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ABSTRACT 

Sammons, L. R. In vitro regulation of the seq and sek staphylococcal enterotoxin genes 
among four allelic variants. MS in Biology, Clinical Microbiology Concentration, 
December 2010, 91 pp. (W. Schwan) 
 
 
Community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA) is 
considered to be more virulent than hospital-associated MRSA, presumably because it 
possesses additional, unidentified virulence factors.  Two virulence proteins 
epidemiologically important to CA-MRSA are staphylococcal enterotoxins Seq and Sek.  
Four allelic variants of the seq/sek locus exist with type 4 being exclusive to the USA300 
CA-MRSA strain type.  Detection of seq and sek from a group of clinical methicillin-
sensitive S. aureus (MSSA), clinical MRSA, and commensal nasal isolates revealed a 
high prevalence of these genes within CA-MRSA compared to other S. aureus cohorts.  
Furthermore, CA-MRSA displayed seq/sek allele types 3 and 4 exclusively.  In vitro 
expression analysis of seq and sek among all four allele types was performed.  Co-
transcription of the enterotoxins was revealed for all allele types.  Quantitative analysis 
showed very low overall expression of seq and sek during growth.  The lowest expression 
occurred during the stationary phase for all allele types, while various strain- and allele-
specific levels of absolute expression existed.  When comparing all four allele types, the 
lowest seq and sek expression occurred in allele type 3, while the highest expression of 
seq occurred in allele type 4, suggesting a potential role in the virulence of the USA300 
strain type. 
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INTRODUCTION 
 

Staphylococcus aureus Clinical Significance 

Clinical Characteristics   

Staphylococcus aureus is one of the most successful and versatile human 

pathogens (79).  The species is characterized as Gram-positive cocci occurring in grape-

like clusters with a golden-pigmented colony morphology (86).  S. aureus is highly 

adaptable and capable of infecting nearly every organ in the body.  In about one-third of 

healthy individuals, the bacterium can colonize skin or the anterior nares (70).  When 

natural immune barriers are breached, S. aureus infections occur, ranging from minor 

skin and soft tissue infections to more severe and invasive disease, such as bacteremia, 

pneumonia, and endocarditis (2, 3, 67, 83).  

Resistance to Antibiotics  

The extensive use of penicillin in the 1940s quickly selected for S. aureus isolates 

that could produce the enzyme β-lactamase, converting penicillin into penicilloic acid (1).  

By 1960, most S. aureus isolates were resistant to penicillin (126).  The introduction in 

1959 of a semi-synthetic beta-lactam antibiotic, methicillin, gave rise to methicillin-

resistant Staphylococcus aureus (MRSA) in 1961 (107).  Methicillin resistance is a result 

of the acquisition of a mobile genetic element, referred to as SCC mec, containing mecA, 

a gene encoding an altered penicillin-binding protein (PBP2a) (43).  Since the 

development of MRSA in the 1960s, hospital-associated MRSA (HA-MRSA) infection 
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rates have continued to increase.  In 1975, S. aureus infections due to MRSA in intensive 

care units were reported to be 2.5%.  By 2004, MRSA rates among S. aureus infections 

had risen to 60% (22).  In 2005, there were about 368,600 cases of MRSA infection in 

U.S. hospitals, which was a 10-fold increase from 1995, a three-fold increase from 2000, 

and 30% increase since 2004 (36, 69).  In 2000, MRSA accounted for 3.95 per 1000 

patient hospitalizations and in 2006 this was reported to be 34 per 1000 patient 

hospitalizations (62, 69).  In a 10-year study in U.S. children’s hospitals, MRSA 

incidence rose 10-fold from 2.0 cases per 1000 admissions in 1999 to 20.7 cases per 1000 

admissions in 2008 (55). 

Emergence of Community-Associated MRSA  

Historically, MRSA has been predominately considered a nosocomial pathogen.  

Since the 1990s, the epidemiology of MRSA has continued to change.  Newer strains of 

MRSA have spread rapidly through communities, causing infections in otherwise healthy 

individuals who do not have typical risk factors, such as recent hospitalization, dialysis, 

surgery, or antibiotic use (42).  These community-associated MRSA (CA-MRSA) 

typically cause skin and soft tissue infections.  However, they have recently been 

reported to cause diseases not commonly attributed to S. aureus, such as necrotizing 

fasciitis, purpura fulminans, and Waterhouse-Friderichsen syndrome (2, 67, 83).  In 

recent years, several CA-MRSA outbreaks have occurred in populations characterized by 

close contact between individuals, a breakdown in natural immunity, or poor hygiene.  

These populations have included sports teams (20), prison inmates (21), high school 

wrestling teams (74), the military (17), and Native Americans (117). 



 3 

Presently, two major clonal groups of CA-MRSA with clinical significance are 

found in the United States:  USA400 and USA300.  Both ‘USA’ strain types, like all of 

the eight initial MRSA strain types (USA100-USA800), have unique genetic 

backgrounds and were identified by the Centers for Disease Control (CDC) based on 

their genome macrorestriction patterns using pulsed-field gel electrophoresis (81).  CA-

MRSA also typically harbor SCC mec type IV and produce the cytolysin, Panton 

Valentine leukocidin (PVL).   

The USA400 strain, often represented by the hypervirulent Midwestern strain, 

MW2, was first isolated in 1998 in North Dakota from a 16-month old girl with fatal 

septicemia (19).  Beginning in the year 2000, an unrelated CA-MRSA group, USA300, 

emerged in western coastal states and later spread throughout the United States (65).  The 

USA300 clone, often represented by genotype USA300-114 (e.g. strains LAC, FPR3757, 

etc.), has become the predominant strain, undergoing rapid dissemination in the 

community and causing unusually invasive diseases (30).  It is still not understood what 

characteristics of these strains make them more invasive than HA-MRSA strains or the 

USA400 clone. 

S. aureus Virulence Factors.   

S. aureus is known to produce a multitude of virulence factors involved in 

pathogenesis, contributing to the wide variety of clinical manifestations.  These factors 

can be cell-associated or secreted into the environment.  Cell-associated proteins, which 

are mainly expressed during the exponential growth phase, allow for host tissue 

colonization.  Specifically, cell-associated proteins are involved in encapsulation, biofilm 

formation, and adherence.  Some examples include the biofilm-associated protein (Bap), 
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staphylococcal protein A (Spa), fibronectin-binding proteins A and B (FnbA and FnbB), 

clumping factors A and B (ClfA and ClfB), and collagen binding protein (Cna).  Secreted 

virulence factors are generally expressed in the post-exponential growth phase and enable 

S. aureus to destroy host tissue and evade host defenses.  These include exoproteins like 

coagulase (Coa), α-hemolysin (Hla), and staphylokinase (Sak), as well as exotoxins like 

toxic shock syndrome toxin-1 (TSST-1) and staphylococcal enterotoxin B (Seb) (3).  

 
Genetic Variation in S. aureus 

The development of antibiotic resistance and emergence of epidemic strains 

demonstrates the extraordinary ability of S. aureus to evolve (37).  Both small- and large-

scale genome variations can play important roles in this evolution.  

Core S. aureus Genome  

The core genome makes up around 75% of the total genome and is mostly 

conserved, consisting mainly of essential genes present in all strains of S. aureus.  

Genetic diversity of the core genome occurs due to small-scale variations, such as single 

nucleotide polymorphisms (SNPs) and changes in the number of small repeat sequences. 

Additionally, recombination events can lead to DNA loss and rearrangement of slightly 

larger regions.  Although small-scale variations cause little genomic diversity, they can 

lead to important changes in gene expression and protein function, and ultimately to 

phenotypic differences among strains (76).   

Accessory S. aureus Genome  

The accessory genome, covering 25% of the genome, is highly variable and 

consists of non-essential genes, such as those involved in virulence and drug resistance. 

Genetic diversity of the accessory genome occurs at a larger scale and is mainly due to 
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horizontal gene transfer.  In S. aureus, this is largely accomplished by transduction 

between isolates.  During transduction, host DNA is accidently packaged into 

bacteriophage particles during replication and is then integrated into the genome of 

another bacterial cell during bacteriophage infection (116). When the new genes are 

successfully integrated into the chromosome, they may offer a selective advantage to the 

host that can often lead to the gene’s rapid spread within a S. aureus population.  Most of 

the accessory genome is horizontally transferable and these regions are known as mobile 

genetic elements (MGEs).  The MGEs include prophages and S. aureus pathogenicity 

islands (SaPIs), which tend to harbor virulence genes.  They also include staphylococcal 

cassette chromosomes (SCC), plasmids, and transposons, which transfer resistance genes. 

Because MGEs tend to contain genes involved in virulence and drug resistance, 

horizontal transfer of MGEs can play a critical role in the evolution of pathogenic S. 

aureus (76). 

S. aureus Pathogenicity Islands   

Staphylococcal pathogenicity islands are MGEs that are widespread among S. 

aureus. They are characterized by their high mobility and carriage of at least two or more 

staphylococcal superantigen genes and other virulence genes.  To date, over 20 different 

SaPIs have been sequenced (90).  They are inserted in a single orientation in one of six 

identified SaPI insertion sites in the S. aureus genome (119).  Besides virulence genes, 

these 14-17 kbp SaPI elements tend to encode proteins involved in mobility, such as an 

integrase and terminase, and phage structure, such as capsid and tail proteins, but they 

lack the genes necessary for phage transfer.  The prophages instead rely on the presence 

of a ‘helper’ phage for induction (77).  The integrase, terminase, and virulence genes tend 
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to lie at the extreme end of the SaPI while the structural genes tend to exist centrally.  

Non-matching sequences that flank some of the virulence genes suggest that the genes 

have been inserted via non-homologous recombination (90).  In many examples, the 

virulence genes are present exclusively on SaPIs.  Toxic shock syndrome toxin 1 (TSST-

1), the only superantigen to be associated with menstrual toxic shock syndrome (TSS), is 

not only found on the prototypical pathogenicity island SaPI1, but also on SaPI2 and 

SaPIbov (38, 77).  Each SaPI tends to contain a specific set of virulence genes and 

competition between SaPIs at insertion sites may result in the inclusion or exclusion of 

certain virulence genes in the S. aureus genome, giving a S. aureus strain a particular 

virulence gene profile.  The origin of SaPIs is poorly understood.  However, there is 

evidence for recombination events that have led to the evolution of SaPIs.  SaPI5 has 

been recently described in the USA300 clonal group with end regions that are highly 

similar to those of SaPI1, while the middle region has similarity with SaPImw2, a SaPI 

from the USA400 clonal group (30, 90). 

 
Superantigens 

Function of Superantigens  

Superantigens (SAgs) are well characterized in S. aureus and Streptococcus 

pyogenes, encompassing a large family of exotoxins that are defined by their ability to 

induce a strong immune response within the host.  Unlike conventional antigens, SAgs do 

not need to be processed by antigen-presenting cells (APCs) before being presented to T-

cells.  SAg binding sites lie outside the major histocompatibility complex class II (MHC 

II) peptide-binding groove, and therefore do not depend on T-cell antigenic specificity.  

During infection, the SAgs bind to the variable region of the α- or β-chain of the T-cell 
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receptor (Vα- or Vβ-TCR) and to the α- and/or β-chains of MHC II molecules on APCs.  

Cross-linking of the TCR with MHC II causes a large, polyclonal activation of T-cells 

leading to a massive production of cytokines, including interleukin-2 (IL-2), interferon 

gamma (IFN-γ), and tumor necrosis factor β (TNF-β).  An enormous release of cytokines 

is thought to be a contributing factor in staphylococcal toxic shock syndrome (TSS).    

Symptoms of TSS include fever, hypotension, skin rash, and skin exfoliation (66).  SAg 

production by S. aureus is probably not meant to induce systemic shock in the host, but 

more likely the role is to activate local T-cells to produce cytokines that suppress local 

inflammation during the early stages of infection (41).  A study by Vojtov et al. showed 

no significant local inflammation in hairless mice injected with a tst+ strain at four days 

compared to mice injected with an isogenic knockout strain, which produced an open 

abscess characteristic of subcutaneous S. aureus infection (129).  SAgs can induce T-cell 

anergy and prevent the production of toxin-specific antibody (5, 100).  These activities 

are proposed to confer immunological protection to the bacteria and prevent its clearance 

from the human host (134). 

Staphylococcal Enterotoxins 

The SAgs include staphylococcal enterotoxins (SEs), which are highly stable, 

heat- and enzyme-resistant exotoxins.  To date, 21 different enterotoxins and related 

toxins have been described in S. aureus (95, 124) (FIG. 1).  All of the enterotoxin genes 

are located on MGEs (9, 71, 92, 95, 134).  The SEs, along with TSST-1, are included in 

SAg groups I-III and V based on their structural features and MHC-II binding abilities 

(80).  Most SEs have emetic activity in addition to causing TSS symptoms and are thus 
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FIG. 1. A phylogenetic tree of SEs.  Amino acid sequences of the mature toxins were 
obtained from the GenBank database 
(http://www.ncbi.nlm.nih.gov/Genbank/index.html).  The alignment was performed with 
ClustalX software (version 2.0.12; University College Dublin [http://www.clustal.org]) 
and a tree was generated by means of the neighbor-joining method using SplitsTree4 
software (version 4.11.3; Universität Tübingen [http://www-ab.informatik.uni-
tuebingen.de/software/splitstree4]).  The scale bar corresponds to 0.1 substitutions per 
site.  The SEs are categorized into SAg groups based on structure and MHC-binding 
abilities.
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known to be the cause of staphylococcal food poisoning.  Symptoms of staphylococcal 

food poisoning include nausea, emesis, abdominal pain, and diarrhea 1-6 h after the 

ingestion of SE-contaminated food (127).  Traditional enterotoxins include Sea, Seb, Sed, 

See, Seg and Sei.  SEs with no proven emetic activity are referred to as SE-like and 

include Sek, Sel, and Seq, among others.  TSST-1 is another SAg that is separated into its 

own group due to its low stability and high association with menstrual TSS (66).   

