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Abstract

Background: Multidrug resistant Pseudomonas aeruginosa and Acinetobacter baumannii are common causes of
health care associated infections worldwide. Carbapenems are effective against infections caused by multidrug resist-
ant Gram-negative bacteria including Pseudomonas and Acinetobacter species. However, their use is threatened by the
emergence of carbapenemase-producing strains. The aim of this study was to determine the prevalence of carbap-
enem-resistant R aeruginosa and A. baumannii at Mulago Hospital in Kampala Uganda, and to establish whether the
hospital environment harbors carbapenem-resistant Gram-negative rods.

Results: Between February 2007 and September 2009, a total of 869 clinical specimens were processed for cul-

ture and sensitivity testing yielding 42 (5 %) P aeruginosa and 29 (3 %) A. baumannii isolates, of which 24 % (10/42)

P aeruginosa and 31 % (9/29) A. baumannii were carbapenem-resistant. Additionally, 80 samples from the hospital
environment were randomly collected and similarly processed yielding 58 % (46/80) P. aeruginosa and 14 % (11/80)

A. baumannii, of which 33 % (15/46) P aeruginosa and 55 % (6/11) A. baumannii were carbapenem-resistant. The total
number of isolates studied was 128. Carbapenemase genes detected were bla,e-like (36 %, 9/25), blay,-like (32 %,
8/25), blaspy-like (16 %, 4/25); blaypw.i-like (4 %, 1/25) in carbapenem-resistant P. aeruginosa, and blagya »3-like (60 %,
9/15), blagyaoa-like (7 %, 1/15), blagy s ss-like (13 %, 2/15), and blay,,-like (13 %, 2/15) in carbapenem-resistant A. bau-
mannii. Furthermore, class 1 integrons were detected in 38 % (48/128) of P aeruginosa and Acinetobacter, 37 % (26/71)
of which were in clinical isolates and 39 % (22/57) in environment isolates. Gene cassettes were found in 25 % (12/48)
of integron-positive isolates. These were aminoglycoside adenylyltransferase ant(4/)-1lb (3 isolates); trimethoprim-
resistant dihydrofolate reductase dfrA (2 isolates); adenyltransferase aadAB (3 isolates); QacE deltal multidrug exporter
(2 isolates); quinolone resistance pentapeptide repeat protein gnr (1 isolate); and metallo-B-lactamase genes blay .
slike, blayp.qo-like, and blayp_o6-like (1 isolate each). Gene cassettes were missing in 75 % (36/48) of the integron-
positive isolates.

Conclusions: The prevalence of carbapenem-resistant P. aeruginosa and Acinetobacter among hospitalized patients
at Mulago Hospital is low compared to rates from South-East Asia. However, it is high among isolates and in the envi-
ronment, which is of concern given that the hospital environment is a potential source of infection for hospitalized
patients and health care workers.
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Background
Multidrug resistant Pseudomonas aeruginosa and Acine-
tobacter baumannii are common causes of nosocomial
infections worldwide (Falagas et al. 2005; Giamarellos-
Bourboulis et al. 2003; Gootz and Marra 2008; Tam et al.
2010; Turton et al. 2005). Carbapenems are the most
effective drugs against infections caused by multidrug
resistant Gram-negative bacteria including Pseudomonas
and Acinetobacter species (Papp-Wallace et al. 2011;
Manenzhe et al. 2015). However, their use in the manage-
ment of these infections is threatened by the emergence
of carbapenemase producing strains. Carbapenemases
are B-lactamase enzymes with capacity to hydrolyze car-
bapenems, penicillins, and cephalosporins; they were
first described in the 1990s and have continued to be
reported every year with increasing rates (Papp-Wallace
et al. 2011; Tenover 2006; Queenan and Bush 2007).
Carbapenemases are assigned to three of four classes
of B-lactamases; Ambler classes A, B, and D that are dif-
ferentiated based on the hydrolytic mechanisms at their
active sites (Manenzhe et al. 2015; Queenan and Bush
2007). Class A and D carbapenemases are referred to as
Serine carbapenemases because they have Serine (amino
acid) at the active site (Serine-dependent), whereas class
B carbapenemases have zinc (zinc-dependent) and are
referred to as metallo-B-lactamases. Ambler class A car-
bapenemases can be plasmid encoded or chromosomal
and are inhibited by clavulanic acid, a B-lactamase inhibi-
tor; SME, IMI, NMC, GES, and KPC families are the most
frequently identified class A carbapenemases mostly in
Klebsiella pneumoniae. Class B metallo-B-lactamases
are plasmid-encoded (in some cases chromosomal) and
the most common enzymes include the VIM, IMP, SPM,
GIM, SIM and NDM families. Metallo-p-lactamases have
been detected primarily in P aeruginosa but they are
also increasingly being detected in Acinetobacter species
(Tsakris et al. 2006) and the Enterobacteriaceae (Turton
et al. 2005, 2006; Okoche et al. 2015); NDM produc-
ing Enterobacteriaceae are currently a major concern
due to their rapid spread worldwide (Manenzhe et al.
2015). Furthermore, class B enzymes are able to hydro-
lyze B-lactams except aztreonam (a monobactam) and
their hydrolytic activity is inhibited by EDTA (ethylen-
ediammine tetra acetic acid), but not clavulanic acid. On
the other hand, class D enzymes, also referred to as the
OXA-type carbapenemases, are subdivided into five fam-
ilies; OXA-23, OXA-24/40, OXA-48 and OXA-58 fami-
lies that are mainly plasmid-encoded (Queenan and Bush

2007), and OXA-51 that is chromosomally encoded and
intrinsic (naturally found) in A. baumannii (Manenzhe
et al. 2015; Turton et al. 2006). Though, OXA-51 confers
resistance or reduced susceptibility to carbapenems only
when its expression is up-regulated by genetic reorgani-
zation (SMI P 8 2014). Class D enzymes are not inhibited
by clavulanic acid or EDTA.

