
 
 

ABSTRACT 

EVANS, MATTHEW RICHARD.  Global Effects of the Transcriptional Regulators ArcA and FNR in 
Anaerobically Grown Salmonella enterica sv. Typhimurium 14028s. (Under the direction of Dr. Hosni 
M. Hassan.) 
 

 The purpose of this research was to assess and compare the genome-wide transcriptional 

profiles and virulence in mice of the global regulators, FNR (Fumarate Nitrate Reductase) and ArcA 

(Aerobic Respiratory Control) in anaerobically grown Salmonella enterica serovar Typhimurium 

14028s. FNR controls the expression of target genes by sensing and responding to the presence or 

absence of dioxygen via assembly-disassembly of oxygen-liable iron-sulfur clusters, while ArcA is a 

two-component (ArcA/ArcB), cytosolic redox response regulator. This work demonstrates that FNR is 

a positive regulator of motility, flagellar biosynthesis, and pathogenesis. An fnr mutant was non-

motile, lacked flagella, attenuated for virulence in mice, and did not survive inside macrophages. In S. 

Typhimurium, as in Escherichia coli, the FNR modulon encompassed the core metabolic and energy 

functions as well as motility. Salmonella-specific genes/operons regulated by FNR included those 

required for ethanolamine utilization, newly identified flagellar genes (mcpAC, cheV), several 

virulence genes in Salmonella pathogenicity island 1 (SPI-1), and the srfABC operon. ArcA serves as 

a transcriptional repressor/activator coordinating cellular metabolism and motility. An arcA mutant 

was non-motile, lacked flagella, and was as virulent as the wild-type strain via intraperitoneal 

challenge in mice. In S. Typhimurium, as in E. coli, the ArcA modulon encompassed the core 

metabolic and energy functions as well as motility. Salmonella-specific genes/operons regulated by 

ArcA included those for propanediol utilization, newly identified flagellar genes (mcpAC, cheV), Gifsy-

1 prophage genes, and a few virulence genes located in SPI-3 (mgtBC, slsA, STM3784).  

Regulation by either ArcA or FNR in S. Typhimurium is similar, but distinct from that in E. coli. 

Genes/operons involved in the succinyl-CoA pathway, fatty acid degradation, flagellar biosynthesis, 

motility, chemotaxis, cytochrome oxidase complexes are regulated similarly in the two organisms by 

ArcA. Genes/operons involved in aerobic metabolism, NO• detoxification, flagellar biosynthesis, 



 
 

motility and chemotaxis, and anaerobic carbon utilization are regulated similarly in the two organisms 

by FNR.  

Herein, we present the first report on the global role of these two redox regulators in S. 

Typhimurium. According this study, we hypothesize that FNR plays a more heirarchical role than 

ArcA in pathogenesis and during the transition between aero- and anaerobiosis in the host. 

Furthermore, when comparing the motility and virulence results from our work on FNR to those on 

ArcA, we show that the lack of motility does not necessarily correspond to the lack of virulence in S. 

Typhimurium.   
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INTRODUCTION 

History 

Salmonella was named after Daniel Elmer Salmon, an American veterinary pathologist, 

although it was his partner Theobald Smith, an epidemiologist and pathologist known for his work on 

anaphylaxis, who first isolated the bacterium from pigs in 1885, which was later designated as 

Salmonella choleraesuis (263). 

Physiology and Genetics 

Salmonella is a small (0.7-1.5 µm in diameter X 2.0-5.0 µm in length) Gram-negative, 

nonsporeforming, facultatively anaerobic, straight rod that is able to perform respiratory and 

fermentative metabolism, is catalase positive, and belongs to the Enterobacteriaceae family (257). 

Salmonella grows optimally at 37°C and is motile via long peritrichous flagella, however the serovars 

Pullorum and Gallinarum are non-motile. The majority of Salmonella are non-lactose fermenting with 

the exception of serovars Arizonae and Diarizonae. Salmonella are aerogenic; however, serovar 

Typhi never produces gas. Hydrogen sulfide (H2S) is produced by the majority of Salmonella, 

although some strains of serovar Choleraesuis and most strains of serovars Typhi and Paratyphi A do 

not produce H2S. Citrate is generally utilized by Salmonella, except serovars Typhi and Paratyphi. 

Salmonella do not use malonate, although serovar Arizonae does. Lysine is decarboxylated by most 

Salmonella, except serovar Paratyphi A. The majority of Salmonella are positive for the 

decarboxylation of ornithine, however serovar Typhi is negative. Lactose is usually not fermented by 

Salmonella, but several strains of serovar Arizonae ferment it, and nearly all strains serovar Arizonae 

have ß–galactosidase activity via the ONPG test (257). A brief summary of the differential 

biochemical characteristics of Salmonella is illustrated in Table 1 (257). 

Salmonella cause intestinal infections, are resistant to bile salts, and many be outnumbered 

by the microflora found in the human bowel, thus primary isolation requires the use of a selective 

medium. In the clinical laboratory, Salmonella is usually isolated on MacConkey agar, Hektoen 

Enteric (HE) agar, Salmonella-Shigella agar, Xylose Lysine Desoxycholate (XLD) agar, Xylose Lysine
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Table 1.  Typical differencial characteristics of the species of the genus Salmonella as adopted and modified from (257). 

Test 
 Salmonella enterica subsp.  Salmonella enterica subsp. enterica serovar 

S. 
bongori Arizonae enterica diarizonae houtenae indica subsp. 

salamae Choleraesuis Gallinarium Paratyphi 
A Pullorum Typhi 

Citrate,  
Simmons + + + + + [+] + [-] - - - - 

H2S 
production + + + + + + + d + - + + 

Lysine 
decarboxylase + + + + + + + + + - + + 

Ornithine 
decarboxylase + + + + + + + + - + + - 

Motility + + + + + + + + - + - + 
KCN, growth + - - - + - - - - - - - 
Malonate 
utilization - + - + - - + - - - - - 

D-Glucose, 
gas [+] + + + + + + + - + + - 

L-arbinose, 
acid + + + + + + + - [+] + + - 

Dulcitol, 
acid d - + - - d + - + + - - 

Lactose, 
acid - [-] - [+] - [-] - - - - - - 

Maltose, 
acid + + + + + + + + + + - + 

Melibiose, 
acid [+] + + + + [+] - d - + - + 

L-Rhamnose, 
acid + + + + + + + + - + + - 

D-Sorbitol + + + + + - + [+] - + [-] + 
Trehalose, 
acid + + + + + + + - d + [+] + 

D-Xylose, 
acid + + + + + + + + d - [+] [+] 

Mucate,  
acid + + + d - + + - d - - - 

Tartrate, 
Jordans - - + [-] d + D [+] + - - + 

ONPG + + - + - d [-] - - - - - 

+   = 90-100% positive [-] = 11-25% positive [+] = 76-89% positive 0 = 10% positive d   = 26-75% positive 
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Tergitol (XLT) agar, Deoxycholate Citrate (DCA) agar, Bismuth Sulfite (BSA) agar, or modified may 

Brilliant Green (BGA) agar (115, http://cfsan.fda.gov/~ebam/bam-5.html). Numbers of Salmonella can 

be so low in environmental, food, or clinical samples that an "enrichment culture" is routinely used. A 

small volume of sample is incubated in a selective broth medium, such as mBrilliant Green, Selenite 

Cystine, Tetrathionate, or Rappaport Vassiliadis, which are inhibitory to the growth of the microbes 

normally found in the environment, food, and the human bowel, while allowing salmonellae to become 

enriched in numbers (115, 226). Subsequently, Salmonella may be recovered by inoculating the 

enrichment broth onto one or more of the primary selective media (115, 

http://cfsan.fda.gov/~ebam/bam-5.html).  

Salmonella has a G+C content of 50-53%; S. Typhimurium LT2 contains a 4,857-kb 

chromosome and a 94-kbp F-related, low-copy virulence-associated plasmid (368) (Figure 1) that 

differs in size (~50-90-kb) among Salmonella enterica serovars of subspecies I including 

Choleraesuis, Dublin, Enteritidis, and Typhimurium and promotes systemic dissemination and 

multiplication of the bacteria in the reticuloendothelial system of mice in a SPI-2 independent 

mechanism (213, 241, 458, 459, 477, 592). The virulence plasmid, contains the 8-kb spvABCD 

operon (213), its positive regulator spvR (532, 533), and spvB, a mono(ADP-ribosyl) transferase, 

which ADP-ribosylates actin, thus interfering with actin polymerization and contributing to virulence in 

mice (337, 432, 537). Similar to other enteric bacteria, serovar Typhimurium is a mosaic of collinear 

regions interspersed with loops or islands, which usually encode pathogenicity functions unique to 

certain species (368). Furthermore, serovar Typhimurium LT2 contains four functional prophages: 

Gifsy-1 and -2 and Fels-1 and -2 (368).  

Classification and Nomenclature 

As of December 7, 2005, the Kauffmann-White antigenic scheme, based on the serological 

characteristics of the flagellar H-antigen and the somatic or cell wall O-antigen, originally proposed by 

Ewing (136, 293, 375) was modified by the Centers for Disease Control (CDC) (375). Currently, there 

are greater than 2,600 recognized serotypes of Salmonella. The Kauffmann-White serological  
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Figure 1. Genome atlas showing G + C content and relative size of the chromosome (top) and 
plasmid (bottom) of Salmonella enterica sv. Typhimurium LT2.  The figure was obtained and 
assembled using the Center for Biological Sequence Analysis available at http://www.cbs.dtu.dk/ 
(223). 
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designation scheme of Salmonella serotypes is maintained by the World Health Organization (WHO) 

Collaborating Centre for Reference and Research on Salmonella at the Pasteur Institute, Paris, 

France (455-457). The Salmonella serovars are divided among two species, S. bongori (previously 

subspecies V) containing 18 serovars and S. enterica (formerly called S. choleraesuis) containing the 

remaining 2,600-plus serovars, which are divided into six subspecies including, S. enterica subsp.  

enterica (I or 1), salamae (II or 2), arizonae (IIIa or 3a), diarizonae (IIIb or 3b), hountenae (IV or 

4),and indica (VI or 6) (375). However, since the species name S. choleraesuis may be confused with 

the serotype named ‘choleraesuis,’ the International Subcommittee for Enterobacteriaceae at the 

International Congress for Microbiology in 1986 agreed to adopt the species name S. enterica (445) 

determined by Kauffmann and Edwards in 1952 (294). Subsequently, LeMinor and Popoff published 

a request to the Judicial Commission to use S. enterica as the official species name (336). However, 

the Judicial Commission ruled that S. choleraesuis is the legitimate name (576, 577). Currently, S. 

enterica is widely accepted by several countries, the CDC, and Ewing in 1986 (136, 429) as the 

species name until the problem of naming this species is resolved (375). 

The nomenclature and classification of Salmonella is constantly being revised (411). 

Salmonella and the former Arizona should be considered as a single genus, Salmonella (142). All 

serovars in subspecies enterica are named, while serovars in other subspecies (except some in 

subspecies salamae and hountenae) are not named. Laboratories are encouraged to report named 

Salmonella serovars by name, while unnamed serovars are to be reported by antigenic formula and 

subspecies (142, 257). Furthermore, the previous individual serotype names would still be used, but 

would not be in italics, thus Salmonella typhimurium would be replaced by Salmonella enterica 

serovar Typhimurium. In 2000, the American Society for Microbiology (ASM) adapted this 

nomenclature with rules for defining a particular strain: Salmonella enterica serovar Typhimurium for 

the first usage, followed by Salmonella serovar Typhimurium in subsequent references to the strain in 

the text of an article. This taxonomically correct, but longer method of describing a particular strain of 

Salmonella is slowly being adopted in the current literature. Thus, Salmonella Typhimurium will be  
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shortened to S. Typhimurium. 

SALMONELLA PATHOGENICITY ISLANDS (SPIs) 

In 1983, the term “Pathogenicity Island” (PI) was first introduced by Hacker and colleagues 

investigating the instability of genes associated with the haemolytic activity of uropathogenic strains of 

Escherichia coli (221, 243). Characteristically, PIs have been defined as large (10-200 kb), distinct 

genetic entities on the bacterial chromosome (or may be part of a plasmid) containing one or more 

virulence factors (adhesins, toxins, invasins, etc.) with a G+C content (%) that is greater than or less 

than that of the core genome. PIs are often genetically unstable containing direct repeats, integrases, 

transposases, and bacteriophage genes, and are usually associated with tRNAs, which serve as 

integration and excision points for horizontally acquired DNA via lysogenic bacteriophages, which 

enables bacteria to quickly assimilate complex virulence traits of other pathogens. Thus, allowing a 

pathogen to broaden its host range and colonize new host niches (243). Furthermore, this is a loose 

definition of a PI and not every PI meets all of the above criteria (220). PIs are found in a variety of 

Gram-positive and Gram-negative animal and plant pathogens (243). 

The ability of S. enterica to interact with enterocytes thus causing diarrhea, invade non-

phagocytic cells, survive phagocytosis and subsequently proliferate inside the eukaryotic host cells 

are important, complex virulence traits of this organism (404). The variations in structure, function, 

and distribution of these SPIs among the subspecies and serovars of S. enterica impact the 

characteristics of these subspecies and serovars and may contribute to their host-specificity. Many 

SPIs, of which 14 are currently known, were identified via their virulence phenotypes containing 

classic characteristics of PIs (404). Other SPIs were identified using genomic sequencing of S. 

Typhimurium LT2 (368), S. Choleraesuis SC-B67 (75), S. enterica subspecies I serovar Typhi strains 

CT18 (437), and TY2 (113), and S. Paratyphi ATCC 9150 (367) and comparing these genomes with 

that of E. coli K-12 (45), although the role in virulence of several SPIs remains undeciphered (404). 

Currently, S. Typhimurium carries nine PIs, while S. Typhi contains 12 PIs (75, 368, 437). A summary 

of the characteristics of the SPIs is illustrated in Table 2. 

 



 8

 

   Table 2.  Characteristics of Salmonella pathogenicity islands as adopted from (404). 

Island Size (kb)a % G + Ca Insertion 
location Distribution Virulence functions 

SPI-1 38.8 45.9 - Salmonella spp. 

T3SS-1, invasion and 
proinflammatory 
responses; Fe2+ & 
Mn2+ uptake 

SPI-2 39.8 47.4 tRNA valV Salmonella spp. 
T3SS-2, intracellular 
survival; tetrathionate 
respiration 

SPI-3(I) 17.3 47.6 tRNA selC Salmonella spp. Colonization of GI 
tract; Mg2+ uptake 

SPI-3(II) 10.7 54.6  Subsp. I, S. 
bongori  

SPI-3(III) 5.9 44.7  Subsp. I, II  

SPI-4 23.4 44.8 tRNA-like Salmonella spp. T1SS, colonization of 
cattle GI tract 

SPI-5 7.6 43.6 tRNA serT Salmonella spp. 

T3SS-1 and T3SS-2 
effector proteins, 
enteropathogenic 
responses 

SPI-6 47.0b, 58.9 51.5 tRNA aspV Subsp. I, parts in 
IIIB, IV, VII Saf and Tcf fimbriae 

SPI-7 133.6 49.7 tRNA pheU Subsp. I (some 
serovars) 

Vi antigen, virulence 
of serovar Typhi; 
SopE prophage, 
invasion, 
enteropathogenesis; 
Type IV pili, invasion 

SPI-8 6.8 38.1 tRNA pheV Subsp. I (some 
serovars) Unknown 

SPI-9 16.3 56.7 prophage Some serovars Biofilm formation; 
intestinal colonization 

SPI-10 32.9 46.6 tRNA leuX Subsp. I (some 
serovars) 

Sef fimbriae, 
virulence in chicks 

SPI-11 14.0c 41.3c Gifsy-1 
prophage Unknown Macrophage survival, 

serum resistance  
SPI-12 6.3c 49.92c tRNA proL Unknown T3SS-2 effector 
SPI-13 19.5b 48.1b tRNA pheV Unknown Virulence in chicks 
SPI-14 8.7b 41.4b - Unknown Virulence in chicks 

 

  a. All island sizes and % (G + C) calculations are based on the S. Typhi genome   
    sequence unless otherwise indicated. 
  b. S. Typhimurium. 
  c. S. Choleraesuis. 
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SPI-1 

This ~40-kb island has an average G+C content of ~47% with extensive variations, encodes 

a T3SS that is central to the virulence of S. enterica in mammals, and was the first island identified as 

a Salmonella-specific locus that had inserted between two adjacent genes in E. coli K-12 (391). SPI-1 

is present in S. bongori and in all subspecies of S. enterica, suggesting that SPI-1 is an ancient 

acquisition (208, 246, 427). SPI-1 is required for invasion of the intestinal barrier, to initiate  

enteropathogenesis (168, 605), and is functionally composed to two distinct regions (243). The first 

region contains about 30 genes required for the assembly and function of the type 3 secretion system 

(T3SS) needle-like surface appendage (320) and for the delivery of at least 13 effector proteins from 

Salmonella into non-phagocytic cells (168). T3SSs are macromolecular complexes found in Gram-

negative bacteria that mediate the contact-dependent translocation of virulence proteins into 

eukaryotic cells (262) via encoded proteins located from loci within and outside of SPI-1, including on 

other PIs and bacteriophages (571, 598). Several SPI-1 genes encode structural components of the 

secretion system are homologous to T3SS found in both plant and animal pathogens including 

Pseudomonas, Rhizobium, Erwinia, Yersinia, Shigella, and enteropathogenic E. coli (208). These 

effector proteins participate in the rearrangement of the host actin cytoskeleton resulting in membrane 

ruffling and subsequent internalization of Salmonella into epithelial cells, while others induce the 

enteropathogenic response to infection (571, 598).  

The central regulator governing the composition and functioning of this invasion-enabling 

T3SS and associated effector proteins is HilA (hyper-invasive locus A) (21, 22). HilA, located in SPI-

1, was first identified as a locus that renders bacteria non-responsive to high-oxygen repression of 

invasion when overexpressed (334). It is an OmpR/ToxR family transcriptional regulator (21) of the 

AraC class, has a central function in SPI-1 expression (350), and indirectly regulates the expression 

of secreted proteins by activating the transcription of invF, a SPI-1-encoded AraC family 

transcriptional regulator (21, 103-106, 129, 291, 488).  

The second region contains a Fe2+ and Mn2+ uptake system (sitABCD) that is not involved in  
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epithelial cell invasion, but is necessary in the later stages of infection presumably when these ions 

become scarce (281, 296, 596). Variations in the G+C content between the sit operon and the 

remainder of SPI-1 suggests that these regions have variant ancestries and may have been acquired 

independently by Salmonella (606). 

SPI-2 

During post-invasion of intestinal epithelial cells, SPI-2 is necessary for Salmonella to cause 

systematic infections and to proliferate within host organs via survival and replication within 

eukaryotic phagocytic cells (243, 505, 506). The island has a mosaic structure, which is likely due to 

two horizontal gene transfer events, and is 40-kb locus lying adjacent to the valV tRNA (246). SPI-2 is 

composed of two distinct regions (245). The first is a 25-kb segment with a G+C content of ~44% that 

encodes a second T3SS, present only in S. enterica, and is activated when the bacteria are in the 

intracellular environment (78, 111), such as in the Salmonella-containing vacuoles (SCVs) (573) in 

order to protect against the innate immunity of the host (70, 563). The second is a 15-kb section with 

a G+C content of ~55.5% that encodes a tetrathionate reductase (ttr) required for anaerobic 

respiration that is also found in S. bongori and is not required for virulence (244, 245). 

Once S. enterica is inside the SCV (78, 111), SPI-2 encoded T3SS-2 is expressed, which is 

directly controlled by the two-component regulator, SsrAB (secretion system regulators), also 

encoded by SPI-2 (111). Effector proteins are subsequently secreted across the membrane of the 

SCV allowing the survival and replication of Salmonella inside host cells by modulating vesicular 

trafficking (548). Furthermore, expression of ssrAB is modulated by OmpR/EnvZ, a two-component 

global regulator (332). SPI-2 T3SS-2 effector proteins also contribute to biogenesis of the SCV, 

delaying the onset of apoptosis in macrophages via caspase-1, which is reported to be dependent on 

the functioning of SPI-2 (398), thus promoting the systemic spread of the bacteria during murine 

infections (78, 170, 248, 398, 563, 573). Also, dependent on the action of the SPI-2 T3SS are 

Salmonella-induced filaments (Sifs), which are lysosomal glycoprotein (lgp)-rich, long, contiguous  

microtubular extensions that extend away form the SCV and are thought to result from the fusion of  
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late endocytic compartments with the SCV (56, 312). The function of Sifs is unclear; however, their 

production is often associated with rapid intracellular bacterial proliferation (40). Furthermore, the 

T3SS protein pipB2 contains a C-terminal extension, which is lacking in pipB, that allows for the re-

distribution of late endosomes/lysosomes within mammalian cells (312). SPI-2 also prevents co-

localization of the phagocyte oxidase and the inducible nitric oxide synthase to the SCV, thus 

protecting intracellular Salmonella against damage by reactive nitrogen species (RNS) and reactive 

oxygen species (ROS) and against the potent antimicrobial activity of peroxynitrite (ONOO-), which is 

generated by reaction of RNS and ROS (70, 243, 563).  

SPI-2 encodes the secreted proteins SseBCD (secretion system effectors) that function as 

translocators for the delivery of effector proteins into infected host cells. The effector proteins SseF 

and SseG (321), and SpiC are required for translocation and interference with cellular trafficking (548) 

and serve as a functional components of the T3SS (160, 595). Several of the T3SS-2 secreted 

effector proteins are located at various loci scattered around the chromosome (393, 404). Outside of 

the island, encoded translocated effector proteins have been identified including, SifA, SifB, SspH1, 

SspH2 (secretion system proteins), SlrP, SseI, and SseJ, which all share a conserved 150 amino 

acids N-terminal domain, as well as PipB (encoded by SPI-5), PipB2, and SopD2 (243, 385). These 

last three effectors, as well as other SPI-2 encoded effectors, lack the conserved N-terminal domain 

(385). Mutations in structural or regulatory genes associated with the SPI-2 T3SS-2 are highly 

attenuated in the mouse typhoid model (247). Furthermore, such mutants disperse through the 

reticuloendothelial system of infected mice, but do not proliferate (247, 505, 506).  

The expression of the SPI-2 genes is activated via the intracellular environment (78, 111). 

Although the signals received by SsrA are not known, in vitro SPI-2 expression is activated via 

deprivation of Mg2+ and inorganic phosphate starvation (111). There appears to be a lack of 

magnesium and phosphate within the SCV, however further in vivo research is necessary to 

determine the exact environmental conditions, including [oxygen] and acidity levels, inside of 

phagocytes. These environmental conditions also suggest that the global regulatory system PhoPQ  
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also modulates SPI-2 expression (111).  

SPI-3 

SPI-3 is a 17-kb locus located at 82 min on the chromosome, directly behind selC, a tRNA 

locus that serves as an insertion site for pathogenicity islands in enteropathogenic and uropathogenic 

strains of E. coli (43). This island has an average G+C content of ~47.5% with extensive variations (9, 

44). Furthermore, completion of the genome sequence of S. Typhimurium revealed that this island 

encompasses three regions of 34-kb in total (368). However, only the first region has been studied in 

detail, as it is the originally predicted SPI-3 sequence with a mosaic genetic structure (44). 

Considerable genetic variation lies at the selC end of this island, particularly with sugR and rhuM, 

which have been deleted from several subspecies and serovars of S. enterica and is replaced with an 

insertion containing an apparent E. coli fimbrial operon in serovar Derby (9) and with pseudogenes in 

S. Typhi (44). However, the remainder of the region is more conserved and is present in S. bongori 

(44). 

SPI-3 contains mgtC, a Salmonella-specific gene required for intramacrophage survival, 

virulence in mice, and growth in low-Mg2+ media (43). The mgtC gene is transcriptionally regulated by 

the PhoP-PhoQ system, which governs adaptation to low-Mg2+ environments and is a major regulator 

of virulence functions in Salmonella (43, 111, 207, 441, 564, 565). The function of mgtC is unknown 

(401), however it is co-transcribed with mgtB, a Mg2+ transporter (509) dispensable for virulence in 

BALB/c mice (43). MgtB and MgtC are both located in the cytoplasmic membrane (43).  

The remaining SPI-3 genes are non-homologous with known virulence genes. Recently, a 

signature-tagged mutagenesis screen of S. Typhimurium for colonization factors of either calves 

and/or chickens revealed that the SPI-3 genes rmbA and STM3784 are required to colonize calves, 

misL to colonize chickens, and slsA to colonize both aforementioned animal species (406). MisL 

shares homology to a type V secretion system that is similar to VirG in Shigella flexneri, as well as to 

the AIDA-1 adhesin of enteropathogenic E. coli (44), and to a fibronectin-binding protein necessary  

for long-term murine intestinal colonization (118). 
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SPI-4 

Using comparative genomics and sequencing, SPI-4 was identified as a 27-kb DNA insertion 

loop located at 92 minutes on the chromosome (588). Furthermore, this island is required for 

intramacrophage survival, has a G+C content of 37-44%, is adjacent to a tRNA-like sequence, and 

flanked by ssb (encodes the single-stranded DNA binding protein) and soxSR (superoxide regulatory 

genes) (588). A previously identified locus on this island, which defined this region as a pathogenicity 

island, was required for murine macrophage survival, however this mutant was fully virulent when 

administered via i.p. to BALB/c mice (148) and was later identified as siiE (Salmonella intestinal 

infection) and determined not to be required for invasion or persistence in porcine alveolar 

macrophages (406). 

SPI-4 is conserved among several serovars of S. enterica except subspecies III (9, 461, 588) 

and is similar in S. Typhi and S. Typhimurium, except siiE contains a stop codon and is incorrectly 

annotated as two ORFs (113, 437). SPI-4 contains 18 ORFs, which was later annotated to six ORFs 

(368), confirmed by other researchers (406), and subsequently renamed siiA-F. The island encodes 

components of a type I secretion system (siiCDF) that mediates toxin secretion, similar to E. coli α-

hemolysin secretion, a gene (siiE) coding for a very large secreted protein (~600kDa) (187, 188, 405), 

and two other genes (siiAB) that lack homologues in the protein or DNA databases (406). These 

genes are believed to be transcribed as a single operon and there is highly conserved operon polarity 

suppressor (ops) motif, under control of the RfaH, in the non-coding region upstream of siiA (406, 

412), which is required for transcription elongation (20). This motif is associated with virulence gene 

clusters, including those required for lipopolysaccharide (LPS) production in S. Typhimurium, the Vi 

antigen in S. Typhi, and α-hemolysin and K5 capsule in pathogenic E. coli (20). Initially, SPI-4 was 

thought to be required for survival in murine macrophages (148), however subsequent studies 

showed that it was not (405, 588). SPI-4 is not required for the induction of enteropathogenic 

responses in calves (405, 406), while the components of the T1SS and the secreted protein are  

required for intestinal colonization of cattle, but not chickens (406). The function of the secretion  
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system is unknown, but it is only required for intestinal infection as mutants in siiE and siiF are able to 

cause systemic infection in mice following i.p., but not oral infection (406) and it is unclear whether 

siiA or siiB are required for virulence (404). Finally, siiE is required for long-term survival (329) and 

orogastric infection of S. Typhimurium during murine infection (309). Regulation of SPI-4 overlaps 

with that of SPI-1. Mutations in hilA and sirA cause a significant reduction in SiiE production and SPI-

4-mediated adherence to epithelial cells (187). Furthermore, the transcriptional regulators (HilA, HilC, 

and HilD) coordinately act with additional SPI-1-encoded regulatory loci to activate SPI-4 (360). 

Additionally, HilA induces SPI-4 expression by antagonizing the global transcriptional silencer H-NS 

(360). 

SPI-5 

During the characterization of some SPI-effector proteins, Sops, SPI-5 was identified as a 

7.6-kb mosaic structured locus located adjacent to the serT tRNA with a G+C content of ~43.6% 

(590). The majority of the islands’ seven encoded proteins in conjunction with T3SS-1 and T3SS-2 

are critical to the production of enteropathogenic responses during salmonellosis (590). The island 

can be divided into two regions. At the serT end of the island is pipAB, which is present in subspecies 

I, III, IV, VI, VII, but not in subspecies II or in S. bongori, while the opposite end of the island, including 

sopB is present in all Salmonella subspecies (310).   

 SopB (SigD) (259), an inositol phosphatase involved in triggering fluid secretion, resulting in 

diarrhea (426), is translocated by T3SS-1, (106) appears to be assisted by a chaperone, PipC (SigE) 

that is encoded on SPI-5 (259), and is coordinately regulated with SPI-1 genes (105). Furthermore, 

sopB expression is dependent on the function of HilA (1). SopB plays only a minor role in the invasion 

epithelial cells, while sopB mutants affect the ability of S. Dublin and S. Typhimurium to induce fluid 

secretion and inflammation in the bovine ileal loop model (171, 483).  However, following oral 

infection of calves with S. Typhimurium, SopB was not required for the induction of enteritis (544), 

which may be due to differences in sensitivities of these two models of infection as well as the  

necessity for the presence of other T3SS-1 secreted effector proteins (404). SopB activity causes a  
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significant increase in the intracellular concentration of (1,4,5,6)-tetrakisphosphate (InsP4) in infected 

epithelial cells, thus antagonizing the closure of chloride (Cl-) channels that creates an electrolyte 

imbalance, which leads to fluid secretion into the intestinal lumen (127, 426). In infected epithelial 

cells, SopB also activates Akt, a serine-threonine kinase that prevents apoptosis (311, 515) and 

affects cytoskeletal rearrangements, phospholipase C activation, nuclear mRNA export, and 

facilitates membrane fission (146, 426, 536, 604).  

In contrast, pipB is coordinately regulated with that of SPI-2 encoded genes and is 

translocated by T3SS-2, although it does not influence intracellular replication in phagocytic cells. The 

exact function of PipB has yet to be elucidated, however it is not required for virulence. Although it is 

not necessary for their formation or maintenance, PipB localizes in the SCV and Sifs of mammalian 

host cells (310). Regulation of SPI-5 genes is similar to those in SPI-2, such that activation occurs 

under intracellular conditions or in vitro when the bacteria are exposed to limiting amounts of Mg2+ (1, 

243). PipA is expressed under conditions known to induce SPI-2 genes, propagates systemic disease 

in mice (310), and in S. Dublin, is required for the production of enteropathogenic responses in the 

calf illeal loop (590).  

SPI-6 

Originally identified as a horizontally acquired locus harboring the saf fimbrial operon in S. 

Typhimurium (156), SPI-6 was designated as a PI according to the genome sequence of S. enterica 

Typhi (437) and was later named SCI (Salmonella enterica centisome 7 genomic island) in S. 

Typhimurium (157). The island is inserted next to aspV tRNA and is 47-kb in S. Typhimurium, but 59-

kb in S. Typhi (157). The genome sequences for S. Typhimurium, S. Choleraesuis, and S. Typhi as 

well as hybridization data show multiple differences in the gene content of SPI-6 between these 

serovars, which indicate that SPI-6 is mosaic in nature. Within SPI-6, the function of only a few genes 

is known. The island is present only in S. enterica subspecies I, however small insertions are present 

at aspV in subspecies IIIb, IV, and VII (156, 157, 243). 

 SPI-6 harbors several putative virulence genes, including pagN, sciA-Z, and the saf and tcf  
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fimbrial gene clusters, although the role of these genes in the virulence of Salmonella has not been 

elucidated. Deletion of the SPI-6 locus from S. Typhimurium reduces its ability to invade HEp-2 cells, 

but retained virulence after oral and i. p. infection of mice (157). The pagN gene is activated by the 

PhoP-PhoQ two-component system, which regulates numerous virulence genes in Salmonella (215). 

Several sci genes are homologous to clusters of genes in Yersinia pestis, Pseudomonas aeruginosa, 

and on O-island #7 of E. coli O157:H7, which is also inserted at the aspV tRNA gene. The potential 

bacterial distribution of the sci genes implicates their necessity of these genes for the interaction with 

eukaryotic cells (157). The Saf fimbriae are similar to adhesive structures that form thin atypical 

fimbriae or non-fimbrial adhesins in all serovars of subspecies I, but that are absent from S. bongori 

and other subspecies of S. enterica (156, 460, 541). In contrast, the tcf operon is present in only 

some serovars of S. enterica subspecies I (541) and their proteins are highly homologous to the Coo 

proteins required for biosynthesis of the CSI colonizing factor antigens of enterotoxigenic E. coli that 

mediate binding to human intestinal receptors (156, 227). 

SPI-7 

 First identified in S. Typhi, where it lies next to the pheU tRNA, this island is considered the 

largest (133-kb) (227) and is referred to as the ‘Major Pathogenicity Island’ (599). SPI-7 is exclusive 

to S. Typhi, S. Paratyphi C, and a few Vi antigen (exopolysaccharide capsule) positive strains of S. 

Dublin (599). As a major virulence factor of S. Typhi, Vi is not necessary for human infection, however 

Vi-positive strains are more virulent than Vi-negative strains (258, 261). SopE, a T3SS-1 effector 

protein is carried by a P2-like prophage exclusive to SPI-7 of S. Typhi. Furthermore, SopE in S. Typhi 

is similar to, but distinct from SopE in a few strains of S. Typhimurium (446). The sequence similarity 

between sopE in S. Typhi and S. Typhimurium is highly homologous (394, 443). The sopEΦ is 

present in serovars of S. enterica subspecies I, VII, and IV, however it is located on a λ–like phage in 

S. Enteritidis, S. Dublin, S. Hadar, and S. Gallinarum (230, 393-395).  
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SPI-8, 9, and 10 

Identified during the sequencing of S. Typhi CT18, the presence of three additional SPIs (8, 

9, and 10) have been postulated (437) due to their PI characteristics, however further experimental 

evidence is necessary to elucidate the contributions of these islands to pathogenesis (145, 243) as 

well as the distribution of these islands among other Salmonella serovars. SPI-8, a 6.8-kb locus that 

lies next to the pheV tRNA (437) encodes a bacteriocin pseudogene, the intact bacteriocin immunity 

genes, and a degenerate integrase (437). SPI-9, a 16.2-kb locus, is also present in S. Typhimurium 

and S. Choleraesuis, (243, 404) and is adjacent to a lysogenic bacteriophage in the chromosome of 

S. Typhi CT18 (437). The organization of SPI-9 is similar to that of SPI-4, and SPI-9 also contains 

four genes, each having a 40% nucleotide identity to those in SPI-4. Three of these genes are 

homologous to T1SSs and the other is predicted to encode a 365-kDa RTX-like protein (406), which 

contains a frameshift in the sequence of S. Typhimurium LT2, however it was shown to be intact in a 

different isolate of S. Typhimurium LT2 as well as in a clinical isolate of S. Enteritidis (328). Recently, 

the SPI-9 genes of S. Enteritidis were renamed bapABCD and were required for in vitro biofilm 

formation and intestinal colonization of mice (328). SPI-10, a 32.8-kb insertion located beside leuX 

tRNA in S. Typhi and S. Paratyphi A (437), carries phage 46, the sef fimbrial operon, and a portion of 

the pef operon that is homologous to a segment of the S. Typhimurium virulence plasmid (437). The 

sef fimbriae is present in S. Enteritidis, while a different 25-kb PI has inserted at this locus in S. 

Typhimurium, which reveals the hypervariability of this region among serovars (41, 128). 

SPI-11, 12, 13, and 14 

 Both SPI-11 and 12 were identified following the sequencing of S. Choleraesuis (75). SPI-11 

is 14-kb, lies next to the Gifsy-1 prophage, and is a mosaic island that has only parts that are present 

in both S. Typhimurium and S. Typhi. Several genes on this island have been characterized for their 

role in the virulence of S. Typhimurium, including pagC and pagD, which are regulated by SlyA and 

PhoP/PhoQ (214, 416). PagC contributes to intramacrophage survival, systemic infection in mice 

(389), and is necessary for serum resistance of S. Cholerasuis (424). PagD and MsgA promote  
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survival of S. Typhimurium within macrophages, while msgA also contributes to systemic infection in 

mice (214). EnvE and EnvF are predicted envelope proteins that are not required for virulence in mice 

(214). SPI-12 is 6.3-kb and lies adjacent to the proL tRNA gene in both S. Typhimurium and S. Typhi. 

In S. Typhimurium, there is an additional 9.5-kb locus that carries mainly phage genes (227). The 

only characterized virulence factor of SPI-12 is a T3SS-2 secreted effector SspH2, which influences 

the rate of actin-polymerization inside infected cells and contributes to virulence in calves (384). 

 SPI-13 and 14 were designated as PIs during an investigation (498) showing that the SPI-14 

genes, gpiA and gpiB of S. Gallinarum, were required for virulence in one-day-old chicks (498). 

Furthermore, the island was determined to be present in S. Typhimurium and S. Choleraesuis, but 

not in S. Typhi or S. Paratyphi A. SPI-13, a 19.5-kb locus, lying next to the pheV tRNA, is present in 

S. Typhimurium and S. Choleraesuis. However, in S. Typhi and S. Paratyphi A, a portion of the island 

(7.4-kb) adjacent to the pheV tRNA has been replaced with SPI-8. In S. Gallinarum, three (gacD, 

gtrA, and gtrB) of the 18 genes in this island were required for virulence in one-day-old chicks (498). 

Salmonella genomic island I (SGI-1)  

SGI-1 is a 43-kb cluster of antibiotic resistance genes that is not associated with a tRNA gene 

(50) and appears to be stable in the absence of selective pressure (243). Over the years, clinical, 

therapuetic use of antibiotics among humans and animals for the treatment of Salmonella infections 

has created a selective pressure among S. enterica serovars (404) leading to the emergence of 

several multi-drug resistant epidemic strains including S. Typhimurium DT104 and DT120, S. 

Paratyphi B, S. Agona, as well as other serovars of S. enterica (50). Several S. enterica serovars 

have been shown to contain variations at SGI-1, which is indicative of the occurrence of horizontal 

transfer and site-specific recombination events. SGI-1 is an integrative mobilizable element, which is 

transferable among serovars in vitro via conjugative mobilization, and therefore probably contributes 

to the spread of antibiotic resistance genes (119). Recently, the integron in SGI-1 of S. Albany 

containing a streptomycin resistance gene was replaced by an integron harboring a trimethoprim 

resistance gene. Finally, S. Typhimurium DT104 is a SGI-1 variant containing a clustered region 
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composed of two integrons with resistance to ampicillin, chloramphenicol, streptomycin, 

sulphonamides, and tetracycline (243).  

SALMONELLOSIS 

Clinical Symptoms 

Salmonella species are transmitted via the fecal-oral route (27, 28). Two of the most common 

clinical manifestations include gastroenteritis and typhoid fever. Non-typhoidal, zoonotic Salmonella  

serovars, include S. Typhimurium and S. Enteritidis, produce a localized gastroenteritis and 

lymphadenitis in humans resulting in diarrhea, nausea, vomiting, intestinal cramping, and fever within 

12 to 72 h post-infection (439, 464). The histopathological hallmark of non-typhoidal salmonellosis is 

characterized by a massive neutrophil influx in the terminal ileum and proximal colon (231). These 

two frequently isolated serovars are responsible for the majority (40,000 cases per year) of human 

gastroenteritis infections each year in the United States (104). Enteric fever is a protracted systemic 

disease resulting in 16 million illnesses and 600,000 deaths worldwide each year from infection by the 

strict human pathogens, S. Typhi and S. Paratyphi (594). Disease symptoms include fever, 

abdominal pain, transient diarrhea or constipation, and occasionally a maculopapular rash (390, 428). 

The pathology is marked by mononuclear cell infiltration and hypertrophy of the reticuloendothelial 

system, including the intestinal Peyer’s patches, mesenteric lymph nodes, spleen, and bone marrow 

(571). Salmonella serovars infect a broad host range, including poultry, cattle, and pigs and are 

disseminated among the human population as a result of poor sanitation of water and from the 

consumption of raw or undercooked food products (97-100, 104).  

S. Typhimurium usually causes a self-limiting gastroenteritis in humans, but induces a 

systemic disease in mice, similar to typhoid fever. Thus, mice are not well suited as a model for 

gastroenteritis (484). The use of molecular techniques along with epithelial and macrophage tissue 

culture cell lines as well as animal models of infection have been critical tools in characterizing 

virulence factors and in studying invasion and intracellular replication in Salmonella pathogenesis 

(571). Additionally, oral infection and intestinal ligated loop studies in mice have allowed for the  
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investigation of virulence factors mediating systemic pathogenesis, while rabbit and bovine models 

have been valuable for determining the mechanisms of virulence resulting in gastroenteritis (571). 

Salmonella invades both microfold cells (M cells) and enterocytes (534) and is known to produce an 

infection that is localized to the intestine and mesenteric lymph nodes, closely resembling the disease 

symptoms of gastroenteritis in humans (164, 571, 598). However, in mice the major portal of entry 

appears to be only through M cells (81, 286, 287, 444). The difference in the routes of invasion 

between mice and cattle requires further study (575). The advantage of the loop model versus oral 

challenge is that multiple strains can be tested per animal, thus eliminating inter-animal variation and 

reducing the amount of animals tested. The loop model was developed to quantify intestinal invasion, 

inflammation, fluid secretion, and mucosal damage (169, 572, 575). 

  Treatment and Prevention 

Salmonella is difficult to eliminate from the environment. The major reservoir for human 

infection is poultry and livestock, thus reducing the number of Salmonella harbored in these animals 

would significantly reduce human exposure. To achieve this goal, all animal feeds are treated to kill 

Salmonella prior to distribution, resulting in a marked reduction in salmonellosis (463, 

http://gsbs.utmb.edu/microbook/ch021.htm). Other helpful measures include changing animal 

slaughtering practices to reduce cross-contamination of animal carcasses, protecting processed 

foods from contamination, and providing training in hygienic practices for all food-handling personnel 

in slaughterhouses, food processing plants, and restaurants (463, 

http://gsbs.utmb.edu/microbook/ch021.htm). Furthermore, adequate cooking and refrigeration of meat 

or poultry products and those foods containing raw eggs in food processing plants, restaurants, and 

homes are critical to the prevention of salmonellosis (98, 99). Consumption of dough or batter that 

contains raw eggs and unpasteurized milk or foods made with unpasteurized milk should be avoided 

(100). Vegetables and fruits may also carry Salmonella, if they are contaminated with fecal material 

during production, handling, or during production or processing if they are watered or washed with 

polluted water, respectively (100). Additional expansion of governmental enteric disease surveillance  
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programs has also proven effective (463, http://gsbs.utmb.edu/microbook/ch021.htm). Prevention of 

salmonellosis also involves effective sanitizing of food-contact surfaces such as the use of sodium 

hypochlorite (bleach), nonflammable alcohol vapor in carbon dioxide (NAV-CO2) systems, alcohol, 

and quaternary ammonium compounds that can be used in conjunction with alcohol to increase the 

duration of the sanitizing action. Good hygienic practices such as proper hand washing with soap and 

warm water before and after handling food, after using the toilet, changing diapers, or playing with 

pets are also ways to minimize the spread of Salmonella (100, http://www.dhs.sa.gov.au/pehs/youv-

got-what/gen-topic-food-poisoning.htm, http://www.cdc.gov/ncidod/dbmd/diseaseinfo/salment_g.htm).  

Treatment of salmonellosis primarily involves oral and intravenous re-hydration 

(http://www.emedicine.com/med/topic807htm). Enteric (typhoid) fever is best treated with antibiotics 

for 10-14 days (http://author.emedicine/com/ped/topic2033htm). Prolonged bacteremia and focal 

infection are treated with maximal doses of antibiotics such as trimethoprim or sulfamethoxazole, 

ceftriaxone, or ciprofloxacin (301, http://author.emedicine/com/ped/topic2033htm). However, caution 

is warranted when treating Salmonella infections with antibiotics due to the increase of antibiotic 

resistant strains (99, 301, 539). Salmonella strains with resistance to ciprofloxacin now include about 

15% of the Salmonella isolates (539). Vaccines are available for typhoid fever and are partially 

effective, especially in children (73, 96, 120), however, currently there are no vaccines available for 

non-typhoidal salmonellosis (523). 

Pathophysiology and Virulence Mechanisms 

Attachment 

After ingestion of Salmonella via contaminated food or water the organism must withstand the 

pH of the stomach. A high gastric pH reduces the infectious dose of Salmonella, thus providing an 

initial barrier to infection (191). However, upon exposure to low pH salmonellae are known to exhibit 

an adaptive response to acid, which may promote survival to acidic host environments, such as those 

found in the host gut (176). Salmonella then enter the small bowel and must transverse the intestinal 

mucus layer prior to adhering to the intestinal epithelium, which is mediated by various types of  
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fimbriae (type I, long polar, plasmid-encoded, and thin aggregative), depending on the serovar 

implicated (32, 104). Studies using tissue culture epithelial cells and mouse intestinal tissue have 

identified specific amino acids within the adhesin molecule of type I fimbriae of Salmonella that are 

critical for attachment and biofilm formation (46). Long-polar fimbriae have been shown to mediate 

binding to Peyer’s patches overlaying lymphoid follicles within the intestine (104).  

Following attachment to the surface of intestinal epithelial cells Salmonella initiates a 

morphologically distinct invasion process called bacterial-mediated endocytosis (159), which is in 

contrast to the adhesin-receptor-mediated endocytosis utilized by other pathogenic bacteria to enter 

nonphagocytic cells (55, 428). The complex infection process of S. Typhimurium is initiated by 

invasion of the intestinal epithelial monolayer (192, 534) and is driven by the regulation of the 

expression of invasion genes encoded on SPI-1 (74, 82, 167). In contrast, the SPI-1 independent 

mechanism of invasion occurs when Salmonella does not interact with M cells, but is engulfed by 

dendritic cells that reach between the tight junctions of the epithelial cells, sample bacteria at the 

mucosal surface (470), and is trafficked from the gastrointestinal tract to the bloodstream by CD-18-

expressing phagocytes (104, 489, 560). 

Host cytoskeleton rearrangement, invasion, and translocation 

S. Typhimurium subsequently manipulates the host cell’s function via T3SS effector proteins, 

thus altering the epithelial cell’s cytoskeletal structure leading to bacterial internalization (165, 230, 

259, 291, 391, 492, 591). Next, the expression of the SPI-1 central regulator, hilA, is modulated 

according to environmental signals. Additionally, overexpression of hilA confers a hyperinvasive 

phenotype and overexpression also counteracts the effects of repressing signals (21, 22, 334). 

Expression of hilA is crucial for the invasiveness of Salmonella as hilA mutants are 150-fold less 

invasive and 60-fold less virulent in mice (21, 444). Thus, a complex interaction of environmental and 

genetic control elements (22, 167, 488, 507) encountered by Salmonella in the intestinal lumen 

induces HilA to activate the inv/spa and prg operons (349, 350), which encode components of the 

T3SS apparatus, and the sic/sip operon (103, 105, 129, 406). HilC and HilD are further SPI-1- 
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encoded regulators that modulate HilA activity (33, 352). SPI-4, which is required for the enteric 

phase of pathogenesis (404-406), also has been related to HilA (109, 187, 538). Furthermore, several 

genes are known to exert regulatory effects on hilA and include those with a positive regulatory effect 

hilC/sirC/sprA (130, 466, 488), invF (291), rtsA (132), hilD (488), sirA (1, 285, 466), fis (585), csrAB 

(7), and phoBR (353), fadD, and fliZ (274, 353) as well as negative regulators phoPQ (35, 441). 

