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Abstract

Staphylococcus aureus is an opportunistic pathogen that is the major cause of hospital- and community 
acquired infections. The misuse of antibiotics is the most prominent reason for bacterial resistance 
and resulted in the emergence of Methicillin Resistant S. aureus (MRSA) strains. For these reasons, 
studying horizontal gene transfer systems in S. aureus is highly important to elucidate the molecular 
systems underlying the acquisition of resistance and toxin genes, and thereby reducing the risk of a post 
antibiotic era. Here, the most recent literature is reviewed to elucidate the recently acquired knowledge 
about horizontal gene transfer of mobile genetic elements by S. aureus.
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Introduction

Staphylococcus aureus is an opportunistic pathogen that is the major cause of hospital- and community 
acquired infections (NCBI). Penicillin resistant S. aureus strains where already found, shortly after 
the first production of pharmaceutical graded penicillin, and its resistance was shown to be inheritable  
(Demerec, 1945). Nowadays, Methicillin Resistant S. aureus (MRSA) causes invasive infections that 
occurred, in the US, 80,451 times in 2011 (Dantes et al, 2013). Also other S. aureus strains, resistant to 
vancomycin (VRSA) were found during the last decade; however these infections continue to be a rare 
occurrence (according to CDC). 
The misuse of antibiotics is the most prominent reason for bacterial resistance. Since the first use of 
antibiotics, bacterial resistance developed and is developing with newly introduced antibiotic drugs  
(Bell M, 2014). Antibiotics are also used for our livestock and in 2003 the first livestock associated 
MRSA (LA-MRSA) was identified. It was found that LA-MRSA transmitted to the veterinarians 
working with the livestock and sequentially transmitted it further to their household (Bosch et al, 2014). 
Methicillin sensitive S. aureus (MSSA) retrieves its resistance by acquiring a mobile genetic element 
(MGE) called Staphylococcal Cassette Chromosome mec (SCCmec) encoding for methicillin resistance 
(Katayama et al, 2000). Also virulence factors are most often coupled to MGEs (Novick, 2003), e. g. the 
Panton-Valentine Leukocidin, a toxin that lyses leukocytes (Lina et al, 1999). The way for transferring 
MGEs is horizontal (lateral) gene transfer (HGT). The most prominent system in S. aureus is transduction 
by bacterial phages, because this is most probably the major system of gene transfer (Lindsay, 2014). 
Other HGT systems are conjugation and transformation, where the significant contribution of the latter 
is still unclear (Fagerlund et al, 2014). 
Because resistant Staphylococcal bacteria will be a continuous problem, studying HGT systems in S. 
aureus is highly important to elucidate the molecular systems underlying the acquisition of resistance 
and toxin genes, and thereby reducing the risk of a post-antibiotic era. Acquisition of antibiotic resistance 
via HGT is not solely restricted to one species; as cross-species spread of the SCCmec MGEs has been 
observed between S. epidermidis and S. aureus. The similar occurrence of SCCmec MGEs in the two 
Staphylococcal species is due to HGT between the species rather than convergent or parallel evolution 
within the species (Smyth et al, 2011).
Antibiotic resistant Staphylococcal bacteria will be a continuous problem; therefore we must require 
fundamental insights on how the molecular basis of obtaining antibiotic resistance is achieved. For this 
reason, this essay is focused on reviewing the most recent literature to elucidate the recently acquired 
knowledge about horizontal gene transfer of mobile genetic elements by S. aureus. 

