dependent promoters selected for confirmation are located upstream of qoxA, srtA, pduA, LMRG_01431, 
LMRG_02778 and LMRG_01913. LMRG_01948 was used as a positive control, as it was reported to have a strong σB-dependent 
promoter (Abram, 2008b). The image shows the 5’RACE PCR products in a 3% agarose gel; the two lanes for each target represent 
reaction performed with RNA isolated from the ΔBCHL Prha -sigB strain, which expresses σB (+) and the ΔBCHL-Prha strain, which 
does not express σB (-). The σB-dependent transcript bands are shown in rectangles. Multiple 5’RACE bands were expected for these 
genes as they were all initially characterized by having a putative σB-dependent promoter as well as an additional σA-dependent 
promoter. Five of six promoters selected for confirmation displayed clear σB-dependent transcript bands, supporting the existence of 
σB-dependent promoters. 5’RACE PCR for pduA did not yield a band that confirmed the putative σB-dependent promoter that was 
identified by RNA-seq; a putative σA-dependent promoter was found 14 nt upstream of the putative σB-dependent promoter; transcripts 
from this σA-dependent promoter may have masked the σB-dependent transcript. The expected sizes of the σB-dependent transcript 
bands are around 250bp for qoxA, 170bp for srtA, 165bp for pduA, 275bp for LMRG_01431, 185bp for LMRG_02778, 275bp for 
LMRG_01913, and 210bp for LMRG_01948. The image was adjusted for contrast, intensity levels and saturation using Photoshop; 
manipulations were performed on the whole picture and no specific bands were enhanced or modified. The results shown here are 
representative of three biological replicates. 
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Gene ontology analyses identify a role for σB in regulating genes encoding 

functions involved in transport, homeostasis, pathogenesis, and nucleotide 

metabolism. 

Gene ontology (GO) enrichment analysis performed for the σB regulon (i.e., all 

201 genes that were part of the 105 σB-dependent TUs identified here) found 18 GO 

terms to be overrepresented (see Table 3.3), including GO terms related to transport, 

homeostasis, metabolic and catabolic processes. In addition, GO terms related to 

“pyrimidine nucleotide biosynthetic and metabolic processes”; “glycolysis, metabolic 

and catabolic processes of propanediol, diol and alcohol”, were also over-represented, 

suggesting a role for σB in regulating general metabolic functions.  

 

Conservation of newly identified σB-dependent promoters in L. monocytogenes 

and Listeria spp. 

Overall, we newly identified 18 putative σB-dependent promoters here (see 

Figure 3.3 for a consensus sequence). 5’ RACE performed on six of these promoters 

confirmed five of these promoters as σB-dependent (Figure 3.4). For pduA, where 

5’RACE did not detect a clear σB-dependent transcript, a putative σA-dependent 

promoter was found 14 nt upstream of the putative σB-dependent promoter; transcripts 

from this σA-dependent promoter may have masked the σB-dependent transcript. 

Across all 18 newly identified putative σB-dependent promoters, the first three 

nucleotides of the -10 signal sequence (GGG) are generally conserved among both 

these newly identified putative σB-dependent promoters and the previously published 

σB-dependent promoter sequences [25], the last three nucleotides appear to be less 



	 68	

conserved among the new promoters identified here, as compared to the previously 

reported σB-dependent promoter sequences (Figure 3.3). Through comparative 

genomics, we assessed that all but one of the 18 σB-dependent promoters newly 

identified in L. monocytogenes 10403S were present in the 23 additional L. 

monocytogenes genomes analyzed here; the σB-dependent promoter upstream of the 

anti-sense RNA (asRNA), which overlaps LMRG_00359 in the opposite strand, was 

not found in the four lineage III genomes analyzed (Table 3.4). Overall, -35 and -10 

promoter regions were highly conserved among different strains and lineages, even 

though some promoters show lineage- or strain-specific sequence features (Table 3.4). 

Further analysis showed that only 10 of the 18 σB-dependent promoters newly 

identified in L. monocytogenes were found in all 5 Listeria species analyzed (i.e., L. 

monocytogenes, L. innocua, L. ivanovii, L. welshimeri and L. seeligeri) (Table 3.4). 

While these comparisons suggest that we identified new σB-dependent functions that 

are largely conserved in L. monocytogenes and to a lesser extent in other Listeria 

sensu strictu species, future comparative genomics analyses that utilize additional 

closed genomes as they become available will help to further define lineage-, strain-, 

and species-specific members of the SigB regulon. 
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Table 3.4. σB-dependent -35 and -10 promoter regions for the newly identified σB-dependent operons  
Promoters L. monocytogenes L. innocua L. welshimeri L. ivanovii L. seeligeri 
 Lineage I Lineage II Lineage III     
LMRG_00986        

-35 signal GCAC GCAC GCAC GCAC GCAC ACAC GCAC 
-10 signal GGCTCT GGCTCT GGCTCT GGCTCT GGCTCT GGCTCG GGCTCT 

LMRG_02643        
-35 signal GAAT GAAT GAAT GAAT GAAT GAAT GAAT 
-10 signal GGGCTT GGGCTT GGGCTT GGGCTT GGGCTT GGGTTA GGGTTA 

gbuA        
-35 signal GCTT GCTTa GCTTa GCTT GCTT GCTT GCTT 

-10 signal GGGCCG GGGCCG GGGCCG GGGCCG GGGCCG GGGCCG GGGCCG 
LMRG_00529        

-35 signal CGCT GGCT CGCT CGCT CGCT CGCC CGCT 
-10 signal GGTAAG GGTAAG GGTAAG GGTAAG GGTAAG GGTAAG GGTAAG 

pduA        
-35 signal GTAA GTAA GTAA GTAA GTAA GTAA GTAA 
-10 signal AGGAGG AGGAGG AGGAGG AGGAGG AGGAGG AGGAGG AGGAGG 

LMRG_02813        
-35 signal GTAC GTAC GTAC GTAC NFb NF NF 
-10 signal GGGTAT  GGGTAT GGGTAT GGGTAT NF NF NF 

LMRG_01676        
-35 signal GATT GATT AATT GATA TATT GATT GATT 
-10 signal GGGATA  GGGATA GGGATA AGGATA AGGAAA AGGATA AGGATA 

qoxA        
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Table 3.4 (Continued)        
-35 signal GTTTc GTTT GTTT GTTT GTTT GTTT GTTT 
-10 signal GGGAAT GGGAAT GGGAAT GGGAAT GGGAAT GGGAAT GGGAAT 

LMRG_00050        
-35 signal GATA GATA GATA GATA GATA NF NF 
-10 signal TGGTTC TGGTTC TGGTTC TGGTTC TGGTCC NF NF 

LMRG_00271        
-35 signal GTTT GTTT GTTT GTTT GTTT NF NF 
-10 signal GGGGAA GGGGAA GGGGAA GGGGAA GGGGAA NF NF 

asRNA(LMRG_00359)        
-35 signal GTTT GTTT NF GTTT NF NF NF 
-10 signal GGGCTA GGGCTA NF GAGCTA NF NF NF 

srtA        
-35 signal GATT GATT GATT GATT GATT GATT GATT 
-10 signal GGGAAA GGGAAA GGGAAA GGGAAA GGGAAA GGGAAA GGGAAA 

LMRG_02094        
-35 signal GGTT GGTT GGTT GGTT GGTT GATT GGTT 
-10 signal GGGTAA  GGGTAA GGGTAA GGGTAA GGGTAA GGGTAA GGGAAA 

LMRG_01431        
-35 signal GTTA GTTA GTTA GTTA GTTA NF NF 
-10 signal GGGTAA  GGGTAA  GGGTAA  GGGTAA  GGGTAA  NF NF 

LMRG_02778        
-35 signal GCTT GCTT GCTT GCTT GCTT GCTT GCTT 
-10 signal GGGTAT GGGTAT GGGTAT GGGTAT GAGTAT GCGTAT GCGTAT 

asRNA(LMRG_01199)        
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Table 3.4 (Continued)        
-35 signal GATT GATT GATT GTTT NF ATTT NF 
-10 signal TGGAAT TGGAAT TGGAAT TGGAGT NF TGGAAT NF 

LMRG_01963        
-35 signal GTTT GTTT GTTT NF NF NF NF 
-10 signal AGCAAT GGCAAT GGCAAT NF NF NF NF 

LMRG_01913        
-35 signal GTTT GTTT GTTT GTTT GTTT GTTT NF 
-10 signal GG(G/A)CTAd  GGGCTA (T/G)AGCTTe GGGCGA GGGCGA GAATTA NF 

a With the exception of strains 10403S and SLCC5850 (both lineage II strains), all the lineage II and III strains present a deletion of a 
thymine between the -35 and -10 regions. 
b NF: Not found 
c Strain SLCC2482 (lineage I) presents an insertion of a thymine between the -35 and -10 region. 
d Strain ATCC has the sequence GGACTA at the -10 region while all other Lineage I strains have the sequence GGGCTA.  
e Strain SLCC2376 has the sequence GAGCTT at the -10 region while all other lineage III strains have the sequence TAGCTT.
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Comparison with previously reported σB-dependent regulon members identifies a 

number of σB-dependent genes that are also regulated by σA 

In order to compare the σB-dependent genes identified here to previously 

reported σB-dependent genes, we used data from previous microarray, RNA-seq and 

proteomic studies in different strains and under different stress conditions [4, 5, 14-

19];[25-28], to define a core σB regulon for L. monocytogenes lineage II, which 

includes the strain we used here (10403S). Overall, 184 genes have been reported as 

σB-dependent at least three times in prior publications (representing high confidence 

for each as a member of the σB regulon). Our data showed that 110 of the 193 genes 

that were identified as significantly upregulated by σB in our study also were included 

in this “high confidence regulon” of 184 genes. Therefore, overexpression of σB in 

ΔBCHL failed to identify 74 genes previously reported as upregulated by σB (Supp. 

Table 3.5).  

Promoter searches upstream of the 5’ UTR of these 74 genes identified 

upstream σB-dependent promoters for 35 of these genes; these 35 genes represent 28 

TUs with corresponding σB-dependent promoters. Twenty-three of these 28 TUs had 

both σA- and σB-dependent promoters (Table 3.5).  Therefore, it is possible that 

expression from the σA-dependent promoter masked expression from the σB-dependent 

promoter in these genes, not allowing their identification as σB-dependent in our study. 

While no clear σA-dependent promoters were identified for the other five TUs, RNA-

seq coverage patterns in the quadruple mutant, which only expresses σA, suggested 

that four of these TUs may be co-regulated by σA.  These four TUs were 

LMRG_00261-LMRG_00262, LMRG_00335-LMRG_00338, LMRG_01794, and 
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htrA (LMRG_02579) whose σB-dependent transcription generates a long (473 nt) 

5'UTR, which may have a regulatory function. 
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Table 3.5. Co-regulation of σA and σB among the NDE σB-dependent genes 
TU Genes  Other genes in the same 

operon 
Promoter 

identified(from 
upstream to 
downstream)  

Genes or fragmentsa 
identified as 
differentially 

expressed in this 
study 

Comments 

1 LMRG_00100, 
LMRG_00101 

 

- σB, σA, σA No - 

2 LMRG_00262 LMRG_00261 σB LMRG_00261 σA-dependent expression pattern 
3 LMRG_00334 - σB, σA No - 
4 LMRG_00336 

 
LMRG_00335, LMRG_00337, 

LMRG_00338,  
σB LMRG_00335, 

LMRG_00337, 
σA-dependent expression pattern 

5 LMRG_00530 - σA, σB Frag 43108, Frag 
43109 

Two DE fragments identified 
between the promoters  

6 LMRG_00672 LMRG_00671 
 

σA, σB No - 

7 LMRG_00745  - 
 

σA, σB No Host factor-I protein 

8 LMRG_00884 LMRG_00885 σB, σA No - 
9 LMRG_00906 

 
LMRG_00910, 
LMRG_00909, 
LMRG_00908, 
LMRG_00907 

 

σA, σH, σB No RpoD (σA) 

10 LMRG_01076, 
LMRG_01077 

LMRG_01078, LMRG_01079, 
LMRG_01080 

σA, σB LMRG_01078, 
LMRG_01079, 
LMRG_01080 

- 

11 LMRG_01140 - σA, σB No Alpha-acetotactate decarboxylase 
12 LMRG_01284 - σB, σA Frag 86921 to 86928 DE fragments identified in 5’UTR 
13 LMRG_01361 LMRG_01360 σA, σA, σB LMRG_01360 - 
14 LMRG_01432 LMRG_01431 σB, σA LMRG_01431 Glycerol kinase 
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Table 3.5 (Continued)     
15 LMRG_01737 - σB, σA Fragments 101803 to 

101809 
DE fragments identified in 5’UTR 

16 LMRG_01794 - σB No σA-dependent transcription 
initiating from LMRG_01793 (eno) 
is running through LMRG_01794 

despite the presence of a Rho-
independent transcription 

terminator in between 
17 LMRG_02000, 

LMRG_02001, 
LMRG_02002 

- σA, σB No - 

18 LMRG_02028 - σA, σB  srtA, DE fragments identified in 
5’UTR 

19 LMRG_02055, 
LMRG_02056 

LMRG_02057 σB, σA frag 38333 nagA and nagB operon. Two NagR 
attenuatormotives were identified 

suggesting co-regulation with 
NagR 

20 LMRG_02215, 
LMRG_02216 

LMRG_02217 σA, σB LMRG_02217 - 

21 LMRG_02219 LMRG_02218 σB, σA LMRG_02218 rpiB 
22 LMRG_02317, 

LMRG_02320 
LMRG_02311, LMRG_02312, 
LMRG_02313, LMRG_02314, 

LMRG_02315, 
LMRG_02316, 
LMRG_02318, 
LMRG_02319 

σA, σB  rsbV and rsbX from sigB operon 

23 LMRG_02579 LMRG_02580 σB No htrA, σA-dependent expression 
pattern; σB-dependent transcription 
generates a long (473 nt) 5'UTR, 

which may have regulatory 
function 
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Table 3.5 (Continued)     
24 LMRG_02624 - σB, σA No hly, has a PrfA box, a σA-dependent 

promoter, and a putative σB-
dependent promoter suggested in 

previous studies 
25 LMRG_02632 - σB, σA Frags 8396 to 8402 ldh 
26 LMRG_02731 - σA, σB No - 
27 LMRG_02772 - σA, σB Frags 68894 to 68895 - 

aEach fragment is composed of one or more 51 nt overlapping windows. 
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Some σB-dependent TUs are also regulated by other transcriptional regulators 

Three TUs previously reported as σB-dependent, but not identified as such in 

our study reported here, were found to be co-regulated by σB-dependent promoters and 

other alternative sigma factors and transcriptional factors. LMRG_02294, encoding a 

hypothetical protein, is co-transcribed with LMRG_02293, a gene encoding a putative 

amidohydrolase. A σB-dependent -10 region and a σL-dependent promoter in close 

proximity have been identified for this TU, suggesting co-regulation of transcription 

(Supp. Table 3.6). As the strains used in this study lack an active σL, overexpression of 

σB itself might not be sufficient to significantly upregulate the TU.  LMRG_02294 

only showed a non-significant upregulation in the strain expressing σB. 

LMRG_00906 (rpoD, encoding σA), which is part of the TU LMRG_00911-

LMRG_00906 TU, is co-transcribed from an upstream σB-dependent promoter, a σH-

dependent promoter upstream of LMRG_00908 and a σA-dependent promoter 

upstream of LMRG_00911. Strong expression from the σA-dependent promoter as 

well as the absence of σH may explain why no significant differential expression of 

rpoD was observed in our study. LMRG_02624 (hly) has a PrfA box, a σA-dependent 

promoter, and a putative σB-dependent promoter suggested in previous studies [40, 

41]. hly was only reported as σB-dependent with active expression of PrfA [15, 18, 

19], which was not shown to be significantly differentially expressed in our study.  

 

DISCUSSION 

A number of studies have analyzed L. monocytogenes alternative-sigma-factor-

dependent expression profiles at the transcriptional and protein levels based on 
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comparisons between WT and single deletion mutant strains. However, regulon 

redundancy and overlaps in regulation by multiple sigma factors is common, as has 

been shown in Listeria [4], in B. subtilis [42], and in others [43]. We thus used an 

experimental design that enabled us to study the functions and genes regulated by σB 

in the absence of all other alternative sigma factors in order to further explore the L. 

monocytogenes σB regulon and σB-dependent gene regulation. Over-expression of a 

single alternative sigma factor in the absence of all other alternative sigma factors, the 

specific strategy used here, has previously been shown to eliminate redundant 

regulation by multiple alternative sigma factors, thus allowing improved insights into 

both the function of a single sigma factor and coregulation by different sigma factors 

[11, 13, 44]. As detailed above, this approach allowed us to (i) identify new σB-

dependent functions in L. monocytogenes, such as regulation of genes involved in 1,2-

propanediol utilization and biosynthesis of pyrimidine nucleotides; (ii) identify new 

σB-dependent genes involved in stress response and virulence functions; and (iii) 

further define a role for σB in L. monocytogenes homeostasis. 