Whereas carbapenemase-producing bacteria are well
characterized in high-income countries, little is known
about them in Uganda and Africa at large (Manenzhe
et al. 2015). Metallo-B-lactamase producing bacteria
from a tertiary-care center in Nairobi, Kenya, was char-
acterized in 2008, in a first report of VIM-2-producing
P aeruginosa in East Africa (Pitout et al. 2008). Further-
more, in a systematic review of 83 surveillance studies on
carbapenemases in Africa (Manenzhe et al. 2015), it was
revealed that most studies were from 15 of the 54 coun-
tries in Africa, mainly in Northern and Southern Africa
with no report of negative results in studies that screened
for carbapenemase-producing bacteria in humans in
hospitals (Manenzhe et al. 2015). Indeed, prior to 2010
there were only seven reports of carbapenemase-produc-
ing bacteria in Africa with OXA-58, OXA-48, OXA-23,
VIM-2 and VIM-4 documented as prevalent in carbapen-
emase-producing bacteria in outbreaks (Manenzhe et al.
2015). Carbapenemase-producing bacteria elaborating
OXA-23, OXA-24, OXA-58, VIM-2 and IMP-1 were also
isolated from hospital environments (Manenzhe et al.
2015). Recently in Uganda, we characterized carbape-
nem-resistant Enterobacteriaceae isolated from patients
admitted at Mulago National Referral Hospital in Kam-
pala (Okoche et al. 2015).

The aim of this study was to determine the prevalence
of carbapenem resistant P aeruginosa and A. bauman-
nii at Mulago National Referral Hospital, and to estab-
lish whether the Mulago Hospital environment harbors
carbapenem resistant Gram-negative rods. Herein we
describe the susceptibility patterns and carbapenemase
genes harbored by the isolates, as it might help in the
global comparisons of resistance mechanisms of multid-
rug resistant Gram-negative bacteria.

Methods

Study setting and design

This study was conducted at Mulago National Refer-
ral Hospital in Kampala, Uganda. Mulago is a 1500-bed
tertiary hospital belonging to the Ministry of Health,
Uganda. With its free medical care, the hospital is highly
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attractive for the peri-urban low-income population
around the capital Kampala where the infectious disease
burden is high. The laboratory procedures were per-
formed in Clinical Microbiology and Molecular Biology
Laboratories of the Department of Medical Microbiol-
ogy, College of Health Sciences, Makerere University.
Between February 2007 and September 2009, carbap-
enem resistant P aeruginosa and A. baumannii were iso-
lated from hospitalized patients at Mulago Hospital, in a
laboratory surveillance study that aimed to identify car-
bapenem resistant Gram-negative rods at Mulago Hos-
pital. Within this period, 869 clinical specimens from
hospitalized patients were processed by the Clinical Micro-
biology Laboratory for culture and sensitivity testing (one
specimen per patient). Specimens processed were blood
(51), cerebral spinal fluid (49), tracheal aspirates (163),
ear swabs (197), sputum (204), urine catheters (98), and
pus (107). Following detection of P aeruginosa and Aci-
netobacter species in the specimens, 80 samples were ran-
domly collected from the hospital environment (surgical/
medical wards including the intensive care units, ICUs);
they included water (13), disinfectants like chlorhexidine
gluconate (15), cleaning materials like mops and squeezers
(15), sink swabs (22), and floor swabs (15). Water and dis-
infectants were sampled using sterile syringes with needles
while swabs were used to sample sinks and wet floors.

Identification of P. aeruginosa and A. baumannii

All clinical and environment samples were processed
within 2 h of collection for identification of Gram-nega-
tive bacteria. Isolates were recovered on blood agar after
incubating at 35-37 °C for 24—48 h. Then, single colonies
were sub-cultured on MacConkey agar and incubated at
35-37 °C for 24—48 h. Isolates were presumptively identi-
fied based on colony morphology, Gram-staining proper-
ties and biochemical characteristics [oxidase, triple sugar
iron (TSI), sulphur indole and motility (SIM), citrate, and
urease tests]. Colonial morphological features (i.e. colo-
nies with characteristic spreading pattern and serrated
edges, fruity sweet-grape smell, and bright green color)
were used to identify Pseudomonas isolates. Positive cat-
alase and oxidase tests, negative TSI and glucose fermen-
tation tests and growth at 42 °C were used to distinguish
P. aeruginosa from other lactose non-fermenting Gram-
negative rods. Acinetobacter was presumptively identified
based on negative motility and catalase tests, negative
oxidase and glucose fermentation tests, and inability to
grow under anaerobic conditions.

Identification of isolates to species level and drug
susceptibility testing

To confirm A. baumannii to species level, PCR-amplifica-
tion followed by DNA sequencing of the species-specific
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region of the blany, s;-like gene intrinsic to A. bau-
mannii (Manenzhe et al. 2015; Turton et al. 2006) was
performed, using chromosomal DNA extracted from
presumptuously identified isolates as template. To con-
firm P. aeruginosa to species level, and to determine the
antimicrobial susceptibility profiles of both P. aeruginosa
and A. baumannii, minimum inhibitory concentrations
(MICs) were performed using the ‘Phoenix Automated
Microbiology System’ from Becton and Dickson, Frank-
lin Lakes, NJ, USA. This system has combination testing
panels that include (a) an identification (ID) side with
dried substrates for bacterial identification; the ID por-
tion of the Phoenix panels utilizes a series of conven-
tional, chromogenic, and fluorogenic biochemical tests to
identify the organism, (b) an antimicrobial susceptibility
testing (AST) side with varying concentrations of anti-
microbial agents, and (c) growth and fluorescent controls
at appropriate well locations. Specimen processing and
Gram staining procedure was performed according to
the manufacturer’s guidelines.

