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Abstract  The  aim  of  this  study  was  to  determine  the  antimicrobial  susceptibility,  virulence
genotypes,  presence  of  extended  spectrum  �-lactamase  (ESBL)  and  carbapenemase  genes,  and
clonality of  Pseudomonas  aeruginosa  isolates  responsible  for  lower  respiratory  tract  infections  in
patients admitted  to  the  National  Bone  Marrow  Transplant  Center  (NBMTC)  of  Tunisia.  During  the
11-year study  period,  a  total  of  50  P.  aeruginosa  isolates  were  responsible  for  lower  respiratory
tract infections.  Isolates  were  studied  by  determining  their  serotypes,  antimicrobial  suscepti-
bility, genes  encoding  ESBL/carbapenemases  and  virulence  factors,  and  genetic  relatedness  by
ERIC-PCR.  High  to  moderate  resistance  rates  were  observed  for  ticarcillin,  ticarcillin---clavulanic
acid, piperacillin---tazobactam,  ceftazidime,  cefepime,  imipenem,  meropenem,  ciprofloxacin,
amikacin, and  fosfomycin.  One  isolate  showed  an  ESBL  phenotype  encoded  by  the  blaSHV-2a

gene.  Of  13  isolates  resistant  to  both  imipenem  and  meropenem,  the  blaGES gene  was  amplified
in nine  isolates.  Isolates  exhibited  19  virulence  genotypes,  of  which  five  were  prevalent:  V1
(14 genes;  n  =  14),  V2  (14  genes,  n  =  6),  V3  (all  genes,  n  =  6),  V4  (13  genes,  n  =  5),  and  V5  (13
genes, n  =  5).  ERIC-PCR  showed  high  genetic  heterogeneity.  These  findings  highlight  the  high
genetic heterogeneity  of  P.  aeruginosa  isolates  in  these  neutropenic  patients,  as  well  as  their
remarkable pathogenic  power,  raising  significant  concern.
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Alta  virulencia  y  heterogeneidad  genética  en  aislamientos  de  Pseudomonas
aeruginosa  de  infecciones  del  tracto  respiratorio  inferior  en  pacientes  neutropénicos

Resumen  El  objetivo  de  este  estudio  fue  evaluar  un  conjunto  de  aislados  de  Pseudomonas
aeruginosa  responsables  de  infecciones  de  las  vías  respiratorias  bajas  en  pacientes  ingresa-
dos en  el  Centro  Nacional  de  Trasplante  de  Médula  Ósea  (CNTMO)  de  Túnez,  focalizando  en
la sensibilidad  a  los  antimicrobianos,  los  genotipos  de  virulencia,  la  presencia  de  genes  de  �-
lactamasa  de  espectro  extendido  (BLEE)  y  carbapenemasa  y  la  clonalidad.  Durante  un  período
de estudio  de  11  años,  se  recuperaron  50  aislados  de  P.  aeruginosa  a  partir  de  infecciones
respiratorias  bajas.  Se  determinaron  los  serotipos  y  el  parentesco  genético  se  estableció  medi-
ante la  técnica  ERIC-PCR.  Se  observaron  tasas  de  resistencia  de  moderadas  a  altas  frente
a ticarcilina,  ticarcilina-ácido  clavulánico,  piperacilina-tazobactam,  ceftazidima,  cefepima,
imipenem,  meropenem,  ciprofloxacina,  amikacina  y  fosfomicina.  Solo  un  aislado  presentó  el
fenotipo BLEE  codificado  por  el  gen  blaSHV-2a.  Entre  las  13  cepas  resistentes  a  imipenem  y
meropenem,  9  dieron  positiva  la  amplificación  del  gen  blaGES.  Los  aislados  exhibieron  19  genoti-
pos de  virulencia,  de  los  cuales  5  fueron  predominantes:  V1  (14  genes;  n  =  14),  V2  (14  genes;
n =  6),  V3  (todos  los  genes;  n  =  6),  V4  (13  genes;  n  =  5)  y  V5  (13  genes;  n  =  5).  La  ERIC-PCR  rev-
eló una  elevada  heterogeneidad  genética.  Estos  hallazgos  evidencian  la  gran  heterogeneidad
genética de  los  aislados  de  P.  aeruginosa  en  estos  pacientes  neutropénicos,  así  como  su  alto
potencial patógeno,  lo  que  constituye  un  importante  motivo  de  preocupación  clínica.
© 2026  Los  Autores.  Publicado  por  Elsevier  España,  S.L.U.  en  nombre  de  Asociación  Argentina
de Microbioloǵıa.  Este  es  un  art́ıculo  Open  Access  bajo  la  licencia  CC  BY-NC-ND  (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

I

P
a
a
h
i
v
i
a

i
h
r
(
a
a

v
l
(
t
g
E
T
p
E

e
b
l
c
a

t
d
t
p
t
t
a
s
a
i
h

i
l
i
c
c
g
t

c
e
g
l
N

M

S

ntroduction

seudomonas  aeruginosa  is  commonly  found  in  hospitals
nd  contributes  significantly  to  the  occurrence  of  several
cute  and  chronic  nosocomial  infections1. Life-threatening
ealthcare-associated  infections,  such  as  bloodstream
nfections,  urinary  tract  infections,  burn  wound  infections,
entilator-associated  pneumonia,  and  cystic  fibrosis  morbid-
ty,  are  more  common  among  immunocompromised  patients
nd  those  confined  to  intensive  care  units2,3.

