3 Chapter 3

3.1 Development of a real-time Staphylococcus aureus and
MRSA (SAM-) PCR for routine blood culture.

3.1.1 Introduction
Staphylococcus aureus is the single most important cause of bloodstream infection in our
Intensive Care Unit (ICU) and staphylococci are the dominant species in positive blood
cultures (Edmond et al. 1999). In 2004, 65% of positive blood cultures collected from
Intensive Care patients at Westmead Hospital contained a staphylococcus, of which 26%
were methicillin-resistant S. aureus (MRSA) and 12% were methicillin-sensitive S. aureus
(MSSA) (unpublished data). The remainder were coagulase-negative staphylococci
(CoNS), which are often ultimately dismissed as contaminants (Beekmann et al. 2005).
Following a positive signal from the BACTEC 9240, the full identification and
susceptibility profile of S. aureus takes from 24-72 hours using standard phenotypic
methods, with patients receiving vancomycin until susceptibility results are available.
Vancomycin is not only an inferior choice for sensitive staphylococci (Fowler et al. 1999;
Chang et al. 2003), but adds to unnecessary selection for vancomycin-intermediate S.
aureus (VISA) and vancomycin-resistant enterococci (VRE) (Uttley et al. 1988; Hiramatsu
2001; Murray et al. 2004). Rapid and specific PCR-based methods offer the prospect of
improved sensitivity and reduced turn-around time compared with standard phenotypic
methods, potentially leading to more appropriate accurate early therapy and infection
control measures (Hope et al. 2004). In addition, PCR-based methods for mecA, the gene
encoding methicillin resistance in staphylococci, may be more specific than phenotypic
identification and susceptibility tests (Louie et al. 2000; Brown 2001).
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For specific identification of S. aureus, commonly used target genes include femA,
orfX, Sa442, and the nuc gene. The femA gene of S. aureus has some regions of homology
with the CoNS femA gene requiring careful choice of primer and probe binding sites, and
femA has been used as a primary marker for S. aureus with variable results (Kobayashi et
al. 1994; Francois et al. 2003). Sa442-specific PCR has also been shown to be useful after
DNA extraction from positive blood culture bottles (Brown 2001; Shrestha et al. 2002),
but some pathogenic S. aureus strains may lack this specific locus (Klaassen et al. 2003;
Sutterlin et al. 2003; Heilmann et al. 2004). Other useful targets include staphylococcal
chromosomal cassette (SCCmec)-associated loci (Francois et al. 2004; Huletsky et al.
2005), and the heat-stable DNA nuclease gene (nuc). This latter gene has a long track
record as a highly reliable S. aureus-specific marker (Elsayed et al. 2003; Palomares et al.
2003; Costa et al. 2005). A previously reported combination of selective broth and realtime PCR to detect nuc achieved 93.3% sensitivity and 89.6% specificity in clinical
samples, while identification of MRSA from bacterial cultures (34 MRSA and 11 species
other than S. aureus) by targeting nuc and mecA in a duplex real-time PCR achieved 100%
sensitivity and specificity (Fang and Hedin 2003).
PCR techniques employing automated fluorescence detection tend to be less
labour-intensive and more robust than conventional PCR, and are generally more sensitive
and specific. They are also usually more rapid, with short extension times due to the use of
rapid temperature ramping and thin-walled reaction tubes of high thermal conductivity.
The fluorophor-based technology (Heid et al. 1996; Wittwer et al. 2001) of the
commercially available TaqMan (Applied Biosystems) and Smart Cycler (Cepheid,
Sunnyvale, CA) platforms, have permitted development of rapid semi-automated
diagnostic applications. Many such single-locus “real-time” PCR reactions, as well as
more conventional PCR methods (Louie et al. 2002; Maes et al. 2002) have been
successfully applied to the rapid detection of S. aureus. Suitable assays have been
validated on cultures harvested from agar plates (Reischl et al. 2000; Elsayed et al. 2003;
Costa et al. 2005) and alternative specimen types such as swabs (Francois et al. 2003;
Warren et al. 2004). Blood culture samples have their own problems as a source of
template, including PCR inhibition and the potential for cross-contamination (Fredricks
and Relman 1998; Lem et al. 2001).

91

3.1.2 Aim
The aim of this Chapter is to develop a system to rapidly detect S. aureus and the
methicillin resistance gene (mecA), in blood cultures, which could be incorporated into
routine workflow on a 24-hour basis rather than as batched technology.

3.1.3 Results
3.1.3.1

Extraction of DNA from clinical specimens (Bactec bottles)

3.1.3.1.1 QIAamp® DNA Mini Kit
The QIAamp® DNA Mini Kit was initially used to extract DNA from seven cultureproven positive clinical blood culture samples and yielded incorrect (negative) results in
two. Consequently, six further positive signalling blood culture samples were extracted
into 50 µL of elution buffer (instead of 200 µL) in order to increase the concentration of
DNA. These were all negative by nuc/mecA PCR. While yield was adequate, analysis of
template showed poor quality DNA (A260/280 0.13-0.25; 24-72 ng/µL), possibly reflecting
contamination from blood cells and culture additives. Addition of pure DNA from control
strain pcMRSA (Table 2.9) to the samples still gave negative or poorly amplified (>37
cycles) results, indicating direct inhibition. Dilution of template (1:10 and 1:100) gave the
expected positive results, also consistent with PCR inhibition by the original template.
3.1.3.1.2 NucliSens mini MAG™
As insufficient sample was remaining from those extracted using the QIAamp® DNA Mini
kit, a new collection of samples were then tested. Initial tests with the NucliSens mini
MAG™ gave correct results in four culture-proven clinical blood culture “buffy coat”
samples (two S. aureus and two methicillin-resistant CoNS), but required approximately
40 min per extraction. No further samples were tested with this method.
3.1.3.1.3 MagNA Pure total nucleic kit
Further samples of spiked and clinical blood culture buffy coat samples were collected and
consequently extracted using the MagNA Pure robotic system in use by the molecular
microbiology department at this institution.Testing of DNA extracted from 6 spiked and 10
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clinical blood culture “buffy coat” samples showed no evidence of inhibition when used as
template in the real-time PCR assay. Results in all samples tested were concordant with
findings on culture and were achieved within thirty cycles, consistent with a better overall
template quality than the QIAamp® DNA Mini Kit system (A260/280 1.10-1.44; yield 23150 ng/µL). Time taken to extract DNA using this system was approximately one h and
thirty min, but multiple specimens were simultaneously processed.
3.1.3.1.4 Variable DNA quality in buffy coat extraction vs plate cultures.
To confirm previous reports of inhibitory substances in DNA extracted from blood culture
bottles (Akane et al. 1994; Fredricks and Relman 1998; Al-Soud and Radstrom 2001),
DNA was extracted from cultures grown on HBA using the QIAamp® DNA Mini Kit
(Table 2.16) which had previously shown inhibition of real-time PCR and poor quality
template in initial testing of blood culture samples. Twenty four-hour plate cultures of
pcMRSA and pcMSSA (Table 2.9) and also Bactec blood cultures spiked with the same
organisms were extracted using identical protocols. DNA extracts from blood culture
bottles (particularly from the anaerobic bottle) were less pure (A260/280 0.3-0.66, compared
with A260/280 1.06-1.13 for DNA extracted from plate cultures), and equal amounts (15.0
ng) were less effective as PCR template, with higher Ct (25.37-43.85) than for plate culture
template (19.76–20.28) (data not shown).
The serum-separating tube-generated “buffy coat” yielded superior cell counts to
that obtained from broth prior to centrifugation, and is routinely used for Gram-staining of
the blood culture broth in our laboratory. It was therefore the logical template if doublehandling of the original bottle, and the concomitant increased risk of contamination, is to
be avoided.

3.1.3.2

Yield and DNA template quality from spiked blood culture bottles

Having established that the MagNA Pure system was suitable, we then set out to evaluate
yields from different specimens. Blood culture bottles deliberately inoculated (“spiked”)
with staphylococci (pcMRSA, pcMSSA, pcRSE) yielded from 1.0 x 106 CFU/mL (after
direct aspiration of bottle) to 1.0 x 108 CFU/mL (in the post-centrifugation “buffy coat”) at
positive signal (Table 3.1). Time to positive signal varied from 12-20 hours, and DNA
yields were from 17.9 to 132.8 ng/µL (Table 3.1). Although the “buffy coat” provided a
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higher initial inoculum than direct sampling, there was no consistent difference in quantity
or quality of DNA template (expressed in terms of

A260/280)

or in number of cycles to

positive result (Table 3.1).
3.1.3.3

Individual PCR optimisation

Real-time PCR with 15 ng DNA/reaction yielded Ct from 20.24 to 30.05 for nuc, and from
21.13 to 32.4 for mecA, using varying annealing and extension temperatures and pcMSSA
and pcMRSA templates respectively (data not shown). Within the range 50-60°C, the
lowest Ct for both assays was achieved with an annealing temperature of 50°C and
extension at 59°C (data not shown). Probe concentration of 50 nM per reaction appeared
optimal, combining low Cts (nuc: 22.24; mecA: 22.35) with minimal background
fluorescence. Standard curves of concentration versus Ct remained linear over the range
0.005 ng to 5 ng (Ct of 23-34 for nuc (r2 1.00) (Fig. 3.1) and Ct 24-35 for mecA (r2 0.98).
Annealing temperatures of 50°C and extension at 59°C were subsequently used to evaluate
the assay as a duplex.

Figure 3.1 Standard curve nuc, over the range 0.005 ng to 5 ng, r2 1.00
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3.1.3.4

Duplex S. aureus/ MRSA (SAM-) PCR optimisation.

When the two separate PCR reactions were combined as a duplex using the optimal
concentrations of primers and probes, positive results at 24.07 and 24.58 cycles were
obtained for nuc and mecA respectively. Using the same DNA template and dilutions as in
the individual assays, positive results for the duplex PCR ranged from 24 to 35 for both
genes with slightly lower r2 values (0.934 and 0.945 for mecA and nuc, respectively).
Further dilution of DNA to 5.0 x 10-5 ng/reaction required increased cycles (up to 45
cycles) and resulted in lower r2 values. The assay was therefore deemed adequate to detect
5x 10-4 ng DNA/ reaction (using a 5 μL volume of template), which is a lower
concentration of template than that typically found in a Bactec bottle growing S. aureus at
the point of positive signalling (Table 3.1). This protocol was therefore used to test
consecutive clinical isolates.

Figure 3.2 Example of typical plot of fluorescence vs cycles achieved for test samples
using MagNA Pure template. Two samples cross the threshold (30.0) therefore positive for
nuc (S. aureus) and two samples below the threshold, therefore negative (CoNS).
3.1.3.5

S. epidermidis co-infection of blood culture bottles

Coagulase-negative staphylococci are common contaminants of blood cultures. To
simulate heavy contamination, equal inocula of Staphylococcus epidermidis (pcRSE) and
either pcMSSA, K. pneumoniae (pcKP), or A. baumannii (pcAB) (Table 2.9) were injected
into BD Bactec Plus aerobic/F and Bactec Plus lytic/10 anaerobic bottles. Upon signaling
positive in the BACTEC 9240, DNA was extracted using the MagNA Pure system, and
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CFU counts performed (Table 3.1). Both Gram-negative strains grew much faster than
pcRSE in mixed infections, with positive signal at 9-11 hours and yields of 6.0 x 107
CFU/mL (direct aspiration) to 6.0 x 108 CFU/mL (“buffy coat”). The mecA gene was not
detected using direct aspiration and “buffy coat” as template for DNA extraction.
Likewise, bottles with a mix of pcMSSA (S. aureus) and pcRSE (methicillin-resistant S.
epidermidis) were positive for nuc but not for mecA, and subcultures onto horse blood agar
showed overgrowth of pcRSE by pcMSSA.
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Table 3.1 Spiked bottles: Detection time and yield at time of detection
strain

direct sampling:
Ct
bottle

MRSA

S. aureus

S. epidermidis

S. aureus/S.
epidermidis

K. pneumoniae/
S. epidermidis

A. baumannii/ S.
epidermidis

O2

“buffy coat”:

a

Ct

detection
DNA
ng/uL

(A260/280)

nuc

mecA

2.9 x 106

49.5

(1.24)

28.99

27.64

7

46.9

(1.16)

27.46

26.74

78

(1.06)

22.36

N

23.8

(1.16)

27.24

N

time

CFU/ml

DNA
ng/uL

(A260/280)

uc

mecA

CFU/ml

13 h

1.4 x 106

132.8

(1.10)

23.68

21.93

7

AnO2

14 h

1 x 10

23.0

(1.27)

29.05

27.98

O2

12 h

1 x 106

85.0

(1.08)

24.22

N

AnO2

12 h

2.4 x 10

O2

20 h

1.5 x 108
7

7

1.6 x 10

5 x 106
2.5 x 10

7

17.9

(1.19)

28.54

N

35.1

(1.04)

N

32.70

1 x 108

74.7

(1.05)

N

31.44

8

28.6

(1.21)

N

>40

AnO2

19 h

4 x 10

35.0

(1.19)

N

>40*

1 x 10

O2

14 h

1.7 x 108

41.3

(1.17)

29.81

N

2 x 108

70.3

(1.12)

23.12

N

6

32.6

(1.21)

28.32

N

150.2

(1.38)

N

N

169.0

(1.58)

N

N

45.0

(1.33)

N

N

nt

nt

6

AnO2

14 h

4 x 10

32.7

(1.23)

30.26

N

8 x 10

O2

11 h

3 x 108

73.4

(1.44)

N

N

6 x 108

AnO2

10 h

7

7 x 10

72.3

(1.48)

N

N

2.6 x 10

O2

9h

6 x 107

73.7

(1.43)

N

N

2.3 x 108

AnO2

-

nt

nt

-

8

-

a

Ct for detection (for nuc and mecA) for those samples, as a mean of at least three independent assays.

b

5 of 6 independently repeated assays did not reach signal threshold at 40 cycles. A single repeat assay signaled positive, at Ct 36.87 (direct)

and 33.78 (buffy coat). N: negative; nt = bottle did not signal (A. baumannii is a strict aerobe).
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b

3.1.3.6

Testing of clinical specimens

120 consecutive clinical staphylococcal blood culture isolates were examined for the
presence of markers of S. aureus and methicillin-resistance. Standardised CLSI methods
reported these as S. aureus (n=44), of which a third (n=14) were methicillin-resistant, and
coagulase-negative staphylococci (n=76), of which the majority (n=52) were methicillinresistant (Table 3.2). The nuc and mecA PCR results were discrepant in four instances. Two
of the four phenotypic (CLSI-based (CLSI 2005)) results initially in conflict with the PCR
findings were subsequently proven to be incorrect, on confirmatory testing. After correcting
phenotype for these two isolates, sensitivity and specificity of the PCR method for
detection of S. aureus was 98% and 100% respectively and for detection of methicillin
resistance was 97% and 100% respectively, compared with the phenotyping methods
(Table 3.2). One MRSA from peritoneal dialysate inoculated into a BACTEC bottle
remained nuc and mecA negative at 1:10 and 1:100 dilutions. When investigated further,
the sample was found to contain no DNA, even though the sample had passed the internal
QC of the MagNA Pure. One MR-CoNS isolate was found to be mecA negative on initial
PCR, but was positive on repeat testing.

98

3.1.3.7

Sensitivity and specificity

The sensitivity and specificity of real-time PCR vs phenotype for identification of all
clinical staphylococcal isolates, after resolution of discrepant results, was calculated at 97%
sensitivity and 100% specificity for mecA and 98% sensitivity and 100% specificity for nuc
(Table 3.2).
Table 3.2 Sensitivity and specificity of real-time PCR vs phenotype
PCR result

resistance phenotype (all staphylococci)
methicillin resistant

methicillin sensitive

mecA positive

64

0

mecA negative

2

54

total

66

54

sensitivity (95%CI)

64/66: 97% (89-100%)

specificity (95%CI)

54/54:100% (93-100%)

PCR result

laboratory identifier (all staphylococci)
S. aureus

CoNS

nuc positive

43

0

nuc negative

1

76

total

44

76

sensitivity (95%CI)

43/44: 98% (88–100%)

specificity (95%CI)

76/76:100% (95–100%)
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3.1.4 Discussion
Methicillin resistance in S. aureus is encoded by mecA, resulting in expression of a variant
penicillin-binding protein, PBP2a. Natural heterogeneity within potentially resistant
populations, with typically 99.9% or greater being initially susceptible (depending on test
conditions), means that detection of mecA by PCR has become the gold standard in the
diagnostic laboratory (Chambers 1997; Martineau et al. 2000; Brown 2001). When applied
to blood culture specimens in a working laboratory, the SAM-PCR assay was 100%
specific for the identification of S. aureus and for the detection of methicillin resistance.
3.1.4.1

Template preparation

DNA template preparation is an important aspect of the methodology, and a lack of
sensitivity has been previously noted in protocols which included the MagNA Pure
instrument, when compared to the manual method described by Boom and colleagues
(Boom et al. 1990), suggesting impaired DNA recovery (Schuurman et al. 2005). The only
example of DNA template failure in 120 samples was also the only instance of a peritoneal
dialysate inoculated into a blood culture bottle. While spontaneous bacterial peritonitis may
be better diagnosed by inoculation of peritoneal fluid into blood culture bottles (Ballou et
al. 1993), it is not recommended for routine peritoneal dialysates (Bourbeau et al. 1998)
and is not a preferred specimen in our laboratory.
There was one failure to detect mecA in MR-CoNS, apparently due to PCR
inhibition. This is well recognized with use of aspirates from blood culture bottles as
template and is generally attributed to sodium polyethanol sulphate (SPS) (Fredricks and
Relman 1998; Lem et al. 2001), and/or to haemoglobin and lactoferrin (Al-Soud and
Radstrom 2001). Methods based on benzyl alcohol-guanidine hydrochloride organic
extraction are reported to successfully remove SPS, but at a significant cost in time and
labour (Fredricks and Relman 1998; Lem et al. 2001). The addition of bovine serum
albumin (BSA, 0.4-0.5% w/v) may also significantly lessen inhibition, as may template
dilution (Qian et al. 2001).
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3.1.4.2

PCR controls

The use of an internal control (IC) is essential to validate results of any PCR test. In the
year 2000, the Australian national advisory body with responsibility for standardization of
microbiological methods (National Pathology Accreditation Advisory Council, NPAAC)
recommended a known positive and negative control (including a weak positive control
where available) to be subjected to the whole test process, including the extraction, in each
assay to control the extraction procedure as well as the PCR. Usually, endogenous controls
such as 16SrRNA or a low copy number housekeeping gene are used, and are added at
sufficient low level to avoid competition with wild-type template. A fully incorporated
internal control which tests every extraction and PCR reaction from within may eventually
become the industry standard.
3.1.4.3

Contamination

Contamination in the laboratory is always a potential problem in sensitive test methods, and
the initial handling of specimens and the amplification work that follows on from them
should not be done in close proximity to each other. In the course of preparation for this
study, reagents were found to be contaminated with MR-CoNS, yielding positive results for
mecA (but not nuc) without addition of DNA. Fresh reagents gave negative results from the
same DNA preparations which had previously yielded positive mecA results. The actual
contamination event was not identified, but was most likely in the course of preparation of
a PCR “mastermix”. This highlights the need for attention to careful handling of reagents
and adequate controls, as well as attention to the cycle number at time of positive
signalling, since this assay is designed to be used in routine workflow and will be best
managed with prepared reagents stored cold or frozen. Each reagent batch needs to be
tested before use, and cycle numbers well outside usual positive ranges should be treated
with caution. It is unlikely that physical separation of preparation areas would have had any
impact on this, as this appeared to be reagent contamination from operator handling rather
than contamination at time of specimen processing, and was clearly evident in the negative
controls.
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3.1.4.4

Discrimination between co-infection of MSSA/MR-CoNS and MRSA

An important limitation with this type of duplex assay is discriminating between MRSA
and a methicillin-sensitive S. aureus infection with MR-CoNS contamination or
coinfection. Simulated coinfections with co-inoculations of bottles found that pcRSE was
poorly detected in the presence of S. aureus. Test strains of S. epidermidis were greatly
overgrown by S. aureus in spiked blood culture bottles, consistent with the delayed time to
positivity apparent in spiked monocultures. This phenomenon was also more striking in the
Bactec Plus Lytic/10 (anaerobic) bottle which contains saponin (0.26%) to promote red cell
lysis, releasing potentially inhibitory haemoglobin (Akane et al. 1994). The Bactec
Aerobic/F bottles lack saponin and also contain both non-ionic and cationic resins to absorb
inhibitory substances such as antibiotics, which may account for their better performance.
Importantly, mecA was less easily detected from S. epidermidis template than MRSA
template of similar amount and quality, even in the aerobic media. While consistent with
other published data (Paule et al. 2005), it is not clear whether this is generally true for
methicillin-resistant coagulase-negative staphylococci.
It is therefore probable that MR-CoNS contamination is unlikely to present a greater
problem than it does when handled by conventional methods. More importantly however, a
false-negative mecA result in staphylococcal coinfection is theoretically possible. While
this may seem less likely from MRSA than from MR-CoNS, when extrapolating from the
data from this study (Table 3.1) and from that which has been previously published (Paule
et al. 2005), slower growing resistant staphylococci are well described (Sieradzki et al.
2003; Zecconi et al. 2005). Presumably, other rapidly growing non-staphylococcal species
will cause a blood culture to be tested before MRSA is sufficiently amplified to be detected
in primary culture. In many such cases, mixed infection may not be evident even by Gram
stain.
3.1.4.5

Time to result

In comparison to the time to result for phenotypic identification, this real-time PCR offers
considerable advantages (Table 3.3). Using the MagNA Pure system, samples may either
be batched (at least three times daily) or may be added to the routine batches of clinical
samples being processed throughout the day. DNA extraction takes approximately 60 min
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with minimal hands-on time of approximately 5 min per sample being required prior to
extraction. Set-up and PCR is completed within a further 90 mins providing a result in
approximately 3 hours.
Table 3.3 Time to result: phenotypic identification and susceptibility vs PCR.