Mobile genetic elements

Mobile genetic elements (MGEs) play an important role in the transfer of genetic information in S. 
aureus. There are various MGEs (discussed below) such as, Staphylococcal Cassette Chromosomes 
(SCC), Phage Related Chromosomal Islands (PRCIs), Transposons, and Plasmids (Malachowa & 
DeLeo, 2010). 
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Staphylococcal Cassette Chromosomes mec (SCCmec)
The SCCmec element was first designated as a MGE more than a decade ago. Besides the already 
identified mecA gene, two site-specific recombinases were found, CcrA and CcrB (Chromosome Cassette 
Recombinase A and B) (Katayama et al, 2000). The gene encoding for methicillin resistance is mecA, 
which encodes for a Penicillin Binding Protein (PBP2a) that has a low binding affinity for methicillin 
or other ß-lactams (Ubukata et al, 1989). SSCmec elements are highly diverse and there are many classes 
of these various elements. Therefore, the IWG-SCC (International Working Group on the Classification 
of Staphylococcal Cassette Chromosome Elements (IWG-SCC), 2009) published guidelines on the 
classification of already existing and newly found SCCmec elements. SCCmec elements are classified on 
(1) the type of mec complex, (2) the type of ccr complex, and (3) the presence of J (joint)-regions. An 
example is given where a SCCmec type 2A1 element is depicted containing mec complex A, ccr complex 
2, and 3 J-regions (Figure 1). In SCCmec type 2A1 a plasmid (pUB110) and a transposon (Tn554) are 
located in the J-regions, which is only specific for this type.
Diagnostic classification of MRSA strains is done by multiplex PCR systems commercially available; 
however these systems generate false-positive results and therefore lead to misidentification of MRSA 
infections. The false-positive results are generated by strains that carry SCC elements without the mecA 
gene (Blanc et al, 2011). When misidentified MRSA strains were investigated it was found that only a 
small portion of the strains could have lost the mecA gene because the greater portion (87%) was not 
SCCmec related. This indicates that the SCC elements are much more complex than previously thought 
(Stojanov & Blanc, 2014).
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Figure 1 – SCCmec Type 2A1
Adapted from Chongtrakool et al, (2006). Genes from SCCmec Type 2A1 element are depicted as example for 
SCCmec elements. This element has three J-regions (J1; J2; J3) with mec complex A (highlighted in grey) and ccr 
complex 2 (highlighted in grey). Both on the 5’- and 3’-ends direct repeats (DR) or inverted repeats (IR) are located 
which serve as target for ccr mediated recombination. orfX is the location on the genome of S. aureus where the 
SCCmec element is inserted. This type of SCCmec element has plasmid pUB110 (red) in the J3-region flanked by two 
IS431 insertion sequences (grey) which, for example, SCCmec Type 2A2 does not have. In the J2-region the Tn552 
transposon (yellow) is located, which is possessed by both Type 2 and 3. 

Phage Inducible Chromosomal Islands (PICI)
In contrast to SCC elements, S. aureus Pathogenicity Islands (SaPIs) are phage related and associated 
with pathogenic features. However, SaPIs do not encode for a horizontal transfer machinery, but need 
helper-phages to transduce (Figure 2A). It was shown that SaPIs interfered with helper-phage infections 
by ‘hijacking’ their capsid proteins to encapsulate itself (Ruzin et al, 2001). Nevertheless, all SaPIs have 
conserved genes encoding for, intergrase, primase, a replication initiator, and Stl the major repressor of 
the excision-replication-encapsulation cycle (Novick et al, 2010) (Figure 2B). Besides these conserved 
genes, SaPIs transfer pathogenic features such as the superantigens —A protein family that triggers 
excessive and abnormal T-cell activation (Llewelyn & Cohen, 2002)— TSST1, enterotoxin, and other 
toxins (Novick et al, 2010). Recently, studies revealed that SaPIs additionally (to capsid hijacking) use 
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also genetic phage interference mechanisms (Ram et al, 2012;2014). This suggests that SaPIs, initially 
derived from (proto)phages, have undergone an evolutionary differentiation including the acquisition of 
phage-resistance mechanisms (Ram et al, 2014) by ‘hijacking’ the helper-phage capsid proteins resulting 
in interference with the encapsulation of the helper-phage (Figure 2A).

21       20   19 18 17 16   15             13              12 11 10 9 8 7   6   5    4  3      2            1

int        stl   str xis           pri             rep        ori pif       cp3 2  1    terS tst       sec          sel 

1     2       3       4       5    6      7      8   9  10 11   12     13    14        15            16                            25    27   28     29

30                  31            32   66    33            34    35 36 67 37 38 39 40 41             42                43             44                45                   54        46 47 48       49            50     51 52           53

int                             cI  cro                                          ssb                            dnaB                          dut   rinB rinA terS

terL            portal                        scaffold   capsid                         tail          tape measure                                                 tail                 tail                     hydrolase       tail         holin    lysin

Regulatory genes

Assembly genes

Phage Φ11

SaPI bov1

A

B

RinA

Stl

attL attR
SaPI

attL attR
Helper Phage

attL attR
SaPI

attB

attP

attC

attS

Stl

Stl

Excision

Excision

Production of 
capsid proteins

‘Hijacking’ of 
capsid proteins

SaPI or viral
DNA packaging

SOS response

Derepression of
Stl by dUTPase

1, 2, 3, 4, or 5
ccr complexJ3 J2 J1A, B, C, or D

mec complex

5’-orfX orfX-3’mecA        mecI
      mecR1

ccrB2   ccrA2IS431
       pUB110

IS431 Tn554

SCCmec Type 2A1

DR/IR DR/IR

Figure 2 – SaPI transduction
Adapted from Novick et al, 
(2010). In (A) a model of SaPI 
transduction is depicted, where 
an SOS-response triggers the 
excision of the helper phage 
DNA which encodes a dUTPase 
that derepresses the major SaPI 
repressor Stl. Both SaPI and Phage 
DNA have their specific attachment 
sites attS and attP which are 
corresponding to locations on the 
chromosome attC and attB. When 
Stl is derepressed by dUTPase, 
the SaPI DNA is excised and 
‘hijacks’ the capsid proteins from 
the helper phage which results 
in competition between SaPI 
and phage transduction (SaPI 
interference). In (B) the genes 
of SaPI bov1 are depicted with 
Stl as major repressor of the 
SaPI excision machinery (blue). 
SaPI uses its own TerS protein 
(grey) for transduction and does 
not need the TerS from its helper 
phage (discussed below). Other 
gene annotations or functions: int, 
intergrase; str, regulatory protein; 
pri, DNA primase; rep, replication 
initiator; ori, replication origin; pif, 
phage interference; cp123, capsid 
size determinants; terS, terminase 
small subunit; tst, toxic shock 
syndrome toxin; sec, enterotoxin 
type C; sel, enterotoxin type L.

