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a b s t r a c t 

Objectives: Although Sri Lanka belongs to a region with a high prevalence of extended-spectrum β- 

lactamase (ESBL), AmpC β-lactamase and carbapenemase-producing Enterobacteriaceae, data regarding 

antimicrobial resistance (AMR) is limited. We studied the prevalence and diversity of β-lactamases pro- 

duced by Enterobacteriaceae urinary pathogens from two hospitals in the Western Province of Sri Lanka. 

Methods: ESBL, AmpC β-lactamase and carbapenemase production was detected by phenotypic testing 

followed by genotyping. 

Results: The species responsible for urinary tract infections (UTI) were Escherichia coli (69%), 

Klebsiella pneumoniae (16%) and Enterobacter sp (6%) . The prevalence of ESBL (50%), AmpC β- 

lactamase (19%) and carbapenemase (11%) phenotypes was high, and greater in hospital-acquired 

(HA-UTI) (75%) than in community-acquired UTI (CA-UTI) (42%). Identification of CA-UTI caused 

by carbapenemase-producing Enterobacteriaceae (5%) is alarming. Only one ESBL gene, bla CTX- M-15 , 

was detected. AmpC β-lactamase genes found in E. coli and K. pneumoniae were bla CMY-2 , bla CMY-42 

and bla DHA-1 , while Enterobacter sp. carried bla ACT-1 . Carbapenemase genes were bla NDM-1 , bla NDM-4 , 

bla OXA-181 and bla OXA-232 , while bla KPC , bla IMP and bla VIM 

were absent. Co-occurrence of multi- 

ple bla genes, with some isolates harbouring six different bla genes, was common. Carbapenem- 

resistant isolates without carbapenemase genes displayed mutations in the outer membrane 

porin genes, ompF of E. coli and ompK36 of K. pneumoniae . Factors associated with UTI with 

β-lactamase-producing Enterobacteriaceae were age ≥50 years, previous hospitalization, presence of an 

indwelling urinary catheter, history of diabetes mellitus or other chronic illness and recurrent urinary 

tract infections. 

Conclusion: This study adds to the currently scarce data on AMR in Sri Lanka. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Antimicrobial resistance (AMR) in Gram-negative bacteria, par- 

icularly Enterobacteriaceae, is increasing globally. This is mainly 
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ue to the dissemination of strains producing extended-spectrum 

-lactamases (ESBLs), AmpC β-lactamases and carbapenemases. β- 

actamase-producing strains of Enterobacteriaceae are a frequent 

ause of both community-acquired and hospital-acquired infec- 

ions, especially urinary tract infections (UTI). Common enzymes 

ound in these isolates include the ESBLs CTX-M, SHV and TEM, 

mpC β-lactamases CMY, ACT and DHA and carbapenemases KPC, 

DM, OXA-48 [1] . In addition, decreased expression of major 

orins, such as OmpK35 and OmpK36 in Klebsiella pneumoniae 
ty for Antimicrobial Chemotherapy. This is an open access article under the CC BY 

https://doi.org/10.1016/j.jgar.2022.05.024
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jgar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgar.2022.05.024&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:v.enne@ucl.ac.uk
https://doi.org/10.1016/j.jgar.2022.05.024
http://creativecommons.org/licenses/by/4.0/


P.D.V.M. Perera, S. Gamage, H.S.M. De Silva et al. Journal of Global Antimicrobial Resistance 30 (2022) 115–122 

a

l

E

o

t

a

h

p

t

c

E

p

t

t

L

E

N

t

a

n

L

2

o

d

o

d

T

C

U

N

o

p

m

u

o  

s

p

s

d

s

t

2

c

c

i

o

m

l

f

b

C

f

[

b

a

c

A

t

c

t

A

t

2

b

s

b

s  

o

u

a  

p

s

e

e

T

g

i

l

s

f

M

M

u

i

2

p

 

s

E

c

b

p

j

w

y

s

p

q

t

2

β

t

a

m

i

t

w

p

3

i

t

q

U

nd OmpF and OmpC in Escherichia coli , in combination with β- 

actamase production is known to confer carbapenem resistance in 

nterobacteriaceae [2] . Studies on the prevalence and distribution 

f β-lactamase mediated resistance in local settings is important 

o decide on empiric antibiotic treatment and infection prevention 

nd control measures. 

Although Sri Lanka belongs to a geographical region with a 

igh prevalence of ESBL, AmpC β-lactamase and carbapenemase- 

roducing Enterobacteriaceae, epidemiological data regarding an- 

imicrobial resistance (AMR) in Sri Lanka is limited. Most studies 

onducted on ESBL and carbapenemase production in pathogenic 

nterobacteriaceae in Sri Lanka identified only the β-lactamase 

henotypes [3–7] , and only two characterized the genes coding for 

hese β-lactamases [ 8 , 9 ]. These two studies, conducted on collec- 

ions of carbapenemase-producing K. pneumoniae isolates from Sri 

anka, showed that the predominant β-lactamase genes were the 

SBL gene CTX-M-15 and the carbapenemase genes OXA-181 and 

DM-1. In addition, the study by Hall et al. identified mutations in 

he omp 36 gene [8] . 

The present study was carried out to identify the prevalence 

nd diversity of β-lactamases produced by Enterobacteriaceae uri- 

ary pathogens from two hospitals in the Western Province of Sri 

anka. 

. Materials and methods 

A total of 422 consecutive, clinically significant, urinary isolates 

f Enterobacteriaceae from adults treated for UTI at the outpatient 

epartments, medical and surgical units and intensive care units 

f two hospitals in the Western Province of Sri Lanka, Sri Jayawar- 

enapura General Hospital, Nugegoda and the Neville Fernando 

eaching Hospital, Malabe, were collected between 2015 and 2016. 

ommunity-acquired UTI (CA-UTI) and hospital-acquired UTI (HA- 

TI) were differentiated based on CDC/National Healthcare Safety 

etwork (NHSN) criteria [10] . Infections were sporadic with no 

utbreaks reported. Bacteria isolated from midstream urine sam- 

les, in pure growth of > 10 5 CFU/mL (colony-forming units per 

illilitre), were taken as clinically significant isolates in CA-UTI. A 

rine culture with no more than two species of organisms, at least 

ne of which had a colony count of > 10 5 CFU/mL, was taken as

ignificant in patients with HA-UTI [10] . 