At time of
positive signal
2-4h

24 – 48 h

Conventional culture and susceptibility test

DNA extraction and PCR

Bottle signals, blood-broth centrifuged and
buffy coat retained. Gram stain performed and
culture plates inoculated. Direct coagulase
performed. Ward notified.
Read coagulase test at 2 and 4 hours
Report S. aureus, presumptive MRSA if
coagulase positive.
Notify ward if coagulase positive

Extract DNA from buffy coat aliquot

Perform real-time PCR. Issue positive
or negative report.

Perform coagulase on suspect colonies Set up
identification and susceptibility test. Read
susceptibility test. Final report issued.

Our assay is suitable for batched real-time PCR devices but it is best placed in a
platform which permits individual assays as needed. Attention to contamination is as
important as with culture methods, but convenient, reliable and, ideally, automated DNA
extraction is a necessary partner. Final development of this assay requires an internal
control, and the actual clinical impact and cost-effectiveness of this sort of early
notification, while intuitively appealing, is yet to be accurately measured.
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4 Chapter 4

4.1 Rapid detection of resistance in Infection Control screening

4.1.1 Introduction
In the previous chapter, the development of a rapid method (SAM-PCR) to detect MRSA
and S. aureus from blood culture samples has been described.

In this chapter, the

development of a multiplex assay for rapid and cost-effective screening of infection control
samples for commonly encountered bacteria associated with nosocomial infection is
described.

4.1.1.1

Our local nosocomial flora

Methicillin-resistant S. aureus (MRSA) is endemic within our hospital, with about 50% of
S. aureus infections due to this organism (Australian Group on Antimicrobial Resistance
(AGAR) SAP 2005, interim data). Multi-resistant A. baumannii (MRAB) has been
involved in epidemic outbreaks (Playford 2006; Valenzuela et al. 2007) but currently
prevalence is low. Carbapenem-resistant Enterobacteriaceae (MBL-producers) are
encountered infrequently but have caused outbreaks at this institution (8% of ICU screen
samples, six-month survey, 2005, E. Cheong, unpublished data) and elsewhere (Peleg et al.
2005). Colonisation of patients with multi-resistant organisms precedes the development of
clinically significant infections (Piagnerelli et al. 2002), and early detection will therefore
allow for faster appropriate clinical decision making and infection control measures
(Thomas et al. 2005).
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4.1.1.1.1 MRSA
Methicillin-resistant S. aureus (MRSA) was initially found in Sydney in the 1960s,
becoming endemic in hospitals in the 1980s (Rountree and Beard 1968; Turnidge and Bell
2000). Community acquired MRSA strains (CA-MRSA), which are less resistant, to other
antibiotic classes are now also increasingly being detected in most regions of Australia
(Collignon et al. 1998). Routine screening of high-dependency patients at Westmead
Hospital identifies up to 10% MRSA carriage amongst these patients (J. Sheedy,
Microbiology Dept. pers. comm.). Phenotypic detection of MRSA carriage may take up to
72 h, whilst genetic methods provide faster and more accurate results (see Chapter 3 –
SAM-PCR).
4.1.1.1.2 Locally emerging carbapenemases: OXA-23 and IMP-4
Since the 1980s, carbapenem antibiotics have provided a highly effective treatment option
for serious infections caused by P. aeruginosa and ESBL-positive Enterobacteriaceae.
However, in Australia, we have recently seen the emergence of both Ambler class B
metallo-β-lactamases (MBLs) and class D (serine) carbapenemases. A. baumannii with
blaOXA-23 (class D) has been detected on the Eastern seaboard (Valenzuela et al. 2007), and
blaIMP-4 (MBL class B) has been detected in members of the Enterobacteriaceae family in
Sydney (Espedido et al. 2005) and Melbourne (Peleg et al. 2005).
Prior to 1998, most clinically significant A. baumannii were resistant to only a few
antibiotics. However, a carbapenem and gentamicin-resistant phenotype (named MRAB in
this thesis) began to emerge from 1999. blaOXA-23 (identical to GenBank accession no.
AJ132105) was found exclusively and invariably in carbapenem-resistant strains. Clonal
outbreaks of OXA-23 positive strains have been described (Dalla-Costa et al. 2003; Jeon et
al. 2005; Naas et al. 2005), but isolates collected over four years at Westmead hospital did
not appear to be from the same clone. The carriage of common genetic determinants in
local isolates suggests horizontal transfer, but no mechanism of transfer (transposon or
plasmid) has been identified (Valenzuela et al. 2007). MRAB is easily identifiable using
phenotypic methods due to its stable phenotype but it may take up to 72 h for results to be
obtained.

105

MBLs were first found in the chromosome of some bacteria (eg. S. maltophilia), but
have since been discovered to also be encoded by transferable genes. The first of these was
described in P. aeruginosa in Japan in 1988 (Watanabe et al. 1991) encoded by blaIMP-1.
There are now more than 18 IMP-type MBLs described in the literature in Pseudomonas
and Acinetobacter spp. and the Enterobacteriaceae family (reviewed by Toleman et al.
2002; Castanheira et al. 2004; Walsh et al. 2005). These MBLs are found in gene cassettes
associated with other resistance genes. Nearly all reside in class 1 integrons, often located
on large mobile plasmids, which readily allows for their transfer between organisms (
reviewed by Walsh et al. 2005). Five distinct types of MBLs have been described to date,
the most predominant being IMP and VIM. VIMs, first described in Italy, have
approximately 30% protein identity with IMPs and are typically integron-borne. Other less
commonly described metalloenzymes are the GIM, SPM, and more recently, the SIM
enzymes.
Detection of MBL-containing organisms is difficult as whilst these bacteria
demonstrate high-level hydrolysis of most β-lactams, including the extended-spectrum
cephalosporins, hydrolysis of carbapenems is variable (Senda et al. 1996; Senda et al. 1996
(b); reviewed by Nordmann and Poirel 2002). Thus, detection based solely upon
carbapenem resistance may fail to identify MBL-containing organisms, especially amongst
the Enterobacteriaceae. The current CLSI guidelines do not contain a method for the
detection of MBL-producers (CLSI 2005). Those Australian laboratories that do test for
this resistance generally develop their own protocols (Peleg et al. 2005), one of which is
based on the inhibition of MBLs by compounds such as ethylenediaminetetraacetic acid
(EDTA) and 2-mercaptopropionic acid (Arakawa et al. 2000). A commercially available
MBL Etest (AB BIODISK, Solna, Sweden) has been reported to be successful in the
detection of MBL-producing Acinetobacter and Pseudomonas spp. (Lee et al. 2005), but is
insensitive when detecting MBLs in carbapenem-susceptible Enterobacteriaceae (MIC ≤
4µg/mL) (Yan et al. 2004 (b)). Detection relies on the carbapenem-resistant phenotype,
which we have shown is present in the minority of isolates (Espedido et al. 2005; Thomas
et al. 2005).
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4.1.1.1.3 Selective broth – use as a PCR template
The concept of a rapid method such as PCR, with an initial pre-PCR broth selection for
isolation of bacteria from clinical specimens, is appealing, with more rapid results and
increased sensitivity expected with such methods. Choice of enrichment broth and
antibiotic selection will influence sensitivity (Wertheim et al. 2001; Nilsson et al. 2005;
Fang and Hedin 2006). Performing assays directly from some patient samples (e.g. rectal
swab) may be insensitive and inhibitory (Palladino et al. 2003), but such problems may be
overcome by a prior broth enrichment step ( reviewed by Sundsfjord et al. 2004), with the
added advantage of reducing the number of samples requiring PCR if selective or indicator
broth is used (Fang and Hedin 2003).
Kit-based methods for direct testing of clinical samples (eg. IDI-MRSA for
detection of MRSA from nasal swabs) have been described as sensitive and specific
(Warren et al. 2004; Huletsky et al. 2005; Bishop et al. 2006) but are usually expensive.
All NCBI searches (http://www.ncbi.nlm.nih.gov/) revealed no descriptions of a
selective broth for the co-selection and rapid detection of Gram-negative bacteria in
addition to MRSA.
4.1.1.1.4 Antibiotic selection
Both cefoxitin (Velasco et al. 2005; Fang and Hedin 2006) and the 3rd generation
cephalosporin, ceftizoxime (Wertheim et al. 2001) have been used successfully for
selection of MRSA with additional antibiotics added to the broth to inhibit Gram-negative
bacteria. Cefoxitin (4μg/mL) has been shown to improve sensitivity in detection of MRSA
and CA-MRSA without allowing growth of methicillin-susceptible S. aureus (MSSA)
(Fang and Hedin 2006).
Carbapenem-resistant A. baumannii have been found to demonstrate resistance to
multiple classes of antibiotics (Afzal-Shah and Livermore 1998; Afzal-Shah et al. 2001).
The endemic strains at this institution have consistently carried blaOXA-23 and are broadly
resistant to cephalosporins (including cefoxitin and ceftazidime) and to gentamicin
(Valenzuela et al. 2007), implying that these antibiotics may be suitable in the development
of a selective broth for isolation of these strains.
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MBL-producers identified as carrying the blaIMP-4 gene in Australia and overseas
have been consistently resistant to cefoxitin and ceftazidime (Espedido et al. 2005; Peleg et
al. 2005), and this has been a useful signature phenotype for presumptive identification. All
blaIMP-4 positive isolates identified in this hospital have been identified as resistant to
gentamicin and tobramycin to date, but susceptible isolates have emerged interstate
(Espedido et al. 2005; Peleg et al. 2005).
4.1.1.1.5 What happens now in this institution?
Currently, routine screening of rectal or perineal swabs to check for MRSA and multiresistant Acinetobacter (MRAB) colonisation is performed twice weekly in ICU and once
weekly in the haematology ward at this hospital. Transplant patients are screened at time of
transplant, with random checks are performed on all renal patients. In an outbreak situation,
swabs are taken more frequently and all patients within the affected ward will be screened.
MRAB and MBL-producers are isolated, using as the base medium, a split
chromogenic agar plate (CHROMagar Company, Paris, France) with gentamicin (8 µg/mL)
and vancomycin (4 µg/mL) added (VG). One-half of the split plate also contains 10 µg/mL
of imipenem (VGI). A 30 µg ceftazidime disc is added to the main inocula of the VG
section of the plate prior to incubation. Blue, brown or pink growth on the VG plate around
the ceftazidime disc or on the VGI plate may indicate Enterobacteriaceae that are MBL
producers (Fig.4.1a) whilst clear or green-tinged colonies that are positive on oxidase test
are typical of Pseudomonas spp. that may be MBL producers (Hirakata et al. 1998).
Confirmation is performed by PCR and if positive the isolate is fully identified using the
automated BD Phoenix identification and susceptibility system. At 24 and 48 hours
incubation, cream colonies on both sides of the plate is presumptive of MRAB; colonies
taken from the side of the plate containing imipenem, are further identified (Fig. 4.1b).
Prior incubation of the swab in broth may improve sensitivity (Fang and Hedin
2003; Warren et al. 2004) but is not performed for MRSA screening in this laboratory. For
MRSA detection, the swab is directly inoculated onto a split plate; one half containing
mannitol salt agar (MSA, Oxoid), and the other half containing Methicillin-AztreonamMannitol-Salt Agar (MAMSA) (Perry et al. 1998). Yellow colonies, seen on both sides of
the plate (Fig 4.1c), have a coagulase test performed, and positive isolates (S. aureus) have
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a susceptibility test performed with a 1 μg oxacillin disc using CLSI (Clinical and
Laboratory Standards Institute) protocols (CLSI 2005) to confirm the isolate as MRSA. The
substitution of cefoxitin for oxacillin has not been adopted in this laboratory.

a

bb

c

Figure 4.1 Culture media used for selection of MRSA, MRAB and carbapenem-resistant
Enterobacteriaceae.
a. VG/VGI plate; growth of blaIMP-4-positive K. pneumoniae on VG media around CAZ

disc at 48-hours incubation. Note diminished growth on VGI media.
b. VG/VGI plate; growth of MRAB (blaOXA-23) at 24 hours. Growth is evident on both VG
and VGI media. (After 48 hours, growth will be the same on both sides of the plate).
c. MSA/MAMSA plate; MRSA at 48-hours incubation. Yellow colonies evident on both
media.
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4.1.2 Aims
We wished to provide a rapid molecular method to identify local endemic strains of
methicillin-resistant S. aureus (MRSA), A. baumannii (MRAB) and MBL-producing
Enterobacteriaceae in order to prevent transmission, predict the phenotype and identify any
potential risk of therapeutic failure.
With this in mind, the aims were
(1) To develop a screening broth to selectively grow MRSA, MRAB and MBL-producing
Enterobacteriaceae.
(2) To develop a multiplex PCR assay using primers specific for these local endemic
nosocomial isolates which would be suitable for use in both Infection Control screening
and for blood cultures (as for SAM-PCR, Chapter 3).
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4.1.3 Selective broth development
Phenotype comparisons of the three nosocomial strains we wished to identify found
ampicillin, gentamicin, cefoxitin and ceftazidime as common resistances, so these
antibiotics were selected for an initial evaluation (Table 4.1).
Table 4.1 Target organisms and their antibiotic resistances
AMP
≥16
R

GEN
≥8
V

FOX
≥16
R

CAZ
≥16
R

VAN
≥4
S

MRAB

R

R

R

R

R

MBL-producing Enterobacteriaceae

R

R

R

R

R

Target organisms
MRSA/ CA-MRSA

V, variable result; AMP, ampicillin; GEN, gentamicin; FOX, cefoxitin; CAZ, ceftazidime; VAN,
vanomycin.

Addition of ampicillin to inhibit sensitive Enterococcus spp. will allow growth of most E.
faecium with interim data from an Australia-wide survey in 2005 (AGAR) finding 76.5%
of E. faecium resistant to ampicillin. Locally, vancomycin-resistant enterococcus (VRE) is
resistant to ampicillin and should grow in ampicillin-containing media.
Addition of gentamicin to the broth would select for growth of VRE and MRAB
but would inhibit most community-acquired MRSA (CA-MRSA) and some hospitalacquired MRSA (SAP 2004, 2005, AGAR) and may not detect blaIMP-4 positive Gramnegative isolates if gentamicin-susceptible, therefore gentamicin was excluded.
Addition of cefoxitin should allow growth of MRSA, CA-MRSA, MRAB, MBLproducers, the ESCHAPPM group of organisms with inducible ampC cephalosporinases,
and the non-ESCHAPPM isolates with plasmid-encoded ampC, but would not allow
growth of ESBL-producing Enterobacteriaceae (unless also carrying the plasmid-borne
ampC gene).
Ceftazidime should allow growth of MRAB, MBL-producers, MRSA, CA-MRSA,
ESBL-producers capable of hydrolysing ceftazidime and members of the ESCHAPPM
group with stably depressed ampC. The cefotaximase group of ESBL organisms (e.g. CTXM) may not grow, depending on the antibiotic concentration used.
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We decided to include ampicillin for exclusion of sensitive Enterococcus spp., and
to evaluate whether cefoxitin or ceftazidime performed more efficiently in selection for the
isolates we wished to detect.
4.1.3.1

Initial broth testing

An initial appraisal of LB broth containing ampicillin (16 µg/mL) and cefoxitin (8 µg/mL)
LB[AMP16/FOX8] medium was made using a mix of known susceptible and resistant
strains. Heavy inocula (1 x 107 CFU/mL) of MRSA, methicillin-susceptible coagulase
negative staphylococci (MS-CoNS), MSSA, and E. coli isolates were inoculated into LB
[AMP16/FOX8]. After overnight incubation, only the broth containing MRSA was visibly
turbid.
4.1.3.2

Optimising antibiotic concentration

4.1.3.2.1 Cefoxitin
LB [AMP16/FOX8] was then tested for visible turbidity after four hours incubation. 5 x 105
CFU/mL of MRAB and 5 x 106 CFU/mL of carbapenem-resistant K. pneumoniae (CR-KP)
were visibly positive (turbid), but not even 5 x 108 CFU/mL of MRSA appeared to be
growing. As previous researchers had noted a similar lack of sensitivity with reduced
incubation times (Hope et al. 2004) we next tested overnight incubation. MRAB and
carbapenem-resistant K. pneumoniae (CR-KP) grew from the lowest inocula (5 x 101
CFU/mL, 3 x 101 CFU/mL respectively), but visible turbidity of LB [AMP16/FOX8] after
18 hours required at least 5 x 106 CFU/mL of MRSA, and a dose-finding study for MRSA
was therefore performed (Table 4.2).
Dilutions of MRSA were tested against varying concentrations of antibiotics. LB
Broth [AMP8/FOX4] inoculated with 100 µL of 102 CFU/mL MRSA (0.5 x 101 in 2 mL
broth) gave the best results (Table 4.2). Inocula of 1 x108 CFU/mL of MSSA failed to grow
to visible turbidity after 18 hours in broth containing 4 µg/mL cefoxitin and 8 µg/mL
ampicillin (data not shown).
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Table 4.2 Growth of MRSA in varying antibiotic concentrations after 18 hours incubation
CFU inocula
in 2 mL broth
105

LB
turbid

LB
[AMP16/FOX4]
turbid

LB
[AMP12/FOX4]
turbid

LB
[AMP8/FOX4]
turbid

LB
[AMP8/FOX8]
turbid

0.5 x 103

turbid

-

turbid

turbid

turbid

0.5 x 102

turbid

-

-

turbid

turbid

0.5 x 101

turbid

-

-

turbid

-

0.5 x 100

-

-

-

-

-

Having established that LB [AMP8/FOX4] allowed growth of MRSA, as well as
MRAB and CR-KP, it was necessary to then test a range of other important members of the
microflora.
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Inocula (Table 4.3) were determined by densitometry and a viability count was
performed as confirmation. All broths were additionally subcultured after 18 hours
incubation. 100 µL of 102 CFU/mL (101 CFU) of all resistant strains inoculated into 2 mL
of broth resulted in overnight turbidity, with non-turbid broths containing the susceptible
strains (Table 4.3) all negative by subculture. The broth did not support growth of C.
albicans ATCC 60193 at concentrations below 0.5 x 104 CFU.
Table 4.3 Testing LB [AMP8/FOX4] against selected bacteria
Resistance phenotypes

CFU in 2mL broth

R

0.5 x
104
turbid

0.5 x
103
turbid

0.5 x
102
turbid

0.5 x
101
turbid

S

S

-

-

-

-

S

S

S

-

-

-

-

ATCC 27853

R

R

S

turbid

turbid

turbid

turbid

S. marcescens wt

05.086.1119

R

R

S

turbid

turbid

turbid

turbid

E. aerogenes wt

04.159.2423

R

R

S

turbid

turbid

turbid

turbid

E. faecalis

ATCC 29212

S

R

R

-

-

-

-

VRE

ATCC 51299

R

R

R

turbid

turbid

turbid

turbid

C. albicans

ATCC 60193

R

R

R

sl.turbid

-

-

-

MRAB wt

99-152.2357

R

R

R

turbid

turbid

turbid

turbid

CR-KP wt

03.004.1239

R

R

R

turbid

turbid

turbid

turbid

AMP

FOX

CAZ

05.031.1634

R

R

MSSA

ATCC 25923

S

E. coli

ATCC 25922

P. aeruginosa

Inocula

Identification

MRSA wt

AMP, ampicillin; FOX, cefoxitin; CAZ, ceftazidime; sl. turbid, slight turbidity; wt, wild-type.
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4.1.3.2.2 Ceftazidime
We next compared ceftazidime (CAZ) with cefoxitin by inoculating serial dilutions of
MRAB, carbapenem-resistant K. pneumoniae (CR-KP) and MRSA into LB broth with
ceftazidime (4, 6 and 8 µg/mL) and ampicillin 8 µg/mL, and found little difference between
results using the three concentrations. Ceftazidime 4 µg/mL allowed slightly better growth
of MRSA at the endpoint dilution (data not shown). Ceftazidime was comparable to
cefoxitin but also inhibited growth of the ESCHAPPM isolates tested (Table 4.4).
Subculture of all turbid overnight broths confirmed viability and eliminated contamination.
Table 4.4 Testing of LB [AMP8/CAZ8] against selected bacteria
Resistance phenotypes
AMP

FOX

CAZ

05.031.1634

R

R

MSSA

ATCC 25923

S

E. coli

ATCC 25922

P. aeruginosa

CFU in 2mL broth

R

0.5 x
104
turbid

0.5 x
103
turbid

0.5 x
102
turbid

0.5 x
101
sl turbid

S

S

-

-

-

-

S

S

S

-

-

-

-

ATCC 27853

R

R

S

-

-

-

-

S. marcescens wt

05.086.1119

R

R

S

-

-

-

-

E. aerogenes wt

04.159.2423

R

R

S

-

-

-

-

E. faecalis

ATCC 29212

S

R

R

-

-

-

-

VRE

ATCC 51299

R

R

R

turbid

turbid

turbid

sl turbid

C. albicans

ATCC 60193

R

R

R

-

-

-

-

MRAB wt

99-152.2357

R

R

R

turbid

turbid

turbid

turbid

CR-KP wt

03.004.1239

R

R

R

turbid

turbid

turbid

turbid

Inocula

Identification

MRSA wt

AMP, ampicillin; FOX, cefoxitin; CAZ, ceftazidime; sl. turbid, slight turbidity; wt, wild-type.

