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Abstract

Tackling antimicrobial resistance (AMR) is particularly challenging in low-resource settings such as Fort Portal Regional Referral Hos-
pital (FPRRH) in Western Uganda. Specific knowledge of local AMR epidemiology is required to inform evidence-based improvement 
of antibiotic stewardship measures in the hospital. To address this, we combined existing antimicrobial susceptibility testing (AST) 
from FPRRH, with whole genome sequencing (WGS) of 41 Staphylococcus aureus isolates (2017–2019). AST revealed 73 % (30 of 41) 
of isolates were resistant to one or more antibiotics and 29 % (12 of 41) were multi-drug resistant (MDR). Resistance phenotypes were 
largely explained by the presence of antibiotic resistance genes in WGS data. Five isolates were methicillin-resistant S. aureus (MRSA) 
and MDR. Although all isolates were susceptible to clindamycin, a 24 % carriage of erm genes suggests potential for rapid develop-
ment of resistance. We inferred a population structure for the S. aureus isolates by comparing their core genomes. Twenty isolates 
formed a tight cluster corresponding to multilocus sequence typing clonal complex (CC) 152, a CC found to be particularly prevalent in 
northern Africa. The frequency of genes associated with methicillin, chloramphenicol and ciprofloxacin resistance were significantly 
lower among CC152 strains than non-CC152 strains; thus, in keeping with previous work, we find that CC152 is almost exclusively 
methicillin-sensitive S. aureus (MSSA). Also, in agreement with other studies, we observed that the occurrence of Panton–Valentine 
leukocidin toxin-encoding genes was significantly higher among CC152 strains than non-CC152 strains. However, we also observed 
that the coagulase gene was over-represented in this CC, further defining the virulence strategy of this important pathogen. By gener-
ating detailed information about the epidemiology of circulating S. aureus and their antibiotic susceptibility, our study has provided, for 
the first time, data on which evidence-based infection and AMR interventions at FPRRH can be based.

INTRODUCTION
The burden of antimicrobial resistance (AMR) is most keenly 
felt in low resource settings, where infection control measures 
are limited and access to antibiotics is intermittent in terms of 
both availability and type [1]. In Uganda, bacterial infections are 
responsible for >37 % of hospital admissions and despite major 
international investments in healthcare systems, 90–161 deaths 
per 100 000 population are caused by infectious disease compared 

to <38 per 100 000 across the developed world [2]. Inappropriate 
prescribing, dispensing and administration of antibiotics are 
likely to contribute to this excess by compromising their utility 
and increasing the risk of adverse drug reactions and antibiotic 
resistance [2–6].

Study on the emergence and epidemiology of AMR in S. 
aureus and spread of methicillin resistant S. aureus (MRSA) 
in Sub-Saharan Africa (SSA) has intensified [7, 8] but data 
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from resource-poor regions remains sparse. In Uganda, AMR 
phenotyping of S. aureus strains derived from symptomatic 
and apparently healthy humans and livestock has suggested 
that resistance to different and multiple antibiotics, including 
methicillin is prevalent [9–11].

The Ugandan National Action Plan (UNAP) 2018 was 
developed to address the high prevalence of AMR infections 
that restrict treatment options across the country. Better 
surveillance of AMR is a specific objective of the UNAP to 
strengthen the evidence base for policies on optimal use 
of antibiotics to preserve their efficacy [6]. The 2017 Joint 
External Evaluation noted that 25 healthcare facilities are 
now regularly performing antimicrobial susceptibility testing 
(AST) in Uganda [12]. However, as these facilities primarily 
lie in the more heavily populated areas of the country, most 
AMR surveillance has focused on them (e.g. Kampala [13, 14], 
Mbarara [15] and Gulu [16]) rather than the more remote, 
rural settings in which, according to World Bank figures, 76 % 
of the population live [17]. A 2018 study identified spread of 
antibiotic-resistant Escherichia coli bacteria between people, 
livestock in rural Western Uganda, highlighting the need for 
further study [18].

To assist capacity in laboratory testing around the UNAP, the 
Ugandan Ministry of Health and Infectious Diseases Insti-
tute (IDI) have recently equipped the Fort Portal Regional 
Referral Hospital (FPRRH) with a microbiology laboratory 
capable of routine bacterial identification and AST. FPRRH 
serves the rural region of Kabarole, in the west of Uganda, 
near the border with the Democratic Republic of Congo, 
which is one such area where little data on AMR have been 
published.

Investigation into the genetic basis of antibiotic resistance and 
the molecular epidemiology of antibiotic resistant bacteria 
is needed to gain a deeper understanding of the drivers of 
resistance spread. PCR-based assays have been used to explore 
of presence/absence of AMR- and virulence-associated genes 
among Ugandan S. aureus isolates [9, 13, 19], while spa 
(and SCCmec for MRSA) typing has been used to provide 
an epidemiological context [9, 10, 13, 19–21]. These tools, 
however, have limited sensitivity; meanwhile advancements 
in rapid and affordable DNA sequencing technologies, and 
concurrent improvements of tools to predict AMR in silico, 
have led to improvements in diagnostic microbiology and 
studies of AMR [22].

This study is part of a multi-disciplinary intervention at 
FPRRH linking laboratory testing with training of health 
professionals in understanding common drivers of AMR 
aiming to reduce unnecessary and ineffective use of anti-
biotics in line with the UNAP [23]. We combine existing 
hospital AST data with whole genome sequencing to inves-
tigate antibiotic resistance profiles, population structure and 
virulence gene carriage of S. aureus isolated from a range 
of infection sites including wounds, blood, and the urinary 
tract, in a region with little previous published data, towards 
better informed treatment practice and infection/AMR 
control policies.

METHODS
Bacterial isolation and identification
S. aureus isolates were routinely collected and phenotypi-
cally characterised by the FPRRH microbiology laboratory 
between 2017 and 2019. These isolates were primarily derived 
from skin wounds or suspected urinary tract or bloodstream 
infections. Bacteria were isolated and sub-cultured onto either 
blood agar, MacConkey agar and chocolate agar (Oxoid) at 
37 °C (24–48 h). Putative S. aureus isolates were confirmed by 
Gram-staining followed by a positive catalase and Staphaurex 
latex agglutination test (Thermo Fisher Scientific). All isolates 
were stored at −80 °C. Sample metadata are available in Data 
S1 (available in the online version of this article).