 

L. monocytogenes σB directly upregulates > 100 TUs and > 200 genes.  

Our approach shows that the σB regulon includes > 100 TUs and > 200 genes 

that are directly up-regulated by σB. As RNA-seq has been well documented, in both 

L. monocytogenes [25] and other organisms [45], to provide quantitative data that are 

well correlated with qPCR data, qPCR confirmation of genes newly identified as σB-

dependent was not deemed necessary; rather σB-dependent transcriptional start sites 

were confirmed for selected genes via 5’ RACE.  By comparison, previous studies 
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have reported the σB regulon in 10403S as including >110 genes and >80 promoters 

[4, 5, 15, 25-27]. Combined results from previous microarray, RNA-seq and 

proteomic studies in different L. monocytogenes strains under different stress 

conditions show a large σB pan-regulon of up to 902 genes [4, 5, 14-19];[25-28] and a 

core regulon in lineage II strains of 184 genes, as supported by three or more previous 

experiments. Overall, our data further confirm that σB is the alternative sigma factor 

that regulates the largest regulon; other regulators that directly regulate large gene sets 

in L. monocytogenes include σH, which directly regulates more than 60 genes [4, 11]. 

 

Newly identified σB-dependent promoters reveal a novel role for σB in oxidative 

stress, 1,2-propanediol utilization and biosynthesis of pyrimidine nucleotides 

While L. monocytogenes σB clearly has been shown to be important for survival 

under many stress conditions, such as exposure to heat, bile, osmotic and acid stress 

[46-49], the role of σB in oxidative stress response is less clear. Previous studies have 

reported results ranging from hypersensitivity [14, 47] to hyperresistance [50, 51] to 

oxidative stress for σB null mutants. For example, a previous study reported that 

viability of a 10403S ΔsigB mutant was 100-fold lower than the WT under oxidative 

stress induced by cumene hydroperoxide in stationary phase [47]. However, a recent 

study using L. monocytogenes 10403S and EGD-e showed that deletion of sigB led to 

hyperresistance to H2O2 in stationary phase cells grown under aerobic conditions [51]. 

Further, while studies in B. cereus showed that loss of σB or σB regulon members 

showed impaired glucose-starvation-induced resistance to H2O2 [52-54], the ΔsigB 

mutant showed either a similar degree of resistance [52] or hyperresistance to H2O2 
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induced oxidative stress [55]. Interestingly, we found both hslO and the qoxABCD 

operon to be transcribed from a σB-dependent promoter, suggesting a direct role of σB 

in resistance to oxidative stress. Among heat shock proteins, HslO has a unique 

chaperone activity because it is redox regulated and protects both thermally and 

oxidatively damaged proteins from irreversible aggregation [56]. The importance of 

qoxABCD in oxidative stress response is also supported by observations in B. subtilis 

where a qoxABCD mutant shows reduced growth under aerobic conditions [57]. 

Upregulation of qox genes in L. monocytogenes in the presence of glycerol further 

indicates their involvement in adaption to an aerobic environment [58]. Our results 

suggest that the operon qoxABCD should be a focus for future studies on the 

molecular mechanisms behind oxidative stress resistance. As the exact role of σB in 

oxidative stress response in L. monocytogenes has not been elucidated to date, 

identification of these genes as regulated by σB-dependent promoters may provide 

fresh insight into the role of σB in oxidative stress response. 

Interestingly, our data also found the propanediol utilization (pdu) operon to be 

transcribed from an upstream σB-dependent promoter, revealing a new role for σB in 

the utilization of 1,2-propanediol. 1,2-propanediol is produced during the catabolism 

of rhamnose and fucose, two sugars that are abundant in mammalian glycoconjugates 

[59]. In addition, 1,2-propanediol is also used in various food products as a direct food 

additive [60]. The metabolism of 1,2-propanediol has been well studied in Salmonella; 

this organism is not only able to use 1,2-propanediol as a carbon source, but the pdu 

operon has also been shown to be important for virulence in Salmonella [36]. So far, 

studies in L. monocytogenes showed that transcription of some of the pdu genes 
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increases under certain conditions, including lack of glucose [61], during intracellular 

growth [62], and during growth on the surface of cold smoked salmon slices [31]. In 

L. innocua, the pduD gene is required for 1,2-propanediol metabolism and 17 genes 

within the pduA-to-pduF gene cluster are induced when cells are grown in a medium 

containing 1,2-propanediol [37]. The studies detailed above suggest the importance of 

1,2-propanediol utilization in Listeria during growth in foods and in the host 

environment; our study reveals evidence for a regulatory role for σB in 1,2-propanediol 

utilization. This finding further illustrates important regulatory roles for σB in 

adaptation and transition to food and host environments.  

Another σB-dependent promoter newly identified here is upstream of the 

LMRG_00978 to LMRG_00986 operon, which encodes proteins involved in 

pyrimidine ribonucleotide biosynthesis. Previous studies showed that genes involved 

in the de novo synthesis of purines (purA, purQ, lmo1771) and pyrimidines (pyrE) are 

required for intracellular replication of L. monocytogenes, suggesting that these 

nucleotides are not obtained from the host cell, but must be produced by the bacterium 

[63]. Our study supports σB as one of the key regulators for nucleotide metabolism, 

which is essential for L. monocytogenes to succeed in the intracellular environment.  

 

Newly identified σB-dependent promoters reveal additional mechanisms for σB-

dependent roles in osmotic stress, glycerol utilization, and virulence 

In addition to identification of new σB-dependent functions, as detailed above, 

our data also newly identified σB-dependent genes involved in functions previously 

linked to σB regulation, including oxidative stress, osmotic stress, glycerol utilization, 
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and virulence. The response to osmotic stress is one of the first reported specific 

functions for σB in L. monocytogenes [64]. Specific genes involved in osmotic stress 

response, such as opuCA, have a confirmed σB-dependent promoter [65] and are 

activated by osmotic stress in a σB-dependent manner [46]. The osmotic activation of 

σB in L. monocytogenes is rapid, transient, and proportional to the magnitude of the 

osmotic stress applied [66]. Here, two operons with a role in osmotic stress response 

were newly identified as being directly regulated by σB, including (i) LMRG_02114-

LMRG_02116 and (ii) LMRG_02775-LMRG_02778, which includes one gene 

encoding an OsmC/Ohr family protein. Previous studies have found that one of two 

genes encoding OsmC/Ohr family proteins is a member of the σB regulon in B. subtilis 

[35, 67], suggesting a general role for σB-dependent regulation of OsmC/Ohr family 

proteins. These osmotic stress response proteins, newly identified to be σB-dependent, 

broaden our knowledge of how σB fine-tunes gene regulation to support chemical and 

water homeostasis in L. monocytogenes. We hypothesize that these σB-dependent 

genes could play an important role under high osmotic stress conditions such as those 

encountered by L. monocytogenes during gastrointestinal passage [46]. 

Glycerol is used as an alternative carbon source by intracellular L. 

monocytogenes [68]. Previous publications revealed the importance of the ability to 

metabolize a series of carbon sources for successful human pathogens [69] such as M. 

tuberculosis [70]. In L. monocytogenes, the mutant defective in the uptake and 

metabolism of glycerol showed impaired intracellular growth [71]. In a previous 

proteomics study, σB was found to regulate the LMRG_02000-LMRG_02002 operon, 

which encodes subunits of dihydroxyacetone kinase that are involved in glycerol 
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metabolism in L. monocytogenes [27]. In addition, a sigB mutant had a diminished 

ability to use glycerol as a sole carbon source  [27]. In our study, the LMRG_01432-

LMRG_01431 operon, which encodes a glycerol kinase and a glycerol uptake 

facilitator protein, was found to have a σB-dependent promoter, further supporting an 

important role for σB in regulation of glycerol metabolism. As growth in glycerol also 

upregulates PrfA activity [58, 72], this newly revealed role for σB in glycerol 

metabolism further supports a link between carbohydrate metabolism and 

pathogenesis in L. monocytogenes. 

While σB previously has been recognized as a transcriptional regulator of a 

number of virulence genes, including prfA, inlA, inlC2, and inlD [68, 73], our study 

revealed that another virulence gene, srtA, which is involved in proteolysis and 

processing of internalin proteins [39] , is also directly regulated by σB. SrtA is 

required for the cell wall anchoring of InlA and, presumably, for the anchoring of 

other LPXTG-containing proteins that are involved in listerial infections [74]. A 

recent study also reported that inhibition of sortase A by chalcone could prevent L. 

monocytogenes infection [75].  In S. aureus, a number of sortase substrate proteins 

were previously observed to have higher or lower expression in a the ΔsigB mutant 

[76]. Our finding confirms and extends the role σB plays in pathogenesis, especially in 

the interaction between pathogen and host surface molecules during host cell invasion.  

 

Co-regulation of genes by σB and σA as well as other transcriptional regulators 

supports importance of σB in resilience and homeostasis 
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While L. monocytogenes σB has previously been well defined as a regulator of 

stress response and virulence functions, our data reported here further support a 

broader role for σB in resilience and homeostasis. The enriched GO terms related to 

general transport and homeostasis confirmed contributions of σB in coordinating 

complex networks responsive to changing environmental conditions. 

Importantly, we also found a number of σB-dependent TUs and genes preceded 

by both σB and σA-dependent promoters (Supp. Table 3.6). Key genes in this category 

include prfA, rsbV, qoxABCD (aerobic respiration), mogR (repressor of genes involved 

in flagella), phoU (phosphate transport regulation), cggR (central glycolytic genes 

regulator), ltrC (response to cold) and others.  Genes preceded by both a promoter 

regulated by a housekeeping sigma factor and a promoter regulated by an alternative 

sigma factor have been identified in other bacteria.  For example, in B. subtilis, clpC is 

preceded by two promoters (σA and σB) [77] and expression of the ureABC operon, 

which encodes urease, is dependent on σA and σH [78]. Additionally, the 

Extracytoplasmic Function (ECF) sigma factors of B. subtilis are known to co-regulate 

promoter regions with an existing σA promoter [79, 80]. In E. coli, extensive overlaps 

between promoters of the primary sigma factor σ70 and alternative sigma factors such 

as σ32 and others also suggest coregulation of gene expression by multiple sigma 

factors under various growth conditions [81].  

Seventy-four genes identified in previous studies as σB-dependent were not 

differentially expressed as σB-dependent in this study. A considerable number of these 

genes were co-regulated by more than one sigma factor, predominantly by σB and σA.  

A likely explanation regarding why some previously identified σB-dependent genes 
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showed no differential expression in this study may reflect the growth conditions 

under which the experiments were conducted:  the cells were in logarithmic growth 

with no additional imposed stress conditions.  Previous studies used stress conditions 

such as stationary phase and salt stress to induce σB expression. In contrast, our 

experiment used artificial induction of σB expression by addition of rhamnose to log-

phase cells.  The transcriptional activity of the σA housekeeping sigma factor has been 

found to be diminished under stress conditions [82, 83]. Fast-growing cells depend on 

σA to regulate expression of housekeeping genes such as those involved in protein 

biosynthesis, DNA replication and structural proteins. Therefore, under log-phase, σA 

is usually highly active to support the reproductive needs of the cells [82]. Under the 

conditions used in this study, genes co-transcribed by both σA and σB under log-phase 

might have very little expression originating from the sometimes weaker σB promoter 

if the stronger σA promoter is located upstream or very close to the σB promoter. 

 

CONCLUSIONS 

In this study, we used RNA-seq to explore the role of σB in L. monocytogenes 

by overexpressing σB in a strain where genes encoding all other alternative sigma 

factors had been deleted. Combined with prior data revealing important roles for σB in 

pathogenesis and stress response, identification of new putative σB-dependent 

promoters upstream of a number of genes indicates a broader regulon for this 

alternative sigma factor, which also appears to contribute to cellular homeostasis.  

Transcriptomic approaches such as RNA-seq and microarrays as well as proteomic 

approaches are powerful tools to explore the regulation of sigma factors, however, 
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they have limited abilities to distinguish indirectly regulated genes from directly 

regulated genes. Further experiments with approaches such as ChIP-seq may allow a 

better definition of the direct regulons of sigma factors. 
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CHAPTER 4 

A SYSTEMATIC REVIEW OF THE L. MONOCYTOGENES σB REGULON 

SUPPORTS A BROAD ROLE OF σB IN STRESS RESPONSE, VIRULENCE, AND 

METABOLISM 

 

ABSTRACT 

In Gram-positive bacteria, alternative sigma factors are the key transcriptional 

regulators of general response to changing environmental conditions. Among the 

different alternative sigma factors in the foodborne pathogen Listeria monocytogenes, 

σB controls the largest regulon, which includes genes encoding important stress 

response and virulence functions. While the sB regulon in L. monocytogenes has been 

defined through a number of genome-wide analyses, a definitive analysis and review 

of the sB regulon in this important foodborne pathogen is missing. This review 

provides (i) a comprehensive summary of members of the L. monocytogenes sB 

regulon and (ii) functions of the different genes directly regulated by sB. For the 

purpose of this review, we define the sB regulon as genes that are in an operon where 

(i) at least a part of the operon showed evidence for higher transcript levels in the 

presence of sB as compared to an isogenic null mutant and (ii) where an upstream 

consensus sB dependent promoter was identified. Based on a systematic literature 

review we identified 43 relevant papers; analysis of these data revealed 171 sB 

dependent Transcription Units (TUs) that encompassed 304 genes. Functions that 

could be assigned to these genes ranged from general and specific (e.g., osmotic) 

stress responses to virulence functions as well as metabolism functions, supporting a 
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broad role of sB in L. monocytogenes’ resilience. Overall, this review provides a 

comprehensive summary of the sB regulon that will facilitate further studies on this 

important alternative sigma factors and its function in L. monocytogenes.  

Keywords: SigB, regulon, Listeria monocytogenes, stress response, virulence 

 

1. Importance of L. monocytogenes as foodborne pathogens and model organism 

L. monocytogenes is a foodborne pathogen of concern for food safety and 

public health in the United States and world-wide. This Gram-positive pathogen 

causes the serious infection, listerosis, in susceptible populations, such as the 

immunocompromised, pregnant women, newborns and older adults. This bacterium 

challenges food safety because it is commonly present in farm and food-processing 

environments and can utilize various food vehicles to tranmit to a human host. L. 

monocytogenes’ ability to rapidly adapt to changing environmental conditions enables 

it to survive harsh environments during food processing, as well as to adapt to the 

intracellular growth and proliferation. This bacteria is able to survive in a wide range 

of temperature and pH as well as high osmotic pressure and limited nutrients [1].  

Characteristics of L. monocytogenes has made it a unique model in infection 

biology, cell biology and fundamental microbiology. This successful intracellular 

pathogen can infect human and animal host cells, survive and grow under different 

conditions and overcome important pathophysiological barriers, such as the intestinal 

epithelium, the blood-brain barrier and the placenta. Decades of studies have revealed 

important mechanisms of transmission, invasion, motility, and resistance in L. 

monocytogenes [2-4]. These findings supported this pathogen to be a paradigm and a 
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multifaceted model for the study of host-pathogen interactions, intracellular growth 

and pathogenic mechanism [5, 6]. L. monocytogenes is also an emerging model in 

prokaryotic transcriptomic studies and in environmental studies [7, 8]. 

 

2. Importance of alternative sigma factor B in L. monocytogenes’ gene regulations 

2.1. Overview of key players and role of sB in L. monocytogenes’ gene regulation  

To overcome changing conditions, gene expression in L. monocytogenes is 

tightly regulated by regulators including alternative sigma (s) factors, transcriptional 

activators and repressors [9]. Among the alternative sigma factors, sB has the largest 

regulon in L. monocytogenes [10]. The complex and fine-tuned interplay between the 

regulatory circuits of sB and other transcription regulators and other sigma factors is 

the key for successful infection and survival under different conditions [11]. sB and 

other sigma factors such as sA and sH have overlapping regulons, which play 

important roles in the metabolism and transitions to pathogenic lifestyle [10]; In 

addition, sB and sB-regulated regulators such as PrfA and Hfq together coordinate the 

response to the stresses encountered during invasion and intracellular growth [12, 13]. 