Plasmids
One difference between Staphylococcal plasmids and Staphylococcal Cassette Chromosomes is 
that the SCC elements integrate at a specific site in the Staphylococcal genome at the Integrate Site 
Sequence (ISS), i.e. at 3’-side of orfX (IWG-SCC, 2009). The Staphylococcal plasmids were initially 
divided in three classes based on their incompatibility; two plasmids with the same replication initiator 
sequence (rep) would be incompatible within one host and therefore grouped into one class (Ruby & 
Novick, 1975). Class I consists of small plasmids ranging from 1-5kbp, with a high copy number often 
carrying one antibiotic resistance gene, class II and III consist of larger plasmids ranging from 20-
60kbp with lower copy numbers and often carry multiple antibiotic resistance genes. Wherein class III 
differs from class II with the presence of conjugative transfer genes (tra) (Novick, 1989). Nowadays 
a more sophisticated classification is proposed using alignments of the rep sequences for classification 
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of mainly Enterococcal and Staphylococcal plasmids (Jensen et al, 2010). The Staphylococcal plasmid 
classification was later extended with 13 more classes. It was found that 51% of the plasmid groups 
carry more than one rep sequence, indicating that recombination between plasmids occurs frequently. 
Interestingly, only 5% of the plasmids analyzed possessed tra genes, indicating that the distribution of 
the majority of the plasmids in S. aureus is lineage associated (McCarthy & Lindsay, 2012). 

Transposons and Insertion Sequences
Transposons (Tn) and insertion sequences (IS) share similar features such as inverted repeats at the 
flanking regions for transposition, however there is one major difference; insertion sequences seem 
to encode for no other genes than for the transposase machinery (Siguier et al, 2006a). In contrast, 
transposons carry, besides the transposase machinery, other varying genes encoding for, resolvases, 
antibiotic resistance, and other accessory proteins. Interestingly, some transposons have tra, encoding 
for conjugative transfer machinery, as accessory gene and these hybrid transposons are designated as 
conjugative transposons which can transfer within the bacterial genome and between bacterial species 
(Kleckner, 1990). To keep track of all the identified transposable elements, guidelines for the nomenclature 
of transposable elements, for transposons (Tn1, 2, 3, etc.) and insertion sequences (IS1, 2, 3, etc.), were 
proposed in 1979 (Campbell et al, 1979). However, in that time there were no online databases and after 
the retirement of the person who administrated the allocated numbers, the numbering stopped. Later, it 
was proposed to keep the original nomenclature system and to allocate the data in an online database 
separately for Tn sequences (Roberts et al, 2008) and IS sequences (Siguier et al, 2006b).

 

Horizontal Gene Transfer Systems

All the mobile genetic elements described above can be transferred from one strain to another, by 
transduction, conjugation or transformation (see Figure 3). That MGEs are transferred via HGT was 
already suggested for a long time, however recently experimental evidence showed a high frequency 
of HGT between two S. aureus strains in vivo. Experimental evolution was used with gnotobiotic 
piglets, where a human associated MSSA strain (H398, white colony, 2 MGEs) was co-colonized 
with a livestock associated MRSA strain (S0385, grey colony, 8 MGEs) on the piglets’ skin. Using 
multiplex PCR and whole genome sequencing, isolates from piglets were tested for their MGEs (4 h, 
2, 4, 12, 16 days) and their acquired or lost MGEs (mobilomes) were mapped. The minimum MGE 
transfer events on the 16th day were significantly higher in H398 then in S0385, however importantly, 
high frequency MGE transfer was already detected after 4 hours. Comparisons between in vivo and 
in vitro experiments revealed that HGT between the strains occured significantly more in the in vivo 
experiments. Because transformation is inefficient in S. aureus and there were no tra genes for conjugation 
involved, the authors concluded that transduction was the main mechanism used for HGT in vivo  
(McCarthy et al, 2014).

