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General introduction

1General introduction

Staphylococcus aureus colonization and carriage

Scottish surgeon Sir Alexander Ogston discovered staphylococcus in 1881 as a cause of 
wound infection. The nomenclature was derived from his microscopic observation of grape-
like clusters (in Greek: staphyle) (1). In 1884, Staphylococcus aureus (S. aureus), synonymous 
with ‘golden staph’ because of its golden appearance on agar plates, was first isolated from 
human pleural fluid by Anton Rosenbach (2). S. aureus is capable of colonizing human skin 
and mucosa (3). The predominant niche of S. aureus is the anterior nares, and 20-30% of 
humans are colonized with this bacterium (4). Generally, the nasal microbiome is unique 
per individual and it may be influenced by health status. It is composed of different bacterial 
species, of which the Staphylococcus genus is the most abundant, besides the genera Cory-
nebacterium and Propionibacterium (5). The chance of becoming colonized with S. aureus 
could also depend on the composition of the local microbiome. Frank et al. studied the 
influence of different bacterial species on nasal S. aureus colonization and they found that 
Staphylococcus epidermidis (S. epidermidis) has a negative influence on S. aureus nasal colo-
nization (5, 6). S. aureus colonization extends beyond only the nose; other carriage locations 
are the pharynx, axilla, inguinal area, vagina and perineum (7). Traditionally, there are three 
patterns of nasal S. aureus carriage described: persistent-, intermittent- or non-carriage 
(4). Yet, during the years there have been many debates on how to classify the different S. 
aureus carriage patterns, as intermittent carriage was considered equal to non-carriage, in 
view of the shared characteristics (8). Additionally, even several definitions for persistent 
carriage are described. Nouwen et al. proposed the definition for persistent carriage as car-
riage with 103 or more colony forming units (CFU) of S. aureus in two consecutive cultures 
with a one-week interval (9). Other interpretations for persistent carriage were: all swabs in 
one individual needed to be cultured positive for S. aureus, independent of the number (10), 
or the use of a cut-off value of the number of positive swabs per total number of swabs was 
used (4). Finally, an interesting phenomenon is observed in the group of persistent nasal S. 
aureus carriers. In a human inoculation experiment, in which a mixture of different S. aureus 
strains including the individuals’ endogenous strain was used, was observed that persistent 
carriers select their own strain back and harbor it over years (11).

The literature describes an association between S. aureus carriage and risks of developing 
an infection with the bacterium in populations that are prone to carriage. It was shown that 
persistent S. aureus carriers have a higher risk of developing infections than other carri-
ers (12-14). In addition, some patient populations are because of their underlying disease 
more at risk for nasal S. aureus colonization. For instance, both dialysis-dependent diabetic 
patients and human immunodeficiency virus (HIV)-infected patients have a higher preva-
lence. Patients with atopic dermatitis and furunculosis also show increased carriage rates. 
Regarding autoimmune diseases, there is a relation between increased S. aureus carriage in 
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patients suffering from rheumatoid arthritis and granulomatosis with polyangiitis (5). Until 
now, there is no clear explanation why these populations are at risk for carriage. As far as we 
know, genetic factors do not play a role in whether or not humans become S. aureus carriers 
(15, 16).

So why is a subgroup of healthy and patient populations susceptible to S. aureus coloniza-
tion, while others are non-receptive? A lot of research has been carried out in humans and 
several animal models, to understand S. aureus (de)colonization/carriage, which has certainly 
resolved some questions. First, the anterior nares or the vestibulum nasi is built up out of 
stratified, keratinized, non-ciliated squamous epithelium and ciliated columnar epithelium 
(17, 18). S. aureus recognizes both as habitats, after which colonization follows in susceptible 
individuals (19, 20). Multiple mechanisms are described that play a role in bacterial binding 
to the nasal tissue. The keratinocytes in the cornified layer of the epidermidis produce and 
express several proteins, e.g. loricrin and cytokeratin 10 (K10), to which some staphylococ-
cal proteins are known to adhere. Examples are the surface proteins iron-regulated surface 
determinant A (isdA) and clumping factor B (clfB) (20-25). Recently, it has been shown that 
loricrin is the most important target for clfB to favor nasal colonization in mice. In a murine 
model, mice were inoculated with a S. aureus strain harboring clfB, whereupon in loricrin-
deficient mice colonization mostly failed (20).

To help making colonization more successful, the bacterium needs to express locally many 
adhesive molecules that strengthen the pathogen-host interplay (26). In a human nasal 
inoculation experiment, Wertheim et al. showed that clfB plays an important role in coloni-
zation, as the inoculated clfB+ S. aureus strain survived longer in comparison to the mutant 
strain. The study also showed the in vitro interaction of clfB with cytokeratin 10, which was 
mentioned earlier (22). Furthermore, wall teichoic acid (wta), a cell surface glycopolymer, 
was considered essential in colonization in a cotton rat model, as wta mutants were unable 
to adhere to nasal cells (27). In addition, the interaction between wta and SREC-1 (a member 
of the F-type scavenger receptor), a receptor that is expressed on epithelial cells in the nasal 
cavity of humans and cotton rats, positively influenced colonization (19). In a recent review 
on S. aureus colonization, a few other potential S. aureus-host ligands are mentioned, e.g. 
isdA-fibrinogen/fibronectin and sdrD-desmoglein 1 (5). Finally, Hanssen et al. described the 
intracellular localization of S. aureus in nasal tissue after biopsy in healthy individuals (28), of 
which we might speculate that the bacterium is capable of hiding from the immune system 
but also from antibiotic therapy. In Figure 1, a schematic overview is presented with the 
different mechanisms. It depicts the most important bacterial components involved in the 
process of nasal colonization.

As a counterpart of colonization studies, multiple decolonization strategies are studied in 
different animal models with mice and cotton rats. These experiments are often laborious 
because effects of decolonization cannot be monitored longitudinally, since separate groups 
of animals are needed at the different measuring points and animals have to be sacrificed 
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at pre-specified time intervals to study the bacterial load (29-31). Decolonization studies are 
as important as colonization studies, because they enhance knowledge on how to eradicate 
carriage to lower infection rates, especially in populations at risk. In spite of all the research 
that has been performed on nasal (de)colonization in animals, probably the best way to 
study this is by using the human inoculation model (8, 11, 22, 32). Although, for ethical 
reasons, we are frequently dependent on the use of alternative animal models that could be 
helpful, a properly human-like animal model is lacking. As rhesus macaques have recently 
been added to the list of natural hosts of S. aureus (33), possibly these animals could be the 
answer.

Besides the possibility of using animal or human models, less invasive in vitro experi-
ments may yield information on which bacterial components are involved in colonization 
and/or infection. Several studies have been published on induction of the humoral immune 
response by S. aureus colonization, infection, and on whether these antibodies were protec-
tive. In general, the S. aureus humoral immunoglobulin IgG antibody responses are studied 
extensively. In persistent S. aureus carriers, the serum levels of IgA and IgG directed to many 
staphylococcal proteins have been reported to be higher than they are in non-carriers (8). 
In mice models, different IgG responses indicate that there are numerous S. aureus antigens 
that are of importance and could be targeted, for example, in future vaccine studies (34, 35). 
In addition, in human S. aureus carriers versus non-carriers, IgG responses to toxic shock 

Figure 1. Interactions in S. aureus nasal colonization. Figure adapted from Sakr et al. (5)
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syndrome toxin 1 (tsst-1), staphylococcal enterotoxin A (sea), clumping factor A (clfA) and 
clfB may predict the risk and outcome of S. aureus infections (36, 37).

S. aureus: the emerging pathogen causing (nosocomial) infections

The asymptomatically presence of S. aureus and its behavior of mostly acting as a com-
mensal bacterium, does not imply that it is not pathogenic. S. aureus causes infections that 
vary from skin and soft tissue infections like impetigo and furunculosis, to more severe 
infections, such as pneumonia and osteomyelitis (38). S. aureus is an important causative 
microorganism in surgical site infections, especially in orthopedic and cardiac procedures 
(5). Furthermore, S.aureus is common in bloodstream infections (39) and they are associ-
ated with endocarditis and prosthetic device infections (40, 41).

S. aureus bacteremia is also common in very low birth weight (VLBW) infants, which 
makes this bacterial species one of the most important pathogens in neonatal intensive 
care units (NICU) (42-44). A significant risk factor for S. aureus bacteremia in VLBW infants 
is the presence of intravascular catheters, which are frequently required (45-47). All-cause 
mortality among neonates suffering from S. aureus bacteremia varies between 10 and 20% 
(46, 48). Yet, S. aureus is a well-established nosocomial pathogen that also causes multiple 
other types of neonatal infections (49, 50).

S. aureus treatment and outbreaks

Traditionally penicillins, especially methicillin, was the first-choice antibiotic for infections 
with this bacterium. Unfortunately, the first detection of methicillin-resistant S. aureus 
(MRSA) occurred rapidly after the introduction of methicillin (51). Since the 1960s, MRSA-
related infections have been a problem in hospitals worldwide. Nowadays, in some commu-
nities, the emergence of (new) clones of MRSA has also occurred in the community among 
individuals who were not in contact with healthcare (52). The group of glycopeptides is one 
of the few groups of antibiotics that are left to treat MRSA-related infections (53).

In the Netherlands, the prevalence of MRSA at hospital admission is very low, namely 
0.13% between 2010-2017 (54). Due to a Search and Destroy policy (S&D), we are able to 
keep these numbers low. In Europe, including the Netherlands, for years there has been an 
increased incidence of carriage of a livestock-associated (LA)-MRSA. People in direct contact 
with livestock, such as farmers and veterinarians, are at risk of becoming a LA-MRSA carrier. 
The majority of these LA-MRSA cases is caused by ST398 (55). It was reported that humans, 
who temporarily are in close contact with livestock, easily acquire LA-MRSA ST398, but also 
shed the strain in less than one day (56). Furthermore, the nosocomial transmission of LA-
MRSA ST398 was 72% less likely than with non-ST398 MRSA strains (57). At this moment, 
there is no data concerning the intrinsic capacity of ST398 to colonize the human nose.

Data on outbreaks with methicillin-susceptible S. aureus (MSSA) in adults is missing, 
as these outbreaks remain undetected. Yet, Price et al. showed that patients on an adult 
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1intensive care unit got colonized and infected with genetically identical S. aureus strains 
transmitted via patients, the environment and healthcare workers (HCWs). Whole-genome 
sequencing (WGS), the most discriminatory typing method, was used to prove S. aureus 
transmission (58).

Neonates, with their immature microbiome, low gestational age and birth weight, and the 
immaturity of their organ systems, are prone to developing healthcare-associated infections 
(HAIs) (59). NICU outbreaks of MRSA and MSSA are frequently described and different typ-
ing techniques are used to show the genetic relatedness of the strains (60-67). As there is 
no direct patient-to-patient contact on a NICU, transmission via the hands of HCWs seems 
questionable. Studies are published in which HCWs are the source of S. aureus infections in 
neonates, resulting in outbreaks (65, 66). Risk factors for nosocomial transmission on the 
NICU are, besides the environment, overcrowding of patients and understaffing (58, 68, 69). 
Figure 2 shows the transmission of S. aureus causing (nosocomial) infections.

Aim and outline of the thesis

The primary aim of this thesis was to gain more insights in the colonizing capacity of S. 
aureus. For this purpose, we developed a novel experimental decolonization and carriage 

Figure 2. Transmission of S. aureus causing (nosocomial) infections. Figure adapted from Sakr et al. (5)
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model in rhesus macaques (Macaca mulatta), and we performed an artificial human inocu-
lation study.

The secondary aim of this thesis was to investigate, by using whole-genome sequencing, 
whether nosocomial acquisition of S. aureus via healthcare workers occurred in neonates 
admitted to a neonatal intensive care unit. By determining the genetic makeup of neonatal 
bloodstream isolates, transmission could be detected and presence of specific virulence 
genes might possibly explain the invasiveness.

In this thesis we explored the possibility of developing an experimental decolonization 
and inoculation procedure in rhesus macaques, as a human-like animal model is still lacking 
(Chapter 2.1). As data concerning the intrinsic capacity of S. aureus ST398 to colonize the 
human nose are not available, an artificial human inoculation experiment was performed 
with a mixture of a bovine methicillin-susceptible S. aureus ST398 (CC398) strain and a 
methicillin-susceptible S. aureus ST931 (CC8) of human origin. Over a period of 21 days, 
we determined their ability to survive in the anterior nares of healthy volunteers (Chapter 
2.2). In Chapter 3.1, we explored whether healthcare workers could possibly be involved in 
the S. aureus transmission to neonates on a neonatal intensive care unit by using whole-
genome sequencing. Finally, we studied the transmission and genetic makeup of neonatal 
bloodstream isolates by using whole-genome sequencing in Chapter 3.2, to explore whether 
these data support the frequent occurrence of neonatal S. aureus bacteremia.
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Abstract

Our human model of nasal colonization and eradication of S. aureus is limited by safety 
issues. As rhesus macaques are closely related to humans and natural hosts for S. aureus, 
we developed an experimental decolonization and inoculation protocol in these animals. 
Animals were screened for nasal carriage of S. aureus and 20 carriers were selected. Decolo-
nization was attempted using nasal mupirocin (10 animals) or mupirocin plus trimethoprim/
sulfadiazine intramuscularly (10 animals) both once daily for 5 days, and checked by follow-
up cultures for 10 weeks. Intranasal inoculation was performed with S. aureus strain 8325-4 
in culture-negative animals. 11/20 animals, of which 5 received mupirocin and 6 the combi-
nation treatment, became culture-negative for S. aureus for 10 weeks and these 11 animals 
were subsequently inoculated. Swabs were taken once a week for 5 weeks to test for the 
presence of the inoculated strain. In 3 animals, strain 8325-4 was cultured from the nose 1 
week after inoculation, indicating short-term survival of this strain only, a finding similar to 
that previously found in our human model. These data demonstrate that rhesus macaques 
may constitute a relevant animal model to perform S. aureus eradication and inoculation 
studies with relatively limited invasive handling of the animals.



25

2.1

An experimental Staphylococcus aureus carriage and decolonization model in Rhesus Macaques (Macaca mulatta)

Introduction

It is well established that Staphylococcus aureus (S. aureus) carriage increases the risk of 
endogenous infections with this bacterium [1, 2]. Bode et al. showed that eradication of S. 
aureus from the nose and skin significantly decreases the risk of endogenous infections in 
a hospital setting [3]. Many different (methicillin-resistant and susceptible) S. aureus eradi-
cation and decolonization strategies have been described. Variations in these treatments 
are made based on the presence of clinically evident infection [4]. To further improve our 
understanding of human S. aureus nasal colonization and to support the development of 
new decolonization strategies additional well-designed experiments are needed. Although 
we have performed human nasal inoculation studies in our group [5-9], for ethical and safety 
reasons these experiments are restricted to a conformational setup while more exploratory 
designs are often desired. Therefore, animal models of S. aureus carriage are needed and 
some have been presented in the literature. Ideally, an animal model closely mimics the 
human condition, in this case requiring the animal to be a natural host of S. aureus and to 
be evolutionary closely related to humans. Furthermore, (de) colonization is best studied 
over a period of time in which at different time points of follow-up samples can be taken 
from the same animal. In one model the cotton rat requires relatively high inocula (1*107 to 
1*109 CFU) in order to establish nasal colonization [10-12]. In addition, animals need to be 
sacrificed at pre-specified intervals in order to determine bacterial colonization. Thus, bacte-
rial and host factors interfering with colonization cannot be studied longitudinally as for each 
time-point separate groups of animals are included [10-12]. The same limitations apply for 
mouse models [13, 14]. Successful S. aureus colonization has been realized in pigs, but only 
in piglets delivered by Caesarean section and deprived of colostrum [15, 16]. In addition to 
research regarding determinants of colonization, S. aureus decolonization strategies have 
also been studied in mice and cotton rats, but we are confronted with the same limitations 
[17-19]. Recently, rhesus macaques (Macaca mulatta) were added to the list of natural hosts 
of S. aureus [20] making them potentially an ideal human-like model to study S. aureus (de) 
colonization.