Mutants with sigB deletion are more susceptible to environmental stresses and 

attenuated in virulence [14-16], with transcriptomic and proteomic data showing 

significant changes in the gene expression profile of these mutants [6, 17, 18].  Based 

on these studies, sB is currently considered as the regulator of general stress response, 

virulence and resilience [19]. Reviewing studies on sB regulon not only provides an 

overview of sB regulation in L. monocytogenes, but also inspires future research on 

sB-dependent genes carrying out important functions for this pathogen. 
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2. 2.  sB regulon in L. monocytogenes 

Several studies on the sB regulon in a single L. monocytogenes strain have 

suggested more than 200 genes to be directly regulated by sB [6, 11, 17, 20]. 

However, as a pathogen with global distribution, multiple L. monocytogenes strains 

and isolates have been used in various studies worldwide. The most common lab 

strains are 10403S, EGDe and EGD [21], and other strains used less frequently include 

LO28, H7858, and clinical isolates [22, 23]. Meanwhile, even the commonly used lab 

strains have diverse genomic characteristics. The names of EGD and EGDe were 

confusing [24], but these two strains are genetically highly distinct from each other 

with ~30,000 SNPs [21]. Additionally, strains have non-homologous genes, which 

makes it complex to only use the regulon of one strain to represent all. Previous 

studies have revealed that, other than a conserved sB regulon in Bacillus, sB regulon 

in L. monocytogenes can vary in different lineages and strains [25, 26]. In this review, 

we searched for and summarized sB regulon members in different strains of L. 

monocytogenes. 

 

3. Systematic review of literature on sB in L. monocytogenes 

3.1. Search Strategy 

We searched PubMed and Web of Knowledge databases for relevant articles. 

We used broad search terms for Listeria monocytogenes, σB regulation, stress response 

and transcriptional studies. Specifically, we employed the Medical Subject Headings 

(MeSHs) in PubMed search as well as the text-word searching. MeSH terms covered 

the ones linked to L. monocytogenes, σB, and methods (Table 4.1). Text-words 
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included “Listeria monocytogenes”, “listeriosis”, “SigB”, “Sigma B”, “SigmaB”, 

“stress response”, and “virulence gene”. The final search was conducted on October 

2017. A list of 291 publications was generated through the search. An additional paper 

[27] not published until February 2018 was also included in the list of publications for 

following screening. 

 

Table 4.1 MeSH terms used in this study 
Subheadings of 
“Listeria 
monocytogenes” 

SigB related terms Methods and Approaches 
terms 

“genetics: “SigB protein, Bacteria 
[Supplementary 
Concept]” 

“Sequence Analysis, RNA” 

“growth and 
development” 

“Sigma 
Factor/genetics” 

“RNA, Untranslated/genetics”] 

“metabolism” “Gene Expression 
Regulation, Bacterial” 

“Genome-Wide Association 
Study" 

“microbiology” “Stress, Physiological”  
“pathogenicity”   

 

3.2. Inclusion and Exclusion Criteria 

We reviewed articles through an abstract screen and a following full-text 

screen. 

Our inclusion criterion for abstract screen is that the abstract mentions sB-

dependent promoter, sB regulon, sB-dependent genes with transcriptional or 

translational evidence in L. monocytogenes; or it is a transcriptional/proteomic study 

with Transcription Start Site (TSS) and/or promoter region prediction. Our exclusion 

criterion for abstract screen is that the abstract is not a study in L. monocytogenes (e.g., 

Bacillus); or it is not focusing on the genes regulated by sB (e.g. growth of sB mutant 
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under stress condition); regulation of other regulators except sB (e.g., PrfA); 

phylogenetic studies using sigB to subtype Listeria; study the mechanism of sB 

activation. Abstracts meeting the inclusion criteria were then screened through full-

text screening.  

Our inclusion criterion for full-text screen is that the article identifies sB-

dependent genes that show evidence for higher expression levels in the presence of sB 

as compared to an isogenic null mutant; or that the article identifies sB-dependent 

promoters or TUs. Only papers with full-text in English were included. No further 

restrictions were placed on: study design, lineages and strains, study location, or 

technique methods (e.g. RNA-seq or proteomic).  

With these inclusion and exclusion criteria, we identified 43 publications that 

reported sB regulon in L. monocytogenes or reported transcription units by genome-

wide analysis. We then extracted data from these 43 publications to summarize the sB 

regulon in L. monocytogenes. 

 

4. Compilation of the L. monocytogenes sB regulon members and their functions 

4.1. Summary of the sB regulon in L. monocytogenes strains 

A recent study identified 127 TUs, which had upstream sB-dependent 

consensus promoters and encompassed 240 genes, as the sB regulon in L. 

monocytogenes strains 10403S [20]. The systematic literature review described above 

was used to (i) verify and expand this regulon for strain 10403S and to (ii) identify 

additional TUs with upstream sB dependent consensus promoters in other strains, 
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including EGDe, EGD, H7858, LO28 and others. Overall, these efforts identified 171 

TUs that encompassed 304 genes (Table 4.2).  
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Table 4.2. σB regulon members in L. monocytogenes 
TU 
no.a 

Gene locus coordinates for the 
geneb 

gene stra
nd 

Strainc  Re
fd 

gene 
locus in 
EGDe 

sigB promoter sequence  

1 LMRG_02442  16,220   17,326  qoxA + 10403S 1 lmo0013 gtttcggatttcacaatctagggaat 

1 LMRG_02443  17,345   19,324  qoxB + 10403S 1 lmo0014 gtttcggatttcacaatctagggaat 
1 LMRG_02444  19,312   19,923  qoxC + 10403S 1 lmo0015 gtttcggatttcacaatctagggaat 

1 LMRG_02445  19,925   20,257  qoxD + 10403S 1 lmo0016 gtttcggatttcacaatctagggaat 
2 LMRG_02448  23,133   23,954  LMRG_02448 - 10403S 1 lmo0019 ctttttatttttccaaaatagggtat 

3 LMRG_02472  48,076   49,308  arcA + 10403S 1 lmo0043 gcatacatgacaaacttttggggtaa 
4 LMRG_02382  133,269   133,502  LMRG_02382 + 10403S 1 lmo0133 gttttcttttggttgatgagtggaat 
4 LMRG_02383  133,514   133,792  LMRG_02383 + 10403S 1 lmo0134 gttttcttttggttgatgagtggaat 
5 LMRG_02414  161,540   162,397  LMRG_02414 + 10403S 1 lmo0169 gaatgatttcatgaggaaaagggtat 
5 LMRG_02415  162,459   163,724  LMRG_02415 + 10403S 1 lmo0170 gaatgatttcatgaggaaaagggtat 
6 LMRG_02622  198,099   198,812  prfA - 10403S 1 lmo0200 gttactgcctaatgtttttagggtat 
7 LMRG_02632  208,946   209,887  ldh - 10403S 1 lmo0210 gtttataattctcaataaaaggtaaa 
8 LMRG_02643  223,505   224,284  LMRG_02643 + 10403S 1 lmo0221 cgaataaaatcaaagaggctgggctt 
8 LMRG_02644  224,300   225,184  LMRG_02644 + 10403S 1 lmo0222 cgaataaaatcaaagaggctgggctt 
9 LMRG_02674  245,054   247,516  clpC + 10403S 1 lmo0232 agttttaattttacctttaccggata 
9 LMRG_02675  244,003   245,025  mcsB + 10403S 1 lmo0231 agttttaattttacctttaccggata 
9 LMRG_02676  243,488   244,006  mcsA + 10403S 1 lmo0230 agttttaattttacctttaccggata 

10 LMRG_02646  276,274   277,920  inlC2 + 10403S 1 lmo0263 tgttaatttggtctaaaaaagggtat 
11 LMRG_02851  278,128   279,831  inlD + 10403S 1 N/A tgtcacaattaatcattaacgggtct 
12 LMRG_02611  281,675   282,814  dapE + 10403S 1 lmo0265 agtttgcctttatagagaacgggaaa 
13 LMRG_02602  290,712   291,374  LMRG_02602 - 10403S 1 lmo0274 cggttacattggctaaaaaagggtat 
14 LMRG_02579  313,427   314,932  htrA + 10403S 1 lmo0292 tgttttacatatttcataaagggaat 
15 LMRG_00013  346,711   347,370  LMRG_00013 + 10403S 1 lmo0321 ggtttgcgaagggaataagagggaaa 
16 LMRG_00028  366,591   366,959  LMRG_00028 + 10403S 1 lmo0336 gttatttaccactgaaaaacgggaat 
16 LMRG_00029  366,956   368,404  LMRG_00029 + 10403S 1 N/A gttatttaccactgaaaaacgggaat 
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Table 4.2 (Continued)         
16 LMRG_00030  369,383   369,754  LMRG_00030 + 10403S 1 N/A gttatttaccactgaaaaacgggaat 
16 LMRG_00031  369,798   369,986  LMRG_00031 + 10403S 1 N/A gttatttaccactgaaaaacgggaat 
16 LMRG_02931  368,875   369,162  LMRG_02931 + 10403S 1 N/A gttatttaccactgaaaaacgggaat 
16 LMRG_02932  368,414   368,785  LMRG_02932 + 10403S 1 N/A gttatttaccactgaaaaacgggaat 
17 LMRG_00050  386,130   386,990  LMRG_00050 + 10403S 1 lmo0359 ggatactgctttcgggttaatggttc 
17 LMRG_00051  387,047   387,817  LMRG_00051 + 10403S 1 lmo0360 ggatactgctttcgggttaatggttc 
18 LMRG_00098  426,428   427,435  LMRG_00098 + 10403S 1 lmo0405 tttttatatttgtataaaaggggtat 
18 LMRG_00099  427,451   427,831  LMRG_00099 + 10403S 1 lmo0406 tttttatatttgtataaaaggggtat 
18 LMRG_00100  427,900   428,292  LMRG_00100 + 10403S 1 lmo0407 tttttatatttgtataaaaggggtat 
18 LMRG_00101  428,305   428,727  LMRG_00101 + 10403S 1 lmo0408 tttttatatttgtataaaaggggtat 
19 LMRG_00126  453,867   456,269  inlA + 10403S 1 lmo0433 tgtgttattttgaacataaagggtag 
19 LMRG_00127  456,354   458,246  inlB + 10403S 1 lmo0434 tgtgttattttgaacataaagggtag 
20 LMRG_00131  460,567   461,835  LMRG_00131 - 10403S 1 lmo0439 gtttcaccgcactgctttcagggaaa 
21 LMRG_00137  469,361   470,848  LMRG_00137 + 10403S 1 N/A gagtattttaaggcaaatgtggtata 
22 LMRG_02884  495,166   495,525  LMRG_02884 + 10403S 1 N/A gattttttattgtctaaatagggtat 
23 LMRG_00196  529,619   530,050  uspA + 10403S 1 lmo0515 ggcctaaaatcatttttatagggtat 
24 LMRG_00205  538,707   540,368  LMRG_00205 - 10403S 1 lmo0524 tgattgttctatgtcaaaacgggtaa 
25 LMRG_00208  542,971   544,446  LMRG_00208 + 10403S 1 lmo0527 gtttattataacctttttagtggaaa 
25 LMRG_00211  545,946   547,196  LMRG_00211 + 10403S 1 lmo0529 gtttattataacctttttagtggaaa 
25 LMRG_00212  547,212   549,263  LMRG_00212 + 10403S 1 lmo0530 gtttattataacctttttagtggaaa 
25 LMRG_00213  549,276   550,130  LMRG_00213 + 10403S 1 N/A gtttattataacctttttagtggaaa 
25 LMRG_02879  544,439   545,935  LMRG_02879 + 10403S 1 N/A gtttattataacctttttagtggaaa 
26 LMRG_00221  557,807   558,823  lacD - 10403S 1 lmo0539 gttttaaaaaaattattcagtggtat 
27 LMRG_00236  572,432   573,613  LMRG_00236 + 10403S 1 lmo0554 gtttaaattttctaaaaaaagtgtat 
27 LMRG_00237  573,703   575,181  dtpT + 10403S 1 lmo0555 gtttaaattttctaaaaaaagtgtat 
28 LMRG_00261  596,881   597,126  LMRG_00261 + 10403S 1 lmo0579 gattgtttcgatgtgatttggggtaa 
28 LMRG_00262  597,142   597,804  LMRG_00262 + 10403S 1 lmo0580 gattgtttcgatgtgatttggggtaa 
29 LMRG_00271  610,787   611,200  LMRG_00271 + 10403S 1 lmo0589 gtttagcaaagagcattataggggaa 
29 LMRG_00272  611,200   612,969  LMRG_00272 + 10403S 1 lmo0590 gtttagcaaagagcattataggggaa 
29 LMRG_00273  612,966   613,739  LMRG_00273 + 10403S 1 lmo0591 gtttagcaaagagcattataggggaa 
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Table 4.2 (Continued)         
29 LMRG_00274  613,867   614,409  LMRG_00274 + 10403S 1 lmo0592 gtttagcaaagagcattataggggaa 
30 LMRG_00275  614,637   615,437  LMRG_00275 + 10403S 1 lmo0593 gttttaagagtttgaaaacggggaaa 
31 LMRG_00278  618,323   618,850  LMRG_00278 + 10403S 1 lmo0596 ggttttaaattcgttttttaggctat 
32 LMRG_00285  624,079   624,579  LMRG_00285 + 10403S 1 lmo0602 gcattcttttggttaaaaaggggtaa 
33 LMRG_00288_as 

 625,465   626,930  
asRNA  + 10403S 1 N/A gtttataagtctagtatagcggggaa 

34 LMRG_00293  631,530   633,299  LMRG_00293 - 10403S 1 lmo0610 gtttaacatattactaaaagaggaat 
35 LMRG_00311  650,750   651,025  LMRG_00311 + 10403S 1 lmo0628 ttttgaataaagttaaaatcgggtat 

35 LMRG_00312  651,087   651,614  LMRG_00312 + 10403S 1 lmo0629 ttttgaataaagttaaaatcgggtat 
36 LMRG_00335  672,255   673,205  LMRG_00335 + 10403S 1 lmo0648 gttttttgatgcgataataagggaaa 
37 LMRG_00334  671,873   672,157  LMRG_00334 - 10403S 1 lmo0647 tgatttgatttaagtatttgaggtaa 
38 LMRG_00341  678,939   679,148  LMRG_00341 + 10403S 1 lmo0654 gattacatttctatttattggggaaa 
38 LMRG_00342  679,216   679,923  LMRG_00342 + 10403S 1 lmo0655 gattacatttctatttattggggaaa 
39 LMRG_00356  688,618   688,734  LMRG_00356 + 10403S 1 N/A cgttttagcgtaaaactggagggaag 
39 LMRG_00357  688,746   689,627  LMRG_00357 + 10403S 1 lmo0669 cgttttagcgtaaaactggagggaag 
39 LMRG_00358  689,645   689,821  LMRG_00358 + 10403S 1 lmo0670 cgttttagcgtaaaactggagggaag 
40 LMRG_00359_as 