Transduction
Transduction is a mechanism where bacteriophages transfer DNA from one cell to another. There are 
two types of transduction, generalized and specialized transduction. In generalized transduction, any 
part of the host’s DNA can be packaged, whereas in specialized transduction only DNA from a specific 
region is packaged, which only occurs in temperate phages (Madigan et al, 1997). 
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Figure 3 – Mobile genetic elements transferred by horizontal gene transfer systems.
Three S. aureus cells are depicted, where the numbers associate with various horizontal gene transfer systems that 
are transferring mobile genetic elements from cell to cell. In (1), a phage is inserted in the genomic DNA from the 
host (red) and entered the lysogenic cycle. In (2), a conjugative plasmid is transferred via conjugation to the MSSA 
recipient cell that is in close proximity. In (3), DSDNA released from a lysing MRSA cell and is taken up, as SSDNA, 
by the recipient cell via transformation, where the proteins depicted are form the competence machinery. In (4), 
the pro-phage is activated and packages its DNA inside capsids. In (5), due to generalized transduction non-phage 
DNA is packaged inside the phage capsids. In (6), the SaPI element is activated by a helper-phage infection, and 
hijacks the capsids from the helper-phage. In (7), the SCCmec and SaPI MGEs are transferred via transduction to 
the recipient MSSA cell.

Virtually any type of MGE described above can be transferred via transduction which is also the major 
mechanism of HGT in S. aureus (Lindsay, 2014;McCarthy et al, 2014). In fact this has been proven in 
a recently published study, which aimed to show that phages, as generally accepted, are indeed able to 
package various MGEs as a prerequisite for their potential transfer by transduction. A new method was 
employed, using quantitative PCR (qPCR), to establish the bacterial gene copy number per nanogram of 
DNA isolated from phage particles. Two phage-serogroups (A; φ81, and B; φ80, φ80α, φ11) were used in 
the study and statistical analysis showed that there was a significant difference in the amount of bacterial 
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DNA packaged, between serogroup A and B (P≤0.001). Serogroup B phages efficiently packed various 
MGEs in their capsids, notably two segments of the SCCmec I element were simultaneously packed, 
which indicated that generalized transduction plays an important role in SCCmec transfer (Mašlaňová et 
al, 2013). The larger SCCmec V (5C2&5) element was also able to be encapsulated by the capsids of 
bacteriophage φ53, however the transduction of SCCmec V was not detectable with φ53 and neither 
with identified prophages from the host cell. It was not entirely clear why SCCmec V could not be 
detected in the recipient strains, but it could rely on specific conditions for (homologous) recombination 
(Chlebowicz et al, 2014).
Conditions required for the transduction of the SCCmec elements were recently further elaborated (Scharn 
et al, 2013) from early reports. These reports showed that the highest transfer frequencies with phages 
φ80α or φ29, for methicillin resistance, were achieved at 30°C for 48 to 72 hours using a recipient 
strain harboring a plasmid (possibly with a prophage) encoding for a penicillinase (Cohen & Sweeney, 
1970;1973). An additional condition was recently added to the requirements of transduction. The arginine 
catabolic metabolic element (ACME), adjunct to the integrated SSCmec or orfX on the chromosome, 
revealed that, transduction of the SSCmec elements was only observed from ACME+ donor to ACME+ recipient 
or from ACME− donor to ACME− recipient strains. This led to the speculation that the acquisition of SSCmec 
was rather related to homologous recombination than on Ccr-mediated recombination. Another aspect 
of this study showed that during transfer, via transduction, interesting SCCmec rearrangements occur, 
where deletions of the mecA gene were observed (Scharn et al, 2013).
Crucial elements from phage φ11 have been investigated recently in relation with SaPI interference (i.e. 
transduction) and plasmid transduction (Quiles-Puchalt et al, 2014). Systematic gene deletions were 
used to characterize the phage forming units (PFU/mL), number of SaPI transductions, and number of 
plasmid transductions. Note that SaPIs are transduced by ‘hijacking’ the capsid proteins from a phage 
(Figure 2A) and may need different proteins from the phage than the phage itself. Therefore, in order to 
investigate this, the packaging elements had to be identified. Because the authors showed previously that 
the gene rinA is responsible for packaging and lysing the cell (Ferrer et al, 2011;Quiles-Puchalt et al, 
2013), it was speculated that genes under control of RinA are required for the formation of transduction 
particles (Figure 4). After conformation of this speculation, 28 packaging genes were systematically 
deleted and their phenotype and the number of transductions were investigated. One of these proteins 
was a terminase, terminases are hetero-oligomers of small (TerS) and large (TerL) subunits, where TerS 
is involved in DNA recognition and TerL is necessary for translocation of the viral DNA, cleavage of 
DNA, and docking the DNA portal of the phage-head (Rao & Feiss, 2008). Interestingly, terS encoding 
for the small terminase was only found to be required for phage and plasmid packaging and not for the 
packaging of SaPIs (Quiles-Puchalt et al, 2014). This confirms that SaPIs utilizes its own TerS (DNA 
recognition) protein (Figure 2B) as suggested in an earlier report (Úbeda et al, 2007). Besides rinA both 
SaPI and phage require the same amount, with a few exceptions, of packaging elements for transduction 
(Figure 4) (Quiles-Puchalt et al, 2014).
Transduction, in this case of SaPIs, does not constrain between spiecies transfer, in fact it has been 
shown that helper-phage (φ12 and φSLT) mediated SaPI transfer occured inter- and intra-generically 
between S. aureus and Listeria monocytogenes, Staphylococcus xylosus, Staphylococcus epidermidis 
(Chen et al, 2014).
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Gene Locustag Function
comC BSU2807 ✓ ✓ Leader peptidase (prepilin peptidase)2