Eighty percent of S. aureus human nasal isolates have been found to harbor at 

least one SE gene and most harbor many SE genes (75, 91, 110).  One advantage for S. 

aureus producing multiple SEs is a greater ability to activate certain T-cell populations.  

Although there is some redundancy, each S. aureus SE is capable of activating between 

one and eight Vβ T-cell clones in humans.  Also, each Vβ-TCR in the entire human panel 

is capable of stimulation by at least one known SE (125). 

Production and Regulation of Staphylococcal SAgs   

 The amount of SAg protein production by S. aureus can vary depending on the 

SAg.  Three SAgs; TSST-1, Seb, and Sec; are most often associated with TSS and when 

tested in vitro are produced in the highest concentrations (5-50 µg/ml) among all SAgs 

(8, 26, 108, 112, 114).  Though data is limited, it is generally thought that most other 

SAgs are produced at much lower levels in vitro (92-94, 99).  However, SAg amounts as 

low as 0.1 µg per human have been shown to cause TSS symptoms (46).  Production of 

SAgs in vivo has been verified by the presence of TSS and related symptoms as well as 

through detection of toxins in patient serum samples (84).  Additional evidence suggests 

that SAgs are produced in the absence of TSS and even during S. aureus colonization.  

Sea, Seb, Sec, and TSST-1 were detected in sera from sepsis patients not experiencing 
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septic shock (6).  Also, the level of antibodies against SAgs increases in humans after the 

first three months of life (115). 

 Little is understood about the regulation of SAgs.  The best known regulator is the 

accessory gene regulator (Agr), a component of a quorum-sensing system that is 

activated at high cell densities.  Many genes encoding enterotoxin proteins, including 

Seb, Sec, Sed, TSST-1, are upregulated by Agr upon its activation during stationary 

growth phase (33, 60, 89).  Other SAgs, like Sea, are constitutively expressed across the 

growth phases and are suggested to be regulated by processes that govern their 

surrounding phage-encoded factors (10, 27, 28, 121).  The staphylococcal respiratory 

response A/B (SrrA-SrrB) system is considered to be a master switch repressor of 

exotoxins.  This two-component regulatory system is activated under low-oxygen, low 

pH, and high glucose conditions.  Upon signaling, the membrane-bound SrrB activates 

cytoplasmic SrrA to bind to the promoters of spa, tst and agr, causing repression, and to 

its own promoter, causing activation.  Therefore, only S. aureus isolates containing 

truncated srrA-srrB genes are able to produce these exotoxins anaerobically (102, 103, 

135).  The staphylococcal accessory regulator (SarA), a DNA-binding protein, is an 

activator of virulence genes. In addition to being necessary for agr transcription, SarA 

independently activates TSST-1, Seb, Sec, and other exotoxin expression (23, 25, 54, 88, 

104).  Other regulators of enterotoxins may act through regulation of the agr locus.  

These include the two-component system, autolysis-related locus (ArlRS), which has 

been shown to down-regulate hla, ssp (serine protease), spa, and agr transcription while 

increasing sarA transcription (39, 40).  The staphylococcal virulence regulator (SvrA) is a 
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membrane-associated protein that upregulates α-, β- , and δ-hemolysins and protein A 

and is required for agr transcription (44). 

Seq and Sek Enterotoxins 

Classification of Seq and Sek  

The SE-like proteins Seq and Sek belong to the group V subfamily of 

staphylococcal SAgs (96, 97) (FIG.1).  Like all SAgs, the biological activity of these 

enterotoxins includes superantigenicity, pyrogenicity, the capability to enhance endotoxin 

shock, and lethality (32, 111).  The group V subfamily is defined by the lack of a cysteine 

loop structure hypothesized to be important for emetic activity.  Additionally, this group 

has an extra 15-amino acid loop at the top of the β-grasp domain required for TCR 

binding (53, 66).  Seq and Sek have been found to have unique profiles of Vβ-TCR 

specificity among the SEs with Seq capable of expanding Vβ-TCR subsets 2, 5.1, 5.2, 6.7 

and 21.3 and Sek expanding subsets 1, 5.1, 5.2, and 6.7 (96, 97, 125). 

Genomic Organization of seq and sek  

The coding sequences of both the seq and sek genes are 729 nucleotides long and 

occur in tandem in the genome with seq located upstream of sek separated by 23 

nucleotides.  Nucleotide and amino acid sequence identity between seq and sek averages 

61% and 55%, respectively.  Clustering of enterotoxins in this fashion has been 

previously described for other SAgs, such as those found in the enterotoxin gene cluster 

(egc) and the set gene cluster (61, 133).  Evolution of these clusters is likely the result of 

gene duplication and variation from an ancestral gene.  This can result when 

recombination occurs between non-allelic regions by misalignment (73).  As with all 

SAgs, seq and sek are located on MGEs.  According to available genome sequencing data 
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from GenBank, four different MGEs (SaPI1, SaPI3, ΦSa3mw, and SaPI5) have been 

found to carry seq and sek and each has a distinct allelic variant of the enterotoxin locus 

(http://www.ncbi.nlm.nih.gov) (FIG. 2).  The ΦSa3mw MGE has an identical seq/sek 

locus on ΦSa3ms found on a related strain (121).  The MGEs have a low level of 

similarity and the similar regions that do exist suggest major recombination events have 

occurred (90, 121).  Additionally, SaPIs 1, 3, and 5 all share the same integration site in 

the genome, while phage ΦSa3mw is found in an entirely different location in the 

genome, with a different integration site and a reverse orientation (90).  In all MGEs, the 

seq/sek locus is located at one end of the MGE with the integrase located ~84-89 base 

pairs downstream of the locus in the same orientation and marking the end of the MGE.  

For the purposes of this study, the variant loci will be referred to as allele types 1-4 

according to the order in which the MGE was first characterized: SaPI1, allele type 1; 

SaPI3, allele type 2; ΦSa3mw, allele type 3; SaPI5, allele type 4 (FIG. 2). 

Allelic Variation of seq and sek  

Variant alleles are common among SAgs and have been reported for other toxin 

genes, such as sea, sec, and tst (10, 56, 59).  The entire seq-sek coding region, including 

the 23-bp intergenic sequence, is highly conserved among all the MGE variants, 

exhibiting at least 97% identity at the nucleotide level when comparing the most non-

identical forms.  Conversely, sequences of the upstream region of seq show little or no 

level of identity in all four variants (FIG. 2).  Additional information on the four allelic 

variants of seq and sek from the GenBank database can be found in TABLE 1.  It is 

important to note that seq from allele type 1 is annotated as being 771 nucleotides in 

length.  The 42-bp extra sequence comes from a single base pair deletion in the upstream
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FIG. 2.  Alignment of four seq/sek allele variants.  Mauve genomic alignment software 
(http://gel.ahabs.wisc.edu/mauve) was used to construct an alignment of the four allelic 
variants of seq and sek and surrounding genes using available sequences in the GenBank 
database (version 2.3.0; Genome Evolution Laboratory, University of Wisconsin – 
Madison [http://www.ncbi.nlm.nih.gov/Genbank/index.html]).  The alignment is 
anchored to the 882000-887000 bp region of the USA300-FPR3757 genome. Like 
colored regions indicate areas of high identity in the alignment whereas white or blank 
regions indicate no identity.  Pointed bars indicate open reading frames and their 
orientation. int; integrase, cro/cI family; putative transcriptional regulator of the phage 
life cycle (refer to text).



 

 

 

TABLE 1. GenBank databasea information for seq and sek from four reference S. aureus strains 
 

Allele 
type 

S. aureus strain 
(MGEb) 

Year 
sequenced 

Genome 
orientationc 

Gene 
annotation Protein ID Nucleotides Amino 

acids 
Genome region 

(bp) 

1 RN4282 (SaPI1)  1998 Reverse seq AAL67620 771 256 ~898931-899701 
sek AAC28968 729 242 ~899725-900453 

2 COL (SaPI3) 2002 Reverse sei (seq) AAW36440  729 242 906279-905551 
sek AAW36439  729 242 904800-905528 

3 MW2 (ΦSa3mw) 2003 Forward seg2 (seq) BAB95802 729 242 2086147-2086875 
sek2 (sek) BAB95803 729 242 2086900-2087628 

4 USA300-FPR3757 
(SaPI5) 2006 Reverse seq ABD21542 729 242 884056-884784 

sek ABD22279 729 242 883304-884032 

     a [http://www.ncbi.nlm.nih.gov/Genbank/index.html].      
     b MGE, mobile genetic element.       
     c  Orientation defined relative to the origin of replication.     
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region compared to the identical sequence in allele type 2, which puts it in-frame with the 

rest of the coding region.  However, due the high degree of identity among all seq 

variants and no occurrence of a similar sequence in any other SEs, the additional 42-bp 

sequence is likely not part of the coding region. 

Evolution of seq and sek  

The allelic variation and location of seq and sek on different mobile elements 

suggests the occurrence of recombination (134).  The seq/sek locus located on the 

recently described SaPI5 (allele type 4) from the USA300 clone seems to be a hybrid of 

the same locus from earlier MGEs, SaPI3 (allele type 2) and ΦSa3mw (allele type 3).  

Some evidence shows SaPI recombination between COL and MW2, suggesting that the 

newest seq/sek variant could have also resulted from a recombination event (30).  The 

recombined form of seq and sek could suggest slightly altered protein structure and 

function and, therefore, a potential change in virulence properties.  Amino acid sequence 

differences between members of the pyrogenic family can result in markedly altered 

biological properties (133).  Interestingly, because of the likely repositioning of the 

seq/sek locus during recombination, the upstream region of seq is almost entirely 

different for each allele type (FIG. 2).  All four allele types have just 16 bases upstream 

of the start codon of seq that are similar.  These unique upstream regions of seq suggest 

one of several possible mechanisms for variable expression among the allelic variants.   

Seq and Sek Regulation 

In previous studies, it has been shown that an MGE with a particular enterotoxin 

can be associated with a certain expression profile for that enterotoxin.  Two different 

alleles of sea are located on two different phages, ΦFRI100 and ΦFRI281A.  These sea 
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alleles had a minimal eightfold difference in mRNA production between them, which 

could not be solely explained by differences in the alleles themselves (10).  Several 

studies have suggested mechanisms of regulation of the seq/sek locus.  

 Expression studies.  Recently, the expression level of many SE genes, including 

seq and sek, was measured by qRT-PCR in several S. aureus food isolates during in vitro, 

planktonic growth (28).  The study, by Derzelle et al., indicated that most of the newly 

described SEs, including seq and sek, exhibited growth-independent expression patterns 

since the transcript levels remained unchanged throughout growth.  However, strain-

specific differences in the absolute levels of transcript existed.  In contrast, the transcript 

levels of the well known SEs, like seb and sec, increased markedly during the transition 

from logarithmic to stationary growth phases.  The researchers concluded that the new SE 

genes are likely not controlled by the Agr system, but could be regulated by factors that 

govern phage lysogeny, as most of the genes are phage encoded. 

Sumby et al. showed by Northern blot hybridization and transcription start-site 

analyses that seq and sek expression in ФSa3ms (allele type 3) is likely to be regulated 

from a common promoter of an upstream gene, cI, encoding a phage transcriptional 

repressor (121) (FIG. 1).  Additionally, Yarwood et al. reported a similar level of gene 

expression between seq, sek, the downstream integrase, and three ORFs upstream of seq 

in allele type 2 using microarray analysis, suggesting control of seq/sek by an upstream 

encoded gene product.  Interestingly, the first gene in this supposed operon also encodes 

a phage transcriptional regulator protein (134).  

Co-transcribed genes are common in phage and phage-originated genomes due to 

coordinated temporal regulation at critical points within the phage life cycles (72).  Since 
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the MGEs are likely of phage origin, seq and sek are likely co-transcribed and this is 

further supported by the fact that they have a shared orientation and close proximity.  

Other investigations have also supported seq and sek co-transcription.  Microarray 

analysis has shown that under various experimental conditions, seq and sek expression 

levels in allele type 2 cluster together along with other surrounding genes (134).  

Northern blot analysis has detected both a common transcript for both genes in allele type 

3 as well as a separate transcript for the sek gene (121).  Predicted stem-loop structures 

just beyond the coding regions for both seq and sek in allele type 2 may serve as Rho-

independent transcription terminators (134).  These results suggest that the seq/sek locus 

may be regulated by multiple proteins and that the sek gene may possess its own specific 

promoter in addition to a shared promoter upstream of seq.   

By examining the region upstream of the seq gene in all four allelic variants using 

GenBank annotations and predicted protein BLAST searches, the furthest upstream gene 

that exists in the same orientation as seq and sek was found to belong to the cro/cI family 

of phage transcriptional regulators (FIG. 2) (4).  These phage transcriptional regulators, 

characterized in bacteriophage λ, comprise a binary switch that is able to exist stably in 

either of the two distinct, self-sustaining regulatory states (34).  These two regulatory 

states are responsible for determining the lysogenic or lytic development of temperate 

phages which is dependent on many factors, including DNA damage and environmental 

conditions.  The CI (Clear I) protein is expressed during phage lysogeny and blocks the 

transcription of the cro (Control of Repressor’s Operator) gene, which is required for 

lytic development.  Alternatively, Cro is expressed during the lytic development and 

prevents CI expression and, therefore, phage lysogeny (63, 82, 122).  In accordance with 
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bacteriophage λ genome structure, putative cro/cI regulators indicated in FIG. 2 mostly 

resemble cI as indicated by the downstream int genes whose low and stable expression is 

controlled by CI and required for phage lysogeny.  The seq/sek allele types 2 and 4 share 

a highly identical (99%) cro/cI regulator gene, however, a putative lipoprotein located 

just upstream of seq has been excised from allele type 4.  This cro/cI regulator gene and 

the regulator genes in allele types 1 and 3 share no identity.  Since regulation of seq has 

been linked in allele types 2 and 3 to the upstream promoter of the cro/cI regulator, a 

similar type of seq regulation may occur in the other allele types.  On the other hand, 

these upstream regions share almost no identity, which may affect the downstream 

expression of seq and sek. 