689,839  690,205  
asRNA  - 10403S 1 N/A cgtttcgttttttaaaacttgggcta 

41 rli33  690,645   691,224  ncRNA + 10403S 1 N/A gggtttggattgggtgagacgggtat 
42 LMRG_00361  691,937   692,146  LMRG_00361 - 10403S 1 N/A gtttacaccctaatcatcaggggtaa 
42 LMRG_00362  692,165   693,085  mogR - 10403S 1 N/A gtttacaccctaatcatcaggggtaa 
43 LMRG_00411  733,935   735,665  LMRG_00411 + 10403S 1 lmo0722 tgaatactcttctaaaaacagggtaaa 
44 LMRG_00469  787,255   788,133  mpoD - 10403S 1 lmo0781 gttttctgactaatcttttagggtaa 
44 LMRG_00470  788,152   788,964  mpoC - 10403S 1 lmo0782 gttttctgactaatcttttagggtaa 
44 LMRG_00472  789,623   790,090  mpoA - 10403S 1 lmo0784 gttttctgactaatcttttagggtaa 
44 LMRG_02869  789,138   789,623  mpoB - 10403S 1 lmo0783 gttttctgactaatcttttagggtaa 
45 LMRG_00482  804,255   804,896  LMRG_00482 - 10403S 1 lmo0794 gtttcccagtcccctctttcgggaat 
46 LMRG_00484  806,007   806,537  LMRG_00484 - 10403S 1 lmo0796 gtttaatttcttaagatttaggctag 
47 LMRG_02263  852,984   853,454  LMRG_02263 - 10403S 1 N/A gtctctcttttggttggtaagggcaa 
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Table 4.2 (Continued)         
48 LMRG_02293  890,187   891,185  LMRG_02293 + 10403S 1 lmo0869 tattttagcaactcaaaaaggggtat 
48 LMRG_02294  891,201   891,512  LMRG_02294 + 10403S 1 lmo0870 tattttagcaactcaaaaaggggtat 
49 LMRG_02304  900,048   901,436  LMRG_02304 + 10403S 1 lmo0880 gtttttaacaagcaagttgtgggaac 
50 LMRG_02317  910,921   911,265  rsbV + 10403S 1 lmo0893 tgttttaattttattagttagggtaa 
50 LMRG_02318  911,249   911,722  rsbW + 10403S 1 lmo0894 tgttttaattttattagttagggtaa 
50 LMRG_02319  911,700   912,479  sigB + 10403S 1 lmo0895 tgttttaattttattagttagggtaa 
50 LMRG_02320  912,480   913,079  rsbX + 10403S 1 lmo0896 tgttttaattttattagttagggtaa 
51 LMRG_02011  928,896   929,399  LMRG_02011 + 10403S 1 lmo0911 gttttaacttgccctcaggcgggtat 
52 LMRG_02013  930,540   932,015  gabD + 10403S 1 lmo0913 tgattaaatttttcgatttgtggaaa 
53 LMRG_02028  948,041   948,709  LMRG_02028 + 10403S 1 lmo0929 gattaagtatgcaagattacgggaaa 
54 LMRG_02036  955,305   955,466  LMRG_02036 - 10403S 1 lmo0937 tgtttaaagactgatctcacgggaat 
55 LMRG_02041  960,856   961,326  fri + 10403S 1 N/A tgtttaagaaattttatcagtggtaa 
56 LMRG_02052  969,071   969,298  LMRG_02052 + 10403S 1 lmo0953 gttttacttctacttttttagggaat 
57 LMRG_02055  970,896   972,029  nagA + 10403S 1 lmo0956 tggttattttactttttttcgggtaa 
57 LMRG_02056  972,045   972,749  nagB + 10403S 1 lmo0957 tggttattttactttttttcgggtaa 
57 LMRG_02057  972,765   973,487  yvoA + 10403S 1 lmo0958 tggttattttactttttttcgggtaa 
58 LMRG_02094  1,006,561  1,006,929  LMRG_02094 - 10403S 1 lmo0994 gtttagccgcttaacaaaacgggaaa 
59 LMRG_02095  1,006,959  1,007,990  LMRG_02095 - 10403S 1 lmo0995 gataagcgttacagaatctagggtaa 
60 LMRG_02114  1,025,623  1,026,816  LMRG_02114 + 10403S 1 lmo1014 gctttttttaaaagtgatatgggccg 
60 LMRG_02115  1,026,809  1,027,657  LMRG_02115 + 10403S 1 lmo1015 gctttttttaaaagtgatatgggccg 
60 LMRG_02116  1,027,671  1,028,573  LMRG_02116 + 10403S 1 lmo1016 gctttttttaaaagtgatatgggccg 
61 LMRG_00529  1,075,768  1,077,606  LMRG_00529 + 10403S 1 lmo1067 cggctcagctatgctataataggtaa 
62 LMRG_00530  1,077,778  1,078,638  LMRG_00530 + 10403S 1 lmo1068 gcattattttatgtgaaaaagggaat 
63 LMRG_00583  1,132,104  1,132,511  LMRG_00583 - 10403S 1 lmo1140 acataattgaaacatttttcgggtat 
64 LMRG_00594  1,140,296  1,140,583  LMRG_00594 + 10403S 1 lmo1151 gtaaaatacttattttgagaaggagg 
64 LMRG_00595  1,140,576  1,141,379  LMRG_00595 + 10403S 1 lmo1152 gtaaaatacttattttgagaaggagg 
64 LMRG_00596  1,141,398  1,143,062  LMRG_00596 + 10403S 1 lmo1153 gtaaaatacttattttgagaaggagg 
64 LMRG_00597  1,143,100  1,143,759  LMRG_00597 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00598  1,143,776  1,144,288  LMRG_00598 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00599  1,144,333  1,146,153  LMRG_00599 + 10403S 1 lmo1156 gtaaaatacttattttgagaaggagg 
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64 LMRG_00600  1,146,150  1,146,497  LMRG_00600 + 10403S 1 lmo1154 gtaaaatacttattttgagaaggagg 
64 LMRG_00601  1,146,510  1,146,947  LMRG_00601 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00602  1,146,972  1,147,247  LMRG_00602 + 10403S 1 lmo1159 gtaaaatacttattttgagaaggagg 
64 LMRG_00603  1,147,251  1,147,886  LMRG_00603 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00604  1,147,907  1,148,746  LMRG_00604 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00605  1,148,743  1,149,222  LMRG_00605 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00606  1,149,200  1,149,490  LMRG_00606 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00607  1,149,505  1,150,500  LMRG_00607 + 10403S 1 lmo1164 gtaaaatacttattttgagaaggagg 
64 LMRG_00608  1,150,507  1,151,916  LMRG_00608 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00609  1,151,932  1,153,050  LMRG_00609 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00610  1,153,078  1,153,782  LMRG_00610 + 10403S 1 N/A gtaaaatacttattttgagaaggagg 
64 LMRG_00611  1,153,848  1,155,041  LMRG_00611 + 10403S 1 lmo1168 gtaaaatacttattttgagaaggagg 
65 LMRG_00672  1,208,314  1,211,514  LMRG_00672 + 10403S 1 lmo1226 gttttaactatctcagaaaaagggaat 
66 LMRG_00687  1,226,174  1,227,436  LMRG_00687 + 10403S 1 lmo1241 gattgagcatccaaaaacaggggtat 
67 LMRG_00710  1,244,576  1,245,715  LMRG_00710 - 10403S 1 lmo1261 gtttaacttttagcgtttttgggaat 
68 LMRG_00745  1,325,948  1,326,181  hfq + 10403S 1 lmo1295 gtttggtaagaagaaataaagggtat 
69 LMRG_00790  1,326,481  1,327,572  LMRG_00790 + 10403S 1 lmo1340 gttttagcttcctttgaaaagggtaa 
70 LMRG_00826  1,358,624  1,359,718  LMRG_00826 + 10403S 1 lmo1375 tgttttaatctaggtttagcgggtat 
70 sbrA  1,358,285  1,358,354  ncRNA + 10403S 1 N/A tgttttaatctaggtttagcgggtat 
71 LMRG_00873  1,410,734  1,411,720  LMRG_00873 + 10403S 1 lmo1421 gaatatttagggatgatttagggtaa 
71 LMRG_00874  1,411,717  1,413,231  LMRG_00874 + 10403S 1 lmo1422 gaatatttagggatgatttagggtaa 
72 LMRG_00877  1,415,695  1,416,366  opuCD - 10403S 1 lmo1425 gtttaaatctatactagttagggaaa 
72 LMRG_00878  1,416,381  1,417,307  opuCC - 10403S 1 lmo1426 gtttaaatctatactagttagggaaa 
72 LMRG_00879  1,417,309  1,417,965  opuCB - 10403S 1 lmo1427 gtttaaatctatactagttagggaaa 
72 LMRG_00880  1,417,969  1,419,162  opuCA - 10403S 1 lmo1428 gtttaaatctatactagttagggaaa 
73 LMRG_00884  1,422,426  1,423,076  LMRG_00884 - 10403S 1 lmo1432 gtttgaaagtgaaatcagacgggaaa 
73 LMRG_00885  1,423,129  1,424,220  LMRG_00885 - 10403S 1 lmo1433 gtttgaaagtgaaatcagacgggaaa 
74 LMRG_00891  1,431,900  1,432,508  LMRG_00891 - 10403S 1 N/A ggtttaacttttgagtttcagggaaa 
75 LMRG_00906  1,445,400  1,446,524  rpoD - 10403S 1 lmo1454 gttttaaaaccgctaaatgatggtat 
76 LMRG_01444  1,520,453  1,520,797  LMRG_01444 - 10403S 1 lmo1526 gtttttaataggacagaaacgggtac 
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77 LMRG_01431  1,533,837  1,534,655  LMRG_01431 - 10403S 1 lmo1539 gttataactctcgcgaattggggtaa 
77 LMRG_01432  1,532,269  1,533,762  LMRG_01432 - 10403S 1 lmo1538 gttataactctcgcgaattggggtaa 
78 LMRG_01365  1,604,884  1,605,339  LMRG_01365 - 10403S 1 lmo1602 gttttagaggggaatactcagggtat 
78 LMRG_01366  1,604,338  1,604,862  LMRG_01366 - 10403S 1 lmo1601 gttttagaggggaatactcagggtat 
79 LMRG_01360  1,609,075  1,611,429  LMRG_01360 - 10403S 1 lmo1606 gtttaagccctctattatcaaggtat 
79 LMRG_01361  1,607,437  1,608,780  LMRG_01361 - 10403S 1 lmo1605 gtttaagccctctattatcaaggtat 
80 LMRG_01301  1,675,776  1,680,911  lapB - 10403S 1 lmo1666 gtttgtcatagataaaataggggaat 
81 LMRG_02772  1,721,784  1,722,326  LMRG_02772 - 10403S 1 lmo1698 agtttattttttaataaaatgggtat 
82 LMRG_02775  1,723,687  1,724,040  LMRG_02775 - 10403S 1 lmo1701 agctttaatactacgaaagcgggtat 
82 LMRG_02776  1,724,069  1,724,470  LMRG_02776 - 10403S 1 lmo1702 agctttaatactacgaaagcgggtat 
82 LMRG_02777  1,724,485  1,725,864  LMRG_02777 - 10403S 1 lmo1703 agctttaatactacgaaagcgggtat 
82 LMRG_02778  1,725,929  1,726,309  LMRG_02778 - 10403S 1 lmo1704 agctttaatactacgaaagcgggtat 
83 LMRG_02556  1,733,561  1,734,553  LMRG_02556 + 10403S 1 lmo1713 gtttaaataatgcttataaggtgaaa 
84 LMRG_02813  1,819,521  1,820,108  LMRG_02813 + 10403S 1 lmo1789 gtacctaatcggctggaaaacgggtat 
84 LMRG_02814  1,820,129  1,820,845  LMRG_02814 + 10403S 1 lmo1790 gtacctaatcggctggaaaacgggtat 
85 LMRG_00977  1,862,459  1,863,058  LMRG_00977 + 10403S 1 lmo1830 gttttttctttctaattttagggtag 
86 LMRG_00978  1,863,099  1,863,728  LMRG_00978 - 10403S 1 lmo1831 agcaccttttcaccatgtttggctct 
86 LMRG_00979  1,863,725  1,864,426  LMRG_00979 - 10403S 1 lmo1832 agcaccttttcaccatgtttggctct 
86 LMRG_00980  1,864,423  1,865,337  LMRG_00980 - 10403S 1 lmo1833 agcaccttttcaccatgtttggctct 
86 LMRG_00981  1,865,334  1,866,098  LMRG_00981 - 10403S 1 lmo1834 agcaccttttcaccatgtttggctct 
86 LMRG_00982  1,866,121  1,869,333  LMRG_00982 - 10403S 1 lmo1835 agcaccttttcaccatgtttggctct 
86 LMRG_00983  1,869,326  1,870,417  LMRG_00983 - 10403S 1 lmo1836 agcaccttttcaccatgtttggctct 
86 LMRG_00984  1,870,414  1,871,694  LMRG_00984 - 10403S 1 lmo1837 agcaccttttcaccatgtttggctct 
86 LMRG_00985  1,871,682  1,872,593  LMRG_00985 - 10403S 1 lmo1838 agcaccttttcaccatgtttggctct 
87 LMRG_01030  1,912,109  1,913,167  chiA - 10403S 1 lmo1883 agttttattttcactatgttgggtat 
88 LMRG_01076  1,961,027  1,961,470  LMRG_01076 - 10403S 1 lmo1929 ggttttctgttttagaaatagggaat 
88 LMRG_01077  1,961,489  1,962,454  LMRG_01077 - 10403S 1 lmo1930 ggttttctgttttagaaatagggaat 
88 LMRG_01078  1,962,465  1,963,178  LMRG_01078 - 10403S 1 lmo1931 ggttttctgttttagaaatagggaat 
88 LMRG_01079  1,963,201  1,963,968  LMRG_01079 - 10403S 1 lmo1932 ggttttctgttttagaaatagggaat 
88 LMRG_01080  1,964,027  1,964,596  LMRG_01080 - 10403S 1 lmo1933 ggttttctgttttagaaatagggaat 
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89 LMRG_01140  2,022,210  2,022,929  LMRG_01140 + 10403S 1 lmo1992 gtttaaaatcttttgtttacggatat 

90 LMRG_01199_as 
 2,088,657  2,088,808  

asRNA  - 10403S 1 N/A gattacaaggttaaaattggtggaat 

91 LMRG_01217  2,102,959  2,103,936  bsh - 10403S 1 lmo2067 tgttttactccaaactccgagggtac 
92 LMRG_01236  2,118,805  2,120,493  LMRG_01236 - 10403S 1 lmo2085 gttttcttttgctgttttatgggtat 
93 LMRG_01243  2,128,550  2,130,073  LMRG_01243 + 10403S 1 lmo2092 gttacctttttgctaacatggggaaa 
94 LMRG_01284  2,171,179  2,173,002  LMRG_01284 - 10403S 1 lmo2130 gggttatttatcttattaatgggtat 
95 LMRG_02808  2,175,183  2,175,893  LMRG_02808 + 10403S 1 lmo2132 gttttatgcgcttatattgcgggaaa 
96 sbrE  2,183,996  2,184,506  ncRNA + 10403S 1 N/A cgtttacatttatttagaacggttat 
97 LMRG_01676  2,198,898  2,199,239  LMRG_01676 + 10403S 1 lmo2156 gattttgttagttaacaaacgggata 
98 LMRG_01675  2,199,294  2,201,195  sepA - 10403S 1 lmo2157 ggttttgaataattttatggaggtat 
99 LMRG_01674  2,201,324  2,201,509  csbD - 10403S 1 lmo2158 tgttttagctttctatattgtggaaa 