comEA BSU2559 ✓ ✓ Competence protein, membrane DNA receptor1

comEB BSU2558 ✓ ✓ dCMP deaminase2

comEC BSU2557 ✓ ✓ Channel protein for DNA binding and uptake1

comER BSU2560 ✗ ✗ Late competence protein, pyrroline-5'-carboxylate reductase3

comFA BSU3547 ✓ ✓ Helicase competence protein3

comFB BSU3546 ✗ ✗ Function unknownc

comFC BSU3545 ✓ ✓ Putative component of the DNA transport machinery3

comGA BSU2473 ✓ ✓ Late competence protein, traffic ATPase, binds and transports transforming DNA1

comGB BSU2472 ✓ ✓ Polytopic membrane protein, DNA transport machinery1

comGC BSU2471 ✓ ✓ DNA uptake, major component of the transformation pilus1

comGD BSU2470 ✓ ✓ DNA transport machinery, minor pilin1

comGE BSU2469 ✓ ✗ DNA transport machinery, minor pilin1

comGF BSU2468 ✓ ✓ DNA transport machinery, minor pilin1

comGG BSU2467 ✗ ✗ Putative component of the DNA transport machinery3

Orthologues

Staphylococcus 
aureus

Streptococcus 
pneumoniae

1 Fagerlund et al , 2014; 2 KEGG Genes; 3 Caspi et al,  2014

Bacillus subtilis 
subsp. subtilis  168 

comG(ABCDEF); comE(ABC);
dprA; coiA; oppF; ssB

RNAP

ComK1 σH
Possibly higher expression due to 
tandem duplications in the genome.

Figure 4 – Phage φ11
Adapted from Quiles-Puchalt et al, (2014). Here the genome of phage φ11 is depicted, one part contains the 
regulatory genes (1-28) and the other part contains the assembly genes (30-54, 66, 67) which are under control of 
RinA (orange). The genes colored red are essential for SaPI transduction. The regulatory genes, the genes colored 
red, and the genes colored grey are essential phage transduction.  Gene annotations or functions: int, Intergrase; cI, 
major repressor; cro, regulatory protein; ssb, singe stranded DNA binding protein; dnaB, DNA primase/helicase; 
dut, dUTPase; rinB, regulatory protein; rinA, phage transcriptional activator; terS, terminase small subunit; terL, 
terminase large subunit.

Transformation
The acquisition of extracellular DNA from the environment is defined as transformation, where the 
ability to bind and take-up extracellular DNA is defined as competence. The acquisition or uptake of 
the extracellular DNA is a process where DNase-sensitive DNA is transferred into a DNase-protected 
environment; in gram positive bacteria this is equivalent to the transfer across the cytoplasmic 
membrane. Only single stranded DNA is transported over the cytoplasmic membrane, where the 
other strand is degraded in single nucleotides and released into the extracellular environment  
(Chen & Dubnau, 2004).
To date, actual evidence for transformation of extracellular DNA in S. aureus by natural genetic 
transformation has not yet been shown (Morikawa et al, 2012), despite the presence of orthologous 
genes with the competence genes from Bacillus subtilis and Streptococcus pneumoniae (known for their 
natural competence). Orthologous genes of the competence-related DNA transformation transporter 
system from the model organism B. subtilis are compared with S. pneumoniae and S. aureus in Table 1. 