Phoenix panels were inoculated with standardized
inoculum according to the manufacturer’s guidelines;
occasionally, minor modifications were performed as
described elsewhere (Carroll et al. 2006). Briefly, after
determining the Gram staining properties of the isolates,
nonselective medium (blood agar) was used to prepare
fresh pure cultures for isolate identification (ID) and anti-
microbial susceptibility testing (AST). Isolates were inoc-
ulated into appropriate ID/AST combination panels for
Gram-negative isolates that were loaded into the instru-
ment and incubated at 35 °C. The ID broth was inocu-
lated with bacterial colonies adjusted to a 0.5 McFarland
standard, and the suspension poured into the ID side
of the Phoenix panel after a 30 pl aliquot was removed
and saved for AST. For AST, the Phoenix AST Indicator
Solution was added to the AST broth tubes and mixed by
inversion. The AST side of the combination panel con-
tains 84 wells with dried antimicrobial panels and one
growth control well. One free-falling drop of the AST
indicator was added to the AST broth tube, and 30 ul of
the standardized ID broth suspension transferred to the
AST broth and incubated for 16 h at 35 °C. Samples were
read automatically at the instrument’s set parameters.

Phoenix default MIC breakpoints were used; amika-
cin >32 pg/ml, gentamicin >8 pg/ml, imipenem >8 pg/ml,
meropenem >8 ug/ml, ceftazidime >16 pg/ml, cefepime
>16 pg/ml, aztreonam >16 pg/ml, piperacine-tazobactam
16/4 pg/ml, and ciprofloxacin >2 pg/ml for P aeruginosa;
amikacin >32 pg/ml, gentamicin >8 pg/ml, imipenem
<1 pg/ml, meropenem <1 pg/ml, ceftazidime >4 pg/ml,
cefepime >4 pg/ml, aztreonam >8 pg/ml, piperacine-tazo-
bactam 4/4 pg/ml, and ciprofloxacin >2 ug/ml for A. bau-
mannii. Quality control and maintenance were performed
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according to the manufacturer’s recommendations. Refer-
ence strains Escherichia coli ATCC 25922 and P, aeruginosa
ATCC 27853 were included in the ID and AST Panels.

Following isolate identification and AST, carbapenem-
susceptible isolates were retested with the disc diffusion
susceptibility method (10 ug imipenem or 10 pg mero-
penem, BiolabZrt, Budapest, Hungary) to detect isolates
with inhibition zone diameters of <25 mm as Clinical
and Laboratory Standards Institute (CLSI) recommends
screening them for carbapenemase production (Wikler
2006).

Carbapenemase assays

To detect carbapenemase activity in carbapenem-resist-
ant isolates, carbapenemase assays were performed with
the modified Hodge test (MHT) and the imipenem-
EDTA test using K. pneumoniae ATCC 700603 and E.
coli ATCC 25922 as indicator strains (Okoche et al. 2015;
Miriagou et al. 2010; Asthana et al. 2014). In the MHT
assay, a 1:10 dilution of the indicator strains was made
by diluting 0.5 ml of culture (at 0.5 McFarland) to 5 ml
with sterile saline, which was streaked all over the Muel-
ler—Hinton Agar (MHA) plate using a sterile swab. Then,
10 pg meropenem disk (BiolabZrt, Budapest, Hungary)
was placed at the center of the MHA plate. Each test iso-
late was streaked in a straight line from the disk to the
edge of the plate. K. pneumoniae ATCC BAA-1705 and
K. pneumoniae ATCC BAA-1706 served as positive and
negative controls, respectively. Strain BAA-1705 pos-
sesses a K. pneumoniae carbapenemase KPC-2 that is
highly active against cephamycins, carbapenems, and
to several extended spectrum beta-lactamases (ESBLs)
(Broberg et al. 2013). Positive or negative results were
interpreted according to the guidelines of CLSI and the
UK Standards for Microbiology Investigations (SMI P 8
2014; Wikler 2006; Asthana et al. 2014).

To detect metallo-B-lactamase activity, the imipenem-
EDTA double-disk synergy test was performed using an
overnight liquid culture of the test isolate adjusted to a
turbidity of 0.5 McFarland standard, and spread on the
surface of MHA plates. Then, two discs with 10 pg imipe-
nem each were placed on the agar 15 mm apart (center-
to-center); 10 pl of 0.5 M EDTA was added to one of the
imipenem disc to achieve a disc content of 1.5 mg. After
incubating at 37 °C overnight, an increase in inhibition
zone diameter of >5 mm in the EDTA-supplemented
disc was interpreted as positive for metallo-p-lactamase
production (SMI P 8 2014; Asthana et al. 2014).

Furthermore, carbapenem-susceptible isolates with
disc inhibition zone diameters of <25 mm were also
tested for carbapenemase activity (Wikler 2006); isolates
with positive results were screened by PCR for carbapen-
emase genes.
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Detection of carbapenemase genes and integrons

As the patterns of carbepenemase-encoding genes differ
significantly between countries (Woodford et al. 2010),
PCR was performed to identify the profiles of these genes
at Mulago Hospital. All carbapenem-resistant isolates
were screened for metallo-p-lactamase genes (blapyp,
blayy, blagpy, blaypy) using PCR primers and condi-
tions described elsewhere (Queenan and Bush 2007; Ma
et al. 2015; Pitout et al. 2005; Fallah et al. 2013, 2014);
Acinetobacter were screened for OXA-carbapenemase
genes (blagya o3 blaoxa.om blacya.ss) using PCR prim-
ers and conditions described Ma et al. (2015). Class
1 integrons were detected with previously described
primers 5'-CS (GGCATCCAAGCAGCAAG) and 3'-CS
(AAGCAGACTTGACCTGA) that are specific to the 5
and 3’ conserved segments (CS) of class 1 integrons (Lev-
esque et al. 1995).

Chromosomal DNA used as templates in PCRs was
extracted by the cetyltrimethyl ammonium bromide
(CTAB) method (Andreou 2013; William and Feil 2012)
and dissolved in 100 pl of sterile Tris-EDTA (TE) buffer.
PCRs were performed in 10 pl volumes with 100 ng DNA
template, custom Master-mix (1x), 0.5 uM each of for-
ward and reverse primer, and 1.25 U Taq DNA polymer-
ase, in a Techne TC-412 thermal cycler (Techne, UK).
5 pl of the amplified PCR product was analyzed by elec-
trophoresis on 1 % agarose gels at 120 constant voltage
for 1 h. PCR products were cleaned with the QIAquick
PCR-purification kit (Qiagen, Hilden, Germany) and
shipped to the United States for sequencing (ACGT Inc.,
Wheeling IL). Although our focus on PCR was screen-
ing mainly carbapenem-resistant isolates, carbapenem-
susceptible isolates with disc inhibition zone diameters
of <25 mm were also screened; for class 1 integron gene
cassettes, all isolates were screened by PCR.