100 LMRG_01658  2,215,733  2,216,806  LMRG_01658 - 10403S 1 lmo2174 gaatagttgtgagcatattggggtat 
100 LMRG_01659  2,214,260  2,215,627  LMRG_01659 - 10403S 1 N/A gaatagttgtgagcatattggggtat 
101 LMRG_01641  2,238,749  2,239,144  spxA - 10403S 1 lmo2191 gtttaaacaagttatagtaggggtat 
101 LMRG_01642  2,237,864  2,238,517  LMRG_01642 - 10403S 1 lmo2190 gtttaaacaagttatagtaggggtat 
102 LMRG_01627  2,253,000  2,253,689  gpmA - 10403S 1 lmo2205 gtttgacacttcacttgaaagggaaa 
103 LMRG_01619  2,261,743  2,262,246  hmoB + 10403S 1 lmo2213 tgtttcaattatgaaaaacgtggaaa 
104 LMRG_01600  2,281,255  2,282,559  LMRG_01600 + 10403S 1 lmo2232 tgtttctagtaatttaaaaagggtag 
104 LMRG_01601  2,280,130  2,280,999  LMRG_01601 + 10403S 1 lmo2231 tgtttctagtaatttaaaaagggtag 
104 LMRG_01602  2,279,640  2,280,065  arsC + 10403S 1 lmo2230 tgtttctagtaatttaaaaagggtag 
105 LMRG_01561  2,319,172  2,319,528  LMRG_01561 - 10403S 1 lmo2269 ggttttaattagctcaaacggggtaa 
106 LMRG_01484  2,381,316  2,382,047  LMRG_01484 - 10403S 1 lmo2358 tgctttagaaaaaatagttggggtaa 
106 LMRG_01485  2,380,769  2,381,299  LMRG_01485 - 10403S 1 N/A tgctttagaaaaaatagttggggtaa 
107 LMRG_02731  2,416,208  2,416,681  LMRG_02731 + 10403S 1 lmo2386 ggtttttaataagctcattgtggtaa 
108 LMRG_02732  2,416,792  2,418,018  LMRG_02732 + 10403S 1 lmo2387 gtttacagctatatgttaaagggaaa 
109 LMRG_02736  2,421,703  2,422,332  LMRG_02736 + 10403S 1 lmo2391 ggttttattttttactcaccgggaaa 
110 LMRG_01850  2,426,928  2,427,428  ltrC + 10403S 1 lmo2398 tgtttagaaatcctgtaaacgtctat 
111 LMRG_01814  2,456,888  2,458,291  gadD3 - 10403S 1 lmo2434 gtttgtctctgtggtttaatgggtat 
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112 LMRG_01794  2,480,430  2,480,597  LMRG_01794 - 10403S 1 lmo2454 tgttttaaaaataacgagaggggtaa 
113 LMRG_01788  2,486,836  2,487,882  cggR - 10403S 1 lmo2460 tgtttcattttttagagaggtggaaa 
113 LMRG_01789  2,485,794  2,486,804  gap - 10403S 1 lmo2459 tgtttcattttttagagaggtggaaa 
113 LMRG_01790  2,484,469  2,485,659  pgk - 10403S 1 lmo2458 tgtttcattttttagagaggtggaaa 
113 LMRG_01791  2,483,668  2,484,435  tpi - 10403S 1 lmo2457 tgtttcattttttagagaggtggaaa 
113 LMRG_01792  2,482,134  2,483,666  pgm - 10403S 1 lmo2456 tgtttcattttttagagaggtggaaa 
113 LMRG_01793  2,480,706  2,481,998  eno - 10403S 1 lmo2455 tgtttcattttttagagaggtggaaa 
113 rli70-2  2,487,988  2,488,214  ncRNA - 10403S 1 N/A tgtttcattttttagagaggtggaaa 
114 LMRG_01784  2,493,072  2,493,680  LMRG_01784 - 10403S 1 N/A gtttggcatatgtaaaaaagaggtataggtat 
114 LMRG_01785  2,490,831  2,492,993  LMRG_01785 - 10403S 1 lmo2463 gtttggcatatgtaaaaaagaggtataggtat 
114 LMRG_01786  2,489,826  2,490,752  LMRG_01786 - 10403S 1 lmo2462 gtttggcatatgtaaaaaagaggtataggtat 
115 LMRG_01763  2,514,100  2,514,300  LMRG_01763 - 10403S 1 lmo2485 gtttaataaaatgaaaggaagggaaa 
115 LMRG_01764  2,513,738  2,514,091  LMRG_01764 - 10403S 1 lmo2484 gtttaataaaatgaaaggaagggaaa 
116 LMRG_01754  2,524,174  2,524,833  phoU - 10403S 1 lmo2494 gttaacttacgaaaaaaagtgggtat 
117 LMRG_01737  2,544,528  2,545,091  LMRG_01737 - 10403S 1 lmo2511 gtttgcggaagcggtattagtggaat 
118 LMRG_02695  2,605,244  2,606,242  LMRG_02695 - 10403S 1 lmo2573 tgcattattttaagaaattcgggaaa 
118 LMRG_02696  2,604,717  2,605,241  LMRG_02696 - 10403S 1 lmo2572 tgcattattttaagaaattcgggaaa 
118 LMRG_02697  2,604,084  2,604,716  LMRG_02697 - 10403S 1 lmo2571 tgcattattttaagaaattcgggaaa 
118 LMRG_02698  2,603,446  2,604,060  LMRG_02698 - 10403S 1 lmo2570 tgcattattttaagaaattcgggaaa 
118 LMRG_02699  2,601,649  2,603,310  LMRG_02699 - 10403S 1 N/A tgcattattttaagaaattcgggaaa 
119 LMRG_02146  2,651,609  2,652,271  LMRG_02146 + 10403S 1 lmo2602 tgttttggtttaatgccaaagggaat 
119 LMRG_02147  2,652,389  2,653,279  LMRG_02147 + 10403S 1 lmo2603 tgttttggtttaatgccaaagggaat 
120 LMRG_02215  2,707,157  2,707,519  LMRG_02215 - 10403S 1 lmo2670 tgattaaagagaaaattttgtggtac 
120 LMRG_02216  2,707,516  2,707,884  LMRG_02216 - 10403S 1 lmo2671 tgattaaagagaaaattttgtggtac 
120 LMRG_02217  2,707,930  2,708,736  LMRG_02217 - 10403S 1 lmo2672 tgattaaagagaaaattttgtggtac 
121 LMRG_02218  2,708,852  2,709,322  uspA2 + 10403S 1 lmo2673 tgcttctttcttttatttatgggtat 
121 LMRG_02219  2,709,368  2,709,823  rpiB + 10403S 1 lmo2674 tgcttctttcttttatttatgggtat 
122 LMRG_02000  2,736,180  2,736,554  LMRG_02000 + 10403S 1 lmo2697 cgttttgactttctagtaaagggaaa 
122 LMRG_02001  2,735,580  2,736,176  LMRG_02001 + 10403S 1 lmo2696 cgttttgactttctagtaaagggaaa 
122 LMRG_02002  2,734,569  2,735,558  LMRG_02002 + 10403S 1 lmo2695 cgttttgactttctagtaaagggaaa 
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123 LMRG_01972  2,761,515  2,761,958  LMRG_01972 - 10403S 1 lmo2724 agtttaaggtaaaacgaattgggtat 
124 LMRG_01960  2,774,195  2,775,328  LMRG_01960 + 10403S 1 N/A gttttcgtcatacctagacaggcaat 
124 LMRG_01961  2,772,516  2,774,198  LMRG_01961 + 10403S 1 lmo2735 gttttcgtcatacctagacaggcaat 
124 LMRG_01962  2,769,866  2,772,514  LMRG_01962 + 10403S 1 N/A gttttcgtcatacctagacaggcaat 
124 LMRG_01963  2,767,847  2,769,805  LMRG_01963 + 10403S 1 lmo2733 gttttcgtcatacctagacaggcaat 
125 LMRG_01948  2,785,937  2,786,356  LMRG_01948 - 10403S 1 lmo2748 gtttaaagccgggagccgagtggaaa 
125 LMRG_01949  2,784,319  2,785,602  LMRG_01949 - 10403S 1 lmo2747 gtttaaagccgggagccgagtggaaa 
125 LMRG_01950  2,784,048  2,784,299  LMRG_01950 - 10403S 1 lmo2746 gtttaaagccgggagccgagtggaaa 
126 LMRG_01913  2,828,463  2,830,379  LMRG_01913 - 10403S 1 N/A tgtttcacgtgaaactttttgggcta 
127 LMRG_02094  1,006,561  1,006,929  LMRG_02094 - 10403S 1 lmo0994 aggttatttttcactaaatggggtaa 
128 rli95  2,106,222  2,106,324  ncRNA + EGDe 2 rli95 sigB box identified 
129 rli47  2,226,036  2,226,349  ncRNA + EGDe 2 rli47 sigB box identified 
130 anti0946  981,423   981,635  asRNA - EGDe 2 anti0946 sigB box identified 
131 anti2270  2,360,500  2,360,555  asRNA - EGDe 2 anti2270 sigB box identified 
132 Lysine  826,431   826,710  sRNA - EGDe 2 Lysine sigB box identified 
133 lmo1580  1,622,583  1,623,047  yxiE + EGDe 3 lmo1580 ggttcttttaggaaaaagagggtaa 
134 lmo1694  1,757,771  1,758,673  yfhF + EGDe 3 lmo1694 gttttaatactactaaaaaggaat 
135 lmo2175  2,257,754  2,258,515  dhbA - EGDe 3 lmo2175 gattataataaaaatagaaagggaat 
136 rli118  199,775   199,884  sRNA + EGDe 4 rli118 sigB box identified 
137 rli119  215,458   215,587  sRNA - EGDe 4 rli119 sigB box identified 
138 rli127  1,473,701  1,473,829  sRNA - EGDe 4 rli127 sigB box identified 
139 rli128  1,575,917  1,575,995  sRNA - EGDe 4 rli128 sigB box identified 
140 anti0671  707,612   708,220  asRNA + EGDe 4 anti0671 sigB box identified 
141 anti1255  1,279,721  1,281,205  asRNA - EGDe 4 anti1255 sigB box identified 
142 anti0605  643,891   645,231  asRNA - EGDe 4 anti0605 sigB box identified 
143 anti0647-1  689,541   689,825  asRNA - EGDe 4 anti0647-

1 
sigB box identified 

144 anti0675-677 
 712,208   712,480  

asRNA + EGDe 4 anti0675-
677 

sigB box identified 

145 anti2270  2,360,435  2,360,713  asRNA + EGDe 4 anti2270 sigB box identified 
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146 lmo2362  2,431,688  2,433,211  gadC + EGDe 5 lmo2362 gtttgt-N14-gggtat 
146 lmo2363  2,433,224  2,434,618  gadB + EGDe 5 lmo2363 gtttgt-N14-gggtat 
147 lmo2468  2,543,014  2,542,610  clpP + EGDe 5 lmo2468 gtttga-N16-gtgtat 
148 lmo1571  1,610,206  1,611,165  pfk - EGDe 5 lmo1571 gttttg-N11-gtttaa 
149 lmo2477  2,552,312  2,553,295  galE - EGDe 5 lmo2477 atagat-N14-gggtct 
150 lmo1339  1,366,457  1,367,425  lmo1339 + EGDe 5 lmo1339 gtttaa-N16-ggagaa 
151 F-lmo_0374   lsiIA  F2365 6 N/A sigB box identified 
152 lmo0036  40,705   41,730  arcB + LO28 7 lmo0036 sigB box identified 
152 lmo0037  41,803   43,188  arcD + LO28 7 lmo0037 sigB box identified 
153 lmo1367  1,390,209  1,390,671  argR + LO28 7 lmo1367 sigB box identified 
154 lmo0373  399,645   400,979  lmo0373 + FSL 

J1-208 
8 lmo0373 ttgttttttaaataaatgtatgctatatttat 

155 lmo2668  2,740,888  2,742,970  lmo2668 - FSL 
J1-194 

8 lmo2668 agatttataattaaaacgaacaggagggaacg
ag 

155 lmo2667  2,740,390  2,740,868  lmo2667 - FSL 
J1-194 

8 lmo2667 agatttataattaaaacgaacaggagggaacg
ag 

155 lmo2666  2,740,052  2,740,347  lmo2666 - FSL 
J1-194 

8 lmo2666 agatttataattaaaacgaacaggagggaacg
ag 

155 lmo2665  2,738,719  2,740,005  lmo2665 - FSL 
J1-194 

8 lmo2665 agatttataattaaaacgaacaggagggaacg
ag 

156 lmo0398  419,531   420,002  lmo0398 + 10403S 8 lmo0398 cggtttcattagaatgtaattgtaagcaaggca
tt 

156 lmo0399  419,987   419,992  lmo0399 + 10403S 8 lmo0399 cggtttcattagaatgtaattgtaagcaaggca
tt 

156 lmo0400  420,318   420,323  lmo0400 + 10403S 8 lmo0400 cggtttcattagaatgtaattgtaagcaaggca
tt 

156 lmo0401  421,452   424,096  lmo0401 + 10403S 8 lmo0401 cggtttcattagaatgtaattgtaagcaaggca
tt 

156 lmo0402  424,116   426,064  lmo0402 + 10403S 8 lmo0402 cggtttcattagaatgtaattgtaagcaaggca
tt 

157 peg_418 
 412,643   413,485  

LMRG_00233 + H7858, 
10403S 

9 lmo0551 ggctattttaaggaggtgagggaag 
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Table 4.2 (Continued)  
  

     

158 peg_539 
 530,186   530,794  

LMRG_00359 + H7858, 
10403S 

9 lmo0671 gttttagcgtaaaactggagggaag 

159 peg_591 
 576,055   577,860  

LMRG_00412 + H7858, 
10403S 

9 lmo0723 gaatactcttctaaaaacagggtaa 

159 peg_592 
 577,873   578,601  

LMRG_00413 + H7858, 
10403S 

9 lmo0724 gaatactcttctaaaaacagggtaa 

160 peg_1164 
 1,121,859  1,123,154  

LMRG_00750 + H7858, 
10403S 

9 lmo1300 gtttgatgtttggcaaatagaggcat 

161 peg_1957 
 1,951,051  1,951,701  

LMRG_01245 - H7858, 
10403S 

9 lmo2094 ggatcactttgcgcgcataatggcaa 

161 peg_1958 
 1,951,703  1,952,635  

LMRG_01246 - H7858, 
10403S 

9 lmo2095 ggatcactttgcgcgcataatggcaa 

162 peg_2644 
 2,629,813  2,630,664  

LMRG_01861 - H7858, 
10403S 

9 lmo2837 gttccgcttgcgatttcgggtat 

162 peg_2643 
 2,628,742  2,629,794  

LMRG_01862 - H7858, 
10403S 

9 lmo2836 gttccgcttgcgatttcgggtat 

162 peg_2642 
 2,627,935  2,628,729  

LMRG_01863 - H7858, 
10403S 

9 lmo2835 gttccgcttgcgatttcgggtat 

162 peg_2641 
 2,626,847  2,627,878  

LMRG_01864 - H7858, 
10403S 

9 lmo2834 gttccgcttgcgatttcgggtat 

163 peg_679 
 666,801   667,463  

LMRG_02246 + H7858, 
10403S 

9 lmo0821 gtgttagcggcgaaaaaagcgggtat 

164 peg_95 
 86,548   87,321  

LMRG_02326 + H7858, 
10403S 

9 lmo0075 gaatgaaattaactatatacgggaac 

164 peg_96 
 87,318   88,370  

LMRG_02327 + H7858, 
10403S 

9 lmo0076 gaatgaaattaactatatacgggaac 

165 peg_125 
 118,980   121,262  

LMRG_02354 + H7858, 
10403S 

9 lmo0105 gtttataaatcaaaaatcggggtga 

166 peg_2467  2,440,597  2,442,066  LMOh7858_2920 + H7858 9 N/A agtttagatgttttgtgtaagggaaaa 
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Table 4.2 (Continued)         
167 peg_525  520,891   521,559  LMOh7858_0721

.1 
+ H7858 9 N/A cgattttttcatggataaaagggtata 

167 peg_526  521,748   523,364  LMOh7858_0723 + H7858 9 N/A cgattttttcatggataaaagggtata 
168 peg_1531  1,497,392  1,498,840  LMOh7858_1776 - H7858 9 N/A ggtttagttaacggtattaattgggtaat 
169 peg_2775  2,774,201  2,775,970  LMOh7858_0394 + H7858 9 N/A tgtttctggtgataagaaaatgggaaca 
170 peg_333  330,370   332,439  LMOh7858_0523 + H7858 9 lmo0460 tgtttctatcgcacaagaaagggatat 
170 peg_334  332,575   334,332  LMOh7858_0524 + H7858 9 N/A tgtttctatcgcacaagaaagggatat 
171 peg_335  334,497   334,871  LMOh7858_0524

.1 
+ H7858 9 lmo0461 cctatgaagaagaaaagagtagtgatta 

171 peg_336  334,891   335,376  LMOh7858_0524
.2 

+ H7858 9 lmo0462 cctatgaagaagaaaagagtagtgatta 

171 peg_337  335,404   335,709  LMOh7858_0527 + H7858 9 lmo0463 cctatgaagaagaaaagagtagtgatta 
171 peg_338  335,908   336,051  LMOh7858_0528 + H7858 9 lmo0464 cctatgaagaagaaaagagtagtgatta 

a. TU number was arbitrarily assigned to each TU.  
b. Genbank Assembly Accession ID of genomes for coordinates: 10403S (GCA_000168695.2), H7858 (GCA_000167155.1), EGDe and 
other strains (GCA_000196035.1). When there is more than one strain, coordinates in 10403S genome were listed.    
c. We obtained an initial list of 127 TUs from Liu et al. (2017), and for these TUs 10403S is the strain in which the Liu et al study was 
conducted (which does not imply that this is the strain where this TU was first identified as s σB-dependent); for all other TUs, the 
strain where a TU was initially identified as σB-dependent is listed. we did not attempt to determine the distribution of all σB-dependent 
TUs among L. monocytogenes strains as this represent a primary study that was defined as beyond the scope of this review.  
d. references are coded as: 1 = Liu et al, 2017 [20]; 2 = Mraheil et al, 2011 [85]; 3 = Hain et al, 2008 [97]; 4 = Wurtzel et al, 2012 
[115]; 5 = Wemekamp-Kamphuis et al, 2004[54]; 6 = Milillo et al, 2009 [116]; 7 = Ryan S et al, 2009 [23]; 8 = Oliver et al, 2010 [26]; 
9 = Guariglia et al, 2018 [27].  
N/A: not applicable; ncRNA: noncoding RNA; sRNA: small RNA. 
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4.2 Function search strategy and reference categories 

We searched the genes of interest individually for studies on their functions in 

L. monocytogenes and other bacteria. Evidence for functions was classified into four 

categories: 1) Functions with experimental evidence in L. monocytogenes; 2) 

Functions with experimental evidence in Bacillus, other Firmicutes or any bacteria; 3) 

Functions suggested by GO terms and conserved amino acid motif; 4) Unknown 

function. Functions not based on references in category 1 need to be further explored 

with complementary experiments. Searches for studies on gene functions were through 

Google scholar and Pubmed, while databases Subtiwiki, QuickGO, and Uniprot were 

searched for functions in Bacillus, GO terms and homology in protein products. Gene 

names, as well as locus name in 10403S (LMRG) and EGDe (lmo) were used as 

keywords in searching. A snowballing approach was also used to find references on 

gene functions. 