Therefore, in this study we explored the possibility to develop an experimental decoloniza-
tion and inoculation procedure in rhesus macaques. To do so, we applied two decolonization 
strategies; both used in humans, and investigated their potential to decolonize the nares of 
rhesus macaques carrying S. aureus in their nares. In addition, we studied the possibility to 
colonize rhesus macaques with a human S. aureus strain.
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Materials and Methods

Study setup

Rhesus macaques were screened for S. aureus nasal carriage and carriers were included 
(definition below). The study design had two phases: in phase 1 S. aureus decolonization 
with two different treatment strategies was performed, followed by phase 2 in which nasal 
inoculation with a human S. aureus strain was attempted.

Animal Study Population

Animals were selected from the macaque-breeding colony of the Biomedical Primate 
Research Centre Rijswijk, the Netherlands. They were born and raised at the institute and 
remained in their natal groups for at least 4 years before being selected for research proto-
cols. All animals received a complete physical, haematological and biochemical examination 
before inclusion and were social-housed (pair or trio) for at least 3 weeks before the onset in 
3 animal rooms. Physical contact with other rhesus macaques from the same experimental 
group in neighboring cages was possible. In each room the cages were located in two rows 
opposite to each other. Because of welfare some of the animals were placed with their 
buddy rhesus macaque during phase 1 and 2. A buddy rhesus macaque was not screened for 
S. aureus nasal carriage but it did receive the same decolonization treatment as its S. aureus 
carrier cage mate. Their culture results were not included in the study.

Ethical Considerations

All animals were socially housed in cages measuring at least 3.6 m3 (2x1.8x1 m) in line with 
the size requirements of EU Directive 2010/63. Cages were provided with bedding and food 
and non-food enrichment items. Water was provided ad libitum. The animals were fed com-
mercial monkey pellets (Ssniff, Soest, Germany) supplemented with a variation of bread, 
vegetables and fruit. All experimental procedures with the animals were performed under 
sedation with 10-mg/kg ketamine. The study protocol was approved by the Animal Ethics 
Committee of the Biomedical Primate Research Centre (BPRC) Rijswijk, The Netherlands 
(DEC #706).

Sampling procedures

The nose was sampled by swabbing both the left and right anterior nares with a single swab 
(Amies charcoal transport swabs orange, Copan, CA, USA). Throat and rectal swabs (Amies 
charcoal transport swabs black, Copan, CA, USA) were taken respectively by swabbing the 
back of the pharynx and by revolving a swab 2 cm into the rectum. The swabs were plated 
on Colombia 5% sheep blood agar (OXOID, Hampshire, UK) within a few hours. Plates were 
screened for S. aureus suspected colonies based on morphology after 24 and 48 hours of 
incubation at 35˚C. Final identification of S. aureus was performed by a latex slide agglutina-
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tion test that detects clumping factor and Protein A (Staphytect Plus, OXOID, Hampshire, 
UK).

Susceptibility of the S. aureus strains isolated from the rhesus macaques

The VITEK 2 system (bioMérieux) was used for susceptibility testing. The S. aureus strains 
were picked randomly and had to originate from the nose from day 0 of the decolonization 
phase. S. aureus colonies were suspended in 0.9% saline (NaCl) to make a 0.5 McFarland 
(McF) bacterial suspension. Susceptibility card AST-P633 was used for staphylococci. This 
card contained benzylpenicillin, oxacillin, gentamicin, kanamycin, tobramycin, ciprofloxacin 
translated to levofloxacin, erythromycin, clindamycin, linezolid, teicoplanin, vancomycin, 
tetracycline, fosfomycin, fusidic acid, mupirocin, chloramphenicol, rifampicin and trim-
ethoprim/sulfamethoxazole.

S. aureus strain for inoculation

For the inoculation procedure we selected human strain 8325-4 (spa type 211; ST8) [21] 
which was previously used in human nasal inoculation studies [5, 8]. Bacteria grown over-
night on Colombia 5% sheep blood agar were used to inoculate Brain Heart Infusion broth 
(BHI). After a few hours of growth at 37°C an OD of 0.5 McF was achieved. The pellet of 
bacterial culture was suspended in Phosphate Buffered Saline (PBS) to get the inoculum 
of 2*108 CFU/ml. 50 microliters of this amount of bacteria in PBS contained 1*107 CFU of 
bacterial cells.

Screening and Decolonization protocol

Taking 4-5 nasal swabs with intervals of one week, determined the nasal carriage state 
for S. aureus. Nasal carriers of S. aureus were defined as animals with four swabs (≥80%) 
culture-positive for S. aureus. Only carriers were included. Two different treatment strate-
gies were used for decolonization. One treatment consisted of mupirocin nasal ointment 
(2%; Glaxo- SmithKline, Waltham, MA, USA) once daily for a total period of 5 days (treatment 
A). The other treatment consisted of a combination of mupirocin nasal ointment once daily 
with 18 mg/kg trimethoprim/sulfadiazine (40 mg/ml/200 mg/ml; Duphatroxim, Zoetis, NL) 
intramuscular injections once daily for a total period of 5 days (treatment B). The mupirocin 
nasal ointment was applied in the vestibulum nasi with a swab (Heinz Herenz sterile cot-
ton swab). Trimethoprim/sulfadiazine was injected alternately into the left and right vastus 
lateralis. The study was performed in two different time periods in which the animals were 
equally divided over the two treatment regimens. In the follow-up period of 9 weeks a total 
of 9 (including t = 0, before start of the treatment) nasal, throat and rectal swabs were taken 
to investigate recolonization with S. aureus. More specifically, on day 0, 3 or 4, 7, 9, 14, 21, 
35, 49 or 50 and 63 swabs were taken from the three culture sites.
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Inoculation protocol

Nasal inoculation was only performed in animals successfully decolonized. Noses of animals 
were inoculated 7 days after the last follow-up culture moment from phase 1. As S. aureus 
nasal carriage was an exclusion criterion for further follow-up after inoculation, a control 
swab was taken from all culture sites on the day of inoculation. 50 microliters of the inocu-
lum containing 1*107 CFU of bacterial cells was pipetted separately into the left and right 
nostril while the head was put for two minutes in such a position that the inoculum could be 
absorbed by the mucosa. In the follow-up period the nose, throat and rectum were cultured 
in week 1, 2, 3 and 5. For identification of strain 8325-4 after inoculation, all cultured S. 
aureus strains obtained in the follow-up period from the inoculation phase, were analyzed 
by PCR analysis of the spa gene [22].

Hygiene protocol

To prevent any S. aureus acquisition from environmental, human or animal origin during 
both phases of the study, a hygiene protocol was implemented. Before entering the animal 
room personnel had to wear non-sterile gloves (Kimtech) and a new gown including a hood 
(Tyvek). After entering the room gloves were immediately disinfected with alcohol 70%. Care 
was taken to handle first the animals included in the study to prevent possible spread of S. 
aureus from animals that were not included. During the five consecutive days of sedation in 
the decolonization phase, the animals received 100 ml Nutrison Concentrated Food 2.0 kcal/
ml through a gastric tube to prevent malnutrition. Non-food enrichment was cleaned with 
alcohol before rotation and bedding was replaced twice a week. For activities like contact 
with every separate cage animal caretakers disinfected their hands. Finally, keys were put in 
a bath with alcohol 70% to limit contamination.

Statistical analysis

Recurrence, defined as the first occasion when S. aureus was isolated again after decoloniza-
tion, was analyzed starting from day 7 after start of the decolonization. Recurrence was 
determined in either nose only, other sites than the nose or any site, i.e. nose, throat and/or 
rectum. Results were analyzed using Kaplan-Meier curves.

Results

Screening and Decolonization

A total of 97 rhesus macaques were selected from the BPRC colony and their S. aureus 
carriage status was determined. 20 out of 73 rhesus macaques that were at least once 
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positive for S. aureus in the nose were found to be nasal S. aureus carriers. In total 9 bud-
dies participated. Divided over 13 cages, 3 animals were triple-housed and the others were 
pair-housed. 10 rhesus macaques received treatment A (3 females, 7 males) and the others 
received treatment B (3 females, 7 males). Follow-up cultures were taken from the nose, 
throat and rectum.

Individual culture results from the start of both treatments including the follow-up 
period are shown in S1 Table. In the group that received treatment A, 2 animals (R10024 
and R10122) were negative in the nose at day 0 and they were therefore excluded from 
analysis. For completeness, culture results from the buddy rhesus macaques were analyzed 
and added in this table. The results show in most cases variable carriage rates on the three 
culture sites in the different animals during follow-up. No specific carriage patterns were 
seen in the individual rhesus macaques except for some animals in which throat carriage 
was more persistent over time than in the other animals. Furthermore, cage mates were 
seldom carrier at the same culture site at the same culture moment (S1 Table).

In animals that received mupirocin only (treatment A) no S. aureus was cultured from the 
nose in any of the animals from day 7-21. S. aureus was observed in one animal after 21 days 
but all animals were once more negative in the following culture moment at day 35. From 
day 49 after the treatment 2 animals were again colonized with S. aureus in the nose (S1A 
Fig). In this treatment group a rapid decline in S. aureus throat and rectum carriage to 0% 
was observed within the first nine days. In some animals recolonization occurred from day 
14 until the end of the follow-up period (S1 Table, S1B Fig).

S. aureus was eradicated from the noses of all animals that received mupirocin and trim-
ethoprim/sulfadiazine (treatment B) from day 7-21 after the start of treatment. On day 35 
and 49, 2 animals were positive in the nose for S. aureus and this number increased to 4 at 
the end of the follow-up period (S1A Fig). Throat carriage rates after treatment B declined 
from 7 animals to 1 in the first 9 days. In the remaining follow-up period S. aureus throat 
carriage varied between 3 and 4 animals. Finally, at the start of treatment B, 1 animal was 
positive in the rectum for S. aureus and during the follow-up carriage on this site was at most 
found in 1 animal (S1 Table, S1B Fig).

There was no difference between the treatment groups when the portion of animals 
positive for S. aureus was determined for nose only, other sites than the nose or any site. In 
addition, the first occasion when S. aureus was cultured after decolonization was analyzed 
using Kaplan-Meier curves for either nose only (Fig 1A), other sites than the nose (Fig 1B) or 
any site, i.e. nose, throat and/or rectum (Fig 1C). The data demonstrate that there is no dif-
ference between the two treatments with respect to the time that in some animals the nose 
became positive. Even after 63 days 60% of all animals from both treatment groups were 
negative in the nose (Fig 1A). However, when throat or rectum were analyzed separately or 
any site, more animals became positive again and a trend was seen suggesting that in the 
animals that received treatment B the time to become positive was longer than in animals 
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Figure 1. Kaplan-Meier curves. The propor-
tion of S. aureus positive animals is represent-
ed by a continuous (treatment A) or dotted 
(treatment B) line. Fig 1A, 1B and 1C show re-
spectively results from nose only, other sites 
than nose and any site.
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that received treatment A (Fig 1B and 1C). This trend is not statistically significant because 
this study concerned a proof-of-principle study for decolonization and it was not powered 
for the statistical detection of this difference.

Inoculation

A total of 11 animals never became positive for S. aureus in the nose during the follow-up 
period of 63 days (S1 Table). Of these 11 animals, 5 had received treatment A and 6 had 
received treatment B. Animals were inoculated with human S. aureus strain 8325-4. 2 rhesus 
macaques were found to be positive for S. aureus in the nose on the day of inoculation 
and they were excluded from further analyses. Follow-up cultures were taken from nose, 
throat and rectum in week 1, 2, 3 and 5. In 3/9 animals remaining in the experiment, the 
inoculated S. aureus strain 8325-4, was found in the nose one week after inoculation. 2 of 
these animals had received treatment B and the other animal treatment A. The successive 
follow-up cultures on all culture sites became negative in these 3 animals. In the other 6 
animals strain 8325-4 was never cultured but in 3 of them S. aureus other than 8325-4 was 
cultured in the throat and in 1 also in the rectum.

Susceptibility of the S. aureus strains isolated from the rhesus macaques

For susceptibility testing 10 S. aureus strains were used. These strains were derived from the 
nasal cavities of 10 different animals. All strains were susceptible to all the antimicrobials 
that were tested, including mupirocin and trimethoprim/sulfamethoxazole.

Discussion

To our knowledge this is the first study in which a controlled experimental S. aureus nasal 
decolonization and inoculation model in rhesus macaques is presented. With the standard-
ized protocols the noses of carriers were successfully decolonized for a period of 10 weeks 
or more. We tested 2 S. aureus decolonization strategies, a topical treatment with mupirocin 
nasal ointment and a combination treatment of mupirocin nasal ointment with systemic 
trimethoprim/sulfadiazine. There was no significant difference between the two treatments 
as almost all animals became negative for S. aureus in the nose, throat and rectum and in 
both groups comparable numbers of animals became positive again. Also with respect to 
time of first recurrence of S. aureus, there was no difference between the two treatment 
groups when only the nose was analyzed. However, analysis of recurrence of S. aureus at 
any site showed a trend suggesting that treatment B was more effective than treatment A.

The two different treatment strategies for decolonization of nasal carriers were based on 
the eradication strategies for complicated and uncomplicated MRSA carriage in humans. 
Uncomplicated carriage implies nasal colonization only and complicated carriage is defined 
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as nasal colonization in combination with one or more of the following criteria: extra-nasal 
carriage sites, or a clinically active infection, or the presence of skin lesions, foreign-body 
material, or the finding of mupirocin resistance in the colonizing strain. For uncomplicated 
carriage mupirocin nasal ointment and chlorhexidine-containing body wash is recommended 
for humans. In complicated S. aureus carriers this topical treatment regimen is augmented 
with systemic antimicrobials [4]. In both protocols used in this study we did not add 
chlorhexidine-containing body washes because of two practical reasons: the large amount 
of body hair of these animals was thought to limit the effectiveness of skin decolonization 
and body washes would require additional periods of anesthesia which would increase the 
risk of complications. A systemic intramuscularly injectable antimicrobial trimethoprim/
sulfadiazine was chosen because it is registered in veterinary medicine in the Netherlands 
whereas cotrimoxazole (trimethoprim/sulfamethoxazole), commonly used in human medi-
cine, does not guarantee optimal oral uptake in animals. Furthermore, Ammerlaan et al. 
recommended to always using a combination of two systemic antimicrobials to eradicate 
S. aureus, and to choose an antimicrobial combination that included either fusidic acid or 
rifampicin [4]. However, these latter two antimicrobials are not registered in veterinary 
medicine and were therefore, not considered for this series of experiments. In order to limit 
the number of sedations we administered both treatments once daily. Our data indicate 
that (un) complicated S. aureus carriage in rhesus macaques can well be eradicated with 
topical applied mupirocin alone, the addition of systemic trimethoprim/sulfadiazine did not 
enhance decolonization.

