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1. ABSTRACT

Bacterial resistance to conventional antibiotics 
is currently a real problem all over the world, making 
novel antimicrobial compounds a real research priority. 
Some of the most promising compounds found to date 
are antimicrobial peptides (AMPs). The benefits of these 
drugs include their broad spectrum of activity that affects 
several microbial processes, making the emergence of 
resistance less likely. However, bacterial resistance to 
AMPs is an evolving phenomenon that compromises the 
therapeutic potential of these compounds. Therefore, 
it is mandatory to understand bacterial mechanisms of 
resistance to AMPs in depth, in order to develop more 
powerful AMPs that overcome the bacterial resistance 
response.

2. INTRODUCTION

Since the first reports of bacterial resistance 
to conventional antibiotics the spread of antimicrobial 
resistance has been such that at present constitute one 
of the major health challenge. The threat to human health 
has reached such magnitude that the World Health 
Organization Antimicrobial Resistance Global Report 
on Surveillance (2014) by Dr Keiji Fukuda, Assistant 
Director-General, Health Security, stated that: “A post-
antibiotic era - in which common infections and minor 
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injuries can kill - far from being an apocalyptic fantasy, 
is instead a very real possibility for the 21st century” (1).

Antimicrobial resistance is a complex and 
multifactorial phenomenon. A factor that facilitated the 
emergence of resistance to conventional antibiotics is 
that most of them target proteins involved in specific vital 
functions for bacteria, therefore exerting a great selective 
pressure that expedites the generation of mutations to 
counteract the antibiotic action (2).

It is currently necessary to search for and 
design new antimicrobial compounds that can be directed 
towards different targets and exercise a broad spectrum 
of activities. Among the compounds that carry these 
characteristics are the antimicrobial peptides (AMPs). 
They have become attractive as therapeutic drugs since 
they are less likely to develop resistance. However, 
resistance to AMPs has been reported since AMPs were 
first discovered as natural antibiotics. For example, in 
1949 Joseph L. Stone reported resistance to bacitracin 
in cultures of Staphylococcus aureus, only four years 
after bacitracin had been launched as a new antibiotic 
by Johnson et al., 1945 (3,4). Over the years, a growing 
number of AMPs resistance mechanisms have been 
discovered in bacteria, which include mechanisms at the 
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strain level as well as at the collective level. Moreover, 
resistance to AMPs as therapeutic drugs has become 
more dangerous because cross-resistance to effector 
AMPs of the innate immune system can occur. Bacteria 
can thus evade elimination by chemotherapy and the 
immune response (5).

It is therefore important to get a deep 
understanding of the structural and functional basis of 
the bacterial resistance to AMPs in order to design more 
powerful AMPs and efficient therapeutic strategies. In 
this review article we will shed some light on different 
bacterial resistance mechanisms to AMPs.

3. RESISTANCE MECHANISMS TO 
ANTIMICROBIAL PEPTIDE

3.1. Antimicrobial peptide degradation
One of the strategies that bacteria use to 

circumvent the action of AMPs is their degradation. 
For this purpose, bacteria make use of a diversity of 
proteases that include metallo-, serine-, cysteine- and 
aspartic-proteases (Table 1).These proteinases are 
secreted and/or anchored to the microbial cell surface, 
where they degrade the AMPs and prevent them from 
reaching the target site. At the bacterial surface, the 
proteases may be anchored directly or indirectly by 
the formation of complexes with cellular protein. Here 
the bacterial protease is fixed on the bacterial surface 
by the interaction of the host protein with its bacterial 
receptor. This has been described in the Gram-
positive pathogen Streptococcus pyogenes (Group A 
Streptococcus (GAS)) (6). The pre-incubation of host 
protein alpha 2-macroglobulin with S. pyogenes strain 
KTL3 (expressing the surface-associated protein GRAB, 
which binds alpha 2-macroglobulin), followed by the 
addition of radiolabeled SpeB protease, showed that 
protease is bound to the surface of the strain KTL3. Only 
background levels of SpeB were associated with KTL3 
when the bacteria was pre-incubated with phosphate-
buffered saline or when alpha 2-macroglobulin was pre-
incubated with strain MR4, a mutant of KTL3 lacking 
GRAB. In another experiment, KTL3 and MR4 strains 
were pre-incubated with alpha 2-macroglobulin followed 
by the addition of SpeB. The subsequent challenge with 
different concentrations of LL-37 showed that strain 
KTL3 survived to significantly higher concentrations of 
the antimicrobial peptide than MR4. Another interesting 
result was the fact that the trapping of SpeB by alpha 
2-macroglobulin quenched the protease activity toward 
big protein substrates, but retained protease activity 
against small substrates like LL-37; even more, the 
SpeB- alpha 2-macroglobulin complexes cleaved more 
efficiently to LL-37 than SpeB alone. So, all these results 
suggest that expression of GRAB by S.pyogenes enable 
it to bind with high affinity and specificity to the host alpha 
2-macroglobulin, which in turn traps the bacterial protease 
SpeB on its cellular surface and focuses its proteolityc 

activity towards host antimicrobial peptides. Johansson 
et al., 2008 showed evidence that supports the possible 
occurrence of this mechanism in vivo. The analysis of 
tissue biopsy specimen from patients with various severe 
soft tissue infections caused by S.pyogenes showed 
that SpeB and GRAB are co-localized on coccus-like 
structures whose size corresponds to that of streptococci. 
This co-localization has been shown in LL-37, SpeB and 
bacteria (7).

Moreover, a new mechanism of evasion 
mediated by proteolytic activity in S. pyogenes has 
been described. The bacteria secrete the plasminogen 
activator streptokinase (Ska), which forms the complex 
Ska-plasminogen or Ska-fibrinogen-plasminogen. 
These complexes result in active protease plasmin that 
can be attached to bacterial surface by plasminogen 
and fibrinogen receptors, allowing the accumulation 
of protease activity on the cell surface (8). Hollands 
et al., 2012 showed that this accumulated activity on 
the cell surface degraded and increased the resistance 
to the antimicrobial peptide LL-37. Additionally, it was 
shown that infection with GAS strain supplemented 
with aprotinin (plasmin inhibitor) or with Ska-knock-
out strain in a murine model of necrotizing fasciitis 
in which LL-37 is abundantly expressed resulted in 
significantly smaller lesions. The interesting aspect 
of this mechanism is that bacteria use host protease 
instead of bacterial protease to evade the action of 
peptide-based innate host defenses (9).It has been 
shown that the abrogation of the SpeB activity preserves 
Ska protein, the host plasminogen and fibrinogen and 
their bacterial receptors, therefore accumulating plasmin 
activity on the bacterial surface (10). Maybe one of 
the implications of the SpeB- alpha 2-macroglobulin 
complexes attached on the cell surface is to allow the 
assembly of the plasmin-based proteolytic system. The 
fact that in the SpeB- alpha-macroglobulin complexes 
the proteolytic activity of SpeB can be directed toward 
small substrates like antimicrobial peptides could allow 
the preservation of the necessary components for the 
assembly of the plasmin-based proteolytic system and 
thus equip the bacteria with an additional system for the 
degradation of antimicrobial peptides. The degradation 
process could be performed by the action of a specific 
protease or by different proteases simultaneously. For 
example, Maisseta et al., 2011 have demonstrated the 
involvement of metallo- and cysteine-proteases in the 
degrading of the antimicrobial peptide human beta-
defensin 3(hBD3) by the Porphyromonas gingivalis 
supernatant culture. Pretreatment of the supernatant 
culture with a mix of protease inhibitors or each inhibitor 
individually suggested that metallo- and cysteine- 
proteases are involved in the degrading process. The 
subsequent treatment of the supernatant culture with the 
protease inhibitors leupeptin and cathepsin B inhibitor 
suggested the participation of Arg- and Lys-gingipains in 
the degrading process (11).
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Intracellular proteolysis of AMPs also appear be 
involved in the resistance. Shelton et al., 2011 showed 
evidence that suggested that in non-typeable Haemophilus 
influenzae the AMPs could be internalized via Sap ABC 
transporter and, once in the cytoplasm, the AMPs are 

degraded by intracellular proteases. The coupling of 
intracellular proteolytic activity to internalizing transport 
could protect the bacteria from AMPs action. Additionally, 
the authors suggest that the intracellular proteolysis of 
AMPs could be beneficial nutritionally to bacteria (12). 

Table 1. Bacterial proteases that confer resistance through degradation of AMPs
Protease Type Peptide Bacteria Localization Reference

Elastase Metallo LL‑37
alpha‑defensin

Pseudomonas aeruginosa Extracellular (15)

Gelatinase Metallo LL‑37 Enterococcus faecalis Extracellular (15)

ZapA Metallo Protegrin
LL‑37
hBD‑1
Protamine
SLPI
Elafin

Burkholderia cenocepacia
Proteus mirabilis

Extracellular (16,17)

ZapB Metallo Protamine
SLPI
Elafin
hBD‑1

Burkholderia cenocepacia Extracellular (16)

Aureolysin Metallo LL‑37 Staphylococcus aureus Extracellular (18)

Metalloproteases Metallo LL‑37 Bacillus anthracis Extracellular (19)

SepB Cysteine LL‑37
BRAK/CXCL14
hBD‑2
hBD‑3
Midkine

Streptococcus pyogenes Extracellular
Surface associated

(15)

Gingipains Cysteine hBD‑3 Porphyromonas gingivalis Extracellular (11)

SufA Serine Midkine
BRAK/CXCL14
LL‑37
MIG/CXCL9

Finegoldia magna Surface associated
Extracellular

(20,21)

DegP Serine Lactoferricin B Escherichia coli Periplasmic side of inner membrane (22)

OmpT Aspartic Protamine
LL‑37
C18G

Escherichia coli Surface associated (23,24)

CroP Aspartic C18G
CRAMP

Citrobacter rodentium Surface associated (25)

Pla Aspartic LL‑37 Yersinia pestis Surface
associated

(26)

PgtE Aspartic C18G Salmonella enterica Typhimurium Surface associated (27)

OmpP Aspartic Protamine Escherichia coli Surface associated (28)

Arl C Aspartic HD‑51

hBD‑21

MIG1

LL‑371

CP10A1

CP281

Escherichia coli Surface associated (29)

1arlC mutant is more sensitive to these peptides
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Moreover, various mechanisms of action have been 
described for AMPs where the targets are intracellular 
processes, such as cell wall synthesis, DNA replication and 
transcription, protein synthesis, chaperone assisted protein 
folding and enzymatic activity (13, 14). So one of the 
strategies for evading the intracellular action of the AMPs 
could be via intracellular degradation of the AMPs after their 
internalization. Another element that could be in favour of 
the intracellular proteolytic degradation of AMPs is that the 
bacterial cytoplasm tends to be a reducing environment, 
and this could facilitate the degradation of antimicrobial 
peptides that contain multiple disulphide bridges which are 
more resistant to proteolytic degradation.

3.2. Antimicrobial peptide trapping and 
neutralization

Another strategy in which the bacteria are able to 
limit the action of the AMPs is by trapping and neutralization, 
thus preventing them from reaching the bacterial target. 
This could be achieved by bacterial molecules and/or 
bacterial cellular structures. The resistance mediated by 
molecules implies the direct and indirect binding of the 
AMPs at extracellular level or bacterial surface level.The 
resistance mediated by molecules at the extracellular 
level consists of the secretion/liberation of bacterial 
molecules that can bind directly to the AMPs or an indirect 
way in which bacterial factors promote the liberation of 
host molecules that bind to the AMPs (Figure 1). Among 

the molecules secreted by bacteria that bind directly 
to the AMPs are the proteins SIC and DRS produced 
by GAS (30, 31). Streptococcus dysgalactiae subsp. 
equisimilisa related bacterium to GAS, producing DrsG, 
a homologue protein to SIC and DRS. DrsG is secreted 
to the extracellular medium and binds to LL-37, inhibiting 
its antimicrobial action (32). Furthermore, the protein 
staphylokinase, secreted by Staphylococcus aureus, not 
only functions as a plasminogen activator but also binds 
to alpha-defensins and mCRAMP (33, 34).

Moreover, bacterial surface-anchored proteins 
could be released to the extracellular medium by the 
action of proteases and bind to their AMPs targets. 
Nilsson et al., 2008 showed that polymorpho-nuclear 
neutrophil-derived proteases could liberate from the 
surface of S.pyogenes the proteins H and M1, which 
in their soluble form bind to the beta-2-glycoprotein 
I-derived antimicrobial peptides (35). Another strategy 
employed by bacteria consists of the utilization of host-
derived molecules to mediate the neutralization of 
AMPs. Secreted bacterial proteases from S. pyogenes, 
Pseudomonas aeruginosa and Enterococcus faecalis 
degraded host-derived proteoglycans which yield 
glycosaminoglycans like dermatan sulfate, and these 
bind and inactivate neutrophil-derived peptides (36). At 
the surface level, the resistance could be mediated by 
anchored bacterial molecules that directly bind to AMPs 
or indirectly through host molecules (Figures 2, 3).