4.3 Functional groups  

While specific functions of sB-dependent genes were found during the 

function search, broader functional groups could provide insights in the connections 

and cooperation of these genes and provide for easier classification. Generally, we 

divided the gene functions into five general categories based on known roles of sB, 

including (i) stress response, (ii) virulence, (iii) metabolism, (iv) other functions and 

(v) unknown function. While there are more than one hundred genes with unknown 

functions, most of the genes with identified putative functions are included in the 

“stress response”, “virulence” and “metabolism” categories. Some genes were 

classified into more than one general categories(Table 4.2).  
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Table 4.3. σB regulon members grouped by function 
Function # of sigB 

regulon 
members 

Commentsa 

1. Stress 
response 

73 Includes 23 and 5 genes also classified into the general 
categories “virulence” and “metabolism” 

1.1 Osmotic 18 2 genes also classified into 1.6, 1 gene also classified 
into 1.4 

1.2 Oxidative 14 1 gene also classified into 1.3  
1.3 Acid 12 1 gene also classified into 1.2  
1.4 Antibiotic 
resistance 

6 1 gene also classified into 1.1  

1.5 Bile 
response 

3  

1.6 Alkaline 
stress 

2 2 genes also classified into 1.1 

1.7 Other 
stressesb 

22  

2. Virulence 51 Includes 23 and 4 genes also classified into the general 
categories “stress response” and “metabolism” 

3. Metabolism 101 Includes 5 and 4 genes also classified into the general 
categories “stress response” and “virulence” 

3.1 Carbon 
metabolism 

73 1 gene also classified into 3.6 

3.2 Nucleotide 
metabolism 

9  

3.3 Ion 
transport 

8  

3.4 Vitamin 
metabolism 

5  

3.5 Protein 
metabolism 

4 1 gene also classified in 3.6 

3.6 Other 
metabolismsc 

4 1 gene also classified into 3.1, 1 gene also classified in 
3.5 

4. Other 
functionsd 

9  

5. Unknown 102  
Total 304  

Five general categories of functions and the total number are shown in bold.  
a. In the “Comments” column, overlaps between the general function categories are listed. 
Under one general category, overlaps between the subgroups of functions in this category are 
also shown. 
b. Other stress responses include response to cold stress and general stress. 
c. Other metabolisms include cell wall metabolism and lipid metabolism. 
d. Other functions include competence, and regulators of unknown functions. 
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RESULTS 

5. Functions associated with the sB regulon members 

5.1. The σB regulon contains 73 members involved in stress response including 

osmotic, oxidative, acid, antibiotic, bile, alkaline and other stress response 

Since the first report of sB in L. monocytogenes in 1998 [14], modulation of stress 

response has been recognized as a key role of sB in this organism, consistent with the 

role of sB in other Firmicutes, including Bacillus and Staphylococcus spp. [19]. 

Transcriptional, translational and phenotypic data support contribution of σB to this 

bacterium’s ability to survive and grow under different stresses outside a host, such as 

osmotic stress, as well as specific stresses inside a host, such as bile stress [16, 28-31]. 

In this review, we identified 73 sB regulon members that are involved in different 

aspects of stress response and survival, including osmotic, oxidative, acid, alkaline, 

and bile stress or are involved in antibiotic resistance. Identification of these 73 sB 

regulon members in response to different stress conditions confirms the role of sB as 

the general stress response regulator in L. monocytogenes, allowing this pathogen to 

cope with host defense mechanisms and to survive under stress conditions. Overlaps in 

different stress responses support the cross-protection of L. monocytogenes under 

multiple stress.  

a. The sB regulon includes 18 members involved or putatively involved in 

osmotic stress response.  

Soon after its initial discovery, σB has been reported to contribute to the osmotic 

stress resistance of L. monocytogenes, as supported by a variety phenotypic [15] [25] 

as well as gene expression studies [32, 33]. The 18 sB regulon members with known 
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or putative roles in osmotic stress resistance, include 8 genes that represent three well-

studied sB-dependent osmotic stress resistance systems, including OpuC 

(opuCABCD), Gbu (gbuABC) and BetL (betL). All three of these systems facilitate 

accumulation of compatible solutes under high osmolality conditions. Specifically, 

OpuC is required for carnitine accumulation while Gbu and BetL are two betaine 

transporters. These systems transport carnitine and glycine betaine into the cytoplasm 

from outside of the cell membrane to combat high salt stress [33, 34]. An additional 

eight genes that are part of the sB regulon encode proteins with putative roles in 

osmotic stress resistance. For three of these genes (LMRG_00884, LMRG_00583, and 

LMRG_01600) transposon insertions affected the growth of L. monocytogenes LO28 

under high salt conditions [35]; however, mechanisms and specific functions of these 

genes have not yet been reported. LMRG_01658 as well as three genes 

LMRG_00208, LMRG_00211-00212 in a five-gene TU are sB regulon members that 

have been reported as induced by salt stress; Ribeiro et al hypothesized that under salt 

stress, expression of these genes allowed for enhanced synthesis of 

exopolysaccharides in response to osmolality changes [36]. While transcriptomic data 

indicated these genes’ contribution to osmotic stress response, to clearly define their 

functions requires further physiologic studies.  

In addition, three genes (LMRG_00672, hfq, and dtpT) are involved in functions 

other than osmotic stress response. Phenotypic characterization of LMRG_00672 

transposon insertion mutants has revealed that this gene supports growth of L. 

monocytogenes in sodium chloride, resistance to streptomycin as well as attachment 

and virulence (Glenn, 2014). Besides, two sB regulon members (hfq, dtpT) have been 
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reported to play important roles in L. monocytogenes’ osmotic stress resistance as well 

as other stress responses. Hfq is a regulator binding to small RNAs (sRNAs) during 

intracellular growth [37]. Hfq mutants show attenuated virulence and impaired 

resistance to osmotic stress and ethanol stress [12]. The di- and tripeptide transporter 

dtpT is involved in salt stress protection as well as in virulence, using a mouse 

infection model [38]. Overall, the apparent involvement of at least 18 sB regulon 

members in osmotic stress further supports a key role of σB in L. monocytogenes’ 

resistance and response to osmotic stress, a stress that this pathogen is likely to 

encounter in a variety of environments, including but not limited to certain foods (e.g., 

food preserved with salt, such as many cheeses and smoked seafood) as well as the 

environment encountered in the small intestine [39]. 

b. The sB regulon includes 14 members involved or putatively involved in 

oxidative stress response.  

While L. monocytogenes can survive under oxidative stressed conditions 

challenged during inside macrophage, the role of sB in regulation of oxidative stress 

response remains controversial. Previous phenotypic studies have reported results 

ranging from hypersensitivity [26, 29] to hyperresistance [25, 40] to oxidative stress for 

σB null mutants, suggesting a complex sB regulated network responding to different 

oxidative conditions nicely. In all, fourteen sB regulon members are classified into the 

subgroup of oxidative stress response. Oxidative stress caused by products such as 

reactive oxygen species (ROS) is a critical part of host defense mechanisms, so it is not 

surprising that 6 of 14 genes are also grouped in virulence. The four-gene TU qoxABCD 

encodes QoxAB, an aa3-type oxidase which is required for aerobic growth of Bacillus 
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[41]. In L. monocytogenes, QoxAB has been found to contribute to aerobic respiration 

and intracellular replication, as well as the initial stage of murine infection in 

experiments using a ∆qoxAB mutant [42]. The sB regulon member SpxA, encoded by 

LMRG_01641, is required for pathogenesis and oxidative stress response in L. 

monocytogenes as an spxA mutant showed impaired ability of vacuolar escape and 

increased sensitivity to both peroxide and disulfide stress [43]. In addition, the 

superoxide dismutase (Sod) encoded by the sB regulon member LMRG_00891 protects 

organisms against superoxides and ROS. Deletion in sod results in impaired survival 

within macrophages and mice, indicating its contribution in virulence [44]. In addition, 

two sB regulon members are involved in oxidative stress response and other functions, 

uspA and yqhD. Universal stress protein A (UspA), encoded by LMRG_00196, 

contributes to extracellular survival of L. monocytogenes under acid stress and oxidative 

stress [45]. In E. coli, yqhD encodes a NADPH-dependent aldehyde reductase, which is 

part of a glutathione-independent mechanism in response to oxidative stress [46]. In 

addition, yqhD has been reported to contribute to isobutanol production in E. coli [47]. 

The role of yqhD in L. monocytogenes has not been fully confirmed.  

Other sB regulon members in oxidative stress response group include five genes 

and one noncoding RNA (ncRNA). The sB-dependent TU LMRG_02643-02644 

contains hlsO and coaX. The heat shock proteins HslO is redox regulated and protects 

both thermally and oxidatively damaged proteins from irreversible aggregation [48]. In 

Bacillus, coaX encodes a type III pantothenate kinase that is responsible for the 

conversion of pantothenate into Coenzyme A [49]. LMRG_00885 encoding a 

glutathione reductase has also been reported to play roles in oxidative stress resistance 
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in E. coli [50]. Transcriptional studies have revealed upregulation of oxidoreductase 

encoding genes including LMRG_00357 [28] and LMRG_02813 when L. 

monocytogenes is exposed to oxidative stresses such as chlorine dioxide [51]. The 

ncRNA sbrE contributes to the expression of TU LMRG_00319-00320 and is 

upregulated when L. monocytogenes is exposed to oxidative stress [52]. The roles of 

these six σB regulon members in the L. monocytogenes’ defense against oxidative stress 

need to be examined by further studies on different strains. Taken as a whole, these 

genes suggest important contributions of sB to L. monocytogenes’ response to 

endogenous oxidative stress in an aerobic environment and exogenous oxidative stress 

caused by host immune system [53]. 

c. The sB regulon includes 12 members involved or putatively involved in 

acid stress response.  

σB directly regulates the transcription of 12 genes contributing to acid 

resistance. The glutamate decarboxylase (GAD) system is one of the principal systems 

for L. monocytogenes to deal with acid stress. Among genes encoding components of 

the GAD system, gadB, gadC and gadD belong to σB regulon [54, 55]. The GAD 

system consists of a glutamate decarboxylase enzyme and a glutamate-γ-

aminobutyrate (GABA) antiporter. This system produces accumulated GABA and 

collaborates to reduce acidification inside the cell. In addition, gene gadD is involved 

in GABA metabolism via the GABA shunt pathway. Deletion of gadD increased 

survival of L. monocytogenes under acid treatment by increasing accumulation of 

GABA [56]. Another crucial mechanism activated by σB under acid stress is through 

putative arginine deiminase (ADI) genes, which have been shown to play a role in the 
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acid tolerance of other bacterial genera. A σB-dependent putative regulator ArgR, 

regulates transcription of the arcA, arcB, arcD locus where a putative σB-dependent 

promoter was identified upstream[23]. In addition to these two systems, uspA is also 

crucial for L. monocytogenes’ resistance to acid stress as discussed above [45]. Other 

sB regulon members identified to contribute to acid resistance of L. monocytogenes 

include LMRG_00484 and LMRG_02736. Importance of these genes in acid 

resistance has been confirmed in gene knock-out experiments, but function of them 

remains unknown [30]. LMRG_02736 and LMRG_01387 have putative roles in acid 

stress as suggested by their homology to general stress proteins and induction under 

acid stress. In all, these 12 genes reveal important sB-dependent systems responsible 

for L. monocytogenes’ adaption to acid stress. 

d. The sB regulon includes 6 members involved or putatively involved in 

antibiotic resistance.  

Antimicrobials are the recommended treatments for Listeria infection, and it is 

important to understand the antimicrobial resistance in L. monocytogenes. While 

previous studies report a low prevalence of resistant strains [57, 58], likely exposure to 

antibiotics in the environmental niche suggests that L. monocytogenes could cope with 

antibiotic stresses at low levels. There are six sB regulon members involved in 

antibiotic resistance mechanisms and five of them have additional functions. TU 

mpoABCD is involved in carbon metabolism and resistance to class IIa bacteriocins in 

L. monocytogenes [59]. This TU encodes a mannose PTS permease similar with that 

encoded by the mpt operon. Mutants of mpo showed an intermediate resistance to 

class IIa bacteriocins. In 2011, characterization of mpo mutant also showed that this 
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PTS system plays an important role in PrfA inhibition [60]. The stress response gene 

LMRG_00672 is a drug exporter of the RND superfamily, responsible for the 

streptomycin resistance exhibited by L. monocytogenes strain 10403S (Glenn, 2014). 

The overlap of antibiotic resistance and other functions is further supported by the 

upregulation of stress and virulence genes under subinhibitory concentrations of 

antibiotics [61]. The fosfomycin resistance protein (FosX) encoding gene is also part 

of sB regulon and it helps L. monocytogenes to respond to antibiotic stress by 

catalyzing the hydration of fosfomycin [62]. These six sB regulon members 

contributing to antibiotic resistance in L. monocytogenes suggest a direction for future 

works on genetic regulation of antibiotic resistance. 

e. The sB regulon includes 3 members involved or putatively involved in bile 

stress response.  

In host animals, L. monocytogenes is typically exposed to a bile stressed 

environment with more than 0.3% volume/volume of bile [63]. Three important genes 

in bile resistance are directly regulated by sB: bsh, bilEA and bilEB. bsh encodes a 

bile-salt hydrolase, and the TU of bilE (opuB), encodes a bile-exclusion system [64]. 

Bsh is the only bile salt hydrolase in L. monocytogenes, and deletion of bsh results in 

decreased resistance to bile and reduced virulence and liver colonization in mice [65]. 

BilE, a transporter similar with OpuC protein, was believed to be a weak regulator of  

osmotic stress response, but phenotypic experiments have supported its specific role in 

bile stress response and intestinal colonization of L. monocytogenes [64]. These three 

genes are also directly regulated by PrfA and considered as virulence-related [64, 66]. 

Regulation of bile stress response by sB and PrfA is an important example of 
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regulatory networks involved in transitions during digestive tract life of L. 

monocytogenes. 

f. The sB regulon includes 24 members involved or putatively involved in 

other stress response.  

As the sB operon also has a sB-dependent promoter, this four gene TU of 

rsbV-rsbW-sigB-rsbX is also included in sB regulon. This operon is crucial for the 

posttranscriptional regulation of sB activity. Basicly, the activation of sB is allowed 

when the anti-sigma factor RsbW binds to anti-anti-sigma factor RsbV, and sB is 

released from the anti-sigma factor to initiate the transcription [67]. Other stress 

response genes in sB regulon include two involved in alkaline stress, one involved in 

cold stress and twenty-one involved in general stress response. LMRG_00583 and 

LMRG_01600 are involved in alkaline stress and osmotic stress [35]. sB has been 

reported to be required for L. monocytogenes to grow at low temperature with 

nutrition restriction, a gene essential for this bacterium to grow at cold, ltrC, is sB-

dependent [68-70]. Among the sB-dependent general stress response genes, five genes 

are also virulence-related, including htrA, fri, and the TU of clpC-mcsAB. HtrA is a 

serine protease required for optimal growth of L. monocytogenes under stress 

conditions including salt, heat and oxidants [71]. Fri promotes tolerance to stresses 

such as iron limitations and oxidative stress as well as contributes to intracellular 

growth in L. monocytogenes [72]. The clpC operon is involved in response to stresses 

include iron limitation, heat and osmotic stress as well as in virulence [73]. The other 

12 genes are putatively involved with general stress response as homologous to stress 
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response genes in other species, and further studies in L. monocytogenes are needed to 

define the roles of these genes.  

