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Abstract
We have previously shown that secondary infections of Buruli ulcer wounds were frequently caused by Staphylococcus aureus. To gain

understanding into possible routes of secondary infection, we characterized S. aureus isolates from patient lesions and surrounding

environments across two Ghanaian health centres. One hundred and one S. aureus isolates were isolated from wounds (n = 93, 92.1%)

and the hospital environment (n = 8, 7.9%) and characterized by the spa gene, mecA and the Panton–Valentine leucocidin toxin followed

by spa sequencing and whole genome sequencing of a subset of 49 isolates. Spa typing and sequencing of the spa gene from 91 isolates

identified 29 different spa types with t355 (ST152), t186 (ST88), and t346 dominating. Although many distinct strains were isolated from

both health centres, genotype clustering was identified within centres. In addition, we identified a cluster consisting of isolates from a

healthcare worker, patients dressed that same day and forceps used for dressing, pointing to possible healthcare-associated transmission.

These clusters were confirmed by phylogenomic analysis. Twenty-four (22.8%) isolates were identified as methicillin-resistant S. aureus

and lukFS genes encoding Panton–Valentine leucocidin were identified in 67 (63.8%) of the isolates. Phenotype screening showed

widespread resistance to tetracycline, erythromycin, rifampicin, amikacin and streptomycin. Genomics confirmed the widespread

presence of antibiotic resistance genes to β-lactams, chloramphenicol, trimethoprim, quinolone, streptomycin and tetracycline. Our

findings indicate that the healthcare environment probably contributes to the superinfection of Buruli ulcer wounds and calls for

improved training in wound management and infection control techniques.

© 2016 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and Infectious Diseases.
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Introduction
Microbial contamination and colonization of wounds is com-
mon to all wounds healing by secondary intention and has been
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proposed as a precondition to the formation of granulation
tissue and stimulation of wound healing [1]. Wounds can be

infected through three main sources; the surrounding skin,
endogenous sources such as the nasal mucosa, gastrointestinal

tract and genitourinary tract and the wider environment.
Within a healthcare facility, the sources of contamination and

subsequent infection of a wound may include healthcare
workers (HCW), patients and the inanimate environment.

Direct contact of a patient with an infected HCW during
general care or medical treatment can result in the transmission
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of microorganisms. Indirectly, an infected patient or HCW

could touch and contaminate an object, instrument or surface
and subsequent contact between the item and a second patient

is likely to contaminate that patient leading to infection. Wound
microflora is usually polymicrobial [2] comprising organisms

such as staphylococci, enterococci, streptococci, facultative
Gram-negative bacteria and anaerobic bacteria [3].

Staphylococcus aureus is a notorious opportunistic nosoco-

mial pathogen, and one of the main organisms involved in the
infection of chronic wounds [4]. It may be carried asymptom-

atically by a carrier and transferred from patient to patient. It is
estimated that about 25% of the normal population may be

carriers, with higher carriage rates around 50% in patients with
insulin-dependent diabetes, intravenous drug users and patients

on dialysis [5].
In a previous study, we identified infection of Buruli ulcer

(BU) wounds by bacterial pathogens as a possible cause of

wound healing delay among study participants [6]. Several
bacterial species were isolated with S. aureus and Pseudomonas

aeruginosa dominating. Despite the finding that most of the
organisms identified were nosocomial pathogens, the possible

routes of infection of the lesions were not examined in this
study. In seeking to have a better understanding of the possible

routes of infection of the lesions, we initiated the current study
to characterize S. aureus isolated from different sources in two

health facilities in Ghana treating BU.
Materials and methods
Study sites, participants and sample collection
The study was carried out at the two main BU treatment

centres in the Ga West and Ga South districts of the Greater
Accra Region of Ghana, designated facility A and facility B,
respectively. The study involved the analysis of S. aureus isolates

from wounds of microbiologically confirmed BU (BU) and non-
BU (NBU) patients (initially suspected BU cases that were not

confirmed by any of the three confirmation methods—
Ziehl–Neelson microscopy, IS2404 PCR and culture) who

received treatment either as inpatients on admission or out-
patients at one of the two health centres from October 2010 to

February 2014. Lesions of patients were swabbed and the
samples were analysed at the Bacteriology Department of the