Although we were able to inoculate the noses of the rhesus macaques with human S. 
aureus strain 8325-4, we did not observe stable long-term colonization with this strain. 
Though, in previous studies, S. aureus 8325-4 was shown to persist for at least 4 weeks 
in the human nose despite the presence of a defect in the sigma factor (SigB) locus [5, 8, 
23]. By choosing this strain we had the benefit to be able to use our previous experience 
in human inoculation experiments as a starting point. Furthermore, 8325-4 is suitable for 
genetic modification and can be applied for both knockout [5, 8] and knock-in studies. On 
the contrary, by selecting 8325-4 we took the risk on poor colonization, yet we wanted to 
investigate if we could use a human strain to inoculate a rhesus macaque. Our data show 
that 8325-4 presumably is not the ideal strain to work with in the rhesus macaque model. 
In a preceding study we have shown that rhesus macaques are naturally colonized with S. 
aureus strains that have genetically different backgrounds from human strains of this species 
[20]. Therefore, in future experiments, selecting a strain from the collection of S. aureus 
cultured from rhesus macaque (persistent) carriers might show to be a better take.

In addition to natural variation in nasal microflora, an alternative explanation for our 
limited success in the colonization phase of the study could be the method we used to 
apply the inoculum. In earlier human inoculation experiments 1*107 CFU were applied in 
the nose with a swab [5-9] but the (smaller) nasal anatomy of rhesus macaques does not 
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allow to use the same swab as used in humans. Therefore, we had to adapt the inocula-
tion procedure, which might have resulted in loss of part of the bacterial inoculum due to 
swallowing. Although, in the cotton rat model the same inocula and method of instillation 
are used for nasal inoculation experiments, in the rat it seems more successful than in our 
rhesus macaque model in comparable periods of follow-up. Possibly, this is due to the fact 
that, after sacrificing the rats, noses are completely removed and then homogenized which 
might result in better recovery of the bacteria from the nose [10-12]. A third possible ex-
planation could be that mupirocin was still active at the time of inoculation. Fernandez et 
al. studied the efficacy of mupirocin on S. aureus nasal colonization in which recolonization 
after 2-4 months was seen in 56% of the study population [24]. On the contrary, our human 
model [5-9] showed successful inoculation 6 weeks after decolonization with mupirocin 
and chlorhexidine-containing body wash. Nevertheless, we showed that we were able to 
inoculate the noses of some of the rhesus macaques for at least one week.

Concerning nasal S. aureus carriage, animals were swabbed 4-5 times with intervals of one 
week. We defined carriage as animals in which at least 80% of the nasal cultures had to be 
S. aureus positive. Our definition is in line with the definition of (persistent) carriage used 
in several publications of human studies. However, in some publications additional criteria 
are defined which are related to the number of consecutive swabs that have to be taken, 
the number of CFU/swab but also the added value to test for genetic background [9, 25-28]. 
While many variations in definition exist, for this study we elected to stick to one that is 
practical and commonly used in literature.

During the development of this model we were confronted with a couple of issues. Two 
animals were culture-negative for S. aureus in the nose on the day of start of the treatments. 
These animals were already classified as nasal carriers, so this result required exclusion. It 
is apparent that in macaques, as in humans, carriage rate and densities, although we did 
not culture quantitatively, are prone to some variation over time, which was also seen in 
the follow-up period after treatment A and B, especially for the extra-nasal culture sites. 
We observed very low carriage rates in the rectum, which could be a result of our culture 
conditions. S. aureus could have been overgrown by gram negative bacteria from the gut so 
maybe a selective agar would have been a better choice. Another, the throat in particular, 
was alternately positive in most of the animals. Recognition of this phenomenon should be 
acknowledged when designing, implementing and interpreting studies on decolonization.

Another finding, albeit not a focus in this study, concerned the transmission of S. aureus. 
Mollema et al. showed that (human) household members have a risk of 47% to transmit 
S. aureus when one of them is positive [29]. In our study we showed that some monkeys 
including the buddies never acquired any S. aureus in the follow-up period while S. aureus 
was present in their cage mate. Also, some animals were positive for S. aureus at a specific 
carrier site while the cage mate was a carrier at another site. Since we did not type these 
strains it is unknown whether transmission of S. aureus had occurred or not. Finally, we used 
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spa typing, which is less delicate than for example whole genome sequencing but it served 
its purpose of identifying strain 8325-4.

In conclusion, this model can be used for S. aureus decolonization and inoculation studies 
in a properly controlled fashion. In contrast to small animal models, this model is attractive 
since this species of animals allows for long-term follow-up of the carrier state in individual 
subjects, and does not require animals to be sacrificed as part of the experimental protocol. 
Moreover, macaques are natural carriers of S. aureus and are closely related to humans, 
which makes them also attractive to study host-pathogen interaction.

Supporting Information

S1 Table. S. aureus carriage in nose, throat and rectum in the individual rhesus macaque 
and their cage buddies in the follow-up period of the decolonization phase.

S1 Fig. S. aureus decolonization of rhesus macaques. Each red or blue dot represents the 
fraction of cultures positive for S. aureus before and after treatment A (mupirocin; red) and 
B (mupirocin and trimethoprim/sulfadiazine; blue). Nasal carriage and carriage at any site 
are shown in S1A and S1B Fig respectively.
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Supporting Information
S1 Table. S. aureus carriage in nose, throat and rectum in the individual rhesus macaque and their cage bud-
dies in the follow-up period of the decolonization phase.

Room Cage Animal Treatment Day 0 Day 3/4 Day 7 Day 9 Day 14 Day 21 Day 35 Day 49/50 Day 63

43 3 R09147 A N/T + - - - - T + - - -

R11080 A N + - - - - - - - -

43 5 R10034 A N/T/R+ N + - - - - T + T + -

R11098 A T/R + - - - T + T + - - -

45 1 R10024 A

R04062 A N/T + - - - T + - - T + -

45 3 R05070 A N/T + - - - R + - - - -

* R07022 A N + - - -

45 6 R07076 A N/T/R+ T + T + - - T + - N/T + N +

R08133 A N/T + - - - - - - - -

46 1 R10122 A

R02038 A - - - - - T + - - -

46 2 R07026 A N/T + - - - - - - N + T +

R08134 A - - - - - - - - -

46 3 R10030 A N/T/R+ T + - - T + N/R + T/R + R + N/T +

R11057 A N/R + T + - - T + - N + N/T/R+ N/T +

43 2 R10053 B N/T + T + T + T + T + T + T + T + T +

R11093 B N + T + - - - N/T + - T + -

43 4 R08055 B N/T + T + T + - T + T + N/T + N/T + N/T +

R11119 B N + - - - - - - - -

45 4 98007 B N + N + - - - - - - T +

98024 B N + - - - - - - - -

98036 B N + - - - - - - - -

46 4 R00035 B N/T + - - - - - - T + N +

R01079 B N/T + R + - - - - N/T/R+ N/T/R+ N +

46 5 R10069 B N/T/R+ T + - - - T + - - -

R09041 B N/T + - - - - - - - -

46 6 R07124 B N/T + - - - T + T/R + - - N +

R07123 B - - - - - - - - N +

a. N = nose; T = throat; R = rectum
b. + = positive for S. aureus; - = negative for S. aureus
c. Treatment A = mupirocin; Treatment B = mupirocin and trimethoprim/sulfadiazine
d. Grey background = buddy
e. Yellow background = excluded animals from the decolonization phase
f. * = Buddy R07022 was euthanized because of severe complications of diverticulosis.
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S1 Fig. S. aureus decolonization of rhesus macaques.

Each red or blue dot represents the fraction of cultures positive for S. aureus before and after treatment A 
(mupirocin; red) and B (mupirocin and trimethoprim/sulfadiazine; blue). Nasal carriage and carriage at any 
site are shown in S1A and S1B Fig respectively.
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Abstract

There is evidence that MRSA ST398 of animal origin is only capable of temporarily occupying 
the human nose, and it is therefore, often considered a poor human colonizer.

We inoculated 16 healthy human volunteers with a mixture of the human MSSA strain 
1036 (ST931, CC8) and the bovine MSSA strain 5062 (ST398, CC398), 7 weeks after a treat-
ment with mupirocin and chlorhexidine-containing soap. Bacterial survival was studied by 
follow-up cultures over 21 days. The human strain 1036 was eliminated faster (median 14 
days; range 2 - 21 days) than the bovine strain 5062 (median 21 days; range 7 - 21 days) but 
this difference was not significant (p = 0.065). The bacterial loads were significantly higher 
for the bovine strain on day 7 and day 21. 4/14 volunteers (28.6%) showed elimination of 
both strains within 21 days. Of the 10 remaining volunteers, 5 showed no differences in 
bacterial counts between both strains, and in the other 5 the ST398 strain far outnumbered 
the human S. aureus strain. Within the 21 days of follow-up, neither human strain 1036 nor 
bovine strain 5062 appeared to acquire or lose any mobile genetic elements.

In conclusion, S. aureus ST398 strain 5062 is capable of adequately competing for a niche 
with a human strain and survives in the human nose for at least 21 days.
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Introduction

Staphylococcus aureus (S. aureus) is a well known pathogen and is capable of colonizing the 
skin and mucosa of humans with the anterior nares being the most common carriage site [1]. 
Three human nasal carriage patterns can be distinguished: the persistent (30%), intermittent 
(40%) and non-carriage (30%) pattern [2]. This was recently reduced to two major pheno-
types: persistent and non-carriage only [3]. Importantly, nasal carriage of S. aureus increases 
the risk for infection with this bacterial species [4]. The control of methicillin-resistant S. 
aureus (MRSA) reservoirs and infections is often problematic because these populations are 
resistant to almost al β-lactam antibiotics, the treatment of choice for Staphylococcal infec-
tions, and are often resistant to other commonly prescribed antibiotics [5]. Recently there 
has been a worldwide change in the epidemiology of MRSA. MRSA populations have been a 
problem in hospitals worldwide since the 1960s, but the emergence of new clones of MRSA 
has occurred in the community among individuals who lacked contact with healthcare [6]. 
In the US nearly all MRSA are associated with the community-associated (CA)-MRSA USA300 
clone [7]. Nowadays in many European countries, Northern Americas, Australia and Asia 
there has also been an increased incidence of carriage of a livestock-associated (LA)-MRSA, 
especially in people with direct contact with livestock, such as farmers and veterinarians [8]. 
The majority of these LA-MRSA cases are caused by MRSA multi-locus sequence type (ST) 
398, a lineage that can be detected by the fact that strains are Pulsed Field Gel Electropho-
resis (PFGE) non-typeable, by restriction-modification (RM) testing and PCR testing [9,10].

Currently ST398 MRSA/MSSA is reported in hospitals where it caused a broad spectrum 
of relatively mild infections including soft skin and tissue infections (SSTI) [11,12], abscesses, 
urinary tract infections (UTI) and wound infections [13,14]. In rare cases severe infections 
such as endocarditis [15] and bacteraemia [13] have been observed, although these occurred 
in older patients with underlying diseases. Often these cases were livestock-associated but 
occasionally infections occurred in people lacking contact with livestock.

The level of intensity and the duration of direct contact with livestock are important factors 
in proving positive for MRSA ST398. Prevalence of MRSA ST398 in farm-workers decreases 
substantially during holidays and in periods of less intense contact with livestock [16]. Van 
Cleef et al. showed that humans, who are temporarily in close contact with livestock, easily 
acquire MRSA ST398 but also shed the strain in less than 24 hours [17]. Whilst, in the hospital 
environment, Wassenberg et al. showed that nosocomial transmission of ST398 is 72% less 
likely to occur compared to non-ST398 strains [18]. It remains unclear whether these low 
rates of transmission and persistence are pathogen or patient-related.

S. aureus adapt to different host environments by acquiring mobile gene elements (MGEs) 
carrying genes encoding host-specific immune evasion strategies. The best characterised 
human-specific factor is the φ3 bacteriophage that carries the immune evasion cluster (IEC) 
genes chp, sak and scn [19]. This bacteriophage is commonly found in human S. aureus but 
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is rare amongst animal S. aureus [20,21]. Recently it was shown that many ST398 isolates 
of human origin do not carry the φ3 bacteriophage or any of the IEC genes suggesting that 
ST398 can survive and even cause infection in the human host without acquisition of the φ3 
bacteriophage [22].

At the moment data concerning the intrinsic capacity of ST398 to colonize the human 
nose are lacking. In this study, we undertook an artificial human inoculation experiment 
with a mixed inoculum of a bovine MSSA ST398 (CC398) strain and human MSSA ST931 
(CC8) strain, 7 weeks after a treatment with mupirocin and chlorhexidine-containing soap, 
and determined their ability to survive in the anterior nares. In addition, we used microarray 
analysis to compare the genomes of parental strains and strains that survived in the nose.

Materials and Methods

Study population

Twenty-two healthy volunteers were included in this study (seven males and fifteen females, 
median age of 27 years, range 19-57 years). An infectious disease physician was on call for 
the entire study period and all volunteers provided their written informed consent. The study 
protocol was approved by the local Medical Ethical Committee of the Erasmus University 
Medical Centre Rotterdam, The Netherlands (MEC-2011-131).

S. aureus strains

The human S. aureus strains (502A, 274, 1036, P1, P2 and I) were all used in earlier inocula-
tion experiments [3,23]. The bovine MSSA ST398 strains used in this study were obtained 
in 2008 from healthy calves in The Netherlands as part of a MRSA prevalence study [24]. Of 
the MSSA ST398 strains we also obtained MRSA counterparts, which were isolated from the 
same calf. For determination of the genetic background MLST analyses [25] and spa-typing 
were performed [26]. The agr locus was amplified to determine the agr-type (1 - 4) [27]. 
The detection of sea – seu, tst [28], eta, etb and lukS/lukF [29] was performed by PCR. PCR 
analysis with ST398-specific primer set A07 [10] was performed. The VITEK (bioMérieux, 
Marcy l’Etoile, France) was used to determine the antibiotic susceptibility of the strains. 
For a second opinion, the strains were sent to the National Institute for Public Health and 
the Environment (RIVM, Bilthoven, The Netherlands), and were analyzed for toxin produc-
tion. Bacterial growth rates of the strains were determined in Brain Heart Infusion (BHI) and 
Tryptic Soy Broth (TSB). Bacteria were grown for 7 hours at 37° C.

Artificial inoculation protocol

The artificial inoculation protocol was as described previously [3,20,30]. In brief, before 
inoculation the carriage state for S. aureus was determined by taking two nasal swabs with 
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an interval of one week. We defined carriers as persons with two consecutive nasal swabs 
culture-positive for S. aureus. A non-carrier had one or no positive nasal cultures. Blood 
was drawn in week 1 to determine C-reactive protein (CRP) levels (mg/L) and the leukocyte 
number (*10E9/L). After determining their carriage state, all volunteers were instructed to 
use mupirocin nasal ointment (2%; GlaxoSmithKline, Waltham, MA, USA) twice daily and 
chlorhexidine-containing soap once daily for five days as eradication treatment for S. aureus. 
The volunteers received hygienic advice and medical check-ups. These medical check-ups 
included questions about signs of infection and when indicated physical examination. Vol-
unteers remaining positive for S. aureus after eradication treatment were excluded from 
the inoculation phase. Therefore, the anterior nares were again cultured six weeks after 
the treatment to determine if the treatment had been successful. Artificial inoculation was 
performed in successfully decolonized volunteers one week later by applying 10*7 CFU per 
strain in the left and right nostril using a 1:1 mixture of human strain 1036 and bovine strain 
5062. In the follow-up period the anterior nares were cultured on day 1, 2, 4, 7, 10, 14 and 
21 after inoculation. At the end of the study, pharyngeal and perineal swabs were cultured 
as well. CRP and the leukocyte number were again determined on day 21. Eradication treat-
ment was given to volunteers still carrying the inoculated S. aureus strain(s) at the end of 
follow-up.