Antibiotic susceptibility testing
For each isolate, a single colony was isolated and sub-cultured, 
prior to screening by a disc diffusion assay according to 
EUCAST guidelines [24]. Susceptibility to eight different 
antibiotics belonging to different classes was tested: cefoxitin 
(30 µg), a second-generation cephalosporin used to indicate 
MRSA; ciprofloxacin (5 µg), a fluoroquinolone; cotrimoxa-
zole (sulfamethoxazole - trimethoprim (1.2 µg and 23.75 µg 
respectively)); tetracycline (30 µg); erythromycin (15 µg), a 
macrolide and clindamycin (2 µg), a lincosamide; gentamycin 
(10 µg), an aminoglycoside; and chloramphenicol (30 µg) 
(Oxoid).

DNA extraction and quality control
Bacterial cultures were grown in Luria–Bertani (LB) broth 
for 18–24 h at 37 °C and DNA was extracted using the Isolate 
II Genomic DNA Kit (Bioline, UK) according to the manu-
facturer’s instructions, including the extra lysozyme pre-
treatment step for efficient lysis of Gram-positive cells. DNA 
concentration and purity were measured using the Qubit 
3.0 Fluorometer (Thermo Fisher Scientific) with Quant-iT 
dsDNA Assay Kit, High Sensitivity (Invitrogen). DNA library 
quality control was performed using a Tapestation 2200 with a 
High Sensitivity D1000 kit (Agilent Technologies) according 
to the manufacturer’s instructions.

Whole genome sequencing, draft genome assembly 
and analysis
Isolates were selected for sequencing based on DNA quality: 
all clean, confirmed S. aureus isolates collected within the 
timeframe with appropriate DNA quality are included in 
this analysis. Whole genome DNA libraries were prepared 
using the Nextera XT library preparation kit according to the 
manufacturer’s instructions. Samples were multiplexed on a 
single MiSeq flowcell using Nextera XT barcodes and normal-
ised using the bead-based normalisation kit (Illumina). 
Sequencing of 41 pooled genomes was performed simulta-
neously at Makerere University, Uganda and the University 
of Salford, UK, as part of a training activity to support 
UNAP AMR initiatives. In both cases, DNA sequencing was 
performed using a MiSeq v2 500 cycle kit (2×250 bp reads; 
Illumina). Raw reads were trimmed using fastq-mcf and 
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assembled using SPADES v3.9.1 [25]. The resulting draft 
assemblies were annotated using PROKKA v 1.13.3 [26].

The online webtool PathogenWatch (https://​pathogen.​watch) 
was used to cluster the annotated genomes of each isolate 
to predict antibiotic resistance profiles. PathogenWatch 
uses PAARSNP, bespoke software that uses blast against a 
custom database (combined from public AMR databases such 
as CARD, ResFinder and NCBI) to highlight the presence 
or absence of genes and SNPs implicated in antimicrobial 
resistance and infers their combined effect. Chloramphenicol 
resistance was predicted by CARD (Staphylococcus inter-
medius chloramphenicol acetyltransferase) analysis [27] 
implemented in ABRICATE (https://​github.​com/​tseemann/​
abricate). Virulence gene presence was also predicted using 
ABRICATE, against the VFDB database [28]. Multi-locus 
sequence types (MLST) were confirmed against the pubMLST 
database [29] using the software ‘MLST’ (https://​github.​com/​
tseemann/​mlst). Core genome alignment was ascertained 
by SNIPPY [30], and a phylogenetic tree generated by Fast-
Tree using a GTR+CAT model of nucleotide evolution [31] 

(Fig. 1). Additional genomic analyses were performed using 
ABRICATE and ROARY [32].

Univariant statistical analysis of antimicrobial resistance and 
virulence gene presence/absence was performed in Minitab.

RESULTS & DISCUSSION
Antibiotic susceptibility testing (AST) at FPRRH
This study reviewed the antibiotic resistance profiles of 41 S. 
aureus isolates determined by disc diffusion assay as part of 
the routine laboratory diagnostic service at FPRRH, Uganda 
(Fig. 1). Overall, 73 % of S. aureus isolates (30 of 41) were 
resistant to one or more antibiotics. 32 % (13 of 41) were 
resistant to one antibiotic, most commonly tetracycline, 
and a further 41 % (17 of 41) were resistant to two or more 
antibiotics, most commonly including cotrimoxazole and 
tetracycline. In total, 24 % of isolates (10 of 41) were classified 
as multi-drug resistant (MDR), exhibiting resistance to antibi-
otics belonging to three or more classes [33]. Just 5 % (2 of 41) 

Fig. 1. Core genome phylogeny of 41 Staphylococcus aureus isolates from Fort Portal Regional Referral Hospital isolated between 2017 
and 2019, aligned against the NCTC 8325 reference genome [64]. Tree is displayed alongside antibiotic sensitivity data (coloured black 
circles represent presence, empty circles represent absence, no circle represents no data available); genotypic antibiotic resistance 
predictions by PathogenWatch, (coloured squares represent presence of AMR SNP (Ciprofloxacin) or genes (others). For AMR genes 
shapes represent presence of antibiotic genes / SNP, according to class. The core genome was generated by SNIPPY [30], and the tree 
file generated using FastTree [31] using a generalized time-reversible (GTR+CAT) model of nucleotide evolution. Also shown are sample 
ID, sequence type (predicted by pubMLST [29]). Virulence gene presence (VFDB) is displayed as grey circles. Further sample metadata 
can be found in Data S1.

https://pathogen.watch
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://github.com/tseemann/mlst
https://github.com/tseemann/mlst
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were resistant to antibiotics belonging to six different classes, 
and thus considered pan resistant. These levels of resist-
ance and MDR are not unexpected; for example, Seni and 
colleagues [9] reported 21 % of Gram-positive isolates from 
surgical site wounds of patients in Mulago Hospital, Kampala 
(Uganda) were MDR, whereas Kateete and colleagues [34] 
observed 31 % of S. aureus isolates recovered from nasopharyx 
of children in rural Eastern Uganda were MDR. A study of 
post-operative sepsis cases in rural Eastern Uganda [35] 
reported 14 % S. aureus isolates to be resistant to five different 
classes of antibiotics and 3 % resistant to six different classes 
[35]. Whilst the Ugandan national action plan (UNAP) 
reports prevalence of MRSA in healthcare settings at 2–50 % 
[23], the WHO AMR global report on surveillance (2014) 
found overall MRSA prevalence to range from 12–80 % across 
Africa and to exceed 20 % in all six WHO regions [36]. There 
have been reports of more than 80 % MRSA prevalence in 
African, American and Western Pacific regions [36].