Noguchi Memorial Institute for Medical Research. A total of
173 samples were collected from 162 patients and S. aureus was
isolated from 88 samples originating from 76 patients, 61 of

whom were BU patients and 15 were NBU patients. Of the 61
BU patients, 56 were outpatients and five were inpatients at the

time of sampling, whereas all the NBU patients were out-
patients. The five inpatients had been on admission for 4 weeks
© 2016 The Author(s). Published by Elsevier Ltd on behalf
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or more and therefore isolates from these patients could be

classified as potentially hospital acquired. To elucidate the
sources of infection, between August 2013 and February 2014

the hands of HCW, dressing rooms and wards of the health
centres, surfaces of dressing tables, door handles, instruments

and equipment as well as dressing solutions and materials were
sampled for microbiological analysis. Swab samples were also
taken from the palms of nurses and their gloved hands in be-

tween dressing of patients and the lesions of the patients they
dressed before and after dressing. Swab samples were trans-

ported in phosphate buffered saline at 4°C to the Noguchi
Memorial Institute for Medical Research. Eighty-six samples

were collected and analysed and S. aureus was isolated from 13
of them (see Supplementary material, Fig. S1).

Microbiological methods
The samples were processed and inoculated on blood and
mannitol salt agars and incubated for 18–24 h at 37°C, after

which they were examined. Identification of Staphylococcus spe-
cies was by colony and microscopic morphology, catalase reac-

tion and the coagulase biochemical test (BD, Franklin Lakes, NJ,
USA). The Staphylase Kit, BD BBL™ Staphyloslide Latex Test

(BD, Franklin Lakes, NJ, USA) was used to differentiate the
catalase-positive Gram-positive bacteria S. aureus from other
Staphylococcus species.
Antibiogram of isolated bacteria
Antibiotic susceptibility testing was determined by the Kirby–

Bauer disc diffusion method according to CLSI guidelines [7].
Susceptibility was determined for the antibiotics; amikacin (30 μg),
sulphamethoxazole-trimethoprim (23.75 μg/1.25 μg), ampicillin

(10 μg), tetracycline (30 μg), gentamicin (10 μg), erythromycin
(15 μg), cefuroxime (30 μg), ceftriaxone (30 μg), chloramphenicol

(30 μg), cefoxitin (30 μg), rifampicin (5 μg), streptomycin (10 μg),
vancomycin (30 μg), clindamycin (2 μg) and cefotaxime (30 μg).

Cartridges of antibiotics were obtained fromOxoid (Wade Road,
Basingstoke, Hampshire, United Kingdom) and BD. Staphylococcus

aureus ATCC 25923 was used as reference strain.

Genotyping—traditional molecular typing
Crude DNA extracts were prepared by boiling and used as tem-

plate in the PCR. Genetic relatedness of the isolates was deter-
mined through amplification of the polymorphic X region of the

protein A (spa) gene using the primer pairs spa-1113F and spa-
1514R (see Supplementary material, Table S1) [8] and DNA

from S. aureus ATCC® 25923 as positive control. A total of 95
isolates out of the 101 were typed using these primers. A number

of suspected S. aureus strains could not be typed by these primers
and were further typed using another set of primers, spaT3-F and
spa-1517R (see Supplementary material, Table S1). These primers
of European Society of Clinical Microbiology and Infectious Diseases, NMNI, 13, 92–101
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were previously described to detect S. aureus strains thatmay have

rearrangements in the IgG-binding region of the gene where the
forward primer is located, making them untypeable by the original

spa primers [9]. Sequencing of the spa gene from positive isolates
was outsourced to Macrogen Europe, (Amsterdam, the

Netherlands) and sequences were analysed and assigned to spa
types using DNAGear [10]. The relationship between strains was
investigated using the STADEN package [11] and a maximum likeli-

hood phylogenetic tree produced in MEGA 5.05 (www.megasoft.
net) and visualized in FIGTREE v1.4.2. (http://tree.bio.ed.ac.uk/

software/figtree/).
Genes for mecA and Panton–Valentine leucocidin (PVL)

were sought using the primers mecA P4, mecA P7 and pvl-F,
pvl-R (see Supplementary material, Table S1) [12,13]. A mecA

and PVL-positive isolate S. aureus 282-101 from the Statens
Serum Institute (Copenhagen, Denmark) kindly provided by Dr
Beverly Egyir, was used as positive control. Agr types were

determined using the primers pan agr F, agr 1-R, agr 2-R, agr 3-
R and agr 4-R (see Supplementary material, Table S1) [14]. The