P.  aeruginosa  carries  multiple  virulence  factors  contribut-
ng  to  successful  infection  and  causing  disease,  which  are
ighly  controlled  by  cell-to-cell  signaling  systems  called  quo-
um  sensing  (QS)  system  (lasR/lasI  and  rhlR/rhlI).  Toxin  A
ToxA,  also  known  as  ExoA),  exoenzymes  (ExoT,  ExoY,  ExoS,
nd  ExoU),  alkaline  protease  AprA  and  the  elastases  LasA
nd  LasB  are  the  principal  virulence  factors3,4.

Pseudomonas  spp.  exotoxin  A  (ToxA  or  PE),  the  most  toxic
irulence  factor,  secreted  by  the  majority  of  clinical  iso-
ates,  is  encoded  by  the  chromosomally  located  toxA  gene
also  known  as  exoA). This  gene  inhibits  the  host  cell’s  ability
o  synthesize  proteins  by  inactivating  the  eukaryotic  elon-
ation  factor  23.  The  exoenzymes  ExoS,  ExoT,  ExoU,  and
xoY  are  effector  exotoxins  of  the  type  III  secretion  system.
he  cytotoxic  phospholipase  ExoU  disrupts  the  host  cyto-
lasmic  membrane  causing  cell  lysis,  while  the  cytotoxins
xoS,  ExoT,  and  ExoY  disrupt  the  actin  cytoskeleton5,6.

The  alkaline  protease,  also  known  as  aeruginolysin,
ncoded  by  the  aprA  gene,  facilitates  phagocytic  evasion

y  disrupting  two  endothelium  constituents,  fibronectin  and
aminin,  and  breaking  down  complement  proteins  as  well  as
ytokines.  Additionally,  it  cleaves  free  flagellin  monomers
nd  reduces  mucocilliary  bacterial  clearance  by  activating
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he  epithelial  sodium  channel7.  The  elastases  LasA  and  LasB
estroy  elastin,  an  important  component  of  the  pulmonary
issue  and  blood  vessels,  impairing  lung  function  and  causing
ulmonary  hemorrhage8.  The  alginate  capsule,  encoded  by
he  algD  gene,  protects  P.  aeruginosa  against  host  phagocy-
osis  and  scavenging  ROS  released  by  activated  macrophages
nd  neutrophils  during  the  chronic  infection9.  It  plays  a
ignificant  role  in  chronic  lung  infections10.  Moreover,  P.
eruginosa  produces  two  phospholipases  C  (PLCs)  hydrolyz-
ng  various  phospholipids  of  the  host  cell  membrane,  namely,
emolytic  PlcH  and  nonhemolytic  PlcN11.

In  addition  to  the  potential  virulence  of  P.  aeruginosa,
nfections  caused  by  this  bacterium  are  particularly  prob-
ematic  in  health  care  settings,  as  the  bacterium  is  becoming
ncreasingly  resistant  to  antibiotics,  making  it  more  diffi-
ult  to  treat12. Indeed,  the  World  Health  Organization  lists
arbapenem-resistant  P.  aeruginosa  among  the  ‘‘critical’’
roup  of  bacteria  that  require  immediate  and  innovative
reatment  in  clinical  settings11.

The  aims  of  this  study  were  to  determine  the  antimi-
robial  susceptibility,  virulence  genotypes,  occurrence  of
xtended  spectrum  �-lactamase  (ESBL)  and  carbapenemase
enes,  and  clonality  of  P.  aeruginosa  isolates  responsible  for
ower  tract  respiratory  infections  in  patients  admitted  to  the
ational  Bone  Marrow  Transplant  Center  (NBMTC)  of  Tunisia.

aterials and methods

election,  identification  and  serotyping  of  isolates
ll  non-duplicated  P.  aeruginosa  strains  isolated  from  lower
espiratory  tract  samples,  with  a  bacterial  enumeration
reater  than  107 UFC/ml,  in  patients  admitted  to  the  NBMTC
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ver  an  11-year  period  (from  January  2008  to  December
018)  were  included  in  this  study.  The  isolates  were  iden-
ified  using  conventional  methods  (oxidase  testing,  Gram
taining)  and  API20NE  (Biomerieux®).  Serotypes  of  isolates
ere  determined  using  the  slide  agglutination  technique
ith  specific  antiserum  (Sanofi  Diagnostics  Pasteur,  Marnes-
a-coquette,  France).  All  isolates  were  stored  in  brain  heart
nfusion  broth  (Bio-Rad)  with  20%  glycerol  at  -20 ◦C  for  fur-
her  molecular  investigation.