Identification, up to species level, was done using colony mor- 

hology on cysteine lactose electrolyte deficient (CLED) agar, Gram 

tain appearance, oxidase test, biochemical testing (IMViC: in- 

ole, methyl red, Voges-Proskauer, citrate) and the Rap ID One 

ystem Enterobacteriaceae identification kit (Remel, Thermo Scien- 

ific). 

.1. Phenotypic detection of ESBLs, AmpC β-lactamases and 

arbapenemases 

ESBL production was determined by a combination of the Clini- 

al and Laboratory Standards Institute (CLSI) screening method us- 

ng cefpodoxime, ceftazidime, aztreonam, cefotaxime and ceftriax- 

ne discs, the CLSI confirmatory combination disc test [11] and the 

odified double disc diffusion test [12] . Screening for AmpC β- 

actamase production using cefoxitin and cefotetan discs [13] was 

ollowed by confirmation with the AmpC disc test [14] . Car- 

apenem resistance was detected by the disc diffusion test, using 

LSI cut-off values for imipenem, meropenem and ertapenem [11] , 

ollowed by the following confirmatory tests: modified Hodge test 

15] , double disc synergy test with 0.5M EDTA [16] and the car- 

apenem inhibitory method [11] . 

Quality control was maintained using E. coli ATCC 25922 (neg- 

tive ESBL control) and K. pneumoniae ATCC 700603 (positive ESBL 

ontrol) for the ESBL phenotypic tests; in-house AmpC positive and 
116 
mpC negative strains of K. pneumoniae for the AmpC phenotypic 

ests; K. pneumoniae ATCC BAA-1705 (positive control for KPC type 

arbapenemase), an in-house K. pneumoniae strain as positive con- 

rol for NDM and OXA-48-like carbapenemases and K. pneumoniae 

TCC BAA-1706 (negative control) for the carbapenemase pheno- 

ypic tests. 

.2. Determination of bla gene types and diversity of bla genes 

The isolates that demonstrated ESBL, AmpC β-lactamase or car- 

apenemase production by any phenotypic method ( n = 216) were 

ubjected to molecular characterization of β-lactamase gene type 

y conventional polymerase chain reaction (PCR). Isolates were 

ubcultured on blood agar and incubated at 37 °C in air for 24 h to

btain single colony growth. A suspension of bacteria was made in 

ltrapure water to a density of McFarland standard 2.0 and heated 

t 95 °C for 10 min and centrifuged at 13 0 0 0 × g for 1 min to

ellet cell debris. The supernatant was used as the template for 

ubsequent PCR assays. Simplex PCR was used to detect the pres- 

nce of genes coding for ESBL, AmpC β-lactamase and carbapen- 

mase using the primers and annealing temperatures described in 

able 1 [17–21] . 

A representative subset of 175 randomly picked amplified bla 

enes (80 from isolates causing CA-UTI and 95 from isolates caus- 

ng HA-UTI) were sequenced by Sanger sequencing to identify β- 

actamase gene variants ( Table 1 ). PCR products were purified and 

equenced in both directions using the same primer pairs used 

or PCR amplification. Sanger sequence service was provided by 

acrogen, Korea. The sequences were analysed using the Seq- 

an (Lasergene 6) software tool and subjected to homology search 

sing BLASTn ( http://www.ncbi.nlm.nih.gov/ ) for determination of 

dentities [22] . 

.3. Molecular analysis of omp genes coding for outer membrane 

orin proteins (OMPs) 

Isolates of E. coli ( n = 7) and K. pneumoniae ( n = 7) that

howed reduced susceptibility to carbapenems but only harboured 

SBL and/or Amp C β-lactamase genes without any of the main 

arbapenemase genes ( bla NDM 

, bla OXA-48 -like, bla KPC , bla IMP and 

la VIM 

) were further analysed for omp mutations that may signal 

orin loss. PCR was performed to amplify the genes coding for ma- 

or OMPs [2] . The resulting ompC, ompF, ompK35 and ompK36 genes 

ere sequenced by Sanger sequencing. The sequences were anal- 

sed using the SeqMan software tool and subjected to homology 

earch using BLASTn for determination of identities [22] . Deduced 

rotein sequences for OMPs were aligned against the reference se- 

uences using the ClustalW sequence alignment software to iden- 

ify variations. 

.4. Determination of risk factors for UTI with 

-lactamase-producing Enterobacteriaceae 

The study protocol was approved by the Ethics Review Commit- 

ee of the Faculty of Medicine, University of Colombo. Demographic 

nd clinical data of patients, including age, sex, history of diabetes 

ellitus or other chronic illness, recurrent UTI ( > 3 episodes of UTI 

n the year preceding the present admission), recent hospitaliza- 

ion (within the last 1 year), household contact with a health care 

orker, frequent visits to hospitals or clinics, recent antibiotic ex- 

osure (exposure to antibiotics for longer than 24 hours within a 

-month period preceding the present admission), presence of an 

ndwelling urinary catheter and type and duration of current an- 

ibiotic therapy were collected using an interviewer administered 

uestionnaire. Data for variables were presented as percentages. 

nivariate analysis using the χ2 test for discrete outcomes was 

http://www.ncbi.nlm.nih.gov/
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Table 1 

Primers used for PCR and sequencing 

B-lactamase Gene Forward primers 5 ′ -3 ′ Reverse primers 5 ′ -3 ′ Amplicone size 

Annealing 

temperature ( °C) Reference 

1 ESBL bla SHV AGCCGCTTGAGCAAATTAAAC ATCCCGCAGATAAATCACCAC 713 60 Dallenne et al. 

[17] 

2 bla TEM CATTTCCGTGTCGCCCTTATTC CGTTCATCCATAGTTGCCTGAC 800 60 Dallenne et al. 