PCR contained 12.5 μL HotStarTaq Mastermix (Qiagen, Hilden,
Germany), 5 μL nuclease-free water, 2 μL of each primer and

3.5 μL of DNA. Results of mecA, agr and PVL typing were
analysed using Microsoft EXCEL.

Whole genome sequencing and analysis
From the 101 isolates, a subset of 70 isolates were selected for
whole genome sequencing (WGS) made up of 31 methicillin-

resistant S. aureus (MRSA) isolates and 39 other methicillin-
susceptible S. aureus (MSSA) isolates spanning the clusters

observed from the phylogenetic tree obtained from sequencing
of the spa gene. Genomic DNA was extracted with the Qiagen

DNeasy Blood and tissue kit (Qiagen) according to the manu-
facturer’s instructions and sequenced using the Illumina MiSeq

platform (2× 250 bp sequencing by synthesis chemistry using
DNA libraries prepared using Nextera XT (Illumina, San Diego,
CA, USA). Resulting sequence reads were processed using a

custom bioinformatics analysis pipeline NULLARBOR (nullarbor.pl
0.6; https://github.com/tseemann/nullabor) to de novo assemble

and also align read data against the Sa_aus0325 reference
genome (S. Giulieri et al., unpublished). NULLARBOR uses a

BLAST-based method to screen contigs from de novo assem-
blies for the presence of antibiotic resistance genes. Pairwise

alignments of core genome single nucleotide polymorphisms
(SNPs) were used with FASTTREE [15] to infer maximum likeli-
hood phylogenetic trees using the general time reversible

model of nucleotide substitution. Resulting trees were visual-
ized in FIGTREE v1.4.2. The topologies of rooted phylogenetic

trees obtained from both spa typing and WGS using Staphylo-
coccus simiae CCM7213 as an outgroup were compared by

tanglegram in DENDROSCOPE (v3.4.4) [16].
© 2016 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Micr
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Results
Bacterial isolates
In all, 101 S. aureus isolates were identified from the sources

sampled. Eighty-eight isolates were recovered from 76 patients
during routine sampling; 72 (81.6%) were from 61 BU patients

and 15 were from NBU wounds. One isolate each was iden-
tified from 66 patients and multiple isolates from the other ten
patients. Five patients had two isolates from a single lesion

collected at one time-point, one patient had two isolates from
two lesions, three isolates were identified from a patient with

three lesions (patient A, one from each), two patients had two
isolates sampled at two different time-points during the course

of treatment, and one patient with three isolates sampled thrice
at different time-points during the course of treatment.

To understand possible route of infection, additional sam-
pling of HCW, working environment and patients being
attended to led to isolation of 13 (15.1%) S. aureus. The isolates

comprised five from patient lesions, six from equipment (for-
ceps) and one each from the hand of an HCW and a table used

for dressing wounds. All of these isolates were from Facility B.
In total, 53 isolates were from Facility A and 48 isolates were

from Facility B.

Population structure of S. aureus and epidemiological
association
Spa typing identified 29 different spa types including 15 (14.9%)
singles. The three dominant spa types (t355, t186 and t346) were

found in seven (6.93%) isolates each (see Supplementarymaterial,
Table S2). Thirty-five isolates could not be assigned a spa type.

Phylogenetic analysis identified ten different clusters, where a
cluster was defined as a group of two or more isolates found on

the same branch of the tree (Clusters A– J; Fig. 1), which con-
sisted of health-centre-specific clusters and common clusters.

