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Resistance Genes in Multiply-resistant Pseudomonas
aeruginosa Clinical Isolates from Siriraj Hospital
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Abstract : The P aernginosa clinical isolates with multiple antibiotic resistance from Siriraj Hospital
showed a region of closely related integron elements and transposons which carried at least 10 antibiotic
resistance genes. The resistance genes from PaTh2 were directly cloned and the genes were sequenced
within the total length of 26 kb. Resistance to aminoglycosides was conferred by three different
aminoglycoside transferase genes, aadA2, aph, and aad B. Resistance to [i-lactams was conferred by three
different i-lactamases, bla ., bla cpp.y (IS0 called bla, . )andbla,,, . Rifampin resistance was conferred
by the arr-2 gene which encoded for a ribosylating transferase. Resistance to chloramphenicol was conferred
by an active transport protein encoded by the emiA gene. The resistance genes Lo quaternary ammonium
compound and sulfonamide were also identified, qacEAI and sull, respectively. The arr-2 gene was further
analyzed to confirm rifampin resistance in laboratory strains of L. coli and P. aernginosa, The CEF-1 B-
lactamase was purified for kinetic studies. The oxy-imino cephalosporins were go od substrates for CEF-
1 f-lactamase, whereas ampicillin was the poorest substrate. Most antibiotic resistance genes were located
on gene casseftes as parts of two integron elements, and some were not cassettes but were connected to this
region by unknown mechanism of recombination. The adjacent transposon genes indicated the possibility
of spread of this large collection of antibiotic resistance genes among other bacteria as seen in 4 other
clinical isolates of B aeruginosa. The sequence adjacent to the resistance cluster showed no homology to
any sequence in the GenBank implying the cluster was not chromosomal in origin,
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INTRODUCTION as 4 pathogen showing muluple antibiotic resistance.
Psendomonas aeruginosa is a non- Even though it seems to have low virulence; the
lermentative Gram negative rod that can be found in martality rate among those who get inlected is very
water, soil, fresh fruit and vegetables, and sometimes high, in some reports, up to 70%'. P acruginosaisa
in the human gastrointestinal tract. [t is distributed very versalile organism, it can survive in various harsh

worldwide and has become a major problem as one conditions, such as in heavy metal conaminated
af the common pathogens isolated in hospitals, and water, on soap, and even in some antiseptics”. One of
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the key successes [or this organism is the ability 1o
acquire uselul genes from other organisms that can
make them survive in many types of selective
pressure. The phenomenon of selective pressure can
also be seen in the hospital siluation, where many
antibiotics have been used (o treat patients. The
strains that have been isolated [rom hospitals or
nosocomial strains always show a higher level of
resistance to many antibiotics than those solated
from patients with communily-acquired inlections.
In general, most bacteria become antibiotic resisiant
by certain mechanisms, for examples, modification
of the targets of antibiotics, inactivation of
antibiotics, or a decrease in the concentration of
antibiotics inside the cells, eic’. The selection of
mechanisms may be unigue and depend on both the
bacterial species and the antibiotic class in use, P
aernginosa 15 intrinsically resistant 1o many
antibiotics, and there is evidence showing thal £
aeruginasa can share multiple antibiotic resistant
plasmids with ather enteric bacteria®. Although,
there have been reports from some countries that use
a lot of antibiotics, such ag South America and some
European countries, about the mechanisms vsed by
multiply resistant P gernginosa, there are nol many
studies that identify the genetic background of this
organism in Thailand®, In this report we show the
different mechanisms selected by this organism 1o
produce multiple antibiotic resistance. We also show
that the resistance genes are collectively acquired
by the mobile genetic element called the “integron
element™!. There are also other elements, such as
insertion sequence elemenis and transposons tha
play a further role in collecting the antibiotic
resistance genes and forming a more complicated
island of resistance genes, O special note, the
different types of resistance genes found in this study
were both directly and indirectly mvolved with the
quantity and frequency of antibiotic vse in the
treatment of pseudomaonal infection at Siriraj
Hospital.