[17] 

3 bla CTX-M ATGTGCAGYACCAGTAARGTKATGGC TGGGTR 

AARTARGTSACCAGAAYCAGCGG 

593 62 Fang et al. [18] 

4 bla OXA ACACAATACATATCA ACTTCG C AGT GTG TTT AGA ATGGTG 

ATC 

813 62 Fang et al. [18] 

5 AmpC bla MOX GCTGCTCAAGGAGCACAGGAT CACATTGACATAGGTGTGGTGC 520 64 Pérez and 

Hanson [19] 

6 bla CMY TGGCCAGAACTGACAGGCAAA TTTCTCCTGAACGTGGCTGGC 462 64 Pérez and 

Hanson [19] 

7 bla DHA AACTTTCACAGGTGTGCTGGGT CCGTACGCATACTGGCTTTGC 405 64 Pérez and 

Hanson [19] 

8 bla ACC AACAGCCTCAGCAGCCGGTTA TTCGCCGCAATCATCCCTAGC 346 64 Pérez and 

Hanson [19] 

9 bla ACT TCGGTAAAGCCGATGTTGCGG CTTCCACTGCGGCTGCCAGTT 302 64 Pérez and 

Hanson [19] 

10 bla FOX AACATGGGGTATCAGGGAGATG CAAAGCGCGTAACCGGATTGG 190 64 Pérez and 

Hanson [19] 

11 Carbapenemase bla KPC CGTCTAGTTCTGCTGTCTTG CTTGTCATCCTTGTTAGGCG 798 52 Poirel et al. 

[20] 

12 bla IMP GGAATAGAGTGGCTTAAYTC TCGGTTTAAYAAAACAACCACC 232 52 Poirel et al. 

[20] 

13 bla VIM GATGGTGTTTGGTCGCATA CGAATGCGCAGCACCAG 390 52 Poirel et al. 

[20] 

14 bla NDM GGTTTGGCGATCTGGTTTTC CGGAATGGCTCATCACGATC 621 52 Poirel et al. 

[20] 

15 bla 

OXA-48 

like 

TTGGTGGCATCGATTATCGG GAGCACTTCTTTTGTGATGGC 743 57 Poirel et al. 

[21] 
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one using the SPSS 16 software. Odds ratios (ORs) with 95% confi- 

ence intervals (CIs) were calculated for target risk factors. Statisti- 

al significance was determined based on the confidence intervals 

nd a P value of < 0.05. 

. Results 

.1. Enterobacteriaceae urinary pathogens in CA-UTI and HA-UTI 

Of 422 clinically significant Enterobacteriaceae isolates from 

TI, 72% (302/422) were from CA-UTI and 28% (120/422) were 

rom HA-UTI. The predominant isolates, in both CA-UTI and HA- 

TI, were E. coli and K. pneumoniae ( Fig. 1 ). 

.2. β-lactamase phenotypes in Enterobacteriaceae causing HA-UTI 

nd CA-UTI 

The overall prevalence rates of ESBLs, Amp C β-lactamases and 

arbapenemase phenotypes in Enterobacteriaceae uropathogens in 

ur study were 50% (212/422), 19% (79/422) and 11% (46/422). 

he percentage of ESBL, AmpC β-lactamase and carbapenemase 

roducing Enterobacteriaceae in CA-UTI was 40% (122/302), 16% 

48/302) and 5% (15/302), respectively, and in HA-UTI were 75% 

90/120), 26% (31/120) and 26% (31/120), respectively ( Table 2 ). 

Of the 302 Enterobacteriaceae from CA-UTI, 126 (42%) showed 

he presence of one or more β-lactamase phenotypes. Of 120 iso- 

ates from HA-UTI, 90 (75%) isolates showed the presence of one or 

ore β-lactamase phenotypes. Multiple β-lactamases were seen 

n 25% (104/422), with 17% (51/302) of isolates from CA-UTI and 

4% (53/120) of isolates from HA-UTI demonstrating these combi- 

ations ( Fig. 2 ) (Supplementary Table S1). 
117 
.3. β-lactamase genotypes in Enterobacteriaceae causing HA-UTI 

nd CA-UTI 

Four potential narrow spectrum β-lactamase/ESBL genotypes 

 bla TEM 

, bla S HV , bla CTX-M 

, bla OXA ), three AmpC β-lactamase geno- 

ypes ( bla CMY , bla DHA and bla ACT ), and two carbapenemase geno- 

ypes ( bla NDM 

, bla OXA-48 -like) were identified. Overall prevalence of 

la genes among Enterobacteriaceae uropathogens was bla TEM 

: 39% 

163/422), bla SHV : 17% (73/422), bla CTX-M 

: 46% (194/422), bla OXA : 

3% (54/422), bla CMY : 15% (63/422), bla DHA : 3% (13/422), bla ACT : 2 

8/422), bla NDM 

: 6% (24/422) and bla OXA-48 -like: 3% (11/422). Iso- 

ates of Enterobacteriaceae from CA-UTI ( n = 302) and HA-UTI 

 n = 120) displayed these genotypes at diverse rates ( Fig. 3 ). Co-

ccurrence of multiple bla genes, with some isolates harbouring 

p to six different bla genes, was common (Supplementary Table 

2). 

.4. bla gene variants identified on Sanger sequencing 

Several β-lactamase gene variants were identified in the repre- 

entative subset of 175 bla genes that were subjected to Sanger se- 

uencing. These included the narrow-spectrum β-lactamase genes 

la TEM-1 , bla SHV-1 , bla SHV-2 , bla SHV-11 , bla SHV-28 and bla OXA-1 ; the 

SBL gene bla CTX-M-15 ; the AmpC β-lactamase genes bla CMY-42 , 

la CMY- 2 , bla DHA-1 , bla ACT -1 and bla ACT-7 and the carbapenemase 

enes bla NDM-1 , bla NDM-4 , bla OXA-18 and bla OXA-232 . Gene variants 

dentified in isolates from CA-UTI and HA-UTI are shown in 

able 3 . 

.5. Molecular analysis of genes coding for outer membrane porin 

roteins (OMPs) in carbapenem-resistant E. coli and K. pneumoniae 

solates that did not harbour carbapenemase genes 

The omp genes of the E. coli ( n = 7) and K. pneumoniae ( n = 7)

solates that were potential carbapenemase producers by pheno- 
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Fig. 1. The prevalence of Enterobacteriaceae in CA-UTI and HA-UTI. 