Nasal swab cultures

The nose was sampled by revolving a single swab around both the left and right anterior 
nares four times. Swabs were submerged in Stuart’s transport medium and vortexed (15 s). 
Swab eluates were cultured quantitatively at 37°C via plating of serial dilutions of the eluates 
on phenol red mannitol salt agar plates (PHMA) (2 days). The eluted swabs were submerged 
and incubated in phenol red mannitol salt broth (PHMB) for 7 days at 37°C. The PHMA culture 
plates were incubated at room temperature for 5 further days. Both strain 1036 and 5062 
are morphologically distinguishable by colony colour which was used to determine the total 
density of each strain per swab. Furthermore, strain 5062 ferments lactose while strain 1036 
does not. Therefore, twenty-five colonies of each morphotype were selected by colour and 
placed on lactose agar plates for verification. A latex agglutination test (Slidex Staph Plus, 
bioMérieux, Marcy-l’Etoile, France) was performed for suspected colonies (yellow colour 
and/or haemolytic zone). For final identification, ten out of the twenty-five isolates of each 
morphotype were analyzed by PCR-analysis of the spa-gene.

Microarray analysis

Microarray experiments were performed using a 62-strain S. aureus microarray (SAM-62), as 
previously described (McCarthy et al. 2011). SAM-62 contains 29,739 60-mer oligo probes 
representing 6,520 genes, and an additional 579 gene variants, from the first 62 sequenced 
S. aureus genomes and from 153 sequenced plasmid genomes. The array design is available 
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in BμG@Sbase (Accesion No. A-BUGS-38; http://bugs.sgul.ac.uk/A-BUGS-38) and ArrayEx-
press (Accession No. A-BUGS-38). All data analysis was performed in GeneSpring GX v11.01 
(Agilent Technologies). Fully annotated microarray data have been deposited in BµG@Sbase 
(accession number E-BUGS-131; http://bugs.sgul.ac.uk/E-BUGS-131) and also ArrayExpress 
(accession number E-BUGS-131).

Statistical analysis

Statistical analyses were performed with SPSS, version 17.0 (SPSS Inc., Chicago, IL, USA). The 
primary outcome after artificial inoculation was the survival time of S. aureus in the nose. 
We defined survival time as the time in days until the final positive nasal culture for each of 
the inoculated S. aureus strains. A Kaplan-Meier survival analysis (log-rank test) was used 
to compare survival between the human and bovine strain. The Mann-Whitney U-test was 
used to compare median number of CFUs. P< 0.05 was considered statistically significant.

Results

S. aureus strains

All S. aureus strains were extensively analysed for genetic background, toxin gene content, 
agr-type and antibiotic resistance profile. For obvious ethical reasons, MSSA deficient in 
toxin genes, sensitive to as many antibiotics possible, sharing the same agr-type and growth 
characteristics were selected for the inoculation experiment. Therefore, out of the initially 
6 human isolates, we selected strain 1036 which belonged to ST931 (CC8). The strain was 
susceptible to all common antimicrobials (e.g. mupirocin, flucloxacillin and vancomycin), had 
agr-type 1 and lacked superantigens (sea – seu, tst), enterotoxins (eta, etb) and lukS/lukF.

The selected bovine strain was 5062 and belonged to ST398 (CC398). This strain was resis-
tant to tetracycline and trimethoprim, but was susceptible to other common antimicrobials 
and was devoid of the staphylococcal toxins mentioned above. This strain had agr-type 1 and 
spa-type t034. PCR analysis with primer set A07 confirmed that strain 5062 was of the ST398 
lineage. The MRSA ST398 counterpart that was isolated from the same calf shared the same 
spa-type, PFGE-type and other characteristics (e.g. gene content, antibiotic susceptibility) 
except for the presence of the mecA-gene. The RIVM confirmed that both the human and 
bovine strain was not producing the staphylococcal toxins mentioned above. Growth kinet-
ics in Brain-Heart Infusion (BHI) were comparable for strain 1036 and 5062 (data not shown).

Artificial nasal inoculation with human strain 1036 and bovine strain 5062

A total of 22 volunteers were included in the study and their carriage state was determined. 
Six volunteers (27%) were classified as carriers and sixteen volunteers (73%) were classified 
as noncarriers. All volunteers used the eradication treatment as described and six weeks af-
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ter the treatment five carriers were positive for S. aureus and they were therefore excluded 
from further intervention and follow-up. One participant was excluded because of private 
reasons. The remaining sixteen volunteers (1 carrier; 15 non-carriers) were inoculated with 
a mixture of the two strains seven weeks after the treatment. Two volunteers were excluded 
from further analyses because of the use of antibiotics during the study period. One started 
antibiotics for UTI on the day of inoculation; the other participant developed an intranasal 
furuncle which was treated. All volunteers adhered to the study protocol.

S. aureus survival was determined by quantitative cultures of 7 consecutive nasal swabs 
(day 1, 2, 4, 7, 10, 14, 21) in a period of 21 days. The Kaplan-Meier curves in Figure 1 show 
the proportion of positive cultures during follow-up. Overall the human strain 1036 was 
eliminated at a faster pace (median 14 days; range 2 – 21 days) than the bovine strain 5062 
(median 21 days; range 7 – 21 days) but this difference was not significant (p = 0.065).

The densities of the two strains in the anterior nares rapidly decreased during the first 
days after inoculation. When the differences in bacterial counts between the human and 
bovine strain were studied on day 7 and 21, significantly higher densities were found for the 
bovine strain in comparison to the human strain (respectively p = 0.012 and p = 0.015) (Fig. 
2).

Two patterns of elimination of the inoculated strains were observed. One group of vol-
unteers (28.6%, n = 4/14; 4 non-carriers) showed elimination of both strains within 21 days 
(Fig. 3A), while in the remaining 10 volunteers (71.4%; 1 carrier, 9 non-carriers) S. aureus 
was culture-positive up to day 21 until the end of the study. Interestingly, this last group 
of 10 volunteers could be further sub-divided. In 5 volunteers (1 carrier, 4 non-carriers) no 
differences in bacterial counts between both strains were observed during the 21 days (Fig. 

Figure 1. Survival of the inoculated strains Kaplan-Meier survival curves showing the proportion of volunteers 
who are S. aureus culture-positive after the artificial inoculation with human strain 1036 and bovine strain 
5062.
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3B). In contrast, in the remaining 5 volunteers (all non-carriers) strain 5062 far outnumbered 
strain 1036 (Fig. 3C).

An increase in bacterial load of the bovine strain at the end of the follow-up period could 
indicate adaptation to the host or waning of the host immune response. In order to study 
if acquisition of MGEs by (one of) the inoculated strains could have occurred, microarray 
analysis was performed on both parent strains as well as on every last positive culture isolate 
for strain 1036 and 5062 from the 10 volunteers who showed no elimination of both strains 
within 21 days. The parent human strain 1036 carried a S. aureus pathogenicity island (SaPI)2, 
plasmids with rep genes rep5, rep21, rep23 and rep30, and genes cadDX and qacA conferring 
resistance to cadmium and antiseptics (Figure S1). This strain did not carry the φ3 bacterio-
phage or any of the IEC genes. The parent bovine strain 5062 carried the φ6 bacteriophage 
and the tetM and dfrG genes encoding resistance to tetracycline and trimethoprim.

After 21 days of follow-up, the bovine 5062 strains did not acquire any MGE from the 
human strains in any of the 10 volunteers. In addition, no bovine strain lost an MGE that 
was present in the parental strain, although microheterogeneity was detected in some of 
these bovine strains. Likewise, the human 1036 strains did not acquire or lose any MGEs. In 
these human strains microheterogeneity was also seen, but this was not due to acquisition 
of MGEs. We note that isolate H1036 from volunteer 23 has the φ6 integrase gene, but as 
it does not possess any other bacteriophage genes we are confident this is a false positive.

Figure 2. Bacterial loads in the nares of volunteers after inoculation. 

Each dot represents the number of CFUs per swab at day 1, 2, 4, 7, 10, 14 and 21 after the inoculation with 
the mixture of S. aureus strain 1036 of human origin and strain 5062 of bovine origin. The horizontal bars 
represent the median number of CFUs at indicated sampling times.
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Figure 3. Three elimination patterns Each line represents the number of CFUs of each volunteer at day 1, 2, 
4, 7, 10, 14 and 21 after the inoculation with the mixture of S. aureus strain 1036 of human origin and strain 
5062 of bovine origin. Fig. 3A shows the data of those volunteers who eliminated both strains within 21 days. 
Fig. 3B shows those volunteers in whom both strains showed similar elimination rates and Fig. 3C those where 
the bovine strain survived more successfully than the human strain.
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At the end of the study, all volunteers were in healthy condition. Laboratory values in-
dicated no signs of infection. In five volunteers, all nasal swabs and two pharyngeal swabs 
were still positive for the inoculated bovine strain 5062. In five other volunteers, all nasal 
swabs and four pharyngeal swabs were positive for both of the inoculated strains. Eradi-
cation treatment was given to all these volunteers. Nasal and pharyngeal swabs following 
eradication treatment were all negative.

Discussion

We demonstrate in an artificial human nasal inoculation model, that S. aureus ST398 of 
bovine origin is capable of surviving in the nose in 10 healthy volunteers for at least 21 days 
when inoculated 7 weeks after an eradication treatment with mupirocin and chlorhexidine-
containing soap. We found no evidence that survival of ST398 in the human host was due to 
the acquisition of MGEs. There is evidence that MRSA ST398 of animal origin is only capable 
of temporarily occupying the human nose. It is, therefore, often considered as a poor human 
colonizer [17,31]. Our study shows this loss of colonization in livestock workers is not due to 
an intrinsic inability of ST398 to survive in the human nose.

Van Cleef et al. showed that MRSA ST398 can easily be acquired but is also lost within 24 
hours by those who are temporarily in close contact with livestock [17]. An explanation for 
the discrepancy between our data and that of van Cleef et al. could be the inoculum size and 
or immunological effect. In our inoculation experiment we used an inoculum of 10*7 bacte-
ria per strain per nostril, but currently it is not known what the level of bacterial exposure is 
during an average day of farming. It could very well be that this is a much lower number of 
bacteria than the inoculum we used. Another difference between our study and exposure 
to ST398 on farms is that we pretreated all our volunteers with mupirocin, an intervention 
that may eradicate other elements of the nasal microflora, coagulase-negative staphylococci 
in particular, that play a role in the resistance of the nose against S. aureus colonization [32].

In the first days after inoculation we observed a rapid decrease in bacterial load of both 
strains in the nares of all volunteers, resulting in the elimination of both strains within 21 
days in four volunteers. Interestingly, in the remaining 10 volunteers ST398 could still be 
detected after 21 days. In half of this latter group we observed, after a decrease in bacterial 
loads of both strains, that the loads stabilized after 21 days. In the remaining five individuals, 
cell counts for strain ST398 increased at the end of follow-up where in most of these cases 
the human strain was eliminated. Our data clearly indicate that in 28.6% of the volunteers 
S. aureus is rapidly eradicated even when exposed to significant numbers of bacteria. Yet, 
71.4% of the volunteers were not able to eradicate either or one of the inoculated S. aureus 
strains.
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We found no evidence that persistence of ST398 in the human host was due to the ac-
quisition of MGEs. This suggests that animal ST398 is able to survive for several weeks in 
the human nares without gaining or losing MGEs. This agrees with a previous study that 
showed that human-specific φ3 bacteriophage and the IEC genes encoding chp, sak and scn 
are absent in the majority of ST398 isolates from humans [22]. How does ST398 colonize 
different host species? S. aureus encode multiple surface proteins that interact with host 
ligands, and many of these proteins often have overlapping functions and can function in 
multiple hosts [33].

In conclusion, MSSA strain 5062 of bovine origin (ST398, spa-type t034) is capable of 
surviving in the human nose for at least 21 days where it appears to successfully compete 
with human strain 1036.
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SuPPortinG information

Figure S1. SAM-62 microarray analysis of parent strains and colonizing isolates in 10 human volunteers Iso-
lates are represented by verti cal lines and informati on about the origin of each isolate is given at the top 
of the fi gure. Group 1 are the volunteers in whom no diff erence in bacterial load between both strains was 
observed (Fig. 3B) and Group 2 are those who did show a diff erence in bacterial load between both strains at 
the end of follow-up (Fig. 3C). Horizontal lines represent 57 diff erent 60-mer oligo probes specifi c to 5 hsdS 
variants, 4 bacteriophage genes, 1 SaPI gene, 4 plasmid rep families, and 5 diff erent anti microbial, biocide and 
heavy metal resistance genes. The colour depicts if the gene is present or absent in the respecti ve isolate; red 
or yellow = present, blue or black = absent. Aft er 21 days of follow-up, neither human strains 1036, nor bovine 
strains 5062 acquired or lost any MGEs.
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Abstract

Background

In this study, we explored the role of colonization in health care workers (HCWs) in trans-
mission of methicillin-susceptible Staphylococcus aureus (MSSA) to neonates at a level IV 
neonatal intensive care unit (NICU).

Methods

All available screening and clinical MSSA isolates from the period March 2015 through April 
2016, isolated from HCWs and neonates at the level IV NICU, were included. MSSA isolates 
were initially genotyped using spa typing and for the most prevalent spa types, whole-
genome sequencing (WGS) was performed.

Results

From March 2015 until April 2016, 159 neonates and 115 HCWs were found positive for 
MSSA, and all isolates were typed by means of spa typing. Twenty-three spa types were 
found in both HCWs and neonates. Within the most prevalent spa types (t002, t015 and 
t2787), 4 WGS clusters of genetically indistinguishable MSSA isolates were found in which 4 
HCWs and 35 neonates were involved. A total of 10 neonates included in the 4 WGS clusters 
suffered from bacteremia.

Conclusion

We showed that HCWs carried the same MSSA isolates as those found in neonates, and 
that HCWs might serve as a reservoir for transmission of MSSA to neonates. Ten neonates 
suffered from a bacteremia caused by a MSSA previously detected in a HCW.
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Introduction

Neonates admitted to an intensive care unit (NICU) are with their low gestational age, low 
birth weight, a microbiome under construction, and with immaturity of organ systems prone 
to develop health care-associated infections (HAIs), in particular bloodstream infections 1. 
In neonates, Staphylococcus aureus (S. aureus) is one of the three most commonly found 
bacteria in the blood 2-4. In adults, it is known that the majority of S. aureus bacteremias are 
caused by the endogenous strain 5, however, in neonates, with their immature microbiome, 
the cause and effect are unknown. There are many studies published that focus on trans-
mission of methicillin-resistant S. aureus (MRSA) on NICUs that resulted in colonization or 
infection with MRSA 6-12. However, there is less data available on transmission of methicillin-
susceptible S. aureus (MSSA) on NICUs, whereas this could at least have a similar impact 
given the number of infections 13-17. In this study, we explored the possibility of health care 
workers (HCWs) being a reservoir of transmission of MSSA to neonates at a level IV NICU in 
a 14-month period of time. Whole-genome sequencing (WGS) was used as a typing method 
to detect genetic relatedness of the isolates.