MATERIALS AND METHODS
Enzymes and chemicals
The restriction cneyimes, Td DMA ligase, call
intestinal phosphatase, and Klenow (ragment of DNA

polymerase [ were purchased from either Promega or
New England Biolabs, and were used according o
the company’s instructions for their own optimum
conditions, Sarkosyl was purchased [rom CIBA-
GEIGY. The isotope [c-"pldCTP was purchased [rom
Amersham,
Bacterial strains and plasmids

Strains and plasmids used in the study are
listed in Table 1.
[-lactamase assay with cell-free extract

The p-lactamase assay was performed by
using the cell-free extract from £ coli carrying the
plasmid construct that contains bla, ot bla,  or
no plasmid. The [i-lactamase was recovered [rom
cells subjected 1o a frecee-thaw procedure, The 500-
ml saturated cullure was centrifuged and washed with
(L1 M potassium phosphate buffer (pH 7.0), and
resuspended in 8 ml of (1.1 M potassium phosphate
buffer (pH 7.0), and suhjecied to a freeze-thaw
procedure, The cell suspension was [rozen in liguid
nitrogen for 5 min and thawed in ice-cold water {or 1
h (three cycles). The cell debris was centrifuged at
0°C, 100,00g in o Beckman L-70 ultracentrifuge
machine for 30 min 1o obtain a cell-free extract, The
hydrolysis of carbenicillin or ceflazidime was
determined by spectrophotometer readings at 210
nm or 256 nm, respectively,
DNA preparation and analysis

Plasmid DNA was prepared from £ coli or
P aeruginosa by the alkaline-lysis method". Total
DA was prepared from P oaernpinosa PaTh2 as
described by Steom and Lory™. Briefly, an over-night
culture of £ aeruginosa was washed twice with 10
mM Tris (pH 8.0}, then resuspended in 10 mM Tris
(pH 5.03-10 mM EDTA containing | mg/ml of
lysozyme, The cells were incubated for 15 min at
37C, and were lysed by the addition of Sarkosy! and
proteinase K (o the final concentration of 1% and 50
pedml, respectively. The lysate was incubated for an
additional 30 min at 37°C, followed by three phenol
and two chloroform extractions. The DNA was then
precipitated using ethanol, spooled out, and
resuspended in TE (10 mM Tris, | mM EDTA [pH
8000,
DMNA cloning of antibiotic resistance genes

£ oaeruginosa PaTh2 DNA (100 pg) was
digested over night with EcoRI, BamHI, or Xhol
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Table 1. Strains and plasmids,

Strain or plasmid

Relevant characteristics

Source or reference

Strains
P aerupinesu
PalThl-5

multidrug resistant clinical isolates

From Sirira Hospital, Mahidol Univer-
sity, Thailand

PACS laboratory strain, ceftazidime sensitive EH. Clarke'
PACH lahoratory strain, cefltazidime sensitive P.H. Clarke"
PAK inboratory strain, ceflazidime sensitive Stephen Loy
E coli
XLI1-Blue recAl, Tet? Stratagene
DHSeF recAl, Nal! Stratagene
Plasmids
pUCP24 E. coli-Ps, aeruginosa shutile vector with - HLP. Schweizer'
pentamicin resistanl gene, aaeCl
pBluescripl SK(+) ColE} cloning vector with ampicillin Stratagene
resistant gene, fa,
pCTEI( pUB3372 with Carb’ transposon This study
pCTF102 11-kb EcoRI fragment from PaTh2 inserted This study
inte pUCP24
pCTFIO4 4,2-kb BamHI fragment [rom PaTh2 inserted This study
into pUCP24
pCTF202 1 3-kh Xhol fragment from PaTh2 inserted  This study

into pBluescript SK(+)

restriction enzyme, and the reactions were stopped
by heating at 65°C for 30 min. The digested DNA
was then ligated with pUCP24 cut with the relevant
enzyme. The ligation with T4 DNA ligase was carried
out at 30°C over night at vector-to-insert ratios of
1:5. The ligation mixture was used Lo transform the
competent E. coli directly, and the transformants were
selected on LB agar containing 100 pg/ml of
ampicillin or 100 pg/ml of ceftazidime.
Southern blot analysis