Table 2 

ESBL, AmpC β-lactamase and carbapenemase phenotypes among Enterobacteriaceae causing HA-UTI and CA-UTI 

Prevalence of β-lactamase producing isolates 

Bacterial species 

(No. of isolates) 

ESBL AmpC β-lactamase Carbapenemase 

(CA-UTI) (HA-UTI) (CA-UTI) (HA-UTI) (CA-UTI) (HA- UTI) 

E. coli ( n = 293) 82/218(38%) 52/75(69%) 33/218(15%) 18/75(24%) 4/218(2%) 11/75(15%) 

K. pneumoniae 

( n = 65) 

20/45(44%) 19/20(95%) 7/45(15.5%) 7/20(35%) 10/45(22%) 14/20(70%) 

Enterobacter sp. 

( n = 26) 

7/14 (50%) 10/12 (83%) 4/14(28%) 5/12 (42%) 1/14 (7%) 2/12 (17%) 

Other ( n = 38) 13/25 (52%) 9/13 (69%) 4/25 (16%) 1/13 (8%) - 4/13 (30%) 

Total ( n = 422) 122/302(40%) 90/120(75%) 48/302(16%) 31/120(26%) 15/302(5%) 31/120(26%) 

Fig. 2. Prevalence of β-lactamase phenotypes in Enterobacteriaceae in CA-UTI and HA-UTI. (A) Prevalence of β-lactamase phenotypes in Enterobacteriaceae in CA-UTI. (B) 

Prevalence of β-lactamase phenotypes in Enterobacteriaceae in HA-UTI. 

118 
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Fig. 3. The prevalence of bla genes in Enterobacteriaceae uropathogens from CA-UTI and HA-UTI. (A) Prevalence of bla genes in isolates from CA-UTI. (B) Prevalence of bla 

genes in isolates from HA-UTI. 
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ypic tests, but only harboured ESBL and/or Amp C β-lactamase 

enes, showed amplicons of the expected size (approximately 1.1 

b). Alignment of the deduced protein sequences showed a nor- 

al OmpC sequence in the E. coli isolates and a normal OmpK35 

equence in the K. pneumoniae isolates. However, a large number 

f variations was observed in the ompF gene of one E. coli iso- 

ate, when compared to the wild-type E. coli K-12 strain and in the 

mpK36 genes in four K. pneumoniae isolates, when compared with 

he wild-type K. pneumoniae strain ATCC 13883. These variations 

ncluded insertions, deletions and substitutions resulting in corre- 

ponding variations in the deduced protein sequences. The ompF 

ene of the E. coli isolate showed a premature stop codon at 267 

mino acid OmpF (compared to 362 amino acids in OmpF of the 

eference strain). The amino acid sequences of OmpK36 in the four 

. pneumoniae isolates showed multiple variations including D49S, 

58V, ins aa183_184 LPS, G189T, F198Y, V207L, A221S, T226L, ins 

a 230_231S, Q231K, L233A, E237R, H240N, A285V, N304E, R345H 

nd S346N. 

.6. Risk factors for β-lactamase mediated resistance in isolates from 

TI 

UTI with β-lactamase-producing Enterobacteriaceae was signif- 

cantly associated with age ≥50 years (odds ratio [OR], 1.89; 95%, 
119 
I, 1.27–2.82; P < .001), previous hospitalization (OR, 2.21; 95% CI, 

.18–4.15; P < .05), presence of an indwelling urinary catheter (OR, 

.51; 95% CI, 3.81–11.12; P < .001), history of diabetes mellitus (OR, 

.45; 95% CI, 2.30–5.19; P < .001), presence of chronic illness (OR, 

.70; 95% CI, 1.16–2.50; P < .001) and a past history of recurrent 

TI (OR, 2.33; 95% CI, 1.55–3.50; P < .001) ( Table 4 ). Sex, frequent

ospital visits and household contact with a health care worker 

as not associated with UTI with β-lactamase-producing Enter- 

bacteriaceae . Adequate data describing antibiotic exposure could 

ot be collected, and this risk factor was excluded from the final 

nalysis. 

. Discussion 

This study was conducted on 422 uropathogenic Enterobacte- 

iaceae isolates [302 (72%) from CA-UTI and 120 (28%) from HA- 

TI] collected from two hospitals in the Western Province of Sri 

anka during an 11-month period from 2015 to 2016. Similar to 

revious studies, the most common Enterobacteriaceae found in 

oth CA-UTI and HA-UTI was E. coli , followed by K. pneumoniae 

nd Enterobacter sp. [ 5 , 23 ]. The isolates displayed a variety of β-

actamase phenotypes (ESBL, AmpC β-lactamase and carbapene- 

ase) and harboured a variety of β-lactamase genotypes. Of the 
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Table 3 

bla gene variants identified by Sanger sequencing ( n = 175) 

No. of selected amplicons from isolates from CA-UTI 

( n = 80) 

No. of selected amplicons from isolates from HA-UTI 

( n = 95) 

bla gene type bla gene variant E. coli ( n = 32) 

K. pneumoniae 

( n = 31) 

Enterobacter sp. 

( n = 17) E. coli ( n = 36) 

K. pneumoniae 

( n = 36) 

Enterobacter sp. 