Figure 1. AMP trapping at the extracellular level in Gram-positive bacteria. Host-derived proteases release bacterial surface-associated proteins that bind 
and neutralize the AMP. Bacteria secrete proteins that bind to AMP and proteases that degrade host-derived proteoglycans, yielding glycosaminoglycans 
that bind and neutralize the AMP (this is a strategy shared with Gram-negative bacteria). Figure designed by the authors.
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The expression of the protein M1 on the surface 
of GAS confers resistance to the antimicrobial activity of 
LL-37. The resistance appears to be due to sequestration 
of the peptide by interactions with the N-terminal hyper 
variable domain of the protein (37). Additionally, the 
protein M1 could bind to beta-2-glycoprotein I on 
the bacterial surface and prevent its degradation by 
polymorpho-nuclear neutrophil-derived proteases with 
the subsequent inhibition of the production of beta-
2-glycoprotein I-derived antimicrobial peptides. The 
surface protein H also binds to beta-2-glycoprotein I 
with highest affinity (35).Another surface molecule that 
has been involved in the binding to AMPs is the group B 
Streptococcus (GBS) pilus protein subunit PilB. However, 
there are contradictory data about its role. Maisey 
et al., 2008 showed that knockout GBS strain lacking 
PilB was more susceptible than wild-type GBS NCTC 
10/84 strain to killing by macrophages and neutrophils. 
This susceptibility appear be linked to the lack of AMP-
protecting function of PilB, since a significant difference 

was observed in bacterial survival after exposure 
to mCRAMP, polymyxin B and LL-37. Subsequent 
heterologous expression assays in Lactococcus lactis 
suggested that PilB functions by binding LL-37 and thus 
impeding AMP access to the bacterial membrane  (38). 
However, a study performed by Papasergi et al., 2011 
found that there are no significant differences in the 
survival and susceptibility to antimicrobial peptides 
AMP-1D, LL-37, colistin, polymyxin B and mCRAMP 
between the wild-type GBS NEM316 strain and its 
isogenic pilB mutant (39).

In reference to the indirect binding of AMPs 
on the bacterial cell surface, it has been shown that 
binding of human serum albumin (HSA) to the surface of 
Group G streptococci mediated by HSA-binding protein 
G protects the bacteria against the antimicrobial action 
of MIG/CXCL9, which is a major bactericidal peptide 
released at the epithelial surface. The HSA add to the 
bacterial surface binds directly to the MIG/CXCL9 

Figure 2. AMP trapping in Gram-negative bacteria. Surface-associated proteins directly bind and neutralize the AMP. Figure designed by the authors.

Figure 3. AMP trapping at the surface level in Gram-positive bacteria. Surface-associated proteins directly bind the AMP or alternatively bind host-derived 
proteins forming complexes that trap the AMP. Figure designed by the authors.
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peptide and interferes in its antibacterial activity (40). The 
resistance mediated by cellular structures consists of the 
secretion of outer membrane vesicles (OMVs) that can 
act as "pickers" (Figure 4). OMVs are spheroid particles, 
approximately 20-200nm in diameter, that are secreted 
constitutively by Gram-negative bacteria but secreted in 
high amounts in stress situations (41, 42). The presence 
of AMPs constitutes a stress situation for bacteria, which 
increase their production of OMVs, especially because 
AMPs act as bacterial membrane stressors  (43). It 
has been observed that a hyper-vesiculating mutant 
of Escherichia coli has a higher survival rate than wild-
type when subject to the action of polymyxin B and 
colistin. Additionally, the culture of wild-type strain 
supplemented with OMVs showed a higher survival than 
non-supplemented culture. It has also been revealed that 
in an enterotoxigenic E. coli (ETEC) strain the presence 
of AMPs induces the production of OMVs, and these 
vesicles have a protective function (43). The probable 
mechanism by which OMVs mediated the protection 
was by adsorption of polymyxin B via interaction with 
the lipopolysaccharide (LPS) constituents of OMVs, 
since the OMVs from a polymyxin B-resistant strain of 
ETEC (which have a modified lipid A) did not mediate 
the protection of the susceptible strain. Other lines of 
evidence suggest that these OMVs could constituted 
an ``innate defense´´ mechanism that acts early in the 
presence of the stressor and permits the subsequent 
build-up of adaptive mechanisms of resistance (43).

One of the most interesting findings in the study 
of Manning and Kuehn, 2011 (43) was the fact that OMVs 
protect bacteria against bacteriophage action, since there 
is a quick and irreversible binding of phage to OMVs with 
the subsequent virus inactivation. More recently, it has 
been shown that OMVs of Komagataeibacter intermedius 
adsorb phage particles (44). The fact that OMVs interact 
and inactivate phages could have implications for the use 

of engineered phages as alternative antibiotic therapy. 
Another characteristic of the antimicrobial resistance 
mediated by OMVs is the fact that they may participate 
in the cross-resistance to different antimicrobial peptides. 
OMVs delivery by Vibrio cholerae when its culture is 
supplemented with sub-minimal inhibitory concentrations 
of polymyxin B protected it from the action of LL-37. This 
cross-resistance was mediated by the trapping of LL-37 
by protein Bap1, which is presented only in the OMVs 
induced by polymyxin B (45).

3.3. Efflux pumps
There are different classes of multidrug efflux 

pumps, constituted by five efflux protein superfamilies: 
the adenosine triphosphate (ATP)-binding cassette 
(ABC), the major facilitator superfamily (MFS), the 
small multidrug resistance (SMR) superfamily, the 
resistance-nodulation-cell division (RND) superfamily 
and the multidrug and toxic compound extrusion (MATE) 
superfamily (46). Unlike the ABC transporter, which uses 
ATP as an energy source, the MFS, SMR, RND and 
MATE transporters use the electrochemical potential of 
the membrane for the extrusion of drugs (46). The efflux 
pumps that have been linked to development of resistance 
to AMPs are listed below (Table 2). Although the major 
function of the efflux pumps in resistance response 
to AMPs is to expel them, other functions have been 
described. In Gram-positive bacteria there are specialized 
structures called peptide sensing and detoxification 
modules (PSD) that are composed of a two-component 
system (TCS) linked functionally to an ABC transporter. 
In PDS the TCS generally senses the presence of the 
antimicrobial peptide and induces the expression of the 
ABC transporter that expels the peptide. However, there 
are evidences that in these modules the ABC transporter 
could be involved in sensing the peptides. In Bacillus 
subtilis bacitracin binds directly to the BceB permease 
component of BceAB transporter. BceB forms a sensory 

Figure 4. AMP trapping through cellular structure. Gram-negative bacteria secrete outer membrane vesicles that bind the AMP via lipopolysaccharides 
or proteins. Figure designed by the authors.
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complex via direct interaction with the BceS histidine 
kinase component of the BceRS TCS. This signaling 
complex is thought to trigger the production of more 
BceAB transporters that could mediate resistance via 
extrusion of the peptide (47, 48). On the other hand, in 
S. aureus the BraDE transporter senses the presence 
of nisin or bacitracin, and through BraSR TCS induces 
the expression of the VraDE transporter, which acts by 
expelling the AMPs (49). Similarly, the VraFG transporter 
acts as a sensor in the GraSR/VraFG system, in which 
after sensing peptide, signaling through GraSR TCS 
induces the expression of the dlt and mprF genes, which 
mediate resistance via peptide repulsion. Interestingly, in 
this system, the signaling via GraSR TCS regulates the 
expression vraFG genes in a positive feedback fashion, 
thereby ensuring the production of more transporters 
for the sensing (50). Recently, a network in which the 
transporter EF2752-2751 sensed bacitracin and via 
sensor kinase EF0927 activated the expression of the 
EF2050-2049 transporter that removed the AMP has 
been described in E. faecalis (51).

Despite the existence of literature supporting 
the role of efflux pumps in resistance to AMPs (Table 2), 
there are data that contradict such information. Rieg 
et al., 2009 showed that E. coli AcrAB, P. aeruginosa 
MexAB RND-type efflux pump and S. aureus NorA MFS 
efflux pump were unable to protect these microorganisms 
against LL-37, HNP-1-3, HD-5, hBD-2 and hBD-3 (52). 
Moreover, Bayer et al., 2006 highlight that in S. aureus 
the carriage of plasmids bearing genes encoding the 
QacB MFS-type efflux pump and QacC SMR-type efflux 
pump do not confer resistance to thrombin-induced 
platelet microbicidal protein 1 (tPMP-1) peptide, and the 
low resistance conferred by QacA MFS-type efflux pump 
is unrelated to proton motive force-dependent peptide 
efflux (53).

3.4. Cellular surface remodelling
The cytoplasmatic membrane constitutes the 

major target for the action of the AMPs. To reach its 
target the AMPs have to interact and traverse the surface 
components of the bacteria. Therefore, one of the 

Table 2. Efflux pumps that mediate resistance to AMPs
Efflux pump Superfamily Peptides Bacteria Reference

MtrC‑MtrD‑MtrE RND Polymyxin B
LL‑37
PG‑1

Neisseria meningitidis (54)

MtrC‑MtrD‑MtrE RND TP‑1
PC‑8
PG‑1
LL‑37
CRAMP‑38

Neisseria gonorrhoeae (55,56)

MtrC‑MtrD‑MtrE RND LL‑37
hBD‑3

Haemophilus ducreyi (57)

QacA MFS tPMP‑1 Staphylococcus aureus (58)

RosA MFS Polymyxin B
Cecropin P1
Melittin

Yersinia enterocolitica (59)

AcrAB RND HNP‑1
hBD‑1
hBD‑2
Polymyxin B

Klebsiella pneumoniae (60)

KpnGH MFS Polymyxin B Klebsiella pneumoniae (61)

KpnEF SMR Colistin Klebsiella pneumoniae (62)

MexAB‑OprM RND Colistin Pseudomonas aeruginosa (63)

MeFE/Mel1 RND
ABC

LL‑37 Streptococcus pneumoniae (64)

AcrAB/TolC
EmrAB/TolC

RND Protamine Escherichia coli (65)

CmeABC
CmeDEF

RND Polymyxin B Campylobacter jejuni (66)

1MefE belonging to the MFS superfamily, Mel incomplete ABC‑transporter, For updated information about ABC‑transporter refer to (67)
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resistance mechanisms used by bacteria to circumvent 
the action of the AMPs is remodeling their surface so that 
AMPs cannot interact and/or pass through this surface. 
To achieve these aims the bacteria change the net charge 
or the properties of their surface. Given the fact that there 
are structural and chemical differences between the 
surface of Gram-negative and Gram-positive bacteria it 
is expected that mechanisms involved in the remodeling 
will be different. Cellular surface remodeling changes 
the net charge on the bacterial surface to make it more 
positive, therefore facilitating the electrostatic repulsion 
of cationic AMPs.

The surface of Gram-positive bacteria is 
constituted by a cell wall that surrounds the cytoplasmatic 
membrane. The cell wall consists of peptidoglycan 
sacculus made up of linked N-acetylglucosamine 
(GlcNAc) and N-acetylmuramic acid (MurNAc) units via 
β 1,4 bonds. Peptides are bound to the MurNAc units 
and in turn could be cross-linked directly or indirectly to 
form a three-dimensional structure. Additionally there 
are glycopolymers that can be attached either to the 
peptidoglycan or to lipid membranes (68, 69). To achieve 
a reduction in the net negative charge at the cell wall 
level, the bacteria target major anionic glycopolymers: 
the teichoic and lipoteichoic acids. The strategy consists 
of the esterification of the carboxyl group of the amino 
acid D-alanine to the monomeric subunits (or its 
glycosidic substituents) of the glycopolymers, resulting 
in exposure of the amino group of the D-alanine which 
contains a positive charge. This process is performed by 
several proteins encoded by the dltABCD operon  (70). 
The presence of the homologue of the dtlB gene that 
confers immunity to bactofencin A, a new type of cationic 
bacteriocin, has been shown recently in Lactobacillus 
salivarius DPC6502. Inherently, bactofencin A shares a 
similarity with eukaryotic cationic antimicrobial peptides, 
and the D-alanylation of teichoic acids appears to 
be the mechanism that confers specific protection 
against bacteriocin (71). Moreover, in GBS it has been 
proposed that D-alanylation of teichoic acids could 
mediate the resistance to AMPs by modifying the 
rigidity and permeability of the cell wall more than by 
electrostatic repulsion (72). The protection mediated 
by D-alanylation has been described in a broad range 
of Gram-positive genera that include: Staphylococcus, 
Listeria, Enterococcus, Bacillus, Clostridium, 
Streptococcus and Lactobacillus (67), and it is effective 
against a diversity of cationic AMPs, like colistin, nisin, 
polymyxin B, Mangainin II, HNP-1-3, beta-defensin 
2, gallidermin, mCRAMP, animal-derived protegrins, 
tachyplesins, indolicidin, cecropin B, bactofencin A, 
vancomycin, daptomycin and LL-37 (71,73-81).

On the surface of Gram-negative bacteria, 
the major modifications take place in the LPS and 
lipooligosaccharides (LOS), specifically in the lipid A 
moiety. These modifications implicate the removal of the 

phosphate groups, the addition of amine substituents 
like phosphoethanolamine (pETN), 4-amino-4-deoxy-
L-arabinose (L-Ara4N) to the disaccharide backbone or 
glycine and diglycine residues in the acyl chains. The 
removal of the phosphate groups from the C´1 and C´4 
position at the disaccharide backbone is mediated by lipid 
A phosphatases. Helicobacter pylori mutants in the genes 
lpxE (1´-phosphatase), lpxF (4´-phosphatase) and the 
double mutant lpxE/F showed an increased susceptibility 
to polymyxin B, LL-37, beta-defensin 2 and P-113 (82). 
Similarly, lpxE, lpxF and lpxE/F mutants of Rhizobium etli 
and lpxF of Francisella novicida are more susceptible to 
polymyxin B than wild type strains (83, 84). Engineered 
E. coli strains that express the enzymes LpxE and/or 
LpxF of F. novicida are more resistant to polymyxin B, 
with the greatest resistance observed in the species with 
lipid A dephosphorylated at C`4 (85).