Methods

Population

The NICU of Erasmus MC-Sophia, Rotterdam, The Netherlands, is a level IV 27-beds facility. 
It is divided into 4 units with 6-8 beds each. About 750 neonates are admitted annually, and 
nearly 40% of those are below 32 weeks of gestational age, with the majority being born in 
the hospital.

Ethics statement

Because this was a retrospective observational study using anonymized patient data col-
lected during routine clinical practice, informed consent was not mandatory, according to 
the Dutch Medical Research Involving Human Subjects Act (WMO). The Institutional Ethics 
Review Board of the Erasmus MC reviewed the study protocol and provided an exemption 
from formal ethical assessment (MEC-2015-306) based on the non-interventional design. 
The study was carried out in accordance with the current ethical guidelines for epidemiologi-
cal research.

Screening

At the level IV NICU in the Erasmus MC-Sophia, Rotterdam, The Netherlands, all neonates 
are screened weekly by swabbing the throat and the rectum. Additional screening cultures 
for S. aureus, from neonates as well as HCWs, were taken in the period from March 2015 
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through April 2016, because of 3 separate MSSA outbreaks at the NICU, not described in the 
present study. HCWs who took care of neonates involved in the outbreaks and neonates who 
shared the same unit, in the same time period, with neonates involved in the outbreaks, 
were considered contacts. For HCWs who were contacts of neonates involved in the out-
breaks, the nasal and the throat swabs were collected. For neonates who were contacts, 
additional rectal, nasal or perineal swabs were collected. In case of suspicion of infection, 
clinical samples were collected as part of routine diagnostics. Clinical samples included 
blood cultures, sputum, skin cultures, wound fluid or cultures from specific body sites (eg, 
eye or ear). All S. aureus isolates derived from neonates and HCWs, obtained from routine 
diagnostics as well as from contact investigations, are used in this study. Contact investiga-
tion is defined as an active screening to detect transmission between HCWs and neonates.

Culture, identification, and susceptibility of S. aureus isolates

Swabs and clinical samples were cultured on Trypticase Soy Agar II with 5% Sheep Blood (BD, 
Heidelberg, Germany). After 24-48 hours of incubation at 35°C, plates were screened for S. 
aureus based on colony morphology and MALDI-TOF analysis (Maldi-tof MS system, Bruker). 
S. aureus isolates were stored at – 20 °C or – 80 °C until use. The VITEK 2 system (bioMérieux, 
Marcy l’Etoile, France) was used for antibiotic-susceptibility testing.

Spa typing of MSSA isolates

DNA was isolated from pure colonies using the automated MagNA Pure 96 platform in 
combination with the MagNA Pure DNA and Viral Nucleic Acid Small Volume Kit (Roche di-
agnostics, Almere, the Netherlands). PCR reactions were performed in 25-µl reactions using 
1 µL of isolated DNA in 1x FastStart PCR Master (Roche) and 0.5 µM of both forward primer 
(5’-AACAACGTAACGGCTTCATCC-3’) and reverse primer (5’- GCTTTTGCAATGTCATTTACTG-3’). 
Thermal cycling consisted of an initial denaturation step for 10 min at 95°C, followed by 35 
cycles of 30s at 95°C, 30s at 60°C and 1 min at 72°C. After a final extension step of 10 min 
at 72°C, reactions were cooled to room temperature. Five µl of PCR product was analyzed 
on agarose gel to confirm amplification. The remainder of the PCR product was treated with 
2 µL of ExoSAP-IT (Isogen Life Science, De Meern, the Netherlands) for 15 min at 37°C, fol-
lowing inactivation for 15 min at 80°C. Amplicon sequencing was performed by BaseClear 
(Leiden, the Netherlands) using the forward amplification primer as sequencing primer. 
Electropherograms were analyzed and interpreted using the spa typing plugin in BioNumer-
ics v7.6 software (Applied Maths, Sint-Martens-Latem, Belgium).

WGS

The selection of MSSA isolates for WGS was based on the results of spa typing. MSSA iso-
lates were subjected to next-generation sequencing (NGS) by generating PE125 reads on an 
Illumina HiSeq 2500 (BaseClear, Leiden, the Netherlands). Sequence data was assembled 
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using CLC Genomics Workbench v11 software (Qiagen, Hilden, Germany) and analyzed using 
the available S. aureus schemes in SeqSphere v 4.1.9 software (Ridom, Münster, Germany).

Definitions

Possible transmission: if the MSSA isolate from the HCW-to-neonate or neonate-to-neonate 
are genetically indistinguishable determined by WGS.

WGS cluster: a cluster of indistinguishable MSSA isolates defined as a difference of less 
than 12 alleles on the core genome 18.

Results

In the period from March 2015 until April 2016, 159 neonates and 115 HCWs were found 
positive for MSSA and all isolates were typed by means of spa typing. In the 159 neonates, 
a total number of 60 different spa types were found. In total 255 positive MSSA cultures 
were taken from the 159 neonates of which 59% were screening cultures (31% rectum, 17% 
nose, 8% throat and 3% perineal cultures). The other positive MSSA cultures originated from 
blood (11%), skin (7%), sputum (7%), wound fluid (6%), eye (4%), ear (1%) or origin unknown 
(4%). In 115 HCWs, 71 different spa types were detected. Cultures from HCWs originated 
from nose or throat. Fourteen neonates and 7 HCWs were colonized, with 2 morphologically 
different MSSA with different spa types. Twenty-three spa types were found in both HCWs 
and neonates. In these 23 shared spa types, 117 of 159 (74%) neonates and 67 of 115 (58%) 
HCWs were included. Table 1 shows the number of cultures, the number of positive blood 
cultures in neonates, and the number of HCWs and neonates in the 23 shared spa types.

Genetic relatedness based on WGS

As spa typing has less discriminatory power than WGS, WGS was performed on MSSA iso-
lates of the 3 most prevalent spa types. Spa types t002, t015 and t2787 were selected to 
perform WGS. These 3 spa types involved 29.3% (n = 54; 40 neonates and 14 HCWs) of all 
neonates and HCWs (Table 1), and represented 11 out of the total number of 20 (55%) posi-
tive blood cultures in neonates (Table 1). One MSSA isolate per individual was used for WGS. 
Figure 1 shows that 4 different WGS clusters were identified that considered transmission 
possible. A total of 4 HCWs and 35 neonates, of whom 10 neonates suffered from a neonatal 
bacteremia, were involved in 4 different WGS clusters. Consequently, the MSSA isolates 
from 10 of 14 HCWs and 5 of 40 neonates could not be clustered by WGS. Figure 2 shows 
the epicurves of WGS clusters A-D. WGS clusters A, B and D included neonates as well as 
HCWs. WGS cluster A (spa type t2787) was the largest cluster and included only 1 HCW who 
was cultured positive in April 2015. A total of 19 out of 20 neonates included in this WGS 
cluster with indistinguishable MSSA were cultured positive in the period April 2015 through 
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November 2015. Four neonates suffered from a bacteremia with a MSSA isolate from WGS 
cluster A. In WGS cluster B (spa type t002), 2 HCWs were cultured positive in April 2015, and 
2 neonates were cultured positive. In 1 of these neonates, the MSSA isolate responsible for 
WGS cluster B caused a bacteremia. WGS cluster C (spa type t002) included neonates only. 
Three of the total 5 neonates had a positive blood culture for the MSSA isolate responsible 
for WGS cluster C. WGS cluster D (spa type t015) included 1 HCW cultured positive in April 
2015, and 8 neonates of whom 2 suffered from a bacteremia.

Table 1. The 23 shared spa types with size of each spa type cluster and the number of cultures and positive 
blood cultures in neonates.

spa type No. of neonates No. of cultures No. of pos. blood cultures No. of HCWs No. of cultures

t002 ◊ 9 13 4 8 9

t005 1 1 0 1 1

t008 4 4 0 3 4

t012 3 3 0 4 5

t015 ◊ 10 14 3 5 8

t026 2 2 0 1 1

t065 1 1 0 4 5

t084 5 19 1 7 7

t091 8 12 0 3 3

t127 8 15 1 2 3

t189 6 9 1 5 12

t223 12 17 2 7 10

t230 3 3 1 3 6

t250 5 5 0 2 2

t491 3 6 0 1 1

t571 5 6 1 3 6

t659 5 13 0 3 5

t864 3 4 0 1 4

t16721 1 1 1 1 2

t16723 2 3 0 1 2

t16731 1 2 0 1 1

t16779 6 6 1 1 3

t2787 ◊ 21 25 4 1 2

Total 124* 184 20 68** 102

HCWs, health care workers; pos., positive
* A total of 7 neonates were positive for 2 MSSA isolates with different spa types.
** One HCW was positive for 2 MSSA isolates with different spa types.
◊ spa type cluster used for whole-genome sequencing.
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diScuSSion

By using WGS we showed that HCWs might serve as a reservoir for transmission of MSSA 
to neonates on a level IV NICU. Of the 4 HCWs and 35 neonates, 10 neonates suff ered from 
a neonatal bacteremia and were involved in 4 diff erent WGS clusters. By analyzing WGS 
data, we conclude that 10 of 20 episodes of MSSA bacteremia, of which the MSSA isolates 
belonged to a spa type found in both neonates and HCWs, were due to the presence of 
isolates that were already present in HCWs or neonates admitt ed earlier and possibly also 
from the environment. Data concerning MSSA transmission from HCW to neonate are scarce 
since normally no contact investi gati on is performed when a neonate is positi ve for MSSA, in 
contrast with MRSA fi ndings. In three studies MSSA transmission from HCW to pati ent was 
described. Gomez-Gonzalez et al. showed, albeit by use of Pulse Field Gel Electrophoresis 
(PFGE), a technique with less discriminatory power, that HCWs acted as a reservoir for 
neonates that later on developed a MSSA sepsis 17. In another study, a HCW proved to be 
the source of an outbreak in neonates with MSSA bullous impeti go by Raman spectroscopy 
typing 19. In additi on, Price et al. showed that pati ents on an adult intensive care unit got 
colonized and infected with geneti cally identi cal S. aureus strains transmitt ed via pati ents, 
the environment and health care workers. Whole-genome sequencing was used to prove 
transmission 20.

Figure 1. Whole-genome sequencing of 3 clusters of spa types revealed 4 new WGS clusters, with each WGS 
cluster representi ng a geneti cally diff erent MSSA isolate.

Minimum spanning tree representi ng cgMLST analysis of 54 selected MSSA isolates based on spa typing (as 
indicated). Each circle represents a diff erent genotype. Numbers correspond to the number of allelic diff er-
ences between the genotypes. Segments within circles represent the number of isolates of that genotype. 
Clusters of genotypes with <12 diff erences are indicated with a grey background. Colors indicate the origin of 
the isolates: pati ent (blue) and health care worker (red). WGS, whole-genome sequencing.
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As there is obviously no patient-to-patient contact at the NICU, we hypothesize that 
transmission was by direct contact of contaminated hands of the HCWs (eg, by touching the 
nose or nose picking) or, that the MSSA isolates of the HCWs survived in the environment 
and then were transmitted by hand after touching the environment. This could also explain 
why WGS cluster C prolonged for 12 months whereas no HCW was cultured positive in that 
period for this specific MSSA isolate. Other reported risk factors for transmission are, besides 
environment, overcrowding of patients and understaffing 10,20,21.

Our study has several limitations. This study is retrospective and performed in a single cen-
ter. HCWs were not routinely cultured and seldom more than once. As the culture moments 
were not defined in advance no conclusions can be drawn on whether or not the HCWs 
were actually S. aureus persistent or intermittent carriers. No other carriage sites, other 
than nose and throat, from HCWs were cultured therefore the number of HCWs carrying S. 
aureus could have been an underestimation. Neither the environment nor the parents were 
cultured for MSSA; this could have given more clues about other reservoirs and route(s) of 
transmission. In addition, if MSSA was also detected in the environment, we could have used 
disinfection measures to stop ongoing transmission. If parents proved to be a reservoir of 
MSSA, probably transmission from the neonate to the HCW may have occurred, instead of 
vice versa, as we assume now. However, this would not explain persistence and transmission 
of the same MSSA isolate over a period of time and to more than one neonate. Demographic 
data are not included because, regardless of the medical history of the patient, transmission 
of MSSA will probably still occur. Lastly, spa typing proved to have less discriminatory power 
to show genetic relatedness compared to WGS. The initial 3 most prevalent clusters of spa 
types revealed 4 new clusters based on WGS, of which 2 WGS clusters were even included in 
just 1 of the spa type clusters (t002). Therefore, regarding future transmission or epidemiol-
ogy studies, we would not advise the use spa typing as a typing method. Finally, our data 
could be an underestimation of the problem as we performed WGS for only 3 clusters of spa 
types.

Conclusions

In conclusion, we showed that HCWs might be an important reservoir and link in the 
transmission of MSSA to neonates. Ten neonates developed a MSSA bacteremia with a 
nosocomial acquired MSSA isolate that was previously detected in a HCW. Although the 
route of transmission remains to be elucidated, these data clarify that additional infection 
prevention measures are urgently needed. Although hand hygiene is well performed at the 
NICU when observed (directly unobtrusively) 22, one might still consider additional training 
programs on hand hygiene. Other options are more intensive daily cleaning of the environ-
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ment or wearing a protective mask by the HCW in order to prevent touching the nose, the 
niche of S. aureus, and to prevent spreading of droplets.
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Abstract

Background

Neonatal Staphylococcus aureus (S. aureus) bacteremia is an important cause of morbidity 
and mortality. In this study, we examined whether methicillin-susceptible S. aureus (MSSA) 
transmission and genetic makeup contribute to the occurrence of neonatal S. aureus bac-
teremia.

Methods

A retrospective, single-centre study was performed. All patients were included who suffered 
from S. aureus bacteremia in the neonatal intensive care unit (NICU), Erasmus MC-Sophia, 
Rotterdam, the Netherlands, between January 2011 and November 2017. Whole-genome 
sequencing (WGS) was used to characterize the S. aureus isolates, as was also done in 
comparison to reference genomes. Transmission was considered likely in case of genetically 
indistinguishable S. aureus isolates.

Results

Excluding coagulase-negative staphylococci (CoNS), S. aureus was the most common cause 
of neonatal bacteremia. Twelve percent (n = 112) of all 926 positive blood cultures from 
neonates grew S. aureus. Based on core genome multilocus sequence typing (cgMLST), 12 
clusters of genetically indistinguishable MSSA isolates were found, containing 33 isolates in 
total (2-4 isolates per cluster). In seven of these clusters, at least two of the identified MSSA 
isolates were collected within a time period of one month. Six virulence genes were present 
in 98-100% of all MSSA isolates. In comparison to S. aureus reference genomes, toxin genes 
encoding staphylococcal enterotoxin A (sea) and toxic shock syndrome toxin 1 (tsst-1) were 
present more often in the genomes of bacteremia isolates.

