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Abstract

Project Code : RMU5380035

Project Title : Study of Multidrug Efflux Pumps in Pseudomomas aeruginosa Isolated

from Patients and Animals: Role in Antibiotic Resistance and
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Role of Multidrug Efflux Systems (MEX) and other resistance mechanisms in
multiple-antibiotic resistance phenotype was examined in Pseudomonas aeruginosa
clinical isolates from sick animals and patients. For panaminoglycoside (AMG) resistance
in the animal and human isolates, MexXY exhibited variable impacts and the results
indicate the existence of uncharacterized AMG-resistance mechanisms. A variety of
aminoglycoside-modifying enzyme encoding genes were found at high rate in the animal
(n=14) and human (n=100) isolates. Contribution of MexAB-OprM on [-lactam was
diverse. One of the major findings was simultaneous expression of four Mex systems in a
P. aeruginosa clinical isolate and co-expression of normally-silent MEX systems was also
observed. The results suggest that MEX Systems play an important role in antibiotic
resistance in P. aeruginosa clinical isolates and their expression is dynamically different.
Therefore, Efflux Pump Inhibitor that affects all MEX in the RND family is an ideal.
Multiplex RT-PCR for expression detection of four clinically-important MEX systems
including MexAB-OprM, MexCD-OprJ, MexEF-OprN and MexXY was also developed.



SWHLATING : RMU5380035

Falasanis : nsfnwszuuiTafingn Sudndludogleluuna uessiludduenldnndineuas
&0S: umumsenshosUiTauruar A EnInsanishosidesnan
NIUANIDBNTBITEUY

Faiin3de : 1. 38005, J9ng wudu

ANEARILNVEAENT PANTAINNINGNEY
2. HALAT. WIYING #3NNEIAY
ANLLNNEANEANSASTIINGIUIA WA INLSLUTARS
E-mail Address : rchuanchuen@yahoo.com
spazalAseng ;15 dguieu 2553 - 14 fdguieu 2556

ANYIUNUIMUDITEUU Multidrug Efflux Systems (MEX) LLﬁsﬂﬁlﬂSUﬂﬁLﬁ&J’;%ﬁUﬂﬁ
Reomansaiiandeuiuly Pseudomonas aeruginosa Mduidemsnadnuenldandnitheuas
fthe dmfunmsiesnduezilundelaled (AMG) vanewiiandoufuiduidefiuonldaindaiuas
AUNUINEIUTINYDITEUU MexXY ﬁmm‘mmmﬁmaLLastqﬁﬂalﬂSuS]ﬁlﬁ'wﬁ@aﬁmﬁ?’{am
AMGs AlaildvinisAnu Fswunisusinguesdiu aminoglycoside-modifying enzymes Tudei
wenlsnatdy i (n=14) wazgthe (n=100) Snnunansviauagludnsdigs unumvssszUy

1
=

MexAB-OprM sionsiesn P-lactams Saramannvansiduiu wamsisenisiiddnyio nns
UAAIDDNVBITTUU MEX Wioniuds 4 seuulu P. aerugsinosa Adudenenadn 1 We wazwu
nsuanseanndoufuvesyuy MEX Maeunildfinisuanoonsie  nan1sisetldiiuinssuy
MEX Slunumddaylunsiesmaneaiandousuly P aerusinosa Mdudonsnatinuasns
LansoanvassrULiinTuanety it Efflux Pump  Inhibitor fiiinasionns
yhawessruy MEX Tuasdnszga RND 9nssuy saviaiinisiam Multiplex RT-PCR d1miu
ATIINITUARIDDNTBISTUY Mex 4 seuuiifiannudrfynianadnléud MexAB-OprM, MexCD-
OprJ, MexEF-OprN tay MexXY ¢g



Executive Summary

Pseudomonas aeruginosa LﬁuLLUﬂﬁL%EJmEJIamaﬁﬁaiiﬂlﬁﬁgﬂUﬂuLLazﬁmﬁ Tnedu
anviiddguesnisiaiteunsndeulufieiidifunisnululsameuia (nosocomial
infection) uagsimuifuammuesnisindeunsndouludniuasauiiionistisFess nisinide
%ﬁﬂﬁﬁﬂhjmmm%’ﬂmé”;aawﬂg'j%auv W3 P. aeruginosa Aeevanewiiandouriu deualiinig
iﬂmmamﬂgmuuaumaﬂuwam H952UU Multidrug Efflux Pump (MEX) Sunumdndysionts
Aosmatswlanientuludeviad  Tuligtunuin stuu Mexxy Wussuuieaiiduoonenly
naw aminoglycosides dufumadenuisiiddamasnisinuinisiaie P, aeruginosa Tunis
Wondstivinsfinwlu . aeruginosa Mdudensedtinuasusnldnditaeuiedine nu
UNUIMTBITEUU MexXY fen1siosn lungu aminoglycosides finvmmainuansuasfainaln
Juqiiyuiinveuenisie aminoglycosides lutdainandl nsnunisusinguesdualuny
aminoglycoside-modifying enzyme ﬁaﬂaﬂjﬁﬂm%ﬁLLEJﬂiéfmﬂEjﬁ'ﬂJ w3 (n=14) uaggaey
(n=100) uazludnsiigs s3UU MexAB-OprM  filasUnduansesnetismasniiaildusouly
n13hes P-lactams Tusziuiumnenafuluudazidie wunisuanteenvesszuy MEX wnnndi 1

svvundeniiludodfissiiion Tnenunisuanseenndenfuvesszuuiidanuanuddynis
AAINUINGY 4 SgUU lAWA  MexAB-OprM, MexCD-OprJ, MexEF-OprN — wag MexXY ¢y
Tneanze8198952UU MexCD-Opr) waz MexEF-OprN iunfivzliuantonn nan153douanslii
Wit NEAYUeIsTUU MEX mammamwmwuﬂmamu‘lu P. aeruginosa MiuTons
AAUNLAZNITHANIDDNDITEUU MEX mmummmumﬂwma muu Efflux Pump Inhibitor 33
fqnsdudansvieuvesszuu MEX  wanessuuvdennszuuniontuiiielifienuiiius iy
madenlunsinvuniu venani wmedalunisasanisuanseenvesszuunsaansarinle
wanesruuSeufu #1 multiplex RT-PCR 18umadenuilsifiuszaniam saduaseldanely
gaduly
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mMswasuwlasdduuaundu roly wazan MIC vad

81Nq1 aminoglycosides

A1 MIC 9838105 aminoglycosides Tudeiiliny
NSLAASODNUBIEU nUOH

AMG-resistance mechanisms in the P. aeruginosa isolates
from patients (=30

5&1i’1ﬂ’1iﬂi1ﬂ§]%ﬂ aminoglycoside-modifying enzyme
encoding genes Tu P. aeruginosa Fwenléanau (n=100)
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Pseudomonas aeruginosa \uuuaiideanelomaivinlmialsaldisluauuazdns lu
fhenumsindoriinilivesuandumimmddysusu 2 vesmsinidounandeu Tnslans
ognsdslugftheidsunssnuilulsmeiuia snnuludelsausndeuludtaeifigiduiu
unmsedldun fihelsaend lsruziddusinidonyn fiheildsueamiosesiiunauu
fifunalullugf faefitunarndn dudu ludnd shnunsinde P, aeruginosa luyeiviid
pIMISnLaUTesyTuLenLUUIFets (Otitis Externa) uaglinavaussionisinuieufiuy
[1] 52t Tugihiiferufiaunfveslauuuisess Tutiun Pseudomonas mastitis llulsaunua
Snuauuuuilinansenns snlunisindetiuasdiaimgunanideivutevegludannden 12,
3] lusausiiientu oradulsadunsnaunuuidions 13en1 gangrene mastitis denulslves
thn widhnudinflenmssunsannuasyilidanldeTiaviegnandis [4] fudtnisiaidonn
dnideudlaiduiiudn uwildorawesdnu (5] fulluguinsiuiedeiinesvesdniasiiia
nstudeuluAunndeunanifislomanesnisindeiiluay

nsRnte P. aeruginosa :ﬁ’ﬂLﬁuLLwL'%a%hLLazlzimauauawiams%’ﬂmé’aaawﬂfﬁauz
L‘%@%ﬁmﬁﬁaﬁiamwmasuﬁmw%fauﬁ’uimaﬁiimﬁagiLLé’:}LLazmmiaﬂ’wmmsﬁamﬁﬁuléfﬁﬂiu
sewiemssne fudmevauesosusareliniisstisseznamiavingy dwaliedden
UfTugfleangrdlafind uszernarlunsinvuargydeailddemnntu msdnwena
Summuazdsnaliiihedeinldluiian nquenfiddyuasdumadenlumsinuwmsinge P
aeruginosa Tutlagtiu fia B-lactams waz aminoglycosides ag3lsfimunuin Sasmsnesesn
4 2 wialu P. aeruginosa Tuenldangihefiuuiliugsdu fisnud deflusnldaingiae
Tulsanenuna Tnewamnzegnads intensive care units (ICUs) sinesteen ceftazidime, imipenam
ua gentamicin [6] Woflusnlfanyuasunaivesaivfolungu B-lactams Lgu ampicillin
cefoxin cefpodoxine cephalothin amoxicillin/clavulanic acid Wag sjﬂumju
aminoglycosides 19U kanamycin streptomycin gentamycin amikacin Wag spectinomycin
Judu (7, 8]

Huiinsruwiderin awmddyuesnmsmeslussiuguasmesiionfoutume P
aeruginosa \inannsintaeadlieesliluanaveseufiusannsuenidngiwadsmiunis
LEAI®aNYBITEUU Multidrug Efflux Pumps, MEX ('g‘dﬁ 1) ﬁ%’uimaqasuaqmaaﬂuaﬂmaéwﬁw
Taududuvesenneslumasliiomeriovanadsld (9, 10] szuu MEX T P. aeruginosa
a¥rallymnmsnesndusudu 2 sesneuluifesfindnlneuueiiSons Inevly nalniosly
wupdiFeriliAnmsiossuing 1 ¥iavde 1 ngu usdsvuu MEX shlmAanshesvanesialy
LAAINU P. geruginosa IYABUATUANNITHAAIDBNVBITEUU MEX 1ndis 12 gauulasiuley
Tngszuuiinuindmuddsonisaeelu clinical isolates #o MexAB-OprM, MexCD-Opr,
MexEF-OprN waz MexXY usiagssuudusananlauinnii 1 vliakazeusazyiinenagnivesn
I¢Fenasszuy (M3afi 1) wademeazguusenniy ffinsuanseentesszuy MEX 11nni



1 szuundeuiunsesiuiunalnfosndus [11] FeawmdAgyviiiinn1suanseanvesdy MEX

Ao nsldeufiuziiuanuinlusgimaiiiowuazuinanusydingeds [12] AeliAnnisnans
WugvasdunIuaudraliinIsuanIeaNYeITEUY

Tutlagulafinsfinwisguu MEX lu P. aeruginosa 881903199219 Tnatiunisine
nalnmsvhauwasmuumstumsgiudsnisianuressruuiieliannsaldoufiueiitedlu
msfnwldBn swtimataumedalumsnnanshesifinnnmsuanisentesszuuie
anseifadouandonsuTiusdivmnzan Tnewadedaedodinasng wiud wagdumu
laige amnsmiwanseslivssneunsidentdoufturlusnulsafinidio P, aeruginosa
Tnsamglusmeiiinmsindosntesuasitymnsnesmanesin weinstusulan
MIuaRaaNvaITE UL MEX Wuanvmuasnishesilufitheniednithousasas muvisanunn
fagvonliiniuszuulnnzdmalianmnsowusilfldenilidu substrates vasszuutiy
fiddeyfitie nsld efflux pump inhibitors (EPD $aulun1s$nen Fevasidlddnsimunisndn
epl iteldlunssnwlsafinie P. aeruginosa Tuussmaansgeniniuasdiu erafinsthan
THlumsunmduazdmunmdluewandulnd drdunsiauimedanisanafnaindunis
wisunnundouiieiaunsinvlsafndeivonnisumduardmunnslulsaele

fauasdimsfinuszuu MEX egneneadlusatssima msdnvinaniissitnegly
Hofuonldlusiosufifing nsfnwiludefiuenldanguielulsmenuaiildintnuae sl
snumsAnuszuuiludefuenldnngihelulssmdlne sasdnsfnuludofiuenldan
dnitosann whimsufidiss 2 whdusssFemiladunasmidevesimiilasins
(Chuanchuen et al, 2008. Microbiology Immunology 58:392-398)

dmsulsumalnedinsldodiiuzesnniematilunisumiuasdnwmme
Turauedl P. aeruginosa iuamgufudiug vesnshaidounsndeuuasiinfes waneaiinniey
fu Geauds B-lactams war aminoglycosides Afunumardnlunisidu “drugs of choice”
dmsumsinunmsiadenind ﬁaﬁy'uiumﬁé’]’aﬂ%”’mfﬂmz;ﬁ%’ﬂ%ﬁwmiﬁﬂmwmmaﬁz“uu
Mex fionsiesn B-lactams uag aminoglycosides va4 P. aeruginosa ﬁLLaﬂlﬁmﬂ;:Iﬂ’miu
Tssneunauazdnithe asamsuninssnevesduiimununisaiaouluifiauauierosia 2
& a3l nImshenionnnuanseenuesszuy MEX fifianuddgms
AALA AD MexAB-OprM, MexCD-OprJ, MexEF-OprN uag MexXY

= av o & vy 4 o 0 w ' s e .
Nﬂﬂmmiﬂﬂ“ﬂnﬂﬂﬂiﬂu%qﬂﬁuEJlJ“amEJ’JﬂmJ1’]1J1‘V]LL€1$ﬂ’J13JZ‘f1ﬂfQ“UEN§$1J1J MEX asmsaoenluiye P. aeruginosa
9 R R ) ry aa LAy y v & o w Ao
“lu;v«ﬂaaua:ﬁm Fada liwmedisenululsemealneg VYA BLUANISEIAL plasmid w'lﬂmmmimﬂuwugmmﬂaﬂaamima
' ' = A a v A& s aa ' o 4 an A A
a0l 1 MsAnpIdnsnaveam s Idesiuie luvhsy ﬂaumm:T:Nwsn‘ummmawmmmmamﬂgmu:mmmmﬁmﬂmm
= = & v ] o o o o A A A a
NNITUY sanmmiﬁﬂ}nﬂamnJu"lﬂ"lﬂmaamﬂ%msaﬂﬂmnayu‘lws"lmU“lumiﬁmmmmmummi:uu Wemuseaninm

~q Y o &£ & S 1A P o s
¥ 1Flumssnu Feezitludse lerinddesnaresmsunndias daunnd
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AMEHITUAIANNAFIUTIY T8UU Multidrug efflux pumps Tulednsena Resistance
Nodulation Cell Division fiunumdfgsenisheslultie P. aeruginosa clinical isolates 9141y
Atheuazdnd dadulunisfinuessiiteieingussasdsail

1. fiefnwunumeessyuy MexAB-OprM, MexCD-OprJ, MexEF-OprN ez MexXY
Giamiayammjzu B-lactams uag aminoglycosides

2. Lﬁ@ﬁWU’]LWﬂﬁﬂIUﬂﬂﬁﬁﬁ’mﬂ’ﬁgﬁjﬁJ’]ﬁLﬁﬂ%’]ﬂﬂ’ﬁLLﬁﬂﬂ@@ﬂ%@ﬂi%‘U‘U MexAB-
OprM, MexCD-OprJ, MexEF-OprN ez MexXY



A5AHUN1SIVY

wuaiSeuazwanafinfildluntsAnen

1. P. aeruginosa, E. coli wag plasmid filfidushaunamielflunsdasdenmaiugnssy
wandlunsad 1

2. P. aeruginosa wenl@and? fisauau 14 isolates (5197t 1) Whuideiuenldan
fegnaiifvainatuazuanthefidiumsinunilsmeiadnd ansdmunmeamans
11 Imadqéhaeiwiﬂﬁmml,aﬂL%aﬁuﬂw%’uqmﬂiﬂﬁmi ANEARILIVEAANT T
L%@ﬁgﬂ%mﬂlsﬁuwﬁﬁﬂwﬂﬂWiLLwﬁﬂizﬁ]’]EJGUEN aminoglycoside-resiatance encoding
genes LAy 5¥UU multidrug efflux

3. P. aeruginosa fikenlétitae fs1uausiemua 100 isolates (lllduandlunsneiamn)
Hudefuenldongiaefidriumsdnuniglulsmerunadiee Tutsd we. 2504-
2505 Y¥nsusnuazfigatidelneniaisgadaine auzuwerans A3semetuia las
Ls??aﬁgwmieﬂumiﬁﬂmmiLLWiﬂizﬁ]’lmaﬂ aminoglycoside-resiatance encoding
genes way Wos1uIu 30 isolates lunsAnwiszuy multidrug efflux (M5197 1)

mmitgﬂuﬁaummﬂﬁﬁ%u:

mmatﬁau%a%lﬂﬁa Luria-bertani (LB) #1538 Muller Hinton medium (Difco, Detroit,
MI) enviu drldemmsdesdenioannefiuaniseeniuarszylilnsianz aruiduduvesen
Uﬁ%’mzﬁwﬁ’m% P. aeruginosa A® carbenicillin (Gemini Bioproducts, CA USA.) 150-500
ug/ml gentamycin 5-50 pg/ml Way spectinomycin (Sigma) 300 pg/ml d@uANULTNTUTD87
ﬂﬁ%auzmsﬂu E. coli A® ampicillin (Sigma, St. Louis, MO) 100 ug/ml, gentamycin 15 ug/ml,
spectinomycin (Sigma) 150 pg/ml tag kanamycin (Sigma) 35 p/ml



A5199 1 WUATISELATWAALAT L luNNSANYD

AeWug Hayavednuaizmaiugnssuiltiendas wdadian
Pseudomonas

PAO1IMV Wild type expressing MexAB-OprM, laboratory strain [13]

PA3579 PAO1 with AmexZ [14]

PAO267 PA3579 with AlmexAB-oprM) [15]

PAO280 PA267 with A(mexXY) [15]

Animal isolates

PAJ226 KENIINUUDI UL nsAnuadall
PAJ227 wenaNUaanz ok nsAnwadail
PAJ228 WINAINTNTIAYN VDI msAnwasad
PAJ229 wenandaangluin msanwadil
PAJ230 wanININsYNTULIN msanwade
PAJ232 WuNNNEY msenuasel)
PAJ233 wennruedlugiy nsfnwadall
PAJ234 wgNANYATY nsenwadall
PAJ235 ugnnYaanizvesaiv nsAnwadail
PAJ237 wenINTaaZUD L7 nsAnuadal
PAJ238 WENAINTNTINYNVDIID msenwasad
PAJ239 WENANTUDIAL ALY msAnwadl
PAJ240 weNANYATY msAnwasad
PAJ245 KENDINUIAWNG UL msenwadel
Human isolates

PAJ107 KENIIN sputum nsnwadeil
PAJ111 LINANNRUDY msenwadel)
PAJ114 wenanaans nsAnwasad
PAJ120 wanANLEDA msanwasl
PAJ123 KENAIN sputum msfnwndl
PAJ127 wonanidielde msfnwnsed
PAJ128 wenanaans msAnwadad
PAJ133 WENAIN Sputum msenwadal
PAJ145 enNIN bronchial wash ﬂ’]’iﬁﬂwﬂﬂ%ﬂﬁ
PAJ146 wenanaane mMsenuasal)
PAJ147 KNI sputum nsenwadall
PAJ148 WENAINDILIZINA (penis) nsenwadall

Abbreviations: Apr, ampicillin resistance; Cbr, carbenicillin resistance; Gmr, gentamycin

. r . . . a .
resistance, Sp, spectinomycin resistance, Py, E. coli trp operon promoter.



