
Antimicrobial Resistance and Virulence: a Successful or Deleterious
Association in the Bacterial World?

Alejandro Beceiro, María Tomás, Germán Bou

Servicio de Microbiología, Complejo Hospitalario Universitario A Coruña-INIBIC, A Coruña, Spain; Spanish Network for Research in Infectious Diseases (REIPI), Spain‡

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .186
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .186
RELATIONSHIP BETWEEN MECHANISMS OF ANTIMICROBIAL RESISTANCE AND VIRULENCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .187

Resistance to �-Lactams and Impact on Virulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .187
PBP modifications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .187
�-Lactamase expression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .190
Permeability and porins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .192
Efflux pumps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .193

Resistance to Aminoglycosides and Effect on Virulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .195
Aminoglycoside-modifying enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .195
Efflux pumps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .195
Ribosomal methylases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .195
Ribosomal mutations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .195

Resistance to Fluoroquinolones and Effect on Virulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .195
Target modification (topoisomerase and DNA gyrase mutations) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .195
Efflux pumps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .196
Qnr proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .196
Porins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .196

Resistance to Tetracyclines and Tigecycline and Effect on Virulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .196
Efflux pumps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .197
Ribosomal protection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .197
Antibiotic modification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .197
Tigecycline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .197

Resistance to Macrolides and Effect on Virulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .197
Efflux pumps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .197
Ribosomal methylation and modification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .198

Resistance to Glycopeptides and Effect on Virulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .198
Cell wall modifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .198
Modified peptidoglycan target (D-Ala-D-Lac or D-Ala-D-Ser) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .198

Resistance to Oxazilidones (Linezolid) and Effect on Virulence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .198
rRNA mutations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .199
rRNA methylation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .199

Resistance to Colistin, Polymyxin B, and Antimicrobial Peptides and Effect on Virulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .199
LPS modifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .199
Increased production of nonessential antimicrobial targets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .200

HIGHLY VIRULENT AND MULTIRESISTANT WORLDWIDE DISSEMINATED CLONES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .200
COSELECTION OF MECHANISMS OF ANTIMICROBIAL RESISTANCE AND VIRULENCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .201

Plasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .201
Integrative and Conjugative Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .202
Phage-Mediated Transduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .203
Outer Membrane Vesicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .204

COMPENSATORY MUTATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .204
GLOBAL RESPONSES AND THEIR EFFECT ON ANTIMICROBIAL RESISTANCE AND VIRULENCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .207

Two-Component Regulatory Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .207
PhoP-PhoQ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .207
PmrA-PmrB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .208
CbrA-CbrB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .208
WalK-WalR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .208

(continued)

Address correspondence to Germán Bou, German.Bou.Arevalo@sergas.es.

‡ www.reipi.org.

A.B. and M.T. contributed equally to this article.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/CMR.00059-12

April 2013 Volume 26 Number 2 Clinical Microbiology Reviews p. 185–230 cmr.asm.org 185

http://www.reipi.org
http://dx.doi.org/10.1128/CMR.00059-12
http://cmr.asm.org


Stress by DNA Damage: SOS Response. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .208
Mutator Phenotypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .209
Persister Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .210
Alarmone Guanosine Tetraphosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .210
Alternative Sigma Factor �B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .211

NOVEL ANTIVIRULENCE THERAPIES: MECHANISMS OF RESISTANCE TO ANTIVIRULENCE COMPOUNDS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .211
Cell-to-Cell Signaling Inhibitors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .211
RND Efflux Pump Inhibitors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .213
Antimicrobial Compounds with Antivirulence Activity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .213
Resistance to Antivirulence Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .213

DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .214
How Does Increased Antimicrobial Resistance Affect Virulence?. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .214
What Are the Perspectives in the Near Future in Relation to Antimicrobial Resistance and Virulence? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .215
Are There Alternatives to Antimicrobial Therapy for Controlling Bacterial Multiresistance and Virulence? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .216
Are Antibiotic Resistance and Virulence Increasingly Linked in the Development of Infectious Processes?. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .217

ACKNOWLEDGMENTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .218
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .218
AUTHOR BIOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .229

SUMMARY

Hosts and bacteria have coevolved over millions of years, during
which pathogenic bacteria have modified their virulence mecha-
nisms to adapt to host defense systems. Although the spread of
pathogens has been hindered by the discovery and widespread use
of antimicrobial agents, antimicrobial resistance has increased
globally. The emergence of resistant bacteria has accelerated in
recent years, mainly as a result of increased selective pressure.
However, although antimicrobial resistance and bacterial viru-
lence have developed on different timescales, they share some
common characteristics. This review considers how bacterial vir-
ulence and fitness are affected by antibiotic resistance and also
how the relationship between virulence and resistance is affected
by different genetic mechanisms (e.g., coselection and compensa-
tory mutations) and by the most prevalent global responses. The
interplay between these factors and the associated biological costs
depend on four main factors: the bacterial species involved, viru-
lence and resistance mechanisms, the ecological niche, and the
host. The development of new strategies involving new antimicro-
bials or nonantimicrobial compounds and of novel diagnostic
methods that focus on high-risk clones and rapid tests to detect
virulence markers may help to resolve the increasing problem of
the association between virulence and resistance, which is becom-
ing more beneficial for pathogenic bacteria.

INTRODUCTION

Bacteria are present both inside and on the surface of the hu-
man body, especially on the skin and the mucous membranes.

Most of these bacteria are innocuous, many are beneficial, and
some are even necessary. However, other bacteria, which are cat-
egorized as pathogens, are able to colonize, invade, and damage
the host and thus cause illness. Pathogenicity is an ability of an
agent to cause disease, and the pathogenic bacteria possess several
factors that enable them to enhance their virulence (i.e., the degree
of pathogenicity). Most pathogens make use of a combination of
two properties to cause disease: (i) toxicity, the degree to which a
substance causes harm, and (ii) invasiveness, the ability to pene-
trate into the host and spread (1). The final balance of an infec-
tious disease process will depend on the virulence or pathogenicity
of the microbe as well as the host status in relation to risk factors
such as immune status, age, diet, and stress, which determine the

host susceptibility to infection. Hosts and bacteria have coevolved
over millions of years, during which pathogenic bacteria have
modified their virulence to adapt to the host defense systems. This
contrasts with the relatively recent evolution of antimicrobial re-
sistance (defined as the ability of an organism to resist the action of
an antimicrobial agent to which it was previously susceptible).
Although medical practice has limited the development and
spread of pathogens, this has led to a global increase in antibiotic
resistance. The evolution and spread of resistance are relatively
recent and have occurred mainly in the last 50 years, i.e., since
antibiotics were first used. Therefore, virulence and resistance
have evolved over very different timescales.

Despite the difference in the evolution of these processes, they
share some common characteristics. (i) From a biological point of
view, both processes are necessary for bacteria to survive under
adverse conditions. Virulence mechanisms are necessary to over-
come host defense systems, and the development of antimicrobial
resistance is essential to enable pathogenic bacteria to overcome
antimicrobial therapies and to adapt to and survive in competitive
and demanding environments (new niches). Immune defense sys-
tems and antibiotic pressure represent bottlenecks for survival of
the bacterial population, as they greatly limit the capacity for
growth and lead to decreased microbial diversity (2, 3). (ii) Viru-
lence and resistance factors are similar in that most of the deter-
minants have been transmitted between species or genera by hor-
izontal gene transfer (HGT); the transfer of DNA fragments
(mobile genetic elements [MGEs]) is probably the main genetic
mechanism of dissemination and coselection of virulence and re-
sistance genes, although other mechanisms such as compensatory
or adaptive mutations may also be involved (4, 5), as will be dis-
cussed below. (iii) Antibiotic resistance is often associated with
infection and is therefore also related to virulence, as in the cases of
biofilm-producing microorganisms or intracellular infections (6,
7). (iv) Other characteristics that are common to virulence and
resistance include the direct involvement of efflux pumps (8),
porins (9), cell wall alterations (10), and two-component systems
that activate or repress the expression of various genes, such as
those involved in resistance and virulence (11).

In healthy individuals, opportunistic pathogens are not able to
produce infection because they lack the necessary mechanisms of
toxicity and invasiveness that enable primary pathogens to over-
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come the host immune system. However, in some individuals,
such as immunocompromised patients, opportunistic pathogens
can produce infection, which can be prevented mainly by the use
of antimicrobial therapies. Certain multiresistant opportunistic
species, such as Pseudomonas aeruginosa and Acinetobacter bau-
mannii, can colonize niches where many other species cannot sur-
vive (environments with high antibiotic pressure) and can even
displace the commensal flora. This is one example of how antimi-
crobial resistance can increase the virulence or fitness of certain
species in some environments, often helping these species to col-
onize new niches. Therefore, although antibiotic resistance is not
in itself a virulence factor, in certain situations it is a key factor in
development of infection, and it may be considered a virulence-
like factor in specific ecological niches which antibiotic-resistant
bacteria are able to colonize. This is especially true in the hospital
environment (intensive care units, burn units, etc.), in which if a
opportunistic pathogen is drug resistant, it can cause disease more
readily (12). In environments where selective antibiotic pressure
prevails, some opportunistic pathogens are able to colonize new
ecological niches because of their plasticity and ability to adapt
through the acquisition or development of mechanisms of resis-
tance and persistence.

The use of antibiotics has changed the natural evolution of
bacteria by reducing susceptible pathogenic populations and in-
creasing resistant populations. Resistance is often associated with
a fitness cost because the genetic burden required for resistance
may be deleterious in antibiotic-free environments. In this case,
restriction of the use of antibiotics has been proposed, with the
aim of eradicating resistant bacteria (13). However, the genetic
background of resistant pathogens allows them to persist in the
presence of minimal concentrations of antibiotics or even in the
absence of these, as discussed throughout this review (14). Hyper-
mutation, compensatory mutations, and cross coselection are a
few of the many mechanisms that favor the persistence of resistant
pathogens and even, in some cases, selection of the most virulent
and most resistant pathogens.

This review considers the relationship between virulence and
resistance, including the role of increasing resistance in relation to
fitness costs. Increased resistance is associated in most cases, either
directly or indirectly, with decreased virulence and fitness. How-
ever, evidence also shows the opposite, and it is increasingly evi-
dent that the relationship is often of greater benefit to the patho-
gen, resulting in a growing public health problem.

This review also considers the impacts of resistance to the main
antimicrobial agents used in clinical practice as well as the genetic
events associated with evolution of pathogens on virulence and/or
fitness costs. In vivo and in vitro laboratory examples and clinical
studies of specific pathogens are presented, and the interplay be-
tween both of these important bacterial characteristics is analyzed
in detail. Because of the importance of the interactions between
resistance and virulence, these aspects are always considered to-
gether. Partial analyses that consider aspects of resistance and/or
virulence separately were disregarded for the purposes of this re-
view.

RELATIONSHIP BETWEEN MECHANISMS OF ANTIMICROBIAL
RESISTANCE AND VIRULENCE

Throughout this section we will refer frequently to Table 1, in
which we have attempted to clarify and summarize the examples
given in the text of relationships between virulence and resistance

determinants in the most commonly studied or clinically relevant
pathogens. To simplify the numerous studies reported in the lit-
erature, we have classified the examples according to families of
antibiotics for which the resistance mechanisms have been exam-
ined.

Resistance to �-Lactams and Impact on Virulence

�-Lactam antibiotics are a large class of antibiotics that have a
�-lactam ring in their molecular structure. They are the most
widely used antibiotics and include penicillin derivatives, cepha-
losporins, monobactams, carbapenems, and �-lactamase inhibi-
tors.

Resistance to �-lactams involves several mechanisms, which are
different in Gram-positive and Gram-negative bacteria. In Gram-
positive microbes, mutations and/or reduction of or expression
alterations in penicillin-binding proteins (PBPs) are the most im-
portant mechanisms, followed by �-lactamase production. Con-
versely, in Gram-negative microorganisms, the most prevalent
mechanism of �-lactam resistance is the production of �-lactama-
ses, followed by permeability alterations, extrusion by efflux
pumps, and to a lesser extent PBP alterations. Before further dis-
cussion of this topic, it is important to point out that interpreta-
tion of the data and any conclusions drawn may differ greatly
depending on the specific microorganism under study, even
within a family, e.g., Enterobacteriaceae. Therefore, caution must
be exercised when discussing this topic, and conclusions should be
assumed to be organism specific.

PBP modifications. The PBPs involved in resistance and viru-
lence are PBP2 (encoded by mecA) (in Staphylococcus aureus),
PBP2b-PBPX (in Streptococcus pneumoniae), and PBP7-8 (in A.
baumannii) (Table 1).

Previously reported data suggest that expression of homoge-
neous methicillin resistance in S. aureus influences the biofilm
phenotype and attenuates virulence (it reduced protease produc-
tion and significantly reduced virulence in a mouse model of de-
vice-related infection) (15). Clinical isolates of S. aureus can ex-
press biofilm phenotypes promoted by the major cell wall
autolysin and the fibronectin (Fn)-binding proteins or the poly-
saccharide intercellular adhesin (PIA) and the polymeric
N-acetylglucosamine (PNAG), which are synthesized and ex-
ported by proteins encoded by the icaADBC gene cluster. Biofilm
production in methicillin-susceptible S. aureus (MSSA) strains is
associated with PIA/PNAG, whereas methicillin-resistant isolates
express an Atl/FnBP-mediated biofilm phenotype (which pro-
duces a proteinaceous biofilm), which suggests a relationship be-
tween biofilm production and susceptibility to �-lactam antibiot-
ics (16). Rudkin et al. reached similar conclusions after
demonstrating that methicillin resistance reduces the virulence of
health care-associated methicillin-resistant S. aureus (MRSA) by
interfering with the agr quorum-sensing (QS) system in such a
way that the ability of the bacteria to secrete cytolytic toxins is
reduced (15). These authors state that methicillin resistance in-
duces cell wall alterations that affect the Agr quorum-sensing sys-
tem of the bacteria. This leads to reduced expression of the toxin
and lowered virulence in a murine model of sepsis. This interest-
ing finding may explain why some strains of hospital-acquired
MRSA show a reduced ability to spread in the community. It may
also explain the recent increase in the incidence of community-
associated MRSA (CA-MRSA) strains, which typically express less
penicillin-binding protein 2a (encoded by mecA) and thus main-
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tain full virulence for success in the community setting. This is a
typical example of how the acquisition of resistance to a specific
antibiotic (oxacillin) is related to a decrease in virulence.

However, Queck et al. described the presence of a psm gene
(psm-mec), associated with staphylococcal methicillin resistance,
which encodes a mobile genetic element (MGE), SCCmec (17).
Phenol-soluble modulins (PSMs), which are staphylococcal cyto-
lytic toxins, play a crucial role in immune evasion. Although all
known PSMs are core genome encoded, Queck et al. described this
gene inside the SCCmec clusters of types II and III in a series of
staphylococcal strains, including strains of S. aureus, S. epidermi-
dis, S. saprophyticus, S. pseudointermedius, and S. sciuri. This very
interesting study revealed a previously unknown role for methi-
cillin resistance clusters in staphylococcal pathogenesis and
showed that both antibiotic resistance and virulence determinants
may be combined in staphylococcal MGEs (the exception to the
above-mentioned rule).

S. pneumoniae was previously considered to be universally sus-
ceptible to penicillin. However, reports of isolates with decreased
susceptibility to penicillin have increased worldwide in recent
years (18). In one study, Rieux et al. analyzed the relationship
between acquisition of �-lactam resistance and loss of virulence in
S. pneumoniae (19). The authors transformed a virulent and pen-
icillin-susceptible strain with pbpX and pbp2b from a penicillin-
resistant strain to assess the relationship between acquired resis-
tance and virulence. After transformation, the virulence of these
receptor strains was significantly reduced.

Penicillin resistance in S. pneumoniae caused by PBP modifi-
cations may occur via different mechanisms, such as acquisition of
an additional low-affinity PBP, overexpression of an endogenous
low-affinity PBP, alteration of endogenous PBPs by point muta-
tions or homologous recombination, or a combination of these
(20). Several studies have assessed whether resistance to this first-
line antibiotic may affect the virulence of pneumococci. For in-
stance, Azoulay-Dupuis et al. examined the relationship between
virulence and penicillin susceptibility in an experimental murine
model of peritoneal infection and capsular type, using 122 clinical
strains of S. pneumoniae belonging to 24 different serotypes (21).
All 32 virulent strains were penicillin susceptible, while all 41
strains with reduced susceptibility to penicillin were avirulent,
independently of the serotype. In a later study, Fernandez et al.
used a rabbit model of meningitis to test the inflammatory activity
induced by three different strains of pneumococci, belonging to
serotypes 3, 6B, and 23F (the prevalent serotypes in Western Eu-
rope), with different susceptibilities to �-lactams (22). The au-
thors’ conclusions supported the idea that penicillin-resistant
pneumococcus isolates are avirulent in immunocompetent mice,
regardless of the isolation site (23, 24). Overall, the data suggest
that acquisition of penicillin resistance in pneumococci is associ-
ated with loss of virulence in different models of infection.

Data from studies of Gram-negative bacilli are very scarce, and
the impact of PBP alterations on virulence is unclear. With the aim
of simplifying the interpretation of the data, this review will focus
only on A. baumannii. Russo et al. have demonstrated that PBP7-8
contributes to both the in vitro and in vivo survival of A. bauman-
nii (25). These authors screened a random transposon mutant
library and identified a mutant, AB307.27, which contained a
transposon insertion in pbpG, encoding the putative low-molec-
ular mass PBP7-8. This mutant showed lower survival in a rat soft
tissue infection model and in a rat pneumonia model than the

isogenic wild-type strain. Although no clear data have been ob-
tained with regard to the putative role of PBP alterations in �-lac-
tam resistance of A. baumannii (they are an important resistance
mechanism in other species, such as P. aeruginosa), it has been
suggested that such alterations (at least in PBP7-8) may lead to a
decrease in the virulence of A. baumannii (25, 26).

�-Lactamase expression. As stated above, �-lactamase pro-
duction is the main mechanism of �-lactam resistance in Gram-
negative pathogens. However, it is not clear whether expression of
�-lactamases affects the virulence or fitness of these bacteria or
whether any general conclusions can be drawn. Examples of
�-lactamases previously reported to be involved in virulence are
listed in Table 1.

Escherichia coli ST131 (O25:H4), which produces the CTX-
M-15 extended-spectrum �-lactamase (ESBL), has emerged in-
ternationally as a multidrug-resistant (MDR) pathogen (see
Highly Virulent Multiresistant Worldwide Disseminated Clones,
below). This �-lactamase and other CTX-M-type enzymes are
also prevalent in other virulent E. coli clones, such as Shiga toxin-
producing serotype O111:H8 (27) and O26:H11 (28), and even in
E. coli strains isolated from chicken and pig farms in Spain, high-
lighting the potential risk of zoonotic transmission (29). Thus,
virulence factors have been identified in E. coli isolates that pro-
duce CTX-M-type ESBL (30), and E. coli ST131, which produces
the widespread NDM-1 enzyme, has been found to exhibit a wide
array of virulence factors (31). Therefore, �-lactamase enzymes
and virulence genes may coexist in specific E. coli clones world-
wide, possibly as a result of stepwise coevolution processes.

However, it is not clear whether the presence of a specific �-lac-
tamase gene impairs the ability of the microorganism to cause
damage, in terms of host colonization, invasiveness (pathogenic-
ity) or fitness costs, and robust conclusions cannot be drawn from
the data obtained so far. At least in E. coli, the production of a
CTX-M-1 enzyme does not appear to affect virulence. Dubois et
al. reported the isolation, from a patient with neonatal meningitis,
of an E. coli strain with three different plasmids, one of which
produced CTX-M-1 �-lactamase (32). The plasmid that encoded
the �-lactamase did not increase the incidence of meningitis in a
newborn mouse model, thus suggesting that the CTX-M-type en-
zyme does not increase the virulence of E. coli in this animal model
(32). Very similar findings were obtained in a study that evaluated
the virulence of P. aeruginosa carrying blaIMP (a metallo-�-lacta-
mase gene) in an endogenous bacteremia model, and it was con-
cluded that the presence of this enzyme did not significantly affect
the virulence of the P. aeruginosa PAO1 parent strain (33).

The impact of �-lactamases in relation to biological fitness
costs in bacteria has been poorly studied. The interaction between
resistance mechanisms and bacterial fitness will decide the fate of
a specific bacterial strain once the selective pressure exerted by
antibiotics disappears. In a study of this topic, our group demon-
strated quantitative changes in the peptidoglycan composition in
E. coli strains expressing OXA-24, OXA-10-like, and SFO-1 (with
its upstream regulator AmpR) �-lactamases; the changes were re-
flected by a decrease in the level of cross-linked muropeptides and
an increase in the average length of the peptidoglycan chains.
These changes were associated with a statistically significant fit-
ness cost, which was demonstrated both in vitro and in vivo in a
mouse model of systemic infection (34) (Fig. 1). The biological
cost associated with these changes indicates the importance of the
interaction between �-lactamases and peptidoglycan metabolism.
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Determination of the biological cost may also provide informa-
tion about the epidemiology of �-lactamases and help explain the
low incidence of some of these enzymes in specific pathogens,
such as E. coli. A similar example of the effect of �-lactamases on
fitness cost in Enterobacteriaceae is provided by the expression of
AmpC of Salmonella enterica (35), which was associated with re-
duced growth rate and invasiveness, although the authors did not
observe any major variations in the peptidoglycan composition of
this microorganism.