The EcoRl andfor BamHI digested total
DNA from Pseudomonas and plasmids were
electrophoresed in 1% agarose gel, and were then
wransferred to a positively-charged nylon membrane
in alkaline buffer (0.4 N NaCl). The DNA probes
were prepared from plasmid pCTFLO02 or pCTEIO4,
and labeled with [a-"p]dCTP by random priming
(multiprime DNA labelling system, Amersham}. The
nylon membranes were prehybri-dized at 42°C for
24 b in 20 ml of 50 % formamide, 53X DenhardC’s

solution, 1 M NaCl, (.1 M Tris, | mM EDTA, (.05 M
sodium phosphate pH 6.8, The denatured probe was
later added to the mixture and the membrane was
hyhridized under stringent conditions,
Purification of B-lactamase and the kinetic analysis
Purified P-lactamase was used to study the
kinetic paramelers of the enzyme. E coli carrying
pCTE104 was used to obtain the CEF-1 f-lactamase
enzymes. The cells were grown in 3 liters of LB
media containing 30 pg/ml of cellazidime. Afer
prowing the cells o the late exponential phase, the
cells were harvested and the periplasmic {raction
including the P-lactamase was obtained by an
osmotic shock procedure. The DEAE-sephacel and
CM-Sepharose CL-6B jon-cxchanger columns were
used for purification. The fraction containing [3-
lactamase was determined by nitrocefin hydrolysis
and SDS-PAGE, The Ae (the extinction coefficient),
V K andk weredetermined using the following
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equations. Ag = ODs-0Dr v = AOD
L x[S] LxAex 60
k= Vo respectively'™'%, Then the values [rom

calr
1]

different [-lactams were compared,
DNA sequencing and gene comparison

The DN A sequences were ohtained by using
4 377XL automated DNA sequencer operated by the
University of Chicago Cancer Research Center. The
results were then used as inputs to search for
homologous sequences in GenBank with the local
alignment algorithm BLASTN or BLASTX. For the
celtazidime and rifampin resistance casselles, the
genes were translated to proteins and then the protein
sequences were used as inputs for the ClustalW
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(A) carbenicillin as substrate

program to align with other protein homologs,
Mucleotide sequence and accession number

The gene sequence was accessed [rom the
thesis by Tribuddharat, C. and part of the gene
sequence was also accessed from the GenBank
database (accession number AFOTE527),

RESULTS

{i-lactamase assay with cell-free extract

The cell-free extract obtained [rom £ coli
carrying pCTF102 and pCTF104 plasmids that
contained blaPSE-1 and blaCEF-1 showed the
ahility of the enzymes Lo hydrolyze carbenieillin and
ceftazidime, respectively. The heat-treated exiracts
showed no enzymatic activity indicating that the
protein is responsible foe hydrolysis, (Figure 1)
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(B} ceftazidime as substrate

Figure 1. The hvdrolysis of carbenicillin (A) and ceftazidime (B) using crude extracts from XL1-Blue £ coli
carrying P-lactamase clone from PaTh2, OD 210 nm = the wavelength used for carbenicillin in UV
spectrophatometry, OD 256 nm = the wavelength used for ceftazidime in UV spectrophotometry.
Denatured extracts have been treated at 60°C for | hour.
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DMNA cloning of antibiotic resistance genes

The Ecoll- and BamHI-digesied DNA [rom
PaTh2 gave two clopes of plasmids, pCTF102 and
pCTEIO, which made £ coli resistant 1o carbenicillin
and cefiazidime, respectively. We cloned pCTF202