Clusters A, C, D, H and J were made up of strains from both
health centres (Fig. 1) with rates of 2:1, 1:1, 1:1, 1:1 and 1:2 for
Facilities A and B, respectively. Clusters B and I were made up of

strains from Facility A only, whereas seven out of the ten isolates
in clusterGwere also fromFacility A.Clusters E and Fweremade

up mainly of strains from Facility B with rates of 1:3 and 2:12 for
Facility A and B, respectively (Fig. 1). Within cluster F were iso-

lates cultured from samples taken on the same day from the hand
of an HCW and patients dressed consecutively by this worker,

isolates from samples taken on a different day from one equip-
ment (forceps) after it had been used on four patients consecu-
tively and two isolates recovered from a patient at two different

time-points (weeks 2 and 8) during treatment (Fig. 1). This finding
led us to conclude that transmission events were ongoing within

this health centre. Cluster G was made up mainly of MRSA
obiology and Infectious Diseases, NMNI, 13, 92–101
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FIG. 1. Spa phylogeny showing clusters and re-

lationships between isolates. Maximum likelihood

phylogeny of spa gene. The tree was rooted in the

midpoint. Numbers in nodes indicate support values

in the form of proportions of bootstrap pseudor-

eplicates. Branches with support values >55% are

collapsed. A– J = the clusters identified. The green-

coloured strains are from Health centre A, and the

blue ones are from Health centre B. The yellow-

coloured circles represent methicillin-resistant

Staphylococcus aureus and the violet circles show

isolates from a healthcare worker, patients and

equipment in Health centre B.
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isolates (Fig. 1) whereas cluster I was made up of isolates from

three different lesions of one patient that had the same spa type
(t2500) (Fig. 1),, suggesting that the three lesions were infected

from a common source, possibly from the patients’ microbiota.

Detection of mecA and PVL genes and Agr type
The PCR screening for the mecA gene identified 31 isolates as
MRSA. The genotypes of 24 of these isolates correlated with

their antibiogram results; however, mecA was also detected in
seven isolates showing susceptible phenotypes. Twenty-one of
these were from BU patients, eight were from NBU patients

and two were from the environment. Four of the MRSA were
isolated from inpatients. The PVL gene was detected in 66

isolates; 51 from BU patients, 12 from NBU patients and three
from the environment. Both mecA and the PVL genes were

detected in 20 isolates made up of 14 from BU patients, five
from NBU patients and one from the environment. Nineteen

(18.8%) isolates belonged to agr type 1, 23 (22.8% ) isolates to
agr type 2, 30 (29.7%) isolates to agr type 3, three (2.9%) iso-

lates to agr type 4, and four (3.9%) isolates showed bands for
both agr types 2 and 3. Twenty-two (21.8%) isolates were non-
typeable and possibly agr-defective mutants.

Antibiogram of isolates
Over 70% of the isolates were susceptible to amikacin (89;

88%) and gentamicin (89; 88%). Resistance rates >50% were
recorded against the antibiotics ampicillin (91; 90%), tetracy-

cline (57; 56.4%) and chloramphenicol (67; 66%). Lower
resistance rates of 37.6%, 39.6% and 48.5% were also recorded

against the cephalosporins; ceftriaxone, cefotaxime and cefur-
oxime, respectively, whereas 26% of the isolates showed

reduced susceptibility to vancomycin (Table 1). Comparing the
antibiograms of MRSA and MSSA isolates, a significant pro-

portion of MRSA isolates were resistant to the tetracycline (p
<0.05) (Table 2). Resistance to chloramphenicol was equally
high among MRSA and MSSA.
TABLE 1. Antibiogram of isolates

Antibiotics

Antibiogram

Sensitive,
n (%)

Intermediate,
n (%)

Resistant,
n (%)

Amikacin 89 (88) 7 (7) 5 (5)
Cefotaxime 50 (49.5) 11 (10.8) 40 (39.6)
Gentamicin 89 (88) 4 (4) 8 (8)
Tetracycline 39 (38.6) 5 (5) 57 (56.4)
Chloramphenicol 26 (26) 8 (8) 67 (66)
Ceftriaxone 53 (52.5) 10 (10) 38 (37.6)
Cotrimoxazole 65 (64.3) 4 (4) 32 (31.6)
Cefuroxime 52 (51.5) 0 49 (48.5)
Ampicillin 6 (6) 4 (4) 91 (90)
Clindamycin 52 (51.4) 18 (18) 31 (30.6)
Cefoxitin 66 (65) 5 (5) 30 (30)
Erythromycin 41 (41) 37 (36) 23 (23)
Rifampicin 46 (45.5) 9 (9) 46 (45.5)
Streptomycin 66 (65.3) 9 (9) 26 (25.7)
Vancomycin 75 (74) 26 (26)