Empirical treatment (ceftriaxone + metronidazole) is 
prescribed for suspected infections at FPRRH. Whilst metro-
nidazole covers anaerobic bacteria, ceftriaxone is a broad-
spectrum cephalosporin that is well tolerated and commonly 
used to effectively treat infections caused by most aerobes 
including methicillin susceptible S. aureus (MSSA). Cefoxitin 
susceptibility testing was used as a proxy to indicate resistance 
to ceftriaxone and identify MRSA. However, limited resources 
at FPRRH prevented a considerable number of isolates from 
being tested. Of 13 isolates tested, five (38 %) were resistant 
(MRSA), a prevalence akin to previous Ugandan studies 
[9, 16, 35]. All five MRSA isolates were MDR; Kateete and 
colleagues [13] also observed markedly higher rates of 
MDR among MRSA strains compared to MSSA strains. The 
observed frequency of MRSA at FPRRH suggest a potentially 
high level of failure of the empirical treatment, and the need 
for informed decisions about procurement of alternative 
antibiotics.

Whole genome sequencing data
Draft whole genomes were generated for all 41 S. aureus 
isolates using Illumina MiSeq data. All sequence read data 
used for genome assembly, annotation and AMR genotype 
prediction are available on the European Nucleotide Archive 
under project accession: PRJEB40863. According to Patho-
genWatch (data available at [37]), we identified between 
86–100 % of the core gene families for all isolates (mean 95 % 
per isolate). N50 ranged from 3045 to 145 228 bp (mean 26.8 
Kbp; see Data S1).

Genomic correlation with phenotypic AMR profiles
Although the primary aim of this study was to predict antibi-
otic resistance data for S. aureus isolates for which phenotype 
data was lacking due to poor resources, the study provides 
an opportunity to correlate AMR phenotype with genotype 
prediction. A recent study of 778 MRSA isolates from the 
UK, comparing Illumina WGS data–based analysis with disc 
diffusion AST data showed 99.7 % accuracy [38]. To that end, 
we have compared AST results from FPRRH with antibiotic 

resistance gene (ARG) presence/absence data drawn from 
WGS. Genetic markers of resistance were found in all 11 
(27 %) isolates that were reported as susceptible to all the 
antibiotics tested for at FPRRH. Phenotypic and genotypic 
predictions of susceptibility to each antibiotic were compared 
in turn (Fig. 1, Data S1).

Tetracycline resistance was the most common phenotype 
found in 56 % of isolates tested (19 of 34). Previously, preva-
lence of tetracycline resistance in Uganda has been reported 
as high as 55 % among clinical isolates [39] and 68 % among 
environmental/carriage isolates [13]. Tetracycline resistance 
was accounted for in 67 % (12 of 18) of genomes by the pres-
ence of tetK/M (encoding an efflux pump and ribosomal 
protection respectively). However, no tet genes were found 
in the genomes of seven tetracycline resistant isolates. Tetra-
cycline susceptibility was predicted (by absence of tetK/M 
genes) for 93 % of the susceptible isolates tested (14 of 15). 
Tetracycline resistance correlation between WGS and AST 
data has been reported as high as 100 % [38]. Others report 
83 % correlation of resistance phenotypes with presence of 
tetK and tetM genes [40]. A recent metagenomic study sheds 
light on these discrepancies, identifying 1254 unique putative 
tetracycline resistance genes, representing 195 gene families, 
most of which had not been previously described [41]. These 
findings suggest that the global understanding of tetracy-
cline resistance is far from complete. Although tetracycline 
dispensing for these infection types has not been reported 
at FPRRH, it is commonly used in treatment of Ugandan 
livestock, as a broad-spectrum antibiotic, antiparasitic and 
as a growth supplement [42]. Nevertheless, resistance levels 
in livestock in Western Uganda have been reported as low 
as 8 % [43] or 12 % [42], implying possible widespread but 
unrecognised dispensing of this antibiotic to humans [44].

Of 37 isolates tested 16 (43 %) were resistant to cotrimoxazole 
(trimethoprim + sulfamethoxazole) and a further five (14 %) 
showed an intermediate result. However, the remaining 16 
(43 %) were susceptible despite genetic indicators of trimetho-
prim resistance (dfrG/dfrA) present in almost all isolates 
(98 %, 40 of 41). Others have reported trimethoprim resistant 
phenotypes where isolates were genotypically predicted to be 
susceptible, in one case despite the presence of a dfrA gene, 
suggesting that in silico prediction of trimethoprim resistance 
may require further work [38, 45].

Increasing levels of dfrG-related trimethoprim resistance were 
reported in 2014, suggesting that resistance would soon be 
widespread in Africa through imported infections [46]; this 
study would suggest that in the prevailing 6 years, this predic-
tion has come to pass, but does not reflect the much higher 
resistance rates reported elsewhere in Uganda [8, 9, 13, 16, 47]. 
This may have been driven, in part, by the widespread use of 
cotrimoxazole for prophylaxis against secondary infections in 
HIV positive patients across SSA [48, 49] and highlights the 
need for wider study and control of other antibiotics showing 
decreased efficacy.