Translocation of the Salmonella effector proteins, thirteen of which have been identified (168, 

464), into the cytoplasm of the eukaryotic cells (307, 308, 525) is mediated by the T3SS-1 (391) 

located within SPI-1. SipB, SipC, and SipD (Salmonella Invasion Proteins) are thought to form a pore 

in the host cell membrane that is required for the remaining ten effectors to translocate into the host 

cell cytosol (82), six (SipA, SopA, SopB, SopD, SopE, and SopE2) (Salmonella Outer Proteins) of 

which are known to be required for the development of diarrhea and inflammation (591). In vitro, 

Salmonella SPI-1 T3SS-1 mutants lack the ability to invade epithelial cells or induce cytokine 

synthesis (21, 104). Secretion of effector proteins triggers a cascade of reactions that includes 

rearrangement of the host cell cytoskeleton, disruption of the epithelial brush border, and formation of 

membrane ruffles that reach-out and engulf the bacteria into the host cell in large SCVs in a process 

referred to as macropinocytosis (78, 248, 310, 398, 573).  

Host cell actin cytoskeleton regulation is mediated by members of the Rho family of 

monomeric GTP-binding proteins (G proteins) including CDC-42, Rac-1, and Rho (222, 230), which 

regulate gene transcription by signaling through mitogen-activated protein kinases (MAP kinases) 

(222). SipB activates intracellular caspase-1, a member of a family of cysteine proteases, within 

resident macrophages (250), thus inducing apoptosis of these infected macrophages, allowing the 

escape of Salmonella from these cells, and perpetuating the enhanced colonization of Peyer’s 

patches and mesenteric lymph nodes (398). Caspase-1 also cleaves the proinflammatory cytokines 

IL-1β and IL-18 yielding active cytokines, thus enhancing local inflammation and propagating 

infiltration of polymorphonuclear phagocytes (PMNs) (398). SipC is homologous to the IpaC invasion 

protein of Shigella (381) and is a member of the putative translocase apparatus that coordinately  
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regulates entry of T3SS-1 effector proteins into the host cells (82). SipC mutants lack the ability to 

translocate other SPI-1 effectors (82). Upon delivery into the host cell membrane, SipC associates 

with lipid bilayers and directly binds actin and bundles the filaments via use of its N-terminus, while it 

uses its C-terminus to nucleate the actin polymers (239). The Salmonella effector proteins SipA, 

SopE, SptP, SopE2, and SopB target the host actin cytoskeleton for rearrangement (230). SipA 

directly binds and stabilizes the structural components of actin in vitro at the site of S. Typhimurium 

interaction with the host cell, thus decreasing the concentration required for actin polymerization and 

inhibiting depolymerization of actin filaments (607). Additionally, SipA complexes with T-plastin to 

increase its actin-bundling activity (606). SopE and SptP function as a nucleotide exchange factors 

(NEFs) for the small GTP binding proteins (CDC42 and Rac-1) (166), while SptP also contains a 

tyrosine phosphatase activity, but it has yet to be determined how it contributes to host cytoskeleton 

rearrangement in vivo (165). However, these two proteins act antithetical to each other whereby co-

injection of SptE and SopE eliminates the membrane ruffling response induced by injection of SopE 

alone (166, 230). SopE2 also acts as a NEF for CDC42 (23, 230), but not for Rac-1 (162). SopB 

(SigD) (171, 259), is encoded within SPI-5, but coordinately regulated with SPI-1 genes (106, 171) 

and its secretion is apparently assisted by a specific chaperone, PipC (SigE), also encoded on SPI-5 

(590). Furthermore, SopB is not required to produce diarrhea following oral infection of S. 

Typhimurium in calves (544), while sopB mutants have the ability to invade epithelial cells in vitro, 

they are significantly decreased in their ability to induce fluid secretion and inflammation in the bovine 

ileal loop model (171, 483). While SopB plays only a minor role in the invasion of intestinal epithelial 

cells (465, 469), it activates a serine-threonine kinase (Akt) in infected epithelial cells to prevent them 

from becoming apoptotic (311, 515). SopB is homologous to and functions in vitro as a inositol-

polyphosphate-4-phosphatase that hydrolyzes phosphatidylinositol 3,4,5-triphosphate, thus triggering 

a transient increase in D-myo-inositol 1,4,5,6 tetrakisphosphate [Ins (1,4,5,6)P4], which subsequently 

antagonizes the closure of calcium dependent chloride channels influencing net electrolyte transport 

and producing fluid secretion into the intestinal mucosa (127, 426). A point mutation in sopB  
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eliminates phosphatase inositol activity, thus negating the increase in Ins (1,4,5,6) P4 levels in Hela 

cells (426). However, in animals, sopB point mutants induce the same intestinal secretion and 

inflammation as the wild-type (426). The exact signaling pathways of how SopB effects the host 

cytoskeleton has yet to be elucidated (571).  

Dissemination 

Following invasion of the intestinal cells, a fraction of the SCVs, containing large numbers of 

Salmonella cells (153), translocate to the basolateral membrane (155). Meanwhile, the apical 

epithelial brush border reconstitutes (428), which requires the function of the Salmonella effector 

protein SptP (166). In mammalian cells, pipB (Pathogenicity Island-encoded Proteins), which is 

located on SPI-5 (590), regulated by SPI-2, and translocated by the T3SS-2 (310) is known to localize 

to the SCV and Sifs (56), but it is not required for their formation and maintenance or for intracellular 

replication within phagocytic cells (40, 310).  

Early, during this trafficking process, SCVs transiently interact with endosomes, however as 

these SCVs continue towards the basolateral membrane, while interactions with endosomes become 

less frequent. Further along in the transport process, SCVs interact with and acquire unidentified 

compartments containing lysosomal glycoproteins (Lgps) (516). Rab-7, a small molecular weight 

GTPase, has been shown to mediate the delivery of Lgps to SCVs in cultured epithelial cells (382). 

Late into trafficking (3 to 4 h), Salmonella in the SCVs begins to replicate, which is promoted by the 

T3SS-2, and Sifs are formed (174). Subsequently, M cells and enterocytes are destroyed (286), thus 

allowing for the bacteria to come into contact with submucosal macrophages (52). M cells are 

specialized epithelial cells that sample intestinal antigens through pinocytosis and transport these 

antigens to lymphoid cells such as macrophages that lie beneath the epithelium in Peyer’s patches 

(5, 560). This process is critical to the establishment of mucosal immunity as M cell and enterocyte 

invasion differs in animal hosts (68, 287, 575).  
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HOST RESPONSE 

The Phagosomal Environment 

By exploiting the intracellular niche of host cells, S. enterica partially circumvents competition 

for nutrients and space with other bacteria, thus avoiding exposure to antimicrobials produced by the 

microflora that colonize the gastrointestinal mucosa. However, residing inside professional 

phagocytes does not come free of cost (558).  Professional phagocytes recognize the presence of S. 

enterica and activate an array of oxygen-dependent and independent antimicrobial defenses ranging 

from the utilization of cytotoxic ROS and RNS and lysosomal hydrolases to the expression of 

transport systems that limit the availability of nutrients (370). Recently, expression profiling of S. 

Typhimurium following macrophage infection revealed that intracellular S. Typhimurium was not 

starved for amino acids or iron (Fe2+) and that the intravacuolar environment was low in phosphate 

and magnesium, and was rich in oxygen, potassium, weak acids, gluconate, and antimicrobial 

peptides (135). S. enterica responds to the harsh conditions of the phagosome by expressing 

numerous virulence factors that detoxify host cytotoxic molecules or repair the damage inflected by 

these defenses. Research has shown that low concentrations of intraphagosomal magnesium would 

provide a signal for phosphorylation of the S. Typhimurium PhoP response regulator, thus promoting 

its intracellular survival and resistance to antimicrobial peptides (209). 

Despite popular belief that macrophages are highly aerobic, several studies contradict this 

notion. A steep gradient exists between the pO2 in the media in which macrophages are suspended 

and the pO2 inside of the phagosome (i.e. the pO2 drops from ~210 µM in the medium to 79.8 + 1.6 to 

32.6 + 1.7 µM in the phagosome, depending on the density of the macrophages (206, 279, 280). 

Additionally, macrophages produce ROS and consume oxygen, while at the same time phagocytosed 

Salmonella cells consume oxygen, thus further decreasing pO2 in the phagosome (151). Furthermore, 

the pO2 inside macrophages cultured in the laboratory at atmospheric oxygen is most likely different 

from the pO2 inside macrophages residing in the host (16). Therefore, research is necessary to 

directly measure pO2 available to bacterial cells residing inside activated macrophages in culture as  
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well as in the host (151). 

Triggering the Innate Defenses 

The host response to Salmonella infected epithelial cells includes the basolateral secretion of 

chemokines, such as interleukin 8 (IL-8), the pathogen-elicited epithelial chemoattractant (PEEC) 

(126, 371-374), and prostaglandins, thus these chemoattractants aid in the recruitment of 

inflammatory cells, such as PMN leukocytes to the location of infection (190, 373). The intestinal 

epithelium serves as a barrier separating pathogen-associated molecular patterns (PAMPs), which 

are small molecular motifs consistently expressed by commensal bacteria or pathogens in the 

intestinal lumen. PAMPs include bacterial LPS, flagellin, fimbriae, lipoteichoic acid, peptidoglycan, 

and nucleic acid variants normally associated with viruses, such as double-stranded RNA (dsRNA) or 

unmethylated CpG motifs (376, 415, 421, 476). PAMPs are recognized by toll-like receptors (TLRs) 

expressed by a variety of host cell types in the intestinal tissue and activate innate immune responses 

by identifying these non-self molecules, thus protecting the animals or plants from infection (189, 

598). S. Typhimurium flagellin is the major molecular trigger or PAMP that is recognized by TLR5 

(238), which is expressed at the basolateral pole of intestinal epithelial cells in vitro (189) and in vivo 

(66), thus enabling this pathogen to activate gut epithelial pro-inflammatory gene expression. S. 

Typhimurium curli fimbriae are also PAMPs that are recognized by TLR2 and induce IL-8 expression 

(547). In bovine ligated ileal loops infected with either wild-type S. Typhimurium or an isogenic strain 

with a mutation in both flagellin genes (a fljBfliC mutant) revealed that the fljBfliC mutant reduced the 

neutrophil influx by ~80% compared with loops infected with the wild-type strain (493). Therefore, in 

vivo and in vitro research support the notion that flagellin triggers neutrophil infiltration in the intestine, 

although, in vivo inactivation of T3SS-1 produces a more pronounced reduction of neutrophil 

infiltration (~20% of the wild-type response) than the fliCfljB mutant (493). Thus, flagellin or fimbriae 

stimulation of TLR5 or TLR2, respectively, are not the only mechanisms that propagate inflammation 

in vivo (464). 

The transepithelial influx of inflammatory cells between enterocytes attempt to phagocytose  
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Salmonella and further stimulates the release of pro-inflammatory cytokines, thus enhancing the 

inflammatory response (51, 153, 171, 371, 571). This is preceded by the induction of watery diarrhea 

that may contain blood (359, 571). Salmonella-infected enterocytes then protrude from the villus 

surface, shed infected cells into the intestinal lumen, leading to villus blunting and loss of the 

absorptive surfaces (153, 287, 314, 571). A portion of the infected cells serve as vehicles for the 

transport of Salmonella to lymph nodes, the process of which has yet to be uncovered (104). The 

effector, SipB is also apparently involved in propagating cytokine signaling and apoptosis within 

macrophages (74, 399) via its ability to bind to and activate caspase-1, a pro-apoptotic protease that 

converts the precursor form of interleukin-1β to its mature form (250). Salmonella is also lethal to 

macrophages via an alternative mechanism to apoptosis (574). 

Animal models with immunological and genetic manipulations have revealed that genetic loci 

encoding Nramp1 (natural resistance associated macrophage protein-1), TNFα (tumor necrosis factor 

alpha), TLR4, NADPH oxidase, IFNγ (interferon gamma) play critical roles in the resistance to S. 

enterica infection (370) and are expressed directly by macrophages or, as in the case of IFNγ, can 

enhance the antimicrobial activity of macrophages (561) via activation of multiple genes, including 

those involved in the LPS/TLR4 signaling pathway for induction of iNOS (562), which is a calcium 

independent iNOS (288). However, high rates of NO production via iNOS are bacteriostatic for S. 

enterica, which is mainly due to the inhibition of SPI-2 transcription by NO produced via IFNγ 

activated macrophages (369). Neutralization of IFNγ results in reactivation of Salmonella latent 

infections held at bay in mesenteric lymph nodes by macrophages (397). During the host response to 

Salmonella, TNFα controls granuloma formation, recruits leukocytes to foci of inflammation (365, 

559), and activates the antimicrobial defenses of professional phagocytes including NO-dependent 

and –independent macrophage anti-Salmonella mechanisms as well as trafficking NADPH oxidase 

containing vesicles to the Salmonella phagosome (559). However, unidentified SPI-2 effectors appear 

to antagonize the signaling pathway activated by TNFα (559). Other proinflammatory cytokines such 

as macrophage migration inhibitory factor (MMIF) also participate in the early inflammatory response  
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to Salmonella infection (313).   

Nramp1 

The bcg/ish/ity autosomal dominant locus on mouse chromosome 1 regulates resistance to 

S. enterica (260, 448) and encodes a putative transmembrane glycoprotein called Nramp1 or Slc11a1 

(370, 567). A murine strain containing a glycine to aspartate substitution at position 169 within the 

fourth transmembrane domain of Nramp1, causes mice to be susceptible to systemic infection with S. 

enterica (566-568) as early as 24 h post-challenge (528). Hence, this glycoprotein plays a critical role 

in the innate host response to S. enterica (370). However, there currently has not been a link between 

human polymorphisms in Nramp1 and bacteraemia in patients experiencing typhoid fever (125). 

Nramp1 is a multispecific divalent metal ion symporter that deprives intracellular pathogens of these 

metals by removing Fe2+ and Mn2+ from the acidic luminal space of late endosomal, lysosomal, and 

phagosomal vesicles (15, 158, 276). Furthermore, Nramp1 serves to modulate the expression of the 

host cell defenses by stabilizing mRNA transcripts (325) and by increasing promoter binding of 

STAT1 to interferon regulatory factor 1, which is essential for induction of iNOS expression (163). 

Divalent cations are required as cofactors for vital enzymes in both the host and S. enterica, thus a 

battle ensues for the trace amounts of these divalent metals in the intraphagosomal environment 

(229, 296, 546). Alternatively, Nramp1 has been suggested to transport divalent metal ions into the 

phagosome (322, 609). In support of this model, Nramp1 has been shown to flux divalent metal ions 

in either direction against a proton gradient, hence it is a pH-dependent antiporter (194). Therefore, 

due to the acidity of the phagosome, Nramp1 would transport Fe2+ and other divalent cations into the 

proton rich luminal space of the phagosome containing S. enterica (370). Finally, the antimicrobial 

activity of Nramp1 is a result of the regulation of the transport of Fe2+ as a Fenton catalyst (570) 

reducing hydrogen peroxide (H2O2) to the hydroxyl radical (•OH) (370). Further research is necessary 

to reconcile these differences in the functioning of Nramp1 (370). 

Along the degradative pathway, a functional Nramp1 perpetuates the maturation process of 

phagosomes containing S. enterica, which allows for the co-localization of M6PR and similar fluid- 
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phase markers to the SCVs (95). Iron chelation of Nramp1(Asp169) macrophages containing S. enterica 

enhances co-localization of mannose 6-phosphate receptors (M6PR) and similar fluid-phase markers, 

thus phagosomal maturation is likely due to the functioning of Nramp1 as an iron efflux pump (275). 

However, a decrease in intraphagosomal cations increases transcription of SPI-2 genes (597), 

therefore allowing S. enterica to counteract Nramp1-stimulated phagosomal maturation (370).  

Intraphagosomal Generation of Reactive Oxygen (ROI) and Nitrogen Intermediates (RNI) 

The ability to survive and replicate within macrophages is essential to the pathogenesis of S. 

enterica (148). The majority of the scientific research about the anti-Salmonella activity of 

macrophages has been generated using peritoneal exudate macrophages (288). After translocating 

into Peyer’s patches, Salmonella is immediately picked-up by professional macrophages (5) via 

intimate interactions of the macrophage surface receptors with their microbial ligands stimulating 

internalization into active Salmonella-rich endocytic vacuoles referred to as phagosomes, which 

contain potent anti-S. enterica activity (370). Prior to processing the engulfed Salmonellae, maturation 

of the SCVs or young phagocytes occurs via potential fusion and fission events with early endosomes 

and subsequently through interactions with late endosomes and lysosomes (175, 232, 408, 467, 516, 

548). This process is usually complete 4h post-phagocytosis (174), after which bacterial replication 

begins (173, 392) and is followed by an induction of macrophage nitric oxide (NO) production, starting 

~8 h post-infection (134). Salmonella is also disseminated in circulation to the liver and spleen (83, 

571).  

As a by-product of respiration, aerobically growing organisms endogenously produce toxic 

reactive oxygen intermediates (ROI) (25, 233, 234), which include superoxide anions (•O2
-), H2O2, and 

in conjunction with Fe2+, H2O2 can form the most potent oxidant known, •OH, via the Fenton (570) or 

Haber Weiss reactions (219, 224, 388). In addition to normal metabolic activity, ROIs can result from 

cellular exposure to a wide range of environmental stimuli, which include UV light, radiation, 

herbicides (e.g. paraquat, diquat), pathogens, injuries, hyperoxia, ozone, temperature fluctuations, 

and other stresses causing redox imbalances (234, 387). S. enterica has evolved mechanisms to  
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combat endogenously formed ROIs.  

Upon invasion of macrophages, S. enterica is directly exposed to large quantities of 

exogenous •O2
-, generated by the anti-microbial defenses of the host (147, 148, 264, 387, 400, 471, 

561, 580). Subsequently, ROIs are formed via trafficking NADPH-oxidase and its contact with or 

uptake of S. enterica, thus causing microbial damage that will lead to bacterial death, unless the 

appropriate microbial defense mechanisms are activated (282, 364). Additionally, phagosomes 

containing S. enterica are negative for M6PRs and attempt to avoid interactions with NADPH 

oxidase- and inducible nitric oxide synthase (iNOS)-containing vesicles (60, 70, 467, 516, 563), 

however, these phagosomes may selectively acquire lysosomal-associated membrane glycoproteins 

during transit through the trans-Golgi network, which is otherwise known as the exocytic pathway 

(369).  

The NADPH oxidase or respiratory burst oxidase (phox) produced by phagocytes catalyzes 

the univalent reduction of molecular oxygen to superoxide anions, which is a cytotoxic precursor of 

ROIs such as H2O2 and •OH (17, 18, 558). The respiratory burst requires reducing equivalents from 

NADPH in concurrence with a quick period of oxygen consumption and is catalyzed by a six subunit 

enzymatic phox complex containing cytoplasmic membrane bound gp91 and p22 subunits that form 

cytochrome b558, which serves to accept electrons from NADPH and donate them to molecular 

oxygen, and several cytoplasmic components (p40, p47, p67, and Rac1) (18, 558). Ligation of 

phagocyte surface receptors (CD11b/CD18) with LPS O-antigen residues or complement 

components on the surface of S. enterica triggers a large and dramatic increase in oxygen 

consumption, as well as arachidonic acid, phospholipases (A and D), and protein kinase C-dependent 

signaling cascades leading to the phosphorylation of the cytoplasmic subunits, which subsequently 

coalesce at and assemble with cytochrome b558 in the membrane (72, 370, 558) activating phox and 

the subsequent production of large quantities of •O2
- (282). During the process, molecular oxygen is 

reduced in the luminal side of the vesicle at the expense of NADPH (558). In contrast to H2O2, •O2
- 

are less reactive and cannot readily cross cell membranes, although, it can diffuse through anion  
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selective pores, thus reaching the periplasmic space of Gram-negative bacteria, such as S. enterica 

(282). Due to the reactivity of ROIs, the activation of NADPH oxidase is highly regulated in space and 

time, thus minimizing collateral effects to critical host cells (370). 

Finally, NADPH oxidase is critical in the host innate response to combating salmonellosis as 

demonstrated by the susceptibility of patients to S. enterica infections suffering from the hereditary 

chronic granulomatous disease (CGD), which results from either X-linked or autosomal mutations in 

membrane-bound or cytosolic components of this complex or via a severe deficiency of glucose-6-

phosphate dehydrogenase (G6PD), which serves as a catalyst in the first enzymatic step for the 

production of NADPH (558). Consequently, these patients suffer reoccurring fungal and bacterial 

infections, of which Salmonella is the second most prevalent cause, from the lack of a respiratory 

burst (370). Thus, administration of IFNγ to CGD patients with servere salmonellosis can aid in 

alleviating the infection (137, 410). 

Phagocytes also use L-arginine, dioxygen, the reducing equivalents from NADPH as 

substrates along with the cofactors FAD, FMN, calmodulin, and tetrahydrobiopterin for dimeric 

hemoproteins called inducible nitric oxide synthases (iNOS or NOS2) to catalyze the oxidation of one 

of the guanidino nitrogens of L-arginine yielding nitric oxide (NO) and L-citrulline (3, 70, 414, 524, 

558). L-arginine is essential for NO production from iNOS and for the NO-mediated immune response 

of macrophages (413). Furthermore, low levels of L-arginine enhance oxygen radical generation, 

which participate in macrophage cytotoxicity (12, 333). Multiple NOS isoforms [neuronal NOS (nNOS 

or NOS1), iNOS, and endothelial NOS (eNOS or NOS3)] can generate NO, however iNOS is the only 

isoform capable of yielding high amounts of NO associated with anti-S. enterica activity (48, 357, 

370). Host regulation of iNOS occurs at the level of transcription and is activated by interaction with 

microbial products or in response to cytokines such as interleukin 1 (IL-1), TNFα, or IFNγ (407) to 

produce large amounts of NO, which are highly diffusible and thus can act downstream from the site 

of its production (48, 131, 180, 358). In addition to synthesizing NO, at low L-arginine concentrations 

and in the presence of dioxygen, iNOS can also generate •O2
-, thus leading to the generation of the  
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strong oxidants, N2O3, •O2N, peroxynitrite (ONOO-), or other adducts (12, 48, 333). In murine models, 

the role of NO in the anti-microbial defense is well documented, although its role in the human 

defense remains unclear despite the knowledge that human macrophages produce NO (141). 

Mechanisms of Oxidative and Nitrosative Damage  

Iron is an essential element for the growth and survival of all living cells, including prokaryotic 

cells (13, 53, 468) and serves as a cofactor for a variety of enzymes including catalases, peroxidases, 

cytochromes, and proteins involved in electron transport processes (53, 468). A plethora of iron 

present in the body fluids of humans and animals, however the amount of free Fe3+ at neutral pH, 

which may be readily available to bacteria is limited (10-17 to 10-18 M) due to the insolubility of 

Fe(OH)3, although at pH=3, it is about 10-6 M (13, 468). The latter is generally thought to be the 

minimum iron concentration required to support the growth of microorganisms (417-419). In animal 

host tissues, iron is not freely available because it is sequestered intracellularly by ferritin, 

hemosiderin, and heme and extracellularly by high-affinity iron-binding proteins, such as ferric 

transferrin in body fluids and lactoferrin in secretions and milk (2, 593). Therefore, bacteria, fungi, and 

plants primarily obtain iron via the synthesis of Fe3+ chelators, named siderophores or 

phytosiderophores (plants), which are low-molecular-weight molecules with high iron affinity produced 

during iron-starved conditions (26, 93, 210, 265, 278, 383, 417, 419, 420, 587). After binding 

extracellular Fe3+, iron-siderophore complexes are either taken up by the cell via specific transport 

systems or reduced to release Fe2+ (93), which can freely diffuse into the cell.  

Iron levels and oxidative stress are closely linked in aerobic organisms. In fact, •O2
- and H2O2 

can also react via the “Haber-Weiss” reaction generating •OH (219, 234, 266, 267). The toxicity of •O2
- 

is predominantly due to damage via oxidation of the Fe2+ atom in Fe-S clusters that are present in 

many bacterial enzymes essential for a plethora of biological processes, including redox reactions, 

substrate binding and activation, iron storage, protein structure, and regulation of gene expression 

(266). Fe-S clusters are present in bacterial enzymes such as aconitases and fumarate nitrate 

reductase (FNR) (299), which regulate a large array of genes in response to changes in [O2],  
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enzymes involved in branched chained amino-acid synthesis (323), as well as others. Furthermore, 

strains lacking superoxide dismutases (SODs) are auxotrophic for branched chain amino acids (323, 

370). Once Fe-S clusters are oxidized, Fe2+ is released into the cytosol and can combine with H2O2 to 

form •OH, which indiscriminately and rapidly attack most macromolecules at the site of production, 

thus damaging cellular components, causing DNA lesions, mutagenesis, and cell death (225, 266, 

267, 388, 485). Conversely, an iron deficiency can also lead to oxidative stress by decreasing the 

activity of iron containing enzymes such as SOD and catalase involved in the protection against 

oxygen radicals (266). However, bacteria may survive H2O2 mediated killing via intracellular chelation 

of Fe2+ (374). Furthermore, SOD mutants are more sensitive to H2O2-mediated killing, which may be 

related to the increased intracellular iron levels in these mutants (374). Interestingly, catalase does 

not affect this process, indicating that it is not the actual [H2O2], but the level of intracellular Fe2+ that 

limits lethality (282, 374). Hence, DNA repair mechanisms are also critical for Salmonella to deal with 

ROIs (61, 354, 527), which is exemplified by the fact that recA mutants are attenuated in vivo, while 

catalase mutants are not attenuated in vivo (61). 

As a result of the NO-mediated inhibition of SPI-2 expression, Salmonella traffics along the 

degradative pathway for fusion with lysosomes (558). NO is relatively unreactive and its direct effects 

are due to its interaction with metals such as iron and oxygen metabolites (91). Potential targets for 

anti-Salmonella activity of NO and ONOO-, generated by reaction of •O2
- with NO• (138, 141) is the 

direct oxidization of metalloproteins involved in DNA replication and repair, cytochromes of the 

respiratory chain, dehydratases containing Fe-S clusters, and lipid membranes via peroxidation (48, 

91, 266, 268, 362, 487). NO attacks zinc metalloproteins via nitrosylation of cystiene thiol groups that 

coordinate the zinc finger domain (370, 487), which consequently arrests DNA replication via 

activation of the SOS response (370).  

Bacteria avoid free-radical formation by regulating iron uptake through active transport 

mechanisms and by sequestering intracellular free iron into bacterioferritins and non-heme ferritins. 

On one hand, pathogens, such as Salmonella must compete for iron in the host so they can multiply  
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and establish a successful infection, but on the other hand they must regulate iron metabolism to 

prevent excess iron that can initiate a cascade of lethal reactions. Thus, a complex interplay exists 

between genes involved in defense against oxidative stress and genes involved in regulating 

intracellular iron levels for metabolism (266).  

DEFENSE AGAINST ROIs AND RNIs 

In order to defend against the host’s battery of antimicrobials, Salmonella also inhibits 

maturation of the phagosome via blocking most interactions with late endosomes and lysosomes, a 

process that is independent of the bacterial route of entry into the macrophage (369). Furthermore, 

fusion of maturing SCVs with vesicles containing NADPH oxidase complexes (phagolysosomal 

fusion) is minimized by the SPI-2 T3SS (563), which is stimulated in response to the acidification of 

the phagosome during maturation, fluctuations in calcium, and decreases in osmolarity and is 

regulated directly or indirectly by the transcriptional regulators OmpR, PhoP, and SsrB (111, 179, 

332, 548, 556). However, acidification of the phagosome is not required for S. enterica virulence 

(517). Hence, Salmonella is a non-fusiogenic bacterium (60). Thus, Salmonella evades the majority of 

the oxygen-independent antimicrobial arsenal of phagocytes (563), which also include the use of its 

cellular major antioxidant defenses that are divided into two groups: enzymatic and non-enzymatic.   

Peroxynitrite 

In order to protect against the nitrosative stress of human mononuclear phagocytes, E. coli 

and S. Typhimurium use two mechanisms to detoxify NO, flavohaemoglobin (Hmp) and 

flavorubredoxin (NorV) (177, 178, 452, 453). The former enzyme, uses an additional electron from 

NAD(P)H to catalyze either an O2-dependent denitrosylase (‘dioxygenase’) reaction converting NO to 

NO3
-, or an anoxic reductive reaction forming NO− (453, 561). Additionally, S. enterica may detoxify 

peroxynitrite to nitrite via peroxynitrite reductase (57). As a potent oxidant, ONOO- is efficient at killing 

S. enterica in vitro, although its production by macrophages infected with S. enterica does not 

produce any activity against S. enterica (558), which may be due to several of the following reasons. 

Peroxynitrite is presumably synthesized in NADPH oxidase-containing vesicles that are excluded  
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from the S. enterica phagosome by SPI-2 (558); periplasmic Cu/Zn SODs consume •O2
- required for 

ONOO- synthesis (107); the synthesis of many ONOO- precursors (•O2
- and NO) is segregated in 

time, whereby an early NADPH oxidase-dependent oxidative burst is followed by a nitrosative phase 

that relies on iNOS (561); and S. enterica expresses a peroxynitrite reductase that metabolizes 

ONOO- to NO2
- (57). Therefore, the coordinated action of several S. enterica virulence factors, 

combined with the temporal segregation in the production of ROI and RNI, minimizes the oxidative 

stress that S. enterica must withstand inside professional phagocytes (57, 70, 91, 108, 518, 561). 

Similar to the NADPH oxidase, the iNOS protein is also excluded from the S. enterica phagosome 

(70).  

Superoxide Dismutases and Catalases 

Enzymatic antioxidants include catalases and SODs. A variety of oxygen-consuming 

organisms, aerotolerant anaerobes, and some obligate anaerobes contain SODs (EC 1.15.1.1), 

which are metalloenzymes important in the defense against oxygen toxicity because they convert •O2
- 

to molecular oxygen (O2) and H2O2 at a fast rate (2 X 109 M-1 s-1), which is metabolized by catalases 

and peroxidases (233, 234, 388, 486). This defense mechanism can alter the pathogenesis of certain 

bacteria by hindering the oxygen-dependent defense mechanism involved in the destruction of 

bacteria by phagocytes (110). SODs fall into four categories based on the metal cofactor found in 

their active center: iron (III) (Fe-SOD) (298, 478, 496) manganese (II) (Mn-SOD) (295, 462), copper 

(II) and zinc (II) (Cu/Zn-SOD) (31, 182), or nickle (II/III) (Ni-SOD) (76, 152, 233, 305, 306, 486). The 

Cu/Zn-SODs are found in the cytosol and chloroplasts of eukaryotes, the Fe-SODs are found in 

prokaryotes and in the chloroplasts of plants, the Mn-SODs are found in prokaryotes and in the 

mitochondria and are encoded by the sodC, sodB, and sodA genes, respectively. Additionally, Ni-

SODs are found in the Streptomyces genus (76, 152, 305, 306). SODs are necessary for the survival 

of aerobic organisms because they eliminate the toxic oxygen by-products of metabolism. SODs and 

hydroperoxidases work cooperatively in the cell to provide protection against oxygen toxicity due to 

•O2
- and H2O2, respectively (233, 234). 
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S. Typhimurium produces a SodA polypeptide that is 97% homologous to that of SodA in E. 

coli. Furthermore, high levels of Mn-SOD protect S. Typhimurium against early killing in macrophages 

(545). However, a S. Typhimurium sodA mutant was only weakly attenuated in mice, which may be 

due to the presence of other enzymes that also protect against the toxic effects of oxygen (545). 

According to the genome of S. Typhimurium LT2, a putative Fe-SOD lies between ydhO, encoding a 

putative cell wall associated hydrolase protein and purR, encoding a DNA binding transcriptional 

repressor protein (http://www.ncbi.nlm.nih.gov/). In addition to cytoplasmic SODs, nearly all 

eukaryotic cells, some Gram-negative bacteria (localized to their periplasm), and a few Gram-positive 

microorganisms (anchored to their surface) contain Cu/Zn-SODs (29, 102, 319). Periplasmic SODs 

scavenge •O2
- released into the periplasmic space during bacterial aerobic growth (315), protect 

against extracellular ROS generated in vitro (107, 193, 433, 447, 482, 581), facilitate bacterial 

survival within eukaryotic cells (10, 30, 31, 107, 124, 182, 447, 508), and enhance bacterial virulence 

(10, 107, 144, 149, 182, 255, 317, 318, 433, 447, 481, 482, 555, 581). S. Typhimurium 14028s, 

Enteritidis, Dublin, Choleraesuis, and Heidelberg contain a Cu/Zn-SOD designated SodCI, a 32-kDa 

dimer (10) encoded by the Gifsy-2 prophage (10), while E. coli and all S. enterica strains contain a 

second Cu/Zn-SOD, SodCII, a 16-kDa monomer (10). SodCII in all S. enterica strains is the ortholog 

of E. coli SodC (10, 318). Additionally, SodCIII is encoded by the Fels-1 phage in Salmonella, 

although its role in virulence has yet to be determined, it cannot replace the virulence function of 

SodCI (150). Despite the efforts of S. enterica SPI-2 to limit the amount of NADPH oxidase generated 

•O2
- from reaching the phagosome, some amount must still reach the phagosome due to the 

necessity of sodCI and sspJ for S. enterica pathogenesis (107, 545, 557).  

While it is generally agreed that SodCI significantly contributes to the virulence of Salmonella, 

the role of SodCII in the pathogenicity of Salmonella remains a matter of disagreement (11, 139). 

Research suggests that inactivation of SodCII significantly reduces the pathogenicity of Salmonella 

(10, 11, 139, 482), implying an additive effect of the two SodC enzymes, while others suggest that 

SodCII does not contribute to the virulence of Salmonella (11, 149, 317, 555), although its partial  
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attenuation in other studies may be due to the toxic effect of a truncated sodCII (11, 149, 317). 

Another disagreement centers around whether or not SodCI and SodCII are functionally equivalent or 

not (11, 149, 317). During infection, SodCI has been shown to protect S. Typhimurium from 

phagocyte •O2
-, which is demonstrated by the attenuation of a sodCI null mutant is not observed in 

phox-/- mice that lack a respiratory burst (107), although, the dismutase activity of SodCI has not been 

shown to be essential for this effect (318). While SodCI and SodCII have many identical properties 

(317), SodCII is more susceptible than SodCI to protease digestion (318). Furthermore, SodCII, but 

not SodCI, can be released by osmotic shock (317, 318), which may explain the virulence of SodCI 

via its resistance to phagocyte may be due to its tethering in the periplasm via an unidentified 

interaction, while SodCII is not (11, 318). Recently, SodCII was highly downregulated under 

anaerobiosis and dependent on the high-affinity ZnuABC zinc transport system, while accumulation of 

SodCI in vitro and within macrophages was FNR-dependent (11). Additionally, SodCII accumulation 

within macrophages was negligible, while sodCI was highly expressed in macrophages (11). 

Catalase (EC 1.11.1.6) uses two-electron transfer for the dismutation of 2H2O2 to O2 and 

2H2O and is a ubiquitous component of the defense system against oxidative stress (344). Similar to 

E. coli (530), S. Typhimurium removes H2O2 using two catalases: hydroperoxidase I (HPI), a 

periplasmic, bifunctional enzyme (catalase and peroxidase) containing two protoheme IX groups 

associated with a tetramer of identical 80-kDa subunits, encoded by katG, present during aerobic 

growth, and regulated by oxyR in response to oxidative stress (79, 80, 346, 490). The second is 

hydroperoxidase II (HPII), a cytoplasmic, monofunctional enzyme (catalase) that consists of six heme 

d isomers associated with a hexameric structure of 84.2-kDa subunits, encoded by katE, and is 

regulated by the alternative sigma factor katF (rpoS) or σ38 in response to starvation or upon entry 

into the stationary phase (344, 346, 347, 490) and plays a key role in Salmonella virulence in mice 

(88, 140, 316, 422, 425). Both katG and katE have been characterized in Salmonella (61, 345). A 

third, non-haem catalase, encoded by katN, has also been identified in S. Typhimurium, which is not 

present in E. coli, but is present in other Enterobacteriacea and lies between the yciGFE and yciD  



 39

homologs of E. coli (472). S. enterica can detoxify H2O2 via any of its catalases, although they appear 

dispensable for the survival of S. enterica within macrophages (61). However, small reducing 

molecules and DNA repair systems may protect S. enterica against H2O2-associated cytotoxicity (61, 

354). In addition to SODs and catalases, glutathione (GSH) serves as a substrate for the H2O2-

removing enzyme glutathione peroxidase. Furthermore, GSH can be redox cycled via glutathione 

reductase for further H2O2 removal and it may also serve as an •OH scavenger (218, 236, 377). 

Redox Regulators 

An effort is being made to identify the regulators of katE, katG, sodA, sodB, and sodC (235, 

402, 491, 521, 535, 540). In E. coli, the promoter of sodA has been characterized and sodA 

expression has been shown to be regulated by at least six global regulators [Fur, FNR, Arc, IHF 

(integration host factor), SoxRS, and SoxQ], which coordinate the synthesis of MnSOD with iron-

uptake and the ability of the cell to switch between anaerobic and aerobic respiration (19, 84, 90, 112, 

161, 204, 228, 235, 272, 511, 514, 543). FNR and ArcA (aerobic/anaerobic respiratory control) are 

global regulatory systems that were first identified in E. coli (326, 502, 503) that act either alone or in 

cooperation with other regulators to sense and respond to changes in the redox balance of the cell, to 

coordinate carbon flow from pyruvate to various aerobic/anaerobic metabolic by-products (85, 212), 

and are also involved in the regulation of genes that encode antioxidant enzymes. Fnr is only active 

anaerobically (549, 554), while ArcA is active aerobically as well as anaerobically and functions 

optimally under microaerophilic conditions (338, 499). ArcA, Fnr, and Fur tightly control sodA 

transcription and, with the exception of ArcA, has been implicated in catalase regulation in some 

bacterial species (Royden and Hassan, unpublished data). Researchers have shown that ArcA may 

act as an anaerobic repressor of sodA (535). In the absence of the Fur protein, which is involved in  

iron homeostasis in the cell, ArcA may act as an aerobic activator of sodA (235) and a potential ArcA 

binding site has been identified in the sodA promoter (49). FNR has been shown to act as an 

anaerobic repressor of sodA (235). Several authors have identified genes regulated either by Fnr 

and/or ArcA (217, 355) and are listed in Table 3.    
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ArcA 

Anaerobic growth of E. coli lowers the basal or induced activity levels of several enzymes 

associated with aerobic metabolism including those involved in the TCA cycle (8, 69, 196, 197, 253, 

254, 342, 355, 549). Mutations in arcA (dye) (encoded at 0 min. on the E. coli chromosome) relieved 

the anaerobic effect on many of these TCA cycle enzymes particularly succinate dehydrogenase and 

rendered the cell sensitive to phenothiazine redox dyes, such as methylene blue and toluidine blue 

(62-64, 271, 475). Analysis of the deduced amino acid sequence of ArcA (238 amino acid residues; 

MW 29 kDa) (45, 356) places the protein in the OmpR subfamily of two-component response 

regulators, which all contain a phosphoryl receiver domain at their amino termini and a helix-turn-

helix-type DNA-binding domain at their C termini (4, 122, 434, 438, 529, 569). Subsequently, a 

second pleiotropic gene, arcB (located at 69.5 min. on the E. coli chromosome) that codes for a 778 

amino acid protein (ArcB) was found to be unlinked from arcA, relieved anaerobic repression, and 

caused sensitivity to redox dyes (273).  

In E. coli, ArcA, (Aerobic Respiratory Control) a cytosolic response regulator (RR), is a 

member of a global two-component regulatory system, which couples with ArcB, a transmembrane 

histidine kinase (HK) sensor, to serve as a microaerophilic redox regulator (271, 273). It is important 

to note the more complex systems may include a separate histidine containing phosphotransmitter 

(HPt) protein for phosphotransfer between a HK and RR (431). ArcB senses the oxidation or 

reduction (redox) status of membrane bound quinones (the central electron carriers of respiration). 

During aerobic respiration or in the presence of ROIs the quinone pool becomes oxidized, thus 

inhibiting the kinase activity of ArcB (184, 185, 361). However, when quinones are reduced, ArcB 

autophosphorylates, (184, 474) relays a intramolecular phosphorous group from His-292 to Asp-576 

to His-717, (269, 273) and finally to ArcA (184, 186, 324), which (ArcA-P) binds DNA at target  
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Table 3.  Enzymes and genes involved in aerobic/anaerobic metabolism and cellular respiration as    
   adopted and modified from (217, 355). 

Reaction Enzyme Gene(s) FNR ArcA
Aerobic metabolism 
1 pyruvate dehydrogenase aceEF, lpd  (-) 
2 isocitrate synthase gltA  (-) 
3 aconitase can  (-) 
4 citrate dehyrogenase icd  (-) 
5 α-ketoglutarate dehydrogenase sucAB  (-) 
6 succinate dehydrogenase sucCD  (-) 
7 fumarase A (aerobic) sdhCDAB - - 
8 malate dehyrogenase fumA   
9 malate dehydrogenase mdh  (-) 
10 L-lactate dehydrogenase (aerobic) lctD   
Anaerobic metabolism (fermentation)
1 PEP carboxylase ppc   
2 lactate dehydrogenase (anerobic) ldhA   
3 pyruvate formate lyase pfl + + 
4 formate hydrogen lyase fdhF, hyc   
5 acetaldehyde dehyrogenase acd   
6 alchohol dehydrogenase adhE   
7 phosphotransacetylase pta   
8 acetate kinase ackA   
9 malate dehydrogenase mdh  (-) 
10 fumarase B (anaerobic) fumB +  
11 fumate reductase frdABCD +  
Respiratory pathways (terminal oxidoreductases)
1 cytochrome o oxidase cyoABCD - - 
2 cytochrome d oxidase cydAB - + 
3 nitrate reductase narGHJI +  
4 nitrite reductase nirB +  
5 DMSO/TMAO reductase dmsABC +  
6 TMAO reductase torA (+)  
7 fumarate reductase frdABCD +  
Others 
1 NADH deydrogenase (aerobic) ndh -  
2 formate deyhdrogenase-N fdnGHI +  
3 glycerol-P dehydrogenase (aerobic) glpD  - 
4 glycerol-P dehydrogenase (anaerobic) glpACB +  
5 nitrite efflux narK +  
6 fumarate uptake (anaerobic) ? (+)  
7 nickel uptake hydC   
8 molybdate uptake modABCD   
9 lactate uptake lctP   
10 superoxide dismutase sodA - - 

   Plus symbol, +, indicates positive control (i. e.: transcriptional activation of gene expression) by Fnr   
   or by ArcA, while an enclosed plus symbol, (+), indicates provisional Fnr or ArcA control based on   
   assay of enzymes wild-type and mutant strains. A minus symbol, -, indicates negative control (i. e.:  
   transcriptional repression of gene expression) of the indicated genes by Fnr or by ArcA. Blank  
   spaces indicate that either no control exists due to Fnr and/or ArcA, or that the contributions of the  
   two gene regulators are not yet determined. 
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promoters (5’-NGTTAATTAN-3’, where N is an A or T) (121, 284, 355, 356) (Figure 2) and acts 

directly or indirectly either as a repressor of genes/operons [glcDEFGB (442), icdA (71), lldPRD or 

lctPRD (270), sdhCDAB (270, 435, 436), and sodA (535)] or activator of genes/operons [cydAB (87) 

and pflA (121)]. Under oxidizing conditions, ArcB dephosphorylates ArcA-P through an Asp54 → His 

717 → Asp 576 reverse phosphorelay (183) (Figure 2). To date, at least 30 operons, the majority of 

which are involved in respiratory metabolism are regulated by Arc-P (343). Although, the exact 

phosphorylation site of ArcA is unknown, comparison of the arcA gene sequence with other response 

regulators, such as cheY suggests that a putative phosphorylation site at Asp-54, while Lys-103 

corresponds to an invariant residue conserved in the receiver domains of all response regulator 

proteins (569). 

Two-component systems (TCSs) are ubiquitous among eubacteria and serve to sense and 

respond to different environmental stimuli, such as nutrient availability, pH, osmoregulation, as well as 

nitrogen, oxygen, and phosphorous limitations (36, 65, 396, 431). TCSs are also known to influence 

numerous other processes in bacteria, including motility, bioluminescence, biofilm formation, and 

pathogenesis (256, 438). The E. coli K-12 genome contains 29 HKs, 32 RRs, and an HPt (396). 

Thus, in order to adapt to and survive a plethora of complex environmental changes in nature, various 

TCSs may participate in cross-regulation amongst each other or cascade regulation within individual 

TCSs (431). Analysis of the transcriptome of several TCS mutants demonstrated that, under aerobic 

conditions, the ArcA protein directly regulated 110 genes including those implicated in such diverse 

functions as the TCA cycle, amino acid metabolism, iron uptake, and carbon source transport. 

Furthermore, these researchers indicate that there was a high correlation coefficient of regulation 

between multiple TCSs (431). 

Recently, in E. coli, ArcA was shown to be necessary for the expression of the flagella 

specific sigma factor (FliA), but not for the master regulator (FlhDC) (292). In S. Enteritidis, under 

aerobic conditions, ArcA was shown to be required for resistance to ROIs and RNIs (351). 

Additionally, arcA mutants of Haemophilus influenzae and Vibrio cholerae were found to be partially  
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Figure 2. The function of the Escherichia coli ArcB-ArcA redox sensor as adapted from (201). 
Aerobiosis (a) generates NADH by substrate oxidation which is rapidly re-oxidized to NAD+ by NADH 
dehydrogenase. The electrons are ultimately passed on to oxygen via the quinone pool (Q) and a 
terminal cytochrome oxidase. Under these conditions, the redox states of the NAD(H) and quinone 
pools are likely to be oxidized. Subsequently, the autophosphorylation of membrane-anchored ArcB 
(B) is inhibited by oxidized quinones (185) and thus ArcA (A) is in the non-phosphorylated state and is 
unable to bind specifically to DNA. Microaerobiosis (b) leads to the accumulation of reduced state 
respiratory intermediates in the pathway, which decreases the levels of oxidized quinones. Under 
these conditions, ArcB is autophosphorylated, which leads to the transphosphorylation of ArcA and 
ultimately, ArcA~P binds specifically to its target sites and coordinates cellular responses to 
microaerobiosis (186, 271, 324, 343). 
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attenuated in vivo (495, 510). Recently, an anaerobic expression profile was conducted to identify the 

genes comprising the ArcA regulon of H. influenzae (589). This study identified genes encoding  

respiratory metabolic enzymes known to be regulated by ArcA in E. coli, while also uncovering genes 

not previously associated with the ArcA regulon, including a putative Dps protein that is known 

toparticipate in oxidative stress resistance in other bacterial species (589). In E. coli, three 

independent studies have investigated the global changes in gene expression in response to a 

mutation in arcA (343, 431, 480). Thus, under aerobic conditions, ArcA was found to regulate 110 

genes (431), while under anaerobic conditions, 372 genes (~9% of E. coli genome) (343) and 1139 

genes (~26% of E. coli genome) (480) were found to be directly or indirectly regulated by ArcA. 

Finally, microarray and in silico analysis of the ArcA regulon in Shewanella oneidensis revealed that it 

encompassed at least 50 operons, six of which were directly regulated by ArcA in E. coli (172). 

Furthermore, the researchers show that while there are substantial differences in the Arc regulon and 

its physiological function between S. oneidensis and E. coli their binding motifs are highly similar 

(172).  

FNR 

 The ability of E. coli to efficiently sense and respond to dioxygen is primarily controlled by the 

global transcriptional regulator, FNR (37, 202, 302). In response to the transition of E. coli to oxygen 

limiting growth conditions, FNR is activated and directly targets specific DNA sites serving as an 

activator or repressor of hundreds of genes (216, 513, 514). In particular, FNR represses the 

expression of genes that function in aerobic respiration and activates the expression of genes that 

permit the reduction of alternative electron acceptors the mechanism of which was difficult to 

elucidate due to its dependence on the presenceor absence of dioxygen (199, 304, 379).  