Quality control

Negative controls for the PCR-amplified carbapenemase
genes included reactions with only water (no DNA), and
DNA template extracted from carbapenemase-negative
strains K. pneumoniae DSMZ 9377, E. coli ATCC 25922
and P. aeruginosa ATCC 27853. Positive control reactions
included template DNA extracted from carbapenemase-
producing strains (K. pneumoniae Nr.8 for blaypy.,, K
pneumoniae 714 for blagy, 45) and a previously char-
acterized P aeruginosa clinical strain from Giessen for
blap that was obtained from the Institute of Microbi-
ology, Giessen, Germany [see Mushi et al. (2014)]. For
blay,, the positive control strain was obtained from
the RESET research collaboration, Germany [see Fis-
cher et al. (2012)]. Additionally, targeted DNA sequenc-
ing of PCR-products and confirmation of sequenced
amplicons through BLAST-searching at National Center
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for Biotechnology Information (NCBI) was performed.
Isolates with sequenced amplicons that did not match
sequences for the genes being studied were excluded.

Results

Patients and isolates

A total of 869 clinical specimens processed yielded 42
(5 %) P aeruginosa isolates and 29 (3 %) A. baumannii
isolates (one per specimen/patient). P aeruginosa was
isolated from tracheal aspirates (15 isolates), ear swabs
(12 isolates), pus (7), sputum (5), blood (2) and urine
catheter (1), while A. baumannii was isolated from ear
swabs (8), tracheal aspirates (9), pus (4), sputum (2),
blood (4), and cerebral spinal fluid (2), Additional file 1:
Table S1. Mixed populations of P aeruginosa and Acine-
tobacter species in the same sample were recovered from
a total of nine specimens (1 %). The median age of partic-
ipants with samples yielding P. aeruginosa was 18.5 years
of whom 22 (52 %) were females while 20 (48 %) were
males. On the other hand, the median age of partici-
pants with samples yielding Acinetobacter was 24 years
of whom 13 (45 %) were females while 16 (55 %) were
males. Furthermore, a total of 80 samples from the hospi-
tal environment that were processed yielded 46 (58 %) P
aeruginosa isolates and 11 (14 %) A. baumannii isolates.
Overall, 88 P. aeruginosa and 40 A. baumannii were iso-
lated (128 isolates in total), Table 1 and Additional file 1:
Table S1.

Carbapenem resistance

P. aeruginosa

Of the 42 P. aeruginosa isolates from patients, 10 were
carbapenem resistant giving a prevalence of 1 % (10/869)
in patients or 24 % (10/42) in isolates. Carbapenem resist-
ant P aeruginosa was isolated from pus (three patients
with wounds), sputum (three patients with pneumonia),
tracheal aspirates (three patients with hospital acquired
pneumonia), and an ear swab (from a patient with otitis
media), Additional file 1: Table S1. On the other hand,
15 (33 %, 15/46) P aeruginosa from the environment
were carbapenem resistant. Overall, 25 P aeruginosa
isolates were carbapenem-resistant, Table 1 and Addi-
tional file 1: Table S1. Furthermore, most isolates were
multidrug resistant (resistance to three or more classes
of antimicrobials); 73 % (52/71) and 54 % (31/57) for iso-
lates from hospitalized patients and the environment,
respectively (Table 1), with high resistance to ciprofloxa-
cin (64 %, 27/42), ceftazidime (69 %, 29/42), gentamicin
(69 %, 29/42), aztreonam (40 %, 17/42), and cefepime
(55 %, 23/42) among isolates from hospitalized patients,
Additional file 1: Table S1. However, compared to isolates
from patients, the environment isolates were more sus-
ceptible to ciprofloxacin (43 %, 20/46), ceftazidime (41 %,
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Table 1 General characteristics of P. aeruginosa and Acine-
tobacter isolated from hospitalized patients and environ-
ment at Mulago Hospital in Kampala Uganda, 2007-2009

Hospitalized Environment (%) # isolates (%)

patients (%)

Species

P aeruginosa  42/869 (5 %) 46/80 (58 %) 88 (69 %)
A.baumannii  29/869 (3 %) 11/80 (14 %) 40 (31 %)
Total 71/869 (8 %) 57/80 (71 %) 128
Carbapenem resistance
P aeruginosa  10/42 (24 %) 15/46 (33 %) 25/88 (28 %)
A. baumannii 9/29 (31 %) 6/11 (55 %) 15/40 (38 %)
Subtotal 19/71 (27 %) 21/57 37 %) 40/128 (31 %)
Multidrug resistance
P aeruginosa  34/42 (81 %) 25/46 (54 %) 59/88 (67 %)
A.baumannii - 18/29 (62 %) 6/11 (55 %) 24/40 (60 %)
Subtotal 52/71 (73 %) 31/57 (54 %) 83/128 (65 %)

Metallo-B-carbapenemase genes

P aeruginosa 9/10 (90 %) 9/15 (60 %) 18/25 (72 %)
A. baumannii 179 (11 %) 1/6 (17 %) 2/15(13 %)
Subtotal 10/19 (53 %) 10/21 (48 %) 20/40 (50 %)
OXA-carbapenemase genes
P.aeruginosa 0 0 0
A bauman- 7/9 (78 %) 5/6 (83 %) 12/15 (80 %)
nii
Class 1 integrons®
P aeruginosa  13/42 (31 %) 20/46 (43 %) 33/88 (38 %)
A.baumannii~ 13/29 (45 %) 2/11 (18 %) 15/40 (38 %)
Subtotal 26/71 (37 %) 22/57 (39 %) 48/128 (38 %)

? Restricted to only carbapenem-resistant isolates; excludes blagy,s; intrinsic to
A. baumannii

b Gene cassettes found in class 1 integrons: aminoglycoside adenylyltransferase
ant(4’)-lb (3 isolates); trimethoprim-resistant dihydrofolate reductase dfrA (2
isolates); adenyltransferase aadAB (3 isolates); QacE deltal multidrug exporter
(2 isolates); quinolone resistance pentapeptide repeat protein gnr (1 isolate);
and metallo-B-lactamase genes blay,, 4-like, blayp.,o-like, blayyp_,¢-like (1 isolate
each). Other genes detected were putative glucose dehydrogenase precursor
and hypothetical genes common in A. baumannii class 1 integrons (3 isolates);
non-ribosomal peptide synthetase (pyoverdine sidechain peptide synthetase) (1
isolate) in P. aeruginosa (see Additional file 1: Table S1)

19/46) and gentamicin (37 %, 17/46), but more resist-
ant to piperacillin-tazobactam (63 %, 29/46), Additional
file 1: Table S1.