AST suggested that 71 % of isolates (29 of 41) were suscep-
tible to erythromycin and these phenotypes matched the 
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genotype in most cases (26 of 29). Thirteen isolates (32 %) 
were found to be resistant to erythromycin, which is consider-
ably lower than reported by several other Ugandan studies 
[35, 47, 50, 51] and all erythromycin-resistant isolates were 
susceptible to clindamycin. For some isolates, this could be 
explained by the presence of an inducible efflux pump gene 
(msrA), which is implicated in resistance to erythromycin 
[52]. More commonly, resistance to both these antibiotic 
groups is partly predicted by the presence of erm genes, the 
products of which modify the ribosomal target site to prevent 
antibiotic binding. Erythromycin resistance (predicted by 
PathogenWatch by detection of ermA (1 of 41), ermC (11 
of 41) or msrA (5 of 41) genes) did not always correlate 
with phenotype: 38 % (5 of 13) of resistant isolates were not 
predicted by genotype. In contrast, 100 % of isolates tested (35 
of 35) appeared susceptible to clindamycin despite detection 
of ermA or ermC in 12 isolates. This suggests that the genes are 
under erythromycin-inducible regulation, but that exposure 
to clindamycin in vivo could select for constitutive expression 
mutants, that would confer resistance to both [53]. According 
to the WHO essential medicines list (2019), clindamycin is an 
access antibiotic recommended as a second choice for bone/
joint infections. Clindamycin has not been used at FPRRH 
but has been used elsewhere in Uganda; a 2014 study based at 
Mbarara Regional Referral Hospital in southwestern Uganda 
reported 36 % of isolates as clindamycin-resistant and also 
showed discrepancies between phenotypes and genotypic 
prediction [50]. Clindamycin resistance rates of 0–59 % have 
been reported elsewhere in Uganda between 2009–2018 
[47] and was reported as early as 2008 in Tanzania [54]. It is 
therefore clear that erythromycin/clindamycin resistance is 
a complex issue that requires ongoing monitoring given the 
potential to expanded resistance.

Other options from the WHO list of access antibiotics 
include gentamycin and chloramphenicol, which are often 
recommended when empirical treatments fail [47]. Genta-
mycin is a commonly used aminoglycoside at FPRRH; 17 % 
of isolates (7 of 41) were gentamycin resistant, but specific 
aminoglycoside resistance genes (apH3 and aacA-aphD) 
were only found in four (of 41) genomes. Similar resistance 
rates have been reported in Kampala [9] and Gulu [16], but 
others report much higher rates [47].

Aminoglycoside resistance is complex, and conflicts between 
genotype and phenotype have been previously reported [55], 
but may also be representative of the short read sequencing, 
which could be clarified using long-read technologies or 
complementary techniques. Phenotypic and genotypic analysis 
of chloramphenicol susceptibility were largely in agreement, 
with 97 % of isolates being susceptible to chloramphenicol (36 
of 37) CARD analysis predicted only one isolate (sample 149) to 
be resistant, which did not correlate with several other studies 
from Mulago Hospital, Kampala that suggest much higher rates 
of chloramphenicol resistance ranging between 14 and 88 % 
[9, 13, 14, 47, 51].

Ciprofloxacin (a fluoroquinolone) and ceftazidime (a third-
generation cephalosporin) both appear on the WHO watch 

list of essential antibiotics that are considered at high risk of 
selecting for further bacterial resistance, and should be priori-
tised for stewardship programmes [2]. A total of 24 % (10 of 41) 
of S. aureus isolates at FPRRH were resistant to ciprofloxacin, 
and two more exhibited intermediate resistance; 75 % of these 
correlated with genotypic prediction with mutations in gyrA 
and grlA genes. Ciprofloxacin resistance in S. aureus is known 
to develop rapidly through single nucleotide mutations [56], 
and rates vary across other Ugandan studies, most of which 
report higher rates of ciprofloxacin resistance than at FPRRH 
[9, 14, 16, 47].

Phenotypic resistance to cefoxitin, as a proxy for ceftazidime 
resistance and MRSA corresponded to genotypically-predicted 
methicillin resistance, with one susceptible isolate being 
predicted to be resistant. Of note, stocks of cefoxitin discs 
were poorly maintained at FPRRH during the study period 
and 28 isolates were not able to be tested. Of 13 isolates tested, 
five (38 %) were resistant (MRSA). In contrast to the rates of 
resistant isolates to other antibiotics, the percentage of MRSA 
at FPRRH is similar or higher than those reported elsewhere 
(Kampala: 37.5 % [9], 29 % [47] and 28 % [39]; Mbale: 27 % [35] 
and Gulu: 22 % [16]). All five MRSA isolates from FPRRH were 
MDR. We found that 14 % (4 of 28) of isolates that were not 
tested harboured mecA, a clear genetic indicator of MRSA. The 
majority (71 %) of isolates (30 of 41) also harboured the blaZ 
gene which encodes a β-lactamase conferring resistance to a 
range of penicillins and other β-lactam antibiotics. Two such 
isolates remained susceptible to ciprofloxacin, which could be 
recommended as an alternative treatment in these cases.

Overall, the WGS data provided a more detailed view of the 
AMR mechanisms circulating in S. aureus-associated infec-
tions at FPRRH although susceptibility was more commonly 
predicted than resistance. Given the non-contiguous nature 
of the draft genomes this could be due to a lack of complete 
gene coverage enabling confident prediction of gene presence 
or absence. Complete genomes, such as using PacBio or Oxford 
Nanopore sequencing would increase confidence in prediction, 
but the additional effort may not be cost-effective in low-middle 
income resource settings. These data are nevertheless useful for 
in-filling missing information from AST data due to the poor 
supply of appropriate materials, towards informing more-
effective treatment of S. aureus infections at FPRRH.

Population structure of FPRRH S. aureus isolates: 
domination of MSSA CC152
We observed marked diversity among the 41 S. aureus isolates 
we characterised, as quantified in a core genome phylogeny 
(Fig. 1). We were able to obtain complete MLST data for 25 of 
these (Fig. 1) and delineated nine different STs belonging to six 
CCs. Isolates belonging to a particular CC clustered together in 
the population structure inferred from core genome comparison 
(Fig. 1). Most isolates for which we obtained complete MLST 
data (15) belonged to ST152 and its single locus variant ST1633 
(CC152). For three more isolates, we obtained MLST data for 
six out of seven loci allowing them to be attributed to CC152 if 
not a specific ST. Two further isolates (180 and 191) had more 
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incomplete MLST data, but core genome analysis indicated 
they clustered tightly with CC152 isolates. Thus, in total 20 
of the 41 isolates we studied (49 %) were likely CC152. Ruimy 
and colleagues [57] were the first to highlight the exceptionally 
high frequency of CC152 in northern Africa, having assigned 
24 % of isolates recovered from the nasopharynx of apparently 
healthy Malian people to this CC. Numerous subsequent 
studies of clinical isolates across the continent have supported 
this observation (reviewed in [58]); most recently, Kyany’a et 
al. (2020) and Obasuyi et al. (2020) reported CC152 was the 
most common clonal complex encountered, representing about 
a quarter of the clinical isolates they characterised in Kenya and 
Nigeria respectively [59, 60].