( n = 23) 

TEM bla TEM-1 5 5 5 5 5 5 

SHV bla SHV-1 

bla SHV-2 

bla SHV-11 

bla SHV-28 

5 3 2 5 3 5 

- 1 - - - - 

- 2 - - 1 - 

- - - - 1 - 

CTX-M bla CTX-M-15 5 5 5 5 5 5 

OXA bla OXA-1 5 1 - 5 4 2 

CMY bla CMY-42 

bla CMY- 2 

5 5 - 4 4 - 

- - - 2 - - 

DHA bla DHA-1 5 2 - 2 3 - 

ACT bla ACT-1 

bla ACT-7 

- - - - - 1 

- - 4 - - 3 

NDM bla NDM-1 

bla NDM-4 

2 5 1 5 7 - 

- - - - - 1 

OXA-48 like bla OXA-181 - 2 - 3 2 1 

bla OXA-232 - - - - 1 - 

Table 4 

Risk factors for β-lactamase mediated resistance in isolates from UTI 

β-lactamase producing 

isolates ( n = 216) No. (%) 

Non- β-lactamase producing 

Isolates ( n = 206) No. (%) OR (95% CI) P value 

Age ≥50 y 148 (68.5%) 110 (53.4%) 1.89 (1.27–2.82) < 0.001 

Male 63(29.2%) 68 (33.0%) 0.84 (0.56- 1.26) 0.4 

Previous hospitalization 

(within 1 y) 

34 (15.7%) 16 (7.7%) 2.21(1.18- 4.15) < 0.05 

Presence of indwelling 

urinary catheter 

89 (41.2%) 20 (9.7%) 6.51(3.81–11.12) < 0.001 

Diabetes mellitus 123 (56.9%) 57 (27.7%) 3.45 (2.30–5.19) < 0.001 

Presence of chronic 

illnesses 

123 (56.9%) 90 (43.7%) 1.70 (1.16–2.50) < 0.001 

Recurrent UTI 102 (47.2%) 57 (27.7%) 2.33 (1.55–3.50) < 0.001 

Regular hospital visits 53 (24.5%) 77 (37.4%) 0.545 (0.36- 0.83) < 0.05 

Household contact with 

health care worker 

17 (7.9%) 12 (5.8%) 1.381 (0.64- 2.97) 0.4 
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02 Enterobacteriaceae from CA-UTI, 126 (42%) showed the pres- 

nce of one or more β-lactamase phenotypes, while 90 (75%) out 

f 120 isolates from HA-UTI showed the presence of one or more 

-lactamase phenotypes. 

The prevalence of ESBL production in Enterobacteriaceae in our 

tudy was 50% (212/422). This rate is higher than that reported by 

illekeratne et al. (40.2%) in 2016 [5] and, more recently, by Ku- 

udunie et al. (30.8%) in 2020 [6] . However, in the latter study, the

ate of cefotaxime/ceftriaxone resistance in Enterobacteriaceae was 

eported as 55.3%, and it is likely that co-production of AmpC β- 

actamase and carbapenemase interfered with the phenotypic de- 

ection of ESBLs [12] . The rate of ESBL production in Sri Lankan 

solates reported in this study is significantly higher than that re- 

orted in the UK and Europe (3% to 6%) and the United States (2%)

24] . On the other hand, the prevalence is much lower than that 

ecorded in India, which is around 70% of clinical isolates [ 25 , 26 ]. 

As all the bla T EM 

, bla SHV and bla OXA-1 genes sequenced in a sub- 

et of isolates coded for narrow-spectrum β-lactamases, it is likely 

hat almost all of the ESBL phenotypes resulted from the presence 

f the bla CTX-M 

gene, specifically the gene variant, bla CTX-M-15 . This 

s compatible with previous studies on ESBL genotypes in Sri Lanka 

 5 , 8 , 9 ]. 
e

120 
There is no previous data on AmpC β-lactamase production 

n Enterobacteriaceae in Sri Lanka. The prevalence rate of AmpC 

-lactamase production in our study was 19%. This rate is much 

ower than that of our neighbour, India, with a prevalence rate 

f 40% [26] , and the rate in China (26%) [27] . However, our rates

re much higher than those reported in the United States and Eu- 

ope, which are less than 10% [ 28 , 29 ]. The Amp C β-lactamase

enes found in E. coli and K. pneumoniae , in both CA-UTI and HA- 

TI, were bla CMY ( bla CMY-2 and bla CMY-42 ) and bla DHA ( bla DHA-1 and 

la DHA-7 ), while the only AmpC β-lactamase gene identified in En- 

erobacter sp. was bla ACT (bla ACT-1 and bla ACT-7 ). 

The prevalence of carbapenemases in Enterobacteriaceae in our 

tudy was 11%, which is comparable with the rates reported by 

umudunie et al. [6] . This rate, again, is much lower than the 

ates reported in India, i.e., 27%–65% [26] and China, i.e., 18% 

30] but far higher than the prevalence in West European coun- 

ries such as France, Germany and Switzerland ( < 1%) [31] . The 

arbapenemase genes found in this study were bla NDM 

( bla NDM-1 , 

la NDM-4 ) and bla OXA-48 -like ( bla OXA-181 , bla OXA-232 ), while bla KPC , 

la IMP and bla VIM 

were absent . Similar to previous studies in Sri 

anka and reports from other countries in South Asia [ 23 , 25 ],

he most prevalent carbapenemase gene was bla NDM 

. The pres- 

nce of bla -like carbapenemases has been reported previ- 
OXA-48 



P.D.V.M. Perera, S. Gamage, H.S.M. De Silva et al. Journal of Global Antimicrobial Resistance 30 (2022) 115–122 

o

L  

p

h

b

i

t  

t

c

S

l

v

i

e

2

f

w

t

E

2

b

e

b

m

a

t

n

o

w

c

e

K

a

E

b

c

m

a

o

d

e

o

a

t

c

o

o

a

a

s

5

l

d

o

c

a

v

i

L

F

C

(

C

E

v

(

A

t

p

u

S

f

R

 

[

usly in K. pneumoniae isolates from nosocomial infections in Sri 

anka [ 6 , 8 , 9 ], but this study reveals that bla OXA-48 -like genes are

resent in strains causing community-acquired infections and in 

ospital-acquired and community-acquired E. coli as well. Although 

la NDM-1 , bla NDM-4 and bla OXA-181 have been described previously 

n Sri Lanka, this is the first report of the bla OXA-232 variant, even 

hough it is common in India [32] . The bla KPC gene was not iden-

ified in our study, although its presence in Sri Lanka has been re- 

ently reported [6] . bla KPC is known to be uncommon in South and 

outheast Asia [33] . 

As expected, the rate of ESBL production was higher in iso- 

ates from HA-UTI (75%) than CA-UTI (40%), both in E. coli (69% 

s. 38%) and K. pneumoniae (95% vs. 44%). The rates determined 

n this study are much higher than those reported by Wijesooriya 

t al. [34] in isolates from Sri Lanka collected between 2012 and 

016 (HA-UTI, 68%; CA-UTI, 13%). The rapid increase in ESBL rates 

rom 2012 to date, especially in CA-UTI, is a cause for concern. 