A. baumannii

Of the 29 Acinetobacter isolates from hospitalized
patients, nine were carbapenem resistant giving a preva-
lence of 1 % (9/869) or 31 % (9/29) in isolates. Carbap-
enem resistant Acinetobacter was isolated from tracheal
aspirates (four patients with hospital acquired pneumo-
nia), ear swabs (three patients with otitis media), spu-
tum (patient with pneumonia), and cerebral spinal fluid
(patient with meningitis). For the environment, six iso-
lates were carbapenem resistant (55 %, 6/11), Table 1
and Additional file 1: Table S1. Overall, 15 A. baumannii
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isolates were carbapenem resistant, Table 1 and Addi-
tional file 1: Table S1, and similar to P aeruginosa, most
Acinetobacter were also multidrug resistant; 62 % (18/29)
in isolates from patients and 55 % (6/11) in isolates from
environment, with high resistance to ciprofloxacin, gen-
tamicin, piperacillin-tazobactam, ceftazidime and aztre-
onam, Table 1 and Additional file 1: Table S1.

Carbapenemase activity

Carbapenemase activity in carbapenem-resistant P aer-
uginosa was 40 % (4/10) and 27 % (4/15) with MHT in
isolates from patients and the environment, respectively;
60 % (6/10) and 67 % (10/15) with imipenem/EDTA test
in isolates from patients and the environment, respec-
tively. Carbapenemase activity in carbapenem-resistant
Acinetobacter was 33 % (4/9) and 50 % (3/6) with MHT in
isolates from patients and the environment, respectively;
22 % (2/9) and 17 % (1/6) with imipenem/EDTA test in
isolates from patients and the environment, respectively.
Hence, not all carbapenem resistant isolates studied were
positive both with MHT and imipenem/EDTA test; how-
ever, the latter was more sensitive in detecting metallo-f3-
lactamase activity. Overall, 28 % (11/40) of carbapenem
resistant isolates tested negative both with MHT and
imipenem/EDTA test, Additional file 1: Table S1.

Carbapenemase genes

Metallo-p-lactamase genes detected in carbapenem-
resistant P aeruginosa were blayp,-like (36 %, 9/25),
blapy-like (4 %, 1/25), blayy,-like (32 %, 8/25), blagpy,-
like (20 %, 5/25), and blaypy-like (4 %, 1/25), Table 2 and
Additional file 1: Table S1. Most isolates with metallo-f3-
lactamase genes were positive with the imipenem-EDTA
test, and blayy.,-like was the only metallo-p-lactamase
that was detected in carbapenem-resistant A. bauman-
nii at 13 % (2/15), Table 3 and Additional file 1: Table S1.
As expected, OXA-carbapenemase genes were detected
mainly in A. baumannii; blagy, ,5-like (60 %, 9/15),
blagy p.0a-like (7 %, 1/15), and blagy ss-like (13 %, 2/15),
Additional file 1: Table S1.

Furthermore, two (8 %, 2/25) carbapenem resistant P
aeruginosa isolates lacked carbapenamase activity and
they were also negative for the carbapenemase genes
studied, Table 2 and Additional file 1: Table S1. Addition-
ally, six (40 %, 6/15) carbapeneme-resistant Acinetobac-
ter lacked carbapenemase activity, two of which (A081-7
and J093) were negative for carbapenemase genes (except
blagyas;-like), Table 3 and Additional file 1: Table SI1.
Two carbapenem-susceptible P aeruginosa from the
environment and seven carbapenem-susceptible Aci-
netobacter from patients carried carbapenemase genes,
Additional file 1: Table S1. The carbapenem-susceptible
P aeruginosa isolates with genes were positive with the
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imipenem/EDTA test (implying metallo-p-lactamase
activity) and had disc inhibition zone diameters of
<25 mm for carbapenems.

Integrons

Class 1 integron amplicons ranging from 600 to 1500 bp
were found in 38 % (48/128) of P aeruginosa and Aci-
netobacter, of which 37 % (26/71) were found in clinical
isolates while 39 % (22/57) in environment isolates. Fur-
ther, gene cassettes were found only in 25 % (12/48) of
the integron-positive isolates. These were aminoglyco-
side adenylyltransferase ant(4)-IIb that encodes amika-
cin and tobramycin resistance (Sabtcheva et al. 2003) (3
isolates); trimethoprim-resistant dihydrofolate reductase
dfrA that encodes resistance to trimethoprims (Huovinen
2001; Levings et al. 2006) (2 isolates); adenyltransferase
aadAB (3 isolates); QacE deltal multidrug exporter asso-
ciated with multidrug resistance to antiseptics and dis-
infectants (Paulsen et al. 1993) (2 isolates); quinolone
resistance pentapeptide repeat protein gnr (1 isolate); and
metallo-B-lactamase genes blayy.4-like, blagp14-like,
and blagp_o¢-like that are associated with resistance to
carbapenems (Kim et al. 2013; Libisch et al. 2004; Yama-
moto et al. 2011) (1 isolate each). Gene cassettes were not
found in 75 % (36/48) of the integron-positive isolates.
Two isolates (PA1107 and S20) with the ant(4/)-1Ib gene
cassette were also resistant to amikacin while another
isolate (AC1107) with a similar cassette exhibited inter-
mediate resistance to amikacin, Additional file 1: Table
S1. Except for isolates S20 (A. baumannii) and J851 (P,
aeruginosa), all the detected gene cassettes occurred in
carbapenem-susceptible isolates, Additional file 1: Table
SI.