A15199 1 LWUATISELaZNAALAN LGl UNNSANY (A1)

AeWug Hayavednuaizmaiugnssuiltiendas udafian
PAJ151 N3N sputum MsAnwnt
PAJ163 KENIINUUDY nsdnwiadail
PAJ166 wenandaanie nsnwadel
PAJ172 wananaans nsnwadl
PAJLT3 wenmiTluberiudon nsdnwasil
PAJ175 LENAINNUDY nsfnwade
PAJ1T76 LegnIN bronchial wash m'ﬁﬁﬂﬁ’m%ﬁl
PAJ189 KNI sputum nsAnuadall
PAJ191 KENAIN sputum msAnwnedl
PAJ197 LENAINNUDY msfnwasad
PAJ203 wenaniaans msAnuadal
PAJ204 LENAINNUBY msnwadeil
PAJ207 LENAINNUBY nsnwadil
PAJ208 KENAIN sputum msfnuadeil
PAJ212 wonaniludunda nsnwade
PAJ213 kNN sputum nsAnwade
PAJ214 wenandaane nsdnwasil
PAJ215 LENAINNUBY nsAnwade
E. coli
HPS; A cloning host (F Allac-proAB) ndA1gyrA96hsdR17supE4drelA

IrecAlthirif ZZX:mini-Tnslac,)
DH5¢ A cloning host (F, (p80d(aCZAM15, A(lacZYA—orgF)UléQ, deoR, recAl,

endAl, hsdR17(rk, mk'), phoA, supEad, N, thi-1, gyrA96, relA1)
Plasmid
PCR2:1 Apr; a cloning vector for PCR products Invitrogen
pUCP20 Apr; a cloning vector [16]
pPS1221 Ap’, Gm': pEX18Ap containing A(mexXY) =:FRT-Gm' fragment [17]
PAMR1 Ap', pUC20 carrying mexXxY [14]

Abbreviations: Apr, ampicillin resistance; Cbr, carbenicillin resistance; Gmr, gentamycin

. r . . . a .
resistance, Sp, spectinomycin resistance, Py, E. coli trp operon promoter.



nsmagauaNlfe T

yhnamaeudutuiiaadsudinsdeniogdvlaventorliamsaueadiuldse
ALUa (Minimum Inhibitory Concentration, MIC) #1835 Agar dilution Tyormsiasadovia
s Muller Hinton Agar (MHA) #5838 the standard two-fold microdilution technique a7
1M3511984 Clnical Laboratory Standard Intitute (CLSI) [18] laglgn15i393719uuu two-fold
Bﬁﬂﬁ%’suzﬁwﬂaauﬁ’]mu 16 ¥1im Ao carbenicillin, piperacillin, ceftaxidime, aztreonam,
amikacin, gentamicin, kanamycin, neomycin, streptomycin, spectinomycin, ciprofloxacin,
tetracycline, erythromycin, chloramphenicol, tobramycin &g trimethroprim L%@LLUﬂﬁﬁEJ
JJmig’luméﬁlﬂuﬁ’m’mﬂﬂﬁuﬁ Pseudomonas aeruginosa ATCC 27853, Escherichia coli
ATCC25922 uag Staphylococcus aureus ATCC 29212 wfiawagananduduvessfFugily
Tunsideuandlumsed 2

A15999 2 vllauasanudutuveseUfyiusilylun1side

g1 due anududuiinagau (ug/ml) Breakpoint (ug/ml)

Human Animal

1. carbenicillin (CAR) 8, 16, 32, 64, 128, 256, 512, 1024, 2048 512 512*
2. piperacillin (PIP) 4,8, 16, 32, 64, 128, 256, 512 128 128*
3. ceftaxidime (CEF) 1,2, 4,8, 16, 32, 64, 128, 256 32 32
4. aztreonam (ATM) 1,2,4,8, 16, 32, 64, 128, 256 32 32%
5. amikacin (AMK) 4,8, 16, 32, 64, 128, 256, 512 64 64
6. gentamicin (GEN) 1,2, 4,8, 16, 32, 64, 128, 256 16 8

7. kanamycin (KAN) 1,2,4,8,16, 32, 64, 128, 256 16 64
8. neomycin (NEO) 1,2, 4,8, 16, 32, 64, 128, 256 16 10
9. streptomycin (STR) 1,2,4,8,16, 32, 64, 128, 256 32 64
10. spectinomycin (SPC) 1,2,4,8, 16,32, 64, 128, 256 32 128
11. ciprofloxacin (CIP) 0.25,05,1, 2,4, 8, 16, 32, 64, 128, 256 4 4%
12. tetracycline (TET) 1,2,4,8, 16,32, 64, 128, 256 16 16*
13. erythromycin (ERY) 1,2,4,8, 16,32, 64, 128, 256 8 8*
14. chloramphenicol (CHP) 1, 2, 4, 8, 16, 32, 64, 128, 256, 512 32 32%
15. trimethroprim (TRI) 1,2,4,8, 16, 32, 64, 128, 256 4 aqx
16. tobramycin (TOB) 1,2, 4,8, 16, 32, 64, 128, 256 16%* 8

4 breakpoints YaugaNkeNlAINLYLE



\lenAaeUAITINVBITLUU MexAB-OprM sla B-lactams 1denlden carbenicillin 1y
indicator Tnemindn MIC $2833 Broth microdilution luanTefifuaglaid Efflux Pump Inhibitor
(EPI) @3 EPI 4o Phenylalanine Arginine B-napthylamide (PABN) (Sigma-Aldrich, MO,
USA) #1a35a1ms51uves Clinical Laboratory Standard Institute (CLSI) aaandaduwes PARN
AULTNTY 50 pg/ml

wallanluneatasiu DNA, Primers 4agn150005RaNUINTTY

L0384 Chromosomal DNA Im&i%’mwmauﬁ’lﬁﬁ]gﬂ ISOQUICK Nucleic acid extraction
kit (ORCA, WA) uaz QIAmp kit (Qiagen, Valencia, CA) mumuztvetan wisunanadiala
Ingldynaindnsagy QIAprep® Mini-spin kit (Qiagen) AU INYDIRHER d3un15ain DNA
10 gel uazmavinlviuiqusliyamaaouduiasy Gel purification kit (Qiagen) dwiuns
ATINITUIINGUBY aminoglycoside-modifying enzymes 19 whole cell DNA w3ualag
boiling preparation Insavanelelaihfisrveadoluindu 50 Ll wazdaludiien 10 wndi
mnudumied 13,000xg Wiewenazneu Wivdnweamadlai -20°C

tmaila Polymerase chain reaction (PCR)
Primers fildlunsAnuadiiuandumsed 3 msi PCR UfAeniusums 25
Usenausig 5 UL of total DNA, 10 pmoles of each primer Uag 12.5 LUl 2.5 X PCR master

mix eppendrof®Master!\/\ix (Eppendrof, Hamburg, Germany) AUALULINTDIHEAR 1130
KAPATaq ReadyMix DNA polymerase (Kapabiosystems, Boston, MA, USA)

n15aansuanugnIIu

wisey DNA laearia PCR products lviusgwseieyaann QIAQuick Gel Extraction kit
(Qiagen, Hilden, Germany) wavdslunsiamardiuiuail Macrogen Inc. (Seoul, South Korea)
Weld  primers  fldlumsh PR Wlsuiflsudisuaildtudduiuaiimeunsly

Pseudomonas genome project (www.pseudomonas.com)

N15%1 Reverse Transcription PCR (RT PCR)

anm Total RNA 970 P. aeruginosa PAOT Wag clinical isolates 970 clinical isolates
waun 1neld the Qiagen RNeasy Mini kit (Qiagen) ¥in13f1dn DNA fivuilousie RNase-free
DNasel (Invitrogen, CA, USA) ntiyimsasy RNA @y cDNA éhasqmmaau the
SuperScript Il Platinum Two-Step gRT-PCR Kit with SYBR® Green (Invitrogen) Haz/u3e

ImProm-II™ Reverse Transcriptase (Promega, Madison, WI, USA) Tnely primer down U84
BuiAgatee 11 cDNA 1 pg 1191 conventional PCR auiina1ilignesiu



A79%1 Quantitative realtime-RT PCR (qQRT-PCR)

AnwszAunIuandean (transcription level) U098 mexY uay PA5471 Inain3aw
cDNA 911 total RNA 1 pg fing KAPA svBR® FAST gPCR kit (Kapabiosystems fnufbkugin
YoIHANLAY Specific primers 139319 cDNA 130914l threshold cycle (Ct) agnglunsl
UINIZIU 1 PCRs 3 Ggﬂu a Rotor-Gene™ 3000 Real Time Thermal Cycler (Corbett
Research, Sydney, Australia) d13uULsiazf1ae13 ATUIA) the mean cDNA copy numbers
970 Ct values il



M15199 3 Primers Nb4lun15I9
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Primers anuLud uvdsfiun
RT-PCR

mexYRTup 5 -AGCTACAACATCCCTA-3 [15]
mexYRTdown 5 -AGCACGTTGATCGAGAAG-3’

nuoHF657-U 5 -GCAGGAACTGGCGGACGG-3’

nuoHL823-L 5 -GGTCTTGGCGGCGAAGTAGAA-3’

gRT-PCR

mexYRTup 5 -AGCTACAACATCCCTA-3 [15]
mexYRTdown 5 -AGCACGTTGATCGAGAAG-3’

PA5471-U 5 -CGACATCGGCTGTGGCA-3’

PA5471-L 5 -AGTCGCTCCAGGTCTCGTC-3’

rpsl-realtimeup 5 -CGGCACTGCGTAAGGTATG-3’ [15]
rpslrealtime down 5-CCCGGAAGGTCCTTTACACG-3

mexBRTup 5 -ATCTACCGGCAGTTCTCC-3’ This study
mexBRTdown 5 -CGATCACCACGTAGATCAG-3’

mexDRTup 5 -CTACCCTGGTGAAACAGC-3’ This study
mexDRTdown 5 -AGCAGGTACATCACCATCA-3’

mexFRTup 5 -CATCGAGATCTCCAACCT-3’ This study
mexFRTdown 5 -GTTCTCCACCACCACGAT-3’

mexKup 5 -ATGCTACGGCCTTCTACC-3’ This study
mexKdown 5 -CCACGTAGTTGTCGATGC -3

mexWup 5 -GCCCTGTTCAAGGAGTTC-3' This study
mexWdown 5 -GGTGTAGCGATTCAGGTAGT-3’

mexYRTup 5 -AGCTACAACATCCCCTA-3’ Chuanchuen et al. (2008)
mexYRTdown 5 -AGCACGTTGATCGAGAAG-3’

oprDup 5 -TCCAAGACCATGCTGAAG-3’ This study
oprDdown 5 -GCTGAGGTTATCGGTGATT-3’

mexXY deletion

mexYKOup 5 GAGCAGATCGATCCGATCTACGTGAA 3’ Chuanchuen et al. (2008)
mexYKOdown 5" CAGGG CGAGG AACAC GATCA ACAC 3’

Gm-up 5’-TGGAGCAGCAACGATGTTAC-3’ [20]
Gm-down 5 -TGTTAGGTGGCGGTACTTGG-3’

Mutations

mexZXup 5 -CGCAGAATTCCCGGCGTCCGC-3 [21]
mexZXdown 5 -GCAAGCTTCTGCACATCAGCGAG-3’




M15199 3 Primers Nb6luN15398 (510)
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Primers anuLud uvdsfiun
rplYF144-U 5 -ATCGCCCGAACGCTGGT-3’ [21]
rplYF144-L 5 -ATGCCGGGTCTGGTCGTATTC-3’

galUF14o-U 5 -CGAGCGCAGCCTGATTAGACT-3’ [21]
galUR1121-L 5 -ACAGCTCAGGTAGGGCGGATA-3’

mexRUp 5 -GCATCCCAGGAAGTCGAG-3’ This study
mexRDown 5 -AGCTCGGTATTCAGGGTCAC-3’

nfxBup 5 -CACCGTCAGGACCTCCAC-3’ This study
nfxBdown 5 -GCCGGTGAGGACTGATCTT-3’

mexT1up 5 -CAGTTCGAAGCCGAGACC-3’ This study
mexT1down 5 -AATAGTCGTCGAGGGTCAGC-3’

mexT2up 5 -ATCTCCACCGCCATGAGTC-3’ This study
mexT2down 5 -AGCGGTTGTTCGATGACTTC-3’

mexLup 5 -AAAGGCCTGGCTCACCTC-3’ This study
mexLdown 5 -GCCTACTGGGTCGAGCACT-3

mexZ2013up 5 -CGCTGGTGATGCCGATAG-3’ This study
mexZ2013down 5 -GCCTGTCGGTGCTCTACATC-3’

AMG-resistance gene

aadAl-F 5 -CTCCGCAGTGGATGGCGG-3' [22]
aadA1-R 5 -GATCTGCGCGCGAGGCCA-3’

aadA2-F 5 -CATTGAGCGCCATCTGGAAT-3’ [22]
aadA2-R 5 -ACATTTCGCTCATCGCCGGC-3’

aadB-F 5 -CTAGCTGCGGCAGATGAGC-3’ [23]
aadB-R 5 -CTCAGCCGCCTCTGGGCA-3’

StrA-F 5 - TGGCAGGAGGAACAGGAG G-3’ [23]
StrA-R 5 -AGGTCGATCAGACCCGTG C-3'

strB-F 5 -GCGGACACCTTTTCCAGCCT-3’ [23]

strB-R 5 -TCCGCCATCTGTGCAATGCG-3’

aph3libup 5 -GAACGAAACCCAGAGCGACGG-3’ [23]
aph3libdown 5 -CAATCGATGAAGCCGCTGAAG-3’

ant2laup 5 -TGGAGCAGCAACGATGTTACGC-3’ [23]
ant2ladown 5 -CCACTGGTGGTACTTCATCGG-3’

aac3laup 5 -CTGACCAAGTCAAATCCATGCGGG-3 [23]

aac3ladown

5 -CACTGCGGGATCGTCACCG-3’
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M15199 3 Primers Nb6luN15398 (510)

Primers anuLud uvdsfiun
aac6llbup 5 -CCGAAGAAGGAGTGACGCCG-3’ [23]
aac6llbdown 5 -GCGCAAACCGTTCACCAACGG-3’

Multiplex RT-PCR

mexBMRTup (155 bp) 5 -ACTTCTTCAGCTTCAAGGAC-3’ This study
mexBMRTdown 5 -GAGCATGAGGAACTTGTTG -3’

mexDRTup (250 bp) 5 -CTACCCTGGTGAAACAGC-3’ This study
mexRTDdown 5~ AGCAGGTACATCACCATCA-3’

mexYMRTup (445 bp) 5 -GCTACAACATCCCCTATGAC-3 This study
mexYMRTdown 5 -AACTGGCGGTAGATGTTG -3’

mexFRTup (350 bp) 5 -CATCGAGATCTCCAACCT-3’ This study
mexFRTdown 5 -GTTCTCCACCACCACGAT-3’

MNNINREBY 2 ASe (n=6, SD < 0.1) Aade cDNA copy number 9% normalize A7y
the average rosL cDNA copy number 83daegnaieniiu nan1svaaesiilaidu the relative
levels of expression ¥84 clinical strains W3suisuiu PAO1 d@iu standard curve >
0.990) l9a1nn1s plot 5813149 the average Ct values fiUAT log 9IAULTNTUVDY DNA

template.

n15AndUY mexXY Aagnnaida gene knockout

YINSANEU mexXY tu clinical isolates [15, 24] (gﬂﬁ 1 way 2) nanlagdedad 1h
Wanalla ppS1221 910 Smi0laclg 1914 clinical isolates Aegwmnalla Biparental mating finian
transconjugants Uummilﬁuml,%a Vogel-Bonner minimum medium (VBMM) ﬁﬁﬁy’aﬁwma
wlAsa 5 % Uag gentamycin 50 pg/ml in1svageududusuuuuusng (phenotype) Snmds
VLEIMSLABITD VBMM ﬁ'ﬁﬁﬁmaﬁg‘lma 5 % #38 carbenicillin 200 pg/ml %38 gentamycin
50 pg/ml dielvlalaladifisaiulalelu sentamycin LLazﬁwmasgiﬂial,wﬂzimmm
wiaivlalaly carbenicillin adu marked  mutant 91nHWNN38A gentamycin sandae
wAtla Flp-recombinase excision Wngdnaaia pFLP, 990 Sm10 W1g marked mutant 99g
Biparental mating AALABN transconjugants Uummil,?:sm%ja VBMM 7ifi carbenicillin 200
ue/ml waznageunialadfiliaunsaadaiulalaly centamycin - 50 pe/ml uianuse
Wwigivlalalu carbenicillin MntunsiEe pFLPZT,@smmﬁysmL%auummsl,?:ml,%a VBMM
ﬁﬁﬁwmaégima 5 % fadonlilalaladfiliaiunsaasagiulalély sentamycin was
carbenicillin usansnsnaiqidulaldludanagiasa 5 % Bon Taladiildddn unmarked
mutant 98U mexxy lagndneanluaniasiuleuwazlill antibiotic resistance marker
aundeny Min1sduduainugnaesven1sindunlsmaia PCR lagly primers

mexYKOup/mexYKOdown ag Gm-up/down



gﬂ‘ﬁ 1 n3dn mexXY vulaslulausiewaila gene replacement pPS1221 Fadu suicide
plasmid pEX18AP il mexxy igndneenuazuvsndie Gm' cassette gniutng
Pseudomonas  clinical isolates ¢swAliA  biparental mniudadenlaladiinanadn
integrate Lsi'hgjiﬂﬂmiszmuuaWiLﬁymL%a VBMM i gentamycin 1ng Marked mutants Ju
Teladifid A1 Ratuazanunsarasaivlaléuy gentamycin (Gm') wag Sucrose (Sucrose')
Tuwauedildanunsansaydivialiuy carbenicillin (Cb%) antusn Gm' cassette soniitolnls

unmarked AmexXY null mutant #3g FLP-recombinase excision (A2).

13
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B

Ul 2 M3n mexXY operon A VIALAFIUAIUTEY mexXY TimaiAsuulasseninnsyia gene
knockout 7igugulésmewmeia PCR 1) mexXY faun 5,461 bp taz mexXYKO-up/down primers 2
amplify 16 PCR products auin 3,233 bp Wlegninesn 2,866 bp agwwide 367 bp 2) duiigninay
Qmwluéh‘a Gm' cassette ¥uA 1,100 bp 16 marked mutant (mutant 1) filviuun PCR products
1,467 bp 3) dlo Gm' cassette gnAneenIzildnumnade 150 bp 1§ unmarked mutant (mutant 2) 7l
YU PCR products 517 bp B wa@asuu1nuad PCR products i amplify 928  mexXYKO-up/down
primers (18) wag Gm-up/down primers (171) Faaw1e marked mutant wi”lﬂ?umﬁ PCR products
1= parent, 2 = marked mutant Waz 3 = unmarked mutant Ag®: M = Molecular weight marker,

r . .
Gm = gentamycin resistance cassette
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nsiaradadrgivas (transformation)

yhmsiasadelu LB 4 wa. 7 37°C Tugdeuifisadionuuig (shaking incubator) 7
mnaiEa 250 rpm Wunan 1 fu Jumeusionntl sndunstuiedivhuuiude dunsneu
Wwaaa1n culture Usues 1 wa. Tu eppendrof tube shenstumiesdianugs 13,000 x 8
WU 30 U9 amsﬁaamamimm 1 mM MeCl, Miut3uns 1 wauasduwissduiu sty
avaneadlu TG Salt fiu (75 mM CaCl,, 6mM MgCly, 15% glycerol) UTunns 1 ua. hagia
luthudauny 10 wiit Jusieafinnnang 13,000 x g WU 30 T ilefiunzneuwad gaving
avaneigadlu TG Salt 200 pl wasAulivumiudeaundngld lunstwanafndhguadlild
competent cells 100 pl IneldadlunasanaasfiugBluthuds Wunanadin 3-5 ul L uas
wiluhudeiodn 15 Wil sntunhdiunanlus heatshocked Tneutly waterbath wie
heatblock 71 42°C W 2 ut Wiy LB 500 pl vuil wazailuundl 37°C lu shaking incubator
w1 v, wdantudaden transformants uesdsnderiiauds LB agar fiflenfToue
silauazeududuiivunzaunazeuiisatiofn 37°C wiu 20-24 vy,

11991 Multiplex Reverse Transcription PCR (Multiplex RT-PCR)

MFIANTAAIDDNUYDITEUU Multidrug Efflux System ﬁﬁmmﬁwﬁzﬂu clinical isolates
7 4 530U THUA 5¥UU MexAB-OprM, MexCD-Opr), MexEF-OprN waz MexXY-OprM Tngld3s
Multiplex RT-PCR &2l

@nm Total RNA 910 P. aeruginosa laboratory strain laun strain PAO1, PAO200,
PAO200-2, PAO238, PAOTH, PAOTH1A, PAO255, PA3579, PAO267 ey PAO280 Lae clinical
isolates Taaly Total RNA Extraction Mini Kit (RBC Bioscience, New Taipei, Taiwan) 11 RNA
#l@nfdn DNA #iluilouse DNasel (Fermentus®, Mainz, Germany) lagujAsen
Usenaumiy RNA 1 pg, 10X Reaction Buffer with MgCl, 1 pl, DNasel 1 pl (1 u/pl) L@y
Nuclease free water auUSuasilu 10 ul R]’lﬂ‘li'u incubate % 37°C w1 30 min LRELR
U319 50 mM EDTA 1 ul incubate 65°C w1y 10 min ntuddsu mRNA 1 cONA 7
ﬁwmwia@uﬁéfmmﬁﬂwﬁw ImProm—IITM Reverse Transcriptase (Promega, WI, USA) Tagly
reverse primer yasBudlvnedd wisy RNA was primer @28 DNasel treated RNA 0.5 g
NAUNU reverse primers U833¢UU Mex ﬁéfaﬂmimnmmama@ﬂ DR mexBRTdown,
mexDRTdown, mexFRTdown Wag mexYMRTdown 9¢198% 10 pmol LAy Nuclease-free
water 3UATU 5 pl incubate 70°C, 5 min quick-chill 4°C 5 min and hold on ice 11 RNA Lag
primers Awdeuliunausu reverse transcription  mix Fauszneudie Improm—llTM 5X
Reaction Buffer 4 ul, 25 mM MgCl, 2 pl, dNTP mix (10 mM each dNTP) 1 pl, Improm—llTM
Reverse Transcriptase 1 pl, Nuclease-free water gs. to 15 ul U%quMQﬁLﬁaﬁﬁﬂﬁﬁ%ﬂu
thermocycler éﬁ'&‘ﬁ Anneal at 25°C 5 min, Extend 45 min of 45°C, Heat-inactivate ImProm-
1™ Reverse Transcriptase 70°C for 15 min

11 cDNA #ilgu1vi multiplex PCR %qﬂﬁﬁ%m 30 ul Usznause cDNA template 5 pl
(total concentration of cDNA approximately between 100-2000 ng/ ul of template), 10 pl
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of KAPATaqg ReadyMix DNA polymerase (Kapabiosystems, MA, USA), 10 pmol of each
primer, Nuclease Free Water gs. to 30 pl legld specific primers anduvinufiizenlu

thermocycler é’fﬁ‘ﬁ Predenaturation 95°C 5 min follow by 30 cycles of Denaturation 95°C
45 s, Annealing 54°C 45 s and Extension 72°C 1 min AMuA38 Final extension 72°C 10 min
n3337 PCR products filgun 2% agarose gel (Bioexpress, Utah, USA) Tu 1XTris-Acetate-
EDTA (TAE) buffer Tngldnszualviin 100 V uu 40 min

Wormsgunlglunisnaaeudmsu Multiplex RT-PCR laun

Strain

Mex expression

PAO1
PAO200

PAO200-2
PAOTHIA

PAO255
PAO267
PAOZ280

ABM,XY
PAO1AABM

ot ot

PAO200C D"
ArBM E'F'N'
PAOTH1AAEFN
ARBMXTY

AABMAXY

Tnevinnnsnaaeulu Clinical isolates 311U 13 isolates NLNNSWENIDDNVDITETUUNT 4

LANMINNU

Repetitive sequence based polymerase chain reaction (rep-PCR)
VAAOUANANRUTVNINUGNITUVRAYBAIE repetitive sequence based polymerase
chain reaction (rep-PCR) [25] lagl ERIC primers [26, 27]
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NANI59UIAY

1. 52UV mexXY uaznalnaue Mneadasiunisheenlungyu aminoglycosides ludaiiuenld
MNEFUYLALHIT

Al vIue

Pseudomonas aeruginosa ﬁlﬁmﬂqﬁmmmm 14 isolates WUi’lﬁmﬁﬁaaﬂuﬂdu
aminoglycosides ¥ isolates Tnowedifusivasnsiesusazein (A5197 4) Weravuarese
spectinomycin kanamycin LLag neomycin L%aﬁﬁywia gentamycin wa¢ tobramycin HuIu
5 wae 3 isolates mudiu InglifiTemlaaeiinose amikacin
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f15199 4 MICs, transcription level of mexY and PA5471 and mutations in the P. aeruginosa clinical isolates and their corresponding AmexXY derivatives