4.1.3.3

Summary

Broth containing LB [AMP8/FOX4] and LB [AMP8/CAZ8] appeared optimal for use as
pre-enrichment and selection for MRSA, MRAB and CR-KP. LB [AMP8/CAZ4] may
allow better growth of MRSA than LB [AMP8/CAZ8] but may also allow break through
growth of some Gram-negative bacteria. We then set out to develop a multiplex PCR that
would be useful for rapid identification of the isolates growing in the broths.
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4.1.4 Results multiplex PCR development
A multiplex PCR assay was designed to test for the genetic determinants of the three
clinically relevant nosocomial isolates identified within this institution.

4.1.4.1

Development of assay

Clinical isolates of MRSA, MRAB and CR-KP (Table 2.9) were used to optimise the assay.
In addition, two control strains; JIBE401 carrying the bla

IMP-4–containing

plasmid in

UB5201Rf and JIBE402 carrying a cloned copy of the gene cassette array (bla IMP-4-qacG2aacA4-catB3) in DH5α (Table 2.8), were used to validate detection of blaIMP-4 in a different
background from the wild-type (wt) strain K. pneumoniae (CR-KP).
A published primer set for the detection of mecA and femA, which had achieved 100%
sensitivity and specificity when endotracheal aspirates were analysed was used (Vannuffel
et al. 1995; Vannuffel et al. 1998). The primer sets Oxa23A and Oxa23B (Afzal-Shah et al.
2001) and IMP-F1 and IMP-R1 (Espedido and Iredell) had product sizes of 1016 and 520
respectively. The addition of the 310 bp mecA and 686 bp femA amplicons would allow
clear discrimination of all four amplicons by size. The published protocols used for each
assay were reviewed to estimate optimal PCR conditions for the multiplex.

4.1.4.2

Optimisation of assay

PCR conditions were initially optimised using 200 nM of each forward and reverse primer,
1.5 mM MgCl2, 200 µM dNTPs, 1 U Taq, and 5 µL genomic DNA (20 ng) extracted from
plate cultures as described in Chapter 2 (Table 2.16). Initial assays using these conditions
achieved discrete single products of the appropriate size for mecA, blaOXA-23 and blaIMP-4.
However, the band for femA was of low intensity for MSSA in comparison with the other
bands, and was not evident on repeat testing. New femA forward and reverse primers were
designed (fem2F and fem2R) but also performed poorly, until primer concentrations were
increased to 400 nM, which resulted in discrete strong amplicons for both primer sets. The
published primers provided the most consistent results and these primers (femAF:femAR)
were used at 400 nM for all further assays.
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4.1.4.3

Effect of template quality

Neither boiled lysates from broth cultures nor picked single colonies taken from HBA
plates proved satisfactory as template, with inconsistent results (data not shown). Genomic
DNA was therefore extracted from turbid overnight broth cultures using the Qiagen
DNeasy Tissue protocol and achieved consistent results in three separate experiments.
Genomic DNA extracted from 24-hour HBA plate cultures also proved a satisfactory
template (representative gel Figure 4.2).

Figure 4.2 Representative gel photo, multiplex PCR. Lane 1, 1 Kb marker.
DNA extracted from broth cultures: lanes 2-5, MRSA; lanes 6-7, CR-KP; lanes 8-9, MRAB.
DNA extracted from HBA culture: lanes 10-11, MRSA; lanes 12-13, MRAB; lanes 14-15, CR-KP.
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4.1.5 Discussion
4.1.5.1

Time to result

Routine plate culture, identification and CLSI susceptibility testing on screen specimens
takes up to 72 h (Table 4.5). Broth-PCR multiplex would take an initial 18 h for the broth
selection step with a negative result being available at that point. Broth incubation time
affected sensitivity with a longer incubation time (18 h) necessary to achieve higher
sensitivity as a prior study has also observed (Hope et al. 2004).
The turbid broths would require a DNA extraction step, a multiplex PCR, and product
visualized on a gel. This would take a further 5 h (approximately) if done in the routine
workflow, but delayed much further if handled in batches, as is the practice in most
molecular diagnostic facilities at present.
Table 4.5 Time to result: culture and susceptibility test vs broth selection and PCR
Conventional culture and susceptibility test

Broth selection and PCR

18 h

Check plates for growth, set up coagulase test
on suspicious colonies. Reincubate plates.

Check for visible turbidity
Issue negative report if no growth in
broth

22 h

Read coagulase test
Report S. aureus, presumptive MRSA
Set up identification and susceptibility test on
suspect colonies if sufficient growth, and
coagulase positive colonies

Perform DNA extraction and PCR on
all visibly turbid broths
Issue positive or negative report. Pellet
stored in 20% glycerol at -70°C
Final report issued ≤24 h

48 h

Read susceptibility test.
Check growth at 48 h, coagulase, Set up
identification and susceptibility test on suspect
colonies. Issue negative report if no growth.

72 h

Read susceptibility test.
Final report issued ≤72 h
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4.1.5.2

Cost

The estimated cost for phenotypic testing for MRSA and MRAB at this hospital is $20 per
sample if positive, reducing to $6 for a negative agar plate-based culture (Table 4.6).
Potential MBL-producers (as observed on screening media) require PCR testing (and
identification if assay positive), adding an extra $5 to the cost for PCR (and a further $10 if
identification needed).
Broth selection is inexpensive costing approximately 80 cents, including a labor cost of 40
cents, per test. Negative broths are therefore very cost effective when compared to plate
culture. However, a positive broth would require DNA extraction and PCR adding a further
cost of $20.50 (including labor) per positive sample. The total cost therefore for a positive
broth sample subjected to PCR would be $21.30. Labor costs for plate culture (inoculation
and interpretation) are estimated at $2 and $6.50 for negative and positive samples
respectively. A negative culture would cost an estimated $6, and a positive culture would
cost approximately $20. Specificity of the broth and expected positive rate thus has a
considerable influence on final costs.
Table 4.6 Cost comparison including estimated labor costs

Plate testing
Broth
DNA extraction
PCR

b
a

a

Negative
sample

Positive
sample

Total cost
negative

Total cost
positive

$6

+ $14

$6

$20

0.80

0.80

0.80

-

+ $15.50

-

+ $5.00

$21.30

b

Labor costs: DNA extraction $10, PCR $3.

4.1.5.2.1 Estimated positives from nosocomial screening
Currently, the isolation rate of MRAB and carbapenem-resistant Enterobacteriaceae from
infection control samples submitted to the laboratory for testing are estimated to be <1% (J.
Sheedy, pers. comm.). Colonisation rates for MRSA are higher, detected in 5-10% of
MRSA screen swabs submitted to the laboratory for testing. In terms of infection rates,
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MRSA contributes to more than 50% of S. aureus hospital-acquired infections (>48hr stay)
(AGAR 2005), whilst infections due to MRAB and MBL-producing Enterobacteriaceae
are presently rare (D. Mitchell, pers. comm.). At <1% prevalence for MRAB and
carbapenem-resistant Enterobacteriaceae and <10% prevalence for MRSA respectively,
the broth method appears cheaper. However, a recent survey at this institution of an entire
surgical ward (71 patients) on one day as a snapshot of resistance revealed higher than
expected levels of colonisation of MRSA (17%) and a representative sample tested (50)
identified high levels of colonising ceftazidime-resistant Enterobacteriaceae (32%). This
may result in a higher number of turbid broths requiring extraction and PCR adding
considerably to the workload.
A clinical trial could be used to evaluate the percentage of turbid samples growing
the Gram-negatives of interest, compared against the total broths that require extraction and
PCR, which may add considerably to the cost. Presuming similar rates of positive and
negative samples from both plate culture and selective broth, a 10% positive rate for MRSA
would cost $7.40 per patient sample for plate culture and $2.85 using broth-PCR. Likewise,
assuming

a

1%

prevalence

rate

for

MRAB

and

carbapenemase-producing

Enterobacteriaceae, the average estimated cost per patient for a plate culture would be
$6.40 and for broth-PCR would be $1.05.
The simplicity of moving to a potentially automated test (using real-time PCR, for
example), and the availability of early negative results judged by simple visual scanning (or
by densitometry), means that the result is less operator-dependent, potentially reducing
required expertise level and thus error rate. Other costs to be considered are the associated
hospital costs attributable to nosocomial infection, such as increased bed stay and extended
and more expensive antibiotic use. Nosocomial infections at one hospital in Hong Kong
were estimated to cost 42,000 bed days and 0.3 million US dollars for antibiotic use
annually (French and Cheng 1991), whist in France and America, laboratory testing and
resulting infection control procedures are described as less than the attributable costs
associated with MRSA infection (Chaix et al. 1999; Karchmer et al. 2002). If one
extrapolated figures generated by Playford and colleagues, the avoidable cost of infection
by MRAB at our institution is between approximately $60-70,000 for each ICU patient
infected (Playford 2006).
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4.1.5.3

Competition under limiting conditions

As shown in Chapter 3 (SAM-PCR), competition for nutrients may result in reduced
sensitivity for slower growing isolates in clinical samples inoculated into artificial media
(Jonas et al. 2002) and co-existence of P. aeruginosa and P. mirabilis was previously found
to reduce recovery of MRSA from a mixed inocula (Fang and Hedin 2006). We found that
ceftazidime inhibited a wider range of Gram-negative bacteria than cefoxitin (Table 4.4)
but more extensive comparisons would be required to evaluate growth competition in
clinical samples.
4.1.5.4

Problems encountered with phenotypic testing

Detection of methicillin resistance in heterogeneous populations requires strict adherence to
inoculum density, incubation time, and zone size, and may be problematic. The evidence
that PCR-based MRSA detection is superior to routine diagnostic methods has been
presented in Chapter 3 (SAM-PCR). By contrast, screening for MRAB is technically
simple, as presumptive MRAB is easily identifiable on the VGI CHROMagar plate (Fig.
4.1), but confirmatory identification and susceptibility testing takes another 24 hours.
Similarly, growth around the CAZ disc on the VG plate may be due to an ESBL, ampCcontaining Enterobacteriaceae, or an MBL-producer, but further testing including PCR is
necessary to discriminate.
4.1.5.5

Problems encountered with genotypic testing

Inter-species transfer of resistance genes (e.g. blaIMP-4), and resistance genes found in more
than one organism (e.g. mecA in S. aureus) may lead to reduced specificity and discordant
results when PCR testing is performed on mixed inocula (Ballard et al. 2005). This must be
taken into consideration when interpreting PCR-positive, culture-negative, results. The
potential co-amplification of mecA and femA from mixed cultures consisting of MR-CoNS
and MSSA in theory would mimic a false-positive MRSA result, with positive PCR for
MRSA in mixed flora samples, and therefore require a culture confirmation. However,
work presented in Chapter 3 suggests that this is more theoretical than real.
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4.1.5.6

Choice of β-lactam antibiotic selection

Reduced growth of MRSA may occur in the presence of some antibiotics, (e.g. oxacillin
and colistin) (Wertheim et al. 2001); we found excellent growth of MRSA in both LB
[AMP8FOX4] and LB[AMP8CAZ4]. The choice of either cefoxitin or ceftazidime allows
for different screening outcomes.
4.1.5.6.1 Cefoxitin
Cefoxitin has the advantage of allowing growth of ESCHAPPM isolates and P. aeruginosa,
but may substantially increase the number of specimens proceeding to DNA extraction and
PCR. However, at this institution, clonal spread of isolates presently goes unnoticed and
detection may be a potentially useful Infection Control tool. An example of clonal
dissemination is described in Chapters 5 and 6 where, from a collection of Gram-negative
bacteria, (AGAR 2004), the apparent clonal spread of several urinary-tract isolates of E.
cloacae with a similar multi-resistant phenotype and common genetic determinants was
identified. ESCHAPPM isolates are not targeted in nosocomial screening at our institution
at present, but this may not be ideal as ampC-containing isolates are probably at least as
clinically important as ESBL (Pai et al. 2004).
Cefoxitin would not detect ESBL-producers which often carry large mobile
plasmids, and within the study subset (see Aminoglycoside Chapters 5 & 6) two ESBLpositive K. pneumoniae were identified which were shown to be an identical clone and
identified as urinary pathogens in two patients within the same ward and within five days of
each other. Cefoxitin is now recognised as preferable to methicillin and oxacillin in
detecting heterogeneous populations of MRSA and may therefore improve sensitivity for
their detection. LB AMP/FOX is thus probably ideal for detection of MRSA, VRE, MRAB
and carbapenem-resistant Enterobacteriaceae, as well as those isolates with constitutively
derepressed or plasmid-borne ampC (Wertheim et al. 2001).
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4.1.5.6.2 Ceftazidime
Ceftazidime would inhibit ESCHAPPM organisms not producing stably derepessed ampC,
as well as most P. aeruginosa. This antibiotic has not been exhaustively validated for
selection of MRSA, but ceftizoxime, another 3rd generation cephalosporin, has been used
in a selective broth for the isolation of MRSA. Its use, when tested against 1098 clinical
samples, resulted in increased sensitivity compared to plate culture (Wertheim et al. 2001),
and has also been described as resulting in increased phenotypic expression of resistance
(Tokue et al. 1992). Ceftazidime could be useful in detection of ESBL-positive bacteria
although the variable ceftazidime-resistance phenotype (e.g. due to emerging CTX-M) has
been previously discussed (Chapter 1). Clonal isolates, such as E. cloacae often possess a
multi-resistant phenotype including resistance to ceftazidime (Chapter 5), and should
therefore be detected. Recent surveillance in our laboratory (E. Cheong, unpublished) has
revealed occasional blaIMP-4 positive strains with an MIC to ceftazidime as low as 4 μg/mL.
The majority of isolates tested had an MIC for ceftazidime of ≥16 μg/mL and all strains
were resistant to cefoxitin (≥16 μg/mL). The lower concentration (4 μg/mL) may therefore
be preferable if using ceftazidime for the detection of IMP-4 positive strains.

4.1.6 Future directions
A potentially useful epidemiological screening tool is described here that is practical,
reproducible and sensitive. This approach may also prove useful in screening for VRE but
further evaluation is required. Initial trials should use ampicillin 8 µg/mL with cefoxitin or
ceftazidime 4 µg/mL, based on the data presented, followed by a multiplex PCR which
could ultimately be developed as a real-time method as previously described in Chapter 3.
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5 Chapter 5

5.1 Aminoglycoside resistance: phenotypic associations and
transmissibility

5.1.1 Introduction
In the previous chapter, a multiplex PCR to detect important local pathogens at this
institution was designed. The assay could be useful in screening patients for colonising
organisms or, alternatively, for rapid detection in sepsis. The aim of the work described
in this and the next chapter is to investigate an important resistance phenotype,
aminoglycoside resistance. Specifically, I sought to identify its epidemiology at this
institution and then to design primers to identify the genes responsible which could be
used for targets in rapid detection methods.

5.1.1.1

Trends in aminoglycoside resistance amongst Enterobacteriaceae

There are few surveys focusing on aminoglycoside resistance, with comparison made
difficult by inclusion of different patient groups or isolate sources. Some surveys have
concentrated on Pseudomonas or Acinetobacter spp. and do not encompass the more
common Enterobacteriaceae isolated at this institution. Earlier surveys found very little
aminoglycoside resistance amongst Enterobacteriaceae, but increasing gentamicin
resistance has been identified since 1997 (Schmitz et al. 1999; Sader et al. 2003; Jones
et al. 2004). Annual surveys in Europe by the European Antimicrobial Resistance
Surveillance System (http://www.rivm.nl/earss/datbase/) have found a marked
difference in the incidence of gentamicin-resistant E. coli, not only between countries,
but also from one year to the next, with an overall increase in resistance identified.
Within Australia, the most recent biannual AGAR survey in 2004 (Turnidge et
al. 2004) (http://www.agargroup.org/), identified E. coli and Klebsiella spp. as highly
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susceptible to gentamicin (>96 %), and more susceptible than overseas isolates. The
results for Enterobacter spp. were variable; the least resistant Enterobacter populations
in the AGAR study were identified in Western Australia (0.5%), and the most resistant
in NSW (16.7%). At our institution there was less gentamicin resistance in Enterobacter
collected from ICU than from general wards (Table 5.1).
Table 5.1 Australian surveys to detect trends in resistance
Surveys

% Susceptible to Gentamicin
Enterobacter
spp.

E. coli

Klebsiella
spp.

AGAR study 2004 (Australia-wide)

92%

98%

96%

AGAR study 2004 (this institution)

84%

100%

96%

ICU study 2004-2005 (this institution)

92%

96%

96%

5.1.1.2

Bacterial isolates selected for this study

The aminoglycoside resistant isolates selected for inclusion in this study are all
members of the family Enterobacteriaceae, but different species vary in their natural
reservoirs, virulence, and their ability to capture and transfer mobile genetic elements
such as plasmids.
Enterobacter spp. have increasing importance as nosocomial isolates, often being
associated with serious underlying illness or the presence of foreign devices such as
catheters, with community-acquired infections occurring less often. Infections may arise
after colonisation of the gastrointestinal tract, particularly in those patients that have
received prior antibiotic therapy, or from an exogenous source such as equipment or
medical personnel, with selective pressure producing overgrowth (reviewed by Sanders
and Sanders 1997; de Man et al. 2001). E. cloacae and E. aerogenes are the most
common Enterobacter spp. implicated in human infection.
Citrobacter spp. are primarily inhabitants of the gastrointestinal tract and it is thought
their presence in the environment may be due to faecal excretion by humans and
animals. Nosocomial Citrobacter may be isolated in pneumonia, ear, nose and throat
infections and are also found as urinary pathogens. Prior colonisation is the most
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prominent risk factor, with person to person spread from hospital personnel implicated
(Murray et al. 2003).
Klebsiella spp. are strongly associated with nosocomial infection, commonly as
urinary pathogens, and are also associated with nosocomial bacteremia (reviewed by
Podschun and Ullmann 1998). They survive well in the environment (soil and water)
and colonise the gastrointestinal tract. Medical equipment may be implicated in
transmission but the principal reservoir is the gastrointestinal tract, with spread of this
species on the hands of medical personnel.
E. coli is the most commonly isolated pathogen in this group and is dominant
among normal bowel flora, with prior antibiotic use selecting for resistant variants. E.
coli is frequently identified as a urinary pathogen in both community and hospitalacquired infection and is the most common cause of Gram-negative bacteremia (Pfaller
et al. 1998).