Table 1 – DNA transformation transporter systems
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Studies have been performed to test whether S. aureus is naturally competent, and this started with the 
identification of an alternate sigma factor H (σH) that associates with RNA polymerase to transcribe the 
comG and comE operons in S. aureus (Figure 5) (Morikawa et al, 2003). A decade later, active σH cells 
were generated and were analyzed for further investigation of σH. By means of Southern blot, it was 
revealed that some strains had a tandem repeat/fusion of sigH in their chromosome, this led the authors 
believe that tandem duplications resulted in higher expression levels of sigH. Further investigation of 
the activation mechanism of σH showed that only a small fraction of the cells expressed sigH, indicating 
that there would be a stochastic gene expression system involved. To show that σH results in natural 
competence various S. aureus strains, where sigH was absent or overexpressed, were transformed under 
specific conditions. This resulted in 10-8 – 10-9 transformants per CFU when the comEG operons were 
present and sigH was overexpressed (Morikawa et al, 2012). This transformation efficiency indicates 
that σH is clearly not solely responsible for natural competence in S. aureus populations (Fagerlund et 
al, 2014). To elucidate this potency of S. aureus to take-up DNA, the sigH and competence regulons 
were investigated by whole transcriptome sequencing. Two B. subtilis putative orthologs of comK 
(competence transcription factor ComK) were found in S. aureus, comK1 and comK2. Luciferase assays 
showed that ComK1 induces the comGA promoter at low-level expression, however when sigH was 
overexpressed together with ComK1 the comGA promoter was highly expressed. The co-overexpression 
of σH and ComK1 resulted in a synergistic activation of the comGA promoter (Figure 5) with a fold 
change of 1613×. Which is significantly higher in contrast to the overexpression of σH only (392×) and 
ComK1 only (8×). Furthermore, the sequence data confirmed that the sigH regulon includes comG and 
comE operons, including two additional operons necessary for competence, drpA, coiA, oppF, and ssB. 
These observations led to the conclusion that σH is clearly involved in S. aureus competence regulation 
however, σH is not a master regulator of competence. The development of competence depends most 
likely on two or more competence regulators (Fagerlund et al, 2014). 

Gene Locustag Function
comC BSU2807 ✓ ✓ Leader peptidase (prepilin peptidase)2

comEA BSU2559 ✓ ✓ Competence protein, membrane DNA receptor1

comEB BSU2558 ✓ ✓ dCMP deaminase2

comEC BSU2557 ✓ ✓ Channel protein for DNA binding and uptake1

comER BSU2560 ✗ ✗ Late competence protein, pyrroline-5'-carboxylate reductase3

comFA BSU3547 ✓ ✓ Helicase competence protein3

comFB BSU3546 ✗ ✗ Function unknownc

comFC BSU3545 ✓ ✓ Putative component of the DNA transport machinery3

comGA BSU2473 ✓ ✓ Late competence protein, traffic ATPase, binds and transports transforming DNA1

comGB BSU2472 ✓ ✓ Polytopic membrane protein, DNA transport machinery1

comGC BSU2471 ✓ ✓ DNA uptake, major component of the transformation pilus1

comGD BSU2470 ✓ ✓ DNA transport machinery, minor pilin1

comGE BSU2469 ✓ ✗ DNA transport machinery, minor pilin1

comGF BSU2468 ✓ ✓ DNA transport machinery, minor pilin1

comGG BSU2467 ✗ ✗ Putative component of the DNA transport machinery3

Orthologues

Staphylococcus 
aureus

Streptococcus 
pneumoniae

1 Fagerlund et al , 2014; 2 KEGG Genes; 3 Caspi et al,  2014

Bacillus subtilis 
subsp. subtilis  168 

comG(ABCDEF); comE(ABC);
dprA; coiA; oppF; ssB

RNAP

ComK1 σH
Possibly higher expression due to 
tandem duplications in the genome.

A proteomic approach for investigating the pseudopilus, necessary to take up DNA, in S. aureus 
was performed on ComGC. Whereby in B. subtilis posttranslational signal cleavage by ComC, and 
posttransitional disulfide bond formation by BdbD (in S. aureus DsbA) is necessary. Using Western 
Blot and immunofluorescence microscopy, it was revealed that, also in S. aureus, ComGC proteins are 
processed by ComC, stabilized by DsbA, localized in the cell wall and membrane, and faced the cell 
surface (van der Kooi-Pol et al, 2012).  

Figure 5 – Model of σH and ComK1 
transcriptional regulation.
Both ComK1 and σH act synergistically 
on the transcription of the DNA 
transformation transporter system 
operons comG and comE (see table 1), by 
binding the RNA polymerase (RNAP). 
Other genes regulated by ComK1 and σH 

are dprA (DNA recombination-mediator 
protein A), coiA (unknown function), 
oppF (oligoendopeptidase F), and ssb 
(Single-strand DNA-binding protein).
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Another study showed that Atl, the major peptidoglycan hydrolase in S. aureus that has bifunctional 
properties such as amidase and endo-ß-N-acetylglucosaminidase activity, binds to DNA in vitro 
unspecific for the sequence. Atl harbors an N-terminal signal peptide and is localized and processed 
extracellular. Deletion mutants of atl show a disordered division pattern, defects in cell separation and 
impairment in biofilm formation. First, the authors speculated that Atl may be involved in the process 
of anchoring chromosomal DNA to the cell envelope to ensure proper cell division (Grilo et al, 2014), 
however atl mutants show no abnormalities in cell division (Sugai et al, 1995) (except for defects in 
cell separation). This led to a speculation that the DNA binding capacities of Atl could be involved in 
the take-up of extracellular DNA (Grilo et al, 2014). However, the authors do not have any structural 
evidence to support this speculation, nonetheless it could be interesting to verify this in vivo.