Strains MIC(breakpoint) (ug/ml)? Transcription level Mutations AMG-modifying enzyme
AMK(64) GEN(8) KAN(64) NEO(10) STR(64) SPC(128) TOB(8) mexY PA5471 mexZ-mexX™* rply
PAO1 8 1.6 64 16 16 512 1 1 1 - - -
PA049 2 0.2 32 4 8 512 0.5 -
PAJ226 8 2
PAJ262 0.5 <0.25 256 32 32 2048 8 24 6 A(-112)-G G-367-T(Ala-123-Ser)  aadB, aac(3)-la, strAB
32 16 4 128 1 ND
PAJ227 2 4
PAJ264 0.25 1 8 4 64 2048 4 191 16 - - -
2 0.5 16 256 0.5 -
PAJ229 8 4
PAJ266 1 05 256 128 128 1024 2 47 1 - - aadB, aac(3')-la
64 8 8 128 0.5 ND
PAJ230 8 4
PAJ268 1 0.5 128 16 64 1024 2 26 16 - - aadA2, aac(3)-la
32 4 4 256 0.25 ND
PAJ232 4 4
PAJ270 2 1 128 16 32 1024 128 0.03 28 - - aadAl, aadB, aac(3)-la
64 8 32 256 16 ND
PAJ234 8 8
PAJ272 1 1 128 128 512 2048 2 6 13 - - aadB, aac(6')-1la
64 16 128 256 1 ND
PAJ239 8 2
PAJ274 2 05 128 8 128 1024 1 21 2 - - -
64 05 8 256 0.5 -
PAJ240 16 8
PAJ277 2 ND 256 128 128 2048 4 3 1 A(-112)-G - -
64 32 64 512 1 -
PAJ245 4 4
PAJ276 0.5 <0.25 256 32 64 2048 0.5 6 2 - G-367-T(Ala-123-Ser) aadA2, aac(3')-la
64 8 8 128 0.25 ND
PAJ228° 4 256
128 8 512 1024 256 6 12 C(-11)-G, G(-57)-A, A(-88)-T, - aadB, aadAl, aadA2, aac(3)-la, strAB
PA233° 8 8 G(-99)-T, G(-106)-C, A(-112)-G
PAJ235° 16 128 128 32 64 1024 1 1 86 - - aadB, aac(3')-la
PAJ238" 8 4 256 16 512 1024 4 8 19 G(-57)-A, A(-112)-G - aadA2, strAB
128 32 512 1024 1 21 1 A(-112)-G - -
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Abbreviations and concentration ranges (in parenthesis): AMK, amikacin (1-2048 pg/ml); GEN, gentamicin (1-256 pg/ml); KAN, kanamycin (1-

2048 pg/ml); NEO, neomycin (1-256 pg/ml); STR, streptomycin (1-2048 pg/ml); SPC, spectinomycin (1-2048 pg/ml); TOB, tobramycin (1-128
ug/ml)

ND, not detected

“Values in boldface indicate MICs for the parent strains that are at least 4-fold different from those for the corresponding AmexXY
derivatives

bmeXZ—mexX intergenic region

CNegative number indicates the positions of base pair changes relative to the first nucleotide of the mexX ATG start codon
“Deletion of the mexXY operon was not successful.
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NITUANDENYDITZUY MexXY ZuzidfyaﬁzwnZﬁ’mnqﬁ’wamm

Hlosnnsuanteanues Mexxy anadusuumienth (inducible expression) AL
ﬁLﬁu substrates M%@LLUUG?’]S]%@@LU@W (constitutive expression) ﬁ"ﬂﬁdﬁamwmﬂmmaaﬂ
vasszuuludens 14 isolates Aewrhnisdnelususioll Tnensaa transcription vesdy mexy
memalla RT-PCR wuin clinical isolates ﬁLLsmlé’mﬂqﬁsuLLaxLLmﬁy’wm PCR product U9
Usguad 150 bp Lawwﬂﬁﬁ%mﬁ'@maﬂ%ﬁ reverse transcriptase W@n31 ANISUARIDDNTDS
spUU MexxXY ogslsiinnn wanismeaeshudull Wlduansn Mexy Junalnvesmsiess
aminoglycosides Tuideamand sufudsinisinudusiold (gﬂﬁ 3)

SUR 3 mauanseantes mexxy Tudefluenldanatouazian amafeds RT-PCR uang
La‘wwwamsmaaﬂuﬁawéﬁ M=marker, 1=PAJ229RT+, 2=PAJ229RT-, 3=PAJ230RT+,
4=PAJ230RT- g RT+ wag RT- wwnede duazlufinsi@ueules reverse transcriptase
MUAY

RN IUNUIMUBY MexXY #an1sae aminoglycosides lavinnisan mexXY lwde?
uenlianatiuuazuiina 14 isolates TUTBNNAILNITUAAIBDNUDITEUY MexXY Fe@u150

inAnwsiedinyaduld lnganunsn delete YaBu mexX uag mexY uagfdn gentamicin-

4 - oy - - -

resistance marker b mutant 2 743 gentamicin-resistance marker (A\(mexx):FRT) $1uau
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'
=

8 isolates Tuaueils mutant 1 AlTEY mexxy Lwis‘]’amﬁgumuqumiﬁa@i@ gentamycin 91
Uy marker (gentamicin-resistance marker) agjwiﬂﬂmisamsmwﬁu mexX Wag mexy ﬁgﬂ
§n (A\mexxY):FRTGm)) S1uau 1 isolates fiovtie PAJ240 1¢ PAJ277 weuazliifnuwasie
Mo gentamicin Tuidesil mutant derivatives nndaldFumsBusudnunsmeiugnssy
(genotype) mewalla PCR 1ngld Gm-primers wag mexXYKO primers LLaﬂﬁNaQﬂﬁaﬂ e
W3 uiieusn MIC w84 aminoglycosides w4 isogenic parents wag mutant 2 wuinnsUasy
A1 MIC 9g5e7ine 2-128 1anadanAl MIC 984 parents dlavh complementation tests ¢
PAMR-1 518U mexxy Tnadusulluiiamadendu las MIC Afinsiasuulasnniigade
fin MIC #io neomycin 89 PAJ239 udnain Mexxy Wiunalnvesnsiesie aminoglycosides Ty
P. aeruginosa clinical isolates ﬁLL&ﬂiﬁﬁ]ﬁﬂqﬁﬂJLLazLLu’g

nawes Almexxy) flanuuanseiulUluusasde Tnsdwalifansanaswasn MIC
989 aminoglycosides 2-16 i Tagidos1uau 3 isolates (PAJ227 PAJ229 way PAJ230) diAn
MIC v8¢ aminoglycosides anasniln wasdediuau 2 isolates (PAJ226 uay PAJ245) il
MIC w89 aminoslycosides anasé wiaann 7 ¥iaiinAgoy LenaNiudInIsein  mexXy dwwa
TiAnnnsanasuasen MIC w89 aminoglycosides 2-4 wirluidavans isolates Wy f1 MIC v89
aminoglycosides  ynuilnanaaiiss 2-4 witlu PAJ277 \fleiisuiu PA240 ilefiansand
aminoglycosides UWAazwia WUINAYDY AlmexXY) fiam1 MIC ¥83 aminoglycosides ¥iin
weafuludess isolates dauuansnaiu Wy Almexxy) Lyl MIC wos streptomycin
Tu PAJ232 way PAJ240 wWasuuUas uinduansl MIC w84 streptomycin Tu PAJ229 PAJ230
waz PAJ239 11083 16 L

Almexxy) laifiuaviliien MIC sla aminoglycosides anasludannduazsionmnsio
wulaivileien MIC site streptorycin wes PAJ232 wWasuwUas wansin Ssfinalnduqfisuiieweu
HON3AD streptomycin Tudeshil Famuindesild aminoglycoside modifying enzymes @
aadA1 way aadA2 Fduvaniildsaulunsiidenssn AMG Fewazeraiinalndun Alile
vnsenulunsall

N19A599IATLAVAITHANGDDNYDY mexXY Uas PA5471
1‘umiﬁmﬁmmé’mﬁuﬁ‘ivmwﬂmmmaaﬂsuaq mexXY ﬁums%amiuﬂdu
aminoglycosides L'ﬁmumamsmwaam'} odidnwiiinisuanieanves mexxy viseld wuh
Lﬁuamﬂmmmmamaaﬂmaa mexXY ilons1aTnsEAunISuanIeanTas mexxyY wuin Ct values
903 rpsL. Fadu internal control Iummqﬂmmﬂﬂammﬂuiunﬂmﬁmam JEAUNTUERNIDDN
289 mexXY Tu clinical isolates 31w 11 isolates ﬁwﬂaauﬁm 3-191 Winvas mexxy Tu
PAO1 file 1 isolates A9 PAJ232 Hsydun1suanioonyas mexxy s PAOL (0.03 i)
LazEedn 1 isolate fiszdunisuansoanues mexxy Wiy PAO1
dMIUNIATIVINTTAUNTUARIBBAYRY  PASATL GLUL%GV!N;]J’J wuhidesiua 10
isolates AnT133ATEFUNTUANIBENTYDY PASAT1890T1 PAOL laeilen 2-86 1111 FoRilszaunns
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WAAIEENTBY mexXY WinfuflsyAunisuanioonues PASGT1 fiuansneiu 1wy PAJ234 PAJ228
uag PAJ245 HsEAUNISUERIBBNYBd mexXY 6 Winved PAOL WANdR PA5471 2-13 111989
PAOT luhusuienty Weilllsesunisuansoonves PASATT whiuRlllddsziunisuanseen
1939 mexXY iy \Weoildszdunisuanisanyos PASAT1 gendr Lildudn mexxy wnniwide
A1 MIC 989 aminoglycosides zgquhL%Jaﬁﬁizﬁmmmmaaﬂsuaq PAS471 §n31 WU PAJ233
LildAesie aminoglycosides 11nn11 PAJ288 tay PAJ235

N19ATIVNINIINAILWUT I mexZ, rplY uaz galU

ANYIUNUIMVBY mexZ ABNITHERIBaNYBY mexXY nensianinisnateiuslu mexZ
WAy mexZ-mexX intergenic region Tudennda wui mexz ludennddidwuuamiloudt
PAO1 Tneidiaduau 5 isolates Aa PAJ226, PAJ240, PAJ228, PAJ235 gy PAJ238 Smsnane
ﬁuiLLUU single-point mutation T mexZ-mexX intergenic region I@amiﬂmaﬁuﬁjﬁwumﬂ
flanfie AC112)G sefunisuanteantas mexxy luido 3 isolates il AC112)G wihtuiidn 3-24
Winwea PAO1L lag PAJ228 in1snaneiug single-point mutation 11109 6 kUUKALITEAUNIS
LARIOONTBY mexXY Wiy PAJ235 fifinsnaneiudifies 2 wuu wenand PAJ227 fiflsesy
NSWERd08NTaY mexXY asanudnaulaiiinisnaneiugly mexZ-mexX intergenic region T
UNFTITETULUATEY mexZ-mexX intergenic region willoufiu PAOL W PAJ234 uay
PAJ235  Tszfumaudnsoonues mexxy Indissfuideiiimananeiusly  mexz-mexx
intergenic region LU PAJ228 Wag PAJ235

MnmsaTIInInaeiusly ealU uaz ply ludennd wuindenndidduivaes
mly wiloufu PAO1 fidaifies 2 isolates wihtiufle PAI226 uay PAJ245 fifinsnaneiuguuy
G-367-T single point mutation lu rplY @maliiAnnsiudsuntansnesiluwuu Ala-123-Ser
Tulus@u Rply

N154aNIaaNYad nuoG
84 nuoG BgUU NUOABDEFGHUKLKN #siiudansiaindu nuoG dnsuanteeniiuni
ekl laensianisuanieanvedu nuoH @e RT-PCR wudaeyndiiniswantoantasdy

nuoH

N15U5n9)¥89 aminoglycoside-modifying enzymes

L%aéauim,jemﬁu PA227, PA238, PA239 uay PA240 iIn1sUsinguesdumiuny
aminoglycoside-modifying  enzymes L*%yamadauﬁgwmaﬁaﬁmuqumigaﬁimsuﬁmLﬁmﬁ’u
Wy PAJ228, PAJ237 (udiu TaeBuiiwusnniianfie aadB (7 isolates) uaw aac(3)la (7
isolates). linun13UsNYUeEU aph(3)-Ib, ant(2")-la waz aac(6)-ib.
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M aadAl aadA2 aadB strA strB

kb

1.0

0.5

1.0

gﬂﬁ 4 PCR product ﬁlﬁmﬂmimmmiﬂiﬂﬂgmaaﬁummu aminoglycoside-modifying n
enzymes (U19%19) M = DNA molecular marker

110 INOOrIUU JUg U 0w

Pseudomonas aeruginosa MlANEURETaMLnIILIY 100 isolates wuiin1shesnly
nau aminoglycosides Mn isolates lagdnsINTRRL WA TTiaLandGIgU 4 lnedniianiie
U 30 isolates wvinsAnw iUl



100
9
8
7
6
5
4
3
2
1

% of resistance isolates
(o] [ ] o] [ o [ o o

o I - |

95 100 100 99 100

92 | | | | I

AMK GEN KAN NEO STR SPC

§‘1J‘17II 5 ﬂ'ﬁ'ﬁ/\lLLﬂ@Qﬁ@’i’]ﬂ’l'ﬁ%ﬁ]ﬂ’]ﬂﬁ%iugﬂéw aminoglycosides 984 Pseudomonas aeruginosa et
NI (n=100)

24
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N1595999052AUNITUANIDaNYDI mexXY Uag PA5471
WONNAARUNINUATIUIL 30 isolates WUNISWEAIDDNUBITEUU mexXY UMW 29
isolates ( 96.67%)

bp

1000 bp

500 bp

100 bp

PNMsAnwINMsWAsuLUasEdulUaUNEY ealU  TnawSeuiisudduiuadilanainnig
namsartugnIsuTiavin 30 isolates fu PAOL nu1 WeiAnuviamun laifimaiAsuudasddi
WaEuuBu galU

nmsnensiaRugnasvesdu rply luidiovmua 30 isolates waziUSeulfisuiudid
\waveaiededs PAOL nuideiitinsiasunasdduiuariaonun 6 isolates Inemsiasuudas
é’wé’umaﬁgwmLﬁﬂﬁﬁuiugmwmﬁmﬁuﬁa mswasuulasduivasia G 1u T fiduamis 367
y038U rplY (G367-T) FafnalimAnnsiudsuivamessiansneziiluain Ala 1u Ser Tusums

7l 123 (Ala123-Ser) uagemnalaviosUiTusuanifinsned 5



M15799 5 N1sdsunlasaduluauugu rplY wazel MIC ¥a3enay aminoglycosides
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Strain Amino acid change in MIC (pg/ml)
RplY

AMG GEN KAN NEO STR SPC TOB
PAO1 - 8 16 64 16 16 512 4
PAJ114 Ala123-Ser >2048  >256  >256  >256  >256 < >256 @ >256
PAJ128 Ala123-Ser >2048  >256  >256 256 >256  >256  >256
PAJ133 Ala123-Ser 2048 256 >256  >256 4 >256 32
PAJ146 Ala123-Ser 512 256 >256 64 256 >256 32
PAJ208 Ala123-Ser 32 8 256 128 >256  >256 8
PAJ212 Alal123-Ser 512 256 >256  >256  >256 >256  >256

AMK;, amikacin; GEN, gentamicin; KAN, kanamycin; NEO, neomycin, STR; streptomycin; SPC,

spectinomycin, TOB, tobramycin

n13iansaanyad nuoH
ASIINTHEANIDDNVBITU NUOH WUIMTBINUIU 28 isolates HNTWENIDDNVDY NUOH LABITILT®

U 2 isolates Llin1suanIwanvRIBUAINGTY FUTorivaRIRons aminoglycosides wayAn
Anulwiee U Husventouandlunsei 6 LagNTuanteenveBu nuoH wandluzud 6

M15197 6 A1 MIC va3engu aminoglycosides Tutafilinunisuaniaanvesdu nuoH

Strain  Expression of nuoH MIC (pg/mU)

AMG GEN KAN NEO STR SPC  TOB
PAO1 Yes 8 16 64 16 16 512 4
PAJ114 No >2048  >256 >256 >256 >256 >256  >256
PAJ123 No 2048 256 >256 256 >256  >256  >256

AMK;, amikacin; GEN, gentamicin; KAN, kanamycin; NEO, neomycin, STR; streptomycin; SPC,

spectinomycin, TOB, tobramycin

miz/s'mg?/ad am/noglyCOSIde -modifying enzymes
MNnTefiedeuTaas LY 30 isolates WUSu aph (37)-1b ludngegade 100% aueae
aadB 31U 26 isolates (86.67%) hag aadAl 97U 22 isolates (73.33%) Imawumsﬂi'mg
489 aadA2, strA wa strB lushsudieatu 17 isolates (56.67%) \asuaunimile (50%) &
ant(2”)-la wumsUsNguedu aac3’-a uaz aac(6’-ia ludesuau 9 isolates (30%) uaw 8
isolates (26.67%) anuaau Linun15UsINguedu aac(6’)-lb
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A15197i 7 AMG-resistance mechanisms in the P. aeruginosa isolates from patients (n=30)

28

Group AMG-resistance mechanism’ No.(%) AMG-modifying enzyme encoding geneb AMG-resistance pattemz
mexY nuet plY
+ + - 23(76.7) aac(3’)-la, aph(3°)-11b, ant(2”)-la, aadB, aadA1, aadA2, strA-strB (3) AMK-GEN-KAN-NEO-STR-SPC-TOB(3)
aac(3’)-la, aph(3°)-IIb, ant(2”)-la, aadB, aadA, strA-strB (3) AMK-GEN-KAN-NEO-STR-SPC-TOB(3)
aph(3°)-Ilb, ant(2”)-la, aadB, aadAl,aadA2, strA-strB (3) AMK-GEN-KAN-NEO-STR-SPC -TOB(3)
aac(3’)-la, aph(3°)-IIb, ant(2”)-la, aadB, aadA1, aadA2 AMK-GEN-KAN-NEO-STR-SPC-TOB
aac(3’)-la, aac(6’)-lla, aph(3’)-lb, ant(2”)-la, aadB, aadA1 GEN-KAN-NEO-STR-SPC-TOB
aac(6’)-lla, aph(3°)-11b, aadAl,aadA2, strA-strB AMK-GEN-KAN-NEO-STR-SPC-TOB
aac(6’)-lla, aph(3°)-11b, aadB, aadA1, strA-strB AMK-GEN-KAN-NEO-STR-SPC-TOB
aph(3°)-1lb, aadB, aadAl,aadA2, strA-strB AMK-GEN-KAN-NEO-STR-SPC-TOB
aac(6’)-lla, aph(3’)-lIb, aadB, aadAl,aadA2 (3) GEN-KAN-NEO-STR-SPC-TOB
AMK-GEN-KAN-NEO-STR-SPC-TOB(2)
aph(3°)-11b, aadB, aadA1, strA-strB AMK-GEN-KAN-NEO-STR-SPC-TOB
aac(6’)-lla, aph(3’)-lIb, ant(2”)-la, aadB AMK-GEN-KAN-NEO-STR-SPC-TOB
aph(3°)-11b, ant(2”)-la, aadB, aadA1 GEN-KAN-NEO-STR-SPC-TOB
aac(3’)-la, aph(3’)-lb, aadB AMK-KAN-NEO-STR-SPC-TOB
aph(3°)-1Ib, ant(2”)-la, aadB (2) AMK-GEN-KAN-NEO-STR-SPC-TOB(2)
Il + + Ala123-Ser 5(16.7) aph(3)-1lb, aadB, aadA2, strA-strB (2) AMK-GEN-KAN-NEO-STR-SPC-TOB(2)
aph(3)-11b, aadB, aadA1, aadA2 AMK-GEN-KAN-NEO-STR-SPC-TOB
aph(3)-11b, aadB, aadAl, strA-strB KAN-NEO-STR-SPC
aph(3)-11b AMK-GEN-KAN-NEO-SPC-TOB
Ml + - - 1(3.3) aac(6')-lla, aph(3)-Ilb, aadA1, aadA2 AMK-GEN-KAN-NEO-STR-SPC-TOB
1\ - - Alal123-Ser 3.3) aph(3)-1lb, aadA2, strA-strB AMK-GEN-KAN-NEO-STR-SPC-TOB

Abbreviation: AMI, amikacin; GEN, gentamicin; KAN, kanamycin; NEO, neomycin; STR, streptomycin; SPC, spectinomycin; TOB, tobramycin

a
+, expressed; -, not expressed

"The patterns represented by only one isolate are shown without number
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AT 52198 e (resistance genes) uzvzﬁ’msfmztlﬁngwaqmsﬁyazn (resistance
phenotype)

PNNTIATIEANEDANUIE strong-positive assooatlons SYWINBU ant(2”)-la ey
ﬂ’]iﬂ@%ﬂ gentamicin (OR=11.83) LLauEJ‘u aadA2 fun1smeen amikacin (OR= 17.77) (P<0.05)
Fuflofinrsananuduiussewinsturesmui daruduiusluBeuin ( positive associations)
(P<0.05) szminsBusiaradsil aadB/aadA1(OR=6.40), aadA1/aadA2 (OR=A.42), aadA2/strA-
strB (OR=2.8) ua¥ ant(2”)-la/strA-strB(OR=2.8) fifieuABufeife  aac(6’Hia 913
AMNENNUSTUTIaU (negative association) (P<0.05) fudu aadB (OR=0.29)

3 n19U31n4) V89 aminoglycoside-modifying enzyme encoding genes Tuweiuenlaan
g uwuuazgUae

dmTudnsIN1sUIINGUas aminoglycoside-modifying enzyme encoding genes Tuite
A v o ! & A 1 oy & & Y o a
V]LLEJﬂiﬂﬂ']ﬂqusU LL@J'J%IU 2.3.1 ﬁ’JUL%@‘WLLﬁJﬂ‘l@ﬁnﬂﬂqulmLai'ﬂaULLﬁ’JﬂﬂLLaﬂﬂiumqiq\iw 9

5197 8 5@1i’1ﬂ1iﬂi’]ﬂg%@<‘l aminoglycoside-modifying enzyme encoding genes Tu
P. aeruginosa Mwanlaainau (n=100)

Gene No of isolates (%)
aadAl 84 (84)
aadA2 67 (67)
aadB 84 (84)
aac(3’)-la 40 (40)
aac(6’)-lla 27 (27)
aac(6’)-1b 0
aph(3’)-Ilb 57 (57)
ant(2”)-la 72 (72)
StrA 70 (70)
strB 70 (70)

4. NITUANIDINVDITZUU MexCD-Opr) uaz MexEF-OprN luswaiiwenliaingiy wuduaz
fU2e
Y

INNITATIINTITLANIDINTVOITLUU MexCD-Opr) wag MexEF-OprN lu P. aeruginosa 7
wenldandied i 30 isolates WuNISHAATENYBIBU mexD luiedwiu 20 isolates
(66.67%) WUNIIUANIDDNVBIEU mexF Tueduiu 21 isolates (70%) lnsdlieinuiu 24
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isolates Aifinnsuansoonogstioevilsszuy wazd1uru 17 isolates (56.67%) uandluguil 8 uaz
AN57991 9

