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ABSTRACT8
9

Aims: To determine resistance rates and patterns of certain uropathogens, including E. coli,10
Klebsiella spp. and Pseudomonas spp., isolated from hospitalized urinary tract infections11
patients, to aminoglycoside antibiotics and detection of the most prevalent plasmid-mediated12
aminoglycoside modifying enzymes (AMEs).13
Methods: Uropathogenic isolates (150) were recovered from urine specimens of14
hospitalized UTI patients in Cairo, Egypt and identified by conventional methods. The15
recovered uropathogens (E.coli, Klebsiella spp. and Pseudomonas spp.) were tested for16
their susceptibilities to gentamicin, tobramicin, amikacin, neomycin, netilmicin, and17
kanamycin by disc diffusion method. Plasmid-mediated aminoglycoside resistance was18
determined by transformation experiments as well as by using plasmids as templates for19
PCR screening of the AMEs-coding genes aph(3')-I, aac(6')-I, aac(3)-I, aac(3)-II and ant2''-I20
in all resistant isolates.21
Results: Of a total of 150 uropathogenic clinical isolates, 110 isolates were of the above22
mentioned genera and were selected for the current study. Sixty three isolates (57.2%) were23
resistant to at least one aminoglycoside antibiotic. Highest and lowest resistance rates were24
observed to kanamycin (53.6%) and amikacin (7.2%), respectively. The resistance rates to25
gentamicin, neomycin, tobramycin and netilmicin were 33.6%, 24.5%, 23.6% and 14.5%,26
respectively. AMEs-coding genes were detected on plasmids of 93.6% of resistant isolates27
with prevalence rates of 53.9% for ant2''-I, 38% for both aac(6')-I and aac(3)-II and 33.3% for28
aph(3')-I, while aac(3)-I gene was not detected in any of the tested resistant isolates. Double29
and triple combinations of AMEs genes were detected in 49.2% of resistant isolates.30
Conclusion: A high prevalence of plasmid-mediated resistance to aminoglycoside31
antibiotics in Gram negative uropathogens from hospitalized patients was observed.32
Uropathogens may represent a potential reservoir of panaminoglycoside resistance in33
hospitals, having on their plasmids combinations of AMEs-coding genes. Good infection34
control measures in Egyptian hospitals together with periodic screening of prevalence rates35
of different resistance genes are required.36
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1. INTRODUCTION43
44

In an era of rapid spread of bacterial resistance to many of antibiotics and decelerated45
discovery of new antimicrobial agents, the focus has returned to the re-evaluation of the use46
of old antibiotic compounds, which due probably to limited use for years being displaced by47
more active and less toxic agents, may retain activity against a large number of currently48
prevalent resistant bacterial isolates. Aminoglycoside antibiotics are re-emerging as valuable49
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alternative for the treatment of difficult-to-treat infections, particularly those caused by Gram50
negative pathogens [1, 2].51
Aminoglycosides are a group of clinically important, broad-spectrum antibiotics that inhibit52
protein biosynthesis in bacteria by selectively binding to the A-site decoding region of the53
bacterial 16S rRNA within the 30S ribosomal subunit causing mistranslation of mRNA or54
premature termination of protein synthesis [3]. Advantages for clinical use include: having55
the properties of bactericidal activity, predictable pharmacokinetics, synergy with other56
antibiotics and low cost. A particular advantage for urinary tract infections (UTIs) treatment is57
their ability to attain urine concentrations of 25-100 times that in serum [4, 5]. Concentration-58
dependant bactericidal activity and postantibiotic effect allowed the once-daily dosing59
regimen which markedly decreased toxicities that limited their wide use for years [6].60
Aminoglycoside monotherapy was found to produce equal efficacy with β-lactam drugs and61
fluoroquinolones in treatment of UTIs and pyelonephritis [7].62
Since introduction into clinical use, three mechanisms are known to be responsible for63
bacterial resistance to aminoglycoside antibiotics [8]: first; decreased intracellular64
accumulation by outer membrane permeability alteration [9], diminished inner membrane65
transport [10], or active efflux [11-13]; second; target modification by mutation of 16SrRNA66
[14, 15] or ribosomal proteins coding genes [16] or by 16SrRNA methylation , newly67
identified in clinical isolates [17, 18], and third; enzyme-mediated drug modification resulting68
in compromised binding to target site, the most prelevant in clinical setting [19]. There are69
three classes of aminoglycoside modifying enzymes: aminoglycoside phosphotransferases70
(APHs), aminoglycoside nucleotidyltransferases (ANTs), and aminoglycoside71
acetyltransferases (AACs). Within each class, there are enzymes with different72
regiospecificities for aminoglycoside modifications [5].73
Testing the resistance profile to a large panel of antibiotics has been long known to help in74
prediction of the underlying resistance mechanism in bacterial isolates using “The75
interpretative reading” described before by Livermore and coworkers [20], ascertained76
afterwards by molecular techniques, known to be strongly correlated, thereby, minimizing the77
number of genes tested [21, 22]. The current study has aimed at determining the resistance78
rates and patterns of certain uropathogens to different aminoglycoside antibiotics as well as79
detection of the most prevalent plasmid-mediated aminoglycoside modifying enzymes by80
phenotypic and genotypic methods.81

82
2. MATERIALS AND METHODS83

84
2. 1. COLLECTION, IDENTIFICATION AND STORAGE OF BACTERIAL85
STRAINS86

87
A total of 150 bacterial isolates were recovered from urine specimens of UTI patients from88
four different hospitals in Cairo: Al-Demerdash, Al-Qasr Al-Ainy, Al-Hussien and Dar Al-89
Fouad Hospitals. Bacterial isolates were identified according to the method described by ?.90
Isolates of the genera Escherichia, Klebsiella and Pseudomonas were selected for this study91
whose total number was 110 isolates, and they have been stored as glycerol stock at -20ºC92
throughout this study.93