Similarly, Amp C β-lactamase and carbapenemase production 

as much higher in isolates from HA-UTI (26% and 26%, respec- 

ively) than isolates from CA-UTI (16% and 5%, respectively) in both 

. coli (Amp C β-lactamase 24% vs. 15%, carbapenemase 15% vs. 

%) and K. pneumoniae (Amp C β-lactamase 35% vs. 15.5%, car- 

apenemase 70% vs. 22%). The high prevalence of Amp C produc- 

rs in CA-UTI and the occurrence of carbapenemases (i.e., bla NDM-1 , 

la OXA-181 ) in Enterobacteriaceae from CA-UTI, with 22% of K. pneu- 

oniae from CA-UTI being carbapenemase producers, is a cause for 

larm. 

Enterobacteriaceae isolates producing multiple β-lactamase 

ypes are becoming increasingly common [1] . In our study, phe- 

otypic testing revealed multiple β-lactamases in as many as 25% 

f isolates. Unsurprisingly, co-production of multiple β-lactamases 

as seen more commonly in HA-UTI (44%) than CA-UTI (17%). The 

o-occurrence of multiple ESBL, AmpC β-lactamase and carbapen- 

mase genes in Sri Lanka has been reported previously only in 

. pneumoniae [ 8 , 9 ]. Combinations of ESBL, AmpC beta-lactamase 

nd carbapenemase genes was seen in E. coli, K. pneumoniae and 

nterobacter sp., with some isolates harbouring up to six separate 

la genes. Similar findings have been reported in India and other 

ountries [35–37] . 

With regard to the isolates that showed potential carbapene- 

ase production in the phenotypic tests but only harboured ESBL 

nd/or AmpC β-lactamase genes, the mutation in the ompF gene 

f the E. coli isolate predicted a premature termination in the de- 

uced protein OmpF. Premature stop codons resulting in carbapen- 

mase resistance have been reported previously [38] . While some 

f mutations in the ompK36 gene of the four K. pneumoniae isolates 

re well known [8] , the isolates in our study showed several addi- 

ional mutations. However, the common mutation associated with 

arbapenem resistance, Iaa134-135GD [ 8 , 38 ], was not found. 

In this study, age ≥50 years, previous hospitalization, presence 

f an indwelling urinary catheter, a history of diabetes mellitus or 

ther chronic illness and recurrent urinary tract infections were 

ssociated with UTI due to β-lactamase-producing Enterobacteri- 

ceae. Similar findings have been documented in local and global 

tudies [ 4 , 9 , 39 ]. 

. Conclusion 

Studies on the prevalence and characteristics of clinical iso- 

ates of Enterobacteriaceae with AMR are important to provide the 

ata required to formulate local, national and international antibi- 

tic guidelines and policies and to inform infection prevention and 

ontrol guidelines to control the spread of resistance. This study 

dds to the currently scarce data on AMR in Sri Lanka and re- 

eals that ESBL, AmpC β-lactamase and carbapenemase production 
121
s common in Enterobacteriaceae causing HA-UTI and CA-UTI in Sri 

anka. 

unding 

This work was supported by grants from the National Research 

ouncil (grant number 14-45 ) and the University of Colombo 

grant number AP/3/2/2018/SG/16 ). 

ompeting interests 

None declared. 

thical approval 

Ethical approval for this study was obtained from the Ethics Re- 

iew Committee of the University of Colombo, Faculty of Medicine 

EC-14-143). 

cknowledgements 

The authors thank the patients who took part in this study and 

he staff of the microbiology laboratories of the Sri Jayawardena- 

ura General Hospital, Neville Fernando Teaching Hospital and Fac- 

lty of Medicine, University of Colombo for technical support. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi:10.1016/j.jgar.2022.05.024 . 

eferences 

[1] Bush K, Bradford PA. Epidemiology of β-lactamase-producing pathogens. Clin 

Microbiol Rev 2020;33. doi: 10.1128/CMR.0 0 047-19 . 
[2] Sugawara E, Kojima S, Nikaido H. More efficient diffusion of β-lactams than 

their Escherichia coli homologs OmpF and OmpC. J Bacteriol 2016;198:3200–8 . 
[3] Patabendige CG, Chandrasiri N, Karunanayake L, Karunaratne G, Somaratne P, 

Elwitigala J, et al. Antimicrobial resistance in resource-poor settings: Sri 
Lankan experience. In Regional Health Forum 2011;15(1):18–26 . 

[4] Dissanayake D, Fernando S, Chandrasiri N. The distribution and characteristics 

of extended-spectrum β-lactamase producing Escherichia coli and Klebsiella 
species among urinary isolates in a tertiary care hospital. Sri Lankan J Infect 

Dis 2012;2:30 . 
[5] Tillekeratne LG, Vidanagama D, Tippalagama R, Lewkebandara R, Joyce M, 

Nicholson BP, et al. Extended-spectrum β-lactamase-producing Enterobacte- 
riaceae as a common cause of urinary tract infections in Sri Lanka. Infect 

Chemother 2016;48:160–5 . 

[6] Kumudunie WGM, Wijesooriya LI, Namalie KD, Sunil-Chandra NP, Wijayas- 
inghe YS. Epidemiology of multidrug-resistant Enterobacteriaceae in Sri Lanka: 

first evidence of blaKPC harboring Klebsiella pneumoniae. J Infect Public 
Health 2020;13:1330–5 . 

[7] Tissera K, Liyanapathirana V, Dissanayake N, Pinto V, Ekanayake A, Ten- 
nakoon M, et al. Spread of resistant gram negatives in a Sri Lankan intensive 

care unit. BMC Infect Dis 2017;17:1–10. doi: 10.1186/s12879- 017- 2590- 7 . 

[8] Hall JM, Corea E, Anusha Sanjeewani HD, Inglis TJJ. Molecular mechanisms of 
β-lactam resistance in carbapenemase-producing Klebsiella pneumonia from 

Sri Lanka. J Med Microbiol 2014;63:1087–92. doi: 10.1099/jmm.0.076760-0 . 
[9] Zhu C, Liyanapathirana V, Li C, Pinto V, Hui M, Lo N, et al. Characterizing mo-

bilized virulence factors and multidrug resistance genes in carbapenemase- 
producing Klebsiella pneumoniae in a Sri Lankan hospital. Front Microbiol 

2018;9. doi: 10.3389/fmicb.2018.02044 . 