5.2. The σB regulon contains 51 members involved in virulence 

Overall, we classified 51 σB regulon members in the “virulence” group. As addressed 

in the section above, 23 σB regulon members in the “virulence” group are also classified into 

the group “stress response”; genes classified into both groups are required for survival and 

multiplication under host-related conditions such as bile and acidic pH in the gastric 

environment or oxidative stress in the host-cell phagosome. Besides, 4 σB regulon members 

are classified in both “virulence” and “metabolism” group; rest 24 genes are classified only in 

the “virulence” group. 

sB directly regulates 24 virulence-specific genes, including the key 

transcription activator of L. monocytogenes’ virulence gene expression, positive 

regulatory factor A (PrfA) [74]. PrfA can be transcribed from multiple promoters, 

regulated by sB, sA and PrfA itself [75]. The tightly regulated expression of PrfA is 

required for optimal growth inside and outside the host, as virulence gene expression 

costs the limited resources [76]. Meanwhile, many virulence-specific genes are under 

co-regulation of PrfA and σB, including internalin encoding genes inlA and inlB  that 

are required for adhesion and invasion of L. monocytogenes into host cells [77]. Other 

σB-dependent internalin genes include inlC2, inlD and LMRG_00293, as well as 

H7858 specific σB regulon members LMOh7858_2920, LMOh7858_0394, 

LMOh7858_0527. In addition, gene srtA, which is involved in proteolysis and 

processing of internalin proteins [78], is required for infection. Two virulence genes 

chiA and LMRG_02354 encode proteins in chitin catabolic process. Chitinase 

expressed by bacterial pathogens have proven to be crucial for infecting animals and 
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humans and in L. monocytogenes the mutants lacking chiA were defective for growth 

in the livers and spleens of mice [79, 80]. Other important virulence genes include 

mogR that regulates flagellar motility genes as a transcriptional repressor [81]; lapB 

that is required for entry into eukaryotic cells[82]; mecA that regulates virulence genes 

for escape from phagosomes [83]; and LMRG_02556 that is involved in cell 

morphogenesis and intracellular replication [84].Three σB-dependent ncRNAs also 

contribute to the pathogenesis, Lysine, strain-specific lsiIA and rili33 [85-87].  

It is worth noting that specific metabolism activities (e.g. glycolysis, glycerol 

metabolism) are involved in the pathogenesis of intracellular pathogens like L. 

monocytogenes. A well-studied example is the interaction between PTS system and PrfA, 

(Joseph et al., 2008; Stoll et al., 2008 ) showing a close link between the glucose-, mannose- 

and cellobiose-specific PTS permeases and the modulation of the PrfA activity in L. 

monocytogenes [88, 89]. There are 4 σB regulon members involved in both virulence and 

carbon metabolism. LMRG_01789 encodes glyceraldehyde 3-phosphate dehydrogenase 

(Gap), one of the most important enzymes in glycolysis, while LMRG_01793 encodes enolase 

(Eno). In L. monocytogenes, Gap and Eno have been shown to human plasminogen, 

suggesting a role in virulence [90]. In addition, lacD and pfk have been identified as virulence-

related in other Firmicutes: In Streptococcus pyogenes, lacD is responsible for lactose and 

galactose utilization as well as virulence gene regulation [91]; Glycolytic gene pfk is also a 

putative virulence-related gene in Bacillus [92].  

Together sB regulon members including transcriptional regulators reveal important 

features of virulence regulation by sB in L. monocytogenes: metabolism and stress response 

genes contribute to infection; a hierarchical regulatory network consists of overlapped 

regulons of sB and sB-dependent regulators; and strain-specific and lineage-specific 
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sB regulon members in the “virulence” group  may explain varied virulence of different 

lineages and strains of L. monocytogenes. 

5.3. The σB regulon contains 101 members involved in metabolism including 

carbon, nucleotide, ion, vitamin, protein, and other stress response 

Accumulating evidence suggests that sB is involved in regulation of metabolism-

related functions in L. monocytogenes. Among them, sB-regulated carbon metabolism have 

been well studied (e.g. PTS and glycerol metabolisms) [88, 93, 94]. Changes in carbon 

metabolism do not only provide energy to the bacterium under conditions with limited 

nutrients, but also allow indirect regulation of other genes (e.g. glycerol metabolism regulates 

PrfA activity). Other metabolic activities are also important for L. monocytogenes’ 

homeostasis and pathogenesis; for example, modulation of ion uptake is crucial for 

intracellular growth as  host immune systems could reduce the bioavailability of ions to 

invading microbial pathogens [95]. Overall, the involvement of more than 100 σB regulon 

members in metabolism confirms a key role of L. monocytogenes σB in regulation of metabolic 

functions, particularly in carbon metabolism, which involves 73 σB regulon members. While 

σB-regulated transition in carbon metabolism contributes to the intracellular growth, it together 

with metabolisms of other macronutrients, micronutrients and cell wall assist the cell to 

maintain homeostasis during growth and adaptation to changing conditions.  

a. The sB regulon includes 73 members involved or putatively involved in 

carbon metabolism.  

Previous studies clearly suggested a major role of sB in regulating carbon and 

energy metabolism probably allowing L. monocytogenes to utilize the limited nutrients 

available in the changing environment [96, 97]. Having 73 sB regulon members 

involved, carbon metabolism is the largest function subgroup. The full list of 73 sB 
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regulon members is provided in Supplemental Table 4.1. While 5 of them are also 

involved in stress response function and 4 in virulence, there are 64 carbon 

metabolism-specific genes in L. monocytogenes directly regulated by sB. Among 

them, there are three regulators of carbon metabolism, CggR as central glycolytic gene 

regulator controlling the transcription of the gapA operon in Bacillus [98], 

LMRG_02213 involved in the phosphoenolpyruvate-dependent sugar 

phosphotransferase system and NagR, a gene product of the three-gene TU nagABR. 

NagR is a transcriptional inhibitor in the absence of N-acetylglucosamine (GlcNAc) 

by repressing the expression of nagA and nagB [99]. NagA and NagB are two 

deaminases responsible for GlcNAc degradation while NagA is also essential for cell 

wall components biosynthesis [100]. As a major component of chitin, GlcNAc can be 

utilized by Listeria species as the source of carbon and nitrogen in a temperature-

dependent way when in absence of glucose [101]. The ability of utilizing GlcNAc may 

contribute to the saprophytic lifestyle of L. monocytogenes in soil [101]. Another TU, 

LMRG_00594-00611, contains 18 genes that are involved in 1, 2-propanediol 

utilization via a pduD-dependent pathway [102]. 1, 2-propanediol is an important 

intracellular carbon source during infection for bacterial pathogens like Salmonella 

(Bobik et al., 1999) and has been reported to be degraded by L. innocua (Xue et al., 

2008). Another confirmed sB-dependent multigene TU involved in carbon metabolism 

is LMRG_01431-01432 encoding a glycerol kinase and a glycerol uptake facilitator 

involved in glycerol metabolism [88]. Several genes involved in pyruvate metabolism 

are directly regulated by sB, like pyruvate oxidase (LMRG_00411) and acetolactate 

decarboxylase (LMRG_00142). Other sB regulon members with confirmed carbon 
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metabolism function in L. monocytogenes include LMRG_01627 (gpmA) in glycolysis 

pathway and LMRG_00977 (Abram, 2008). Functions of these genes involved in 

carbon metabolism support that transition of metabolism, including utilizing 

alternative carbon sources, is regulated by sB. While not directly related to virulence 

functions such as invasion, the transition of carbon source utilization and energy 

metabolism is required for optimal intracellular growth [93].  Additionally, as 38 

genes with putative roles in carbon metabolism do not have sufficient data in L. 

monocytogenes to support a clear function, sB regulation of carbon metabolism could 

be beyond the intracellular life.  

b. The sB regulon includes 9 members involved or putatively involved in 

nucleotide metabolism.  

A nine-gene σB-dependent TU LMRG_00978-00985 is involved in nucleotide 

metabolism. Genes in this TU encode a set of enzymes involved in a pyrimidine 

ribonucleotides de novo biosynthesis pathway. In L. monocytogenes, pyrE is required 

for intracellular proliferation of L. monocytogenes, suggesting that pyrimidine is not 

provided by the host cell, but must be synthesized by the bacterium machinery [84, 

103]. Our study supports σB as one of the key regulators for nucleotide metabolism 

responsible for L. monocytogenes to survive and thrive in the intracellular 

environment. 

c. The sB regulon includes 8 members involved or putatively involved in ion 

transport. 

Eight σB-dependent genes have a confirmed or putative function in ion 

transport, including iron (hmoB and dhbA), cation (LMRG_01601), magnesium 
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(LMRG_00335), sulfate (LMRG_00205), arsenite (LMRG_00750) and phosphate ion 

(LMRG_00098 and phoU) transport. In L. monocytogenes, HmoB is involved in 

degradation of haem, the most abundant source of iron in the human body [104]. In 

Bacillus, DhbA is directly regulated by Fur and is involved in synthesis of siderophore 

bacillibactin which contributes to iron uptake especially under iron-deficient 

conditions [105]. While L. monocytogenes has never been found to synthesize 

siderophores, it can acquire iron by transporting ferric siderophores produced by other 

microbes [106]. LMRG_01601 encodes a cation efflux family protein similar with 

czcD, a proton-driven transporter [97, 107]. In addition, phoU mutation causes 

accumulation of inorganic polyphosphate in E. coli [108]. Other four genes are 

suggested to have putative roles in ion transport by their GO annotations, which 

requires further experimental data in L. monocytogenes to confirm. Overall, these 

eight members in σB regulon indicate that several transport systems for different 

inorganic ions in L. monocytogenes are controlled by σB. This ability of σB to regulate 

ion concentrations supports its role in resilience under imbalanced ion challenges. 

d. The sB regulon includes 5 members involved or putatively involved in 

vitamin metabolism.  

Two σB-dependent TUs containing five genes are involved in vitamin 

metabolism. The four-gene TU LMRG_01077-01080 contributes to menaquinone 

(vitamin K2) biosynthesis in Bacillus [109], as well as folic acid biosynthesis [110]. In 

addition, LMRG_02696 is putatively involved in riboflavin (vitamin B2) biosynthetic 

process suggested by its GO annotation. Although additional experiments in L. 
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monocytogenes are required to confirm functions of these five genes, these five genes 

indicate that σB also regulates metabolisms of micronutrients like vitamins.  

e. The sB regulon includes 4 members involved or putatively involved in 

protein metabolism.  

Four members of σB regulon have protein metabolism-related functions. 

LMRG_02611 encodes DapE, an enzyme that contributes to lysine metabolism and 

cell wall metabolism in E. coli [111]. GO annotations suggest three more genes 

involved in protein metabolism: LMRG_00826 encoding a peptidase, hpf encoding 

ribosome hibernation promoting factor and LMRG_01786 encoding a dipeptidase. 

Future work remains to better define a possible regulatory role of σB in protein 

metabolism. 

f. The sB regulon includes 4 members involved or putatively involved in 

other metabolisms.  

Three σB regulon members are involved in cell wall metabolism, murC, nagA, 

and dapE. While the σB –regulated mechanisms are not fully identified, cell wall 

metabolism is crucial for bacterial cell growth, cell division and sensitivity to 

antibiotics. MurC and NagA are both involved in peptidoglycan biosynthesis of 

bacteria cell wall. MurC is a L-alanine ligase in Mycobacterium [112], while NagA is 

essential for L. monocytogenes to maintain its envelope shape and to divide normally 

[100]. DapE is upregulated in stationary phase and within host cells, with a potential 

role in anchoring surface proteins [18]. Another gene involved in metabolism is 

LMRG_00273 which suggested by GO annotation to be part of lipid metabolism.  
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5.4. 9 σB regulon members are involved in other functions and 102 have unknown 

functions 

The nine σB regulon members involved in “other functions” include 

LMRG_01950, which identified in σB regulon is homologous to the competence gene 

tfoX in Vibrio cholera [113]. As L. monocytogenes has never been reported as natural 

competent, its competence mechanism genes might contribute to other functions like 

virulence [114]. Eight genes that encode proteins homologues to transcriptions 

regulators with unknown function are also included in this category. In addition, 102 

genes in the σB regulon have unknown function. Therefore, future studies are required 

to identify the functions of this one-third of the σB regulon.  

 

CONCLUSION 

This paper summarizes the transcriptomic studies and proteomic studies to 

generate an overall list of σB regulon members in a reproducible way of literature 

review. Functions of σB regulon members are suggested and grouped to develop an 

improved understanding of the roles of this important alternative sigma factor in L. 

monocytogenes. Overall, this review reveals a pan regulon of 304 genes in reported L. 

monocytogenes strains, including 102 genes with unknown function and 202 with 

suggested functions. Beyond stress response and virulence, the general regulatory role 

of σB in overcoming changing conditions is supported with the largest number of σB 

regulon members in metabolism. To provide a more complete picture of regulatory 

networks of σB, considerable work remains to explore the L. monocytogenes species 
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considering its phylogenetic diversity, and to define the functions of genes by tools 

like Tn-seq.  
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CHAPTER 5 

CONSTRUCTION OF A TRANSPOSON INSERTION LIBRARY IN L. 

MONOCYTOGENES 

 

ABSTRACT 

L. monocytogenes has imposed significant concerns to food safety and public 

health due to its ability to respond to environmental stress challenges during food 

processing and storage.  Having approx. 3000 genes in its genome, this pathogen fine-

tunes expression of different subsets of genes to survive and thrive under different 

environmental conditions. Although transcriptomic and proteomic studies have 

provided insights into the physiological and regulatory network of L. monocytogenes, 

these approaches usually need to be complemented by genetic approaches such as 

gene knockouts. While studying the functions of individual genes by knockout 

mutations can be time-consuming and inefficient, with the use of Tn-seq, one can 

screen the function of the majority of genes throughout the genome under different 

conditions. In this project, we aimed to construct a new transposon delivery system 

and a transposon insertion library with full coverage of L. monocytogenes 10403S that 

could be used to identify genes conditionally essential for survival under normal 

growth conditions and food-related conditions. To assemble a saturated Mariner 

transposon insertion library, we constructed a novel vector, pCG20, with controlled 

activation of transposition, which can be used in L. monocytogenes. However, after 

construction of a small-scale library, we found that homology of the region of the Prha 

promoter allowed for Campbell integration of the plasmid into the chromosome. The 
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resulting mutant library likely contained a high percentage of cells without 

transposition and thus was not saturated enough for Tn-seq. These findings suggest 

that the Prham region in pCG20 needs to be shortened to the minimum sequence 

region that allows rhamnose-dependent induction and limits Campbell integration. 

 

INTRODUCTION 

L. monocytogenes is a ubiquitous bacterium in the environment and can persist 

and thrive under very different conditions. Its ability to grow in the presence of 

environmental stresses such as cold temperature during food processing, and the high 

mortality in patients with listeriosis, has made it a risk for food safety and public 

health. In the past decades, researchers have revealed that under specific 

environmental conditions (e.g. salt stress, cold temperature or intracellular growth) L. 

monocytogenes is able to modify its cell envelope composition (i.e. cell wall and 

membrane) in response to different stresses [1, 2]. These studies provide insights into 

genes having important roles in a broad range of biological processes of L. 

monocytogenes. While there are emerging data from transcriptomic and proteomic 

studies of L. monocytogenes under different conditions [3, 4], clear functions of many 

genes reported to contribute to its resilience in these studies remain unknown. To 

define potential targets for prevention and decrease the risk of L. monocytogenes 

infection, it is important to understand the functions of individual genes and to define 

the architecture of the complex networks of interacting genes.   

With Tn-seq (Transposon insertion sequencing), identification of genetic 

interactions in L. monocytogenes quantitatively is possible through massively parallel 
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sequencing. Tn-seq is a systemic tool based on the assembly of a saturated transposon 

insertion library [5]. After growth of the library under different conditions, frequencies 

of each gene insertion mutant are determined by sequencing. Changes in frequencies 

reflect the gain or loss of fitness caused by the mutation.  

The goals of this project were to develop a new transposon suitable for Tn-seq 

analyses and use it to construct a saturated Mariner transposon insertion library in 

Listeria monocytogenes. Furthermore, with Tn-seq we could identify conditionally 

essential genes in L. monocytogenes and important genes in stress response and 

virulence. We would grow this library under different conditions, including normal 

growth and stresses related to food processing (e.g. cold, antimicrobials stress). This 

approach could provide information of potential gene targets that could be utilized by 

the food industry to optimize and develop interventions against L. monocytogenes.  

 

MATERIALS AND METHODS 

Vector Design and Construction A DNA fragment Tn-CG containing the Mariner 

transposon sequence with a rhamnose-inducible promoter was designed and 

synthesized (GenScript). This DNA fragment was digested by HindIII and KpnI, and 

subcloned into pKSV7 [6], yielding the new plasmid pCG20. Sequence of the plasmid 

construct was confirmed by restriction digestions of SacI and XbaI as well as 

sequencing. All the cloning steps were performed in E. coli NEB5α (NEB).  