94
2. 2. ANTIMICROBIAL SUSCEPTIBILITY TESTING95

96
Susceptibility of the selected isolates to six aminoglycoside antibiotics was tested using97
commercial discs (Oxoid, UK) of the following antibiotics (µg/disc): gentamicin (10),98
tobramicin (10), amikacin (30), neomycin (30), netilmicin (30) and kanamycin (30) by disc99
diffusion method on Mueller Hinton agar according to Clinical and Laboratory Standards100
Institute (CLSI) guidelines. Isolates were categorized as susceptible (S), intermediate (I) and101
resistant (R) depending on the measured inhibition zone diameters [23]. Isolates showing102
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resistant and intermediate resistance phenotypes were selected for polymerase chain103
reaction (PCR) assay of AMEs-coding genes. Interpretative reading of resistance profile was104
used for prediction of the underlying resistance mechanism [20].105

106
2. 3. PLASMID EXTRACTION107

108
Plasmids were extracted from isolates having reduced susceptibility to at least one of the109
tested aminoglycoside antibiotics using GeneJet Plasmid Miniprep Kit (thermoscientific)110
according to manufacturer’s directions. Presence, number and molecular sizes of plasmids111
in each isolate were detected by using gel electrophoresis and GelPilot 1 kb (Qiagen,112
Germany) was used as ladder.113

114
2. 4. LOCALIZATION AND TRANSFERENCE OF RESISTANCE DETERMINANTS115

116
Plasmid localization of resistance genes and their ability to transfer was tested by117
transformation experiments using E.coli DH5α as a recipient strain. Extracted plasmids from118
resistant isolates were used to transform chemically competent E.coli DH5α, prepared119
according the method described previously [24]. Briefly, 10 µl of the plasmid DNA were120
added to 200 µl of competent E. coli DH 5α (108 cfu/ml) and kept on ice for 30 min. Following121
a heat shock (90 seconds, 42ºC), cells were regenerated in 800 µl Luria-Bertani (LB)122
medium for 1 hour at 37ºC at 300 rpm. Transformants were selected by culturing on LB agar123
plates containing antibiotics to which each donor isolate is resistant (Kanamycin 50µg/ml124
and gentamicin 50µg/ml). Successful transformation was confirmed by antibiogram analysis125
and PCR assay.126

127
2. 5. PCR AMPLIFICATION OF GENES ENCODING AMINOGLYCOSIDE128
MODIFYING ENZYMES129

130
Five AMEs-coding genes, aac(6')-Ib, aph(3')-Ia, aac(3)-I, aac(3)-II and ant2''-I, were selected131
for screening in 63 resistant isolates showing reduced susceptibility to at least one of the132
tested aminoglycoside antibiotics depending on interpretative reading of the most commonly133
encountered resistance phenotypes [20] and dissemination in Gram negative isolates as134
reported in literature [19].135
Five sets of primers were designed using the open access programs: Primer3web version136
3.0.0 (http://primer3.wi.mit.edu/) and Primer-BLAST primer designing tool of the National137
Center of Biotechnology Information web site (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).138
Alignments of nucleotide and aminoacid sequences were performed using ClustalW2 of the139
European Bioinformatics Institute website (http://www.ebi.ac.uk/Tools/msa/clustalw2/).140
According to the above mentioned programs, Primer sequences and expected amplicon141
sizes (bp) were determined as shown in table (1).142
PCR assay was carried out in a final volume of 25 µl, consisting of 12.5 µl of 2X143
DreamTaq™ Green PCR Master Mix (Fermentas, USA), 1 µl (25 picomole) of each primer144
(Fermentas, USA) and 1µl of plasmid DNA and the reaction mixture was completed to 25 µl145
with DNA grade water, using various amplification conditions for each primer set. PCR146
products were detected by electrophoresis on 1% w/v agarose gel containing 0.5 µg/ml147
ethidium bromide and visualized on UV transilluminator. PCR products sizes were148
determined using ready-to-use GeneRuler™ 100bp Plus DNA Ladder (Fermentas, USA).149

150
Table 1. Primer sequences and expected amplicon sizes for PCR products151

152
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Primera Primer sequence (5'→3')
Target genes
(alternative names) (accession
number)b

Amplicon
Size (bp)

APH(3ˋ)I-f TTATGCCTCTTCCGACCATC aph(3')-Ia (aphA-1) (V00359)
aph(3')-Ic (apha1-1AB, apha7)
(M37910)

223
APH(3ˋ)I-r GCCTGAGCGAGACGAAATAC

AAC(6ˋ)I-f TTGCGATGCTCTATGAGTGG
aac(6')-Ib (aacA4) (M21682) 356

AAC(6ˋ)I-r CGTTTGGATCTTGGTGACCT

AAC(3)I-f CCACCTACTCCCAACATCA
aac(3)-I (aacC1) (X15852) 329

AAC(3)I-r TTCCCGTATGCCCAACTTT

AAC(3)II-f GCAGAAGGCAATAACGGAG aac(3)-IIa (aaC3) (X13543)
aac(3)-IIc (aacC2) (X54723) 567

AAC(3)II-r CCAGGCATCGGCATCTCATA

ANT(2ˋˋ)II-f AAGCACGATGATATTGATCTG
ant(2'')-Ia (aadB) (X04555) 288

ANT(2ˋˋ)II-r GGCATAGTAAAAGTAATCCCA
af, forward primer; r, reverse primer153
bAlternative names and accession numbers of target genes as described by Ramirez and coworkers [19]154

155
2. 6. DNA sequencing156

157
Four amplicons representative of the positive four sets of primers were verified by158
sequencing on both strands (Macrogen, Korea). The nucleotide sequences of the amplicons159
were analyzed using the open access software of National Center of Biotechnology160
Information web site (http://www.ncbi.nlm.nih.gov).161