Conclusion

Transmission of MSSA is a contributing factor to the occurrence of S. aureus bacteremia in 
neonates. Sea and tsst-1 might play a role in neonatal S. aureus bacteremia.
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Introduction

Staphylococcus aureus (S. aureus) is a well-established nosocomial pathogen that causes 
multiple types of neonatal infections [1,2]. Invasive S. aureus infections in neonates (e.g. 
bacteremia) are common in very low birth weight (VLBW) infants, which makes this bacterial 
species one of the most important pathogens in neonatal intensive care units (NICU) [3-5]. 
A significant risk factor for S. aureus bacteremia in VLBW infants is the presence of intra-
vascular catheters, which are frequently required [6-8]. In addition, S. aureus bacteremia 
can result in severe complications such as endocarditis and osteomyelitis [5,9,10]. All-cause 
mortality among neonates suffering from S. aureus bacteremia varies between 10 and 20% 
[7,11]. So there is an urgent need to prevent this infection. To prevent S. aureus bacteremia 
in neonates, it is important to know the factors contributing to the high frequency and sever-
ity of this infection.

Previously, the virulence factors tsst-1 and sea were implicated to play a role in S. aureus 
bacteremia [12-14]. Furthermore, transmission of S. aureus might contribute to the high 
frequency of bacteremia. Outbreaks of methicillin-resistant S. aureus (MRSA) at the NICU 
are described and relatively easy to detect [15-18]. Meanwhile, the detection of methicillin-
sensitive S. aureus (MSSA) outbreaks seems to be more difficult, excluding outbreaks in 
patients who suffer from a skin infection [19-22]. In this study, whole-genome sequencing 
(WGS), the typing method with the highest discriminatory power, was used to determine 
whether MSSA transmission and genetic makeup, contribute to the occurrence of neonatal 
S. aureus bacteremia.

Methods

Population

The NICU of Erasmus MC-Sophia, Rotterdam, the Netherlands, is a level IV, 27-beds facility. 
It is divided into four units with six to eight beds each. Per year, about 750 neonates are 
admitted. Nearly 40% of them are below 32 weeks of gestation and were in majority born 
in this hospital.

Screening

We included neonates with a presumed infection, of whom blood cultures were obtained 
between January 2011 and November 2017 that showed to be positive for S. aureus. Clini-
cal data concerning gender, gestational age, birth weight and survival were obtained from 
patient records.
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S. aureus isolates

Blood from neonates was cultured in BACTEC plus PEDS aerobic bottles and incubated in 
the Bactec FX (BD, Heidelberg, Germany). In case of positive blood cultures, plates were 
inoculated and, after 16-24 hours of incubation at 37oC, screened for S. aureus based on 
colony morphology. Identification was performed by means of a latex agglutination test 
(Slidex Staph Plus, bioMérieux, Marcy-l’Etoile, France) and/or via matrix-assisted laser de-
sorption/ionisation, time-of-flight, mass spectrometry (MALDI-TOF MS system, Bruker). S. 
aureus isolates were stored at – 20 °C or – 80 °C until use. The VITEK 2 system (bioMérieux) 
was used for antimicrobial susceptibility testing (AST).

Whole-genome sequencing

Transmission
S. aureus isolates were processed according to the bioMérieux EpiSeqcs V1 programme 
and sent to LGC Genomics GmbH (Berlin, Germany) for next-generation sequencing (NGS). 
We used Illumina chemistry, which generated paired end 2x150 bp reads. Sequences were 
assembled using the proprietary built-in assembler from CLC Genomics Workbench v11 
software (Qiagen, Hilden, Germany) with default parameters. We analysed them by means 
of the available S. aureus core genome multilocus sequence typing scheme (cgMLST) [23] 
in BioNumerics 7.6.3 (bioMérieux, Sint-Martens-Latem, Belgium) which contains 1,861 loci. 
Allele calling was performed using two algorithms, one based on the assembly using a BLAST 
approach (assembly-based calling) and one based on the trimmed sequencing data using 
a kmer based approach (assembly-free calling). A consensus of both algorithms was used 
to assign final allele calls: when both algorithms were in agreement or when an allele call 
was made by only one of the algorithms, the allele call was considered in the consensus. 
However, when both algorithms were in disagreement, the allele call was not considered 
in the consensus. Both allele calling algorithms were executed using default parameters. 
Conventional MLST types were inferred in silico from the WGS data. To this end, the seven 
MLST loci were identified using the sequence extraction tool and the MLST plugin from 
BioNumerics 7.6.3 that is synchronized to the pubMLST.org public repository (accession 
date: April 5, 2019. For the visualisation of the genetic relatedness between the isolates, we 
used a minimum spanning tree for the cgMLST data. The MST was generated using default 
parameters, and no re-sampling was performed. Isolates containing less than 12 allelic dif-
ferences in the S. aureus core genome were considered genetically indistinguishable [23]. 
We defined a cluster as more than two genetically indistinguishable isolates and, within a 
cluster, considered transmission of S. aureus likely. To further validate the results based on 
the cgMLST approach, as additional method, we evaluated transmission events using a SNP 
based approach (Additional file 1: Table S1).
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Virulence
The presence of virulence genes was assessed, using the sequence extraction tool in BioNu-
merics 7.6.3. Extraction parameters (percentage coverage and identity) were individualised 
to accommodate for the different levels of sequence diversity within and between the viru-
lence genes. Anticipating problems upon assembling virulence genes containing repetitive 
motifs (sdrA, -B and -C, clfA and –B, cna, sasG) using the short read sequence data, only 
the largest non-repetitive part of these genes was used for quering. In order to obtain data 
from a general S. aureus population, the prevalence of virulence genes was also assessed 
by means of the available genomic sequences in the Refseq Genome Database, using the 
BLAST interface (https://blast.ncbi.nlm.nih.gov/Blast.cgi). This database contained 10,288 
S. aureus genomes at the time of analysis. Virulence gene-specific search parameters were 
used as discussed above. Role and function of the S. aureus virulence genes were described 
in more detail earlier [12,24]. An overview of analysed virulence genes, their role, search 
parameters and query sequence are shown in Additional file 2: Table S2.

Results

Patient characteristics

After coagulase-negative staphylococci (CoNS), MSSA was the most frequent causative 
pathogen of bacteremia in neonates. Several species of CoNS were isolated from neonatal 
blood, but they were considered to be one group. Twelve percent (n = 112) of 926 positive 
blood cultures from neonates (one blood culture per episode per patient), taken in the pe-
riod January 2011 – November 2017, were positive for MSSA. Fifty-nine of the 112 neonates 
(52.7%) with MSSA bacteremia were male. The median (interquartile range) for gestational 
age and birth weight were 26 3/7 (25 1/7 – 30) weeks and 880 (680 – 1150) grams, re-
spectively. The onset of all episodes of MSSA bacteremia occurred 72 hours after birth, at 
a median postnatal age of 10 (7 – 19) days. The overall mortality among the included 112 
patients was 20.5% while 11 of these 23 neonates died of MSSA septicaemia.

Genetic relatedness

One hundred and four MSSA isolates from the total of 112 neonatal bloodstream isolates 
(93%) were available and therefore included for WGS (including only the first isolate per 
patient). Based on WGS, a total of 23 classical MLST types were identified. The most pre-
dominant MLST types were ST5 and ST45 (for both n = 16). For 11 MSSA isolates a novel 
MLST type was found. To assess the genetic relatedness between the 104 isolates based on 
the more discriminatory cgMLST scheme, we visualised the number of allelic differences 
of the isolates in Fig. 1. Twelve cgMLST clusters of genetically indistinguishable isolates 
were observed, containing a total of 33 isolates (2 - 4 isolates per cluster). In seven of these 
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cgMLST clusters, at least two of the identified MSSA isolates were collected within a time 
period of one month. In two cgMLST clusters, all MSSA isolates were found within a time 
period of one year, but the shortest time interval between isolates of two neonates was 
forty days. In the other three cgMLST clusters, there was a time interval of more than one 
year between culturing the MSSA bloodstream isolates of two neonates. The SNP approach 
confirmed our results based on the cgMLST approach (Additional file 1: Table S1).

S. aureus virulence genes

An overview of virulence genes present in the 104 MSSA isolates is provided in Table 1. Of 
the immunomodulatory proteins, staphylococcal complement inhibitor (scin) was present in 
100% of all bloodstream isolates. Alpha-hemolysin (hla) was present in 99% of the isolates. 

Figure 1. Minimum spanning tree, based on the core genome of 104 S. aureus isolates.

Colours indicate the classical MLST sequence types (ST). Twelve cgMLST clusters containing at least two iso-
lates with a maximum of eleven allelic differences are indicated with a grey background.
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Table 1. Presence of virulence genes in neonatal S. aureus isolates compared to reference genomes.

genes neonatal isolates (%) refseq (%) genes neonatal isolates (%) refseq (%)

sea 24.0 9.4 cna 51.0 34.6

seb 4.8 5.9 eap-map 64.4 93.7

sec 18.3 10.8 ebp 95.2 95.2

sed 10.6 8.8 fnbpA 66.3 75.2

seg 51.9 55.3 fnbpB 65.4 75.0

seh 5.8 1.7 sdrC 91.3 96.3

sei 55.8 55.2 sdrD 50.0 74.9

sej 10.6 11.1 sdrE 89.4 85.0

sek 3.8 19.0 efb 77.9 94.7

sel 18.3 10.8 icaA 100.0 97.8

sem 55.8 55.6 icaB 89.4 98.5

sen 45.2 55.2 icaC 99.0 97.8

seo 58.7 49.1 icaD 100.0 98.0

sep 4.8 19.1 icaR 95.2 97.7

seq 4.8 19.1 isaA 100.0 98.3

ser 10.6 10.9 isdA 100.0 97.6

ses 0.0 0.3 isdH 100.0 97.5

set 0.0 0.3 sasG 54.8 56.7

seu 51.9 54.8 edn 1.0 1.4

sey 1.0 5.8 etA 1.0 1.0

aur 100.0 98.2 etB 0.0 0.2

coa 70.2 83.0 etD 1.0 0.8

geh 87.5 97.5 hla 99.0 97.1

hysA 98.1 96.5 hlb 100.0 95.1

sak 73.1 78.5 hld 90.4 98.0

sspA 99.0 98.1 hlgA 96.2 97.6

sspB 91.3 98.1 hlgB 100.0 97.8

sspC 100.0 98.3 hlgC 98.1 97.5

vWbp 78.8 98.1 lukD 49.0 66.5

adsA 96.2 98.1 lukE 49.0 65.9

chp 68.3 67.2 lukF 0.0 18.8

sbi 100.0 97.7 lukM 0.0 0.7

scn 98.1 98.2 lukS 0.0 19.0

clfA 98.1 97.4 tsst-1 18.3 5.8

clfB 100.0 97.8
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We also found a 98-100% presence of the MSCRAMMs clumping factors A and B (clfA, clfB), 
immunodominant surface antigen A (isaA) and iron-responsive surface determinants A and 
H (isdA, isdH). When compared to a reference population of S. aureus genomes, a few obser-
vations stand out. Remarkably, staphylococcal enterotoxin A (sea) and toxic shock syndrome 
toxin 1 (tsst-1) were, respectively, 2.6 and 3.2 times more prevalent among the 104 neonatal 
bloodstream isolates, relative to the reference genomes. Likewise, staphylococcal entero-
toxin h (seh) was 3.4 times more prevalent although, in absolute numbers, this involved only 
a few isolates (6/104 versus 173/10288). For the other virulence genes, no such increases 
were detected (Table 1).

Discussion

At our level IV neonatal intensive care unit, as in many centres [3-5], S. aureus is a frequent 
cause of neonatal bacteremia. In our study, we explored the role of MSSA transmission and 
the possible contribution of virulence genes. By using WGS, 12 different cgMLST clusters 
of MSSA isolates were found. Seven of these twelve cgMLST clusters included at least two 
MSSA isolates, cultured from blood of neonates within one month, indicative for transmis-
sion. Transmission should therefore be considered as a contributing factor for the frequent 
occurrence of neonatal S. aureus bacteremia, as was recently described by Rouard et al. 
[13]. Although it seems reasonable to assume that transmission, irrespective of the source, 
can only occur through the hands of healthcare workers (HCWs), we did not prove this, 
since we did not culture the environment, nor the HCWs or parents. Still, general measures 
such as improvement of the current (daily) cleaning, disinfection procedures as well as hand 
hygiene, will be likely to help. It was already proven that neonatal hospital-acquired infec-
tions could in part be prevented by strict infection control measures [8,25,26]. In addition, 
reinforcement of the implementation of central-line bundles has the potential to reduce 
the incidence of central line-associated bloodstream infections (CLABSIs); although these 
bundles are already implemented, compliance can still be improved and additional mea-
sures can be explored [27].

Besides transmission, it was determined whether the presence of certain virulence factors 
is associated with neonatal S. aureus bacteremia. Since it was difficult to define a suitable 
control population of neonates, we chose to compare neonatal S. aureus bacteremia isolates 
to all available S. aureus genomes from the Refseq Genome Database (N = 10,288 at the 
time of analysis). Remarkably, the genes sea and tsst-1 were found a factor 2.6 and 3.2 
times more often in the MSSA bloodstream isolates, compared to the reference genomes in 
the Refseq Genome Database. The overrepresentation of tsst-1 could not be explained by 
the frequent presence of MLST ST5 and ST45 in our isolates collection, since tsst-1 was not 
associated with these sequence types. On the other hand, 11 of the 25 isolates carrying sea 
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were found in ST5 isolates. Still, this cannot be the full explanation for finding an associa-
tion between sea and neonatal MSSA bacteremia. Many studies have been executed on S. 
aureus toxins and their pathogenic roles, particularly on sea and tsst-1. Previously, it was 
described that antibody responses to these two specific toxins were higher in patients with 
S. aureus bacteremia, compared to control patients [12]. In addition, in a recent publication 
about a NICU MSSA outbreak, tsst-1 and especially sea were found in bloodstream isolates, 
compared to colonisation isolates [13]. Another review article describes the association of 
these toxins with bacteremia [14]. Therefore, this may suggest that sea and tsst-1 might play 
a role in the pathogenesis of S. aureus bacteremia. The other virulence genes were present 
in virtually all study isolates, but in virtually all reference genomes as well (Table 1).

Our study has its limitations. It was performed retrospectively, in a single centre. We 
considered less than 12 allelic differences in the S. aureus core genome as indistinguishable, 
as described by Leopold et al. for MRSA outbreaks [23]. Still, it is a matter of debate which 
cut-off should be used to define MSSA isolates as indistinguishable. If the cut-off would have 
been set at 20 alleles [28], this would have led to 10 larger instead of 12 indistinguishable 
MSSA clusters, which would not have changed the conclusion regarding transmission. Ad-
ditional studies are needed to define a clear cut-off. Finally, we compared neonatal isolates 
to a large number of reference genomes, but these originate from several countries, several 
clinical sites and patients of all ages. It would have been ideal if the reference genomes had 
originated from colonized but not infected neonates, admitted to the same NICU, in the 
same time period.

Conclusions

In conclusion, transmission of MSSA seems a contributing factor to the occurrence of S. 
aureus bacteremia in neonates. The possibility of MSSA transmission in neonatal intensive 
care should be explored to prevent this invasive and serious infection. The exact role of sea 
and tsst-1 warrants further investigation.
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Additional file 1

Methods

Whole-genome Single-Nucleotide Polymorphism analysis
A whole-genome Single-Nucleotide Polymorphism (wgSNP) analysis was performed on the 
samples within a potential transmission cluster identified by wgMLST analysis (BioNumerics 
7.6.3 (Applied Maths, Sint-Martens-Latem, Belgium)). For each potential transmission clus-
ter a reference genome for mapping with Bowtie 2 using default parameters was selected 
based on the N50 of the assembly and number of loci which were assigned an allele during 
wgMLST analysis. The strict SNP filtering template was applied.