ORF1

using Xbal restriction enzyme to get the conlinuation
al the fragments Mrom pCTEIN2 and pCTFIO4
showing that the resistance genes originated from a
large cluster of antibiolic resistance genes. (Figure
2}

EcoRlI

bidpse 1 gace 41

ORF2 ORF3 ORF4 ORF5 IR38 thpA1 thpR1 ind1.1 aadA2
A
XK G TG
IR25 " bla,.c,
EcoRI
iA) 148 kb EcoRl insert in pCTE102
dtﬁpA? IR25 inti1. 2 b'llaCEF 1 H!T- bfﬂﬂxn 10

aadA2 sult aph ipR2 IS'.'O llke aadB cmiA I

Xbal

Figure 2.

T pCTF104 insert

(B) 13 kb Xbal insert in pCTF202

The diagrams show the DNA inserts in pCTRIOZ, pCTELHM, and pCTF202 plasmids, (A), the 14.8
kb EcoRI fragment containing unknown open reading [rames, ORF1-5; [R38, 38-bp inverted repeal
of the transposon element; tpA f, transposase gene; tnpR 1, resolvase gene of the transposon: ined 1.1,
integrase gene of the first integron; bla,.. . carbenicillin resistance gene (PSE- | B-lactamase pene);
aadA2, streptomycin resistance gene, EeoRl, EeoRl restriction site used in the cloning of pCTF102,
(B), the 13 kb Xhal lragment containing the downstream DNA sequence from the pCTF102 insert;
gacliAd, antiseptic resistance genes sald, sullfonamide resistance gene: aph, kanamyein resistance
gene: AtnpA2 and tepR2, transposase (runcated ) and reselvase genes; IR25, inverted repeat Danking
the imtegron element; intff. 2, integrase pene of the second integron; IS/ i-like, 1S70:]ike insertion
sequence element (also named [5/999); MaCEF-1, CEF-1 ESBL [-lactamase; aadB, gentamicin
resistance gene; are-2, rifampin resistance gene; cndA, chloramphenicol resistance gene: Bl o
axacillin resistance gene: Xbal, restriction sites used in the cloning of pCTFE202,

Southern blot analysis

The Southern blot analysis was used in order
10 confirm that the source of resistance gencs was
from PaTh2. The radioactively-labeled pCTF102
DMNA clearly showed the presence of the inserted
fragment in PaTh2. Clones and other clinical tsolates

also showed intensely hybridized bands indicating
the existence of common DNA fragments among
them. There was no cross-hybridization to laboratory
straing with the pCTFI02 probe: The results of
the Southern blot analysis using pCTF104 as o
radioactive probe also showed similar hybridization
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)
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Figure 3. Southern blot hybridization. (A), total DNA from PaTh1-5 and plasmid clones digested with EcoRl
were used as targets Tor the "P-radicactive-labeled pCTF102 probe. (B), total DNA from PaThl-5
and plasmid clones digested with BamHI were used as targets for the PP-radioactive-labeled
pCTE104 probe. Flasmids were positive controls, and PACS, PAOT, and PAK that were laboratory

strains were negative controls.

among clinical isolates. However, there were faint
hybridized bands from laboratory P aeruginosa
isolates. The explanation may be that the insertion
sequence clement found in pCTF104 clone can find
relatively homologous insertion sequence clements
in laboratory strains,
DINA sequencing and gene comparison

The results of DNA sequencing revealed a
large cluster of antibiotic resistance genes. Table 2
shows the list of antibiotic genes including genes
involved in transposition found in transposons in
the PaTh2 stirain.
Purification of B-lactamase and the kinetic analysis