Despite variability between the MGEs, the seq/sek locus has remained highly 

conserved, suggesting some functional significance for these toxins during the disease 

process.  In addition, the locus remains in the same relative location on the mobile 

elements with respect to non-homologous phage integrases and cro/cI regulator elements.  

One rationale for the common insertion location of seq/sek downstream of cro/cI 

regulator genes may be optimized gene expression.  Phage lysogeny is maintained by 

constitutive expression of CI at low levels (72).  If seq/sek is controlled by the promoter 

of the cro/cI regulators then this guarantees constitutive expression of the enterotoxins as 

well (121). 

Protein studies.  Several proteomic studies have shown that Seq and Sek are 

most highly secreted during the late-logarithmic/early-stationary phase of growth (15, 51, 

99).  In a global analysis of exoprotein production by automated direct infusion-tandem 

mass spectrometry (ADI-MS/MS), Seq and Sek protein production levels were different 
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between strains MW2 (allele type 3) and USA300-FPR3757 (allele type 4) (15).  Sek 

production was detected only in USA300-PFR3757 during mid-logarithmic and 

stationary growth phase and never in MW2.  Seq production was also detected in 

USA300-FPR3757 during both growth phases, while three-fold less Seq was detected 

during stationary phase growth only in MW2 (15).  This data also supports the idea that 

these two enterotoxins may be under different regulatory control in different MGEs 

and/or genetic backgrounds.   

To date, there has been no investigation to directly compare the expression levels 

of seq and sek among the different allelic variants.  Also, no expression analysis of seq 

and sek has been done definitively for the newest allelic variant, allele type 4, or for allele 

type 1.  It is possible that allele-specific expression of seq and sek contribute to patterns 

of virulence seen in S. aureus groups harboring those alleles.  For example, since allele 

type 4 is exclusively found in the USA300 strain type, it is possible that allele-specific 

levels of expression of seq and sek contribute to the heightened virulence seen in this CA-

MRSA group.  The goal of this study was to both characterize and quantify the seq and 

sek transcripts in vitro for all four allelic variants.  This work has demonstrated that the 

seq and sek genes are co-transcribed in all allele types and are expressed at very low 

levels in vitro.  In addition, strain- and allele-specific levels of absolute expression were 

shown to exist, which may have a potential role in the virulence of certain S. aureus 

cohorts. 
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RESEARCH OBJECTIVES 
 

The goal of this research was to test the hypothesis that seq and sek are 

differentially regulated in S. aureus isolates depending on their allele type.  This 

hypothesis was based on the occurrence of these enterotoxins in four different MGE’s 

and their suggested regulation by non-identical phage transcriptional regulators.  It was 

also based on the evidence of different amounts of Seq and Sek production in two 

unrelated predominant CA-MRSA strains, USA300-FPR3757 (allele type 4) and MW2 

(allele type 3) (15, 121, 134).  The objectives for this study were to: 

 
1. Determine if seq and sek are expressed and co-transcribed during three phases of 

growth in allele types 1-4 by reverse-transcription PCR using total RNA collected 

during mid-logarithmic, late-logarithmic and stationary growth phases.  

2.  Confirm the co-transcription of seq and sek and determine co-transcription of 

these genes with additional genes in all four allelic variants by Northern blot 

hybridization using total RNA collected from three phases of growth. 

3. Measure the expression of seq and sek using real-time-reverse-transcriptase PCR 

in four reference and four clinical isolates of S. aureus grown in nutrient media. 
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RESEARCH DESIGN AND METHODS 
 

Identification of seq/sek Allele Types 

Bacterial Strains (47, 68) 

 Seventy-one S. aureus clinical and commensal isolates were selected for detection 

of seq and sek by polymerase chain reaction (PCR).  These isolates were selected from a 

pool of 390 archived isolates collected from various institutions (patient samples from the 

Marshfield Clinic, Minnesota Department of Health, and Wisconsin State Lab of 

Hygiene; student samples University of Wisconsin – La Crosse, and) between 1990 and 

2006 and represented five cohorts: commensal methicillin-sensitive S. aureus 

(cmMSSA), clinical MSSA (clMSSA), HA-MRSA, CA-MRSA, and Transitional-

MRSA.  The pool of isolates was used in a previous MRSA study investigating the 

molecular epidemiology of CA-MRSA (Shukla et al., submitted for publication).  

Clinical isolates, including all MRSA, were collected from clinical cases of skin and soft 

tissue infections, sepsis, and respiratory tract infections.  Commensal isolates were 

obtained from the University of Wisconsin – La Crosse and were collected from the 

anterior nares of students without clinical syndromes.  HA-MRSA isolates were defined 

by antibiotic resistance, presence of SCC mec types I, II, or III, and lack of the pvl genes.  

CA-MRSA was defined by PFGE patterns resembling clonal groups USA300 or USA400 

and presence of SCC mec type IV and the pvl genes.  Transitional-MRSA resembled CA-

MRSA by their presence of SCC mec type IV; however, they lacked the pvl genes (11).  

S. aureus reference and clinical strains used to characterize the expression of the seq/sek 



 

 

TABLE 2. S. aureus strains and characteristics for seq/sek allele expression studies 

seq/sek  allelic 
type

1
2
3
4

UWL-96 1
5180 2

3
4

Marshfield Clinic 

USA300-FPR3757

a  clMSSA, clinical methicillin-sensitive S. aureus ; HA-MRSA, hosptial-associated methicillin-resistant S. aureus ; CA-
MRSA, community-associated methicillin-resistant S. aureus ; cmMSSA, commensal methicillin-sensistive S. aureus ; 
tMRSA, transitional methicillin-resistant S. aureus.

Wisconsin State Lab of Hygiene

University of Wisconsin - La Crosse

Marshfield Clinic 
CA-MRSA,  agr type 3
CA-MRSA, agr type 1

WSLH-6
2004

CA-MRSA, SaPI5, agr type 1
CA-MRSA, ΦSa3mw, agr type 3 

HA-MRSA, SaPI3, agr  type 4
clMSSA, SaPI1, agr  type 1

MW2
COL
RN4282

CDC (19)

Source or reference

b  Clinical strain information provided by Shukla et al ., submitted for publication.

 S. aureus strain

Reference

Clinicalb

cmMSSA, agr type 2
tMRSA, agr  type 1 

Propertiesa

Diep et al.  (30)

Kreiswirth et al.  (68)
Gill et al . (47)
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alleles are listed in TABLE 2.  The four clinical S. aureus isolates were selected based on 

results from PCR and DNA sequencing analysis.  Each clinical strain carries a certain 

seq/sek allele that was confirmed to be identical to its reference strain. 

PCR Detection of seq and sek 

 Genomic DNAs were extracted from S. aureus isolates using the DNeasy Blood 

and Tissue kit (Qiagen, Valencia, CA) and used as templates for PCR.  Primers used for 

PCR amplification of seq and sek are listed in TABLE 3.  Separate multiplexed reactions 

for seq (primers: Seq-CodR, Seq-PF-SaPI1, Seq-ProF-300, Seq-ProF-COL, Seq-ProF-

MW2) and sek (primers: Sek-ProF, Sek-CodR-300COL, Sek-CodR-MW2, Sek-CR-

SaPI1) were set up using HotStarTaq Master Mix (Qiagen, Valencia, CA) to detect all 

four seq and sek alleles.  PCR amplification was carried out using a thermal cycler.  The 

following parameters were used to amplify seq:  95ºC for 15 min followed by 35 cycles 

of denaturation at 94ºC for 30 s, annealing at 55ºC for 30 s, and extension 72ºC for 1 min, 

followed by 72ºC for 7 min.  For sek, the following parameters were used: 95ºC for 15 

min followed by 35 cycles of denaturation at 94ºC for 30 s, annealing at 60ºC for 30 s, 

and extension 72ºC for 1.5 min, followed by 72ºC for 7 min.  All PCR products were 

separated and visualized by agarose gel electrophoresis to determine the presence of a 

PCR product of the correct size.  Isolates that were negative for a specific gene following 

the multiplexed PCR were screened again using two primer sets (RTSeq-R-CUS/RTSek-

300COL-F and Seg2F/Seg2R).  These primers targeted the conserved coding regions of 

the seq/sek locus and served to identify any additional allele variants.  PCR parameters 

for primer set RTSeq-R-CUS/RTSek-300COL-F followed conditions used for the seq 

multiplexed PCR.  PCR parameters for primer set Seg2F/Seg2R was as follows:  95ºC for  



 

 

TABLE 3. Oligonucleotide primers sets and hybridization probes used in this study 

Primer or probea Sequence (5'-->3') Length 
(bp)

PCR 
product 

(bp)

seq/sek 
allele type Purpose or methodb

seq
    seg2Fch TCTCTGGGTCAATGGTAAGC 20
    seg2Rdh TTCCGGTGTAAAACAAATCG 20

    SeqB-Fc CACTGTTAGCTTGTTTTTCTTCACA 25
    SeqB-Rd TGCCAACGTAATTCCACCAT 20

    Seq-CodRd TATCACCTTGAGCGCTGGCA 20 1-4
    Seq-PF-SaPI1c CGTGTCCTAGCACATCTACGTC 22 1
    Seq-ProF-300c TCCGAGTACCTACAACTGAGTGA 23 988 4
    Seq-ProF-COLc AACGGTGATATCGATGATGCT 21 967 2
    Seq-ProF-MW2c GATGATATCAAAGTCGCTTCGT 22 1087 3

    RTSeq-300COL-Fd TCAATCTCTTGAGCAGTTACCTCTT 25
    RTSeq-CUS-Rcg GAATTACGTTGGCGAATCAA 20
    RTSeq-MW2-Fd TCAATCTCTTGAGCAGTTACTTCTTT 26
    RTSeq-MW2-Rc GGAATTACGTTGGCAAATCAA 21

    Pseqe TGCTTACCATTGACCCAGAGATT 23 1-4 qRT-PCR

Confirmation of PCR 
negative isolates

PCR detection and 
sequencing

961

1, 2, 4

137

136
RT-PCR (SEQ),     

qRT-PCR

303 Northern/Southern 
DNA probe1-4

3

260 1-4
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Primer or probea Sequence (5'-->3') Length 
(bp)

PCR 
product 

(bp)

seq/sek 
allele type Purpose or methodb

sek
    SekB-Fc GGAATTGATAATCTCAGGAATTTTT 25
    SekB-Rd TCAATCTCTTGAGCGGTAACAA 22

    Sek-ProFc TTTTACACCGGAACTGGTCA 20 1-4
    Sek-CodR-300COLd TTGGCAGTGAGAGGGTCTTT 20 2, 4
    Sek-CodR-MW2d CAACGTGTTTTCATGCGTTC 20 966 3
    Sek-CR-SaPI1d CAAACCACATTTTGCTTCTCC 21 966 1

    RTSek-300COL-Fdg TTTGATTTATGACCATATTCTTCTCC 26
    RTSek-CUS-Rc TTACCGCTCAAGAGATTGATGT 22
    RTSek-MW2-Fd TGATTTATGACCGTATTCTTCTCC 24
    RTSek-Rc TTGTTACCGCTCAAGAGATTG 21

    Pseke TGCCGTTATGTCCATAAATGTTG 23 1-4 qRT-PCR

seq-sek (1)
    Sek-ProFc TTTTACACCGGAACTGGTCA 20
    Seq-CodRd TATCACCTTGAGCGCTGGCA 20

seq-sek (2)
    Sek-Cc GGTCAGGAATATGGATATCAGTCA 24
    Seq-PCd ACATTTGAAAATTGTAGTTGATTAGC 26

1-4

1038
PCR detection and 

sequencing

RT-PCR (1)

RT-PCR (2)

110

116

3

1, 2, 4

1-4

RT-PCR (SEK),     
qRT-PCR

Northern/Southern 
DNA probe

219

427

365 1-4
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Primer or probea Sequence (5'-->3') Length 
(bp)

PCR 
product 

(bp)

seq/sek 
allele type Purpose or methodb

gmk

474 1-4
    RTGmk-Fc ACGAATATTTGAAGATCCAAGTACA 25

123 1-4

gyrB
    RTGyrB-Fcf CAAATGATCACAGCATTTGGTACAG 25
    RTGyrB-Rdf CGGCATCAGTCATAATGACGAT 22
    PgyrBef AATCGGTGGCGACTTTGATCTAGCGAAAG 29

g Primers used to confirm PCR negative isolates, 975 bp product.
h  Primers designed by Pokallus (101).

90

    GmkN-Rd

a  Primers designed with Primer 3 software (version 0.4.0; Whitehead Institute for Biomedical Research 
[http://frodo.wi.mit.edu/primer3/]) unless noted otherwise.

qRT-PCR1-4

f  Primers and probes designed by Voyich et al. (131).

b RT-PCR, reverse-transcriptase PCR; qRT-PCR, quantitative real-time PCR.
c  Forward primer.

25 Northern/Southern 
DNA probe

d  Reverse primer.
e  Taqman minor groove binding probe with 5' 6FAM (6-carboxyfluorescein) fluorescent dye and 3' non-fluorescent quencher.

CATTGAATTCTATTCTTCGCAAGTT

RT-PCR
GCTTCAAACGCATCCCTAGT 20    RTGmk-Rd
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15 min followed by 35 cycles of denaturation at 94ºC for 30 s, annealing at 55ºC for 30 s, 

and extension 72ºC for 45 s, followed by 72ºC for 7 min.  

DNA Sequencing to Determine seq/sek Allele Type (101)   

 Amplicons from PCR analyses were purified using the QIAquick PCR  

Purification kit (Qiagen, Valencia, CA) and used as a template for cycle sequencing.  

Cycle sequencing was performed on a thermal cycler using the BigDye Terminator v3.1 

Cycle Sequencing kit (Applied Biosystems, Foster City, CA) and primers from the 

original PCR.  Extension products were purified to remove unincorporated dye 

terminators using the DyeEx Spin kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instruction.  Samples were then subjected to capillary electrophoresis 

using an ABI PRISM 3130xl Genetic Analyzer instrument (Applied Biosystems, Foster 

City, CA).  Sequencing data was analyzed using Lasergene software (DNASTAR, 

Madison, WI).  GenBank sequences from four sequencing projects, SaPI1, COL, MW2, 

and USA300-FPR3757 served as reference sequences for determining seq/sek allele type 

(TABLE 1).  

