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Abstract

Microorganisms encounter toxicities inside the host. Many pathogens exist as subpopulations to maximize survivability. Sub-
populations of Staphylococcus aureus include antibiotic-tolerant small colony variants (SCVs). These mutants often emerge
following antibiotic treatment but can be present in infections prior to antibiotic exposure. We hypothesize that haem toxicity
in the host selects for respiration-deficient S. aureus SCVs in the absence of antibiotics. We demonstrate that some but not all
respiration-deficient SCV phenotypes are more protective than the haem detoxification system against transient haem expo-
sure, indicating that haem toxicity in the host may contribute to the dominance of menaquinone-deficient and haem-deficient

SCVs prior to antibiotic treatment.

INTRODUCTION

Staphylococcus aureus is a common human commensal,
infecting approximately one-third of the human population,
primarily colonizing the nasopharynx [1]. When released
from this region, S. aureus can disseminate to various sites
in the body to cause a range of infections, such as endocar-
ditis, bacteraemia and osteomyelitis [2]. While in the host,
S. aureus encounters a range of selective pressures. S. aureus
adopts several mechanisms to survive and persist in the host
environment in response to these pressures. One such adapta-
tion is the small colony variant (SCV) subpopulation [2-4].
The SCV of S. aureus has several phenotypic differences from
its wild-type (WT) counterparts, such as slow growth rate,
lack of carotenoid pigmentation and reduced haemolysis
[5]. Collectively, these traits result in suppression of several
virulence factors, yet this phenotype is often observed in
chronic infections, such as cystic fibrosis and osteomyelitis
[6-8]. As an apparent trade-off to this reduction in traditional
virulence factors, SCVs do exhibit increased adhesion [9] as
well as the ability to survive intracellularly in host cells [10],
which may contribute to their emergence in chronic infec-
tions. Additionally, it has been previously demonstrated that
the SCV phenotype can be enriched by exposure to antimi-
crobials produced by Pseudomonas aeruginosa, host-derived

antimicrobial peptides or aminoglycoside antibiotics [11-14].
It is the antibiotic tolerance of SCV's that is typically thought
to be the selective pressure contributing to their infective
potential [15]. Numerous mutations can result in the SCV
phenotype [2]. While thymidine-deficient SCVs are predomi-
nant in cystic fibrosis infections, respiration-deficient SCV
mutants lacking either menaquinone or haem biosynthesis
are among the most common clinical isolates from osteomy-
elitis or device-related infections [16]. Both osteomyelitis and
device-related infections often are associated with microbial
dissemination through the bloodstream [17].

In S. aureus, haem is essential in both aerobic and anaerobic
respiration, as it serves as a cofactor in cytochromes. Addi-
tionally, this molecule serves as a common iron source
within the host environment that tends to be depleted of
free iron. Therefore, S. aureus undergoes metabolic effort
to scavenge exogenous haem that is contained in host red
blood cells [18, 19]. Paradoxically, excess haem is toxic to
the bacteria, which is why the HrtAB haem detoxification
system is expressed by S. aureus in environments rich in
haem [20]. This system specifically acts to efflux excess haem
[21, 22] and has been shown to be expressed in systemic
infections, indicating that the environment of the blood-
stream can induce haem toxicity in invading pathogens [23].
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Fig. 1. Menaquinone deficiency protects against transient haem stress more robustly than the HrtAB detoxification system. Bacterial
strains of S. aureus were exposed to a range of haem concentrations 1 h prior to plating to determine viable cell counts, demonstrated
by the number of c.f.u. present. While AhrtB strains appeared slightly though not statistically more sensitive to haem toxicity than strains
containing the detoxification pump (e.g. WT Newman or AmenB), the protective effect of the AmenB mutation was statistically significant
and even more striking than the protective effect of the HrtAB detoxification system. Graphs depict an average of values collected on at
least ten independent days. On each independent day the experiment was performed in triplicate. Error bars depict standard deviation.
**P<0.01 and ***P<0.001 as determined by a one-way ANOVA and Tukey's post-hoc test.

In addition to the haem efflux pump, it has been shown
that SCVs lacking menaquinone production are intrinsically
resistant to haem toxicity, even in strains lacking the HrtAB
haem detoxification pump [24]. This resistance was attrib-
uted to a decrease in haem-associated superoxide radical
production [24].

We hypothesize that selection for the SCV phenotype during
infection can be mediated by transient exposure to toxic levels
of haem encountered in the host bloodstream, such as when
released by a cut or wound in the nasopharynx, even in the
absence of the previously cited pressures. This phenomenon
could explain the finding that the SCV phenotype appears to
be a ‘natural’ part of the S. aureus infectious cycle, appearing
in infections sometimes even in the absence of prior antibiotic
selection [2, 25]. The data presented herein demonstrate that
menaquinone deficiency has a greater contribution than the
well-characterized HrtAB system to the survival of S. aureus
in the presence of transient exposure to toxic haem levels.