Other genes detected in integrons were the putative
glucose dehydrogenase precursor and hypothetical genes
common to A. baumannii class 1 integrons (3 isolates)
and non-ribosomal peptide synthetase (pyoverdine side-
chain peptide synthetase) (1 isolate) in P aeruginosa,
Additional file 1: Table S1.

Discussion

In this study, we have described carbapenem-resistant
P aeruginosa and A. baumannii isolated from hospital-
ized patients and the environment at Mulago Hospital
in Kampala, Uganda. As species identification is highly
desirable to allow proper interpretation of the results
(SMI P 8 2014), the isolates were successfully identified
to species level using a rigorous methodology. While the
isolates from hospitalized patients were from clinically
relevant specimens referred to the diagnostic laboratory
for culture and sensitivity testing, we could not rule-out
colonization implying that some of the isolates might
have been not clinically relevant, given the high rate of



Page 7 of 11

Kateete et al. SpringerPlus (2016) 5:1308

pa10319p a19m sauab ayij-t4Wipjq pue ax1--N1piq Alupo

1533 ABIauAs ysip-3iqnop v1a3-wauadiwi ‘v1a3-dnl
1591 96poH payipow ‘THIA ‘@Anebau ‘oN @anisod ‘sap udexopoadid gD ‘weldeqozel/uljjidesadid 4z ‘weuoaiize ‘WY Dwidajad d34 Pwipizeysd ‘ZyD ‘wauadosaw ‘WIN ‘wauadiwi giA| ‘uniwelusb N ‘upeyiwe Yy

paipis

2U3M JUSWUOIIAUS [RYIdSOY 3} WOJ) (Sqems 19zaanbs pue -100-19m ‘dow -yuls ‘syueldajuisip 4a1em) sajdwes g ‘uostiedwod 104 ‘6002-800¢ ‘eledwiey ul [exdsoH [esiayay [euoneN obejniy 1e sa13ads J910eqoiauldy pue
DSOU|BNIaD SDUOWIOPNIsJ 1uelsisal wauadeq.ed 4oy (sudned pazijeldsoy wouy 1913Y1ed uln pue sqems Jed ‘wninds ‘piny jeulds [e1qa.ad ‘sajelidse [eaydel) ‘snd ‘poojq) suswidads [ediul]d 698 JO adue||IdAIns A1ojelogeT

SOA ON ON SOA ON ON SOA WAW-dWI-d33-NY-WLY-dZ1-dID HUIS uswuolinug 0102/¢0 ol

ON ON SOA ON ON ON ON dWI-dID 100} 19 luswiuoliAUg 010¢/c0 0Ls

SOA ON ON ON SOA SOA ON WIN-dWI-AV-INLY 15z93Nnbg uswiuoliaug 010z/¢0 L1S

ON SOA ON ON ON ON ON WIW-dWI-HV-dI4-WIV-ZVD-dZL-ND-dID 100} 19M uswiuoliaug 010¢/c0 9s

ON ON ON SOA ON ON SOA WAN-dWI-dZL-dID 100}} 19M JusuuoliAug 010¢/¢0 £00Y

SOA ON ON SOA ON SOA ON WNIW-dWI-d34-WLY AUIS jusuluoliaug 010¢/20 £10d

SOA ON ON ON SOA ON SOA WAN-dWI-MY-d34-WLVY-ZVD-dZL-ND-dID SUIS JusuuoliAug 600¢/CL Leer

(gvpoD) SOA ON SOA ON ON SOA ON WIAW-dWI-HV-d34-WLY-ZVD-dZL-ND-dID SUIS Jusuluoliaug 600¢/¢! 1G8r

S9A ON ON ON S9A SOA ON WAW-dWIFNLY-ZYD-dZL-ND SUIS uswiuolinug 600¢/CL 9601

SOA ON ON ON ON ON ON WNIW-dWI-N1Y-dZ1-ND 1918/ uswiuoliaug 600¢/¢1 €-180r

ON ON ON ON SOA SOA SOA NIW-dWIFNLY-dZL 19z93Nnbg uswuolinug 600¢/cL L-180r

SOA ON ON ON ON ON ON WAN-dWINV-WLY-ZVD-dZL-ND-dID dow Nl uswuoiinug 600¢/CL 6501

SOA ON SOA ON ON SOA ON W3IW-dWI-d34-W1VY-ZVD-dZL-dD dow nD| uswuoliaug 6002/ 1 L-¢sor

ON ON ON ON SOA SOA ON WAW-dWI-d34-W1V-ZVD-dZLI-ND-dID 100} 19M uswuoliaug 600¢/11 L-6%70r

SOA ON SOA ON ON SOA ON WIAW-dI4-NY-WLY-ZVD-dZL-ND-dID 100}} 19M usuluoliaug 600¢/1L1L C-Lyor
21euidse

ON ON ON SOA ON SOA ON dWI-d34-HV-ZVYD-dZ1-ND-dID [eayoel] ushied 600¢/60 8891Vvd
21el1dse

ON ON ON ON ON ON ON WIAW-dWI-dI4-NY-ZVD-ND [eayoel] ualied 600¢/60 05S0vd

SOA ON ON ON SOA SOA SOA dWI-d34-W1V-Z2V¥D-dZ1-ND-dID wninds 1uslied 600¢/60 8096

ON ON ON SOA ON SOA ON WIN-dWI-d34-IW1V-2¥YD-dZ1-ND-dID snd usiied 600¢/60 %74

SOA ON ON ON SOA ON SOA NIAW-dWI-dI4-NY-IWLY-dID wninds jusiied 600¢/80 G99¢
a1eudse