162
3. RESULTS163

164
3. 1. Isolates identification & aminoglycoside resistance profile165

166
Among 110 isolates, 74(67.2%), 24(21.8%) and 12(10.9%) isolates were identified to be167
Escherichia coli, Klebsiella spp. and Pseudomonas spp, respectively and these isolates168
were selected for further studies. Regarding the resistance profile of the isolates, 63(57.2%)169
isolates had shown resistance to at least one of the six tested aminoglycoside antibiotics.170
The resistance distribution among the genera was as follows: Escherichia coli (64.0%),171
Klebsiella spp. (15.6%) and Pseudomonas spp. (18.7%). Regardless of the genera, the172
highest resistance rate was to kanamycin (53.6%), lowest resistance rate was to amikacin173
(7.2%). Resistance rates to gentamicin, neomycin, tobramycin and netilmicin were 33.6%,174
24.5%, 23.6% and 14.5%, respectively. Resistance rates to aminoglycoside antibiotics175
differed markedly in isolates of different genera as shown in table (2).176

177
Table 2. Resistance rates among different isolates, including Escherichia coli, Klebsiella spp.178
and Pseudomonas spp. against the tested aminoglycoside antibiotics179

180

Genus
No. of isolates resistant to each aminoglycoside antibiotica,b

G T A Nm Nt K
Escherichia coli
(n=74)

21(28.3%) 12(16.2%) 3(4.0)% 23(31.0%) 5(6.7%) 38(51.3%)

Klebsiella spp. 8(33.3%) 5(20.8%) 1(4.1%) 1(4.1%) 3(12.5%) 9(37.5%)
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(n=24)
Pseudomonas
spp. (n=12)

8(66.6%) 9(75.0%) 4(33.3%) 3(25.0%) 8(66.6%) 12(100.0%)

Total (n=110) 37(33.6%) 26(23.6%) 8(7.2%) 27(24.5%) 16(14.5%) 59(53.6%)
aG, gentamicin; T, tobramycin; A, amikacin; Nm, neomycin; Nt, netilmicin; K, kanamycin181
bPercentage of resistance to each antibiotic was calculated as compared to the number of isolates in each genus182

183
3. 2. Transformation184
Transformation experiments were successful in only seven isolates (11.1%) out of 63185
resistant ones. The transformation was confirmed by antimicrobial susceptibility testing and186
PCR assay (Table 3). The resistance profile was identical in transformants and donor clinical187
isolates except in one transformant (116T) in which resistance to gentamicin was lost, as188
compared to the donor clinical isolate. Susceptibility to gentamicin was accompanied by189
absence of ant(2'')-I gene despite being detected in the donor isolate (116).190

191
Table 3. Resistance profile and genes detected in donor clinical isolates and transformants192

193
Isolate
No.

Donor Clinical Isolate Transformant
Resistance
Profile

Genes detected Resistance Profile Genes detected

32 NmR-KR aph(3')-I NmR-KR aph(3')-I
70 NmR-KR aph(3')-I NmR-KR aph(3')-I
77 NmR-KR aph(3')-I NmR-KR aph(3')-I
98 TR-KR ant(2'')-I TR-KR ant(2'')-I
116 GR-NmR-KR aph(3')-I, ant(2'')-I NmR-KR aph(3')-I
164 GR-TR-KR ant(2'')-I GR-TR-KR ant(2'')-I
152 GR-NmR-KR aph(3')-I, ant(2'')-I,

aac(3)-II
GR-NmR-KR aph(3')-I, ant(2'')-I,

aac(3)-II*GR, resistant to gentamicin; TR, resistant to tobramycin; NmR, resistant to neomycin; KR, resistant to kanamycin194
195

3. 3. Prevalence of AMEs genes in E. coli, Klebsiella spp. and Pseudomonas spp. isolates196
197

Among 63 tested isolates, 59(93.6%) were found to carry AMEs genes on their plasmids.198
ant(2'')-I was the most frequently encountered gene (53.9%) followed by aac(6')-I and199
aac(3)-II each were found in 24 isolates (38%). Twenty-one isolates (33.3%) were found to200
carry aph(3')-I, while aac(3)-I gene was not detected in any of the tested resistant isolates.201
Regarding the distribution of the four AMEs genes in resistant isolates of different genera,202
ant(2'')-I was detected in 46.3% of E.coli resistant isolates, aph(3')-I in 44,1% , while 34.1%203
and 31.5% of them carried aac(3)-II and aac(6')-I, respectively. In resistant Klebsiella spp.204
isolates, ant(2'')-I was the most commonly detected (70.0%), followed by aac(3)-II (60.0%),205
aac(6')-I (40.0%), then aph(3')-I was the least commonly detected in 20.0% of Klebsiella spp.206
resistant isolates. The prevalence rates of the four AMEs genes in resistant Pseudomonas207
spp. was 66.6%, 58.3, 33.3% and 16.6% for ant(2'')-I, aac(6')-I, aac(3)-II and aph(3')-I,208
respectively209
Twenty-eight isolates (44.4%) had only one AME gene, with aph(3')-I being the most210
common single AME coding gene existing in twelve isolates (19.0%), while 31 isolates211
(49.2%) had more than one AMEs genes. Coexistence of two and three AMEs genes where212
detected in 18 isolates (28.5%) and 13 isolates (20.6%), respectively, having a total of nine213
different AMEs genes combinations. The aforementioned genes could not be detected on214
the plasmids of only four resistant isolates (6.3%) despite showing resistance to at least one215
of the tested aminoglycoside antibiotics.216

217
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Fig 2. Prevalence rates of different genotypes in resistant isolates of different genera222

Percentage of each genotype is calculated as compared to the number of resistant isolates223
224

3. 4. Correlation between AMEs genes and resistance to aminglycoside antibiotics225
226

Resistance to aminoglycoside antibiotics matched the predicted phenotypes in 53 isolates227
(84.1%) for gentamicin, 43 isolates (68.2%) for tobramycin, 40 isolates (63.4%) for amikacin,228
53 isolates (84.1%) for neomycin, 38 isolates (60.3%) for netilmicin and 59 isolates (93.6%)229
for kanamycin. Susceptibility to some aminglycoside antibiotics was retained despite230
harboring resistance genes in five isolates (7.9%) for gentamicin, twenty isolates (31.7%) for231
tobramycin, eighteen isolates (28.5%) for amikacin, two isolates (3.1%) for neomycin, 23232
isolates (36.5%) for netilmicin and two isolates (3.1%) for kanamycin. In only 11 isolates233
(17.4% of all resistant isolates), there was 100% concordance between genotype and234
resistance to all aminoglycoside antibiotics. Frequency of AMEs genotypes and observed235
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Fig 1. Agarose gel electrophoresis of the amplification products of four positive AMEs-
coding genes: lane 1, ant(2'')-I gene (288bp); lane M, 100bp ladder; lane 2, aac(3)-II
gene (567bp); lane 3, aph(3')-I (223bp); lane 4, aac(6')-I (356bp)
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phenotypes in comparison to expected resistance phenotypes as described before by236
Ramirez and coworkers [19] were listed in table (4).237