Moreover, pETN could be attached directly to 
the position C´1 of the glucosamine backbone of lipid 
A, which implies the removal of the phosphate group at 
this position. Helicobacter pylori LpxEHP mutants were 
unable to remove the C´1 phosphate with the subsequent 
addition of pETN making the strain more vulnerable to 
polymyxin B than the wild type strain, which produces 
LPS, decorates with pETN in the C´1 and lacks the 
phosphate group in the C´4 position (86). Additionally 
pETN could be linked to phosphate groups in the C´1 
and/or C´-4 position. Blockage in successful transfer 
of pETN to the phosphates groups renders strains 
more susceptible to AMPs. This has been shown in 
Campylobacter jejuni, Neisseria gonorrhoeae, Neisseria 
meningitidis and Salmonella enterica (54, 87, 88).

Another AMP resistance strategy employed by 
bacteria to reduce the anionic charge is the addition of 
L-Ara4N to lipid A. However, some data suggest that the 
structure and/or localization of the L-Ara4N modification 
to lipid A could be involved in the inhibition of the binding 
of polymyxin B to the lipid A (89). The resistance via 
Ara4N modification has been described in Salmonella 
enterica, Proteus mirabilis, Pseudomonas aeruginosa 
and Klebsiella pneumoniae (90). More recently, a 
new lipid A modification which confers resistance to 
polymyxin B has been described in Vibrio cholerae El Tor 
strains. This consists of the linking of glycine or diglycine 
amino acids to the 3-OH group of the secondary acyl 
chain attached at the 3´position. Implicated in this 
modification process are a series of proteins, such as 
AlmE, which that acts as a glycine carrier ligase that 
ligates the amino acid residue to AlmF, which in turn 
transfers it to AlmG, which finally transfers it to LPS. 
The machinery is encoded by the almEFG operon and is 
under the control of the VprAB two-component system, 
which is up-regulated by the presence of polymyxin B 
(91, 92). Additional modifications of lipid A consist of the 
addition of glucosamine, galactosamine and acylation. 
In Bordetella pertussis the addition of glucosamine 
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mediated the resistance to polymyxin B, colistin, 
LL-37, indolicidin, HHC-10 and CP28 (93). Similarly, in 
Bordetella bronchiseptica the resistance to polymyxin 
B and porcine beta-defensin 1 was associated with 
the glucosamine modification of the LPS lipid A (94). 
Moreover, in Acinetobacter baumannii colistin-resistant 
laboratory-adapted strain and colistin-resistant clinical-
relevant strains, the addition of galactosamine to lipid A 
together with other modifications appears to be involved 
in the resistance to the AMP (95). Due to the acylation 
process, it has been shown that a K. pneumoniae 
mutant in the lpxM gene which encodes the enzyme 
that mediates secondary acylation of lipid A was more 
susceptible to polymyxin B, colistin, CP-28 and C18G 
peptides. This susceptibility appears to be the cause 
of the in vivo attenuation of the mutant in BALB/c 
mice (96). A recent study suggests that in this mutant 
the underacylation could provoke a more fluid outer 
membrane as a consequence of weak lateral interactions 
between LPS fatty-acyl chains, thus facilitating the 
insertion of the N-terminal domain of polymyxins (97). 
Moreover, the involvement of the acyltransferase MsbB 
(LpxM) in the resistance to the AMPs LL-37, mCRAMP, 
magainin 2 and polymyxin B has been shown in El Tor 
Vibrio cholerae strain while in the Classical strain it 
mediated the resistance to all AMPs except to polymyxin 
B (98). A further study demonstrated that resistance 
to polymyxin B by V. cholerae requires the activity of 
hydroxy-acyltransferase enzyme LpxN, which transfers 
3-hydroxylaurate to the lipid A (99). Again, the addition 
of palmitate to lipid A mediated by the enzyme palmitoyl 
transferase (PagP) is also involved in the resistance 
to AMPs. Hittle et al., 2015 showed that Bordetella 
parapertussis PagP mutant was more susceptible to 
C18G than the wild-type strain (100). The P. aeruginosa 
PagP mediated the resistance to C18G but appears not 
to be involved in the resistance to polymyxin B (101). 
Other microorganisms in which palmitoylation plays 
a role in the resistance to AMPs are Salmonella and 
Legionella (102, 103).

To reduce the net negative charge on 
cytoplasmic membrane the bacterium modifies its major 
anionic phospholipids, phosphatidylglycerol (PG) and 
cardiolipin. One of the modifications consists of the 
addition of amino acids via ester bond between the 
α-carboxyl group of amino acids and the hydroxyl group 
of the terminal glycerol moiety of PG or the hydroxyl 
group of the middle glycerol moiety in cardiolipin. This 
arrangement permits the presence of a NH2-terminal 
free, which carries a positive charge and, in the case 
of basic amino acids, there are additional free positive 
charges in the side chains. Although lysine is the major 
amino acid added, addition of other amino acids, such as 
alanine and arginine, has been described (104,105). The 
synthesis and translocation of the aminoacylated-PG 
is performed by the multipeptide resistance factor 
protein (MprF) family, which are present in a variety of 

Gram-positive and in Gram-negative bacteria (106). 
Some members of the MprF family have a restricted 
substrate specificity, while others have a broad substrate 
specificity which could confer a more elaborate cell 
membrane remodeling (104). The MprF protein is also 
required for the lysinylation of cardiolipin (107). It has 
been suggested that in addition to the electrostatic 
repulsion of the AMPs, the incorporation of aminoacylated 
phospholipids in lipid membrane bilayers stabilizes them 
against peptide-induced disturbances (108).

Another modification of PG that promotes 
resistance to AMPs is the addition of palmitate. A recent 
study showed that in Salmonella typhimurium the sensor 
system PhoPQ and the palmitoyltransferase enzyme 
PagP are involved in the palmitoylation of PG, increasing 
levels of palmitoyl-PG in the outer membrane and 
mediating the resistance to AMPs. The resistance likely 
occurs by increasing the hydrophobicity and saturation 
level of the membrane bilayer (109). While some changes 
in the membrane composition facilitate the repulsion 
of the AMPs others cause variations in the membrane 
properties like fluidity that in turn affect the microbicidal 
activity of the peptides. Recently it has been shown that 
a reduction in the content of branched fatty acid could 
increase the rigidity of membrane-mediated resistance of 
Enterococcus faecalis to cationic AMPs together with an 
increase in the positive charge content (110). Similarly, a 
previous study showed that a less fluid membrane could 
mediate the resistance to daptomycin in E. faecalis and 
E. faecium (111). It has been documented that in Listeria 
monocytogenes the resistance to nisin is accompanied 
by changes in the constituent fatty acids of the 
membrane, which increase its rigidity (112). Moreover, 
an increase in the S. aureus membrane rigidity was a 
common characteristic in a strain with induced resistance 
to magainin 2 and another to gramicidin (113). While a 
decrease in membrane fluidity mediates the resistance 
in some microorganisms, for others an increase in the 
fluidity is the main mechanism of resistance. Lather et al., 
2015 showed that S. aureus strain resistant to pediocin 
has increased levels of unsaturated, branched chain, and 
hydroxy fatty acids with respect to the susceptible strain. 
This peculiar composition results in a higher fluidity of 
the membrane, which prevents the oligomerization of 
the peptide (114). An increase in membrane fluidity 
also appears be involved in the resistance of S. aureus 
to tPMP, HNP-1 and polymyxin B and nonsusceptibility 
to daptomycin (115, 116). The decreasing sensitivity 
of laboratory-derived Staphylococcus aureus mutant 
to telavacin is attributable to the increase in the fluidity 
of the membrane (117). Moreover, in daptomycin 
resistant methicillin-resistant S. aureus strains there is a 
reduction in the content of cell membrane carotenoids, 
which increase the membrane fluidity (118). However, 
in another study a mutant strain that overproduces 
the Staphyloxanthin carotenoid showed reduced 
susceptibility to daptomycin and was resistant to other 
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AMPs, like tPMP, HNP-1, RP-1 and polymyxin B (119). 
A new mechanism of resistance to daptomycin has been 
described in Enterococcus faecalis. This consists of the 
redistribution of microdomains enriched in cardiolipin and 
a reduction in the content of PG, causing a diversion of 
the AMP away from the septum division, its target site of 
action (120).

Other modifications that take place on the 
bacterial surface are the production of capsular 
polysaccharides (CPS) and exopolysaccharides. The 
CPS play a direct role in the resistance to AMPs by 
preventing their interaction with the bacterial membrane. 
Klebsiella pneumoniae mutants in the production of CPS 
were more sensitive than the wild-type strain to a range 
of AMPs, such as HNP-1, HBD-1, lactoferrin, protamine 
sulphate and polymyxin B. It was observed that clinical 
strains with increased production of CPS were more 
resistant to polymyxin B and that a threshold amount 
of CPS was necessary for protection (121). Moreover, 
it has been proposed that CPS can act as a decoy for 
AMPs, interfering in their microbicidal activity by direct 
trapping of the peptides. This has been confirmed in 
anionic CPS, while cationic or uncharged CPS do not 
exert this trapping effect. Supporting the decoy role of 
CPS was the fact that polymyxin B and HNP-1 provoked 
the release of CPS from capsulate K. pneumoniae K2, 
Streptococcus pneumoniae serotype 3 and P. aeruginosa 
overexpressing CPS. The protection conferred by CPS 
was evidenced by the fact that the transfer of a purified 
CPS from the above-mentioned strains protects against 
polymyxin B and increases the minimum inhibitory 
concentration (MIC) to polymyxin B and HNP-1 of a 
K. pneumoniae uncapsulated strain (122). Additionally, 
other studies demonstrated that serogroup B and C 
polysaccharide meningococcal capsules are involved 
in the resistance to defensins, cathelicidins, protegrins 
and polymyxin B (123,124). In enteropathogenic E. coli 
the protection to HD-5 appears to be mediated in part by 
the production of group 4 capsule (125). A recent study 
show that Acinetobacter baummannii mutans in the K 
locus which encode for the machinery involved in the 
processing of CPS exhibited an increased sensivity to 
colistin (126).

With regard to the production of 
exopolysaccharides, it has been observed that 
Staphylococcus epidermidis mutant in the cap genes which 
encode for the enzymes involved in the production of the 
polyanionic polymer poly-gamma-DL-glutamic acid (PGA) 
was more sensitive to LL-37 and beta-defensin 3 than the 
wild-type strain (127). S. epidermidis also produces an 
exopolysaccharide called exopolysaccharide intercellular 
adhesin (PiA) which is subject to deacetylation to make 
it cationic. This allows PIA to participate in the defence 
against AMPs like LL-37 and beta-defensin 3 (128).A 
study in opportunistic lung pathogens P. aeruginosa, 
Inquilinus limosus and Burkholdelia cepacia complex 

showed that the exopolysaccharide produced by these 
bacteria could bind to human, Pongo pygmaeus and 
Presbytis obscurus orthologue cathelicidins LL-37. The 
strongest inhibition of AMP activity was observed in 
more negatively charged exopolysaccharides (129). 
Meanwhile, Benincasa et al., 2009 have demonstrated 
that the exopolysaccharides produced by P. aeruginosa, 
K. pneumoniae and Burkholdelia cepacia complex inhibit 
the microbicidal activity of LL-37, hBD-3, SMAP-29, PG-1 
and Bac7 (1-35) and could be involved in the persistence 
of these microorganisms in the lung of cystic fibrosis 
patients (130).

3.5. Induction of AMP expression 
downregulation

Manipulation of genetic expression of the 
immune cells to impair the production of antimicrobial 
peptides is among the diverse strategies employed by 
microorganisms to circumvent antibacterial response. 
This strategy appears to be widespread in several 
enteric pathogens. Early observations by Islam et al., 
2001 showed downregulation of LL-37 and hBD-1 in 
biopsies of patients with bacillary dysenteries and LL-37 
in Shigella infected cell lines. It was also observed that 
downregulation of LL-37 was mediated by bacterial 
plasmidic DNA, suggesting that downregulation 
occurs via interference with signalling pathways (131). 
Sperandio et al., 2008 showed that Shigella flexneri 
repressed the expression in vitro of hBD-3 and LL-37 
via the injection into the host cells of virulence plasmid-
encoded effectors controlled by MxiE, which could impair 
the signalling pathways that trigger the expression 
of AMPs. The role of gene expression regulation as 
mechanism to escape the immune response was also 
confirmed in vivo (132). Moreover, enteric pathogens 
like Vibrio cholerae and enterotoxigenic Escherichia 
coli through their virulence factors, cholera toxin 
(CT) and labile toxin (LT), respectively, induced the 
downregulation of the cathelicidin (hCAP-18/LL-37) and 
hBD-1 genes expression in the intestinal epithelial cells. 
This suppression was found to occur at the transcriptional 
level and was mediated by the activation of several 
signalling pathways downstream of cAMP accumulation 
and the transcriptional repressor ICER (133). But not 
only enteric pathogens display this strategy. Neisseria 
gonorrhoeae downregulated the levels of LL-37 in a 
cervical epithelial cells line ME180, while Neisseria 
meningitidis downregulated the levels of peptidase 
inhibitor 3(PI3) in the 16HBE14 bronchial epithelial cell 
line (134,135).

Moreover, one of the strategies developed 
by Klebsiella pneumoniae for survival in the lung is 
through its CPS, which evades recognition by the pattern 
recognition receptors. Non-recognition implies that the 
signalling pathways that trigger the expression of human 
beta-defensins are not activated, and they therefore 
downregulate AMP expression (136).



Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1023� © 1996-2016

3.6. Osmotic stabilization
In a recent study, address by Wenzel et al., 

2014 was described a new mechanism of resistance 
to AMPs. In this, the bacteria overcome to the stress 
caused by membrane-targeting bacteriolytic peptides 
through the production and secretion of osmoprotective 
amino acids. The treatment of Bacillus subtilis with the 
cationic hexapeptide MP196 induced the up-regulation 
of enzymes involved in amino acid anabolism. Also 
was detected a reduction in the intracellular levels of 
glutamine/glutamate, asparagine/aspartate, lysine and 
proline. While the extracellular levels of glutamine/
glutamate and asparagine/aspartate were substantially 
increased and the arginine, lysine, and proline levels 
were moderate increased. These changes in the amino 
acid pools suggested that in response to the stress 
caused by MP196 B. subtilis increase the production 
and release of amino acids. Additionally was found that 
the levels of glutamine/glutamate released by B. subtilis 
when is under treatment with MP196 exceed the sum 
of intracellular and extracellular levels in the untreated 
bacteria and the supply of exogenous glutamate 
increase the MIC of MP196. Moreover, the supply 
of sodium chloride and potassium chloride had the 
same effect on the MIC of MP196. All these evidences 
suggested that the release of glutamate is involved in 
the protection against MP196 but this protection is not 
specific of glutamate and is mediated by osmotic effects. 
Also was observed release of glutamate in response 
to others peptides like gramicidin S, aurein 2.2., nisin 
and gramicidin A suggesting that glutamate release 
constitutes a general response to membrane-targeting 
bacteriolytic peptides. Besides, the release of glutamate 
appeared be linked to mechano sensitive channels 
because a B. subtilis mutant in the four MscL and 
MscS-type mechanosensitive channels showed high 
intracellular levels of glutamate and greater sensitivity 
to MP196. However, these channels are not the only 
route for release glutamate because when the quadruple 
msc mutant was challenged with MP196 there was an 
increase in the extracellular levels of glutamate (137).

3.7. Activation of bacterial regulatory systems
For assembly of resistance response, initially 

bacteria have to sense the presence of AMPs with the 
subsequent transmission of the information to inside 
of the cell. This produce changes in the transcriptional 
status of the bacteria. Between the several sensing 
systems which are equipped the bacteria for detect the 
changes in their environment, the TCS appear to be the 
most important in orchestrate the resistance response 
to AMPs. The TCS is a ubiquitous system in bacteria 
and generally involve a membrane-integrated histidine 
kinase receptor and a cytoplasmic response regulator 
protein that mediate the transcriptional activity. The flux 
of information between the histidine kinase receptor and 
the response regulator occur via phosphorylation and 
dephosphorylation reactions (138).

The PhoP/PhoQ two-component system was 
originally described in the pathogen S. typhimurium but 
is found in other Gram-negative bacteria. In this system, 
PhoQ constitute the sensor kinase protein that sense 
stimulus like low levels of Mg2+, acidic pH and AMPs like 
polymyxin B, C18G, LL-37 and protegrin. Each one of 
these stimulus provoke a differential expression of Pho-P 
regulated genes (139).

When S. typhimurium detect via PhoQ 
an environment with low levels of Mg2+ occur the 
activation of the response regulator protein Pho-P by 
its phosphorylation. The activate Pho-P promote the 
transcriptions of a series of genes like mgtA, slyA, ugtL, 
pagP, mig-14, virK and prmD that are involved directly 
or indirectly in the resistance to AMPs. The gene mgtA 
encode the Mg2+ transporter MgtA that could remove 
Mg2+ from the periplasm of the bacteria triggering the 
transduction of the signal via PhoP/PhoQ TCS which the 
subsequent transcription of the Pho-P regulated genes 
prmD and ugtL which are involved in the modifications 
of LPS that support the resistance to polymyxin B (140). 
The gene slyA encode for the protein SlyA that acts as 
transcriptional activator of ugtL gene which encode for 
protein UgtL, an oligomeric inner membrane protein 
that mediate the formation of a monophosphorylated 
lipid A. Mutant strains of slyA and ugtL were sensitive to 
magainin 2 and polymyxin B (141,142). The gene pagP 
encode for a palmitoyltransferase enzyme PagP that are 
involved in the palmitoylation of PG and lipid A (109,142). 
Moreover, mig-14 and virK encode for Mig-14 and VirK 
proteins, which showed be involved in the resistance 
to CRAMP within murine activated macrophages (143). 
Meanwhile prmD encode for the protein PrmD that 
mediated cross-talk between the PhoPQ TCS and the 
PrmAB TCS, here the indirect activation of PrmAB TCS 
via PrmD imply LPS modifications that mediated the 
resistance to AMPs (144). Recently was observed that in 
E. coli also occurred this cross-talk between PhoPQ TCS 
and the PrmAB TCS mediated by PrmD but interestingly 
appear be involved another mechanisms of activation 
PrmD independent of PhoP/PhoQ. This show that the 
crosstalk between both TCS is a complex process (145). 
Analysis of the S. thyphimurium proteome after infection 
of non-phagocyte epithelial cells showed an increased 
in the PhoPQ TCS as well as PgtE, a protease that is 
involved in the resistance to AMPs and whose expression 
is controlled by PhoPQ TCS (146).

Other of the TCSs associated to resistance to 
AMPs is the PmrAB TCS, which has been described 
in a variety of bacteria such as S. thyphimurium, E. 
coli, K. pneumoniae, Y. pestis, C. rodentium and P. 
aeruginosa. Most of the studies in PmrAB TCS have been 
carried out in Salmonella but many of the findings can be 
applied to others Gram-negative pathogens (147). How 
was discussed above the PmrAB TCS can be activated 
indirectly by cross-talk with PhoPQ TCS mediated by 
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PmrD. Here PmrD bind to the phosphorylated form 
of the response regulator protein PmrA and inhibit its 
dephosphorylation by the histidine kinase PmrB allowing 
the transcription of the PmrA-regulated genes (148-150). 
Additionally PmrB can sense directly high concentration 
of Fe 3+, Al3+, mildly acidic pH and cationic AMPs (147). 
Within the PmrAB regulon, there are genes that encode 
for proteins that are involve in the modifications of the 
different structural elements of the LPS, thus mediating the 
resistance to AMPs. The major modifications in the lipid 
A are the addition of pEtN and L-Ara4N mediated by the 
pmrC gene product the first and the pmrHFIJKLM operon 
and ugd gene products the second (151-153). Beside 
through the expression of PmrR, a PmrA-activated inner 
membrane peptide, the PmrAB TCS control the activity of 
the enzyme LpxT that is responsible of generate a lipid A 
specie diphosphorylated at the position 1. PmrR interact 
and inhibit LpxT, therefore reduce the formation of lipid 
A diphosphorylated with the consequent reduction of the 
net negative charge on the LPS (154). Otherwise, the 
PmrA-regulated wzzST and wzzfepE genes encoded for 
proteins involved in the polymerization of the O-antigen 
of the LPS and have been linked to the resistance to 
polymyxin B (155,156).

In the resistance response of P. aeruginosa 
to polymyxins in addition to PhoPQ and PmrAB TCS 
participate others TCS. The ColRS and CprRS TCs 
interact with the PhoPQ TCS influencing on the L-Ara4N 
modification of the LPS but also appear regulate 
additional cellular factors necessary for the resistance 
response. Moreover, in the peptide-induced adaptive 
resistance response appear be involved the ParRS TCS 
which activate among others the arnBCADTEF operon, 
pmrB and pagL genes (157,158). Additionally have been 
described a gene encoding MIG-14 like protein that is 
involved in the recognition of colistin and Novispirin G10 
and is required for the development of colistin-tolerant 
subpopulations in P. aeruginosa hydrodynamic flow 
chamber biofilms (159).

In GAS the CsrRS TCS have been linked to 
the induction of an invasive phenotype. The histidine 
kinase CsrS specifically sense LL-37 and activate the 
transcription of a series of genes as hasABC operon, sda 1, 
slo, ska and spyCEP/scpC which increase the resistance 
to opsonophagocytic killing by human leukocytes, reduce 
the influx of neutrophil, degrade neutrophil extracellular 
traps and damage of phagocytes (160-162). Beside in 
S. aureus the GraRS TCS mediate the resistance to 
several AMPs like hNP-1, tPMPs, daptomycin, polymyxin 
B and RP-1. GraS acts as a sensor kinase that sense 
certain AMPs like LL-37, RP-1 and polymyxin B via 
9-amino acid -external loop at the N-terminus and then 
induce the transcription via GraR of downstream target 
genes such mprF and dltABCD provoking change in 
the surface charge (163-165). Other of the TCS that 
operate in S. aureus is the LytSR TCS. Here LytS sense 

decrease in the electrical transmembrane potential and 
trough LytR induce the transcription of the lrgAB operon, 
which can influence in biofilms formation, programmed 
cell death and autolysis. Additionally have been shown 
that a lytS mutant was more susceptible in vitro to hNP-1, 
tPMPs, RP-1 and daptomycin, interestingly the increase 
in the susceptibility was lrgAB-independent suggesting 
that other downstream pathways could be involved in 
the resistance response (166-168). Recently have been 
proposed in a study developed by Weatherspoon-Griffin 
et al., 2014 a new mechanism that involved the CpxRA 
TCS through which E. coli modulate the resistance 
to protamine and probably to others AMPs. In this 
mechanism, the CpxRA TCS activate the transcription 
of the marRAB operon that via MarA activator enhance 
the expression of TolC-dependent tripartite multidrug 
transporters. Beside CpxRA TCS activate the transcription 
of the aroK gene permitting the subsequent production 
of aromatic metabolites among whom salicylate and 
2, 3 dihydroxybenzoate can derepress mar operon 
transcription by the liberation of the repressor MarR from 
the operator site marO. Additionally the produced indol 
could acts as stimuli for the activation of CpxR trough 
phosphorylation by the CpxA sensor kinase, hence 
activate the mar operon transcription (65). Furthermore, 
a previous study showed that CpxRA TCS is involved in 
the resistance to several AMPs in Salmonella and E. coli 
by activate the transcription of amiA and amiC genes 
that encoded for two peptidoglycan amidases (169). 
Other study showed that CpxRA TCS participate in the 
tolerance of E. coli to ApoEdpL-W, polymyxin B and 
melittin (170). Other of the TCS that has been implicate in 
the resistance to AMPs is the VprAB TCS, how was discus 
above in V. cholerae this system controls the expression 
of the genes necessary for the addition of glycine to the 
LPS (92). Recently it have been described that CarRS 
TCS also is involved in the control of LPS modification by 
glycine addition in V. cholerae. CarR perform a positive 
regulation of the almEFG operon by directly bind to the 
regulatory region of the operon (171).

Aside from TCS, the Rcs phosphorelay system 
has been implicated in the resistance response to AMPs 
in S.typhimurium. The Rcs phosphorelay system consist 
in a complex arrangement proteins that create a signalling 
platform that control the expression of genes involve in 
motility, biofilm formation, virulence, periplasmic quality 
control and AMPs resistance. The system are conformed 
by a histidine kinase protein (RcsC) and RcsB as 
response regulator protein, additionally are involved 
an intermediate inner membrane phosphorelay protein 
(RcsD), an auxiliary nonphosphorylatable transcription 
factor (RcsA) and two proteins that participate in the 
signal sensing IgaA and RcsF (172). The mechanisms 
of activation implicate autophosphorylation of RcsC 
with the subsequent phosphotransfer to RcsD follow 
by phosphotransfer to RcsB that through formation of 
homodimers or heterodimers with RcsA control the gene 
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expression (173). In S. typhimurium RcsF is required for 
the activation of the Rcs system by AMPs like polymyxin 
B, polymyxin B nonapeptide, LL-37 and C18G  (173). 
Erickson and Detweiler, 2006 showed that in the 
resistance to polymyxin B by S. typhimurium appear 
be involved RcsB-regulated genes like STM1284-1285 
operon that encode for two putative cytoplasmic proteins, 
STM 1951-1953 operon that encode for a putative ABC 
transporter system, STM1589 that encode for a putative 
oxidoreductase and STM1515 that encode for the 
putative periplasmic protein YdeI (174).

3.8. Collective resistance
There are growing evidences that the 

arrangement of bacteria in populations has a direct 
influence on antibiotic resistance. Bacterial populations 
deploy different mechanisms to develop coordinated 
and protective responses to antimicrobial substances at 
the collective level. Once of the mechanisms is growing 
in biofilms, which constitute special structures in which 
different mechanisms converge, making this an effective 
form of persistence. The arrangement in biofilm provides 
the bacterial population with a way to circumvent the 
effect of AMPs. Studies performed by Chan et al., 
2004, 2005 show that in biofilms of P. aeuroginosa the 
arrangement of the exopolysaccharide alginate matrix 
could form structures like hydrophobic ``pockets´´ that 
create a microenvironment in which the peptides may 
be sequestered to promote their self-association before 
they reach the target bacterial membrane. This makes 
the alginate act as a kind of scavenger (175,176). 
Another element that constitutes the matrix of biofilms 
of P. aeuroginosa is extracellular DNA. It could act as a 
chelating agent, creating a cation-limited environment that 
is sensed by the bacteria, which respond by expressing 
the LPS modification operon PA3552-PA3559  (177). 
More recently it has been shown that in Salmonella 
enterica serovar Typhimurium biofilms the extracellular 
DNA induces a similar resistance response to that in 
P. aeuroginosa biofilms (178).

Curli fimbriae are a major component of the 
extracellular matrix of urophatogenic E. coli biofilms and 
have been associated with resistance to cathelicidins. 
It was specifically demonstrated that curli fimbriae bind 
to LL-37 and prevent it from reaching the bacterial 
membrane (179). Moreover, in Gram-negative bacteria 
biofilms, reversible palmitoylation of lipid A domain of 
LPS takes place. This modification triggers a weak 
inflammation response and promotes resistance to the 
peptide protegrine-1, which could be associated with the 
observed biofilm persistence in vivo (180).