ntimicrobial  susceptibility  testing

ntimicrobial  susceptibility  testing  was  performed  using
he  Kirby-Bauer  (disc-diffusion)  method  on  Mueller  Hin-
on  (MH)  agar  (Bio-Rad)  in  accordance  with  the  stan-
ards  and  recommendations  of  the  Antibiogram  Com-
ittee  of  the  French  Society  of  Microbiology  (CA-

FM/EUCAST.,2017)13.  The  tested  antibiotics  (Bio-Rad)
ncluded  ticarcillin  (75  �g),  ticarcilline---clavulanic  acid
75/10  �g),  piperacillin  (75  �g),  piperacillin---tazobactam
75/10  �g),  ceftazidime  (10  �g),  cefepime  (30  �g),  aztre-
nam  (30  �g),  imipenem  (10  �g),  meropenem  (10  �g),
entamicin  (10  �g),  tobramycin  (10  �g),  netilmicin  (30  �g),
mikacin  (30  �g),  ciprofloxacin  (5  �g),  and  fosfomycin
50  �g).  ESBL  production  was  detected  by  the  double-disk
ethod  (CA-SFM/EUCAST.,  2017)13.  Isolates  were  considered
ultidrug-resistant  (MDR)  if  they  were  resistant  to  three  or
ore  antibiotics  from  different  families14.

etection  of  virulence-,  ESBL-  and  carbapenemase
enes

enomic  DNA  extraction  was  performed  using  the
nstaGeneTM matrix  (BioRad,  California,  USA)  according  to
he  manufacturer’s  instructions.  Fifteen  virulence  genes
lasB,  algD, toxA, plcN, plcH, aprA, exoU, exoS, exoY, exoT,
asI,  lasR, rhlR, rhlI,  and  rhlAB) were  investigated  by  PCR
s  previously  reported15---18.  ESBL-encoding  genes  (blaSHV,
laCTXM,  blaTEM,  blaGES and  blaPER)  and  carbapenemase  genes
blaVIM,  blaIMP,  blaIMI,  blaGES,  blaNDM,  blaOXA-48,  and  blaKPC)
ere  investigated  in  ceftazidime  and  carbapenem-resistant

trains,  respectively,  by  PCR  as  previously  reported19---23.
ositive  and  negative  control  strains  of  our  collection  were
sed24.

RIC-PCR  typing

he  ERIC-PCR  (Enterobacterial  Repetitive  Intergenic
onsensus)  technique  was  used  to  type  P.  aeruginosa

solates.  This  is  a  molecular  typing  method  used  to  study
he  genetic  diversity  of  P.  aeruginosa  strains.  This  tech-
ique  relies  on  the  amplification  of  specific  repetitive
ntergenic  DNA  sequences  in  P.  aeruginosa  using  ERIC  primer
equences25.  The  PCR  products  were  then  analyzed  to
valuate  the  genetic  similarity  among  the  strains.
tatistical  analysis

he  association  between  virulence  genes  and  MDR  isolates
as  analyzed  using  the  Chi-square  test.
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.  aeruginosa  origin  and  serotypes

uring  the  11-year  study  period,  a  total  of  319  P.  aerugi-
osa  isolates  were  collected  from  various  clinical  samples:
15  (67.39%)  of  them  were  from  infection  sites,  of  which
0  (50/319;  15.67%)  isolates  were  responsible  for  lower
espiratory  tract  infections.  Isolates  were  collected  from
arious  hospital  units,  including  external  consultation  (42%),
ematology  (28%),  day  hospital  (14%),  transplant  (12%),  and
ntensive  care  (4%).

P.  aeruginosa  isolates  mainly  belonged  to  serotype  O:6
n  =  16;  32%),  followed  by  serotypes  O:3  (n  =  6;  12%),  O:11
n  =  5;  10%),  and  O:1  (n  =  4;  8%).  The  remaining  six  (12%)
solates  were  untypeable  (Fig.  1  and  Supplementary  data
1).