Lﬁam?ﬁ]miLLamaaﬂ‘Uaﬁz‘UU MexCD-OprJ wag MexEF-OprN IuL%a P. aeruginosa i
wenlaNgUiukas i 14 isolates Wuin T amuATiN1SLAN188NUBITEUY MexEF-OprN
uAldNuNSLENODNBITEUU MexCD-Opr) Tudaslaae

mexD mexD mexF mexF
bp RT+ RT- RT+ RI-

1000

500

100 IS TR . T

U 8 N3ATIINTUAAIDBNTBITLUY MexCD-Opr) thae MexEF-OprN saewmatin RT-PCR
RT+ way RT- e duazlddnisldioulesl reverse transcriptase Wonsianiedd RT-PCR
AUAIIU M, molecular weight marker



A159T 9 NIUARIBENUBITEUY MexCD-OprJ tiaz MexEF-OprN lu P. aeruginosa ﬁLLEJﬂVLﬁmﬂQ'ﬂ’JEJ (n=30)
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Strain Expressed MEX MIC(ug/ml)

MexCD-Opr)J MexEF-OprN AMK ATM CAR CEF CHP clp ERY GEN KAN NEO PIP STR SPC TET TRI TOB
PAJ107 1 1 >2048 64 2048 4 >512 64 >512 >256 >256 128 256 >256 >256 >256 256 >256
PAJ111 1 1 2048 32 2048 8 >512 64 >512 >256 >256 >256 512 >256 >256 >256 >256 >256
PAJ114 0 0 >2048 >256 >2048 >256 >512 64 >512 >256 >256 >256 256 >256 >256 >256 >256 >256
PAJ120 1 1 >2048 >256 >2048 >256 >512 128 >512 256 >256 256 256 >256 >256 >256 >256 >256
PAJ123 1 1 2048 >256 2048 >256 >512 32 >512 256 >256 >256 128 >256 >256 64 128 >256
PAJ127 1 1 >2048 >256 >2048 16 >512 64 >512 >256 >256 128 256 >256 >256 >256 >256 >256
PAJ128 1 0 >2048 >256 >2048 >256 >512 128 >512 >256 >256 256 256 >256 >256 >256 >256 >256
PAJ133 1 1 2048 >256 >2048 >256 >512 64 >512 256 >256 >256 512 4 >256 >256 >256 32
PAJ145 1 1 512 >256 2048 >256 >512 32 >512 256 >256 >256 64 >256 >256 64 128 >256
PAJ146 1 1 512 64 512 16 >512 16 >512 256 >256 64 64 256 >256 128 >256 32
PAJ147 1 0 1024 >256 >2048 >256 >512 64 >512 >256 >256 128 128 >256 >256 >256 >256 >256
PAJ148 1 0 2048 >256 2048 >256 >512 32 >512 256 >256 >256 128 >256 >256 64 128 >256
PAJ151 1 1 1024 32 2048 4 >512 64 >512 >256 >256 128 512 >256 >256 >256 >256 >256
PAJ163 1 1 R R >2048 R >512 128 >512 R >256 256 >512 >256 >256 >256 >256 >256
PAJ166 1 1 R R >2048 S >512 64 >512 R >256 >256 256 >256 >256 >256 >256 >256
PAJ1T2 1 1 R R >2048 R >512 128 >512 R >256 256 256 >256 >256 >256 >256 >256
PAJ173 1 1 R R >2048 R >512 128 >512 R >256 >256 >512 >256 >256 >256 >256 >256
PAJ175 1 1 R R >2048 R >512 128 >512 R >256 128 128 >256 >256 >256 >256 >256
PAJ176 1 1 R R >2048 R >512 128 >512 R >256 256 128 >256 >256 >256 >256 >256
PAJ189 0 0 R R 1024 R >512 0.5 >512 R >256 256 16 >256 >256 >256 >256 >256
PAJ191 1 1 R R >2048 R >512 16 >512 R >256 >256 256 >256 >256 >256 256 >256
PAJ197 0 1 R R >2048 S >512 64 >512 R >256 256 256 >256 >256 >256 >256 >256
PAJ203 0 1 R R 256 R 128 64 >512 R >256 >256 64 >256 256 256 >256 >256
PAJ204 1 1 R R 128 S 256 1 >512 R >256 >256 16 >256 >256 128 >256 >256
PAJ207 0 1 R R 128 S >512 64 >512 R >256 >256 >256 >256 128 >256 >256
PAJ208 0 1 32 R 128 S >512 1 >512 8 256 128 >256 >256 >256 128 8
PAJ212 0 0 512 R 2048 R 512 32 >512 256 >256 >256 64 >256 >256 128 >256 >256
PAJ213 0 0 R >2048 S >512 128 >512 R >256 256 256 >256 >256 >256 >256 >256
PAJ214 0 0 R >2048 R 128 32 >512 >256 >256 128 >256 >256 128 >256 >256
PAJ215 0 0 R >2048 S 128 32 >512 >25 >256 128 64 >256 64 >256 >256

1, expression; 0, no expression
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5. NISHEAAYDANUAZNITATUANNITUEAIDBNYBITLUU MexAB-OprM, MexCD-Opr) gz
MexEF-OprN Tuiaiuenldangiiv uuuazguie (n=13)

Fosuau 13 isolates MvnsnaaeUlaun PAJ107, PAJ147, PAJ151, PAJ189, PAJ191
9MNPAJ208, PAJ111, PAJ127, PAJ197, PAJ20, PAJ166, PAJ172 waz PAJ214

AIEUTUTN 1NN UGN T
VAHOUANLAUNUSININUGNTIUVOAYENY 13 isolates ¢E repetitive sequence
based-polymerase chain reaction (rep-PCR) lainuingailafianuduiusnisiugnisy

kb M 1 2 3 4 5 6 7 8 9 10 M
1.5

0.5

0.1

kb M 11 12 13 M
1.5

1

0.5

0.1

gﬂﬁ 9 Rep-PCR patterns veude P aeruginosa ﬁLLEJﬂlﬁmﬂﬁgﬂ’JEJ (n=13) M;100 bp
a ladder, 1; PAJ107, 2; PAJ111, 3; PAJ127, 4; PAJ147, 5, PAJ151, 6; PAJ166, 7, PAJ1T72,
8; PAJ189, 9; PAJ191, 10; PAJ197, 11; PAJ207, 12; PAJ208, 13; PAJ215
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@‘T’e}m kanamycin, neomycin, streptomycin, spectinomycin, tetracycline,
erythromycin, chloramphenicol &g trimethoprim IuizﬁUQQ (MIC>128 pg/ml) L%’e)?huhmuj
Aose carbenicillin, piperacillin, aztreonam, amikacin lag tobramycin Tuizﬁquq A1 MICs
Y8381 gentamycin, ciprofloxacin Uag imipenem dANUvaINvagagluyie 1->256 pg/ml,
0.5-64 pg/ml Wag 4-128 pg/ml MuaIsiu mﬁ‘ﬁL%agaﬁiamwmmﬁmawmﬂzj:uLLamﬁqmi
wanseanvesnalnmsaosuuilildoulss] (nonenzymatic resistance mechanisms) agnstios
1 nalnludefimadeunazyadinsuanwasszuy multidrug efflux pump

nsuandIaanvasdy mexB, mexD, mexF, mexK, mexW, mexY #ag oprD

sefuNIswAnIEaNveddy RND transporterfid iz uaausazsy uuLandlumsefl 11 o
41U2U 4 isolates lan PAJ107, PAJ197, PAJ207 way PAJ208 Wan MexB u1nni1 PAOT 3.1-
62 Wh Wesiwuiu 8 isolates HAM MexF uasi@esiuiu 10 siolates WARm MexW
TuspdviigadlowFeudioudu PAOL (4.3-062.2 wh) Woyndasdn MexY (3.9-1,180 1) ustlaidl
Foslaaeiingn MexD

n13natgnus ludunauay (regulatory genes)

Wumiﬂmaﬁuéﬁwmﬂwmﬂuﬁu mexR, mexZ Wway mexl (m5wdi 11) daduiu
ATUANALYBITEUY MexAB-OprM, MexXY Waz MexJK uslinunsnaneusludu nie dudu
guAIUANAUVBITEUU MexCD-Opr) \doduau 2 isolates (Le PAJ208 way PAJ214) fifinisnane
Wugly  mexR  wagshlAnnswasuldasensnesilufie  Val(GTG)-126-GIU(GAG)  uag
Thr(ACC)-130-Ser(TCC) aviavualaidl 8-bp inseration Tudu mexT FufuBumuauuinuas
520U MexEF-OprN finuldlu PAO1 Tnendfa 2 isolates (ie PAJI07 waw PAJ214) Sn1snanesius
Leu(TTG)-115-Met (ATG) ¥osuru 2 isolates (ie PAJ208 way PAJ214) idinisnaneviugly
mexL g PAJ214 fMsnaneiuguinda 3 wuu (Ser(TCO)-4-Pro(CCC), Ser(TCC)-6-Phe(TTO),
His(CAC)-163-Arg(CGC)) d@auludu mexz Lﬁ'%ij’e]?huslviqjﬁ 72-bp deletion 910 nucleotide #i 250
fla 321 o PAJ214 finsnaneifufifisniinfe Ala(GCO-175-Val(GTO) warhiamnsauiudiuay
8U mexZ w1 PAJ191 191



15197 10. Antimicrobial susceptibilities of the P. aeruginosa clinical isolates (n=13)

Amk, amikacin; Atm, aztreonam; Car, carbenicillin; Cef, ceftaxidime; Chp, chloramphenicol;

Strain MIC (ug/mlO

Car Pip  Cef Atm  Amk Gen  Kan Neo  Str Spc  Cip Tet Ery Chp T Tob  Imp
PAO1 128 8 a4 1 8 1.6 128 32 32 256 05 32 512 32 256 [ 1
PAJ107 >2048 256 4 64 >2048 >256 >256 128 >256  >256 64 >256  >512 >512 256 >256 128
PAJ111 2048 512 8 32 2048 >256  >256 >256 >256 >256 64 >256  >512 >512 >256 >256 128
PAJ127 >2048 256 16 >256  >2048 >256 >256 128 >256  >256 64 >256 >512  >512 >256 >256 32
PAJ14T >2048 128 >256 >256 1024 >256 >256 128 >256  >256 64 >256 >512  >512 >256 >256 64
PAJ151 2048 512 4 32 1024 >256  >256 128 >256  >256 64 >256  >512 >512 >256 >256 16
PAJ166 >2048 256 256 >256 512 256 >256  >256 >256 >256 64 >256 >512 >512 >256 >256 16
PAJ172 >2048 256 >256 >256 256 256 >256 256 >256  >256 128 >256 >512 >512 >256 >256 4
PAJ189 1028 16 64 >256 32 16 >256 256 >256  >256 05 >256 >512 >512 >256 >256 16
PAJ191 >2048 256 >256 >256 32 64 >256 >256 >256 >256 16 >256 >512 >512 256 >256  >128
PAJ197 >2048 256 >256 >256 512 >256  >256 256 >256  >256 64 >256 >512 >512 >256 >256 64
PAJ207 128 8 16 16 512 16 >256 >256 >256 >256 64 128 >512  >512 >256 >256 128
PAJ208 128 8 16 >256 32 >256 256 128 >256  >256 1 >256 >512 >512 128 8 128
PAJ214 >2048 128 32 >256 32 >256 >256 >256 >256 >256 32 128 >512 128 >256  >256 16
Breakpoint 512 128 32 32 64 16 16 16 32 32 4 16 8 32 4 16 16
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Cip, ciprofloxacin; Ery, erythromycin; Gen,

gentamicin; Imp, imipenem; Kan, kanamycin; Neo, neomycin; Pip, piperacillin; Spc, spectomycin; Str, streptomycin; Tet, tetracycline; and Tri

trimethoprim
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At 11 Expression of the Mex systems and mutations in the corresponding regulatory regions in P. aeruginosa isolates (n=13)

Strain Transcription level Regulatory mutation®

MexB MexD MexF MexK MexW MexY  OprD mexR nfxB mexT’ mexL mexZ ¢
PAO1 1 1 1 1 1 1 1 (+)
PAO200-2 ND 838 ND ND ND ND ND -
PAOTH ND ND 359 ND ND ND 2.2 - )
PAO238-1 ND ND ND 4.2 ND ND ND -
PAO267 ND ND ND ND ND 66.2 ND -
PAJ107 6.2 1.4 0.9 028 1985 1,180.3 29.9 - - ()% Leu(TTG)115Met - AT2bp

(ATG)
PAJ111 0.7 003 15 084 2422 767 245 - - (-)° - -
PAJ127 15 001 356 009 4622 128 45 - - () - A72bp
PAJ147 0.3 0.3 25 0.08  191.83 30.6 6.3 - - (-)° - AT2bp
PAJ151 25 0.1 8.6 0.18 5836 593.1 296 - - (-)° - AT2bp
PAJ166 1.2 0.2 104 4.1 85.73  36.9 28.4 - - (-)° - AT2bp
PAJ172 1.4 0.2 5.2 009 16 49.3 4.3 - - (-)° - AT2bp
PAJ189 0.4 0.1 25 067 75 4.0 7.6 - - (-)° - -
PAJ191 1.9 0.3 119 082 374 18,880 3 - - (-)° - NA
PAJ197 31 0.1 9.9 111 172 208.1 1.4 - - (-)° - AT2bp
PAJ207 4.1 0.5 262 141 215 3.9 1.8 - - ()P - AT2bp
PAJ208 4.4 08 118 125 43 37 6.4 Val(GTG)-126- - N Ser(TCC)-4-Pro(CCC) -
GIu(GAG)
PAJ214 18 11 2.7 169 326 1235 6.7 Thr(ACC)-130- - (-)% Leu(TTG)-115-Met  Ser(TCC)-4-Pro(CCC), Ala(GCC)-175-Val(GTC)
Ser(TCC) (ATCG) Ser(TCC)-6-Phe(TTC),
His(CAC)-163-Arg(CGC)
NA No amplifications ND not determined

“_ Identical to the PAO1 sequence

from nucleotide position 104
dA?pr deletion of 72 nucleotides from nucleotide positions 250 to 321

b(+), with or (-), without insertion of 8 nucleotides (cggccagc) downstream

‘with additional mutation Phe(TTC)-129-1le(ATC)
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aseil 12 guAIUAN AMG-modifying enzymes Tudefinagau (n=13)

Strain Class 1 integrons AMG-modifying enzymes

PAJ107 blaOXAl0-aac(3’)la aac(3')-la, aph(3')-1lb, ant(2")-la, aadB, aadAl, aadA2,
strA-strB

PAJ111 aadB-cmlA-aadAl aph(3)-1lb, ant(2")-la, aadB, aadAl, aadA2, strA- strB

PAJ127 blaOXAl0-aac(3’)la aac(3')-la, aph(3')-1lb, ant(2")-la, aadB, aadAl, aadA2,
strA-strB

PAJ147 aadB-cmlA-aadAl aac(39-la, aph(3")-11b, ant(2')-1a, aadB, aadAl, aadA2

PAJ151 blaOXAl0-aac(3’)la aac(3")-la, aph(3)-llb, ant(2")-la, aadB, aadAl, aadA2,
StrA- strB

PAJ166 blaOXAl0-aac(3’)la aac(3')-1a, aph(3")-Ilb, ant(2")-la, aadB, aadAl, strA-strB

PAJ172 aadB-cmlA-aadAl aac(3')-la, aph(3)-llb, ant(2")-1a, aadB, aadAl, strA-strB

PAJ189  blaIMP15-dhfr-aac(6’) aac(6')-11a, aph(3')-11b, aadB, aadAl, aadA2

PAJ191 - aph(3)-1lb, aadB, aadAl, strA-strB

PAJ197 aadB-cmlA-aadAl aph(3")-1lb, ant(2")-la, aadB, aadAl, aadA2, strA-strB

PAJ207 aadB-cmlA-aadAl aph(3")-1lb, ant(2")-la, aadB, aadAl

PAJ208 - aph(3)-1lb, aadB, aadA1l, strA-strB

PAJ214  aacA4, aac(6')-11a, aph(3')-1lb, ant(2")-la, aadB

6. Wava9 EPI fan1snhee carbenicillin Tuidainiinisuanioanvaeszuu MexAB-OprM

dleld efflux pump inhibitor %fin PABN wudndn MIC we3en carbencillin Sdnanas
Faue 1-128 L Aall

&

A15197 13 Msiaguudasdn MIC 9898 carbencillin Tuanigfifivielsil PABN

Strain Mex expression Carbencilicnn MIC Fold
Without EPI With EPI reduction

PAO1 MexAB-OprM 512 64 3
PAO200  PAO1AABM 128 128 -
PAJ114 MexAB-OprM, MexXY 16384 8192 -
PAJ189 MexAB-OprM, MexXY 8192 512 16
PAJ212 MexAB-OprM, MexXY 8192 1024 8
PAJ213 MexAB-OprM, MexXY 16384 16384 -
PAJ214 MexAB-OprM, MexXY 8192 8192 -
PAJ215 MexAB-OprM, MexXY 8192 4096 2




7. N13A5IAINTIABYINANIINNTTUEAIDDNVBITZTUU multidrug efflux systems Aag

multiplex RT-PCR

Wafing1u genotype 411 5 isolates Tikdluseuaulunismageu fadl

Strain

Mex expression

PAO1
PAO200

PAO200-2
PAOTH1A

PAO255
PAO267
PAO280

ABM XY
PAO1AABM

o+t

PAO200C D'
AABM EF'N
PAOTHIAAEFN
ARBMXTY

AABMAXY
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Wed1uau 13 isolates fvinismaaouldun PAJL07, PAJ147, PAJI51, PAJ189, PAJ191
910 PAJ208, PAJ111, PAJ127, PAJ197, PAJ20, PAJ166, PAJ172 uay PAJ214 Welnanillasu
N1SNAFBUNITHANIBONTDITLUUNY 4 uadmewmealln RT-PCR uazAn MIC #inenufjiaugsingg

)

WaNAARUNSWERIDBNUBITEUULUIBD1999914 7 isolates WUl @unsavinnisnaaaula
4 szuundeudu wiethluneaauiu clinical isolates AaNu1TaRs1ANISLAARNURITEUULA

Wuf (5Uil 10)

bp
1000

500
400
300
200

100

Uil 10 PCR pattems#il#aInn13m51an15LanI08nY8953UU MexAB-OprM, MexCD-
OprJ, MexEF-OprN wag MexXY a1e Multiplex RT-PCR M; marker, lane 1; @una
289 MRNA 1081934 A9 mexB (150 bp), mexC (250 bp), mexD (350 bp) and mexZ
(450 bp) lane 2 and 3; mexB (150 bp) and mexY (450 bp), lane 1 and 2 WU non-

specific band YU 300 bp
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GI’]‘J']\‘i‘ﬁ 14 NANIIRNIIANIILLENIDDNVB MexAB—Opr!\/\, MeXCD—OprJ, MeXEF-OprN LA
MexXY ¢8 multiplex RT-PCR

Strain Relevant genotype RT-PCR Multiplex RT-PCR
mexB mexD mexF mexY mexB mexD mexF mexy
PAO1 MexA'B*-OprM”, + - - + + - - I
MexXY*

PAO200 PAO1A(mexAB-oprM) - - - + - - - +
PAO200-2 PAO200MexC*D*-OprJ* - + - + - + - +
PAO7HIA  A(mexAB-oprM) E'F'N* - - + + - - + +
PAO255 PAO7H1AA(mexEF-oprN) - - - + - - - +
PAO267  A(mexAB-oprM)MexX"Y* - - - + - - - +
PAO280 A(mexAB-oprM)A(mexXY) - - - - - - - -
PAJ107 Clinical isolates + + + + + - - -
PAJ111 Clinical isolates + + + + - - - -
PAJ127 Clinical isolates + + + + + - + -
PAJ147 Clinical isolates + + - + - - - +
PAJ151 Clinical isolates + + + + + - - -
PAJ166 Clinical isolates + + + + + - + -
PAJ172 Clinical isolates + + + + + - - +
PAJ189 Clinical isolates + - - + - - -
PAJ191 Clinical isolates + + + + + + + +
PAJ197 Clinical isolates + - + + + - - +
PAJ207 Clinical isolates + - + + + - - -
PAJ208 Clinical isolates + - + + + - - -
PAJ214 Clinical isolates + - - + + - - +
PAJ114 Clinical isolates + - - - + - + +
PAJ128 Clinical isolates + + - + - - - -
PAJ212 Clinical isolates + - - + - - - -
PAJ215 Clinical isolates + - - + - - - -
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N159AUS19NANTSIAY

1. 33UV mexXY waznalnaue Mneadasfiunisheenlungy aminoglycosides luldaiiuen
Ifangrianazuud

1MNNSAn P aeruginosa  fkenldingiuuazuaathenuinfedeslundy
aminoglycosides wanusiansouiu Iﬂ&JWUﬂﬁéj’ﬂm spectinomycin streptomycin kanamycin
uag neomycin Tué'm']ﬁmaamﬂé’mﬁ’umﬁﬁﬂmdawﬁﬁ [28] %@ﬁwvﬁmmmmmﬂmﬂ%’m
UgmuvmmuamamwmwiumiiﬂmamLLa waflesandsadeudiasii Iumqmaﬂmm
Linudoiesn amikacin - uAEWUSHINITAOET gentamicin  waz tobramycin 717 Fatts
gentamicin waw amikacin \ugmadenaninelunsinweinisiaile P. aeruginosa g1zl
quistaAsasiolanaznsléu @ tobramycin fgridrafsatuiunaglildlunsshvidedes
sepven) matieaiignldednsroudsiailidedsnsnmsmeishey