Methods to Address Research Objective 1 

Growth Curve Analysis 

The growth curves of three seq/sek reference strains, COL, MW2, and USA300-

FPR3757, were used to determine mid-logarithmic, late-logarithmic and stationary 

phases of growth.  Strains were inoculated into 5 ml of tryptic soy broth (TSB, Becton, 

Dickinson, and Company, Franklin Lakes, NJ) and grown overnight in a shaking 

incubator.  A 1:50 dilution was made into fresh TSB and shaken at 250 rpm at 37ºC.  

Aliquots were taken at the time of dilution and every 30 minutes during incubation for 
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absorbance readings at A600.   The log of the average optical density for all aliquots from 

two separate cultures was plotted against time to determine the time points of the three 

growth phases. 

Manipulation of RNA 

 RNA extraction.  Total RNA was collected from S. aureus strains using 

combined methods from Theis et al. and Cheung et al. (24, 123).  Briefly, cultures were 

grown to time points corresponding to mid-logarithmic, late-logarithmic and stationary 

phases.  During each phase, a 1-4 ml aliquot of culture was removed and mixed with 

RNAprotect Bacterial Reagent (Qiagen, Valencia, CA) according to the manufacturer’s 

instruction to stabilize RNA for accurate gene expression analysis.  Cells were then 

washed and resuspended in 1 ml TRIzol reagent (Invitrogen, Carlsbad, CA).  The 

suspension was transferred to 2.0-ml Lysing Matrix B tubes (MP Biomedicals, Solon, 

OH) and homogenized three times using a Mini-Beadbeater-1 (BioSpec Products, 

Bartlesville, OK) for 20 seconds each with incubation on ice between runs.  Chloroform 

(200 μl) was then mixed with each sample and incubated at room temperature for 2 

minutes.  High-speed centrifugation (13,000 x g, 2 min) separated the phases for 

collection of the clear, upper, aqueous phase containing the RNA.  Isopropyl alcohol (500 

μl) was then gently added and the sample was applied to an RNeasy collection tube for 

RNA Cleanup using the RNeasy Mini Kit (Qiagen, Valencia, CA).  RNA samples were 

eluted twice from the column using the same 50-μl diethylpyrocarbonate-treated (DEPC) 

water sample for maximum recovery and stored at -80ºC.  

 RNA quantification and determination of purity.  RNA was quantified by 

measuring the absorbance at A260 of a 1:50 dilution of RNA sample in a SmartSpec Plus 



 

29 

Spectrophotometer (Bio-Rad, Hercules, CA).  The A260/A280 ratio was used to determine 

the purity of each extraction.  RNA samples with ratios below 1.9 and above 2.1 were 

discarded and the extractions repeated.  Each RNA sample was then treated with DNase 

to remove any residual DNA using the TURBO DNA-free Kit (Applied 

Biosystems/Ambion, Austin, TX).  Integrity of the RNA was checked at the time of 

cDNA synthesis by electrophoresing 1 μl of each extraction on a 1.0% non-denaturing 

agarose gel.  The presence of sharp 23S and 16S rRNA bands indicated intact RNA.   

RT-PCR of seq and sek   

 The four reference strains were used for RT-PCR analysis (TABLE 2).  RNAs 

prepared from mid-logarithmic, late-logarithmic, and stationary growth phases were used 

as templates for RT-PCR.  RT-PCR was performed in two steps consisting of a reverse 

transcription step to synthesize complementary DNAs (cDNAs) from each RNA sample 

followed by a PCR step to amplify the cDNA template.  

 Reverse transcription.  cDNA synthesis of total RNA was carried out with 

random primers on a thermal cycler using the High-Capacity cDNA Reverse 

Transcription kit (Applied Biosystems, Foster City, CA).  Reactions were set up using 

DNAse-treated RNA at a final concentration of 100 ng/μl.  Each reaction was done in 

duplicate with one reaction containing the reverse transcriptase enzyme and one without 

the enzyme to serve as a No-RT control (NRT).  All cDNAs were stored at -20ºC until 

further use.   

 PCR to detect seq and seq cDNA.  Synthesized cDNAs were used as templates 

for PCR to detect the individual seq and sek transcripts as well transcripts containing both 

genes.  PCRs were performed with a thermal cycler using the HotStarTaq Master Mix 
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(Qiagen, Valencia, CA).  All primers used for amplification are noted in TABLE 3.  The 

quality of cDNA template was assessed by amplifying the housekeeping gene, gmk 

(primers: RTGmk-F/RTGmk-R), in both the RT and NRT samples.  Any samples that 

produced an amplicon from the NRT reaction were presumed to have significant genomic 

DNA contamination and were excluded from the analysis.  The seq/sek regions targeted 

for amplification included the coding region of each gene as well as the region spanning 

the seq/sek intergenic sequence.  Due to the presence of polymorphic sites within the 

coding region of seq and sek, two sets of primers targeting each gene were used to cover 

all allelic types (primer sets for seq; RTSeq-300COL-F/RTSeq-CUS-R and RTSeq-

MW2-F/RTSeq-MW2-R, primer sets for sek; RTSek-300COL-F/RTSek-CUS-R and 

RTSek-MW2-F/RTSek-R).  These primers targeted the same region in all allelic types.  

In addition to gene-specific primer sets, two primer sets, 1 (Sek-ProF/Seq-CodR) and 2 

(Sek-C, Seq-PC), were used to amplify across the intergenic region.  PCR amplification 

was carried out under the following parameters:  95ºC for 15 min followed by 40 cycles 

of denaturation at 95ºC for 30 s, annealing at 55ºC for 30 s, and extension 72ºC for 45 s, 

followed by 72ºC for 7 min.  For the primer set 2 amplification, the cycle number for the 

PCR was 40 or more cycles to account for low abundance of the intact target.  All PCR 

products were separated and visualized by agarose gel electrophoresis to determine the 

presence of a PCR product of the correct size.  One PCR product from each primer set for 

strains RN4282 and USA300-FPR3757 was sequenced to determine amplification of the 

correct target. 
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Methods to Address Research Objective 2 

Northern Blot Hybridization 

 Electrophoresis of RNAs.  Northern blot hybridizations were carried out 

following combined methods provided in Sambrook and Russell and Streit et al. (106, 

118).  RNAs were extracted from USA300-FPR3757 cultures grown to stationary phase 

as previously described.  If necessary, RNA samples were first concentrated by ethanol 

precipitation.  To do this, two volumes of 100% ethanol and 1/10 volume 3 M sodium 

acetate in DEPC water were added to the RNA sample and stored at -20ºC overnight or at 

-80ºC for one to two hours.  RNA was collected by centrifugation at maximum speed 

(13,000 x g) for 10 min in a microcentrifuge at 4ºC.  The RNA pellet was washed with 

70% ethanol in DEPC water, allowed to dry, and then resuspended in DEPC water.  RNA 

denaturation reactions for electrophoresis were set up using 20-, 30-, and 40-μg aliquots 

of RNA mixed with 2X RNA Loading Dye Solution (Fermentas, Glen Burnie, MD).  

Five micrograms of RNA Millennium Markers (Applied Biosystems/Ambion, Austin, 

TX) was also prepared in the same manner to serve as an RNA ladder.  All samples were 

heated at 70ºC for 10 minutes followed by chilling on ice.  Samples were then loaded into 

a 1.5% agarose gel containing 2.2 M formaldehyde and 1X 3-(N-morpholino) 

propanesulfonic acid (MOPS) and placed in a horizontal electrophoresis box containing 

1X MOPS electrophoresis buffer.  Electrophoresis was carried out at 3 V/cm for 4-5 

hours.  The gel was photographed along with a fluorescent ruler using a UV 

transilluminator.  The 16S and 23S rRNA bands served as a control to equalize the RNA 

in each lane. 
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 Transfer of RNAs to membrane.  RNA gels were rinsed with DEPC-treated 

water and soaked in 20X saline-sodium citrate (SSC) (3M NaCl, 0.3M Na-Citrate, DEPC 

water) on a rotary platform for 20 minutes.  RNAs were then transferred to a positively 

charged Hybond-XL membrane (GE Healthcare, Waukesha, WI) via capillary transfer 

with 20X SSC transfer buffer overnight.  Membranes were rinsed with 6X SSC and 

allowed to air dry.  RNAs were cross-linked to the membrane using a Stratalinker 2400 

instrument (Agilent Technologies, Santa Clara, CA) on the auto cross-link setting. 

 DNA probes.  Three DNA probes were constructed by PCR to probe the RNA 

transcripts of seq, sek, and gmk.  Primer sets used for PCR along with respective product 

sizes can be found in TABLE 3 and were as follows: seq; SeqB-F/SeqB-R, sek; SekB-

F/SekB-R, gmk; RTGmk-F/GmkN-R.  PCR amplification was carried out using a thermal 

cycler under the following parameters:  95ºC for 15 min followed by 35 cycles of 

denaturation at 95ºC for 30 s, annealing at 55ºC for 30 s, and extension 72ºC for 45 s, 

followed by 72ºC for 7 min.  All PCR products were separated and visualized by agarose 

gel electrophoresis to determine the presence of a PCR product of the correct size.  

Products were then purified from the gel using the QIAquick Gel Extraction kit (Qiagen, 

Valencia, CA).  DNA probes were labeled at the time of hybridization with [α-32P] 

deoxyadenosine 5’-triphosphate (dATP) (3000 Ci/mmol) (PerkinElmer, Waltham, MA) 

using the Prime-IT II Random Primer Labeling Kit (Agilent Technologies, Santa Clara, 

CA) according to the manufacturer’s instruction.  Probes were filtered following labeling 

to remove unincorporated nucleotides using the QIAquick PCR Purification kit (Qiagen, 

Valencia, CA) according to the manufacturer’s instruction. 
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 Hybridization and imaging.  The membrane containing immobilized RNAs was 

divided to allow for multiple hybridizations using different probes.  Prehybridization 

occurred at 50ºC for at least four hours in a hybridization oven using roller tubes 

containing prehybridization buffer {50% [vol/vol] formamide, 0.2% [wt/vol] sodium 

dodecyl sulfate (SDS), 5X SSC, 5X Denhardt’s solution (0.5% [vol/vol] Ficoll, 0.5% 

[wt/vol] polyvinlypyrolidone, 0.5% [wt/vol] bovine serum albumin), 100 μg/ml salmon 

sperm DNA, and 50 mM sodium phosphate [pH 6.5]}.  After prehybridization, DNA 

probes were denatured at 100ºC for five minutes followed by chilling on ice for two 

minutes and then added directly to the prehybridization buffer.  Hybridization occurred 

overnight at 50ºC.  Membranes were washed at 65ºC for 10 minutes each with Wash 

Solution I (2X saline-sodium phosphate-EDTA (SSPE) (3M NaCl, 0.2M NaH2PO4, 

0.02M EDTA), 0.5% [wt/vol] SDS, DEPC water), followed by Wash Solution II (1X 

SSPE, 0.5% [wt/vol] SDS, DEPC water), and Wash Solution III (0.1X SSPE, 0.5% 

[wt/vol] SDS, DEPC water).  Membranes were wrapped with Saran Wrap™ and exposed 

in a phosphorimaging cassette for five days.  An image was obtained using a Molecular 

Dynamics Storm 860 (GE Healthcare, Waukesha, WI) scanning instrument according to 

the manufacturer’s instruction.  The scaled RNA ladder served as a reference for 

determining size of the transcripts. 

Southern Blot to Determine DNA Probe Efficacy 

 Manipulation of DNAs.  Genomic DNAs were extracted from a culture of 

USA300-FPR3757 grown overnight in a 37ºC shaking incubator using the MasterPure 

Gram Positive DNA Purification kit (Epicentre Biotechnologies, Madison, WI).  The 

provided kit protocol was followed with the addition of a mechanical lysing step 
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following addition of the Proteinase K/Gram Positive Lysis Solution.  Sterile 0.1 mm 

silica spheres (MP Biomedicals, Solon, OH) were added to the sample and vortexed 

vigorously for 30 s.  Silica spheres were then pelleted by centrifugation at 10,000 x g for 

2 min.  The lysed sample was removed and placed in a new microcentrifuge tube and the 

kit protocol resumed.  Approximately 15 µg of genomic DNAs were used for an 

overnight digestion with Nsp I (New England Biolabs, Ipswich, MA) enzyme according 

to the manufacturer’s instruction.  A small portion of the digestion was checked for 

completeness by agarose gel electrophoresis.  Digested DNAs were then concentrated by 

ethanol precipitation as described in methods for electrophoresis of RNAs for Northern 

blot hybridization.  

 Electrophoresis of DNAs.  The digested DNAs were divided evenly into three 

samples (~5 µg/well) for loading onto a 0.8% agarose gel.  Prior to loading, samples were 

heated for 2-3 minutes at 56ºC to disrupt base pairing.  A GeneRuler 1 kb DNA Ladder 

(Fermentas, Glen Burnie, MD) served as a scale for detecting hybridized DNAs of 

expected size.  Electrophoresis was carried out overnight at <1 V/cm to allow for slow 

migration.  The gel was then stained in a 0.5 µg/ml solution of ethidium bromide for 45 

min and photographed with a fluorescent ruler using a UV transilluminator. 

 Transfer of DNAs to membrane.  The DNAs were depurinated by soaking the 

gel for 15 min in 0.25 M HCl with constant gentle agitation on a rotary platform.  The gel 

was then soaked in Denaturation Buffer (1.5M NaCl, 0.5M NaOH) for 20 min with 

constant agitation and repeated once more with fresh solution.  The gel was then soaked 

twice in Neutralization Buffer (3M NaCl, 1M Tris-Cl [pH 8.0]) with constant agitation.  