.  aeruginosa  antimicrobial  susceptibility

ntibiotic  resistance  rates  were  30%  for  ticarcillin,  34%  for
icarcillin---clavulanic  acid,  18%  for  piperacillin---tazobactam,
6%  for  ceftazidime,  18%  for  cefepime,  30%  for  imipenem,
6%  for  meropenem,  18%  for  ciprofloxacin,  18%  for  amikacin,
nd  18%  for  fosfomycin.  Only  one  (2%)  isolate  showed  an
SBL  phenotype.  A  multidrug  resistance  phenotype  was
bserved  in  14%  of  isolates  (Table  1).

la-gene  prevalence

mong  the  13  isolates  resistant  to  both  imipenem  and
eropenem,  only  blaGES was  amplified  in  nine  isolates,

epresenting  69.2%.  Among  the  eight  ceftazidime-resistant
solates,  the  blaSHV-2a gene  was  amplified  (n  =  1)  in  the  isolate
howing  an  ESBL  phenotype.

revalence  of  virulence  genes

.  aeruginosa  isolates  exhibited  19  virulence  genotypes
Table  2).  Five  virulence  genotypes  were  prevalent  (present
n  36  isolates  (72%)):  V1  (associating  14  genes;  n  =  14),  V2  (14
enes,  n =  6),  V3  (all  genes,  n  =  6),  V4  (13  genes,  n  =  5),  and
5  (13  genes,  n  = 5).  No  statistically  significant  association
etween  imipenem-resistant  isolates  and  virulence  genes
as  found  (Fig.  2).

.  aeruginosa  typing

RIC-PCR  showed  high  genetic  heterogeneity;  with  each  iso-
ate  displaying  a  unique  ERIC-PCR  fingerprint.

iscussion

nly  a small  percentage  (15.67%)  of  P.  aeruginosa  was
esponsible  for  lower  respiratory  tract  infections  in  hemato-

ncology  patients  in  this  study.  However,  this  species
s  highly  virulent  in  neutropenic  patients  mainly  causing
loodstream  infections,  respiratory  infections,  urinary  tract
nfections,  and  skin  and  soft  tissue  infections26.
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Figure  1  Serotype  distribution  of  P.  aeruginosa  isolates  recovered  from  low  respiratory  infection.  NT:  untypeable.

Table  1  Phenotypic  and  genotypic  traits  of  the  imipenem-resistant  P.  aeruginosa  isolates  recovered  from  lower  respiratory
tract infections.

Unit  Date  Reference  Antimicrobial  resistance  profile  bla  genes  Serotype

EC  26/10/2009  6897-2  IMI-MER-FOS  blaGES O:3
TU 14/06/2010  4101  AZT-CEF-TIC-TIC/AC-PIP-PIP/TAZ-CAZ-IMI-MER-GEN-NET-TOB-AMI-CIP-FOS  blaSHV-2a O:11
EC 27/12/2010  8398-3  IMI-MER-NET  blaGES O:6
HU 26/11/2010  7645  AZT-CEF-TIC-TIC/AC-PIP-PIP/TAZ-CAZ-IMI-MER-GEN-NET-AMI-CIP-FOS  ---  O:6
EC 11/10/2010  6613  AZT-TIC-TIC/AC-IMI-MER-GEN-NET-TOB-FOS  blaGES O:3
HU 09/09/2011  5669-1  TIC-TIC/AC-IMI-MER  blaGES O:3
HU 18/04/2011  2371  IMI  ---  O:6
TU 25/12/2012  9553  IMI-MER-GEN-NET-AMI  blaGES O:11
TU 01/11/2012  8091  TIC-TIC/AC-PIP-PIP/TAZ-CAZ-IMI-MER-NET-CIP  ---  O:12
HU 12/09/2015  6057-1  TIC-IMI-MER-FOS  blaGES O:10
HU 10/02/2016  879  AZT-IMI  ---  O:6
ICU 29/04/2016  2977  AZT-CEF-TIC-TIC/AC-PIP-PIP/TAZ-CAZ-IMI-MER-GEN-AMI-CIP  ---  NT
HU 28/12/2017  7221  AZT-CEF-TIC-TIC/AC-PIP-PIP/TAZ-IMI-MER-GEN-NET-TOB-AMI-CIP-FOS  blaGES O:13
TU 19/12/2018  26362  AZT-TIC-AC-PIP-IMI-MER-FOS  blaGES O:1
HU 13/07/2018  7844  PIP-IMI-MER  blaGES O:1

AZT: aztreonam; CEF: cefepime; TIC: ticarcillin; TIC/AC: ticarcillin---clavulanic acid; PIP: piperacillin; PIP/TAZ: piperacillin---tazobactam;
CAZ: ceftazidime; IMI: imipenem; MER: meropenem; AMI: amikacin; CIP: ciprofloxacin; FOS: fosfomycin; HU: hospital units; EC: external
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consultation; HU: hematology unit; DH: day hospital; TU: transp
absence.