© 2016 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Micr
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WGS analysis
During the course of this project we had the opportunity to
investigate some of the isolates further by WGS. From an initial

70 isolates subjected to WGS, 21 were of low read-coverage
and excluded from analysis. We first inferred multilocus

sequence typing data from the WGS data. The 49 isolates
belonged to 12 different sequence types (ST) with ST15 (13
isolates) and ST88 (11 isolates) dominating. The remainder

belonged to ST1 (one isolate), ST5 (six isolates), ST6 (one
isolate), ST72 (two isolates), ST121 (two isolates), ST152 (three

isolates), ST395 (one isolate), ST707 (one isolate), ST2434 (one
isolate) and ST3248 (three isolates) (see Supplementary

material, Data S1). Four isolates represented new STs. The
11 ST88 isolates were all MRSA and will be described else-

where (Kpeli et al., manuscript in preparation).
Read-mapping of the 49 genomes against the Sa_aus0325

reference sequence produced a 2.2-Mbp core genome with 100

361 SNPs. A maximum likelihood phylogeny was inferred from
pairwise comparisons of these SNPs (Fig. 2). Among the 13

ST15 isolates, ten were isolated from one health centre,
including from the hand of an HCW, patients and equipment,

corresponding to results from spa typing and giving support to
the conclusion that transmission events were ongoing within

this health centre. The three isolates from patient A were of
the same ST type (ST3248) and between them had SNP dif-

ferences of 29 bp, 51 bp and 34 bp (see Supplementary
material, Data S2) also corresponding with the spa typing re-
sults discussed above. This small number of SNP differences

points to the isolates spreading from a common source.
We then inferred the resistome of each isolate from theWGS

data (see Materials and methods). Antibiotic resistance genes
coding for resistance to β-lactams (blaZ), chloramphenicol (cat

and catpC221), trimethoprim (dfrG), methicillin (mecA), quino-
lone (norA), streptomycin (str) and tetracycline (tetK, tetL and

tetM), were identified in 48 (98%), one (2%), 22 (45%), 13
TABLE 2. Comparison of antibiotic resistance between

methicillin-resistant and methicillin-susceptible

Staphylococcus aureus

Antibiotics

Resistance rates

p-value
MRSA, n [ 31,
n (%)

MSSA, n [ 70,
n (%)

Amikacin 3 (9.6) 2 (2.8) 0.167
Gentamicin 3 (9.6) 5 (7.1) 0.698
Tetracycline 24 (77.4) 33 (47.1) 0.005
Chloramphenicol 24 ( 77.4) 43 (61.4) 0.170
Cotrimoxazole 10 (32.3) 22 (31.4) 1.000
Ampicillin 29 (93.5) 60 (85.7) 0.335
Clindamycin 6 (19.4) 25 (35.7) 0.110
Erythromycin 8 (25.8) 15 (21.4) 0.617
Rifampicin 11 (35.5) 35 (50.0) 0.200
Streptomycin 5 (16.1) 21 (30.0) 0.217
Vancomycin 11 (35.5) 15 (21.4) 0.147
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FIG. 2. Whole genome phylogeny of

sequenced isolates. Maximum likelihood

phylogeny of whole genome sequencing

isolates. The tree was rooted in the

midpoint. Numbers in nodes indicate sup-

port values in the form of proportions of

bootstrap pseudoreplicates. Branches with

support values >55% are collapsed. Green-

coloured strains are from Health centre A

and the blue ones are from Health centre B.