FTUU MexXY ﬁwmwmmigamﬂzjm aminoglycosides 184 P. aeruginosa uanbél
Mnatuazuntheiivannvatsaenadestunisinuideunhilu £, aeruginosa finenldain
dnivlindu [23) Inesaunsgayde mexxy silsiAn MIC ¥es aminoglycosides vianvilaanas d-
16 wiludenane isolates WEARAIDUNUIMEAIAYVDITZUU MexXY Honsne aminoglycosides
vanevlandoniuludewand egslsiniu nsit Almexxy) liwastenisae aminoglycosides
Tuszduurunas (moderate effects) Tuidonans isolates uwansirdefinalnnisne
aminoglycosides Suqﬁé’aiﬂléfﬁwmiﬁﬂmagﬂmﬁf‘ijaﬁ Fareumihildineiisteanuiwmanseny
feadndesaas AlmexXY)  sen1sae aminoslycosides fiddaylunissnwinisinide P
aeruginosa Tenldanuadlaiifulsaduudnay (23] nansenumanisinnuddalnesils
AULLNTUYDS aminoglycosides l1ifls optimal concentration ImaLawwsl,umajﬁﬂ’ﬁﬁ’lquaﬁ
YB3 aminoglycosides gﬂsﬁ’mmw

naed AlmexXY) #® aminoglycosides waazainluitonsay isolate  WANAIIAL T
Unaztumaniainnisusyandsraiusiuiuvesnalnnisie aminoglycosides duqAins
wanseonuazduaILisLALNINTEUU MexXY luufavite

uaﬂmﬂﬁ L%adauimﬂﬁ aminoglycoside-modifying enzyme encoding genes Fadudu
mmiﬂs'mgsuamaiﬂmma aminoglycosides 3uqlu P aeruginosa gnslsfinuslamsuw
Fainumanilfidrusiusenisie aminoglycosides Tusedulnudsdesdi@nuunuimwaynisd
#IUUITIUVDY aminoglycoside-modifying enzyme encoding genes fald

JTAUNITUAAIDDNTDY  mexXY UazAUFUNUSAaNISA®  aminoglycosides  HAu
wannvany  lneweliseAumIuanieantes  mexXY  geande  PAJ227  lLulddesie
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[
=1

aminoglycosides 11NN LTOTTSEAUNITLANIEENTBY mexXY fnT1 Wy PAJ234 PAJ240
PAJ228 Way PAJ235 ?z'faL%aﬁﬁizé’umit,l,amaaﬂsum mexXY ﬁwawmsaﬁaﬁa aminoglycosides
¥ 4 wia dofensandiutu deyawdidatuayud sedunisuanisenves mexxy laif
AudLTUSAUNSHe aminoglycosides FsdanndasiumsAnuneuniniludeiuenldands s
wavAu  [23, 29] Meunsiideilsydunisuanieanues mexxy Tuszaugslaianunsalddu

absolute marker dwsun13feen aminoglycosides luseiugewes P. aeruginosa 16

nsnangiusinuinnfiaaly MexZ Ae A(-112)G 8guen MexZ-binding domain s
fapsaglu the predicted promoter 484 mexX 7eg5enine nucleotides #1 -88 way -133 910
transcription site ¥®4 mexX  [23] #19nN1sAN¥IlUATIUNUIINITUTINGRAZIIUIUYRINIT
NANEWUSLUU single base pair changes TdiANUENNUSAUTEAUNTUARIDDNTDT MmexXY Way

q" a U . . . 1 [ 1 =
nsilifinsnaneWusly mexZ-mexX intergenic region l@uNsasuUTRIIN mexXY agilng
wansopluszauianell HansAnTlAiLIINSNaNeRUslu mexZ-mexX intergenic region
lalnaefldudAsesziunisuanteanuedlusiu MexZ wagn1svinanulu repressor U8953UU

mexXY

P. aeruginosa ifinsszsunsuanaanvea mexxy Indideaduiissiunsuanseanaes
PA5471 Tumnsneifu 2-13 wh Tuaeiidefiiiszsunisuanieanves PASAT1 Tndideeiuilsesiu
MNIUARIBDNTBY MexXY TANANSAUNIN UARIIN SEARUNITULERNIBNYBY PASAT Was mexXY
uiflmnuduiusiu Wesuau 2 isolates Ao PAJ233 way PAJ232 fiszfunisuanioanves
PA5AT1 gafla 86 wa 28 Winmuadndu usndulaisdn Mexxy lusziugedeaenndasiuseny
msfnwdeumihiludeiiuenldangtaeiiu Cystic Fibrosis (CF) [30] Tumenduriu i¥o
§1u7u 3 isolates Ao PAJ229 PAJ240 uaw PAJ238 fiflszdiunisuanteantes PASATL IndiAes
fu PAO1 fin1suandeanuad Mexxy Tuszdu 3-21 wh uansirdsdinalndue Aaauguns
wansaanues mexxy ludowanil Weiinsuansesnvos PA5AT1 Tuszavadlylandn mexxy
Iuisﬁuqﬂﬂdmaﬂaﬁaﬁa aminoglycosides 1NN @efinisuanseenuas PA5A71 Tusesus
fhoghamu PAI233 lalitese aminoglycosides 11nn11 PAJ288 lag PAJ235 oy psiinng
uansoonues PA5A71 Tuseugdlaianunsolfidususdftauysaiuuy (conclusive indicator) 1a9
NTHER MexXY LLazmiﬁya aminoglycosides 1u3zﬁuqq

mﬂmﬁaamwawuﬁmimwmmwammiﬂmawumwu single base pair change k)
G-367-T Tudu oty v8adiasiuiu 2 isolates Wiy msnanewusionaiinasionisie
aminoglycosides LLmagﬂuiz@UI@iui@mﬂﬁﬁﬂuﬂuﬂiW

=~ = Va A v O = a

\19991n8U nuoH 8g#l downstream YBIEU NUOG AIUUIINTIINTUEAIDBNVBITY
nuoH \ievagaud1 8u nuoG dnsuanseaniiauysaiviseld :NnsAnwimuingenniminis
WARIDDNUBITU NUOH WANIINEU nuoG TIN1ShanteantasdiiuInIsnatewusluiu nuoG
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lufiunumdAgsionisne aminoglycosides Tuldemaaeulunssil lnanmsiuuan1sisenlalu

gj dydy Y @ 1 M v o w 1 [ dy . .
ASAUIARUI nuoG rplY wag eall 13J1®3JU‘1/IUWI?Hﬂ@ﬁ@i%ﬂ‘Uﬂ’]iﬂ@ aminoglycosides Tu P.
aeruginosa NLentaNgHuazkl Fadenndosiusenumsanwneunihiluienuenlaain
A U830

n1sedusienaludiuszuy mexxy wagnalndug fAeadestunisiosilundu
aminoglycosides FLUL%IEJﬁLLEmbLﬁmeJﬂ’JEJ N13U571n5) V09 aminoglycoside-modifying enzyme
encoding  genes IuL%aﬁLLsJﬂié’mﬂqﬁfsu LUIMaEHUIE N1THARIBBNTBITFUY MexCD-Opr)
MexEF-OprN ua MexxY Tudefiusnldangt wnuasdiheasyidleldnansifonsudou

2. 33UU mexXY waznalnaus Mneadasiunisheenlungy aminoglycosides Tuldaniuenld
ngUae

[ [ o
A v aaA

LﬁnaﬁlﬁmﬂﬂﬂuaiuﬂWiﬁﬂMWﬂiﬂuﬂama AMGs  viaevilanseuiuluszivgs  lagsiw

Y
1

BMIIN15ADND AMGS qujflmiﬁﬂwnﬂawmu [31-33] feunazidunaniannsiieiuiasnlu

4

ﬂzjmﬁmﬂ empirical  treatment Myeidulszneunie B—Lacms uaz AMGs f®

ceftaxidine/gentamicin and/or imipenem/amikacin

Léuamﬂﬂ,umu resistance phenotype fiaonadostuu AMG- modifying enzymes i
ATIINULAAII ‘EJ“LJL‘ViaTu%Jﬂ’ﬁLLﬁ@ﬂEJ@ﬂL‘U“LJ“LJﬂG]LlI@lIﬂ"Ii‘LJi’]ﬂQ ‘Vl‘lJ"IﬁuI‘ﬂﬂEJ L“?JEJ PA190

(gentamicin MIC=4 [lg/ml) maumummsma gentamicin 84 3 Fuundsnslasionn gentamicin
mmhmwmmwammw Snvamduileeiinenunnoulude Staphylococcus epidermidis
filie oxacillin uaz/vde centamicin [34] waz S. aureus Tl oxacilin waw/Wie
erythromycin [35] Falguuzii mfﬂLﬁ'm%’aqﬁ'umsmuammmamaaﬂmaa@u N13919 host
factor Asndusienisuanseenvesduniol MIC filndduen breakpoint [35]a, 20006) T
nsfnuASell We P. aeruginosa ﬁ@umuqmmsﬁam AMGs 181881 JIuAnAIIRINNITIENT
rownthiifinud1  Wednlvftumuaunisiesn AMGs fissBudien [36] edulsfinm
HAMTIeRansneSuIenshest AMGs vanewtiandeufureatomaild Buiinuuniiande
aadA1 (84%) war aadB (84%) Busia 2 wuldvesluwuaiiSerelsromaduiy lnelanzetis
84 Salmonella enteric uaz Escherchia coli [22, 37 wandliiduindinansudouvasdus 2
meluwuaiiSeinswiaty  msnuBusiadeatuludessiuiitunadeiinmetuddinBumeani
agiuu%udauﬁuqﬂﬂiuﬁdﬁﬁwamlﬁ \Wu plasmid, transposon egslsanu laldviinisAnens
shevonuuurnslundall



42

U ant(2”)}1 war aac’)-I HuBumuaunishest AMGs fidnwuldundigalu P
aeruginosa [33, 38] Tumsfinwin$sl wudu ant2”)-ia Tudhaifigs (72%) Segandiseandy
Ussinaansgoiuinuazylsy [36] 9By aac(s’)-i i 2 ¥iiafinpaey nsanuLABy aac(s’)-ia
(27%) Wity winmafiniaTedslidaauuazeraiedesturiinues AMGs ldmeluussmefls

PNMTUATINETANUTT ANUFUTUSlURUINTEnINB UL FaanansaeSuneld
ok §umm§m%§juu genetic elements 1y (co-localization) vi3eiinIsunsnszansvoade
sty eglsinulalavinnsfinuanuduiudnisiugnssy (genetic relatedness) wazmn
anafielunsinnaddl  wumudtuludinsewindy  ant27) LaZMSADBEN
gentamicin @studupusuvesiiuily P, aeruginosa My clinical isolates Tumanseiudu
U aac(6’)-la mudiusluBsauiviy aads Fseraidesnannmslianansaeysudulsvy
plasmid ﬁagﬂu incompatibility groups tRgniu

I§insfnymaves MexXY slanisie AMGs lu P. aeruginosa finenldannauuazdns
23, 29, 39] lumsdnwedsinui Wedwlng (h=29) fnsuanseonvesszuy Mexxy
ogalsfinny TallgvinsAnudusiufiuialwosnalnilsenisie AMGs wuide 1 ioslate 71l
MSUANIBBNTDY MexxXY (Gr. IV) usifiorio  AMGs neliafivadouiansin zuUu MexXY
Wildtunmddysomsiiosn  AMGs  ludevliedl  aduayuiissuy MexXY
Lilgfunumdrdysontsiosn AMGs auslluardiusuvesssuuiifdmumannvans Wefil
N13UARNIBBNYBITEUU MexXY finsnaneiuguuy Ala123-Ser lulushiu Rpyl uagdu aph(3)-
Ib, aadA2 uay strA-strB egslsfimy Suwmanifliauisassuisamsnueinisae  AMGs
Tudamanillduazenaiinalnduafiauaunisiiest AMGs Aglailévinnisfne

INMSANWEY nuoG Bglu NUOABDEFGHUKLMN operon @gmsnadey  nuoH
transcription WU o 2 isolates Wlaifinsad1s MRNA wosEu  nuoH (Gr. Il and V) @4
donndosiusenudeuninifinudedios 1 isolate 78 disrupted nuoG [30] luweusd
protonmotive force weudiens 2 onaldumnudeme fidedios 1 isolate whthudiiing
LAAIDDNYBITFUU MexXY wanad1 Mexxy Tudesivinuldlsiasysal

Wes1uau 6 isolates (Gr. Il and IV) fn1snanestuguuy Ala123-Ser Tulusiiu Rpyl @l
wefieandu P aeruginosa ey Ssdaudstunenuieunthilludeivenldangie
Cystic Fibrosis filiwuiinaneusluiu mply ae (30 Arawandstiiasdumaunanai
uAnFIeENeTLgLAT A NLANGAN DL AMGs TIlY

nsfnwiasatildnumsnateiugluiu  galy Tuwedilamuaenagodiusneaunisivy
nounthil [30] WeRasanswiusanstiiiuindu ealv lalaiunumdrdysenishne AMGs lu
P. aeruginosa Nskenlav Nty Cystic Fibrosis uagkUaelsndus
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3. N5UANNRBNYBITTUL MEX Tuiaiuenldaingiiv wuuazguae

WU 13 isolates NlGlun1sAny) AndanIINTIRBe U T IusrateviianTauiuly
seava laguentaangUieidrsunisshwdilulsmenuianisy 14eU w.e. 2006-2008 3o
wingikenINAUldiaTsnaglasunstuduimaiugnssuInlily clone Mideaiume ERIC

PCR TnodedAueInan1sidenie N1sMTea1u150dn15ULEnI98NIBITEUY MEX
nawszuuniounu lauuinia 4 FPUU (PAJ166 way PAJ208) Nsuda

Msudnteevesszuuiunfudlazlidnisuanteenly  wildtype  Fsnsunthidldsigsunis
UANIDINTBITTUU Mex 2 szuvludeniuanlanisndia fAe s3UU MexAB-OprM/MexXY  [40]
ez IeUU MexAB-OprM/MexEF-OprN [41]

59UV MexAB-OprM Tnaunfudaiinisuanioanseiusagismasaiian (low constitutive
expression level) Wud%%aai’m’m 4 isolates (PAJ107, PAJ197, PAJ207 way PAJ208) #nns
uARg@BNYRY MexB gendn PAOL (2.5-6.2 fold) {0 PAJ207 uay PAJ208 finsuanseanues
MexB 9011 PAO1 4.1uag 4.4 fold muany wiidudedilasie carbencillin, piperacillin, Lag
ceftaxidime TpgAn MIC  shnidefiiinisuanieanyas MexB #1nin 1oy PAJ166, PAJ191,
PAJ197 uansindafinalndugiiiestosiunsioslungy B-lactams mahiluiers 2 Tnewdei
finsuanseentes MexB andvidelsiuaninamin PAOL e MICs veselunga B-lactams ga
191 PAOL 171 83UNglameAMULANA1aNIaNUENIIY resistance dynamics waz/M3en1sduls
selective pressue vasitelurasufiinsuazdeiivonldmenain

Wenniaiinsuansoanvessruy MexxY s3uRinwaus intrinsic resistance vasiliouay
LﬂumsLLamaaﬂiuszﬁuﬁqqé’w Tnefiide 2 isolates  fidsyduaenunnnda 100 wWihwes PAOL
(PAJ107, 1180.0 fold waz PAJ191, 5,880 fold) aedlsRmuidons 2 isolates dmulasiosn
UfTurlungy AMGs lduanddluanitedunfinnaeunasiinisuansoanvosssuy Mexxy lu
sefuiinng Fedenndesiunnssenurountinifiin sduntsuantoevesszuy Mexxy Tuid
U sEdRfTUsEUATLReses AMGs Tsudouazdadituaunfifdusiusonisiesin
du AMGs veilioiwantl (msnefl 12) 1Wouaa (PAJ111, PAJI27, PAJ14T7, PAJIG6, PAJIT2,
PAJ189, PAJI91 waz PAJ214) fszAun1suaniaantead MexB LiumnmA1931n PAOT Tnalanig
PAJ191 fifinnsuanioaned MexY ands 5,880 fold WATN1SLEnI00nT8d MexB 1iguvniu
PAO1 frtusziunsuantoanvasszul Mexxy lifianuduiugiussdunisuanteantesszuy
MexAB-Opri Fedenndasunsanwieuning [42]

Tunsfinwinsedl ldnuidedlafdnisuansoanaes MexCD-Opr) Insdulugisgaunis
W@RIaNYBd MexD #1n31 PAOL 1unisduduin ssuvilfidnwaeilu normally silent waglaldl
UNUIMEAYRDN1TARY1UTNTluN1TaaeInTidl Fedenndesdusisaunsunindluden
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wonldangtas Cystic fibrosis 1uau 85 isolates waznuiinauanisanuesszuuiiion 2
isolates [43] Tuiueafieaiu fideiios 1 isolates winiuiiinisuansosnues MexK gand1
PAO1 (4.1 fold) %inuﬁmmaa%umﬂﬁ%aumﬁaﬂzjﬁ'ﬁa AD erythromycin wag tetracycline
Wiy [44] wadinlinuszuuiludeiinenldmenddn Auanfifiesenudioinu Mexdk Tu
Feiiuenlgmendinuas coexpression s Mexxy  [45]  @aauadn cefeprime lalld
substrate v8355UU MexJK ualalldvhnisAnudiusiusentsaosviindug vesssuuiuaylaile
Anwinsnaneiiugludu mext Fadu regulatory gene wassz UMY

Fos1uau 11 isolates Fn1suansoanves MexF 11nnd1 PAOL aeetion 2 wi (2.5-26.2
fold) 5¥UU MexEF-OprN ussuufisuduiiiu normalaly-silent systern wagsaunuiniinig
uansaniiseduinly widetype Midudelufosfifinisuasliferosuffiue [42] usnsdn
fuvosszuveondwmaliiioanninulise chloramphenoicol  wa ciprofloxacin @atfu
substrate 753nAves5EUY TEAUNTUANIBBNTBITHUY MexAB-OprM uUsaniuffunisuanieen
YDITEUU MexEF-OprN [42] Tun3dendeinuin Weiinsuanioanves MexEF-OprN Tuseaush
NilsEAUNSUARIDBNYDY MexAB-oprM ’ussAuAle (PAJ111, PAJ147, PAJ214 uay PAJ189)
FausEiUNSLANIDDNTBITEUY MexEF-OprN lilauusuniuiun1suansoanuesszuy MEXAB-
OprM Lauslulnatanzlu clinical isolates szuU MexEF-OprN laidl B—Lactams \Ju substrates
dosmnideramniie MICs sosUfBausiiu substartes 49938UU MexEF-OprN Tuseduiige
FoduddldanansaUSeuiisunsinuwesssuuiunisidiusaalunisiesmandle msiiiu
SEAUNTUARIDDNYDITTUY MexEF-OprN axnumugiunisansefunisianiesnyad OprD 3
N5geyidenIeanasved OprD ﬁmaﬁwiﬁﬁ?@ﬁ"aﬁiamﬂdu carbapenemn  lums3deasiinui
UﬁﬂgmizﬁﬁmdnLﬁuié’%mt,auiut,%awﬁ’; U PAJ107,  PAJ111 fiflsedunisuanionnyes
MexEF-OprN  #iusisefun1suantaaned OprD gavselunemsaiudiy PAJI91,  PAJ197,
PAJ207 fiflszdunnsuanioanvad MexEF-OprN FUATEAUNTUAAIDDNYDY OprD i egslsh
P11 A1 MIC 04 imipenem Tuidarhs 2 galduansnefu uansidafinalndugiiniuaunisies
imipenem Tu PAJ107 waz PAJ111 dau‘Luﬁaéﬁﬁuq FEAUNTHAAIDDNVDY MexEF-OprN  Lag
OprD liumnsnsvidelainusanduiu (PAJ127 PAJI72 way PAJ166) Bsatfuayuin coregulation
YDITEUU MexEF-OprN wag OprD LiAntweauely [46] Tiunauladnuszmswiadowmaniidu
nfxC mutants Faflen quinolones chloramphenicol carbapenam Wag carbpenem Ju
substrates Tidfy ueiie PAJ208 ndulasio ciprofloxacin (MIC 1 pg/ml) Mafifinsuanseen
Y83 MexEF-OprN Tusgauga (11.8 fold)

oduau 10 isolates fN15uaAONUBITFUY MexVW (2.15-583.6 fold) uagszsunis
uansaanvasszuuludoutsieglusediugs SefikiuaniisenisAnussuuilu clinical isolates
Wity [47) nansiteasaiifusenuusnvesnisuanieenvesssuuiiluideiuenlinisedin
Tnglagudunudinizves Realtime PCR lawds PCR products lunensianugnssuuazyin

melt curve analysis
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[
&

wanNUuAuTe PAJILL Aeenfiiusiiageunatesiiniasieluluseiuas 1ol
N1THANIDBNYRY 2 TEUUAD MexVW uaz MexXY luseAugs Fauanitaunuinues MexVW 1
pnailnenseevende P. aeruginosa Awenleniemaia sgralsinululavinnisinedausiun

LNA3IVBITEUUY

dlofinnsand reguatory gene WU’jﬂﬁﬂ’J’luLLmﬂﬁi’m}’mL%aﬁLLﬁﬂimuﬁaﬂﬂﬁﬁaﬂ’ﬁ i
fin1suansoonues MexB gend1 PAOL #1uu 5 isolates Tnendasiuau 1 islates wintufingg
ﬂawﬁuﬁ:ﬁﬁu mexR (PAJ208) wazilu nalB mutant 13edn 4 isolates (PAJ107, PAJ151,
PAJ197, PAJ207) laifimsnaneusfidu mexR uasifu nalC  mutant Senouniiilfiseaui
nalC mutant dn1snaneiudlu PA3721 [40] dliifiazidu nalD mutant walilsivinns@inwdu
dananluadsil We PAI214 fimsnanewusiity mexk udseRunsuanseanves MexB laiseain
PAOL (1.8 fold) Fwnsesuneuniiidwuin mauAsuuasnsnesdlufidumisiinasdens
WinsyUNsLERTEanYas MexAB-OprM iieaidniiaawiniu (48]

N5uARIEDNYD MexXY agnieldnismunuvesdu mexZ iWodilvg) (8 isolates) &
partial deletion 91w 72 bp Tudu mexZ 6?'541ﬂawﬁu@wuﬁmﬂﬁiwmumdawﬁwﬁu@iﬁ
fuissinatu [49] [50] 1 PAJI191 fisgdunisuanseanvasszuuiiaean urlalanung amplify
Bu mexz Wafinenemudlovansds Woureda (PAJL11, PAJISY way PAJ208) laifimianane
fugluiu mexz Gsaenndosfumsnuneunihiviludefinonlénnaunazdn fddsudug
usnmileandu mexZ fimuANNITLARIBBNYBY MexXY [51, 52]

Foramueildlunsinuadadliifinisnaneiusiidu nse wediaenndestunisiinudi
Fowanilifinsuanseenvasszuy MexCD-Opr)