Antimicrobial-resistance  is  globally  a  serious  problem
or  human  and  animal  health.  Certainly,  this  phe-
omenon  complicates  the  care  of  critically  ill  patients
uch  as  immunocompromised  patients  with  hematologi-
al  malignancies27.  Relatively  high  antimicrobial  resistance
ates  were  observed  in  this  study,  especially  against  clini-
ally  relevant  antibiotics  such  as  ticarcillin---clavulanic  acid,

iperacillin---tazobactam,  ceftazidime,  cefepime,  carbapen-
ms,  and  ciprofloxacin.  Similar  antimicrobial  resistance
ates  have  been  reported  in  P.  aeruginosa  isolates  collected
rom  various  origins  in  neutropenic  patients28,29. In  addition,

P
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unit; ICU: intensive care unit; NT: untypeable; +: presence; −:

 MDR  phenotype  was  observed  in  14%  of  isolates.  Infections
ue  to  MDR  P.  aeruginosa  were  associated  with  recent  use  of
arbapenems  and  other  beta-lactams  and  fluoroquinolones,
entilator  care,  and  P.  aeruginosa  infection  or  colonization
ithin  the  previous  year30.

Carbapenem-resistant  isolates  accounted  for  30%  (30%
or  imipenem  and  26%  for  meropenem)  of  the  total

.  aeruginosa  isolates,  of  which  six  were  MDR.  Over
he  last  two  decades,  carbapenem-resistant  P.  aerugi-
osa  has  emerged  as  a serious  threat  to  human  health,
s  most  of  these  isolates  exhibited  multidrug-resistant
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Table  2  Virulence  genotype  profiles  detected  in  the  50  P.  aeruginosa  isolates.

Virulotype  Virulence  genotypes  Number  of  isolates

lasR  lasB  algD  lasI  rhlR  rhlAB  rhlI  plcN  plcH  toxA  aprA  exoS  exoU  exoY  exoT

V.1  +  +  +  +  +  +  +  +  +  +  +  +  −  +  +  14
V.2 +  +  +  +  +  +  +  +  +  +  +  −  +  +  +  6
V.3 +  +  +  +  +-  +  +  +  +  +  +  +  +  +  +  6
V.4 +  +  +  +  +  +  +  +  +  +  +  −  +  +  −  5
V.5 + +  +  +  +  +  −  +  +  +  +  +  −  +  +  5
V.6 + +  +  +  +  +  +  +  +  +  +  +  +  +  −  1
V.7 + +  +  +  +  +  +  +  +  +  +  +  +  −  +  1
V.8 + +  +  +  +  +  +  +  +  +  +  −  +  −  −  1
V.9 +  +  +  +  +  +  −  +  +  +  +  −  +  +  +  1
V.10 +  +  +  +  −  +  +  +  +  +  +  +  −  +  +  1
V.11 +  +  +  +  +  +  +  +  +  +  +  +  −  +  −  1
V.12 + +  +  +  +  +  +  +  +  +  +  −  +  −  +  1
V.13 + +  +  +  +  +  +  +  +  +  +  +  −  −  −  1
V.14 + +  +  +  +  +  −  +  +  +  +  +  +  −  +  1
V.15 + +  +  +  +  +  −  +  +  +  +  +  +  +  −  1
V.16 + +  +  +  +  +  −  +  +  +  +  +  +  −  −  1
V.17 − +  +  +  +  +  −  +  +  +  +  +  −  −  +  1
V.18 − +  +  −  +  +  +  +  +  +  +  +  −  +  −  1
V.19 − +  +  +  +  +  +  +  +  +  +  +  −  +  +  1

+: presence; −: absence.
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algD,  lasB  and  rhIAB  genes.  The  exotoxin  A gene,  toxA,

38,39
igure  2  Distribution  of  virulence  genes  in  Pseudomonas  aeru
usceptible strains;  IRS:  imipenem-resistant  strains.

MDR),  extreme  drug-resistant  ---  or  even  pandrug-resistant
henotypes31.

Among  the  13  isolates  resistant  to  both  imipenem  and
eropenem,  nine  harbored  a  blaGES-type  gene.  In  Tunisia,
laGES genes  such  as  blaGES-5 and  blaGES-45 have  been  reported
n  P.  aeruginosa  from  clinical  samples24,32,33.  While  these
enes  remain  rare  globally,  they  are  often  associated  with
utbreaks32---35.  In  the  remaining  carbapenem-resistant  iso-
ates,  other  non-enzymatic  mechanisms  might  encode  this

esistance,  such  as  loss  of  outer  membrane  channel  OprD
r  mutations  in  efflux  systems  (MexAB-OprM,  MexCD-OprJ,
exEF-OprN,  and  MexXY-OprM).
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sa  strains  with  respect  to  imipenem  resistance.  ISS:  imipenem-

The  blaSHV-2a gene  was  detected  in  only  one  isolate,
he  only  one  exhibiting  an  ESBL  phenotype,  among  eight
eftazidime-resistant  isolates.  The  SHV-2a  type  ESBL  was
requently  detected  in  Enterobactereceae  and  P.  aerugi-
osa  before  the  expansion  of  CTX-M  enzymes;  however,  it
s  currently  rare36,37.