[10] European Centre for Disease Prevention and Control (ECDC)Urinary tract infec- 
tion (catheter-associated urinary tract infection [CAUTI] and non-catheter-asso- 

ciated urinary tract infection [UTI]) and other urinary system infection [USI]) 
events. NHSN Patient Safety Component Manual 2016:1–16 . 

[11] Clinical and Laboratory Standards Institute Performance standards for antimi- 
crobial susceptibility testing . 28th informational supplement. CLSI document 

M100-S28. Wayne, PA: CLSI; 2018 . 
12] Kaur J, Chopra S, Sheevani Mahajan G. Modified double disc synergy test 

to detect ESBL production in urinary isolates of Escherichia coli and Kleb- 

siella pneumoniae. J Clin Diagnostic Res 2013;7:229–33. doi: 10.7860/JCDR/ 
2013/4619.2734 . 

[13] Polsfuss S, Bloemberg GV, Giger J, Meyer V, Böttger EC, Hombach M. Practical 
approach for reliable detection of AmpC beta-lactamase-producing Enterobac- 

teriaceae. J Clin Microbiol 2011;49:2798–803. doi: 10.1128/JCM.00404-11 . 

https://doi.org/10.13039/100013101
https://doi.org/10.13039/501100009826
https://doi.org/10.1016/j.jgar.2022.05.024
https://doi.org/10.1128/CMR.00047-19
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0002
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0003
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0004
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0005
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0006
https://doi.org/10.1186/s12879-017-2590-7
https://doi.org/10.1099/jmm.0.076760-0
https://doi.org/10.3389/fmicb.2018.02044
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0010
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0011
https://doi.org/10.7860/JCDR/2013/4619.2734
https://doi.org/10.1128/JCM.00404-11


P.D.V.M. Perera, S. Gamage, H.S.M. De Silva et al. Journal of Global Antimicrobial Resistance 30 (2022) 115–122 

 

[

[

[

[  

[

[

[  

[

[

[

[  

[

[  

 

[

[

[

[

[

[  

[

[14] Black JA, Moland ES, Thomson KS. AmpC disk test for detection of plasmid- 
mediated AmpC β-lactamases in Enterobacteriaceae lacking chromosomal 

AmpC β-lactamases. J Clin Microbiol 2005;43:3110–13. doi: 10.1128/JCM.43.7. 
3110-3113.2005 . 

[15] Clinical and Laboratory Standards Institute Performance standards for antimi- 
crobial susceptibility testing . 26th informational supplement. CLSI document 

M100-S26. Wayne, PA: CLSI; 2016 . 
[16] Galani I, Rekatsina PD, Hatzaki D, Plachouras D, Souli M, Giamarellou H. Eval- 

uation of different laboratory tests for the detection of metallo- β-lactamase 

production in Enterobacteriaceae. J Antimicrob Chemother 2008;61:548–53 . 
[17] Dallenne C, da Costa A, Decré D, Favier C, Arlet G. Development of a set of mul-

tiplex PCR assays for the detection of genes encoding important β-lactamases 
in Enterobacteriaceae. J Antimicrob Chemother 2010;65:490–5. doi: 10.1093/ 

jac/dkp498 . 
[18] Fang H, Ataker F, Hedin G, Dornbusch K. Molecular epidemiology of ex- 

tended-spectrum β-lactamases among Escherichia coli isolates collected in a 

Swedish hospital and its associated health care facilities from 2001 to 2006. J 
Clin Microbiol 2008;46:707–12 . 

[19] Pérez-Pérez FJ, Hanson ND. Detection of plasmid-mediated AmpC β-lactamase 
genes in clinical isolates by using multiplex PCR. J Clin Microbiol 

2002;40:2153–62 . 
20] Poirel L, Walsh TR, Cuvillier V, Nordmann P. Multiplex PCR for detection of 

acquired carbapenemase genes. Diagn Microbiol Infect Dis 2011;70:119–23 . 

21] Poirel L, Potron A, Nordmann P. OXA-48-like carbapenemases: the phantom 

menace. J Antimicrob Chemother 2012;67:1597–606. doi: 10.1093/jac/dks121 . 

22] Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment 
search tool. J Mol Biol 1990;215:403–10. doi: 10.1016/S0022- 2836(05)80360- 2 . 

23] Jean SS, Hsueh PR, Korman T, Ellem J, George N, Coombs G, et al. Distribution
of ESBLs, AmpC β-lactamases and carbapenemases among Enterobacteriaceae 

isolates causing intra-abdominal and urinary tract infections in the Asia-Pacific 

region during 2008–14: results from the Study for Monitoring Antimicrobial 
Resistance Trends (SMART). J Antimicrob Chemother 2017;72:166–71. doi: 10. 

1093/jac/dkw398 . 
24] Karanika S, Karantanos T, Arvanitis M, Grigoras C, Mylonakis E. Fecal col- 

onization with extended-spectrum beta-lactamase-producing Enterobacteri- 
aceae and risk factors among healthy individuals: a systematic review and 

metaanalysis. Clin Infect Dis 2016;1(63):310–18. doi: 10.1093/cid/ciw283 . 

25] Govindaswamy A, Bajpai V, Khurana S, Batra P, Mathur P, Malhotra R. Preva- 
lence and characterization of carbapenemase-producing Escherichia coli from 

a tertiary care hospital in India. J Glob Infect Dis 2019;11:123–4. doi: 10.4103/ 
jgid.jgid _ 68 _ 18 . 