Extended-spectrum �-lactamase (ESBL)-producing Klebsiella
pneumoniae strains have been suggested to possess higher patho-
genic potential than nonproducers. Sahly et al. examined the abil-
ity of 58 ESBL-producing and 152 nonproducing isolates of K.
pneumoniae to express type 1 and 3 fimbrial adhesins, which are
important traits in microbial adherence and invasion of host cells
(36). Although the adherence of ESBL- and non-ESBL-producing
strains to epithelial cells did not differ significantly (P � 0.05), the
proportion of strains able to invade (�5% relative invasion) ileo-
cecal and bladder epithelial cells was significantly higher among
ESBL producers (81% and 27.6%, respectively) than among non-
ESBL producers (61% and 10%, respectively). Likewise, the pro-
portion of ESBL producers coexpressing both fimbrial adhesins
was significantly higher than that of non-ESBL producers. On
acquisition of the ESBL SHV-12-encoding plasmids, two
transconjugants started to produce type 3 fimbriae, although ex-
pression of type 1 fimbriae was not affected. Overall, the data
demonstrated that an ESBL plasmid appeared to upregulate the
expression of one or more genes, resulting in a higher invasion
capacity. It remains unclear whether this effect resulted from di-
rect SHV-type expression or expression of another plasmid-borne
gene.

Another interesting example is the role of ampC expression
and its impact on fitness or virulence in P. aeruginosa. In 2008,
Moya et al. reported that inactivation of ampD in P. aeruginosa led
to a partially derepressed phenotype, characterized by a moder-
ately high level of ampC expression, which could be induced even
further due to the presence of two additional ampD genes
(ampDh2 and ampDh3). Sequential inactivation of these genes
resulted in full derepression in the triple mutant, which exhibited
1,000-fold overexpression of the ampC gene relative to the wild-
type isogenic strain, thus causing a loss of virulence due to altera-
tions in peptidoglycan recycling (10). Due to this multiplicity of
ampD genes, fitness costs and virulence are scarcely affected in P.
aeruginosa, despite increases in �-lactam MICs, so that this bacte-
rium is able to develop resistance to �-lactam antibiotics without
a significant loss of fitness. Only ampDh3 was found to be impor-
tant for virulence in P. aeruginosa. In this example, resistance and
virulence are chromosomally regulated, showing how the multi-
plicity of ampD genes may constitute a regulatory mechanism for
the ampC gene (�-lactam resistance) and maintenance of the cell
wall (thus affecting virulence).

In Enterobacteriaceae and P. aeruginosa, the transcriptional
regulator AmpR, a member of the LysR family, regulates the ex-
pression of a chromosomal �-lactamase, AmpC. However, AmpR
appears to have a wider physiological role in these organisms be-
cause, in addition to regulating expression of ampC, AmpR regu-
lates the expression of sigma factor AlgT/U (alginate production)
and production of some quorum-sensing (QS)-regulated viru-
lence factors (37, 38). The authors compared DNA microarrays of
the P. aeruginosa PAO1 strain and its isogenic ampR deletion mu-
tant PAO �ampR, and they found that AmpR regulates AmpC
expression (resistance to �-lactams) and also non-�-lactam anti-
biotic resistance by modulating the MexEF-OprN efflux pump
(37, 38). This is a good example of how such organisms may si-
multaneously regulate antibiotic resistance in addition to biofilm
formation and QS-regulated acute virulence factors. Similarly,
AmpR has been found to upregulate capsule synthesis (and, there-
fore, resistance to serum killing) and to modulate biofilm forma-
tion and type 3 fimbrial gene expression in a clonal strain of K.
pneumoniae producing the plasmid-encoded cephalosporinase
DHA-1 (39), which suggests that AmpR may regulate several vir-
ulence factors in addition to ampC expression.

It appears to be of great interest to study this effect with the
nosocomial pathogen A. baumannii, in which the main mecha-
nism involved in carbapenem resistance is the production of
OXA-type �-lactamases (40). Although the involvement of these
enzymes in resistance to �-lactams (specifically carbapenems) is a
cause of great concern, very few studies have addressed the impact
of these enzymes on the virulence of A. baumannii. Sechi et al.
investigated the presence and association of various virulence de-
terminants in 20 A. baumannii isolates, 13 of which were blaPER-1

positive (41). These authors found a relationship between PER-1
and cell adhesion in Acinetobacter strains, although the exact
mechanisms of the association remain unknown. In A. bauman-
nii, OXA-24 is one of the main enzymes involved in carbapenem
resistance, at least in some countries (42, 43). One of the most
striking features of this enzyme, and of all OXA-type enzymes in
general, is its scarce presence in Enterobacteriaceae.

In February 2006, a patient colonized with an MDR A. bau-
mannii sequence type 56 (ST56) strain (updated in the new mul-
tilocus sequence type [MLST] database as ST121) was admitted to

FIG 1 Data from in vitro competition experiments with E. coli MG1655 car-
rying the recombinant plasmids pBGS18-TEM1, pBGS18-SFO1, pBGS18-
AmpR-SFO1, pBGS18-OXA10-like, pBGS18-FOX4, and pBGS18-CTX-M-
32. The strains expressing AmpR-SFO1, OXA10-like, and OXA24
�-lactamases showed significant fitness costs. The CI values obtained with
different �-lactamases are plotted and are representative of eight different
experiments, with the median CI values shown by horizontal lines. (Adapted
from reference 34.)
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a hospital in Madrid, Spain. The strain spread very quickly and
caused the largest nosocomial outbreak ever reported in the liter-
ature (377 patients were colonized/infected with A. baumannii; of
these, 290 were colonized/infected with antibiotype 1 associated
with an MDR clone, AbH12O-A2) (44). A. baumannii clone
AbH12O-A2 exhibited a broad antimicrobial drug resistance pro-
file, was resistant to carbapenems, and showed susceptibility only
to tigecycline and colistin. One of the main characteristics of this
strain was its capacity to produce invasive infections (the annual
incidence of A. baumannii-induced bacteremia increased from
0.03 episodes/100,000 bed days in 2002 to 1.1/100,000 bed days in
2007, which corresponded to the peak of the outbreak caused by
clone AbH12O-A2). The plasmid isolated from this epidemic
strain was named pMMA2. Sequencing of nucleotides revealed
the presence of the carbapenemase OXA-24 (42) flanked by XerC/
XerD binding sites. The genes for two putative plasmid-encoded
virulence factors, septicolysin and TonB-dependent receptor,
were also found surrounding the blaoxa-24 gene. The first of these
was a cholesterol-dependent cytolysin and has been reported to be
produced by pathogenic bacteria such as Clostridium perfringens,
Bacillus anthracis, and S. pneumoniae (45). The TonB-dependent
receptor gene has been associated with virulence and iron uptake
in A. baumannii (46). Analysis of the structure of this pMMA2
plasmid (Fig. 2A) is of interest and provides information about

how this MDR clone has been selected, possibly by a putative
coevolution process in which a carbapenem resistance gene plus
two putative virulence factors may facilitate its persistence and
virulence in the hospital setting. In this case, resistance and viru-
lence coexist in the same bacterium to yield a highly successful
microorganism that is able to cause very serious infections in hos-
pital settings.

Permeability and porins. Porins are �-barrel membrane pro-
teins that cross cell membranes and act as a pore through which
molecules, such as nutrients, toxins, and antibiotics, can diffuse.
Alterations, modification, and reduction in the expression of
porins have all been associated with antimicrobial resistance to
some extent (47). Porins have a clear role in virulence and resis-
tance. We emphasize studies involving A. baumannii (OmpA,
Omp33-36, CarO, and OprD-like porins) and Enterobacteriaceae
(OmpC/OmpF and OmpK35/OmpK36 porins), as shown in
Table 1.

It is assumed that bacterial outer membrane proteins with a
porin function not only control the entry of antimicrobials into
bacterial cells but also control the virulence of the microorganism.
The A. baumannii OmpA protein has recently been associated
with resistance to cephalothin and cephaloridine in A. baumannii
(48). Indeed, it has been reported that OmpA porin induces death
of epithelial and dendritic human cells through mitochondrial

FIG 2 Partial structures and descriptions of different plasmids carrying virulence factors and antimicrobial resistance determinants together. Light gray,
virulence genes; dark gray, antimicrobial resistance genes; black, plasmid maintenance genes. (A) Plasmid pMMA2, isolated from clinical isolate AbH12O-A2,
which caused a large nosocomial outbreak. (Adapted from reference 436.) (B) Plasmid pEK499, which carries up to 10 resistance genes, including the genes
encoding resistance to �-lactamases (blaTEM-1, blaCTX-M-15, and blaOXA-1), aminoglycosides (aac6-Ib-cr), macrolides [mph(A)], chloramphenicol (catB4),
tetracycline [tet(A)], streptomycin (aadA5), and sulfonamide (sulI). It possess two copies of the vagD-vagC virulence-associated system and the toxin/antitoxin
pemI-pemK and ccdA-ccdB systems, which are involved in plasmid maintenance by postsegregation killing processes. (Reprinted from reference 229.) (C)
Plasmid pRSB107, which carries genes encoding resistance to the following antibiotics: �-lactams (blaTEM-1), aminoglycosides (aph), streptomycin (strA-strB),
sulfonamide (sulI), macrolides [mph(A)], trimethoprim (dhfR), chloramphenicol (catB4), and tetracycline [tet(A)]. This plasmid carries four putative virulence-
associated determinants: an aerobactin iron acquisition siderophore system (iucA, iucB, iucC, iucD, and iutA), a putative high-affinity Fe2� uptake system (orf82),
an sn-glycerol-3-phosphate transport system (ugpB, ugp, ugpE, and ugpA), and two copies of the virulence-associated genes vagC-vagD. Approx., approximately.
(Reprinted from reference 237.)
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targeting (49) and is also involved in biofilm formation (50, 51).
Another two porins, CarO and Omp33-36, have been associated
with carbapenem resistance in this species (52, 53). Other porins
(such as OprD), initially associated with resistance to carbapen-
ems, have recently been associated with other physiological func-
tions (similarly to the OprQ-like protein of P. aeruginosa), and it is
possible that they contribute to the adaptation to magnesium-
and/or iron-depleted environments (54). Fernandez-Cuenca et al.
demonstrated attenuated virulence of a slow-growing pan-drug-
resistant A. baumannii strain associated with decreased expression
of genes encoding the CarO and OprD-like porins (55). The
Omp33-36 protein of A. baumannii, which is involved in carbap-
enem resistance, has also been suggested to be involved in apop-
tosis and modulation of autophagy processes (unpublished data).
Moreover, Cabral et al. recently reported the involvement of both
CarO and Omp33-36 porins in biofilm formation in A. baumannii
(51). Both OmpA and Omp33-36 proteins and also the TonB-
dependent copper receptor have recently been identified as fibronec-
tin-binding proteins (FBPs) and as being involved in the interaction
between this pathogen and fibronectin, thus furthering the under-
standing of A. baumannii adherence to host cells (56).

In E. coli, the loss of OmpC contributes to both antibiotic re-
sistance and reduced antibody-dependent bactericidal activity
(57). Moreover, the OmpC protein has been associated with ad-
hesion, cell invasion, and intestinal colonization in patients with
Crohn’s disease (58). Bekhit et al. demonstrated that both OmpC
and OmpF (both of which are involved in antimicrobial resis-
tance) are essential for the survival of E. coli under extremely acidic
conditions (59). OmpF has also been associated with adhesion to
Hep-2 cells (60). The OmpK35 and OmpK36 outer membrane
porins of K. pneumoniae are involved in resistance to cefazolin,
cephalothin, and cefoxitin and increased meropenem and
cefepime MICs. A significant (P � 0.05) increase in the suscepti-
bility to phagocytosis was detected in both �OmpK36 and
�OmpK35/36 mutants. In a mouse peritonitis model, the
�OmpK36 mutant also exhibited significantly lower virulence,
whereas both mutants together presented the highest median le-
thal dose (LD50) of these strains. Overall, these data suggest that
porin deficiency in K. pneumoniae may increase antimicrobial
resistance while simultaneously decreasing virulence. Similar
findings have been described for other members of Enterobac-
teriaceae and for Neisseria meningitidis, P. aeruginosa, and
Vibrio spp. (61–64).

Overall, the data strongly suggest a role for outer membrane
proteins (porins) in microorganism virulence, as well as in resis-
tance to �-lactams and other antibiotics. Therefore, the acquisi-
tion of a phenotypic advantage such as antimicrobial resistance is
linked to a deleterious effect on bacterial survival in various hosts
and ecological niches.

Efflux pumps. Multidrug efflux pumps of bacterial pathogens
are involved in intrinsic and acquired resistance to antimicrobial
compounds, including those naturally present at mucosal sur-
faces; the pumps enable bacteria to grow on such surfaces and can
thus be considered as being involved in colonization (65). More-
over, multidrug efflux pumps can discharge molecules involved in
the quorum-sensing-regulated expression of virulence determi-
nants (66). Efflux pumps have also been shown to be important
for detoxification of intracellular metabolites and are involved in
bacterial virulence (in both animal and plant hosts), as well as cell
homeostasis and intercellular signal trafficking. Drug efflux can be

driven by a proton gradient (such as resistance-nodulation-divi-
sion [RND], small multidrug resistance [SMR], multidrug and
toxic compound extrusion [MATE], and major facilitator super-
family [MFS] transporters) or by energy derived from ATP hydro-
lysis (ATP-binding cassette [ABC]) (Fig. 3) (67).

Some efflux pumps, especially those in the RND family, have
been shown to play a role in the pathogenicity of bacteria, mainly
affecting colonization, infection, and the persistence of microor-
ganisms in the host (68). Among Enterobacteriaceae and other
Gram-negative rods, the involvement of the AcrAB-TolC efflux
pump in antimicrobial resistance (including resistance to �-lac-
tams, tigecycline, and others) and virulence has been extensively
studied in species of clinical importance, including E. coli, K.
pneumoniae, S. enterica serovar Typhimurium, Enterobacter aero-
genes, Enterobacter cloacae, Vibrio cholerae, Francisella tularensis,
Burkholderia pseudomallei, P. aeruginosa, Proteus mirabilis, and
Brucella spp. (69–85), as well as nonpathogenic microorganisms
such as Ralstonia solanacearum and Erwinia spp. among others
(86, 87). The ability of bacterial pathogens to colonize, infect, and
cause disease depends on their capacity to resist antibiotics, anti-
microbial compounds produced by the host (such as bile acids,
fatty acids, and other detergent-like molecules), and also compo-
nents of the immune system (e.g., antimicrobial peptides).
Clearly, such resistance may be mediated by active efflux systems
belonging to the RND family of transporters, which can extrude
antimicrobial agents as well as the plethora of different com-
pounds described above. Therefore, abrogation of efflux mecha-
nisms undoubtedly affects both virulence and resistance to anti-
biotics in clinical practice, in terms of colonization and host

FIG 3 Functional role of bacterial multidrug efflux pumps in natural micro-
bial ecosystems. (Reprinted from reference 67 with permission from John
Wiley and Sons.)
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infection, although there are some remarkable exceptions, such as
AcrAB-TolC in Yersinia pestis, as in a mouse plague model, pump
deletion did not have a significant effect on tissue colonization
(88). However, the impact of individual AcrAB-TolC components
has been evaluated in competition experiments (to measure fit-
ness). As indicated in Fig. 4, deletion of either acrA or tolC in two
different E. cloacae strains (each hyperexpressing AcrAB-TolC or
expressing them at basal level) has a clear impact on fitness (mea-
sured in vitro and in vivo) (89). In this family, efflux pumps are
also required for the colonization and persistence of bacteria in
the host, whether plants, animals, or humans.

One study has shown that the virulence of S. enterica lacking a
component of AcrAB-TolC becomes attenuated and that this phe-
notype is the result of decreased expression of genes involved in
pathogenicity, including those required for anaerobic growth,
motility, and host cell invasion (79). This is an important example
that establishes a link between antibiotic resistance and AcrAB-
TolC-mediated virulence in S. enterica. Padilla et al. also showed
that a K. pneumoniae acrAB knockout mutant exhibited a lower
capacity than the wild-type strain to cause pneumonia in a murine
model (90). Bialek et al. found that overexpression of the AcrAB
efflux system in the Caenorhabditis elegans model is linked to an
increased virulence potential in K. pneumoniae (91). Overall, these
studies emphasize that the expression of efflux systems is a key
factor in both antibiotic resistance and virulence in K. pneu-
moniae. Similarly, a V. cholerae strain null for the RND efflux
pump showed impaired production of cholera toxin and fewer
toxin-coregulated pili relative to those in the wild type (due to
reduced transcription of tcpP and toxT [76]), and it was thus un-
able to colonize the infant mouse.

The MexAB-OprM system of P. aeruginosa is constitutively
expressed in almost all isolates, and substrates for this pump in-
clude fluoroquinolones, tetracycline, chloramphenicol, and
�-lactams (92, 93). Of the various multidrug efflux pump deter-
minants characterized in P. aeruginosa to date, epidemiological
analysis has demonstrated that mutants with enhanced expression

of mexAB-oprM (nalB mutants) or mexCD-oprJ (nfxB mutants)
are the most frequently encountered among clinical isolates (94).
Various studies linking efflux pumps to virulence in this species
have produced controversial results. Overproduction of the mul-
tidrug efflux pump determinants MexAB-OprM and MexCD-
OprJ has been associated with decreased survival in water, pro-
duction of phenazines and proteases, and virulence (94). Linares
et al. studied P. aeruginosa strains in which overproduction of
either MexCD-OprJ or MexEF-OprN was associated with a reduc-
tion in the transcription of the type III secretion system (TTSS)
regulon due to the lack of expression of the exsA gene, which
encodes the master regulator of the type III secretion system (95,
96). Finally, a multidrug-resistant P. aeruginosa strain with en-
hanced virulence, designated the “Liverpool epidemic strain”
(LES), has recently been described in cystic fibrosis (CF) patients
from the United Kingdom (97). This work identified an isolate,
LES431, with high levels of �-lactamase activity coupled with up-
regulation of QS-regulated virulence genes, which because of its
history might be considered a highly virulent variant of the clone.
Moreover, this strain is characterized by upregulation of the
MexAB-OprM efflux pump in relation to resistance to �-lactam
antibiotics, and in contrast to the above-described case, it shows
greater virulence than the wild-type strain (this issue will be dis-
cussed below) (98, 99). Therefore, it appears that other factors in
addition to efflux pump upregulation are involved in modulating
the virulence of P. aeruginosa.

The GacA/RsmA/RsmB (RsmZ) signal transduction system is
a conserved pathway involved in a variety of adaptive functions in
P. aeruginosa. RsmA has numerous homologs in both Gram-neg-
ative and Gram-positive bacteria. Loss of RsmA alters the expres-
sion of genes involved in a variety of pathways and systems that are
important for virulence, including iron acquisition, biosynthesis
of the Pseudomonas quinolone signal, and the formation of mul-
tidrug efflux pumps and motility. Loss of rsmA results in increased
expression of the genes encoding the MexEF-OprN pump. In P.
aeruginosa, the MexEF-OprN pump has been found to extrude
numerous antibiotics and Pseudomonas quinolone signal from the
cell. Thus, levels of mexS mRNA, which encodes a transcriptional
repressor of MexEF-OprN, were four times higher in the rsmA
mutant than in PAO1, which reflects the complexity of Mex pump
regulation (100). In addition to its role in resistance to antibiotics,
the MexEF-OprN efflux pump is an important system that mod-
ulates the virulence of P. aeruginosa through the export of specific
quorum-sensing (QS) regulatory molecules, especially 4-hy-
droxy-2-heptylquinoline (HHQ) (101). Different bacterial viru-
lence factors are regulated by QS, thus highlighting the great po-
tential of this system to attenuate microbial virulence. Moreover,
hyperexpression of the MexAB-OprM multidrug efflux system
results in reduced levels of several extracellular virulence factors
known to be regulated by QS. Autoinducers (AIs) are a family of
acylated homoserine lactones found in a number of Gram-nega-
tive bacteria, accumulation of which in the growth medium con-
trols cell density and triggers expression of specific genes after
reaching a critical concentration (66). After entering cells, the AI
(with the aid of a transcriptional activator) activates target genes
in response to increased bacterial cell density. Two homoserine
lactone AIs (PAI-1 and PAI-2) have been characterized in P.
aeruginosa, which, together with their QS regulators, LasR and
RhlR, act to stimulate production of a number of extracellular
virulence factors in P. aeruginosa. Importantly, reentry of PAI-1 is

FIG 4 Results of in vivo competition experiments in a mouse model of sys-
temic infection (median CI values are shown by horizontal lines). The figure
reflects the competition index values of the acrA and tolC efflux pump com-
ponent mutant strains compared with the wild-type EcD64 and JC194 E. clo-
acae clinical isolates. Decreased fitness is observed when the efflux system is
inactivated. (Adapted from reference 89.)
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reduced by the efflux activity of P. aeruginosa pumps, which leads
to a reduction in the expression of PAI-1-dependent genes (in-
cluding virulence factors). This MexAB-OprM mechanism con-
stitutes a link between increased antimicrobial resistance and de-
creased QS-mediated virulence in P. aeruginosa (66, 102).