ANIAIVANNTTLEANIDBNUBITEUY MexEF-OprN LLmﬂﬁmmszUﬁu"‘] Tuthe RND
family w3128l positive regulator AeBu mexT AiffievslunisnensHaluniwieatiu opron
vosszuuLazlily repressor # sequence  10IBU mexT fiAnNunAINTATLAZLANAISAINEY
mexT w1 PAOT wildtype fatiummvhanuesduil (activation) Jadululdlunarssuuuy e
7 13 isolates l3fl  8bp-insertion finuluBu mexT 104 PAO1 wildtype Fadu nfxC type
mutants 71§l additional mutation dawaliudeu MexT 210 inactive 1 active form [53]
Tnousiagdiimanarewufifisniufo Phe(TTC)-129-Ie(ATC) pgslshmuidofifinisnaneiug
sUMUUETsERUNTUARIBaNYEY MexF Tiumnsteiu (0.9-26.2 fold) feunisnanewusiienalais
Naln9 fansiues MexT wazenadunnurainvalen1aiiugnssy (strain variation) vo70
Tulsswenunavideussmalnefly luvneiide 2 isolates (PAJ107 uax PAJI11) fifisesunis
LER09NUDI5¥UY MexEF-OprN lidunnei1991n PAOL (0.9 wag 1.5 fold mud1du) fnateiug
30 1 sUuvuifisfsluiy mexT @0 Leu(TTG)115Met(ATG)  wanad1 nananestugiidnariili
TUsiu MexT ladanunsavimeildu activator 16 1o PAJL89 lasie ciprofloxacin (MIC 0.5
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ug/ml) uag imipenem (MIC 16 pg/ml) Faflsefunisuanieanved MexEF-OprN Lydgeuniin
(2.5 fold) 1afiil active MexT o 2 isolates 7l active MexT uazszfiunTUanIDONTDS
MexEF-OprN laiga (2.5-2.7 fold) fle PAJ1AT way PAJ214 Fshiases1ifausdiu substrate
204570V wanvinsresmanildldidunamnannisuanioenves

¢UU MexEF-OprN

nsuaAnIBBNYes Mex)K Llunaainnisnaneusludu mex. dseglu the TetR family
WuReafuiu mexz Waiflesfufeafiinisuanseantessyuu PAJI66 ndulaifinsnanetus
TuBu mext. Tunwssfudude PAI208 way PAI214 Sinsnaneriusluiiu mext udszdunis
Lanaeenuoaszuuliniaain PAOL #4n15na18Wus Ser(TCOAPro(CCC) WAy
Ser(TCO6Phe(TTC)  aguan helix-turn-helix domain 989 MexL  (Usziiiumiglusunsy
DomPred (Protein Domain Prediction), http://bioinf.cs.ucl.ac.uk/) %GL‘fJu DNA  binding
region @19 kiTNalAHON1IAIVANLANIBENYRY MexdK dmsU  wag His(CAC)163Arg(CGQ) lul
numgEafiude egaslsfaunanisidefifunisBuduanududeuresnisniuaunis
WARDBNUBIITUU MEX T P. aeruginosa fikenlgmninaiia

4. UNUINVBITEUY MexAB-OprM samsnaentungy B-lactams

LY |

¥UU MexAB-OprM Li“]szUﬁLLama@ﬂasmmaamLaaﬂuizé’w‘hLLazﬁumumﬁﬂmgm
nsheelnEsssNYIR (intrinsic resistance) ¥oui¥e P. aeruginosa Tasanansadweeneuiiams(
substrates) vanevianaziiduenuiiiuzsimeie Blactams fuiuden carbeniclin iy
indicator  AM3UNNSUARIDENTBITEUU  MexAB-OprM  Tumsidendedl Tne efflux pump
inhibitor 7il4e PABN Zsamnsadussnisvamesszuy MEX luasdnszga RND Tne PABN
ansaanA MIC 981 carbenicillin Tu PAO1 270 512 pg/ml Wy 64 pg/ml (3 fold) N5
PAOL §amafiein MIC 71 64 pg/ml ¥ia7l MexAB-OprN Qﬂé’ué’jﬁw PABN uwansingafiszuudusi
Feilidedennsanusesildlussiunie Fsdnvamuidiviulaludedn 3 ioslates e
PAJ189 (16 fold), PAJ212 (3 fold) waz PAJ215 (2 fold) Tngluide PAJ215 fnswEsuudas
2 fold Wit duluidedn 4 isolates linunsiasundasvesd MIC vas carbenicillin diewiu
PABN wanain szuu MexAB-OprM Tlfldiusiuvseditosvienisgauds szuu MexAB-OprM gn
compensate sgszuuduafilailadnuluael wu el B-lactamase

5. L‘Vlﬂ‘flﬂﬂ’]iﬁli’mﬂ’]iéaﬁl"lﬁ’aﬁlizlm multidrug efflux systems

nnmsiendaiiuandiiuiinnumanuatevesnisuanseenvesszuy MEX T P
aeruginosa Tuenldniandiia Feduwiltuiiaefinsuaniassyuusngg 11NN 1 svuu neu
M 9InMsAnwTisiuan Wuiwszuuﬁﬁﬂaﬁmﬁwﬁmwwaﬁams?;jasnﬂg'j%auzméﬂums%’ﬂmﬁa
MexAB-OprM, MexCD-OprJ, MexEF-OprN ag MexXY FethunsiaunsnsIanTsuanteen
gaa 4 szuundeuiuldndulssleviodeds



a7

N3l multiplex RT-PCR 9@ 1u190A929015U80999n98952UUIUIEAU  transcription
1neld primers ANAMUTUNILADTEUY  TINUIE@NITONTIINTUEAIBONVRITETUUTG 4 16
199970 multiplex RT-PCR 7l4836098in15 run DNA UU agrarose gel &winlvldutiaiunndu
v O = Y ' ~ v =3 ' P . & v &
Aaumstinsiauseluieliaunsansaalasaiu wu nsly reatime PCR Wudu wenainil

gasoluusuannzlunis amplification wazdiulszneuvesuisenieliaiunsals products
AN IA am non specific bands Laze uNalataLIULNDITUY

q
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1.

ANULANANKAEIANNFUEDUIINN Ik lAluRIUfURNS  Tagaunsadinanisive
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5¥UU Multdrug Efflux Pumps Siunuimanfysion1snoenaesiansauiuue s P.

o

aeruginosa fwenlgniepadn

5¥UU Multdrug Efflux Pumps finsuanseanlu P. aeruginosa ﬁLLaﬂlﬁW’mﬂaﬁﬂﬁqﬂﬁ?
Tnefiserunsuantoaniiunndnaiu

nsTlduTanTessyUL Multdrug Efflux Pumps Tun1siesmaneviemdeuulu P
aeruginosa fiwenldvneadiniianumainvany

N1IAIVALNITLEAAIDINVDITEUU Multdrug Efflux Pumps 1u P. aeruginosa uenle
NIpALnIAMUGULIY
AUSONALINIATIINITLENIDBNVRITTULTITAMNd R veeadin 4 svuulddne
multiplex RT-PCR

Han153388uduaudu dynamics apan1sieety P. aeruginosa Muenlan1amainiil

a o

ng dl 14 a o ! = L dgj
wazwelnannsivelurenisAnwneg

MsfnwEILTITLRSwemsazsy UL EWATlA genetic knockout

NI5WRIUN efflux pump inhibitor Faanwansiseiinuinde P. aeruginosa uenlEnis
AatnNNAENTLANIEBNYBISYUY MEX ageioy 1 vlin uillAnuuanegiasiniy
Fudiou suiluniseenuuu efflux pump inhibitor mn*‘ﬂumiﬁaaﬂqméiﬁﬁunﬂizuu
WU enerey uncoupler ¥1a18 proton motive force BUTULMAINGIUTBITLUY
MEX Tu the RND family, transporter blocker fidudanmsviauves transporter U84
seuu Wudu

mMswRLNYAnadeUion1TnTIaNTuanteanYeszu Nanansathluldldasly
vesUfiRn1stugnsidadelsnadlsaneruiaciigg
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ABSTRACT.  As study of multidrug efflux pumps is a crucial step for development of efflux pump inhibitors for treatment of Pseudomonas
aeruginosa infection, the objective of this study was to examine the contribution of the MexXY multidrug efflux systems and other
chromosomal mechanisms in aminoglycoside (AMG) resistance in P. aeruginosa isolated from dogs and cats. Thirteen Pseudomonas
aeruginosa isolates from canine and feline infections were examined for contribution of the MexXY multidrug efflux pump and four other
chromosomally-encoded genes including PA5471, galU, nuoG and rplY to AMG resistance. All the isolates were resistant to multiple
AMGs and expressed mexXY. Deletion of mexXY caused 2- to 16-fold reduction in AMG MICs. Overproduction of MexXY did not fully
account for the observed AMG resistance. No good correlations were detected between MexXY transcription level and AMG MICs. While
no mutations were found in mexZ, PA5471 expression varied and its impact on MexXY expression and AMG resistance is diverse. No
mutations were found in galU. Only two isolates carried a single base change G-367-T in rplY. Complete transcription of nuoG was de-
tected in all the isolates. In conclusion, the MexXY multidrug efflux pump plays a role in AMG resistance in the dog and cat P. aeruginosa
isolates, while disruption of nuoG, rplY and galU did not have a significant impact. These results indicate the existence of uncharacterized

AMG-resistance mechanisms.

KEY worDs: aminoglycoside resistance, mexXY, Pseudomonas aeruginosa.

doi: 10.1292/jvms.12-0239; J. Vet. Med. Sci. 74(12): 1575-1582, 2012

Pseudomonas aeruginosa is infamously known as a
common cause of chronic and recurrent infections in both
humans and animals, of which the most-notably diseases
in dogs and cats include otitis externa/media, urinary tract
infection and pyoderma [9, 10, 20]. Treatment of P. aeru-
ginosa infection is challenging, because the pathogen in-
trinsically exhibits and efficiently develops high resistance
to several antimicrobials structurally and functionally unre-
lated, leading to multidrug resistance [1, 24].

As many antipseudomonal drugs are available for
therapeutic use in dogs and cats, aminoglycosides (AMGs)
are considered a vital component of antipseudomonal
chemotherapy [22] due to their efficacy, safety and reason-
able price. However, panaminoglycoside resistance e.g.,
gentamicin, spectinomycin, streptomycin and amikacin has
been increasingly reported in the P. aeruginosa dog and cat
isolates [18, 19, 23]. Such resistance has been clarified to
be predominantly due to a poorly understood mechanism
namely “impermeability resistance” as a consequence of
diminished drug uptake and/or accumulation [21, 31].
The MexXY efflux system, a multidrug efflux pump in
the resistance-nodulation-cell-division (RND) family, is
involved in the reduced level of AMG accumulation impli-
cated in both impermeability-type and adaptive-type AMG

*CORRESPONDENCE T0: CHUANCHUEN, R., Faculty of Veterinary Sci-
ence, Chulalongkorn University, Bangkok 10330, Thailand.
e-mail: rchuanchuen@yahoo.com

©2012 The Japanese Society of Veterinary Science

resistance [12, 21, 22]. The MexXY efflux pump is encoded
by the mexXY operon and evidently serves as the major
AMG-resistance mediating system in P. aeruginosa clini-
cal isolates. This system additionally confers resistance to
nonaminoglycosides, including tetracycline, erythromycin
and fluoroquinolones [16]. Inhibition of the MexXY efflux
pump appears to be a promising approach for restoring the
activity of the existing antimicrobials and improving the P.
aeruginosa infection [27]. In addition to MexXY, chromo-
some-encoded genes including mexz, PA5471, nuoG, rplY
and galU have a cumulative contribution to AMG MICs in
the P. aeruginosa laboratory strain [8].

MexZ is the TetR family transcriptional regulator that
binds to the mexZ-mexX intergenic region located between
positions —104 to —66 bp and represses transcription of the
mexXY operon [17]. Recently, PA5471-dependent overex-
pression of MexXY was demonstrated. The PA5471 product
modulates transcription of MexXY by binding to MexZ and
reduced MexZ DNA-binding ability [34]. The combina-
tion amino acid substitution in MexZ and overexpression
of PA5471 causes increased mexXY expression, leading to
AMG resistance. Individual disruption of nuoG, rplY and
galU led to gradual increases in AMG MICs in PAOL. The
nuoG gene belongs to the nuoABDEFGHIJKLMN operon
and encodes type | NADH dehydrogenease required for the
synthesis of protonmotive force [26]. Inactivation of nuoG
results in impaired membrane energy, leading to decreased
AMG uptake. The rplY gene encodes the L25-ribosomal
protein that is an AMG-target site, therefore, mutations in
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Table 1.  Bacterial strains and plasmid used in this study
Strain Relevant properties Source or reference
P. aeruginosa  PAO1 Wild type expressing MexAB-OprM [29]
PA049 PAO1A(mexXY)::FRT [4]
PA3579 PAO1 with AmexZ [31]
PAO267 PA3579 with A(mexAB-oprM) [1]
PAO280 PA267 with A(mexXY) [1]

Clinical isolates

PAJ226 and PAJ245 Pus from wounds in a cat This study
PAJ228, PAJ230 and PAJ238  Feline nasal cavity This study
PAJ227 and PAJ229 Urine from a cat This study
PAJ233 and PAJ239 Pus from wounds in a dog This study
PAJ232, PAJ234 and PAJ240  Canine otitic ears This study
PAJ235 Urine from a dog This study
A(mexXY) mutants
PAJ262 PAJ226A(mexXY)::FRT This study
PAJ264 PAJ227A(mexXY)::FRT This study
PAJ266 PAJ229A(mexXY)::FRT This study
PAJ268 PAJ230A(mexXY)::FRT This study
PAJ270 PAJ232A(mexXY)::FRT This study
PAJ272 PAJ234A(mexXY)::FRT This study
PAJ274 PAJ239A(mexXY)::FRT This study
PAJ277 PAJ240A(mexXY)::Gm'-FRT This study
PAJ276 PAJ245A(mexXY)::FRT This study
E. coli SM10 Donor for biparental mating [6]
thi-1 thr leu tonA lacy supE recA::RP4-2-Tc::Mu (Km")
Plasmid pUCP20 Ap'; a cloning vector [30]
pPS1221 Ap’, Gm": pEX18Ap containing [2]
A(mexXY) ::FRT-Gm" fragment [31]

pAMR1 Ap', pUCP20 carrying mexxY

Abbreviations: Ap', ampicillin resistance; Gm', gentamycin resistance, Km', kanamycin resistance.

this region contribute to resistance to AMGs [8]. The galU
gene encodes UDP-glucose pyrophosphorylase essential for
the synthesis of LPS-outer core. The disrupted galU gene
leads to the production of the A and B band-deficient LPS
that adversely affects AMG binding and impairs their outer
membrane uptake [7]. However, it was recently shown that
inactivation of nuoG, rplY and galU did not play an im-
portant role in AMG resistance in the P. aeruginosa cystic
fibrosis (CF) isolates [14].

Up to date, efflux pump inhibitors for combating antimi-
crobial resistance caused by multidrug efflux pumps have
been researched only for medical treatment in humans [27].
These molecules could be discovered and/or developed as
a novel strategy for treatment of P. aeruginosa infection in
dogs and cats. In this case, study of contribution and func-
tions of multidrug efflux pumps in antimicrobial resistance is
a crucial step to achieve the new therapeutic goal. However,
role of MexXY in AMG resistance has been systematically
studied in P. aeruginosa from CF patients [13, 28, 33]. In
contrast, such information is still limited in the P. aeruginosa
veterinary isolates. We previously examined contribution
of the MexXY efflux pump in AMG resistance in the iso-
lates from cow mastitis [4]. However, there have been no
published data on the MexXY efflux pump of the P. aeru-
ginosa isolates from dogs, and cats, and different types of
antimicrobials are used in food-producing, and companion
animals. Therefore, the aim of this study was to investigate
the involvement of MexXY in AMG resistance in the P.
aeruginosa clinical isolates from dogs and cats. Additional-

chromosomal mechanisms including PA5471, nuoG, rplY
and galU were also examined.

MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions: All
the bacterial strains and plasmids used in this study are
shown in Table 1. Thirteen P. aeruginosa clinical isolates
were obtained from the strain collection of the Veterinary
Diagnostic Laboratory (VDL), Faculty of Veterinary Sci-
ence, Chulalongkorn University. They were originated from
samples that were collected from dogs and cats at Small
Animal Hospital during 2005-2010 and submitted for bacte-
rial isolation at the VDL. These dogs and cats were from
different households.

Isolation of P. aeruginosa was performed using standard
methods [15]. Briefly, the bacteria were isolated on blood
agar. The colonies with hemolytic zone and pyocyanin-
nonfluorescent bluish pigment were collected and further
confirmed to be P. aeruginosa by using biochemical tests.
Only a single P. aeruginosa colony was taken from each
positive sample at only one time. The bacterial isolates were
grown either on Luria Bertani (LB) agar (Difco, BD Diag-
nostic Systems, Sparks, MD, U.S.A.), in LB broth (Difco),
in Mueller-Hinton broth (MHB; Difco) with adjusted con-
centrations of Ca2* and Mg?* and on Mueller-Hinton agar
(MHA; Difco). Antibiotics used in selective medium were
as follows: ampicillin, 100—150 pg/ml and gentamicin, 15
pg/ml for Escherichia coli and carbenicillin, 200 pg/ml and
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Gene/region Primer Sequence (5°-3°) Reference
Mutation
mexZ -mexZX intergenic region  mexZXup CGCAGAATTCCGGCGTCCGC [4]
mexZXdown GCAAGCTTCTGCACATCAGCGAG
rply rplYF144-U ATCGCCCGAACGCTGGT [14]
rplYF144-L ATGCCGGGTCTGGTCGTATTC
galu galUF140-U CGAGCGCAGCCTGATTAGACT [14]
galUR1121-L ACAGCTCAGGTAGGGCGGATA
RT-PCR
mexY mexYRTUP AGCTACAACATCCCCTA [4]
mexYRTdown AGCACGTTGATCGAGAAG
nuoH nuoHF657-U GCAGGAACTGGCGGACGG [14]
nuoHL823-L GGTCTTGGCGGCGAAGTAGAA
gRT-PCR
PA5471 PA5471-U CGACATCGGCTGTGGCA [14]
PA5471-L AGTCGCTCCAGGTCTCGTC
rpsl rpsLrealtimeup CGGCACTGCGTAAGGTATG [4]
rpsLrealtimedown CCCGGAAGGTCCTTTACACG
AMG-Modifying enzymes
aadAl aadAl-F CTCCGCAGTGGATGGCGG [3]
aadAl-R GATCTGCGCGCGAGGCCA
aadA2 aadA2-F CATTGAGCGCCATCTGGAAT [3]
aadA2-R ACATTTCGCTCATCGCCGGC
aadB aadB-F CTAGCTGCGGCAGATGAGC [3]
aadB-R CTCAGCCGCCTCTGGGCA
aac(3’)-la aac3laup CTGACCAAGTCAAATCCATGCGGG [4]
aac3ladown CCACTGCGGGATCGTCACCG
aac(6’)-1la aac6llaup AGAGCGATGGCGGAAGAGTCC [4]
aac6llAdown ATCCTGCCTTCTCATTGCAGCG
aac(6’)-11Ib aac6llbup CCGAAGAAGGAGTGACGCCG [4]
aac6llbdown GCGCAAACCGTTCACCAACGG
aph(3’)-1Ib aph3l1bup GAACGAAACCCAGAGCGACGG [4]
aph3llbdown CAATCGATGAAGCCGCTGAAGC
ant(2)”)-la ant2laup TGGAGCAGCAACGATGTTACGC [4]
ant2ladown CCACTGGTGGTACTTCATCGG
strA strA-F TGGCAGGAGGAACAGGAGG [3]
strA-R AGGTCGATCAGACCCGTGC
strB strB-F GCGGACACCTTTTCCAGCCT [3]
strB-R TCCGCCATCTGTGCAATGCG

a) Also used for gRT-PCR of mexY.

gentamicin, 50 pg/ml for P. aeruginosa. E. coli SM10 was a
donor in conjugation experiment.

Antimicrobial susceptibility testing: Antimicrobial sus-
ceptibilities were examined by determination of minimum
inhibitory concentrations (MICs) using the standard two-
fold microdilution technique according to Clinical and
Laboratory Standards Institute guidelines (CLSI) [5]. The
MIC breakpoints used in this study were from CLSI, when
available (Table 3). However, the specific-CLSI breakpoints
for P. aeruginosa are not available for all antimicrobials
(i.e., streptomycin, neomycin and tobramycin). Therefore,
the CLSI interpretive breakpoints for the Enterobacteriaceae
and those in the published data were used for the antimicro-
bials lacking the CLSI breakpoints [23]. Experiments were
performed in triplicates and repeated independently twice. P.
aeruginosa ATCC 27853 and wildtype PAO1 were used as
quality control organisms.

General DNA techniques: Chromosomal DNA was ex-
tracted and purified using the QIAamp mini kit (Qiagen,
Hilden, Germany). Plasmid DNA was prepared using QIA-

prep® Mini-spin kit (Qiagen). Selected DNA fragments were
purified from agarose gels using QIAquick Gel Extraction
kit (Qiagen).

Construction of unmarked chromosomal A(mexXY) mu-
tants: pPS1221 was used as a source for A(mexXY) mutant
alleles [2] to delete chromosomal mexXY operon by us-
ing FIp/FRT recombinase-mediated excision technology
as previously described [1, 11]. Gene replacement at the
mexXY operon was confirmed by PCR and DNA sequencing
analyses. Resistance phenotypes of the parents and their cor-
responding A(mexXY) mutant derivatives were confirmed by
complementation analyses using pAMR-1 [31].

PCR, reverse transcription (RT)-PCR and DNA sequenc-
ing: PCR amplifications were performed using KAPATaq
ReadyMix DNA polymerase (Kapabiosystems, Boston, MA,
U.S.A) by following the manufacturer’s protocol. All the
primer pairs used for PCR amplification are listed in Table
2. The DNA fragments encompassing mexZ and the mexZ-
mexX intergenic region, rplY and galU were PCR-amplified
from genomic DNA template. All the AMG-modifying en-
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zyme encoding genes were amplified using whole cell DNA
templates.

Reverse transcription (RT)-PCR was performed to detect
transcription of mexY and nuoH. Total RNA isolation of
P. aeruginosa was carried out using Qiagen RNeasy Mini
kit (Qiagen) and treated with RNase-free DNasel (Invitro-
gen, Carlsbad, CA, U.S.A.). One-ug DNase treated RNA
was reversed transcribed to single stranded-cDNA using
ImProm-1I™ Reverse Transcriptase (Promega, Madison,
WI, U.S.A.) with the reverse primers specific to mexY (i.e.
mexYRTdown) and nuoH (i.e.nuoHL823-L) and then, the
cDNA obtained was used as the template for PCR amplifica-
tion using the specific primer pairs as described above.

For nucleotide sequencing analyses, the PCR prod-
ucts were purified using the QIAQuick Gel Extraction kit
(Qiagen) and submitted for sequencing at Macrogen Inc.
(Seoul, South Korea) using the PCR primers. The nucleotide
sequence of each purified PCR product was determined on
both strands, and the DNA-sequencing results were com-
pared with PA2023 and PA2020 available at the Pseudomo-
nas Genome Project (http://pseudomonas.com) for galU and
mexZ, respectively [32].