Conjugation
Conjugation in bacteria is a process where DNA is transferred from a donor cell to a recipient cell 
by a conjugation system (tra) encoded by a plasmid or by a conjugative transposon, which only can 
be used when cells are in close proximity from each other. In gram negative bacteria the cell to cell 
contact is established by sex pili; however these have not been identified in gram positive bacteria 
yet (Grohmann et al, 2003;Lindsay, 2014). Nevertheless, conjugational transfer in S. aureus and S. 
epidermidis has already been identified for some plasmids that contained genes for conjugational 
transfer (tra), which could also mediate transfer of tra negative plasmids (McDonnell et al, 1983). Thus, 
it is presumed that S. aureus cells in close proximity generate pores for conjugative transfer of plasmids  
(Lindsay, 2014).
McDonnell et al. (1983) showed that conjugational transfer was established in both mixed cultures and 
filter-mating cultures (donor and recipient strains are mixed and inoculated on a filter that is incubated 
on broth agar). However, a much more recent study investigated conjugational transfer in S. aureus 
biofilms because of the efficient conjugation in filter mating (i.e. on a surface) conditions. Conjugative 
transfer frequencies were investigated in planktonic, filter-mating, and biofilm forming conditions. In 
planktonic cultures the conjugation frequency was low but detectable, however in both filter-mating 
and biofilm forming conditions the conjugation frequencies were significantly higher (up to ~16,000 
fold). Thus conjugational transfer is significantly enhanced during biofilm formation. However, this 
enhancement occurs also in filter-mating conditions, therefore, anti-biofilm formation agents were 
used on filter-mating experiments and showed that the conjugational transfer decreased significantly. 
This indicates that the efficient conjugational transfer in filter-mating conditions is partly due to the 
consequence of biofilm formation on the filter (Savage et al, 2013). This is in agreement with the notion 
that S. aureus cells have to be in close proximity to each other (i.e. in biofilms) in order to efficiently 
perform conjugational transfer.

 

Barriers of HGT

Restriction modification systems
The difficulty to perform genetic manipulation in Staphylococci is because Staphylococci have a strong 
restriction modification (RM) barrier (Monk & Foster, 2012). Naturally, this barrier also limits the 
frequency of horizontal gene transfer in S. aureus. In fact, Staphylococcal cells are protected to a certain 
extent from phage lysis and for the acquisition of foreign DNA, by means of the RM barrier in S. aureus 
(Waldron & Lindsay, 2006). 
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There are four major types of RM systems described in literature. RM system type 1 (RM-1) is 
multisubunit protein that acts as one protein that contains, two restriction subunits (R), one modification 
(i.e. methyltransferase) subunit (M), and one specificity subunit (recognition of DNA sequence) (S). 
RM-1 enzymes act on unmethylated DNA and most often act as restriction enzyme but in rare cases 
as methyltransferase, they cleave the DNA at variable positions adjacent to their recognition sequence 
until they are physically hindered. RM-2 enzymes cleave at a specific site and act independently from 
their methyltransferase subunit and normally recognize palindromic sequences. Deviations of these 
enzymes, e.g. asymmetric sequence recognition and cleavage sites, are divided in subclasses. RM-3 
enzymes consist of two subunits that function either in DNA recognition and modification or restriction. 
For restriction, they interact with two non-palindromic sequences that are in inverted orientation in 
the substrate DNA, subsequently it cleaves the DNA at variable positions adjacent to their recognition 
sequence as RM-1. RM-4 enzymes consist most likely of one or two proteins that only cleave modified 
DNA, however their recognition sequence is not known (Roberts et al, 2003).  
In S. aureus, a RM-1 enzyme, Sau1, was identified as a lineage-specific horizontal gene transfer barrier.  
While investigating the S. aureus strain that is able to accept foreign plasmid DNA (RN4220), a stop 
mutation in the R gene of Sau1 was found, explaining its tolerance for foreign DNA. Besides the R and 
M genes, which were highly conserved among strains, several variants of the S gene (necessary for DNA 
recognition) were found among 161 S. aureus isolates. Interestingly, S gene sequences from strains 
from the same lineage were highly conserved. This indicates that the cell is protected from foreign 
DNA from other lineages which suggests that, HGT within lineages occurs at a higher frequency than 
between lineages, and could explain why the SCCmec element is found in only six S. aureus lineages 
(Waldron & Lindsay, 2006).  Later, Sau1 specific recognition sites were identified for four different S. 
aureus lineages. The lack or the methylated forms of these target recognition sequences on plasmids, 
e.g. the conjugative plasmid pUSA03, showed that plasmids were able to bypass the Sau1 RM-1 system, 
resulting in efficient transfer of resistance genes by HGT (Roberts et al, 2013). Also another restriction 
barrier was found, a gene (SAOUHSC_02790) encoding for a RM-3 like restriction enzyme. Deletion of 
SAOUHSC_02790 and ORFs corresponding to this gene in other lineages resulted in susceptible strains 
for the acquisition of foreign DNA (Corvaglia et al, 2010). 