Sterile, deionized water was used to rinse the gel between all steps.  DNAs were then 
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transferred to a positively charged Hybond-XL membrane (GE Healthcare, Waukesha, 

WI) via capillary transfer and cross-linked to the membrane as described in methods for 

the transfer of RNAs to membrane. 

 DNA probes.  The DNA probes for seq, sek, and gmk synthesized for Northern 

blot hybridization were also used for Southern blot hybridization and were labeled using 

the same methods as described.  For Southern blot hybridization, probes remained 

unfiltered following labeling.  

 Hybridization and imaging.  Hybridization and imaging steps followed those as 

described for Northern blot hybridization.  To account for unfiltered probes, washing 

time was increased to 45 min for all wash solutions.  An image was obtained after six 

days of exposure.  The scaled DNA ladder served as a reference for determining size of 

detected DNAs. 

Methods to Address Research Objective 3 

Primers and Probes  

 Oligonucleotide primers and minor groove binding (MGB) Taqman probes 

(Applied Biosystems, Foster City, CA) used for detection of cDNA from the target genes, 

seq and sek, and reference gene, gyrB, are listed in TABLE 3.  Primer sets were as 

follows: seq; RTSeq-300COL-F/RTSeq-CUS-R and RTSeq-MW2-F/RTSeq-MW2-R, 

sek; RTSek300COL-F/RTSek-CUS-R and RTSek-MW2-F/RTSek-R, gyrB; RTGyrB-

F/RTGyrB-R.  The housekeeping gene, gyrB, encodes DNA gyrase B subunits which are 

responsible for binding and hydrolyzing ATP, providing the energy requirement for DNA 

supercoiling (58, 85, 120).  Selection of gyrB as a suitable reference gene was based on a 

previous study that indicated constitutive expression during in vitro growth in S. aureus 
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(48).  Primers were designed for seq and sek to account for polymorphisms in the allelic 

variants in order to maximize PCR efficiency. As a result, allele type 3 had unique primer 

sets which prime to the same or very similar regions of the target as the other allele types. 

qRT-PCR Conditions 

 Expression analysis was carried out using the LightCycler 480 instrument (Roche 

Applied Science, Indianapolis, IN).  All reactions were set up using TaqMan Universal 

PCR Master Mix (Applied Biosystems, Foster City, CA) according to the manufacturer’s 

instruction with the final reaction volume being 25 µl.  Thermal cycling conditions 

included an AmpErase Uracil N-glycosylase activation step at 50ºC for 2 min followed 

by DNA polymerase activation at 95ºC for 10 minutes.  The amplification steps consisted 

of 50 cycles with each including a denaturation step at 95ºC for 15 s and an 

annealing/extension step at 60ºC for 1 min.  Fluorescence was measured after each 

annealing/extension step for each amplification cycle.  

Determining PCR Efficiencies   

 Prior to relative quantification, PCR efficiencies were measured for each primer 

and probe set.  Serial dilutions of prepared cDNA template spanning three orders of 

magnitude were used to generate standard curves using the Roche’s LightCycler 480 

Absolute Quantification software (Roche Applied Science, Indianapolis, IN).  PCR 

efficiency values were automatically generated from the slope of the CT value plotted 

against the log of concentration of the template (E = 10(-1/slope)).  Since the comparative 

cycle threshold method (2-ΔΔCT) of relative quantification relies on a PCR efficiency of 2, 

any primer/probe set with a calculated PCR efficiency less than 1.95 went through 
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efficiency correction during relative quantification analysis using the LightCycler 

software. 

qRT-PCR Analysis 

 qRT-PCR experimental design.  All eight reference and clinical strains were 

used for qRT-PCR analysis (TABLE 2).  cDNAs prepared from mid-logarithmic, late-

logarithmic, and stationary growth phases were used as templates for qRT-PCR analysis.  

A minimum of three cDNA preparations from two separate cultures was prepared at each 

growth phase for each strain.  Each cDNA preparation was analyzed three times on the 

LightCycler instrument.  For each LightCycler run, single-plexed reactions for seq, sek, 

and gyrB were set up simultaneously and in duplicate for each cDNA sample using 100 

ng of template per well.  Additionally, 100 ng of the corresponding NRT reaction for 

each cDNA sample was included in a gyrB reaction well.  This control served to evaluate 

levels of genomic DNA contamination in the cDNA sample.  cDNA samples that 

produced a cycle threshold (CT) value of at least 10 cycles higher in the NRT reaction 

compared to the corresponding RT gyrB samples were presumed to have negligible 

amplification (≤ 0.1%) due to genomic DNA template and were included in the analysis.  

Each run also contained a no-template control well for each seq, sek, and gmk master mix 

in which sterile water substituted cDNA template to monitor master mix contamination.  

The Newman strain, missing the seq and sek genes, was used to assess the specificity of 

the assay (7).  Initial qRT-PCR products were checked by agarose gel electrophoresis to 

confirm their presence and correct size. 

 Relative quantification.  LightCycler 480 Relative Quantification Software was 

used to quantify the expression of the target genes.  Briefly, the software uses a 
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comparative cycle threshold method (2-ΔΔCT) to provide reliable expression data of target 

genes compared to the reference gene (16, 78, 98).  PCR efficiency correction was used 

when necessary as previously mentioned.  Expression ratios (target/reference) were 

automatically generated from average CT values of duplicate reactions for each 

LightCycler run.  

Statistical analysis.  The results of seq and sek expression from qRT-PCR were 

analyzed by one-way ANOVA.  Relative gene expression values were analyzed across 

growth phases to assess growth-dependent expression of seq and sek by both strain and 

allele type.  Expression values of each gene were analyzed within allele type to assess 

degree of strain agreement in expression.  Finally, seq and sek expression levels were 

compared within each growth phase to determine allele-specific rates of expression.  P 

values of < 0.05 were considered significant. 
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RESULTS 

Identification of seq/sek Allele Types 

PCR Detection of seq and sek in Clinical Isolates   

 Multiplexed PCR analysis revealed 34 out of 71 (48%) clinical and commensal S. 

aureus isolates (representing all five cohorts) were positive for seq and sek (TABLE 4).  

Both genes were detected in all positive isolates.  Seventy-four percent of the CA-MRSA 

strains were positive for seq/sek, while only 33% of clMSSA and HA-MRSA had the 

genes.  The 37 isolates that were negative by the multiplexed PCRs were also negative 

using primer set RTSeq-R-CUS/RTSek-300COL-F.  Two negative isolates, one clMSSA 

and one cmMSSA, appeared positive using the Seg2F/Seg2R primer set (data not shown), 

but were confirmed seq/sek negative by additional PCR analysis targeting the conserved 

areas of the gene locus.   

All Four seq/sek Allele Types Identified 

 Data gathered from DNA sequencing included the entire ORF region for each 

gene as well as DNA sequence approximately 95 bp upstream and 50 bp downstream of 

the ORF region for seq and 75 bp upstream and 25 bp downstream for sek.  The results of 

allele typing are shown in TABLE 5.  All four known seq/sek allele types were 

represented among the positive isolates.  Moreover, all sequences were identical to one of 

the four sequences available in Genbank for the reference strains with the exception of 

allele type 2.  Nine out of 13 isolates carrying seq/sek allele type 2 contained a single 
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TABLE 4. Results of seq/sek PCR detection by S. aureus cohort 

S. aureus 
cohorta  Isolates tested

Isolates 
positiveb % positive

cmMSSA 21 9 43

clMSSA 21 7 33

HA-MRSA 6 2 33

CA-MRSA 19 14 74

tMRSA 4 2 50

total 71 34 48

b The number of isolates testing postive for both seq  and sek.

a  cmMSSA, commensal methicillin-sensitive S. aureus ; clMSSA, 
clinical methicillin-sensitive S. aureus ; HA-MRSA, hospital-
associated methicillin-resistant S. aureus ; CA-MRSA, community-
associated methicillin-resistant S. aureus ; tMRSA, transitional 
methicillin-resistant S. aureus.
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TABLE 5. Results of seq/sek sequencing by allele type 

seq/sek 
allele type

 Isolates 
positive % total cmMSSA clMSSA HA-

MRSA CA-MRSA tMRSA

1 2 6 1 - 1 - -
2 13b 38 7 3 1 - 2
3 15 44 1 4 - 10 -
4 4 12 - - - 4 -

total 34 100 9 7 2 14 2

b 9 of 13 isolates contained a single nucleotide polymorphism (T144A) in sek , including all isolates in 
clMSSA, 5 in cmMSSA, and 1 in tMRSA cohorts.

S. aureus  cohorta

a cmMSSA, commensal methicillin-sensitive S. aureus ; clMSSA, clinical methicillin-sensitive S. 
aureus ; HA-MRSA, hospital-associated methicillin-resistant S. aureus ; CA-MRSA, community-
associated methicillin-resistant S. aureus ; tMRSA, transitional methicillin-resistant S. aureus.
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nucleotide polymorphism (T144A) in sek, causing a substitution of tyrosine by alanine in 

the β-grasp domain.  Clinical isolate 5180 that was used for further seq/sek expression 

analysis for allele type 2 did not have this change.  Allele type 3 was the most common 

type, representing 15 out of 34 (44%) seq/sek positive isolates and allele type 1 was least 

common, found in only 2 (6%) positive isolates.  Both MSSA cohorts and HA-MRSA 

had allele types 1, 2, and 3 represented, but allele type 3 was more prevalent in the CA-

MRSA cohort (10/15, 67%) than other cohorts (5/15, 33%).  Allele type four was found 

exclusively in the CA-MRSA cohort. 

Research Objective 1 

Growth Curve Analysis of Different S. aureus Strains 

 To determine if there were any growth differences between the S. aureus strains, 

S. aureus reference strains COL, MW2, and USA300-FPR3757 were grown in TSB 

medium, plotting optical density against time (FIG. 3).  Similar growth rates were 

observed for the three strains with an average generation time at mid-log phase ranging 

from 25 to 35 min.  Time points were established for mid-logarithmic growth at 2 h, late 

logarithmic growth at 4.5 h, and stationary growth at 7 h.   

RT-PCR Analyses of seq and sek Expression Under In Vitro Growth Conditions 

 Expression of seq and sek occurs in vitro throughout growth.  cDNAs were 

prepared from total RNAs collected at three growth phases from the four reference 

strains:  RN4282 (allele type 1), COL (allele type 2), MW2 (allele type 3) and USA300-

FPR3757 (allele type 4).  Detection of seq and sek cDNA was performed by PCR using 

primer sets targeting seq- and sek-specific regions and also the seq/sek intergenic region 

(FIG. 4A).  All PCR products of amplification were visualized by agarose gel  
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FIG. 3.  Growth curve analysis of S. aureus reference strains in TSB media. The growth 
curve is based on the average optical density (O.D.600 nm) of strains COL, MW2 and 
USA300-FPR3757.  Time points were determined for growth at mid-logarithmic (M) 
phase at 2 h, late logarithmic (L) phase at 4.5 h and stationary (S) phase at 7 h. 
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FIG. 4.  Analysis of seq and sek transcripts by RT-PCR.  A)  Schematic map of the 
primer positions used for RT-PCR amplification of seq and sek.  B)  An RT-PCR analysis 
of cDNAs prepared from S. aureus reference strains for allele types 1-4 targeting gmk, 
seq, sek and intergenic region 1.  C)  RT-PCR results obtained using primer pairs for the 
intergenic region 2.  Abbreviations are as follows: RT = reverse transcription positive 
control; NRT = reverse transcription negative control (no reverse transcriptase).  Lanes 
A, 100-bp molecular size marker; lanes M, RT-PCR from extract at mid-logarithmic 
growth; lanes L, RT-PCR from extract at late logarithmic growth; lanes S, RT-PCR from 
extract at stationary growth; lanes D, PCR positive control (DNA as template).  PCR 
product sizes are as follows: gmk, 123 bp; seq, 136 bp or 137 bp (allele type 3); sek, 116 
bp or 110 bp (allele type 3); intergenic region 1, 219 bp; intergenic region 2, 427 bp.
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electrophoresis (FIG. 4B and 4C).  One PCR product from each primer set for strains 

RN4282 and USA300-FPR3757 was sequenced and determined to have amplified the 

correct target region (data not shown).  FIG. 4B shows the RT-PCR results using the 

gene-specific primer sets and intergenic primer set 1.  In all strains, amplification of gmk 

from RT samples confirmed the presence and quality of cDNA template, while no 

amplification of gmk from NRT samples confirmed the absence of contaminating 

genomic DNA.  Amplification of gene specific regions occurred in all growth phases for 

allele types 1, 3, and 4.  These results show that seq and sek is expressed in these allele 

types under the growth conditions tested.  Amplification of gene specific regions 

occurred for allele type 2 but not without the presence of contaminating DNA (data not 

shown).  However, further qRT-PCR analysis showed expression of seq and sek during 

all growth phases for allele type 2 (See RESULTS for Research Objective 3). 

Transcripts containing both seq and sek occur in all allele types.  Primer sets 1 

and 2 were used to amplify across the seq/sek intergenic region (FIG. 4A).  Using primer 

set 1, amplification of a 219-bp intergenic region was successful for all allele types and 

all growth phases except for the mid-logarithmic growth phase for allele type 2 (FIG. 

4B).  Amplification of a larger 427-bp intergenic region using primer set 2 was shown for 

allele type 1 during late-logarithmic and stationary growth phases and for allele types 2 

and 4 at all growth phases (FIG. 4C).  No amplification of allele type 3 cDNA occurred, 

however, amplification of allele type 3 genomic DNA was successful (data not shown).  

These combined results, taken together with the results from gene specific PCRs, indicate 

that the seq and sek genes are expressed in all allele types and are present on the same 
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mRNA transcript under all growth conditions tested, suggesting co-transcription of these 

genes in all allele types from a promoter region upstream of the seq gene.  