The CEF-1 B-lactamase was purified using
two different ionic exchanger columns, and the purity
of the enzyme was more than 90% (data not shown),
The kinetic study revealed that CEF-1 had a very
good hydrotic activity against cephalosporins
including third generation ones, so the enzyme might
be categorized as a cepharosporinase and could be
identified as the extended-spectrum [i-lactamase
(ESBL). According to the amino acid sequence of
CEF-1, it belongs to class A P-lactamase, and it is
susceptible to clavulanic acid inhibition (data not
shown). For kinetic parameters, the Km may infer

interaction of the enzyme and substrate with lower
values indicating better alfinity. The k__ indicates
the rate of hydrolysis of the substrate. Therefore, the
kK would be a better parameter 1o indicate the
relationship between the enzyme and different
substrates, the higher the value, the better the
hydrolysis of thal subsirate by the enzyme. (Table 3)

DISCUSSION

It isa well-known fact that bacterial strains
isolated from hospital environment show greater
resislance Lo antibiotic (than strains isolated from
community), although in most circumstances health
care personnels seem (o ignore the cause of this
serious problem. Studies that aim to address this issue
in & developing country like Thailand are scarce and
it is difficult 1o obtain wselul data, due 1o the large
number of bacterial species and strains and varieties
with resistant phenotypes. However, there should be
data available from each geographic area or from each
hospital so that the physicians and other health care
personnels can be aware of the seriousness ol the
antibiotic resistance problem and can monitor the
resistance gene pool in their own hospitals.
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Table 2. The list shows the genes, their putative Tunctions, and their homologues,

Name Resistance to Coding for Closest % DNA % Protein identity/
homaologue identity similarity

inpA | - [ransposise mipd, Tl 41 96/97

mpht | - resolvase R, T3 a1 02/95

tmpd 2 - truncated transposase  fpA , Tnd926 Qax fg*

mph 2 - resolvase tmpR | Tn3926 a4 99/94

intl 1.1 = integrase inef 1, Tnl gq 100100

intf 1.2 - integrase inef 1, Tn2l 99 D0/ 100

I510-like - transposase ISI0R, Tnld 48 6883

bla.,. ,  celtazidime [i-lactamase Bla,. 53 38/62

bla,.. .~ carbenicillin [i-lactamase bla,.. 100 1 00/100

bla,,, ., oxacillin f-lactamase bla..0 100 [y

aadA 2 streplomycin aminoglycoside aad 2 949 GO/ 100
adenyliranslerase

gacE A 1 antiseplics ethidium bromide gackE A 1 100 LOO 00
resislance prolein

sul | sulfonamide dihydropteroate sul 1010 [0/ 100
synthase

apl kanamycin aminoglycoside aph 100 004100
phosphotransferase

aad B pentamicin aminoglycoside aad B 100 L0 100
adenyltranslerase

arr- 2 rifampin rifampin arr 57 S4/68
rihosyliranslerase

cmid chloramphenical chloramphenicol crlA 99 O8/99
transporier

* = incomplete sequence,

Table 3. Enzyme kinetic parameters obtained from dilferent B-lactam antibiotics, Units Tor Vinar, K, kear,
afid keat! K are nm. S0, pM, 81, and mM-LS:! respectively.

Substrate Wiy K_ k.. k /K, Relative &_/K
Ampicillin 0411 £0.02 378 £ 48,05 53025 14 100
Cephalorndine  (.047 = (L0 3Z2x 1659 158 £3.05 492 3,490
Cefazolin 0.100 = (.01 22+3.43 1664002 764 5418
Cefuroxime 0,140 = (.01 50 = 6.94 31,1219 624 4,428
Cefiriaxone 0,048 + 0,003 131 2574 6.4 +043 49 346
Ceflazidime 0,136 £0.02 265 = 8349 1763 £ 22.85 Ga6 4719
Azireonam 0.686 = 0.14 48 + 23,90 1144237 238 688
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Physicians can therefore learn what antibiotics are
no longer usable and what antibiotcs will promote
resistance and cross-resistance either directly or
indirectly. This study was aimed firstly 1o address
the situation at Sirira) Hospital, and o give useful
data about how serious the problem was. We selected
P ageruginesa, because it was one of the mosi
antibiotic resistant species and had a high prevalence,
We found that the resistant strams had a similar
genetic element named the “integron element”. The
features of this element include its mobility,
enhancing its spread among different species, its
ability to collect any antibioticfantiseplic resistance
genes, and its flexibility to adapt or adjust the
expression of resistance genes according to bacterial
needs™, This study has identified al Teast ten
antibiotic/antiseptic resistance penes from a single
strain of £ gernginosa PaTh2, There were three
different aminoglycoside transferase genes, aadA2,
aplt, and aadB, cach of which could produce an
enzyme that could modify streptomyein, kanamyein,
and gentamicin, respectively, so they could no longer
bind to their own largets, the ribosomal subunits.
There were also three different [i-lactamase genes,
bla,. . bl (also called bla . ) and bla, .
which could make bacteria become highly resistant
to carbenicillin, extended-spectrum cephalosporins