  FNR is a helix-turn-helix binding protein that regulates transcription as a dimer and 

recognizes a 22-base pair sequence (5’-TTGAT-N4-ATCAA-3’) at target promoters (39, 203, 283, 

501, 513, 600). The activity of this protein is dependent on the presence/absence of dioxygen (549, 

554). Initial biochemical and DNA binding studies utilized FNR protein preparations that were isolated  
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and purified in the presence of air, which hampered early research on DNA binding, although they 

have yielded information on the inactive forms of FNR (200). Establishment of an anaerobic 

purification scheme for FNR as well as the development of an FNR* mutant that alters the oxygen 

sensitivity of FNR have provided the key breakthroughs for the investigation as to how wild-type FNR 

activity is regulated by dioxygen (299, 304, 330, 331, 378, 608). FNR was first identified by isolating 

mutants deficient in fumarate and nitrate reduction (326) and subsequently, fnr has been mapped (29 

min on the E. coli chromosome), cloned, and sequenced (502, 503). FNR homologs, classified by 

their participation in oxygen-dependent processes and through similarity in amino acid sequence 

(particularly in the helix-turn-helix DNA-binding motif), have been identified in many species of 

eubacteria, including both Gram-negative and Gram-positive bacteria, and both pathogenic and 

nonpathogenic bacteria (440, 511). The FNR superfamily contains transcription factors that regulate a 

variety of processes, including virulence, photosynthesis, nitrogen metabolism, catabolite repression, 

and anaerobic respiration (511). 

In S. Typhimurium, an fnr homolog, oxrA, was cloned and some of the genes regulated by 

OxrA were identified (522, 579). In E. coli, the FNR protein (250 amino acids; Mr 27,965) (203, 542, 

553) shares significant homology to the catabolite activator protein (CAP) or cyclic AMP receptor 

protein (CRP) (38, 504, 582) for which there is a crystal structure (578). Genetic and biochemical 

research supports the notion that FNR contains the predicted functional regions and all of the 

secondary structural elements of CRP, including a helix-turn-helix DNA-binding motif within the C-

terminal domain and an N-terminal regulatory domain (512, 513, 586). Furthermore, the amino acid 

residues 140-159 of FNR, which correspond to those in CRP, form a coiled-coil structure that is 

involved in dimer formation (403). However, FNR does not bind cAMP as does CRP (289, 552), due 

to the presence of a 30 amino acid N-terminal extension in FNR (203, 513).  This N-terminal 

extension contains one non-essential cysteine residue (Cys16), a cluster of cysteine residues (Cys20, 

Cys23, Cys29) required for normal FNR function, and a fourth cystiene residue (Cys122) that along with 

the three essential cysteine residues serve to ligate an oxygen-sensitive [4Fe-4S]1+ cluster  
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Figure 3. The function of the Escherichia coli iron-sulfur cluster-containing redox switch, FNR 
as adapted from (379). When oxygen is low or absent, FNR binds to the DNA recognition site as a 
monomer and upon the subsequent binding of a second FNR monomer at a neighboring DNA half-
site, assembles into a stable FNR dimer (A). The potential cooperative binding of a second monomer 
in this model cannot be ruled out.  In the presence of oxygen, the binding of an FNR monomer at 
either the first or second half-sites would be substantially reduced due to an unstable conformational 
state of the protein (A). A second model proposed by Lazzazera et al. (330) suggests that 
anaerobiosis leads to dimerization of free FNR in solution, which subsequently binds to the FNR 
recognition site at the FNR-dependent promoters (B) (34, 89, 289, 300, 330, 331, 454). During 
aerobiosis, [4Fe-4S]2+ clusters are converted to [2Fe-2S] 2+ clusters driving conformational changes 
that result in monomerization and inactivation of Fnr. Finally, prolonged exposure to oxygen yields 
apo-Fnr (114, 133, 199, 203, 289, 331, 526).  
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(37, 300, 302, 331, 378, 500). In the absence of dioxygen, the [4Fe-4S]1+ cluster is present in FNR, 

thus forming homodimers (330, 331) (Figure 3). Following exposure to dioxygen, FNR is inactivated 

by oxidizing each [4Fe-4S]1+ to a [4Fe-4S]2+ cluster, followed by converting Fe2+ to Fe3+ yielding [2Fe-

2S]2+, thus facilitating the dissociation of dimeric FNR into monomers (and even apo-FNR) and 

decreasing the ability of FNR to dimerize (114, 133, 199, 203, 289, 331, 526), which subsequently 

decreases its site-specific DNA-binding and transcription (199, 300, 303) (Figure 3). Mossburg 

spectroscopy has been used to show in vivo destruction of [2Fe-2S]2+ clusters via •O2
- reduction of 

Fe2+ to Fe3+ (454, 526). Aerobically and anaerobically grown cells have been to shown to contain 

similar amounts of FNR (526), although anaerobically isolated FNR has been demonstrated to 

contain Fe-S clusters (330, 331).  

Upon incorporation of [4Fe-4S] clusters, the FNR monomers dimerize, bind DNA, and contact 

RNA polymerase (RNAP) holoenzyme yielding a productive complex at FNR-dependent promoters 

(38, 54, 198, 202, 327, 339, 348, 583) (Figure 3). Amino acid substitutions have been used to identify 

the affects of and to determine the roles of each of the three activating regions (ARs) of FNR (54). 

AR1 of FNR is localized to the proposed surface-exposed loops (residues 181-191, 71-75, and 116-

121) and is purported to function in transcription activation by contacting the C-terminal domain of 

the α-subunit of RNA polymerase (339, 583). AR2 (residues 49 and 50) is believed to interact with the 

N-terminal domain of the α-subunit of RNA polymerase (42). AR3 (residues 80-89) is crucial to 

contact the α-subunit of RNA polymerase (327, 339, 348). 

The ability of E. coli to sense and respond to changes in oxygen availability is due to its 

metabolic versatility, which crucial to its lifestyle of thriving in aerobic external environments as well 

as in the oxygen-deprived conditions of the host gut. Using various strains of E. coli K-12, three 

independent studies have investigated the global changes in gene expression in response to a 

mutation in fnr (86, 290, 479). The three studies evaluated biochemical changes under aero- and 

anaerobiosis providing a snapshot of responses of genome regulatory networks in different 

environments and under various cellular physiological states. Working with RNA isolated from  
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cultures of strain MC4100 grown aerobically or anaerobically (479), found that FNR directly regulated 

94 out of 205 genes, while 57 genes were not affected by the presence or absence of FNR, although 

they demonstrated an increase or decrease under anaerobic conditions. Another 48 genes showed 

either slight increases or decreases between WT and FNR strains and/or between the presence and 

absence of dioxygen (479). Utilizing strain MG1655 grown under aero- or anaerobiosis, showed that 

297 genes contained within 184 operons were regulated by FNR and/or by dioxygen levels (290). 

Lastly, Constantinidou et al., (2006) evaluated the FNR regulon in E. coli strain MG1655 grown 

aerobically or anaerobically and confirmed 31 previously characterized FNR-regulated operons, while 

identifying 44 FNR-activated and 28 FNR-repressed operons not previously included in the FNR 

regulon (86). Furthermore, the authors suggest that at a minimum, the FNR regulon includes at least 

103, and potentially as many as 115 operons (86).  

Other participating regulators  

In bacteria, genes participating in the uptake of iron are regulated by Fur (ferric uptake 

regulator), which is composed of two 17-kDa monomers, each containing two metal binding sites: one 

for a structural Zn2+ ion and one for the reversible association of Fe2+ under high-iron conditions (i.e. it 

represses transcription upon interaction with, Fe2+, thus repressing iron uptake genes and de-

represses transcription without Fe2+, thus permitting iron up-take from the environment) (6, 277). Fur 

and Fur-like proteins regulate genes induced by oxidative stress such as the Mn2+ and Fe2+ SODs, 

which are encoded by sodA and sodB, respectively (423), catalase and peroxidase (237), alkyl 

hydroperoxidase (58), 8-hydroxyguanine endonuclease (335), and the SoxRS and OxyR regulators 

(602). Fur bound with Fe2+ enhances expression of several proteins including SodB (123), which is 

regulated by the small RNA encoded by rhyB (363). Fur can also positively regulate the transcription 

of some genes in an indirect way (211, 423, 546). In E. coli, the mechanism of this indirect action is 

the iron-dependent Fur repression of the synthesis of rhyB, which blocks the translation of mRNAs for 

bacterioferritin (ftnA) and ferritin (bfr) among other proteins (363). RhyB can also regulate enzymes in 

the TCA cycle, aconitase (acnA) and fumarase (fumA) (363).  



 49

A variety of scavengers such as homocysteine and numerous transcriptional regulators, 

including MetR (380), NsrR (47, 473), Fnr (94), and Fur (91, 409) add to the coordinated efforts of S. 

enterica against nitrosative stress encountered in vitro and within activated macrophages (91, 108, 

518). Anaerobically, Fnr can repress hmp (flavohaemoglobin) but, in the presence of NO, the DNA-

binding activity of Fnr is diminished by formation of dinitrosyl-iron complexes in the reaction of the Fe-

S cluster with NO (94), thus hmp transcription is derepressed. Fur was originally proposed (91) to 

repress hmp transcription in Salmonella, which was relieved by NO via inactivation of Fur. However, 

these results have been retracted (92) due to evidence that other promoters are controlled by 

nitrosylation of the Fur iron (101). Recently, hmp–lacZ fusions and immunoblotting demonstrated that 

Fur weakly represses hmp transcription in both E. coli and Salmonella (249), although iron chelation 

of the culture media does not elicit hmp expression (24). Hmp has also been shown to play a key role 

in the pathogenesis of Salmonella. A S. Typhimurium hmp mutant was deficient in its ability to survive 

within human macrophages (518), which was attributed to its susceptibility to NO, since inhibition of 

iNOS activity abrogated the phenotype. Subsequently, a Salmonella hmp mutant was shown to be 

attenuated in mice (24).  

Exposure of E. coli or Salmonella to elevated levels of intracellular •O2
- results in activation of 

the SoxR/S regulon (77, 205, 449-451). SoxR, a 17-kDa homodimer, is a constitutively expressed 

transcription factor whose activity is regulated by reduction or oxidation of its Fe-S cluster (252). 

When this cluster is in a reduced state, the transcription factor SoxR is inactive. Conversely, oxidation 

of the Fe-S cluster via ROIs results in a conformational change of the protein, thus activating SoxR, a 

transcription factor whose only known target is soxS, a 13-kDa monomer serving as a transcriptional 

modulator which subsequently activates the entire regulon (117, 181, 251, 252, 520). NO• reacts with 

the SoxR [2Fe-2S] centers, displaces sulfide atoms, and generates mixed dinitrosyl-iron-cysteine 

complexes anchored to the protein (116). The SoxR/S regulon is composed of at least ten genes with 

diverse functions (340, 450, 520) including sodCI (143, 520), fur (602), sodA, micF, which regulates 

the expression of the pore protein OmpF (143), thus allowing the uptake of •O2
- or oxidizing  
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compounds; zwf, which encodes G6PD and is involved in the maintenance of the redox state of the 

bacterial cytosol (354); nfo, which encodes an endonuclease and is involved in the defense against 

superoxide-induced damage; and other genes involved in repairing damaged Fe-S cluster-containing 

proteins (143, 451, 520). A S. Typhimurium zwf mutant was originally identified as a H2O2 

hypersensitive mutant has been determined to be attenuated in vivo (354).  

Upon exposure to H2O2 (77), the OxyR system (519) is activated via oxidation of the 

tetrameric protein composed of cysteine residues, thus resulting in the formation of di-sulfide bridges 

(143, 520, 601). Inactivation of OxyR is mediated by thiol-disulifide exchange proteins such as 

glutathione (14, 67). The genes activated by OxyR include katG, fur, glutathione reductase, 

glutaredoxin, and other genes involved in the protection of DNA and RNA against oxidative damage 

(520, 602, 603).  

Several other genes involved in resistance against •O2
- or H2O2 that are not regulated by the 

SoxR/S or OxyR system, include katE, which is regulated by rpoS, a sigma factor (σS) involved in 

stationary-phase survival, responses to carbon starvation and acid stress, and participates the 

oxidative stress response by Salmonella (242, 497). The transcriptional regulator, SlyA, is required 

for expression of a cryptic hemolysin gene (clyA) in E.coli K-12, which positively and negatively 

regulates the expression of a set of unknown genes (341, 386, 430). Mutants in slyA are highly 

sensitive to superoxide-generating agents, indicating that some of the genes regulated by SlyA are 

including those involved in the oxidative stress response (59). Mutants in rpoS and slyA are also 

sensitive to redox-cycling agents and attenuated in vivo, indicating that the genes regulated by rpoS 

and slyA are essential for Salmonella virulence (59, 140). Although both RpoS and SlyA are involved 

in the regulation of several genes, it is unclear whether the attenuation of these mutants is directly 

linked to •O2
- sensitivity or whether other factors are responsible for their reduced virulence (242, 

282). Recently, YggX has been implicated in blocking •O2
- damage to Fe-S clusters, since an 

overexpression mutant is more resistant to redox-cycling agents (195). In E. coli and Salmonella the 

homologue of the manganese transporter NRAMP is mntH, which is critical for resistance against  
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ROI via neutralization of H2O2 by intracellular manganese (297). Thus, mntH mutants are more 

sensitive to H2O2 indicating that metals other than iron are involved in the ROI defense. However, the 

virulence characteristics of mntH have not been evaluated (282). 

PURPOSE OF THE CURRENT RESEARCH 

Salmonella enterica serovar Typhimurium is a Gram-negative, intracellular pathogen that 

produces an infection that targets and colonizes the gastrointestinal (GI) tract as a result of the 

consumption of contaminated food or water (154). During infection, S. Typhimurium must adapt to 

survive the diverse and hostile environments encountered as it transverses the host’s GI tract, which 

includes fluctuations in oxygen concentrations and antimicrobials produced via the host’s defenses 

(240, 288). Thus, the molecular mechanism(s) regulating the adaptation to oxygen must be critical to 

the virulence of S. Typhimurium.  

Aerobic bacteria utilize different catabolic and, in some instances, anabolic pathways than 

anaerobic bacteria. Facultatively anaerobic microorganisms, such as E. coli and S. Typhimurium 

must be capable of both types of metabolism and have developed elaborate mechanisms that allow 

for the expression of the pathways in a quick, precise, and orderly fashion when necessary (550, 

551). Furthermore, the adaptation to changes in oxygen availability in these organisms is regulated at 

the level of transcription by two well-characterized systems (86, 290, 479, 480, 495, 510), FNR, a 

direct oxygen sensor (300, 302, 303), and the two-component system, ArcAB, which senses oxygen 

availability indirectly by monitoring the redox state of the quinone pool (184, 185, 361). 

A DNA microarray is a surface containing an ordered arrangement of each identified open 

reading frame (ORF) of a sequenced genome either in the form of small oligonucleotides or as 

specific amplified PCR products that can yield a genome wide “snap-shot” of the transcriptome (494). 

Microarrays have been successfully employed with for expression profiling of Salmonella serovars 

under various environmental conditions and for comparative genomics (461). The expression profile 

provides information about the adaptive response of a microorganism as a ‘system’ via regulatory 

cascade networks, rather than the product of a few genes or even a few regulons, to varying  
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conditions of growth. Current research capabilities do not include monitoring the genome 

transcriptional response of bacterial pathogens within infected tissues. However, microarrays provide 

the capability to monitor individual bacterial responses in vitro to specific physiocochemical features 

that characterize the host milieu (494). Several published microarray studies have addressed global 

changes in gene expression in the non-pathogenic E. coli strains MC4100 (479) and MG1655 (86, 

290) in response to mutations in fnr, while three independent studies have evaluated the genome-

wide impact in response to a mutation in arcA in non-pathogenic E. coli (343, 431, 480). However, 

despite the relatedness of these two non-pathogenic E. coli strains, there were variations in the data 

which could most likely be attributed to the differences in the genetic backgrounds of the strains and 

the techniques utilized (86, 290). In S. Typhimurium, an fnr homolog, oxrA, was cloned and some of 

the genes regulated by OxrA were identified (522, 579). Furthermore, the similarity of the E. coli and 

S. Typhimurium genomes is about 75-80% (366). 

A thorough assessment of the role of these redox regulators (FNR and ArcA) begins with a 

global view through the use of cDNA microarrays to determine how these regulators function in a 

virulent strain such as S. Typhimurium 14028s (531, 584) when grown under conditions that 

characterize the host milieu, such as the equivalent human body temperature and atmospheric 

conditions where these global regulators function prior layering-in other physiocochemical features 

(growth in different pH conditions, exposure to the redox stimulants such as H2O2, etc.). Therefore, 

we grew the strains (wild-type as well as the fnr and arcA mutants) anaerobically and under 

conditions that have been reported to avoid pH effects and catabolite repression on transcription 

(343). Additionally, while a few of the SODs have been evaluated for their virulence properties in S. 

Typhimurium (11, 317, 318, 545), there is a lack of virulence data regarding these two oxygen 

sensitive global regulators FNR and ArcA. Therefore, utilizing this virulent strain (S. Typhimurium 

14028s), enabled us to assess the virulence properties of each isogenically constructed mutant (fnr or 

arcA) to that of the wild-type strain in the murine model, which was not possible in previous studies 

due to the use of non-pathogenic E. coli strains.  
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Salmonella enterica serovar Typhimurium must successfully transition the broad fluctuations in oxygen
concentrations encountered in the host. In Escherichia coli, FNR is one of the main regulatory proteins involved
in O2 sensing. To assess the role of FNR in serovar Typhimurium, we constructed an isogenic fnr mutant in
the virulent wild-type strain (ATCC 14028s) and compared their transcriptional profiles and pathogenicities
in mice. Here, we report that, under anaerobic conditions, 311 genes (6.80% of the genome) are regulated
directly or indirectly by FNR; of these, 87 genes (28%) are poorly characterized. Regulation by FNR in serovar
Typhimurium is similar to, but distinct from, that in E. coli. Thus, genes/operons involved in aerobic metab-
olism, NO· detoxification, flagellar biosynthesis, motility, chemotaxis, and anaerobic carbon utilization are
regulated by FNR in a fashion similar to that in E. coli. However, genes/operons existing in E. coli but regulated
by FNR only in serovar Typhimurium include those coding for ethanolamine utilization, a universal stress
protein, a ferritin-like protein, and a phosphotransacetylase. Interestingly, Salmonella-specific genes/operons
regulated by FNR include numerous virulence genes within Salmonella pathogenicity island 1 (SPI-1), newly
identified flagellar genes (mcpAC, cheV), and the virulence operon (srfABC). Furthermore, the role of FNR as
a positive regulator of motility, flagellar biosynthesis, and pathogenesis was confirmed by showing that the
mutant is nonmotile, lacks flagella, is attenuated in mice, and does not survive inside macrophages. The
inability of the mutant to survive inside macrophages is likely due to its sensitivity to the reactive oxygen
species generated by NADPH phagocyte oxidase.

Salmonella enterica serovar Typhimurium is a gram-negative
facultative intracellular pathogen. Serovar Typhimurium infec-
tions usually result from ingestion of contaminated food or
water. The organism generally targets and colonizes the intes-
tinal epithelium of the host and causes gastroenteritis (i.e.,
salmonellosis) (22). During a Salmonella infection, the growth
phase and growth conditions of the organism are important in
attachment, invasion, and the regulation of many of the viru-
lence genes (19, 40, 53, 73). Cells grown under limited oxygen
concentrations are more invasive and adhere better to mam-
malian cells than do aerobically grown or stationary-phase cells
(53). Salmonella invasion genes have been identified and lo-
calized (24, 46, 54, 63). During infection, serovar Typhimurium
must adapt to changes in [O2] encountered in the gastrointes-
tinal tracts of the host (33). Therefore, we hypothesized that
the molecular mechanism(s) that controls adaptation to chang-
ing [O2] must play an important role in the virulence of serovar
Typhimurium.

In Escherichia coli, transitions from aerobic to anaerobic
environments, or vice versa, involve changes in a large number
of genes (25, 29). However, upon sudden reappearance of

oxygen, these cellular processes must be reversed in a precise
and orderly fashion to ensure the safe transition to the oxy-
genated environment. This complex regulatory system has
been extensively studied in E. coli, where the DNA-binding
protein FNR (6, 27, 44), encoded by fnr, senses changes in [O2]
and controls the expression of the different genes either alone
or in cooperation with other regulators, e.g., ArcA (11, 15, 30,
32, 42, 74). Recently, three independent studies have examined
the global changes in gene expression in E. coli strain MC4100
(70) and strain MG1655 (14, 43) in response to mutations in
fnr. In spite of the relatedness of the two E. coli strains, the two
studies examining FNR in the MG1655 strain were in closer
agreement to each other than to that in the MC4100 strain.
These variations were attributed to differences in the genetic
backgrounds of the strains and the techniques used (14, 43).

In serovar Typhimurium, an fnr homolog, oxrA, was cloned
and some of the genes regulated by OxrA were identified (76,
87). Previous studies examined the role of FNR (OxrA) in the
invasiveness of serovar Typhimurium LT2 and concluded that
it was not involved in the regulation of invasion (53). However,
the LT2 strain used in that study (53) was later found to be
avirulent due to an altered rpoS allele (77, 89). The present
study is the first addressing the global regulatory role of FNR
in serovar Typhimurium metabolism and virulence in a murine
model of mucosal and acute infection. We used the well-char-
acterized virulent strain of serovar Typhimurium (ATCC
14028s) growing anaerobically under conditions reported to
avoid the effects of pH and catabolite repression on transcrip-
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tion (57). The results indicate that in serovar Typhimurium, as
in E. coli, the FNR modulon encompasses the core metabolic
and energy functions as well as motility. However, Salmonella-
specific components of the FNR modulon were also identified,
such as the eut operon (required for ethanolamine utilization)
and many of the virulence genes in Salmonella pathogenicity
island 1 (SPI-1), as well as the srfABC operon. The fnr mutant
was shown to be nonmotile, lacking flagella, and attenuated
in vivo.

MATERIALS AND METHODS

Bacterial strains. Wild-type (WT) serovar Typhimurium (ATCC 14028s) and
its isogenic fnr mutant (NC 983) were used throughout. The mutant strain was
constructed by transducing the fnr::Tn10 mutation from serovar Typhimurium
[SL2986/TN 2958 (fnr::Tn10)] to strain 14028s using P22 phage (all from the
culture collection of S. Libby). The transductants were plated on Evans blue-
uranine agar, and the tetracycline marker was eliminated (8). The Tets and
FNR� phenotypes were confirmed by the inability of NC983 (fnr mutant) to
grow on media containing tetracycline (10 �g/ml) and by its inability to grow
anaerobically on M9 minimal medium containing glycerol plus nitrate, respec-
tively. Sequence analysis of fnr and neighboring genes (i.e., ogt and ydaA, respec-
tively) in NC 893 showed that the remnant of Tn10 (tnpA) interrupts fnr between
bp 106 and 107 and has no polar effect on ogt or ydaA (Fig. 1).

For complementation studies, a low-copy-number plasmid expressing fnr
(pfnr) was constructed. The complete fnr sequence starting from the stop codon
of ogtA (TGA [indicated in boldface type]) to 21 bp downstream of fnr (i.e., a 972
bp fragment) was amplified from WT strain 14028s with the following primers:
fnr-Forward, 5�-ATATCCATGGTGAATATACAGGAAAAAGTGC-3� (an NcoI
site is underlined); fnr-Reverse, 5�-ATATATTCAGCTGCATCAATGGTTTA
GCTGACG-3� (a PvuII site is underlined). The PCR product was digested with
NcoI and PvuII and ligated into the low-copy-number vector pACYC184 cut with
NcoI and PvuII. Thus, in the new plasmid (pfnr) the Cmr gene in pACYC184 is
replaced with the fnr gene. The plasmid (pfnr) was electroporated and main-
tained in E. coli DH5�. Transformants were confirmed for Tetr (15 �g/ml) and
Cms (20 �g/ml) on Luria-Bertani (LB) plates, and the presence of the fnr gene
was confirmed by restriction analysis using EcoRI and HindIII. The plasmid
isolated from DH5� was used to complement the fnr mutant. Transformants
were selected on LB plates containing tetracycline (15 �g/ml).

Growth conditions. The WT and the fnr mutant were grown anaerobically at
37°C in MOPS (morpholinepropanesulfonic acid)-buffered (100 mM, pH 7.4) LB
broth supplemented with 20 mM D-xylose (LB-MOPS-X). This medium was used
in order to avoid the indirect effects of pH and catabolite repression (57). A Coy
anaerobic chamber (Coy, Ann Arbor, MI) and anaerobic gas mixture (10% H2,
5% CO2, and 85% N2) were used. All solutions were preequilibrated for 48 h in
the chamber. Cells from frozen stocks were used to inoculate LB-MOPS-X
broth. Cultures were grown for 16 h and used to inoculate fresh anoxic media.
The anaerobic growth kinetics of the mutant and the WT strains were similar,
and the doubling times of the fnr mutant and the WT were 53.9 � 1.2 and 45.4 �
2.9 min, respectively.

RNA isolation. Anaerobic cultures were used to inoculate three independent
flasks each containing 150 ml of anoxic LB-MOPS-X. The three independent

cultures were grown to an optical density at 600 nm (OD600) of 0.25 to 0.35,
pooled, and treated with RNAlater (QIAGEN, Valencia, CA) to fix the cells and
preserve the quality of the RNA. Total RNA was extracted with the RNeasy
RNA extraction kit (QIAGEN), and the samples were treated with RNase-free
DNase (Invitrogen, Carlsbad, CA). The absence of contaminating DNA and the
quality of the RNA was confirmed by PCR amplification of known genes and by
using agarose gel electrophoresis. Aliquots of the RNA samples were kept at
�80°C for use in the microarray and quantitative real-time reverse transcription-
PCR (qRT-PCR) studies.

Microarray studies. Serovar Typhimurium microarray slides were prepared
and used as previously described (66). The SuperScript Indirect cDNA labeling
system (Invitrogen) was used to synthesize the cDNA for the hybridizations.
Each experiment consisted of two hybridizations, on two slides, and was carried
out in Corning Hybridization Chambers at 42°C overnight. Dye swapping was
performed to avoid dye-associated effects on cDNA synthesis. The slides were
washed at increasing stringencies (2� SSC [1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate], 0.1% sodium dodecyl sulfate [SDS], 42°C; 0.1% SSC, 0.1% SDS,
room temperature; 0.1% SSC, room temperature). Following hybridization,
the microarrays were scanned for the Cy3 and Cy5 fluorescent signals with a
ScanArray 4000 microarray scanner from GSI Lumonics (Watertown, MA). The
intensity of every spot was codified as the sum of the intensities of all the pixels
within a circle positioned over the spot itself and the background as the sum of
the intensities of an identical number of pixels in the immediate surroundings of
the circled spot.

Data analysis. Cy3 and Cy5 values for each spot were normalized over the
total intensity for each dye to account for differences in total intensity between
the two scanned images. The consistency of the data obtained from the microar-
ray analysis was evaluated by two methods: (i) a pair-wise comparison, calculated
with a two-tailed Student’s t test and analyzed by the MEAN and TTEST
procedures of SAS-STAT statistical software (SAS Institute, Cary, NC) (the
effective degrees of freedom for the t test were calculated as described previously
[71]); and (ii) a regularized t test followed by a posterior probability of differ-
ential expression [PPDE (p)] method. These statistical analyses are implemented
in the Cyber-T software package available online at the website of the Institute
for Genomics and Bioinformatics of the University of California, Irvine (www
.igb.uci.edu). The signal intensity at each spot from the FNR mutant and the WT
were background subtracted, normalized, and used to calculate the ratio of gene
expression between the two strains. All replicas were combined, and the median
expression ratios and standard deviations were calculated for open reading
frames (ORFs) showing �2.5-fold change.

qRT-PCR. qRT-PCR (34) was used to validate the microarray data (64), where
19 genes were randomly chosen from the differentially expressed genes. This
technique was also used to confirm the expression of a set of selected genes.
qRT-PCRs were carried out with the QuantiTect SYBR green RT-PCR kit
(QIAGEN) and an iCycler (Bio-Rad, Hercules, CA), and the data were analyzed
by the Bio-Rad Optical System software, version 3.1, according to manufacturer
specifications. To ensure accurate quantification of the mRNA levels, three
amplifications for each gene were made with 1:5:25 dilutions of the total RNA.
Measured mRNA levels were normalized to the mRNA levels of the housekeep-
ing gene rpoD (	70). Normalized values were used to calculate the ratios of the
expression levels in the fnr mutant relative to the WT.

Logo graph and promoter analysis. The information matrix for the generation
of the FNR logo was produced by using the alignment of the E. coli FNR binding

FIG. 1. Location of the tnpA insertion (between bp 106 and 107) in the fnr gene. WT fnr sequences are in bold, and the sequences of the
beginning and ending junctions of the tnpA insert are in italics. Arrows indicate the direction of transcription. IGS, intergenic spacer region.
(Complete DNA sequences [i.e., ogt, tnpA/fnr junctions, and ydaA] are available at GenBank accession number AH015911.)
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sequences, available at http://arep.med.harvard.edu/ecoli_matrices/ (68). The
alignment of the FNR motifs from this website did not include the motifs present
in the sodA and mutM promoters (31, 55); therefore, they were included in our
analysis. To account for differences in nucleotide usage or slight variations in
consensus sequences, a second alignment was built for serovar Typhimurium
using the 5� regions of the homologous genes originally used to build the E. coli
information matrix. The alignment was used to prepare a new information matrix
using the Patser software (version 3d), available at http://rsat.ub.ac.be/rsat/ (82).
A graphical representation (Fig. 2) of the matrices through a logo graph was
obtained with Weblogo software (version 2.8.1, 18 October 2004), available at
http://weblogo.berkeley.edu/ (17).

Motility assay and electron microscopy. The motilities of the WT, the fnr
mutant, and the complemented mutant/pfnr were evaluated under anoxic con-
ditions. Ten microliters of anaerobically grown (16 h) cells were spotted onto
LB-MOPS-X agar (0.6% agar) plates and incubated at 37°C for 24 h. The
diameter of the growth halo was used as a measure of motility. Scanning electron
microscopy (SEM) was used to examine the morphology of the extracellular
surfaces. WT and fnr cultures were grown anaerobically (OD600, 0.3 to 0.4) and
centrifuged, and the pellets were resuspended in a fixative solution (3% glutar-
aldehyde in 0.1 M phosphate-buffered saline [PBS] [pH 7.4]) under anaerobic
conditions. The fixed samples were rinsed in 0.1 M PBS buffer, postfixed with 1%
osmium tetraoxide in 0.1 M PBS for 2 h, and rinsed with PBS, all at 4°C. An
aliquot of each sample was filtered through a 0.1-�m filter. Each filter was
dehydrated through a graded ethanol series (up to 100%), brought to room
temperature, critical point dried with liquid CO2 (Tousimis Research, Rockville,
MD), placed on stubs, and sputter coated with Au/Pd (Anatech Ltd., Denver,
NC). Samples were viewed at 15 kV with a JEOL 5900LV SEM (JEOL USA,
Peabody, MA). Transmission electron microscopy (TEM) and negative staining
were used to visualize the flagella. WT and fnr cultures were grown anaerobically
(OD600, 0.3 to 0.4), and a 20-�l aliquot of each sample was separately placed on
a Formvar-carbon grid. The grids were washed with 0.1 M sodium acetate (pH
6.6), negatively stained with 2% phosphotungstic acid (PTA), and air dried for 5
min before being viewed at 80 kV with a JEOL JEM-100S TEM (JEOL USA,
Peabody, MA).

Pathogenicity assays. Immunocompetent 6- to 8-week-old C57BL/6 mice and
their congenic iNOS�/� and pg91phox�/� immunodeficient mice (bred in the
University of Colorado Health Science Center [UCHSC] animal facility accord-
ing to Institutional Animal Care and Use Committee guidelines) were used in
this study. Stationary-phase serovar Typhimurium (WT and fnr mutant) cultures
grown aerobically in LB-MOPS-X broth were used, and the cells were diluted in
PBS. For oral (p.o.) challenge, groups of 10 mice were gavaged with 5 � 106 or
5 � 107 CFU in 200 �l of PBS/mouse. For intraperitoneal (i.p.) challenge, groups
of five mice were inoculated with 250 CFU in 500 �l of PBS/mouse. Mortality
was scored over a 15- to 30-day period.

Macrophage assay. Peritoneal macrophages were harvested from C57BL/6
mice and pg91phox�/� immunodeficient mice (bred in the UCHSC animal facil-
ity) 4 days after intraperitoneal inoculation with 1 mg/ml sodium periodate and
used as previously described (18). Macrophages were challenged (multiplicity of
infection of 2) for 25 min with the different test strains. Stationary-phase cultures
grown aerobically in LB-MOPS-X broth were used as outlined above. Prior to
infection, each strain was opsonized with 10% normal mouse serum for 20 min.
After the challenge, extracellular bacteria were removed from the monolayers by
washing with prewarmed RPMI medium (Cellgro, Herndon, VA) containing
gentamicin (6 mg/ml) (Sigma), the Salmonella-infected macrophages were lysed
at indicated time points, and the surviving bacteria were enumerated on LB agar
plates. The results are expressed as percent survival relative to the number of

viable intracellular bacteria recovered at time zero (i.e., after washing and re-
moval of the extracellular bacteria, 
25 min after infection).

Microarray data. The microarray data are accessible via GEO accession num-
ber GSE3657 at http://www.ncbi.nlm.nih.gov/geo.

RESULTS

Transcriptome profiling. Out of 4,579 genes, the two-tailed
Student t test produced a set of 1,664 coding sequences show-
ing significant differences (P � 0.05) between the fnr mutant
and the WT. We restricted our analyses to include highly
affected genes (i.e., having a ratio of �2.5-fold). Under this
constraint, 311 genes were differentially expressed in the fnr
mutant relative to the WT; of these, 189 genes were up-regu-
lated and 122 genes were down-regulated by FNR (see Table
S1 in the supplemental material). The 311 FNR-regulated
genes were classified into clusters of orthologous groups
(COGs) as defined at http://www.ncbi.nlm.nih.gov/COG (78,
79, 88) (Table 1). It should be noted that throughout the study
we compared the levels of transcription in the fnr mutant to
that in the WT strain. Thus, genes repressed by FNR possess
values of �1, while genes activated by FNR have values of �1.

In order to globally validate the microarray data (64), we
randomly selected 19 of the 311 differentially expressed genes

FIG. 2. Logo graph of the information matrix obtained from the
consensus alignment of FNR motif sequences for serovar Typhi-
murium (derived from the corresponding FNR-regulated genes in E.
coli). The total height of each column of characters represents the
amount of information for that specific position, and the height of each
character represents the frequency of each nucleotide.

TABLE 1. Classification of FNR-regulated genes according to COGs

Functional gene groupa

No. of genes

FNR
activated

FNR
repressed

Cellular processes 54 9
Cell division and chromosome partitioning 0 1
Cell envelope and biogenesis, outer membrane 4 3
Cell motility and secretion 30 0
Posttranslational modification, protein turnover,

chaperones
8 2

Inorganic ion transport and metabolism 7 2
Signal transduction mechanisms 5 1

Defense mechanisms 1 0

Information storage and processing 9 5
Translation, ribosomal structure, and biogenesis 0 2
Transcription 6 2
DNA replication, recombination, and repair 3 1

Intracell trafficking 3 0

Metabolism 62 81
Energy production and conversion 18 30
Amino acid transport and metabolism 21 21
Nucleotide transport and metabolism 7 2
Carbohydrate transport and metabolism 10 23
Coenzyme metabolism 1 3
Lipid metabolism 2 2
Secondary metabolite biosynthesis, transport,

and catabolism
3 0

Unknown 60 27
General function prediction only 12 5
Function unknown 10 9
Poorly characterized 38 13

Total 189 122

a The differentially expressed genes were classified according to COGs as
defined at http://www.ncbi.nlm.nih.gov/COG.
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TABLE 2. Validation of microarray data by qRT-PCR of randomly selected genes relative to the housekeeping gene rpoDa

Locusb Name Primer sequencec Fragment
(bp)

Serovar Typhimurium
gene functiond

Ratio of fnr mutant/WT Log2 ratio

qRT-PCRe Microarrayf qRT-PCRg Microarrayh

STM3217 aer 5�-CGTACAACATCTTAATCGTAGC-3� 163 Aerotaxis sensor receptor;
senses cellular redox state
or proton motive force

0.190 0.210 �2.4 �2.3
5�-TTCGTTCAGATCATTATTACCC-3�

STM1919 cheM 5�-GCCAATTTCAAAAATATGACG-3� 114 Methyl-accepting chemotaxis
protein II; aspartate sensor-
receptor

0.036 0.120 �4.8 �3.1
5�-GTCCAGAAACTGAATAAGTTCG-3�

STM0441 cyoC 5�-TATTTAGCTCCATTACCTACGG-3� 134 Cytochrome o ubiquinol
oxidase subunit III

153.967 7.096 7.3 2.8
5�-GGAATTCATAGAGTTCCATCC-3�

STM1803 dadA 5�-TAACCTTTCGCTTTAATACTCC-3� 155 D-Amino acid dehydrogenase
subunit

2.835 3.169 1.5 1.7
5�-GATATCAACAATGCCTTTAAGC-3�

STM0964 dmsA 5�-AGCGTCTTATCAAAGAGTATGG-3� 154 Anaerobic dimethyl sulfoxide
reductase, subunit A

0.001 0.005 �9.8 �7.6
5�-TCACCGTAGTGATTAAGATAACC-3�

STM2892 invJ 5�-TTGCTATCGTCTAAAAATAGGC-3� 128 Surface presentation of
antigens; secretory proteins

0.246 0.182 �2.0 �2.5
5�-TTGATATTATCGTCAGAGATTCC-3�

STM2324 nuoF 5�-GGATATCGAGACACTTGAGC-3� 163 NADH-dehydrogenase I,
chain F

2.894 2.600 1.5 1.4
5�-GATTAAATGGGTATTACTGAA

CG-3�

STM0650 STM0650 5�-CAACAGCTTATTGATTTAGTGG-3� 130 Putative hydrolase, C
terminus

0.476 0.219 �1.1 �2.2
5�-CTAACGATTTTTCTTCAATGG-3�

STM2787 STM2787 5�-AAGCGAATACAGCTATGAACC-3� 144 Tricarboxylic transport 28.241 6.892 4.8 2.8
5�-ATTAGCTTTTGCAGAACATGG-3�

STM4463 STM4463 5�-AAGGTATCAGCCAGTCTACG-3� 142 Putative arginine repressor 0.325 0.181 �1.6 �2.5
5�-CGTATGGATAAGGATAAATTCG-3�

STM4535 STM4535 5�-TAAGCCAGCAGGTAGATACG-3� 139 Putative PTS permease 6.053 8.217 2.6 3.0
5�-CGACATAAAGAGATCGATAACC-3�

STM2464 eutN 5�-AGGACAAATCGTATGTACCG-3� 153 Putative detox protein in
ethanolamine utilization

0.062 0.125 �4.0 �3.0
5�-ACCAGCAGTACCCACTCTCC-3�

STM2454 eutR 5�-GGTAAAAGAGCAGCATAAAGC-3� 118 Putative regulator;
ethanolamine operon
(AraC/XylS family)

0.043 0.195 �4.6 �2.4
5�-ATTATCACTCAAGACCTTACGC-3�

STM2470 eutS 5�-AATAAAGAACGCATTATTCAGG-3� 137 Putative carboxysome
structural protein; ethanol
utilization

0.049 0.073 �4.3 �3.8
5�-GTTAAAGTCATAATGCCAATCG-3�

STM1172 flgM 5�-AGCGACATTAATATGGAACG-3� 126 Anti-FliA (anti-sigma) factor;
also known as RflB protein

0.050 0.174 �4.3 �2.5
5�-TTTACTCTGTAAGTAGCTCTGC-3�

STM3692 lldP 5�-TGATTAAACTCAAGCTGAAAGG-3� 189 LctP transporter; L-lactate
permease

76.492 16.003 6.3 4.0
5�-CCGAAATTTTATAGACAAAGACC-3�

STM3693 lldR 5�-GAACAGAATATCGTGCAACC-3� 153 Putative transcriptional
regulator for lct operon
(GntR family)

68.378 30.597 6.1 4.9
5�-GAGTCTGATTTTCTCTTTGTCG-3�

STM1923 motA 5�-GGTTATCGGTACAGTTTTCG-3� 194 Proton conductor component
of motor; torque generator

0.048 0.092 �4.4 �3.4
5�-TAGATTTTGTGTATTTCGAACG-3�

STM4277 nrfa 5�-GACTAACTCTCTGTCGAAAACC-3� 159 Nitrite reductase;
periplasmic cytochrome c552

0.051 0.324 �4.3 �1.6
5�-ATTTTATGGTCGGTGTAGAGC-3�

a STM3211 (rpoD) was used as the reference gene where no significant change in expression level was observed. The primer sequences used for rpoD were as follows:
5�-CGATGTCTCTGAAGAAGTGC-3� (forward) and 5�-TTCAACCATCTCTTTCTTCG-3� (reverse). The size of the fragment generated was 150 bp.

b Location of the ORF in the serovar Typhimurium LT2 genome.
c For each set, the first sequence is the forward primer, and the second sequence is the reverse primer.
d Functional classification according to the KEGG (Kyoto Encyclopedia of Genes and Genomes) database.
e Expression levels based on qRT-PCR. Values are ratios between the fnr mutant and the WT, where values of �1 indicate that FNR acts as an activator and values

of �1 indicate that FNR acts as a repressor.
f Expression levels based on microarray data. Values are ratios between the fnr mutant and the WT, where values of �1 indicate that FNR acts as an activator and

values of �1 indicate that FNR acts as a repressor.
g Expression levels based on qRT-PCR, comparing the fnr mutant with the WT. Values are signal-to-log2 ratios.
h Expression levels based on microarray data, comparing the fnr mutant with the WT. Values are signal-to-log2 ratios.
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for qRT-PCR. The measured levels of mRNA were normal-
ized to the mRNA levels of the housekeeping gene rpoD. The
specific primers used for qRT-PCR and the normalized
mRNA levels are shown in Table 2. The microarray and qRT-
PCR data were log2 transformed and plotted (Fig. 3). The
correlation between the two sets of data was 0.94 (P � 0.05).

To determine whether a binding site for FNR might be
present in the region upstream of the candidate FNR-regu-
lated genes, we searched the 5� regions of these genes for the
presence of a putative FNR-binding motif using a Salmonella
logo graph (Fig. 2). One hundred ten out of the 189 genes
activated by FNR (58%) and 59 out of the 122 genes repressed
by FNR (48%) contained at least one putative FNR-binding
site (see Table S1 in the supplemental material).

FNR as a repressor. Transcription of the genes required for
aerobic metabolism, energy generation, and nitric oxide detox-
ification was repressed by FNR. In particular, the genes coding
for cytochrome c oxidase (cyoABCDE), cytochrome cd com-
plex (cydAB), NADH-dehydrogenase (nuoBCEFJLN), succi-
nyl-coenzyme A (CoA) metabolism (sucBCD), fumarases
(fumB, stm0761, and stm0762), and the NO·-detoxifying flavo-
hemoglobin (hmpA) were expressed at higher levels in the fnr
mutant than in the WT (see Table S1 in the supplemental
material). Also, genes required for L-lactate metabolism (lld-
PRD) and for the production of phosphoenolpyruvate (pykF),
oxaloacetate (ppc), and acetoacetyl-CoA (yqeF) were ex-
pressed at higher levels in the mutant than in the WT (see
Table S1 in the supplemental material).

FNR as an activator. Several genes associated with anaero-
bic metabolism, flagellar biosynthesis, motility, chemotaxis,
and Salmonella pathogenesis were activated by FNR. The
genes constituting the dms operon, dmsABC (encoding the
anaerobic dimethyl sulfoxide reductase), required for the use
of dimethyl sulfoxide (DMSO) as an anaerobic electron accep-
tor (7), had the lowest expression levels (i.e., �200-, �62-, and
�23-fold, respectively) in the fnr mutant relative to the
WT (see Table S1 in the supplemental material). Two other

operons coding for putative anaerobic DMSO reductases
(STM4305 to STM4307 and STM2528 to STM2530) were also
under positive control by FNR. The genes required for the
conversion of pyruvate to phosphoenolpyruvate (pps), Ac-CoA
(aceF), Ac-P (pta), and OAc (ackA), as well as those for the
production of formate (tdcE, yfiD, focA) and D-lactate (ldhA),
were expressed at lower levels in the fnr mutant than in the WT
(see Table S1 in the supplemental material). In addition, the
genes coding for a universal stress protein (ynaF), a ferritin-
like protein (ftnB), an ATP-dependent helicase (hrpA), and
aerotaxis/redox sensing (aer) were also positively regulated by
FNR (see Table S1 in the supplemental material).

The genes for ethanolamine utilization (eut operon) (48, 67,
75) had lower transcript levels in the fnr mutant (Fig. 4B).
Although the FNR-dependent genes for tetrathionate utiliza-
tion (ttrABCSR), a major anaerobic electron acceptor, were
not affected by the lack of FNR, this was not surprising since
tetrathionate is also needed to induce expression (67).

Several of the middle flagellar (class 2) genes (e.g., flgN-
MDEFGKL and fliZADSTHJLM) and late flagellar (class 3)
genes (e.g., cheZYBRMWA, motBA, aer, trg, and tsr) had lower
transcript levels in the fnr mutant than in the WT (Fig. 4C to
E). There was no significant difference in the transcript levels
of the early flagellar genes (class 1) flhD and flhC, whose gene
products FlhD/FlhC are the master regulators of flagellar bio-
synthesis (Fig. 4D). In addition, many newly identified flagellar
genes (23) (i.e., mcpA, mcpC, and cheV) had lower expression
levels in the fnr mutant (see Table S1 in the supplemental
material), while the expression of mcpB was not affected.

Several genes in SPI-1 (e.g., prgKJIH, iagB, sicA, spaPO,
invJICBAEGF) had lower levels of expression in the fnr
mutant than in the WT (Fig. 4A). This region contains genes
coding for a type three secretion system and for proteins
required for invasion and interaction with host cells. The
data also showed that genes belonging to the other SPIs
were unaffected by the lack of FNR. However, the virulence
operon srfABC, which is located outside SPI-2 and regulated
by a two-component regulatory system (SsrAB) located on
SPI-2 (86, 90), was differentially regulated by FNR (see
Table S1 in the supplemental material). The effects of FNR
on a subset of the above-mentioned invasion and virulence
genes were further confirmed by measuring the levels of
mRNA in the fnr mutant and the WT strains by qRT-PCR
(Table 3).

Effects of FNR on motility and flagella. Expression of the
flagellar biosynthesis, motility, and chemotaxis genes was lower
in the fnr mutant than in the WT. Therefore, we compared the
WT, fnr mutant, and the mutant cells harboring pfnr for mo-
tility in soft agar under anaerobic conditions (Fig. 5, left
panel). The data indicate that the fnr mutant was nonmotile
(Fig. 5, left panel; compare the middle and top sections) and
that the lack of motility was complemented (
75%) by the
inclusion of pfnr (Fig. 5, left panel, bottom section). The
�100% complementation by pfnr is probably due to extra
copies of the global regulator FNR (32). We also compared the
WT and the mutant for the presence of flagella by SEM (Fig.
5, center panel) and TEM (Fig. 5, right panel). Taken together,
these data show that the fnr mutant is nonmotile due to the
lack of flagella.