A high proportion of CC152 isolates had either no resist-
ance phenotype or were resistant to just one antibiotic (most 
commonly tetracycline). We found 25 % were resistant to 
cotrimoxazole and 20 % were resistant to erythromycin. The 
most common ARGs in this group were dfrA/dfrG (100 %), 
blaZ (80 %) and tet (40 %). Phenotypic and genotypic screening 
determined low frequencies of resistance to ciprofloxacin, 
clindamycin and chloramphenicol. Comparison of CC152 
and non-CC152 isolates in this study revealed PathogenWatch 
predictions of methicillin, chloramphenicol and ciprofloxaxin 
resistance were all significantly less prevalent in CC152 members 
(χ2=7.96, 4.39 and 7.00, P=0.005, 0.036 and 0.008 respectively). 
PathogenWatch also predicted that resistance-associated mecA 
(methicillin resistance), grlA and gyrA (ciprofloxacin resist-
ance) were significantly less prevalent among CC152 members 
(χ2=7.96, 5.42 and 5.63, P=0.005, 0.020 and 0.018 respectively). 
Thus 19 out of 20 (95 %) of CC152 isolates were MSSA. In 
contrast to other CC152 members, three isolates exhibited MDR 
phenotypes. Isolates 145, 175 and 191 were resistant to three, 
four and five classes of antibiotics respectively, however, there 
was little similarity in their resistance profiles and ARG compli-
ments, suggesting that they were acquired independently of one 
another. Isolate 191 was the only MRSA and harboured genetic 
markers of resistance to eight different classes of antibiotic. All 
three MDR isolates were resistant to erythromycin, but associ-
ated genetic markers were only present in 191, harbouring both 
erm and msrA genes that are commonly plasmid associated. 
Further investigation is needed to determine how these MDR 
and potentially pan-resistant profiles have developed in a clonal 
complex that is mainly associated with healthy individuals.

FPRRH S. aureus CC152 isolates possess a specific 
virulence gene repertoire
Given the frequency with which CC152 strains were encoun-
tered, we explored variation in virulence-associated gene content 
between isolates belonging to this clonal complex (n=20) and 
those that did not (n=21). The majority of virulence-associated 
genes were neither over- nor under-represented among CC152 
stains, but there were a handful of exceptions. Genes that were 
significantly more common among CC152 strains included 
lukF-PV and lukR-PV that encode the two subunits of the 
Panton–Valentine leukocidin (PVL) cytotoxin (χ2=20.74, 
P <0.001 and χ2=18.09, P <0.001 respectively) and coa, that 
encodes a coagulase (χ2=13.82, P <0.001). An association 

between CC152 and PVL has been noted previously [57]. Coa 
is a long-established virulence factor of S. aureus that is able to 
induce blood coagulation by interacting with fibrinogen and 
prothrombin [61]. Interestingly, von Willebrand factor binding 
protein, encoded by vWbp, exhibits multiple similarities in 
terms of coagulation induction function to Coa [61]. That vWbp 
is absent from CC152 isolates, but present in about 37 % of non-
CC152 isolates (χ2=9.47, P=0.002) may point to the two proteins 
fulfilling similar roles in different S. aureus lineages. Several other 
virulence factor-encoding genes were encountered significantly 
less frequently among CC152 isolates than non-CC152 isolates. 
These included genes encoding (i) the chemotaxis inhibitory 
protein Chp (χ2=7.96, P=0.005), (ii) the adhesin Map (χ2=12.60, 
P=0.003), the serine-aspartate repeat protein SdrC that is associ-
ated with biofilm formation (χ2=16.79, P <0.001), and the Sec 
enterotoxin (χ2=5.42, P=0.020). The EsaG protein is thought to 
serve as an anti-toxin in the Ess Type seven secretion system 
of S. aureus [62]. Multiple genes encoding EsaG have been 
encountered in S. aureus genomes and we observed significant 
variation in their presence/absence among CC152 members 
and other isolates, such that some copies (esaG1, esaG3, and 
esaG4) were under-represented (χ2=11.11, 9.48, 12.60, P<0.001, 
0.002, <0.001 respectively) among CC152 strains whereas others 
(esaG5, esaG7 and esaG8) were over-represented (χ2=8.84, 5.03, 
6.55, P=0.003, 0.025, 0.010 respectively). The significance of this 
is unclear as the role of different copies is unknown.

CONCLUSIONS
The main goal of this study, in keeping with the UNAP, was 
to create local knowledge of circulating AMR in disease-
associated S. aureus, to strengthen the evidence base for poli-
cies on optimal use of antibiotics to preserve their efficacy, and 
through which we could inform treatment policy at FPRRH 
and its surrounding catchment area. Key findings include the 
incidence of MDR and pan-resistant isolates, the prevalence of 
PVL and coagulase-carrying CC152 strains in a clinical setting, 
and the apparent low frequency of resistance to clindamycin and 
chloramphenicol compared to other regions of Uganda. There 
is not enough epidemiological data to indicate the origins of the 
study isolates, or whether they have spread from neighbouring 
regions.

The resistance profiles observed in this study were largely similar 
to those described elsewhere in Uganda. Nevertheless, the largest 
discrepancies between this and other studies were the universal 
susceptibility to clindamycin at FPRRH, whilst a relatively high 
41 % resistance was found at Mulago, and for trimethoprim (43 % 
in this study, and ≥89 % in Mulago), and chloramphenicol, for 
which although rates of resistance vary between 14–88 % else-
where [9, 13, 14, 47, 51], FPRRH strains were almost all suscep-
tible. National advice on control strategy based on national clinical 
guidelines, or data that may be focused upon major urban centres, 
are not always aligned with antibiotic susceptibility observed at the 
local level, emphasising the requirement for local knowledge such 
as that described here [16].

It is clear that procurement of sufficient materials to perform 
AST tests for resistances identified in the antibiogram, 
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supported by molecular data, will be important for robust future 
surveillance to inform effective treatment and to ensure a rapid, 
appropriate planned response to treatment failures. Given the 
frequent circulation of S. aureus isolates between community 
and hospital settings [63], and combined with the variability in 
resistance rates across Ugandan studies this further highlights 
the need for continued, robust epidemiology at the local level to 
inform policy on control strategies that can minimise treatment 
failures and the spread of antimicrobial resistance.