5.1.2 Aims
It is apparent from overseas surveys that overall, gentamicin resistance is increasing, but
varies between different geographical regions, and amongst different genera, (Schmitz
et al. 1999; Sader et al. 2003; Jones et al. 2004). It was therefore timely to perform a
survey at this institution, to compare these results with larger surveys, and to identify
this institution's gentamicin/tobramycin-resistance epidemiology.
The objectives of the work in this chapter were to:
To identify aminoglycoside resistance patterns.
To identify the relationship with other important antibiotic resistance phenotypes in
Enterobacteriaceae.
To investigate the transmissibility of aminoglycoside and other associated resistance
phenotypes.
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5.1.3 Results
5.1.3.1

Isolate source

Three sources of aminoglycoside-resistant strains were available (see 2.1.8.1 for
detailed description of the three groups). All three sample sets were collected
independently but there were a number of samples that appeared in more than one set.
Group 1 (n = 23) represents clinical isolates referred on the basis of an aminoglycoside
resistant phenotype, and are the isolates tested within this thesis, with results presented
in Chapters 5 and 6. The Group 2 isolates (AGAR, n = 99) were predominantly (>50%)
urinary pathogens. Isolates from Group 3 (ICU, n = 158) had no clearly predominant
source but clinical isolates from a blood or respiratory samples were more evident. Ten
aminoglycoside-resistant strains, three E. coli (ICU29), K. pneumoniae (ICU46) and E.
gergoviae (ICU64) from the ICU study, one K. pneumoniae (A60) and six Enterobacter
spp. (A7, A9, A26, A29, A30, A32) from the AGAR study group were included in the
study subset (Group 1) on the basis of their aminoglycoside resistance.

Enterobacter or
Citrobacter spp.
R aminoglycoside

Predominant source
of isolates

Klebsiella spp.
R aminoglycoside

Predominant source
of isolates

E. coli
R aminoglycoside

Predominant source
of isolates

Table 5.2 Source of isolates described in Groups 1, 2 and 3

11

Urine

7

Various

5

Various

Group 2 (AGAR, n = 99)

8/50

Urine

1/27

Urine

0/22

Urine

Group 3 (ICU, n = 158)

3/39

Respiratory

2/49

Respiratory,
Blood

3/70

Respiratory,
Blood, Urine

Group

a

Group 1 (n = 23)

a

Group 1, is this studies subset of 23 gentamicin/tobramycin resistant isolates (includes some

aminoglycoside resistant isolates from Group 2 and Group 3).

5.1.3.2

Phoenix susceptibility testing

Phoenix susceptibility testing was performed on all isolates and all were checked for
common resistance determinants (Table 5.3).
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Table 5.3 Susceptibility results for study Group 1 isolates

JIE2

ICU64

A7

JU10

LT30

ICU29

JIE11

JIE22

JIE3

LT39

JIE13

A60

ICU46

JIE14

JIE21

JU19

LT12

b, c

A9

≤8

≤8

≤8

≤8

≤8

≤8

≤8

≤8

≤8

≤8

≤8

≤8

≤8

≤8

16

≥32

≤8

≤8

≤8

≤8

≤8

≤8

16

Gentamicin

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

8

≤2

≥8

≥8

≥8

≥8

≥8

≥8

≥8

Tobramycin

≥8

8

8

≥8

8

8

≥8

8

8

≥8

≥8

8

8

≥8

8

≥8

8

≥8

≥8

8

8

8

≥8

Cephalothin

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

Cefoxitin

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

8

8

≤4

≥16

8

≤4

8

≥16

≤4

≤4

≥16

≤4

Cefotaxime

≥32

32

≥32

≥32

16

16

32

≥32

≤2

≥32

≥32

≤2

≤2

≤2

32

≤2

4

≤2

≤2

≥32

≥32

≥32

≤2

Ceftazidime

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≤0.5

≥16

≥16

≤0.5

≤0.5

≤0.5

≥16

≤0.5

≥16

2

≤0.5

2

2

≥16

≤0.5

Ampicillin

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16/8 ≥16/8 ≥16/8 ≥16/8 ≥16/8 ≥16/8 ≥16/8 ≥16/8 ≥16/8 ≥16/8 ≥16/8

8/4

≥16/8

16/8

≥16/8

≥16/8

8/4

8/4

≥16/8

16/8

16/8

≥16/8

≥16/8

≥64/2 ≥64/2

16/2

≥64/2 ≥64/2

≥64/2

≥64/2

16/2

32/2

≥64/2

64/2

≥64/2

≥64/2

≥64/2

Amoxycillin/
clavulanic acid
Ticarcillin/
clavulanic acid
Imipenem

32/2

≥64/2 ≥64/2

64/2

64/2

≥64/2 ≥64/2 ≥64/2 ≥64/2

b

A32

b

c

A30

c

A29

Amikacin

b

A26

a

JIE23

b

Klebsiella spp. (n = 7)

b

E. coli (n = 5)

b

a

Enterobacter spp. (n = 10); C. freundii (n = 1)

≤1

≤1

≤1

≤1

≤1

≤1

≤1

≤1

≤1

≥8

8

≤1

≤1

≤1

≤1

≤1

≤1

≤1

4

≤1

≤1

≤1

≤1

Aztreonam

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≤1

≥16

≤1

≤1

≤1

≤1

≥16

≤1

≥16

≤1

≤1

16

8

≤1

≤1

Ciprofloxacin

≤0.5

≤0.5

≤0.5

≤0.5

≥2

1

≤0.5

≤0.5

≤0.5

2

≥2

≥2

≤0.5

≥2

≤0.5

≥2

≤0.5

2

≤0.5

≤0.5

1

≤0.5

≤0.5

Trimethoprim/
sulphomethoxazole

≥2/38 ≥2/38 ≥2/38 ≥2/38 ≥2/38 ≥2/38 ≥2/38 ≥2/38 ≥2/38 ≥2/38 ≥2/38 ≥2/38

a

C. freundii

b

ESBL positive

c

blaIMP-4 positive

1/19

≥2/38 ≤0.5/9 ≥2/38 ≤0.5/9 ≥2/38 ≥2/38 ≥2/38 ≥2/38 ≤0.5/9 ≥2/38

MIC are shown in µg/mL. See Appendix D for interpretation of MIC.
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5.1.3.2.1 Antibiotic resistance associated with gentamicin resistance
With the exception of one E. coli (LT39), which was gentamicin susceptible, yet
tobramycin and amikacin resistant, resistance was congruent. Group 2 isolates (AGAR)
were not tested against tobramycin or amikacin. The ICU collection (Group 3)
contained eight gentamicin-resistant isolates, seven of which were also resistant to
tobramycin.
There were seven ciprofloxacin-resistant isolates in the study group (Table
5.3), but in Group 2 (AGAR) and Group 3 (ICU) quinolone resistance was infrequently
associated with aminoglycoside resistance.
Ten Enterobacter spp. and one C. freundii from Group 1 were examined and
with only one exception (A7) were also resistant to 3rd generation cephalosporins. From
50 Enterobacter spp. in Group 2 (AGAR), sixteen strains were resistant to either
cefotaxime or ceftazidime of which seven were aminoglycoside-resistant. In Group 3
(ICU) ten strains were resistant to a 3rd generation cephalosporin of which only three
were resistant to an aminoglycoside.
Amongst the gentamicin-resistant Klebsiella spp. and E. coli in Group 1, there
was less co-resistance to 3rd generation cephalosporins than for the Enterobacter spp.
(Table 5.4). The same trends were apparent in Group 2 (AGAR) and Group 3 (ICU).
Three gentamicin resistant isolates known to carry the transmissible
carbapenem and cefoxitin resistance gene blaIMP-4 were included in Group 1 (Table 5.3).
Two additional isolates (JIE3 and ICU46) in the study Group 1 were cefoxitin resistant
but blaIMP-4 negative, suggesting an ampC phenotype.
There is a strong correlation between gentamicin and tobramycin resistance phenotypes.
Gentamicin resistance in Enterobacter was predictive of 3rd generation cephalosporin
resistance, however, the converse was not true: 3rd generation cephalosporin resistance
did not predict aminoglycoside resistance. Aminoglycoside resistance is uncommon in
E. coli and Klebsiella spp. and did not predict resistance to 3rd generation
cephalosporins. Co-association of cefoxitin and aminoglycoside resistance was
uncommon. Its use as a predictive tool for possible blaIMP-4 carriage has been discussed
in Chapter 4.
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Table 5.4 Relationship of gentamicin/tobramycin resistance to β-lactam resistance
Number of aminoglycoside-resistant isolates
also resistant to:
Aminoglycosideresistant isolates

1st generation
cephalosporins

Cefoxitin

3rd generation
cephalosporins

Enterobacter spp.
C. freundii
Group 1
(n = 11)

11

11

11

10

Group 2 (AGAR)
(n = 50)

8

8

8

7

Group 3 (ICU)
(n = 39)

3

3

3

3

5

5

1

1

Group 2 (AGAR)
(n = 22)

0/22

-

-

-

Group 3 (ICU)
(n = 70)

3/70

3

1

1

7

7

2

4

Group 2 (AGAR)
(n = 27)

1/27

1

1

-

Group 3 (ICU)
(n = 49)

2/49

2

2

1

E. coli
Group 1
(n = 5)

Klebsiella spp.
Group 1
(n = 7)

5.1.3.2.2 Association with an ESBL phenotype
Although five Klebsiella spp. in Group 1 were ESBL positive, their β-lactam phenotype
was variable: two strains were susceptible to cefotaxime and three strains were
susceptible to ceftazidime.
Two Enterobacter spp. in Group 1 were identified as ESBL positive only after
the plasmid had been transferred to E. coli using gentamicin selection. The automated
Phoenix BD system did not detect the ESBL phenotype in the wt strains but Phoenix
testing on the transconjugants then detected the ESBL phenotype, which was confirmed
by Etest.
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In the 99 isolates from the AGAR study Group 2, three Klebsiella spp. were
ESBL positive, only one of which was gentamicin resistant and had been included in the
study subset (A60).
5.1.3.3

ERIC PCR and plasmid profiling

Within the Klebsiella spp., DNA fingerprinting by Enterobacterial Repetitive Intergenic
Consensus (ERIC) PCR identified JIE14 and JIE21 as the same clonal type (Fig. 5.1).
Two E. coli isolates, JIE22 and ICU29, had a similar DNA fingerprint by ERIC
PCR, as did JIE11 and LT39 (Fig. 5.1), with similarity also evident between the two
pairs.
Both plasmid profiling (Fig. 5.2) and DNA fingerprinting by ERIC PCR (Fig.
5.3) grouped five Enterobacter spp. with closely matching antibiograms into three
probable clonal types with A9 and A32 grouped together in one group, A26 and A29 in
another and JIE2 obviously distinct.
Alkaline lysis plasmid preparations from selected strains (as shown in Fig. 5.4)
illustrated the presence of high molecular weight plasmids (those estimated at >20 kb on
the basis of electrophoretic mobility).
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ICU29

LT39

JIE22

JIE11

JIE3

M

ICU46

LT12

JIE21

JIE14

A60

JU19

JIE13

E. coli

Klebsiella

Figure 5.1 Profiling of Klebsiella spp. and E. coli using ERIC PCR.
Klebsiella isolates JIE14 and JIE21 are apparently similar.
E.coli JIE22 and ICU29 have apparently similar profiles, as do JIE11 and LT39
M = Hyperladder 1
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M

A9

A32

A26

A29

JIE2

Chromosomal DNA
10,000
6,000
4,000
3,000

2,000
1,500
1,000
800

Group 2

Group 3

Group1

Figure 5.2 Plasmid profiling of Enterobacter spp. with similar phenotypes and cassette array profiles.
M = 1 Kb ladder.
JIE 2

Group 1

A9

A32

Group 2

A29

A26

Group 3

Figure 5.3 Profiling of Enterobacter spp. using ERIC PCR (samples tested in duplicate).
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1
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7 8

9 10 11 12 13

1

2 3 4 5 6

7 8 9

10 1

2

3

4

5

12000

3000
2036
1636

Figure 5.4 Representative plasmid profiles of E. coli and Klebsiella isolates to detect high molecular weight plasmids.
Gel 1 lanes: 1 and 2, LT12; 3 and 4, ICU46; 5 and 6, JIE14; 7, A 60; 8, JIE2; 9, JIE11; 10, A7; 11, JIE3; 12 and 13, ICU29.
Gel 2 lanes: 1, LT39; 2, JIE22; 3 and 4, ICU64; 5, ICU64tx; 6, JIE23; 7, JIE13; 8, JIE21; 9, JIE21tx; 10, ICU46tx.
Gel 3 lanes: 1, ICU64; 2, JU10; 3, ICU29; 4, JIE2; 5, JIE13. Marker = 1 Kb ladder.
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5.1.3.4

Transfer of plasmids

All Group 1 study isolates were mated with E. coli using gentamicin selection to look
for mobile plasmids capable of conjugative transfer.
Transfer of a gentamicin-resistant plasmid occurred more often for Klebsiella (6/7),
whilst only two E. coli (2/5) and four Enterobacter (4/11) transferred gentamicin
resistant plasmids (Tables 5.5–5.7).
Table 5.5 Plasmid extraction and transformation: Enterobacter spp. and C. freundii
a

b

wt plasmids
Study ID

Species

High
c
mwt

Low
mwt

tx plasmids
Recipient
strain

High
mwt

Low
mwt

tx (frequency)

JIE23

C. freundiii

-

-

DH5α

-

-

Nil

A9

E. cloacae

-

P

DH5α

-

-

Nil

A32

E. cloacae

-

P

DH5α

-

-

Nil

A26

E. cloacae

-

P

UB5201Rf

-

-

Nil

A29

E. cloacae

-

P

DH5α

-

-

Nil

ICU64

E. gergoviae

P

P

UB5201Rf

P

-

Positive (10-6)

JIE2

E. hormaechei

P

P

UB5201Rf

NR

NR

Positive (10-7)

A30

E. cloacae

-

P

DH5α

-

-

Nil

A7

E. aerogenes

NR

NR

DH5α

-

-

Nil

JU10

E. cloacae

P

P

UB5201Rf

P

P

Positive

LT30

E. cloacae

P

-

UB5201Rf

P

-

Positive (10-5)

a

wt, wild-type.

b

tx, transconjugants.

c

mwt, molecular weight.

no result. P = positive. - = negative.
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d

d
d

(Espedido et al. 2005), NR =

Plasmid profiles of the E. coli isolates detected high molecular weight plasmids in four
of the five isolates (Table 5.6). I have been unable to demonstrate plasmids in LT39.
The seven Klebsiella all carried plasmids greater than 10 kb when plasmid extractions
were run on a gel and compared against controls (data not shown). All but one
efficiently transferred a plasmid to E. coli by conjugation in mating experiments
selecting with gentamicin (Table 5.6). Colleagues B.E (see footnote, table 5.6) and K.K
had obtained transconjugants from both JU19 and ICU46 in prior studies, using
ampicillin selection.
Table 5.6 Plasmid extraction and transformation: E. coli and Klebsiella
wt a plasmids
Study

tx b plasmids

Species

High
mwt c

Low
mwt

Recipient strain

High
mwt

Low
mwt

tx (frequency)

ICU29

E. coli

P

P

UB5201Rf

NR

NR

Positive d

JIE11

E. coli

P

-

DH5α, UB5201Rf

-

-

Nil

JIE22

E. coli

P

P

UB5201Rf

NR

NR

Positive (10-7)

JIE3

E. coli

P

-

DH5α

-

-

Nil

LT39

E. coli

-

-

UB5201Rf

-

-

Nil

A60

K. pneumoniae

P

P

UB5201Rf

-

-

Nil

ICU46

K. pneumoniae

P

P

UB5201Rf

P

-

Positive e

JIE14

K. pneumoniae

P

-

UB5201Rf

P

-

Positive (10-5)

JIE21

K. pneumoniae

P

-

UB5201Rf

P

-

Positive (10-5)

JU19

K. pneumoniae

P

P

UB5201Rf

P

-

Positive f

LT12

K. pneumoniae

P

-

UB5201Rf

P

-

Positive (10-3)

JIE13

K. oxytoca

P

P

UB5201Rf

NR

NR

Positive (10-9)

ID

a

wt, wild-type.

b

e

K.K., frequency not determined.

tx, transconjugant.
f

c

mwt, molecular weight.

d

frequency not determined.

B.E., (Espedido et al. 2005). NR = no result. P = positive.

- = negative
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5.1.3.5

Transfer of phenotype

Of the twelve isolates that successfully transferred a conjugative plasmid carrying
gentamicin/tobramycin resistance to an E. coli recipient strain, eight isolates with
reduced susceptibility or resistance to 3rd generation cephalosporins co-transferred
resistance to either cefotaxime or ceftazidime. All twelve transferred resistance to either
Augmentin and/or Timentin. Co-transfer of clinically significant quinolone resistance
on a gentamicin-resistant plasmid did not occur. Two blaIMP-4 positive (JU10, LT30)
Enterobacter spp. and one K. pneumoniae (JU19) were mated using β-lactam selection,
transferring blaIMP-4 and the associated cefoxitin resistance. The ESBL phenotype
transferred in all transconjugants and was unmasked in two Enterobacter isolates.
Transfer of trimethoprim/sulphomethoxazole (cotrimoxazole) was variable (Tables 5.75.9).

JIE22 (wt)

JIE22 (tx)

ICU29 (wt)

ICU29 (tx)

Table 5.7 E. coli: phenotypes, wt vs tx

Amikacin

≤8

≤8

≤8

≤8

Gentamicin

≥8

≥8

≥8

≥8

Tobramycin

≥8

≥8

8

≥8

Cephalothin

≥16

≥16

≥16

≥16

Cefoxitin

≤4

≤4

8

≤4

Cefotaxime

≤2

≤2

≤2

≤2

Ceftazidime

≤0.5

≤0.5

≤0.5

≤0.5

Ampicillin

≥16

≥16

≥16

≥16

Ampicillin/Clavulanic acid

16/8

≥16/8

8/4

16/8

Ticarcillin/Clavulanic acid

≥64/2

≥64/2

16/2

32/2

Imipenem

≤1

≤1

≤1

≤1

Aztreonam

≤1

≤1

≤1

≤1

Ciprofloxacin

≥2

≤0.5

≥2

≤0.5

≥2/38

≥2/38

≥2/38

≥2/38

Antibiotics tested

Trimethoprim/
Sulphomethoxazole
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LT30 (wt)

LT30 (tx)

JIE2 (wt)

JIE2 (tx)

ICU64 (wt)

≤8

≤8

≤8

≤8

≤8

≤8

≤8

≤8

Gentamicin

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

Tobramycin

≥8

8

≥8

≥8

≥8

8

8

8

Cephalothin

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

Cefoxitin

≥16

≥16

≥16

≥16

≥16

≤4

≥16

≤4

Cefotaxime

≥32

≥32

≥32

≥32

32

≤2

≥32

≤2

Ceftazidime

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

Ampicillin

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

Ampicillin/Clavulanic acid

≥16/8

≥16/8

≥16/8

≥16/8

≥16/8

16/8

≥16/8

16/8

Ticarcillin/Clavulanic acid

≥64/2

≥64/2

≥64/2

≥64/2

64/2

32/2

≥64/2

16/2

Imipenem

≥8

≤1

8

4

≤1

≤1

≤1

≤1

Aztreonam

≥16

≤1

≤1

≤1

≥16

≥16

≥16

≥16

2

≤0.5

≥2

≤0.5

≤0.5

≤0.5

≤0.5

≤0.5

≥2/38

≤0.5/95

≥2/38

≥2/38

≥2/38

≥2/38

≥2/38

≤0.5/95

Ciprofloxacin
Trimethoprim/
Sulphomethoxazole
a

Transconjugant ESBL positive
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ICU64 (tx)

JU10 (tx)

Amikacin

a

Antibiotics tested

JU10 (wt)

a

Table 5.8 Enterobacter spp: phenotypes, wt vs tx

JU19 (wt)

JU19 (tx)

ICU46 (wt)

ICU46 (tx)

JIE14 (wt)

JIE14 (tx)

JIE21 (wt)

JIE21 (tx)

LT12 (wt)

LT12 (tx)

JIE13 (wt)

JIE13 1 (tx)

Table 5.9 Klebsiella spp: phenotypes, wt vs tx

Amikacin

≤8

≤8

≤8

16

≤8

≤8

≤8

≤8

16

16

≤8

≤8

Gentamicin

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

≥8

Tobramycin

8

≥8

≥8

≥8

8

8

8

≤2

≥8

≥8

8

≥8

Cephalothin

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

Cefoxitin

≥16

≥16

≥16

8

≤4

≤4

≤4

≤4

≤4

≤4

≤4

≤4

Cefotaxime

≥32

32

≤2

≤2

≥32

16

≥32

16

≤2

≤2

4

≥32

Ceftazidime

≥16

≥16

≤0.5

≤0.5

2

1

2

≤0.5

≤0.5

≤0.5

≥16

≥16

Ampicillin

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16

≥16/8

≥16/8

≥16/8

16/8

16/8

16/8

16/8

16/8

≥16/8

≥16/8

8/4

16/8

≥64/2

≥64/2

≥64/2

64/2

64/2

64/2

≥64/2

64/2

≥64/2

≥64/2

16/2

≥64/2

Imipenem

≤1

4

4

≤1

≤1

≤1

≤1

≤1

≤1

≤1

≤1

≤1

Aztreonam

≤1

≤1

≤1

≤1

16

4

8

4

≤1

≤1

≥16

≥16

≤0.5

≤0.5

≤0.5

≤0.5

≤0.5

≤0.5

1

≤0.5

≤0.5

≤0.5

≤0.5

≤0.5

≤0.5/9.5

≤0.5/9.5

≥2/38

≤0.5 9.5

≥2/38

≥2/38

≥2/38

≥2/38

≥2/38

≥2/38

≤0.5/9.5

≤0.5/9.5

Antibiotics tested

Ampicillin/
Clavulanic acid
Ticarcillin/
Clavulanic acid

Ciprofloxacin
Trimethoprim/
Sulphomethoxazole
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5.1.4 Discussion
5.1.4.1

Can we predict the aminoglycoside resistance gene?