FIG. 3. Correlation between the microarray and qRT-PCR data for
19 selected genes. The ratios of changes in gene expression, from the
microarray and qRT-PCR experiments, for the FNR mutant relative to
the WT were log2 transformed and linearly correlated. The genes
selected and the primers used in qRT-PCR are listed in Table 2.
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Effects of FNR on pathogenicity and killing by macro-
phages. Because our data (Fig. 4 and 5 and Table S1 in the
supplemental material) have shown that FNR positively reg-
ulates the expression of various loci, such as motility and
SPI-1 genes that are important determinants for Salmonella
pathogenesis (9, 85), we tested the virulence of fnr in a
murine model of mucosal and acute infection. In immuno-
competent C57BL/6 mice, the fnr mutant was completely
attenuated over a 15-day period following an oral challenge
with 5 � 106 or 5 � 107 CFU/mouse, while the WT strain
killed all mice within 10 or 12 days, respectively (Fig. 6A).
The mutant strain was also 100% attenuated when 250 CFU/

mouse were inoculated i.p. (Fig. 6B). The different Salmo-
nella strains were also tested for the ability to survive killing
by macrophages (Fig. 7). Similar numbers of fnr mutant and
WT cells were recovered from the macrophages 25 min after
infection (designated as time zero postinfection) (data not
shown). Data in Fig. 7A indicate that the lack of FNR
resulted in a dramatic reduction in the ability of Salmonella
to replicate in macrophages. Interestingly, most of the kill-
ing of the WT by macrophages took place during the first 2 h
postinfection (i.e., the WT resisted further killing beyond
2 h), while the viability of the fnr mutant continued to
decline by 
1 log between 2 and 20 h postinfection (Fig. 7A

FIG. 4. Scheme representing the structural organization of the major genes involved in virulence/SPI-1 (A), ethanolamine utilization (B), and
flagellar biosynthesis and motility/swarming (C to E). The names of genes are listed to the right of the arrows, an asterisk next to the gene indicates
the presence of at least one FNR motif in the 5� region, and the numbers to the left of the arrows indicate the ratio of gene expression in the fnr
mutant relative to that in the WT.
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and B). Data in Fig. 7B also show that this phenotype is
complemented in fnr mutant cells harboring pfnr.

Congenic iNOS�/� mice (unable to make NO·) and
pg91phox�/� mice (defective in oxidative burst oxidase) were
used to examine the roles of reactive nitrogen and oxygen
species (RNS and ROS), respectively, in resistance to an acute
systemic infection with FNR-deficient or WT Salmonella. The
fnr mutant was as attenuated in iNOS�/� mice as in congenic
WT C57BL/6 controls (data not shown). In sharp contrast, the
fnr mutant killed pg91phox�/� mice, albeit at a lower rate than
the WT strain (Fig. 8A and B). Consistent with the in vivo data,
the WT and the isogenic fnr mutant survived to similar extents

in NADPH oxidase-deficient macrophages isolated from
pg91phox�/� mice (Fig. 8C).

DISCUSSION

We have shown that FNR is a global anaerobic regulator in
serovar Typhimurium ATCC 14028s, where it serves, directly
or indirectly, as an activator or a repressor of at least 311
genes. In particular, we demonstrate that FNR is a regulator of
virulence in serovar Typhimurium. The role of FNR in serovar
Typhimurium has previously been examined (53, 76, 87), and a
few comments are in order. Some of the genes identified as
OxrA (FNR)-regulated (76, 87) were also identified in the
present study (e.g., dmsA, pepT, dcuB). However, prior to the
present report, none of the virulence genes (i.e., SPI-1 or
srfABC) had been identified as a part of the Salmonella FNR
modulon. Although several studies have shown that oxygen
limitation induces adhesion and invasion in Salmonella (19, 40,
53, 73), it was concluded that “oxrA (fnr) is not involved in the
regulation of Salmonella invasiveness” (53). However, in a
recent study (69), fnr was shown to be essential for the viru-
lence of serovar Typhimurium SL1344 in the enteritis mice
model. Thus, the most likely explanation for the differences
between our findings and those reported previously (53, 76, 87)
relates to the strain of Salmonella employed. Herein, we used
the virulent strain ATCC 14028s, while the previous studies
(53, 76, 87) used serovar Typhimurium LT2, which was later
found to be avirulent due to an altered rpoS allele (77, 89). In
addition, the proteomes of the ATCC 14028 and the LT2
strains are significantly different (1).

FNR and metabolism. The regulation of anaerobic growth
and metabolism by FNR in E. coli is well characterized and has
been used to explain similar processes in serovar Typhi-
murium. However, the similarity between the two genomes is
only about 75 to 80% (62). Indeed, our data confirmed that
several aspects of their metabolic regulation are similar (see
Table S1 in the supplemental material). For example, the reg-

FIG. 5. Comparison of the WT, the fnr mutant, and the mutant strain harboring pfnr for motility (left) and comparison of the WT and the
mutant for the presence of surface appendages by SEM (center) and for the presence of flagella by negative staining and TEM (right). Cells were
grown anaerobically in LB-MOPS-X media, and samples were prepared as described in Materials and Methods.

TABLE 3. qRT-PCR of selected invasion and virulence genesa

Locusb Name Primer sequencec Fragment
size (bp)d Ratioe

STM2893 invI 5�-CTTCGCTATCAGGATGAGG-3� 161 �9.27
5�-CGAACAATAGACTGCTTACG-3�

STM2874 prgH 5�-GGCTCGTCAGGTTTTAGC-3� 190 �8.45
5�-CTTGCTCATCGTGTTTCG-3�

STM2871 prgK 5�-ATTCGCTGGTATCGTCTCC-3� 199 �8.56
5�-GAACCTCGTTCATATACGG-3�

STM2886 sicA 5�-GATTACACCATGGGACTGG-3� 207 �3.92
5�-CAGAGACTCATCTTCAGTACG-3�

STM1593 srfA 5�-AGGCGGCATTTAGTCAGG-3� 176 �4.33
5�-GACAGGTAAGCTCCACAGC-3�

STM1594 srfB 5�-GGTACCAGAAATACAGATGG-3� 190 �6.55
5�-GCCGATATCAATCGATGC-3�

a STM3211 (rpoD) was used as the reference gene where no significant change
in expression level was observed. The primer sequences used for rpoD were as
follows: 5�-CGATGTCTCTGAAGAAGTGC-3� (forward) and 5�-TTCAACCA
TCTCTTTCTTCG-3� (reverse). The size of the fragment generated was 150 bp.

b Location of the ORF in the serovar Typhimurium LT2 genome.
c For each set, the first sequence is the forward primer, and the second

sequence is the reverse primer.
d Size of the amplified PCR product.
e Ratio of transcription levels in the fnr mutant to those in the WT.
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ulation of the dmsABC operon, encoding the three subunits of
the anaerobic DMSO reductase (7), is similar in both organ-
isms. Alignment of the region from �400 to �50 of dmsA in
Salmonella and E. coli showed that the two sequences are
almost identical. Also, an FNR motif was identified upstream
from the starting ATG of dmsA. Two other operons, each
encoding three subunits of putative anaerobic DMSO reduc-
tases, were identified and found to be regulated by FNR. Fur-
thermore, the amino acid sequences coded by these putative
operons are only slightly homologous to the dms operon, thus
suggesting that their functions may be similar but distinct from
each other (data not shown).

FNR was also found to repress many of the genes encoding
enzymes involved in aerobic electron transport and oxidative
phosphorylation (e.g., cyoABCDE, cydAB, and nuoBCEFJLN),
as well as some TCA cycle enzymes (e.g., sucBCD, fumB,
STM0761, and STM0762). The involvement of FNR, together
with ArcA, in the anaerobic regulation of the TCA cycle has
been observed (65).

The data have also revealed that FNR activates genes re-
quired for the anaerobic metabolism of pyruvate for the pro-

duction of D-lactate, acetyl-CoA, acetate, and formate that
may have a role in virulence (51) and at the same time re-
presses genes required for the utilization of L-lactate and for
the production oxaloacetate and pyruvate from phosphoenol-
pyruvate (see Table S1 in the supplemental material).

Ethanolamine, which is available in the host, can be used by
enterobacteria as a source of carbon, nitrogen, and energy. The
ability to use ethanolamine seems to correlate with virulence,
as a knockout of eutB in Listeria monocytogenes reduces its
ability to replicate intracellularly (41). Furthermore, in non-
pathogenic E. coli, the eut operon is incomplete and its expres-
sion is not affected by FNR (14, 43, 70). Our data showed that
all of the genes in the eut operon, including the positive regu-
lator eutR, were activated by FNR (Fig. 4B). However, an
FNR-binding motif was not found in the promoter of eutR,
though several members of this operon have at least one FNR
motif (Fig. 4B). This may suggest that FNR acts indirectly on
the eutR promoter or that it activates genes downstream from
eutR.

FNR and flagellar biosynthesis/motility/chemotaxis. Our
data indicated that FNR positively regulates the expression of
genes involved in flagellar biosynthesis, motility, and chemo-
taxis (Fig. 4 and 5). The flagellar genes are organized in three
classes that are expressed in a hierarchical fashion (12). Early
genes (class 1) consist of the master regulator operon flhDC,
coding for a transcriptional activator of the middle genes (class
2). The middle genes include fliA (encoding 	28, required for
the expression of the late genes), fliM (encoding the anti-	28),
and the genes for the synthesis of the flagellar basal body. Late
flagellar genes (class 3) consist of fliC (encoding flagellin) and
the genes for chemotaxis (12). Our data are similar to those
reported for E. coli MG1655 (14, 43) but different from those
reported for E. coli MC4100 (70). This discrepancy is most
likely due to the low transcript level of fnr in WT E. coli
MC4100 (72).

We also found that FNR activates other genes related to
motility/chemotaxis, such as yhjH and ycgR (see Table S1 in the
supplemental material). In E. coli, yhjH and ycgR are members
of the flagellar regulon and, in conjunction with H-NS, control
the flagellar motor function (47). Furthermore, we found that
the regulation of flagellar biosynthesis, motility, and chemo-
taxis by FNR is independent of the flagellar master operon
flhDC. This finding is interesting but not surprising, because
the regulation of this complex regulon is known to take place

FIG. 6. Comparison of the fnr mutant and the WT strain for virulence in 6- to 8-week-old C57BL/6 mice. (A) Groups of 10 mice were inoculated
p.o. with 5 � 106 and 5 � 107 CFU/mouse. (B) Groups of five mice were challenged i.p. with 250 CFU/mouse, as described in Materials and
Methods. Percent survival is the number of mice surviving relative to the number of mice challenged at time zero.

FIG. 7. Comparison of the WT, the fnr mutant, and the mutant
strain harboring pfnr for survival inside peritoneal macrophages from
C57BL/6 mice. The macrophages were harvested and treated as de-
scribed in Materials and Methods. (A) Comparison between the fnr
mutant and the WT strain. The number of viable cells found inside the
macrophages, at time zero, following the removal of extracellular bac-
teria by washing/gentamicin treatment is defined as 100% survival.
(B) Comparison between the WT, the fnr mutant, and the pfnr-com-
plemented mutant. The number of viable cells found inside macro-
phages at 20 h is expressed as percent survival relative to that found
inside macrophages at 2 h.
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at multiple levels in response to different environmental signals
(12).

FNR and pathogenesis. Our data have shown that FNR
positively regulates the expression of several loci involved in
flagellar biosynthesis, chemotaxis, acetate metabolism, and
SPI-1 invasion genes that are important in Salmonella patho-
genesis (26, 50, 51, 59). FliZ and FliA have previously been
shown to control the transcription of hilA and hilC, the regu-
lators of a large number of SPI-1 genes (35, 60). In addition,
hilA is activated by SirA in response to the accumulation of
acetate and acetyl-P in the bacterial cytoplasm (51). Indeed,
our data showed that FNR activates the transcription of fliZ
and fliA (Fig. 4C) as well as the genes involved in the synthesis
of acetate and acetyl-P (i.e., the eut operon, aceF, pta, and
ackA) (Fig. 4B and Table S1 in the supplemental material).
Certainly, further studies are needed to establish whether the
effect of FNR on hilA and hilC is direct (i.e., via FliZ and FliA)
or indirect (i.e., via fatty acid metabolites). In any case, the
data revealed that the transcription of many SPI-1 genes (i.e.,
prgKJIH, iagB, sicA, spaPO, invJICBAEGF), as well as genes
recently identified as having a role in pathogenesis (i.e., mcpA,
mcpC, cheV, and srfAB) (23), was significantly reduced in the
fnr mutant (Fig. 4A and Table S1 in the supplemental mate-
rial). Furthermore, the positive regulation of SPI-1 genes by
FNR, the global anaerobic activator, corroborates previous
findings showing that oxygen limitation increases the expres-
sion of SPI-1 invasion genes (3, 39, 46) and that an fnr mutant
is nonvirulent in the enteritis mice model (69).

SPI-1 is believed to be essential for serovar Typhimurium
invasion of host cells but is not required for its survival inside
macrophages. Thus, in the mouse typhoid model, SPI-1 mu-
tants are attenuated when administered p.o. but are fully vir-
ulent when delivered intraperitoneally i.p. (24). However, our
data showed that the fnr mutant is 100% attenuated in mice
following either the p.o. or i.p. route of infection (Fig. 6) and
is also highly attenuated in macrophages (Fig. 7). These results
were unexpected, because survival inside macrophages usually
requires the induction of SPI-2 virulence genes (13), which,
according to our microarray data, were not affected by the lack
of FNR. Intriguingly, recent findings indicate that SPI-1 genes
are required for Salmonella persistence inside macrophages
(10) and for persistent systemic infection in mice (52). These

findings (10, 52) corroborate our results and may suggest a new
role for FNR in coordinating the expression of virulence genes
within and outside SPI-1 with those required for intracellular
survival.

Another plausible explanation for the reduced survival of
the fnr mutant inside macrophages may relate to its inability to
mount the multiple defenses normally required for intracellu-
lar survival (16, 18, 20, 83). For example, lack of FNR may
result in reduced expression of genes whose products are re-
quired for protection against the antimicrobial defenses uti-
lized by macrophages (61, 84). Therefore, we compared the
virulence of the fnr mutant and the WT in iNOS�/� and
gp91phox�/� mice, which are deficient in producing RNS and
ROS, respectively. The data showed that the fnr mutant is
attenuated in the iNOS� mice (data not shown); however, it
was able to kill the gp91phox�/� mice and survive in macro-
phages isolated from gp91phox�/� mice (Fig. 8). Indeed, resto-
ration of virulence to the fnr mutant in the gp91phox�/� mice
but not in the iNOS�/� mice suggested that the mutant is more
sensitive to ROS than to RNS generated in the phagosomes.
Our microarray data have shown that the lack of FNR resulted
in a threefold increase in the expression of hmpA (coding for
flavohemoglobin, Hmp), required for protection against NO.
Interestingly, overexpression of Hmp in Salmonella increases
its sensitivity to hydrogen peroxide (4). On the other hand, the
expression of other genes required for protection against ROS
(i.e., sodA, sodB, sodC1, and sodC2 [coding for superoxide
dismutases] and katG and katE [coding for hydroperoxidases])
were not significantly affected by the lack of FNR (see Table S1
in the supplemental material). However, upon further exami-
nation of our array data, two candidate genes (i.e., ftnB [coding
for a ferritin-like protein] and ynaF [coding for a universal
stress protein]) whose expression levels were dramatically re-
duced (i.e., 21- and 116-fold, respectively) in the fnr mutant
were identified (see Table S1 in the supplemental material).
The gene products of ftnB and ynaF could provide protection
against ROS generated inside the phagosomes and thus an
explanation for the inability of the mutant to survive inside the
macrophages. Studies are in progress to determine the roles of
FtnB and YnaF in Salmonella pathogenesis.

Our findings also suggest that FNR is functional inside the
phagosome. This conclusion seems to be at odds with the

FIG. 8. Virulence of the WT and the fnr mutant in C57BL/6 mice and congenic gp91phox�/� mice and survival of the bacteria inside peritoneal
macrophages. The mice were challenged i.p. with 250 CFU/mouse, as described in Materials and Methods. (A) C57BL/6 and gp91phox�/� mice
treated with the WT strain. (B) C57BL/6 and gp91phox�/� mice treated with the fnr mutant. (C) Survival of the WT and the fnr mutant inside
macrophages from C57BL/6 and gp91phox�/� mice. The number of viable cells at 20 h is expressed as percent survival relative to that found inside
the macrophages at time zero.
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current dogma that macrophages are highly aerobic and there-
fore that FNR is inactive. However, in E. coli, full expression of
FNR-regulated genes (e.g., frd, dms) has been shown to take
place in a medium with a redox potential (Eh) of approxi-
mately �400 mV (81) or at [O2] in the gas phase of �2% (56,
80). It is also known that a steep pO2 gradient exists between
the media in which the macrophages are suspended and the
inside of the phagosome (i.e., the pO2 drops from 
210 �M in
the medium to 79.8 � 1.6 to 32.6 � 1.7 �M in the phagosome,
depending on the density of the macrophages) (28, 36, 37). In
addition, the production of ROS and oxygen consumption by
the macrophages as well as oxygen consumption by the phago-
cytosed Salmonella cells are expected to further decrease the
pO2 in the phagosome. Furthermore, the pO2 inside macro-
phages cultured in the laboratory at atmospheric oxygen is
most likely different from the pO2 inside macrophages residing
in the host (2). Indeed, this is a complex topic, and further
work is needed to directly measure pO2 available to bacterial
cells residing inside activated macrophages in culture as well as
in the host. In spite of this lack of knowledge, we must con-
clude from the present findings that the intraphagosomal pO2

allows for the expression of FNR-dependent genes. Indeed,
other reports support this conclusion: (i) the expression of
Brucella suis genes, normally associated with low pO2, while
residing inside the phagosome (38, 49, 58) supports the notion
of low intraphagosomal pO2, and (ii) the up-regulation of the
FNR-dependent nipAB promoters of serovar Typhimurium in
the activated macrophage-like cells RAW 264.7 (45) supports
the notion that FNR is functional inside the phagosome.

In conclusion, this is the first report demonstrating the role
of FNR in coordinating anaerobic metabolism, flagellar bio-
synthesis, motility, chemotaxis, and virulence in serovar Typhi-
murium. Also, recent reports that appeared during the prepa-
ration and submission of the manuscript for publication clearly
corroborate our findings and demonstrate the important roles
of FNR in the virulence of other pathogens (i.e., Neisseria
meningitides [5] and serovar Typhimurium [69]) and of ANR
(an FNR orthologue) in Pseudomonas aeruginosa (21).
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           Appendix A.  Differentially expressed genes and the presence/absence of putative FNR-binding motifs in their 5' regions. 
 

Locusa Categoryb Namec STM Gene Functiond t 
valuee DFf Prob tg Ratioh Strand

i Startj Endk  Sequencel Scorem ln(P)n 

 - pefA plasmid-encoded fimbriae; major fimbrial 
subunit -6.11 5.92 9.16E-04 -2.56             

PSLT019 - pefB plasmid-encoded fimbriae;regulation -9.86 6.59 3.46E-05 -4.59 R -337 -316 tttcTTTTTTGATATATGTCTTTTCAtgta 5.41 -7.58 

STM0002 E thrA 
aspartokinase I , bifunctional enxyme N-

terminal is aspartokinaseI and C-terminal is 
homoserine dehydrogenase I 

-11.82 7.27 5.20E-06 -3.33 R -351 -330 GGAATTGGTTGAAAATAAATATatcg 5.71 -7.83 

STM0041 G STM0041 putative glycosyl hydrolase -9.21 5.78 1.15E-04 -3.19             

STM0042 G STM0042 putative sodium galactoside symporter -12.79 5.16 4.17E-05 -3.32             

STM0153 C aceF pyruvate dehydrogenase, 
dihydrolipoyltransacetylase component  -7.07 5.72 4.93E-04 -3.83 D -52 -31 gaatAATGGCTATCGAAATCAAAGTAccgg 4.98 -7.24 

STM0178 G yadI putative PTS enzyme -6.35 5.43 1.05E-03 -7.00 D -263 -242 tttaTAATATATATTTAATCAATTATtttg 5.19 -7.41 

STM0439 H cyoE protohaeme IX farnesyltransferase (haeme O 
biosynthesis) 9.48 5.20 1.77E-04 7.71 D -102 -81 tctgGATTATGTGGAACCTCAACTACaaca 4.54 -6.9 

STM0440 C cyoD cytochrome o ubiquinol oxidase subunit IV 13.11 5.21 3.45E-05 7.05 R -326 -305 tatcGGGATGGAACTCTATGAATTCCatca 4.64 -6.98 

STM0441 C cyoC cytochrome o ubiquinol oxidase subunit III 36.33 5.46 9.96E-08 7.10             

STM0442 C cyoB cytochrome o ubiquinol oxidase subunit I 22.84 5.64 8.89E-07 5.05 R -206 -185 aaccTGATTTGTTCAAGGACGTTATTaaca 4.18 -6.63 

STM0443 C cyoA cytochrome o ubiquinol oxidase subunit II 22.81 5.46 1.25E-06 4.51 D -68 -47 ccgtGGAATTGAGGTCGTTAAATGAGactc 5.84 -7.94 

STM0465 S ybaY glycoprotein/polysaccharide metabolism -15.14 5.29 1.46E-05 -4.75 R -75 -54 ctggTGCATTGATGATAAGGAGAATTgaat 5.34 -7.53 

STM0467 - ffs signal recognition particle, RNA component -9.58 5.21 1.67E-04 -4.45             

STM0650 G STM0650 putative hydrolase C-terminus -9.87 5.46 1.10E-04 -4.56 D -55 -34 aaggGAAAATGATTATGAGCAATGAGactt 6.95 -8.95 

STM0659 O hscC putative heatshock protein, homolog of hsp70 
in Hsc66 subfamily -15.49 8.16 2.46E-07 -2.82 R -128 -107 gcgtGACATTGATAAAGATCACCACGccag 5.25 -7.46 

STM0662 E gltL ABC superfamily (atp_bind), 
glutamate/aspartate transporter 12.96 5.46 2.61E-05 4.39 R -309 -288 actgGCAGTCGATGAAGCTCATTATTctgc 5.97 -8.06 

STM0663 E gltK ABC superfamily (membrane), 
glutamate/aspartate transporter  12.08 8.19 1.67E-06 2.81             

STM0664 E gltJ ABC superfamily (membrane), 
glutamate/aspartate transporter 12.47 7.16 4.09E-06 2.67 D -62 -41 tttcGGAGTAGATGTATGTCAATAGActgg 4.58 -6.93 

STM0665 E gltI ABC superfamily (bind_prot), 
glutamate/aspartate transporter 10.65 5.77 5.20E-05 4.24 D -216 -195 taggATTTTTGCCTCTGAACGGTGCGgcgc 5.67 -7.8 

STM0699 R STM0699 putative cytoplasmic protein -15.11 6.35 3.25E-06 -4.22 R -30 -9 ggaaGTCACTGATATAGCAGAAATACtggc 6.99 -8.99 

STM0728 L nei 
endonuclease VIII removing oxidized 

pyrimidines may also remove oxidized purines 
in absence of MutY and Fpg [EC:3.2.-.-] 

16.01 6.47 1.90E-06 2.57 D -80 -59 tccaTTAATCAACTGTTAACAAAGGAtatt 5.12 -7.35 

STM0737 C sucB 2-oxoglutarate dehydrogenase 
(dihydrolipoyltranssuccinase E2 component) 14.92 9.44 7.01E-08 2.75             

STM0738 C sucC succinyl-CoA synthetase, beta subunit 21.50 5.79 9.65E-07 4.03 D -39 -18 acatGAATATCAGGCAAAACAACTTTttgc 6.69 -8.71 

STM0739 C sucD succinyl-CoA synthetase, alpha subunit  23.03 5.62 8.87E-07 4.66             

STM0740 C cydA cytochrome d terminal oxidase, polypeptide 
subunit I [EC:1.10.3.-] 17.22 6.09 2.13E-06 2.55 R -307 -286 gccaTAAATTGATCGCTGTCGAAAAAagca 10.38 -13.11 
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STM0741 C cydB cytochrome d terminal oxidase polypeptide 

subunit II 21.16 5.67 1.30E-06 3.74 D -169 -148 cagaATTGTTCCTGATGTTCAAATTTgcac 5.62 -7.76 

STM0742 S ybgT putative outer membrane lipoprotein 11.38 7.56 5.01E-06 4.34 R -165 -144 tgttCGTACCGATCATTCTGATCTACacca 4.83 -7.12 

STM0743 S ybgE putative inner membrane lipoprotein 13.92 9.36 1.44E-07 3.48 R -102 -81 cacgTGCACTGTTGGAAGAGGTTATCcga
c 4.31 -6.72 

STM0759 - ybgS putative homeobox protein -14.35 5.04 2.80E-05 -4.60             

STM0761 C STM0761 fumarate hydratase Class I anaerobic 6.55 5.53 8.38E-04 4.48             

STM0762 C STM0762 fumarate hydratase, alpha subunit 8.26 5.15 3.67E-04 5.69 D -340 -319 agttTATTTTTCTTTCTATCAAATAAtgtc 6.33 -8.37 

STM0781 P modA ABC superfamily (peri_perm), molybdate 
transporter  -22.42 7.25 5.78E-08 -3.12 R -140 -119 tttaATCGTTAATGGGTATGAATAACcgct 6.43 -8.47 

STM0790 - hutU 
pseudogene; frameshift relative to 

Pseudomonas putida urocanate hydratase 
(HUTU) (SW:P25080) 

9.49 5.45 1.36E-04 5.44             

STM0791 E hutH histidine ammonia lyase 19.06 6.84 3.51E-07 4.55             

STM0828 E glnQ ABC superfamily (atp_bind), glutamine high-
affinity transporter  8.23 6.06 1.66E-04 2.86             

STM0830 E glnH ABC superfamily (bind_prot), glutamine high-
affinity transporter 9.60 5.47 1.26E-04 3.70             

STM0853 - yliH putative cytoplasmic protein -15.57 6.53 2.08E-06 -3.33             

STM0907 R aSTM0907 Fels-1 prophage; putative chitinase -6.72 5.39 8.16E-04 -3.12             

STM0912 O aSTM0912 Fels-1 prophage; protease subunits of ATP-
dependent proteases, ClpP family 11.94 7.50 3.81E-06 3.40             

STM0964 

C dmsA anaerobic dimethyl sulfoxide reductase, 
subunit A  -18.73 5.00 7.95E-06 -

200.85 D -151 -130 ctacTTTTTCGATATATATCAGACTTtata 7.44 -9.43 

STM0965 C dmsB anaerobic dimethyl sulfoxide reductase, 
subunit B -53.46 5.29 1.93E-08 -62.55             

STM0966 R dmsC anaerobic dimethyl sulfoxide reductase, 
subunit C -28.93 5.04 8.52E-07 -23.60 R -260 -239 gtaaGAAACCGATTTGCGTCGAATCCtgcc 8.79 -10.93 

STM0972 - STM0972 homologous to secreted protein sopD 5.62 6.48 1.04E-03 3.07 D -256 -235 aataATTCTCAACATAATTCAGATGTgtcc 4.68 -7.01 

STM0974 P focA putative FNT family, formate transporter 
(formate channel 1) -7.49 5.77 3.53E-04 -3.19 R -129 -108 ggcgAGATATGATCTATATCAAATTCtcat 8.35 -10.41 

STM0989 - STM0989 mukF protein (killing factor KicB) -10.99 5.11 9.47E-05 -4.90 R -279 -258 cgtgCGCGCTGAAATGCGTTAACATGatcc 4 -6.5 

STM1118 - yccJ putative cytoplasmic protein -9.37 5.50 1.38E-04 -4.94             

STM1119 R wraB trp-repressor binding protein -10.54 5.13 1.14E-04 -6.45 D -167 -146 attaATTATTGTTATAAATCAAAGAAatgg 9.3 -11.57 

STM1123 S STM1123 putative periplasmic protein 4.28 6.28 4.69E-03 3.13             

STM1124 - putA 

bifunctional in plasma membrane proline 
dehydrogenase and pyrroline-5-carboxylate 

dehydrogenase OR in cytoplasm a 
transcriptional repressor  

24.50 6.20 2.07E-07 7.57             

STM1125 E putP SSS family, major sodium/proline symporter 14.50 5.46 1.44E-05 7.16 D -195 -174 tgtaAATGGTGTGTTAAATCGATTGTgaat 7.78 -9.79 

STM1126 - phoH PhoB-dependent, ATP-binding pho regulon 
component  9.41 6.88 3.56E-05 2.63 NA NA NA NA NA NA 

STM1128 E STM1128 putative sodium/glucose cotransporter -18.20 6.39 9.58E-07 -4.78 R -289 -268 cctgAAGCCTGTTTGAACGCAATATCggat 5.25 -7.45 

STM1129 G STM1129 putative inner membrane protein -15.72 5.52 8.59E-06 -6.50             

STM1130 S STM1130 putative inner membrane protein -9.85 5.15 1.56E-04 -11.85             
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STM1131 - STM1131 putative outer membrane protein -10.50 5.84 5.25E-05 -4.67 D -58 -37 cggaGTATTTTATGAAAATCAACAAAtatc 7.06 -9.06 

STM1132 G STM1132 putative sugar transort protein -9.42 5.29 1.67E-04 -6.20 R -120 -99 ttcgGCAATTGATATGACTTAAAAATtaat 10.03 -12.57 

STM1133 R STM1133 putative dehydrogenases and related proteins -14.98 5.29 1.56E-05 -5.56 D -90 -69 cgtgAAAGTTTTCAATCAACAAAAGAattt 4.6 -6.94 

STM1138 - ycdZ putative inner membrane protein -9.09 5.03 2.62E-04 -11.00 D -106 -85 agaaTAATGTGATGTAAATCACCCTTaact 5.45 -7.62 

STM1171 N flgN flagellar biosynthesis: belived to be export 
chaperone for FlgK and FlgL -12.69 5.24 3.93E-05 -7.85             

STM1172 K flgM anti-FliA (anti-sigma) factor; also known as 
RflB protein -13.69 5.30 2.46E-05 -5.75 R -72 -51 cgtaACCCTCGATGAGGATAAATAAAtgag 5.44 -7.61 

STM1176 N flgD flagellar biosynthesis, initiation of hook 
assembly -11.76 5.49 4.21E-05 -2.94             

STM1177 N flgE flagellar biosynthesis, hook protein  -14.54 5.88 7.83E-06 -3.56             

STM1178 N flgF flagellar biosynthesis, cell-proximal portion of 
basal-body rod  -7.59 6.06 2.58E-04 -2.81             

STM1179 N flgG flagellar biosynthesis, cell-distal portion of 
basal-body rod -7.52 5.56 4.10E-04 -3.50             

STM1183 N flgK flagellar biosynthesis, hook-filament junction 
protein 1  -11.80 5.20 5.95E-05 -5.67             

STM1184 N flgL flagellar biosynthesis; hook-filament junction 
protein -11.04 5.33 7.16E-05 -4.18             

STM1227 E pepT putative peptidase T(aminotripeptidase) -13.20 6.24 8.57E-06 -2.67             

STM1254 - STM1254 putative outer membrane lipoprotein -8.06 5.65 2.64E-04 -3.82             

STM1271 P yeaR putative cytoplasmic protein 13.89 5.66 1.37E-05 4.25 R -284 -263 gcaaTTCTTTGATTGGCCTTCTTTTCgtcg 4.81 -7.1 

STM1272 - yoaG putative cytoplasmic protein 6.92 7.98 1.23E-04 2.87 D -225 -204 cggaAGAGATCATGGTGATCAATGCCggc
g 8.55 -10.65 

STM1300 - STM1300 putative periplasmic protein -8.78 5.08 2.93E-04 -4.83 D -256 -235 ggttGTATTTGCGTTTTATCAGAATAtgta 6.36 -8.4 

STM1301 L STM1301 putative mutator MutT protein -9.26 5.65 1.27E-04 -3.36             

STM1349 G pps phosphoenolpyruvate synthase  -19.01 5.69 2.28E-06 -3.45 D -58 -37 aggaTTGTTCGATGTCCAACAATGGCtcgt 5.74 -7.86 

STM1378 G pykF pyruvate kinase I (formerly F), fructose 
stimulated  14.46 5.51 1.36E-05 2.55             

STM1489 H ynfK putative dethiobiotin synthase -11.20 5.23 7.52E-05 -8.40 R -140 -119 aactCAAGCTGATTGCCCTTGCCATAtctt 4.73 -7.04 

STM1498 C STM1498 putative dimethyl sulphoxide reductase -21.41 5.10 3.44E-06 -27.55 R -177 -156 atacAAATCTGGTGGAAATCGAAAAAatct 4.87 -7.15 

STM1499 C STM1499 putative dimethyl sulphoxide reductase, chain 
A1 -19.08 5.35 3.98E-06 -8.27 D -101 -80 ataaTTTCGTTATAGTTATCAATATAtagc 4.38 -6.78 

STM1509 - ydfZ putative cytoplasmic protein -14.41 5.58 1.25E-05 -7.62 R -161 -140 ccgtGAGCTTGATCAAAAACAAAAAAaatt 8.84 -10.98 

STM1538 C STM1538 putative hydrogenase-1 large subunit 11.55 5.78 3.28E-05 3.96             

STM1539 C STM1539 putative hydrogenase-1 small subunit 8.66 5.44 2.21E-04 3.53             

STM1562 - STM1562 putative periplasmic transport protein -11.30 5.28 6.68E-05 -4.99 D -217 -196 tgctTTATTCATCAAACATCAAAATCagtc 6.71 -8.73 

STM1564 - yddX putative cytoplasmic protein -10.75 8.27 3.83E-06 -2.93             

STM1568 C fdnI formate dehydrogenase-N, cytochrome 
B556(Fdn) gamma subunit, nitrate-inducible -28.97 6.32 5.81E-08 -3.98 R -119 -98 tcgcCGGTCTGATTTACCACTACATCggta 7.14 -9.14 

 
C fdnH 

formate dehydrogenase, iron-sulfur subunit 
(formate dehydrogenase beta subunit) 

[EC:1.2.1.2] 
-9.33 8.93 6.68E-06 -2.50             

STM1593 - srfA ssrAB activated gene -5.82 6.28 9.63E-04 -2.52 D -185 -164 acccTGATTTAACTTACGTCAAGTGGaaac 5.8 -7.91 

STM1594 S srfB ssrAB activated gene -14.70 6.14 5.14E-06 -2.88 D -58 -37 tgccTGATTTTATGTTGGTCAATCTGtgtg 5.31 -7.5 
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STM1626 N trg methyl-accepting chemotaxis protein III, ribose 

and galactose sensor receptor  -13.30 5.46 2.28E-05 -5.72             

STM1640 S ydcF putative inner membrane protein -11.44 5.63 4.15E-05 -5.72             

STM1641 L hrpA helicase, ATP-dependent  -21.19 6.25 4.68E-07 -20.97 R -217 -196 gtgcCCCGTTGCTTGTTGACACTTTAttca 4.72 -7.04 

STM1642 I acpD acyl carrier protein phosphodiesterase -11.32 7.81 4.05E-06 -4.01 D -107 -86 tgaaTAAAGTGTCAACAAGCAACGGGgca
c 4.72 -7.04 

STM1647 C ldhA fermentative D-lactate dehydrogenase, NAD-
dependent  -16.29 5.95 3.65E-06 -24.42 D -139 -118 tcatTATATGTATGACTATCAATTATtttt 5.05 -7.29 

STM1648 O hslJ heat shock protein hslJ -8.34 5.41 2.75E-04 -5.00 R -74 -53 ttaaCTATCAGATTACAGAGAATATCaatg 4.11 -6.57 

STM1650 - STM1650 putative reverse transcriptase -5.38 7.56 7.97E-04 -3.52             

STM1651 C nifJ putative pyruvate-flavodoxin oxidoreductase  -8.67 6.43 8.87E-05 -4.97             

STM1652 T ynaF putative universal stress protein -20.67 5.01 4.81E-06 -
116.15 R -282 -261 ttatTGAATTAAACGGTAACATCTCTtttt 4.7 -7.02 

STM1653 P STM1653 putative membrane transporter of cations -10.25 5.85 5.92E-05 -6.56             

STM1657 N STM1657 putative methyl-accepting chemotaxis protein -9.41 6.29 6.15E-05 -4.01 D -52 -31 caaaAATGTTGAGAAATATCAGCGTCagg
a 8.58 -10.68 

STM1658 S ydaL putative Smr domain -28.29 6.75 2.87E-08 -4.01             

STM1659 L ogt O-6-alkylguanine-DNA/cysteine-protein 
methyltransferase -6.79 6.25 4.20E-04 -2.92             

STM1660 - fnr transcriptional regulation of aerobic, anaerobic 
respiration, osmotic balance (CRP family) -8.24 5.04 4.11E-04 -6.55 D -88 -67 tgttAAAATTGACAAATATCAATTACggct 11.43 -14.93 

STM1688 K pspC phage shock protein; regulatory gene, 
activates expression of psp operon with PspB 11.96 6.86 7.63E-06 3.23 R -45 -24 gggtGGAATCAATCTGAATAAAAAACtatg 6.11 -8.18 

STM1706 J yciH putative translation initiation factor SUI1 9.58 5.71 9.91E-05 4.32             

STM1732 M ompW outer membrane protein W; colicin S4 
receptor; putative transporter -6.72 5.07 1.05E-03 -8.36 R -172 -151 gttcTAAATTAATCTGGATCAATAAAtgtt 8.33 -10.39 

STM1746 - oppA ABC superfamily (periplasm), oligopeptide 
transport protein with chaperone properties 16.43 6.25 2.23E-06 3.83 R -290 -269 atttCACATTGTTGATAAGTATTTTCattt 5.36 -7.54 

STM1767 T narL 

response regulator in two-component 
regulatory system with NarX (or NarQ), 

regulates anaerobic respiration and 
fermentation (LuxR/UhpA familiy)  

11.78 6.53 1.22E-05 2.78             

STM1781 P ychM putative SulP family transport protein  -10.77 6.07 3.49E-05 -3.33 R -230 -209 acgaAGAATCGATTTCCGCCATGTTCgagc 5.29 -7.49 

STM1795 E STM1795 putative homologue of glutamic dehyrogenase 12.42 5.46 3.28E-05 5.33 R -302 -281 acatAACATTGATACATGTCGTTATCataa 6.57 -8.6 

STM1798 - ycgR putative inner membrane protein -14.17 5.94 8.40E-06 -4.09 D -267 -246 tggcGATAACGCCGGCAATCAAACCAaaa
a 6.66 -8.68 

STM1803 E dadA D-amino acid dehydrogenase subunit 10.10 8.96 3.40E-06 3.16 R -261 -240 cctcCACATTGAACGGCAAAAAATCGggta 4.58 -6.92 

STM1831 G manY Sugar Specific PTS family, mannose-specific 
enzyme IIC  15.20 5.98 5.28E-06 3.73 R -146 -125 atccGAAACTGAAAATGATGGATTTAattg 4.99 -7.24 

STM1832 G manZ Sugar Specific PTS family, mannose-specific 
enzyme IID 14.15 9.24 1.42E-07 2.96 D -277 -256 ttggTTATGCGATGGTTATCAATATGatgc 7.21 -9.2 

STM1915 N cheZ chemotactic response; CheY protein 
phophatase -9.59 5.76 9.42E-05 -3.56             

STM1916 T cheY chemotaxis regulator, transmits chemoreceptor 
signals to flagelllar motor components -9.32 5.69 1.18E-04 -3.74 D -111 -90 agcaGATGTTGGCGAAAATCAGTGCCgga

c 8.6 -10.7 

STM1917 N cheB methyl esterase, response regulator for 
chemotaxis (cheA sensor)  -8.37 5.74 2.00E-04 -4.33             

STM1918 N cheR glutamate methyltransferase, response 
regulator for chemotaxis -22.41 8.99 3.40E-09 -3.32             
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STM1919 N cheM methyl accepting chemotaxis protein II, 

aspartate sensor-receptor -18.86 5.13 6.12E-06 -8.31             

STM1920 N cheW purine-binding chemotaxis protein; regulation -14.43 5.32 1.82E-05 -4.31 D -296 -275 gggcATTGTTGTGATCCTGCAAAGCGcgg
g 4.39 -6.78 

STM1921 N cheA 
sensory histitine protein kinase, transduces 
signal between chemo- signal receptors and 

CheB and CheY  
-16.27 6.02 3.32E-06 -4.67 D -39 -18 ggatATTAGCGATTTTTATCAGACATtttt 4.84 -7.12 

STM1922 N motB enables flagellar motor rotation, linking torque 
machinery to cell wall  -15.03 5.33 1.43E-05 -7.00 R -177 -156 atgcGCCGCCGATTGCCGTGGAATTTggtc 5.72 -7.84 

STM1923 N motA proton conductor component of motor, torque 
generator -5.97 5.07 1.80E-03 -10.82             

STM1932 P ftnB ferritin-like protein -21.51 5.01 3.92E-06 -21.11 D -95 -74 tctcGTCTGTCATGCACATCAACACTttct 4.24 -6.67 

STM1955 - fliZ putative regulator of FliA -15.76 5.35 1.09E-05 -6.25 D -331 -310 acagGAAAACCCGTTACATCAACTGCtgga 5.78 -7.9 

STM1956 K fliA 
sigma F (sigma 28) factor of RNA polymerase, 
transcription of late flagellar genes (class 3a 

and 3b operons) 
-21.86 8.81 5.60E-09 -5.96 R -64 -43 acgcAGGGCTGTTTATCGTGAATTCActgt 4.87 -7.15 

STM1960 N fliD flagellar biosynthesis; filament capping protein; 
enables filament assembly -15.69 6.81 1.35E-06 -4.45 R -82 -61 cttaACTACTGTTTGCAATCAAAAAGgaag 4.63 -6.97 

STM1961 O fliS flagellar biosynthesis; repressor of class 3a 
and 3b operons (RflA activity) -9.80 5.27 1.40E-04 -5.10 R -231 -210 acgcCACGCTGAAAAGCCTGACAAAAcagt 4.08 -6.56 

STM1962 - fliT flagellar biosynthesis; possible export 
chaperone for FliD -7.66 5.16 5.25E-04 -6.03             

STM1971 N fliH flagellar biosynthesis; possible export of 
flagellar proteins -8.61 6.32 1.01E-04 -2.94             

STM1973 N fliJ flagellar fliJ protein -7.71 6.36 1.88E-04 -4.27             

STM1975 N fliL flagellar biosynthesis -8.94 5.55 1.68E-04 -2.79             

STM1976 N fliM flagellar biosynthesis, component of motor 
switch and energizing -9.19 5.26 1.95E-04 -3.07 R -161 -140 aacaAAAACTGATTGCCGCCATTAAAgaga 5.62 -7.76 

STM1978 N fliO flagellar biosynthesis -5.21 6.02 1.98E-03 -2.76             

STM2059 S yeeX putative cytoplasmic protein 8.96 6.90 4.79E-05 2.75             

STM2183 F cdd cytidine/deoxycytidine deaminase -17.85 5.47 4.66E-06 -7.71 R -157 -136 atttTTCATTGAAGTTTCACAAGTTGcata 5.31 -7.51 

STM2186 E STM2186 putative NADPH-dependent glutamate 
synthase beta chain or related oxidoreductase -15.60 5.64 7.43E-06 -4.18 D -269 -248 cttcTTTTTTATCGTTAATCTATTTAttat 5.46 -7.63 

STM2187 F yeiA putative dihydropyrimidine dehydrogenase -15.69 5.44 9.74E-06 -4.05             

STM2277 F nrdA ribonucleoside diphosphate reductase 1, alpha 
subunit  26.74 5.26 8.07E-07 11.15 D -60 -39 ggtaGAAAACCACATGAATCAGAGTCtgct 4.2 -6.64 

STM2278 F nrdB ribonucleoside-diphosphate reductase 1, beta 
subunit 29.51 5.69 1.92E-07 9.57 D -68 -47 tcccATAAAGGATTCACTTCAATGGCatac 6.02 -8.11 

STM2279 C yfaE putative ferredoxin 6.33 5.30 1.17E-03 3.37 R -297 -276 acggTTCGATGATCGGCCTGAATAAAgata 5.02 -7.27 

STM2280 G STM2280 putative permease 11.04 6.42 2.06E-05 4.32             

STM2287 - STM2287 putative cytoplasmic protein 4.59 6.33 3.24E-03 3.46 R -279 -258 ggggATAACTGAATATCCCCAATAATaatt 4.46 -6.84 

STM2314 T STM2314 putative chemotaxis signal transduction protein -25.76 5.48 6.21E-07 -6.99             

STM2315 R yfbK putative von Willebrand factor, vWF type A 
domain -15.60 9.01 7.88E-08 -2.84             

STM2316 - nuoN NADH dehydrogenase I chain N  8.29 6.13 1.50E-04 2.67 R -334 -313 tggtGCCGGTGATTACCGTGATCTCCacct 4.26 -6.69 
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STM2318 C nuoL NADH dehydrogenase I chain L 8.02 7.14 8.05E-05 2.54 R -261 -240 tgttTATGCTGATTGGGCTGGAAATCatga 5.57 -7.71 

STM2320 C nuoJ NADH dehydrogenase I chain J [EC:1.6.5.3] 11.27 6.55 1.58E-05 2.54             

STM2324 C nuoF NADH dehydrogenase I chain F  9.85 7.93 1.01E-05 2.60             

STM2325 C nuoE NADH dehydrogenase I chain E 8.07 8.32 3.28E-05 2.65             

STM2326 C nuoC NADH dehydrogenase I chain C,D 22.56 6.50 2.04E-07 3.34             

STM2327 C nuoB NADH dehydrogenase I chain B [EC:1.6.5.3] 11.71 6.20 1.86E-05 2.52             

STM2334 R yfbT putative phosphatase 18.20 6.34 1.03E-06 3.49 R -76 -55 gagcGCGAATGAAATCAATCAAATCAttaa 5.55 -7.7 

STM2335 S yfbU putative cytoplasmic protein 6.74 5.61 6.87E-04 3.39             

STM2337 C ackA acetate kinase A (propionate kinase 2) -16.97 6.34 1.60E-06 -3.51 R -147 -126 tcctGCGCATGATGTTAATCATAAATgtca 4.76 -7.07 

STM2338 C pta phosphotransacetylase  -6.43 5.94 6.96E-04 -3.17             

STM2340 G STM2340 putative transketolase 11.33 5.19 7.42E-05 6.60 D -82 -61 gctcAATGAGGCCATTCATCAACTGGaggt 4.18 -6.62 

STM2341 G STM2341 putative transketolase 23.38 5.42 1.19E-06 6.47             

STM2342 S STM2342 putative inner membrane protein 9.98 5.52 9.77E-05 5.22 R -276 -255 aaaaAGTATTAAAGAAACTCAATATTgacg 6.82 -8.83 

STM2343 G STM2343 putative cytoplasmic protein 10.35 6.09 4.30E-05 3.34 D -64 -43 tttaAAAGGTGACAATAATGAAAATCatgg 4.64 -6.97 

STM2409 F nupC NUP family, nucleoside transport -15.30 5.45 1.09E-05 -3.91 D -347 -326 gtttATTGATAATGATTATCAAGTGCattt 5.87 -7.97 

STM2454 K eutR putative regulator ethanolamine operon 
(AraC/XylS family) -12.08 5.35 4.34E-05 -5.13             