Results

SNP matrices of the possible transmission clusters detected by cgMLST.
Cluster numbers correspond to the clusters mentioned in the manuscript and Figure 1 
involving samples with a maximum of 11 alleles difference using the cgMLST approach.
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Table S1
CLUSTER 1

isolate 1 2
1 0 32
2 32 0

CLUSTER 2

isolate 1 2 3
1 0 5 5
2 5 0 0
3 5 0 0

CLUSTER 3

isolate 1 2 3 4
1 0 10 11 7
2 10 0 12 8
3 11 12 0 10
4 7 8 10 0

CLUSTER 4

isolate 1 2 3 4
1 0 1 1 4
2 1 0 2 5
3 1 2 0 4
4 4 5 4 0

CLUSTER 5

isolate 1 2 3 4
1 0 2 2 37
2 2 0 0 37
3 2 0 0 37
4 37 37 37 0

CLUSTER 6

isolate 1 2
1 0 17
2 17 0
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Table S1 (continued)

CLUSTER 7

isolate 1 2
1 0 21
2 21 0

CLUSTER 8

isolate 1 2
1 0 59
2 59 0

CLUSTER 9

isolate 1 2
1 0 62
2 62 0

CLUSTER 10

isolate 1 2
1 0 8
2 8 0

CLUSTER 11

isolate 1 2 3 4
1 0 1 4 16
2 1 0 3 17
3 4 3 0 20
4 16 17 20 0

CLUSTER 12

isolate 1 2
1 0 13
2 13 0
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4

Summarizing Discussion

In this thesis, colonization, carriage and transmission of S. aureus were studied and the most 
important findings and conclusions are explicated in this chapter. In spite of all the research 
that has been performed on nasal S. aureus (de)colonization in animals, probably the best 
way to study this is by using the S. aureus human inoculation model (1-4). Unfortunately, we 
encounter ethical problems regarding the use of this human model, and a proper human-
like animal model is still missing. Furthermore, in order to prevent carriage of and infection 
with S. aureus, especially in risk groups, understanding carriage and detecting reservoirs in 
hospitals is essential.

The first aim of this thesis was to gain more insights into the colonizing capacity of S. 
aureus. Therefore, a novel experimental decolonization and carriage model in rhesus ma-
caques (Macaca mulatta) was set up, and a study with the human inoculation model was 
performed. A secondary aim was to investigate, using whole-genome sequencing (WGS), 
whether nosocomial acquisition of S. aureus via healthcare workers (HCWs) occurred in 
neonates admitted to a neonatal intensive care unit (NICU). We also studied whether trans-
mission and the presence of specific virulence genes support the occurrence of neonatal 
bloodstream infections.

Major findings and conclusions

In Chapter 2 S. aureus colonization and carriage were investigated to enhance existing 
knowledge about the colonizing capacity of emerging, livestock-associated S. aureus strains 
in humans. In addition, the ethical restrictions of the human inoculation model challenged 
us to an experiment, to develop a new animal model in rhesus macaques. In Chapter 2.1 we 
developed an experimental decolonization and inoculation procedure in rhesus macaques. 
Rhesus macaques are natural hosts of S. aureus (5). They were therefore considered to be 
an excellent model, compared to other animal models where sometimes the importance 
of the animal being a natural host seems to be ignored. Twenty rhesus macaques, all nasal 
S. aureus carriers, were split up into two groups for a decolonizing treatment. To check for 
nasal S. aureus carriage, animals were swabbed 4–5 times with one-week intervals. We de-
fined carriage as animals in which at least 80% of the nasal cultures were S. aureus positive. 
For decolonization, the nose was approached with either a topical treatment with mupirocin 
nasal ointment only (treatment A), or a combination treatment of mupirocin nasal oint-
ment with systemic trimethoprim/sulfadiazine (treatment B). In this novel rhesus macaque 
model, we showed that we could decolonize the nose of S. aureus carriers, using stan-
dardized protocols, for a period of 10 weeks or more. There was no significant difference 
between the two treatments, as all animals became negative for S. aureus in the nose 
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between days 7-21. After 63 days, 60% of all animals in both treatment groups persistently 
cultured negative in the nose. Furthermore, with respect to the time of first recurrence of 
S. aureus, there was no significant difference between the two treatment groups when only 
the nose was analyzed. However, analysis of recurrence of S. aureus at any site (throat or 
rectum) showed a trend, suggesting that treatment B was more effective than treatment A. 
Following decolonization, the anterior nares were inoculated with a human S. aureus strain 
8325–4, to investigate whether carriage could be induced. We were able to inoculate the 
noses of the rhesus macaques with human S. aureus strain 8325–4, but we did not observe 
stable, long-term colonization with this strain. Contrary to this observation, in previous 
studies, S. aureus 8325–4 was shown to persist for at least four weeks in the human nose, 
despite the presence of a defect in the sigma factor (SigB) locus (3, 4, 6). By choosing strain 
8325-4, we had the benefit of being able to use our previous experience in human inocula-
tion experiments in which this strain was also used. In addition, this strain is suitable for 
genetic modification and can be applied for both knockout (3, 4) and knock-in studies.

We conclude that we developed in rhesus macaques, a natural host for S. aureus, an 
experimental decolonization and inoculation procedure, which can be used for S. aureus 
decolonization and inoculation studies in a properly controlled fashion.

In contrast to other S. aureus animal models, the major future benefit of this model is that 
rhesus macaques allow long-term follow-up when using them for (de)colonization studies, 
as these animals do not need to be sacrificed. Also, the pathogen-host interplay could very 
well be studied in this animal because of its natural S. aureus carrier state and its genetically 
close relatedness to humans.

In Chapter 2.2 the intrinsic capacity of a non-human S. aureus strain (ST398) to colonize 
the human nose was studied. This strain emerges in livestock and people in close contact 
with livestock are presumed to be at risk for carriage, but data on its colonizing capacity in 
humans is lacking. An artificial human nasal inoculation experiment was performed with a 
mixed inoculum (10*7 bacteria per strain per nostril) of a bovine methicillin-susceptible S. 
aureus (MSSA) ST398 (CC398) strain and a human MSSA ST931 (CC8) strain. Subsequently, 
their ability to survive in the anterior nares was determined. The driving force to perform 
this study was, as earlier mentioned, that methicillin-resistant S. aureus (MRSA) strains of 
lineage ST398 are described in literature as predominantly occurring in livestock, while they 
have the ability to also colonize humans. Furthermore, an increase of livestock-associated 
(LA)-MRSA ST398 infections was documented in hospitalized patients without a link to live-
stock. We demonstrate in our human inoculation model, that S. aureus ST398 of bovine 
origin is capable of surviving in the nose of 10 healthy volunteers for at least 21 days, when 
inoculated 7 weeks after an eradication treatment with mupirocin and chlorhexidine-
containing soap. In the first days after inoculation, we observed a rapid decrease in bacterial 
load of both strains in the nares of all volunteers, resulting in the elimination of both strains 
within 21 days in 4 volunteers. Interestingly, in the remaining 10 volunteers, ST398 could 
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still be detected after 21 days. In half of this latter group we observed, after a decrease 
in bacterial loads of both strains, that the loads stabilized after 21 days. In the remaining 
five individuals, cell counts for strain ST398 increased at the end of the follow-up period, 
where in most of these cases the human strain was already eliminated. Our data clearly 
indicate that in 28.6% of the volunteers S. aureus is rapidly eradicated, even when exposed 
to significant numbers of bacteria. Yet, 71.4% of the volunteers were unable to eradicate any 
of the inoculated S. aureus strains. Based on microarray analysis, no evidence was found 
that survival of ST398 in the human host was due to the acquisition of mobile genetic 
elements (MGEs). This suggests that animal ST398 is able to survive for several weeks in the 
human nares without gaining or losing MGEs.

In conclusion, MSSA strain 5062 of bovine origin (ST398, CC398) is capable of surviving 
in the human nose for at least 21 days and can successfully outcompete a human strain 
1036 (ST931, CC8).

It is a matter of debate whether we should fear exposure to S. aureus ST398, in relation to 
the risk of becoming a S. aureus carrier. As we studied the colonizing capacity of this strain in 
a controlled fashion, exposing the volunteers to a significant amount of bacteria, we need to 
be cautious about drawing conclusions. We think that people in contact with livestock may 
be exposed to lower numbers of bacteria than in our experimental setting. This may explain 
the fact that people exposed to LA-MRSA in the community, may lose the strain within 24 
hours (7), in contrast to what we have observed. Van Cleef et al. discuss that it could very well 
be that people who are temporarily in contact with livestock, are just being contaminated 
instead of being colonized with LA-MRSA (7). Among infection prevention control profes-
sionals, it is well-known that the success of a transmission of MRSA should be checked only 
about eight hours after exposure. The reason for this approach is that there is a high chance 
of culturing positive for S. aureus immediately after exposure. When culturing the day after, 
the positive results spontaneously turn negative, for instance because often, contamina-
tion does not lead to successful colonization. Further research is needed to investigate if 
colonization with S. aureus, whether or not due to inoculation in experimental settings, is 
dependent on bacterial loads in the way we assume. As we pretreated the volunteers with 
mupirocin nasal ointment before inoculation, we could only speculate about the possible 
positive effect of this treatment on the development of S. aureus nasal colonization. The 
treatment could have eradicated more bacteria from the nasal cavity than only S. aureus, 
which may be beneficial for S. aureus regrowth and recolonization after a period of time. For 
example, we know that Staphylococcus epidermidis (S. epidermidis) has a negative influence 
on S. aureus nasal colonization (8, 9), and by eradicating this bacterium, the chances of S. 
aureus may improve.

In Chapter 3, nosocomial transmission of S. aureus was studied in the highest-risk popula-
tion for the development of hospital-acquired infections (HAIs): neonates on a NICU. Neo-
nates are regularly confronted with invasive S. aureus infections, in particular bacteremia, 
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which makes this bacterial species one of the most important pathogens in this high-risk 
group (10-12). All-cause mortality among neonates suffering from S. aureus bacteremia 
varies between 10 and 20% (13, 14). So how, and from whom or where, do these neonates 
become contaminated, leading to colonization and infections with this bacterium? It is rela-
tively unknown what the contribution of the parents is in the transmission of S. aureus to 
their newborns. Meanwhile, literature describes a variety of S. aureus sources in the hospital 
that might influence the neonatal S. aureus carriage state, from non-carriage to carriage. 
NICU outbreaks are frequently described with respect to S. aureus (15-22), and because of 
the currently available advanced typing techniques, transmission via HCWs has already been 
shown (21, 22). By demonstrating possible sources of S. aureus and transmission routes, 
awareness will rise, allowing us to avoid, or at least minimalize, the transmission of S. aureus 
to neonates to prevent HAIs. In Chapter 3.1, we performed a retrospective analysis in which 
S. aureus isolates of neonates and HCWs were analyzed by WGS to detect relationships. 
The isolates of neonates were derived from different patient materials, including blood 
cultures, but we also included screening cultures. The main goal in this study was to explore 
whether HCWs could possibly be involved as a source in S. aureus transmission to neonates, 
by showing indistinguishable genomes in both groups in the same time period. By using 
WGS, we showed that HCWs might serve as a reservoir for the transmission of methicillin-
susceptible S. aureus (MSSA) to neonates on a level IV NICU. In 4 WGS clusters, a total 
number of 4 HCWs and 35 neonates were involved, of which 10 neonates suffered from 
neonatal bacteremia. Indistinguishable MSSA isolates, causing 10 of the total number of 20 
episodes of neonatal MSSA bacteremia, were found in both neonates and HCWs, and were 
already present in HCWs or neonates admitted earlier. Data concerning MSSA transmission 
from HCW to neonate are scarce since, normally, no contact investigation is performed 
when a neonate is positive for MSSA, in contrast with MRSA findings. In three studies, a 
MSSA transmission from HCW to patient was described. Gomez-Gonzalez et al. showed, - 
albeit by use of Pulse Field Gel Electrophoresis, a technique with less discriminatory power 
-, that HCWs acted as a reservoir for neonates who later on developed a MSSA sepsis (16). 
In another study, using Raman spectroscopy typing, a HCW proved to be the source of an 
outbreak in neonates with MSSA bullous impetigo (18). In addition, Price et al., applying 
WGS, showed indications for the transmission from patients, the environment and HCWs, 
to other patients on an adult intensive care unit, leading to colonization and infections with 
genetically identical S. aureus isolates (23).

With our data, we can confirm that HCWs might be an important reservoir and link in 
the transmission of MSSA to neonates.

These data show that more insight is needed into the reservoirs, driving forces and trans-
mission routes of S. aureus in the NICU. As long as the reservoirs and routes are unclear, 
possible intervention measures might focus on the use of personal protective equipment, 



117

Summarizing discussion

4

the improvement of compliance with hand hygiene and extra (daily) cleaning or disinfection, 
to prevent transmission from HCWs to patients.

In Chapter 3.2, all neonatal S. aureus bloodstream isolates, collected over a 7-year period, 
were analyzed by WGS to detect whether the transmission and genetic makeup of the 
isolates support the occurrence of neonatal S. aureus bacteremia. By using WGS, among 
the 104 S. aureus isolates studied, 12 different core genome multilocus sequence-typing 
(cgMLST) clusters of MSSA isolates were found. Seven of these twelve cgMLST clusters 
included at least two MSSA isolates, cultured from blood of neonates within one month, 
indicative of transmission. Transmission should therefore be considered a contributing fac-
tor to the frequent occurrence of neonatal S. aureus bacteremia, as was recently described 
by Rouard et al. (24). Although it seems reasonable to assume that transmission, irrespective 
of the source, can only occur through the hands of HCWs, we cannot prove this, as no culture 
data of the environment, the HCWs or the parents are present. Besides transmission, it was 
determined whether the presence of certain virulence factors is associated with neonatal S. 
aureus bacteremia. Since it was difficult to define a suitable control population of neonates, 
we chose to compare neonatal S. aureus bacteremia isolates to all available S. aureus ge-
nomes from the Refseq Genome Database (N = 10.288 at the time of analysis). The genes 
staphylococcal enterotoxin A (sea) and toxic shock syndrome toxin 1 (tsst-1) were found 
a factor 2.6 and 3.2 times more often in the MSSA bloodstream isolates, compared to the 
reference genomes in the Refseq Genome Database. The overrepresentation of tsst-1 could 
not be explained by the frequent presence of MLST ST5 and ST45 in our isolates collection, 
since tsst-1 was not associated with these sequence types. On the other hand, 11 of the 
25 isolates carrying sea were found in ST5 isolates. Still, this cannot be the full explanation 
for finding an association between sea and neonatal MSSA bacteremia. Many studies have 
been executed on S. aureus toxins and their pathogenic roles, particularly on sea and tsst-1. 
Previously, it was described that antibody responses to these two specific toxins were higher 
in patients with S. aureus bacteremia, compared to control patients (25). In addition, in a 
recent publication about a MSSA outbreak on a NICU, tsst-1 and especially sea were found 
in bloodstream isolates, compared to colonization isolates (24).

The main conclusion from this study is that the occurrence of S. aureus bacteremia in 
neonates could partly be explained by the transmission of MSSA.