Phenotypic associations can be used as indicators for underlying resistance mechanisms
(Livermore et al. 2001) and an understanding of the predominant resistance genes may
allow predictions of phenotype (reviewed by Shaw et al. 1993). The dominant
phenotype amongst the aminoglycoside resistant Group 1 isolates was combined
gentamicin and tobramycin resistance. This association suggests the presence of either
aac(6')-II, ant(2")-Ia, (aadB), or aac(3)-II (aacC), which are all known to be mobile.
Cotrimoxazole resistance was common in Group 1 isolates and is often associated with
class 1 integrons. Aminoglycoside resistance genes are also often integron associated in
gene cassettes and will be the initial focus of Chapter 6.
5.1.4.2

Association of phenotypes

An association of aminoglycoside resistance with resistance to ampicillin and 1st
generation cephalosporins is expected. Klebsiella spp. are naturally resistant to
ampicillin (SHV-1), and Enterobacter spp. are intrinsically resistant to ampicillin and
narrow spectrum cephalosporins including cephamycins (e.g. cefoxitin) due to
chromosomal ampC. Gentamicin resistance was associated with 3rd generation
cephalosporin resistance in 15 of the 23 isolates in Group 1 (Table 5.10), but 3rd
generation cephalosporin resistance was not itself predictive of gentamicin resistance.
Ciprofloxacin resistance was not associated with aminoglycoside resistance (Table
5.10).
Generally speaking, the association of phenotypes is partly related to the isolate
identification and its epidemiology. For example, β-lactam resistance in Enterobacter
spp. is chromosomally encoded (ampC). Derepression of AmpC leads to 3rd generation
cephalosporin resistance, independent of other resistance mechanisms (Chapter 1).
Klebsiella and E. coli more commonly acquire resistance genes such as ESBLs that are
more

likely

to

be

associated

with

multiple

resistance

determinants.

Gentamicin/tobramycin resistance may be more predictive of an ESBL phenotype than
3rd generation cephalosporin resistance in some isolates, as the variable 3rd generation
cephalosporin resistance phenotype present in ESBL-containing organisms make it
difficult to detect (reviewed by Babic et al. 2006). However, this association, although
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well recognised, is not always reliable. A recent study in England identified
approximately 40% of ESBL-positive Enterobacteriaceae as gentamicin susceptible
(Potz et al. 2006).
Enterobacter spp. and other members of the ESCHAPPM group present difficulties in
recognition of an ESBL phenotype as it is often masked by intrinsic resistance to
inhibitor combinations that are traditionally used for the detection of this phenotype.
Recently, we have seen increasing numbers of ESBL-positive E. coli at this institution.
CTX-M is a rapidly emerging group of ESBLs found in Enterobacteriaceae, mostly
carried on transferable plasmids. This group of ESBLs have been found in hospital and
in community isolates (Pitout et al. 2005), with associated aminoglycoside resistance in
some isolates (Karisik et al. 2006). Testing of these ESBL-positive strains for these
genes is described in Chapter 6.

Table 5.10 Summary table of association of phenotypes (Group 1)

Total isolates (n = 23)

GEN
or
TOB
MIC ≥8

AMP
or
CEF
MIC
≥16

CTX
or
CAZ
MIC
≥16

AMC
MIC
≥16/8
TIM
MIC
≥32/2

Enterobacter spp. (10)
C. freundii ((1)

11

11

10

E. coli ( 5)

5

5

Klebsiella spp. (7)

7

Total
ESBL positive (6)

SXT
MIC
≥2/38

CIP
MIC
≥2

11

11

3

1

4

3

3

7

4

6

5

1

23

23

15

21

19

7

6

6

5

5

5

-

GEN, gentamicin; TOB, tobramycin; AMP, ampicillin; CEF, cephalothin; CTX, cefotaxime;
CAZ, ceftazidime; AMC, Augmentin; TIM, Timentin; SXT, cotrimoxazole; CIP, ciprofloxacin.
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5.1.4.3

Plasmid transfer of aminoglycoside and other resistance genes

Conjugative transfer of combined aminoglycoside resistance was common for
Klebsiella spp. (6/7), but less so for E. coli (2/5) and Enterobacter (4/11) (Table 5.11).
Co-transfer of resistance to β-lactamase inhibitor combinations (Augmentin and/or
Timentin) on a gentamicin-resistant plasmid was seen in all cases. The most common
phenotype co-transferred with gentamicin was an ESBL phenotype.
Table 5.11 Summary of resistance transfer on conjugative plasmids, wt vs tx
GEN
or
TOB
MIC ≥8

CTX
MIC
≥16
CAZ
MIC
≥16

AMC
MIC
≥16/8
TIM
MIC
≥32/2

ESBL
phenotype

SXT
MIC
≥2/38

CIP
MIC ≥2

Total resistances in wt
strains that transferred
a gentamicin-resistant
plasmid (n = 12)

12

8

12

6

10

4

Total resistances in tx
recipient srains

12

8

12

6

7

0

GEN, gentamicin; TOB, tobramycin; CTX, cefotaxime; CAZ, ceftazidime; AMC, Augmentin;
TIM, Timentin; SXT, cotrimoxazole; CIP, ciprofloxacin.

5.1.4.4

Variable phenotypes in the recipient strain

A variation in the MIC for 3rd-generation cephalosporins seen after transfer of a
gentamicin-resistant plasmid to the recipient strain (Tables 5.8 and 5.9) may be
attributed to a number of factors; porin deficiencies in the host not present in the
recipient will result in decreased resistance, while a reduced plasmid copy number in the
recipient strain may mean reduced expression of β-lactamase genes with a less resistant
profile.
5.1.4.5

Importance of local data

In the 2004 Australia-wide AGAR survey there was approximately three times more 3rd
generation cephalosporin resistance than aminoglycoside resistance in Enterobacter
spp. (Turnidge et al. 2004). Enterobacter spp. collected and tested for the AGAR survey
142

at this institution differed; 8/50 Enterobacter spp. were resistant to 3rd generation
cephalosporins and seven of these were also resistant to an aminoglycoside (data not
shown). This may be due to horizontal dissemination of multiple resistance
determinants and demonstrates that important differences may be missed if only large
national surveys are used to predict local trends. The prevalence of gentamicin
resistance also differed between ICU isolates and the general hospital population at this
institution (Table 5.4).
5.1.4.5.1 Clonal dissemination
Plasmid profiling and ERIC fingerprinting of four Enterobacter AGAR strains that had
been included in Group 1 identified two clonal groups suggesting that the epidemiology
may be heavily influenced by localised clonal expansions. There were apparent genetic
similarities between some of the E. coli and between some of the Klebsiella spp. also,
however a well validated method such as pulse field gel electrophoresis (PFGE) is
necessary for accurate discrimination between strains.
Horizontal transmission of aminoglycoside resistance between hospital strains is
discussed further in Chapter 6.
5.1.4.5.2 Expected trends in aminoglycoside resistance
Resistance to aminoglycosides and other antibiotics varied from state to state within
Australia, which emphasises that international and even countrywide surveys can not be
relied upon to provide an accurate representation of what is happening at a local level.
A recent collection of Gram-negative bacteria at this institution for the bi-annual AGAR
2006 surveillance (25 each of Enterobacter, Klebsiella spp., and E. coli) revealed an
apparent increase in aminoglycoside resistance amongst E. coli isolates, but further
results encompassing the entire survey are not yet available. The more recent detection
of CTX-M and its associated resistances at this institution highlights the need for more
frequent surveillance of Gram-negative bacteria. The spread of mobile elements, such as
plasmids, will not be undetected unless more detailed characterisation of isolates is
performed.
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5.1.5 Conclusions
Aminoglycoside resistance amongst Enterobacteriaceae, particularly Klebsiella spp.
and E. coli, is uncommon, as there was little aminoglycoside resistance amongst the
sequentially collected AGAR and ICU populations. Transmission of aminoglycoside
resistance linked with the ESBL phenotype was typical of Klebsiella spp. Overall, the
association of aminoglycoside resistance with β-lactam and other resistances amongst
Enterobacteriaceae was uncommon within this institution, as is the case throughout
Australia, unless associated with the ESBL phenotype. Aminoglycoside-resistant
Enterobacter spp. were more often 3rd generation cephalosporin resistant and there was
evidence of clonal dissemination amongst isolates at this institution.
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6 Chapter 6

6.1 Aminoglycoside resistance-genetic determinants

6.1.1 Introduction
Aminoglycoside antibiotics have been in use for more than 50 years and almost
exclusively within the hospital setting, an environment in which antibiotic resistance by
horizontal gene transfer is most likely to occur. Overseas studies have identified a wide
range of aminoglycoside resistance genes in Acinetobacter spp., P. aeruginosa and
Enterobacteriaceae, with cassette-borne genes aadB (ant(2'')-Ia), aacA4 (aac(6')-Ib),
aac(6')-II and aacC1 (aac(3)-Ia) commonly encountered. (reviewed by Shaw et al.
1993; Levesque et al. 1995; Seward et al. 1998; Vanhoof et al. 1999; Over et al. 2001;
Nemec et al. 2004; reviewed by Poole 2005 (b)). Aminoglycoside resistance
determinants, particularly those encoding acetyltransferases and adenyltransferases, are
often part of integron-associated gene cassettes in transposons and plasmids (Chapter 1,
Introduction).
The mechanism of aminoglycoside resistance in clinical isolates is difficult to determine
by phenotype. Shaw described 57 genes and their antibiotic resistance profile in 1993:
this number has since increased, largely by discovery of variants of already described
genes. As discussed previously in Chapter 1, there is no apparent consistency in
nomenclature

for

aminoglycoside-modifying

enzymes,

particularly

for

acetyltransferases. Guidelines published by Novick (based on genetic structure) have
been used by some researchers and provide nomenclature for a few genetic variants but
are incomplete. The majority of researchers have followed Shaw's phenotype-based
nomenclature to name gene variants as they are identified. This has created confusion:
the classic example is use of either aacA4 and aac(6')-Ib to describe the same gene. The
aac(6')-Ib gene characterised by Shaw in the 1980s encodes resistance to amikacin but
not gentamicin, and was also named aacA4 (according to Novick). Single point
145

mutations may result in altered substrate specificity (reviewed by Shaw et al. 1993;
Lambert et al. 1994; Casin et al. 1998) and more recently a changed phenotype
(gentamicin, not amikacin resistant) has meant this genetic variant should be reclassified as aac(6')-II to follow the principles outlined by Shaw. However, a single
genetic change would not be sufficient to reclassify the gene by Novik’s nomenclature.
Researchers tend to use either or both nomenclatures for this gene and often do not
elucidate whether the gene encodes amikacin or gentamicin resistance. In this Chapter,
Shaw’s nomenclature has been used more often. However, two genes are more
commonly known by Novick’s nomenclature; therefore aadB (ant(2")-Ia) and aacA4
(aac(6')-Ib) are referred to by the name in more common usage. Where aacA4 (or
aac(6')-Ib) is used in this Chapter, it is in reference to the gentamicin-tobramycin
resistant phenotype, not the amikacin-tobramycin resistant phenotype.

6.1.2 Aims
A handful of comprehensive surveys have dealt with the prevalence and transfer of
aminoglycoside resistance genes amongst clinical isolates of Enterobacteriaceae
(Phillips et al. 1986; Vanhoof et al. 1999; Over et al. 2001; Doi et al. 2004; Yamane et
al. 2005) but recent local surveys are lacking. Choice of aminoglycoside antibiotics will
affect the geographical prevalence of a particular gene and influence the emergence of
combinations of aminoglycoside-modifying enzymes.
Gentamicin is widely recommended for empiric therapy (Gilbert et al. 2005), and a
rapid method of detecting resistance should greatly assist in antibiotic choice for the
critically ill patient. Work described in earlier chapters established that rapid detection
methods with real-time PCR could be readily established in the clinical Microbiology
setting. The aim was now to identify the prevalent aminoglycoside-resistance genes in
order to develop similar assays.
Results in Chapter 5 showed association of gentamicin and tobramycin resistance and
12 of 23 isolates transferred this resistance on a conjugative plasmid. The genes
expected amongst our gentamicin-resistant isolates therefore included aac(6')-I, aac(6')II, aadB, and aac(3)-II, as they are more commonly identified in Enterobacteriaceae,
are often mobile, and usually encode gentamicin and tobramycin resistance.
Initially, we set out to identify class 1 integron cassette arrays in our isolates as
aminoglycoside resistance genes are common in these systems. Where amplification
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and sequencing of cassette arrays did not identify common aminoglycoside resistance
determinants, oligonucleotide primers (either published or designed as part of this
study) were used to amplify specific aminoglycoside resistance genes associated with
the gentamicin-tobramycin resistance phenotype present in the study isolates.
The aims were thus:
(1) To screen for integron carriage and to identify relevant aminoglycoside resistance
genes.
(2) To survey the prevalence and types of aminoglycoside resistance genes in local
isolates using primers designed to detect the more frequently encountered
aminoglycoside resistance genes.
(3) To develop consensus primers for the rapid detection of aminoglycoside resistance
genes.
(4) To develop an understanding of the epidemiology of aminoglycoside resistance
genes associated with key plasmids and/or transposons.
(5) To identify other important mobile antibiotic resistance genes co-transferred with
aminoglycoside resistance determinants.
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6.1.3 Results
6.1.3.1

Gene cassettes in class 1 integrons

The 23 Group 1 isolates from Chapter 5 were surveyed for the presence of class 1, 2 or
3 integrons using a multiplex intI PCR (Dillon et al. 2005). Class 1 integrons were
found in all but one (K. oxytoca JIE 13) of the 23 aminoglycoside-resistant isolates.
At least one cassette array amplicon was produced from each of the 22 intI1 positive
isolates. Ten of the isolates produced two or more distinct amplicons and four isolates
had an inconsistent second amplicon (Table 6.1). Sequencing identified a number of
common arrays amongst these gentamicin/tobramycin resistant Enterobacteriaceae
(Fig. 6.1).
Five Enterobacter group which carried a large 6 kb array, also carried two
additional arrays of approximately 1.3 and 1.4 kb in size (product from hep58:hep59
PCR) (Table 6.1) that have not been fully sequenced at time of writing.
A PCR to detect the tnp region of the Tn21 family of transposons adjacent to
IRi of class 1 integrons was positive for two isolates, LT12 and ICU46, and sequencing
indicated that the tnp region matched that of Tn1696. None of the other isolates
produced amplicons of the correct size when tested with these primers.
Twelve

gentamicin-resistant

conjugative

plasmids

were

identified

in

conjugation experiments (Chapter 5) and cassette arrays were present in all these. Four
Enterobacter spp. with multiple arrays transferred some, but not all, of the arrays to the
recipient strain (data not shown).
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Table 6.1 Aminoglycoside resistance genes identified
Isolate

Species

Cassette
a
Arrays (kb)

JIE23

C. freundii

6 , 1.4, 0.8

aac(6')-IIc-IS-ereA2

A26

E. cloacae

6, 1.4, 1.3

aac(6')-IIc-IS-ereA2

strA

A29

E. cloacae

6, 1.4, 1.3

aac(6')-IIc-IS-ereA2

strA

A9

E. cloacae

6, 1.4, 1.3

aac(6')-IIc-IS-ereA2

strA

E. cloacae

6, 1.4, 1.3

aac(6')-IIc-IS-ereA2

strA

E. gergoviae

6, 1.4, 1.3

aac(6')-IIc-IS-ereA2

JIE2

E. hormaechei

6, 1.4, 1.3, 0.8

aac(6')-IIc-IS-ereA2

A30

E. cloacae

1.085

aadA2

E. aerogenes

1.74

dfrA17-aadA5

aac(3)-IIc

E. cloacae

4, 3, 0.8

blaIMP-4-qacG2-aacA4-catB3; dfrA25

aac(3)-IIc; aac(6')-IIc;

A32
ICU64

c

A7
JU10

c

b

Cassette array sequence

Other aminoglycoside
resistance genes

b

strA

strA; aac(3)-IIc;
LT30
JU19
ICU46

c

LT12
JIE14
JIE21

d
d

A60

E. cloacae

4, 3, 0.8

blaIMP-4-qacG2-aacA4-catB3; dfrA25

aac(6')-IIc

K. pneumoniae

3

blaIMP-4-qacG2-aacA4-catB3

aac(3)-IIc, aac(6')-IIc

K. pneumoniae

2.828

aadB- aac(6')-LT-oxa-10-smr2

K. pneumoniae

2.828

aadB- aac(6')-LT-oxa-10-smr2

K. pneumoniae

1.318

dfrA1-orfC

aac(3)-IIc,

K. pneumoniae

1.318

dfrA1-orfC

aac(3)-IIc

K. pneumoniae

2 , 0.85; 0.82

e

aadB; aadA2

f

JIE13

K. oxytoca

Nil

JIE22

E. coli

3 , 1.74

LT39

E. coli

3 1.74

ICU29

E. coli

3

JIE3

E. coli

JIE11

E. coli

e

aac(3)-IIc
dfrA17-aadA5

aac(3)-IIc

dfrA17-aadA5

aac(6')-IIc

dfrA17-aadA5

aac(3)-IIc, aac(6')-IIc

1.74

dfrA17-aadA5

aac(6')-IIc

3

aadB-aadA1-cmlA1

e
e

1.74, 1

a

Approximate size of hep58:hep59 cassette array amplicon.

b

6.268 kb array identified in seven isolates appears to be the same as that identified by Verdet

et al., (2006): aac(6')-II- ereA2-(IS1247-aac-arr)-ereA2. The remaining smaller arrays have not
been identified.
c

blaTEM-1b, complete Tn2 also present (Partridge, S).

d

blaCTX-M-14, blaTEM. also present.

e

inconsistent weaker band, unable to identify.

f

Class 1, 2 and 3 integrase gene negative.