Research Objective 2 

Northern Blot Hybridization 

 seq and sek are expressed at very low levels in vitro.  Northern blot 

hybridization was performed to determine seq and sek transcript size and to characterize 

any additional co-transcribed genes.  Total RNA was collected from USA300-FPR3757 

cultures grown to stationary phase for use in detecting seq and sek transcripts.  Amounts 

of total RNA that varied from 20 to 40 µg per lane were separated by electrophoresis on a 

denaturing gel followed by capillary transfer to a positively charged nylon membrane.  

The membrane was divided evenly and probed with [α-32P] dATP-labeled DNA probes 

specific for the seq, sek, and gmk transcripts.  In Northern blot hybridizations, seq and sek 

transcripts were not detected, whereas a gmk transcript of approximately 1.0 kb in size 

was detected (FIG. 5A).  To ensure that the probes were hybridizing, Southern blot 

hybridizations were done on the corresponding genomic DNA from USA300-FPR3757 

digested with Nsp I (New England Biolabs, Ipswich, MA).  An expected 2.0-kb DNA 

fragment that represented the seq and sek genes hybridized with the appropriate probes 

and a 1.6-kb fragment containing gmk also hybridized using the gmk probe (FIG. 5B).  

Northern blot hybridizations were done using RNAs from other S. aureus reference 

strains and at different growth phases but no seq or sek transcripts were detected (data not 

shown).  These results suggest the levels of seq and sek expression are too low to be 

detected by Northern blot hybridization as performed in this study. 
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  5A.        5B. 

 

FIG. 5.  Northern and Southern blot hybridizations probing for seq and sek.  Nucleic acid for hybridizations was taken from reference 
strain USA300-FPR3757.  Membranes were divided and probed with seq (A), sek (B), and gmk (C).   5A) Total RNA was extracted 
from culture grown to stationary growth phase and loaded in varying amounts.  16S rRNA from the EtBr gel acted as a control for 
RNA loading.  5B)  Approximately 5 µg of DNA was digested with Nsp I (New England Biolabs, Ipswich, MA) and loaded for each 
lane.   

 

48 



 

49 
 

Research Objective 3 

PCR Efficiency and Primer and Probe Specificity for qRT-PCR Analyses 

 Quantitative expression analysis was performed to compare transcript levels 

during growth and between seq/sek allele types.  The relative quantification of seq and 

sek was determined for four clinical and four reference S. aureus isolates during in vitro 

growth by qRT-PCR.  PCR efficiencies for all primer/probe sets were determined to be 

proficient (E ≥ 1.95) for relative quantification except for primer/probe set RTSek-

300COL-F/RTSek-CUS-R/Psek, which had an efficiency of 1.94.  All data collected 

using this primer/probe set underwent efficiency correction to account for suboptimal 

PCR efficiency during analysis with LightCycler 480 Relative Quantification Software.  

Initial products of qRT-PCR from all primer/probe sets were visualized by gel 

electrophoresis and determined to have the correct size and no non-specific amplification.  

As a negative control, the Newman strain, which has no seq and sek genes, was used.  

The qRT-PCR assays with the Newman strain were negative for both SE genes.  

Suitability of the gyrB Reference Gene for qRT-PCR Analyses 

Since an appropriate reference gene is necessary for accurate transcript 

measurement by qRT-PCR, the suitability of the gyrB gene was assessed using the 

collected data and available literature.  

CT values.  A CT value represents the PCR cycle at which amplification of the 

target is detectable above a defined threshold on the LightCycler instrument.  The 

average raw CT value for seq was 31.1 (range: 20.0-38.5), 25.1 for sek (range: 19.8-37.4), 

and 25.1 for gyrB (range: 17.7-29.4).  Delta CT values (target-reference) averaged 6.8 for 

seq (range: 1.16-13.13) and 5.0 for sek (range: 2.14-11.12).  The gyrB gene was 
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expressed at an average 96-fold higher level than seq and at a 32-fold higher level than 

sek.  This indicates that expression of S. aureus seq and sek in vitro is very low in relation 

to the housekeeping gene. 

The basis for gyrB selection was limited.  Selection of gyrB as a reference gene 

was based on a previous study in S. aureus that indicated constitutive expression of this 

gene during growth in vitro (48).  Transcription of gyrB has also been used to normalize 

qRT-PCR data in a number of previous S. aureus in vitro gene expression studies (18, 45, 

49-50, 64, 131).  However, none of these studies indicated any validation of gyrB as a 

suitable reference gene.  Furthermore, Goerke et al. determined constitutive expression of 

gyrB during in vitro growth by slot blot hybridization (48).  However, this method has a 

low accuracy of quantification and fails to have the same high sensitivity as qRT-PCR 

(52). 

Results of qRT-PCR Analyses for seq and sek During In Vitro Growth 

 The relative quantification of seq and sek expression was determined by qRT-

PCR for comparison during in vitro growth and between all four allele types.  Expression 

of seq and sek was measured for all eight reference and clinical S. aureus strains from 

mid-logarithmic, early-logarithmic, and stationary growth phase cultures.  The gyrB gene 

was used to normalize the data.  Relative quantification was performed using the 

comparative cycle threshold method (2-ΔΔCT).  Average expression data from at least nine 

separate LightCycler analyses on three cDNA preparations from two separate cultures 

was collected for each strain.  Although expression of seq and sek transcripts were 

detectable for all strains during all growth phases, statistical analyses performed by one-
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way ANOVA demonstrated that variance was at least 50% in over half (56%) of the data 

points and at least 75% in over a quarter (28%) of data points. 

 All S. aureus strains showed significant variation in seq expression during their 

growth except for strain 5180 (allele type 2) and sek expression showed significant 

variation during growth in all strains except for strains 5180 and USA300-FPR3757 

(allele type 4) (FIG. 6).  The expression patterns of both seq and sek were similar in each 

strain during growth.  By comparing all strains, seq and sek expression was generally 

highest during late-logarithmic phase (seq: 1.4- to 16.9-fold increase; sek: 1.1- to 2.9-fold 

increase) except for strains RN4282 (allele type 1) and COL (allele type 2), which 

showed the highest expression during mid-logarithmic growth.  Moreover, seq and sek 

expression was the lowest during stationary growth (seq: 1.1- to 17.86-fold decrease; sek: 

1.4- to 6.8-fold decrease).  This was not true for strains COL, which had the lowest 

expression of both genes during late-logarithmic growth, MW2 (allele type 3), which had 

lowest expression of seq during mid-logarithmic growth, and 2004 (allele type 4), which 

could not be determined.  These results indicate expression of seq and sek may be growth 

dependent.   

Allele variation in seq and sek expression during growth.  Average relative 

expression data for each strain was combined into respective allele types and analyzed.  

The fold change in seq and sek expression with respect to mid-logarithmic phase for each 

allele is shown in FIGURE 7.  All four alleles showed significant variation in seq and sek 

expression across growth, while allele type 2 did not show significant variation in 

expression of sek (FIG. 7B).  In general, expression of seq and sek was lowest in  
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FIG. 6.  Mean relative expression of A) seq and B) sek during growth in each strain by 
qRT-PCR.  The results are based on cultures of 8 strains representing all four seq/sek 
allele types collected at three phases of growth: M, mid-logarithmic; L, late-logarithmic; 
and S, stationary.  Mean values ± standard deviations represent samples from two 
independent cultures, each analyzed 3-6 times.  Samples collected from the mid-
logarithmic (M) growth phase were used as a calibrator for all subsequent samples.  
Strains labeled with an asterisk (*) indicate significant variation in gene expression 
during growth determined by ANOVA. 
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FIG. 7. Mean relative expression of A) seq and B) sek during growth in each allele by 
qRT-PCR.  The results are based on cultures of 8 strains representing all four seq/sek 
allele types collected at three phases of growth: M, mid-logarithmic; L, late-logarithmic; 
and S, stationary.  Mean values ± standard deviations represent the average expression of 
one reference and one clinical strain representing an allele type.  Data for each strain 
represents samples from two independent cultures, each analyzed 3-6 times.  Samples 
collected from the mid-logarithmic (M) growth phase were used as a calibrator for all 
subsequent samples.  Allele types labeled with an asterisk (*) indicate significant 
variation in gene expression during growth determined by ANOVA. 
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stationary growth phase but higher in late-logarithmic phase for allele types 3 and 4 and 

mid-logarithmic phase for allele types 1 and 2.    

Expression levels of seq and sek compared within allele type.  Expression 

levels of seq and sek were compared among strains of each allele type to determine the 

strain agreement in expression within the allele type.  FIGURE 8 displays the raw 

expression ratios (target/reference) for seq and sek for the strains of each allele.  For 

allele type 1, expression levels of each gene were similar, except during late-logarithmic 

phase, where strain UWL-96 showed significantly higher expression of both genes 

compared to RN4282 (FIG. 8A).  For allele type 2, significant differences in expression 

were also seen during late-logarithmic phase with strain 5180 having higher expression of 

both genes compared to COL versus mid-logarithmic phase where seq expression was 

higher in COL (FIG. 8B).  Allele type 3 seq expression levels were dissimilar across all 

growth phases, while sek levels were similar (FIG. 8C).  Very similar levels of sek 

expression were observed for both allele type 4 strains, although strain 2004 had 

significantly higher expression than USA300-FPR3757 (FIG. 8D).   

 Comparison of seq to sek to assess co-transcription.  Expression levels of seq 

to sek were also compared to look for any indication of co-transcription.  Patterns of seq 

and sek expression during growth were similar for a specific strain or allele type (FIG. 7).  

For example, the progressive decrease in seq across growth in allele type 1 is mirrored by 

a similar sek pattern as well.  Both seq and sek in allele types 3 and 4 are expressed at a 

higher level during late-logarithmic phase followed by a decrease in stationary phase.  

This suggests that both seq and sek are under the same regulatory control and further 

supports RT-PCR data showing co-transcription of the two genes.   
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FIG. 8.  Mean relative expression ratios for seq and sek for strains of allele types A) 1, B) 
2, C) 3, and D) 4.  The results are based on cultures of 8 strains representing the four 
allele types collected at three phases of growth: M, mid-logarithmic; L, late-logarithmic; 
and S, stationary.  Mean values ± standard deviations represent samples from two 
independent cultures, each analyzed 3-6 times.  Enterotoxin gene pairs labeled with an 
asterisk (*) indicate significant difference in gene expression determined by ANOVA. 
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 Comparison of seq and sek expression in each growth phase.  Expression of 

seq and sek was analyzed at each growth phase for all allele types.  During mid-

logarithmic and stationary growth phases, there were significant differences in seq and 

sek expression among the allele types (FIG. 9A and 9C), but only sek expression was 

significantly varied in the late-logarithmic stage of growth (FIG. 9B).  In general, allele 

type 3 shows the lowest expression of seq and sek during the mid-logarithmic (seq: 4.7- 

to 10.5-fold lower; sek: 2.0- to 5.4-fold lower) and stationary (seq: 1.4- to 3.9-fold lower; 

sek: 2.3- to 3.5-fold lower) growth phases.  Allele type 4 showed the highest expression 

of seq during stationary phase (2.2- to 3.9-fold higher).  These results support allele 

specific expression, especially seen in allele types 3 and 4, and suggests the promoter 

strength of theses alleles may vary during in vitro growth. 
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FIG. 9.  Mean relative expression of seq and sek during A) mid-logarithmic, B) late-
logarithmic, and C) stationary growth for each allele by qRT-PCR. The results are based 
on cultures of 8 strains representing all four seq/sek allele types.  Mean values ± standard 
deviations represent the average expression of one reference and one clinical strain 
representing an allele type.  Data for each strain represents samples from two independent 
cultures, each analyzed 3-6 times.  Data collected from allele type 1 strains were used as 
a calibrator for all subsequent samples.  Enterotoxin genes labeled with an asterisk (*) 
indicate significant differences in gene expression among allele types determined by 
ANOVA. 
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DISCUSSION 
 

 The success of S. aureus as a pathogen is in part due to its great ability to adapt 

through genetic diversity.  The genotypically and phenotypically distinct strain types of 

CA-MRSA, USA400 and USA300, have recently emerged in community settings causing 

uncharacteristic disease in otherwise healthy individuals.  In order to understand the 

success of CA-MRSA and other cohorts of S. aureus, it is important to elucidate which 

virulence factors may be contributing to pathogenesis.  It is also important to understand 

how those virulence factors may have evolved to gain new roles in S. aureus disease.  

Enterotoxins Seq and Sek are known virulence factors of S. aureus, however, four allelic 

variants of this enterotoxin locus now exist due to recombination events between the 

MGEs on which they reside.  The most recent variant, allele type 4, occurs exclusively in 

the particularly virulent USA300 strain type and may play a role in this strain’s 

heightened virulence.  A previous study has shown that Seq and Sek production is 

somewhat higher for the USA300 prototype strain compared to the USA400 prototype 

harboring allele type 3 (15).  Transcriptional analysis has only been done for allele types 

2 and 3 in separate studies and no direct comparison of regulation of the seq and sek 

genes among the allele variants has been performed (121, 134).  This study is the first to 

show comparative, in vitro regulation of all four seq/sek allele variants, which may be 

correlated with disease severity in certain S. aureus cohorts.
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A PCR analysis detected seq and sek genes in five cohorts of S. aureus isolates,  

including clinical MSSA and MRSA strains as well as commensal nasal isolates.  The 

results also showed that the CA-MRSA group had the highest prevalence of seq and sek 

among other groups (74% positivity), reflecting a high degree of genetic similarity in this 

newest clonal expansion of S. aureus in comparison to the older, more genetically diverse 

groups of MSSA and HA-MRSA.  Previous studies have shown a high prevalence of seq 

and sek genes in CA-MRSA (Shukla et al., submitted for publication, 87), which 

demonstrated the genetic homogeneity of CA-MRSA and identified a number of 

virulence genes that are more prevalent in this group compared to clinical or nasal 

carriage MSSA isolates, including seq and sek.  Because the seq and sek genes were also 

found in commensal nasal isolates, this suggests that the presence of seq and sek is not 

always associated with S. aureus infection.  Previous studies have also detected seq and 

sek in both clinical and nasal isolates (Shukla et al. submitted for publication, 57).  The 

presence of SAgs in the S. aureus genome is more often associated with a certain clonal 

background than with clinical outcome.  To verify SAg clonal presence in S. aureus, 

allele typing of the seq/sek loci revealed that CA-MRSA carried only allele types 3 and 4, 

reflecting the respective MGEs (ΦSa3mw/ΦSa3ms and SaPI5) in this group.  Moreover, 

allele type 4 was found only in CA-MRSA, which is consistent with the previous finding 

that SaPI5 is exclusive to the USA300 strain type (30). 