It has been shown that structural organization 
of the biofilms could influence the resistance to AMPs. 
Different structural organization could create diversity of 
microenvironments from which different subpopulations 
could arise. In E. coli biofilms with complex structure 

organization subpopulations tolerant to colistin were 
observed, but not in less structured biofilms. The 
tolerant phenotype appears be linked to genetically 
encoded mechanisms regulated via the basR/basS 
two-component system (181). In P. aureginosa biofilms 
there is the presence of heterogeneous subpopulations. 
The subpopulations associated with the cap of the 
mushroom-shaped multicellular structures were found be 
tolerant to colistin, and this tolerance is linked to the pmr 
operon which is involved in the modification of LPS (182). 
Additionally, metabolically active subpopulations of 
cells in P. aeruginosa biofilms that express the mexAB-
oprM genes developed tolerance to colistin, while the 
low metabolically active cells subpopulations were 
susceptible (63).

4. SUMMARY AND PERSPECTIVE

The high levels of resistance to conventional 
antibiotics have plunged the scientific community into a 
search for new antimicrobial compounds. In this regard, 
one of the most promising classes are the AMPs. 
However, their microbicidal activities are also subject to 
a resistance response by bacteria. Over the years the 
bacteria have appropriated diverse mechanisms that 
allow them to counteract the potent action of AMPs. Most 
of the mechanisms prevent AMPs from reaching the 
bacterial membranes, which seem to be the main targets. 
To achieve this, bacteria secrete and/or anchor proteases 
or molecules at the cell surface that degrade or neutralize 
the AMPs respectively. Additionally, bacteria could secrete 
outer membrane vesicles that trap the peptides. Other 
mechanisms involve the expulsion of AMPs mediated 
by efflux pumps and the remodelling of the bacterial 
surface components that affect the binding of peptides to 
membranes. Bacteria can also manipulate host factors, 
such as proteases, human serum albumin, proteoglycans 
and alpha 2-macroglobulin to reverse AMPs actions 
and also induce AMP downregulation expression by 
immune cells. At the population level a mechanism for 
resistance has also been created, essentially consisting 
of the formation of biofilms. Knowledge of the molecular 
basis underlying the bacterial resistance response allows 
the design of more powerful AMPs and/or therapeutic 
strategies that circumvent the resistance response. To 
this end, antimicrobial peptides could be engineered via 
manipulation of their structural elements to confer on 
them resistance to the degradative action of proteases. 
Moreover, the nanoencapsulation of AMPs could protect 
them from proteases and trapping molecules. Additionally, 
the inclusion in chemotherapeutic schemes of drugs that 
impair the AMP-sensing systems in bacteria could prevent 
resistance mechanisms to AMPs from being assembled.

5. ACKNOWLEDGEMENTS

This work was supported by CAPES, CNPq, 
FUNDECT and FAPDF.



Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1026� © 1996-2016

6. REFERENCES

1.	 K. Fukuda. Foreword. In: Antimicrobial 
Resistance: Global Report on Surveillance. 
Eds: H Cadman, L Matinez, (2014)

2.	 Y. Gotoh, Y. Eguchi, T. Watanabe, S. 
Okamoto, A. Doi, R. Utsumi: Two component 
signal transduction as potential drug targets in 
pathogenic bacteria. Curr Opin Microbiol 13, 
232-239 (2010)
DOI: 10.1016/j.mib.2010.01.008

3.	 J.L. Stone: Induced resistance to bacitracin 
in cultures of Staphylococcus aureus. J Infect 
Dis 85, 91-96 (1949)
DOI: 10.1093/infdis/85.1.91

4.	 B. A. Johnson, H. Anker, F. L. Meleney: 
Bacitracin: a new antibiotic produced by a 
member of the B. subtilis group. Science 102, 
376-377 (1945)
DOI: 10.1126/science.102.2650.376

5.	 M. G. Habets, M. A. Brockhurst: Therapeutic 
antimicrobial peptides may compromise 
natural immunity. Biol Lett 8,416-418 (2012)
DOI: 10.1098/rsbl.2011.1203

6.	 P. Nyberg, M. Rasmussen, L. Bjӧrck: alpha2-
Macroglobulin-proteinase complexes protect 
Streptococcus pyogenes from killing by the 
antimicrobial peptide LL-37. J Biol Chem 279, 
52820-52823 (2004)
DOI: 10.1074/jbc.C400485200

7.	 L. Johansson, P. Thulin, P. Sendi, E. Hertzén, 
A. Linder, P. Akesson, D. E. Low, B. Agerberth, 
A. Norrby-Teglund: Cathelicidin LL-37 in 
severe Streptococcus pyogenes soft tissue 
infections in humans. Infect Immun 76, 3399-
3404 (2008)
DOI: 10.1128/IAI.01392-07

8.	 M. J. Walker, J. D. McArthur, F. McKay, M. 
Ranson: Is plasminogen deployed as a 
Streptococcus pyogenes virulence factor?. 
Trends Microbiol 13,308-313 (2005)
DOI: 10.1016/j.tim.2005.05.006

9.	 A. Hollands, D. Gonzalez, E. Leire, C. 
Donald, R. L. Gallo, M. Sanderson-Smith, P. 
C. Dorrestein, V. Nizet: A bacterial pathogen 
co-opts host plasmin to resist killing by 
cathelicidin antimicrobial peptides. J Biol 
Chem 287, 40891-40897 (2012)
DOI: 10.1074/jbc.M112.404582

10.	 J. N. Cole, T. C. Barnett, V. Nizet, M. J. 

Walker: Molecular insight into invasive group 
A streptococcal disease. Nat Rev Microbiol 
9,724-736 (2011)
DOI: 10.1038/nrmicro2648

11.	 G. Maisseta, F. L. Brancatisano, S. Esin, 
M. Campa, G. Batoni: Gingipains produced 
by Porphyromonas gingivalis ATCC49417 
degrade human-β-defensin 3 and affect 
peptide’s antibacterial activity in vitro. 
Peptides 32, 1073-1077 (2011)
DOI: 10.1016/j.peptides.2011.02.003

12.	 C. L. Shelton, F. K. Raffel, W. L. Beatty, S. 
M. Johnson, K. M. Mason: Sap Transporter 
Mediated Import and Subsequent Degradation 
of Antimicrobial Peptides in Haemophilus. 
PloS Pathog 7, e1002360 (2011)
DOI: 10.1371/journal.ppat.1002360

13.	 J. D. Hale, R. E. Hancock: Alternatives 
mechanisms of action of cationic antimicrobial 
peptides on bacteria. Expert Rev Anti Infect 
Ther 5, 951-959 (2007)
DOI: 10.1586/14787210.5.6.951

14.	 F. Guilhelmelli, N. Vilela, P. Albuquerque, L. 
Derengowski, I. Silva-Pereira, C. M. Kyaw: 
Antibiotic development challenges: the 
various mechanisms of action of antimicrobial 
peptides and of bacterial resistance. Front 
Microbiol 4,353 (2013)
DOI: 10.3389/fmicb.2013.00353

15.	 A. Schmidtchen, I. M. Frick, E. Andersson, 
H. Tapper, L. Bjorck: Proteinases of common 
pathogenic bacteria degrade and inactivate 
the antibacterial peptide LL-37. Mol Microbiol 
46, 157-168 (2002)
DOI: 10.1046/j.1365-2958.2002.03146.x

16.	 C. Kooi, P. A. Sokol: Burkholderia cenocepacia 
zinc metalloproteases influence resistance 
to antimicrobial peptides. Microbiology 155, 
2818-2825 (2009)
DOI: 10.1099/mic.0.028969-0

17.	 R. Belas, J. Manos, R. Suvanasuthi: Proteus 
mirabilis ZapA metalloprotease degrades 
a broad spectrum of substrates, including 
antimicrobial peptides. Infect Immun 72, 
5159-67 (2004)
DOI: 10.1128/IAI.72.9.5159-5167.2004

18.	 M. Sieprawska-Lupa, P. Mydel, K. Krawczyk, 
K. Wójcik, M. Puklo, B. Lupa, P. Suder, J. 
Silberring, M. Reed, J. Phol, W. Shafer, F. 
McAleese, T. Foster, J. Travis, J. Potempa: 

http://dx.doi.org/10.1016/j.mib.2010.01.008
http://dx.doi.org/10.1093/infdis/85.1.91
http://dx.doi.org/10.1126/science.102.2650.376
http://dx.doi.org/10.1098/rsbl.2011.1203
http://dx.doi.org/10.1074/jbc.C400485200
http://dx.doi.org/10.1128/IAI.01392-07
http://dx.doi.org/10.1016/j.tim.2005.05.006
http://dx.doi.org/10.1074/jbc.M112.404582
http://dx.doi.org/10.1038/nrmicro2648
http://dx.doi.org/10.1016/j.peptides.2011.02.003
http://dx.doi.org/10.1371/journal.ppat.1002360
http://dx.doi.org/10.1586/14787210.5.6.951
http://dx.doi.org/10.3389/fmicb.2013.00353
http://dx.doi.org/10.1046/j.1365-2958.2002.03146.x
http://dx.doi.org/10.1099/mic.0.028969-0
http://dx.doi.org/10.1128/IAI.72.9.5159-5167.2004


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1027� © 1996-2016

Degradation of human antimicrobial peptide 
LL-37 by Staphylococcus aureus-derived 
proteinases. Antimicrob Agents Chemother 
48, 4673-4679 (2004)
DOI: 10.1128/AAC.48.12.4673-4679.2004

19.	 J. E. Thwaite, S. Hibbs, R. W. Titballand, T. 
P. Atkins: Proteolytic degradation of human 
antimicrobial peptide LL-37 by Bacillus 
anthracis may contribute to virulence. 
Antimicrob Agents Chemother 50, 2316-2322 
(2006)
DOI: 10.1128/AAC.01488-05

20.	 I. M. Frick, S. L. Nordin, M. Baumgarten, 
M. Mӧrgelin, O. E. Sørensen, A. I. Olin, A. 
Egesten: Constitutive and inflammation-
dependent antimicrobial peptides produced 
by epithelium are differentially processed 
and inactivated by the commensal Finegoldia 
magna and the pathogen Streptococcus 
pyogenes. J Immunol 187, 4300-4309 (2011)
DOI: 10.4049/jimmunol.1004179

21.	 C. Karlsson, M. L. Andersson, M. Collin, A. 
Schmidtchen, L. Bjӧrck, I. M. Frick: SufA-a 
novel subtilisin-like serine proteinase of 
Finegoldia magna. Microbiology 153, 4208-
4218 (2007)
DOI: 10.1099/mic.0.2007/010322-0

22.	 H. Ulvatne, H. H. Haukland, Ø. Samuelsen, 
M. Krämer, L. H. Vorland: Proteases in 
Escherichia coli and Staphylococcus aureus 
confer reduced susceptibility to lactoferricin B. 
J Antimicrob Chemother 50, 461-467 (2002)
DOI: 10.1093/jac/dkf156

23.	 S. Stumpe, R. Schmid, D. L. Stephens, G. 
Georgiou, E. P. Bakker: Identification of 
OmpT as the protease that hydrolyzes the 
antimicrobial peptide protamine before it 
enters growing cells of Escherichia coli. J 
Bacteriol 180, 4002-4006 (1998)

24.	 J. L. Thomassin, J. R. Brannon, B. F. Gibbs, 
S. Gruenheid, H. Le Moual: OmpT outer 
membrane proteases of enterohemorrhagic 
and enteropathogenic Escherichia coli 
contribute differently to the degradation of 
human LL-37. Infect Immun 80, 483-492 
(2012)
DOI: 10.1128/IAI.05674-11

25.	 V. Le Sage, L Zhu, C. Lepage, A. Portt, C. 
Viau, F. Daigle, S. Gruenheid, H. Le Moual: 
An outer membrane protease of the omptin 
family prevents activation of the Citrobacter 

rodentium PhoPQ two-component system 
by antimicrobial peptides. Mol Microbiol 74, 
98-111 (2009)
DOI: 10.1111/j.1365-2958.2009.06854.x

26.	 E. M. Galván, M. A. Lasaro, D. M. Schifferli: 
Capsular antigen fraction 1 and Pla modulate 
the susceptibility of Yersinia pestis to 
pulmonary antimicrobial peptides such as 
cathelicidin. Infect Immun 76, 1456-1464 
(2008)
DOI: 10.1128/IAI.01197-07

27.	 T. Guina, E. C. Yi, H. Wang, M. Hackett, S. 
I. Miller: A PhoP-regulated outer membrane 
protease of Salmonella enterica serovar 
Typhimurium promotes resistance to alpha-
helical antimicrobial peptides. J Bacteriol 182, 
4077-4086 (2000)
DOI: 10.1128/JB.182.14.4077-4086.2000

28.	 B. Y. Hwang, N. Varadarajan, H. Li, S. 
Rodriguez, B. L. Iverson, G. Georgiou: 
Substrate specificity of the Escherichia coli 
outer membrane protease OmpP. J Bacteriol 
189, 522-30 (2007)
DOI: 10.1128/JB.01493-06

29.	 J. B. McPhee, C. L. Small, S. A. Reid-Yu, J. R. 
Brannon, H. Le Moual, B. K. Coombes: Host 
defense peptide resistance contributes to 
colonization and maximal intestinal pathology 
by Crohn´s disease-associated adherent-
invasive Escherichia coli. Infect Immun 82, 
3383-3393 (2014)
DOI: 10.1128/IAI.01888-14

30.	 I. M. Frick, P. Akesson, M. Rasmussen, A. 
Schmidtchen, J Bjӧrck: SIC, a secreted protein 
of Streptococcus pyogenes that inactivates 
antibacterial peptides. J Biol Chem 278, 
16561-16566 (2003)
DOI: 10.1074/jbc.M301995200