The SecDF system has been studied in E. coli, Bacillus subtilis,
and S. aureus. In S. aureus, the SecDF system has been associated
with impaired cell division, reduced resistance to the �-lactam
oxacillin and to the glycopeptide vancomycin, and altered expres-
sion of virulence genes (atl, coa, hla, hld, and spa) (103).

Resistance to Aminoglycosides and Effect on Virulence

Aminoglycosides are used to treat a wide range of infections
caused by both Gram-negative and Gram-positive bacteria. The
mechanism of action is related to binding to the A site of the 16S
rRNA, which forces A1492 and A1493 to “flip out” of helix 44
(104). This ribosome interaction leads to a loss of translational
fidelity and thus to the accumulation of erroneous proteins and
bacterial cell death. Resistance to aminoglycosides is usually due
to production of aminoglycoside-modifying enzymes (acetyl-
transferases [AACs], phosphoryltransferases [APHs], and adenyl-
transferases [ANTs]), reduced intracellular antibiotic accumula-
tion (by outer membrane alterations, two-component systems or
efflux pumps), or mutation of ribosomal proteins or RNA (105).
Methylation of the aminoacyl site of 16S rRNA also confers a high
level of resistance to clinically important aminoglycosides, such as
amikacin, tobramycin, and gentamicin. This event is mediated by
a group of 16S rRNA methyltransferases. Six acquired 16S rRNA
methyltransferase genes confer resistance to aminoglycosides,
namely, armA, rmtA, rmtB, rmtC, rmtD, and rmtE.

Aminoglycoside-modifying enzymes. Although no direct rela-
tionship between virulence and resistance has been found, amino-
glycoside resistance genes (encoding AACs, APHs, or ANTs) are
often located in different MGEs, such as integrons and plasmids
(106–108). These genes are therefore usually coselected with other
antibiotic resistance genes, such as those encoding �-lactamases.

Efflux pumps. Expression of efflux pumps is usually associated
with increased MICs of the clinically used aminoglycosides (ami-
kacin, gentamicin, or tobramycin). Examples include efflux
pumps belonging to the RND family, such as AcrAB-TolC of E.
cloacae (109), AdeABC of A. baumannii (110), or MexXY of P.
aeruginosa (105). The impact of efflux pump expression on viru-
lence is described above in the section on �-lactams and resistance
conferred by efflux pumps. Thus, the previous discussion can also
be applied to aminoglycosides.

Ribosomal methylases. In microorganisms, ArmA/Rmt meth-
yltransferases have recently been found to cause a high level of
resistance to 4,6-disubstituted aminoglycosides through methyl-
ation of the G1405 residue in 16S rRNA (such as ArmA and RmtA
to -E). In prokaryote ribosomes, methylation of rRNA is necessary
to optimize ribosomal function, so that prokaryotic microorgan-
isms harbor housekeeping methyltransferases in order to modu-
late this function. In E. coli, the RsmF housekeeping methyltrans-
ferase methylates at C1407, a nucleotide that is very close to G1405
(the position of RmtC methylation) and that forms part of the
same aminoglycoside-binding pocket of the 16S rRNA. By using a
series of isogenic E. coli mutants, Gutierrez et al. showed that ac-
quisition of RmtC does not have a fitness cost for the bacterium:
coupling between housekeeping and acquired methylases subverts
the methylation architecture of the 16S rRNA and favors selection of

Arm/Rmt methyltransferases, thus constituting a potential threat
when microorganisms are treated with aminoglycosides (104).

Ribosomal mutations. The tendency of aminoglycoside-resis-
tant bacteria to have a competitive disadvantage in an environ-
ment free of antibiotics may be related to the nature of the resis-
tance mechanism. For instance, numerous types of resistance that
are mediated by chromosomal mutations result from target alter-
ations. If this occurs, the final fitness cost may become apparent if
the target alterations associated with the resistance phenotype dis-
play suboptimal functionality, as shown for mutations in the gene
rpsL, which confers resistance to streptomycin and other amino-
glycosides in E. coli, Salmonella spp., and Gram-positive bacteria,
including Mycobacterium tuberculosis (13, 111–115). Acquired
gentamicin resistance mediated by permeability changes in En-
terococcus faecalis has been described, although the impact on vir-
ulence was not evaluated (116).

In conclusion, although chromosomal mutations that result in
ribosomal alteration and resistance affect fitness, they will proba-
bly be selected in microorganisms only under high aminoglyco-
side pressure. This would explain why this mechanism is not often
identified in the clinical setting. Thus, microorganisms will be se-
lected by other antimicrobial resistance mechanisms with a lower
fitness cost, such as aminoglycoside-modifying enzymes, which can-
not yield any fitness cost in the absence of antibiotic pressure.

Resistance to Fluoroquinolones and Effect on Virulence

Several mechanisms of resistance to quinolones have been de-
scribed: target modification (topoisomerase and DNA gyrase mu-
tations), efflux pumps, Qnr (plasmid-mediated gene encoding
quinolone resistance), porins, and quinolone-modifying enzymes
(117). The primary targets of quinolones differ in Gram-negative
and Gram-positive bacteria (DNA gyrase and topoisomerase IV,
respectively). Modifications to both targets result in resistance to
quinolones. As mentioned above, multidrug efflux pumps are in-
volved in resistance to different antibiotics, including quinolones.
Nonetheless, the widespread presence of plasmid-mediated quin-
olone resistance determinants, particularly qnr genes, has become
apparent. In the worldwide clone of E. coli 025-ST131, plasmids
harboring different quinolone-resistance genes have been report-
ed; these include qnrB2 and aac(6=)-Ib-cr (118). Another mecha-
nism involved in resistance to quinolones is a decrease in the ex-
pression of outer membrane proteins (porins). So far, there are no
reports relating quinolone-modifying enzymes to virulence.

Target modification (topoisomerase and DNA gyrase muta-
tions). The cost of quinolone resistance caused by topoisomerase
mutations has been studied in P. aeruginosa, Salmonella spp., Shi-
gella flexneri, E. coli, and A. baumannii (Table 1). Kugelberg et al.
analyzed P. aeruginosa norfloxacin-resistant mutants and showed
that “no-cost” and compensatory mutations are common in quin-
olone-resistant P. aeruginosa with mutations in topoisomerase.
The authors commented on the significance of these mutations
for the persistence of bacteria resistant to quinolones and estab-
lished the importance of implementing strategies for treating and
preventing the spread of resistant strains before they become sta-
ble bacterial populations (119). In contrast, the high level of resis-
tance to ciprofloxacin in in vitro-derived mutants of S. enterica is
associated with fitness costs. In the absence of evidence of com-
pensatory evolution, such fitness costs may account for the lack of
emergence and spread (to date) of highly resistant S. enterica
clones via the farm-to-fork route (120). Moreover, quinolone-
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resistant Salmonella spp. usually contain chromosomal point mu-
tations that result in alterations of the A subunit of DNA gyrase.
Similar findings have been reported for ciprofloxacin resistance in
A. baumannii showing mutations in topoisomerase and DNA
gyrase (121, 122). However, with strains of S. Typhimurium that
are resistant to nalidixic acid, infection was found to be associated
with a 3.15-fold risk of invasive illness or death within 90 days of
infection compared with that observed for infection with pansus-
ceptible strains (123), which revealed apparently contradictory
results. Other Enterobacteriaceae species (e.g., Shigella flexneri)
that overexpress topoisomerase IV genes can compensate for the
loss of topoisomerase I in terms of DNA supercoiling, virulence
gene expression (partially), and cell viability in general (124). Fi-
nally, E. coli resistant to ciprofloxacin due to parC and gyrA mu-
tations showed no decreases in in vitro or in vivo growth rates
(125). The biological cost of quinolone resistance differs between
bacterial species and depends on the level of resistance and the num-
ber of resistance mutations, and highly resistant mutants with multi-
ple mutations show a significantly lower level of fitness than the wild-
type strains. However, for low-level-resistant mutants with single
mutations, the cost depends on the bacterial species.

In strains of P. aeruginosa, mutations in gyrA at codon Ile83Thr
and in parC at codon Leu87Ser have been associated with expres-
sion of the type III secretion system (TTSS) genes (exoS, exoT,
exoU, and exoY), which are involved in virulence (126). In another
study of infections caused by clinical strains of P. aeruginosa, fluo-
roquinolone resistance and type III secretion system virulence
were independently associated with poor patient outcome. The
observed positive relationship between fluoroquinolone resis-
tance, carriage of exoU (encoding a cytotoxin), and enhanced cy-
totoxicity suggests that adverse outcomes related to fluoroquin-
olone-resistant P. aeruginosa infections may be attributable to
associated enhanced TTSS-mediated virulence. The results of this
study suggest coselection of fluoroquinolone resistance and en-
hanced TTSS-mediated virulence in P. aeruginosa clinical isolates
harboring exoU (127). Finally, in a recent study, Agnello and
Wong-Beringer emphasized concern about the problem in the
near future in regard to the coevolution of resistance to quino-
lones (mutations in gyrA, gyrB, parC, and parE) and increased
virulence (expression of ExoU and ExoS), which will favor the
development of virulent genotypes, particularly in quinolone-rich
environments (128).

Studies of Gram-positive bacteria have focused mainly on S.
aureus and S. pneumoniae. Several studies have associated the re-
sistance of S. aureus to ciprofloxacin (mutations in DNA gyrase)
with the sarA gene regulator (see “Alternative Sigma Factor �B”
below) (129, 130). However, the use of subinhibitory concen-
trations of ciprofloxacin to treat infections caused by S. aureus
strains not only selects for highly resistant strains but also in-
duces the production of virulence factors such as fibronectin-
binding proteins, which may promote persistent infection
among drug-resistant survivors (131). In a comparison be-
tween isogenic quinolone-resistant (IQR) isolates of S. pneu-
moniae and their fluoroquinolone-susceptible parents with
mutations in GyrA (Ser81Phe) and ParC (Ser79Phe), the rela-
tive growth efficiencies revealed a reduction in nasal coloniza-
tion for the resistant isolates during competitive or noncom-
petitive lung infections. Moreover, isogenic quinolone
resistance may have reduced ability to initiate infections in the
absence of fluoroquinolone selection. This suggests that the

correct use of antimicrobial drugs may maintain the prevalence
of IQR clones at low levels because of the relatively low fitness
of these clones (132).

Efflux pumps. Efflux pump systems have been studied in rela-
tion to �-lactam resistance, and the results can be extrapolated to
quinolone resistance. However, in this section we discuss some
specific examples of efflux pumps involved in quinolone resis-
tance and virulence, such as the already-described AcrAB-TolC
(Enterobacteriaceae) and Mex (P. aeruginosa) systems, as well as
MgrA (a global regulator of the NorA, NorB, NorC, Tet38, and
AbcA efflux pumps in S. aureus), BepDE (Brucella suis), and
SmeDEF (Stenotrophomonas maltophilia), which will be described
here and summarized in Table 1.

Study of the relationship between efflux-mediated resistance
and virulence of S. aureus can be addressed by analysis of global
regulators such as the MgrA type, which is a homolog of MarR and
SarA and is involved in regulation of the expression of �-hemoly-
sin, protein A, lipase, protease, and coagulase, which are virulence
gene products as well as autolysins, and type 8 capsular polysaccha-
ride. Moreover, multidrug resistance efflux transporters such as
NorA, NorB, NorC, Tet38, and AbcA, which are involved in resis-
tance to quinolones, are controlled by the MgrA regulator (133).

Two functional RND efflux pumps that may contribute to vir-
ulence have been studied in Brucella suis. Specifically, there are
two membrane fusion protein-RND translocases of B. suis, en-
coded by the bepDE and bepFG loci. The resistance profile of B.
suis in the presence of multicopy bepDE indicates that BepDE is
able to extrude antibiotics, including tetracycline, doxycycline,
and fluoroquinolones. Only the BepFG-defective mutant showed
moderate attenuation in in vitro assays with HeLa cells, and the
activities of both bepDE and bepFG promoters were induced in the
intracellular environment of HeLa cells (134).

The SmeDEF efflux pump has been studied in Stenotrophomo-
nas maltophilia showing resistance to quinolones and erythromy-
cin (135). Overexpression of the system in this bacterium was
associated with decreased fitness as well as a decline in cell size
when isolates were grown in a rich medium (136).

Qnr proteins. The plasmid-mediated qnr genes products are
pentapeptide repeat proteins, which lead to quinolone resistance.
The mechanism of action, which is based on protection of DNA
gyrase and topoisomerase IV, has been studied in great detail in
strains with the qnrA1 gene and is presumably similar to the mode
of action of other Qnr proteins (117, 137). Michon et al. deter-
mined the effect of qnr acquisition on fitness by examining in vitro
growth curves and studying in vitro pairwise competition and in
vivo single culture and pairwise competition (138). These authors
concluded that plasmidic qnrA3 enhances Escherichia coli fitness
in the absence of antibiotic exposure, thus favoring its possible
spreading.

Porins. The role of porins in binomium resistance/virulence has
already been discussed in the section on resistance to �-lactams, and
the conclusions can be extrapolated to fluoroquinolones.

Resistance to Tetracyclines and Tigecycline and Effect on
Virulence

Tetracyclines are bacteriostatic antibiotics that bind reversibly to
the ribosome 30S subunit, thereby inhibiting the initiation of pro-
tein synthesis; these antibiotics enter bacterial cells by passive dif-
fusion or by active transport. The main resistance mechanisms are
efflux systems encoded by the tet genes, such as tetA and tetB (also
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involved in virulence), although other mechanisms of resistance
to tetracyclines have been described, such as ribosomal protection
and antibiotic modification (tetX) (139). Although studies inves-
tigating links between tetracycline resistance mechanisms and vir-
ulence/fitness are scarce, here we report some examples of the
main mechanisms of resistance to tetracyclines involved in viru-
lence (summarized in Table 1).

Efflux pumps. As the Tet efflux systems are monocomponent,
structurally different from the RND efflux family, and specific for
tetracyclines, they are discussed separately. A study in the absence
of selective pressure was performed in infants during the first year
of life. Although the children were not exposed to tetracycline,
resistance to this antibiotic was detected in 12% of the strains of E.
coli collected, all of them with tetA or tetB genes encoding efflux
pumps. The tetA- and tetB-positive strains carried the virulence
genes for P fimbriae and aerobactin, respectively, more often than
the susceptible strains. However, strains that were resistant and
susceptible were simultaneously isolated from 11 of the children;
the tetracycline-resistant strains were present in significantly
lower numbers, which indicated reduced fitness (140). In this ex-
ample, it can be seen that even in the absence of antibiotic pressure
(tetracyclines), a high percentage of strains express resistance
mechanisms and different virulence genes. However, this genetic
burden involves a certain fitness cost. Although it is not clear why
the tetracycline-resistant strains carried P fimbria and aerobactin
genes more often than the susceptible strains, the authors hypoth-
esized that these genes increase the persistence of E. coli in the
intestinal microbiota, thus increasing the possibility of contact
between the bacteria and the antibiotic, and then selection of re-
sistant strains.

Tet efflux pumps also can be transported in MGEs, such as tetG
in Salmonella genomic island 1 (SGI1), which contains 6 to 9
virulence determinants and a multidrug resistance region that
confers resistance to tetracyclines (and other antimicrobials). Be-
cause of their repertory of resistance and virulence genes, these
types of isolates may become clinically relevant (141).

Ribosomal protection. Few studies have investigated resistance
due to ribosomal modifications and virulence. The tet(44) gene,
which has been reported to be involved in resistance in Campylo-
bacter fetus, is located in a pathogenicity island (PAI) that encodes
the components necessary for the bacterial type IV secretion sys-
tem (142) showing a coselection phenomenon.

In Helicobacter pylori, resistance to tetracycline is uncommon
and is due to the accumulation of changes that affect ribosome
affinity (mutations in the 16S rRNA gene) and possibly to other
functions such as efflux systems and decreased expression of
porins. Dailidiene et al. suggested that the rare tetracycline resis-
tance in H. pylori is probably due to these multiple mutations with
deleterious effects on fitness and the accumulation of many defec-
tive functions (143).

Antibiotic modification. In addition to efflux and ribosomal
protection, there is a third resistance mechanism, i.e., the modifi-
cation or inactivation of tetracyclines by one of the flavin-depen-
dent monooxygenases encoded by the tetX, tet(34), and tet(37)
genes, which have similar proprieties. The tetX gene, which was
found in an isolate of the anaerobe Bacteroides fragilis, confers
resistance when it is transformed in E. coli; however, so far this
mechanism has not been found in any clinical isolates (144, 145).
No studies of tetX and its fitness/virulence cost have been pub-
lished to date, but the absence of other clinical pathogens with this

mechanism indicates that its expression may have a significant
cost in Gram-negative aerobes.

Tigecycline. Tigecycline is one of the glycylcyclines, a new class
of antimicrobials derived from tetracyclines. Mechanisms of tige-
cycline resistance, such as the RND efflux system, also provide
resistance to tetracyclines. Although tigecycline remains more ac-
tive than other antimicrobials usually tested against MDR patho-
gens (e.g., fluoroquinolones and �-lactams), several tigecycline-
resistant strains have been described in recent years (146).

P. aeruginosa, P. mirabilis, and Morganella morganii are intrin-
sically resistant to tigecycline because of the expression of RND
family transporters such as MexAB-OprM, MexCD-OprJ, and
AcrAB (83, 85, 147). Upregulation of the AcrAB efflux system,
which confers tigecycline resistance, has been described in E. coli,
K. pneumoniae, and E. cloacae (81, 82, 84), and the AdeABC efflux
appears to be involved in tigecycline resistance in A. baumannii
(148, 149) (Table 1). Thus, the increased resistance to tigecycline
mediated by efflux systems will be directly involved in changes in
the bacterial virulence, as reviewed in “Efflux pumps” above.

Resistance to Macrolides and Effect on Virulence

In Gram-negative bacteria, resistance to macrolides is associated
mainly with the overexpression of efflux pumps. However, in
Gram-positive pathogens, resistance to macrolides has been asso-
ciated with efflux pumps (mef class genes), which confer a pheno-
type of low-level resistance, and alteration of the target site by
ribosomal methylation (erm class genes), which is involved in
high-level resistance to all macrolides, lincosamides, and strepto-
gramin B (122).

Efflux pumps. Three efflux pumps have been associated with
macrolide resistance and with virulence mechanisms: MuxABC-
Omp in P. aeruginosa, BpEAB-OprB in Burkholderia pseudomallei
KHM, and MtrC-MtrD-MtrE in Neisseria gonorrhoeae (Table 1).

Recently, the MuxABC-Omp system has been shown to play a
role in resistance to novobiocin, aztreonam, macrolides, and tet-
racycline in a laboratory mutant of P. aeruginosa (150). Inactiva-
tion of muxA in the muxABC-ompB operon showed attenuated
virulence associated with decreased twitching motility and ele-
vated resistance to ampicillin and carbenicillin (151).

The BpEAB-OprB system has been reported to act as an efflux
pump for aminoglycosides and macrolides in B. pseudomallei
strain KHM (from Singapore) and to play an important role in
virulence and quorum sensing. This efflux pump was also re-
quired for optimal production of biofilms, siderophores, and
phospholipase C; the excretion of acyl homoserine lactones
(AHLs) (quorum-sensing molecules), also depended on BpeAB-
OprB function (80, 152). However, Mima and Schweizer obtained
different results with B. pseudomallei strain 1026b (153). These
authors concluded that BpeAB-OprB does not mediate efflux of
aminoglycosides but that it extrudes other antibiotics, including
fluoroquinolones, clindamycin, macrolides, and tetracyclines. On
the other hand, BpeAB-OprB mutants were not impaired in ex-
trusion of acyl homoserine lactones, swimming motility, or sid-
erophore production, but AmrAB-OprA and BpeAB-OprB mu-
tants were impaired in biofilm formation (153).

The MtrC-MtrD-MtrE efflux pump system of N. gonorrhoeae
is also involved in virulence and resistance to antibiotics. In an
experimental gonococcal genital tract infection, derepression of
the mtrCDE operon, via deletion of mtrR, was found to confer
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increased fitness in vivo and increased the antimicrobial resistance
in vitro (154).

Ribosomal methylation and modification. Two mechanisms
of macrolide resistance based on methylation ribosomal have
been studied in relation to virulence: the erm gene and 23S rRNA
mutations (Table 1).

Regarding methylases, E. faecalis isolates from swine livestock
in China have shown a significant correlation between the pres-
ence of the gelE virulence gene (gelatinase protein) and erythro-
mycin resistance (erm gene). The authors suggested that entero-
cocci isolated from swine should be regarded cautiously because
they may act as reservoirs for antimicrobial resistance and viru-
lence genes (155).

Macrolide resistance and associated fitness costs have been re-
ported in Campylobacter jejuni (156, 157), and the 23S rRNA mu-
tation A2074C, which confers a high level of macrolide resistance,
was associated with a fitness cost in this bacterium (156). More-
over, Zeitouni et al. reported in vitro experiments that demon-
strated that macrolide resistance imposed a fitness cost; however,
a spontaneous mutant that evolved in vivo had a colonization
capacity that was similar to that of the susceptible strain (158). The
effect of ribosomal mutations on antimicrobial resistance and fit-
ness cost was described above (see “Resistance to Aminoglycosides
and Effect on Virulence”).