Both RT-PCR and qRT-PCR analyses of seq and sek from in vitro TSB cultures 

indicated that the seq and sek genes were expressed in all four allelic variants and during 

all tested phases of growth.  Since qRT-PCR analyses showed allele type 2 expression of 

seq and sek, the negative results for allele type 2 gene specific RT-PCRs may be due to 
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low expression of the SE genes or low abundance of the intact templates.  A previous 

study has also shown expression of seq and sek throughout S. aureus growth in brain 

heart infusion broth (BHI) and even in a 24-hour culture, however, allele types were not 

discerned.  qRT-PCR analysis also determined that seq and sek expression was very low 

in TSB cultures.  Based on ΔCT values (target-reference), an average of 96-fold lower 

expression of seq and 32-fold lower expression of sek occurred compared to gyrB.  Our 

data is consistent with previous studies that suggest SAgs; aside from TSST-1, Seb, and 

Sec; are produced in very low amounts (92-94, 99). 

 The role of SAgs during infection in the host is thought to be suppression of the 

local immune system.  It is possible that low expression of these enterotoxins is ideal for 

the organism to establish infection.  High amounts of enterotoxin could cause so much 

inflammation that the organism would quickly be eliminated by the host’s immune 

system or the organism could quickly kill the host through TSS.  Low levels of 

enterotoxin, on the other hand, could be just enough to suppress local immunity and 

establish infection without creating a large immune response within the host.  However, 

more research is necessary to determine if these results from in vitro cultures are 

comparable to expression in vivo.   

Both RT-PCR and qRT-PCR analyses of seq and sek from in vitro TSB cultures 

also indicated that the seq and sek genes were co-transcribed in all four allelic variants 

and during all tested phases of growth.  Since all intergenic regions were amplified 

during RT-PCR analysis using at least one of the two primer sets targeting the intergenic 

region, negative results seen in RT-PCRs may be due to low expression of the SE genes, 

low abundance of an intact template, insufficient primer annealing or a combination of 
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these factors.  The forward primer of primer set 2 contains one mismatch compared to 

allele type 3, which may have impaired primer annealing.  qRT-PCR analyses revealed 

that seq and sek followed a similar pattern of expression during growth, indicating co-

transcription, however, comparing absolute levels of seq to sek expression, revealed that 

sek almost always showed higher expression than seq (FIG. 8).  This ranged from an 

average 2.9-fold difference in allele type 4 to a 17.0-fold difference in allele type 3.  

Since a ratio of expression closer to 1:1 would be expected for co-transcribed genes, this 

suggests that another factor is responsible for these observations.  A likely possibility is 

that the rate of mRNA degradation may vary between seq and sek, with seq transcripts 

having a shorter mRNA half-life than sek transcripts.  Another possibility is that sek may 

have its own specific promoter in addition to a common promoter, leading to 

amplification of sek expression.  Yarwood et al. have predicted stem-loop structures just 

beyond the coding regions for both seq and sek in allele type 2, which may serve as Rho-

independent transcription terminators.  The presence of these terminators would suggest 

separate seq and sek transcripts and a need for a separate sek promoter (134).   

The co-transcription of seq and sek is likely considering the close proximity of 

seq to sek and the fact that co-transcription tends to occur among phage genes due to 

coordinated temporal regulation.  Transcription of the seq and sek loci may be controlled 

by a promoter from an upstream phage gene in all allelic variants.  The transcriptional 

start-site for seq has previously been mapped to the upstream cI gene in allele type 3 and 

has been suggested for allele type 2 as well (121, 134).  As mentioned earlier, the cI gene 

functions to maintain phage lysogeny by causing constitutive, low-level expression of the 

downstream integrase (int).  Yarwood et al. was the first to suggest read through 
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transcription from the cI gene from their work in which they showed seq, sek, int and 

surrounding genes of allele type 2 having the same transcriptional profile by microarray 

(134).  Since co-transcription occurs in all allele types, this research suggests the putative 

cI gene in each MGE may be responsible for transcription of this enterotoxin locus in all 

allele types.  Despite several recombination events between different MGEs, the seq/sek 

locus remains intact and in the same relative location on the MGE so that it is controlled 

by non-identical phage transcriptional regulators, suggesting a selective advantage for S. 

aureus that retain the seq/sek locus in a certain location in the MGE.   

Aside from transcriptional start-site analysis, another way to confirm that seq and 

sek are regulated by CI is to do phage induction experiments using a stress-inducing 

agent.  Sumby et al. were able to determine increased expression of seq and sek upon 

addition of mitomycin C in cultures of both MSSA-476 (allele type 3) and an isogenic 

ΦSa3ms replication-deficient mutant. 

 The seq and sek transcripts of allele type 3 have previously been detected by 

Northern blot hybridization (121).  Hybridizing species for seq and sek were weakly to 

moderately present in uninduced cultures while the addition of mitomycin C increased 

the level of hybridizing species of both enterotoxin genes.  Although a Northern blot 

hybridization was done in this study, no seq or sek transcripts were detected.  Since 

culture conditions and RNA extraction procedures were very similar between the two 

studies, the disparity in results may be attributable to strain variation in seq and sek 

expression or differences in the Northern blot protocol.  Since expression of seq and sek 

were shown by RT-PCR, this indicated that the Northern blots were not sensitive enough 

to detect transcript due to very low expression of the enterotoxins.     
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Unfortunately, qRT-PCR analyses in this study were somewhat limited by the 

reference gene selected for the normalization of target gene expression.  The accuracy of 

results obtained by qRT-PCR is largely dependent on accurate transcript normalization 

(52).  Delta CT values in this study (6.8 and 5.0 for seq and sek, respectively) indicate that 

expression of gyrB was too high to give reliably accurate expression measurements for 

the lowly expressed seq and sek targets.  Optimal delta CT values have an upper range of 

2-3 (Roche Applied Science, personal communication).  The large disparity in transcript 

abundance between the target and reference can put the measurements on different linear 

scales.  For example, rare target transcripts may not be amplified when the RNA is 

partially degraded, whereas amplification of highly abundant reference transcripts still 

occurs, leading to false negative results (105).  Further, a validation assay was not 

performed to assess the stability of gyrB for this particular study.  It is, therefore, 

uncertain whether the variation in gyrB expression during growth was negligible 

compared to the variation in seq and sek expression during growth.  The evaluation of 

numerous housekeeping genes as appropriate references has been performed in 

Staphylococcus epidermidis and S. aureus (35, 123, 128).  However, these studies have 

not revealed an ideal reference gene that is not influenced by most metabolic conditions, 

growth phase, or experimental conditions, indicating the need for reference gene 

validation prior to experimentation (29).  

Besides demonstrating that seq and sek were expressed at low levels, qRT-PCR 

analysis indicated that there may be growth-dependent regulation of seq and sek that was 

conserved despite the allele type.  In general, expression of seq and sek was the lowest 

during the stationary growth phase and highest during mid-logarithmic and late-
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logarithmic growth.  However, this variation is rather insignificant compared to some 

enterotoxins, like seh and sec, which show an average 40-fold and 1,000-fold 

transcriptional increase, respectively, upon entry into the stationary phase (28).  The 

growth-dependent regulation of seq and sek observed in this study is in contrast to a qRT-

PCR study by Derzelle et al. that showed S. aureus food isolates grown in BHI broth had 

no significant difference in seq and sek expression during the various growth phases (28).   

However, no statistical analysis was performed in the prior study.   

Based on data from this study, it is unlikely that the quorum sensing global 

regulator, Agr, has a role in the transcriptional differences we have noted.  Induction of 

SE expression by Agr tends to occur during entry into stationary phase and then remain at 

high levels.  However, we did not observe this transcriptional pattern for seq and sek.  

Potentially, other global regulators, such as SrrA-SrrB or SarA, may be controlling the 

expression of seq and sek. 

Although seq and sek were expressed in all of the alleles, there were both strain-

specific and allele-specific expression patterns.  It has previously been acknowledged that 

S. aureus strains of undefined seq/sek allele type exhibited strain-specific differences in 

the absolute levels of seq and sek transcripts (28).  Our study is the first to show that 

expression of seq and sek can vary depending on the allele type.  This was most apparent 

in allele type 3, which showed the lowest expression of both seq and sek, especially 

during the mid-logarithmic and stationary growth phases.  In addition, allele type 4 

showed the highest expression of seq during the stationary growth phase.  A previous 

study has also shown allele specific expression for an SE.  Variant sea enterotoxin alleles 

located on two different phages had a minimal eight-fold difference in mRNA production 
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between them, which could not be explained by the differences in the alleles themselves 

(10).   

The fact that allele type 4 shows the highest expression of seq may be interesting.  

These results agree with the study by Burlak et al. which showed an average 2.6-fold 

higher amount of Seq production in a TSB stationary phase culture of USA300-FPR3757 

(allele type 4) compared to MW2 (allele type 3) (15).  If this pattern of in vitro expression 

held true for in vivo or in vivo-like studies, there could be a possible role in clinical 

outcome.  Allele type 4 occurs exclusively in the USA300 strain type.  Presently, this 

USA300 CA-MRSA type has rapidly disseminated in the community, causing a wide 

spectrum of infections in healthy individuals, including invasive disease.  Many studies 

have attempted to elucidate the virulence determinants of USA300, such as individual 

studies on PVL, α-toxin, and phenol-soluble modulators (PSMs) (12-14, 31, 130, 132).  

However, it is more likely that the collective action of many virulence factors may be 

involved.   It is possible that higher expression of seq in this strain type may contribute to 

disease in healthy individuals.  Though expression of this enterotoxin is still very low, 

slightly higher production may be just enough to give S. aureus an advantage when faced 

with a healthy immune system.  More enterotoxin could lead to a superior ability to 

suppress local immune cells without causing a large immune response, allowing an 

infection to persist and progress.  Further linking the enterotoxin expression to expression 

of other USA300 virulence factors could help explain why the USA300 strain is more 

successful in healthy individuals.  

One limitation of this study is that seq and sek expression was measured in vitro 

and not in vivo.  Virulence factor production is known to be regulated by the host niche 



 

68 
 

through nutrient availability and the presence of the innate and adaptive immune systems.  

For example, S. aureus has difficulty producing secreted virulence factors when present 

in the blood due to potential interactions of α- and β-globin chains in host blood with 

bacterial two-component regulatory systems (109, 113).  Moreover, about 200 times 

more TSST-1 and Sec have been shown to be produced in biofilm culture versus 

planktonic culture, presumably due to quorum-sensing and other global transcription 

regulation (88, 113).  It is possible that seq and sek are expressed at a much higher level 

in vivo (i.e. the human body).  Therefore, it is necessary to assess the expression of these 

genes in an in vivo-like environment by altering growth conditions (for example, minimal 

nutrient media versus nutrient-rich TSB) to more resemble in vivo conditions, or by using 

biofilm cultures or animal infection models. 

Aside from expression analyses of seq and sek, functional analysis would be 

informative since the allele variants differ slightly from each other.  The predicted 

enterotoxin amino acids only differ by 0.8% to 3.7% among the four different seq/sek 

loci.  However, slight amino acid sequence differences between members of the SAg 

family can result in markedly altered biological properties (133).  Certain seq/sek allele 

types may have an enhanced ability to activate T-cells.  Activation of a larger repertoire 

or a unique subset of T-cells, combined with additional activation by other SAgs, could 

give S. aureus an improved ability to suppress local immunity.  It would be interesting to 

see if allele type 4 S. aureus exhibit unique T-cell activation that may have contributed to 

the success of the USA300 strain type.
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	S. aureus Virulence Factors.
	S. aureus is known to produce a multitude of virulence factors involved in pathogenesis, contributing to the wide variety of clinical manifestations.  These factors can be cell-associated or secreted into the environment.  Cell-associated proteins, wh...
	Genetic Variation in S. aureus
	Core S. aureus Genome
	The core genome makes up around 75% of the total genome and is mostly conserved, consisting mainly of essential genes present in all strains of S. aureus.  Genetic diversity of the core genome occurs due to small-scale variations, such as single nucle...
	Accessory S. aureus Genome
	The accessory genome, covering 25% of the genome, is highly variable and consists of non-essential genes, such as those involved in virulence and drug resistance. Genetic diversity of the accessory genome occurs at a larger scale and is mainly due to ...
	S. aureus Pathogenicity Islands
	Staphylococcal pathogenicity islands are MGEs that are widespread among S. aureus. They are characterized by their high mobility and carriage of at least two or more staphylococcal superantigen genes and other virulence genes.  To date, over 20 differ...

	Superantigens
	Function of Superantigens
	Superantigens (SAgs) are well characterized in S. aureus and Streptococcus pyogenes, encompassing a large family of exotoxins that are defined by their ability to induce a strong immune response within the host.  Unlike conventional antigens, SAgs do ...
	Staphylococcal Enterotoxins
	The SAgs include staphylococcal enterotoxins (SEs), which are highly stable, heat- and enzyme-resistant exotoxins.  To date, 21 different enterotoxins and related toxins have been described in S. aureus (95, 124) (FIG. 1).  All of the enterotoxin gene...
	FIG. 1. A phylogenetic tree of SEs.  Amino acid sequences of the mature toxins were obtained from the GenBank database (http://www.ncbi.nlm.nih.gov/Genbank/index.html).  The alignment was performed with ClustalX software (version 2.0.12; University Co...
	known to be the cause of staphylococcal food poisoning.  Symptoms of staphylococcal food poisoning include nausea, emesis, abdominal pain, and diarrhea 1-6 h after the ingestion of SE-contaminated food (127).  Traditional enterotoxins include Sea, Seb...
	Eighty percent of S. aureus human nasal isolates have been found to harbor at least one SE gene and most harbor many SE genes (75, 91, 110).  One advantage for S. aureus producing multiple SEs is a greater ability to activate certain T-cell population...
	Production and Regulation of Staphylococcal SAgs
	The amount of SAg protein production by S. aureus can vary depending on the SAg.  Three SAgs; TSST-1, Seb, and Sec; are most often associated with TSS and when tested in vitro are produced in the highest concentrations (5-50 µg/ml) among all SAgs (8,...
	Little is understood about the regulation of SAgs.  The best known regulator is the accessory gene regulator (Agr), a component of a quorum-sensing system that is activated at high cell densities.  Many genes encoding enterotoxin proteins, including ...