Funding information
This work was supported in part by a THET Commonwealth Partner-
ships for Antimicrobial Stewardship award to HLA (AMSB03) and The 
University of Salford, Santander Travel Fund. Knowledge for Change 
(registered charity no. 1146911) provided logistical assistance on the 
ground in Uganda.

Acknowledgements
We are grateful to staff and services at Fort Portal Regional Referral 
Hospital and Makerere University, with particular thanks to Dr Robert 
Ssekitoleko for meeting coordination in Kampala.

Conflicts of interest
HLA is a trustee of Knowledge for Change. Knowledge for Change had 
no role in the design, analysis or conclusion of this research.

References
	1.	 World Health Organization. Antimicrobial resistance and primary 

health care (no.WHO/HIS/SDS/2018.57). 2018. https://​apps.​who.​
int/​iris/​bitstream/​handle/​10665/​326454/​WHO-​HIS-​SDS-​2018.​
56-​eng.​pdf

	2.	 World Health Organisation. World Health Statistics Overview 2019: 
Monitoring Health for the SDGs, Sustainable Development Goals (no.
WHO/DAD/2019.1). 2019.

	3.	 Ugandan National Academy of Sciences. Antibiotic Resistance 
in Uganda: Situation Analysis and Recommendations. Kampala, 
Uganda: Uganda National Academy of Sciences. Center for Disease 
Dynamics, Economics & Policy; 2015

	4.	 Vialle‐Valentin C, Lecates R, Zhang F, Desta A, Ross‐Degnan D. 
Predictors of antibiotic use in African communities: evidence from 
medicines household surveys in five countries. Trop Med Int Health 
2012;17:211–222.

	5.	 Omulo S, Thumbi SM, Njenga MK, Call DR. A review of 40 years of 
enteric antimicrobial resistance research in Eastern Africa: what 
can be done better? Antimicrob Resist Infect Control 2015;4:1. 

	6.	 Ugandan National Academy of Sciences. Antimicrobial Resist-
ance National Action Plan (NAP). Center for Disease Dynamics, 
Economics & Policy, 2018.

	7.	 Moirongo RM, Lorenz E, Ntinginya NE, Dekker D, 
Fernandes J, et al. Regional variatigional Variation of Extended-
Spectrum Beta-Lactamase (ESBL)-producing Enterobacterales, 
fluoroquinolone-resistant Salmonella enterica and methicillin-
resistant Staphylococcus aureus among febrile patients in Sub-
Saharan Africa. Front Microbiol 2020;11:567235. 

	8.	 Wangai FK, Masika MM, Maritim MC, Seaton RA. Methicillin-resistant 
Staphylococcus aureus (MRSA) in East Africa: red alert or red herring? 
BMC Infect Dis 2019;19:596. 

	9.	 Seni J, Bwanga F, Najjuka CF, Makobore P, Okee M, et  al. Molec-
ular characterization of Staphylococcus aureus from patients with 
surgical site infections at Mulago Hospital in Kampala, Uganda. PLoS 
One 2013;8:e66153. 

	10.	 Asiimwe BB, Baldan R, Trovato A, Cirillo DM. Prevalence and 
molecular characteristics of Staphylococcus aureus, including 
methicillin resistant strains, isolated from bulk can milk and raw 
milk products in pastoral communities of South-West Uganda. 
BMC Infect Dis 2017;17:422. 

	11.	 Kitara LD, Anywar AD, Acullu D, Odongo-Aginya E, Aloyo J. Antibi-
otic susceptibility of Staphylococcus aureus in suppurative lesions 
in Lacor Hospital, Uganda. Afr Health Sci 2011;11:S34-39.

	12.	 World Health Organization. Joint External Evaluation of IHR Core 
Capacities of the Republic of Uganda: Executive Summary, June 
26-30, 2017. Geneva: World Health Organization; 2017.

	13.	 Kateete DP, Namazzi S, Okee M, Okeng A, Baluku H. High preva-
lence of methicillin resistant Staphylococcus aureus in the surgical 
units of Mulago hospital in Kampala, Uganda. BMC Res Notes 
2011;4:326. 

	14.	 Kajumbula H, Fujita AW, Mbabazi O, Najjuka C, Izale C. Antimicro-
bial drug resistance in blood culture isolates at a tertiary hospital, 
Uganda. Emerging Infect Dis 2018;24:174. 

	15.	 Bebell LM, Ngonzi J, Bazira J, Fajardo Y, Boatin AA, et  al. 
Antimicrobial-resistant infections among postpartum women at a 
Ugandan referral hospital. PloS one 2017;12:e0175456. 

	16.	 Odongo CO, Anywar DA, Luryamamoi K, Odongo P. Antibio-
grams from community-acquired uropathogens in Gulu, northern 
Uganda--a cross-sectional study. BMC Infect Dis 2013;13:193. 

	17.	 World Bank. 2020. https://​data.​worldbank.​org/​indicator/​SP.​RUR.​
TOTL.​ZS

	18.	 Weiss D, Wallace RM, Rwego IB, Gillespie TR, Chapman CA. 
Antibiotic-resistant Escherichia coli and class 1 integrons in humans, 
domestic animals, and wild primates in Rural Uganda. Appl Environ 
Microbiol 2018;84:21.

	19.	 Asiimwe BB, Baldan R, Trovato A, Cirillo DM. Molecular epidemi-
ology of Panton-valentine leukocidin-positive community-acquired 
methicillin resistant staphylococcus aureus isolates in pastoral 
communities of rural south western Uganda. BMC Infect Dis 
2017;17:24. 

	20.	 Kateete DP, Asiimwe BB, Mayanja R, Mujuni B, Bwanga F. Naso-
pharyngeal carriage, spa types and antibiotic susceptibility profiles 
of Staphylococcus aureus from healthy children less than 5 years in 
Eastern Uganda. BMC Infect Dis 2019;19:1023.

	21.	 Kateete DP, Kimani CN, Katabazi FA, Okeng A, Okee MS. Identi-
fication of Staphylococcus aureus: DNase and Mannitol salt agar 
improve the efficiency of the tube coagulase test. Ann Clin Microbiol 
Antimicrob 2010;9:23. 