METHODS
Chemicals

Hemin was purchased from Alfa Aesar. All other chemicals
were purchased from Fisher Scientific.

Bacterial strains

All experiments were performed in the S. aureus clinical
isolate Newman [26] and mutants derived in the Newman
parental background. The AhrtB mutant lacking the haem
detoxification system was previously characterized [20, 27].
This specific mutant was selected rather than the AhrtA
mutant due to the pleiotropic effects of having the dysregulated
permease function [27]. The AmenB SCV lacking the produc-
tion of menaquinone and the AhrtBAmenB SCV lacking both
menaquinone production and the haem detoxification system
were previously described [20, 24]. The AhemB SCV lacking
endogenous haem production and the AcydBAgoxB mutants
were previously described [28].

Haem exposure assays

Strains were streaked for isolation on tryptic soy agar (TSA)
and incubated at 37 °C overnight. Replicates were grown in
150 pl tryptic soy broth (TSB) in a 96-well round-bottom
plate, overnight at 37 °C with shaking at 180 rpm. In the
morning, cells were diluted 1:10 in fresh TSB and allowed
to grow for 1 h in 96-well round-bottom plates. These cells
were then normalized to identical optical densities at 600 nm
(OD,, of approximately 0.1) before haem treatment. Hemin
solutions were freshly prepared immediately prior to use
in every experiment in 0.1 M NaOH. Once a 10 mM haem
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Fig. 2. Menaquinone-deficient SCVs are more protected from transient haem stress than other SCVs. Bacterial strains of S. aureus were
exposed to a range of haem concentrations 1 h prior to plating to determine viable cell counts, demonstrated by the number of c.f.u.
The AmenB mutant was the only SCV tested exhibiting greater survival than the WT parental strain. Graphs depict an average of values
collected on at least five independent days. On each independent day, the experiment was performed in triplicate. Error bars depict
standard deviation. **P<0.01 and ***P<0.001 as determined by a one-way ANOVA and Tukey's post-hoc test.

stock solution was freshly suspended, the haem solutions
were diluted to the appropriate test concentrations in TSB
in a 96-well round-bottom plate, and 5 pl of normalized cells
was added to each test condition. These samples were incu-
bated with and without haem, shaking at 37 °C for 1 h. Each
treatment was then serially diluted using PBS and spotted
onto TSA plates for enumeration of colony-forming units
(c.fu.). Colonies were counted after 1-2 days of growth at 37
°C, graphed in Excel and analysed using a one-way ANOVA.

Co-culture haem exposure assays were performed in the
same basic manner as described above with the exception
that immediately prior to haem exposure, equivalent cell
numbers of SCV colonies were mixed with the parental
respiring counterpart. Differential c.f.u. counting of SCV and
respiring colonies were performed via visual identification
due to the clear phenotypic differences of the colony types.

RESULTS AND DISCUSSION

Menaquinone deficiency is more protective than
the haem detoxification system in the presence of
transient haem exposure

It has been demonstrated previously that the HrtAB haem
detoxification system is robustly induced by haem treatment
and protects against haem toxicity [20, 29]. These previous
studies, which typically have relied on growth curve/optical
density analysis, have demonstrated HrtAB-mediated protec-
tive effects as early as 2 h following haem exposure [20, 29].

These effects may begin even earlier within the growth curve
of S. aureus but were previously not apparent due to the lack
of sensitivity in optical density-based microbial growth meas-
urements. Therefore, we sought to overcome these limitations
by measuring growth and death rates at early time points in
the growth curve using c.f.u. values to assess viable cell counts.

Because the HrtAB system requires time for induction at
both the mRNA and protein levels following haem exposure
[20, 29], we hypothesized that this transporter may not be
tully effective at protecting cells against transient haem expo-
sure, which has been defined in this study as exposures lasting
less than 1 h. On the other hand, the protective effects of
menaquinone deficiency against haem toxicity are intrinsic
to these cells due to a reduction in the generation of haem-
related superoxide radicals [24]. Therefore, we hypothesize
that menaquinone-deficient mutants will have a selective
advantage over respiring strains of S. aureus following haem
exposure despite the existence of the intrinsic haem detoxi-
fication system.

Menaquinone-deficient mutants and their respiring parental
strains either lacking or possessing the HrtAB haem detoxi-
fication pump were exposed to a range of haem levels for 1
h prior to serial dilution and c.f.u. plating to determine the
number of viable cells remaining. Because healthy erythro-
cytes contain ~21 pM free haem [30] and lysed or trauma-
tized blood cells are likely to contain even higher levels, we
decided to use a transient haem treatment range of 12.5-50
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Fig. 3. The SCV phenotype provides a competitive advantage in the presence of transient haem stress. (a) WT and SCV (either AmenB,
AhemB or AcydBAqoxB) were mixed in a 1:1 ratio and exposed to a range of haem concentrations for 1 h prior to plating to determine
viable cell counts demonstrated by the number of c.f.u. The number of SCVs versus the number of respiring colonies (large colonies) was
assessed, revealing that both menaquinone- and haem-deficient mutants exhibited a competitive advantage over WT in the presence
of haem stress at levels exceeding 25 pM. Graphs depict an average of values collected on at least three independent days, which were
performed in biological triplicates on each day. Error bars depict standard deviation. *P<0.05 as determined by a one-way ANOVA and
Tukey's post-hoc test. (b) Images of representative findings from viable cell counts derived from mixed cultures. After serial dilutions
were performed, SCVs were easily distinguished from respiring colonies based on colony size (see inset).