In  this  study,  all  P.  aeruginosa  responsible  for  lower  res-
iratory  tract  infections  harbored  toxA, plcN, plcH, aprA,
as  detected  in  97.2---100%  of  strains  in  some  studies .
otably,  the  toxA  and  exoA  genes  are  synonymous,  as  both
ncode  exotoxin  A,  causing  confusion  in  several  studies15,16.
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imilarly,  plcH  and  plcN  genes  were  detected  in  100%  of  iso-
ates  in  several  studies40,41,  but  in  less  than  70%  of  strains
solated  from  wound  infections  in  an  Iranian  study  (67.2%
or  plcN  and  50.9%  for  plcH)42.  More  than  80%  of  the  strains
arbored  lasR, lasI,  rhlR  and  rhlI  genes.  The  high  preva-
ence  of  these  genes  has  been  previously  described43. They
re  involved  in  the  regulation  of  QS  type  systems  and  in  the
nduction  of  biofilm  formation,  the  expression  of  virulence
actors  and  the  production  of  pigments44.

More  than  50%  of  isolates  possessed  exoU  (50%),  exoS
76%),  exoT  (76%)  and  exoY  (86%)  genes.  The  presence  of  exo
enes  is  highly  prevalent  in  P.  aeruginosa  strains  once  they
re  part  of  a  type  III  secretion  system  (T3SS)45.  However,
he  presence  of  the  different  effectors  is  not  constant45.
.  aeruginosa  isolates  with  positive  T3SS  genotypes  (exoS,
xoT,  exoU, and  exoY) have  been  linked  to  an  increased
ortality  rate,  particularly  in  lower  respiratory  tract  and

ystemic  infections46,47.  In  our  study,  P.  aeruginosa  iso-
ates  expressed  cytotoxic  (exoU+/exoS-) (14/50)  or  invasive
exoU-/exoS+)  (25/50)  or  cytotoxic/invasive  (exoU+/exoS+)
11/50)  phenotypes.  The  frequency  of  these  phenotypes
aries  depending  on  the  origin  of  the  strain:  the  exoU  and
xoS  genes  were  reported,  respectively,  in  64.5%  and  29%
f  strains  isolated  from  burn  patients48;  62.4%  and  91.6%  of
atients  with  cystic  fibrosis49;  47.6%  and  90.5%  of  patients
ith  urinary  infections50;  and  18%  and  63%  of  patients  with

urgical  site  infections16.
ExoT  and  exoY  have  a  moderate  impact  on  virulence,

hereas  exoS  and  exoU  play  a  major  role  in  pathogenesis  and
aise  significant  concern47.  The  exoS  and  exoU  genes  were
o-hosted  in  eleven  isolates  (22%).  This  invasive-cytotoxic
enotype  had  a  low  prevalence49.  Nonetheless,  a  few  recent
eports  have  described  a  high  prevalence  of  isolates  simul-
aneously  carrying  ExoS  and  ExoU  genes39,51.  Generally,  the
xoU  and  exoS  genes  are  mutually  exclusive52.  Given  that
xoS  is  chromosomally  encoded  and  that  ExoU  is  present
nside  a  mobilizable  genomic  island,  it  is  difficult  to  interpret
his  mutual  exclusion.  Based  on  several  studies,  exoU  may  be
elected  in  anthropic  settings,  but  the  presence  of  exoS  may
avor  bacterial  survival  in  non-anthropic  environments53.
his  could  explain  its  lower  prevalence  compared  with  other
irulence  genes54.  Furthermore,  ExoU  is  100  times  more
ytotoxic  than  ExoS5,  which  explain  s  its  increasing  preva-
ence  among  clinical  strains50.

ERIC-PCR  has  been  widely  used  in  the  characterization  of
.  aeruginosa  strains  from  various  sources,  including  human
nfections,  cases  of  hemorrhagic  pneumonia,  and  clinical
nd  environmental  settings55,56.  Heterogeneous  DNA  finger-
rints  were  detected  using  ERIC-PCR;  each  isolate  exhibited

 specific  DNA  fingerprint,  implying  their  non-clonality.  This
nding  demonstrated  that  isolates  are  endogenous  to  each
atient,  and  no  clonal  spread  occurred  among  them.

onclusion

aken  together,  the  study  findings  highlight  the  high  genetic
eterogeneity  of  P.  aeruginosa  strains  responsible  for  lower

espiratory  tract  infections  in  hemato-oncology  patients.  A
elatively  high  rate  of  carbapenem  resistance  was  observed,
ith  the  gene  detected  in  resistant  strains.  Furthermore,  a
igh  prevalence  of  virulence  genes  was  noted,  including  the

6
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resence  of  toxA, plcN, plcH, aprA, algD, lasB  and  rhIAB
enes  in  all  strains.