	22.	 Hendriksen RS, Bortolaia V, Tate H, Tyson G, Aarestrup FM. Using 
genomics to track global antimicrobial resistance. Front Public 
Health 2019;7:242. 

	23.	 Ackers L, Ackers-Johnson G, Seekles M, Odur J, Opio S. Oppor-
tunities and challenges for improving anti-microbial stewardship 
in low- and middle-income countries; Lessons learnt from the 
maternal sepsis intervention in western Uganda. Antibiotics (Basel) 
2020;9:315. 

	24.	 Matuschek E, Brown DF, Kahlmeter G. Development of the EUCAST 
disk diffusion antimicrobial susceptibility testing method and its 
implementation in routine microbiology laboratories. Clin Microbiol 
Infect 2014;20:O255-266. 

	25.	 Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M. SPAdes: 
a new genome assembly algorithm and its applications to single-
cell sequencing. J Comput Biol 2012;19:455–477. 

	26.	 Seemann T. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics 2014;30:2068–2069. 

	27.	 Alcock BP, Raphenya AR, TTY L, Tsang KK, Bouchard M. CARD 
2020: antibiotic resistome surveillance with the compre-
hensive antibiotic resistance database. Nucleic Acids Res 
2020;48:D517–D525.

	28.	 Liu B, Zheng D, Jin Q, Chen L, Yang J. VFDB 2019: a comparative 
pathogenomic platform with an interactive web interface. Nucleic 
Acids Res 2019;47:D687–D692. 

	29.	 Jolley KA, Bray JE, Maiden MCJ. Open-access bacterial population 
genomics: BIGSdb software, the ​PubMLST.​org website and their 
applications. Wellcome Open Res 2018;3:124. 

	30.	 Seemann T. Snippy: Fast Bacterial Variant Calling from Ngs Reads. 
2015.

https://apps.who.int/iris/bitstream/handle/10665/326454/WHO-HIS-SDS-2018.56-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/326454/WHO-HIS-SDS-2018.56-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/326454/WHO-HIS-SDS-2018.56-eng.pdf
https://data.worldbank.org/indicator/SP.RUR.TOTL.ZS
https://data.worldbank.org/indicator/SP.RUR.TOTL.ZS


8

Ackers-Johnson et al., Microbiology 2021;167:001000

	31.	 Price MN, Dehal PS, Arkin AP. FastTree: computing large minimum 
evolution trees with profiles instead of a distance matrix. Mol Biol 
Evol 2009;26:1641–1650. 

	32.	 Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S. Roary: rapid 
large-scale prokaryote pan genome analysis. Bioinformatics 
2015;31:3691–3693. 

	33.	 Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME. 
Multidrug-resistant, extensively drug-resistant and pandrug-resistant 
bacteria: an international expert proposal for interim standard defi-
nitions for acquired resistance. Clin Microbiol Infect 2012;18:268–281. 

	34.	 Kateete DP, Asiimwe BB, Mayanja R, Najjuka CF, Rutebemberwa E. 
Species and drug susceptibility profiles of Staphylococci isolated from 
healthy children in Eastern Uganda. PLoS One 2020;15:e0229026. 

	35.	 George M, Iramiot JS, Muhindo R, Olupot-Olupot P, Nanteza A. Bacte-
rial aetiology and antibiotic susceptibility profile of post-operative 
sepsis among surgical patients in a tertiary hospital in rural 
Eastern Uganda. Microbiol Res J Int 2018;24. 

	36.	 World Health Organisation. Antimicrobial resistance: Global report 
on surveillance 2014. 2014.

	37.	 Pathogenwatch. 2020. https://​pathogen.​watch/​collection/​ddhx5r-
rchbht-​antibiotic-​resistance-​profiles-​and-​population-​structure-​
of-​disea

	38.	 Kumar N, Raven KE, Blane B, Leek D, Brown NM. Evaluation of a 
fully automated bioinformatics tool to predict antibiotic resistance 
from MRSA genomes. J Antimicrob Chemother 2020;75:1117–1122. 

	39.	 Mshangila B, Paddy M, Kajumbula H, Ateenyi-Agaba C, Kahwa B. 
External ocular surface bacterial isolates and their antimicrobial 
susceptibility patterns among pre-operative cataract patients at 
Mulago National Hospital in Kampala, Uganda. BMC Ophthalmol 
2013;13:71. 

	40.	 Khoramrooz SS, Dolatabad SA, Dolatabad FM, Marashifard M, 
Mirzaii M. Detection of tetracycline resistance genes, aminoglycoside 
modifying enzymes, and coagulase gene typing of clinical isolates of 
Staphylococcus aureus in the Southwest of Iran. Iran J Basic Med Sci 
2017;20:912–919. 

	41.	 Berglund F, Bohm ME, Martinsson A, Ebmeyer S, Osterlund T. 
Comprehensive screening of genomic and metagenomic data reveals 
a large diversity of tetracycline resistance genes. Microb Genom 
2020;6:11. 

	42.	 Basulira Y, Olet SA, Alele PE. Inappropriate usage of selected anti-
microbials: Comparative residue proportions in rural and urban 
beef in Uganda. PLoS One 2019;14:e0209006. 

	43.	 Iramiot JS, Kajumbula H, Bazira J, Kansiime C, Asiimwe BB. Anti-
microbial resistance at the human-animal interface in the pasto-
ralist communities of Kasese District, south western Uganda. Sci 
Rep 2020;10:14737. 

	44.	 Mukonzo JK, Namuwenge PM, Okure G, Mwesige B, Namusisi OK. 
Over-the-counter suboptimal dispensing of antibiotics in Uganda. 
J Multidiscip Healthc 2013;6:303–310. 

	45.	 Fowler PW, Cole K, Gordon NC, Kearns AM, Llewelyn MJ, et  al. 
Robust prediction of resistance to trimethoprim in Staphylococcus 
aureus. Cell Chem Biol 2018;25:e334:339-349.. 

	46.	 Nurjadi D, Olalekan AO, Layer F, Shittu AO, Alabi A. Emergence 
of trimethoprim resistance gene dfrG in Staphylococcus aureus 
causing human infection and colonization in sub-Saharan 
Africa and its import to Europe. J Antimicrob Chemother 
2014;69:2361–2368. 