Deletions in S. pneumoniae ribosomal protein L4 have also
been related to resistance to macrolides, oxazolidinones, and
chloramphenicol and to low fitness (159). Decreased growth rates
may also be due to the fact that L4 mutations perturb the structure
of 23S rRNA. Bacteria may develop compensatory mutations to
adapt to a loss of fitness (160). This topic will be discussed in the
Compensatory Mutations section below.

Resistance to Glycopeptides and Effect on Virulence

S. aureus can become less susceptible to vancomycin in two differ-
ent ways. One mechanism, which confers a moderate increase in
MICs (resistance to vancomycin or glycopeptides, known as the
vancomycin-intermediate S. aureus [VISA] or glycopeptide-inter-
mediate S. aureus [GISA] phenotype, respectively), is mediated by
chromosomal mutations that alter the cell wall physiology and
result in increased cell wall thickness, which limits the access of
glycopeptides to the D-Ala-D-Ala target in the peptidoglycan pre-
cursors (122). In another mechanism, S. aureus and Enterococcus
spp. can develop full glycopeptide resistance by acquisition of van
genes, which are responsible for the production of a modified
peptidoglycan in which the precursors no longer contain the D-
Ala-D-Ala dipeptide but contain a glycopeptide-resistant depsi-
peptide comprising D-Ala-D-Lac or D-Ala-D-Ser. VanA and VanB
are the most prevalent types in Enterococcus clinical isolates, and
VanA is most prevalent in the case of isolates of S. aureus.

The effects of these mechanisms on virulence are discussed be-
low and summarized in Table 1.

Cell wall modifications. In an in vivo model of endocarditis
(involving cardiac vegetations in mice), GISA isolates showed at-
tenuated virulence, which was probably due to faster clearance
from the blood and reduced fitness. Isolates with the GISA phe-
notype showed lowered infectivity, which could be explained by
altered expression of global virulence regulators (130, 161, 162).
Moreover, Peleg et al. found similar results in relation to the re-
duced susceptibility to vancomycin and the decreased pathogenic-

ity of S. aureus in a nonmammalian model system (Galleria mel-
lonella) (162).

In S. aureus, resistance to teicoplanin is associated with lowered
fitness resulting from slower growth, thickening of the bacterial
cell wall, increased N-acetylglucosamide incorporation, and de-
creased hemolysis (163). Transcriptomic studies showed down-
regulation of some virulence-associated genes as resistance in-
creased. Elimination of the teicoplanin-resistant mutants and
selection of teicoplanin-hypersusceptible survivors in the tissue
cages indicated that glycopeptide resistance imposes a fitness bur-
den on S. aureus and is selected against in vivo, with restoration of
fitness leading to loss of resistance. Renzoni et al. found that tei-
coplanin-resistant methicillin-resistant S. aureus (MRSA) strains
were more prevalent in intracellular locations, which might confer
a significant fitness benefit over teicoplanin-susceptible MRSA
strains and further protect them from cell wall-active antibiotics
in which intracellular activity is limited (164).

Modified peptidoglycan target (D-Ala-D-Lac or D-Ala-D-Ser).
A study of the variation in virulence of glycopeptide-resistant E.
faecalis (VanA and VanB phenotypes) in a rat polymicrobial
model of peritonitis suggests variations in virulence between E.
faecalis that have the VanA and VanB gene cluster and those that
do not. Slightly decreased bacterial proliferation and increased
peritoneal and systemic inflammatory responses were observed
for two transconjugant E. faecalis strains expressing VanA and
VanB. The authors concluded that the increased fitness cost could
lead to decreased concentrations of bacteria in the peritoneal
fluid. However, the in vitro growth rate did not differ significantly
between the strains, suggesting that the cost of resistance is not of
major importance in these E. faecalis strains, especially strains
containing the vanA gene (165).

Other studies show that induction of resistance to vancomycin
greatly reduces the fitness of Enterococcus spp. For example, Fou-
cault et al. showed that constitutive or induced resistance led to a
great reduction in growth rate, colonization, and transmission of
Enterococcus spp., which may explain the low occurrence of con-
stitutively resistant clinical isolates. However, these authors also
showed that both in vitro and in vivo, carriage of Tn1549 (encod-
ing VanB-type vancomycin resistance), when inducible, had no
cost to the Enterococcus host. These findings indicate that the reg-
ulation of resistance mediated by a two-component regulatory
system drastically reduces the biological cost associated with van-
comycin resistance (166). Moreover, the same authors reported
that induction of S. aureus VanA-type resistance is costly for the
MRSA host, whereas in the absence of induction, its biological
cost is minimal (167). Thus, the potential for the dissemination of
vancomycin-resistant S. aureus (VRSA) clinical isolates should
not be underestimated.

Resistance to Oxazilidones (Linezolid) and Effect on
Virulence

Resistance or reduced susceptibility to oxazilidones remains very
uncommon among staphylococci (especially S. aureus) and has
mainly been reported to be associated with chromosomal muta-
tions (rRNA mutations and rRNA methylation by the Cfr meth-
yltransferase) brought about by prolonged exposure to this type of
drug. Resistance to several antiribosomal agents, including oxazi-
lidones, phenicols, lincosamides, and streptogramin A (PhLOPSA

phenotype), is associated with the ribosomal modification
brought about by the Cfr protein (168). Virulence studies of rRNA
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mutations, such as the rRNA methylation associated with resis-
tance to oxazilidones (linezolid [LZD]), have been carried out
(Table 1).

rRNA mutations. In S. aureus, the G2576T mutation in 23S
rRNA genes, resulting in ribosomal target modification, caused
resistance to linezolid (LZD) that was proportional to the number
of mutated copies present in the bacterial genome (169). Muta-
tional resistance usually occurs in coagulase-negative staphylo-
cocci (170). Other mutations associated with LZD resistance in-
clude A2059G and G2057A in enterococci and S. pneumoniae,
respectively (122). Moreover, in S. pneumoniae, both the G2576T
mutation in the 23S rRNA gene and mutations in spr0188 (50S
ribosomal protein L3), spr01887 (ABC transporter ATP-binding/
membrane-spanning protein), and spr0333 (conserved hypothet-
ical/rRNA methyltransferase) conferred resistance to LZD. These
compensatory mutations in both S. aureus and S. pneumoniae
have been associated with changes in the fitness cost (Table 1).
Hence, a combination of whole-genome transformation and se-
quencing was carried out to demonstrate the dual role of these
mutations in both linezolid resistance and fitness compensation
(171) (see Compensatory Mutations below).

rRNA methylation. The cfr gene was originally discovered in a
multiresistant Staphylococcus isolate of animal origin (172). This
gene encodes an RNA methyltransferase that modifies a conserved
adenine at position 2503 of the 23S rRNA. This gene is typically
plasmid borne in S. aureus isolates. cfr acquisition in S. aureus has
been associated with low fitness cost. This could be the explana-
tion for the apparent spread of the cfr gene among pathogens.
However, in some clinical isolates of S. aureus, cfr coexpressed
with the erm gene, which encodes a methyltransferase with an-
other targeting 23S rRNA residue, A2058. The dimethylation of
A2058 by Erm increases the fitness cost associated with Cfr-medi-
ated methylation of A2503 (173, 174).

In S. pneumoniae, deletions in ribosomal protein L4 have been
associated with resistance to oxazolidinones, macrolides, and
chloramphenicol (see “Resistance to Macrolides and Effect on
Virulence” above).

Resistance to Colistin, Polymyxin B, and Antimicrobial
Peptides and Effect on Virulence

LPS modifications. Several mechanisms of resistance to polymyx-
ins such as colistin and other antimicrobial peptides have been
described, most of which are related to changes in lipopolysaccha-
rides (LPS) and loss of affinity, mediated by two-component sys-
tems (TCSs), which will be discussed below and also in a separate
section. Other mechanisms involved in antimicrobial peptide re-
sistance include efflux systems and increased production of non-
essential targets (Table 1).

The relationship between resistance to antimicrobial peptides
(such as polymyxins) and virulence has been best characterized in
Salmonella spp. Multiple genes are thought to be involved in LPS
modification by addition of 4-aminoarabinose (Ara4N), which
creates a positively charged LPS with low affinity and reduced
binding to antimicrobial peptides. The ubiquitous two-compo-
nent regulatory system PmrA-PmrB is one of the most important
systems for increasing antimicrobial peptide resistance in re-
sponse to environmental conditions. pmrA and pmrF operon mu-
tants were unable to add Ara4N to lipid A but caused decreased
virulence against the wild-type strains when orally administered,
although not when they were intraperitoneally administered, in

an in vivo mouse infection model. Thus, the addition of Ara4N is
probably important to overcome the innate defenses of the host in
intestinal tissues (175). Strains with reduced susceptibility to
colistin showed mutations in pmrA and pmrB but also exhibited
low fitness costs such as slightly slower growth in vitro; growth
rates were unaffected in mouse infection (176). Other genes not
regulated by PmrA-PmrB, such as surA, tolB, and gnd, which are
necessary to develop polymyxin resistance, are also thought to be
involved in virulence, as decreased virulence is observed in mice
infected with strains with mutations of these genes (177).

This complex regulation system is able to activate genes in-
volved in multiple bacterial functions and with different regula-
tory activities in each genus or species. For instance, in the phylo-
genetically close species Yersinia pseudotuberculosis, the PmrF
operon is not PmrA-PmrB regulated as in Salmonella spp. but is
regulated by another two-component system, the PhoP-PhoQ
system. In Y. pseudotuberculosis, the PmrF operon is essential to
develop polymyxin resistance but is not involved in virulence,
unlike in Salmonella spp. (178). The PhoP-PhoQ operon is an-
other important two-component system (179, 180) that can reg-
ulate membrane proteins, such as UgtL, YqjA, and PagP (181,
182), which are capable of modifying lipid A, thus inducing resis-
tance to antimicrobial peptides, and which are involved in differ-
ent ways in virulence in Salmonella spp. (180–185).

It is interesting to highlight the resistance to colistin observed
in two extremely multidrug-resistant pathogens, A. baumannii
and P. aeruginosa. Since the reintroduction of colistin for the
treatment of infections caused by these agents over the past de-
cade, colistin-resistant strains of A. baumannii have emerged both
in vitro (186, 187) and in vivo during the course of clinical infec-
tions (188, 189). So far, two mechanisms of colistin resistance have
been described in A. baumannii. The first involves total loss of LPS
caused by a deficiency in lipid A biosynthesis, by inactivation of
one of three genes involved, lpxA, lpxD, or lpxC (190, 191). In the
second mechanism (studied by our research group), lipid A mod-
ification mediated by the addition of phosphoethanolamine re-
sults in loss of colistin affinity and subsequent resistance; these
modifications are regulated by the PmrAB two-component sys-
tem (186, 192). LPS and lipid A from A. baumannii are involved in
diverse biological activities such as toxicity, pyrogenicity, mitoge-
nicity, and activation of a proinflammatory immune response. It
has been suggested that modification or loss of LPS production
can increase resistance to colistin, while simultaneously decreas-
ing bacterial fitness and virulence (193, 194). Although loss of
infectivity has been observed in a strain with a high level of resis-
tance to colistin, selected during treatment (194), it is not clear
whether this is a universal phenomenon. Moreover, a colistin-
resistant clone has been identified in Spain; this clone was selected
during treatment with its infectivity intact, but it presented an
altered antimicrobial resistance profile and became more suscep-
tible to other antibiotics than the parental strain. Similar altera-
tions in the MICs caused by LPS modification have been observed
in other studies (190). Thus, there appears to be an inverse rela-
tionship between the increase in colistin resistance in A. bauman-
nii mediated by changes in the LPS and the virulence of the spe-
cies, or at least in the loss of resistance to other antibiotics, which
can be considered a loss of fitness/virulence in an environment
with high antibiotic pressure. In P. aeruginosa, the increased vir-
ulence is associated with increased resistance to polymyxin B and
also to gentamicin and ciprofloxacin when the virulence is due to
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the development of swarming motility. This complex adaptation
produces overexpression of different virulence factors, such as the
type III secretion system, extracellular proteases, and factors asso-
ciated with iron transport. The swarming cells of P. aeruginosa
PAO1 exhibit greater resistance to those antibiotics, and although
the molecular basis of this resistance has not been studied, it is
probably influenced by the complex modifications necessary for
this motility (195). Gooderham et al. have studied a P. aeruginosa
psrA mutant, which exhibited supersusceptibility to polymyxin B
and indocilin, owing to outer membrane permeabilization. This is
thought to be a consequence of altered metabolism due to up- or
downregulation of 178 genes in the psrA mutant, including dys-
regulated genes involved in virulence factors such as a type III
secretion system, biofilm formation, and adhesion or motility
(196). The TCS PhoP-PhoQ has also been shown to be involved in
resistance and virulence in this species. The PhoQ sensor protein
plays a major role in polymyxin B resistance, and it has also been
demonstrated that mutation of phoQ caused reduced biofilm for-
mation, attachment to epithelial cells, cytotoxicity, virulence in
lettuce leaf, and competitiveness in rat lung infections (197).

Other antimicrobial peptide resistance mechanisms, which are
possibly not PhoP-PhoQ or PmrA-PmrB regulated, have been
described in Salmonella spp., such as the putative ABC transporter
encoded by the yejABEF operon. Mutants with mutations of this
transporter system (�yejF) showed increased susceptibility to
polymyxin B and human defensins, as well as decreased prolifer-
ation capacity inside macrophages and epithelial cells. Decreased
virulence was also observed in mouse gastric infection models
(198).

Increased production of nonessential antimicrobial targets.
Outer membrane vesicles (OMVs) are produced by most Gram-
negative bacteria. They have been associated with resistance to
antimicrobial peptides, such as colistin and polymyxin B; for ex-
ample, an E. coli mutant that overproduces OMVs can survive
treatments with these antibiotics due to the absorption capacity of
the OMVs, probably because of the presence of surface constitu-
ents similar to that of the OM. Addition of OMVs to the culture
medium increases the rate of survival against colistin or poly-
myxin B. Treatment with antimicrobial peptides induces vesicle
production in the enterotoxigenic E. coli (ETEC) and K-12 E. coli
ATCC strains, thereby altering their antibiotic resistance pheno-
type. Hypervesiculation may be an induced innate immune bac-

terial system of defense against antibiotics targeting the outer
membrane (199). Overproduction of OMVs increases resistance
to colistin and polymyxin and also increases the virulence of the
strains, since OMVs can deliver a broad array of virulence factors
to target human cells (see “Outer Membrane Vesicles” below).

Llobet et al. have recently demonstrated a new strategy of re-
sistance in K. pneumoniae, S. pneumoniae, and P. aeruginosa (200,
201). Although the role of the bacterial capsule polysaccharide
(CPS) is well known (200, 201), addition of CPS to nonencapsu-
lated strains of these three species led to increased MICs of poly-
myxin B and the antimicrobial peptide human neutrophil alpha-
defensin 1. Therefore, in addition to the role in virulence in
avoiding phagocytosis and complement resistance, the CPS may
represent a bacterial decoy for antimicrobial peptides, increasing
both virulence and resistance in different pathogenic species
(200).

HIGHLY VIRULENT AND MULTIRESISTANT WORLDWIDE
DISSEMINATED CLONES

In recent years, clones that are resistant to many antibiotics and
carry virulence factors have spread globally, and they are consid-
ered highly successful or high-risk clones (202, 203). These clones
are derived from both animals (204) and humans (205). In this
section, we highlight some of the most important of these clones,
which are also included in Table 2.

(i) Dissemination of the Enterococcus faecium epidemic-viru-
lent clonal complex 17 (CC17), which is associated with the ma-
jority of hospital outbreaks and clinical infections of this species in
five continents, is extremely widespread. This complex is charac-
terized by ampicillin and quinolone resistance and by the presence
of a putative pathogenicity island (206, 207). Some authors believe
that E. faecium CC17 isolates have been circulating around the
world for more than 30 years and that they have progressively
acquired additional virulence and antibiotic resistance determi-
nants, which would explain the recent success of this species in the
hospital environment. An interesting study performed by Bill-
ström et al. aimed to determine the putative relationship between
virulence and antibiotic resistance in E. faecium blood culture iso-
lates over a 6-year period. Two hundred sixty-three isolates were
screened, and the presence of Esp (enterococcal surface protein,
which is involved in virulence) was significantly correlated with
resistance to ampicillin, ciprofloxacin, and imipenem (P � 0.01)

TABLE 2 Highly virulent and multiresistant worldwide disseminated clones

Clone Species Antibiotic resistance Virulence Origin (yr) Reference(s)

CC17 E. faecalis �-Lactams, quinolones, glycopeptides Putative pathogenicity island;
toxin Esp

USA (1982) 206, 208

PMEN1 (Spain23FST81) S. pneumoniae �-Lactams, chloramphenicol, tetracycline,
fluoroquinolones, macrolides

blp bacteriocin locus Spain (1970) 209, 210

ST131 (O25:H4) E. coli �-Lactams, trimethoprim, fluoroquinolones,
tetracyclines, aminoglycosides, macrolides

vagC-vagD Calgary, Canada (2000) 215

Liverpool epidemic P. aeruginosa �-Lactams, fluoroquinolones, aminoglycosides Upregulation of MexAB-OprM;
quorum-sensing system

UK (1988) 97, 98

NAP1/027 C. difficile Quinolones Hyperproduction of toxins TcdA
and TcdB; protease Cwp84,
the high-molecular-wt S-layer
protein, and fibronectin-
binding protein Fbp68

North America, Europe 217

BVE E. faecalis �-Lactams, glycopeptides Putative pathogenicity island USA (mid-1980) 218
USA300 S. aureus �-Lactams (methicillin) Toxins (PVL), adhesins,

enzymes, and
immunomodulators

USA 219

ST175 P. aeruginosa �-Lactams, fluoroquinolones, aminoglycosides AmpR-activating mutations Europe 203, 221
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(208). Overall, the data suggest a positive correlation between re-
sistance and virulence in Enterococcus spp. (at least in E. faecium),
in contrast with that found in S. aureus and S. pneumoniae.

(ii) Streptococcus pneumoniae clone PMEN1 (Spain23FST81),
which is estimated to have originated around 1970, is widely dis-
tributed throughout Europe, Asia, Africa, and the Americas.
PMEN1 isolates are multilocus sequence type (MLST) 81, have a
common pulsed-field gel electrophoresis (PFGE) profile, possess
consistent multilocus enzyme electrophoresis (MEE) patterns,
and have identical PBP patterns and ribotypes. In addition to pen-
icillin, most PMEN1 isolates are also resistant to chloramphenicol
and tetracycline, and many isolates also exhibit additional resis-
tance to fluoroquinolones and macrolides (209). This clone has
several virulence factors, even at the blp bacteriocin locus. This
locus may also play a role in systemic virulence, as demonstrated
in the mouse pneumonia model, in which a deletion of the blp
locus response regulator leads to a decrease in systemic virulence
relative to that of the wild-type strain (209). The regulatory por-
tion of the locus consists of genes encoding a small peptide pher-
omone (blpC), a histidine kinase (blpH), and a response regulator
(blpR), and it also encodes an ABC transporter (blpA-blpB), which
cleaves and exports the pheromone, the bacteriocins, and their
associated immunity proteins (210).

(iii) E. coli ST131 (O25:H4), associated with CTX-M extended-
spectrum �-lactamases, has emerged internationally as a multi-
drug-resistant pathogen (211–213). This clone, which was de-
scribed for the first time in 2000, became distributed worldwide by
2008 and is possibly the most widely distributed resistant clone
(e.g., 30 to 60% of the fluoroquinolone-resistant isolates belong to
this clone) (214, 215). Coselection of resistance genes (CTX-M)
and virulence genes in plasmids of the IncFII group, such as
pEK499 (Fig. 2B), appears to be important in explaining the ex-
tensive distribution (216) (see “Plasmids” below).

(iv) A multidrug-resistant P. aeruginosa strain with enhanced
virulence, designated the “Liverpool epidemic strain” (LES), has
recently been described in cystic fibrosis patients from the United
Kingdom (97). This strain is characterized by upregulation of the
efflux pump MexAB-OprM in relation to resistance to �-lactam
antibiotics and aminoglycosides and by increased virulence in re-
lation to the quorum-sensing system (see “Resistance to Antiviru-
lence Components” below) (98, 99).

(v) The Clostridium difficile ribotype NAP1/027 epidemic hy-
pervirulent and quinolone-resistant clone is genetically specific
and displays high infectivity, which due to hyperproduction of
toxins TcdA and TcdB, protease Cwp84, the high-molecular-
weight S-layer protein, and fibronectin-binding protein Fbp68,
combined with the antibiotic resistance, may have contributed to
selection and worldwide spread of the clone, aided by residual
concentrations of fluoroquinolones (217).

(vi) E. faecalis strains which are members of the clonal cluster
with Bla (�-lactamase) and Vanr and which are isolated from
endocarditis infections (E. faecalis that is �-lactamase positive and
vancomycin resistant from endocarditis infections [BVE]) were
found to contain a previously described putative pathogenicity
island (PAI). Subtle variations within the structure of the patho-
genicity island enable strains harboring the element to modulate
virulence; these variations occur at a high frequency (218).