Quantitative real-time PCR (qRT-PCR): Transcription
level of the mexY and PA5471 genes was assessed by qRT-
PCR as previously described with some modifications [4,
14]. The cDNA was synthesized from 1 pg of total RNA as
described above and quantified using KAPA SYBR® FAST
gPCR Kit (Kapabiosystems). PCR assays were done in trip-
licates for all the genes. The Ct values from two separate
experiments (SD<0.1) were used to estimate the average
cDNA copy numbers for each sample, and the rpsL gene
was used as internal control. The average mexY and PA5471
c¢DNA copy number was normalized with that of of rpsL,
and the transcription levels were identified as fold change-
ratios to that of the reference strain PAO1.

RESULTS

Aminoglycoside susceptibility in P. aeruginosa isolates
from canine and feline infections: All of the P. aeruginosa
isolates were examined for their AMG susceptibility (Table
3). All exhibited resistance to spectinomycin and most
isolates showed intermediate resistance to streptomycin,
kanamycin and neomycin. Only few isolates were resistant
to gentamicin (5 isolates) and tobramycin (3 isolates). None
of the isolates were resistant to amikacin.

Effects of mexXY loss on AMG resistance: To further
assess the participation of MexXY in AMG resistance
in all isolates, the mexXY operon was deleted to gener-
ate unmarked A(mexXY)::FRT mutants and the impact on
AMG resistance was evaluated. However, construction of
unmarked A(mexXY)::FRT mutants was completed in only
eight isolates. In addition, the Gm"-FRT cassette was not
successfully excised in one isolate (i.e., PAJ240), resulting
in the A(mexXY):: Gm'-FRT marked mutant (i.e., PAJ277)
where the association of MexXY to gentamicin resistance
was not assessed.

The effect of MexXY loss on AMG resistance varied

among the isolates in this collection. Deletion of mexXY
resulted in 2- to 16 fold decline in AMG MICs in all nine
isolates. Constitutive expression of MexXY from pAMR-1
fully restored the AMG susceptibilities, confirming the influ-
ence of A(mexXY) on all the AMG MICs observed (data not
shown). The loss of mexXY reduced the MICs of all AMGs
(4- to 16-fold) in three isolates (i.e., PAJ227, PAJ229 and
PAJ230) and six of the seven AMGs in two isolates (i.e.,
PAJ226 and PAJ245). The absence of MexXY had only
moderate effects (two- to fourfold decline in MIC) on AMG
resistance in many strains. For example, the MICs for all
AMGs tested of PAJ277 were only two- to fourfold reduced
from those of the parents PAJ240. When consider individual
AMG substrates, consequences of mexXY loss were different
for the same substrate in different P. aeruginosa host strain.
For instance, mexXY loss generated only a marginal effect
on streptomycin susceptibility in two isolates (PAJ232 and
PAJ240), but resulted in 16-fold decreased streptomycin
MIC in three isolates (i.e., PAJ229, PAJ230 and PAJ239).

Quantitation of mexXY and PA5471: To evaluate the as-
sociation between mexXY expression and AMG resistance,
mexXY expression was initially measured by RT-PCR and
their transcription was observed in all clinical isolates (data
not shown). Then, the relative transcription level of mexXY
was assessed. The Ct values of the rpsL internal control
from different isolates were comparable with each other in
all gqRT-PCR experiments. The mexXY operon was found to
overproduce three to 191-fold higher than PAO1 in 11 iso-
lates. A decreased transcription of mexXY was detected in
one isolate (i.e., PAJ232, 0.03 fold less than PAO1). The last
isolate i.e., PAJ233 produced MexXY at the level equivalent
to that of PAOL.

Relative expression of PA5471 was measured by qRT-PCR
in all isolates. Of all the isolates tested, PA5471 was upregu-
lated in 10 isolates, and its transcription level varied from
2- to 86-fold. The variability of PA5471 transcription level
was observed among the isolates with comparable MexXY
expression. For instance, PAJ234, PAJ228 and PAJ245 that
expressed 6-fold MexXY produced PA5471 2- to 13-fold.
Similarly, the strains with the similar PA5471 transcription
level (i.e., PAJ227, PAJ230 and PAJ239) did not express
MexXY at the same level. The strains with higher PA5471
expression produced neither higher mexXY transcriptional
level nor higher AMG MICs than those with less PA5471
expression. This is best illustrated with PAJ233 that was not
more resistant to AMGs than PAJ288 and PAJ235.

Sequencing analysis of mexZ, rplY and galU: The in-
volvement of mexZ and the mexZ-mexX intergenic region
in mexXY expression was examined by DNA sequencing
in all isolates. The mexZ sequences in all the P. aeruginosa
isolates tested were homologous to that of PAO1, while
five isolates (i.e., PAJ226, PAJ240, PAJ228, PAJ235 and
PAJ238) contained nucleotide changes in the mexZ-mexX
intergenic region. A replacement of A at position —112 (rela-
tive to position 1 being the A of the mexX start codon) with G
was most commonly found. Expression of MexXY in three
isolates carrying only A (—112)G varied from three to 24-
fold compared to PAOL. One isolate contained up to 6 single
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base mutations (i.e., PAJ228), and its MexXY transcription
level was comparable to that of the isolates carrying two
single base mutations (i.e., PAJ235). The PAJ227 strain with
highest MexXY transcription level contained no mutation
within the mexZ-mexX intergenic region. Some isolates with
the mexZ-mexX intergenic region indistinguishable from that
of PAOL (i.e., PAJ234 and PAJ245) had MexXY expression
comparable to that of the strains carrying mutations in the
region (i.e., PAJ228 and PAJ235).

The galU and rplY genes were sequenced in all isolates.
The resulting DNA sequences showed that the nucleotide se-
quence of galU in all isolates was identical to that of PAO1.
Only two isolates (i.e., PAJ226 and PAJ245) contained a
G-367-T single point mutation in rplY, leading to an Ala-
123-Ser amino acid substitution in RplY.

Expression of nuoG: Transcription of nuoH located down-
stream of nuoG was investigated by using RT-PCR in all
isolates. Expression of nuoH was observed in all the isolates.

The presence of AMG-modifying enzyme encoding genes:
Most isolates except PA227, PA238, PA239 and PA240
were positive to AMG-resistance genes tested (Table 3).
Some strains carried several genes encoding resistance to an
individual AMG e.g., PAJ228 and PAJ237. The genes most
commonly identified were aadB(7 isolates) and aac(3’)-
la (7 isolates). None of the isolates were found to contain
aph(3°)-11Ib, ant(2”)-1a and aac(6’)-1Ib.

DISCUSSION

In the present study, the P. aeruginosa isolates from ca-
nine and feline infections were resistant to panaminoglyco-
sides. High resistance rates to spectinomycin, streptomycin,
kanamycin and neomycin were observed, in agreement with
a previous study [20]. This may be not surprising, since these
antibiotics are commonly prescribed in dogs and cats due to
their relatively-less expensive cost. In contrast, lack of ami-
kacin resistance and low resistance rates to gentamicin and
tobramycin were observed. Both gentamicin and amikacin
are antibiotics of last resort due to their common side effects
of kidney damage and hearing loss. Similarly, tobramycin
produces side effects and is not used long-term. This limited
usage could be an explanation for such low resistance rates
observed.

Diverse contribution of MexXY to AMG resistance
among the dog and cat isolates in this study was similar
to that previously reported in the P. aeruginosa veterinary
isolates [4]. The loss of mexXY caused up to 4- to 16-fold re-
duction in MICs of several AMGs in many isolates, suggest-
ing the significant contribution of the MexXY efflux pump
in panaminoglycoside resistance. The moderate effects of
mexXY loss on AMG resistance in several strains suggested
the existence of other AMG-resistance determinants that
were not characterized in this study. Such marginal effect
of mexXY loss on resistance to clinically-important AMGs
was previously observed in the cow isolates [4] and could
create clinical impact by preventing AMGs from reaching
their optimal concentrations, especially where the antibiotic
penetration is impeded. Impact of MexXY loss on a single

AMG was different in different P. aeruginosa host strains.
This is mostly due to the different combination of AMG-
resistance mechanisms additionally expressed and compro-
mised mexXY loss in each individual strain.

In addition, most isolates harbored AMG-modifying en-
zyme encoding genes confirming the existence of additional
AMG-resistance mechanisms in the P. aeruginosa strains.
However, the contribution level of these genes to AMG re-
sistance is still unclear. Further investigations are required to
disclose their significance level.

Expression of mexXY and its association with AMG re-
sistance varied. The strains with the highest mexXY expres-
sion (i.e., PAJ227) did not show greater resistance to AMGs
than those with much less mexXY expression (i.e., PAJ234,
PAJ240, PAJ228, and PAJ235). The strain with a decreased
transcription of mexXY was resistant up to four AMGs.
Taken together, the data supported that mexY transcription
was not associated with AMG resistance. This phenomenon
was previously observed in the animal and human isolates
[4, 25]. Therefore, high mexXY expression level is not an
absolute marker for high AMG resistance level among the P.
aeruginosa clinical isolates.

The predominant nucleotide change on MexZ, A(—112)
G, was located outside of the MexZ-binding domain, but
still situated in the predicted promoter of mexX located
between positions —88 and —133 [4]. It was found that the
presence and the number of single base mutations were not
correlated to the MexXY transcription level, and the absence
of mutation within the mexZ-mexX intergenic region did not
guarantee the low MexXY transcription level. Based on the
observations, it is unlikely that the mutations in the mexZ-
mexX intergenic region have substantial impacts on MexZ
functioning as a mexXY repressor.

The P. aeruginosa strains with comparable MexXY tran-
scription level expressed PA5471 at different level (2- to
13 fold), and MexXY transcription level among the strains
with comparable PA5471 transcription level was quite
different. Therefore, there was a lack of good correlation
between PA5471 expression level and mexXY transcription
level. Two isolates i.e., PAJ233 and PAJ232 overexpressed
PAS5471 up to 86 and 28 fold, respectively, but did not over-
produce MexXY, in agreement with a previous study in the
CF isolates [14]. In vice versa, three isolates with PA5471
expression level comparable to that of PAO1 (i.e. PAJ229,
PAJ240 and PAJ238) had elevated-MexXY expression (3- to
21-fold). These results suggest the existence of additional
regulatory mechanisms that manipulate mexXY expression in
the isolates. The strains with higher PA5471 expression pro-
duced neither higher mexXY transcriptional level nor higher
AMG MICs than those with less PA5471 expression. This
is best illustrated with PAJ233 that was not more resistant
to AMGs than PAJ288 and PAJ235. Hence, the prominent
PAS5471 expression cannot be a conclusive indicator of high
mexXY expression and high AMG resistance.

Sequencing analyses revealed the presence of single point
mutation, A G-367-T, only in rplY from two isolates. This
nucleotide change may have an impact on AMG resistance;
however, its actual effect on AMG MICs was not investi-
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gated in this study. Due to its location downstream of nuoG,
expression of nUOH was examined to confirm the complete
transcription of nuoG. Expression of nuoH was observed in
all the isolates, indicating the nuoG-complete transcription
and suggesting that the alteration of this gene did not play a
role in AMG resistance among the veterinary strains in this
study. Altogether, changes of nuoG, rplY and galU did not
significantly contribute to AMG resistance level in the dog
and cat isolates, similar to a previous observation in the hu-
man clinical isolates [14].

In conclusions, the results obtained in this study showed
the contribution of the MexXY efflux pump in AMG resis-
tance in the P. aeruginosa isolates from canine and feline
infections. MexXY expression alone cannot explain the
whole AMG resistance observed. The presence of MexXY-
regulatory mechanisms additional to mexZ and PA5471 is
suggested. The effects of nuoG, rplY and galU on AMG
resistance were insignificant in AMG resistance of the P. ae-
ruginosa dog and cat isolates. Further studies are warranted
to elucidate the whole picture of MexXY-regulatory machin-
ery in the AMG-resistant mutants in this study. Furthermore,
the systematic surveillance of antimicrobial resistance that is
usually performed in the pathogens from humans and live-
stocks is required for those from companion animals. The
prudent guideline for antimicrobial use should be elaborated
for pet animals to prevent and control the emergence and dis-
semination of the multidrug-resistant P. aeruginosa strains.
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Aminoglycoside resistance mechanisms in Pseudomonas aeruginosa
isolates from non-cystic fibrosis patients in Thailand
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Abstract: This study aimed to examine aminoglycosides (AMGs) resistance mechanisms, including the AMG-modifying enzyme
genes, mexXY, rplY, nuoG, and galU, in the Pseudomonas aeruginosa non-cystic fibrosis (CF) isolates in Thailand. One hundred
P. aeruginosa isolates from non-CF patients were examined for susceptibility to AMGs and for the presence of 10 AMG-modifying
enzyme genes. Thirty randomly selected isolates were tested for transcription of mexXY and nuoG and mutations in rplY and galU.
All the P. aeruginosa isolates exhibited simultaneous resistance to at least 4 AMGs. High resistance rates to amikacin (92%),
gentamicin (95%), streptomycin (99%), and tobramycin (96%) were observed, and all isolates were resistant to kanamycin,
neomycin, and spectinomycin. Nine AMG-modifying enzyme genes were detected, including aadA1 (84%), aadB (84%), aadA2 (67%),
ant(2")-Ia (72%), strA-strB (70%), aph(3')-1Ib (57%), aac(3')-Ia (40%), and aac(6’)-Ila (27%). None of the isolates harbored aac(6')-IIb. Of
30 isolates tested, all but 1isolate expressed MexXY. Two isolates did not express nuoG. Six isolates carried an amino acid change
in RplY, but none of the isolates harbored mutation in galU. The results indicated that the AMG-modifying enzyme genes were
widespread among the P. aeruginosa non-CF isolates. The MexXY efflux pump and inactivation for rplY played a role in AMG
resistance but disruption of nuoG or galU did not.

Key words: aminoglycoside-modifying enzymes, aminoglycoside resistance, MexXY, Pseudomonas aeruginosa, rplY gene.

Résumé : Cette étude visait a examiner les mécanismes de résistance aux aminoglycosides (AMG), notamment les genes codant
les enzymes de modification des AMG mexXY, nuoG et galU, dans des isolats de Pseudomonas aeruginosa provenant de patients
atteints de fibrose non-kystique en Thailande. La susceptibilité aux AMG et la présence de 10 enzymes de modification des AMG
ont été examinées chez 100 isolats de P. aeruginosa provenant de patients atteints de fibrose non-kystique. La transcription de
mexXY et nuoG de méme que la présence de mutations a I'intérieur des genes rplY et galU ont été étudiées dans 30 isolats choisis
au hasard. Tous les isolats de P. aeruginosa présentaient une résistance simultanée a au moins 4 AMG. Des taux de résistance élevés
al’amikacine (92 %), a 1a gentamicine (95 %), a 1a streptomycine (99 %) et a la tobramycine (96 %) ont été observés, et tous les isolats
étaient résistants a la kanamycine, a la néomycine et a la spectinomycine. Neuf génes codant des enzymes de modification de
I’AMG ont été détectés, dont aadAl (84 %), aadB (84 %), aadA2 (67 %), ant(2")-Ia (72 %), strA-strB (70 %), aph(3')-IIb (57 %), aac(3’)-Ia (40 %) et
aac(6')-Ila (27 %). Aucun des isolats ne possédait le géne aac(6’)-IIb. Des 30 isolats testés, tous exprimaient MexXY sauf un. Deux isolats
n’exprimaient pas nuoG. Six isolats comportaient un changement d’acide aminé a I'intérieur de RplY mais aucun isolat ne comportait
de mutation sur galU. Les résultats indiquent que les génes codant des enzymes de modification d’AMG étaient répandus parmi les
isolats de P. aeruginosa non kystiques. La pompe d’efflux MexXY et I'inactivation de rplY jouaient un role dans la résistance aux AMG,
contrairement a I'inactivation de nuoG et a galU. [Traduit par la Rédaction]

Mots-clés : enzymes de modification d’aminoglycosides, résistance aux aminoglycosides, MexXY, Pseudomonas aeruginosa, géne rplY.

Introduction

Pseudomonas aeruginosa represents the most frequent cause of
lung infection in cystic fibrosis (CF) patients. CF is a genetic
disease common within the Caucasian population (Pier 1998;
Costerton 2001). While CF varies in prevalence among different
racial and ethnic groups, the disease is rare in native Africans and
Asians (Hamosh et al. 1998). Concurrently, the pathogen is the
most well-known cause of hospital-acquired infections, particu-
larly in immunocompromised and burn patients, worldwide
including Thailand. Pseudomonas aeruginosa is notorious for re-
sistance to various antibiotics and is considered the ultimate su-
perbug. Several antibiotics are currently available for treatment
of P. aeruginosa infections. Among these, aminoglycosides (AMGs)
are potent bacteriocidal antibiotics that are a vital component for the
antipseudomonal combinations and are mostly used in synergy with
B-lactams. Two major drawbacks with AMG use include host toxicity

and bacterial resistance. Their nephro-, oto-, and audio-toxicities ap-
pear to be lessened by increasing dosing intervals and adjusting ad-
ministration routes, e.g., aerosolization in lung infection (Turnidge
2003). However, resistance to AMGs has been increasing and be-
come an important issue in P. aeruginosa therapy (Over et al. 2001;
Kim et al. 2008; Vaziri et al. 2011).

Resistance to AMGs typically occurs via drug inactivation,
impermeability, and active efflux pumps (Poole 2005). Among
these mechanisms, the inactivation by plasmid- or chromosome-
encoded modifying enzymes, traditionally including AMG phos-
phoryltransferase (APH), AMG acetyltransferase (AAC), and
AMG nucleotidyltransferase (ANT), is the most predominant
(Vakulenko and Mobashery 2003).

An individual P. aeruginosa can coharbor multiple modifying
enzyme genes, resulting in the panaminoglycoside resistance
phenotype (Vaziri et al. 2011).

Received 26 July 2012. Revision received 11 November 2012. Accepted 13 November 2012.

K. Poonsuk. Department of Veterinary Public Health, Faculty of Veterinary Science, Chulalongkorn University, Bangkok, Thailand.

C. Tribuddharat. Department of Microbiology, Faculty of Medicine, Mahidol University, Bangkok, Thailand.

R. Chuanchuen. Department of Veterinary Public Health; Center for Antimicrobial Resistance Monitoring in Foodborne Pathogens (in cooperation with WHO); Global
Foodborne Infections Network: South-East Asia and Western Pacific Region, Faculty of Veterinary Science, Chulalongkorn University, Bangkok, Thailand.

Corresponding author: Rungtip Chuanchuen (e-mail: rchuanchuen@yahoo.com).

Can. J. Microbiol. 59: 51-56 (2013) dx.doi.org/10.1139/cjm-2012-0465

4 Published at www.nrcresearchpress.com/cjm on 19 November 2012.


mailto:rchuanchuen@yahoo.com
http://dx.doi.org/10.1139/cjm-2012-0465

Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by UNIVERSITY OF MINNESOTA LIBRARIES on 04/23/13
For personal use only.

52

Table 1. Primers used in this study.
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Gene Primer Sequence (5'-3") Reference

rplY rplYF144-U ATCGCCCGAACGCTGGT Islam et al. 2009
rplYL902-L ATGCCGGGTCTGGTCGTATTC

gall galUF140-U CGAGCGCAGCCTGATTAGACT Islam et al. 2009
galUR1121-L ACAGCTCAGGTAGGGCGGATA

mexY mexYRTUP AGCTACAACATCCCCTA Chuanchuen et al. 2008
mexYRTdown AGCACGTTGATCGAGAAG

nuoH nuoHF657-U GCAGGAACTGGCGGACGG Islam et al. 2009
nuoHL823-L GGTCTTGGCGGCGAAGTAGAA

aadAl aadA1-F CTCCGCAGTGGATGGCGG Chuanchuen and Padungtod 2009
aadAl1-R GATCTGCGCGCGAGGCCA

aadA2 aadA2-F CATTGAGCGCCATCTGGAAT Chuanchuen and Padungtod 2009
aadA2-R ACATTTCGCTCATCGCCGGC

aadB aadB-F CTAGCTGCGGCAGATGAGC Chuanchuen and Padungtod 2009
aadB-R CTCAGCCGCCTCTGGGCA

aac(3')-la  aac3laup CTGACCAAGTCAAATCCATGCGGG Chuanchuen et al. 2008
aac3ladown CCACTGCGGGATCGTCACCG

aac(6')-Ila aac6llaup AGAGCGATGGCGGAAGAGTCC Chuanchuen et al. 2008
aac6llAdown  ATCCTGCCTTCTCATTGCAGCG

aac(6')-IIb  aacéllbup CCGAAGAAGGAGTGACGCCG Chuanchuen et al. 2008
aac6llbdown  GCGCAAACCGTTCACCAACGG

aph(3')-IIb  aph3IIbup GAACGAAACCCAGAGCGACGG Chuanchuen et al. 2008
aph3llbdown CAATCGATGAAGCCGCTGAAGC

ant(2")-la ant2laup TGGAGCAGCAACGATGTTACGC Chuanchuen et al. 2008
ant2ladown CCACTGGTGGTACTTCATCGG

strA strA-F TGGCAGGAGGAACAGGAGG Chuanchuen and Padungtod 2009
strA-R AGGTCGATCAGACCCGTGC

strB strB-F GCGGACACCTTTTCCAGCCT Chuanchuen and Padungtod 2009
strB-R TCCGCCATCTGTGCAATGCG

In addition to enzymatic mechanisms, nonenzymatic AMG re-
sistance mechanisms including the mexXY multidrug efflux sys-
tem, nuoG, rplY, and galU, have been identified on the P. aeruginosa
chromosome (EI'Garch et al. 2007). Of 12 pseudomonal multidrug
efflux pumps, the MexXY-OprM efflux pump is the only member
of the Resistance-Nodulation-Cell division family that has been
known to export AMGs (Aires et al. 1999; Masuda et al. 2000). The
inactivation of 4 genes, including nuoG, rplY, and galU, gradually
increases AMG resistance by reducing proton motif force, modi-
fying the AMG target, and impairing AMG binding and uptake in
the laboratory strain, respectively (Dean and Goldberg 2002).

Despite the problems, AMGs are still a pivotal antibiotic for
treatment of a severe P. aeruginosa infection. Since the distribution
of AMG resistance genes and other AMG resistance dynamically
changes depending on different selection pressures and variation
of strains, the study of resistance rate and relevant mechanisms is
periodically required. AMG resistance mechanisms have been
extensively studied in P. aeruginosa but mostly conducted in the
CF isolates. This study aimed to determine the occurrence of
AMG-modifying enzyme genes and the involvement of enzyme-
independent mechanisms in AMG resistance in the non-CF
P. aeruginosa isolates.