	47.	 Ojulong J, Mwambu TP, Joloba M, Bwanga F, Kaddu-Mulindwa DH. 
Relative prevalence of methicilline resistant Staphylococcus aureus 
and its susceptibility pattern in Mulago Hospital, Kampala, Uganda. 
Tanzan J Health Res 2009;11:149–153. 

	48.	 William B, Rwenyonyi CM, Swedberg G, Kironde F. Cotrimoxa-
zole prophylaxis specifically selects for cotrimoxazole resistance 
in Streptococcus mutans and Streptococcus sobrinus with Varied 

Polymorphisms in the target genes folA and folP. Int J Microbiol 
2012;2012:916129. 

	49.	 Marwa KJ, Mushi MF, Konje E, Alele PE, Kidola J, et al. Resistance 
to cotrimoxazole and other antimicrobials among isolates from 
HIV/AIDS and NON-HIV/AIDS patients at Bugando Medical Centre, 
Mwanza, Tanzania. AIDS Res Treat 2015;2015:103874. 

	50.	 Mwambi B, Iramiot J, Bwanga F, Nakaye M, Itabangi H, et al. Clin-
damycin resistance among staphylococcus aureus isolated at 
Mbarara regional referral hospital, in south western Uganda. Br 
Microbiol Res J 2014;4:1335–1344. 

	51.	 Tumuhamye J, Sommerfelt H, Bwanga F, Ndeezi G, Mukunya D. 
Neonatal sepsis at Mulago national referral hospital in Uganda: 
Etiology, antimicrobial resistance, associated factors and case 
fatality risk. PLoS One 2020;15:e0237085. 

	52.	 Ross JI, Eady EA, Cove JH, Cunliffe WJ, Baumberg S. Inducible 
erythromycin resistance in Staphylococci is encoded by a member 
of the ATP-binding transport super-gene family. Mol Microbiol 
1990;4:1207–1214. 

	53.	 Drinkovic D, Fuller ER, Shore KP, Holland DJ, Ellis-Pegler R. Clin-
damycin treatment of Staphylococcus aureus expressing inducible 
clindamycin resistance. J Antimicrob Chemother 2001;48:315–316. 

	54.	 Mshana S, Kamugisha E, Miramb M, Chalya P, Rambau P. Preva-
lence of clindamycin inducible resistance among methicillin-
resistant Staphylococcus aureus at Bugando Medical Centre, 
Mwanza, Tanzania. Tanzan J Health Res 2009;11.

	55.	 Davis MA, Besser TE, Orfe LH, Baker KN, Lanier AS. Genotypic-
phenotypic discrepancies between antibiotic resistance charac-
teristics of Escherichia coli isolates from calves in management 
settings with high and low antibiotic use. Appl Environ Microbiol 
2011;77:3293–3299. 

	56.	 Blumberg HM, Rimland D, Carroll DJ, Terry P, Wachsmuth IK. Rapid 
development of ciprofloxacin resistance in methicillin-susceptible and 
-resistant Staphylococcus aureus. J Infect Dis 1991;163:1279–1285. 

	57.	 Ruimy R, Maiga A, Armand-Lefevre L, Maiga I, Diallo A. The carriage 
population of Staphylococcus aureus from Mali is composed of 
a combination of pandemic clones and the divergent Panton-
Valentine leukocidin-positive genotype ST152. J Bacteriol 
2008;190:3962–3968. 

	58.	 Schaumburg F, Alabi AS, Peters G, Becker K. New epidemiology 
of Staphylococcus aureus infection in Africa. Clin Microbiol Infect 
2014;20:589–596. 

	59.	 Kyany’a C, Nyasinga J, Matano D, Oundo V, Wacira S, et al. Pheno-
typic and genotypic characterization of clinical Staphylococcus 
aureus isolates from Kenya. BMC Microbiol 2019;19:245. 

	60.	 Obasuyi O, McClure J, Oronsaye FE, Akerele JO, Conly J, et  al. 
Molecular characterization and pathogenicity of Staphylococcus 
aureus isolated from Benin-city, Nigeria. Microorganisms 2020;8. 

	61.	 Thomas S, Liu W, Arora S, Ganesh V, YP K. The Complex fibrinogen 
interactions of the Staphylococcus aureus coagulases. Front Cell 
Infect Microbiol 2019;9:106. 

	62.	 Cao Z, Casabona MG, Kneuper H, Chalmers JD, Palmer T. The type 
VII secretion system of Staphylococcus aureus secretes a nuclease 
toxin that targets competitor bacteria. Nat Microbiol 2016;2:16183. 

	63.	 Monecke S, Slickers P, Ellington M, Kearns A, Ehricht R. High 
diversity of Panton–Valentine leukocidin-positive, methicillin-
susceptible isolates of Staphylococcus aureus and implications 
for the evolution of community-associated methicillin-resistant S. 
aureus. Clin Microbiol Infect 2007;13:1157–1164. 

	64.	 Gillaspy AF, Worrell V, Orvis J, Roe BA, Dyer DW. The Staphylo-
coccus aureus NCTC 8325 Genome. Gram-Positive Pathogens. 2nd 
ed. American Society of Microbiology, 2006, pp. 381–412.

Edited by: D. Grainger and D. Lee

https://pathogen.watch/collection/ddhx5rrchbht-antibiotic-resistance-profiles-and-population-structure-of-disea
https://pathogen.watch/collection/ddhx5rrchbht-antibiotic-resistance-profiles-and-population-structure-of-disea
https://pathogen.watch/collection/ddhx5rrchbht-antibiotic-resistance-profiles-and-population-structure-of-disea

	Antibiotic resistance profiles and population structure of disease-­associated ﻿Staphylococcus aureus﻿ infecting patients in Fort Portal Regional Referral Hospital, Western Uganda
	Abstract
	Introduction
	Methods
	Bacterial isolation and identification
	Antibiotic susceptibility testing
	DNA extraction and quality control
	Whole genome sequencing, draft genome assembly and analysis

	Results & Discussion
	Antibiotic susceptibility testing (AST) at FPRRH
	Whole genome sequencing data
	Genomic correlation with phenotypic AMR profiles
	Population structure of FPRRH ﻿S. aureus﻿ isolates: domination of MSSA CC152
	FPRRH ﻿S. aureus﻿ CC152 isolates possess a specific virulence gene repertoire

	Conclusions
	References