The red-coloured circles represent isolates

from patient A, yellow-coloured circles

represent methicillin-resistant Staphylo-

coccus aureus and the violet circles show

isolates from a healthcare worker, patients

and equipment in Health centre B.
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(25.5%), 13 (25.5%), 49 (100%), 12 (24.5%), eight (16.3%), 12
(24.5%) and 12 (24.5%) of the 49 isolates, respectively (see

Supplementary material, Data S1). We further investigated the
rpoB gene of rifampicin-resistant strains and identified two known
amino acid substitutions H481N and I527M implicated in rifam-

picin resistance in seven and one isolate, respectively (see
Supplementary material, Data S1). Other mutations were also

found within the rifampin resistance-determining (Rif) region of
the rifampicin-resistant isolates but further studies are needed to

ascertain if these mutations contribute to rifampicin resistance.
Analysis of the topologies of the phylogenies produced by

spa typing and WGS shows lots of agreement but also some
differences (Fig. 3). Clustering of MRSA isolates from patient A

and isolates from facility B from an HCW, the patients dressed
© 2016 The Author(s). Published by Elsevier Ltd on behalf
This is an o
by this worker and equipment were both predicted by the two
methods. However, though spa typing predicted the clustering

of isolate SA_NOG-W15, which is an MRSA, with other MRSA
isolates, this cluster was not confirmed by WGS, which pre-
dicted it to cluster with isolate SA_NOG-W28, an MSSA.
Discussion
This study confirmed healthcare-associated infection (HAI) as a

source of wound infection within our study health centres. Our
analysis shows that spa typing is useful for predicting trans-
mission patterns in resource-limited settings but that there is

also a need for access to low-cost microbial genomics in
of European Society of Clinical Microbiology and Infectious Diseases, NMNI, 13, 92–101
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FIG. 3. Tanglegram of spa and whole genome phylogenies. Tanglegram of spa (a) and whole genome sequencing (b) phylogenies produced in den-

droscope. Topologies show some agreement between phylogenies but an overall lack of congruence.
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developing countries. Genome analysis rapidly revealed wide-

spread antibiotic resistance among the isolates and clearly
identified likely transmission clusters.

In previous work [6], we found that wound infection may be
a source of healing delay. The findings from our current study

implicate the healthcare environment (including healthcare
personnel) as possible sources of S. aureus infection. From our
cluster analysis using spa typing, we inferred three modes of

wound infection; two health-facility-related sources through an
HCW and the inanimate environment (Fig. 1), and the third

source through self infection (Fig. 1). This result corresponds
with that of previous studies, which have implicated HCW,

patients and the inanimate environment in the transmission and
subsequent acquisition of S. aureus in healthcare settings [17].

HAIs are known to negatively impact healthcare delivery
around the world. Effective infection prevention and control
practices, especially compliance with hand hygiene recom-

mendations, will lead to significant reduction in the rate of
HAIs. Ghana has a policy document to aid the training of HCW
© 2016 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Micr
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4
in infection prevention and control (www.ghanahealthservice.

org/division-scat.php?ghsdid=6&ghsscid=96). However, a
monitoring survey in selected health facilities within the

Greater Accra region showed that the compliance level of
HCW to these guidelines is low (Ghana Health Service 2011,

Infection Prevention and Control. A survey in Greater Accra, un-
published) with rates below the 70% recommended by the
WHO. Adherence to strict policies supported by periodic

training and monitoring of HCWs is required to ensure
compliance with existing infection prevention and control

guidelines and to decrease the frequency of HAIs.
With regard to the patient-specific clusters, Yeboah-Manu

et al. [6] reported that some patients recycle bandages used
in wound dressing because of inadequate financial support

during their treatment period, and this could result in the
transfer of pathogens from one lesion to another. Additionally,
wound management in Ghana is influenced to a high degree by

local traditional beliefs and practices. Beliefs revolving around
the category of people deemed qualified to manage wounds
obiology and Infectious Diseases, NMNI, 13, 92–101
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affect the behaviour of patients. A recent study from our team

(Koka et al. manuscript in preparation) reports that in many
communities, pregnant women and nursing mothers are seen as

unqualified to manage wounds and in cases where HCWs fall
into this category, patients resort to the re-dressing of their

wounds after the HCW has dressed them. This could also lead
to the transfer of pathogenic organisms into the lesions as pa-
tients do not observe proper aseptic procedures during wound

redressing. Hence, there is a need to counsel patients to adhere
to the biomedical wound care and management practices to

reduce or avoid self infection of their lesions.
This study was limited by not performing a thorough investi-

gation of other body sites of the patientswhere S. aureus is known
to exist as a normal flora. An exhaustive investigation should have

included culture of samples from other areas of the patients such
as the skin, hand and anterior nares of the nasal cavity to compare
between strains from these sites and the wounds. The study may

also have been affected by the Hawthorne effect at Facility A and
this could account for no S. aureus isolates from sampling the

environment and HCWs at this facility.
Two methods were employed to arrive at our conclusion of