SOA ON ON SOA ON SOA ON WIW-dWI-d34-WLY-Z¥D-ND-dID [esydel] jusiied 600¢/90 809¢

ON ON ON SOA ON ON SOA dWIFdI4MV-IWLV-ZV¥D-ND-dID wninds usiied 600¢/90 9474

SOA ON ON ON SOA SOA ON dWI-d34-W1V-dZL gems Jej usied 800¢/L0 G991

ON ON ON ON S9A SOA ON NIW-ZVD-ND snd uslied 800¢/€0 soLr

ON ON ON SOA ON ON SOA WIAN-AHV-IWLV-ZVD-ND-dID snd usiied 800¢/¢0 S80r

suoibayu| AN ] el !
L sse;y WaNpq Wdsp g Winpiq dWip g

sjueuwIa1dp via3 uwiayed |elalew uone|osi Jo ‘ou

snausb /Y10 sauab asewauadeqied -dWI 1HW duelsIsay uole|os| ainos Jeak/yyuopy 9je|os|

600C-L00¢

‘ejedwe) ui jeydsoH obejnpy je JuswuoaiAud pue spuaijed pazijeyidsoy wody sajejost psourbniap spuowopnasd yuelsisas-wauadeqJied jo sdnsuddRIRY) T d|geL



Page 8 of 11

Kateete et al. SpringerPlus (2016) 5:1308

‘ON ‘aAnisod ‘sap ‘ajozexoyiaweyns/wudoyiawnl ‘1 XS ‘uexopoidd d|d ‘weideqozey/

1591 ABIaUAS YsIp-9|qnop Y1d3-wauadiwl ‘Y1a3-dIA| “1s91 96poH payipow ‘| HI ‘2Anebau

eladid 471 ‘weuoaize ‘| 1Y Dwidajed 434 ‘Dwipizeyad ‘zyD ‘wauadosw ‘WIW ‘wauadiwl g ‘upiweusb ‘N ‘upeyiwe Yy

paipnis

9J9M JUBWUOIIAUR |e1dSOY Byl WO (Sqems 19zaanbs pue -100))-19m ‘dow “-yuls ‘syuedsjuisip ‘491em) sajdwes 0g ‘uosiiedwod 104 ‘6002-800¢ ‘ejedwey) ul [endsoH |edia)ay |euoieN obejniy 1e sadads 191deqolaudy pue
psoulbniab spbuowopnasd Juelsisal wauadequed 1oy (syuaned pazijeydsoy woiy J91941ed SULN pue sqems Jea ‘wninds ‘piny jeuids |eigaiad ‘sajesidse [eaydesl ‘snd ‘poojq) suswidads [ed1uld 698 JO ddue||IdAINS A1olelioge]

waw
NI -uol
ON ON ON ON ON ON S9N ON SOA ON  SoA ~dWIFWLVY-ZVD-dZ1-ND AUIS RUCE 600¢/CL 9600
ASEIN]
19z339nbs -uol
S9N ON ON ON ON ON SOA ON SOA ON  SoA WIW nol -IAug 600¢/CL L-/80r
wsw
WIN-dINI -uol
ON ON ON SOA ON ON B SOA ON SOA ON  AV-WLV-ZVD-dZ1-ND-dID dow nD| -IAug 600¢/CL ¥50r
usw
-uol
ON ON ON ON ON ON SoA ON SOA ON ON dWI-dZL 100} 3I9M\ -Iaug 600¢/¢l  T-9v0r
(I
-uol
ON ON ON ON ON ON SOA ON ON ON  SeA dNIFWLY-dZL JuIS RUCE| 600¢/CL  T-0r
LW
-uol
ON ON ON ON ON ON SOA ON SOA ON ON WIN-dWIFNLY-dZL-ND AUIS -Iaug 600¢/cl  ¢-8cor
WIW 1eudse
SOA ON ON ON ON ON SOA ON SOA ON ON  -dWIFWLV-ZV¥2-dZ1-ND-dID [e9yoei]  1uslied 600¢/60 ¥10LDV
WIW 1eudse
ON ON ON ON ON ON SOA ON SOA ON ON  -dWNI-d34-W1V-ZVD-ND-dID [eaydel]  1ushed 600¢/60  ¢-809¢
WIW 1eudse
(@Ql1-(;7)3uD) SO\ ON ON ON ON SOA SOA ON ON ON  SoA  ~dWIPMV-WLV-dZI-ND-dID [eaydel]  1ushed 600¢/60 0¢s
1ejidse
SOA ON ON ON ON ON SOA ON SOA SPA  ON WNIW-dWI-dZ1-dID [eaydel]  Jusned 600¢/80 S
SOA ON ON ON ON ON SOA ON SOA ON  SeA NIW-dWI-dID gems Jej  jualed 600¢/L0 6l
NIW
ON ON ON SO\ ON SOA SOA ON ON SOA ON ~dWIFNLY-ZVD-dZL-ND-dID wninds  juslied 600¢/L0 001Y
SOA ON ON ON ON ON S9A ON ON ON ON NIW-dWI-dZL gems e ushed 800¢/80 €600
SOA ON ON ON ON ON SOA ON ON ON ON dWIFNLY-dZL gems Jeg  lushed 800¢/¥0  /-180V
WIW  piny jeuds
ON ON ON ON ON SOA SOA ON SOA ON  S9A  ~-dWI-d34-W1V-dZ1-ND-dID [eigaleD  uslied 800¢/¥0  ¢-¢sor
suoibaju| M- M- M- M- M- M- M- M-
Lssepy WaNpg WdSpg WiApg dWipg 8SVXOpiq LSVXOp ¥TVXOpq €2V¥XOpiq
SUENTIFENETS) wianed |e91eW uoiej|osi jo ‘ou
>19uab 19Y10 sauab asewauadeqie) vid3-dWl LHW adue)sisay uone|os| 92unos Jeak/yjuoly  3ejos|
600C-£00¢
‘ejedwe) ui jeyidsoH obe|nyy 1e JuswuoaIAud pue spuanjed pazijeyidsoy woday saejosi HUUDWNDQ 13)2DQ0)aUDY Jue)sisdl-wauadeqaed Jo sdnsud)deIRY) € d|gel



Kateete et al. SpringerPlus (2016) 5:1308

colonization on various body parts particularly by Aci-
netobacter. The purpose of this study was to detect car-
bapenem resistance and while important, confirmation
of the isolates as infectious was beyond the scope of this
study.