31.	 B. A. Fernie-King, D. J. Seilly, M. J. Binks, K. 
S. Sriprakash, P. J. Lachmann: Streptococcal 
DRS (distantly related to SIC) and SIC 
inhibit antimicrobial peptides, components 
of mucosal innate immunity: a comparison 
of their activities. Microbes Infect 9, 300-307 
(2007)
DOI: 10.1016/j.micinf.2006.12.006

32.	 D. Smyth, A. Cameron, M. R. Davies, C. 
McNeilly, L. Hafner, K. S. Sriprakash, D. 
J. McMillan: DrsG from Streptococcus 
dysgalactiae subp.equisimilis inhibits the 
antimicrobial peptide LL-37. Infect Immun 82, 

http://dx.doi.org/10.1128/AAC.48.12.4673-4679.2004
http://dx.doi.org/10.1128/AAC.01488-05
http://dx.doi.org/10.4049/jimmunol.1004179
http://dx.doi.org/10.1099/mic.0.2007/010322-0
http://dx.doi.org/10.1093/jac/dkf156
http://dx.doi.org/10.1128/IAI.05674-11
http://dx.doi.org/10.1111/j.1365-2958.2009.06854.x
http://dx.doi.org/10.1128/IAI.01197-07
http://dx.doi.org/10.1128/JB.182.14.4077-4086.2000
http://dx.doi.org/10.1128/JB.01493-06
http://dx.doi.org/10.1128/IAI.01888-14
http://dx.doi.org/10.1074/jbc.M301995200
http://dx.doi.org/10.1016/j.micinf.2006.12.006


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1028� © 1996-2016

2337-2344 (2014)
DOI: 10.1128/IAI.01411-13

33.	 T. Jin, M. Bokarewa, T. Foster, J. Mitchell, J. 
Higgins, A. Tarkowski: Staphylococcus aureus 
resists human defensins by production of 
staphylokinase, a novel bacterial evasion 
mechanism. J Immunol 172, 1169-1176 
(2004)
DOI: 10.4049/jimmunol.172.2.1169

34.	 M. H. Braff, A. L. Jons, S. J. Skerrett, C. E. 
Rubens: Staphylococcus aureus exploits 
cathelicidin antimicrobial peptides produced 
during early pneumonia to promote 
staphylokinase-dependent fibrinolysis. J 
Infect Dis 195, 1365-1372 (2007)
DOI: 10.1086/513277

35.	 M. Nilsson, S. Wasylik, M. Mӧrgelin, A. I. 
Olin, J. C. Meijers, R. H. Derksen, P. G. de 
Groot, H. Herwald: The antibacterial activity of 
peptides derived from human β2-glycoprotein 
I is inhibited by protein H and M1 protein from 
Streptococcus pyogenes. Mol Microbiol 67, 
482-492 (2008).
DOI: 10.1111/j.1365-2958.2007.05974.x

36.	 A. Schmidtchen, I. M. Frick, L. Björck: 
Dermatan suphate is released by proteinases 
of common pathogenic bacteria and 
inactivates antibacterial alpha-defensin. Mol 
Microbiol 39,708-713 (2001)
DOI: 10.1046/j.1365-2958.2001.02251.x

37.	 X. Lauth, M. von Kӧckritz-Blickwede, C. W. 
McNamara, S. Myskowski, A. S. Zinkernagel, 
B. Beall, P. Ghosh, R. L. Gallo, V. Nizet: M1 
protein allows Group A streptococcal survival 
in phagocyte extracellular traps through 
cathelicidin inhibition. J Innate Immun 1,202-
214 (2009)
DOI: 10.1159/000203645

38.	 H. C. Maisey, D. Quach, M. E. Hensler, G. 
Y. Liu, R. L. Gallo, V. Nizet, K. S. Doran: A 
group B streptococcal pilus protein promotes 
phagocyte resistance and systemic virulence. 
FASEB J 22, 1715-1724 (2008)
DOI: 10.1096/fj.07-093963

39.	 S. Papasergi, S. Brega, M. Y. Mistou, A. 
Firon, V. Oxaran, R. Dover, G. Teti, Y. Shai, P. 
Trieu-Cuot, S. Dramsi: The GBS PI-2a pilus is 
required for virulence in mice neonates. PLoS 
One 6, e18747 (2011)
DOI: 10.1371/journal.pone.0018747

40.	 A. Egesten, I. M. Frick, M. Mӧrgelin, A. I. 
Olin, L. Bjӧrck: Binding of albumin promotes 
bacterial survival at the epithelial surface. J 
Biol Chem 286, 2469-2476 (2011)
DOI: 10.1074/jbc.M110.148171

41.	 K. E. Bonnington, M. J. Kuehn: Protein 
selection and export via outer membrane 
vesicles. Biochim Biophys Acta 1843, 1612-
1619 (2014)
DOI: 10.1016/j.bbamcr.2013.12.011

42.	 H. M. Kulkarni, M. V. Jagannadham: 
Biogenesis and multifaceted roles of outer 
membrane vesicles from Gram-negative 
bacteria. Microbiology 160, 2109-2121 (2014)
DOI: 10.1099/mic.0.079400-0

43.	 A. J. Manning, M. J. Kuehn: Contribution of 
bacterial outer membrane vesicles to innate 
bacterial defense. BMC Microbiol 11, 258 
(2011)
DOI: 10.1186/1471-2180-11-258

44.	 A. Kharina, O. Podolich, I. Faidiuk, S. Zaika, A. 
Haidak, O. Kukharenko, I. Zaets, F. Tovkach, 
O. Reva, M. Kremenskoy, N. Kozyrovska: 
Temperate bacteriophages collected by outer 
membrane vesicles in Komagataeibacter 
intermedius. J Basic Microbiol 55, 509-513 
(2015)
DOI: 10.1002/jobm.201400711

45.	 M. Duperthuy, A. E. Sjӧstrӧm, D. Sabharwal, 
F. Damghani, B. E. Uhlin, S. N. Wai: Role of 
the Vibrio cholerae matrix protein Bap1 in 
cross-resistance to antimicrobial peptides. 
PLoS Pathog 9, e1003620 (2013)
DOI: 10.1371/journal.ppat.1003620

46.	 J. A. Delmar, C. C. Su, E. W. Yu: Bacterial 
multidrug efflux transporters. Annu Rev 
Biophys 43, 93-117 (2014)
DOI: 10.1146/annurev-biophys-051013 
-022855

47.	 S. Dintner, R. Heermann, C. Fang, K. Jung, 
S. Gebhard: A sensory complex consisting 
of an ATP-binding cassette transporter and 
a two-component regulatory system controls 
bacitracin resistance in Bacillus subtilis. J Biol 
Chem 289, 27899-27910 (2014)
DOI: 10.1074/jbc.M114.596221

48.	 E. Rietkötter, D. Hoyer, T. Mascher: Bacitracin 
sensing in Bacillus subtilis. Mol Microbiol 
68,768-785 (2008)
DOI: 10.1111/j.1365-2958.2008.06194.x

http://dx.doi.org/10.1128/IAI.01411-13
http://dx.doi.org/10.4049/jimmunol.172.2.1169
http://dx.doi.org/10.1086/513277
http://dx.doi.org/10.1111/j.1365-2958.2007.05974.x
http://dx.doi.org/10.1046/j.1365-2958.2001.02251.x
http://dx.doi.org/10.1159/000203645
http://dx.doi.org/10.1096/fj.07-093963
http://dx.doi.org/10.1371/journal.pone.0018747
http://dx.doi.org/10.1074/jbc.M110.148171
http://dx.doi.org/10.1016/j.bbamcr.2013.12.011
http://dx.doi.org/10.1099/mic.0.079400-0
http://dx.doi.org/10.1186/1471-2180-11-258
http://dx.doi.org/10.1002/jobm.201400711
http://dx.doi.org/10.1371/journal.ppat.1003620
http://dx.doi.org/10.1146/annurev-biophys-051013-022855
http://dx.doi.org/10.1146/annurev-biophys-051013-022855
http://dx.doi.org/10.1074/jbc.M114.596221
http://dx.doi.org/10.1111/j.1365-2958.2008.06194.x


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1029� © 1996-2016

49.	 A. Hiron, M. Falord, J. Valle, M. Débarbouillé, 
T. Msadek: Bacitracin and nisin resistance 
in Staphylococcus aureus: a novel pathway 
involving the BraS/BraR two-component 
system (SA2417/SA2418) and both the BraD/
BraE and VraD/VraE ABC transporters. Mol 
Microbiol 81, 602-622 (2011)
DOI: 10.1111/j.1365-2958.2011.07735.x

50.	 M. Falord, G. Karimova, A. Hiron, T. Msadek: 
GraXSR proteins interact with the VraFG ABC 
transporter to form a five-component system 
required for cationic antimicrobial peptide 
sensing and resistance in Staphylococcus 
aureus. Agents Chemother 56, 1047-1058 
(2012)
DOI: 10.1128/AAC.05054-11

51.	 S. Gebhard, C. Fang, A. Shaaly, D. J. Leslie, 
M. R. Weimar, F. Kalamorz, A. Carne, G. M. 
Cook: Identification and characterization of a 
bacitracin resistance network in Enterococcus 
faecalis. Antimicrob Agents Chemother 58, 
1425-1433 (2014)
DOI: 10.1128/AAC.02111-13

52.	 S. Rieg, A. Huth, H. Kalbacher, W. V. Kern WV: 
Resistance against antimicrobial peptides 
is independent of Escherichia coli AcrAB, 
Pseudomonas aeruginosa MexAB and 
Sthapylococcus aureus NorA efflux pumps. 
Int J Antimicrob Agents 33,174-176 (2009)
DOI: 10.1016/j.ijantimicag.2008.07.032

53.	 A. S. Bayer, L. I. Kupferwasser, M. H. 
Brown, R. A. Skurray, S. Grkovic, T. Jones, 
K. Mukhopadhay, M. R. Yeaman: Low-level 
resistance of Staphylococcus aureus to 
thrombin-induced platelet microbicidal protein 
1 in vitro associated with qacA gene carriage is 
independent of multidrug efflux pump activity. 
Antimicrob Agents Chemother 50, 2448-2454 
(2006)
DOI: 10.1128/AAC.00028-06

54.	 Y. L. Tzeng, K. D. Ambrose, S. Zughaier, X. 
Zhou, Y. K. Miller, W. M. Shafer, D. S. Stephens: 
Cationic antimicrobial peptide resistance in 
Neisseria meningitidis. J Bacteriol 187, 5387-
5396 (2005)
DOI: 10.1128/JB.187.15.5387-5396.2005

55.	 W. M. Shafer, X. Qu, A. J. Waring, R. I. 
Lehrer: Modulation of Neisseria gonorrhoeae 
susceptibility to vertebrate antibacterial 
peptides due to a member of the resistance/
nodulation/division efflux pump family. Proc 

Natl Acad Sci USA 95, 1829-1833 (1998)
DOI: 10.1073/pnas.95.4.1829

56.	 D. M. Warner, W. M. Shafer, A. E. Jerse: 
Clinically relevant mutations that cause 
derepression of the Neisseria gonorrhoeae 
MtrC-MtrD-MtrE efflux pump system confer 
different levels of antimicrobial resistance 
and in vivo fitness. Mol Microbiol 70, 462-478 
(2008)
DOI: 10.1111/j.1365-2958.2008.06424.x

57.	 S. D. Rinker, M. P. Trombley, X. Gu, K. R. 
Fortney, M. E. Bauer: Deletion of mtrC in 
Haemophilus ducreyi increases sensitivity to 
human antimicrobial peptides and activates 
the CpxRA regulon. Infect Immun 79, 2324-
2334 (2011)
DOI: 10.1128/IAI.01316-10

58.	 L. I. Kupferwasser, R. A. Skurray, M. H. Brown, 
N. Firth, M. R. Yeaman, A. S. Bayer: Plasmid 
mediated resistance to thrombin-induced 
platelet microbicidal protein in staphylococci: 
role of the qacA locus. Antimicrob Agents 
Chemother 43, 2395-2399 (1999)

59.	 J. A. Bengoechea, M. Skumik: Temperature-
regulated efflux pump/potassium antiporter 
system mediates resistance to cationic 
antimicrobial peptides in Yersinia. Mol 
Microbiol 37, 67-80 (2000)
DOI: 10.1046/j.1365-2958.2000.01956.x

60.	 E. Padilla, E. Llobet, A. Doménech-Sánchez, 
L. Martínez-Martínez, J. A. Bengoechea, S. 
Albertí: Klebsiella pneumoniae AcrAB efflux 
pump contributes to antimicrobial resistance 
and virulence. Antimicrob Agents Chemother 
54, 177-183 (2010)
DOI: 10.1128/AAC.00715-09

61.	 V. B. Srinivasan, B. B. Singh, N. Priyadarshi, 
N. K. Chauhan, G. Rajamohan: Role of 
novel multidrug efflux pump involved in drug 
resistance in Klebsiella pneumoniae. PLoS 
One 9, e96288 (2014)
DOI: 10.1371/journal.pone.0096288

62.	 V. B. Srinivasan, G. Rajamohan: KpnEF, a 
new member of Klebsiella pneumoniae cell 
envelope stress response regulon, is an SMR-
type efflux pump involved in broad-spectrum 
antimicrobial resistance. Antimicrob Agents 
Chemother 57, 4449-4462 (2013)
DOI: 10.1128/AAC.02284-12