Identical clones identified on the basis of ERIC PCR, plasmid profiling.
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1.318 kb
dfrA1

dfrA17

orfC

1.74 kb

aadA5

2.828 kb
aadB

aac(6')-LT

oxa-10

smr

3.0 kb
blaIMP-4

qacG

IS1247

aacA4

catB3

aac3

arr
6.268 kb

aac(6')-IIc

ereA2
1st part

ereA2
last part

Figure 6.1 Common arrays identified amongst the Group 1 study isolates using
hep58:hep59 PCR. Aminoglycoside genes are coloured in various shades of green, βlactamase genes are coloured in red.
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6.1.3.1.1 Clonal dissemination of a common array
One C. freundii and six Enterobacter isolates carried multiple cassette arrays, with one
array (approx 6 kb) common to all seven strains (Table 6.1). Sequencing of the ends of
this array revealed aac(6')-IIc and part of ereA2 (at the 5' end) and part of ereA2 (at the
3' end). An RH68/205:RH206/69 amplicon of the whole array was generated for all
isolates. HindIII restriction patterns were identical for all (Fig. 6.2), with additional
bands of 1.6 or 1 kb visible prior to digestion for some (data not shown). The RFLP
patterns matched those predicted from digestion of a previously reported cassette array
found in a DHA-1 producing K. oxytoca strain (GenBank AJ971344) (Verdet et al.
2006). and oligonucleotide primers were designed accordingly for sequencing (Table
2.13). Sequencing of the seven isolates with this large array is incomplete but
sequencing to date identifies the isolates as having the same sequence at both ends and
an apparent same size amplicon (6.268 kb) as the published cassette array (Fig. 6.1).
1

2

3

4

5

6

7

8

3054
2036
1636

a
b

1018

515,
517

Figure 6.2 HindIII digest of RH68/205:RH206/69 PCR products.
Lanes 1, A 9; 2, A 32; 3, A 26; 4, A 29; 5, JIE23; 6, ICU64; 7, JIE2; 8, 1kb Marker.
Lanes 3, 4 and 7 have an additional band at 1.6 kb visible prior to HindIII digestion
(not shown).
b
Lane 5 has an additional undigested band at 1 kb (not shown).
a
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6.1.3.1.2 New aminoglycoside resistance gene
One cassette sequence (named here aac(6')–LT) appears to have no significant
nucleotide sequence match in the database. The predicted protein is related to AAC(6')Iq (GenBank accession no. AF047556: 58% identitya and 69% similaritya), and
AacA1/AAC(6')-Ia (AF047479: 57% identity and 66% similarity) (Parent and Roy
1992; Centron and Roy 1998) suggesting an aminoglycoside (6')-acetyltransferase (Fig.
6.3). This gene will be named after consultation, but will be referred to in this thesis as
aac(6')-LT. New primers (aac6in-F:aac6in-R, Table 2.12) have been designed in order
b
to clone the new gene in future work to determine the phenotype. Two K. pneumoniae
isolates (LT12, ICU46) with different ERIC profiles (Chapter 5, Fig. 5.1) both carried
this gene in an aadB-aac(6')-LT-oxa10-smr2 array (Table 6.1).
aadB (ant(2")-Ia) is widespread amongst Gram-negative bacteria and encodes
resistance to gentamicin and tobramycin but not amikacin.
OXA-type β-lactamases are becoming more prevalent in Enterobacteriaceae.
OXA-10 is weakly active against cefotaxime and aztreonam, giving most isolates
reduced susceptibility (reviewed by Paterson and Bonomo 2005).
smr2 encodes a putative small drug resistance protein and database searches
with the cassette sequence found a 100% match with published sequence GenBank
AJ784256 (Toleman et al. 2005).
1

11

21

31

41

51

AF047556

MDYSICDIAESNELILEAAKILRKSFLDAGNESWVDIKKAIEEVEDCIEHPNLCLGICLD

AF047479

MNYQIVNIAECSNYQLEAANILTEAFNDLGNNSWPDMTSATKEVKECIESPNLCFGLLIN

AAC(6')-LT

MIYNIINIADSEKNKEDAARILYSAFRGKGKDAWPTLDSAREEIAECIASPNICLGITLD
61

71

81

91

101

111

AF047556

DKLIGWTGLRPMYDKTWELHPMVIKTEYQCRGIGKVLIKELEKRAKGRGIIGIALGTDDE

AF047479

NSLVGWIGLRPMYKETWELHPLVVRPDYQNKGIGKILLKELENRAREQGIIGIALGTDDE

AAC(6')-LT

DRLVGWGGLRPMYETTWELHPLVIDPDYQGNGLGRLLLSKIESTATTNRIIGIMLGTDDE
121

131

141

151

161

171

AF047556

YQKTSLSMIDINERNIFDEIGNIKNVTNHPYEFYKKCGYMIVGIIPNANGKRKPDIWMWK

AF047479

YYRTSLSLITITEDNIFDSIKNIKNINKHPYEFYQKNGYYIVGIIPNANGKNKPDIWMWK

AAC(6')-LT

TLSTSLSMTDIDESNIFQEIKNIINIKNHPFEFYKKCGYIIVGIVPNANGYRKPDIWMWK

Figure 6.3 Alignment of AAC(6')-LT with published aminoglycoside resistance genes.
a

% identity at amino acid level. % similarity includes conservative substitutions

(e.g. hydrophobic substitutions such as isoleucine for valine).
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6.1.3.1.3 Cassette arrays – other genes identified
Aminoglycoside resistance genes aacA4 and aadB
Three isolates (LT30, JU19, JU10) contained a previously identified array (blaIMP4qacG2-aacA4-catB3) (Espedido et al. 2005) (Fig. 6.1). aacA4 (Shaw's aac(6')-Ib),
encodes resistance to gentamicin and tobramycin in these isolates (see Nomenclature
1.2.8.4.1). LT30 and JU10 (both E. cloacae) also had single dfrA25 cassettes
(trimethoprim resistance) and a third larger array (approximately 4 kb, not yet
characterised) (Table 6.1). JU19 (K. pneumoniae) lacked these two additional arrays.
In addition to the two K. pneumoniae mentioned (see 6.3.1.2) an aadB cassette was
identified in one Klebsiella and one E. coli and was the first or sole cassette in the array
for all of these and is therefore subject in all of these to the powerful Pc promoter of the
integron.
Frequent detection of aadA and dfr genes
dfr, encoding trimethoprim resistance, is usually integron associated. At least eight
isolates have trimethoprim resistance dfr genes; dfrA1 was identified in two Klebsiella
srains, dfrA17 in four E. coli and dfrA25 in two Enterobacter isolates (Table 6.1).
aadA genes code for resistance to streptomycin and/or spectinomycin and are ubiquitous
amongst Gram-negative bacteria (reviewed by Shaw et al. 1993). Four of the five E.
coli isolates had a common array (dfrA17-aadA5) (Fig. 6.1).
Two K. pneumoniae (JIE14, JIE21) with identical ERIC PCR profiles held identical
gene cassette arrays (dfrA1-orfC) (Fig. 6.1). A GenBank search identified this gene
combination in Salmonella, V. cholerae and Enterobacteriaceae, and it has been
described in Australia (Levings et al. 2005).
strA
An amplicon of about 1 kb was evident for seven Enterobacter when hep58:aadA2 PCR
was performed to identify if aadA2 was in the unidentified arrays. Representative
samples (A9, LT30) revealed sequence similarity to a resolvase gene, tnpR, commonly
found in transposon structures and a streptomycin phosphotransferase resistance gene,
strA (GenBank AJ518835). SphI and BsrI RFLP profiles of the 1 kb amplicons from
these isolates were identical (data not shown).
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6.1.3.1.4 Development of internal primers for detection of cassette genes
Nineteen of the 23 aminoglycoside-resistant strains (Group 1) carried aminoglycoside
resistance determinants as gene cassettes in class 1 integrons. Five carried only an aadA
aminoglycoside resistance gene (spectinomycin/streptomycin) and the remainder (14)
carried one or more of aac(6')-IIc, aadB, and aacA4, all of which are associated with
resistance to gentamicin and tobramycin. The phenotype for aac(6')-LT has not yet been
identified and will be determined in future work.
Multiple arrays proved difficult to extract and several sequences have not been fully
characterised in the study time frame. Many aminoglycoside resistance determinants are
found outside the context of integrons, and cassette arrays may not always be amplified
using primers located in the 3'-CS because it is not always intact. Primers were therefore
designed to bind inside their coding sequence.
aac(6')-II group
The aac(6')-II group had sufficient DNA homology for primers to be designed to
encompass IIa, IIb, and IIc, but also sufficient unique regions for the design of specific
aac(6')-IIc primers (Appendix A and B). The aac(6')-IIc cassette was present in
identical arrays from seven of the eleven Enterobacter/C. freundii group. aac(6')-IIc
internal primers (Chapter 2) were used to amplify and sequence this gene from six
isolates in which the gene had not been previously identified (Table 6.1). Two
Enterobacter isolates transferred the gene in a gentamicin-resistant plasmid. The primer
set designed to detect aac(6')-IIa, IIb, and IIc (Appendix B) was used as a screening
tool. No new positives were detected; however no control strains were available to
check for successful amplification of aac(6')-IIa and IIb .
aac(6')-I group
A functional classification system based on substrate specificity (reviewed by Shaw et
al. 1993) is a poor predictor of genetic similarity. Alignments of the aminoglycoside
acetylating genes aac(6') revealed diversity too great for unifying consensus primers to
be designed. Based on protein similarity, the genes encoding the proteins AAC(6')-Ic,
Ig, Ih, Ij, Ik, Il, Ir–Iz and Iaa form one group; AAC(6')-Ia, Ii, and Iq form a second
group; and AAC(6')-Ib, Ie, Im, IIa, IIb, IIc, and IId make up a third group (Salipante and
Hall 2003). There are now further database entries for the AAC(6')-I group including
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AAC(6')-29a, AAC(6')-29b, AAC(6')-Iae, and AAC(6')-31, which were not included,
possibly requiring design of further primer sets.
aacA4 (aac(6')-Ib)
More recently, an association of this gene with 3rd generation cephalosporin resistance
in Klebsiella spp. and E. coli has been described (Lavollay et al. 2006). We therefore
tested all study isolates, regardless of phenotype, with negative results for all but the
previously identified positive isolates.
6.1.3.2

Non-cassette genes

6.1.3.2.1 Development of internal primers for non-cassette genes
Consensus primers for aac(3)-IIa, aac(3)-IIb and aac(3)-IIc (Appendix C) were tested
against the study subset. Nine isolates were positive: two E. coli (ICU29, JIE2), one K.
oxytoca (JIE13), three K. pneumoniae (JU19, JIE14, JIE21), and three Enterobacter
isolates (A7, JU10, LT30). DNA sequencing confirmed that a representative sample of
isolates carried aac(3)-IIc. Internal primers, specific for aac(3)-IIc (table 2.12) were
then designed and tested against all aac(3)-II-positive strains with amplicons of the
correct size achieved for all strains tested.
6.1.3.3

Association of aminoglycoside and β-lactam resistance

Two ESBL positive Klebsiella isolates (JIE14 and JIE21) were resistant to cefotaxime
but susceptible to ceftazidime. Both isolates were screened using published primers
designed to detect CTX-M genes (Woodford et al. 2005) (Chapter 2) and were positive
for the CTX-M-9 group. DNA sequencing of PCR products amplified from both the
isolates and conjugative plasmids identified the gene as CTX-M-14. The remaining
Klebsiella and E. coli isolates were CTX-M PCR negative.
One cefoxitin-resistant E. coli isolate in the study subset (JIE3) was identified as
carrying ampC. The amplicon size achieved using published primers indicated that the
ampC gene was in the CIT group (Table 2.12) (Perez-Perez and Hanson 2002).
Consequent sequencing of the amplicon confirmed this, identifying it as CMY-2. No
plasmid was transferred into an E. coli recipient strain using gentamicin selection. The
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remaining Klebsiella and E. coli strains were ampC negative, including one cefoxitin
resistant isolate (ICU46).
Three isolates (LT30, JU19, JU10) carried the blaIMP-4 gene, which confers resistance to
cephalosporins, including cephamycins, in a class 1 integron. The isolates carry aacA4
on the same cassette array, which encodes resistance to gentamicin and tobramycin in
these isolates. When a plasmid containing the array was transformed into DH5α, the
strain was susceptible to aminoglycosides (see Discussion).
6.1.3.4

Mobility of aminoglycoside resistance genes

Gentamicin-resistant plasmids (Chapter 5) were tested with specific internal primer
pairs to detect the presence of the aminoglycoside resistance genes found in the wt
strains.
6.1.3.4.1 aac(6')-IIc
Seven isolates were found to have the same 6.286 kb amplicon (Fig. 6.1) by analysis of
RFLP fragments. Two Enterobacter isolates with this array (ICU64, JIE2) transferred a
gentamicin-resistant plasmid and an ESBL phenotype was co-transferred. The ESBL
genetic determinant has not yet been identified for JIE2. Using specific primers for
SHV and TEM, a SHV gene was identified in ICU64 and sequencing further identified
it as SHV-12. Four of the five Enterobacter carried only small molecular weight
plasmids, which did not transfer using gentamicin selection, whilst one isolate (C.
freundii, JIE23) had no plasmid evident in two independent plasmid preparations.
Two E. cloacae, one K. pneumoniae, and three E. coli produced an amplicon of
the correct size when tested with aac(6')-IIc internal primers. A conjugative plasmid
was transferred, using gentamicin selection, but, using specific primers, did not appear
to contain aac(6')-IIc.
6.1.3.4.2 aac(3)-IIc
Eight of the nine aac(3)-IIc positive isolates transferred a plasmid carrying this gene
when selected for gentamicin resistance. In one isolate (E. aerogenes, A7) neither a high
molecular weight plasmid could be demonstrated on alkaline lysis preparations nor
could one be transferred using gentamicin selection. Co-transfer of aac(3)-IIc with the
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blaIMP-4 array occurred in the three blaIMP-4 positive isolates even when β-lactam
selection was used for mating experiments (Tables 6.2 and 6.3).
6.1.3.4.3 New aminoglycoside resistance gene in 6 kb array (aac3)
It was evident that the Enterobacter and C. freundii with the large 6 kb array have an
additional aminoglycoside resistance gene. There was insufficient time to characterise
this gene in the group 1 study isolates but the published sequence (Verdet et al. 2006) is
similar in protein sequence (79%) to aminoglycoside acetyltransferase AAC(3)Vb from
S. marcescens (GenBank M97172). The aac(3)-II consensus primer set designed in this
study would not be expected to detect aac(3)-Vb or this recently published sequence
(GenBank AJ971344). The internal primers designed in this study to detect aac(3)-II
were found to have insufficient homology to amplify these genes and new internal
primers are currently being designed.
6.1.3.4.4 aadB
Two wt isolates containing aadB, one of which (JIE11) had a high molecular weight
plasmid, did not transfer plasmids using gentamicin selection. Two K. pneumoniae
which contained aadB as the first cassette in a 2.828 kb array (Fig. 6.1) transferred a
gentamicin-resistant plasmid to an E. coli recipient strain
6.1.3.4.5 Dissemination of clones
The patient location was compared among isolates with apparently similar ERIC or
plasmid profiles to check for horizontal dissemination of strains within hospital wards.
Two K. pneumoniae (JIE14, JIE21) with identical cassette arrays, CTX-M genes, and
identical ERIC PCR fingerprint were urinary pathogens from patients within the same
ward, identified within the same week and are likely nosocomial isolates. Information
available on the remaining isolates at the time of culture collection suggested different
patient locations and no obvious link (data not shown).
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Table 6.2 Comparison of aminoglycoside resistance phenotype wt versus tx and transfer of aminoglycoside resistance genes.
Antibiogram wt
Isolate
ID

Aminoglycoside resistance genes
identified

AMK

GEN

TOB

Cassette-borne
resistance genes
transferred to tx

Antibiogram tx
Non-cassette genes
transferred to tx

AMK

GEN

TOB

Cassette genes
not transferred
a
to tx

JU10

aac(6')-Ib, aac(3)-IIc, aac(6')-IIc

≤8

≥8

≥8

aac(6')-Ib

aac(3)-IIc

≤8

≥8

≥8

aac(6')-IIc

LT30

aac(6')-Ib, aac(3)-IIc, aac(6')-IIc

≤8

≥8

≥8

aac(6')-Ib

aac(3)-IIc

≤8

≥8

≥8

aac(6')-IIc

JIE2

aac(6')-IIc

≤8

≥8

≥8

aac(6')-IIc

≤8

≥8

≥8

ICU64

aac(6')-IIc

≤8

≥8

≥8

aac(6')-IIc

≤8

≥8

≥8

JIE22

aac(3)-IIc

≤8

≥8

≥8

aac(3)-IIc

≤8

≥8

≥8

ICU29

aac(3)-IIc, aac(6')-IIc

≤8

≥8

≥8

aac(3)-IIc

≤8

≥8

≥8

aac(6')-IIc

JU19

aac(6')-Ib, aac(3)-IIc, aac(6')-IIc

≤8

≥8

≥8

aac(6')-Ib

aac(3)-IIc

≤8

≥8

≥8

aac(6')-IIc

ICU46

aadB , aac(6')-LT

≤8

≥8

≥8

aadB, aac(6')-LT

16

≥8

≥8

JIE14

aac(3)-IIc

≤8

≥8

≥8

aac(3)-IIc

≤8

≥8

≥8

JIE21

aac(3)-IIc

≤8

≥8

≥8

aac(3)-IIc

≤8

≥8

≤2

LT12

aadB, aac(6')-LT

16

≥8

≥8

16

≥8

≥8

JIE13

aac(3)-IIc

≤8

≥8

≥8

≤8

≥8

≥8

a

aadB, aac(6')-LT
aac(3)-IIc

Presumed location: gene cassette on an integron but as not transferred in mating experiments possibly chromosomally located or on a non-conjugative

plasmid (Chapter 5).
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6.1.4 Discussion
6.1.4.1

Species distribution of aminoglycoside-resistance genes – our study

Six Enterobacter and one C. freundii carried aac(6')-IIc as the first cassette in a large array.
This was found on a conjugative aminoglycoside-resistant plasmid in two isolates.
Specific internal primers designed to detect aac(3)-II identified nine isolates with this
gene and internal primers identified an additional six isolates with aac(6')-IIc (Table 6.3).
Three E. coli isolates had aadA5 identified with dfrA17 on an identical array, but as
this gene encodes only for streptomycin and spectinomycin resistance it has not been included
in Table 6.3.
Table 6.3 Summary of species distribution of aminoglycoside resistance genes (this study)
Enterobacter
(no = 10)

Resistance genes
aac(6')-IIc

a

6 (2 )

b

aac(3)-IIc

b

1

a

aac(6')-IIc + aac(3)-IIc
aadB

aadB

1

2

b

b

+ aac(3)-IIc + aac(6')-IIc

+ aac(6')–LT

Klebsiella
(no = 7)

3

1
1

ab

ab

E. coli
(no = 5)

1

ab

aacA4

C. freundii
(no = 1)

a

2

1

ab

No gene detected
a

gene cassette (proven or probable)

b

plasmid.

1

2
1
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6.1.4.1.1 6 kb array evident in Enterobacter spp. and C. freundii group
aac(6')-IIc was originally identified in P. aeruginosa, and more recently in E. cloacae,
Salmonella spp., and K. pneumoniae (Gassama-Sow et al. 2004; Galani et al. 2005; Verdet et
al. 2006). In 2004, the aac(6')-IIc and ereA2 cassettes were found in the same array on a large
conjugative plasmid in a Salmonella strain isolated from both humans and poultry in Senegal,
Africa (Gassama-Sow et al. 2004). The authors were unable to transfer this array in mating
experiments, and similarly, Galani and co-workers demonstrated aac(6')-IIc was in an
integron with a possible chromosomal location (Galani et al. 2005). In two of the seven
aminoglycoside-resistant isolates from Group 1 with this array transfer of a gentamicinresistant plasmid was successful.
6.1.4.2

Aminoglycoside-resistance genes identified in overseas studies

A relationship has been suggested between species and carriage of cassette and non-cassette
genes encoding aminoglycoside resistance. Vanhoof and co-workers studied 1102 isolates and
identified aacA4 (aac(6')-Ib) as predominant in Enterobacter spp.; aac(3) genes (Ia, IIc, IVa,
VIa) were predominant in E. coli; and Klebsiella spp. were more likely to carry multiple
aminoglycoside resistance determinants (Vanhoof et al. 1999). An earlier study identified
cassettes in 28 of 49 isolates and found aacA4 (aac(6')-1b) to be common, unrelated to
species but only looked for integron-associated genes (Sallen et al. 1995). Using MIC patterns
and a cellulose phosphate paper binding method to detect and identify aminoglycoside
resistance enzymes, non-cassette encoded resistance in E. coli and Klebsiella spp. was often
due to a plasmid-borne resistance gene aac(3)-IIc, with aac(3)-I identified more frequently in
earlier studies (Phillips et al. 1986) (Table 6.4). Aminoglycoside-resistant Enterobacter spp.
prevalence was very low at their institution so undue emphasis should not be placed on results
for these genera.
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The predominant species-associated aminoglycoside resistance genes (Table 6.4) were
compared with overseas surveys to determine if similar results were obtained.
Table 6.4 Comparison of species distribution of aminoglycoside resistance genes
Enterobacter spp.
and C. freundii

Klebsiella spp.