Materials and methods

Bacterial isolates

One hundred P. aeruginosa isolates were randomly selected from
the stock of the Department of Microbiology, Faculty of Medicine,
Siriraj Hospital, Bangkok, Thailand. They originated from the re-
spiratory tract (32%), the urogenital tract (21%), wound and pus
(28%), and other sources (i.e., cerebrospinal fluid, catheter, and
blood) (15%), from patients admitted to the hospital. The clinical
samples were collected, as part of routine clinical practice, from
patients initially receiving empirical treatment with p-lactam -
AMG combinations (i.e., ceftaxidine/gentamicin and (or) imi-
penem/amikacin) and admitted to the hospital. All the samples
were submitted for bacterial diagnosis and antimicrobial suscep-
tibility testing for clinical treatment at Clinical Microbiology Lab-

oratory. One sample was obtained from each patient. The VITEK
GNI card (bioMérieux Vitek, Inc., Hazelwood, Missouri) and the
API 20NE system (bioMérieux, Inc.) were used to identify all the
isolates. A single isolate was collected from each positive sam-
ple that was the first sample from each patient and stored at
-80 °C in 20% glycerol. The clonal relatedness of the isolates
was not assessed.

Antimicrobial susceptibility testing

Antimicrobial susceptibilities to 7 AMGs, amikacin, gentami-
cin, kanamycin, neomycin, streptomycin, and spectinomycin,
were determined by using minimal inhibitory concentration
(MIC) determination, as described in our previous study (Poonsuk
et al. 2012). Susceptibility to tobramycin was additionally per-
formed in this study using the 2-fold agar dilution method (CLSI
2008). Pseudomonas aeruginosa ATCC 27853 and PAO1 were used as
control strains.

PCR, RT-PCR, and DNA sequencing

PCR template DNA were whole-cell boiled lysates prepared as
previously described (Levesque et al. 1995). All PCR primers are
listed in Table 1. PCR amplifications were performed using KAPA
Taq ReadyMix (Kapa Biosystems Inc., Massachusetts, USA) accord-
ing to the manufacturer’s instruction. The rplY and galU genes
were amplified using the following primer pairs: rplY144-U-
rplYL902-L and galUF140-U-galUR1121-L, respectively. All PCR
products were purified from agarose gel using Nucleospin Extrac-
tlI (Mccherey-Nagel, Diiren, Germany) and sent for nucleotide se-
quencing at Macrogen Inc. (Seoul, South Korea). The resulting
DNA sequences for galU and rplY were compared, respectively,
with that of PA2023 and PA4671, available from the Pseudomonas
Genome Project (http:/[pseudomonas.com), respectively (Winsor
et al. 2011).

The presence of 10 AMG-modifying enzyme-encoding genes
were determined using PCR with the following primers: aadAl,
aadAl-F-aadA1-R; aadA2, aadA2-F-aadA2-R; aadB, aadB-F-aadB-R;
aac(3')-1a, aac3laup-aac3ladown; aac(6’)-Ila, aac6llaup-aac6lladown;
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Fig. 1. Distribution of minimal inhibitory concentration (MIC) of amikacin, gentamicin, kanamycin, neomycin, streptomycin, spectinomycin,

and tobramycin for 100 Pseudomonas aeruginosa isolates.
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aac(6’)-11b, aac6llbup-aac6llbdown; aph(3')1Ib, aph3IIbup-aph3lIbdown;
ant(2")-Ia, ant2Ilaup-ant2ladown; strA, strA-F-strA-R; and strB, strB-
F-strB-R.

Total RNA was isolated using a Total RNA Extraction Mini kit
(RBC Bioscience, New Taipei City, Taiwan), and DNA contaminants
were removed by treatment with RNase-free DNasel (Fermentas,
Ontario, Canada). cDNA was synthesized from 1 pg of total RNA
using ImProm-II Reverse Transcriptase (Promega, Wisconsin,
USA) with the reverse primer nuoHL823-L. The conventional PCR
were performed using nuoHF657-U and nuoHL823-L as described
above.

Statistical analysis

Statistical analysis was carried out using Fisher’s exact test in
STATA software version 8.0 (STATA Corp., College Station, Texas,
USA). A P value of <0.05 was considered statistically significant.
Odds ratios (OR) for significant associations were calculated. An
OR of >1 represents positive associations and of <1 represents
negative associations.

Results

Antimicrobial susceptibilities

All the P. aeruginosa isolates were simultaneously resistant to at
least 4 AMGs, while most exhibited high AMG resistance levels
(Fig. 1). Eighty-six percent were resistant to all AMGs tested. One
hundred percent of the isolates were resistant to kanamycin (MIC
range: 256 — >256 pg/mL), neomycin (MIC range: 64 - >256), and
spectinomycin (MIC range: 256 — >256). Resistance rates to amika-
cin, gentamicin, streptomycin, and tobramycin (MIC ranges:
8-2048,1->256, 4 - >256, and 8 - >256 p.g/mlL, respectively) were
92%, 95%, 99%, and 96%, respectively.

The presence of AMG-modifying enzyme-encoding genes

All the P. aeruginosa strains were screened for 10 AMG-modifying
enzyme-encoding genes (Table 2). All but 1isolate were positive for
at least 1 of the AMG resistance genes. Individual isolates carried
multiple AMG-modifying enzyme-encoding genes, up to 9 genes.
While most strains harbored aadA1 (84%) and aadB (84%), none of
them were positive for aac(6’)-IIb. The aadA2, ant(2")-Ia, and strA-
strB genes were present at a similar rate, 67%, 72%, and 70%, re-
spectively. The prevalence of the other AMG-modifying enzyme
genes tested were as follows: aph(3’)-IIb (57%), aac(3’)-Ia (40%),
and aac(6’)-Ila (27%), respectively. The AMG-modifying enzyme-
encoding genes were arranged in 53 patterns, of which the 2 most

common patterns were (i) aac(3')-Ia, aph(3’)-Ilb, ant(2")-Ia, aadB,
aadAl, aadA2, strA-strB (9%), and (i) aac(3')-Ia, ant(2")-Ia, aadB, aadAl,
aadA2, strA-strB (9%). In most cases, the presence of each resistance
gene matched the resistance phenotype. However, strain PA190
(gentamicin MIC = 4 pg/mL) was positive for aadB, ant(2")-Ia, and
aac(6')-Ila and susceptible to gentamicin.

Expression of mexY and nuoH

Thirty P. aeruginosa isolates were randomly selected and tested
for expression of mexY and nuoH (Table 3). All but 1 isolate ex-
pressed MexY. Transcription of nuoH was detected in 28 isolates.
Both isolates without nuoH expression were resistant up to 6
AMGs.

Mutations in rplY and galU

The 30 P. aeruginosa isolates that were assessed for mexY and
nuoH expression were further examined for the presence of mu-
tations in rplY and galU. Nucleotide sequencing analysis revealed
that 6 isolates were found to contain a single nucleotide change
G367-T in rplY, leading to Ala-123-Ser in RplY. No mutations were
found in galU.

Associations between resistance genes and phenotypes

When the associations between resistance genes and pheno-
types were statistically analyzed, the strong positive associations
(P < 0.05) were observed between ant(2”)-Ia and the gentamicin
resistance phenotype (OR = 11.83) and between aadA2 and the
amikacin resistance phenotype (OR = 17.77). The associations be-
tween resistance genes were also tested. The positive associations
(P < 0.05) were between gene pairs aadB/aadAl (OR = 6.40), aadAl/
aadA2 (OR = 4.42), aadA2/strA-strB (OR = 2.8), and ant(2")-Ia/strA-strB
(OR =2.8). Only aac(6’)-Ila exhibited negative association (P < 0.05)
with aadB (OR = 0.29).

Discussion

The P. aeruginosa strains in this study exhibited multiresistance
to AMGs, with high resistance level. Overall, AMG resistance rates
in this study were higher than those in previous studies (Over
et al. 2001; Kim et al. 2008; Vaziri et al. 2011). Such high resistance
rate and level could be explained by prior exposure to AMGs in
empirical combination therapy.

Most isolates exhibited a resistance phenotype consistent with
AMG-modifying enzymes observed, suggesting the regular expres-
sion of the genes. Interestingly, strain PA190 (gentamicin MIC =
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Table 2. Aminoglycoside (AMG)-modifying enzyme genes and resistance patterns in Pseudomonas

aeruginosa (n = 100).

Gene (no. of isolates)*

Resistance phenotype (no. of isolates)?

aac(3')-la, aac(6')-Ila, aph(3')-IIb, ant(2")-Ia, aadB, aadAl,
aadA2, strA-strB (2)
aac(3’')-Ia, aac(6’)-1la, ant(2")-Ia, aadB, aadAl,
aadA2, strA-strB (3)
aac(3’)-Ia, aph(3')-1Ib, ant(2")-Ia, aadB, aadAl,
aadA2, strA-strB (9)
aac(3')-Ia, aph(3')-IIb, ant(2")-Ia, aadB, aadAl, strA-strB (3)
aac(3')-Ia, ant(2")-Ia, aadB, aadAl, aadA2, strA-strB (9)
aac(6')-1la, aph(3')-1b, ant(2")-Ia, aadB, aadAl, strA-strB (3)
aph(3')-IIb, ant(2")-Ia, aadB, aadAl, aadA2, strA-strB (5)
aac(6’)-Ila, aph(3')-IIb, aadB, aadA1, aadA2 (3)

aph(3')-1Ib, ant(2")-Ia, aadB, aadAl, aadA2 (2)
aph(3')-IIb, ant(2")-Ia, aadB, aadA1, strA-strB (3)
aph(3')-IIb, aadB, aadAl, aadA2, strA-strB (2)
ant(2')-Ia, aadB, aadAl, aadA2, strA-strB (7)
aac(3’')-Ia, ant(2")-Ia, aadB, aadAl (2)
aph(3')-1Ib, ant(2")-Ia, aadB, aadA1 (2)

aph(3')-IIb, aadB, aadAl, strA-strB (2)
aph(3')-IIb, aadB, aadA2, strA-strB (2)
aadB, aadAl, aadA2, strA-strB (2)
aph(3')-IIb, ant(2")-Ia, aadB (2)

aadB, aadAl, aadA2 (2)

aadB, aadA1 (2)

AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
AMK-GEN-KAN-NEO-STR-SPC-TOB (3)
AMK-GEN-KAN-NEO-STR-SPC-TOB (9)

AMK-GEN-KAN-NEO-STR-SPC-TOB (3)
AMK-GEN-KAN-NEO-STR-SPC-TOB (9)
AMK-GEN-KAN-NEO-STR-SPC-TOB (3)
AMK-GEN-KAN-NEO-STR-SPC-TOB (5)
GEN-KAN-NEO-STR-SPC-TOB (1)
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
AMK-GEN-KAN-NEO-STR-SPC-TOB (3)
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
AMK-GEN-KAN-NEO-STR-SPC-TOB (7)
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
AMK-GEN-KAN-NEO-STR-SPC-TOB (1)
GEN-KAN-NEO-STR-SPC-TOB (1)
KAN-NEO-STR-SPC (1)
GEN-KAN-NEO-STR-SPC-TOB (1)
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
GEN-KAN-NEO-STR-SPC-TOB (1)
AMK-GEN-KAN-NEO-STR-SPC-TOB (1)
AMK-KAN-NEO-STR-SPC-TOB (1)
AMK-GEN-KAN-NEO-STR-SPC-TOB (1)
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)

a0nly the patterns with at least 2 isolates are shown.

bPAMK, amikacin; GEN, gentamicin; KAN, kanamycin; NEO, neomycin; STR, streptomycin; SPC, spectinomycin;

TOB, tobramycin.

Table 3. Aminoglycoside (AMG) resistance mechanisms in Pseudomonas aeruginosa (n = 30).

AMG resistance

For personal use only.

AMG-modifying enzyme-encoding gene
(no. of isolates)><

AMG resistance pattern
(no. of isolates)>4
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aac(3')-Ia, aph(3')-IIb, ant(2")-Ia, aadB, aadAl,

aadA2, strA-strB (3)
aac(3’')-Ia, aph(3')-1Ib, ant(2")-Ia, aadB, aad, strA-strB (3)
aph(3')-1Ib, ant(2")-Ia, aadB, aadAl, aadA2, strA-strB (3)
aac(3’)-Ia, aph(3')-1Ib, ant(2")-Ia, aadB, aadAl, aadA2
aac(3')-Ia, aac(6’)-Ila, aph(3')-IIb, ant(2")-Ia, aadB, aadAl
aac(6')-1la, aph(3')-1Ib, aadAl, aadA2, strA-strB
aac(6')-Ila, aph(3')-1Ib, aadB, aadAl, strA-strB
aph(3')-1Ib, aadB, aadAl, aadA2, strA-strB
aac(6')-Ila, aph(3')-1Ib, aadB, aadAl, aadA2 (3)

aph(3')-IIb, aadB, aadAl, strA-strB
aac(6')-Ila, aph(3')-1b, ant(2")-Ia, aadB
aph(3')-IIb, ant(2")-Ia, aadB, aadAl
aac(3')-Ia, aph(3')-1Ib, aadB

aph(3')-1Ib, ant(2")-Ia, aadB (2)
aph(3')-1Ib, aadB, aadA2, strA-strB (2)
aph(3')-IIb, aadB, aadA1, aadA2
aph(3')-1Ib, aadB, aadAl, strA-strB
aph(3')-IIb

AMK-GEN-KAN-NEO-STR-SPC-TOB (3)

AMK-GEN-KAN-NEO-STR-SPC-TOB (3)
AMK-GEN-KAN-NEO-STR-SPC-TOB (3)
AMK-GEN-KAN-NEO-STR-SPC-TOB
GEN-KAN-NEO-STR-SPC-TOB
AMK-GEN-KAN-NEO-STR-SPC-TOB
AMK-GEN-KAN-NEO-STR-SPC-TOB
AMK-GEN-KAN-NEO-STR-SPC-TOB
GEN-KAN-NEO-STR-SPC-TOB
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
AMK-GEN-KAN-NEO-STR-SPC-TOB
AMK-GEN-KAN-NEO-STR-SPC-TOB
GEN-KAN-NEO-STR-SPC-TOB
AMK-KAN-NEO-STR-SPC-TOB
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
AMK-GEN-KAN-NEO-STR-SPC-TOB (2)
AMK-GEN-KAN-NEO-STR-SPC-TOB
KAN-NEO-STR-SPC
AMK-GEN-KAN-NEO-SPC-TOB

I + - - 1(3.3)  aac(6')Ia, aph(3')-Ib, aadAl, aadA2 AMK-GEN-KAN-NEO-STR-SPC-TOB
v - - Ala-123-Ser 1(3.3) aph(3’')-1Ib, aadA2, strA-strB AMK-GEN-KAN-NEO-STR-SPC-TOB

Note: AMK, amikacin; GEN, gentamicin; KAN, kanamycin; NEO, neomycin; STR, streptomycin; SPC, spectinomycin; TOB, tobramycin.

a4+, expressed; —, not expressed.

bThe patterns represented by only 1 isolate are shown without a number.

Each gene encodes AMG resistance as follows: aadA1, streptomycin and spectinomycin; aadA2, streptomycin and spectinomycin; aadB, gentamicin, kanamycin, and
tobramycin; aac(3’)-Ia, gentamicin; aac(6’)-Ila, gentamicin and tobramycin; aac(6’)-Ilb, gentamicin and tobramycin; aph(3’)-IIb, gentamicin, kanamycin and neomycin;
and ant(2")-Ia, gentamicin, kanamycin, and tobramycin.

4AMK, amikacin; GEN, gentamicin; KAN, kanamycin; NEO, neomycin; STR, streptomycin; SPC, spectinomycin; and TOB, tobramycin.
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4 pg/mL) carried up to 3 gentamicin resistance encoding genes but
was still susceptible to the antibiotic based on MIC determination.
The exact reason for the sensitive phenotype of this strain is still
unknown. However, similar observations were previously demon-
strated in Staphylococcus epidermidis susceptible to oxacillin and (or)
gentamicin (Martineau et al. 2000a) and Staphylococcus aureus sus-
ceptible to oxacillin and (or) erythromycin (Martineau et al.
2000D). A few explanations were suggested to explain these phe-
nomena, including the regulation of gene expression, lack of host
factors required for the phenotypic expression, and the border-
line of MIC breakpoints (Martineau et al. 2000a, 2000b). In this
study, P. aeruginosa isolates contained multiple AMG resistance
genes, which is inconsistent with previous studies reporting that
the majority of resistant isolates harbor only a single AMG-
modifying gene (e.g., Miller et al. 1997). However, the findings
could explain the panaminoglycoside resistance patterns of the
strains in this collection. The most frequent resistance genes were
aadA1 (84%) and aadB (84%). Both aadAl and aadB genes are com-
monly found in foodborne pathogens, particularly Salmonella
enterica and Escherichia coli (Sunde and Norstrom 2006; Chuanchuen
and Padungtod 2009), indicating their wide circulation among
different bacterial species. The existence of identical genes in
different bacterial hosts from different sources suggests their lo-
calization of transferable elements, e.g., plasmid, transposon.
However, horizontal transfer was not tested in this study.

The ant(2”)-I and aac(6’)-II genes represent the most common
AMG-modifying enzyme genes in P. aeruginosa (Poole 2005; Vaziri
etal. 2011). In this study, ant(2")-Ia was detected at a high rate (72%)
that is much higher than that reported in the USA and Europe
(Miller et al. 1997). Of 2 aac(6’)-II genes tested, only aac(6’)-Ila gene
was found (27%). The reason for such dominance remains unclear
and may be associated with the type of AMGs used in the country.
The aac(6')-II gene was prevalent in Iran (36%) (Vaziri et al. 2011)
and Europe (32.5%) (Miller et al. 1997). Conversely, a Korean na-
tionwide study showed the absence of aac(6’)-Il among the P.
aeruginosa isolates (Kim et al. 2008). The variation was suggested to
be a result of different types of AMGs used in different counties,
difference in bacterial strains, and different geographical pres-
ence of AMG-modifying genes (Vaziri et al. 2011).

Statistical analyses revealed the strong positive associations be-
tween some resistance gene pairs. The possible explanation could
be co-localization of the genes on the same genetic elements or
the distribution of the same clonal isolates. However, genetic re-
latedness and plasmids were not analyzed in this study. Strong
positive association of ant(2”)-I and gentamicin resistance pheno-
type was also observed, supporting its predominance in the
P. aeruginosa clinical isolates. In contrast, aac(6’)-Ila exhibited neg-
ative association with aadB. The latter may be explicated by an
unstable existence of the genes on plasmids in the same incom-
patibility groups.

The varied impact of MexXY on AMG resistance has been previ-
ously demonstrated in the P. aeruginosa human and animal iso-
lates (Sobel et al. 2003; Vogne et al. 2004; Chuanchuen et al. 2008).
In this study, almost all of the isolates (n = 29) expressed MexY.
This corresponds to a previous study showing that a high propor-
tion of CF strains (17/20) overproduced MexXY, and the expression
was associated with AMG resistance (Islam et al. 2009). Another
study in the CF isolates also demonstrated a dramatic increase in
MexXY production in the AMG-resistant strains (Vogne et al.
2004). However, the exact contribution and expression of MexXY
was not assessed in the present study. The only strain without
MexXY expression (Gr. IV) was resistant to all AMGs tested, indi-
cating that MexXY may not participate in AMG resistance in this
isolate. Vice versa, a substantial MexXY production was previously
detected in an AMG-susceptible CF isolate (Vogne et al. 2004).
Taken together, the data support that the MexXY efflux system
does not always play a crucial role in AMG resistance in each
individual P. aeruginosa clinical isolate and, its significance in AMG
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resistance varies. The MexXY non-producer carried an Ala-123-Ser
amino acid change in RplY and 3 modifying enzymes, i.e., aph(3')-IIb,
aadA2, strA-strB, that are associated with its AMG resistance. How-
ever, these resistance determinants could not explain whole AMG
resistance phenotypes of the strain, suggesting the presence of
uncharacterized AMG resistance mechanisms.

The nuoG gene resides in the nuoABDEFGHIJKLMN operon, and its
complete transcription was investigated by determination of
nuoH transcription. The mRNA production of nuoH was not ob-
served in 2 isolates (Gr. III and IV), which is in agreement with a
previous study reporting that only 1 of 40 CF isolates had dis-
rupted nuoG (Islam et al. 2009). While protonmotive force in these
2 strains may be damaged due to the disrupted nuo operon,
1isolate expressed MexXY. In this case, the MexXY pumps in the
latter may not fully function.

Six out of 30 strains (Gr. I and IV) carried an Ala-123-Ser amino
acid substitution in RplY that has never been previously reported
in the P. aeruginosa isolates. This observation disagreed with a
previous report in the CF isolate, where no mutations were found
in rplY (Islam et al. 2009). This variation may be attributed to the
strain variation and difference in selection pressure generated by
different AMG use.

No mutations were observed in galU in all examined isolates,
which is in agreement with a previous study (Islam et al. 2009).
Taken together, inactivation of galU is unlikely to play a role in
AMG resistance in either the CF or non-CF P. aeruginosa isolates.

The unequal number of isolates used for screening AMG resis-
tance genes (n = 100) and assessing the non-enzymatic AMG resis-
tance mechanisms (n = 30) should be also noted. The observations
in the latter may not represent the contribution of the same
mechanisms in the isolates not tested. Even though the participa-
tion of galU, nuoG, and rplY in AMG resistance appeared insignifi-
cant, the impact of MexXY and AMG resistance genes may not be
precisely compared in this study. Pseudomonas aeruginosa normally
combines several mechanisms to become resistant to an antibi-
otic. While MexXY partly contributes to AMG resistance (Sobel
et al. 2003; Chuanchuen et al. 2008) and synergizes the effect of
AMG-modifying enzymes (Morita et al. 2012), its influence is vari-
able in different strains. Owing to the existence of other as yet
uncharacterized mechanisms, the contribution of each AMG re-
sistance mechanism cannot be directly from resistance pheno-
types or MIC values. Therefore, further investigations are required
to evaluate the actual effect of these mechanisms to AMG suscep-
tibility, e.g., determination of gene expression and deletion of
individual genes by allelic exchange.

In conclusion, the AMG-modifying enzyme genes were wide-
spread in the non-CF P. aeruginosa isolates. Of the isolates tested,
most strains expressed MexXY. Two isolates did not produce the
nuoG mRNA. Six carried an amino acid change in RplY, but none of
the isolates harbored mutation in galU. Further studies are re-
quired to elucidate uncharacterized AMG resistance mechanisms
in the P. aeruginosa non-CF isolates.
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