238
Table 4. Frequency of AMEs genotypes, expected resistance phenotypes versus observed239
phenotypes in tested isolates240

241

AMEs coding genes
Number of
isolates
n=63(%)

Expected resistance
phenotypesa,b

Observed resistance
phenotypes
(no. of isolates)

aph(3')-I 12(19.0%) NmR-KR As expected(8)
GR-NmR-KR (2)
KR(2)

aac(6')-Ib 7(11.1%) AR-TR-NtR-KR As expected(0)
TR-KR(3)
KR(3)
AR-KR(1)

ant(2'')-I 9(14.2%) GR-TR-KR As expected(1)
GR-AR-TR-NtR-KR(1)
GR-TR-NmR-KR(1)
TR-KR(2)
KR(2)
GR(1)
TR-NtR-KR(1)

aac(3)-I 0(0.0%) GR As expected(0)
aac(3)-II 0(0.0%) GR-TR-NtR As expected(0)

aph(3')-I+aac(6')-I 1(1.5%) AR-TR-NtR-NmR-KR As expected(0)
GR-AR-TR-NtR-NmR-KR(1)

aph(3')-I+ant(2'')-I 1(1.5%) GR-TR-NmR-KR As expected(0)
GR-NR-KR(1)

aph(3')-I+aac(3)-II 1(1.5%) GR-NmR-KR As expected(1)

aac(6')-I+aac(3)-II 4(6.3%) GR-AR-TR-NtR-KR As expected(0)
GR-TR-NtR-KR(1)
GR-TR-KR(2)
GR-NtR-KR(1)

ant(2'')-I+aac(3)-II 7(11.1%) GR-TR-NtR-KR As expected(1)
GR-AR(1)
GR-KR(4)
GR-NtR-NmR-KR(1)

aac(6')-I+ant(2'')-I 4(6.3%) GR-AR-TR-NtR-KR As expected(0)
GR-AR-TR-NtR-NmR-KR(1)
GR-TR-KR(1)
GR-TR-NtR-KR(2)

aac(6')-I+ant(2'')-I+aac(3)-II 7(11.1%) GR-AR-TR-NtR-KR As expected(0)
GR-TR-KR(2)
GR-TR-NtR-KR(3)
GR-AR-TR-NtR-NmR-KR(2)

aph(3')-I+aac(6')-I+ant(2'')-I 1(1.5%) GR-AR-TR-NtR-NmR-KR As expected(1)
aph(3')-I+ant(2'')-I+aac(3)-II 5(7.9%) GR-TR-NtR-NmR-KR As expected(0)

GR-NmR-KR(5)
aGR, resistant to gentamicin; TR, resistant to tobramycin; AR, resistant to amikacin; NmR, resistant to neomycin;242
NtR, resistant to netilmicin; KR, resistant to kanamycin243
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bExpected phenotypes as described by Ramirez and coworkers [19]244
245