thical approval

his  study  was  conducted  with  the  approval  of  the  Local
edical  Committee  for  National  Bone  Marrow  Transplanta-

ion.

unding

his  study  was  supported  by  the  Tunisian  Ministry  of  Higher
ducation  and  Scientific  Research.

onflict of interests

he  authors  declare  no  conflict  of  interest.

cknowledgements

he  authors  are  thankful  to  the  doctors  and  technical  staff
f  the  National  Bone  Marrow  Transplantation  Center.

ppendix A. Supplementary data

upplementary  data  associated  with  this  article
an  be  found  in  the  online  version  available  at
ttps://doi.org/10.1016/j.ram.2026.100714.

eferences

1. Ahmadian L, Haghshenas MR, Mirzaei B, Norouzi Bazgir
Z, Goli HR. Distribution and molecular characterization
of resistance gene cassettes containing class 1 integrons
in multi-drug resistant (MDR) clinical isolates of Pseu-
domonas aeruginosa.  Infect Drug Resist. 2020;13:2773---81,
http://dx.doi.org/10.2147/IDR.S257784.

2. Azam MW, Khan AU. Updates on the pathogenicity status of
Pseudomonas aeruginosa.  Drug Discov Today. 2019;24:350---9,
http://dx.doi.org/10.1016/j.drudis.2018.12.007.

3. Qin S, Xiao W, Zhou C, Pu Q, Deng X, Lan L, Liang H,
Song X, Wu M. Pseudomonas aeruginosa:  pathogene-
sis, virulence factors, antibiotic resistance, interaction
with host, technology advances and emerging ther-
apeutics. Signal Transduct Target Ther. 2022;7:199,
http://dx.doi.org/10.1038/s41392-022-01056-1.

4. Juan C, Peña C, Oliver A. Host and pathogen
biomarkers for severe Pseudomonas aeruginosa
infections. J Infect Dis. 2017;215 Suppl. 1:S44---51,
http://dx.doi.org/10.1093/infdis/jiw559.

5. Lee VT, Pukatzki S, Sato H, Kikawada E, Kazimirova AA, Huang
J, Li X, Arm JP, Frank DW, Lory S. Pseudolipasin A is a spe-
cific inhibitor for phospholipase A2 activity of Pseudomonas
aeruginosa cytotoxin ExoU. Infect Immun. 2007;75:1089---98,
http://dx.doi.org/10.1128/IAI.01184-06.

6. Newman JW,  Floyd RV, Fothergill JL. The contribution of Pseu-
domonas aeruginosa virulence factors and host factors in the

establishment of urinary tract infections. FEMS Microbiol Lett.
2017;364, http://dx.doi.org/10.1093/femsle/fnx124, fnx124.

7. Jurado-Martín I, Sainz-Mejías M, McClean S. Pseudomonas
aeruginosa:  an audacious pathogen with an adaptable arse-

https://doi.org/10.1016/j.ram.2026.100714
dx.doi.org/10.2147/IDR.S257784
dx.doi.org/10.1016/j.drudis.2018.12.007
dx.doi.org/10.1038/s41392-022-01056-1
dx.doi.org/10.1093/infdis/jiw559
dx.doi.org/10.1128/IAI.01184-06
dx.doi.org/10.1093/femsle/fnx124


robi

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

Revista  Argentina  de  Mic

nal of virulence factors. Int J Mol Sci. 2021;22:3128,
http://dx.doi.org/10.3390/ijms22063128.

8. Kessler E, Safrin M, Abrams WR, Rosenbloom J,
Ohman DE. Inhibitors and specificity of Pseudomonas
aeruginosa LasA. J Biol Chem. 1997;272:9884---9,
http://dx.doi.org/10.1074/jbc.272.15.9884.

9. Mann EE, Wozniak DJ. Pseudomonas biofilm matrix composi-
tion and niche biology. FEMS Microbiol Rev. 2012;36:893---916,
http://dx.doi.org/10.1111/j.1574-6976.2012.00322.x.

0. Gholami S, Tabatabaei M, Sohrabi N. Comparison of
biofilm formation and antibiotic resistance pattern
of Pseudomonas aeruginosa in human and envi-
ronmental isolates. Microb Pathog. 2017;109:94---8,
http://dx.doi.org/10.1016/j.micpath.2017.05.039.

1. Chadha J, Harjai K, Chhibber S. Revisiting the
virulence hallmarks of Pseudomonas aeruginosa:
a chronicle through the perspective of quo-
rum sensing. Environ Microbiol. 2021;23:2630---56,
http://dx.doi.org/10.1111/1462-2920.15784.

2. Liao C, Huang X, Wang Q, Yao D, Lu W.  Virulence factors of
Pseudomonas aeruginosa and antivirulence strategies to combat
its drug resistance. Front Cell Infect Microbiol. 2022;12:926758,
http://dx.doi.org/10.3389/fcimb.2022.926758.