uM. During this transient haem exposure, increasing levels of
haem were shown to significantly reduce the number of viable
cells remaining in a titratable manner for all strains tested
(Fig. 1). The slight trend for higher survival of WT Newman
over AhrtB Newman indicated that the HrtAB detoxifica-
tion system is at least partially functional at these early time
points of haem exposure and, as expected, this phenomenon
becomes more pronounced with increasing haem concentra-
tions. Interestingly, the protective effect of the menaquinone
deficiency in either AmenB or AmenBAhrtB was even more
striking and independent of the presence of the HrtAB efflux
pump, indicating that either the loss of respiration and/or
the absence of menaquinone has a more powerful protective
effect than expression of the haem detoxification system after
1 h of haem exposure.

Menaquinone-deficient SCVs are more protected
from haem toxicity than other SCVs

Mutations in the menaquinone biosynthesis pathway, endoge-
nous haem biosynthesis pathway or pathways for cytochrome
production all eliminate the ability of S. aureus to respire
and thus confer the SCV phenotype [2, 28]. Menaquinone
deficiency has been shown to provide protection under condi-
tions of haem stress [24], and we sought to determine if all
respiration-deficient SCV genotypes provide the same protec-
tion. We demonstrate that in haem concentrations exceeding

25 uM, the menaquinone-deficient mutant, AmenB, has
significantly better survivorship than both the WT Newman
and other SCV strains (Fig. 2). This indicated that it was not
simply general loss of respiration that results in the protec-
tive effect but more specifically menaquinone deficiency.
We hypothesize that this phenomenon could contribute to
the observation that menaquinone mutants are particularly
common in the clinic even though numerous SCV-inducing
mutations can yield antibiotic tolerance and other metabolic
features favouring persistence during infection [4, 31].

Both menaquinone- and haem-deficient SCVs
exhibit a competitive advantage over respiring S.
aureus in mixed cultures

Even in mono-species populations of bacteria, subpopula-
tions with altered gene expression exist [25, 32, 33]. The
SCV phenotype in S. aureus in many ways mimics some
of the phenotypic characteristics of persister cells, such as
slow growth and resistance to antibiotics, and both states are
naturally occurring [4, 25, 32, 34, 35]. To better mimic natural
conditions in which the SCVs are a subpopulation present
among respiring cells, we created co-cultures of WT and SCV
strains to determine if the decreased haem susceptibility of
menaquinone deficiency creates a competitive advantage for
these cells. While we hypothesized that the AmenB strain
would have a selective advantage over WT, we knew that the
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menaquinone crossfeeding found to occur in co-culture [7]
may reverse the protection observed in mono-culture.

After exposure to transient haem stress, the menaquinone
mutants exhibited a robust competitive advantage over
the parental strain as expected, especially at higher haem
concentrations (Fig. 3a, b). Interestingly, survival of the
AhemB mutants also trended towards an increase in the
co-culture condition, while the AcydBAqoxB mutants expe-
rienced the same amount of death as the respiring parental
strain (Fig. 3a). This intermediate protective effect in the
haem-deficient mutant may be attributed to the lower level
of endogenous haem, which may also contribute to some level
of haem toxicity and may also explain the identification of
haem-deficient SCV's during certain S. aureus infections.

CONCLUSIONS

The data presented herein demonstrate that the clinically
relevant menaquinone-deficient SCV experiences a compet-
itive advantage over respiring S. aureus when exposed to
transient haem toxicity representative of conditions which
may be experienced upon entry into the bloodstream prior
to dissemination to sites of infection. Additionally, in mixed
culture, this competitive advantage extends to clinically rele-
vant haem-deficient SCV strains. This feature of SCVs may
synergize with other SCV-associated behaviours to enable
early colonization of infectious sites prior to antibiotic
exposure. For example, the increased adhesive properties
of S. aureus SCVs [9] may promote SCV colonization of
distal body sites once disseminated via the bloodstream. In
general, S. aureus SCVs are a threat to human health due to
their propensity to emerge in various infectious niches and
their ability to tolerate antibiotic treatment [4]. Therefore,
efforts are currently being made to enable their rapid detec-
tion in infections [13, 36]. Similarly, efforts must be made
to determine the most effective treatment strategies for this
otherwise persistent cell type [13]. With combined early
detection and effective treatment of SCVs, many morbidi-
ties associated with persistent S. aureus infections may be
circumvented.
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