The prevalence of carbapenem resistant strains was rel-
atively low among hospitalized patients; however, it was
comparatively high in isolates particularly in the environ-
ment. This is of concern as the hospital environment is
known to be a potential source of infection for hospital-
ized patients and health care workers. Furthermore, most
isolates in this study were multidrug resistant with rates
(i.e. 65 % overall; 73 % hospitalized patients, 54 % envi-
ronment) comparable to those reported by Pitout et al. in
Kenya (Pitout et al. 2008), Lee et al. in Korea (Lee et al.
2007) and Gu et al. in China (Gu et al. 2007), but lower
than rates reported from Latin America (Labarca et al.
2016) and India (Uma Karthika et al. 2009). This could
be due to differences in antibiotic usage between Uganda
and the countries where these studies were done (Mani-
kal et al. 2000).

It is important to note that carbapenemases are not
the only mechanisms of acquired resistance to carbap-
enems; other resistance mechanisms in P aeruginosa
include upregulated efflux pumps and loss of the outer-
membrane protein encoding gene oprD (SMI P 8 2014).
As such, when screening for carbapenemases, two con-
founders have to be ruled-out (SMI P 8 2014); (a) not
all carbapenem-resistant isolates produce a carbapen-
emase, (b) not all carbapenemase producers are resist-
ant to carbapenems. In this study we did not screen for
carbapenemases in carbapenem-susceptible isolates with
disc inhibition zone diameters of >25 mm. Furthermore,
while the automated systems efficiently detect carbap-
enem resistance, the inbuilt software in these systems
is not always accurate at correctly inferring the pres-
ence of carbapenemases. The Phoenix BD expert sys-
tem that we used is noted for its high sensitivity (ability
to detect carbapenem resistance) but on the other hand,
low specificity (ability to distinguish true carbapenemase
producers) (SMI P 8 2014; Woodford et al. 2010). Hence,
carbapenem-resistant isolates in this study were screened
for carbapenemase production with the MHT and imi-
penem/EDTA test that have been effectively used to
validate carbapenemase producers. These tests also can
distinguish carbepenem-resistance mediated by carbap-
enemases from the one mediated by other mechanisms
(SMI P 8 2014; Asthana et al. 2014). Our data showed
that carbapeneme-resistance in this study particularly
in P aeruginosa, was mainly mediated by metallo-p-
lactamases. Nevertheless, the reported low rates of car-
bapenemase activity (particularly with MHT) among
carbapenem-resistant isolates could be due to the fact
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that the detection of carbapenemase activity in clini-
cal isolates is challenging (Queenan and Bush 2007); the
MHT assay suffers from low sensitivity, and interpreta-
tion of its results can be subjective (i.e. the identification
of the clover-leaf indentation).

Molecular tests have been reliably used to con-
firm the presence of carbapenemase genes (SMI P 8
2014; Asthana et al. 2014). In this study, carbapenem
resistance correlated well with carbapenemase gene
detection; that is, 72 % (18/25) and 13 % (2/15) of car-
bapenem-resistant P aeruginosa and Acinetobacter
respectively, possessed metallo-B-lacatamase genes
while all (15/15) carbapenem-resistant Acinetobacter
carried OXA-carbapenemases. However, three carbap-
enem-resistant Acinetobacter isolates (A081-7, J093
and J044-2) carried only blany, s,—like gene intrin-
sic to A. baumannii and it likely does not confer car-
bapenem resistance unless it is up-regulated (SMI P 8
2014). Overall, organisms producing OXA-23, OXA-24,
IMP, and VIM, the most prevalent carbapenemases in
many settings (Manenzhe et al. 2015; Pitout et al. 2008;
Amudhan et al. 2011), also appear to be the circulat-
ing A. baumannii and P. aeruginosa strains at Mulago
Hospital. These enzymes also were the most prevalent
among Enterobacteriaceae isolated from patients at
Mulago (Okoche et al. 2015). Although only one isolate
carried the blayp,,,-like gene, its detection is of con-
cern as NDM-1 producing bacteria are rapidly spread-
ing worldwide (Manenzhe et al. 2015).

Furthermore, carbapenem resistant isolates (both
P aeruginosa and A. baumannii with carbapenemase
genes), which lacked carbapenemase activity were also
detected. As outlined above, this might reflect the diffi-
culty in detecting carbapenemase production particularly
in Acinetobacter (SMI P 8 2014); OXA-carbapenemases
often have poor enzymatic activity leading to sub-opti-
mal activity in some strains. Furthermore, carbapenem
resistant isolates without carbapenemase genes and car-
bapenemase activity detected in this study alludes to
the occurrence of additional non-carbapenemase resist-
ance mechanisms in these isolates (outlined earlier) par-
ticularly in P. aeruginosa [e.g. upregulated efflux pumps,
oprD loss (SMI P 8 2014)]. Non-carbapenemase mediated
mechanisms need further study as we did not extensively
characterize them in this study.

Integrons carry novel metallo-fB-lactamase genes (Lia-
kopoulos et al. 2013); in this study three isolates carried
gene cassettes encoding VIM-4, IMP-19 and IMP-26
metallo-fB-lactamases. Also, the other cassettes and genes
identified in this study were previously confirmed to be
associated with class 1 integrons (Levesque et al. 1995;
Sabtcheva et al. 2003; Huovinen 2001; Levings et al
2006).



Kateete et al. SpringerPlus (2016) 5:1308

Conclusions

The prevalence of carbapenem resistant P aeruginosa
and A. baumannii is relatively low among hospitalized
patients at Mulago Hospital. In the 2 year study period
we detected only 40 carbapenem-resistant isolates com-
bined. However, carbapenem-resistance prevalence is
comparatively high in isolates and in the environment.
The detection of carbapenem-resistant organisms in
the environment is of concern, as the hospital environ-
ment is a potential source of infection for patients and
health care workers. VIM-1, IMP-1, IMP-2, SPM and
NDM-1 producing P. aeruginosa and OXA-23, OXA-58
and VIM-1 producing A. baumannii are the carbapene-
mase-producing strains circulating at Mulago Hospital.

Additional file

Additional file 1: Table S1. Isolates, drug susceptibility profiles, carbap-
enemase genes, class 1 integrons and gene cassettes found.
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