63.	 S. J. Pamp, M. Gjermansen, H. K. Johansen, T. 

http://dx.doi.org/10.1111/j.1365-2958.2011.07735.x
http://dx.doi.org/10.1128/AAC.05054-11
http://dx.doi.org/10.1128/AAC.02111-13
http://dx.doi.org/10.1016/j.ijantimicag.2008.07.032
http://dx.doi.org/10.1128/AAC.00028-06
http://dx.doi.org/10.1128/JB.187.15.5387-5396.2005
http://dx.doi.org/10.1073/pnas.95.4.1829
http://dx.doi.org/10.1111/j.1365-2958.2008.06424.x
http://dx.doi.org/10.1128/IAI.01316-10
http://dx.doi.org/10.1046/j.1365-2958.2000.01956.x
http://dx.doi.org/10.1128/AAC.00715-09
http://dx.doi.org/10.1371/journal.pone.0096288
http://dx.doi.org/10.1128/AAC.02284-12


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1030� © 1996-2016

Tolker-Nielsen: Tolerance to the antimicrobial 
peptide colistin in Pseudomonas aeruginosa 
biofilms is linked to metabolically active cells, 
and depends on the pmr and mexAB-oprM 
genes. Mol Microbiol 68, 223-240 (2008)
DOI: 10.1111/j.1365-2958.2008.06152.x

64.	 D. Zähner, X. Zhou, S. T. Chancey, J. Pohl, 
W. M. Shafer, D. S. Stephens: Human 
antimicrobial peptide LL-37 induces MefE/
Mel-mediated macrolide resistance in 
Streptococcus pneumoniae. Antimicrob 
Agents Chemother 54, 3516-3519 (2010)
DOI: 10.1128/AAC.01756-09

65.	 N. Weatherspoon-Griffin, D. Yang, W. Kong, Z. 
Hua, Y. Shi: The CpxR/CpxA two-component 
regulatory system up-regulates the multidrug 
resistance cascade to facilitate Escherichia 
coli resistance to a model antimicrobial 
peptide. J Biol Chem 289, 32571-32582 
(2014)
DOI: 10.1074/jbc.M114.565762

66.	 M. Akiba, J. Lin, Y. W. Barton, Q. Zhang: 
Interaction of CmeABC and CmeDEF in 
conferring antimicrobial resistance and 
maintaining cell viability in Campylobacter 
jejuni. J Antimicrob Chemother 57, 52-60 
(2006)
DOI: 10.1093/jac/dki419

67.	 K. L. Nawrocki, E. K. Crispell, S. M. McBride: 
Antimicrobial peptide resistance mechanisms 
of Gram-positive bacteria. Antibiotics (Basel) 
3, 461-492 (2014)
DOI: 10.3390/antibiotics3040461

68.	 M. P. Chapot-Chartier, S. Kulakauskas: Cell 
wall structure and function in lactic acid 
bacteria. Microb Cell Fact 13, S9 (2014)
DOI: 10.1186/1475-2859-13-S1-S9

69.	 C. Weidenmaier, A. Peschel: Teichoic acids 
and related cell-wall glycopolymers in Gram-
positive physiology and host interactions. Nat 
Rev Microbiol 6, 276-287 (2008)
DOI: 10.1038/nrmicro1861

70.	 F. C. Neuhaus, J. Baddiley: A continuum 
of anionic charge: structures and functions 
of D-alanyl-teichoic acids in gram-positive 
bacteria. Microbiol Mol Biol Rev 67, 686-723 
(2003)
DOI: 10.1128/MMBR.67.4.686-723.2003

71.	 E. F. O´Shea, P. M. O´Connor, O. O´Sullivan, 
P. D. Cotter, R. P. Ross, C. Hill: Bactofencin 

A, a new type of cationic bacteriocin with 
unusual immunity. MBio 4, e00498-13 (2013)
DOI: 10.1128/mbio.00498-13

72.	 R. Saar-Dover, A. Bitler, R. Nezer, L. Shmuel-
Galia, A. Firon, E. Shimoni, P. Trieu-Cuot, 
Y. Shai: D-alanylation of lipoteichoic acids 
confers resistance to cationic peptides in 
Group B Streptococcus by increasing the 
cell wall density. PLoS Pathog 8, e1002891 
(2012)
DOI: 10.1371/journal.ppat.1002891

73.	 E. Abachin, C. Poyart, E. Pellegrini, E. 
Milohanic, F. Fiedler, P. Berche, P. Trieu-Cuot: 
Formation of D-alanyl-lipoteichoic acid is 
required for adhesion and virulence of Listeria 
monocytogenes. Mol Microbiol 43, 1-14 
(2002)
DOI: 10.1046/j.1365-2958.2002.02723.x

74.	 N. Fisher, L. Shetron-Rama, A. Herring-
Palmer, B. Heffernan, N. Bergman, P. Hanna: 
The dltABCD operon of Bacillus anthracis 
sterne is required for virulence and resistance 
to peptide, enzymatic, and cellular mediators 
of innate immunity. J Bacteriol 188, 1301-
1309 (2006)
DOI: 10.1128/JB.188.4.1301-1309.2006

75.	 M. Kovács, A. Halfmann, I. Fedtke, M. Heintz, 
A. Peschel, W. Vollmer, R. Hakenbeck, R. 
Bruckner: A functional dlt operon, encoding 
proteins required for incorporation of d-alanine 
in teichoic acids in gram-positive bacteria, 
confers resistance to cationic antimicrobial 
peptides in Streptococcus pneumoniae. J 
Bacteriol 188, 5797-5805 (2006)
DOI: 10.1128/JB.00336-06

76.	 S. A. Kristian, V. Datta, C. Weidenmaier, R. 
Kansal, I. Fedtke, A. Peschel, R. L. Gallo, V. 
Nizet: D-alanylation of teichoic acids promote 
group a streptococcus antimicrobial peptide 
resistance, neutrophil survival, and epithelial 
cell invasion. J Bacteriol 187, 6719-6725 
(2005)
DOI: 10.1128/JB.187.19.6719-6725.2005

77.	 A. Peschel, M. Otto, R. W. Jack, H. Kalbacher, 
G. Jung, F. Gotz: Inactivation of the dtl operon 
in Staphylococcus aureus confers sensitivity to 
defensins, protegrins, and other antimicrobial 
peptides. J Biol Chem 274, 8405-8410 (1999)
DOI: 10.1074/jbc.274.13.8405

78.	 C. Poyart, E. Pellegrini, M. Marceau, M. 
Baptista, F. Jaubert, M. C. Lamy, P. Trieu-Cuot: 

http://dx.doi.org/10.1111/j.1365-2958.2008.06152.x
http://dx.doi.org/10.1128/AAC.01756-09
http://dx.doi.org/10.1074/jbc.M114.565762
http://dx.doi.org/10.1093/jac/dki419
http://dx.doi.org/10.3390/antibiotics3040461
http://dx.doi.org/10.1186/1475-2859-13-S1-S9
http://dx.doi.org/10.1038/nrmicro1861
http://dx.doi.org/10.1128/MMBR.67.4.686-723.2003
http://dx.doi.org/10.1128/mbio.00498-13
http://dx.doi.org/10.1371/journal.ppat.1002891
http://dx.doi.org/10.1046/j.1365-2958.2002.02723.x
http://dx.doi.org/10.1128/JB.188.4.1301-1309.2006
http://dx.doi.org/10.1128/JB.00336-06
http://dx.doi.org/10.1128/JB.187.19.6719-6725.2005
http://dx.doi.org/10.1074/jbc.274.13.8405


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1031� © 1996-2016

Attenuated virulence of Streptococcus 
agalactiae deficient in D-alanyl-lipoteichoic 
acid is due to an increased susceptibility to 
defensins and phagocytic cells. Mol Microbiol 
49, 1615-1625 (2003)
DOI: 10.1046/j.1365-2958.2003.03655.x

79.	 A. Peschel, C. Vuong, M. Otto, F. Götz: 
The D-alanine residues of Staphylococcus 
aureus teichoic acids alter the susceptibility 
to vancomycin and the activity of autolytic 
enzymes. Antimicrob Agents Chemother 44, 
2845-2847 (2000)
DOI: 10.1128/AAC.44.10.2845-2847.2000

80.	 U. Bertsche, S. J. Yang, D. Kuehner, S. 
Wanner, N. N. Mishra, T. Roth, M. Nega, A. 
Schneider, C. Mayer, T. Grau, A. S. Bayer, C. 
Weidenmaier: Increased cell wall teichoic acid 
production and D-alanylation are common 
phenotypes among daptomycin–resistant 
Staphylococcus aureus (MRSA) clinical 
isolates. PLoS One 8, e67398 (2013)
DOI: 10.1371/journal.pone.0067398

81.	 D. Kraus, S. Herbert, S. A. Kristian, A. Khosravi, 
V. Nizet, F. Götz, A. Peschel: The GraRS 
regulatory system controls Staphylococcus 
aureus susceptibility to antimicrobial host 
defenses. BMC Microbiol 8, 85 (2013)
DOI: 10.1186/1471-2180-8-85

82.	 T. W. Cullen, D. K. Giles, L. N. Wolf, C. 
Ecobichon, I. G. Boneca, M. S. Trent: 
Helicobacter pylori versus the host: 
remodeling of the bacterial outer membrane 
is required for survival in the gastric mucosa. 
PLoS Pathog 7, e1002454 (2011)
DOI: 10.1371/journal.ppat.1002454

83.	 B. O. Ingram, C. Sohlenkamp, O. Geiger, C. R. 
Raetz: Altered lipid A structures and polymyxin 
hypersensitivity of Rhizobium etli mutants 
lacking the LpxE and LpxF phosphatases. 
Biochim Biophys Acta. 1801, 593-604 (2010)
DOI: 10.1016/j.bbalip.2010.02.001

84.	 X. Wang, A. A. Ribeiro, Z. Guan, S. N. 
Abraham, C. R. Raetz: Attenuated virulence 
of a Francisella mutant lacking the lipid A 
4´-phosphatase. Proc Natl Acad Sci USA 104, 
4136-4141 (2007)
DOI: 10.1073/pnas.0611606104

85.	 B. O. Ingram, A. Masoudi, C. R. Raetz: 
Escherichia coli mutants that synthesize 
dephosphporylated lipid A molecules. 
Biochemistry 49, 8325-8337 (2010)

DOI: 10.1021/bi101253s
86.	 A. X. Tran, J. D. Whittimore, P. B. Wyrick, S. 

C. McGrath, R. J. Cotter, M. S. Trent: The 
lipid A 1-phosphatase of Helicobacter pylori 
is required for resistance to the antimicrobial 
peptide polymyxin. J Bacteriol 188, 4531-
4541 (2006)
DOI: 10.1128/JB.00146-06

87.	 T. W. Cullen, M. S. Trent: A link between the 
assembly of flagella and lipooligosaccharide of 
the Gram-negative bacterium Campylobacter 
jejuni. Proc Natl Acad Sci USA 107, 5160-
5165 (2010)
DOI: 10.1073/pnas.0913451107

88.	 L. A. Lewis, B. Choudhury, J. T. Balthazar, L. E. 
Martin, S. Ram, P. A. Rice, D. S. Stephens, R. 
Carlson, W. M. Shafer: Phosphoethanolamine 
substitution of lipid A and resistance of 
Neisseria gonorrhoeae to cationic antimicrobial 
peptides and complement-mediated killing by 
normal human serum. Infect Immun 77, 1112-
1120 (2009)
DOI: 10.1128/IAI.01280-08

89.	 R. Tamayo, B. Choudhuri, A. Septer, M. 
Merighi, R. Carlson, J. S. Gunn: Identification 
of cptA, a PmrA regulate locus required for 
phosphoethanolamine modification of the 
Salmonella enterica serovar typhimurium 
lipopolysaccharide core. J Bacteriol 187, 
3391-3399 (2005)
DOI: 10.1128/JB.187.10.3391-3399.2005

90.	 J. L. Anaya-López, J. E. López-Meza, A. 
Ochoa-Zarzosa: Bacterial resistance to 
cationic antimicrobial peptides. Crit Rev 
Microbiol 39, 180-195 (2013)
DOI: 10.3109/1040841X.2012.699025

91.	 J. V. Hankins, J. A. Madsen, D. K. Giles, J. S. 
Brodbelt, M. S. Trent: Amino acid addition to 
Vibrio cholera LPS establishes a link between 
surface remodeling in gram-positive and 
gram-negative bacteria. Proc Natl Acad Sci 
USA 109, 8722-8727 (2012)
DOI: 10.1073/pnas.1201313109

92.	 C. M. Herrera, A. A. Crofts, J. C. Henderson, 
S. C. Pingali, B. W. Davies, M. S. Trent: The 
Vibrio cholera VprA-VprB two component 
system controls virulence through endotoxin 
modification. MBio 5, e02283-14 (2014)
DOI: 10.1128/mBio.02283-14

93.	 N. R. Shah, R. E. Hancock, R. C. Fernandez: 

http://dx.doi.org/10.1046/j.1365-2958.2003.03655.x
http://dx.doi.org/10.1128/AAC.44.10.2845-2847.2000
http://dx.doi.org/10.1371/journal.pone.0067398
http://dx.doi.org/10.1186/1471-2180-8-85
http://dx.doi.org/10.1371/journal.ppat.1002454
http://dx.doi.org/10.1016/j.bbalip.2010.02.001
http://dx.doi.org/10.1073/pnas.0611606104
http://dx.doi.org/10.1021/bi101253s
http://dx.doi.org/10.1128/JB.00146-06
http://dx.doi.org/10.1073/pnas.0913451107
http://dx.doi.org/10.1128/IAI.01280-08
http://dx.doi.org/10.1128/JB.187.10.3391-3399.2005
http://dx.doi.org/10.3109/1040841X.2012.699025
http://dx.doi.org/10.1073/pnas.1201313109
http://dx.doi.org/10.1128/mBio.02283-14