The toxins sea and tsst-1 might play a role in neonatal bacteremia. This finding warrants 
further investigation.

Future perspectives

The studies described in this thesis have all contributed to the existing knowledge about S. 
aureus colonization, carriage and transmission in a high-risk population. In the future, the 
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newly developed animal model might act as model to study the colonizing capacity of dif-
ferent (emerging) S. aureus strains such as ST398, and to test the strains’ characteristics, for 
instance. Also, new decolonization strategies can be tested using this model. As mupirocin 
resistance is increasing, in particular in MRSA strains (26), there is an urgent need to find 
another effective and easy-to-apply, topical antibacterial drug to eradicate S. aureus from 
the nasal cavity.

From the transmission studies, we have learned that improvements can be made in the 
field of infection prevention. In future studies in neonatal wards, it would be interesting to 
prospectively follow up different sources of MSSA in HCWs, the environment and maybe also 
parents, to detect carriage and to monitor routes of possible transmission, with the main 
goal to prevent future transmission and infections in neonates. Furthermore, in the future, 
strains originating from neonates who are colonized by or suffer from S. aureus infections, 
could be compared by using WGS, to determine the number of virulence factors present 
and to determine whether there are differences between colonization and infection strains. 
Ideally, it would be interesting to be able to predict whether a strain has more potential to 
become invasive based on the genetic package, including the toxin genes. The toxins sea and 
tsst-1 that were found to be more present in neonatal bacteremia isolates, are interesting 
targets to begin with and figure out what their role is in the pathogenesis of S. aureus.
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Staphylococcus aureus (S. aureus) is een bacterie die met name de neus van ongeveer 30% 
van de gezonde bevolking koloniseert. In deze 30% is de aanwezigheid van de bacterie 
hardnekkig, dat wil zeggen, over zeer lange tijd. Dit zogeheten S. aureus dragerschap is als 
permanent te beschouwen. De overige 70% van de bevolking draagt af en toe, of zelden tot 
nooit, deze bacterie bij zich. Naast de neus kunnen ook de keel, oksels, liezen en vagina ge-
koloniseerd zijn met S. aureus. Of iemand deze bacterie bij zich draagt heeft niets te maken 
met hygiëne. Bij iedereen zijn talloze bacteriën aanwezig op de huid en slijmvliezen. Het 
permanente dragerschap met S. aureus levert doorgaans geen problemen op, vooral niet in 
mensen met een goede gezondheid. We weten echter wel dat permanente S. aureus dragers 
een hoger risico lopen op het ontwikkelen van (ernstige) infecties met dezelfde S. aureus 
die zij ongemerkt in hun neus bij zich dragen. Voorbeelden van veel voorkomende S. aureus 
infecties zijn: een huidinfectie of een wondontsteking nadat een persoon een operatie heeft 
ondergaan, een hartklepinfectie bij mensen met hartklepafwijkingen, een bloedbaaninfectie 
nadat eerst de huid met S. aureus geïnfecteerd is geraakt of een infectie (korte of soms 
langere tijd) na de plaatsing van een kunstheup of -knie.

Onder de microscoop ziet S. aureus eruit als een druiventros en op een voedingsbodem in 
een petrischaal heeft S. aureus een gouden kleur. Om deze reden werd de bacterie vroeger 
‘golden staph’ genoemd. Ondanks het feit dat we S. aureus al bijna 150 jaar kennen, zijn 
er ten aanzien van zijn gedrag nog steeds heel veel dingen onbekend. Zo snappen we nog 
niet goed waarom sommige mensen wél gekoloniseerd raken en sommigen juist niet. Sinds 
jaren worden meerdere aspecten bestudeerd die van invloed zouden kunnen zijn op het 
gedrag van S. aureus. In het reeds uitgebreid bekende genenpakket van S. aureus wordt 
bijvoorbeeld geprobeerd genen aan te wijzen die ervoor zorgen dat iemand gekoloniseerd 
raakt. Dit soort experimenten, inoculatiestudies genoemd, worden bijna altijd uitgevoerd in 
diermodellen (gebruikmakend van bijvoorbeeld muizen of katoenratten). In dit type studie 
worden levende bacteriën, doorgaans in de neus, aangebracht om overleving en interactie 
tussen dier en bacterie te testen. Ook kunnen experimenten op de mens worden uitgevoerd. 
Het Erasmus MC te Rotterdam heeft het enige bestaande, menselijke S. aureus inoculatie-
model opgezet én in gebruik, maar door ethische beperkingen wordt het steeds lastiger om 
dit model toe te passen. Een andere mogelijkheid om meer te leren over het gedrag van 
S. aureus, is het bestuderen van de afweerreactie gericht tegen S. aureus in het bloed van 
personen die permanent drager of juist geen drager zijn. Verder kan er ook gekeken worden 
naar overdracht (transmissie) van S. aureus in het ziekenhuis, met name op afdelingen met 
kwetsbare groepen patiënten, bijvoorbeeld mensen die een hartoperatie hebben onder-
gaan of pasgeboren baby’s. Met transmissie wordt het ongemerkt verplaatsen van S. aureus 
bedoeld, bijvoorbeeld via de handen van een medewerker in de gezondheidszorg. De met 
S. aureus besmette handen raken vervolgens de omgeving of anderen patiënten aan. Het 
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grootste risico van deze transmissie is dat een ‘ontvangende’ patiënt een infectie kan krijgen 
met de overgedragen S. aureus. Deze transmissie moet te allen tijde worden voorkomen, 
maar uit de praktijk blijkt dat dit niet altijd even goed lukt, omdat we soms niet goed in 
kaart kunnen brengen wie of wat de bron van S. aureus is en hoe deze transmissieroute(s) 
verloopt/verlopen.

In dit proefschrift hebben we meerdere studies verricht die bijdragen aan de kennis over 
kolonisatie, dragerschap en transmissie van S. aureus. In het eerste deel is gekeken of een 
nieuw (niet-invasief) diermodel in resusapen opgezet kon worden om kolonisatie en eradica-
tie (verwijdering) van S. aureus te bestuderen (Hoofdstuk 2.1). De keuze voor een diermodel 
met resusapen is gemaakt vanwege de vele genetische overeenkomsten met de mens en het 
feit dat ze natuurlijke dragers zijn van S. aureus. Als eerste werden de resusapen getest op 
aanwezigheid van S. aureus en permanente dragers werden over twee groepen verdeeld. 
Daarna zijn twee (voor mensen gebruikelijke) behandelingen aan de resusapen gegeven 
om de bacterie tijdelijk uit de neus te eradiceren: een lokale behandeling met alleen een 
antibacteriële neuszalf (mupirocine) of een behandeling met mupirocine in combinatie met 
een systemische behandeling (een behandeling om het hele lichaam aan te pakken) door 
middel van antibiotica-injecties. Het doel van de eradicatie was om de neus van de resusaap 
extra aantrekkelijk (‘leeg’) te maken voor de inoculatiebehandeling die een aantal weken 
later volgde. Tijdens de inoculatiebehandeling werd S. aureus stam 8325-4 in de neus van 
de resusaap aangebracht. We hebben daarna de overleving van S. aureus 8325-4 getest, 
door middel van de afname van neuskweken met een wattenstok, in een periode van een 
aantal weken na de inoculatie. Uit deze experimenten kwam naar voren dat het mogelijk is 
om de oorspronkelijke S. aureus stammen uit de neuzen van resusapen te eradiceren met de 
twee behandelingen, en er was geen verschil in uitkomst tussen de behandelingen wanneer 
alleen gekeken werd naar de neus. De keel en het rectum zijn ook onderzocht op aanwezig-
heid van S. aureus gedurende de studie waarbij de behandeling met de antibiotica injecties 
iets effectiever leek in het eradiceren van S. aureus uit de keel en het rectum. Tevens is 
het gelukt om de inoculatiebehandeling uit te voeren, maar de variant 8325-4 bleek niet 
lang te overleven in de neus van de resusaap. We weten nu dat we het resusapen model 
kunnen gebruiken voor inoculatiestudies en dat inoculatiebehandeling mogelijk zal slagen 
als er andere varianten van S. aureus stammen gebruikt worden. De resusapen zijn medisch 
goed gecontroleerd en niet ziek geworden gedurende de studieperiode. In Hoofdstuk 2.2 
beschrijven we hoe we een menselijk inoculatie-experiment hebben uitgevoerd met twee 
varianten van S. aureus. De afgelopen jaren hebben ziekenhuizen steeds meer te maken met 
een, voor veel antibiotica, ongevoelige variant van S. aureus, namelijk methicilline-resistente 
S. aureus (MRSA). Het blijkt om een specifiek type MRSA te gaan, MRSA ST398, dat vooral 
voorkomt onder mensen die in direct contact staan met vee, met name de varkenshouderij. 
Echter, steeds vaker wordt gerapporteerd dat ook mensen zonder contacten met de varkens-
houderijen, MRSA ST398 bij zich kunnen dragen. Het is onduidelijk hoe deze mensen drager 
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zijn geworden van MRSA ST398. In de literatuur wordt beschreven dat de neus van mensen 
gemakkelijk ‘gecontamineerd’ kan raken met MRSA ST398, maar dit kan zelden permanent 
neusdragerschap worden genoemd. De motivatie om dit menselijke inoculatie-experiment 
uit te voeren was om te kijken of het toch mogelijk was om de neus van mensen langdurig 
met S. aureus ST398 te koloniseren. Er werd een (klein volume) vloeibare mix van de twee 
varianten van S. aureus aangebracht in de neus van gezonde vrijwilligers, nadat zeven weken 
daarvoor een eradicatiebehandeling met mupirocine in combinatie met een ontsmettende 
huidbehandeling (chloorhexidine zeep) was uitgevoerd. De inoculatiemix bevatte een, voor 
antibiotica gevoelige, uit een kalf afkomstige, methicilline-gevoelige S. aureus (MSSA) ST398 
variant en een humane S. aureus (ST931) variant. De overleving van beide bacteriën werd 
bestudeerd in een periode van drie weken na de inoculatie. We hebben gevonden dat MSSA 
ST398 in staat is om te overleven in de neus van gezonde vrijwilligers voor tenminste drie 
weken. We kunnen stellen dat deze variant tot meer in staat is dan tot dusver werd aange-
nomen. Daarbij dient te worden opgemerkt dat in de gebruikte studieopzet heel erg over de 
details werd nagedacht en de vraag is of de situatie vergelijkbaar is met de praktijkomstan-
digheden waarin mensen ongemerkt in aanraking komen met bacteriën uit de omgeving 
of via de handen van andere mensen. Voorafgaand aan de inoculatie zijn de neuzen met 
mupirocine behandeld, wat ook invloed kan hebben gehad op andere bacteriën uit de neus 
waardoor de mix extra goed heeft kunnen hechten. Een andere reden voor de succesvolle 
inoculatie kan zijn geweest, dat een grote hoeveelheid bacteriën (1x10log7) in één keer is 
aangebracht in de neus, terwijl in de omgeving normaliter niet zoveel bacteriën circuleren 
op een kleine oppervlakte.

In Hoofdstuk 3.1 en 3.2 is S. aureus transmissie onderzocht op de intensive care voor 
pasgeboren baby’s (neonatale intensive care unit (NICU)). Pasgeboren baby’s (neonaten), 
in het bijzonder te vroeg geborenen, hebben door hun lage geboortegewicht, vaak overige 
problematiek en een nog niet volledig ontwikkelde afweer, een hoog risico op het ontwik-
kelen van ziekenhuisinfecties. Neonatale sterfte door bloedbaaninfecties met S. aureus komt 
frequent voor. Er zijn op de NICU uitbraken beschreven met S. aureus, van zowel MRSA’s als 
MSSA’s, wat suggereert dat de bacterie onbedoeld wordt overgedragen binnen de NICU. 
Sommige van deze studies tonen aan dat zorgmedewerkers de bron blijken te zijn voor de 
transmissie. Door middel van een genetische analyse (‘whole-genome sequencing’) heb-
ben we aangetoond dat de S. aureus gekweekt uit 35 neonaten en 4 zorgmedewerkers, 
in 4 verschillende groepen (clusters) in te delen waren, waarbij in elke groep de S. aureus 
genetisch identiek was. De kweken van al deze personen werden afgenomen in een periode 
van ruim een jaar. Tien neonaten hebben zelfs een bloedbaaninfectie ontwikkeld met S. 
aureus afkomstig uit een van de vier clusters (Hoofdstuk 3.1). We kunnen concluderen uit 
deze studie dat de zorgmedewerker aantoonbaar een belangrijke rol lijkt te spelen in de 
transmissie van S. aureus op de NICU. De neonaten komen daar immers direct na geboorte 
terecht, terwijl de zorgmedewerkers al langer op de NICU rondlopen.
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In Hoofdstuk 3.2 zijn in een periode van zeven jaar S. aureus stammen, afkomstig van 
neonaten op de NICU met bloedbaaninfecties, met dezelfde genetische analyse methode 
bekeken. Er is gekeken of deze stammen aan elkaar verwant waren, wat wederom zou 
kunnen wijzen op transmissie. Daarnaast is ook gekeken of deze stammen virulenter (scha-
delijker) waren dan andere stammen uit een controlegroep; een grote referentiedatabase is 
gebruikt waarin vele S. aureus zijn gerapporteerd en opgeslagen. Er is specifiek naar genen 
gekeken waarvan we weten dat deze extra schade kunnen veroorzaken gedurende een in-
fectie met S. aureus. We toonden aan dat er over de jaren meerdere clusters met identieke 
S. aureus circuleerden, wat de suggestie wekt dat er een reservoir of bron binnen de NICU 
is. Het lijkt dus aannemelijk dat S. aureus transmissie, tijdens en door de zorg, bijdraagt aan 
neonatale bloedbaaninfecties. De route en de bron van transmissie zijn in deze studie niet 
onderzocht. Daarnaast zijn er twee specifieke S. aureus genen gevonden die meer leken 
voor te komen in de S. aureus afkomstig uit het bloed van neonaten, in vergelijking tot de 
controle groep. Deze twee genen heten ‘sea’ (staphylococcal enterotoxin A) en ‘tsst-1’ (toxic 
shock syndrome toxin-1), en verder onderzoek naar de rol van deze genen is aanbevolen. 
Interessant is om te vermelden dat van deze genen al is beschreven dat ze vaker voorkomen 
in S. aureus stammen die bloedbaaninfecties veroorzaken.

In toekomstig onderzoek zou het nieuwe resusapen-model gebruikt kunnen worden voor 
inoculatie- en eradicatiestudies waarbij bijvoorbeeld MRSA ST398 onderzocht kan worden. 
Daarnaast zou onderzoek van S. aureus bronnen op de NICU, en daarmee samenhangend, 
het voorkomen van neonatale infecties aandacht moeten verkrijgen. Belangrijke toxines van 
S. aureus zijn ‘sea’ en ‘tsst-1’, maar hun rol in neonatale bacteriemie is nog onduidelijk. Na-
der onderzoek naar de rol van deze toxinen en mogelijke andere toxinen is gewenst om zo, 
hopelijk, beter zicht te krijgen op waarom sommige neonaten, of misschien in het algemeen 
sommige mensen, sneller een S. aureus (bloedbaan)infectie krijgen dan anderen. Hierbij is 
het uiteraard de vraag wat de bepalende factor is in de S. aureus pathogenese (het ontstaan, 
ontwikkelen en verloop van een infectie): de bacterie, de mens of juist beide.
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