26] Tewari R, Mitra SD, Ganaie F, Venugopal N, Das S, Shome R, et al. Prevalence of
extended spectrum β-lactamase, AmpC β-lactamase and metallo β-lactamase 

mediated resistance in Escherichia coli from diagnostic and tertiary healthcare 

centers in south Bangalore, India. Int J Res Med Sci 2018;6:1308. doi: 10.18203/ 
2320-6012.ijrms20181288 . 
122 
27] Dong F, Xu XW, Song WQ. Prevalence of plasmid-mediated AmpC beta-lacta- 
mases in Escherichia coli and Klebsiella spp. isolated in children. Zhonghua yi 

xue za zhi 2010;90:2723–5 . 
28] Alvarez M, Tran JH, Chow N, Jacoby GA. Epidemiology of conjugative 

plasmid-mediated AmpC β-lactamases in the United States. Antimicrob Agents 
Chemother 2004;48:533–7. doi: 10.1128/AAC.48.2.533-537.2004 . 

29] Reuland EA, Hays JP, De Jongh DMC, Abdelrehim E, Willemsen I, Kluyt- 
mans JAJW, et al. Detection and occurrence of plasmid-mediated AmpC 

in highly resistant gram-negative rods. PLoS One 2014;9:8–10. doi: 10.1371/ 

journal.pone.0091396 . 
30] Li Y, Sun Q, Shen Y, Zhang Y, Yang J, Shu L, et al. Rapid increase in prevalence

of carbapenem-resistant. J Clin Microbiol 2018;56:e01932 -17 . 
31] European Centre for Disease Prevention and Control. Carbapenem- 

resistant Enterobacteriaceae: second update, https://www.ecdp.europa.eu 
/en/publications-data/carbapenem-resistant-enterobacteriaceae-second- 

update; 2019 [accessed 15 October 2020]. 

32] Li Y, Sun QL, Shen Y, Zhang Y, Yang JW, Shu LB, et al. Rapid increase in preva-
lence of carbapenem-resistant Enterobacteriaceae (CRE) and emergence of col- 

istin resistance gene mcr-1 in CRE in a hospital in Henan. J Clin Microbiol
2018;56(4):e01932-17 . 

33] Wyres KL, Nguyen TNT, Lam MMC, Judd LM, Van Vinh Chau N, Dance DAB, 
et al. Genomic surveillance for hypervirulence and multi-drug resistance in in- 

vasive Klebsiella pneumoniae from South and Southeast Asia. Genome Med 

2020;12:1–16 . 
34] Wijesooriya WRPLI, Herath YB, Sugandhi RAI, Weerawardhana A, Ediri- 

weera DS. Antibiotic sensitivity pattern for non-beta lactam antibiotics 
and carbapenems in extended-spectrum beta-lactamase (ESBL) producing 

uropathogens versus non-ESBL producing uropathogens. Sri Lankan J Infect Dis 
2017;7:92. doi: 10.4038/sljid.v7i2.8154 . 

35] Pokhrel RH, Thapa B, Kafle R, Shah PK, Tribuddharat C. Co-existence of be- 

ta-lactamases in clinical isolates of Escherichia coli from Kathmandu, Nepal. 
BMC Res Notes 2014;7:694 . 

36] Chaudhary U, Agarwal S, Raghuraman K. Identification of extended spec- 
trum beta lactamases, AmpC and carbapenemase production among isolates 

of Escherichia coli in North Indian tertiary care centre 2018:46–50. doi: 
10.4103/ajm.AJM_156_17. 

37] Kazemian H, Ghanavati R. Phenotypic and genotypic characterization of iso- 

lates. 2019:547–51. doi: 10.1159/0 0 050 0311. 
38] Miao M, Wen H, Xu P, Niu S, Lv J, Xie X, et al. Genetic diversity of carbapenem-

resistant Enterobacteriaceae (CRE) clinical isolates from a tertiary hospital in 
eastern China. Front Microbiol 2019;10:1–8. doi: 10.3389/fmicb.2018.03341 . 

39] Goyal D, Dean N, Neill S, Jones P, Dascomb K. Risk factors for community- 
acquired extended-spectrum beta-lactamase-producing Enterobacteriaceae in- 

fections: a retrospective study of symptomatic urinary tract infections. Open 

Forum Infect Dis 2019;6. doi: 10.1093/ofid/ofy357 . 

https://doi.org/10.1128/JCM.43.7.3110-3113.2005
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0015
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0016
https://doi.org/10.1093/jac/dkp498
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0018
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0019
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0020
https://doi.org/10.1093/jac/dks121
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/jac/dkw398
https://doi.org/10.1093/cid/ciw283
https://doi.org/10.4103/jgid.jgid_68_18
https://doi.org/10.18203/2320-6012.ijrms20181288
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0027
https://doi.org/10.1128/AAC.48.2.533-537.2004
https://doi.org/10.1371/journal.pone.0091396
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0030
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0032
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0033
https://doi.org/10.4038/sljid.v7i2.8154
http://refhub.elsevier.com/S2213-7165(22)00126-6/sbref0035
https://doi.org/10.3389/fmicb.2018.03341
https://doi.org/10.1093/ofid/ofy357

	Phenotypic and genotypic distribution of ESBL, AmpC b-lactamase and carbapenemase-producing Enterobacteriaceae in community-acquired and hospital-acquired urinary tract infections in Sri Lanka
	1 Introduction
	2 Materials and methods
	2.1 Phenotypic detection of ESBLs, AmpC b-lactamases and carbapenemases
	2.2 Determination of bla gene types and diversity of bla genes
	2.3 Molecular analysis of omp genes coding for outer membrane porin proteins (OMPs)
	2.4 Determination of risk factors for UTI with b-lactamase-producing Enterobacteriaceae

	3 Results
	3.1 Enterobacteriaceae urinary pathogens in CA-UTI and HA-UTI
	3.2 b-lactamase phenotypes in Enterobacteriaceae causing HA-UTI and CA-UTI
	3.3 b-lactamase genotypes in Enterobacteriaceae causing HA-UTI and CA-UTI
	3.4 bla gene variants identified on Sanger sequencing
	3.5 Molecular analysis of genes coding for outer membrane porin proteins (OMPs) in carbapenem-resistant E. coli and K. pneumoniae isolates that did not harbour carbapenemase genes
	3.6 Risk factors for b-lactamase mediated resistance in isolates from UTI

	4 Discussion
	5 Conclusion
	Funding
	Competing interests
	Ethical approval
	Acknowledgements
	Supplementary materials
	References