4. DISCUSSION246
247

Urinary tract infections (UTIs) are one of the most common bacterial infections affecting all248
age groups either in community or healthcare setting [25]. A limited geographical variability249
of uropathogen occurrence has been demonstrated by different studies being dominated by250
Gram negative pathogens, most commonly Escherichia coli, Klebsiella spp. and251
Pseudomonas spp. in hospitalized patients [26]. Other than representing a therapeutic threat252
on critically ill UTI patients and those in long-term care facilities, resistant uropathogens may253
become potential reservoirs of certain resistance phenotypes among hospitalized patients254
[26].255
In the current study, resistance profiles and rates of the three Gram negative uropathogens,256
Escherichia, Klebsiella and Pseudomonas, to aminoglycoside antibiotics were tested in 110257
isolates selected from a total of 150 urine specimens from UTI patients in Egyptian hospitals.258
In 110 isolates and in agreement with other studies [26], the distribution of the three genera259
was as follows: Escherichia coli was the most common (67.2%), followed by Klebsiella spp.260
(21.8%), while Pseudomonas spp. was the least common (10.9%). The highest resistance to261
aminoglycoside antibiotics was exhibited by Pseudomonas spp. isolates which were all262
resistant to kanamycin.263
Although variable degrees of resistance to aminoglycoside antibiotics have been shown by264
isolates of different genera, a high overall resistance of 57.2% was detected. Out of six265
tested aminoglycoside antibiotics, amikacin was the most active against all isolates while266
kanamycin has encountered the highest resistance, which is consistent with the results of267
different previous studies [27-29].268
Resistance rates to different aminoglycoside antibiotics among E. coli and Klebsiella spp.269
isolates recorded in the current study differed from previous studies in Egypt. In a study270
carried out in Upper Egypt in 2011 by Gad and coworkers [29], higher resistance rates were271
detected to gentamicin (36.0%), tobramycin (30.0%), amikacin (16.0%) and neomycin272
(48.0%) compared to our study (28.3%, 16.2%, 4.0% and 31.0%, respectively) in E.coli273
isolates, but lower resistance rate was detected to kanamycin (44.0%). According to the274
same study, all previously mentioned aminoglycoside antibiotics encountered higher275
resistance rates (62.5% to gentamicin, 50% to tobramycin, 25% to amikacin, 62.5%276
neomycin and 75% to kanamycin) in Klebsiella spp. isolates compared to our study (33.3%,277
20.8%, 4.1%, 4.1%, and 37.5% respectively). Another Egyptian study on Gram negative278
uropathogens carried out by Wassef and coworkers [30] has reported resistance rates to279
aminoglycoside antibiotics that are significantly higher than the two studies, where the280
highest resistance rate among Klebsiella spp. was to netilmicin (80.4%), followed by281
tobramycin to which resistance rate was 71.9% then gentamicin to which 69.3% resistance282
was reported. Amikacin was the most active against Klebsiella spp. isolates (17%283
resistance). Although resistance rates to gentamicin (54.2%), tobramycin (47.1%) and284
netilmicin (55.4%), according to the same study, were higher in E. coli isolates than those285
recorded in the current study, lower amikacin resistance (2.6%) was encountered. In286
comparison to the results of the SENTRY antimicrobial surveillance program, monitored287
antimicrobial resistance among uropathogens worldwide over a 4-year period (1997-2000),288
E. coli uropathogens in the current study has recorded higher resistance rates to amikacin,289
gentamicin and tobramycin than detected in each of North America, Latin America and Asia-290
West Pacific area. While resistance rates of Klebsiella spp. isolates to the same antibiotics in291
our study were lower than those in Latin America, they were higher than those encountered292
in both North America and Asia-West Pacific area as reported by the SENTRY program [26,293
31, 32].294
Several previous studies have examined the resistance of Pseudomonas spp. to different295
aminogycoside antibiotics in Egypt and other countries worldwide. Resistance rates296
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recorded in the current study were higher than those reported by Gad and coworkers [29]297
who detected lower resistance rates to kanamycin (80.0%), gentamicin (55.6%), tobramycin298
(22.2%), and amikacin (20.0%) but higher resistance rate to neomycin (77.8%). Testing the299
susceptibility of the same genus to gentamicin, tobramycin, netilmicin and amikacin by300
Wassef and coworkers [30] revealed lower resistance rates to tobramycin (68.0%) and301
amikacin (24.5%), and higher resistance rates to gentamicin (77.4%) and netilmicin (83.0%).302
In comparison to other studies on aminoglycoside resistance in Pseudomonas spp. urinary303
isolates conducted worldwide, resistance to amikacin, gentamicin, and tobramycin in this304
study were higher than those in Europe (19.4%, 46, and 35.3%, respectively) [33], Asia-305
West Pacific area (8.5%, 24.5%, and 17.9%, respectively) [26], and North America (6.7%,306
13.3%, 8.8% and , respectively) [31] but Pseudomonas spp. from urinary isolates in Latin307
America had shown lower resistance rates to both gentamicin (57.6%) and tobramycin308
(54.5%) and higher resistance rate to amikacin (51.5%) compared to our findings [32, 34].309
Interpretative reading of resistance profile has been widely used before for detection of310
aminoglycoside resistance mechanisms in different studies [29, 35, 36], as recommended by311
Livermore and coworkers [20], but co-production of more than one aminoglycoside-312
modifying enzyme in the same isolate and concurrent development of complex resistance313
phenotypes together with the poor correlation between genotype and resistance profile,314
according to the current study and previous studies [37], genotypic detection of underlying315
resistance mechanism is a must. For proper interpretation of resistance patterns and rates to316
different aminoglycoside antibiotics, isolates were screened for the presence of five AMEs-317
coding genes, known to be widely distributed among Gram negative bacilli by PCR assay.318
So far, enzyme-mediated modification has been known to be the most important mechanism319
of resistance to aminoglycoside antibiotics [19]. More than 85 AMEs are known to be320
currently existent, capable of inactivating aminoglycosides by one of three mechanisms:321
acetylation, adenylation or phosphorylation. Of all known AMEs only a limited number has322
undergone selection and became responsible for the majority of aminoglycoside antibiotics323
resistance [6, 38]. Miller and coworkers [38], brought together results of different studies of324
resistance to aminoglycoside antibiotics in different countries worldwide, have reported325
higher complexity of aminoglycoside resistance mechanisms detected in studies carried out326
in 1980s than detected in earlier studies. The author has explained this finding by existence327
of combinations of gentamicin-modifying enzymes and AAC(6)-I that inactivates amikacin.328
In the current study, 44.4% of tested Gram negative isolates had a single AME gene while329