(vii) MRSA strain USA300 has been shown to be responsible
for an epidemic of community-associated infections (219), in-
volving mostly skin and soft tissue but also more serious invasive

syndromes such as pneumonia, severe sepsis, and endocarditis.
MRSA strains are particularly serious and potentially lethal patho-
gens that not only are resistant to several antibiotics but also pos-
sess virulence mechanisms, including toxins, adhesins, enzymes,
and immunomodulators. An understanding of the biological ba-
sis of MRSA virulence and future directions for research, includ-
ing potential vaccines and antivirulence therapies that are cur-
rently under development, might allow clinicians to treat and
prevent MRSA infections more successfully. Moreover, Lin et al.
have demonstrated the possibility of reverse zoonotic transmis-
sion of the MRSA isolates (220). These authors described the first
case of a USA300 genotype in a pig. The presence of multiple
virulence profiles within an MRSA genotype in these animals sug-
gests the potential emergence of new MRSA clones by gain or loss
of additional virulence genes.

(viii) P. aeruginosa clone ST175 has been characterized as a
high-risk clone due to an increasing prevalence of nosocomial
infections and multidrug resistance (203). It has recently been
demonstrated that the extreme drug resistance is due to a combi-
nation of several mechanisms: AmpR-activating mutations in this
clone (overexpression of AmpC), OprD inactivation, mutations
in GyrA and ParC, MexXY-OprM overexpression, and the expres-
sion of the class 1 integron aadB gene. Indeed, AmpR can act as a
global regulator, and its activation can be implicated in quorum
sensing, alginate production, biofilm formation, and the expres-
sion of several other virulence factors (221).

COSELECTION OF MECHANISMS OF ANTIMICROBIAL
RESISTANCE AND VIRULENCE

Horizontal gene transfer (HGT) is a very important mechanism
(in addition to spontaneous mutation) responsible for the devel-
opment of antibiotic resistance in bacteria. This is the process
whereby DNA fragments, the so-called mobile genetic elements
(MGEs), can be transferred between bacteria of the same or dif-
ferent species. The classification of MGEs involved in bacterial
evolution and adaptation is continuously being updated. How-
ever, probably the most widely accepted classification is that of
Burrus et al. (222), which considers that integrative and conjuga-
tive elements (ICEs) include transposons, integrons, integrative
plasmids, genomic islands, and other, unclassified elements (i.e.,
those integrated in chromosomes). Plasmids and ICEs are the
main genetic mechanisms for the dissemination and coselection
of virulence and resistance genes, which are transferred and mul-
tiplied via three main ways of HGT: conjugation, transformation,
and transduction. Indeed, biofilms appear to facilitate horizontal
transmission due the high microbial density of the populations
(222–224), and subinhibitory concentrations of antibiotics also
appear to increase the rate of HGT (223).

Plasmids

Plasmids are extrachromosomal and self-replicating elements that
are not essential to bacteria but which often carry and disseminate
genes that confer to the bacteria certain characteristics such as
resistance, virulence, the ability to metabolize rare substances, and
persistence under extreme conditions. In particular, conjugative
plasmids play an important role in the evolution of pathogenic
bacteria because they are readily transmitted by horizontal trans-
fer both between and within species (225, 226).

Some interesting studies have analyzed the nature of plasmids
before the so-called antibiotic era. Studies of a collection of enter-
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obacterial strains obtained between 1917 and 1954 have shown
that most of the plasmids isolated nowadays are essentially the
same as those isolated during the preantibiotic era. Analysis of 84
different plasmids, none of which carried a resistance determi-
nant, revealed that 65 belong to current plasmid groups. Thus, the
acquisition of antibiotic resistance through recruitment of new
genes within the original plasmids, as a result of the use of the
antibiotics, is of great clinical importance (227, 228).

The major incompatibility (Inc) group involved in transfer of
resistance and virulence genes is the IncF group; transmission of
IncF plasmids is a clear example of how virulence and resistance
can increase via coselection, probably due to antibiotic pressure.
This has led on numerous occasions to the emergence of strains or
outbreaks of clones that are especially virulent and multidrug re-
sistant. The wide dissemination of the E. coli sequence type ST131
clone is one example of this (see Highly Virulent and Multiresis-
tant Worldwide Disseminated Clones above). Although there is
no clear explanation for the successful dissemination, it appears
that the IncFII group plasmids (e.g., pEK499) (Fig. 2B) often carry
the CTX-M-15 �-lactamase (216) and may be involved in spread
of the clone. These plasmids carry resistance genes in multiple
families and also carry virulence genes (e.g., the pEK499 plasmid
carries two copies of the vagC-vagD system, which is involved in
cellular division and is necessary to maintain the virulence of K.
pneumoniae). It is important to highlight the multiple mainte-
nance systems present in these types of plasmids, for example, the
Hok-Mok postsegregation killing proteins and the pemI-pemK
and ccdA-ccdB toxin/antitoxin systems. These systems ensure sta-
ble transmission and maintenance in the absence of any antibiotic
selective pressure (229, 230). Lavigne et al. have recently at-
tempted to clarify the ample capacity of this clone to spread, as
well as the involvement of the CTX-M �-lactamases. These au-
thors developed two in vivo models to compare CTX-M-15-pro-
ducing and non-ESBL-producing E. coli ST131 strains with non
ST131 strains. They suggest that although expression of CTX-
M-15 is not correlated with enhanced virulence, it can improve
the persistence of a strain during infection. This indicates that
the secret of the success of the clone is in achieving a perfect bal-
ance between virulence and antibiotic resistance (231). Although
there is significant diversity in the structure of the plasmids and
the evolution of resistance mechanisms that have affected clone
ST131, plasmids that carry resistance genes have been essential in
the rapid spread of these virulent clones of E. coli (232, 233).

Tetracycline resistance also can be coselected with virulence fac-
tors. For example, a virulence plasmid of a porcine enterotoxi-
genic E. coli (ETEC) strain carries a Tn10 transposon that carries
the tetracycline resistance genes tetA and tetC (encoding efflux
systems). The toxin-specific locus caused the enterotoxigenicity of
the strain, which contains two heat-stable enterotoxin genes, sta
and stb. In this example, the authors observed coselection of vir-
ulence and tetracycline resistance, but they did not analyze the
biological cost of carrying this virulence plasmid (234). Coselec-
tion of tetracycline was also observed in C. perfringens in a study
that analyzed the nonreplicating transposon Tn916, which is in-
volved in the conjugation of a replicating plasmid carrying puta-
tive virulence genes and two tetracycline resistance mechanisms,
tetA(P) (efflux system) and tetB(P), which provide ribosomal pro-
tection (235, 236).

Not only does antibiotic pressure promote the spread of plas-
mids with resistance determinants (and often also virulence fac-

tors), but certain environments (in which biodiversity is very high
and there is a correspondingly large metagenome) encourage bac-
terial interchange and the distribution of these mechanisms. Plas-
mid pRSB107 (120 megabases), which was isolated from bacteria
present in sludge from a sewage treatment plant, encoded resis-
tance to at least 9 different antimicrobials in E. coli transformants.
It also encoded or carried four putative virulence factors: an aero-
bactin iron acquisition siderophore system, a high-affinity Fe2�

uptake system, a glycerol-3-phosphate transport system, and the
virulence-associated genes vagC and vagD (237). Under suitable
conditions, plasmid chimeras can be created from different plas-
mids acquired by horizontal transmission from multiple environ-
ments (Fig. 2C).

Finally, another example of the recent evolution of coselection
is the hybrid resistance-virulence plasmid of Salmonella spp. Some
virulence plasmids which are very frequent in human infections,
such as pSEV in S. enterica serovar Enteritidis or pLST and pSTV
in S. enterica serovar Typhimurium, carry a conserved region of
7.8 kb carrying the spv genes (Salmonella plasmid virulence) and
other virulence genes (238–242). It has been shown that 7 to 8% of
ampicillin-resistant isolates of S. enterica serovar Typhimurium in
the United Kingdom and Spain carry the pUO-StVR2 virulence-
resistance hybrid plasmid, which is derived from the plasmid
pSTV after acquisition of a 45-kb region including the class 1
integron InH, with genes encoding resistance to at least five dif-
ferent antimicrobial families (243, 244).

The TraT protein, which is an external outer membrane lipo-
protein associated with plasmid conjugation and also with several
virulence mechanisms (e.g., serum resistance, phagocytosis, and
biofilm formation), also plays an important role. Thus, plasmids
have a doubly important role, as they spread resistance genes and
the traT genes are directly involved in bacterial virulence (3, 245).

Carrying plasmids that encode both resistance and virulence
factors leads to selection of resistance determinants in bacteria in
noninfective environments subjected to antibiotic pressure. Re-
ciprocally, in infective environments, simultaneous selection of
virulence determinants and resistance factors can occur in bacte-
ria, even in the absence of antibiotic selective pressure (3). Thus,
coselection appears to have occurred in the recent evolution that
has taken place in the postantibiotic era, and it could help bacteria
to adapt more easily to new environments. The distribution of
these types of plasmids among common human pathogens may
become a major health problem in the near future.

Integrative and Conjugative Elements

Integrative and conjugative elements (ICEs) are self-transmissible
mobile genetic elements that help in the horizontal dispersal of
genes located in another higher DNA molecule with replicative
capacity, such as plasmids and chromosomes. With the introduc-
tion of new methodologies, such as metagenomics and massively
parallel sequencing, it has been shown that ICEs may have an even
more significant impact than plasmids in HGT (246). Hypothet-
ically, genetic elements such as integrons and transposons can
capture virulence genes and disperse them jointly with resistance
genes, although not much is known about the relationship be-
tween virulence and resistance factors in the same ICE, except for
some specific examples such as those described below. This may
suggest the difficulty of coselection of both types of factors by
ICEs. However, there may be some bias, since many studies seek
the cause of the dissemination of antibiotic resistance in bacterial
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populations by exclusively locating and sequencing the resistance
markers and the neighboring genetic locations. Furthermore,
transposons and integrons that carry virulence genes are less ex-
tended than those carrying resistance genes or catabolic pathways;
indeed, virulence factors are usually related to prophage-like
structures (which are less likely to carry resistance genes). The
main explanation for this is the difference in the evolutionary time
scale of virulence and resistance for the hosts and the drugs, re-
spectively. The current pathogens are the product of a long period
of evolution along with the host and a short but intense period of
evolution, of only a few decades, involving antibiotic pressure.
While phages have a narrow host range, transposons can readily
insert themselves into a broad host range of plasmids, thus pro-
viding functions to a large number of hosts (247); this facilitates
the spread, in this case, of antibiotic resistance factors.

However, there are some clear examples in which coselection of
resistance and virulence occurs via ICEs. In Vibrio cholerae, the
enzyme bis-(3=,5=)-cyclic dimeric GMP increases biofilm forma-
tion and decreases virulence and motility, so that it is considered
an important factor for persistence in the environment, and is
regulated by diguanylate cyclases (DGCs). Two DGCs, DgcK and
DgcL, are encoded by integrating conjugative elements of the
SXT/R391 family, and thus the acquisition of these ICEs could
improve the survival of this species in aquatic environments. SXT/
R391 ICEs are directly involved in the transmission of multiple
drug resistance in different species, including Vibrio species (248).
Indeed, analysis of some isolates from cholera outbreaks has re-
vealed the involvement of SXT/R391-like genes in the transmis-
sion of virulence and resistance (248, 249). The in vitro plasticity
and capacity of the SXT-related ICE from Vibrio cholerae to trans-
fer virulence genes to other species such as E. coli has also been
demonstrated (250).

Genomic islands are also involved in the dissemination of vir-
ulent and resistant isolates; for instance, Salmonella genomic is-
land 1 (SGI1) encodes resistance to different antibiotics. The S.
enterica serovar Typhimurium phage type DT104, carrying SGI1,
is disseminated worldwide, like other major clones. Because of its
virulence and resistance gene repertoires, isolates with an SGI1
variant are a risk for rapid dissemination (141, 251, 252). The
OmpR-EnvZ operon system, which is encoded in Salmonella
pathogenicity island 2, is also involved in the regulation of resis-
tance and virulence. This system responds to environmental con-
ditions by modifying the expression of OmpC and OmpF porins,
which are involved in antibiotic resistance in this species. Further-
more, the OmpR-EnvZ system also regulates another system en-
coded in the same pathogenicity island, the SsrA-SsrB operon,
which in turn regulates the type III secretion system. OmpR mu-
tants are unable to replicate inside the macrophage cell, thereby
reducing its virulence in the absence of this operon (253, 254). In
another example, the entire genome of Streptococcus suis, a zoo-
notic agent of disease in young pigs which can also cause infection
in humans, has been sequenced. The major finding was a patho-
genic island of 89 kb, named ICESsuSC84, which is a composite
structure with several integrated MGEs. This island encodes sev-
eral resistance mechanisms, such as resistance to aminoglycosides
and tetracyclines and an antibiotic export/resistance system; it
also encodes a surface-anchored protein, LPXTG, a virulence fac-
tor that facilitates binding of bacteria to the eukaryotic cell and is
also located in Streptococcus agalactiae (255, 256). Sequencing of
strain ATCC 17978 of A. baumannii revealed the existence of up to

28 putative alien islands (islands formed by genes obtained from
other species), including 17% of the total open reading frames
(ORFs). This indicates that this species has acquired a large
amount of foreign DNA and also highlights the genetic plasticity
of the species. Sixteen of these islands contain putative genes in-
volved in virulence, such as type IV secretion systems and others.
Seven different putative alien islands also contained genes that
probably encode drug resistance proteins (on the basis of their
sequences). Although no island that encoded virulence and re-
sistance factors together was identified, this study highlights
the genetic plasticity of A. baumannii (as it can capture foreign
genes of both types easily), which appears to be one of the
secrets of its successful dissemination and persistence in recent
decades (257, 258).

Biofilms play an important role in HGT. The structure of
biofilms promotes HGT, especially by conjugation, and be-
cause of the high density and close proximity of the cells, the
conjugation itself can even stimulate biofilm production. In-
deed, transformation appears to be necessary for biofilm for-
mation and stabilization (259). A type IV secretion system is
involved in biofilm formation and contributes to cell-to-cell
contact, thus mediating DNA transfer (260). There is therefore
a positive feedback between the horizontal exchange of genes
and biofilm formation, which favors movement of resistance
genes and virulence factors, especially in the presence of anti-
biotic selective pressure (261, 262).

Phage-Mediated Transduction

In transduction, fragments of bacterial DNA are included as part
of viral DNA, and when this viral particle infects other bacterial
cells, DNA is integrated and replicated in the host bacterial cell.
There are numerous examples of different virulence genes carried
by prophages in E. coli: e.g., Shiga toxin (STX) (263, 264); genes of
effector proteins such as bacteriophages, nleA-H, and Cif; and
cytolethal distending toxin (CDT) (265). These prophages can
spread virulence factors to other species that may already possess
resistance mechanisms that favor the persistence or dissemination
of both in the environment. Recently, a particularly virulent out-
break comprising 3,842 cases of human infections was produced
in Germany by a Shiga toxin-producing E. coli (STEC) strain be-
longing to serotype O104:H4 with virulence features common to
the enteroaggregative E. coli pathotype, which previously carried
the plasmid-encoded TEM-1 and CTX-M-15 �-lactamases. The
Shiga toxin was probably transduced from other enterohemor-
rhagic E. coli strains (266, 267). Indeed, the presence in animal
environments of bacteriophages carrying different resistance
genes, such as blaTEM, blaCTX-M, and mecA, has recently been dem-
onstrated, suggesting their capacity to act as environmental vec-
tors of virulence and resistance (268).

Finally, we will comment on the role of the SOS response (bac-
terial response to the DNA damage) in the activation of produc-
tion of lysogenic prophages and, therefore, the increased genetic
exchange by transduction. For example in S. aureus, SOS re-
sponse-inducting antibiotics, such as �-lactams and ciprofloxa-
cin, may favor the dissemination of virulence factors by promot-
ing replication and horizontal transfer of pathogenicity islands
(130, 161).
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Outer Membrane Vesicles

Membrane vesicles, which are released from the cell envelope, are
a vehicle for numerous lipids and proteins and play an important
role in the interaction between host and pathogen. The vesicles are
a relatively novel or poorly studied mechanism of coselection and
joint dissemination of virulence and resistance factors. It has been
demonstrated that OMV production increases in response to bac-
terial stress or environmental factors, e.g., during the colonization
or infection of host tissues (269, 270).

Indeed, OMVs often contain numerous virulence factors, in-
cluding adhesins, toxins, antigens such as lipopolysaccharide
(LPS) (271), and other outer membrane (OM) components that
influence the infection and host response. Thus, enterotoxigenic
E. coli secretes the enterotoxin LT, which is delivered by the OMVs
from the OM into mammalian cells (272). Staphylococcus aureus
releases membrane vesicles (not OMVs), produced during in vivo
infection in a mouse pneumonia model, harboring class A �-lac-
tamase and virulence-related proteins, which are able to induce
apoptosis of HEp-2 cells (273). In the presence of gentamicin, P.
aeruginosa increases the release of membrane vesicles carrying hy-
drolytic enzymes (274). Quorum-sensing molecules or adhesins
are also transported by OMVs and enable the bacteria to interact
with eukaryotic cells (275).

However, it is not only virulence factors that can be directly
transported on vesicles. Horizontal transfer of plasmids carrying
antibiotic resistance genes has been demonstrated to occur
through OMVs, which reveals a direct link between resistance and
virulence. Our group has demonstrated that A. baumannii releases
Omp33-36 and OmpA porins (involved in resistance and viru-
lence) within OMVs (276). Also in A. baumannii, we have studied
an MDR epidemic strain, AbH12O-A2, that is able to release
AmpC and OXA-24 �-lactamases (277). This type of mechanism
of spread of virulence and/or resistance determinants probably
occurs in most pathogenic species.

In general, bacteria produce a relatively enriched protein profile
of virulence factors within OMVs compared with the virulence
factor complement of the OM (271). Therefore, more studies with
pathogenic species are required to determine the real importance
of vesicles as vehicles of codissemination of virulence and resis-
tance factors.

COMPENSATORY MUTATIONS

In the recent past it was assumed that the development of antibi-
otic resistance was inexorably linked to virulence and to fitness
costs and that in the absence of antimicrobials in the environment,
the susceptible strain would be more competitive than the resis-
tant strain (which may display, e.g., lower growth rates, invasive-
ness, and transmission capacity). However, antimicrobial treat-
ment could hypothetically reduce the fitness of the susceptible
strain, thus creating more favorable circumstances for resistant
mutants with a higher fitness in this environment and leading to
the development of resistant populations. Many studies in recent
years have highlighted the importance of the ability of resistant
mutants to adapt and recover their fitness and virulence by sec-
ondary-site mutations or compensatory mutations. Molecular
studies with different bacteria (both laboratory and clinical
strains) show that the recognition of additional compensatory
mutations is key to understanding the evolution of microorgan-
isms in recent decades, during which antimicrobial agents have
been extensively used. However, the type and number of compen-

satory mutations and the level of compensation depend on mul-
tiple factors, such as the particular species, the resistance mecha-
nism, and the environmental conditions. A recently published
review by Andersson and Hughes (278) highlights some of the
main examples of chromosomal compensation of fitness costs.
There are three ways of restoring the fitness of resistant mutants:
direct restoration of the efficiency, replacement of the function by
another similar function, and reduction of the need for that func-
tion, as explained in further detail below:

(i) Some recent studies provide a better understanding of fit-
ness compensation. For example, Billal et al. carried out an inter-
esting whole-genome analysis with transformants of S. pneu-
moniae that were susceptible or resistant to linezolid (171). On the
basis of the transformation of the genome of a resistant mutant
into two susceptible strains, the group characterized all mutations
associated with resistance to this antibiotic and mutations associ-
ated with adaptive compensation. The involvement of some of the
genes in resistance and fitness compensation investigated in this
study is shown in Fig. 5A. The cumulative effect of two different
ABC transporters (encoded by spr1021 and spr1887) may at least
partly increase the fitness cost of chromosomal mutations in-
volved in linezolid resistance (23S rRNA mutations). Excessive
intracellular concentrations of linezolid due to modification of the
target (23S rRNA) may be compensated for by the overexpression
of ABC transporters, especially Spr1887, which is responsible for
the extracellular excretion of free linezolid. Other mutations, such
as amino acid changes in the 50S ribosomal proteins L3 and L16,
are involved in restoring the loss of fitness in these linezolid-resis-
tant strains of S. pneumoniae. These changes are probably in-
volved in enhancing the stabilization of the peptidyltransferase
center of the ribosome (involved in the translation of proteins),
modified with the unfavorable G2576T 23S rRNA mutation (171).
Thus, in this case, two different types of events have compensated
for the loss of fitness: increased expression or overexpression of a
new function (ABC transporter) and direct restoration of the ef-
ficiency of an affected function (modification of L3 and L16 ribo-
somal proteins). A similar example is shown in Fig. 5B. Björkman
et al. performed several studies with a mouse infection model
(278–280) and showed that in mutant strains of S. enterica, the
increased fitness cost of high-level resistance to streptomycin
could be compensated for by single mutations in the rpsL gene.
This gene encodes 30S ribosomal protein S12, which offers strep-
tomycin resistance at no cost (K42R) or with a fitness cost (K42N).
However, if in addition to the K42N mutation, the strain suffers
new compensatory mutations in the rpsD gene (which encodes
30S ribosomal protein S4), such as K205T, the fitness cost will be
compensated for (278–280).