E. coli

What we found

aac(6')-IIc

aac(3)-IIc aadB b

aac(3)-IIc
aac(6')-IIc

What others found
(Phillips et al. 1986)
10 year study, UK

aac(3)-I

aac(3)-II, aac(3)-I
aadB

aac(3)-II
aac(3)-I

aac(3)-II
aac(6')-I
aadB

aac(3)-II
aac(6)-I

aac(3)-I
aac(6')-I
aadB

(Levesque et al. 1995)
(1972- 1990) USA

No ID

a

(Flamm et al. 1993)
(1993) USA

aadB

(Sallen et al. 1995)
France

aac(6')-Ib

(Vanhoof et al. 1999)
Belgium

aac(6')-Ib

aac(3)-II + aac(6')-Ib

aac(3)-Ia -IIc
-IVa - VIa

(Over et al. 2001)
Turkey

aac(6')-IV aac(6')-III
aadB

aac(6')-IV aadB

aac(3)-II

a

Enterobacteriaceae, not further identified.

b

ant(2'')Ia

c

aacA4

c

We found similar associations of aac(3)-II with E. coli and Klebsiella spp., and aadB with
Klebsiella spp. amongst our isolates (Table 6.4) but no evidence of the aminoglycoside
resistance determinants common amongst the Enterobacter spp. found in overseas studies.
The results presented here (Table 6.3) suggest that aac(6')-IIc is common locally as part of a
large gene cassette array which has been recently described (Verdet et al. 2006). In 2004,
aac(6')-IIc and ereA2 were described together on an array in Salmonella as mentioned
previously (Gassama-Sow et al. 2004), but otherwise, the gene, and the large array identified
in this study appears uncommon in other large surveys (Table 6.4). It could be speculated that
the original two-cassette array has acquired an insertion segment with an additional
aminoglycoside resistance determinant (yet to be characterised) in a recombination event and
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disseminated in response to the ongoing gentamicin selection pressure within this hospital’s
environment. It has shown itself capable of dissemination by two different mechanisms, on a
mobile plasmid along with an ESBL phenotype, and also by clonal dissemination.
Enterobacter spp. from New South Wales were generally more resistant to gentamicin than
those from other parts of Australia (Chapter 5) possibly due to clonal expansion of this strain
within the Sydney region. It would be of interest to test the larger group of gentamicinresistant Sydney isolates to confirm this theory.
6.1.4.3

Apparent novel aminoglycoside resistance determinant

Two isolates of K. pneumoniae (LT12 and ICU 46) carry an identical array (aadB-aac(6')-LToxa10-smr2) (Table 6.1). This includes one previously unrecognised cassette (aac(6')-LT) and
the array is transferable on a large plasmid (Fig. 5.4). ERIC profiling clearly separates the two
isolates as different clones (Fig. 5.1). As both patients carrying these isolates were in the
intensive care unit at this institution (one year apart) the high selection pressure within this
environment is a possible explanation for the continuing local evolution of aminoglycoside
resistance determinants. Identification of emerging new genes also highlights the importance
of not becoming complacent once genetic determinants have been identified in studies such as
this, and the need for ongoing surveys to detect variant genes. A negative result may not
necessarily be a true negative but a failure to detect a genetic variation in the existing genetic
families.
One of the isolates was cefoxitin resistant (see Chapter 5.1.3.2.1), but PCR for
ampC genes was negative. Porin deficiency has been described in association with cefoxitin
resistance and may contribute to this phenotype (Martinez-Martinez et al. 1996).
Further work is in process to determine the phenotype of the aac(6')-LT gene.
6.1.4.4

aacA4 (aac(6')-Ib); relationship with β-lactamases CTX-M and IMP-4

The cassette-borne aac(6')-Ib (aacA4) gene has been described in Enterobacteriaceae (Sallen
et al. 1995) as well as Acinetobacter spp. (Ploy et al. 1994; Turton et al. 2005) and is
associated with mobile plasmids (Boyd et al. 2004; Lavollay et al. 2006; Machado et al.
2006). There was no evidence of this gene in the samples selected for our study, apart from
the three previously characterised isolates (JU10, JU19, LT30) in which it is part of an array
containing blaIMP-4..

162

Since completion of this study, an increase in the number of ESBL-positive isolates at this
institution with a phenotype suggestive of CTX-M has been noticed. A small group of the
isolates have been tested and CTX-M-15 or CTX-M-14 enzymes have been found. The CTXM-15 isolates are largely associated with aacA4 (gentamicin (not amikacin)-resistant) on large
plasmids transferable with β-lactam selection (6/10 isolates, unpublished data). The related
gene aac(6')-1b-cr encodes resistance to aminoglycosides and fluoroquinolones, and has
recently been described in association with CTX-M (Machado et al. 2006; Robicsek et al.
2006). This variant gene has been identified at this hospital in all of the isolates carrying
CTX-M-15 (Z. Zong, unpublished).
6.1.4.5

Association of aminoglycoside resistance and ampC

E. coli and Klebsiella resistant to cephamycins and extended-spectrum cephalosporins may
have acquired a plasmid carrying ampC. Plasmid-mediated AmpC-type enzymes are less
common than ESBLs as a mechanism for resistance to extended-spectrum cephalosporins in
these species (with CTX-M being most prevalent ESBl detected) (Potz et al. 2006; Yan et al.
2006) but have been implicated in outbreaks (Ohana et al. 2005; Potz et al. 2006). Where
AmpC mediated resistance was identified, it was commonly derived from C. freundii, and E.
coli was found to be the usual plasmid host. Association of AmpC with aminoglycoside
resistance was evident in an outbreak in France caused by an ACC-1-producing K.
pneumoniae (Ohana et al. 2005) and aminoglycoside resistance was co-transferred on a
plasmid with the ampC gene.
An English study of more than 1000 community and hospital Enterobacteriaceae
found that only 15% of the isolates with plasmid-borne ampC were also aminoglycoside
resistant (Potz et al. 2006). ESBLs were more commonly multi-resistant, with gentamicin
resistance varying between 44 - 80%, dependent on species (Potz et al. 2006). As Group 1
isolates were collected for this study on their aminoglycoside resistance phenotype, the ESBL
phenotype was expected to be more common than AmpC.
In this study, the ampC gene was identified in one aminoglycoside-resistant E. coli.
Attempts to identify a conjugative gentamicin-resistant plasmid failed. A recent study on
resistance to 3rd-generation cephalosporins amongst E. coli and Klebsiella at this institution
has found it is more frequently due to carriage of an ESBL-containing plasmid (unpublished
data), similar to data from overseas (Potz et al. 2006).
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6.1.4.5.1 Association of aac(3)-IIc with other resistances
The aac(3)-II group is common in Enterobacteriaceae (Table 1.8). aac(3)-IIc (previously
designated aac(3)-V) has a high degree of identity to aac(3)-IIa whilst aac(3)-IIb has less
identity and is less common (reviewed by Shaw et al. 1993). aac(3)-IIc was transferred on a
conjugative gentamicin-resistant plasmid for eight of nine isolates with this gene. Detection of
aac(3)-IIc may be a useful indicator of mobile β-lactam resistance determinants in Klebsiella
spp., as all the aminoglycoside-resistant Klebsiella in Group 1 with this gene were ESBLpositive.
Of 16 CTX-M-positive Klebsiella and E. coli recently identified at this institution,
six were identified as both CTX-M-14 and aac(3)-IIc positive (aacA4 negative). Ten CTX-M15 positive isolates were further tested and six were also found to be aac(3)-IIc positive,
showing an apparent common relationship with carriage of an CTX-M ESBL.

6.1.5 Summary
22 of 23 gentamicin or tobramycin-resistant isolates had at least one gene encoding
gentamicin and tobramycin resistance identified. Most of these (16 of 23) had only one gene
identified, although three isolates had two aminoglycoside resistance genes, and three isolates
had three aminoglycoside resistance genes (Table 6.1). The predominance of aac(6')-IIc was
unexpected, as was the detection of a new gene (aac(6')-LT). Although the study was small
compared to overseas surveys, it increased our understanding of local aminoglycoside
resistance epidemiology and highlighted the importance of local surveys.
One E. cloacae isolate (A7, aac(3)-IIc positive) had no apparent large plasmid evident
on alkaline plasmid profiling and no gentamicin-resistant plasmid transferred in mating
experiments. The remaining eight of nine isolates (E. coli and ESBL-positive Klebsiella spp.)
with aac(3)-IIc, transferred it on a conjugative plasmid. The association of this gene with
mobile gentamicin resistance plasmids could prove a useful screening tool in epidemiological
screening.
Antibiotic use has been suggested to influence the emergence of new aminoglycoside
resistance genes (Yamane et al. 2005) with high amikacin use in Japan implicated in the
prevalence of aac(6')-I (Shimizu et al. 1985). At Westmead hospital amikacin is rarely used,
which may account for the lack of aac(6')-I genes encoding amikacin resistance amongst the
study isolates.
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This study is incomplete as we have yet to identify the mechanism of aminoglycoside
resistance for one isolate (A30) and to completely characterise a new gene (aac(6')-LT). The
amikacin resistant phenotype in LT39 further suggests genes or mechanisms as yet uncovered,
and the aac(6')-I group has not yet been properly explored.
This study has provided an understanding of the primary aminoglycoside resistance
genes present in the local setting and their association with other resistances. This knowledge
will allow development of assays for patient screening (clinical isolates and colonising flora),
to better understand the epidemiology of aminoglycoside resistance and to allow better choice
of antibiotic therapy related to presence or absence of these genes.
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7 Chapter 7

Summary

Medical intervention has dramatically improved the outcome for critically ill patients in
recent decades but diagnostic microbiology has not kept pace, despite the fact that rapid
results have been shown to lead to better patient outcome and reduced hospital costs
(McGowan 2001; Sintchenko et al. 2005). The failure of microbiology to provide rapid and
accurate results means most clinicians adopt a conservative approach. Conservative empiric
therapy, particularly in acute care environments, maximises clinical outcome but adds to
overall costs as well as increasing the rates of antimicrobial resistance (reviewed by Yang and
Rothman 2004).
The diversity in processing and culture requirements for clinical specimens received in
the microbiology laboratory means that batch handling is usually most efficient. In addition,
interpretive analysis of plate cultures, and identification and susceptibility testing, requires a
depth of knowledge only gained after considerable experience, but the effects of government
cost cutting within the public health system means this workforce is dwindling.
Few automated systems have been introduced into microbiology, but those systems
that have been introduced successfully have considerably reduced sample-handling time and
improved efficiency. Blood culture incubation and detection systems (e.g. BACTEC) and
automated urine microscopy are obvious examples.
Automated identification and susceptibility systems (e.g. Vitek2, Phoenix) are able to
offer more rapid results but their automated decision-support algorithms have difficulty with
emerging antibiotic resistance phenotypes (Espedido et al. 2007) and these systems do not
eliminate the need for culture and phenotypic identification, which can take at least a further
18 hours.
Urgent processing for the most important tests in the most critically ill (e.g.
cerbrospinal fluid) do not lend themselves to batch processing and so there is conflict between
166

cost incentives to batch process and simplify methodological approaches and the flexibility
required to produce the most cost-effective and time critical results.
Real-time PCR has been successfully implemented into routine microbiological
testing in the detection of slow-growing bacteria, viruses, parasites and potential agents of
meningitis, with a greatly improved time to result and either equal or increased sensitivity
achieved when compared to routine methods (reviewed by Yang and Rothman 2004; Espy et
al. 2006). Real-time PCR development for detection of antimicrobial resistance has
progressed more slowly yet early detection is crucial for timely accurate antimicrobial
prescribing and for faster, more effective infection control implementation. Quantitative
measurement of starting template in the sample is already well established in assessing
disease severity or monitoring treatment efficacy in viral infection (e.g. HIV, CMV).
Quantitative PCR would be a useful step towards differentiating between low colonising
levels of bacteria vs infection (e.g. S. pneumoniae which can colonise the pharynx in the
absence of disease) and detection of increased expression of resistance genes (e.g. ampC in
ESCHAPPM isolates).
Detection of some resistance genes (e.g. β-lactamase) is not easily achievable as
there are too many variants. The cost of testing may be too great when compared with
phenotypic testing, especially if sequencing of the amplicon is necessary for final
identification. New technologies such as DNA chips or efficient multiplexed PCR methods
may change this balance.
Unlike conventional culture-based susceptibility testing, no standards exist for
performing genetic testing. False positive results due to contamination or primer design, and
false negative results due to inhibition, lack of sensitivity, or primer design should be taken
into consideration when introducing PCR into routine methodologies.
The infection control implications of low-level colonisation, detected by PCR alone,
and the risk for transmission in these patients are still under debate. Detection of low-level
colonisation in those patients that have few or no risk factors and a short hospital stay is
probably of no benefit. In those patients that have other risk factors, antibiotic use may
quickly increase the colonisation burden providing a risk for endogenous and exogenous
transmission. The importance of detecting a poorly expressed or non-expressed gene is also
questionable. Knowledge of the presence of such a genetic determinant for potential
resistance will allow antibiotic therapy choices that will reduce the risk of treatment failure.
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Direct extraction of DNA on clinical specimens may, in some instances, be less than
optimal. This can be a result of variable template quality and/or PCR-inhibition in clinical
samples (e.g. blood cultures, Chapter 3), or insensitivity due to low inocula. PCR is usually
more expensive than traditional phenotypic methods, particularly if commercial kits are used,
and smaller laboratories may not have sufficient specimens to be able to justify the set-up
costs. The expense of commercial kits is offset to some extent by their more reliable and
consistent performance characteristics, and inclusion of internal controls (Chapter 3), but kits
are currently available for only a number of limited pathogens. Unfortunately, most existing
real-time PCR systems (e.g. LightCycler) are designed for batch processing, rather than
random access, which negates the benefits of rapid technology.
An ideal system incorporates the efficiency of batched high-volume processing with
the flexibility and speed for rapid initial results in high-priority areas. New systems with
continued refinement in PCR technology, as well as improvements in automation via high
throughput robotics, are becoming available. Automated DNA extraction systems are now
available and have advantages over manual methods. Such systems are useful for large-scale
processing, require minimal expertise, provide more consistency of extraction, reduce the risk
of cross contamination and allow technicians to perform other tasks while extraction takes
place. Some manufacturers are now providing smaller versions of their instruments (e.g.
Qiagen BioRobot EZI, 6 samples, 20 min) that are less expensive and eliminate the need for
large scale batch processing. The consideration of PCR cost, particularly when using
commercial assays, should also be made in relation to the reduction in infection, and mortality
rates, and the use of more appropriate antibiotic therapy (reviewed by Yang and Rothman
2004).
The introduction of a robust, real-time, random-access PCR system such as the Smart
Cycler fits in with the workflow of microbiology laboratories and is ideal for multiple use and
multiple targets. The SAM-PCR (Chapter 3) was able to provide results on blood cultures
within 2 h of signalling positive with S. aureus.
Conditional and composite phenotypes are easily missed on routine phenotypic
testing, or may be misidentified (Espedido et al. 2005; Espedido et al. 2007). Gram-negative
bacteria, particularly Enterobacteriaceae, are highly adaptive, sharing their gene pool by
horizontal transmission particularly in environments such as the human gut (Thomas et al.
2005). Consequently, the local microflora and genetic determinants for resistance are
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continually evolving and monitoring for new and emerging resistances is therefore an ongoing
process. Development of a selective broth and multiplex PCR (Chapter 4) allows multiple
targets to be screened, reducing workload and detecting silent phenotypes not easily
characterised by routine microbiological methods. The detection of CAZ-resistant
LB[AMP8/CAZ8] or FOX-resistant LB[AMP8/FOX4] Enterobacteriaceae has yet to be fully
evaluated. Future emphasis will possibly be on the detection of ESBL-producing bacteria, as
the number of clinically significant ESBL-positive Enterobacteriaceae evident in this
institution is increasing, as has been found elsewhere (reviewed by Paterson 2006).
The use of genotypic methods to identify potential virulence or antibiotic resistances
requires a good understanding of the relationships between the genotype and phenotype. An
understanding of the aminoglycoside resistance genes prevalent at this institution, and the
discovery of several new genes, has highlighted the importance of regular screening of the
local nosocomial flora and provided information for the development of future rapid methods
for their detection. Overseas studies identified different prevalence patterns of aminoglycoside
resistance genes, and were therefore not useful. The use of hep58/hep59 primers to identify
genes in cassette arrays was a useful but laborious starting point; however, the continual
evolution of genetic determinants will ensure such surveys need to be ongoing. As
aminoglycosides may be used as empiric therapy until culture result is available, early
diagnosis of resistance to this class of antibiotics is important. Ideally, the information gained
from this study will be used to develop multiple genetic targets on a platform suitable for
screening both clinical samples and positive blood cultures.
Future directions
It is not expected that genetic methods will ever fully replace the traditional phenotypic test,
but will rather complement conventional testing. Examples of their benefits would be (1)
where clinical outcome is directly affected by speed of results, (2) to confirm specific
resistance mechanisms where phenotype is unclear, (3) for use in epidemiological screening
for infection control and early intervention, (4) detection of resistance mechanisms in slow
growing organisms; and (5) screening for mobile resistance determinants.
The introduction of miniaturized thermocyclers, and the ability of some platforms to
now run multiple programs at any time, makes point-of-care testing feasible at some point in
the future. Of primary importance is that the technology includes adequate controls to ensure
the standard of results is not compromised, as the clinician increasingly comes to rely on such
169

results. It is expected commercial interests will inevitably expand into this growing market
with the development of cheaper, more user-friendly platforms in the future (reviewed by
Mackay 2004). Microarray technology is already available, incorporating specific
oligonucleotide sequences onto a disposable microchip, allowing multiple target sequences to
be tested for simultaneously, and multiplexed tandem PCR (MT-PCR) utilises multiple nested
primers and SYBR Green for fluorescent output detection. The sensitivity of nested PCR,
high resolution melt curve analysis, and simultaneous quantitative nucleic acid represents a
significant advance on existing technologies (Stanley and Szewczuk 2005). Such platforms,
used for rapid and efficient screening of bacterial pathogens and resistances, may be useful
adjuncts to phenotypic testing in the future and offer potential applications in surveillance
screening (Perreten et al. 2005).
Rapid detection of pathogens involved in specific syndromes (e.g. meningitis,
septicaemia) and the development of tests detecting antimicrobial resistance such as have
been described in this thesis would mean earlier, more accurate medical intervention. Such
rapid detection would allow more appropriate use of resources and treatment according to the
pathogen type and virulence, with targeted therapy diminishing the development of antibiotic
resistance.