Tn delivery system construction The final plasmid pCG20 was transformed into L. 

monocytogenes 10403S wild type strain through electroporation (yielding strain 

10403S::pCG20; FSL B2-0446). A control strain (10403S::pKSV7) was constructed 
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by introducing the empty plasmid pKSV7 into L. monocytogenes 10403S through 

electroporation. Electroporated cells were grown on a Brain Heart Infusion (BHI) agar 

plate with chloramphenicol at 30°C for 48 hours. Details will be discussed later in the 

results section. 

Transposon Library Construction Strains were streaked from frozen BHI glycerol 

stock onto a BHI agar plate with chloramphenicol, followed by incubation at 30°C for 

24 h. A single colony of 10403S::pCG20 was picked and grown to log phase in 5ml 

BHI culture with chloramphenicol and incubated at 30°C with shaking for 18 h. After 

incubation, 50 µl of the culture was inoculated into fresh 5 ml BHI broth in a 10 ml 

tube and grown to OD600 0.4-0.5 at 37°C with shaking. Induction of the transposase 

was performed by adding 250 µl of 1 M rhamnose stock solution to cultures (for a 

final concentration of 50 mM rhamnose), followed by incubation at 37°C for 30 min 

as previously described [7, 8]. The cultures were diluted 1:200 in PBS and 100µl of 

the dilution was plated on BHI agar plates with rhamnose and erythromycin. In total, 

10 plates were collected and incubated at 41°C for 48 hours.  Colonies were harvested 

with a glass spreader and cells were stored in 15% glycerol aliquots at -80°C as the 

transposon insertion library sample. For selection in E. coli and L. monocytogenes, 

antibiotics were added at the following concentrations: ampicillin (100ug/ml), 

chloramphenicol (10ug/ml) and erythromycin (5ug/ml). Table 5.1 shows plasmids, 

primers, and strains used in this study.
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Table 5.1 Plasmids, primers and strains used in this study 

Plasmids/Primers/Strains 

 

Description and Reference Comment 

Plasmids   

pKSV7 [6]  

pCG20 pKSV7 with transposon element and Prha  

Strains   

L.monocytogenes 10403S wild 

type 

[9]  

L.monocytogenes 10403S::pCG20 FSL B2-0446  

E. coli DH5alpha::pCG20 FSL B2-0443  

E. coli DH5alpha::pKSV7 FSL X1-0018  

Primers   

YL76-int1F AAGTAATCCCACCGCAAAACT chromosome sequence 

YL77-int1R CTGACAGCTTCCAAGGAGCT plasmid sequence 

YL78-int2F TCCTCCGTGCTCATTTCACC plasmid sequence 
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YL79-int2R AGTGGTGCTTGATTGTGAGTT chromosome sequence 

YL21-Adapter-1A TTCCCTACACGACGCTCTTCCGATCTTATA

GCCTNN 

adapter 

YL22-Adapter-1B AGGCTATAAGATCGGAAGAGCGTCGTGTA

GGGAAAGAG 

adapter 

YL19-TnIR-S 

 

CAAGCAGAAGACGGCATACGAGTCTCGAG

TGGGGTACGCGGGTCT 

amplification of library 

YL20-TnAdapter-PCR AATGATACGGCGACCACCGAGATCACACT

CTTTCCCTACACGACGCTCTTCC 

amplification of library 

CG52 GGAGCCATGTTTCATCCATT qPCR primer for transposase 

CG53 TCAAAGGAACGTGTTGGTCA qPCR primer for transposase 

VGO-23-rpoB-RT-F TCGTCGTCTTCGTTCTGTTG qPCR primer for rpoB 

VGO-24-rpoB-RT-R GTTCGCCAAGTGGATTTGTT qPCR primer for rpoB 
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Serial passaging for plasmid curing Passaging experiments were performed to test 

the thermo-sensitivity of the vectors pKSV7 and pCG20 as well as to cure pCG20 

from the transposon insertion library. Briefly, 20 colonies were arbitrarily picked for 

each strain. Passaging was done by growing these colonies onto BHI plates at 41°C 

for 24h. After each passage, single colonies were replica plated onto BHI, BHI with 

chloramphenicol, and BHI with erythromycin plate. The BHI plates were incubated at 

41°C for 24h to continue the serial passaging, and the antibiotic plates were incubated 

at 30°C for 24h to test for plasmid curing and transposition.  

Detection of Campbell integration of pCG20 at Prham locus by PCR After three 

passages, transposon insertion library samples that were resistant to both 

chloramphenicol and erythromycin were tested for integration. Genomic DNA was 

isolated from each sample and used as templated DNA for PCR with primer sets of 

YL76 and YL77 as well as YL78 and YL79. PCR products were analyzed by gel 

electrophoresis in a 1.8% agarose gel. 

 

RESULTS AND DISCUSSION 

1. Construction of a novel L. monocytogenes transposon mutagenesis vector 

Design of the transposon element Tn-CG To obtain a vector for Tn-seq we designed 

a specific DNA blocks encoding functions important for transposition and selection. 

As shown in Figure 5.1, the 2021bp transposon insertion region carries (i) an 

erythromycin resistance gene for screening; (ii) an outward rhamnose-inducible 

promoter that controls expression of downstream mariner transposase to prevent early 

transposition events [8]; and (iii) two inverted terminal repeat sequences (ITRs). 
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MmeI restriction sites were included within the ITRs for DNA library construction. 

SmaI restriction sites directly upstream and downstream of the transposon insertion 

region allowed specific digestion of remaining plasmid sequences in DNA libraries.  

 

 

Figure 5.1 Coding regions and restriction sites on transposon element Tn-CG 
Restriction sites are labelled in blue, genes and promoters are shown in green arrows. 
Inverse repeats (IR) and TA recognition sites are marked at the end of the transposon 
insertion region. A HindIII and a KpnI restriction site are located on the ends of Tn-
CG. Genes and loci are not to scale.  
 

Cloning of Tn-CG to pKSV7 After Tn-CG was synthesized, it was digested with 

HindIII and KpnI, ligated with the integrational plasmid pKSV7 digested with the 

same enzymes, and transformed to E. coli DH5α to yield plasmid pCG20. The 

resulting construct pCG20 contains a temperature-sensitive replication origin derived 

from the pE194ts in Gram-positive bacteria [6]. pE194ts has been used to construct 

delivery vectors for introducing chromosomal insertions of Tn917 and mariner 

transposon in L. monocytogenes [10-12]. pCG20 was digested with SacI and XbaI, and 

fragment size was verified. Sequencing results further confirmed the correct sequence 

for pCG20.
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Figure 5.2 Vector pCG20 pCG20 carries a Himar1 Mariner transposon with an erythromycin resistance marker within Tn-
CG region. The plasmid backbone harbors a temperature sensitive ori site (pE194ts), a chloramphenicol resistance marker 
functioning in Gram positive bacteria as well as an ampicillin resistance gene functioning in Gram negative bacteria.
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2. Evaluation of thermostability of pCG20 in comparison to pKSV7 

Containing the pE194ts origin, replication of pCG20 should be tightly blocked 

above 37°C but remain functional below 32°C as pKSV7 [12]. Thermostability of 

pCG20 vs. the parental pKSV7 vector in L. monocytogenes was investigated by serial 

passaging in the absence of antibiotic selection at 41°C (non-permissive temperature). 

To ensure that bacteria were carrying the plasmid initially, twenty colonies were 

picked from colonies maintained in the presence of chloramphenicol (encoded by a 

gene on the plasmid backbone) and then grown on BHI at 41°C to allow plasmid loss 

to occur. After one to two serial passaging, all of the colonies that we tested (20/20) 

growing at 41°C had lost chloramphenicol resistance, indicating they had lost pCG20 

or pKSV7. These data suggest that with the high loss rate of plasmid at 41°C, our 

transposon insertion library grown at that temperature should contain relatively a small 

number of plasmids in the free replicating form. 

3. Verification of rhamnose-dependent expression of the transposase gene 

To ensure activation of transposase under rhamnose induction, we examined a 

rhamnose dependent transcription induction of the gene encoding the transposase of 

pCG20 using qPCR at different rhamnose concentrations. Under 50mM rhamnose 

induction, a 2.4-fold increase of transcription of transposase gene was observed 

compared to the no rhamnose control (Figure 5.3).  

  



	 165	

 

 

Figure 5.3 qRT-PCR results of rhamnose induction showed that under 50mM 
rhamnose induction, transposase was overexpressed. Relative expression was 
normalized to the housekeeping gene rpoB. One biological replicate was used and the 
error bars showed normalized error from experimental replicates. 
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4. Small scale evaluation of transposition in L. monocytogenes 

Transposition efficiency To evaluate the transposition efficiency, we constructed a 

small-scale transposon insertion mutant library in L. monocytogenes. The 100µl 1:200 

dilution of log phase culture plated on BHI agar plates with rhamnose and 

erythromycin yielded more than 1,500 colonies of various sizes per plate. This 

transposon library consisted of 10 plates and total colony number of this library was 

therefore more than 15,000.  

Plasmid curing at non-permissive temperature To further evaluate the randomness 

of transposition, we arbitrarily picked 20 colonies from the library and performed 

three serial passaging on BHI at 41°C. Cells with transposon insertion and without 

plasmids would only be erythromycin-resistant and chloramphenicol-sensitive. 

Twelve out of 20 were found to lose the plasmid without transposon insertion, as they 

were sensitive to both chloramphenicol and erythromycin. The remaining eight were 

resistant to both chloramphenicol and erythromycin, indicating that the plasmid 

backbone carrying the chloramphenicol resistance gene remained in these colonies 

under non-permissive temperature.  As the results of serial passaging of 

10403S::pKSV7 and 10403S::pCG20 supported the thermo-sensitivity of the vector 

plasmid, this plasmid retention could possibly be explained by a single integration 

event of the plasmid through the homologous Prham region.  

Integration could happen through homologous region of plasmid and chromosomal 

DNA. Previous studies reported that in Bacillus, approximately 70bp homologous 

region was sufficient to initiate recombination between plasmid and chromosomal 

DNA while in Xylella a 100bp region was required [13, 14]. The current pCG20 
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construct contains a 652bp region that includes the rhamnose promoter Prha and the 

AraC-type DNA binding transcriptional regulator lmo2851. Since both Prha and 

lmo2851 are also present in L. monocytogenes 10403S genome [8], this homologous 

region could be responsible for Campbell integration when cells were grown at non-

permissive temperature. 

Detection of Campbell integration via PCR. Campbell integration was investigated 

by PCR. We designed PCR primers targeting at the two ends of the recombined DNA 

of plasmid and chromosomal DNA via the homologous sequences.  One of the primers 

binds to the pCG20 region and the other juxtaposes to the Prha region in the 

chromosome. DNA from all eight samples that were resistant to chloramphenicol and 

erythromycin were isolated and amplified with primers flanking the ends of the 

insertion region. Figure 5.4 shows the resulting PCR products, confirming that all 

eight colonies had plasmid integrated into chromosome. 



	 168	

Figure 5.4 PCR of integration sites in genomic DNA of passaged coloniesTwo primer sets amplified both ends of the 
integration sites (homologous region of pCG20 and chromosome). For the primer set 1 (YL76 and YL77), the targeted 
amplicon size is 909 bp; and for the primer set 2 (YL78 and YL79), the targeted amplicon size is 1017 bp. The bands in the 
gel pictures were amplified from recombination of plasmid and chromosomal DNA, confirming that single integration event 
happened in all 8 samples.
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With the evidence of Campbell integration, the current pCG20 plasmid is not 

well suited for construction of a saturated transposon library in L. monocytogenes. 

However, the fact that the transposase was expressed under rhamnose induction 

suggests that this pCG20 construct still has the potential to be a backbone of a Tn-seq 

vector in L. monocytogenes. To prevent Campbell integration, the size of the 

homologous sequence should be reduced from 652bp to a considerably smaller size. 

As the next step, we would design and introduce different sized Prha promoter 

sequences into pCG20 to replace the current Prha sequence. Furthermore, transcription 

from the shortened Prha in L. monocytogenes would be confirmed by qPCR. Since L. 

monocytogenes contains around 3000 genes, the number of events required for 

saturation (95% chance that all the genes are hit) is about 30,000 [15]. With proper 

modification of pCG20, we could reduce the false positive rate and collect a 

transposon insertion library at large scale for Tn-seq. 

 

CONCLUSION 

Our study is the first to build a mariner transposon library in Listeria 

specifically for Tn-seq. With the new vector pCG20, we were able to evaluate the 

quality of a transposon mutant library at a small scale, by confirming the transcription 

of the transposase under rhamnose induction using this vector. With plasmid curing 

experiments, we found that the plasmid remained at non-permissive temperature. PCR 

results confirmed that a relatively high rate of Campbell integration of the whole 

plasmid into chromosome existed in our library. As Campbell integration is based on 

homologous recombination, to improve the quality of our library for Tn-seq, we will 
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decrease the size of the homologous rhamnose promoter sequence in our vector. New 

Tn libraries will be collected using the modified vector and DNA libraries will be built 

and sent for high-throughput sequencing. Figure 5.5 shows the construction of Tn-seq 

DNA library from the bacteria mutant library. 
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Figure 5.5 Tn-seq library sample preparation Genomic DNA will be isolated from the library, and digested by MmeI 
that cuts 20bp from its restriction site and produces an overhang for adapter ligation. With a second digestion of SmaI, the 
DNA fragments of plasmid sequence will be digested and therefore not available for PCR amplification. The final library 
will contain the fragments amplified from 20bp of bacterial-specific DNA flanked by adapter sequences, which enable high-
throughput sequencing. (Modified from the Figure 1c of [5]).
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CHAPTER 6 

CONCLUSIONS 

 L. monocytogenes continues to be a threat to public health. Most years, CDC 

identifies several outbreaks of listeriosis, and listeriosis incidence in the US has 

remained largely unchanged since early 2000, fluctuating around 0.3 cases/100,000 

[1]. In addition, in several European countries, the incidence has been increasing in 

recent years [2]. To better prevent contamination and infection caused by this one of 

the most virulence foodborne pathogen, we need to comprehensively understand its 

outstanding ability to cope with a complex environment. To accomplish it, my 

research aimed to reveal the complex regulatory network in L. monocytogenes, 

particularly the part under control of the alternative sigma factors.  

To investigate the regulatory roles of σB and σH, we focused on the genes 

directly regulated by these two alternative sigma factors. We hypothesized that the 

considerable overlap between σB and σH regulon could complicate the study of their 

individual functions and therefore conducted our transcriptomic studies using the 

strains in which genes encoding the other alternative sigma factors have been deleted. 

As a result, transcriptomic data from my studies newly identified genes in σB and σH 

regulon, expanding our knowledge of regulatory roles of these two sigma factors. 

While some of these newly identified regulon members confirmed previous reported 

functions such as contribution of σB in virulence and stress response, some newly 

identified promoters revealed novel roles including σB regulating metabolisms of 

nucleotides and alternative carbon sources, as well as σH controlling genes encoding 

competence protein. These findings not only complemented previous data, but also 
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highlighted the co-regulation of transcriptional regulators in L. monocytogenes, 

suggesting a regulatory network that consists of complex circuits of interactions.  

In addition to identification of regulatory interactions between regulators and 

their regulons, it is essential to investigate the particular physiological functions that 

individual genes are mediated to achieve. However, our analysis of σB regulon 

indicates that functions of around 1/3 of the regulon members remain unknown, while 

another 1/3 with putative functions have not been studied in L. monocytogenes. To 

efficiently screen the function of the majority of genes throughout the genome, we 

constructed a new vector to deliver transposon into L. monocytogenes’ chromosome. 

With proper modifications on the vector, it could be used as a tool to construct a Tn-

seq library of this pathogen. Such libraries would allow us to explore the conditionally 

essential genes for this bacterium to succeed in different conditions, thus defining a 

group of genes cooperating to achieve a specific function.  

  Therefore, with the development of these next-generation sequencing tools, 

we can interpret the gene regulatory network in L. monocytogenes and provide 

information that can be used by the food industry and researchers to optimize existing 

and develop new interventions against this pathogen. For instance, data from the Tn-

seq libraries growing with a simple stress or stimulus would show the genes in 

response to this specific stress. Furthermore, libraries could be grown under a 

complicated condition that L. monocytogenes encounters during its transmission, such 

as a dairy-related condition and intracellular growth in animal models. These future 

experiments allow for determination of essential genes for L. monocytogenes and key 

cellular components that could be targeted by new interventions.  
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