(ii) Another way of restoring fitness is to replace one function
with another function of similar efficacy. This strategy is used by
strains of S. enterica that are resistant to peptide deformylase in-
hibitors (PDFIs), such as actinonin. In most bacteria, translation
starts with a formylated Met-tRNAi, and when translation is com-
plete, the formyl group is removed by the peptide deformylase
enzyme. The PDFIs inhibit peptide formylase activity by accumu-
lating intracellular toxic formylated peptides. Therefore, to ac-
quire resistance to PDFIs, S. enterica can gain mutations in the fmt
and folD genes, thereby decreasing the addition of formyl groups
to the Met-tRNAi; the translation and growth rates become re-
duced because of the need to initiate translation with unformy-
lated Met-tRNAi. In this case, fitness is restored by amplification
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of tandemly repeated metZ and metW genes that encode tRNAi.
Increased expression of these genes results in increased tRNAi
levels, which can compensate for the lack of addition of formyl
groups to the Met-tRNAi and allow initiation of translation with-
out formylated Met-tRNAi. In Salmonella, peptide deformylase
activity is replaced by high tRNAi levels, so that resistance to
PDFIs is acquired at the lowest possible cost (281).

(iii) The third way to restore the fitness by means of compen-
satory mutations is to reduce the need of the bacteria for the al-
tered function. Albarracín et al. (282) have studied an example of
this in �-lactam-resistant transformants of S. pneumoniae in-
duced by mutations in three penicillin-binding proteins, PBP1a,
PBP2x, and PBP2b. Basically, the simple PBP2b mutant used in
this study had resistance to piperacillin but also reduced fitness
relative to that of the parental strain (measured in both in vitro and
in vivo models). Thereafter, transformation with two new PBP
mutations, in PBP1a and PBP2x, maintained the piperacillin MIC
and increased the cefotaxime MIC; remarkably, the transforma-
tion also increased the fitness of the triple transformant of S. pneu-
moniae. In this example, the proteins PBP1a and PBP2x not only
showed a complementary function of PBP2b (cell wall mainte-
nance) but also contributed to increasing the resistance to �-lac-
tams antibiotics (282).

These and other recent studies (278, 283–288) highlight the
importance of compensatory mutations that enable bacteria to
adapt to and subsist with the biological cost associated with the
gain in antibiotic resistance. Handel et al. developed a mathemat-
ical model that helps us to understand how far the adaptive phe-
nomenon is relevant in the process of emergence of resistance (5).
One of the most important aspects regarding the possible emer-
gence of resistance as a result of compensatory mutations is the
level of treatment to which a specific microbial population is ex-

posed. A diagram summarizing the dynamics of the development
of resistance, proposed by these authors, is shown in Fig. 6. This
theoretical model shows that once a resistant mutant that is less fit
than the parental strain appears in an environment, it could even-
tually restore its fitness and could compete with the original sus-
ceptible strain if it is able to survive long enough to acquire one or
more advantageous compensatory mutations. This model consid-
ers four possibilities. In a hypothetical first situation, A, without
treatment, resistant mutants can appear only via unlikely muta-
tions, which also have a fitness cost and therefore will not prevail;
resistance will not emerge. Oceans or seas are examples of such
environments in which antibiotics are present at low levels. Sim-
ilarly, in hypothetical situation B, if the treatment covers only a
small percentage of the population or antimicrobials are present at
low levels, resistant mutants are unlikely to appear, but they may
appear, because of the low number of individuals subjected to
antibiotic pressure. In this scenario, resistant mutants could ac-
quire a level of fitness similar to that of the parental strain. This
could include bacteria that colonize or infect anatomical niches
with low levels of distribution of the antibiotic in a treated host
(e.g., gut microbiota in treatment for otitis). In a third situation,
C, in which treatment levels are higher, resistant mutants with a
low degree of fitness would probably emerge; these could lead to
the emergence of resistant mutants with restored fitness due to
compensatory mutations, although this is unlikely due to the low
number of resistant mutants. A real example of this is the nosoco-
mial environment, in which antibiotics are present and there is a
high risk of selection of resistant clones. In the last case, D, in
which the population would be massively subjected to the drug,
emergence of resistant mutants from the original generations or
from the following generations would be likely; these mutants
would have restored fitness and would therefore be able to prevail

FIG 5 (A) Relationship between resistance, fitness, and compensatory mutations. The figure reflects the fitness (measured as growth capacity) of the S.
pneumoniae wild-type (WT) strain (1974), the linezolid-resistant mutant (1974M1), the T-7 mutant (the 1974 WT strain with the main mutation involved in
resistance, the 23S rRNA mutation G2576), which is less fit than strain 1974M1 (indicating the existence of compensatory mutations in the latter), the T-7spr1021

mutant (T-7 mutant with overexpression of the spr1021 gene, encoding an ABC transporter), which displays increased resistance to linezolid but with a clear
biological cost, and finally the T-7spr0333,spr1021,spr1887 mutant (T-7 mutant with overexpression of the spr1021 and spr1887 genes and also the methyltransferase
gene spr0333), which appears to restore the original fitness by the action of the new ABC transporter encoded by spr1887 (those commented on in the text are
highlighted). (Reprinted from reference 171, which was published under an open-access license.) (B) High-level resistance to streptomycin in mutants of S.
enterica subsp. enterica serovar Typhimurium. The fitness costs are reflected on the y axis. The K42R mutation in the protein encoded by rpsL gene is free of any
fitness cost; however, the appearance of the K42N mutation in the same protein is associated with a biological cost, which can be almost totally compensated for
by the secondary mutation K205T in RpsD protein. (Modified from reference 278 by permission from Macmillan Publishers Ltd.)
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over time, for instance, in treatment of infection of an animal or
human host with antimicrobial therapy (5).

Another theoretical model of the emergence of resistant mu-
tants on a time scale that includes the proportion of treated indi-
viduals is shown in Fig. 7A. This illustrates several resistant mu-
tants for which the fitness costs are different from those associated

with the susceptible strain. The large number of treated individu-
als would also increase the possibility of emergence of resistant
mutants in a short time. Similarly, the probability of emergence
increases according to the fitness and the percentage of treated
individuals, as shown in Fig. 7B. It is important to highlight the
nonlinear dependence between the time/probability of appear-

FIG 6 Theoretical model proposed by Handel et al. of the emergence and persistence of antimicrobial resistance in different ecological niches. The bars indicate
the fitness of the strains in a given situation, the solid arrows indicate acquisition of mutations that occur frequently due to the large size of the original population,
and the dashed arrows indicate acquisition of mutations that occur infrequently in a small part of the original population. If the resistant mutant is less fit than
the wild-type strain, it will tend to extinction by competition; however, if during competition the resistant strain develops compensatory mutations, it could
eventually emerge and persist. The antibiotic levels in the environment will largely determine this selection. (A) In an environment without antibiotic treatment
(e.g., seas), resistant strains are associated with low fitness and will not emerge. (B) In an environment with a certain level of antibiotics (e.g., during infection in
a compartment of the treated patient with a low level of antibiotics or without antibiotic distribution), the fitness of the wild-type strain is reduced, which enables
emergence of a resistant mutant. One frequent conversion and two infrequent conversions are required. (C) In an environment with antibiotics (e.g., a
nosocomial environment), resistant mutants readily emerge, and only one infrequent conversion is necessary. (D) In an environment with a massive presence of
antibiotics (e.g., during antibiotic treatment), the low fitness of the original population readily enables the emergence and persistence of resistant populations.
(Reprinted from reference 5, which was published under an open-access license.)

FIG 7 (A) Time until emergence of resistance, based on a theoretical model obtained from simulations of the deterministic model of years until emergence of
the resistant strains (see reference 5 for more details). Fitness levels of the resistant strains 1, 2, and 3 are 75%, 85%, and 95%, respectively, of those of the
susceptible strain in the absence of antibiotics. Vertical lines represent the level of treatment necessary for the fitness of the resistant strains to equal that of the
susceptible original strain. The conversion rate of the strains due to the compensatory mutations equals 10�1 (for other rates, see reference 5). (B) Probability that
resistance will emerge within 1 year, based on a theoretical model obtained from stochastic simulations. The parameters used are the same as for panel A.
(Reprinted from reference 5, which was published under an open-access license.)
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ance of resistant prevalent mutants and the percentage of the pop-
ulation treated. As reflected in the figure, the temporal changes or
the probability of emergence is much higher when low levels of the
population are treated, although these changes are more unlikely
to occur with high levels of treatment. This should be considered
when implementing treatment strategies and when analyzing ep-
idemiological data.

These types of models help us to understand why compensa-
tory mutations are fundamental to the wide dissemination of re-
sistant clones, despite the initial increase in fitness costs and viru-
lence. The role of such advantageous mutations in the persistence
or reversion of the resistant mutations is not entirely clear. Theo-
retical findings supported by clinical and experimental studies
suggest that resistance and compensatory mutations are easier to
achieve than reversion mutations, and therefore compensatory
mutations are a barrier to the loss of resistance in resistant adapted
mutants (289, 290). However, the genetic reversion of resistant
mutants after a period of absence of drugs has been described in
both experimental and clinical studies, even in individual patients
(289). According to the model of Schulz zur Wiesch et al., these
situations, in which decreased resistance occurs, may be explained
by clonal changes in the environment, even when the resistant
clones are as fit as the susceptible strains (289–291), and the rever-
sal of resistance through genetic events is less likely (289, 291). At
the same time, reversal will be possible when the compensatory
mutations are not sufficient to balance the fitness of the original
strain. Often as a consequence of a decrease in antibiotic pressure,
the resistance levels of a bacterial population decrease to minimal
levels but do not disappear, thus making the persistent population
more resistant than the original population, even in the absence of
direct pressure (288, 292). In addition to searching for explana-
tions for the persistence of resistant bacterial populations in the
absence of antibiotic pressure, the increasingly common phenom-
enon of coresistance should be taken into consideration.

GLOBAL RESPONSES AND THEIR EFFECT ON
ANTIMICROBIAL RESISTANCE AND VIRULENCE

Due to the extent of the review, we do not discuss in this work the
interplay between antimicrobial resistance and virulence on over-
all and global stress responses depending on MarA, SoxS, and
RobA (among some other examples), as this subject warrants a
separate review.

Two-Component Regulatory Systems

Bacterial pathogens can survive hostile environmental conditions
during host infection by modulating their genetic arsenal. They
often use two-component systems (TCSs) to regulate their re-
sponses and adapt to environmental changes. Such systems are
frequently involved in changes in antibiotic resistance and viru-
lence, as previously mentioned. These systems comprise a histi-
dine kinase sensor protein, which is integrated in the inner mem-
brane, and a cytoplasmic response regulator. The function of both
proteins is mediated by phosphorylation reactions and conforma-
tional changes (293–296).

P. aeruginosa strain PAO1 carries up to 10% of its genes as
regulatory genes, including those encoding 72 response regulators
and 62 sensor kinases. Of these gene products, several TCSs are
involved in both virulence and antibiotic resistance: PhoP-PhoQ
(297), PmrA-PmrB (298), CbrA-CbrB (11), WalK-WalR (299),
Ppr-PprA (300), GacA-GacS (301), and PvrR (302). Similar TCSs
have been studied in Salmonella (PmrA-PmrB and PhoP-PhoQ)
(180, 303, 304) and E. coli (BasR-BasS and PmrA-PmrB) (304,
305).

PhoP-PhoQ. The TCS PhoP-PhoQ governs virulence, motility,
invasion, intracellular survival, the adaptive response to low envi-
ronmental concentrations of Mg2�, resistance to aminoglycosides
and antimicrobial peptides, and multiple cellular activities in sev-
eral Gram-negative species (179, 295). Groisman proposed a
model that reflects the role of PhoP-PhoQ in Salmonella and how
it interacts with PmrA-PmrB (180) (Fig. 8). Low concentrations of

FIG 8 Model describing the signals controlling expression of PhoP-PhoQ-regulated determinants and the interaction between the PhoP-PhoQ and PmrA-PmrB
two-component systems, as well as some of the genes and phenotypes governed by the PhoP-PhoQ system. (Reprinted from reference 180 with permission.)
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Mg2� promote transcription of PhoP-activated genes, and high
concentrations of Mg2� promote repression of these genes. Addi-
tion of Mg2� to Salmonella culture medium increases the suscep-
tibility of the bacteria to magainin (an antimicrobial peptide) by
more than 1,000 times (306). Approximately 40 genes are regu-
lated by the PhoP-PhoQ system in Salmonella (307), including
virulence genes such as mgtCB, which is involved in intramac-
rophage survival (308), and possibly the spv and ssa/sse genes,
isolated from a virulence plasmid and a pathogenicity island, re-
spectively (309, 310). In Salmonella, mutations of the PhoQ sensor
alter the Mg2� sensitivity threshold and render the bacteria avir-
ulent (306). However, PhoP-PhoQ also mediates resistance to an-
timicrobial peptides or polymyxin B through activation of pagL
and pagP, encoding a lipid A 3-O-deacylase and a lipid A palmi-
toyltransferase, respectively. These modifications decrease the
negative charge of the LPS, thus affecting the electrostatic interac-
tions and decreasing the affinity between the LPS and colistin or
polymyxin B (311, 312).

Similarly, in P. aeruginosa, PhoP-PhoQ regulates resistance to
polymyxin at low concentrations of Mg2�. Overexpression of this
system is associated with a high degree of resistance to polymyxin
B (313), and a phoP laboratory mutant was found to be highly
susceptible to this antibiotic (314). A phoQ mutant also exhibited
high susceptibility to quinolones (315). On the other hand, the
PhoQ sensor is necessary in P. aeruginosa for biofilm formation
(316), and different in vivo studies with phoP mutants have dem-
onstrated the role of this TCS in virulence in a neutropenic mouse
model (313) and in chronic rat lung infection (295), as well as
reduced twitching motility, biofilm formation, and cytotoxicity to
human lung epithelial cells and loss of competitiveness in chronic
rat lung infections (197). PhoP orthologs associated with antimi-
crobial peptide resistance and virulence have been found in other
species, such as E. coli, S. flexneri, Y. pestis, and M. tuberculosis
(317–320).

PmrA-PmrB. The TCS PmrA-PmrB (also known as BasR-
BasS), which can also be induced by PhoP, regulates other LPS
modifications. However, PmrA-PmrB regulation can be PhoP-
PhoQ independent and can be activated by high concentrations of
Fe3� or low pH (Fig. 8). One of the main roles of this system is the
modification of lipid A by the addition of 4-aminoarabinose and
phosphoethanolamine, which decreases the negative charge of
LPS (321, 322). Addition of 4-aminoarabinose and phosphoetha-
nolamine is mediated by the pmrE gene or the operons pmrHFI-
JKLM (323) and pmrC (324), respectively. Strains of Salmonella
with mutations in these genes exhibit decreased virulence in vivo,
which highlights the role of these mechanisms in virulence (175).
Interestingly, the antimicrobial resistance mediated by 4-amino-
arabinose is associated with higher survival in murine intestine,
which may be related to the fact that LPS is essential for recogni-
tion of the host immune system; modifications to the LPS may
alter the identification of the microbial pathogen and avoid the
innate response with a decreased Toll-like receptor–LPS interac-
tion. This would also be associated with antimicrobial peptides
and polymyxin resistance (321). In E. coli, treatment with bile salts
leads to induction of PmrA-PmrB, lipid A changes, and upregu-
lation of the efflux system AcrAB, which is involved in resistance
to multiple antibiotics (305).

The PmrA-PmrB system, which has also been described in P.
aeruginosa, induces modification of lipid A, by the addition of
4-aminoarabinose, and subsequent antimicrobial peptide resis-

tance (295). Modifications to the LPS which are induced by PhoP-
PhoQ, PmrA-PmrB, or other systems involving palmitate and
aminoarabinose are very similar to those produced by this species
in cystic fibrosis, in which the host inflammatory response is in-
creased (314).

CbrA-CbrB. The TCS CbrA-CbrB of P. aeruginosa, previously
described as being involved in the carbon and nitrogen metabolic
usage, is also involved in several mechanisms of antibiotic resis-
tance (to polymyxin B, ciprofloxacin, and tobramycin) and viru-
lence (swarming, biofilm formation, and cytotoxicity). A recent
study with a cbrA deletion mutant of P. aeruginosa showed en-
hanced biofilm formation and in vitro cytotoxicity in human
bronchial epithelial cells but also showed defective swarming mo-
tility (which is involved in a complex process of adaptation, in-
volving different virulence genes). Indeed, this system can regulate
the expression of PmrA-PmrB and PhoP-PhoQ in P. aeruginosa
(11).

WalK-WalR. Although the WalK-WalR system in S. aureus is
known to be involved in the control of cell wall synthesis, single
amino acid mutations in both genes of vancomycin-susceptible S.
aureus (VSSA) strains have recently been shown to cause resis-
tance to vancomycin and daptomycin. In addition, the virulence
decreased dramatically in an in vivo model (G. mellonella) of S.
aureus infection, and the in vitro biofilm formation also decreased.
These mutations partly reproduced the typical VISA phenotypes
(299).

Other TCSs involved in virulence and resistance have been
described, such as RocS2/RocS1-RocA1 of P. aeruginosa, which is
able to control the cupC gene (involved in assembly of fimbriae)
and the mexAB-oprM genes (encoding a multidrug efflux pump)
(325). Other examples, also in P. aeruginosa, include the PprA-
PprB system, which is involved in aminoglycoside resistance,
outer membrane permeability, cytotoxicity mediated by the type
III secretion system, biofilm formation, and quorum sensing (300,
326, 327), and the GacS-GacA system, which is associated with the
production of small-colony variants that affect motility, biofilm
formation, and antibiotic resistance (301). The RppA response
regulator of Proteus mirabilis is necessary for the natural resistance
of this species to polymyxin B and is also involved in biofilm
formation and urothelial cell invasion (328).

These and other studies note the important role of TCSs in the
development of in vivo resistance to different families of antibiot-
ics, as well as the regulation of several bacterial processes, includ-
ing virulence. Inactivation by mutations in these systems often
involves loss of virulence.

Stress by DNA Damage: SOS Response

Bacterial pathogens are subjected to many external assaults that
can damage the DNA; the SOS response is the main mechanism
for repairing damaged DNA. The SOS response involves several
proteins but only two mayor enzymes: LexA, which regulates the
repair system inhibiting gene expression through obstructing the
binding of RNA polymerase to DNA (329), and RecA, which in-
teracts with the single-stranded fragments of DNA (damaged
DNA) and involves autocatalytic cleavage of LexA and other re-
pressors, finally producing expression of the SOS response genes
(330, 331). Once the damaged DNA is repaired, RecA expression
decreases and LexA represses expression of all the SOS response
genes. Although this repair mechanism is widespread among bac-
teria, it can vary greatly between species (332).
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The SOS response is induced by antibiotics; e.g., some quino-
lones cause direct DNA damage (333), some �-lactams do not
directly damage DNA but interfere with cell wall synthesis (334),
and some quinolones interfere with DNA replication, even at sub-
inhibitory levels (335). This response is also involved in the fol-
lowing: transmission of virulence factors such as Shiga-like toxin
in E. coli (336), dissemination of mobile elements such as patho-
genicity islands in S. aureus (130, 161) and E. coli (337), and in-
creased expression of genes necessary to transfer the integrating
conjugative element SXT of Vibrio cholerae, a carrier of mecha-
nisms of resistance to multiple classes of antibiotics (338). An
interesting finding by Guerin et al. (339) involved a conserved
LexA-binding motif overlapping the promoter regions of chro-
mosomal and mobile integrons (often carriers of multiple antibi-
otic resistance genes). Thus, in a normal environment, the SOS
system represses the integrase protein, but under stressful condi-
tions, the SOS response may activate the reordering of the inte-
grons in the chromosome and facilitate the acquisition of exoge-
nous resistance cassettes. Thus, exposure to antibiotics may
induce the SOS response and activate integron recombination.
This mechanism would not usually have any biological cost, under
usual conditions, because it would not be activated. All these find-
ings indicate that the SOS system is not only a DNA repair mech-
anism but also an important mechanism of induction and dissem-
ination of antibiotic resistance mechanisms and virulence factors.

A clear example of the above is the study by Bisognano et al. of
S. aureus strains that are resistant to quinolones (131). Exposure
of these strains to low concentrations of ciprofloxacin raises the
fibronectin-mediated attachment, which enhances the virulence
by tissue attachment and cellular invasion. Electrophoretic mobil-
ity assays showed specific binding of the repressor LexA to recA
and also to fnbB, which encodes a fibronectin-binding protein, a
known virulence factor in S. aureus. Thus, exposure to subinhibi-
tory concentrations of ciprofloxacin may enhance production of a
virulence factor involved in colonization and invasion, which
could favor the carrier state and increase the risk of acquiring a
severe infection.