 
CRISPR
A relatively recent, new discovery revealed a different type of HGT barrier in Staphylococci. This new 
barrier is the the CRIPSR-Cas system (Clustered Regularly Interspaced Short Palindromic Repeat- 
CRISPR associated proteins), which is an adaptive immune system in prokaryotes necessary for immunity 
against phages. The CRISPR locus is a recollection of specific DNA sequences (spacers), homologous 
to DNA from previously encountered phages. However, authors found a spacer in the CRISPR locus 
of S. epidermidis, homologous to the nes gene found in all conjugational plasmids of Staphylococci. 
In order to investigate if this spacer prevents conjugation in S. epidermidis the authors disrupted the 
sequence match with nes, by silent mutations in the sequence of nes on the conjugational plasmid 
pG0400. Conjugational experiments with pG0400 (wt) and pG0400nes* between a donor strain and a 
CRISPR negative (–) or a CRISPR positive (+) recipient strain were performed. Experiments showed 
that both plasmids were able to be transferred to the CRISPR– strain as expected. In contrast, only 
the pG0400nes* plasmid was able to be transferred to the CRISPR+ strain which led to the conclusion  
–after more genetic experiments– that CRISPR systems can interfere with plasmid transfer (Marraffini 
& Sontheimer, 2008). 
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Conclusion

That S. aureus acquires its antibiotic resistance by transfer of mobile genetic elements via horizontal gene 
transfer is already known for a long time. However, the understanding of the underlying mechanisms, 
which S. aureus uses to transfer these MGEs are still being investigated today. Despite the fact that S. 
aureus is protected against the acquisition of foreign DNA by RM systems and the CRIPSR system, 
the frequency of HGT is still enough to acquire virulent and antibiotic resistance genes. Only a short 
while ago it has been found that HGT between two lineages was “unexpectedly high” in vivo compared 
towards in vitro experiments (McCarthy et al, 2014). This suggests that perhaps the HGT barrier is not 
that strict during host colonization for yet unknown reason.
The ongoing bacterial acquirement of antibiotic resistance could also be explained by the usage of 
antibiotics such as ß-lactams and ciprofloxacin which promote horizontal gene transfer (Goerke et 
al, 2006;Maiques et al, 2006). In the Netherlands only, ß-lactams were used by ~1.5 million users 
(amoxicillin, 1,095,000 users; flucloxacillin 280,180 users; feneticillin 151,090 users) and ciprofloxacin 
was used by 263,330 users in 2013 (The Drug Information System of National Health Care Institute).
In 2003 the first model on how antibiotics can promote the spread of bacterial antibiotic resistance genes 
was presented. The authors showed that Mitomycin C, a DNA damaging agent which induces the SOS-
response, enhanced the conjugational transfer of a MGE called SXT in E. coli (Beaber et al, 2003). The 
SOS-response is also known as inducer of temperate phages which is well studied in E. coli (Little & 
Mount, 1982). Thus, when a DNA damaging agent is used, such as ciprofloxacin or Mitomycin C, against 
a bacterial infection, it will trigger the SOS-response and subsequently will induce temperate phages 
which promote HGT. Experimental evidence in S. aureus for this hypothesis was published almost decade 
ago.  A lysogenic S. aureus strain challenged with various concentrations (until 1 MIC) of ciprofloxacin 
showed that the increase of the ciprofloxacin concentration correlated with an increasing amount of 
phage forming units and newly synthesized phage DNA after induction (quantified by qPCR) (Goerke et 
al, 2006). Similar results were published the same year with subinhibitory concentrations of ß-lactams, 
which are known for their inhibitory effect on cell wall synthesis. The subinhibitory concentrations 
of the tested ß-lactams also induced an SOS-response and therefore were able to induce phage and 
SaPI transductions (without a functioning SOS-response system (a recA mutant) no transductions were  
observed) (Maiques et al, 2006).
The equilibrium between the acceptance of foreign DNA and the protection against foreign DNA, in S. 
aureus, is not well understood yet. To control virulent and antibiotic resistant bacteria, it would be of 
importance to investigate how S. aureus regulates the acceptance or rejection of foreign DNA. However, 
for a fact is that (mis)use of antibiotics at (sub)inhibitory concentrations promotes HGT of MGEs in 
S. aureus and other (opportunistic) pathogenic bacteria. Therefore it is of great importance to use non 
SOS-response promoting antibiotics for treatment of bacterial infections, possibly together with biofilm-
inhibiting agents to prevent conjugational transfer.
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