HAIs; the single gene locus DNA sequence-based marker spa
typing and WGS. As revealed from our analysis, phylogenies

from both methods predicted similar clusters. Whereas WGS
reveals variability across the whole genome and is able to

discriminate down to single nucleotide differences, spa typing
looks at genetic variability at a single locus between 200 and
600 bp in length. Spa typing is less expensive and demanding in

terms of infrastructure and expertise and has a shorter turn-
around time compared with WGS. Our results show that the

level of discrimination of spa typing is adequate to guide
infection control and also supports its use in epidemiological

studies. However, the lack of congruence between the two
methods probably indicates that spa typing lacks resolution to

be able to differentiate between highly genetically related iso-
lates. This partial sequencing technique also cannot reveal the
finer genetic details that accumulate during the evolution of

bacterial populations. Therefore, although spa typing is useful
for the prediction of transmission events in resource-limited

settings, where access to the newer, more expensive and
more advanced WGS technologies is limited, we should be

looking for ways to implement low-cost microbial genomics in
these countries because the rich data obtained from pathogen

genomes can be used to make well-informed decisions to
control the spread of disease.

Another important finding from this study is the high genetic
diversity and PVL-positivity among the isolates. This agrees with
existing knowledge on the genetic diversity and PVL prevalence

among African S. aureus isolates [18–20]. It also supports the
assertion that Africa is a PVL endemic continent with high
© 2016 The Author(s). Published by Elsevier Ltd on behalf
This is an o
prevalence of PVL being a distinguishing trait of African S. aureus

isolates [19] compared with Asia, Europe and the USA [21].
Additionally, we identified t355 as one of the most prevalent

spa types. This correlates with studies in Ghana and other
African countries that identified this spa type as one of the most

widespread, hence suggesting it to be widely established and
distributed in Africa [18,22,23].

Clinical S. aureus isolates are known to be agr positive [24]

and this is also evidenced from our results with 79 (78.2%)
isolates having this locus. However, 22 (21.8%) isolates were

defective for agr function. Previous research suggests that agr-
defective mutants can interact with agr-positive variants during

clinical infection [24]. These agr-defective mutants play an
important role in persistent infection by forming thicker bio-

films compared with agr-positive isolates [25]. This phenome-
non might play a role in delayed wound healing, which we
observed among patients within our study health centres [6].

Antibiotic resistance rates from both phenotypic and resis-
tome investigations confirm the increasing prevalence of drug

resistance in Ghana [26]. Thirty-one isolates (30.7%) were
confirmed as MRSA. These data are consistent with the

recognized fact that Africa has an intermediate prevalence of
MRSA, usually between 25% and 50% [27]. Of the 31 isolates,

seven showed susceptible phenotypes, though the mecA gene
was detected in molecular analysis. Phenotypically susceptible

mecA-positive clones have been reported by various research
groups [28,29]. The MRSA phenotype is regulated by two genes
mecI-mecR1. The induction of MRSA expression by this system

is, however, very slow and may render some isolates with the
mecA gene phenotypically susceptible. The existence of such

strains represents a hidden reservoir for transmission of the
methicillin-resistance gene in any environment. In many

resource-limited settings, clinicians mostly rely on the results of
culture and drug susceptibility testing to guide treatment of

patients and most laboratories are also not equipped for mo-
lecular testing of organisms. As these clones can only be
detected through molecular analysis, they will be reported as

susceptible organisms, which will lead to treatment failure.
Of equal concern is the observed high vancomycin resistance

of 26%, which is comparable to vancomycin-resistant rates of
between 57.7% [30] and 89% [31] that have been reported by

other studies from West Africa.
Conclusion
Our findings indicate that healthcare-associated transmission

contributes to wound infection and call for periodic training in
infection prevention and control practices to prevent the

occurrence of epidemics of nosocomial MRSA.
of European Society of Clinical Microbiology and Infectious Diseases, NMNI, 13, 92–101
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