STM2455 Q eutK putative carboxysome structural protein, 
ethanolamine utilization -9.27 5.21 1.97E-04 -6.77 D -61 -40 aacgGAGGCTGCCAATGATCAATGCCctg

g 4.45 -6.83 

STM2456 E eutL putative carboxysome structural protein, 
ethanolamine utilization -9.22 5.22 1.99E-04 -6.68             

STM2457 E eutC ethanolamine ammonia-lyase, light chain -16.21 5.56 6.85E-06 -7.07             

STM2458 E eutB ethanolamine ammonia-lyase, heavy chain -17.30 5.54 4.94E-06 -6.33 D -315 -294 ccgcATTACTCACGGTCATCAACGCGctga 5.38 -7.56 

STM2459 E eutA CPPZ-55 prophage; chaperonin in 
ethanolamine utilization -19.26 5.16 5.24E-06 -6.17             

STM2460 E eutH putative transport protein, ethanolamine 
utilization  -17.75 5.32 6.09E-06 -6.29             

STM2462 E eutJ paral putative heatshock protein (Hsp70)  -7.74 5.05 5.52E-04 -7.30             

STM2463 C eutE putative aldehyde oxidoreductase in 
ethanolamine utilization  -18.52 5.34 4.73E-06 -7.02 R -64 -43 aaatAGGATTGAACATCATGAATCAAcagg 4.88 -7.15 

STM2464 Q eutN putative detox protein in ethanolamine 
utilization -14.11 5.14 2.65E-05 -8.00 D -194 -173 tggaAGAAGTGTTCCCGATCAGCTTCaaag 5.21 -7.42 

STM2465 Q eutM putative detox protein in ethanolamine 
utilization -28.26 5.11 8.21E-07 -11.02 R -250 -229 ctatCGCGCTGTTGGGCCGCTAATTCaggg 4.58 -6.93 

STM2466 C eutD putative phosphotransacetylase in 
ethanolamine utilization -15.83 5.11 1.53E-05 -10.36             

STM2467 E eutT putative cobalamin adenosyltransferase, 
ethanolamine utilization -16.88 5.92 3.13E-06 -6.59 R -237 -216 cgtgGACGCTGAACTACGACGAAATCgac

a 6.89 -8.9 

STM2468 E eutQ putative ethanolamine utilization protein -18.58 5.26 5.33E-06 -7.60             

STM2469 E eutP putative ethanolamine utilization protein -20.06 5.13 4.47E-06 -9.38 R -247 -226 aaacGGCGATGATCGCTGGCGATTTAgcg
a 4.71 -7.03 

STM2470 E eutS putative carboxysome structural protein, 
ethanol utilization -10.43 5.05 1.32E-04 -13.70 R -154 -133 ttctCTTAGTGATCTACCTCACCTTTtaca 5.95 -8.05 

STM2479 E aegA putative oxidoreductase -7.82 7.39 7.90E-05 -3.37 R -187 -166 gaaaTAAATTGATCTGCCACAGGTTCtgga 7.26 -9.26 
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STM2530 C STM2530 putative anaerobic dimethylsulfoxide reductase -10.14 7.00 1.96E-05 -3.67 D -158 -137 ttatGAATTTCATTTAATTTAAAGTTaatg 6.79 -8.8 

STM2556 C hmpA dihydropteridine reductase 2 and nitric oxide 
dioxygenase activity  15.99 5.95 4.09E-06 3.01 R -95 -74 agatGCATTTGATATACATCATTAGAtttt 6.24 -8.3 

STM2558 E cadB APC family, lysine/cadaverine transport protein  -6.65 5.19 1.01E-03 -6.43 D -219 -198 tatgTTAATTCAAAAAAATCAATCTAtcag 6.78 -8.8 

STM2559 E cadA lysine decarboxylase 1 -10.67 5.18 1.02E-04 -5.58 R -221 -200 tcgtCAGTCTGATCATCCTGATGTTCtacg 5.74 -7.86 

STM2646 R yfiD putative formate acetyltransferase -26.43 5.69 3.54E-07 -5.08 D -179 -158 ggttTTTATTGATTTAAATCAAAGAAtgaa 10.76 -13.71 

STM2733 - STM2733 Fels-2 prophage: similar to E. coli retron Ec67 -5.44 8.92 4.26E-04 -2.72             

STM2786 S STM2786 tricarboxylic transport 19.84 5.84 1.38E-06 8.21             

STM2787 - STM2787 tricarboxylic transport 10.54 9.96 1.01E-06 6.89             

STM2788 S STM2788 tricarboxylic transport 11.85 5.46 4.19E-05 3.46 R -107 -86 ttgaCCGGCTGCTTGATGTCACCTTAcctc 4.26 -6.68 

STM2795 S ygaU putative LysM domain -3.59 5.59 1.31E-02 -2.98 D -55 -34 aggtGAATATGGGACTTTTCAATTTTgtaa 5.43 -7.6 

STM2851 C hycC hydrogenase 3, membrane subunit (part of 
FHL complex)  -5.41 8.55 5.07E-04 -3.49             

STM2855 O hypB hydrogenase-3 accessory protein, assembly of 
metallocenter -14.31 6.06 6.74E-06 -3.12 R -143 -122 cataGAGATTGATGAAACTGAAGATTaatg 9.23 -11.47 

STM2856 O hypC putative hydrogenase expression/formation 
protein -9.09 6.18 8.40E-05 -2.56             

STM2857 O hypD putative hydrogenase expression/formation 
protein -8.01 5.29 3.76E-04 -2.97             

STM2871 U prgK cell invasion protein; lipoprotein, may link inner 
and outer membranes -15.27 7.06 1.15E-06 -3.25             

STM2872 - prgJ cell invasion protein; cytoplasmic -9.60 5.35 1.43E-04 -4.65 R -344 -323 agccCACTTTAATTTAACGTAAATAAggaa 5.69 -7.82 

STM2873 - prgI cell invasion protein; cytoplasmic -12.42 5.80 2.13E-05 -4.16 R -83 -62 agccCACTTTAATTTAACGTAAATAAggaa 5.69 -7.82 

STM2874 - prgH cell invasion protein -16.99 6.31 1.65E-06 -3.85             

STM2877 M iagB cell invasion protein -4.52 5.49 5.01E-03 -3.55 R -86 -65 ccgcTTGATTAAATTACGGTAAAATCtgag 4.68 -7 

STM2886 R sicA surface presentation of antigens; secretory 
proteins -10.24 5.19 1.24E-04 -2.80 D -57 -36 ggagTAAGTAATGGATTATCAAAATAatgt 4.34 -6.75 

STM2890 U spaP surface presentation of antigens; secretory 
proteins -5.39 5.53 2.17E-03 -4.27 D -88 -67 cttaGGCGTTGAGATCCATGAATGGCtgag 4.61 -6.95 

STM2891 N spaO surface presentation of antigens; secretory 
proteins -8.43 5.86 1.72E-04 -3.67             

STM2892 - invJ surface presentation of antigens; secretory 
proteins -7.06 5.22 7.34E-04 -5.51 D -239 -218 tttaGAACTCCAGATTATACAAATTCagga 4.22 -6.66 

STM2893 - invI surface presentation of antigens; secretory 
proteins -12.02 5.46 3.91E-05 -4.44 R -190 -169 gcttTTCATTGACTTGGGAGAATATCgtcc 6.09 -8.16 

STM2894 N invC surface presentation of antigens; secretory 
proteins -6.62 6.04 5.54E-04 -2.79             

STM2895 - invB surface presentation of antigens; secretory 
proteins -10.44 5.50 7.85E-05 -3.88 R -267 -246 ccgcTAATTTGATGGATCTCATTACActta 8.41 -10.48 

STM2896 U invA invasion protein -6.84 5.81 5.50E-04 -3.34             

STM2897 - invE invasion protein -5.52 6.12 1.40E-03 -3.09 R -29 -8 tccgGTATTTCATTTTCCAGAATATTgtcc 4.35 -6.76 

STM2898 N invG invasion protein; outer membrane -6.82 5.89 5.30E-04 -3.48 D -126 -105 cacaTTTTTCTAGTGAGATCAAAGAGctga 7.49 -9.49 

STM2899 K invF invasion protein -5.45 5.63 1.95E-03 -3.57             

STM2983 - ygdI putative lipoprotein -7.97 6.00 2.09E-04 -3.64             
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STM3019 I yqeF putative acetyl-CoA acetyltransferase 10.03 6.84 2.46E-05 2.58 R -249 -228 ctatTGATTTGCTGTGGAACAAGAAAacgc 4.54 -6.9 

STM3131 S STM3131 putative cytoplasmic protein -17.74 9.67 1.07E-08 -7.24 R -77 -56 actgCCACCTGATCAACAAGGAGATAaatc 5.09 -7.32 

STM3136 G STM3136 putative D-mannonate oxidoreductase  9.94 5.61 8.96E-05 2.88             

STM3138 N STM3138 putative methyl-accepting chemotaxis protein -8.98 5.43 1.84E-04 -4.76             

STM3155 - STM3155 putative cytoplasmic protein -7.23 7.42 1.31E-04 -2.81 R -78 -57 gtatACCACTGATCGTAAAGGATATTtagt 7.28 -9.28 

STM3216 N STM3216 putative methyl-accepting chemotaxis protein -15.35 7.19 9.30E-07 -3.37 R -280 -259 tctaCCTATTAATAGGTATAAACTCAgtta 5.59 -7.73 

STM3217 T aer aerotaxis sensor receptor, senses cellular 
redox state or proton motive force  -12.23 5.32 4.29E-05 -4.77 D -238 -217 aaagGTTGTCCACGCTAAACAATTTCataa 8.02 -10.04 

STM3225 E ygjU putative dicarboxylate permease 17.69 9.71 1.04E-08 3.68             

STM3238 S yhaN putative inner membrane protein -6.92 6.10 4.20E-04 -3.18 R -146 -125 aaggCGCTTCGTTGTACCTGATTATTatta 4.55 -6.9 

STM3240 E tdcG L-serine deaminase -16.72 5.57 5.68E-06 -4.80 R -249 -228 ggatGCGATTGAACATCCGGAAAACTaccc 6.02 -8.11 

STM3241 C tdcE pyruvate formate-lyase 4/ 2-ketobutyrate 
formate-lyase  -9.34 10.00 2.95E-06 -2.66             

STM3242 C tdcD propionate kinase/acetate kinase II, anaerobic -14.83 7.09 1.35E-06 -4.10 R -147 -126 tgacCATCCTGAATATTGTCTACAAAttgt 4.53 -6.89 

STM3245 K tdcA transcriptional activator of tdc operon (LysR 
family)  -17.03 5.41 6.59E-06 -6.04 D -239 -218 cctgTTTTTTGATTGAAATCAGGCTAagtt 8.48 -10.57 

STM3248 I garR tartronate semialdehyde reductase (TSAR) 15.78 5.93 4.53E-06 4.16             

STM3273 I yhbT putative lipid carrier protein -9.33 5.49 1.43E-04 -2.71 D -237 -216 acgcAAAATTGTTAACGAACAGGGATttta 5.52 -7.68 

STM3274 O yhbU putative protease -10.06 5.51 9.38E-05 -10.68 R -103 -82 taaaATCCCTGTTCGTTAACAATTTTgcgt 5.52 -7.68 

STM3275 - yhbV putative protease -13.35 5.95 1.16E-05 -10.88             

STM3334 F STM3334 putative cytosine deaminase -8.46 6.65 8.47E-05 -2.58 D -277 -256 agtgATTATTGCCGACTATCTGTTGAaccg 4 -6.5 

STM3338 G nanT MFS family, sialic acid transport protein  -19.92 5.67 1.83E-06 -3.02             

STM3545 R yhhX putative oxidoreductase 14.13 5.91 8.84E-06 3.21             

STM3547 - STM3547 putative transcriptional regulator of sugar 
metabolism 54.21 5.60 7.77E-09 6.06             

STM3548 - STM3548 putative cytoplasmic protein 40.36 5.24 9.82E-08 9.29 R -327 -306 gcttGCTTATGATGGCACACAATTCAtcta 4.98 -7.24 

STM3549 S STM3549 putative inner membrane protein 13.96 5.28 2.25E-05 7.22             

STM3550 R STM3550 putative phosphotriesterase 22.45 5.17 2.34E-06 7.40             

STM3576 P zntA P-type ATPase family, Pb/Cd/Zn/Hg 
transporting ATPase [EC:3.6.3.3 3.6.3.5] 9.90 5.54 9.92E-05 2.55 R -261 -240 cgacGCTGCTGTTCATCGGCAATATCgtct 5.02 -7.27 

STM3577 N tcp methyl-accepting transmembrane 
citrate/phenol chemoreceptor -22.22 5.71 9.23E-07 -5.64 R -126 -105 agcgTGATTTGATGTAAGGTTAATTTttat 6.53 -8.56 

STM3598 E STM3598 putative L-asparaginase -8.27 6.47 1.13E-04 -3.70             

STM3599 R STM3599 putative inner membrane protein -7.19 5.11 7.38E-04 -9.14 D -108 -87 cacaATAGGTTACGTCCCTCAATGTAaagc 4.29 -6.71 

STM3600 G STM3600 putative sugar kinases, ribokinase family -9.76 5.07 1.77E-04 -12.63 R -322 -301 aacgCGCGTTAAACTTCCTGAAAAAAtatg 5 -7.25 

STM3601 M STM3601 putative phosphosugar isomerase -26.75 5.09 1.12E-06 -11.94 R -266 -245 cgcaACAGTTGATTGTCGGCGATAAAatac 7.59 -9.59 

STM3611 T yhjH putative Diguanylate 
cyclase/phosphodiesterase domain 3 -16.54 5.11 1.23E-05 -7.89             

STM3626 E dppF ABC superfamily (atp_bind), dipeptide 
transport protein  9.03 5.90 1.14E-04 5.86             

STM3627 E dppD ABC superfamily (atp_bind), dipeptide 
transport protein  8.88 5.24 2.36E-04 7.65 D -45 -24 ggcgTTATTAAATGTAGATCAATTATcggt 8.18 -10.23 
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STM3628 E dppC ABC superfamily (membrane), dipeptide 

transport protein 2  16.86 5.71 4.35E-06 4.09             

STM3629 E dppB ABC superfamily (membrane), dipeptide 
transport protein 1  11.76 5.16 6.34E-05 12.45 D -55 -34 ttcgGGTTATGTTGCAGTTCATTCTCcgac 4.22 -6.66 

STM3630 E dppA ABC superfamily (peri_perm), dipeptide 
transport protein  9.06 5.06 2.56E-04 9.90             

STM3690 - STM3690 putative inner membrane lipoprotein -15.85 9.97 2.15E-08 -5.67 R -305 -284 ccgcAAAATTAAATAACATTATCATCcctg 4.96 -7.22 

STM3692 C lldP LctP transporter, L-lactate permease  9.84 5.02 1.81E-04 16.00 D -160 -139 tgtcATTATCCATACACAACAATATTggca 6.37 -8.41 

STM3693 K lldR putative transcriptional regulator for lct operon 
(GntR family)  12.30 5.04 5.98E-05 30.60             

STM3694 C lldD L-lactate dehydrogenase  27.93 5.02 1.05E-06 28.33             

STM3695 J yibK putative tRNA/rRNA methyltransferase 9.64 9.95 2.31E-06 2.95             

STM3708 E tdh threonine 3-dehydrogenase 7.11 6.53 2.66E-04 3.16             

STM3709 H kbl 2-amino-3-ketobutyrate CoA ligase (glycine 
acetyltransferase) 12.63 6.75 6.02E-06 2.86 D -298 -277 taacGATATTGCTGCCGATAAAGCCCgcgc 5.12 -7.34 

STM3750 G yicJ putative GPH family transport protein -13.67 7.06 2.44E-06 -2.67             

STM3801 G dsdX putative Gnt family transport protein 14.70 7.68 6.70E-07 3.42 R -22 -1 gcacGCTGCTGATCAGCATCGTGTT 5.63 -7.77 

STM3802 E dsdA D-serine deaminase (dehydratase)  17.71 5.05 9.69E-06 7.90             

STM3808 - ibpB small heat shock protein 6.72 5.53 7.44E-04 2.85             

STM3820 P STM3820 putative cytochrome c peroxidase -12.03 6.07 1.83E-05 -5.87 D -165 -144 tgtaATTATTGATACCAATCAATATCcatg 11 -14.14 

STM3831 R yidA putative hydrolase of the HAD superfamily 19.09 7.62 1.03E-07 4.38 D -220 -199 acggTATTTTCTGTTTGATTAATGAGgtta 7.22 -9.21 

STM3861 M glmS L-glutamine:D-fructose-6-phosphate 
aminotransferase  8.04 6.11 1.80E-04 2.89 R -24 -3 cgcgCAGCGTGATGTAGCTGAAATCCt 4.19 -6.63 

STM3862 M glmU 
N-acetyl glucosamine-1-phosphate 

uridyltransferase and glucosamine-1-
phosphate acetyl transferase  

7.97 5.70 2.67E-04 2.78             

STM3909 E ilvC ketol-acid reductoisomerase 10.62 5.70 5.68E-05 3.38             

STM4004 H hemN O2-independent coproporphyrinogen III 
oxidase 10.06 5.66 8.07E-05 3.82             

STM4007 E glnA glutamine synthetase  19.35 5.32 3.91E-06 5.97             

STM4034 O fdhE putative formate dehydrogenase formation 
protein ? Mn_fn 9.93 6.01 5.99E-05 3.12             

STM4035 C fdoI formate dehydrogenase, cytochrome B556 
(FDO) subunit 8.84 5.80 1.40E-04 3.60             

STM4036 C fdoH formate dehydrogenase-O, Fe-S subunit  21.65 8.93 5.02E-09 2.85             

STM4037 C fdoG formate dehydrogenase 7.75 5.52 3.62E-04 2.73             

STM4062 G pfkA 6-phosphofructokinase I 12.62 9.16 4.23E-07 2.97 R -181 -160 cattTGGCCTGACCTGAATCAATTCAgcag 5.19 -7.4 

STM4078 G yneB putative fructose-1,6-bisphosphate aldolase 15.91 7.71 3.57E-07 2.57 R -51 -30 aagaATGGCTGATTTAGATGATATTAaaga 5.53 -7.68 

STM4085 G glpX unknown function in glycerol metabolism  6.62 5.50 8.16E-04 3.20 R -60 -39 ctacGAGTTTGTTATGAGACGAGAACttgc 5.56 -7.71 

STM4109 G talC putative transaldolase 19.34 8.13 4.38E-08 4.72 D -221 -200 tcatTATGCTGACGCTTAACAAACACgccg 4.79 -7.09 

STM4110 G ptsA General PTS family, enzyme I  7.39 6.01 3.14E-04 2.66 D -257 -236 tactGGATTTTTGTAATATCAGTATAaaaa 5.49 -7.65 

STM4113 G frwB PTS system fructose-like IIB component 1 5.65 5.64 1.62E-03 2.89 D -83 -62 tttaGATTTTGAGATGAATTAAGCGAggaa 4.79 -7.09 

STM4119 C ppc phosphoenolpyruvate carboxylase 9.54 5.26 1.62E-04 3.40             
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STM4126 C udhA soluble pyridine nucleotide transhydrogenase  13.35 6.46 6.04E-06 3.17             

STM4229 G malE 
ABC superfamily (bind_prot) maltose transport 
protein, substrate recognition for transport and 

chemotaxis  
56.71 9.34 3.52E-13 7.00             

STM4231 G lamB 
phage lambda receptor protein; maltose high-
affinity receptor, facilitates diffusion of maltose 

and maltoseoligosaccharides 
26.26 5.36 7.19E-07 11.38             

STM4240 S yjbJ putative cytoplasmic protein -6.01 5.16 1.64E-03 -4.24             

STM4277 P nrfA nitrite reductase periplasmic cytochrome 
c(552) -7.36 5.12 6.58E-04 -3.09 R -198 -177 acttACAATTGATTAAAGACAACATTttaa 11.55 -15.16 

STM4278 - nrfB formate-dependent nitrite reductase; a penta-
haeme cytochrome c -7.18 7.31 1.46E-04 -3.69 D -262 -241 gtttGAATATGCAACAAATCAACGCGgaga 6.12 -8.19 

STM4298 G melA alpha-galactosidase  25.01 5.44 7.96E-07 7.21             

STM4299 G melB GPH family, melibiose permease II 24.57 5.24 1.29E-06 6.66 D -327 -306 cgatGATGCAGACCAACATCAACGTGcaa
a 4.94 -7.21 

STM4300 C fumB fumarase B (fumarate hydratase class I), 
anaerobic isozyme  9.38 5.99 8.37E-05 2.69 R -216 -195 tgccGGGTTTGATTGGCGTGAGCGTCtcct 4.17 -6.62 

STM4301 R dcuB Dcu family, anaerobic C4-dicarboxylate 
transporter 12.46 5.83 2.01E-05 3.38 R -155 -134 ctggCGCATTGAATATTCGCCATTTCctga 5.55 -7.7 

STM4305 - STM4305 putative anaerobic dimethyl sulfoxide 
reductase, subunit A -15.43 5.16 1.62E-05 -10.14             

STM4306 C STM4306 putative anaerobic dimethyl sulfoxide 
reductase, subunit B -7.45 5.19 5.86E-04 -7.59 R -65 -44 cttaAGGAGTGATGTACGATGAAACAgtat 4.33 -6.73 

STM4307 R STM4307 putative anaerobic dimethyl sulfoxide 
reductase, subunit C -13.21 9.88 1.33E-07 -2.90             

STM4308 R STM4308 putative component of anaerobic 
dehydrogenases -7.84 6.73 1.27E-04 -2.55             

STM4398 E cycA APC family, D-alanine/D-serine/glycine 
transport protein  13.44 6.79 3.81E-06 2.54 D -151 -130 gccgATTCTTACCTAATATCGATGAGtcct 5.02 -7.27 

STM4399 D ytfE putative cell morphogenesis 7.64 6.16 2.31E-04 2.96             

STM4439 C cybC cytochrome b(562) 23.97 7.61 1.92E-08 4.26 R -317 -296 attcTGGGTTGAAAATGGTGAAATCCagta 5.06 -7.3 

STM4452 

F nrdD anaerobic ribonucleoside-triphosphate 
reductase -12.74 6.51 7.62E-06 -3.17 R -304 -283 ttttTACCTTGTTCTACATCAATAAAattg 7.97 -9.99 

STM4462 - yjgG putative cytoplasmic protein -5.83 5.39 1.64E-03 -3.63             

STM4463 E STM4463 putative arginine repressor -8.53 5.33 2.64E-04 -5.52             

STM4469 E argI ornithine carbamoyltransferase 1  -12.54 9.04 5.08E-07 -3.36             

STM4510 M STM4510 putative aspartate racemase -6.50 5.16 1.14E-03 -6.35 D -115 -94 gcatTTTTTATATACACATCAAGTTGatag 6.58 -8.61 

STM4511 K yjiE putative transcriptional regulator, LysR family -8.28 5.18 3.54E-04 -6.79             

STM4512 - iadA isoaspartyl dipeptidase -16.84 5.28 8.66E-06 -6.59 R -75 -54 gcagCTTATTGTTTAATAAGGAGTTAtcat 4.52 -6.88 

STM4513 S yjiG putative permease -12.81 5.10 4.53E-05 -8.61             

STM4514 - yjiH putative inner membrane protein -31.77 6.17 4.45E-08 -6.56 R -338 -317 gcgtGAAATTGACTAACGTCAAATTTattt 9.1 -11.31 

STM4526 V hsdR endonuclease R, host restriction  -10.25 5.85 5.93E-05 -3.28 R -153 -132 attgTTCGTTGATCACACACAATATGaagt 5.93 -8.02 

STM4533 N tsr methyl-accepting chemotaxis protein I, serine 
sensor receptor  -4.07 6.18 6.19E-03 -2.75 D -301 -280 cgcgTAAAGTTAGGTAAATCAGTGAGtggt 7.31 -9.31 

STM4535 G STM4535 putative PTS permease 18.00 6.01 1.87E-06 8.22 D -179 -158 agaaCTTATCGAGCAAGATCAACAGTttta 4.23 -6.66 

STM4536 G STM4536 putative PTS permease 15.55 5.53 8.94E-06 4.50             
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STM4537 G STM4537 putative PTS permease 29.73 6.56 3.04E-08 6.57 R -172 -151 gttaGCGGATGAAATGACTCAACTTCggga 5.44 -7.61 

STM4538 G STM4538 putative PTS permease 12.87 5.17 4.03E-05 7.25             

STM4539 M STM4539 putative glucosamine-fructose-6-phosphate 
aminotransferase 7.10 5.07 8.07E-04 8.20 R -277 -256 cggcCTCCATGATTGATATCACCATTccca 5.1 -7.33 

STM4540 - STM4540 putative glucosamine-fructose-6-phosphate 
aminotransferase 10.51 5.26 9.95E-05 4.89             

STM4561 R osmY hyperosmotically inducible periplasmic protein, 
RpoS-dependent stationary phase gene -11.35 5.80 3.54E-05 -5.19 D -163 -142 tcacGAATGTGATGCCAGTCATTGACttca 4.12 -6.59 

STM4565 O yjjW pyruvate formate lyase activating enzyme -15.96 9.55 3.30E-08 -3.71 D -34 -13 gcgcTTTAGTCAGTAAGATCATTGCGtttt 5.28 -7.48 

STM4566 - yjjI putative cytoplasmic protein -20.43 5.09 4.43E-06 -17.28 R -181 -160 actgTAATGAGATCTGAATCAAATTAtccc 4.68 -7 

STM4567 F deoC 2-deoxyribose-5-phosphate aldolase -6.83 6.15 4.34E-04 -2.91 D -184 -163 gggaTAATTTGATTCAGATCTCATTAcagt 4.68 -7 

STM4568 F deoA thymidine phosphorylase -8.83 6.49 7.51E-05 -2.76             

 
 
aLocation of the open reading frame (ORF) in the S. Typhimurium LT2 genome. 
bFunctional category assigned to the gene by the National Center for Biotechnology Information, Cluster of Orthologous Genes (COGs).  The 
designations of functional categories are as follows: 
C, energy production and conversion, D, cell cycle control and mitosis, E, amino acid metabolism and transport, F, nucleotide metabolism and 
transport, G, carbohydrate metabolism and transport, H, coenzyme metabolism and transport, I, lipid metabolism and transport, J, translation, 
K, transcription, L, replication, recombination, and repair, M, cell wall/membrane/envelope biogenesis, 
N, Cell motility, O, post-translational modification, protein turnover, chaperone functions, P, inorganic ion transport and metabolism, Q, 
secondary metabolites biosynthesis, transport, and catabolism, 
R, general functional prediction only (typically, prediction of biochemical activity), S, function unknown, T, signal transduction mechanisms, U, 
intracellular trafficking and secretion, 
V, defense mechanisms, -, not in COGs. 
cRespective gene name or symbol. 
dFunctional classification according to the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. 
eThe numerical value of t for the t test (statistical method). 
fThe degrees of freedom employed for the analysis of each gene. 
gThe probability associated with the t test for each gene.   
hRatio between the expression level of the fnr mutant versus the wild-type. 
iThe strand on which the motif has been localized. R, reverse; D, direct; NA, not available in the Regulatory Sequence Analysis Tools (RSAT) 
database (the locus identity was not recognized), and a blank cell indicates that no motif was present. 
jThe starting position of the putative motif.  The positions are relative to the region searched and span from -300 to +50 relative to the starting 
ATG. 
kThe ending position of the putative motif.  The positions are relative to the region searched and span from -300 to +50 relative to the starting 
ATG. 
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lThe sequence of the HIGHEST RANKING putative motif (capitalized letters) and 4 base pairs (bps) flanking either side of the region (lower 
case letters).  A blank cell indicates that no motif was present.  All of the sequences are reported from the 5' to the 3' end of the ORF (Open 
Reading Frame) analyzed. 
mThe score indicating the similarity of the motif to the information matrix.  The cutoff used was a score higher than 4.00 or a ln(P) lower than -
6.5. 
nThe natural logarithm of the probability that the putative motif is randomly similar to the information matrix.  The cutoff used was a score 
higher than 4.00 or a ln(P) lower than -6.5. 
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Abstract 

Salmonella enterica serovar Typhimurium and other Gram-negative, facultative anaerobic 

pathogens, must successfully adapt to the broad fluctuations in dioxygen encountered in their hosts. In 

Escherichia coli, ArcA is part of a two-component (ArcAB) global regulatory system that senses and 

responds to dioxygen. To assess the role of ArcA in S. Typhimurium, we examined an isogenic arcA 

mutant in the virulent wild-type (WT) strain (14028s) and compared their transcriptional profiles, mobility 

on soft agar, and relative pathogenicity in C57BL/6 mice. Here we report that under anaerobic conditions, 

392 genes (8.5% of the genome) are regulated directly or indirectly by ArcA; of these, 138 genes are 

poorly characterized. Regulation by ArcA in S. Typhimurium is similar, but distinct from that in E. coli. 

Genes/operons involved in the succinyl-CoA pathway, fatty acid degradation pathway, flagellar 

biosynthesis, motility, chemotaxis, cytochrome oxidase complexes are regulated similarly in the two 

organisms. However, genes/operons present in both E. coli and S. Typhimurium, but regulated differently 

by ArcA include those coding for ethanolamine utilization, lactate transport and metabolism, and 

succinate dehydrogenases. Salmonella-specific genes/operons regulated by ArcA include newly identified 

flagellar genes (mcpAC, cheV), Gifsy-1 prophage genes, a few SPI-3 genes (mgtBC, slsA, STM3784), 

and those for propanediol utilization. The positive role of ArcA in flagella biosynthesis and motility was 

confirmed by showing that the arcA mutant was non-motile on soft-agar and did not have flagella. 

Furthermore, the lack of effect on the expression of virulence genes is in agreement with the finding that 

the arcA mutant was more virulent than the WT. The in vitro results demonstrate that in anaerobic S. 

Typhimurium, ArcA serves as a transcriptional repressor/activator coordinating cellular metabolism and 

motility. Furthermore, the data herein indicate that the lack of motility does not necessarily correspond to 

the lack of virulence in S. Typhimurium. 
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Introduction 

As Salmonella traverses the diverse environment of the gastrointestinal tract, it is challenged with 

fluctuations in oxygen concentration and with numerous host immune defenses including a battery of 

reactive oxygen and nitrogen species and antimicrobial peptides that reduce its ability to colonize the 

host. The outcome of the battle between the host defenses and the microbe will ultimately dictate the 

success or failure of infection.  

In Escherichia coli, ArcA, (Aerobic Respiratory Control) a cytosolic response regulator, is a 

member of a global two-component regulatory system, which couples with ArcB, a transmembrane 

histidine kinase sensor, to serve as a microaerophilic redox regulator. Autophosphorylation of ArcB allows 

for the relay of a phosphoryl group to ArcA, which serves as a repressor or activator of genes/operons 

associated with tricarboxylic acid cycle (TCA), terminal oxidases, dehydrogenases of the flavoprotein 

class, the glyoxylate shunt, and for fatty acid degradation (17, 21, 50, 59-61, 80, 82, 84, 98, 99, 106, 119, 

127). In E. coli, three independent studies have investigated the global changes in gene expression in 

response to a mutation in arcA (84, 103, 119). Thus, under aerobic conditions, ArcA was found to 

regulate 110 genes (103), while under anaerobic conditions, 372 genes (~9% of the E. coli genome) (84) 

and in another study, 1139 genes (~26% of the E. coli genome) (119) were found to be directly or 

indirectly regulated by ArcA. Finally, microarray and in silico analysis of the ArcA regulon in Shewanella 

oneidensis revealed that it encompassed at least 50 operons, six of which were directly regulated by ArcA 

in E. coli (43). Furthermore, the researchers showed that while there are substantial differences in the Arc 

regulon and its physiological function between S. oneidensis and E. coli, their binding motifs are highly 

similar (43). The similarity between the genomes of E. coli and S. Typhimurium is about 75-80% (91), 

thus it is expected that the ArcA regulon will differ between the two organisms. Indeed, a previous study 

of the FNR (Fumarate Nitrate Reductase) regulon in S. Typhimurium (37) showed that it is quite different 

from that reported in E. coli.  

Recently, in E. coli, ArcA was also shown to be necessary for the expression of the flagella 

specific sigma factor (FliA), but not for the master regulator (FlhDC) (71). In S. Enteritidis, under aerobic  
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conditions, ArcA was shown to be required for resistance to reactive oxygen and nitrogen intermediates 

(85). Additionally, arcA mutants of Haemophilus influenzae (139, 161) and Vibrio cholerae (126) were 

found to be partially attenuated in vivo.  

The current study is the first addressing the global regulatory role of ArcA in S. Typhimurium 

under anaerobic conditions. The results indicate that in S. Typhimurium, as in E. coli, the ArcA regulon 

includes the core metabolic and energy functions as well as motility. However, Salmonella-specific 

genes/operons regulated by ArcA include newly identified flagellar genes (mcpAC, cheV), Gifsy-1 

prophage genes, a few SPI-3 genes (mgtBC, slsA, STM3784), and those for propanediol utilization.  

Furthermore, when comparing the motility and virulence results from our work on FNR (37) to those on 

ArcA, we show that the lack of motility does not necessarily correspond to the lack of virulence in S. 

Typhimurium. Thus, we hypothesize that FNR plays a more heirarchical role than ArcA in pathogenesis 

and during the transition between aero- and anaerobiosis in the host.  

Materials and Methods 

Bacterial strains. Wild-type (WT) S. Typhimurium (14028s) and its isogenic arcA mutant (NC 

980) were used throughout. To propagate the arcA mutant, tetracycline (10 µg/mL) was added. The 

mutant strain was constructed by transducing the arcA::Tn10 mutation from S. Typhimurium LT2 

[TT17480 (arcA201::Tn10dTc)] (2) to strain 14028s using P22 phage (all from S. Libby culture collection). 

The transductants were plated on Evans Blue Uranine (EBU) agar, and the arcA mutant was tested for a 

negative phenotype (i.e., inability to grow on toluidine blue agar) (62).  

Construction of parcA. For complementation studies, a low-copy-number plasmid, pACYC177 

(New England BioLabs, Ipswich, MA) expressing arcA (parcA) (NC 989) was constructed. The complete 

arcA sequence starting from 180 bp upstream from the start codon (ATG) until the stop codon (TAA) of 

arcA [i.e., 897 bp fragment] was amplified from WT strain 14028s using the following primers (Integrated 

DNA Technologies, Coralville, IA): arcA-Forward 5’- GTCGATCCCGGGTACCCACGACCAAGCTAATG-3’ 

[SmaI site is underlined] and arcA-Reverse 5’-CTACCTCCCGGGTTAATCCTGCAGGTCGCCG -3’ [SmaI 

site is underlined]. The PCR product was digested with SmaI and ligated into the pACYC177 vector that  
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was also cut with SmaI. Thus, in the new plasmid (parcA) the Kanr gene in pACYC177 is disrupted with  

arcA. Plasmid DNA was first transformed into a restriction deficient strain of E. coli [ER2925 (New 

England BioLabs)], purified, and transformed into and maintained in the S. Typhimurium arcA mutant. 

Transformations of the plasmid (parcA) were carried-out using the calcium chloride method (120). 

Plasmid DNA and genomic DNA were isolated using the Qiagen Mini Spin isolation kit (Qiagen, Valencia, 

CA) and the DNAeasy Tissue Kit (Qiagen), respectively.  

Growth conditions. Unless stated otherwise, the WT and the arcA mutant were grown 

anaerobically at 37°C in MOPS-buffered (100 mM, pH 7.4) LB broth supplemented with 20 mM D-xylose 

(LB-MOPS-X). This medium was used in order to avoid the indirect effects of pH and anaerobic chamber 

(Coy, Ann Harbor, MI) and anaerobic gas mixture (10% H2, 5% CO2, and 85% N2) were used as 

previously described (37). All solutions were pre-equilibrated for 48 h in the chamber. Cells from frozen 

stocks were used to inoculate LB or LB-MOPS-X broth as specified. Cultures were grown for 18 h and 

used to inoculate fresh oxic and anoxic media. When stated, aerobic growth was carried-out using LB or 

LB-MOPS-X as specified (culture:flask ratio = 1:5) and the cultures were aerated by shaking at 200 rpm 

using an orbital shaker. Growth kinetic experiments were performed on the WT and the arcA mutant in 

triplicate under both aerobic and anaerobic conditions. 

Western blotting. Cells were standardized by growing them aerobically to OD600 = 0.6 and 5 ml 

were sedimented at 13,000 X g for 3 min. Pellets were resuspended in 2X Lammeli buffer (BioRad, 

Hercules, CA). The suspension was heated in a boiling water bath for 5 min. The same amount of 

standardized cells of each extract (WT, arcA mutant, and parcA) were separated on a 10% SDS-PAGE 

gel using a Bio-Rad Mini-Protean II electrophoresis system (Bio-Rad) and electroblotted to a 0.20 µm 

PVDF membrane (Invitrogen, Carlsbad, CA) using the Invitrogen XCell II blot module (Invitrogen). 

Transfer efficiency of proteins were verified via Coomassie blue staining (Bio-Rad) of the SDS-PAGE gel 

according to the manufacturer’s instructions. The membrane was blocked for 3 hr at room temperature 

(RT) with 3% bovine serum albumin (BSA) (Sigma) solubilized in TBST [1X Tris-phosphate buffered 

saline (pH = 8.0), 0.05% Tween 20]. Primary polyclonal antibodies purified from a goat and specific for  
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the E. coli ArcA (SfrA) protein (A generous donation from Dr. Philip Silverman, Department of Botany and 

Microbiology, University of Oklahoma) (133) were added to fresh blocking buffer at a 1:10,000 dilution 

and incubated with gentle agitation for 2 hrs at RT. The membrane was subsequently washed three times 

each for 30 min at RT in TBST, after which fresh blocking buffer containing 1:5,000 alkaline-phosphatase-

conjugated protein G was added to the membrane and incubated for 3 hr at RT. After final incubation, the 

membrane was washed twice in TBST (15 min. each). The blot was developed with the pre-mixed NBT-

BCIP (nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate toluidinium) (Sigma) alkaline 

phosphatase substrate. Conjugated protein G and substrate were obtained from the Pierce Chemical Co., 

Rockford, IL. The protein content of every sample was confirmed by running a protein gel in parallel with 

the one that was used for Western blotting and subsequently staining that gel with Coomassie blue.  The 

transfer efficiency of the protein gel used for the Western blot was confirmed by staining the proteins in 

the remaining gel with Coomassie blue. 

RNA isolation. Anaerobic cultures were used to inoculate three independent flasks each 

containing 150 ml of anoxic LB-MOPS-X. The three independent cultures were grown to an OD600 of 0.25-

0.35, pooled, and treated with RNAlater (Qiagen, Valencia, CA), to fix the cells and preserve the quality of 

the RNA. Total RNA was extracted using RNeasy RNA extraction kit (Qiagen) and the samples were 

treated with RNase-free DNase (Invitrogen, Carlsbad, CA). The absence of contaminating DNA and the 

quality of the RNA was confirmed by the lack of PCR amplification of known genes (i.e: arcA) and by 

using agarose-gel electrophoresis. Aliquots of the RNA samples were kept at -80°C for use in the 

microarray and the qRT-PCR studies.  

Microarray studies. S. Typhimurium microarray slides were prepared and used as previously 

described (111). The SuperScript™ Indirect cDNA Labeling System (Invitrogen) was used to synthesize 

the cDNA for the hybridizations. Dye swapping was performed to avoid dye-associated effects on cDNA 

synthesis. Slide hybridizations and scanning were carried-out using the same protocols and equipment as 

previously described (37). 

Data analysis. Cy3 and Cy5 values for each spot were normalized over the total intensity for  

 

 



 

 137 
 

each dye to account for differences in total intensity between the two scanned images. The consistency of  

the data obtained from the microarray analysis was evaluated using two methods: (i) a pair-wise 

comparison, calculated with a two-tailed Student’s t test and analyzed by the MEAN and TTEST 

procedures of SAS-STAT statistical software (SAS Institute, Cary, NC) [the effective degrees of freedom 

for the t test were calculated as previously described (121)]; and (ii) a regularized t test followed by a 

posterior probability of differential expression [PPDE (p)] method. The signal intensity at each spot from 

the arcA mutant and the WT were background-subtracted, normalized, and used to calculate the ratio of 

gene expression between the two strains. All replicas were combined and the median expression ratio 

and standard deviations calculated for ORFs showing ≥ 2.5-fold change.  

Microarray data. The microarray data will be accessible with a GEO Accession Number at 

http://www.nbci.nml.nih.gov/geo.  

 qRT-PCR. qRT-PCR (57) was used to validate the microarray data (95). Seventeen genes were 

randomly chosen (Table 1) from the differentially expressed genes, primers (Integrated DNA 

Technologies, Coralville, IA) were designed, and qRT-PCRs were carried-out using QuantiTectTM 

SYBR® Green RT-PCR Kit (Qiagen), an iCyclerTM (Bio-Rad, Hercules, CA), and the data were analyzed 

by the Bio-Rad Optical System Software - Version 3.1, according to the manufacturer specifications. The 

cycling conditions comprised 30 min of a reverse transcriptase reaction at 50°C, 15 min of polymerase 

inactivation at 95°C, and 40 cycles each of 94°C for 15 sec for melting, 51°C for 30 sec for annealing, and 

72°C for 30 sec for extension followed by 31 cycles each at 65°C for 10 sec to obtain the melt curve. To 

ensure accurate quantification of the mRNA levels, three amplifications of each gene were made using 

1:5:25 dilutions of the total RNA. Measured mRNA levels were normalized to the mRNA levels of the 

housekeeping gene, rpoD (σ70). Normalized values were used to calculate the ratios of the expression 

levels in the arcA mutant relative to the WT.  

Logo graph and promoter analysis. The information matrix for the generation of the ArcA logo 

was produced using the alignment of the E. coli ArcA binding sequences, available at 

http://arep.med.harvard.edu/ecoli_matrices/ (114). The alignment of the ArcA motifs from this website did  
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not include the motifs present in the sodA and mutM promoters (53, 78), therefore they were included in 

our analysis. To account for differences in nucleotide usage or slight variations in consensus sequences, 

a second alignment was built for S. Typhimurium using the 5’-regions of the homologous genes originally 

used to build the E. coli information matrix. The alignment was used to prepare a new information matrice 

using the Patser software (version 3d), available at http://rsat.ub.ac.be/rsat/ (151) and graphed using the 

Weblogo software (version 2.8.1, 2004-10-18), available at http://weblogo.berkeley.edu/ (29).  

Motility assay and electron microscopy. The motility of the WT and the arcA mutant were 

evaluated under oxic and anoxic conditions. Ten microliters of aerobically or anaerobically grown (16 h) 

cells were spotted onto LB-MOPS-X agar (0.6% agar) plates and incubated at 37°C for 24 h. Thediameter 

of the growth halo was used as a measure of motility. Scanning electron microscopy (SEM) was used to 

examine the morphology of the extracellular surfaces, while transmission electron microscopy (TEM) and 

negative staining were used to visualize the flagella of the WT and arcA mutant as previously described 

(37).  

H2O2 survival assays. The survival of the WT S. Typhimurium strain 14028s was compared with 

the isogenic arcA mutant in the presence of hydrogen peroxide (H2O2). Each culture (50 ml) was grown 

aerobically in LB-MOPS broth supplemented with D-xylose (20 mM) at 37°C (culture:flask ratio = 1:5) to 

OD600 =0.6 with shaking at 250 rpm. The cultures were subsequently treated with chloramphenicol (60 

µg/ml) to stop growth and further protein biosynthesis and incubated at 37°C with shaking at 250 rpm for 

15 min. Cells were then centrifuged at 5,000 X g for 10 min at 4˚C, washed in LB-MOPS-X with 

chloramphenicol (60 µg/ml), and re-suspended in 5 ml of fresh LB-MOPS-X with chloramphenicol (60 

µg/ml). Equal concentrations of each strain were used to inoculate two culture flasks each containing LB-

MOPS-X with chloramphenicol (60 µg/ml) and 0 mM and 8.25 mM H2O2 (Fisher Scientific, Fair Lawn, NJ). 

The flasks were incubated at 37˚C for 60 min with shaking at 250 rpm. At 0, 15, 30, 45, and 60 min of 

exposure to the H2O2, aliquots of the exposed and non-exposed cells of each strain were serially diluted 

in LB-MOPS-X containing one Unit of catalase (Sigma) to remove the residual H2O2, spread onto LB-

MOPS-X agar plates, and incubated aerobically for 24 hr at 37˚C prior to enumerating the colonies. Each 
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Table 1. Validation of microarray data using qRT-PCR of randomly selected genes relative to rpoDa. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aSTM3211 (rpoD) was used as the reference gene where no significant change in expression level was observed.  The primer sequences (5' to 3') used for rpoD were as follows: 
CGATGTCTCTGAAGAAGTGC (forward) and TTCAACCATCTCTTTCTTCG (reverse).  The size of the fragment generated is 150 bp.  bLocation of the open reading frame (ORF) in the serovar 
Typhimurium LT2 genome.  cRespective gene name or symbol.  dFor each set, the first primer is the forward primer and the second primer is the reverse primer.  eSize of the amplified PCR product.  
fFunctional classification according to the KEGG (Kyoto Encyclopedia of Genes and Genomes) database.  gExpression levels of quantitative reverse transcriptase polymerase chain reaction - values 
shown as the ratio between the arcA mutant and the wild-type; where values <1 indicate that ArcA acts as an activator, and values >1 indicate ArcA acts as a repressor.  hExpression levels from the 
microarray data - values shown as the ratio between the arcA mutant and the wild-type; where values <1 indicate that ArcA acts as an activator, and values >1 indicate ArcA acts as a repressor.  
iExpression levels of quantitative reverse transcriptase polymerase chain reaction comparing the arcA mutant versus the wild-type - shown in signal to log2 ratio (SLR).  jExpression levels of microarray 
data comparing the arcA mutant versus the wild-type - shown in signal to log2 ratio (SLR). 