PCR testing is rapidly becoming a necessary tool in the diagnostic microbiology
laboratory. The complexity of phenotypes now evident makes recognition of resistance
mechanisms by phenotype increasingly difficult. The presence of multiple genetic
determinants (as evident in Chapter 6) means assumptions based on the phenotype may no
longer be correct. Mobilisation of genes on conjugative plasmids, may allow dissemination
into different genera, where they may or may not be detected by phenotype, and genetic
testing is needed to detect such “silent” dissemination. Patients infected or colonised with
nosocomial pathogens (or with strains containing particular plasmids) could be isolated more
quickly and infection control measures implemented.
PCR technology will certainly become an essential and fundamental tool in routine
diagnostic microbiology. The ability to rapidly discern species and predict phenotype will
allow more precise decision-making and eliminate wait times for traditional microbiological
results, with considerable benefit to the patient.
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171

Appendix A
Alignment of aac(6')-IIa, IIb, and IIc, as well as aacA4 to find area of least match using CLUSTALW (BioManager).
aacA4 was included due to its genetic similarity to the aac(6')-II group.
aac(6')-IIcF CCC AAT CCT ACA TCG CAC TT
aac(6')-IIcR CCA CTT CCC CTT GAT TTT GA
aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

1
11
21
31
41
51
61
71
81
91
---------------------------------------------------ATGTCCGCGAGCACCCCCCCCATAACTCTTCGCCTCATGACCGAGCGCG
---------------------------------------------------ATGTCCGCCAACAATGCCGCAATAGTTCTACGAGTCATGGCCGAGAACG
ATGAGTATTCAACATTTCCAAACAAAGTTAGGCATCACAAAGTACAGCATCGTGACCAACAGCAACGATTCCGTCACACTGCGCCTCATGACTGAGCATG
---------------------------------------------------------ATGCATCCCGGCGTTGTTACTCTGCGTCCGATGACCGAAGACG

aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

101
111
121
131
141
151
161
171
181
191
ACCTGCCGATGCTCCATGACTGGCTCAACCGGCCGCACATCGTTGAGTGGTGGGGTGGCGACGAAGAGCGACCGACTCTTGATGAAGTGCTGGAACACTA
ATCTGCCAATGCTCCATGCTTGGCTGAACCGCCCCCACATAGTCGAGTGGTGGGGCGGCGAGGATGAACGCCCAACTCTTGACGAAGTCTTAGAACACTA
ACCTTGCGATGCTCTATGAGTGGCTAAATCGATCTCATATCGTCGAGTGGTGGGGCGGAGAAGAAGCACGCCCGACACTTGCTGACGTACAGGAACAGTA
ACATCGGTATGCTTCACGAATGGTTGAATCGGCCGCACATTGTCGAATGGTGGGGTGGTGAG------CGGCCCTCGCTCGAAGAGGTGAAAGAGGACTA

aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

201
211
221
231
241
251
261
271
281
291
CCTGCCCAGAGCGATGGCGGAAGAGTCCGTAACACCGTACATCGCAATGCTGGGCGAGGAACCGATCGGCTATGCTCAGTCGTACGTCGCGCTCGGAAGC
TTCGCCCGAAGTTCTGGCAAAGCAAGCTGTAGTGCCTTACATCGCAATGCTAGATGACGAACCCATCGGCTACGCCCAATCCTACATCGCACTT GGAAGT
CTTGCCAAGCGTTTTAGCGCAAGAGTCCGTCACTCCATACATTGCAATGCTGAATGGAGAGCCGATTGGGTATGCCCAGTCGTACGTTGCTCTTGGAAGC
TCGGCCCAGCGCGTTGGCCGAAGAAGGAGTGACGCCGTACATCGGTTTGCTTGACGGAACTCCATTCGCGTTCGCACAGTCGTACGTTGCGCTCGGGTCG

aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

301
311
321
331
341
351
361
371
381
391
GGTGATGGCTGGTGGGAAGATGAAACTGATCCAGGAGTGCGAGGAATAGACCAGTCTCTGGCTGACCCGACACAGTTGAACAAAGGCCTAGGAACAAGGC
GGCGATGGATGGTGGGAAGACGAAACTGATCCAGGGGTCCGCGGGATTGACCAGTCTTTGGCTAATCCATCACAGTTAAACAAGGGGTTGGGTACAAAGC
GGGGACGGATGGTGGGAAGAAGAAACCGATCCAGGAGTACGCGGAATAGACCAGTTACTGGCGAATGCATCACAACTGGGCAAAGGCTTGGGAACCAAGC
GGTGGTGGATGGTGGGAGGAAGAGACCGATCCTGGTGTCCGCGGAATCGATCAATCAATCGCCGATTCCGGGCTTCTCGGAAGAGGTTACGGCACTCGGC

aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

401
411
421
431
441
451
461
471
481
491
TTGTCCGCGCTCTCGTTGAACTACTGTTCTCGGACCCCACCGTGACGAAGATTCAGACCGACCCGACTCCGAACAACCATCGAGCCATACGCTGCTATGA
TCGTACGCTCGCTCGTTGAACTCCTGTTTAGCGACCCGGCCGTAACGAAAATCCAAACCGATCCATCTCCTAGCAACCATCGCGCCATTCGCTGCTACGA
TGGTTCGAGCTCTGGTTGAGTTGCTGTTCAATGATCCCGAGGTCACCAAGATCCAAACGGACCCGTCGCCGAGCAACTTGCGAGCGATCCGATGCTACGA
TGGTGCAGGCGCTTGTTGATTTGCTGTTCGCCGACCCGCAGGTATCCAAGGTTCAGACGGACCCCTCCCCGAACAACATGCGCGCGATACGCTGCTATGA

aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

501
511
521
531
541
551
561
571
581
591
GAAGGCAGGATTCGTGCGGGAGAAGATCATCACCACGCCTGACGGGCCGGCGGTTTACATGGTTCAAACACGACAAGCCTTCGAGAGAAAGCGCGGTGTT
GAAGGCCGGGTTCGTTCAAGAAAAAAACATCCTCACACCTGACGGCCCTGCGGTGTACATGGTCCAAACACGCCAGGCGTTCGAAAGCCTGCGCACTGTT
GAAAGCGGGGTTTGAGAGGCAAGGTACCGTAACCACCCCAGATGGTCCAGCCGTGTACATGGTTCAAACACGCCAGGCATTCGAGCGAACACGCAGTGTT
GAAGGCAGGCTTCCGGAAGGTCAAGGTCGTTTCAACACCGGATGGGCCGGCCATGTACATGTTGCACGAGCGTCCGTTGGTGAACGGTTTGCGCAGTGCG

601
611
621
631
aac(6')-IIa ----GCCTAA----------------------aac(6')-IIc CAAAGCTTCAAAATCAAGGGGAAGTGG TCATGA
aacA4
----GCCTAA----------------------aac(6')-IIb ----GCCTAA-----------------------

aac(6')-IIa GenBank M29695; aac(6')-IIb Genbank L06163; aac(6')-IIc Genbank AF162771; aacA4 GenBank M21682 (Shaw et al. 1993).
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Appendix B
Alignment of aac(6')-IIa, -IIb, and -IIc, for design of consensus primers using CLUSTALW (BioManager).
aacA4 was included due to its genetic similarity to the aac(6')-II group.
aac(6')-II consensusF CAC ATH GTY GAR TGG TGG
aac(6')-II consensusR CCK GCC TTC TCR TAG CAG
aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

1
11
21
31
41
51
61
71
81
91
---------------------------------------------------ATGTCCGCGAGCACCCCCCCCATAACTCTTCGCCTCATGACCGAGCGCG
---------------------------------------------------ATGTCCGCCAACAATGCCGCAATAGTTCTACGAGTCATGGCCGAGAACG
ATGAGTATTCAACATTTCCAAACAAAGTTAGGCATCACAAAGTACAGCATCGTGACCAACAGCAACGATTCCGTCACACTGCGCCTCATGACTGAGCATG
---------------------------------------------------------ATGCATCCCGGCGTTGTTACTCTGCGTCCGATGACCGAAGACG

aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

101
111
121
131
141
151
161
171
181
191
ACCTGCCGATGCTCCATGACTGGCTCAACCGGCCGCACATCGTTGAGTGGTGGGGTGGCGACGAAGAGCGACCGACTCTTGATGAAGTGCTGGAACACTA
ATCTGCCAATGCTCCATGCTTGGCTGAACCGCCCCCACATAGTCGAGTGGTGGGGCGGCGAGGATGAACGCCCAACTCTTGACGAAGTCTTAGAACACTA
ACCTTGCGATGCTCTATGAGTGGCTAAATCGATCTCATATCGTCGAGTGGTGGGGCGGAGAAGAAGCACGCCCGACACTTGCTGACGTACAGGAACAGTA
ACATCGGTATGCTTCACGAATGGTTGAATCGGCCGCACATTGTCGAATGGTGGGGTGGTGAG------CGGCCCTCGCTCGAAGAGGTGAAAGAGGACTA

aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

201
211
221
231
241
251
261
271
281
291
CCTGCCCAGAGCGATGGCGGAAGAGTCCGTAACACCGTACATCGCAATGCTGGGCGAGGAACCGATCGGCTATGCTCAGTCGTACGTCGCGCTCGGAAGC
TTCGCCCGAAGTTCTGGCAAAGCAAGCTGTAGTGCCTTACATCGCAATGCTAGATGACGAACCCATCGGCTACGCCCAATCCTACATCGCACTTGGAAGT
CTTGCCAAGCGTTTTAGCGCAAGAGTCCGTCACTCCATACATTGCAATGCTGAATGGAGAGCCGATTGGGTATGCCCAGTCGTACGTTGCTCTTGGAAGC
TCGGCCCAGCGCGTTGGCCGAAGAAGGAGTGACGCCGTACATCGGTTTGCTTGACGGAACTCCATTCGCGTTCGCACAGTCGTACGTTGCGCTCGGGTCG

aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

301
311
321
331
341
351
361
371
381
391
GGTGATGGCTGGTGGGAAGATGAAACTGATCCAGGAGTGCGAGGAATAGACCAGTCTCTGGCTGACCCGACACAGTTGAACAAAGGCCTAGGAACAAGGC
GGCGATGGATGGTGGGAAGACGAAACTGATCCAGGGGTCCGCGGGATTGACCAGTCTTTGGCTAATCCATCACAGTTAAACAAGGGGTTGGGTACAAAGC
GGGGACGGATGGTGGGAAGAAGAAACCGATCCAGGAGTACGCGGAATAGACCAGTTACTGGCGAATGCATCACAACTGGGCAAAGGCTTGGGAACCAAGC
GGTGGTGGATGGTGGGAGGAAGAGACCGATCCTGGTGTCCGCGGAATCGATCAATCAATCGCCGATTCCGGGCTTCTCGGAAGAGGTTACGGCACTCGGC

401
411
421
431
441
451
461
471
481
491
aac(6')-IIa TTGTCCGCGCTCTCGTTGAACTACTGTTCTCGGACCCCACCGTGACGAAGATTCAGACCGACCCGACTCCGAACAACCATCGAGCCATACGCTGCTATGA
aac(6')-IIc TCGTACGCTCGCTCGTTGAACTCCTGTTTAGCGACCCGGCCGTAACGAAAATCCAAACCGATCCATCTCCTAGCAACCATCGCGCCATTCGCTGCTACGA
aacA4
TGGTTCGAGCTCTGGTTGAGTTGCTGTTCAATGATCCCGAGGTCACCAAGATCCAAACGGACCCGTCGCCGAGCAACTTGCGAGCGATCCGATGCTACGA
aac(6')-IIb TGGTGCAGGCGCTTGTTGATTTGCTGTTCGCCGACCCGCAGGTATCCAAGGTTCAGACGGACCCCTCCCCGAACAACATGCGCGCGATACGCTGCTATGA
aac(6')-IIa
aac(6')-IIc
aacA4
aac(6')-IIb

501
511
521
531
541
551
561
571
581
591
GAAGGCAGGATTCGTGCGGGAGAAGATCATCACCACGCCTGACGGGCCGGCGGTTTACATGGTTCAAACACGACAAGCCTTCGAGAGAAAGCGCGGTGTT
GAAGGCCGGGTTCGTTCAAGAAAAAAACATCCTCACACCTGACGGCCCTGCGGTGTACATGGTCCAAACACGCCAGGCGTTCGAAAGCCTGCGCACTGTT
GAAAGCGGGGTTTGAGAGGCAAGGTACCGTAACCACCCCAGATGGTCCAGCCGTGTACATGGTTCAAACACGCCAGGCATTCGAGCGAACACGCAGTGTT
GAAGGCAGGCTTCCGGAAGGTCAAGGTCGTTTCAACACCGGATGGGCCGGCCATGTACATGTTGCACGAGCGTCCGTTGGTGAACGGTTTGCGCAGTGCG

aac(6')-IIa GenBank M29695; aac(6')-IIb Genbank L06163; aac(6')-IIc Genbank AF162771; aacA4 GenBank M21682 (Shaw et al. 1993).
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Appendix C
Alignment of aac(3)-II sequence to find area of most similarity using CLUSTALW (Biomanager)
aac(3)-II consensusF CGT ATG AGA TGC CGA TGC
aac(3)-II consensusR AAG ATA GGT GAC GCC GAA C
aac(3)-IIa
aac(3)-IIc
aac(3)-IIb

1
11
21
31
41
51
61
71
81
91
ATGCATACGCAGAAGGCAATAACGGAGGCGCTTCAAAAACTCGGAGTCCAATCCGGTGACCTGTTGATGGTGCATGCCTCACTTAAATCGATTGGTCCGG
ATGCATACGCGGAAGGCAATAACGGAGGCGCTTCAAAAACTCGGAGTCCAAACCGGTGACCTATTGATGGTGCATGCCTCACTTAAAGCGATTGGTCCGG
ATGAACACGATCGAATCGATCACGGCGGACCTGCACGGACTGGGCGTCCGGCCCGGCGACCTGATCATGGTCCATGCATCGCTGAAAGCCGTCGGCCCGG

aac(3)-IIa
aac(3)-IIc
aac(3)-IIb

101
111
121
131
141
151
161
171
181
191
TCGAAGGAGGAGCGGAGACGGTCGTCGCCGCGTTACGCTCCGCGGTTGGGCCGACTGGCACTGTGATGGGATACGCATCGTGGGACCGATCACCCTACGA
TCGAAGGAGGAGCGGAGACGGTCGTTGCCGCGTTACGCTCCGCGGTTGGGCCGACTGGCACTGTGATGGGATACGCATCGTGGGACCGATCACCCTACGA
TCGAGGGAGGTGCGGCCTCGGTGGTGTCGGCCCTTCGCGCCGCGGTCGGGTCCGCAGGGACCCTGATGGGTTATGCCTCATGGGACCGCTCGCCCTATGA

aac(3)-IIa
aac(3)-IIc
aac(3)-IIb

201
211
221
231
241
251
261
271
281
291
GGAGACTCTGAATGGCGCTCGGTTGGATGACAATGCCCGCCGTACCTGGCCGCCGTTCGATCCCGCAACGGCCGGGACTTACCGTGGGTTCGGCCTGCTG
GGAGACTCGTAATGGCGCTCGGTTGGATGACAAAACCCGCCGTACCTGGCCGCCGTTCGATCCCGCAACGGCCGGGACTTACCGTGGGTTCGGCCTGCTG
GGAGACGCTGAACGGCGCGCGGATGGACGAAGAACTGCGCCGCCGGTGGCCACCCTTCGATCTGGCCACATCCGGTACCTATCCCGGCTTCGGCCTGCTC

aac(3)-IIa
aac(3)-IIc
aac(3)-IIb

301
311
321
331
341
351
361
371
381
391
AATCAGTTTCTGGTTCAAGCCCCCGGCGCGCGGCGCAGCGCGCACCCCGATGCATCGATGGTCGCGGTTGGTCCGCTGGCTGAAACGCTGACGGAGCCTC
AATCAGTTTCTGGTTCAAGCCCCCGGCGCGCGGCGCAGCGCGCACCCCGATGCATCGATGGTCGCGGTTGGTCCACTGGCTGAAACGCTGACGGAGCCTC
AACCGGTTTCTGCTTGAGGCGCCCGACGCACGGCGCAGCGCGCATCCCGACGCCTCCATGGTCGCGGTCGGCCCCCTTGCCGCCACGCTGACAGAGCCGC

aac(3)-IIa
aac(3)-IIc
aac(3)-IIb

401
411
421
431
441
451
461
471
481
491
ACGAACTCGGTCACGCCTTGGGGGAAGGGTCGCCCAACGAGCGGTTCGTCCGCCTTGGCGGGAAGGCCCTGCTGTTGGGTGCGCCGCTAAACTCCGTTAC
ACAAGCTCGGTCACGCCTTGGGGGAAGGGTCGCCCGTCGAGCGGTTCGTTCGCCTTGGCGGGAAGGCCCTGCTGTTGGGTGCGCCGCTAAACTCCGTTAC
ACCGGCTTGGGCAGGCGCTGGGCGAAGGCTCGCCGCTGGAGCGCTTCGTCGGGCATGGCGGAAAGGTCCTGCTTCTGGGAGCGCCGCTCGACTCCGTCAC

aac(3)-IIa
aac(3)-IIc
aac(3)-IIb

501
511
521
531
541
551
561
571
581
591
CGCATTGCACTACGCCGAGGCGGTTGCCGATATACCCAATAAACGGTGGGTGACGTATGAGATGCCGATGC CTGGAAGAGACGGTGAAGTCGCCTGGAAA
CGCATTGCACTACGCCGAGGCGGTTGCCGATATCCCCAACAAACGGCGGGTGACGTATGAGATGCCGATGCTTGGAAGCAACGGCGAAGTCGCCTGGAAA
CGTGCTGCATTACGCCGAGGCCATCGCCCCCATCCCGAACAAACGCCGCGTGACCTATGAAATGCCGATGCTCGGCCCGGATGGCAGGGTCCGATGGGAG

aac(3)-IIa
aac(3)-IIc
aac(3)-IIb

601
611
621
631
641
651
661
671
681
691
ACGGCATCGGATTACGATTCAAACGGCATTCTCGATTGCTTTGCTATCGAAGGAAAGCAGGATGCGGTCGAAACTATAGCAAATGCTTACGTGAAGCTCG
ACGGCATCGGATTACGATTCAAACGGCATTCTCGATTGCTTTGCTATCGAAGGAAAGCCGGATGCGGTCGAAACTATAGCAAATGCTTACGTGAAGCTCG
CTGGCCGAGGATTTCGACAGCAACGGCATTCTCGATTGCTTCGCGGTCGATGGGAAGCCGGATGCCGTCGAGACGATCGCCAAGGCTTATGTCGAACTGG

aac(3)-IIa
aac(3)-IIc
aac(3)-IIb

701
711
721
731
741
751
761
771
781
791
GTCGCCATCGAGAAGGTGTCGTGGGCTTTGCCCAGTGCTACCTGTTCGACGCGCAGGACATCGTGACGTTCGGCGTCACCTATCTTGAGAAGCATTTCGG
GTCGCCATCGAGAAGGTGTCGTGGGCTTTGCTCAGTGCTACCTGTTCGACGCGCAGGACATCGTGACGTTCGGCGTCACCTATCTTGAGAAGCATTTCGG
GCCGGCATCGGGAAGGCATCGTCGGTCGCGCACCCTCCTATCTGTTTGAAGCGCAGGATATCGTCTCGTTCGGCGTCACCTATCTCGAACAGCATTTCGG

aac(3)-IIa GenBank X13543; aac(3)-IIb

GenBank M97172; aac(3)-IIc X54723
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Appendix D CLSI Interpretation (BD Phoenix NMIC/ID-101 MIC card)
Antibiotic

Breakpoint Basis

Range

CLSI
Amikacin
Gentamicin

Tobramycin

Cephalothin

Cefoxitin

Cefotaxime

Ceftazidime

Ampicillin
Amoxicillin/
clavulanic acid
Ticarcillin/
clavulanic acid
Imipenem

Aztreonam

Ciprofloxacin
Trimethoprim/
sulphomethoxazole

Concentration

Phoenix CLSI Equiv

8-32

CLSI
Phoenix CLSI Equiv

2-8

CLSI
Phoenix CLSI Equiv

2-8

CLSI
Phoenix CLSI Equiv

2-16

CLSI
Phoenix CLSI Equiv

4-16

CLSI
Phoenix CLSI Equiv

2-32

CLSI
Phoenix CLSI Equiv

0.5-16

CLSI
Phoenix CLSI Equiv

4-16

CLSI
Phoenix CLSI Equiv
CLSI
Phoenix CLSI Equiv

4/2-16/8
2/2-64/2

CLSI
Phoenix CLSI Equiv

1-8

CLSI
Phoenix CLSI Equiv

1-16

CLSI
Phoenix CLSI Equiv
CLSI
Phoenix CLSI Equiv

0.5-2
0.5/9.5-2/38

Equiv = equivalent.
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CLSI Breakpoints (µg/mL)
Susceptible

Intermediate

Resistant

<=16

32

>=64

<=8 - 16

32

>32

≤4

8

>=16

<=2 - 4

8

>8

≤4

8

>=16

<=2 - 4

8

>8

<=8

16

>=32

<=2 - 8

16

>16

≤8

16

>=32

<=4 - 8

16

>16

≤8

16-32

>=64

<=2 -8

16 – 32

>32

<=8

16

>=32

<=0.5 - 8

16

>16

<=8

16

>=32

<=4 - 8

16

>16

≤8/4

16/8

>32/16

<=4/2 – 8/4

16/8

>16/32

≤16/2

32/2, 64/2

<=2/2–16/2

>128/2

≤4

8

>16

<=1 - 4

8

>8

<8

16

>32

<=1 - 8

16

>16

≤1

2

>4

<=0.5 - 1

2

>2

<1/19
<0.5/9.5 – 1/19

-

>4/76
>2/38

Definitions of Interpretation (taken from NCCLS document M7-A6, 2004)
Susceptible

The "susceptible" category implies that an infection due to the strain may be
appropriately treated with the dosage of antimicrobial agent recommended for that type
of infection and infecting species, unless otherwise contraindicated.
Intermediate
The "intermediate" category includes isolates with antimicrobial MICs that approach
usually attainable blood and tissue levels and for which response rates may be lower
than that for susceptible isolates. This category implies clinical efficacy in body sites
where drugs are physiologically concentrated (e.g. for quinolones and β-lactams in
urine) or where a higher than normal dose can be used (e.g. β-lactams). The
intermediate category also includes a buffer zone designed to prevent small
uncontrollable technical factors from causing major discrepancies in interpretation,
especially from drugs with narrow pharmacotoxicity margins.
Resistant
Resistant strains are not inhibited by the usually achievable systemic concentrations of
the agent with normal dosage schedules, and/or they may have MICs that fall within the
range where specific microbial resistance mechanisms are likely and clinical efficacy
has not been reliable in treatment studies.
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