Although, these [§-lactamases seem to have their own
preferred substrates, they theoretically should be able
to exerl asynergistically hydrolytic property towards
poor substrate, such as carbapencms. 1f we consider
the chromosomal AmpC ype B-lactamase { Ambler
class C ol B aeruginosa, there are four different
B-lactamases this single strain can use in the B-lactam
antibiotic treatment battle. PaTh2 also carried the
resistance gene for rifampin using a novel method
identified in P aernginosa i which rifampin was
modified by ADP-ribose attaching to its largel-
binding site®’. Chloramphenicol resistance was
praoduced by an efflux mechanism using CmlA
protein®™*, The CmlA efflux might also show low
level tetracycline resistance.  Antiscplic resistance
by gucEA! was also mediated by the efflux
mechanism®’. Sulfonamide resistance was conferred
by a hy-pass mechanism using a new enzyme encoded
by the sulf gene®  Not only does the PaTh2 strain

carry resistance genes against commonly used
antibiotics, but it also carries resistance genes [or
antibiotics that are apparently not used for
pseudomonal infection or are no longer used, such
as rifampin and kanamycin, etc. This finding
indicates the Fact thal the resistant strains have no
trouble carrying many antibiotic resistance genes.
simultaneously, and antibiotic cyeling may not be a
very effective approach. From the gene sequence data,
the ORFEL-5, sequence upstream to the antibiotic
resistance gene cluster found no homologue in the
CienBank database, indicating that the resistance gene
cluster wiis on the very large plasmid, because we
could not demonstrate the existence of the plasmid
in PaTh2. (Data not shown) The study by Girlich er.
al. with clinical isolates from Sirira) Hospital
collected around 1999 (about 4 yvears alter the Pa'Thi-
5 were collected) still showed that dla, | was
prevalent, This ESBL has been present for a long
while® ™ Results from another study also
demonsirated the sequence of the 3' end of the
integron element, which seemed to be identical 1o
the integron element found in PaTh2, Therefore,
there are two complete integron elements in PaTh2".
For the clinical point of view, the treatment options
ledl for patients in whom these resistance isolales are
abtained are very limited, Carbapenems (imipenem
or meropenem) may be arbitrarily used lor certain
patients, because there has been one imipenem
resistant strain that has emerged from one patient.
{The patient from whom PaTh2 strain was originally
isolated, personal ohservation.) In Thailand, the
resistance genes collected on the integron element
are not only found in B aeruginosa, but also in other
Gram negative rods, such as E coli, Klebsiella
paenmonice, and other Enrerobacteria-ceae™ ™",
The possibility of spread of class B [i-lactamase as an
integron casselte 15 also rising, as there have been
reports from Japan, Singapore, Taiwan and
Canada™ ", The spread of the integron elements
along with conjuzative plasmids and transposons s
also problematic and difficult ip control. There must
be continuous study to monitor and a surveillance
syslem to cope with this resistance problem, so the
physicians can know the weatment options and the
best aliernative according to good evidence obtained
from such study,
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