	Seq and Sek Enterotoxins
	Classification of Seq and Sek
	The SE-like proteins Seq and Sek belong to the group V subfamily of staphylococcal SAgs (96, 97) (FIG.1).  Like all SAgs, the biological activity of these enterotoxins includes superantigenicity, pyrogenicity, the capability to enhance endotoxin shock...
	Genomic Organization of seq and sek
	The coding sequences of both the seq and sek genes are 729 nucleotides long and occur in tandem in the genome with seq located upstream of sek separated by 23 nucleotides.  Nucleotide and amino acid sequence identity between seq and sek averages 61% a...
	Allelic Variation of seq and sek
	FIG. 2.  Alignment of four seq/sek allele variants.  Mauve genomic alignment software (http://gel.ahabs.wisc.edu/mauve) was used to construct an alignment of the four allelic variants of seq and sek and surrounding genes using available sequences in t...
	TABLE 1. GenBank databasea information for seq and sek from four reference S. aureus strains
	Evolution of seq and sek
	The allelic variation and location of seq and sek on different mobile elements suggests the occurrence of recombination (134).  The seq/sek locus located on the recently described SaPI5 (allele type 4) from the USA300 clone seems to be a hybrid of the...

	Seq and Sek Regulation
	Expression studies.  Recently, the expression level of many SE genes, including seq and sek, was measured by qRT-PCR in several S. aureus food isolates during in vitro, planktonic growth (28).  The study, by Derzelle et al., indicated that most of th...
	Sumby et al. showed by Northern blot hybridization and transcription start-site analyses that seq and sek expression in ФSa3ms (allele type 3) is likely to be regulated from a common promoter of an upstream gene, cI, encoding a phage transcriptional r...
	Protein studies.  Several proteomic studies have shown that Seq and Sek are most highly secreted during the late-logarithmic/early-stationary phase of growth (15, 51, 99).  In a global analysis of exoprotein production by automated direct infusion-tan...
	To date, there has been no investigation to directly compare the expression levels of seq and sek among the different allelic variants.  Also, no expression analysis of seq and sek has been done definitively for the newest allelic variant, allele type...

	RESEARCH OBJECTIVES
	RESEARCH DESIGN AND METHODS
	Identification of seq/sek Allele Types
	Bacterial Strains (47, 68)
	Seventy-one S. aureus clinical and commensal isolates were selected for detection of seq and sek by polymerase chain reaction (PCR).  These isolates were selected from a pool of 390 archived isolates collected from various institutions (patient sampl...
	TABLE 2. S. aureus strains and characteristics for seq/sek allele expression studies

	alleles are listed in TABLE 2.  The four clinical S. aureus isolates were selected based on results from PCR and DNA sequencing analysis.  Each clinical strain carries a certain seq/sek allele that was confirmed to be identical to its reference strain.
	PCR Detection of seq and sek
	Genomic DNAs were extracted from S. aureus isolates using the DNeasy Blood and Tissue kit (Qiagen, Valencia, CA) and used as templates for PCR.  Primers used for PCR amplification of seq and sek are listed in TABLE 3.  Separate multiplexed reactions ...
	TABLE 3. Oligonucleotide primers sets and hybridization probes used in this study
	15 min followed by 35 cycles of denaturation at 94ºC for 30 s, annealing at 55ºC for 30 s, and extension 72ºC for 45 s, followed by 72ºC for 7 min.
	DNA Sequencing to Determine seq/sek Allele Type (101)
	Amplicons from PCR analyses were purified using the QIAquick PCR
	Purification kit (Qiagen, Valencia, CA) and used as a template for cycle sequencing.
	Cycle sequencing was performed on a thermal cycler using the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA) and primers from the original PCR.  Extension products were purified to remove unincorporated dye terminator...
	Methods to Address Research Objective 1
	Growth Curve Analysis
	The growth curves of three seq/sek reference strains, COL, MW2, and USA300-FPR3757, were used to determine mid-logarithmic, late-logarithmic and stationary phases of growth.  Strains were inoculated into 5 ml of tryptic soy broth (TSB, Becton, Dickins...
	Manipulation of RNA
	RNA extraction.  Total RNA was collected from S. aureus strains using combined methods from Theis et al. and Cheung et al. (24, 123).  Briefly, cultures were grown to time points corresponding to mid-logarithmic, late-logarithmic and stationary phase...
	RNA quantification and determination of purity.  RNA was quantified by measuring the absorbance at A260 of a 1:50 dilution of RNA sample in a SmartSpec Plus Spectrophotometer (Bio-Rad, Hercules, CA).  The A260/A280 ratio was used to determine the pur...
	Electrophoresis of RNAs.  Northern blot hybridizations were carried out following combined methods provided in Sambrook and Russell and Streit et al. (106, 118).  RNAs were extracted from USA300-FPR3757 cultures grown to stationary phase as previousl...
	Transfer of RNAs to membrane.  RNA gels were rinsed with DEPC-treated water and soaked in 20X saline-sodium citrate (SSC) (3M NaCl, 0.3M Na-Citrate, DEPC water) on a rotary platform for 20 minutes.  RNAs were then transferred to a positively charged ...
	DNA probes.  Three DNA probes were constructed by PCR to probe the RNA transcripts of seq, sek, and gmk.  Primer sets used for PCR along with respective product sizes can be found in TABLE 3 and were as follows: seq; SeqB-F/SeqB-R, sek; SekB-F/SekB-R...
	Hybridization and imaging.  The membrane containing immobilized RNAs was divided to allow for multiple hybridizations using different probes.  Prehybridization occurred at 50ºC for at least four hours in a hybridization oven using roller tubes contai...
	Southern Blot to Determine DNA Probe Efficacy
	Manipulation of DNAs.  Genomic DNAs were extracted from a culture of USA300-FPR3757 grown overnight in a 37ºC shaking incubator using the MasterPure Gram Positive DNA Purification kit (Epicentre Biotechnologies, Madison, WI).  The provided kit protoc...
	Electrophoresis of DNAs.  The digested DNAs were divided evenly into three samples (~5 µg/well) for loading onto a 0.8% agarose gel.  Prior to loading, samples were heated for 2-3 minutes at 56ºC to disrupt base pairing.  A GeneRuler 1 kb DNA Ladder ...
	Transfer of DNAs to membrane.  The DNAs were depurinated by soaking the gel for 15 min in 0.25 M HCl with constant gentle agitation on a rotary platform.  The gel was then soaked in Denaturation Buffer (1.5M NaCl, 0.5M NaOH) for 20 min with constant ...
	DNA probes.  The DNA probes for seq, sek, and gmk synthesized for Northern blot hybridization were also used for Southern blot hybridization and were labeled using the same methods as described.  For Southern blot hybridization, probes remained unfil...
	Hybridization and imaging.  Hybridization and imaging steps followed those as described for Northern blot hybridization.  To account for unfiltered probes, washing time was increased to 45 min for all wash solutions.  An image was obtained after six ...


	RESULTS
	Identification of seq/sek Allele Types
	PCR Detection of seq and sek in Clinical Isolates
	Multiplexed PCR analysis revealed 34 out of 71 (48%) clinical and commensal S. aureus isolates (representing all five cohorts) were positive for seq and sek (TABLE 4).  Both genes were detected in all positive isolates.  Seventy-four percent of the C...
	All Four seq/sek Allele Types Identified
	Data gathered from DNA sequencing included the entire ORF region for each gene as well as DNA sequence approximately 95 bp upstream and 50 bp downstream of the ORF region for seq and 75 bp upstream and 25 bp downstream for sek.  The results of allele...
	TABLE 4. Results of seq/sek PCR detection by S. aureus cohort
	TABLE 5. Results of seq/sek sequencing by allele type
	nucleotide polymorphism (T144A) in sek, causing a substitution of tyrosine by alanine in the β-grasp domain.  Clinical isolate 5180 that was used for further seq/sek expression analysis for allele type 2 did not have this change.  Allele type 3 was th...
	Research Objective 1
	Growth Curve Analysis of Different S. aureus Strains
	To determine if there were any growth differences between the S. aureus strains, S. aureus reference strains COL, MW2, and USA300-FPR3757 were grown in TSB medium, plotting optical density against time (FIG. 3).  Similar growth rates were observed fo...

	RT-PCR Analyses of seq and sek Expression Under In Vitro Growth Conditions
	Expression of seq and sek occurs in vitro throughout growth.  cDNAs were prepared from total RNAs collected at three growth phases from the four reference strains:  RN4282 (allele type 1), COL (allele type 2), MW2 (allele type 3) and USA300-FPR3757 (...
	FIG. 3.  Growth curve analysis of S. aureus reference strains in TSB media. The growth curve is based on the average optical density (O.D.600 nm) of strains COL, MW2 and USA300-FPR3757.  Time points were determined for growth at mid-logarithmic (M) ph...

	A.
	B.
	C.
	FIG. 4.  Analysis of seq and sek transcripts by RT-PCR.  A)  Schematic map of the primer positions used for RT-PCR amplification of seq and sek.  B)  An RT-PCR analysis of cDNAs prepared from S. aureus reference strains for allele types 1-4 targeting ...
	electrophoresis (FIG. 4B and 4C).  One PCR product from each primer set for strains RN4282 and USA300-FPR3757 was sequenced and determined to have amplified the

	Transcripts containing both seq and sek occur in all allele types.  Primer sets 1 and 2 were used to amplify across the seq/sek intergenic region (FIG. 4A).  Using primer set 1, amplification of a 219-bp intergenic region was successful for all allele...
	Research Objective 2
	Northern Blot Hybridization
	seq and sek are expressed at very low levels in vitro.  Northern blot hybridization was performed to determine seq and sek transcript size and to characterize any additional co-transcribed genes.  Total RNA was collected from USA300-FPR3757 cultures ...
	5A.        5B.
	FIG. 5.  Northern and Southern blot hybridizations probing for seq and sek.  Nucleic acid for hybridizations was taken from reference strain USA300-FPR3757.  Membranes were divided and probed with seq (A), sek (B), and gmk (C).   5A) Total RNA was ext...
	Research Objective 3
	PCR Efficiency and Primer and Probe Specificity for qRT-PCR Analyses
	Quantitative expression analysis was performed to compare transcript levels during growth and between seq/sek allele types.  The relative quantification of seq and sek was determined for four clinical and four reference S. aureus isolates during in v...
	Suitability of the gyrB Reference Gene for qRT-PCR Analyses
	Since an appropriate reference gene is necessary for accurate transcript measurement by qRT-PCR, the suitability of the gyrB gene was assessed using the collected data and available literature.
	CT values.  A CT value represents the PCR cycle at which amplification of the target is detectable above a defined threshold on the LightCycler instrument.  The average raw CT value for seq was 31.1 (range: 20.0-38.5), 25.1 for sek (range: 19.8-37.4),...
	DISCUSSION
	The success of S. aureus as a pathogen is in part due to its great ability to adapt through genetic diversity.  The genotypically and phenotypically distinct strain types of CA-MRSA, USA400 and USA300, have recently emerged in community settings caus...
	A PCR analysis detected seq and sek genes in five cohorts of S. aureus isolates,  including clinical MSSA and MRSA strains as well as commensal nasal isolates.  The results also showed that the CA-MRSA group had the highest prevalence of seq and sek a...
	Both RT-PCR and qRT-PCR analyses of seq and sek from in vitro TSB cultures indicated that the seq and sek genes were expressed in all four allelic variants and during all tested phases of growth.  Since qRT-PCR analyses showed allele type 2 expression...
	The role of SAgs during infection in the host is thought to be suppression of the local immune system.  It is possible that low expression of these enterotoxins is ideal for the organism to establish infection.  High amounts of enterotoxin could caus...
	Both RT-PCR and qRT-PCR analyses of seq and sek from in vitro TSB cultures also indicated that the seq and sek genes were co-transcribed in all four allelic variants and during all tested phases of growth.  Since all intergenic regions were amplified ...
	The co-transcription of seq and sek is likely considering the close proximity of seq to sek and the fact that co-transcription tends to occur among phage genes due to coordinated temporal regulation.  Transcription of the seq and sek loci may be contr...
	Aside from transcriptional start-site analysis, another way to confirm that seq and sek are regulated by CI is to do phage induction experiments using a stress-inducing agent.  Sumby et al. were able to determine increased expression of seq and sek up...
	The seq and sek transcripts of allele type 3 have previously been detected by Northern blot hybridization (121).  Hybridizing species for seq and sek were weakly to moderately present in uninduced cultures while the addition of mitomycin C increased ...
	Besides demonstrating that seq and sek were expressed at low levels, qRT-PCR analysis indicated that there may be growth-dependent regulation of seq and sek that was conserved despite the allele type.  In general, expression of seq and sek was the low...
	Based on data from this study, it is unlikely that the quorum sensing global regulator, Agr, has a role in the transcriptional differences we have noted.  Induction of SE expression by Agr tends to occur during entry into stationary phase and then rem...
	One limitation of this study is that seq and sek expression was measured in vitro and not in vivo.  Virulence factor production is known to be regulated by the host niche through nutrient availability and the presence of the innate and adaptive immune...
	Aside from expression analyses of seq and sek, functional analysis would be informative since the allele variants differ slightly from each other.  The predicted enterotoxin amino acids only differ by 0.8% to 3.7% among the four different seq/sek loci...