Locusb Namec Primer sequence d Fragme
nt (bp)e Serovar Typhimurium Gene Functionf 

Ratio of arcA mutant/WT Log2 ratio 
qRT-PCRg Microarrayh qRT-PCRi Microarrayj 

STM3217 aer 5'-CGTACAACATCTTAATCGTAGC-3' 
5'-TTCGTTCAGATCATTATTACCC-3' 163 aerotaxis sensor receptor, senses cellular redox state or 

proton motive force  0.237 0.293 -2.1 -1.8 

STM1919 cheM 5'-GCCAATTTCAAAAATATGACG-3' 
5'-GTCCAGAAACTGAATAAGTTCG-3' 114 methyl accepting chemotaxis protein II, aspartate 

sensor-receptor 0.194 0.261 -2.4 -1.9 

STM0441 cyoC 5'-TATTTAGCTCCATTACCTACGG-3' 
5'-GGAATTCATAGAGTTCCATCC-3' 134 cytochrome o ubiquinol oxidase subunit III 4.920 5.465 2.3 2.5 

STM1803 dadA 5'-TAACCTTTCGCTTTAATACTCC-3' 
5'-GATATCAACAATGCCTTTAAGC-3' 155 D-amino acid dehydrogenase subunit 3.430 10.520 1.8 3.4 

STM2892 invJ 5'-TTGCTATCGTCTAAAAATAGGC-3' 
5'-TTGATATTATCGTCAGAGATTCC-3' 128 surface presentation of antigens; secretory proteins 0.855 1.010 -0.2 0.0 

STM2324 nuoF 5'-GGATATCGAGACACTTGAGC-3' 
5'-GATTAAATGGGTATTACTGAACG-3' 163 NADH dehydrogenase I chain F  0.380 1.706 -1.4 0.8 

STM0650 STM0650 5'-CAACAGCTTATTGATTTAGTGG-3' 
5'-CTAACGATTTTTCTTCAATGG-3' 130 putative hydrolase C-terminus 0.274 0.123 -1.9 -3.0 

STM2787 STM2787 5'-AAGCGAATACAGCTATGAACC-3' 
5'-ATTAGCTTTTGCAGAACATGG-3' 144 tricarboxylic transport 6.440 90.770 2.7 6.5 

STM4463 STM4463 5'-AAGGTATCAGCCAGTCTACG-3' 
5'-CGTATGGATAAGGATAAATTCG-3' 142 putative arginine repressor 0.165 0.012 -2.6 -6.4 

STM2464 eutN 5'-AGGACAAATCGTATGTACCG-3' 
5'-ACCAGCAGTACCCACTCTCC-3' 153 putative detox protein in ethanolamine utilization 0.181 0.159 -2.5 -2.7 

STM2454 eutR 5'-GGTAAAAGAGCAGCATAAAGC-3' 
5'-ATTATCACTCAAGACCTTACGC-3' 118 putative regulator ethanolamine operon (AraC/XylS 

family) 0.189 0.188 -2.4 -2.4 

STM2470 eutS 5'-AATAAAGAACGCATTATTCAGG-3' 
5'-GTTAAAGTCATAATGCCAATCG-3' 137 putative carboxysome structural protein, ethanol 

utilization 0.197 0.105 -2.3 -3.3 

STM1172 flgM 5'-AGCGACATTAATATGGAACG-3' 
5'-TTTACTCTGTAAGTAGCTCTGC-3' 126 anti-FliA (anti-sigma) factor; also known as RflB protein 0.196 0.163 -2.4 -2.6 

STM3692 lldP 5'-TGATTAAACTCAAGCTGAAAGG-3' 
5'-CCGAAATTTTATAGACAAAGACC-3' 189 LctP transporter, L-lactate permease  5.950 12.780 2.6 3.7 

STM3693 lldR 5'-GAACAGAATATCGTGCAACC-3' 
5'-GAGTCTGATTTTCTCTTTGTCG-3' 153 putative transcriptional regulator for lct operon (GntR 

family)  5.750 80.000 2.5 6.3 

STM1923 motA 5'-GGTTATCGGTACAGTTTTCG-3' 
5'-TAGATTTTGTGTATTTCGAACG-3' 194 proton conductor component of motor, torque generator 0.282 0.253 -1.8 -2.0 

STM4277 nrfA 5'-GACTAACTCTCTGTCGAAAACC-3' 
5'-ATTTTATGGTCGGTGTAGAGC-3' 159 nitrite reductase periplasmic cytochrome c(552) 0.314 0.285 -1.7 -1.8 
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point represents the mean of three independent values each from four separate experiments.   

Pathogenicity studies. 

Single infections. Six to eight week old C57BL/6 mice bred in the University of Colorado Health 

Science Center animal facility according to Institutional Animal Care and Use Committee guidelines were 

used in this study. WT and arcA mutant Salmonella were grown with shaking in LB-MOPS-X broth to 

stationary phase for about 20h. For intraperitoneal (i.p.) challenge, two groups of five mice per strain (WT  

and arcA mutant) were inoculated with 250 CFU in 500 µl PBS/mouse. Mortality was scored over a 15- to 

30-day period.  

Competitive infection assays. Competitive assays were carried-out according previous 

research (3) with modifications. Groups of mice were infected either i.p. or per orally (p.o.) with a mixed 

1:1 inoculum of WT S. Typhimurium 14028s and its isogenic arcA mutant. On days 4 and 6 after i.p. or 

p.o. infection, respectively, mice were euthanized and mesenteric lymph nodes (MLN), liver and spleen 

collected for bacterial enumeration. The tissues were homogenized in sterile PBS and 10-fold serial 

dilutions were plated on LB or 10 µg/mL tetracycline LB plates to distinguish the WT S. Typhimurium 

(Tets) from the arcA mutant (Tetr). The number of CFU of S. Typhimurium 14028s per organ was 

calculated by subtracting the number of colonies on the LB-tetracycline plates from the number of 

colonies on the corresponding LB plates. The competitive index (CI) was calculated as the ratio of the 

CFU of each S. Typhimurium arcA mutant isolate to the CFU of the WT S. Typhimurium 14028s 

recovered from the spleen, liver, and mesenteric lymph nodes (i.e.; [arcA mutant/WT]output/[arcA 

mutant/WT]input). 

Results  

Strain confirmation. The Tn10 insertion junctions of the arcA mutant were confirmed by PCR, 

DNA sequencing and the location of the insertion is illustrated in Figure 1. The absence of the ArcA 

protein was also confirmed by Western blotting (Figure 2). Transformants containing parcA (pACYC177 + 

arcA) were confirmed for Ampr (130 µg/ml) and Kans (50 µg/ml) on Luria-Bertani (LB) plates, and the 

presence of parcA was confirmed by PCR and restriction analysis using SmaI and KpnI (Figure 3) as well  
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as by Western blotting (Figure 2). A plasmid map of the parcA construct is included in Appendix A. 

Bacterial growth. The growth kinetics of the WT and the arcA mutant strains were different both 

aerobically and anaerobically. The doubling-times of the WT and arcA mutant grown in air were 22.6 and 

33.4 min, while under anaerobic conditions they were 37.0 and 56.5 min, respectively. Thus, the arcA 

mutant grows slower aerobically and anaerobically than the WT. 

Transcriptome profiling. Out of 4,579 genes, the two-tailed Student’s t test produced a set of  

2,026 coding sequences showing significant differences (p<0.05) between the arcA mutant and the WT. 

We restricted our analyses to include highly affected genes (i.e., has a ratio ≥ ± 2.5-fold) in order to avoid 

potential background noise. Under this constraint, 392 genes were differentially expressed in the arcA 

mutant relative to the WT; of these, 147 genes were up-regulated and 245 genes were down-regulated  

directly or indirectly by ArcA (Appendix B). The 392 ArcA-regulated genes were classified into clusters of 

orthologous groups (COGs) as defined by NCBI  http://www.ncbi.nlm.nih.gov/COG (144, 145, 158) (Table 

2). It should be noted that throughout the study we compared the levels of transcription in the arcA mutant 

to that in the WT strain. Thus, genes repressed by ArcA posses values of >1, while genes activated by 

ArcA have values of <1. Fifty-five out of the 147 genes activated by ArcA (37%) and 100 out of the 245 

genes repressed by ArcA (41%) contained at least one putative ArcA-binding site (Appendix B).  

Microarray validation. Normalized mRNA levels from qRT-PCR are shown in Table 1. The 

microarray and qRT-PCR data were log2 transformed and plotted (Figure 4). The correlation between the 

two sets of data was 0.87 (P < 0.05).   

Logo graph and promoter analysis. To determine whether a binding site for ArcA might be 

present in the region upstream of the candidate ArcA-regulated genes, we searched the 5’ regions of 

these genes for the presence of a putative ArcA-binding motif using a Salmonella logo graph (Figure 5) 

and we determined the presence of 155 potential ArcA binding sites in the 5’ regions of the highly 

affected genes (i.e., has a ratio ≥ ± 2.5-fold) identified in this study (Appendix B). Furthermore, of the 155 

potential ArcA binding sites identified, the majority were classified as functioning in amino acid transport 

and metabolism according to the COGs (Appendix B). 
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Figure 1. Relative location of arcA gene and the position of the IS10 insertion. Bold sequences are the wild-type arcA and the italicized type-
face sequences are the beginning and ending junctions of the IS10 insert. Arrows indicate direction of transcription. Each gene codes for the 
following: STM4596, putative inner membrane protein; STM4597, putative periplasmic protein; arcA, response regulator (OmpR family) in two-
component regulatory system with ArcB (or CpxA), regulates genes in aerobic pathways; yjjY, putative inner membrane protein; lasT, putative 
tRNA/tRNA methyltransferase [EC:2.1.1.-]; and IGS, intergenic spacer region (bolded type-face sequences). Underlined type-face sequences 
are the transposase duplications. Standard type-face sequences are the wild-type S. Typhimurium 14028s arcA and yjjY sequences.  

Gene                  STM4596                  STM4597                     arcA            yjjY                           lasT              
ORF Size              672 bp                      315 bp                      717 bp       141 bp                      687 bp 
 

IGS 
384 bp 

IGS 
399 bp 

IGS 
95 bp 

IGS 
266 bp 

 ATCCCCTAAGTAGTC-TTGATTTAG-CTT-(61 bp)-TTG-TTAACCTTGGAA-5’
TAGGGGATTCATCAG-AACTAAATC-GAA-(61 bp)-AAC-AATTGGAACCTT-3’ 

Sequence of the IS10 target 
duplication & insertion 

junctions 

IGS IS10 IGS IS10 arcA yjjY 

3’-GGAACCGGTTAA-CAA-(13 bp)-CGG-TTGATTTAG-GACTACTTAGGGGAT 
5’-CCTTGGCCAATT-GTT-(13 bp)-GCC-AACTAAATC-CTGATGAATCCCCTA 
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Figure 2. Western blot of total proteins of WT Salmonella Typhimurium 14028s, arcA mutant, and 
arcA-/parcA complement strain. Separation of standardized total proteins was performed on a 10% 
denaturing SDS-PAGE gel. Following electroblotting, S. Typhimurium ArcA was probed for with E. coli 
ArcA polyclonal antibodies. Lane 1, protein molecular weight marker (3-198 kDa); lane 2, WT Salmonella 
Typhimurium 14028s; lane 3, arcA mutant (NC 980); lane 4, arcA-/parcA complement strain (NC 989). 
The protein content of every sample was confirmed by running a protein gel in parallel with the one that 
was used for Western blotting and subsequently staining that gel with Coomassie blue.  The transfer 
efficiency of the protein gel used for the Western blot was confirmed by staining the proteins in the 
remaining gel with Coomassie blue. 
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Figure 3. Confirmation of the parcA clone configuration. The construct containing pACYC177 (3,941 
bp) plus the arcA gene (parcA) were transformed into the Salmonella Typhimurium 14028s arcA mutant 
(NC 980). Five colonies were selected that were resistant to ampicillin (130 µg/ml) and sensitive to 
kanamycin (50 µg/ml) and subjected to restriction analysis using SmaI (lanes 2-6) and KpnI (lanes 7-11). 
The isolate used in lanes 5 and 10 was selected as the complemented strain (parcA) (NC 989). Lane 1, 
0.5-10 kbp molecular weight marker; lane 2, pACYC177 alone; lane 3, 2A #1; lane 4, 2A #4; lane 5, 2B 
#1; lane 6, 2B #3; lane 7, pACYC177 alone; lane 8, 2A #1; lane 9, 2A #4; lane 10, 2B #1; lane 11, 2B #3. 
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ArcA as a repressor. Transcription of the genes required for aerobic metabolism, energy 

generation, amino acid transport, fatty acid transport, and those necessary for Gifsy-1 prophage 

expression were repressed by ArcA. In particular, the genes required for cytochrome c oxidase 

(cyoABCDE), succinyl-CoA synthetase – α & β subunits (sucDC), glutamate/aspartate transport  

 (gltlJKL), trehalose-6-phosphate biosynthesis (otsAB), long-chain fatty acids transport (fadL), 

spermidine/putrescine transport (potBAFG), and dipeptide transport (dppABCDF) were expressed at  

higher levels in the arcA mutant than in the WT. The genes associated with the two-component 

tricarboxylic transport system (tctE, STM2786, STM2787, STM2788, and STM2789) were among the 

highest repressed in the arcA mutant relative to the WT. The expression of the site-specific DNA factor for  

inversion stimulation (fis) that codes for a global regulatory nucleoid-associated or histone-like protein 

was higher in the arcA mutant than in the WT (Appendix A). Also, genes utilized for L-lactate transport  

and metabolism (lldPRD), phosphate transport (pstACS), acetyl-CoA transferase (fadAB), APC family / D-

alanine/D-serine/glycine transport (cycA), putative cationic amino acid transporter (ytfF), peptide 

methionine sulfoxide reductase (msfA), multiple antibiotic resistance operon (marRAB), as well as many 

poorly characterized genes were repressed by ArcA (Appendix B). 

Several of the genes in SPI-1, which contains genes coding for a type three secretion system 

(TTSS) and for proteins required for the invasion and interaction with host cells, did not have a significant 

change (e.g., invHGEACIJ, spaSRPO, iagB, hilDA) in their expression levels in the arcA mutant 

compared to the WT (Appendix B). The SPI-3 genes, mgtCB, which involve Mg2+ transport had a 

significant increase in their expression levels in the mutant compared to the WT (Figure 6A and Appendix 

B). The mgtCB operon is necessary for systemic infections in susceptible mice, intramacrophage survival, 

and for growth in low-magnesium media (1, 11, 48, 137). Additionally, genes constituting the lambdoid 

prophage Gifsy-1 that contributes to the virulence of S. Typhimurium (36) were highly repressed in the 

arcA mutant. Genes that code for a leucine-rich repeat protein sspH2) that is translocated by and  
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Table 2.  Classification of ArcA regulated genes according to Clusters of  
Orthologous Groups (COGs). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aThe differentially expressed genes were classified according to clusters of orthologous 
groups (COGs) as defined at http://www.ncbi.nlm.nih.gov/COG. 
bNumber of genes activated or repressed (by having a ratio ≥ ± 2.5-fold) by ArcA. 
cBolded functional gene catagories contain a summary of the unbolded COG functional gene 
 groups that are located in each of the previous lines. 

Functional Gene Groupsa # of Genesb 
ArcA-activated ArcA-repressed

Cell division and chromosome partitioning 0 0 
Cell envelope and biogenesis, outer 
membrane 4 4 

Cell motility and secretion 1 12 
Posttranslational modification, protein 
turnover, chaperones 1 3 

Inorganic ion transport and metabolism 1 12 
Signal transduction mechanisms 5 3 
Cellular processesc 12 34 
Defense Mechanismsc 1 1 
Translation, ribosomal structure, and 
biogenesis 0 7 

Transcription  8 18 
DNA replication, recombination, and repair 2 4 
Information storage and processingc 10 29 
Intracell traffickingc 0 1 
Energy production and conversion 9 18 
Amino acid transport and metabolism 25 30 
Nucleotide transport and metabolism 7 2 
Carbohydrate transport and metabolism  20 16 
Coenzyme metabolism  0 2 
Lipid metabolism 1 7 
Secondary metabolites biosynthesis, 
transport, and catabolism 12 4 

Metabolismc 74 79 
General function prediction only 8 21 
Function unknown 8 24 
Poorly characterized 23 67 
Unknownc 39 112 
Total 147 245 
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Figure 4: Correlation between the microarray and the qRT-PCR data of 17 selected genes. The ratios of changes in gene 
expression, from the microarray (each S. Typhimurium ORF was spotted in triplicate on the slide) and qRT-PCR experiments, for the arcA 
mutant relative to the WT were log2 transformed and linearly correlated. The genes selected and the primers used in qRT-PCR are listed 
in Table 2. Three amplifications of each of the 17 genes were made using 1:5:25 dilutions of the total RNA. 



 

148 
 

 

 
 
 

 
 
Figure 5: Logo of the information matrix obtained from the alignment of ArcA sequences for S. Typhimurium. Sequences were 
obtained by searching the S. Typhimurium LT2 genome [Accession #: AE006468 (chromosome) and AE606471 (plasmid)] with known 
ArcA sequences derived from the corresponding ArcA-regulated genes in E. coli. A total of 20 E. coli sequences were used to obtain the 
logo shown. The total height of each column of characters represents the amount of information [measured in bits, which is the maximum 
entropy for the given sequence type (ex. Log2 4 = 2 bits for DNA/RNA and log2 20 = 4.3 bits for proteins)] for that specific position and the 
height of each individual character represents the frequency of each nucleotide.   
 

Sequence position 
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coordinately regulated with the SPI-2 TTSS (93) and a virulence protein (STM2244) were repressed 

in the arcA mutant relative to the WT (Appendix B).    

ArcA as an activator. Several of the genes involved in regulating flagellar biosynthesis, 

motility, chemotaxis, sugar transport, metabolism, and glycogen biosynthesis were found to be 

anaerobically activated by ArcA. The genes coding for transcriptional repressor CytR (cytR), nitrite 

reductase (nrfAB), 2-dexoyribose-5-phosphate aldolase (deoC), thymidine phosphorylase (deoA),  

lysine/cadaverine transport protein (cadB), putrescine/ornithine antiporter (potE), ornithine 

decarboxylase (speF), and several of the poorly characterized genes were activated by the presence  

of ArcA (Appendix B). Also, the genes required for arginine repression (STM4463 and STM4464), 

ornithine carbamoyltransferase (STM4465), carbamate kinase (STM4466) and an arginine deiminase 

(STM4467) were among the highest activated in the arcA mutant relative to the WT (Appendix B). 

The genes required for ethanolamine (eutRKLCBAHJENMDTQPS) and propanediol 

(pduFBCDEGHJKLMNOPQSTUVW) utilization as well as the transcriptional regulator of the 

propanediol operon (pocR) had lower transcript levels in the arcA mutant than in the WT (Figure 6B 

and 3C and Appendix B). Similar results were seen in our global anaerobic profiling of FNR (37). 

Interestingly, when comparing the two sets of data we found that the eut operon was more positively  

regulated in the fnr mutant than in the arcA mutant, while the pdu operon was more positively 

regulated in the arcA mutant than in the fnr mutant. We show that the transcription of the SPI-2 

located tetrathionate genes (ttr operon) (ttrACBSR) were activated at slightly higher levels in the arcA 

mutant compared to the fnr mutant. The presence of tetrathionate is required for the anaerobic 

degradation of ethanolamine and propanediol, however, induction of the ttr operon is dependent on 

the presence of FNR, but not ArcA (112).  

Several of the middle (class 2) flagellar genes (flgNMKL and fliZAS) and late flagellar (class 

3) genes (cheYBRMW, motBA, and aer) had lower transcript levels in the arcA mutant than in the WT 

strain (Figure 6D-F). There was no significant difference in the transcript levels of the early flagellar 

genes (class 1) flhD and flhC, whose gene products FlhD/FlhC are the master regulators of flagellar 
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Figure 6: A scheme representing the structural organization for the major genes involved in 
(A) SPI-3, (B) ethanolamine utilization, (C) propanediol utilization, and (D-F) flagellar 
biosynthesis and motility/ swarming. The names of genes are listed to the left of the arrow, an (*) 
next to the gene indicates the presence of at least one ArcA motif in the 5’ – region, the numbers 
listed to the right of the arrows indicates the ratio of gene expression in the arcA mutant relative to 
that in the WT. NR = no expression ratio. 
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biosynthesis (Figure 6E). Additionally, several newly identified flagellar genes (41) (i. e., mcpA, mcpC, 

and cheV) had lower expression levels in the arcA mutant than in the WT (Appendix B), while the 

expression of mcpB was not affected.   

Many other SPI-1 associated genes did not have a significant decrease (e.g., invFB, spaQ, 

sicA, sipBCDA, iacP, sicP, sptP, prgHJIK) in their expression level in the arcA mutant compared to 

the WT. Two SPI-3 genes, slsA, encoding a putative inner membrane protein and STM3784, a 

putative sugar phosphotransferase, both had a significant decrease in their expression levels in the  

arcA mutant relative to the WT (Figure 6A and Appendix B). The slsA gene is required for 

colonization of chickens and calves (12, 96). A plasmid-encoded fimbriae gene, pefB, was activated 

in the arcA mutant. The three fimbriae genes (pef, lpf, and agf) in S. Typhimurium are associated with 

the initial attachment of this organism to the intestinal mucosa or the Peyer’s patch M cells (7, 8, 150).  

Effects of ArcA on motility and flagella. Expression of the flagellar biosynthesis, motility, 

and chemotaxis genes under anaerobiosis was lower in the arcA mutant than in the WT. Therefore, 

we compared the WT and the arcA mutant for motility in soft agar under anaerobic (Figure 7) and 

aerobic conditions (Figure 8). The data indicated that anaerobically the arcA mutant was nonmotile 

compared to the WT (Figure 7A and D, first panel from the left compare the bottom and top sections), 

while the arcA mutant was ~40% less motile than the WT under aerobic conditions (Figure 8A and B). 

Furthermore, we also show that the reduced motility (~40% less) under aerobic conditions in the arcA 

mutant was complemented (~85%) by the inclusion of parcA (Figure 8C). We also compared the WT 

and the mutant for the presence of flagella by SEM (Figure 7B and E, center panel) and TEM (Figure 

7C and F, right panel) under anaerobic conditions. Evaluation of these data emphasize that the arcA 

mutant is nonmotile under anaerobiosis due to the lack of flagella (Figure 7) and was ~40% less 

motile than the WT under aerobic conditions (Figure 8). 
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Figure 7: Comparison of the WT (A) and the arcA mutant (D) for motility on 0.6% soft agar, the WT (B) and the arcA mutant (E) for the 
presence of surfaces appendages using SEM, and the WT (C) and the arcA mutant (F) for the presence of flagella using negative 
staining and TEM. Cells were grown anaerobically in LB-MOPS-X media and the samples were prepared as described in Materials and Methods.
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Figure 8. Comparison of the WT (A), the arcA mutant (B), and the complement (parcA) (C) 
strains for motility. Cells were grown aerobically in LB-MOPS-X media and the samples were 
prepared as described in the Materials and Methods. 
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ArcA and aerobic sensitivity to H2O2. To determine if ArcA plays a role in the resistance of 

S. Typhimurium to aerobic oxidative stress conditions, we evaluated the effect of H2O2 exposure on 

the viability of the arcA mutant compared with the WT under aerobic conditions. After 45 min of 

aerobic exposure to 8.25 mM H2O2, the arcA mutant was more susceptible (~6.5-log10) to the H2O2 

treatment than the WT (Figure 9).  

ArcA and virulence in mice. The evaluation of our microarray data (Figure 6 and Appendix 

B) showed that ArcA does not significantly regulate the transcription of the virulence genes found in 

SPI-1, which are important for the ability of Salmonella to invade host epithelial cells (24, 42, 154, 

164, 165). To confirm this data, we tested the virulence of the arcA mutant in a murine model of 

mucosal and acute infection using immunocompetent C57BL/6 mice. The arcA mutant was as virulent 

as the WT strain when 250 CFU/mouse were inoculated via i.p. (Figure 10). Intramacrophage survival 

and replication of Salmonella permits the colonization of the spleen and liver of mice (22, 128). Due to 

the previous in vivo experiment, showing that the WT and the arcA mutant strains were as virulent as 

each other (Figure 10), a further virulence comparsion of these two strains was performed using a 

mixed infection assay. The arcA mutant demonstrated a survival advantage in the reticuloendothelial  

system compared to the WT in all systemic organs examined via p. o. or i. p. mixed infection (Table 

3). 
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Figure 9: Effects of hydrogen peroxide (H2O2) on the viability of WT S. Typhimurium 14028s (X) 
and its isogenic arcA mutant (■) under aerobic conditions. Cells were grown to exponential 
phase, treated with chloramphenicol (60 µg/ml) to stop growth and halt protein biosynthesis, and 
washed in LB-MOPS-X with chloramphenicol. Cells were subsequently exposed to 8.25 mM H2O2 for 
60 min with aliquots taken every 15 min, serially diluted in LB-MOPS-X containing 1Unit of catalase, 
and plated to LB-MOPS-X. The cells were grown in LB-MOPS-X broth and treated in LB-MOPS-X 
with chloramphenicol (60 µg/ml) broth.  
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Figure 10: Comparison of the arcA mutant and the WT strain for virulence in 6-8 week old 
C57BL/6 mice. Two groups of five mice per strain (WT and arcA mutant) were challenged 
intraperitoneally using 250 CFU/ mouse, as described in Materials and Methods. Percent survival is 
the number of mice surviving relative to the number of mice challenged at zero time.  
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Table 3. Competitive index (CI) of S. Typhimurium 14028s and its isogenic arcA 
mutant for C57BL/6 micea. 

 

Oral 
Strain Doseb Spleen CIc MLNd CIc Liver CIc 
WT 7.60 X 107 1.00 1.00 1.00 

arcA mutant 7.20 X 107 2.68 ± 1.92 11.90 ± 7.99 30.70 ± 31.33 
 

I. p. 
Strain Doseb Spleen CIc Liver CIc 
WT 6.00 X 104 1.00 1.00 

arcA mutant 8.00 X 104 1.93 ± 0.67 2.92 ± 1.38 
 

aGroups of three 6-week-old C57BL/6 mice (bred in the University of Colorado Health 
Science Center animal facility according to Institutional Animal Care and Use Committee 
guidelines) were infected orally (p. o.) or i. p. with a 1:1 mixture of S. Typhimurium 14028s 
and its isogenic arcA mutant. The strains were separately grown overnight in LB broth at 
37°C with shaking at 200 rpm. Tetracycline (10 µg/ml) was used to propagate and isolate 
the arcA mutant. Prior to oral infection, food and water were withheld from the mice for 4 h. 
Bacteria were diluted in phosphate-buffered saline and administered to the mice by 
allowing them to drink 20 µl from the end of a pipette tip. Results are listed as the mean CI 
for day 6 postinfection ± standard deviation. 
bUnits in CFU/ml. 
cCI = [arcA mutant/WT]output/[arcA mutant/WT]imput. 
dMesenteric lymph nodes. 
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Discussion 

For the first time, we have demonstrated the global role of ArcA as a redox regulator under anaerobic 

conditions in S. Typhimurium (14028s), where it directly or indirectly mediates theactivation or 

repression of at least 392 genes. In particular we show that, ArcA is involved in aerobic/anaerobic 

energenic metabolism and motility. Additionally, the arcA mutant was not motile, but remained as 

virulent as the WT. However, prior to the present report, none of the virulence genes (i. e., SPI-3 and 

Gifsy-1) had been identified as part of the Salmonella ArcA modulon. The role of ArcA in S. Enteritidis 

has previously been examined and was shown to be non-essential for virulence in the mice enteritis 

model (85). Evaluation of the virulence characteristics of ArcA in V. cholerae and H. influenzae 

showed that both were partially attenuated compared to their WT counterparts (126, 139).  

The role of ArcA in metabolism of non-virulent strains of E. coli has previously been 

examined (59-61, 80, 82, 84, 99, 106, 119, 127). Some of the genes previously identified as being 

regulated by ArcA in E. coli were also identified in the present study (e.g., traY, dcuB, acnA, acnB) 

(30, 61, 133-135). Furthermore, comparative genomic analysis of three global regulatory systems 

(FNR, ArcA, and NarP) in ten genomes of three families of gamma-proteobacteria 

(Enterobacteriacea, Pasteurellaceae, and Vibrionaceae) determined that although each contained a 

relatively stable metabolic and regulatory core, there were considerable changes in their regulatory 

interactions, shuffling of regulators within different families, and the presence of taxon-specific 

peripheral gene networks (113). Therefore, the differences in virulence of arcA mutants between 

different pathogenic bacteria may reveal the diversity in the direct or indirect global regulation by ArcA 

between different genomes. 

Logo comparison. In a recent study (43) a logo was used to graphically compared mutltiple 

ArcA sequences alignments of E. coli (84) and S. oneidensis (43). The analysis revealed subtle 

changes in base pairs at each position between the sequences. The nucleotide sequences at the 

ends of the binding motif of S. oneidensis were deemed to be much less conserved, while the 12th 

nucleotide (G) was believed to be significant for binding. Thus, although the binding motifs of the the  
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Arc system of S. oneidensis and E. coli were similar they differed in there physiological function and 

the regulons that they encompassed (43). When comparing the ArcA logos of E. coli and S. 

oneidensis to the one generated herein of S. Typhimurium, one can see that there is similarity 

between S. Typhimurium and both E. coli and S. oneidensis. However, there is very little variation 

between the nucleotide sequences at each base pair of S. Typhimurium and E. coli, while there is 

much more variation between S. Typhimurium and S. oneidensis. Although, the two sequence logos 

of S. Typhimurium and S. oneidensis are highly similar there is still considerable variation between 

each nucleotide position within the binding motif. Therefore, when comparing the regulons of these 

microorganisms, it is most likely that the Arc systems of E. coli and S. Typhimurium function and 

regulate a more similar pool of genes than S. Typhimurium and S. oneidensis. 

ArcA and carbon metabolism. ArcA-dependent regulation of anaerobic growth and 

metabolism has been well characterized in E. coli and is currently used to interpret similar processes 

in S. Typhimurium. Again, we reiterate the genome similarity among these two organisms is only 75-

80% (91). Although, our data do indicate that in several aspects pertaining to metabolic regulation, 

these two organisms share similarities (Appendix B). Several ArcA-repressed genes identified in our 

microarray data are involved in metabolism and transport including genes coding for enzymes in the 

citric acid cycle and its glyoxylate by-pass, glycolysis, pentose phosphate shunt, and acetate 

metabolism. The ArcA-activated genes included those coding for enzymes involved in glycogen 

synthesis and catabolism as well as those for gluconeogenesis. For example, a number of genes 

involved in the regulation of the lactate transport and lactate dehydrogenase operon (lldPRD), 

succinyl CoA-synthetase (sucCD), acetyl-coenzyme A synthetase (acs), and aconitate hydratase 

(acnA) were negatively regulated by ArcA under anaerobic conditions. Expression of many of these 

enzymes is consistent with levels reported in E. coli (30, 61, 80, 82, 84, 99, 119), H. influenzae (161), 

and Shewanella oneidensis (47) and this expression pattern most likely signifies an increased level of 

cellular respiration in the mutant. The genes of the two-component tricarboxylic transport system 

(tctE, STM2786, STM2787, STM2788, and STM2789) were the most highly repressed by ArcA. This  
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was not surprising since transport systems for substrates of aerobic pathways have been suggested 

to be candidates for regulation via ArcA (61). A similar pattern of anaerobic regulation of these 

enzymes has also been seen in our previous global analysis of FNR (37). 

In E. coli, the CsrA (carbon storage regulator) protein acts post-transcriptionally to balance 

carbon flow in the cell by activating genes involved in glycolysis and repressing genes participating in 

gluconeogenesis (115). In a uropathogenic strain of E. coli, the BarA/UvrY two-component system 

was shown to be important for adaptation between metabolic pathways (110). Thus, according to our 

data, CsrA is still fully functional to provide the switch from glycolysis to gluconeogenesis by 

repressing the genes associated with glycolysis and activating those genes affiliated with 

gluconeogenesis. However, the effect of Salmonella CsrA on carbon metabolism was deemed to not 

always be as pronounced or consistent as that in E. coli (76).  

In order to catabolize compounds such as acetate, lactate, sn-glycerol-3-phosphate, 

succinate, fatty acids, and certain amino acids E. coli contains two oxidases in its respiratory chain. 

The first, which is known to decrease under anaerobic growth conditions and has a low affinity for 

oxygen, cytochrome o (encoded by the cyoABCDE) and the second, which is known to increase 

during anaerobic growth and has a high affinity for oxygen, cytochrome d (encoded by the cydAB) 

(27). Our data show that anaerobically, ArcA repressed the cyo operon (Appendix B), while the cyd 

operon was increased by less than 2-fold. This result is in agreement with previous reports showing 

that a mutation in either arcA or arcB diminished cyd operon expression under aerobic and anaerobic 

conditions, while either mutation did not fully abolish repression of the cyo operon anaerobically (28). 

The cyd operon is also known to be negatively regulated by ArcA in S. oneidensis (47). These two 

operons are also known to be regulated by FNR (27, 37) and jointly regulated by ArcA and FNR (28). 

ArcA regulation of cobalamine synthesis and metabolism. Propanediol (encoded by the 

pdu operon), a fermentation product of rhamnose or fucose (5, 100), and ethanolamine (encoded by 

the eut operon), an essential component of bacterial and eukaryotic cells, can be used by Salmonella 

as carbon and energy sources in the mammalian gastrointestinal tract (5). Vitamin B12, its synthesis  
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being encoded by the cob operon, is required for the metabolism of ethanolamine and propanediol, 

while anaerobic degradation also requires the use of tetrathionate (ttr) as a terminal electron acceptor 

(112). The positive regulatory protein, PocR, is necessary for the induction of the cob and pdu 

operons and is subject to global regulatory control (2, 19).  

Pdu proteins are five times more prevalent in a virulent than an avirulent strain of serovar 

Typhimurium when grown in acidified, magnesium depleted, minimal medium (1). In vivo expression 

technology (IVET) has shown that genes coding for cobalamine synthesis and 1,2-propanediol 

degradation are required for Salmonella replication in macrophages (75), that pdu genes may be 

necessary for intracellular proliferation within the host (54), and that pdu mutations, but not cob 

mutations can be attributed to a defect in virulence (10, 25). Mutations in ethanolamine utilization 

genes are attenuated in macrophages and in BALB/c mice when delivered orally, but not 

intraperitoneally (141). Recently, an insertional knockout of eutB in Listeria monocytogenes reduced 

its ability to replicate in Caco-2 cells (68). The eut operon is incomplete in non-pathogenic E. coli and 

its expression is not regulated by FNR (26, 70, 118). An arcA mutant has also been shown to reduce, 

but not prevent cob and pdu operon expresion during anaerobic growth, indicating that another global 

regulatory protein may also be regulating these operons (19).   

Our data show that pocR and the many of the genes in the cob operon were slightly more 

activated by ArcA than by FNR, however these levels were not within our ± 2.5-fold threshold. All of 

the genes in the eut operon and the pdu operon were activated by ArcA (Figure 6B and C and 

Appendix B). Similar results were seen in our global anaerobic profiling of FNR (37). Interestingly, 

when comparing the two sets of data we found that the eut operon was more positively regulated in 

FNR than in ArcA and that the pdu operon was more positively regulated in ArcA than in FNR.  

However, transcription of tetrathionate (ttr operon) was activated at equal levels in both FNR and 

ArcA.  Induction of the ttr operon is affected by FNR, but not by ArcA (2, 112). This may suggest that 

FNR plays a more significant role in regulating the eut operon (2), while ArcA acts more significantly 

on regulating the genes associated with the pdu operon. Although, both the cob and pdu operons  
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were both activated in the arcA mutant this may be due to the effects of arcA on anaerobic pocR 

expression, which subsequently regulates the rest of each of these operons. Another possibility is 

that although the demand for methionine is necessary for cells growing aerobically or anaerobically, 

the efficiency of its formation becomes more critical anaerobically where the cobalamine-dependent 

enzyme, MetH methylates homocysteine in S. Typhimurium and may also participate in other methyl 

transfer reactions in the cell (65). Ananerobically, the methylation of chemotaxis proteins (which may 

explain why the flagellar genes are down-regulated in the arcA mutant) as well as DNA and tRNA 

modification reactions may involve cobalamine (65) and is known to methylate metal cations (142). 

However, our data shows that metH is not significantly regulated by ArcA. 

ArcA and flagellar biosynthesis/motility/chemotaxis. Our data show that, anaerobically, 

ArcA positively regulates the expression of genes involved in flagellar biosynthesis, motility, and 

chemotaxis (Figure 6) including many new identified flagellar genes (mcpAC and cheV) (41). 

Previously, we found that FNR positively regulates many of the same the flagellar and chemotaxis 

genes under anaerobic conditions (37) and that the anaerobic motility phenotype of the arcA mutant 

was indistinguishable from that previously seen with the fnr mutant strain (37). However, the 

expression of the flagellar biosynthesis, motility, and chemotaxis genes under anaerobiosis was more 

highly activated by FNR than by ArcA.  

Biogenesis and function of flagellar genes are organized and expressed in a hierarchical, 

cascading manner that is transcriptionally initiated via early (class 1) genes contained in the operon of 

the master regulator, flhDC (20). These regulatory proteins (FlhDC) subsequently direct expression of 

the middle (class 2) flagellar genes for the structure and assembly of the hook-basal-body (HBB) and 

expression of fliA that encodes an alternative sigma factor (σ28) required for transcription of the late 

(class 3) flagellar genes. FliA is sequestered by the anti-σ28 factor FlgM, ensuring efficient assembly 

of the HBB, and FlgM is subsequently secreted outside. Late flagellar genes encode filament proteins 

such as flagellin (FliC), motor proteins (MotAB), and those associated with chemotaxis (CheAW and 

CheRBYZ) (20). 
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 Interestingly, both members of the rtsAB operon, STM4315 (rtsA) and STM4314 (rtsB), were 

repressed by ArcA (Appendix B), while they were activated by FNR (37). RtsA belongs to the 

AraC/XylS family of proteins that can activate expression of the hilD, hilC, and invF operon, and 

increase the expression SPI-1 genes via direct binding to the hilA promoter (34). RstB is a helix-turn-

helix DNA binding protein that can repress the flagellar regulon via binding to the promoter of the 

flhDC operon (33) and its expression is dependent on Fis (73). Thus, the rtsAB operon functions to 

coordinately regulate the expression of SPI-1 and flagellar genes (34). RstB has also been found to 

directly or indirectly induce expression of yhgF (encoding a paral putative RNase) (34). Our data, not 

surprisingly, showed that yhgF was induced (1.35-fold) by ArcA.   

 A plethora of regulators, including several two-component regulators, directly or indirectly 

affect the expression of flhDC and motility in E. coli and S. Typhimurium (4, 9, 34, 37, 40, 46, 79, 131, 

132, 138, 140, 146). Recently, in E. coli, another two-component regulator, ArcA, was shown to be 

necessary for the expression of FliA, but not for the master regulator (FlhDC) (71). To date, in silico 

studies have not identified ArcA binding sites in the promoter regions of fliA or other class 2 flagellar 

genes (71). Our finding that ArcA activates class 2 and class 3 flagellar genes, but slightly represses 

flhDC indicates that the regulation of flhDC is also dependent on ArcA and that ArcA may act at 

multiple levels within the flagellar regulatory hierarchy. However, it is not known if the repressive 

effect of ArcA occurs directly via interaction with flhDC or indirectly through another regulator. 

Interestingly, regulation of flhDC is dependent on QseC, RtsB, and SirA, which are all members of 

two-component regulatory systems (4, 34, 46, 140). Our result conflicts those reported in a recent 

study of an arcA mutant in E. coli whereby ArcA was not required for the expression of flhDC (71). 

However, the same study also demonstrated that ArcA was necessary for the expression of fliA (71). 

This discrepancy is likely due to the fact that the authors did not clarify whether their studies were 

conducted anaerobically or aerobically and they also used a different growth medium.       

 ArcA and pathogenesis. The majority of the virulence factors (~200 genes) of S. 

Typhimurium are chromosomally located within Salmonella pathogenicity islands (SPIs)  
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(13, 42, 49, 52, 55, 56). SPI-1 and SPI-2 both encode TTSSs (22, 24, 129). SPI-1 effector proteins 

are required for epithelial cell invasion (23), while SPI-2 encodes secreted proteins, their specific 

chaperones (22), and a two-component regulatory system (32, 101) all required for intracellular 

replication. Recently, SPI-1 invasion genes were found to be required for intramacrophage survival 

(16) and systemic infection in mice (77). Our data have shown that ArcA positively regulates the 

expression of several genes involved in flagellar biosynthesis and chemotaxis, while most of the SPI-

1 through SPI-5 genes were not significantly regulated by ArcA with the exception of a few genes 

contained within SPI-3, which include mgtC, mgtB, and slsA (Appendix B and Figure 6A). Thus, it is 

not surprising that our arcA mutant was more virulent than the WT following o. p. and i. p. competitive 

infection studies (Table 3). Although the arcA mutant was more virulent than the WT, a S. 

Typhimurium fnr mutant was 100% attenuated when inoculated via i.p. or when challenged orally 

(37). 

FliZ and FliA have been shown to regulate the expression of hilA, the regulator of several 

SPI-1 genes (63, 87). Additionally, flagellar regulons can influence virulence gene expression in 

several pathogenic microorganisms (35, 44, 122, 123, 130, 159, 162). Also, arcA mutants of H. 

influenzae and V. cholerae were found to be partially attenuated in vivo (126, 139). Our data showed 

that ArcA activates transcription of fliZ and fliA, although to a lesser extent than FNR (37). The 

difference in the transcript levels between the fnr and the arcA mutants is reflected in the difference in 

the regulation of hilA in these two strains, whereby hilA in cells lacking FNR is significantly repressed 

(37), while hilA in cells lacking ArcA was slightly induced (2.1-fold). The results from these two 

microarray analyses correspond with the virulence and motility studies conducted with each of these 

two strains. Anaerobically, FNR was non-motile and non-virulent (37), while the arcA mutant was non-

motile and it was more virulent than the WT. Thus, the lack of motility does not necessarily 

correspond to the lack of virulence in S.Typhimurium. 

SspH2 is a translocated effector protein of the SPI-2 TTSS that contains leucine-rich repeats 

(LRR) (93). SsrA/SsrB-dependent transcription of sspH2 occurs in macrophages (93) and its  
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expression in macrophages can be mimicked by growing Salmonella in minimal medium, while 

SsrAB-dependent transcription does not occur in Salmonella grown in LB medium (92). Furthermore, 

magnesium limitation, acidic pH, and PhoPQ (a two-component signal transduction system, responds 

to extracellular cation levels specifically, Mg2+) were not required for expression of the SsrAB regulon 

in minimal medium. However, an alkaline pH fully represses sspH2 via SsrAB, although it is unlikely 

that this is the only constituent of the medium to repress SsrAB-dependent transcription (92). Our 

data showed that while sspH2 was significantly repressed by ArcA, however the transcription of ssrA 

and ssrB were not significantly affected by a mutation in arcA under anaerobic conditions in a 

nutritionally rich, neutral pH medium (LB-MOPS-X). 

Several studies suggest that the expression of virulence genes in several pathogens is 

coordinately regulated by the specific environmental conditions and/or the anatomical location in their 

host in order to minimize the expenditure of energy (86). When extracellular [Mg2+] is low, hilA and 

SPI-1 invasion genes are repressed, while activating PhoP-activated genes (pags), including those 

on SPI-2 and the mgtCB operon (6, 32, 48, 109, 153), encoding a high-affinity P-type ATPase that 

mediates Mg2+ influx located on SPI-3 (11, 137) upon entry into macrophages (11, 137). Recently, 

another two-component system, PhoR/PhoB (PhoR is the sensor kinase and PhoB is the response 

regulator), acts directly or indirectly to phosphorylate PhoB when extracellular phosphate (Pi) levels 

are low, thus activating promoters in the Pho regulon and repressing SPI-1 genes (87), while 

activating genes necessary to survive in the macrophage, such as the pstSCAB operon (codes for a 

high-affinity inorganic Pi transport system in the Pho regulon) (149, 156). In vitro, SPI-2 genes are 

activated by starving S. Typhimurium of Pi (32) even in the absence of acidification (92). Even in the 

absence of PhoR, several carbon sources may serve to activate the Pho regulon through PhoR 

homologs, such as CreC (155). Therefore, carbon metabolism sensed by PhoB/R may also affect hilE 

expression (67). 

Our data shows that several genes in the pst operon as well as the sensor kinase (phoR) 

were highly repressed by ArcA (Appendix B). The high phosphate content of our rich growth medium  
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(LB-MOPS) (31, 64, 83) was likely sensed by PhoR, resulting in the lack of accumulation of PhoB~P, 

thus repressing the pst operon. Furthermore, the SPI-2 genes would also not be highly differentially 

regulated as confirmed by our results. Inside of the cell, PhoP~P increases the expression of pags, 

while repressing PhoP-repressed genes (prgs) (94). Indeed, our data show that several pags were 

repressed by ArcA (Appendix B), while they were slightly repressed by FNR (37). Several prgs were 

highly activated by FNR, but they were only slightly activated by ArcA. Our data also show that 

several sensor kinases of two-component regulatory systems were induced by ArcA, such as creC, 

phoQ, phoR, and envZ, while a few response regulators, including phoP and ompR were repressed 

by ArcA. Additionally, the data indicate that the sensor kinase, arcB was activated in the arcA mutant. 

Thus, indicating the lack of phosphorylation of response regulators in the arcA mutant. 

SPI-3 is required for colonization of various hosts, intramacrophage survival, and systemic 

infection of mice (11, 12). Our data reveled that several genes within SPI-3 were the most 

significantly activated or repressed of all SPI genes. While mgtB codes for a P-type ATPase 

mediating the influx of Mg2+ (137), MgtC is not required for nor does it participate in the transport of 

Mg2+ or any other ion (51). However, mgtC is required for optimal virulence by S. Typhimurium and 

may be involved in regulating host and/or bacterial cell membrane potential via its Na+, K+-ATPase, 

thus influencing cellular ion homeostasis during infection (11). Instead of initiating or accelerating 

apoptosis of host cells, MgtC-initiated activation of macrophage Na+, K+-ATPase may serve to slow 

apoptosis. Several intracellular pathogens that persist in host cells prior to apoptosis such as Yersinia 

pestis, L. monocytogenes, and S. Typhimurium all contain mgtC (11). Interestingly, our results 

showed that ArcA repressed the mgtCB operon as well as several genes involved in cation symport 

or transport (nhaRA, putP, STM1368, zntA, ygjU), while it significantly activated, slsA, another SPI-3 

gene, which is required for the colonization of calves and chickens (96). 

Our data also revealed that the genes associated with the Gifsy-1 prophage were repressed 

by ArcA under anaerobic conditions. Genes encoded on the lambdoid phage, Gifsy-1 can be 

transcriptionally activated during Salmonella adaption to oxidative stress, such as exposing the  
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bacteria to hydrogen peroxide (160). The contribution of the Gifsy-1 to virulence was deemed 

insignificant in the presence of Gifsy-2 in the genome. However, if sodC is present in the genetic 

background, removal of Gifsy-2 makes the virulence of Gifsy-1 significant, although further research 

is necessary to identify the Gifsy-1 encoded factor(s) implicated in virulence (36). 

ArcA and hydrogenases. Hydrogen gas (H2) is an important energy source for the survival 

of pathogens in vivo (102) and is produced in the host via colonic bacterial fermentations (89). NiFe 

uptake-type hydrogenases catalyze the H2-oxydizing reaction (H2 2e- + 2H+), liberating protons that 

may participate in energy production via generation of a proton gradient across the cytoplasmic 

membrane and produce electrons that may be passed to other membrane-bound electron carriers, 

which eventually contribute to ATP production (90). Recently, in S. Typhimurium, ArcA was 

determined to anaerobically activate hyb expression, repress the hyd genes, and did not appear to 

regulate hya expression in rich medium (163). Our results indicated that the hyb operon was activated 

in the arcA mutant, but these levels were not within our ± 2.5-fold threshold. Additionally, STM1538, 

STM1539, STM1786, STM1788, STM1790, and STM1791, which also code for hydrogenases were 

significantly repressed in the arcA mutant (Appendix B), which seems to be in agreement with 

previous results (163).  

ArcA and fatty acid metabolism and virulence. Fatty acids and their derivatives serve as 

carbon and energy sources and are essential for cellular processes such as signaling, transcriptional 

control, membrane synthesis, and protein modification (98). We found that ArcA represses several of 

the genes in the fad regulon (fadL, fadD, fadA, and fadB) during anaerobic growth (Appendix B), 

while in our recent study on FNR, these genes were not significantly regulated (37). Transcriptome 

wide analyses by other researchers working under anaerobic conditions with arcA deficient strains of 

E. coli have seen similar results (84, 119). More recently, chromatin immunoprecipitation (ChIP) 

analysis has demonstrated that ArcA directly binds to promoter regions of the fad regulon under 

anaerobic conditions to repress transcription in vivo. They further show that in concert with ArcA-P, 

when fatty acids become limited, FadR remains active and anaerobically regulates the fad genes  
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(21). Our data also shows that both fadD, which is required for uptake and degradation of long-chain 

fatty acids, and hilA were repressed by ArcA. This is not surprising since a fadD mutant has been 

shown to increase the expression of hilA and is therefore consistent with the role of fatty acids in 

regulating SPI-1 gene expression (87).  