the majority (55.6%) had a combination of two or three. Out of five tested AMEs genes,330
ant(2'')-I was the most prevalent (53.9%) either individual, in 14.5%, or combined with other331
AMEs genes in 39.6% of resistant isolates of different genera, followed by both aac(6')-I and332
aac(3)-II each detected in 38.0% of resistant isolates, aac(6')-I was detected as an individual333
resistant mechanism in 11.1% of resistant isolates and combined to other AMEs genes in334
26.9% of them, while aac(3)-II existed in combination to other AMEs in its all positive335
isolates. Regarding the order of prevalence of the four detected genes in the three genera,336
ant(2'')-I was the most prevalent in all genera followed by aph(3')-I, aac(3)-II, then aac(6')-I in337
E.coli isolates, aac(3)-II, aac(6')-I , then aph(3')-I in Klebsiella spp isolates and aac(6')-I,338
aac(3)-II then aph(3')-I in Pseudomonas spp.. A recent study in France has reported the339
predominance of aac(6')-I in 36.5% of Pseudomonas spp. isolates and ant(2'')-I in 21.2% of340
isolates. aac(3)-II was the least common among AMEs genes detected in only 7.7% [39]. In341
another study in Tahran, aac(6')-II was the most common AME gene detected in342
Pseudomonas spp. isolates followed by ant(2'')-I, aph(3')-VI then aac(6')-I [27].343
Despite being the least prevalent, aph(3')-I was the most frequent individual AME gene in344
E.coli isolates, while ant(2'')-I was the most common individual AME gene detected in345
isolates of the genera Klebsiella and Pseudomonas. APH(3')-I enzyme is responsible for346
resistance to kanamycin and neomycin, the phenotype most frequently detected in Gram347
negative isolates in Gad and co-workers study [29]. In contrast to our finding concerning348
aph(3')-I gene, it was reported as a rare mechanism among Gram negative isolates tested349
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for aminoglycoside susceptibility in Turkey by Over and coworkers [28].The finding of high350
frequency of aph(3')-I in urinary isolates in the current study and the previous Egyptian study351
[29] is not of great importance, due to lack of kanamycin use in clinical setting [6]. Older352
studies from different countries around the world in the period from 1988 to 1993 has353
reported ant(2'')-I as the most common individual resistance mechanism to aminoglycoside354
antibiotics among Enterobacteriaceae isolates in Turkey [28, 40], USA, and Japan and355
aac(3)-II in Europe, Latin America and South Africa [38, 41], while ant(2'')-I was resported to356
be the most prevalent individual resistance mechanism in Pseudomonas spp. isolates in357
USA and aac(6')-II was the most common in Europe, Latin America, South Africa and Japan358
in the sames period.359
Nine different combinations of AMEs were encountered in the current study of which, both360
[aac(6')-I+ant(2'')-I+aac(3)-II] and [ant(2'')-I+aac(3)-II] were the most common, being equally361
detected in 11.1% of all resistant isolates followed by the combination [aph(3')-I+ant(2'')-362
I+aac(3)-II]. The two combinations [aac(6')-I+aac(3)-II] and [aac(6')-I+ant(2'')-I] were equally363
existent in 6.3% of isolates. Other rare combinations each detected in 1.5% of resistant364
isolates include [aph(3')-I+aac(6')-I+ant(2'')-I], [aph(3')-I+ant(2'')-I], [aph(3')-I+ant(2'')-I] and365
[aph(3')-I+aac(6')-I]. Of all combinations detected, those of aac(6')-I and gentamicin-366
modifying enzymes coding genes (ant(2'')-I and aac(3)-II) are the most important, as367
described before [38], and were found in 25.3% of resistant isolates. The great attention to368
the aac(6')-I gene arises from several factors among which are: being the most common369
cause of amikacin resistance in members of the family Enterobacteriacaeae [36]; having a370
wide spectrum of activity (Phenotype: ATNtK) [19]; when combined with a gentamicin-371
modifying enzyme, resistance to almost all aminoglycoside antibiotics may develop [36];372
continuous evolution of gene variants whose products have wider substrate spectrum.373
Among these variants products are: AAC(6')-Ib-cr, an enzyme that includes fluoroquinolones374
as substrates [42] and AAC(6')-Ib', an enzyme capable to modify GEN instead of AMK375
(AAC(6')-II phenotype), with difference in aminoacid residue in position 119 from leucine to376
serine. Both AAC(6')-I proteins, harbouring either a leucine or a serine at position 119, may377
co-exist in the same strain, conferring the broad resistance profile GR-TR-AR-NtR-KR [39]; and378
finally frequent existence with other antibiotic inactivating enzymes as β-lactamases or379
carbapenamases [43, 44].380
It is noteworthy that two of the isolates that have shown resistance to all tested381
aminoglycoside antibiotics had the genotype [aac(6')-I+ant(2'')-I+aac(3)-II]. Being the most382
prevalent combination in resistant isolates and carried on plasmids, dissemination of383
panaminoglycoside resistance among clinical isolates is a potential threat.384
A notable finding, revealed by this study, was the poor correlation between the resistance385
profiles and the genotypes of tested resistant isolates. Resistance profiles of only 17.4% of386
resistant isolates were 100% concordant with their genotypes. This was accompanied by387
retained susceptibility to one or more antibiotics despite existence of AMEs gene to which388
they are known to be substrates. This was evident for amikacin in 75.0% of aac(6')-I gene389
carrying isolates, a similar finding was reported before [45, 46]. Gentamicin is a substrate of390
enzymes coded by both ant(2'')-I and aac(3)-II. Susceptibility to gentamicin was detected in391
14.7% of ANT(2'')-I producers while none of aac(3)-II carriers were sensitive to gentamicin.392
Similarly, tobramycin remained active against 20.8%, 44.1%, and 54.1% of aac(6')-I, ant(2'')-393
I , and aac(3)-II-carrier isolates, respectively. 50.0%% of aac(6')-I carriers and 62.5% aac(3)-394
II-carriers have lost their ability to inactivate netilmicin. On the other hand, there was a395
conserved ability to modify kanamycin in 100% of isolates carrying either aph(3')-I or aac(6')-396
Ib, while 5.8% of ant(2'')-I carriers could not inactivate kanamycin. Based on the above397
mentioned findings, the loss of potential of some AME to modify certain aminoglycoside398
antibiotics is responsible for difference in resistance rates to aminoglycosides in isolates399
harboring same resistance AMEs genes and consequently the overall resistance to different400
aminoglycosides.401
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Low success rate (11.1%) of plasmid-localization of resistance genes by phenotypic402
transformation experiments, despite detection by PCR assay on plasmids of resistant403
isolates may be due to the following reasons: the dramatic reduction in transformation404
frequencies with larger plasmids (>15 kb) using heat shock-mediated transformation [47],405
plasmid-mediated resistance genes, as confirmed by PCR, may be carried by a plasmid406
other than that succeeded to transform E.coli DH5α and the last reason, based on the finding407
that all successful transformations were achieved in E.coli clinical isolates, is failure of408
expression of acquired plasmids of Klebsiella and Pseudomonas-origin in E.coli DH5α host409
strain.410