It has been shown in E. coli that �-lactams, fluoroquinolones,
and trimethoprim induce the SOS response, thereby decreasing
the bactericidal activity of these antibiotics (334, 340, 341). Similar
induction of the SOS response has also been described in V. chol-
erae (342) and S. aureus (130, 161). Indeed, the SOS response by
itself can also induce the expression of virulence factors (130, 161,
343). Mellies et al. observed, in enteropathogenic E. coli (EPEC),
that the virulence factor type III secretion system, encoded by the
locus of enterocyte effacement (LEE), showed LexA-dependent
regulation (343). EPEC produces intestinal lesions, mediated by a
type III secretion system, and protein effector molecules, which
are injected into the host cell. In an in vitro assay, the purified LexA
protein bound to LEE promoters, which would prevent transcrip-
tion by inhibition of binding to the RNA polymerase.

We have recently studied the involvement of RecA in resistance
and virulence in A. baumannii. Although LexA is not present in
this species, our results suggest the involvement of RecA in DNA
repair through recombinatorial repair. A. baumannii recA mu-
tants were 20 times more sensitive to macrophages than the pa-
rental strains. In an in vivo murine model, the mutant showed
attenuated virulence, probably due to low survival in the host.
Indeed, the recA mutant exhibited higher susceptibility to some
�-lactams, colistin, trimethoprim-sulfamethoxazole, and fluoro-

quinolones than the wild-type parent strain. In this case, this pro-
tein directly links both virulence and antimicrobial resistance to a
process of DNA repair (344). Similar studies have highlighted the
importance of RecA as a regulator of virulence in S. Typhimurium
(345), Pasteurella multocida (346), and Burkholderia spp. (347).

Mutator Phenotypes

Mutator (or hypermutable) strains are microorganisms that ex-
hibit an increased mutation frequency due to a defective DNA
repair system. The methyl-directed mismatch repair system
(MutS, MutL, MutH, or UvrD) is the most frequently affected
system in mutator populations (348). These mutator strains are
known to have evolutionary advantages in new environments or
stressful situations. Most of these mutations are neutral or even
deleterious, but they may be favorable under directional selection
(349, 350). For instance, under antibiotic pressure (351) or during
infection (352), the mutator phenotype confers an advantage over
the wild-type strain, thereby increasing its relevance as a clinical
problem. Although the mutator strains can explore new ecosys-
tems more quickly by increasing the rate of appearance of new
mutations, this advantage disappears when the adaptation occurs.
Even if the mutation rate is not reduced, the mutator strain may
lose fitness over the long term (350) or in secondary environments
after infection (352).

Although the prevalence of these phenotypes is variable, they
are overrepresented in chronic infections caused by P. aeruginosa
(353, 354, 355), S. aureus (356), and Haemophilus influenzae
(357). In cystic fibrosis (CF), they are also frequently produced by
hypermutable strains (strains more resistant than the nonmutator
strains). In CF, the mutator strains of P. aeruginosa develop resis-
tance to antipseudomonal antimicrobials much more frequently
than nonmutators (353, 358), with efficient development of resis-
tance through chromosomal mutation (359). Moreover, the per-
sistence of P. aeruginosa in the lungs of CF patients results in
changed resistance and altered virulence; acute injury is decreased,
but chronic inflammation is increased, which promotes metabolic
adaptation of the organism to the microaerobic conditions in the
lungs of CF patients (360), usually leading to the loss of function of
genes involved in virulence. It has also been observed, in a CF
mouse model of chronic colonization, that the mutator strains
favor long-term persistence; these strains compete with the wild-
type strains, their fitness increases over time, and the numbers of
adaptive mutations also increase (354). It has also been shown in
this species that strains with a defective DNA repair system have
enhanced microcolony-based growth, which is promoted by high
biofilm production, thereby relating resistance and virulence
(361). However, once again, because of the accumulation of mul-
tiple deleterious mutations in other, non-CF lung environments,
adaptation to long-term persistence in CF-associated infection is
not cost free. A reduction in transmission capacity was observed in
that study; in a similar study with mutator isolates from CF pa-
tients, reduced virulence and fitness were observed on establish-
ment of lung infection, suggesting a reduced potential for coloni-
zation of new environments (362).

Except in P. aeruginosa, the mutator isolates usually represent a
low percentage of the population because of the burden of delete-
rious mutations. However, the mutators are sometimes linked to
hypervirulent clones, as in the epidemic N. meningitidis serogroup
A, which is the only serogroup capable of transcontinental spread
and disease and which includes a high prevalence of isolates with
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elevated mutability. Richardson et al. showed that 57% of sero-
group A isolates studied displayed elevated mutability, indicating
the important role of this factor in the spread and evolution of
serogroup A strains of N. meningitidis (363). A similar situation
can be observed by contemplating the global distribution and suc-
cess of the W-Beijing genotype of Mycobacterium tuberculosis,
which is highly virulent and pathogenic. In a study of 55 W-Bei-
jing isolates, most of the isolates carried missense mutations in
mut genes, showing that successive alterations of the defective
DNA repair systems may provide a selective advantage to the bac-
teria to adapt and persist, including resistance to antituberculosis
drugs (364).

Hypermutation of strains of S. Typhimurium has also been
studied in an in vivo mouse model, by comparing the fitnesses of
wild-type and DNA repair-defective mutator strains. After 66 to
132 generations, the MICs of nalidixic acid and rifampin for the
mutator strains were much higher than those for the wild-type
strains, and in both types of strains the evolved populations of
mice were fitter than the parental strain. In secondary environ-
ments, i.e., growing in LB medium under laboratory conditions,
there was no general loss of fitness (measured as competition in-
dex [CI]) between the evolved and the parental populations.
However, analysis of the capability to utilize various carbon
sources showed that none of the wild-type lineages had lost any
metabolic functions but that all the mutator strains had one or
more defects. The authors of this study finally associated adapta-
tion to the infection in mice by the mutators with a loss of fitness
in secondary environments due to reduced metabolic capability
(352). The role of the mutator phenotype in the pathogenesis of E.
coli during chronic urinary tract infections was also shown in in
vivo models (365).

In conclusion, hypermutation confers advantages such as the
rapid acquisition of chromosomal resistance by antibiotic pres-
sure, and it also enables modification of virulence and metabolism
in order to persist in specific environments, although usually with
a biological cost outside the primary environment.

Persister Cells

Persisters are dormant variants of microbial populations that are
tolerant to antimicrobials (not really resistant). They favor the
recalcitrance of chronic infections to therapy and are more fre-
quent in the biofilm state, which partly explains why it is difficult
to treat infections caused by pathogens in biofilms. Persisters are
particularly frequent in P. aeruginosa infections in patients with
cystic fibrosis (366) and in Candida albicans infections in patients
with oral thrush biofilm (367), although they have also been de-
scribed in other species such as S. aureus (368) and E. coli (369).

Although the mechanism of antimicrobial tolerance in these
subpopulations is not yet clear, it does not appear to operate at a
mutational level. The SOS response (370, 371) and environmental
stresses, such as oxidative stress (372), appear to be involved in the
activation of persister formation. The tolerance involves overpro-
duction of several toxin/antitoxin systems, such as RelE, which
inhibits translation, thus preventing the lethal action of aminogly-
cosides to act over protein synthesis (373), as well as TisAB, a DNA
damage-induced toxin that promotes the production of cipro-
floxacin-tolerant cells (374), and HipAB, other toxin/antitoxin
system involved in blocking translation and tolerance to different
antibiotic families (371). Induction of the AcrAB-TolC efflux

pump, by means of oxidative stress, also increases the production
of quinolone-tolerant persister cells (372).

Overall, the data summarized above show that persistent sub-
populations are a clear example of how pathogenic populations
can evolve and adapt to survive and persist in the environment. In
such antimicrobial-tolerant populations, which are difficult to
eradicate, tolerance is closely linked to the expression of different
virulence factors.

Alarmone Guanosine Tetraphosphate

The guanosine tetraphosphate alarmones, which are intracellular
signaling molecules collectively known as (p)ppGpp, are a clear
link between antibiotic resistance and virulence. Levels of
(p)ppGpp are correlated with the expression of virulence traits,
including survival of stress in bacteria such as Campylobacter je-
juni, Brucella abortus, Streptococcus mutans, and Bacillus subtilis
(375–378), biofilm formation in E. coli, S. mutans, and Listeria
monocytogenes (377, 379, 380), antibiotic resistance in E. coli and
Brucella abortus (376, 381–383) and infection persistence in M.
tuberculosis, S. mutans, and E. coli (376, 381, 384–387). In some
cases, animal models have provided unequivocal evidence of the
role of (p)ppGpp in stress responses, vancomycin tolerance, and
virulence in E. faecalis (388). It is not yet clear whether (p)ppGpp
plays a direct role in the expression of genes that confer vancomy-
cin tolerance to E. faecalis or if it initiates a regulatory cascade that
leads to tolerance. Until recently, bifunctional RelA was consid-
ered the only enzyme responsible for controlling (p)ppGpp me-
tabolism in Gram-positive bacteria. However, two related small
enzymes, designated RelP and RelQ, were recently identified and
shown to function as true alarmone synthetases in S. mutans, S.
pneumoniae, and B. subtilis (389–391). Recent studies have re-
vealed that bacteria have evolved different modes of (p)ppGpp
regulation and that the effects of (p)ppGpp on cell physiology vary
greatly among different organisms (390–392). Abranches et al.
studied the inhibitory concentrations of vancomycin for E. faecalis
and found that the MIC was the same for the relA mutant and the
wild-type strain and also that the mutant strain grew faster in the
presence of subinhibitory concentrations of the drug and survived
better in time-kill studies. However, vancomycin MICs for the
relQ and relAQ strains were lower and growth of these strains was
slower or impaired in the presence of subinhibitory concentra-
tions, and they were killed more rapidly by vancomycin; these
characteristics were more pronounced in the relAQ strain (388).
The findings confirm the involvement of these enzymes in the
control of metabolism of the ppGpp molecules (Fig. 9).

However, these mechanisms are better characterized in other
bacteria, such as S. aureus and E. coli. Gao et al. (393) carried
out a comparative and functional genomic study of sequential
S. aureus isolates from a patient with persistent and recurrent S.
aureus infection after therapy with multiple antimicrobials (in-
cluding linezolid) had failed. The results showed that the mu-
tations in relA caused accumulation of (p)ppGpp, which was
associated with reduced growth and attenuated virulence in the
G. mellonella model; furthermore, mutations in rlmN (encod-
ing a ribosomal methyltransferase that methylates 23S rRNA at
position A2503) caused a reduction in linezolid susceptibility.
The association between (p)ppGpp levels and resistance to an-
tibiotics has been observed in E. coli. It has been demonstrated
that artificially raising (p)ppGpp levels increases �-lactam tol-
erance in E. coli (382), and mutant cells lacking RelA are more
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susceptible to �-lactams (383). In the latter case, resistance to
microcin J25 was shown to involve (p)ppGpp-dependent in-
duction of an efflux pump responsible for lowering the intra-
cellular level of the peptide (383).

In a comparison of genomic and functional markers in strains
of S. aureus in a patient with persistent and recurrent infections,
mutations were detected in two genes, relA and rlmN. The muta-
tion in the relA gene was associated with accumulation of the
intracellular signaling molecule alarmone guanosine 3=,5=-bis-
(diphosphate) (ppGpp) and permanent activation of the stringent
response. The second mutation found in rlmN, which encodes a
ribosomal methyltransferase that also methylates the 23S rRNA at
position A2503, caused a reduction in linezolid susceptibility.
These results show the capacity of adaptation of S. aureus and also
how subtle molecular changes cause major alterations in bacterial
behavior (393).

Alternative Sigma Factor �B

The alternative sigma factor �B modulates the general stress re-
sponse in certain Gram-positive bacteria, including S. aureus, B.
subtilis, and L. monocytogenes (394). In S. aureus, alternative sigma
factor �B controls the expression of multiple genes, including vir-
ulence determinants such as �-hemolysin (encoded by hla), fi-
bronectin-binding protein A (encoded by fnbA), and global regu-
lators (SarA and/or Agr locus); it also promotes capsule
production (395) and increases the resistance levels of methicillin-
resistant S. aureus (MRSA) and glycopeptide-intermediate S. au-
reus (GISA) strains (396, 397). It has recently been shown that
inactivation of the staphylococcal factor �B-controlled yabJ-
spoVG operon, which codes for B. subtilis YabJ and SpoVG se-
quence homologs, significantly reduces the level of transcription
of the cap operon and impedes capsule formation in capsular po-
lysaccharide-producing strains (398). Schulthess et al. (396),
showed that deletion of the factor �B-dependent yabJ-spoVG
operon in MRSA and GISA strains decreased the resistance levels
in a similar way as observed for the deletion of factor �B, suggest-
ing that factor �B exerts its effect on methicillin and glycopeptide

resistance via the gene products of the yabJ-spoVG locus, in par-
ticular, via SpoVG. It remains to be determined which of the mul-
tiple chromosomal genes affecting methicillin or glycopeptide in-
termediate resistance levels are controlled by the factor �B-SpoVG
cascade. In L. monocytogenes, �B proteins have also been associ-
ated with the vancomycin stress response. Factor �B may contrib-
ute to monitoring and maintaining cell wall integrity by regulating
certain genes and factors that are important in stress responses,
cell metabolism, and virulence (399).

NOVEL ANTIVIRULENCE THERAPIES: MECHANISMS OF
RESISTANCE TO ANTIVIRULENCE COMPOUNDS

Antivirulence therapies are based on inhibition of bacterial viru-
lence and do not affect bacterial growth; those antivirulence com-
pounds can be administered in combination with antibiotic treat-
ment, thereby decreasing the selective pressure on bacteria and
preventing the development of resistance to these antibiotics
(400). Inhibition of the following mechanisms of virulence en-
ables interruption of colonization and infection processes or of
the development of bacterial infection: toxin production, adhe-
sion, bacterial secretory systems, cell-to-cell signaling, iron me-
tabolism, and virulence mechanisms involved in the host immune
response and antibiotic resistance (Table 3). Of all the antiviru-
lence compounds included in Table 3, we will comment on several
compounds from two groups (cell-to-cell signaling inhibitors and
RND efflux pump inhibitors) because of their involvement in re-
sistance and virulence.

Cell-to-Cell Signaling Inhibitors

Bacteria were previously thought to act independently of stimuli.
However, more recent studies show that bacteria can communi-
cate with each other through complex signaling networks (400).
Molecules that act by inhibiting this mechanism have been de-
scribed. A couple of examples are as follows. (i) Compounds that
inhibit the expression of virulence genes and also have a synergis-
tic effect on the bactericidal action of certain antibiotics are begin-
ning to appear, e.g., the compound tomatidine, which displays the

FIG 9 Growth curves and time-kill curves for E. faecalis OG1RF, relA mutant [relA encodes an enzyme responsible for controlling (p)ppGpp metabolism in
Gram-positive bacteria], relQ mutant (relQ encodes an enzyme related to constitutive expression of ppGpp in nonstressed cells), and relAQ double mutant strains
in the presence of subinhibitory concentrations of vancomycin (386, 390). (A) Growth curves reveal that the relA mutant grows faster than E. faecalis OG1RF (a
strain harboring the ebp gene, which encodes endocarditis and biofilm formation-associated pilus operon). However, relQ and relAQ mutants strains display slow
or impaired growth in the presence of vancomycin. (B) Time-kill curves reveal that the relA mutant survives better than the relQ and relAQ mutants, which were
killed more rapidly by vancomycin. (Reprinted from reference 388 with permission.)
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effector-enhanced bactericidal action of aminoglycosides and also
inhibits the expression of virulence genes linked to the Agr system
in strains of S. aureus that are susceptible and resistant to various
antimicrobials (403). (ii) The new quaternized chitosan derivative
hydroxypropyltrimethyl ammonium chloride chitosan with a
26% degree of quaternary ammonium substitution (26%HACC)
displays strong antibacterial activity against Staphylococcus spp.
and simultaneously good biocompatibility with osteogenic cells. It
was found that 26%HACC-loaded polymethylmethacrylate
(PMMA) markedly downregulated the expression of icaAD,
which encodes essential enzymes for polysaccharide intercellular
adhesion biosynthesis, upregulated the expression level of icaR,
which negatively mediates icaAD expression, and also downregu-
lated the expression of mecA, which encodes membrane-bound
enzymes known to be penicillin-binding proteins. Hence, the
26%HACC-loaded PMMA prevents biofilm formation by Staph-
ylococcus spp., including methicillin-resistant strains, on the sur-
face of bone cement and downregulates virulence-associated gene
expression of antibiotic-resistant Staphylococcus spp., thus pro-
viding a promising new strategy for combating implant infections
and osteomyelitis (402).

RND Efflux Pump Inhibitors

RND efflux pumps play a role in the pathogenicity of bacteria, and
they mainly affect colonization, infection, and the persistence of
microorganisms in the host (66). Moreover, these efflux pumps
are involved in the QS-regulated expression of virulence determi-
nants (68). Several RND pump inhibitors have been described.
We analyze two examples: (i) The 1-(1-naphthylmethyl)-pipera-
zine (NMP) and phenyl-arginine-�-naphthylamide (PAN),
which act as inhibitors of RND efflux pumps and virulence factors
in Vibrio cholerae, such as the cholera toxin and the toxin-coregulated
pilus (404), have been suggested as a useful tool for the treatment of
cholera infections. (ii) Of 12 trifluoromethyl ketone compounds
tested, 6 proved to be effective inhibitors of the quorum-sensing re-
sponse by Chromobacterium violaceum 026, as well as inhibitors of
the RND efflux pumps of CV026 and E. coli. This finding is of
clinical relevance and may be exploited for the prevention of QS
responses of infecting bacteria (401). Inhibitors of efflux pump
systems have therefore been suggested as a useful tool for the treat-
ment of cholera infections.

Antimicrobial Compounds with Antivirulence Activity

Some studies have investigated the antivirulence activity of anti-
biotics such as azithromycin (macrolide), linezolid (oxazolidino-
nes), rifampin, and ciprofloxacin. Azithromycin and rifampin
present a clear anti-inflammatory activity; however, in recent
years there have been publications showing the antivirulence ac-
tivity of these compounds. Kohler et al. associated azithromycin
treatment with inhibition of QS in P. aeruginosa infections, which
presents a clinical benefit for the patient. However, the authors
commented that if the treatment is discontinuous, there is an in-
creased risk of colonization by highly virulent bacteria, which
highlights the need to study the positive and negative implications
of antivirulence therapies (405). Azithromycin has been shown to
improve pulmonary function without reducing the number of
bacteria. It is known that in the development of P. aeruginosa
infection, the pathogen releases virulence factors that affect the
epithelial integrity, thus exposing the epithelium to additional
bacterial infiltration. Administration of azithromycin in patients

with cystic fibrosis attenuated the effect on epithelial integrity
(406). On the other hand, in a recent study with animal models, it
was shown that treatment with azithromycin inhibits intracellular
killing of multidrug-resistant nontuberculous mycobacteria
(NTM) within macrophages. The authors concluded that azithro-
mycin blocks the development of autophagy by promoting the
development of persistent infections by NTM (mainly M. absces-
sus) in patients with cystic fibrosis (407). Rifampin can attenuate
the cellular damage induced by multidrug- and pan-drug-resis-
tant A. baumannii clinical isolates without being significantly bac-
tericidal. Indeed, the cytoprotective effect of rifampin was ob-
served as a decrease in the number of dead cells induced by A.
baumannii, achieved by reducing oxidative stress and proinflam-
matory cytokine release (408).

In relation to linezolid (LZD), one study examined the applica-
tion of subinhibitory concentrations that suppress virulence fac-
tors in methicillin-resistant S. aureus infections, which may be
associated with a reduction of endogenous pyrogens. This may at
least partly explain early defervescence observed in LZD-treated
individuals (409). Moreover, systemic treatment with LZD has
recently been shown to have an inhibitory effect on biofilm devel-
opment in methicillin-resistant S. aureus (MRSA) infection of the
endotracheal tube (410). Finally, ciprofloxacin associated with
lytic bacteriophages has been used in the treatment of the K. pneu-
moniae infections. The combination treatment not only killed the
bacteria but inhibited biofilm formation and significantly re-
stricted the formation of resistant variants in comparison with
individual treatments (411).

In vitro experiments have shown that the application of pro-
biotic isolates of Lactobacillus rhamnosus GG prevents invasion
of the upper respiratory tract by group A macrolide-resistant
streptococci carrying the prtF1 gene, which encodes fibronectin
(Fn)-binding F1 invasion (412). This effect is due to competition
between L. rhamnosus GG and group A macrolide-resistant strep-
tococci for Fn binding in the inhibition process, which confirms
the antagonistic action of L. rhamnosus GG against group A strep-
tococci.