ArcA regulation of fis. Fis, a small DNA-binding protein, is responsible for stimulating DNA 

inversion, site-specific DNA recombination, phase-variable expression of flagellar antigens, DNA 

replication, transcription of genes including those of stable RNA operons, oriC-directed DNA 

replication, and impacts DNA topology via repressing DNA gyrase and activating topoisomerase I 

gene expression (38, 45, 66, 116, 124, 125, 157). Several Fis-related functions in E. coli are similar to 

those in S. Typhimurium (72, 104). A recent global analysis of the role of Fis on gene expression in S. 

Typhimurium revealed that arcA was not significantly repressed by Fis (73), however Fis was found to 

control the transcription of SPI-1, 2, 3, and 5 as well as many genes involved in motility and 

chemotaxis (73). Furthermore, a fis mutant in S. Typhimurium is partially attenuated in the murine 

model via o. p., but not via i. p. (159). Fis also repressed most genes involved in propanediol 

utilization, biotin synthesis, vitamin B12 transport, fatty acids, acetate metabolism, the glyoxylate 

shunt, and the TCA cycle, while activating the ethanolamine utilization genes (73). However, in the 

present study, ArcA activates both the propanediol and ethanolamine operons (Figure 6B and C and 

Appendix B). Furthermore, fis was significantly repressed by ArcA (Appendix B), however in previous 

work we show that it was activated, but not significantly by FNR (37). Therefore, the two global 

regulators, ArcA and Fis act cooperatively to regulate many of the same metabolic and virulence 

genes in S. Typhimurium, however in terms of the regulatory hierarchy; ArcA seems to play a more 

significant role than Fis.  

In E. coli, Fis and IHF can bind to the nrfA-acs intergenic region folding it into an ordered 

nucleoprotein structure, thus allowing for independent regulation of the two divergent promoters (15). 

FNR has been shown to positively regulate nrfA in E. coli (105). In our study, FNR would still remain 

active in the arcA mutant grown anaerobically. We show that nrfA was activated by ArcA, while both 
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fis and acs were repressed. Thus, many of these global regulators are acting at this central site to 

regulate aerobic and anaerobic metabolism.   

ArcA and antioxidant defenses. Our microarray data suggested that the arcA mutant of S. 

Typhimurium may be able to resist the oxidative burst of the macrophage by coordinately regulating 

genes involved in oxidative stress response. Once inside the oxygen deprived, nutrient depleted, 

acidic environment of the macrophage (39, 136), Salmonella attempts to deal with the assault from a 

battery of toxic reactive oxygen (ROI) and nitrogen intermediates (RNI) (152). Salmonella responds 

by deploying its antioxidant defenses and modulating the expression of antioxidant genes [i.e.: sodA, 

sodB, sodC1, and sodC2 (coding for superoxide dismutases) and katG and katE (coding for 

hydroperoxidases)], whose products are required for protection against ROI and RNI. However, our 

data indicated that under anaerobic conditions many of these genes were not significantly affected by 

the lack of ArcA except, STM1731, which codes for a putative Mn-containing catalase whose 

expression was significantly activated in the arcA mutant compared to the WT. However, the role of 

Mn-catalase in S. Typhimurium has not been thoroughly examined.  

A recent study of the ArcA regulon of H. influenzae, suggested that an arcA mutant might 

exhibit sensitivity to oxidative stress due to the increased expression of several genes encoding 

subunits or assembly factors of respiratory chain dehydrogenases (fdxH, fdxI, fdxE, ndh, and IldD), a 

dehydrogenase substrate transporter (lldP), or TCA cycle enzymes (sucA and sucB) (161). Thus, this 

increased respiratory activity could enhance the propagation of ROI’s during a transition from 

anaerobiosis to an oxygenated microenvironment (161). With the exception of several of the fdx 

genes that are specific to H. influenzae, similar results are also in our analysis of the arcA mutant in 

S. Typhimurium.  

Polyamines (putrescine, spermidine, and spermine) are ubiquitous polycationic compounds 

produced by all organisms for cell replication, transcription, and growth (108, 143). The polyamine 

content in cells is regulated by biosynthesis, degradation (arginine, lysine, or ornithine), and transport 

(58, 143). Polyamine supplementation is known to provide protection against ROIs to a polyamine  
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deficient strain of E. coli (18, 69, 147) and rescues growth of cadaverine mutants (cadABC) under 

nitrosative stress (14). Uropathogenic strains of E. coli have been shown to be more resistant 

nitrosative stress than non-pathogenic strains (14). Recently, transcription profiling has revealed the 

transient changes in the peroxide stress response, methionine biosynthesis, and degradation of 

putrescine in E. coli when steady-state anaerobic cultures were introduced to air (107). Furthermore, 

these researchers have identified FNR and ArcA binding sites in several putrescine degradation 

genes (puuA-D). The accumulation of transcripts encoding enzymes for putrescine degradation was 

explained by inhibition of ArcA expression of puuA and puuD expression as well as by the effects of 

DNA topology on transcription of genes during the transition from anaerobic to aerobic growth (107). 

Polyamines have previously been shown to impact DNA topology (148).  

Several genes are involved in the biosynthesis and metabolism of polyamines (58). Transport 

of polyamines is catalyzed by two ABC-transporters (58). The genes constituting the potABCD 

operon (encoding the spermidine/putrescine transport system) are required for the preferential 

transport of spermidine, while genes comprising the potFGHI operon (encoding the putrescine 

transport system) are required for the specific transport of putrescine (58). Our results show that most 

of the potAB and potFG were significantly repressed by ArcA, while the potE, speF, and cadB were 

significantly activated by ArcA. Other genes involving the polyamine metabolism pathway (58) were 

not significantly regulated by ArcA including, ldcC, speABCDE, cadA, and cadC. Anaerobically, speF 

and potE, two genes homologous to those in E. coli, were also negatively regulated by ArcA in H. 

influenzae (161) and thus may play a role in the resistance to oxidative stress conditions. Therefore, 

since the two polyamine transport systems that require ATP for uptake were down-regulated by ArcA, 

it is most likely that under our conditions of anaerobiosis, ArcA is activating the transport of putrescine 

and ornithine via non-ATP requiring symport/anti-port systems (PotE) to conserve energy and to help 

prepare the cell for when it again transitions to aerobic conditions. Putrescine also serves as an 

osmoprotectant for the cell (97). Previous observations have shown that consumption of intracellular 

putrescine was reflected in an increased transcription of otsA, otsB, osmY, and proP, which serve to 
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function in osmotic protection of the cell (107). Our results indeed show that otsA, otsB were 

significantly repressed, while osmY and proP were not significantly repressed by ArcA.  

In addition to the genes mentioned above involved in the generation of ROI or resistance to 

oxidative stress as well as the role of ArcA to optimize ananerobic metabolic fluxes in the cell, there is 

also the potential for ArcA to provide defense against exposure to toxic oxidants. Consistent with this 

hypothesis, ArcA is known to essential for the resistance of S. Enteritidis to RNI and ROI by an 

unknown mechanism (85). Our results (Figure 9) are in agreement with those of Lu et al. (85) as 

there is a survival disadvantage of the arcA mutant compared with the WT when exposed to H2O2. 

Furthermore, a H. influenzae arcA mutant also showed a decrease in survivors relative to the WT 

when cells were aerobically exposed to H2O2 (161), although, the effects were not as dramatic as 

those seen in our study on S. Typhimurium (Figure 9). 

Overlapping global regulation by ArcA and FNR 

 Under the same experimental conditions and statistical constraints as those used with the 

FNR deficient strain (37), we found that ArcA directly or indirectly regulates 392 genes. ArcA and 

FNR shared 120 genes that were regulated in a similar fashion. The numbers of genes solely 

regulated by either ArcA or FNR were 272 and 191, respectively (Figure 11). The 120 genes that 

were regulated in similar fashion by either of ArcA or FNR included those involved in cytochrome c 

oxidases (cyoABCDE), glutamate/aspartate transport (gltlJKL), dipeptide transport (dppABCDF), 

succinyl-CoA synthetase – α & β subunits (sucDC), tricarboxylic transport (STM2786, STM2787, 

STM2788), L-lactate transport and metabolism (lldPRD), nitrite reductase (nrfAB), 2-dexoyribose-5-

phosphate aldolase (deoC), thymidine phosphorylase (deoA), ethanolamine utilization, and several 

genes involving flagellar biosynthesis, motility, and chemotaxis. 

 The gene coding for a putative fructose-1, 6-bisphosphate aldolase (yneB) was identified as 

being regulated by ArcA or FNR, however it was significantly repressed by ArcA and was significantly 

activated by FNR. There is a lack of information in the literature regarding yneB, although, there have 

been studies reporting attenuation of virulence in Salmonella strains carrying mutations in genes  
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involving sugar transport and metabolism (i. e., mlc, pts, zwf, crr, cya, and crp) (74, 81, 88, 117). The 

paucity of phosphorylation of several response regulators may also be reflected in sugar transport 

systems that require phosphorylation of a sugar during transmembrane translocation, such as PTS 

systems.  

Due to the similarities of the genomes of E. coli and S. Typhimurium being about 75-80% (91) 

we decided to conduct a further comparative analysis of the microarray data from our study with 

another from an arcA mutant in E. coli (119). The two organisms seem to have conserved ArcA 

regulation among genes associated with the TCA cycle, metabolism, and ribosomal proteins 

(Appendix C). However, it must be noted that the two studies were carried-out under slightly different 

conditions (119), which may lead to differences when comparing the two regulons. In spite of 

experimental differences among the two, the target sequences of ArcA proteins of E. coli and S. 

Typhimurium share a high level of similarity.   
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Figure 11: Venn diagram representing the number of genes regulated by FNR and by ArcA in anaerobically grown S.  
Typhimurium. 
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When comparing both the regulons of ArcA and FNR from our data in S. Typhimurium to the regulons 

of ArcA and FNR in E. coli (118) one can see that the overlapping similarities between the regulons of 

these two organisms is associated with the TCA cycle, metabolism, and ethanolamine utilization.  

In a recent study, we demonstrated that the oxygen sensing, global regulator, FNR 

participates in coordinating anaerobic metabolism, flagellar biosynthesis, motility, chemotaxis, and 

virulence in S. Typhimurium. We determined that a mutation in FNR was non-motile and attenuated in 

vivo (37). Herein, we present the first report on the role of the two-component regulator, ArcA in the 

global response to oxygen in Salmonella. Our data clearly demonstrate that ArcA serves, directly or 

indirectly, as a regulator/modulator of genes involved in aerobic/anaerobic energenic metabolism and 

motility. Therefore, we hypothesize that FNR plays a more heirarchical role than ArcA in 

pathogenesis and during the transition between aero- and anaerobiosis in the host. Furthermore, 

when comparing the motility and virulence results from our work on FNR (37) to those in the current 

study on ArcA, we show that the lack of motility does not necessarily correspond to the lack of 

virulence in S. Typhimurium.  
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Appendix A. Plasmid map of the parcA construct. 
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Appendix B.  Differentially expressed genes and the presence/absence of putative ArcA-binding motifs in their 5’ regions.  
 

Locusa Categoryb Namec STM Gene Functiond t valuee DFf Prob tg Ratioh Strandi Startj Endk  Sequencel Scorem ln(P)n 

PSLT019   pefB plasmid-encoded fimbriae; regulation -7.700 10.00 2.00E-05 -2.74 R 77 91 ttttGTACATGAAAAGACAtata 4.35 -7.12 

PSLT042   PSLT042 putative integrase protein; K07494 putative 
transposase 12.670 6.00 2.00E-05 3.62             

PSLT047   PSLT047 putative cytoplasmic protein 10.550 5.00 8.00E-05 5.07 D 306 320 tggtGTTAATGCTAATGTAcgca 7.49 -9.51 

PSLT048   tlpA alpha-helical coiled-coil protein 8.903 6.00 1.00E-04 2.78 R 123 137 tggtGTTAATGCTAATGTAcgca 7.49 -9.51 

PSLT049   PSLT049 putative DNA polymerase III epsilon subunit (3'-5' 
exonuclease) 8.612 6.00 2.00E-04 2.67             

PSLT050   PSLT050 hypothetical protein 11.630 9.00 1.00E-06 2.59             

PSLT076   traY DNA-binding protein -4.050 5.00 9.00E-03 -2.62 D 342 356 ttgtGTTAAGTGAATGTTAatta 9.87 -11.91 

PSLT088   traC ATP-binding protein 3.950 7.00 6.00E-03 2.98             

PSLT106   PSLT106 homologue of mvpA, Shigella flexneri 10.920 6.00 3.00E-05 2.65             

R460032       -3.540 4.00 2.20E-02 -4.50             

STM0001 E thrL thr operon leader peptide; K08278 thr operon 
leader peptide -9.620 9.00 3.00E-06 -3.45 R 261 275 ctaaGTCAATAAATTTTTAaatt 6.38 -8.6 

STM0002 E thrA 
aspartokinase I , bifunctional enxyme N-terminal is 

aspartokinaseI and C-terminal is homoserine 
dehydrogenase I 

-18.500 10.00 7.00E-09 -3.79 R 114 128 ctaaGTCAATAAATTTTTAaatt 6.38 -8.6 

STM0018 G STM0018 putative exochitinase 4.248 6.00 6.00E-03 5.04 D 121 135 gataTTTAATTACATGATAaatg 6.8 -8.94 

STM0039 P nhaA 
NhaA familiy of transport protein, Na+/H antiporter, 
pH dependent; K03313 Na+:H+ antiporter, NhaA 

family 
31.350 10.00 3.00E-11 4.01             

STM0040 K nhaR 
transcriptional activator of nhaA (LysR family); 
K03717 LysR family transcriptional regulator, 

transcriptional activator of nhaA 
9.851 6.00 1.00E-04 2.62             

STM0068 - caiF transcriptional regulator of cai and fix operon; 
K08277 transcriptional activator CaiF -24.000 9.00 2.00E-09 -2.85             

STM0096 K hepA 
RNA polymerase associated protein, putative SNF2 

family RNA helicase [EC:3.6.1.-]; K03580 ATP-
dependent helicase HepA 

8.530 6.00 2.00E-04 2.90 R 358 372 cagcGTTGACCAAGTGTAAaagg 5.45 -7.89 

STM0169 G gcd glucose dehydrogenase [EC:1.1.5.2]; K00117 
quinoprotein glucose dehydrogenase 9.930 7.00 3.00E-05 3.05 D 293 307 acatGTTAATTCCTATACTtaat 4.73 -7.38 
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STM0175 N stiC putativie fimbrial usher 4.877 10.00 7.00E-04 2.71             

STM0256 K yafC putative transcriptional regulator 4.564 6.00 4.00E-03 2.60             

STM0289 S STM0289 putative cytoplasmic protein 2.437 7.00 4.50E-02 4.47             

STM0309 I yafH putative acyl-CoA dehydrogenase [EC:1.3.99.-]; 
K06445 acyl-CoA dehydrogenase 8.622 5.00 3.00E-04 6.19 D 263 277 ttttGTAAACACATTGCTAaaaa 4.21 -7.02 

STM0314   STM0314 
pseudogene; frameshift relative to Escherichia coli 

probable peptide chain release factor 
(GB:AAC73340.1) 

11.630 10.00 4.00E-07 2.97             

STM0315 J prfH putative peptide chain release factor; K02839 
peptide chain release factor RF-H 5.763 7.00 8.00E-04 4.00             

STM0356 G STM0356 putative inner membrane protein; K08178 MFS 
transporter, SHS family, lactate transporter 11.220 6.00 2.00E-05 4.71 D 177 191 ctttGTTAATAATATGTAAtgat 11.2 -13.81 

STM0398 T phoR 

sensory kinase in two-component regulatory system 
with PhoB, regulates pho regulon [EC:2.7.13.3]; 
K07636 two-component system, OmpR family, 

phosphate regulon sensor histidine kinase PhoR 

7.498 7.00 2.00E-04 4.03             

STM0439 H cyoE 
protohaeme IX farnesyltransferase (haeme O 

biosynthesis) [EC:2.5.1.-]; K02301 protoheme IX 
farnesyltransferase 

7.042 6.00 5.00E-04 4.79             

STM0440 C cyoD 
cytochrome o ubiquinol oxidase subunit IV; K02300 

cytochrome o ubiquinol oxidase operon protein 
cyoD 

14.490 6.00 7.00E-06 5.76 R 100 114 taccGTTAACAATCAGGTGatgg 4.54 -7.24 

STM0441 C cyoC 
cytochrome o ubiquinol oxidase subunit III 

[EC:1.10.3.-]; K02299 cytochrome o ubiquinol 
oxidase subunit III 

12.690 6.00 1.00E-05 5.47             

STM0442 C cyoB 
cytochrome o ubiquinol oxidase subunit I 

[EC:1.10.3.-]; K02298 cytochrome o ubiquinol 
oxidase subunit I 

3.676 5.00 1.30E-02 3.58 R 206 220 atttGTTAATAACGTCCTTgaac 4.31 -7.09 

STM0443 C cyoA 
cytochrome o ubiquinol oxidase subunit II 

[EC:1.10.3.-]; K02297 cytochrome o ubiquinol 
oxidase subunit II 

4.233 5.00 7.00E-03 3.68 D 100 114 aattGTTAAGTAATTGTTTtatt 8.9 -10.81 

STM0467   ffs signal recognition particle, RNA component; 
K01983 component of ribonucleoprotein particle -4.770 6.00 3.00E-03 -3.35             

STM0581 K STM0581 putative regulatory protein 8.655 6.00 1.00E-04 5.65             

STM0582 - ybdJ putative inner membrane protein 4.630 6.00 3.00E-03 3.59 R 330 344 ctttGTTAAACGTAAGTTAaaac 5.21 -7.71 
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STM0600 T cstA carbon starvation protein; K06200 carbon starvation 
protein 3.613 5.00 1.50E-02 2.66 D 280 294 tgttGTTAATTACGGTAAAggtg 6.38 -8.6 

STM0634 K ybeF putative transcriptional regulator 4.939 7.00 1.00E-03 2.80             

STM0650 G STM0650 putative hydrolase C-terminus [EC:4.2.1.7]; K01685 
altronate hydrolase -14.300 5.00 2.00E-05 -8.13             

STM0662 E gltL 

ABC superfamily (atp_bind), glutamate/aspartate 
transporter [EC:3.6.3.-]; K10004 

glutamate/aspartate transport system ATP-binding 
protein 

20.990 5.00 4.00E-06 12.11             

STM0663 E gltK 
ABC superfamily (membrane), glutamate/aspartate 
transporter; K10002 glutamate/aspartate transport 

system permease protein 
23.800 6.00 8.00E-07 7.23 R 130 144 ccagGTTCATCATCTCTGAcgtc 5.88 -8.21 

STM0664 E gltJ 
ABC superfamily (membrane), glutamate/aspartate 
transporter; K10003 glutamate/aspartate transport 

system permease protein 
26.970 5.00 8.00E-07 8.47             

STM0665 E gltI 
ABC superfamily (bind_prot), glutamate/aspartate 
transporter; K10001 glutamate/aspartate transport 

system substrate-binding protein 
4.031 5.00 1.00E-02 4.52 D 268 282 aaatGTTAACAAACACACAtaac 7.05 -9.14 

STM0699 R STM0699 putative cytoplasmic protein -6.180 5.00 2.00E-03 -4.88             

STM0700 E potE APC family, putrescine/ornithine antiporter; K03756 
putrescine:ornithine antiporter -4.710 5.00 5.00E-03 -3.94             

STM0701 E speF ornithine decarboxylase isozyme [EC:4.1.1.17]; 
K01581 ornithine decarboxylase -4.700 5.00 5.00E-03 -3.95             

STM0729 R abrB putative transport protein 5.904 5.00 1.00E-03 2.56             

STM0738 C sucC succinyl-CoA synthetase, beta subunit [EC:6.2.1.5]; 
K01903 succinyl-CoA synthetase beta chain 3.304 5.00 2.00E-02 2.84             

STM0739 C sucD 
succinyl-CoA synthetase, alpha subunit 

[EC:6.2.1.5]; K01902 succinyl-CoA synthetase 
alpha chain 

4.378 5.00 7.00E-03 3.65 R 354 368 ctttATTAATTAAAACGGAcatt 5.51 -7.93 

STM0790   hutU pseudogene; frameshift relative to Pseudomonas 
putida urocanate hydratase; HUTU (SW:P25080) 4.524 5.00 6.00E-03 5.72    

  

    

STM0791 E hutH histidine ammonia lyase [EC:4.3.1.3]; K01745 
histidine ammonia-lyase 11.020 5.00 9.00E-05 6.57 D 380 394 ggcaGTTAAGTCTCTCTCAactg 6.06 -8.35 

STM0793 H bioA 
7,8-diaminopelargonic acid synthetase 

[EC:2.6.1.62]; K00833 adenosylmethionine-8-
amino-7-oxononanoate aminotransferase 

4.169 8.00 3.00E-03 2.59 R 327 341 acttGTAAACCAAATTAAAaaga 5.55 -7.97 
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STM0813 R ybhP putative cytoplasmic protein 8.455 9.00 2.00E-05 3.04          

STM0837 S ybiS putative periplasmic protein 11.830 9.00 8.00E-07 2.79          

STM0838 R ybiT putative ABC transporter ATPase component 9.439 5.00 1.00E-04 2.82          

STM0841 - ybiU putative cytoplasmic protein 18.210 7.00 3.00E-07 3.04 R 270 284 taagGTTAATGCAAGTTTAaaat 7.89 -9.87 

STM0842 R ybiV(1) putative hydrolase of the HAD superfamily 
[EC:3.1.3.23]; K07757 sugar-phosphatase 7.853 6.00 3.00E-04 3.20 D 156 170 taagGTTAATGCAAGTTTAaaat 7.89 -9.87 

STM0858 C STM0858 putative dehydrogenase [EC:1.5.5.1]; K00311 
electron-transferring-flavoprotein dehydrogenase 3.549 7.00 9.00E-03 3.04 D 25 39 cgcgGGTAACTATAATAGAatgc 5.91 -8.23 

STM0877 E potF 
ABC superfamily (peri_perm), putrescine 

transporter; K02055 spermidine/putrescine 
transport system substrate-binding protein 

7.479 9.00 3.00E-05 2.73 R 57 71 aaagGTTAATAGCAGCATAaaaa 5.12 -7.65 

STM0878 E potG 
ABC superfamily (atp_bind), putrescine transporter 

[EC:3.6.3.31]; K02052 spermidine/putrescine 
transport system ATP-binding protein 

9.123 7.00 4.00E-05 4.98 R 258 272 taccGTTAATAAATTACTTaccg 4.16 -6.99 

STM0907 R aSTM0907 Fels-1 prophage; putative chitinase; K03791 
putative chitinase -6.570 9.00 8.00E-05 -2.79          

STM0914 - STM0914 putative phage tail component 8.090 6.00 1.00E-04 5.36             

STM0915 - STM0915 hypothetical protein 5.616 5.00 2.00E-03 4.36             

STM0916 - STM0916 putative major tail protein 12.750 5.00 4.00E-05 18.36             

STM0917 - STM0917 putative minor tail protein 7.770 6.00 4.00E-04 4.23             

STM0925 - STM0925 putative host-specificity protein 18.500 7.00 7.00E-07 12.19             

STM0927 - STM0927 Fels-1 prophage; putative tail assembly protein 11.710 5.00 8.00E-05 47.13 D 310 324 cacgGTTAAAAACATTGCAttta 4.66 -7.33 

STM0935 E poxB pyruvate dehydrogenase [EC:1.2.2.2]; K00156 
pyruvate dehydrogenase (cytochrome) 13.410 8.00 8.00E-07 2.90             

STM0950 Q STM0950 SlsA -9.020 7.00 5.00E-05 -2.75 R 222 236 atcgGTTCATTCAGTGGCTcgcc 5.51 -7.93 

STM0952 K STM0952 putative transcriptional regulator 9.371 10.00 3.00E-06 2.59 R 161 175 gttcGTTCACTCTTTTCTTatca 4.72 -7.37 

STM0980 F cmk cytidine monophosphate (CMP) kinase 
[EC:2.7.4.14]; K00945 cytidylate kinase 7.953 8.00 4.00E-05 2.52             

STM1029 - STM1029 hypothetical protein 5.354 8.00 8.00E-04 2.62             

STM1034 - STM1034 putative RecA/RadA recombinase 6.861 6.00 3.00E-04 2.72             

STM1041 S STM1041 probable minor tail protein 4.872 5.00 5.00E-03 16.54             
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STM1046 R aSTM1046 probable tail assembly protein 2.496 9.00 3.50E-02 2.54 R 328 342 acctGTTAAGACAGTTTGTtgat 4.2 -7.02 

STM1050 - STM1050 tail fiber assembly like-protein 8.066 5.00 5.00E-04 65.10 D 310 324 cacgGTTAAAAACATTGCAttta 4.66 -7.33 

STM1052   STM1052 pseudogene; in-frame stop following codon 112 10.830 5.00 1.00E-04 16.23             

STM1060 R STM1060 putative iron-sulfur protein 6.426 6.00 6.00E-04 2.75             

STM1101 Q hpaG 

putative bifunctional enzyme 2-hydroxyhepta-2,4-
diene-1,7-dioatesomerase / 5-carboxymethyl-2-oxo-

hex-3-ene-1,7-dioatedecarboxylase protein 
[EC:4.1.1.68 5.3.3.-]; K05921 5-oxopent-3-ene-

1,2,5-tricarboxylate decarboxylase / 2-
hydroxyhepta-2,4-di • • • 

5.399 7.00 1.00E-03 3.37 D 233 247 tattGTTAATCACATCACAaata 7.28 -9.34 

STM1122 K ycdC putative transcriptional repressor; K09017 
TetR/AcrR family transcriptional regulator 7.062 6.00 4.00E-04 2.74             

STM1123 S STM1123 putative periplasmic protein 10.060 7.00 1.00E-05 2.91 D 300 314 tgtgGTTAATTAAGGCTCCgtca 4.15 -6.98 

STM1124   putA 

bifunctional in plasma membrane proline 
dehydrogenase and pyrroline-5-carboxylate 

dehydrogenase OR in cytoplasm a transcriptional 
repressor [EC:1.5.1.12 1.5.99.8]; K00294 1-

pyrroline-5-carboxylate dehydrogenase; K00318 
proline dehydrogenase 

4.010 5.00 1.00E-02 4.49       

  

    

STM1125 E putP SSS family, major sodium/proline symporter; 
K03307 solute:Na+ symporter, SSS family 21.910 5.00 3.00E-06 8.50 D 117 131 ggtaGTTAACACTTTTAAAaggt 7.08 -9.16 

STM1129 G STM1129 
putative N-acylglucosamine-6-phosphate 2-

epimerase [EC:5.1.3.9]; K01788 N-
acylglucosamine-6-phosphate 2-epimerase 

-6.360 6.00 9.00E-04 -3.77             

STM1130 S STM1130 putative inner membrane protein -6.120 5.00 1.00E-03 -3.50 D 236 250 acatGATAACTCCATGTAAttat 5.84 -8.19 

STM1131 - STM1131 putative outer membrane protein -8.620 10.00 7.00E-06 -3.15             

STM1132 G STM1132 putative sialic acid transporter -10.100 7.00 3.00E-05 -3.21             

STM1133 R STM1133 putative dehydrogenase -19.200 10.00 3.00E-09 -2.59             

STM1138 - ycdZ putative inner membrane protein -15.500 5.00 2.00E-05 -13.16 R 306 320 tgcaGTTAAGGGTGATTTAcatc 4.42 -7.16 

STM1139 M csgG 
putative transcriptional regulator in curly 

assembly/transport, 2nd curli operon; K06214 curli 
production assembly/transport component CsgG 

-16.100 9.00 5.00E-08 -4.22 D 156 170 gcttGTTGACCAATATTAAtacc 4.65 -7.32 
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STM1171 N flgN 
flagellar biosynthesis: belived to be export 

chaperone for FlgK and FlgL; K02399 flagella 
synthesis protein FlgN 

-25.600 6.00 3.00E-07 -5.43 R 363 377 tctgGTCAAGTATTTCTGAcaaa 4.05 -6.92 

STM1172 K flgM 
anegative regulator of flagellin synthesis (anti-sigma 

factor); K02398 negative regulator of flagellin 
synthesis FlgM 

-11.900 5.00 6.00E-05 -6.13 R 239 253 atagGTTAATAAGAATATTccca 5.05 -7.6 

STM1183 N flgK flagellar biosynthesis, hook-filament junction protein 
1; K02396 flagellar hook-associated protein 1 FlgK -7.380 7.00 2.00E-04 -2.75             

STM1184 N flgL 
flagellar biosynthesis; hook-filament junction 

protein; K02397 flagellar hook-associated protein 3 
FlgL 

-10.100 5.00 1.00E-04 -2.90             

STM1203 G ptsG 

Sugar Specific PTS family, glucose-specific 
IIBCcomponent [EC:2.7.1.69]; K02778 PTS system, 

glucose-specific IIB component; K02779 PTS 
system, glucose-specific IIC component 

5.111 7.00 1.00E-03 2.65       

  

    

STM1214 - ycfR putative outer membrane protein 6.504 6.00 7.00E-04 7.20 D 303 317 gatcGTTAAGTTAATGCTTacga 4.8 -7.42 

STM1225 E potB 

ABC superfamily (membrane), 
spermidine/putrescine transporter; K02054 

spermidine/putrescine transport system permease 
protein 

6.305 9.00 2.00E-04 3.06             

STM1226 E potA 

ABC superfamily (atp_bind), spermidine/putrescine 
transporter [EC:3.6.3.31]; K02052 

spermidine/putrescine transport system ATP-
binding protein 

7.805 6.00 3.00E-04 3.23 R 298 312 tgtgGTTAACCACCTTAATcact 4.34 -7.11 

STM1246 M pagC putative outer membrane protein; K07804 putatice 
virulence related protein PagC 18.780 5.00 4.00E-06 4.10 D 163 177 accgGTTACCTAAATGAGCgata 4.08 -6.94 

STM1279 K yeaM putative regulatory protein 5.438 7.00 1.00E-03 2.57             

STM1300 - STM1300 putative periplasmic protein -6.170 5.00 2.00E-03 -5.05             

STM1301 L STM1301 putative mutator MutT protein [EC:3.6.1.-]; K08320 
CTP pyrophosphohydrolase -6.490 8.00 2.00E-04 -3.08             

STM1303 E astC 
succinylornithine transaminase, also has 

acetylornitine transaminase activity [EC:2.6.1.81]; 
K00840 succinylornithine aminotransferase 

10.050 5.00 1.00E-04 15.60 R 311 325 taaaGTTATTTATATGTTAatta 8.94 -10.86 

STM1304 E astA arginine succinyltransferase [EC:2.3.1.109]; 
K00673 arginine N-succinyltransferase 13.790 6.00 1.00E-05 7.09             

STM1305 C astD 
succinylglutamic semialdehyde dehydrogenase 

[EC:1.2.1.71]; K06447 succinylglutamic 
semialdehyde dehydrogenase 

6.366 7.00 4.00E-04 5.32             
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STM1306 E astB succinylarginine dihydrolase [EC:3.5.3.23]; K01484 
succinylarginine dihydrolase 8.493 5.00 3.00E-04 2.88 D 154 168 gatcGTTAACTGGAATAAAccgc 5.31 -7.79 

STM1324 S STM1324 putative cytoplasmic protein -11.100 10.00 7.00E-07 -2.82             

STM1328 S STM1328 putative outer membrane protein; K09953 
hypothetical protein 10.950 6.00 2.00E-05 2.59             

STM1367 - ydiH putative cytoplasmic protein 10.450 9.00 3.00E-06 3.10             

STM1368 R STM1368 putative Na+-dicarboxylate symporter 7.279 9.00 4.00E-05 2.74             

STM1459 C STM1459 putative oxidoreductase, inner membrane protein; 
K03617 electron transport complex protein RnfA 6.699 8.00 2.00E-04 3.31 R 276 290 acagGTTAACTGTAGGGTTatta 6.45 -8.66 

STM1518 - marB multiple antibiotic resistance protein 5.373 6.00 1.00E-03 3.04 D 39 53 gagcGTTCAGGATATTCCAaatg 4.93 -7.51 

STM1519 - marA transcriptional activator 16.570 6.00 7.00E-06 7.13             

STM1520 K marR 
transcriptional repressor of marRAB operon, 

multiple antibiotic resistance protein; K03712 MarR 
family transcriptional regulator 

18.970 6.00 1.00E-06 6.30 R 278 292 ataaGTCAACTAAATGAATtggc 6.38 -8.6 

STM1538 C STM1538 hydrogenase large chain [EC:1.12.99.6]; K06281 
hydrogenase large subunit 13.820 8.00 9.00E-07 3.87             

STM1539 C STM1539 hydrogenase small chain [EC:1.12.99.6]; K06282 
hydrogenase small subunit 12.180 10.00 3.00E-07 3.32 R 193 207 ataaATTAATTTAATGTTAttgg 5.39 -7.84 

STM1548 - STM1548 putative S-adenosylmethionine/tRNA-
ribosyltransferase-isomerase 3.741 8.00 5.00E-03 2.54             

STM1625 K ydcI putative transcriptional regulator 25.840 8.00 8.00E-09 6.35 D 270 284 aaatGTTAATAATATTTTGctat 7.1 -9.18 

STM1668 - STM1668 hypothetical protein 3.852 9.00 4.00E-03 3.40             

STM1712 C acnA aconitate hydratase [EC:4.2.1.3]; K01681 aconitate 
hydratase 1 3.442 5.00 1.80E-02 2.70 D 260 274 ggttGTTATCAAAACGTTAcatt 4.75 -7.4 

STM1728 R yciG putative cytoplasmic protein 17.160 6.00 3.00E-06 8.26 R 90 104 aaacGTTAATGCATTGTTTgttg 7.48 -9.5 

STM1729 S yciF putative cytoplasmic protein 10.940 8.00 7.00E-06 5.94             

STM1730 S yciE putative cytoplasmic protein 15.240 6.00 7.00E-06 14.20 R 352 366 taatGTTCAGTATAATTCAtttt 7.64 -9.64 

STM1731 P STM1731 putative catalase; K07217 Mn-containing catalase 9.255 8.00 2.00E-05 5.12             

STM1771 P chaA CaCA family, sodium-calcium/proton antiporter; 
K07300 Ca2+:H+ antiporter 6.660 10.00 7.00E-05 2.81 R 315 329 aggtGTTAATATTTTGGAAagag 5.43 -7.87 

STM1786 C STM1786 hydrogenase small chain [EC:1.12.99.6]; K06282 
hydrogenase small subunit 8.131 6.00 2.00E-04 3.47 R 157 171 tcggATTAACGATAAGAAAcaat 4.87 -7.48 
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STM1788 C STM1788 
putative Ni/Fe-hydrogenase 1 b-type cytochrome 

subunit; K03620 Ni/Fe-hydrogenase 1 B-type 
cytochrome subunit 

12.240 7.00 4.00E-06 3.31 D 335 349 aagcGTTAAGGAAAAGAACgatg 4.51 -7.22 

STM1790 - STM1790 putative thiol-disulfide isomerase and thioredoxins; 
K03619 hydrogenase-1 operon protein HyaE 5.973 6.00 1.00E-03 2.67       

  

    

STM1791 - STM1791 putative hydrogenase-1 protein; K03618 
hydrogenase-1 operon protein HyaF 8.041 8.00 4.00E-05 2.62             

STM1795 E STM1795 
putative glutamic dehyrogenase-like protein 

[EC:1.4.1.3]; K00261 glutamate dehydrogenase 
(NAD(P)+) 

3.863 5.00 1.10E-02 4.04 R 230 244 agtgGTTAACTATCCGCTAtaag 5.99 -8.29 

STM1802 M dadX alanine racemase 2, catabolic [EC:5.1.1.1]; K01775 
alanine racemase 8.923 5.00 3.00E-04 8.23             

STM1803 E dadA D-amino acid dehydrogenase subunit [EC:1.4.99.1]; 
K00285 D-amino-acid dehydrogenase 6.878 5.00 1.00E-03 10.52 D 300 314 ctggGTTATCAAGATGTAAtcag 4.23 -7.04 

STM1817 J rnd RNase D, processes tRNA precursor [EC:3.1.26.3]; 
K03684 ribonuclease D 10.430 5.00 1.00E-04 3.34             

STM1818 I fadD 
acyl-CoA synthetase (long-chain-fatty-acid--CoA 

ligase) [EC:6.2.1.3]; K01897 long-chain fatty-acid-
CoA ligase 

20.040 6.00 1.00E-06 6.67 D 276 290 ctgaGTTAATATAATGTTAacga 8.58 -10.5 

STM1834 S yebN putative transport protein 5.337 5.00 3.00E-03 5.70             

STM1835 Q rrmA 
23S rRNA m1G745 methyltransferase 

[EC:2.1.1.51]; K00563 rRNA (guanine-N1-)-
methyltransferase 

6.278 10.00 1.00E-04 3.20 R 347 361 acagGTAAACGACATGACAactc 4.49 -7.21 

STM1850 J yebU putative rRNA methyltransferase 9.387 6.00 1.00E-04 2.52             

STM1851 - STM1851 putative cytoplasmic protein 8.928 5.00 2.00E-04 3.47             

STM1857 K STM1857 putative acetyltransferase 8.483 9.00 2.00E-05 4.17 R 287 301 ataaGTTAATTAAATGTATcaat 11.15 -13.72 

STM1867 - pagK PhoPQ-activated gene; K07801 hypothetical protein 
PagK 4.758 5.00 4.00E-03 2.64 D 228 242 ttaaGTTAAATATTTTATAaatg 6.8 -8.94 

STM1868 R mig-3 phage-tail assembly-like protein 10.800 7.00 1.00E-05 3.38             

STM1880 S yebE putative inner membrane protein 7.395 5.00 5.00E-04 2.72             

STM1881 - yebF putative periplasmic protein 19.300 6.00 8.00E-07 4.06             

STM1882 S yebG DNA damage-inducible protein; K09918 
hypothetical protein 10.330 6.00 3.00E-05 3.50             
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STM1896 - STM1896 putative cytoplasmic protein 12.800 8.00 2.00E-06 6.88             

STM1916 T cheY 

chemotaxis regulator, transmits chemoreceptor 
signals to flagelllar motor components; K03413 two-

component system, chemotaxis family, response 
regulator CheY 

-6.570 6.00 8.00E-04 -3.11       

  

    

STM1917 N cheB 

protein-glutamate methylesterase [EC:3.1.1.61]; 
K03412 protein-glutamate methylesterase, two-
component system, chemotaxis family, response 

regulator CheB 

-10.400 5.00 9.00E-05 -3.10 D 118 132 ctccGTTAATTTATTGGAAaagc 7.13 -9.2 

STM1918 N cheR 
chemotaxis protein methyltransferase [EC:2.1.1.80]; 

K00575 chemotaxis protein methyltransferase 
CheR 

-13.400 7.00 5.00E-06 -3.01             

STM1919 N cheM 
methyl accepting chemotaxis protein II, aspartate 

sensor-receptor; K05875 methyl-accepting 
chemotaxis protein II, aspartate sensor receptor 

-8.290 6.00 3.00E-04 -3.83 R 345 359 tacgGTTAAACATAAGGCAcctt 5.42 -7.86 

STM1920 N cheW purine-binding chemotaxis protein; regulation; 
K03408 purine-binding chemotaxis protein CheW -7.070 6.00 5.00E-04 -2.94             

STM1922 N motB Chemotaxis MotB protein; K02557 chemotaxis 
MotB protein -10.400 6.00 3.00E-05 -3.16             

STM1923 N motA proton conductor component of motor, torque 
generator; K02556 chemotaxis MotA protein -14.900 5.00 2.00E-05 -3.95             

STM1927 T yecG putative universal stress protein -6.260 6.00 1.00E-03 -2.59 R 47 61 tactGTTTACTAAAGGTAAaata 7.3 -9.35 

STM1928 G otsA 
trehalose-6-phosphate synthase [EC:2.4.1.15]; 

K00697 alpha,alpha-trehalose-phosphate synthase 
(UDP-forming) 

7.857 6.00 2.00E-04 3.30             

STM1929 G otsB trehalose-6-phosphate phophatase, biosynthetic 
[EC:3.1.3.12]; K01087 trehalose-phosphatase 11.340 6.00 3.00E-05 2.95             

STM1950 K sdiA 
transcriptional regulator of ftsQAZ gene cluster 

(LuxR/UhpA family); K07782 LuxR family 
transcriptional regulator 

-7.540 5.00 6.00E-04 -3.47 R 189 203 cgagGTTAATAATCTGGCAgaat 8.27 -10.21 

STM1955 - fliZ putative regulator of FliA; K02425 FliZ protein -9.300 6.00 9.00E-05 -3.31 D 160 174 tggtGTTAACGCTGTATTAccag 4.18 -7.01 

STM1956 K fliA 

sigma F (sigma 28) factor of RNA polymerase, 
transcription of late flagellar genes (class 3a and 3b 
operons); K02405 RNA polymerase sigma factor for 

flagellar operon FliA 

-4.730 6.00 4.00E-03 -2.58 D 351 365 tatcGTGAATTCACTGTATaccg 4.16 -6.99 
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STM1961 O fliS flagellar biosynthesis; repressor of class 3a and 3b 
operons (RflA activity); K02422 flagellar protein FliS -7.280 6.00 3.00E-04 -2.59             

STM2001 S yeeI putative inner membrane protein; K09933 
hypothetical protein -9.050 7.00 4.00E-05 -3.04             

STM2036 K pocR Propanediol utilization: transcriptional regulation, 
AraC family -12.200 5.00 5.00E-05 -4.10 R 322 336 ctcaGTTAATTTATTGTTAtaaa 8.58 -10.5 

STM2037 G pduF Propanediol utilization: propanediol diffusion 
facilitator -11.100 5.00 9.00E-05 -6.49             

STM2039 E pudB Propanediol utilization: polyhedral bodies -6.110 5.00 2.00E-03 -6.25             

STM2040 Q pduC glycerol dehydratase large subunit [EC:4.2.1.30]; 
K06120 glycerol dehydratase large subunit -4.470 5.00 6.00E-03 -3.50       

  

    

STM2041 - pduD 
Propanediol utilization: dehydratase, medium 

subunit [EC:4.2.1.30]; K06121 glycerol dehydratase 
medium subunit 

-6.200 5.00 2.00E-03 -6.62 D 227 241 tgcgGTTAATGACGTCAATgact 4.05 -6.92 

STM2042 Q pduE 
Propanediol utilization: dehydratase, small subunit 
[EC:4.2.1.30]; K06122 glycerol dehydratase small 

subunit 
-8.110 5.00 4.00E-04 -6.41             

STM2043 - pduG propanediol dehydratase reactivation protein -5.990 5.00 2.00E-03 -5.32             

STM2044 - pduH propanediol dehydratase reactivation protein -10.700 5.00 1.00E-04 -9.43             

STM2045 Q pduJ polyhedral body protein -14.800 5.00 2.00E-05 -11.49             

STM2046 Q pduK polyhedral body protein -16.300 5.00 1.00E-05 -10.53             

STM2047 Q pduL propanediol utilization protein -9.080 5.00 2.00E-04 -6.41             

STM2048 - pduM propanediol utilization protein -5.850 5.00 2.00E-03 -4.85             

STM2049 Q pduN polyhedral body protein -5.770 5.00 2.00E-03 -5.26 R 324 338 cctgCTTAATTAATTGAATattc 5.02 -7.58 

STM2050 S pduO propanediol utilization protein -10.700 5.00 1.00E-04 -5.49 R 39 53 cctgCTTAATTAATTGAATattc 5.02 -7.58 

STM2051 C pduP CoA-dependent propionaldehyde dehydrogenase -6.210 5.00 2.00E-03 -6.49             

STM2052 C pduQ Propanediol utilization: propanol dehydrogenase 
[EC:1.1.1.-]; K00100 -11.800 5.00 7.00E-05 -7.94 R 326 340 ctcaGTTAGCGAATAGAAAagcc 4.69 -7.35 

STM2053 C pduS polyhedral body protein -6.460 5.00 1.00E-03 -6.29             
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STM2054 Q pduT polyhedral body protein -8.930 6.00 9.00E-05 -5.26 D 344 358 agagGTTAACCATGTCTCAggct 7.1 -9.18 

STM2055 E pduU Propanediol utilization: polyhedral bodies -7.050 5.00 7.00E-04 -6.37             

STM2056 E pduV Propanediol utilization -7.290 5.00 6.00E-04 -4.81             

STM2057 C pduW Propanediol utilization: propionate kinase 
[EC:2.7.2.15]; K00932 propionate kinase -7.470 5.00 6.00E-04 -5.43             

STM2136 O yegQ putative protease [EC:3.4.-.-]; K08303 putative 
protease 8.753 7.00 5.00E-05 3.09             

STM2163 E yehX 

putative ABC-type proline/glycine betaine transport 
system, ATPase component; K05847 

osmoprotectant transport system ATP-binding 
protein 

9.990 10.00 2.00E-06 2.76             

STM2183 F cdd cytidine deaminase [EC:3.5.4.5]; K01489 cytidine 
deaminase -5.620 5.00 2.00E-03 -13.16             

STM2186 E STM2186 putative NADPH-dependent glutamate synthase 
beta chain or related oxidoreductase -4.710 5.00 5.00E-03 -4.00 R 186 200 atttGTTCCTTATATCATAataa 5.57 -7.98 

STM2187 F yeiA dihydropyrimidine dehydrogenase -4.630 5.00 5.00E-03 -3.92 D 353 367 tcatGTTAACAAAAGATTTgtct 5.01 -7.57 

STM2207 G setB proton efflux pump; K03291 MFS transporter, SET 
family, sugar efflux transporter 8.151 5.00 3.00E-04 8.13 D 236 250 ccctGGTAACAAACTGGAAtgct 4.99 -7.56 

STM2208 - STM2208 putative inner membrane protein 17.140 8.00 1.00E-07 5.98             

STM2209 - STM2209 putative inner membrane protein 4.319 7.00 3.00E-03 3.27             

STM2219 R yejF 

putative ATPase component of ABC-type transport 
system, contain duplicated ATPase domain; 

K02031 peptide/nickel transport system ATP-
binding protein; K02032 peptide/nickel transport 

system ATP-binding protein 

4.499 6.00 5.00E-03 4.13       

  

    

STM2220 - yejG putative cytoplasmic protein 12.940 10.00 2.00E-07 3.44 D 298 312 atgtGTTAATATAAATGTAagta 6.26 -8.5 

STM2241 S sspH2 leucine-rich repeat protein 11.670 5.00 6.00E-05 4.99             

STM2243 - STM2243 putative tail fiber protein of phage 13.580 7.00 4.00E-06 4.55             

STM2244 - STM2244 virulence protein 12.720 10.00 2.00E-07 3.28             

STM2314 T STM2314 
putative chemotaxis signal transduction protein 
[EC:2.7.3.-]; K03415 two-component system, 
chemotaxis family, response regulator CheV 

-12.100 5.00 6.00E-05 -5.75             

STM2315 R yfbK putative von Willebrand factor, vWF type A domain -6.500 7.00 3.00E-04 -2.93 R 202 216 aaaaGATAATTATATTTTTgagg 6.34 -8.57 

STM2340 G STM2340 putative transketolase [EC:2.2.1.1]; K00615 
transketolase 10.200 6.00 7.00E-05 4.24 D 268 282 agcaGTTAACGAATTCTCAccac 8.27 -10.2 
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STM2341 G STM2341 putative transketolase [EC:2.2.1.1]; K00615 
transketolase 13.120 6.00 1.00E-05 4.28 R 342 356 ttacGTTCATTCTTTCGCTccgc 4.24 -7.04 