411
5. CONCLUSION412

413
This study provided information about resistance to aminoglycoside antibiotics and most414
common resistance determinants providing useful comparative data for future studies. High415
prevalence of plasmid-mediated aminoglycoside resistance in uropathogens particularly416
Pseudomonas spp. isolates was observed. Combinations of different AMEs-coding genes417
was highly disseminated in resistant isolates most importantly amikacin and gentamicin-418
modifyin419
g enzymes coding genes. Proper infection control measures and periodic monitoring of420
resistance to aminoglycoside antibiotics, using interpretative reading guided molecular421
techniques, in clinical isolates in Egyptian hospitals is required to minimize further422
dissemination and preserve the usefulness of this important class of antibiotics for423
complicated infections.424

425
COMPETING INTERESTS426

427
Authors have declared that no competing interests exist.428

429
AUTHORS’ CONTRIBUTIONS430
This work was carried out in collaboration between all authors. Author SMH performed the431

experiments, wrote the first draft of the manuscript, and search the literature. Author KMA432
designed the experiments, wrote the protocol, and managed the analysis of the study.433
Authors WFE and author MSA managed the literature search. All authors read and approved434
the final manuscript.”435

436
437

6. REFERENCES438
439

1. Falagas ME, Grammatikos AP, and Michalopoulos A, Potential of old-generation440
antibiotics to address current need for new antibiotics. Expert Rev Anti Infect Ther.441
2008;6(5):p.593-600.442
2. Becker B and Cooper MA, Aminoglycoside Antibiotics in the 21st Century. ACS Chem443
Biol. 2012. 10.1021/cb3005116.444
3. Yang L and Ye XS, Development of aminoglycoside antibiotics effective against resistant445
bacterial strains. Curr Top Med Chem. 2010;10(18):p.1898-26.446
4. Durante-Mangoni E, Grammatikos A, Utili R, and Falagas ME, Do we still need the447
aminoglycosides? Int J Antimicrob Agents. 2009;33(3):p.201-5.448
5. Kotra LP, Haddad J, and Mobashery S, Aminoglycosides: perspectives on mechanisms of449
action and resistance and strategies to counter resistance. Antimicrob Agents Chemother.450
2000;44(12):p.3249-56.451
6. Vakulenko SB and Mobashery S, Versatility of aminoglycosides and prospects for their452
future. Clin Microbiol Rev. 2003;16(3):p.430-50.453



UNDER PEER REVIEW

7. Vidal L, Gafter-Gvili A, Borok S, Fraser A, Leibovici L, and Paul M, Efficacy and safety of454
aminoglycoside monotherapy: systematic review and meta-analysis of randomized455
controlled trials. J Antimicrob Chemother. 2007;60(2):p.247-57.456
8. Shaw KJ, Rather PN, Hare RS, and Miller GH, Molecular genetics of aminoglycoside457
resistance genes and familial relationships of the aminoglycoside-modifying enzymes.458
Microbiol Rev. 1993;57(1):p.138-63.459
9. Hancock RE, Alterations in outer membrane permeability. Annu Rev Microbiol.460
1984;38:p.237-64.461
10. Bryan LE, Kowand SK, and Van Den Elzen HM, Mechanism of aminoglycoside antibiotic462
resistance in anaerobic bacteria: Clostridium perfringens and Bacteroides fragilis. Antimicrob463
Agents Chemother. 1979;15(1):p.7-13.464
11. Magnet S, Courvalin P, and Lambert T, Resistance-nodulation-cell division-type efflux465
pump involved in aminoglycoside resistance in Acinetobacter baumannii strain BM4454.466
Antimicrob Agents Chemother. 2001;45(12):p.3375-80.467
12. Moore RA, DeShazer D, Reckseidler S, Weissman A, and Woods DE, Efflux-mediated468
aminoglycoside and macrolide resistance in Burkholderia pseudomallei. Antimicrob Agents469
Chemother. 1999;43(3):p.465-70.470
13. Poole K, Efflux-mediated multiresistance in Gram-negative bacteria. Clin Microbiol Infect.471
2004;10(1):p.12-26.472
14. Prammananan T, Sander P, Brown BA, Frischkorn K, Onyi GO, Zhang Y, et al., A single473
16S ribosomal RNA substitution is responsible for resistance to amikacin and other 2-474
deoxystreptamine aminoglycosides in Mycobacterium abscessus and Mycobacterium475
chelonae. J Infect Dis. 1998;177(6):p.1573-81.476
15. Recht MI, Douthwaite S, Dahlquist KD, and Puglisi JD, Effect of mutations in the A site of477
16 S rRNA on aminoglycoside antibiotic-ribosome interaction. J Mol Biol. 1999;286(1):p.33-478
43.479
16. Basso LA and Blanchard JS, Resistance to antitubercular drugs. Adv Exp Med Biol.480
1998;456:p.115-44.481
17. Galimand M, Courvalin P, and Lambert T, Plasmid-mediated high-level resistance to482
aminoglycosides in Enterobacteriaceae due to 16S rRNA methylation. Antimicrob Agents483
Chemother. 2003;47(8):p.2565-71.484
18. Doi Y and Arakawa Y, 16S ribosomal RNA methylation: emerging resistance mechanism485
against aminoglycosides. Clin Infect Dis. 2007;45(1):p.88-94.486
19. Ramirez MS and Tolmasky ME, Aminoglycoside modifying enzymes. Drug Resist Updat.487
2010;13(6):p.151-71.488
20. Livermore DM, Winstanley TG, and Shannon KP, Interpretative reading: recognizing the489
unusual and inferring resistance mechanisms from resistance phenotypes. J Antimicrob490
Chemother. 2001;48 Suppl 1:p.87-102.491
21. Flamm RK, Phillips KL, Tenover FC, and Plorde JJ, A survey of clinical isolates of492
Enterobacteriaceae using a series of DNA probes for aminoglycoside resistance genes. Mol493
Cell Probes. 1993;7(2):p.139-44.494
22. Kettner M, Navarova J, and Langsadl L, Aminoglycoside resistance patterns in clinical495
isolates of Enterobacteriaceae from Czechoslovakia. J Antimicrob Chemother.496
1987;20(3):p.383-7.497
23. CLSI, Performance Standards for Antimicrobial Susceptibility Testing; Twenty-First498
Informational Supplement, in CLSI document M100-S21 (ISBN 1-56238-742-1)2011, Clinical499
and Laboratory Standards Institute.500
24. Hanahan D, Studies on transformation of Escherichia coli with plasmids. J Mol Biol.501
1983;166(4):p.557-80.502
25. Nicolle LE and Committee ACG, Complicated urinary tract infection in adults. Can J503
Infect Dis Med Microbiol. 2005;16(6):p.349-60.504
26. Turnidge J, Bell J, Biedenbach DJ, and Jones RN, Pathogen occurrence and505
antimicrobial resistance trends among urinary tract infection isolates in the Asia-Western506