3. CA-SFM. Comité de l’Antibiogramme de la Société française
de microbiologie; 2017 [cited 5 Apr 2020]. Available from:
http://www.sfm-microbiologie.org/UserFiles/files/casfm/
CASFM2017

4. Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME,
Giske CG, Harbarth S, Hindler JF, Kahlmeter G, Olsson-Liljequist
B, Paterson DL, Rice LB, Stelling J, Struelens MJ, Vatopou-
los A, Weber JT, Monnet DL. Multidrug-resistant, extensively
drug-resistant and pandrug-resistant bacteria: an interna-
tional expert proposal for interim standard definitions for
acquired resistance. Clin Microbiol Infect. 2012;18:268---81,
http://dx.doi.org/10.1111/j.1469-0691.2011.03570.x.

5. Lavenir R, Sanroma M, Gibert S, Crouzet O, Laurent F, Kravt-
soff J, Mazoyer MA, Cournoyer B. Spatio-temporal analysis of
infra-specific genetic variations among a Pseudomonas aerugi-
nosa water network hospital population: invasion and selection
of clonal complexes. J Appl Microbiol. 2008;105:1491---501,
http://dx.doi.org/10.1111/j.1365-2672.2008.03893.x.

6. Hassuna NA, Mandour SA, Mohamed M. Virulence cons-
titution of multi-drug-resistant Pseudomonas aeruginosa
in Upper Egypt. Infect Drug Resist. 2020;13:587---95,
http://dx.doi.org/10.2147/IDR.S234905.

7. Elfaky MA, Yassien MAM, Attia AS, Mansy MS, Ashour MSE. Antimi-
crobial resistance pattern of biofilm forming Pseudomonas
aeruginosa isolated from patients with nasogastric and endo-
tracheal tubes. World J Pharm Res. 2015;4:401---6.

8. Zhu H, Bandara R, Conibear TC, Thuruthyil SJ, Rice SA,
Kjelleberg S, Givskov M, Willcox MD. Pseudomonas aerug-
inosa with lasI quorum-sensing deficiency during corneal
infection. Invest Ophthalmol Vis Sci. 2004;45:1897---903,
http://dx.doi.org/10.1167/iovs.03-0980.

9. Poirel L, Lebessi E, Castro M, Fèvre C, Foustoukou M, Nordmann
P. Nosocomial outbreak of extended-spectrum beta-lactamase
SHV-5-producing isolates of Pseudomonas aeruginosa in
Athens Greece. Antimicrob Agents Chemother. 2004;48:2277---9,
http://dx.doi.org/10.1128/AAC.48.6.2277-2279.2004.

0. Poirel L, Dortet L, Bernabeu S, Nordmann P. Genetic
features of blaNDM-1-positive Enterobacteriaceae.
Antimicrob Agents Chemother. 2011;55:5403---7,
http://dx.doi.org/10.1128/AAC.05285-11.

1. Weill FX, Demartin M, Tandé D, Espié E, Rakotoarivony I,

Grimont PA. Extended-spectrum-�-lactamase (SHV-12 like)-
producing strains of Salmonella enterica serotypes Babels-
berg and Enteritidis isolated in France among infants

7

ología  58  (2026)  100714

adopted from Mali. Clin Microbiol Infect. 2004;10:243---7,
http://dx.doi.org/10.1111/j.1469-0691.2004.01040.x.

2. Ellington MJ, Kistler J, Livermore DM, Woodford N. Multiplex
PCR for rapid detection of genes encoding acquired metallo-
�-lactamases. J Antimicrob Chemother. 2007;59:321---2,
http://dx.doi.org/10.1093/jac/dkl481.

3. Hong SS, Kim K, Huh JY, Jung B, Kang MS, Hong SG.
Multiplex PCR for rapid detection of genes encoding
class A carbapenemases. Ann Lab Med. 2012;32:359---61,
http://dx.doi.org/10.3343/alm.2012.32.5.359.

4. Hmissi S, Raddaoui A, Frigui S, Abbassi MS, Achour W,
Chebbi Y, Thabet L. Detection of carbapenem resistant Pseu-
domonas aeruginosa co-harboring blaVIM-2 and blaGES-5 in
burn patients. Acta Microbiol Immunol Hung. 2023;70:199---205,
http://dx.doi.org/10.1556/030.2023.02022.

5. Ferreira RL, da Silva BCM, Rezende GS, Nakamura-Silva R,
Pitondo-Silva A, Campanini EB, Brito MCA, da Silva EML,
Freire CCM, da Cunha AF, Pranchevicius MDS. High preva-
lence of multidrug-resistant Klebsiella pneumoniae harboring
several virulence and �-lactamase encoding genes in a
Brazilian intensive care unit. Front Microbiol. 2019;10:3198,
http://dx.doi.org/10.3389/fmicb.2019.03198.
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