STM2342 S STM2342 

PTS system, unknown pentitol phosphotransferase 
enzyme IIC component; K03475 PTS system, 

unknown pentitol phosphotransferase enzyme IIC 
component 

13.890 6.00 1.00E-05 4.45 R 120 134 tttcTTTAATACTTTTTTAatgt 4.11 -6.96 

STM2343 G STM2343 
putative sugar phosphotransferase component IIB 

[EC:2.7.1.69]; K02822 PTS system, unknown 
pentitol phosphotransferase enzyme IIB component 

12.450 7.00 5.00E-06 3.48             

STM2344 G STM2344 
putative phosphotransferase system [EC:2.7.1.69]; 

K02821 PTS system, unknown pentitol 
phosphotransferase enzyme IIA component 

14.500 7.00 2.00E-06 4.27 D 317 331 gtttGTTCATAATTTCATAcacc 7.23 -9.3 

STM2355 E argT 

ABC superfamily (bind_prot), 
lysine/arginine/ornithine transport protein; K10013 

lysine/arginine/ornithine transport system substrate-
binding protein 

9.254 5.00 2.00E-04 3.52 R 218 232 atttGTTAATAAAACGTTGcaat 5.07 -7.61 

STM2391 I fadL 
transport of long-chain fatty acids; sensitivity to 

phage T2; K06076 long-chain fatty acid transport 
protein 

26.330 5.00 6.00E-07 6.23 D 70 84 agtcGTTAATGGTGGGAAAcgcg 4.63 -7.31 

STM2401 M ddg lipid A biosynthesis lauroyl acyltransferase 4.514 7.00 3.00E-03 2.65             

STM2409 F nupC NUP family, nucleoside transport; K03317 
concentrative nucleoside transporter, CNT family -5.050 5.00 3.00E-03 -3.11 D 230 244 tacaGATCACTAATTTTGAatct 5.16 -7.68 

STM2454 K eutR 

putative regulator ethanolamine operon (AraC/XylS 
family); K04033 AraC family transcriptional 

regulator, ethanolamine operon transcriptional 
activator 

-13.000 5.00 4.00E-05 -5.32       

  

    

STM2455 Q eutK 
putative carboxysome structural protein, 

ethanolamine utilization; K04025 ethanolamine 
utilization protein EutK 

-16.200 6.00 5.00E-06 -4.81             

STM2456 E eutL 
putative carboxysome structural protein, 

ethanolamine utilization; K04026 ethanolamine 
utilization protein EutL 

-15.300 5.00 1.00E-05 -5.13             

STM2457 E eutC 
ethanolamine ammonia-lyase, light chain 

[EC:4.3.1.7]; K03736 ethanolamine ammonia-lyase 
small subunit 

-7.610 5.00 6.00E-04 -4.20             

STM2458 E eutB 
ethanolamine ammonia-lyase, heavy chain 

[EC:4.3.1.7]; K03735 ethanolamine ammonia-lyase 
large subunit 

-6.030 5.00 2.00E-03 -3.94             
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STM2459 E eutA 
CPPZ-55 prophage; chaperonin in ethanolamine 

utilization; K04019 ethanolamine utilization protein 
EutA 

-12.000 6.00 2.00E-05 -4.27             

STM2460 E eutH putative transport protein, ethanolamine utilization; 
K04023 ethanolamine transporter -10.200 6.00 8.00E-05 -3.76 D 15 29 gggcGTTAACCAATAAGAAatcg 4.65 -7.32 

STM2462 E eutJ putative ethanolamine utilization protein; K04024 
ethanolamine utilization protein EutJ -12.600 7.00 6.00E-06 -4.31             

STM2463 C eutE putative aldehyde oxidoreductase in ethanolamine 
utilization; K04021 aldehyde dehydrogenase -4.940 5.00 4.00E-03 -3.70             

STM2464 Q eutN putative detox protein in ethanolamine utilization; 
K04028 ethanolamine utilization protein EutN -11.000 5.00 7.00E-05 -6.29             

STM2465 Q eutM putative detox protein in ethanolamine utilization; 
K04027 ethanolamine utilization protein EutM -6.860 5.00 1.00E-03 -5.07             

STM2466 C eutD 
putative phosphotransacetylase in ethanolamine 

utilization; K04020 ethanolamine utilization protein 
EutD 

-11.000 6.00 6.00E-05 -6.13             

STM2467 E eutT 

putative cobalamin adenosyltransferase, 
ethanolamine utilization [EC:2.5.1.17]; K04032 

ethanolamine utilization cobalamin 
adenosyltransferase 

-5.560 5.00 3.00E-03 -4.35       

  

    

STM2468 E eutQ putative ethanolamine utilization protein; K04030 
ethanolamine utilization protein EutQ -5.130 5.00 4.00E-03 -5.05             

STM2469 E eutP putative ethanolamine utilization protein; K04029 
ethanolamine utilization protein EutP -7.430 5.00 7.00E-04 -6.85 D 323 337 gtgaGTTAACAAAAAGTTAattg 11.56 -14.46 

STM2470 E eutS 
putative carboxysome structural protein, ethanol 

utilization; K04031 ethanolamine utilization protein 
EutS 

-9.080 5.00 3.00E-04 -9.52 R 243 257 ggtaGATCACTAAGAGAAAgaaa 4.44 -7.18 

STM2511 R guaB inositol-5-monophosphate dehydrogenase 
[EC:1.1.1.205]; K00088 IMP dehydrogenase 5.461 7.00 1.00E-03 2.72 R 315 329 ggagGTTAATAAATATTGCcgcg 5.17 -7.68 

STM2526 F ndk nucleoside diphosphate kinase [EC:2.7.4.6]; 
K00940 nucleoside-diphosphate kinase 8.373 8.00 2.00E-05 2.66 D 256 270 ttatTTTAAAAAAATGTTAcctg 4.53 -7.24 

STM2558 E cadB APC family, lysine/cadaverine transport protein; 
K03757 cadaverine:lysine antiporter -11.400 6.00 4.00E-05 -3.29 D 182 196 atatGTTAATTCAAAAAAAtcaa 6.66 -8.82 

STM2585 - STM2585 transposase-like protein 15.710 7.00 2.00E-06 3.77             

STM2586 - STM2586 phage tail assembly-like protein 11.700 5.00 7.00E-05 12.92 D 251 265 tcagGTTGATGATATTTATattg 4.21 -7.03 
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STM2588 - STM2588 tail fiber-like protein 5.043 5.00 4.00E-03 36.50 R 29 43 ccttGTTAAACGAAAGAGAccgg 4.32 -7.1 

STM2589 S STM2589 host specificity protein-J-like 4.885 5.00 4.00E-03 18.45 D 343 357 acggGGTAATAAATGGGAAaggg 4.13 -6.98 

STM2590 S aSTM2590 tail assembly protein I-like 12.030 5.00 5.00E-05 28.59             

STM2591 M STM2591 tail assembly protein K-like 11.550 5.00 8.00E-05 38.58 R 181 195 gaaaGTTTATTAATGGAGAggaa 5.41 -7.86 

STM2592 S STM2592 phage tail component L-like protein 7.102 5.00 8.00E-04 19.14             

STM2593 S STM2593 phage tail component M-like protein 17.710 7.00 7.00E-07 10.29             

STM2594 S STM2594 phage tail component H-like protein 4.749 5.00 5.00E-03 12.16             

STM2595 - STM0917 minor tail-like protein 13.730 5.00 3.00E-05 33.85             

STM2596 - STM2596 minor tail-like protein 18.830 5.00 7.00E-06 51.36             

STM2597 - STM2597 major tail-like protein 6.325 5.00 1.00E-03 27.51             

STM2598 - STM2598 hypothetical protein 11.920 5.00 7.00E-05 33.68             

STM2599 L STM2599 Gifsy-1 prophage; K07496 putative transposase 7.001 5.00 8.00E-04 5.49             

STM2600 - STM2600 minor tail protein Z-like 6.210 5.00 2.00E-03 22.94             

STM2601 - STM2601 minor capsid protein FII 7.045 5.00 9.00E-04 26.69             

STM2602 - STM2602 DNA packaging-like protein 36.690 5.00 2.00E-07 36.81             

STM2603 - STM2603 phage head-like protein 4.677 5.00 5.00E-03 10.39 R 318 332 ggacGTTAAATACGATAAAggcc 4.02 -6.9 

STM2604 - STM2604 phage head-like protein 8.220 5.00 4.00E-04 21.33             

STM2605 O STM2605 head-tail preconnector-like protein 5.266 5.00 3.00E-03 42.73             

STM2606 - STM2606 head-tail preconnector-like protein 5.903 5.00 2.00E-03 13.94             

STM2607 - STM2607 head-to-tail joining-like protein 9.239 7.00 6.00E-05 4.15       

  

    

STM2608 - STM2608 terminase-like large protein 4.957 5.00 4.00E-03 23.24             

STM2609 L STM2609 DNA packaging-like protein 21.520 5.00 3.00E-06 24.14             
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STM2610 - STM2610 hypothetical protein 14.100 5.00 3.00E-05 10.76             

STM2611 - STM2611 endopeptidase-like protein 24.920 5.00 1.00E-06 16.43             

STM2617 - STM2617 antiterminator-like protein 8.773 9.00 8.00E-06 3.23             

STM2646 R yfiD putative formate acetyltransferase -14.100 8.00 6.00E-07 -4.00             

STM2684 L recN 
protein used in recombination and DNA repair; 

K03631 DNA repair protein RecN (Recombination 
protein N) 

6.289 5.00 1.00E-03 2.63             

STM2708 R STM2708 phage tail-like protein 3.058 6.00 2.20E-02 4.47             

STM2740 L STM2740 integrase-like protein -6.850 6.00 6.00E-04 -3.25             

STM2750 G STM2750 

putative PTS system, glucitol/sorbitol-specific 
enzyme II [EC:2.7.1.69]; K02782 PTS system, 

glucitol/sorbitol-specific IIB component; K02783 
PTS system, glucitol/sorbitol-specific IIC component 

5.633 7.00 7.00E-04 3.32 D 159 173 ggccGTTACCTCAATTCCAgtaa 4.85 -7.46 

STM2753 R STM2753 putative dehydrogenase 5.774 9.00 2.00E-04 2.68             

STM2779   aSTM2779   5.360 8.00 6.00E-04 3.66             

STM2780 S STM2780 secreted effector protein 6.158 6.00 1.00E-03 4.22 D 37 51 ccgtGTTTATTATTTTAAAtgat 5.91 -8.24 

STM2783 P nxiA putative nickel transporter; K07241 high-affinity 
nickel-transport protein 14.870 6.00 3.00E-06 3.42 D 321 335 tagcGTTAATTAAAAATATagtg 6.87 -8.99 

STM2784 T tctE 
tricarboxylic transport: regulatory protein 

[EC:2.7.13.3]; K07649 two-component system, 
OmpR family, sensor histidine kinase TctE 

9.434 6.00 1.00E-04 2.75             

STM2786 S STM2786 tricarboxylic transport; K07795 putative tricarboxylic 
transport membrane protein 6.408 5.00 1.00E-03 77.56 R 383 397 actcATTAATAAAATGCTTgcag 4.68 -7.34 

STM2787 - STM2787 tricarboxylic transport; K07794 putative tricarboxylic 
transport membrane protein 11.340 5.00 9.00E-05 90.77             

STM2788 S STM2788 tricarboxylic transport; K07793 putative tricarboxylic 
transport membrane protein 5.529 5.00 3.00E-03 20.57             

STM2789 - STM2789 putative cytoplasmic protein 8.551 5.00 3.00E-04 10.40 D 212 226 cattGTTAAATATTTGTTGtttt 4.51 -7.22 

STM2790 R ygaF putative sarcosine oxidase-like protein 7.844 7.00 1.00E-04 6.85 R 191 205 gattGTTAATCAACAGGAAtttg 7.93 -9.9 

STM2791 C gabD 
succinate-semialdehyde dehydrogenase I 

[EC:1.2.1.16]; K00135 succinate-semialdehyde 
dehydrogenase (NADP+) 

13.760 6.00 8.00E-06 3.40             
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STM2792 E gabT 

4-aminobutyrate aminotransferase [EC:2.6.1.19 
2.6.1.22]; K00823 4-aminobutyrate 

aminotransferase; K07250 (S)-3-amino-2-
methylpropionate transaminase 

22.020 6.00 9.00E-07 9.12             

STM2798 P ygaP putative rhodanese-like sulfurtransferase 11.950 10.00 5.00E-07 2.62 R 1 15 tttaGTTAATTCTAAAATA 6.62 -8.8 

STM2802 S ygaM putative inner membrane protein 5.872 6.00 1.00E-03 2.54 D 85 99 cgcgGTTAACATAAACATAattc 5.87 -8.21 

STM3019 I yqeF acetyl-CoA acetyltransferase [EC:2.3.1.9]; K00626 
acetyl-CoA C-acetyltransferase 8.369 5.00 3.00E-04 3.49             

STM3022 E STM3022 putative transport protein 5.818 6.00 1.00E-03 3.30 D 334 348 tataGTTGATAAATTCAAAtaat 4.86 -7.47 

STM3024 R yohM putative inner membrane protein; K08970 
nickel/cobalt exporter 4.500 9.00 1.00E-03 3.00             

STM3049 R yqfA putative hemolysin -4.750 5.00 4.00E-03 -2.64 R 261 275 acatGTTAGCTAAAATAAAttcg 6.74 -8.89 

STM3113 G nupG MFS family, nucleoside transport; K03289 MFS 
transporter, NHS family, nucleoside:H+ symporter -15.000 9.00 1.00E-07 -6.94 R 6 20 tgcgGTTAATCATATTCGCggcc 4.17 -7 

STM3124 K STM3124 putative response regulator 3.913 7.00 5.00E-03 3.03 D 268 282 ttgtGTTAACCGAATGTAAattg 9.06 -10.99 

STM3127 R STM3127 putative cytoplasmic protein 8.181 7.00 6.00E-05 3.00 R 361 375 acagGTTGATTGAGTTTAAaagc 4.61 -7.29 

STM3138 N STM3138 putative methyl-accepting chemotaxis protein -7.880 7.00 1.00E-04 -2.75 D 91 105 tgcaGTTAATTATTATTCAgcta 9.54 -11.51 

STM3157 Q yghA putative oxidoreductase [EC:1.-.-.-] 10.840 10.00 1.00E-06 2.70 
D 

240 254 gctaGTTAACTCTGTTGTGaata 4.08 -6.94 

STM3197 - glgS glycogen biosynthesis, rpoS dependent -7.600 5.00 5.00E-04 -5.21 
  

          

STM3210 L dnaG DNA biosynthesis; DNA primase [EC:2.7.7.-]; 
K02316 DNA primase 14.510 7.00 2.00E-06 2.61 

  
          

STM3216 N STM3216 
putative methyl-accepting chemotaxis protein; 

K05875 methyl-accepting chemotaxis protein II, 
aspartate sensor receptor 

-9.070 5.00 2.00E-04 -2.75 

R 

153 167 aaagGTTAACCATTTCTTAttta 8.5 -10.42 

STM3217 T aer 
aerotaxis sensor receptor, senses cellular redox 
state or proton motive force; K03776 aerotaxis 

receptor 
-10.300 6.00 5.00E-05 -3.41 

D 

56 70 atgcGTTAACAATTGGATGcatt 4.33 -7.1 

STM3218 E oat putative acetylornithine aminotransferase 
[EC:2.6.1.82]; K09251 putrescine aminotransferase 11.240 6.00 4.00E-05 6.10 

R 

112 126 atgcGTTAACAATTGGATGcatt 4.33 -7.1 

STM3224 P ygjT putative tellurite resistance protein 15.500 9.00 1.00E-07 2.64 
D 

85 99 ttatGTAAATCATATGTTAcagg 7.2 -9.26 

STM3225 E ygjU 
putative dicarboxylate permease; K03309 

dicarboxylate/amino acid:cation (Na+ or H+) 
symporter, DAACS family 

16.110 6.00 3.00E-06 5.37 

D 

182 196 tactGTTAATATAAAGTTAtaaa 8.02 -9.98 
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STM3237 - yhaL putative cytoplasmic protein -4.020 6.00 8.00E-03 -3.04 
  

          

STM3238 S yhaN putative inner membrane protein -8.660 5.00 2.00E-04 -3.02 

  

    

  

    

STM3239 E yhaO putative transport protein -8.130 5.00 3.00E-04 -3.97 
  

          

STM3280 - deaD cysteine sulfinate desulfinase; K05592 ATP-
dependent RNA helicase DeaD 28.770 6.00 1.00E-07 3.69 

  
          

STM3284 J truB tRNA pseudouridine 5S synthase [EC:5.4.99.12]; 
K03177 tRNA pseudouridine synthase B 14.250 6.00 5.00E-06 2.52 

  

          

STM3288 S yhbC hypothetical protein; K09748 hypothetical protein 11.430 9.00 1.00E-06 2.60 
  

          

STM3301 R yhbZ putative GTP-binding protein 8.238 7.00 8.00E-05 3.18 
  

          

STM3303 J rpmA 50S ribosomal subunit protein L27; K02899 large 
subunit ribosomal protein L27 15.520 9.00 1.00E-07 2.65 

D 
295 309 agtgGTTCACTGATGTGAAaatt 4.87 -7.47 

STM3338 G nanT MFS family, sialic acid transport protein; K03290 
MFS transporter, SHS family, sialic acid transporter -6.940 6.00 6.00E-04 -2.88 

  

          

STM3384 J yhdG 
putative TIM-barrel enzyme, possibly 

dehydrogenase [EC:1.-.-.-]; K05540 tRNA-
dihydrouridine synthase B 

15.820 5.00 1.00E-05 4.63 

  

          

STM3385 K fis 
site-specific DNA inversion stimulation factor; 

K03557 Fis family transcriptional regulator, factor 
for inversion stimulation protein 

11.300 10.00 6.00E-07 2.52 

  

          

STM3458 R yheR putative NAD(P)H oxidoreductase [EC:1.6.99.-] 15.520 8.00 2.00E-07 4.60 
D 

98 112 gtatGTTCAGACTATGTTAattt 7.38 -9.42 

STM3536 G glgC 
glucose-1-phosphate adenylyltransferase 

[EC:2.7.7.27]; K00975 glucose-1-phosphate 
adenylyltransferase 

-8.420 6.00 1.00E-04 -2.54 

  

          

STM3556 G ugpA 
ABC superfamily (membrane), sn-glycerol 3-

phosphate transport protein; K05814 sn-Glycerol 3-
phosphate transport system permease protein 

4.962 7.00 1.00E-03 3.20 

  

          

STM3576 P zntA 
P-type ATPase family, Pb/Cd/Zn/Hg transporting 

ATPase [EC:3.6.3.3 3.6.3.5]; K01532 Cd2+-
exporting ATPase; K01534 Zn2+-exporting ATPase 

7.083 5.00 6.00E-04 2.76 

R 

325 339 tccgGTTGATGATAATTTTctca 4.18 -7 
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STM3577 N tcp 
methyl-accepting transmembrane citrate/phenol 

chemoreceptor; K03406 methyl-accepting 
chemotaxis protein 

-6.780 5.00 8.00E-04 -4.59 

R 

239 253 gtttGATAAGTAATAGAAAataa 4.97 -7.55 

STM3587 M yhiI paral putative membrane protein; K01993 HlyD 
family secretion protein -12.300 6.00 1.00E-05 -2.82 

  
          

STM3599 R STM3599 putative inner membrane protein; K07792 
anaerobic C4-dicarboxylate transporter DcuB -5.230 6.00 2.00E-03 -3.38 

  

          

STM3600 G STM3600 putative sugar kinase -7.380 5.00 6.00E-04 -4.67 
R 

239 253 cgtcGTTAACGGATGCTGAcgcg 4.7 -7.36 

STM3601 M STM3601 putative phosphosugar isomerase -15.400 7.00 1.00E-06 -3.89 
R 

154 168 tacgGTAAACCGTATTTTAtcgc 4.26 -7.05 

STM3604 - STM3604 putative inner membrane protein -7.560 6.00 3.00E-04 -3.04 
D 

182 196 ccgcGTTGACAGAATGAAAaact 5.22 -7.72 

STM3611 T yhjH hypothetical protein -7.490 5.00 6.00E-04 -5.62 
D 

179 193 agtgGTCAATAATATTAAAacat 5.77 -8.13 

STM3625 E yhjV putative transport protein 7.089 7.00 3.00E-04 5.02 
R 

366 380 tactGTTATTTAATGGTAAtgtg 6.19 -8.45 

STM3626 E dppF 
ABC superfamily (atp_bind), dipeptide transport 
protein; K02032 peptide/nickel transport system 

ATP-binding protein 
8.379 6.00 2.00E-04 4.32 

  

          

STM3627 E dppD 
ABC superfamily (atp_bind), dipeptide transport 
protein; K02031 peptide/nickel transport system 

ATP-binding protein 
19.100 6.00 9.00E-07 5.15 

  

    

  

    

STM3628 E dppC 
ABC superfamily (membrane), dipeptide transport 
protein 2; K02034 peptide/nickel transport system 

permease protein 
5.018 6.00 2.00E-03 3.18 

  

          

STM3629 E dppB 
ABC superfamily (membrane), dipeptide transport 
protein 1; K02033 peptide/nickel transport system 

permease protein 
15.490 10.00 4.00E-08 5.12 

  

          

STM3630 E dppA 
ABC superfamily (peri_perm), dipeptide transport 
protein; K02035 peptide/nickel transport system 

substrate-binding protein 
25.800 10.00 4.00E-10 3.14 

R 

161 175 atctGTCAATAGAATGTCAaaac 5.65 -8.04 

STM3651 K STM3651 putative acetyltransferase 6.317 8.00 2.00E-04 3.03 
D 

67 81 tcttGTAAAGCAAATGCTAtaca 4.59 -7.28 

STM3690 - STM3690 putative inner membrane lipoprotein -4.850 5.00 4.00E-03 -3.19 
D 

307 321 acagGTTAACTATTTATATtata 5.56 -7.97 

STM3692 C lldP LctP transporter, L-lactate permease; K03303 
lactate transporter, LctP family 5.245 5.00 3.00E-03 12.78 

R 
178 192 tagaGTTAATTTAATGAAAtgtg 8.53 -10.45 

STM3693 K lldR putative transcriptional regulator 6.523 5.00 1.00E-03 80.00 
  

          



 

 208 
 

 

STM3694 C lldD L-lactate dehydrogenase [EC:1.1.2.3]; K00101 L-
lactate dehydrogenase (cytochrome) 4.968 5.00 4.00E-03 23.12 

  
          

STM3695 J yibK 
putative tRNA/rRNA methyltransferase [EC:2.1.1.-]; 

K03216 RNA methyltransferase, TrmH family, 
group 2 

11.870 9.00 9.00E-07 4.22 

  

          

STM3704 G pmgI phosphoglyceromutase [EC:5.4.2.1]; K01834 
phosphoglycerate mutase 13.390 6.00 2.00E-05 3.14 

  
          

STM3761 Q slsA putative inner membrane protein -8.110 5.00 4.00E-04 -3.15 
  

          

STM3763 P mgtB Mg2+ transport protein [EC:3.6.3.2]; K01531 Mg2+-
importing ATPase 10.340 6.00 6.00E-05 2.83 

  
          

STM3764 S mgtC Mg2+ transport protein; K07507 putative Mg2+ 
transporter-C (MgtC) family protein 22.420 7.00 7.00E-08 5.32 

  
          

STM3784 G STM3784 
PTS system, galactitol-specific IIA component, 
putative [EC:2.7.1.69]; K02773 PTS system, 

galactitol-specific IIA component 
-7.200 8.00 1.00E-04 -3.16 

  

          

STM3803 R yidF putative cytoplasmic protein -4.800 5.00 4.00E-03 -3.83 
  

          

STM3808 - ibpB small heat shock protein; K04081 molecular 
chaperone IbpB 8.793 7.00 4.00E-05 2.74             

STM3855 P pstA 
ABC superfamily (membrane), high-affinity 

phosphate transporter; K02038 phosphate transport 
system permease protein 

15.730 6.00 2.00E-06 3.86             

STM3856 P pstC 
ABC superfamily (membrane), high-affinity 

phosphate transporter; K02037 phosphate transport 
system permease protein 

10.720 6.00 4.00E-05 4.23 R 206 220 attcGTTAATTAATACAGCgcct 5.17 -7.69 

STM3857 P pstS 
ABC superfamily (bind_prot), high-affinity 

phosphate transporter; K02040 phosphate transport 
system substrate-binding protein 

28.350 7.00 4.00E-08 9.85       

  

    

STM3956 Q yigI putative protein PaaI, possibly involved in aromatic 
compounds catabolism 12.900 10.00 2.00E-07 3.01 R 334 348 attaGTTAATGAAATGTTGatat 7.9 -9.88 

STM3968 F udp uridine phosphorylase [EC:2.4.2.3]; K00757 uridine 
phosphorylase -5.070 5.00 4.00E-03 -5.00 R 205 219 tgatGTTCATCACAATAAAtaat 6.06 -8.35 

STM3982 I fadA 

3-ketoacyl-CoA thiolase; (thiolase I, acetyl-CoA 
transferase), in complex with FadB catalyzes EC 

2.3.1.16 reaction [EC:2.3.1.16]; K00632 acetyl-CoA 
acyltransferase 

14.770 5.00 2.00E-05 6.28 R 48 62 cttcGTTAATCATCGGGATcatc 4.53 -7.24 
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STM3983 I fadB 

enoyl-CoA hydratase / dodecenoyl-CoA delta-
isomerase / 3-hydroxyacyl-CoA dehydrogenase / 3-
hydroxybutyryl-CoA epimerase [EC:4.2.1.17 5.3.3.8 

1.1.1.35 5.1.2.3]; K00022 3-hydroxyacyl-CoA 
dehydrogenase; K01692 enoyl-CoA hydratase; 

K01782 3-hydrox • • • 

9.780 5.00 2.00E-04 11.16 R 273 287 ttgtGTTAAAAAAATGCAAataa 6.8 -8.94 

STM4014 - STM4014 putative periplasmic protein 4.429 9.00 2.00E-03 2.70             

STM4044 C STM4044 putative alcohol dehydrogenase -6.000 5.00 2.00E-03 -3.48             

STM4045 G rhaD rhamnulose-1-phosphate aldolase [EC:4.1.2.19]; 
K01629 rhamnulose-1-phosphate aldolase -4.120 6.00 7.00E-03 -2.59             

STM4060 U cpxP 
periplasmic repressor of cpx regulon by interaction 
with CpxA, rescue from transitory stresses; K06006 

periplasmic protein CpxP 
7.899 6.00 2.00E-04 3.24 D 48 62 tgacGTCAAGCAAAAGTAAatcg 5.02 -7.58 

STM4063 P sbp 
ABC superfamily (bind_prot), sulfate transport 

protein; K02048 sulfate transport system substrate-
binding protein 

3.275 6.00 1.80E-02 3.03             

STM4071 S STM4071 putative mannose-6-phosphate isomerase -12.000 5.00 6.00E-05 -10.00             

STM4072 G ydeV putative sugar kinase -11.700 5.00 7.00E-05 -9.90 D 192 206 gcgcGGTAACTATATCAATgcac 4.51 -7.22 

STM4073 K ydeW putative transcriptional repressor -8.160 5.00 3.00E-04 -7.87 D 308 322 ttgtGTTAATGATTTAGAAatgt 4.82 -7.44 

STM4074 G ego 
putative ABC-type sugar, aldose transport system, 
ATPase component [EC:3.6.3.17]; K02056 simple 

sugar transport system ATP-binding protein 
-22.600 5.00 2.00E-06 -17.86 R 124 138 ttgtGTTAATGATTTAGAAatgt 4.82 -7.44 

STM4075 G ydeY 
putative ABC superfamily (membrane), sugar 

transport protein; K02057 simple sugar transport 
system permease protein 

-19.700 5.00 3.00E-06 -16.67             

STM4076 G ydeZ 
putative ABC superfamily (membrane), sugar 

transport protein; K02057 simple sugar transport 
system permease protein 

-6.910 5.00 9.00E-04 -10.42             

STM4077 G yneA 
putative ABC superfamily (peri_perm), sugar 

transport protein; K02058 simple sugar transport 
system substrate-binding protein 

-15.300 5.00 1.00E-05 -9.43       

  

    

STM4078 G yneB 
putative fructose-1,6-bisphosphate aldolase 

[EC:4.1.2.-]; K08321 putative fructose-bisphosphate 
aldolase 

-10.700 5.00 9.00E-05 -5.32             
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STM4079 - yneC putative inner membrane protein -6.050 6.00 1.00E-03 -4.44             

STM4080 G STM4080 ribulose-phosphate 3-epimerase -10.400 10.00 1.00E-06 -3.05             

STM4085 G glpX 
unknown function in glycerol metabolism 

[EC:3.1.3.11]; K02446 fructose-1,6-bisphosphatase 
II 

10.630 9.00 3.00E-06 2.57             

STM4094 K cytR 
transcriptional repressor (GalR/LacI family); K05499 

LacI family transcriptional regulator, repressor for 
deo operon, udp, cdd, tsx, nupC, and nupG 

-16.700 9.00 3.00E-08 -3.97             

STM4108 C gldA glycerol dehydrogenase [EC:1.1.1.6]; K00005 
glycerol dehydrogenase -9.430 5.00 2.00E-04 -2.86             

STM4112 G frwC PTS system fructose-like IIC component; K02770 
PTS system, fructose-specific IIC component -5.880 6.00 1.00E-03 -2.52             

STM4126 C udhA soluble pyridine nucleotide transhydrogenase 
[EC:1.6.1.1]; K00322 NAD(P) transhydrogenase 7.666 7.00 1.00E-04 3.10             

STM4158 - STM4158 putative cytoplasmic protein 5.448 5.00 3.00E-03 3.72             

STM4198 - STM4198 putative cytoplasmic protein 3.610 8.00 6.00E-03 2.62             

STM4238 V dinF 
DNA-damage-inducible protein F, induced by UV 

and mitomycin C; SOS, lexA regulon; K03327 
multidrug resistance protein, MATE family 

8.962 7.00 7.00E-05 3.01 D 325 339 ttcgTTTAACTCCTTGTCAggct 4.04 -6.91 

STM4273 R yjcG putative SSS family transport protein; K03307 
solute:Na+ symporter, SSS family 6.908 6.00 6.00E-04 2.94             

STM4274 S yjcH putative inner membrane protein 3.933 6.00 7.00E-03 4.28 D 267 281 tcaaGTTCACTATGTGGCTgggg 6.09 -8.37 

STM4275 I acs acetyl-coenzyme A synthetase [EC:6.2.1.1]; 
K01895 acetyl-CoA synthetase 12.320 6.00 3.00E-05 12.08 R 314 328 ggatGTTAATAATATGTCGcata 7.15 -9.22 

STM4277 P nrfA 
nitrite reductase periplasmic cytochrome c552 
[EC:1.7.2.2]; K03385 formate-dependent nitrite 

reductase, periplasmic cytochrome c552 subunit 
-21.300 9.00 1.00E-08 -3.51 R 202 216 tgtcTTTAATCAATTGTAAgtgt 5.69 -8.07 

STM4278 - nrfB 
formate-dependent nitrite reductase; K04013 

formate-dependent nitrite reductase, penta-haeme 
cytochrome c 

-6.230 7.00 5.00E-04 -2.69             

STM4295 K adiY 
transcriptional activator of adiA (AraC/XylS family); 

K03755 AraC family transcriptional regulator, 
transcriptional activator of adiA 

14.490 6.00 1.00E-05 3.63             

STM4301 R dcuB 
Dcu family, anaerobic C4-dicarboxylate transporter; 

K07792 anaerobic C4-dicarboxylate transporter 
DcuB 

13.270 8.00 2.00E-06 3.17 R 77 91 aggcGTTTATTATTTGATTtttg 5.53 -7.95 
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STM4314 K STM4314 putative regulatory protein 4.920 9.00 9.00E-04 2.58             

STM4320 K STM4320 putative regulatory protein 3.992 8.00 4.00E-03 2.52             

STM4345 E yjeM putative APC family, amino-acid transport protein 4.544 10.00 1.00E-03 2.53             

STM4355 - yjeS putative FeS protein 12.910 6.00 1.00E-05 2.55             

STM4377 I aidB 
putative acyl-CoA dehydrogenase; adaptive 

response (transcription activated by Ada); K09456 
putative acyl-CoA dehydrogenase 

-7.360 8.00 9.00E-05 -2.81 D 262 276 gccgGTTAATCATACTTTTgtga 5.1 -7.63 

STM4378 - yjfN putative inner membrane protein -6.390 5.00 1.00E-03 -6.25             

STM4384 G sgaB 
putative PTS enzyme IIsga subunit [EC:2.7.1.69]; 

K02822 PTS system, unknown pentitol 
phosphotransferase enzyme IIB component 

-6.060 8.00 3.00E-04 -2.69       

  

    

STM4385 G ptxA 
putative PTS enzyme IIsga subunit [EC:2.7.1.69]; 

K02821 PTS system, unknown pentitol 
phosphotransferase enzyme IIA component 

-3.940 5.00 9.00E-03 -2.64             

STM4398 E cycA APC family, D-alanine/D-serine/glycine transport 
protein; K03293 amino acid transporter, AAT family 8.287 5.00 3.00E-04 3.81 R 204 218 caatGTTAATTTTATGTTTaaaa 7.4 -9.44 

STM4400 G ytfF putative cationic amino acid transporter 9.733 7.00 3.00E-05 2.73 R 275 289 ataaATTAACTAAATTTTAacat 8.09 -10.04 

STM4408 O msrA 
peptide methionine sulfoxide reductase 

[EC:1.8.4.11]; K07304 peptide-methionine (S)-S-
oxide reductase 

12.600 6.00 9.00E-06 3.76 R 201 215 aattGTTGATTTTATGTTAagcc 5.37 -7.83 

STM4421 C STM4421 
putative NAD-dependent aldehyde dehydrogenase 

[EC:1.2.1.27]; K00140 methylmalonate-
semialdehyde dehydrogenase 

-13.300 10.00 1.00E-07 -2.51 D 137 151 ataaGTTAATTATATTTTTgatt 10.28 -12.39 

STM4459 F pyrI 
aspartate carbamoyltransferase, regulatory subunit 

(allosteric regulation) [EC:2.1.3.2]; K00610 
aspartate carbamoyltransferase regulatory chain 

-7.990 5.00 4.00E-04 -3.58             

STM4462   yjgG   -10.800 5.00 9.00E-05 -21.28             

STM4463 E STM4463 putative arginine repressor -29.100 5.00 8.00E-07 -83.33             

STM4464 S STM4464 putative arginine repressor -6.240 5.00 2.00E-03 -55.55             

STM4465 E STM4465 ornithine carbamoyltransferase [EC:2.1.3.3]; 
K00611 ornithine carbamoyltransferase -5.990 5.00 2.00E-03 -20.83 D 354 368 aatgGTTATTTCACTGAAAaatc 5.26 -7.75 
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aLocation of the open reading frame (ORF) in the S. Typhimurium LT2 genome. 
bFunctional category assigned to the gene by the National Center for Biotechnology Information, Cluster of Orthologous Genes (COGs).  The 
designations of functional categories are as follows: C, energy production and conversion, D, cell cycle control and mitosis, E, amino acid 
metabolism and transport, F, nucleotide metabolism and transport, G, carbohydrate metabolism and transport,  H, coenzyme metabolism and 
transport, I, lipid metabolism and transport, J, translation, K, transcription, L, replication, recombination, and repair, M, cell 
wall/membrane/envelope biogenesis, N, Cell motility, O, post-translational modification, protein turnover, chaperone functions, P, inorganic ion 
transport and metabolism, Q, secondary metabolites biosynthesis, transport, and catabolism, R, general functional prediction only (typically, 
prediction of biochemical activity), S, function unknown, T, signal transduction mechanisms, U, intracellular trafficking and secretion, V, defense 
mechanisms, -, not in COGs. 
 
 

 

 

STM4466 E STM4466 carbamate kinase [EC:2.7.2.2]; K00926 carbamate 
kinase -6.000 5.00 2.00E-03 -20.41 D 65 79 gctgGTTCATGCTCTTGAAacag 4.38 -7.14 

STM4467 E STM4467 arginine deiminase [EC:3.5.3.6]; K01478 arginine 
deiminase -6.060 5.00 2.00E-03 -23.81 R 80 94 tattGTTAATTATTTGTTTgctg 9.98 -12.01 

STM4469 E argI ornithine carbamoyltransferase 1 [EC:2.1.3.3]; 
K00611 ornithine carbamoyltransferase -11.000 6.00 3.00E-05 -8.26 D 313 327 gaatTTTAATTCAATGAGAggcc 6.34 -8.56 

STM4510 M STM4510 putative aspartate racemase -8.290 5.00 4.00E-04 -5.46             

STM4511 K yjiE putative transcriptional regulator -6.570 5.00 1.00E-03 -2.87 D 11 25 gctgGTTAACCACTACGGAttca 5.14 -7.66 

STM4512 - iadA isoaspartyl dipeptidase [EC:3.4.19.5]; K01305 beta-
aspartyl-peptidase -4.100 5.00 8.00E-03 -2.67             

STM4513 S yjiG putative permease -10.300 6.00 7.00E-05 -2.96             

STM4526 V hsdR endonuclease R, host restriction [EC:3.1.21.3]; 
K01153 type I restriction enzyme, R subunit -4.930 5.00 4.00E-03 -3.45 D 120 134 actgGTTCAATAAATTTGTcata 5.22 -7.72 

STM4558 R rimI 

modification of 30S ribosomal subunit protein S18; 
acetylation of N-terminal alanine [EC:2.3.1.128]; 

K03789 ribosomal-protein-alanine N-
acetyltransferase 

8.149 6.00 2.00E-04 2.75       

  

    

STM4562 - STM4562 putative inner membrane protein 13.430 9.00 3.00E-07 2.54             

STM4567 F deoC 2-deoxyribose-5-phosphate aldolase [EC:4.1.2.4]; 
K01619 deoxyribose-phosphate aldolase -11.700 6.00 3.00E-05 -3.02 R 259 273 cacaGTTAATGAAAACTACgtac 5.49 -7.92 

STM4568 F deoA thymidine phosphorylase [EC:2.4.2.4]; K00758 
thymidine phosphorylase -13.500 7.00 2.00E-06 -3.27             

STM4599 - yjjY putative inner membrane protein -10.700 6.00 3.00E-05 -6.33             
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cRespective gene name or symbol. 
dFunctional classification according to the KEGG (Kyoto Encyclopedia of Genes and Genomes) database.eThe numerical value of t for the t test 
(statistical method). 
fThe degrees of freedom employed for the analysis of each gene. 
gThe probability associated with the t test for each gene.   
hRatio between the expression level of the arcA mutant relative to the wild-type. 
iThe strand on which the motif has been localized. R, reverse; D, direct; NA, not available in the Regulatory Sequence Analysis Tools (RSAT) 
database (the locus identity was not recognized), and a blank cell indicates that no motif was present. 
jThe starting position of the putative motif.  The positions are relative to the region searched and span from -300 to +50 relative to the starting 
ATG. 
kThe ending position of the putative motif.  The positions are relative to the region searched and span from -300 to +50 relative to the starting ATG. 
lThe sequence of the HIGHEST RANKING putative motif (capitalized letters) and 4 base pairs (bps) flanking either side of the region (lower case 
letters).  A blank cell indicates that no motif was present. 
All of the sequences are reported from the 5' to the 3' end of the ORF (Open Reading Frame) analyzed. 
mThe score indicating the similarity of the motif to the information matrix.  The cutoff used was a score higher than 4.00 or a ln(P) lower than -6.5. 
nThe natural logarithm of the probability that the putative motif is randomly similar to the information matrix.  The cutoff used was a score higher 
than 4.00 or a ln(P) lower than -6.5. 
 
Appendix C: Genes greater than +/- 2.50a fold in an arcA mutant in both Gunsalus (E. coli) and Hassan (S. Typhimurium). 
 

Gunsalus ArcAb Hassan ArcA  
Gene Name fold Gene Name fold Gene function 

yjiE -3.65 yjiE 2.86 putative transcriptional regulator 

potG -3.75 potG 5.47 
ABC superfamily (atp_bind), putrescine transporter [EC:3.6.3.31]; K02052 spermidine/putrescine transport 

system ATP-binding protein 

yfiA 7.49 yfiA -3.35 
ribosome associated factor, stabilizes ribosomes against dissociation; K05809 putative sigma-54 modulation 

protein 

nanT -3.46 nanT -2.76 MFS family, sialic acid transport protein; K03290 MFS transporter, SHS family, sialic acid transporter 

aidB -4.61 aidB -2.78 putative acyl-CoA dehydrogenase; adaptive response (transcription activated by Ada) 

gltK -6.03 gltK 7.69 
ABC superfamily (membrane), glutamate/aspartate transporter; K02029 polar amino acid transport system 

permease protein 
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hsdR -8.67 hsdR -3.21 endonuclease R, host restriction [EC:3.1.21.3]; K01153 type I restriction enzyme, R subunit 

yhjH -3.53 yhjH -5.03 hypothetical protein 

zntA -3.45 zntA 3.01 
P-type ATPase family, Pb/Cd/Zn/Hg transporting ATPase [EC:3.6.3.3 3.6.3.5]; K01532 Cd2+-exporting 

ATPase; K01534 Zn2+-exporting ATPase 

cyoA 23.30 cyoA 3.51 cytochrome o ubiquinol oxidase subunit II [EC:1.10.3.-]; K02297 cytochrome o ubiquinol oxidase subunit II 

dppB -5.63 dppB 4.50 
ABC superfamily (membrane), dipeptide transport protein 1; K02033 peptide/nickel transport system 

permease protein 

pstC -3.70 pstC 4.31 
ABC superfamily (membrane), high-affinity phosphate transporter; K02037 phosphate transport system 

permease protein 

sucD 86.14 sucD 3.86 succinyl-CoA synthetase, alpha subunit [EC:6.2.1.5]; K01902 succinyl-CoA synthetase alpha chain 

rpsJ 3.80 rpsJ 2.57 30S ribosomal subunit protein S10; K02946 small subunit ribosomal protein S10 

potB -10.80 potB 2.79 
ABC superfamily (membrane), spermidine/putrescine transporter; K02054 spermidine/putrescine transport 

system permease protein 

otsA -3.97 otsA 3.55 
trehalose-6-phosphate synthase [EC:2.4.1.15]; K00697 alpha,alpha-trehalose-phosphate synthase (UDP-

forming) 

ycdC 2.53 ycdC 3.04 putative transcriptional repressor 

yafH -2.80 yafH 6.20 putative acyl-CoA dehydrogenase [EC:1.3.99.-]; K06445 acyl-CoA dehydrogenase 

cycA -2.85 cycA 3.77 APC family, D-alanine/D-serine/glycine transport protein; K03293 amino acid transporter, AAT family 

yejG 5.08 yejG 3.37 putative cytoplasmic protein 

udhA 2.86 udhA 3.34 Soluble pyridine nucleotide transhydrogenase [EC:1.6.1.1]; K00322 NAD(P) transhydrogenase 

chaA -2.78 chaA 2.96 CaCA family, sodium-calcium/proton antiporter; K07300 Ca2+:H+ antiporter 

thrL 20.41 thrL -3.98 thr operon leader peptide; K08278 thr operon leader peptide 

cyoB 2.68 cyoB 3.18 cytochrome o ubiquinol oxidase subunit I [EC:1.10.3.-]; K02298 cytochrome o ubiquinol oxidase subunit I 

yhjV -3.27 yhjV 5.56 putative transport protein 

gltJ -2.96 gltJ 8.36 
ABC superfamily (membrane), glutamate/aspartate transporter; K02029 polar amino acid transport system 

permease protein 
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sucC 20.93 sucC 2.72 succinyl-CoA synthetase, beta subunit [EC:6.2.1.5]; K01903 succinyl-CoA synthetase beta chain 

ptsG 4.71 ptsG 2.79 
Sugar Specific PTS family, glucose-specific IIBCcomponent [EC:2.7.1.69]; K02778 PTS system, glucose-

specific IIB component; K02779 PTS system, glucose-specific IIC component 

     

fis 3.93 fis 2.50 
site-specific DNA inversion stimulation factor; K03557 Fis family transcriptional regulator, factor for inversion 

stimulation protein 

sdiA -4.32 sdiA -3.44 
transcriptional regulator of ftsQAZ gene cluster (LuxR/UhpA family); K07782 LuxR family transcriptional 

regulator 

yidF -4.19 yidF -3.20 putative cytoplasmic protein 

rpmA 2.94 rpmA 2.72 50S ribosomal subunit protein L27; K02899 large subunit ribosomal protein L27 

 
aCut-off used in the Hassan microarray data. 
b (119). 
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Appendix D. Genes greater than +/- 2.00-folda in and are expressed both in ArcA and FNR.  
 

 
aCut-off used in the Gunsalus microarray research. 
bPerformed in E. coli. 
c (119) 
dPerformed in E. coli. 
e (118) 
fPerformed in S. Typhimurium. 
gPerformed in S. Typhimurium. 

Gunsalus ArcAb,c Gunsalus FNRd,e Hassan 
Lab Data ArcAf FNRg Gene function 

Gene 
Name fold Gene 

Name fold Gene 
Name fold fold  

yjiE 3.65 yjiE 2.77 yjiE -2.87 -6.79 putative transcriptional regulator 
nanT 3.46 nanT 3.04 nanT -2.88 -3.01 MFS family, sialic acid transport protein; K03290 MFS transporter, SHS family, sialic acid transporter 

gltK 6.03 gltK 2.66 gltK 7.2262 2.8078 ABC superfamily (membrane), glutamate/aspartate transporter; K02029 polar amino acid transport 
system permease protein 

yhjH 3.53 yhjH 2.70 yhjH -5.62 -7.89 hypothetical protein 

zntA 3.45 zntA 3.27 zntA 2.762 2.5486 P-type ATPase family, Pb/Cd/Zn/Hg transporting ATPase [EC:3.6.3.3 3.6.3.5]; K01532 Cd2+-exporting 
ATPase; K01534 Zn2+-exporting ATPase 

cyoA -23.30 cyoA -13.05 cyoA 3.6839 4.5057 cytochrome o ubiquinol oxidase subunit II [EC:1.10.3.-]; K02297 cytochrome o ubiquinol oxidase 
subunit II 

dppB 5.63 dppB 2.47 dppB 5.125 12.4544 ABC superfamily (membrane), dipeptide transport protein 1; K02033 peptide/nickel transport system 
permease protein 

sucD -86.14 sucD -17.80 sucD 3.6473 4.6619 succinyl-CoA synthetase, alpha subunit [EC:6.2.1.5]; K01902 succinyl-CoA synthetase alpha chain 

sgaT 2.42 sgaT 2.30 STM2342 4.4498 5.2208 PTS system, unknown pentitol phosphotransferase enzyme IIC component; K03475 PTS system, 
unknown pentitol phosphotransferase enzyme IIC component 

cycA 2.85 cycA 3.07 cycA 3.8131 2.5425 APC family, D-alanine/D-serine/glycine transport protein; K03293 amino acid transporter, AAT family 
sucC -20.93 sucC -2.50 sucC 2.8391 4.0254 succinyl-CoA synthetase, beta subunit [EC:6.2.1.5]; K01903 succinyl-CoA synthetase beta chain 
eutE 2.35 eutE 2.15 eutE -3.71 -7.02 putative aldehyde oxidoreductase in ethanolamine utilization; K04021 aldehyde dehydrogenase 