Resistance to Antivirulence Components

To date, the only known study of the mechanism of resistance to
antivirulence components is that by Maeda et al. concerning re-
sistance to furanone C-30 (99). Furanones interact with the tran-
scriptional regulator descending signal LASR acyl homoserine lac-
tone and therefore attenuate the virulence in a pulmonary
infection model of P. aeruginosa in mice. The authors worked with
mutants of the mexR and nalC genes, which are negative regula-
tors of the MexAB-OprM efflux pump, and observed expulsion of
compound C-30 by the MexAB-OprM efflux pump in the mu-
tants (Fig. 10). Furthermore, the results were confirmed in the
Liverpool epidemic strain (overexpression of MexAB-OprM,
nalC and mexR mutants), which is known to increase morbidity in
patients with cystic fibrosis (98, 413). On the other hand, a mexA
mutant with reduced MexAB-OprM efflux pump activity was pre-
viously found to be less virulent in a pathogenesis model (P. aero-
monas and C. elegans) (414). Moreover, Maeda et al. reported that
the mexR mutant (with enhanced MexAB-OprM efflux pump ac-
tivity) is as virulent as the wild-type strain and is much more
virulent in the presence of the QS inhibitor (C-30) than the wild-
type strain (99).
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DISCUSSION

Finally, we address the following series of questions and reflec-
tions that arise in relation to the prospects in the near future.

How Does Increased Antimicrobial Resistance Affect
Virulence?

Throughout this review we have examined some examples of the
most important factors that affect the complex process of bacterial
evolution, specifically the evolution of antibiotic resistance and
virulence. There are no general solutions to this puzzle, and the
association between virulence and resistance in a specific patho-

gen will depend on the interactions between the multiple factors
associated with bacteria and their environments.

The final effect (whether positive or negative) of the association
between bacterial virulence and antimicrobial resistance depends
mainly on four factors. (i) The first factor is the bacterial species.
Some microorganisms readily acquire antibiotic resistance mech-
anisms and evolve rapidly in response to antibiotic pressure (e.g.,
P. aeruginosa and A. baumannii). However, others remain fully
susceptible to penicillin, although this has long been the treatment
of choice for infections caused by the particular pathogen (e.g., S.
pyogenes). Therefore, in the first type of bacteria, virulence will be

FIG 10 The mexR and nalC mutations decrease C-30 inhibition of P. aeruginosa QS phenotypes. (a) Swarming motility. The rhlR mutant (rhlR encodes the two
transcriptional regulators of the acyl homoserine lactone system of P. aeruginosa) was used as a negative control. MeOH was used as a negative control for C-30.
(b) Production of pyocyanin (phenazine toxic metabolites). An asterisk indicates statistical significance. A PA14 phz mutant (a strain without phenazine
production) was used as a negative control. (Reprinted from reference 99 by permission from Macmillan Publishers Ltd.)
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more greatly influenced by the acquisition of resistance. (ii) The
second factor is specific virulence and resistance mechanisms.
These are involved in both processes at the same time (e.g., the
AcrAB-TolC efflux pump of E. coli, which expels fatty acids and
bile salts and also antibiotics) (415, 416) or are involved indirectly
(e.g., the PhoP-regulated resistance to colistin in P. aeruginosa,
which causes changes in the LPS and loss of affinity and is simul-
taneously involved in a decrease in virulence via lower biofilm
production and lower cytotoxicity) (197). (iii) The third factor is
the environment or ecological niche. This factor largely deter-
mines the development of the infection. Clear examples include
the following: two-component systems, which regulate virulence
and resistance at the same time and which depend on external
stimuli; the presence/absence of specific molecules (e.g., depletion
of iron during the course of an infection in the host); the antibiotic
concentration, which depends on the anatomical site of an infec-
tion; and a high NaCl concentration in the environment, which in
A. baumannii may trigger a response that increases the resistance
to several antibiotics through upregulation of efflux pumps and
release of outer membrane proteins involved in virulence (417).
(iv) The fourth factor is the host (the immune system). Although
in the strictest sense the host apparently does not affect the viru-
lence of a pathogen, the host/pathogen interaction is key in the
development of an infection and therefore in how the acquisition
of resistance affects virulence.

The concentration of antibiotics in an environment will deter-
mine the importance of the antibiotic pressure on bacterial evo-
lution in that niche, and selection will be directed toward the
success of the most resistant pathogens. However, during coloni-
zation and infection, the most virulent pathogens will be the most
successful and will therefore be the most likely to survive. Emer-
gence of antibiotic resistance in a bacterial population is related to
different factors, the following of which are critical: the rate of
mutation toward resistance, the acquisition of horizontally trans-
mitted genes, and the fitness cost to the bacteria. If resistance
implies a fitness cost for the microorganism, the growth rate
would not be sufficient to compete with the fitness of susceptible
bacteria, with the killing mediated by immune system cells, or
with the dynamics of the body fluids during the process of colo-
nization or infection. The fitness cost of the mechanism and the
possibility of being selected through the coselection process will
have a strong impact on the success of the selection. Note that we
are not considering another factor here, the epidemicity, or the
capacity to survive/persist and disseminate in specific environ-
ments, which may deserve by itself further review.

Thus, in a nosocomial environment, resistant and/or virulent
bacteria (coselection) may be readily selected as a result of selec-
tive antibiotic pressure, and the effect of the biological cost of the
resistance mechanism is secondary to the strong antibiotic pres-
sure. However, the situation is different in the community envi-
ronment. In environments in which there is no direct selective
antibiotic pressure (low concentrations of antibiotics), increased
resistance will probably have a negative effect on the relationship
between resistance and virulence, and if the biological cost of this
mechanism is high, the mechanism will tend not to be selected.

What Are the Perspectives in the Near Future in Relation to
Antimicrobial Resistance and Virulence?

Our current knowledge of the world of pathogenic microbes is
possibly only the tip of the iceberg. Most basic studies seek direct

solutions to major clinical problems and overlook the genetic
backgrounds of most microorganisms that are not directly in-
volved in infectious processes. Thus, for example, most structural
and phylogenic studies on plasmids are performed with clinical
isolates or isolates with antimicrobial resistance mechanisms, and
those not associated with clinical environments are disregarded.
This leads to a huge bias in our knowledge of plasmid biology and
our understanding of the dissemination of antimicrobial resis-
tance. The explosion of new molecular techniques in the last de-
cade will gradually allow us to overcome this bias and obtain a
much broader view of the microbial world, which will lead to a
better understanding of the specific interactions between resis-
tance and virulence and bacterial functioning in general.

Regarding what we can expect in the near future, we must con-
sider how bacterial virulence evolved prior to the presence of large
amounts of antibiotics in the environment. When low concentra-
tions of antibiotics were in nature, those antibiotics probably had
a small effect on bacterial resistance/virulence. However, this sce-
nario changed dramatically in the 1940s, when antibiotics began
to be used widely in clinical practice; the evolution of virulence has
been greatly affected by the indiscriminate use of antibiotics and
has probably moved irreversibly in a new direction. The develop-
ment of virulence factors and the evolution of resistance determi-
nants in pathogens overlap considerably, and it is difficult to con-
sider them as independent processes. It is important to emphasize
the global impact on the microflora, including the human micro-
flora. The huge amounts of antibiotics used in virtually all envi-
ronments (223) cause displacement (input of exogenous antibiot-
ic-resistant bacteria) or modification (antibiotic-resistant
mutants) of the microflora. Globally, the nonpathogenic species,
commensals, are now less susceptible than before (3), regardless of
their ecological niche. Moreover, strains that are poorly adapted
or poor colonizers of new niches, but which are resistant, are now
more likely to replace those well-adapted or colonizing species
that are more susceptible to the presence of antibiotics (418). The
impact of these changes on human health is so far unknown.

Thus, microorganisms, such as opportunistic pathogens, are
able to compete in new niches where previously only commensals
or nonpathogenic microorganisms existed. One clear example of
this is the appearance in the past decades of opportunistic noso-
comial pathogens (e.g., P. aeruginosa and A. baumannii) that are
not capable of producing infection in healthy hosts but display a
high capacity to survive, persist on surfaces (invasive equipment,
etc.), and adapt to the nosocomial environment, where they may
cause infection in patients with weakened immune systems. The
ability to acquire antibiotic resistance is one of the main charac-
teristics of such species. Other pathogens, such as E. coli as an
example among others, do not acquire resistance to antibiotics as
readily (the relative prevalence of A. baumannii or P. aeruginosa in
hospital settings is currently increasing at a greater rate than that
of E. coli). The capacity to develop or acquire resistance and the
ability to persist in complicated “hostile” environments are key
factors in explaining the increment in the number of infections at
least in hospitalized patients. Jawad et al. concluded that in A.
baumannii, both desiccation tolerance and MDR phenotype may
contribute to the maintenance of this species in the hospital set-
ting and may partly explain its propensity to cause prolonged
outbreaks of nosocomial infections (419). This is a typical exam-
ple of a microorganism in which the clinical importance parallels
the increase in antibiotic use and selection of resistance strains.
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Once the fitness cost of the resistance mechanisms is compensated
if necessary with compensatory mutations, these pathogens can
probably also increase their virulence by acquiring new virulence
factors, as in, e.g., A. baumannii. Thus, we must consider the fol-
lowing, at least taken as example with A. baumannii. Are more
infections already caused by A. baumannii? Are these strains more
resistant? Are these strains more virulent? Probably, and consid-
ering the difficulties in providing a convincing and rational re-
sponse to these questions, affirmative answers to the three ques-
tions can be considered. To date, there are probably more A.
baumannii infections (we can simply search the appropriate key-
word in PubMed to get an approximate idea of the increasing
numbers of infections and nosocomial outbreaks), and the strains
often are more virulent; these processes are linked as a result of
coselection and coevolution (44). More infections are already oc-
curring because A. baumannii has adapted to living in the presence
of antibiotics, and furthermore, it has evolved to cause greater
damage to hosts in order to survive inside the host and hospital
environments (44). Apart from specific examples like this, the
effects that these changes will have on human health are so far
unknown. However, if this hypothesis is correct, microbiological
studies in the near future will show whether or not A. baumannii is
becoming more virulent and more resistant.

Bearing in mind that antibiotics are present in the vast majority
of bacterial niches on the planet and that we are unlikely to stop
using these compounds, resistance does not appear to be revers-
ible, although it is an increasingly urgent problem (420). Given the
huge number of bacterial generations that occur within during a
single human generation, it seems unlikely that the limited arsenal
of antibiotics available at present or that is likely to be available in
the immediate future can compete in biological terms with the
enormous capacity for bacterial pathogens to evolve and change
(421, 422). Clearly, microorganisms will be increasingly resistant
in the future. However, will they be more virulent? In this review
we have discussed numerous examples of the association between
virulence with resistance, which can be positive or negative, with
the final balance determined by the ability of the bacterium to
survive or adapt in a specific ecological niche. However, the huge
genetic arsenal that bacteria can make use of to compensate for or
overcome the fitness costs suggests that in the near future virulent
and resistant clones will emerge simultaneously. Processes that
favor bacterial success include coselection (in same MGE, plas-
mids, transposons, islands, etc.) of the ability to spread resistance
and virulence genes, along with compensatory mutations, hyper-
mutation (which favors the development of both processes), and
the effect of SOS-inducing antimicrobial agents (such as quino-
lones).

Genetic mechanisms that spread resistance genes often encode
resistance to different families of antibiotics, which means that the
withdrawal of a family of antibiotics would not cause the reduc-
tion or disappearance of strains resistant to that family (423). Car-
rying virulence genes also confers on bacteria some evolutionary
advantage during the colonization and infection processes, which
thus favors the resistant strains. This plasticity provides pathogens
access to new strategies to explore new environments in which the
normal microflora would be at a disadvantage. There are clear
examples of the worldwide distribution of highly epidemic multi-
resistant clones that are selected mainly as a result of encoded
multiresistance; these are the so-called high-risk clones, such as
the KPC carbapenemase-positive K. pneumoniae ST258 clone, the

E. coli ST131, ST38, ST393, and ST405 clones, which usually carry
CTX-M-15 �-lactamase, and the carbapenem-resistant ST175
and O12 clones of P. aeruginosa (202, 203, 424). These clones are
extremely well adapted to new environments with a high presence
of antibiotics, and they are often more virulent. The PMEN1 clone
of S. pneumoniae, which is distributed worldwide, is resistant to
chloramphenicol and tetracycline, and many isolates are also re-
sistant to fluoroquinolones and macrolides; the genome encodes
several virulence factors, including the blp bacteriocins and cell
wall surface-anchored proteins (210). Another example is the
multiresistant and virulent Liverpool epidemic strain of P. aerugi-
nosa in patients with cystic fibrosis (98, 425, 426). We note that the
resistance of all these MDR clones with this genetic arsenal is in-
creasing as a result of the so-called genetic capitalism concept, in
which resistant organisms tend to become even more resistant
(427). In addition to the importance of coselection, we highlight
the role of compensatory mutations in fitness costs. It is relatively
easy for bacteria to compensate for the increased fitness cost asso-
ciated with new resistance, as resistant pathogens are able to main-
tain (via compensatory mutations, for example) this resistance
and additionally retrieve or even increase their fitness. Therefore,
compensatory evolution could stabilize resistant populations,
even in the absence of antibiotics, so that they will be able compete
with the other commensal microflora on equal terms. These com-
pensatory mechanisms usually follow one of the three above-de-
scribed strategies, and alternative mechanisms are used for the
same function, thus reducing the need to carry out the function
and restoring its effectiveness. Although the role of these compen-
sations in the stability of resistant bacterial populations outside
the laboratory is not yet clear, some authors have identified such
mechanisms in the clinical environment and have recognized this
as a potential problem in the coming years with the current treat-
ments used (278).

Are There Alternatives to Antimicrobial Therapy for
Controlling Bacterial Multiresistance and Virulence?

When analyzing the prospects for the future, the urgent need for
new antibiotics to treat emerging bacteria that are resistant to
almost all antibiotics (extremely drug resistant [XDR]) should be
taken into consideration. No truly new antibiotics have been de-
veloped against Gram-negative pathogens that have emerged
since the 1990s. There is clearly a need to develop and market new
antibiotics or compounds capable of increasing permeability in
bacteria or of evading efflux and avoiding mutational resistance,
among other approaches (428).

The development of innovative antivirulence therapies as a new
way to combat resistant and/or virulent pathogens is a promising
alternative to conventional antimicrobial treatment. An example
is the proanthocyanidins, used in clinical practice, whose mecha-
nism of action is based on binding to the filaments or fimbriae of
E. coli and other bacteria in the urine and preventing these bacteria
from adhering to the walls of the lower tract mucosa. The proan-
thocyanidin intake type helps to prevent recurrence infections, as
recent studies show (429).

Several reviews that address new virulence inhibitors, both in
vivo and in vitro, have been published. Moreover, many of these
antivirulence compounds are capable of inhibiting the virulence
of different species that have a common mechanism of virulence.
Theoretically, the use of antivirulence therapies directed exclu-
sively against such virulent microorganisms would avoid acting
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against nonvirulent bacteria. This approach would therefore lead
to preservation of susceptible nonpathogenic bacteria, which
would act as a barrier for colonization by virulent populations;
antibiotic pressure would also be lowered, thus minimizing the
risk for horizontal spread of drug resistance genes (430, 431). The
combined use of antibiotic therapy and antivirulence compounds
could become an effective alternative within a few years (400, 420,
432). However, as with antibiotics, resistance to antivirulence
compounds has already emerged, such as to furanone through
increased expression of the MexAB-OprM efflux pump in the
multiresistant and virulent Liverpool epidemic strain of P. aerugi-
nosa (413). Finally, we highlight the antivirulence activity of some
already commercialized antimicrobials, such as rifampin against
A. baumannii (408), subinhibitory concentrations of linezolid
against S. aureus (409), and azithromycin, a macrolide that exhib-
its antibacterial activity against P. aeruginosa and has also dis-
played antivirulence activity and anti-quorum-sensing activity
(decreasing virulence and cooperation) (405, 406). Further stud-
ies of antibiotic activities other than bactericidal or bacteriostatic
activities are required, as these could help in the development of
new antimicrobial therapies for the treatment of infectious dis-
eases.

It is interesting to note the possible role that vaccines may play
in the evolution of pathogenic bacteria in the near future. Ad-
vances in our understanding of the immune response and molec-
ular biology suggest that in coming years, we will witness a major
advancement in the development and emergence of numerous
vaccines (433). The long-term impact of vaccines would theoret-
ically decrease populations of pathogens, thus reducing the possi-
bility of the development of new mechanisms of resistance, either
by new mutations or by horizontal transmission from other resis-
tant pathogens. However, it is possible that in the long term, the
clones/serotypes used in these vaccines may be displaced by other
clones, present in low numbers prior to introduction of the vac-
cine and prevalent after its use. This is of some concern, and the
selection of virulent serotypes has already been reported. In Utah,
the number of cases of necrotizing pneumococcal pneumonia in-
creased after the introduction of the seven-valet pneumococcal
conjugate vaccine (PCV7). The prevalence of the non-PCV7 sero-
type was 49% before the use of the vaccine and increased to 88%
after the introduction of PCV7; between these prevalences was
that of serotype 3, which is associated with necrotizing pneumo-
coccal pneumonias (434). Therefore, in addition to antibiotic
pressure, the use of vaccines will exercise an increasing and im-
portant selective pressure on bacterial evolution, especially among
the pathogenic microorganisms; whether both pressures will
jointly exercise selection is still unknown. One promising alterna-
tive is the use of vaccines that specifically target strains or clones
that are particularly important from a clinical point of view, such
as MDR epidemic clones (i.e., E. coli ST131 or K. pneumoniae
ST258) or virulent and resistant clones (i.e., the S. pneumoniae
PMEN1 clone and the Liverpool epidemic strain of P. aeruginosa
[LES]). Development of vaccines with epitopes that are conserved
among strains of these specific traits would enable us to combat
the emergence of these high-risk clones without damaging non-
pathogenic commensal microorganisms. Thus, Wieser et al. have
recently developed a vaccine in mice against extraintestinal patho-
genic E. coli (ExPEC), which may be cost-effective for use in se-
lected patient groups and is based on epitopes of several virulence-
associated ExPEC proteins (435). Other alternatives are not

discussed in the present review, as they are probably out of our aim
here.

Are Antibiotic Resistance and Virulence Increasingly Linked
in the Development of Infectious Processes?

Although most microbiological studies focus separately on viru-
lence or resistance, the relationship and mutual biological impact
of one event on the other is increasingly being studied. On writing
this review, we realized that the joint detailed analysis of both
processes will provide a better understanding of the relationship
between virulence and antimicrobial resistance. Similarities be-
come apparent when these processes are investigated together.
Fundamentally, virulence is directly associated with the develop-
ment of resistance from the point of view that (theoretically) just
when the host shows clear signs of infection or disease (i.e., when
the virulent pathogens are present), antibiotic therapy is admin-
istered; however, in the absence of infection (the normal flora of
the host, without pathogenic microorganisms), exposure to anti-
biotics is probably much lower, so that the possibility of develop-
ing resistance due to the lack of antimicrobial pressure is also
lower.

We have discussed two alternative scenarios in this review.
Thus, in some cases increased resistance is accompanied by in-
creased virulence, as in the following examples: in plasmids carry-
ing both factors (229, 237, 436); during activation of the SOS
system, which facilitates the spread of the resistance- and viru-
lence-encoding genes at the same time (336, 337); and with accu-
mulation of alarmones in E. coli, which is associated with biofilm
formation and tolerance to �-lactams, among some others (382).
However, in other examples, the increased antimicrobial resis-
tance reduces the virulence (or fitness cost) of the microorgan-
isms: during the acquisition in E. coli of �-lactamases, such as
OXA-10, OXA-24, and SFO-1 (in which changes in the pepti-
doglycans have a fitness cost and thus explain the low incidence of
some �-lactamases in this species) (34), and the fitness cost asso-
ciated with the acquisition of vancomycin resistance in methicil-
lin-resistant S. aureus (167), among many other examples. There
is also a third option, in which there is apparently no significant
effect on the virulence, such as the acquisition of the �-lactamases
CTX-M-1, TEM-1, and CTX-M-32 in E. coli (32, 34) or of the
blaIMP metallo-�-lactamase in P. aeruginosa (33). The regulatory
two-component systems in many bacterial pathogens, such as
S. aureus, represent a clear example of the link between resis-
tance and virulence (395, 396). Such associations also occurred
prior to the massive use of antibiotics, so that in the future
(with the development of new molecular biology techniques),
new signs of these relationships could be identified.

This association between resistance and virulence follows a
Darwinian model, in which those traits that confer a specific ad-
vantage will be selected (sooner or later) and become fixed. Those
associations with a positive effect (increased resistance plus in-
creased virulence) will be selected very rapidly. Those in which
selection is apparently negative (i.e., increased resistance corre-
lated with diminished virulence) will undergo a longer selection
process, until a specific virulence advantage is selected and be-
comes fixed in the population. The opposite may also occur, so
that increased virulence will lead to decreased resistance. In this
case, compensatory mutations may arise to equilibrate the bal-
ance, and increased resistance and virulence will finally proceed
together to confer the bacteria with a selective advantage. Unfor-
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tunately for humankind, this is merely a matter of time, as with all
evolutionary processes. To face this threat, further in-depth stud-
ies are necessary to investigate this association, and new nonanti-
microbial therapies are necessary to attempt to control the emer-
gence of high-risk clones in multiple pathogenic species in the
near future. Indeed, future trends in clinical microbiology labora-
tories should include identification of pathogens and susceptibil-
ity analysis but should also include the development of molecular
techniques and identification of high-risk clones or known viru-
lent or epidemic clones (such as the E. coli ST131 clone, S. aureus
USA300, and the Liverpool clone of P. aeruginosa [LES]), along
with the development of tests for the rapid detection of the most
important virulence markers.
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