UNDER PEER REVIEW

Pacific Region: report from the SENTRY Antimicrobial Surveillance Program, 1998-1999. Int507
J Antimicrob Agents. 2002;20(1):p.10-7.508
27. Vaziri F, Peerayeh SN, Nejad QB, and Farhadian A, The prevalence of aminoglycoside-509
modifying enzyme genes (aac (6')-I, aac (6')-II, ant (2")-I, aph (3')-VI) in Pseudomonas510
aeruginosa. Clinics (Sao Paulo). 2011;66(9):p.1519-22.511
28. Over U, Gur D, Unal S, Miller GH, and Aminoglycoside Resistance Study G, The512
changing nature of aminoglycoside resistance mechanisms and prevalence of newly513
recognized resistance mechanisms in Turkey. Clin Microbiol Infect. 2001;7(9):p.470-8.514
29. Gad GF, Mohamed HA, and Ashour HM, Aminoglycoside resistance rates, phenotypes,515
and mechanisms of Gram-negative bacteria from infected patients in upper Egypt. PLoS516
One. 2011;6(2):p.e17224.517
30. Wassef M, El sherif, RH., El Shenoufy, AE., Ghaith, DM.   , Phenotypic and Genotype518
patterns of aminoglycoside Resistance in519
Gram negative bacilli. J. of American Science. 2010;6(9).520
31. Mathai D, Jones RN, Pfaller MA, and America SPGN, Epidemiology and frequency of521
resistance among pathogens causing urinary tract infections in 1,510 hospitalized patients: a522
report from the SENTRY Antimicrobial Surveillance Program (North America). Diagn523
Microbiol Infect Dis. 2001;40(3):p.129-36.524
32. Gales AC, Sader HS, Jones RN, and Group SP, Urinary tract infection trends in Latin525
American hospitals: report from the SENTRY antimicrobial surveillance program (1997-526
2000). Diagn Microbiol Infect Dis. 2002;44(3):p.289-99.527
33. Bouza E, San Juan R, Munoz P, Voss A, Kluytmans J, and Co-operative Group of the528
European Study Group on Nosocomial I, A European perspective on nosocomial urinary529
tract infections II. Report on incidence, clinical characteristics and outcome (ESGNI-004530
study). European Study Group on Nosocomial Infection. Clin Microbiol Infect.531
2001;7(10):p.532-42.532
34. Poole K, Aminoglycoside resistance in Pseudomonas aeruginosa. Antimicrob Agents533
Chemother. 2005;49(2):p.479-87.534
35. Shahid M and Malik A, Resistance due to aminoglycoside modifying enzymes in535
Pseudomonas aeruginosa isolates from burns patients. Indian J Med Res.536
2005;122(4):p.324-9.537
36. Neonakis I, Gikas A, Scoulica E, Manios A, Georgiladakis A, and Tselentis Y, Evolution538
of aminoglycoside resistance phenotypes of four Gram-negative bacteria: an 8-year survey539
in a University Hospital in Greece. Int J Antimicrob Agents. 2003;22(5):p.526-531.540
37. Kim JY, Park YJ, Kwon HJ, Han K, Kang MW, and Woo GJ, Occurrence and541
mechanisms of amikacin resistance and its association with beta-lactamases in542
Pseudomonas aeruginosa: a Korean nationwide study. J Antimicrob Chemother.543
2008;62(3):p.479-83.544
38. Miller GH, Sabatelli FJ, Hare RS, Glupczynski Y, Mackey P, Shlaes D, et al., The most545
frequent aminoglycoside resistance mechanisms--changes with time and geographic area: a546
reflection of aminoglycoside usage patterns? Aminoglycoside Resistance Study Groups. Clin547
Infect Dis. 1997;24 Suppl 1:p.S46-62.548
39. Dubois V, Arpin C, Dupart V, Scavelli A, Coulange L, Andre C, et al., Beta-lactam and549
aminoglycoside resistance rates and mechanisms among Pseudomonas aeruginosa in550
French general practice (community and private healthcare centres). J Antimicrob551
Chemother. 2008;62(2):p.316-23.552
40. Akalin HE, Torun M, and Alacam R, Aminoglycoside resistance patterns in Turkey.553
Scand J Infect Dis. 1988;20(2):p.199-203.554
41. Shimizu K, Kumada T, Hsieh WC, Chung HY, Chong Y, Hare RS, et al., Comparison of555
aminoglycoside resistance patterns in Japan, Formosa, and Korea, Chile, and the United556
States. Antimicrob Agents Chemother. 1985;28(2):p.282-8.557



UNDER PEER REVIEW

42. Robicsek A, Strahilevitz J, Jacoby GA, Macielag M, Abbanat D, Park CH, et al.,558
Fluoroquinolone-modifying enzyme: a new adaptation of a common aminoglycoside559
acetyltransferase. Nat Med. 2006;12(1):p.83-8.560
43. Tolmasky ME and Crosa JH, Genetic organization of antibiotic resistance genes (aac(6')-561
Ib, aadA, and oxa9) in the multiresistance transposon Tn1331. Plasmid. 1993;29(1):p.31-40.562
44. Grogan J, Murphy H, and Butler K, Extended-spectrum beta-lactamase-producing563
Klebsiella pneumoniae in a Dublin paediatric hospital. Br J Biomed Sci. 1998;55(2):p.111-7.564
45. Sabtcheva S, Kaku M, Saga T, Ishii Y, and Kantardjiev T, High prevalence of the aac(6')-565
Ib-cr gene and its dissemination among Enterobacteriaceae isolates by CTX-M-15 plasmids566
in Bulgaria. Antimicrob Agents Chemother. 2009;53(1):p.335-6.567
46. Kim SY, Park YJ, Yu JK, Kim YS, and Han K, Prevalence and characteristics of aac(6')-568
Ib-cr in AmpC-producing Enterobacter cloacae, Citrobacter freundii, and Serratia569
marcescens: a multicenter study from Korea. Diagn Microbiol Infect Dis. 2009;63(3):p.314-8.570
47. Stanisich VA, Methods in Microbiology. Plasmid Technology, 2nd ed. Grinsted and571
Bennett. Vol. 21. London: Academic Press Limited;1988.572

573