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1032� © 1996-2016

Bordetella pertussis lipid A glucosamine 
modification confers resistance to cationic 
antimicrobial peptides and increases 
resistance to outer membrane perturbation. 
Antimicrob Agents Chemother 58, 4931-4934 
(2014)
DOI: 10.1128/AAC.02590-14

94.	 O. Rolin, S. J. Muse, C. Safi, S. Elahi, V. 
Gerdts, L. Hittle, R. K. Ernst, E. T. Harvill, 
A. Preston: Enzymatic modification of lipid A 
by ArnT protects Bordetella bronchiseptica 
against cationic peptides and is required 
for transmission. Infect Immun 82, 491-499 
(2014)
DOI: 10.1128/IAI.01260-12

95.	 M. R. Pelletier, L. G. Casella, J. W. Jones, M. 
D. Adams, D. V. Zurawski, K. R. Hazlett, Y. Foi, 
R. K. Ernst: Unique structural modifications 
are present in the lipopolysaccharide form 
colistin-resistant strains of Acinetobacter 
baumannii. Antimicrob Agents Chemother 57, 
4831-4840 (2013)
DOI: 10.1128/AAC.00865-13

96.	 A. Clements, D. Tull, A. W. Jenney, J. L. Fran, 
S. H. Kim, R. E. Bicho, J. B. McPhee, R. E. 
Hancock, E. L. Hartland, M. J. Pearse, O. L. 
Wijburg, D. C. Jackson, M. J. McConville, R. 
A. Strugnell: Secondary acylation of Klebsiella 
pneumoniae lipopolysaccharide contributes 
to sensitivity to antibacterial peptides. J Biol 
Chem 282, 15569-15577 (2007)
DOI: 10.1074/jbc.M701454200

97.	 T. Velkov, R. L. Soon, P. L. Chong, J. X. 
Huang, M. A. Cooper, M. A. Azad, M. A. 
Baker, P. E. Thompson, K. Roberts, R. L. 
Nation, A. Clements, R. A. Strugnell, J. Li: 
Molecular basis for the increased polymyxin 
susceptibility of Klebsiella pneumoniae strains 
with under-acylated lipid A. Innate Immun 19, 
265-277 (2013)
DOI: 10.1177/1753425912459092

98.	 J. S. Matson, H. J. Yoo, K. Hakansson, V. J. 
Dirita: Polymyxin B resistance in El Tor Vibrio 
cholerae requires lipid acylation catalized by 
MsbB. J Bacteriol 192, 23044-23052 (2010)
DOI: 10.1128/JB.00023-10

99.	 J. V. Hankins, J. A. Madsen, D. K. Giles, B. 
M. Childers, K. E. Klose, J. S. Brodbelt, M. S. 
Trent: Elucidation of a novel Vibrio cholerae 
lipid A secondary hydroxy-acyltransferase 
and its role in innate immune recognition. Mol 

Microbiol 81, 1313-1329 (2011)
DOI: 10.1111/j.1365-2958.2011.07765.x

100.	 L. E. Hittle, W. Jones, A. M. Hajjar, R. K. Ernst, 
A. Preston: Bordetella parapertussis PagP 
mediates the addition of two palmitates to the 
lipopolysaccharide lipid A. J Bacteriol 197, 
572-580 (2015)
DOI: 10.1128/JB.02236-14

101.	 I. Thaipisuttikul, L. E. Hittle, R. Chandra, D. 
Zangari, C. L. Dixon, T. A. Garrett, D. A. Rasko, 
N. Dasgupta, S. M. Moskowitz, L. Malmström, 
D. R. Goodlett, S. L. Miler, R. E. Bishop, R. K. 
Ernst: A divergent Pseudomonas aeruginosa 
palmitoyltransferase essential for cystic 
fibrosis-specific lipid A. Mol Microbiol 91, 158-
174 (2014)
DOI: 10.1111/mmi.12451

102.	 M. Robey, W. O’Connell, N. P. Cianciotto: 
Identification of Legionella pneumophila rcp, 
a pagP-like gene that confers resistance to 
cationic antimicrobial peptides and promotes 
intracellular infection. Infect Immun 69, 4276-
4286 (2001)
DOI: 10.1128/IAI.69.7.4276-4286.2001

103.	 L. Guo, K. B. Lim, C. M. Poduje, M. Daniel, 
J. S. Gunn, M. Hackett, S. I. Miller: Lipid A 
acylation and bacterial resistance against 
vertebrate antimicrobial peptides. Cell 95, 
189-198 (1998)
DOI: 10.1016/S0092-8674(00)81750-X

104.	 H. Roy, M. Ibba: Broad range amino acid 
specificity of RNA-dependent lipid remodeling 
by multiple peptide resistance factors. J Biol 
Chem 284, 29667-29683 (2009)
DOI: 10.1074/jbc.M109.046367

105.	 S. Klein, C. Lorenzo, S. Hoffmann, J. M. 
Walther, S. Storbeck, T. Piekarski, B. J. 
Goodall, V. Wray, M.,Nimtz, J. Moser: 
Adaptation of Pseudomonas aeruginosa to 
various conditions includes tRNA-dependent 
formation of alanyl-phosphatidylglicerol. Mol 
Microbiol. 71, 551-65 (2009).
DOI: 10.1111/j.1365-2958.2008.06562.x

106.	 H. Roy: Tuning the properties of the 
bacterial membrane with aminoacylated 
phosphatidylglicerol. IUBMB Life. 61, 940-53 
(2009)
DOI: 10.1002/iub.240

107.	 K. Thedieck, T. Hain, W. Mohamed, B. J. 
Tindall, M. Nimtz, T. Chakraborty, J. Wehland, 

http://dx.doi.org/10.1128/AAC.02590-14
http://dx.doi.org/10.1128/IAI.01260-12
http://dx.doi.org/10.1128/AAC.00865-13
http://dx.doi.org/10.1074/jbc.M701454200
http://dx.doi.org/10.1177/1753425912459092
http://dx.doi.org/10.1128/JB.00023-10
http://dx.doi.org/10.1111/j.1365-2958.2011.07765.x
http://dx.doi.org/10.1128/JB.02236-14
http://dx.doi.org/10.1111/mmi.12451
http://dx.doi.org/10.1128/IAI.69.7.4276-4286.2001
http://dx.doi.org/10.1016/S0092-8674(00
http://dx.doi.org/10.1074/jbc.M109.046367
http://dx.doi.org/10.1111/j.1365-2958.2008.06562.x
http://dx.doi.org/10.1002/iub.240


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1033� © 1996-2016

L. Jänsch: The MprF protein is required 
for lysinylation of phospholipids in listerial 
membranes and confers resistance to cationic 
antimicrobial peptides (CAMP) on Listeria 
monocytogenes. Mol Microbiol 62, 1325-1339 
(2006)
DOI: 10.1111/j.1365-2958.2006.05452.x

108.	 E. Cox, A. Michalak, S. Pagentine, P. Seaton, 
A. Porkony: Lysylated phospholipids stabilize 
models of bacterial lipid bilayers and protect 
against antimicrobial peptides. Biochim 
Biophys Acta. 1838, 2198-2204 (2014)
DOI: 10.1016/j.bbamem.2014.04.018

109.	 Z. D. Dalebroux, S. Matamouros, D. 
Whittington, R. E. Bishop, S. I. Miller: PhoPQ 
regulates acidic glycerophospholipids content 
of the Salmonella Thyphimurium outer 
membrane. Proc Natl Acad Sci USA 111, 
1963-1968 (2014)
DOI: 10.1073/pnas.1316901111

110.	 R. Kumariya, S. K. Sood, Y. S. Raiput, N. 
Saini, A. K. Garsa: Increased membrane 
surface positive charge and altered membrane 
fluidity leads to cationic antimicrobial peptide 
resistance in Enterococcus faecalis. Biochim 
Biophys Acta. 1848, 1367-1375 (2015)
DOI: 10.1016/j.bbamem.2015.03.007

111.	 N. N. Mishra, A. S. Bayer, T. T. Tran, Y. Shamoo, 
E. Mileykovskaya, W. Dowhan, Z. Guan, C. A. 
Arias: Daptomycin resistance in enterococci 
is associated with distinct alterations of cells 
membrane phospholipid content. PLoS One 
7, e43958 (2012)
DOI: 10.1371/journal.pone.0043958

112.	 A. S. Mazzotta, T. J. Montville: Nisin induces 
changes in membrane fatty acid composition 
of Listeria monocytogenes nisin-resistant 
strains at 10 degrees C and 30 degrees C. J 
Appl Microbiol 82, 32-38 (1997)
DOI: 10.1111/j.1365-2672.1997.tb03294.x

113.	 T. Shireen, M. Singh, T. Das, K. 
Mukhopadhyay: Differential adaptive 
responses of Staphylococcus aureus to in 
vitro selection with different antimicrobial 
peptides. Antimicrob Agents Chemother 57, 
5134-5137 (2013)
DOI: 10.1128/AAC.00780-13

114.	 P. Lather, A. K. Mohanty, P. Jha, A. K. Garsa, 
S. K. Sood: Changes associated with cell 
membrane composition of Staphylococcus 
aureus on acquisition of resistance against 

class II a bacteriocin and its in vitro 
substantiation. Eur Food Res Technol 240, 
101-107 (2015)
DOI: 10.1007/s00217-014-2311-z

115.	 A. S. Bayer, R. Prasad, J. Chandra, A. Koul, 
M. Smriti, A. Varma, R. A. Skurray, N Firth, 
M. H. Brown, S. P. Koo, M. R. Yeaman: In 
vitro resistance of Staphylooccus aureus to 
thrombin-induced platelet microbicidal protein 
is associated with alterations in cytoplasmic 
membrane fluidity. Infect Immun 68, 3548-
3553 (2000)
DOI: 10.1128/IAI.68.6.3548-3553.2000

116.	 N. N. Mishra, J. McKinnell, M. R. Yeaman, A. 
Rubio, C. C. Nast, L. Chen, B. N. Kreiswirth, 
A. S. Bayer: In vitro cross-resistance to 
daptomycin and host cationic antimicrobial 
peptides in clinical methicillin-resistant 
Staphylococcus aureus isolates. Antimicrob 
agents Chemother 55, 4012-4018 (2011)
DOI: 10.1128/AAC.00223-11

117.	 Y. Song, C. S. Lunde, B. M. Benton, B. J. 
Wilkinson: Studies on the mechanism of 
telavancin decreased susceptibility in a 
laboratory-derived mutant. Microb Drug 
Resist 19, 247-255 (2013)
DOI: 10.1089/mdr.2012.0195

118.	 N. N. Mishra, A. S. Bayer: Correlation 
of cell membrane lipid profiles with 
daptomycin resistance in methicillin-resistant 
Staphylococcus aureus. Antimicrob Agents 
Chemother. 57, 1082-1085 (2013)
DOI: 10.1128/AAC.02182-12

119.	 N. N. Mishra, G. Y. Liu, M. R. Yeaman, C. 
C. Nast, R. A. Proctor, J. McKinnell, A. S. 
Bayer: Carotenoid-related alteration of cells 
membrane fluidity impacts Staphylococcus 
aureus susceptibility to host defence peptides. 
Antimicrob Agents Chemother 55, 526-531 
(2011)
DOI: 10.1128/AAC.00680-10

120.	 T. T. Tran, D. Panesso, N. N. Mishra, E. 
Mileykovskaya, Z. Guan, J. M. Munita, J. 
Reyes, L. Diaz, G. M. Weinstock, B. E. Murray, 
Y. Shamoo, W. Dowhan, A. S. Bayer,C. A. 
Arias: Daptomycin-resistant Enterococcus 
faecalisdiverts the antibiotic molecule from the 
division septum and remodels cell membrane 
phospholipids. MBio 4, e00281-13 (2013)
DOI: 10.1128/mBio.00281-13

121.	 M. A. Campos, M. A. Vargas, V. Requeiro, C. 

http://dx.doi.org/10.1111/j.1365-2958.2006.05452.x
http://dx.doi.org/10.1016/j.bbamem.2014.04.018
http://dx.doi.org/10.1073/pnas.1316901111
http://dx.doi.org/10.1016/j.bbamem.2015.03.007
http://dx.doi.org/10.1371/journal.pone.0043958
http://dx.doi.org/10.1111/j.1365-2672.1997.tb03294.x
http://dx.doi.org/10.1128/AAC.00780-13
http://dx.doi.org/10.1007/s00217-014-2311-z
http://dx.doi.org/10.1128/IAI.68.6.3548-3553.2000
http://dx.doi.org/10.1128/AAC.00223-11
http://dx.doi.org/10.1089/mdr.2012.0195
http://dx.doi.org/10.1128/AAC.02182-12
http://dx.doi.org/10.1128/AAC.00680-10
http://dx.doi.org/10.1128/mBio.00281-13


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1034� © 1996-2016

M. Llompart, S. Albertí, J. A. Bengoechea: 
Capsule polysaccharide mediates bacterial 
resistance to antimicrobial peptides. Infect 
Immun 72, 7107-7114 (2004)
DOI: 10.1128/IAI.72.12.7107-7114.2004

122.	 E. Llobet, J. M. Tomás, J. A. Bengoechea: 
Capsule polysaccharide is a bacterial decoy 
for antimicrobial peptides. Microbiology 154, 
3877-3886 (2008)
DOI: 10.1099/mic.0.2008/022301-0

123.	 M. R. Spinosa, C. Progida, A. Talà, L. Cogli, P. 
Alifano, C. Bucci: The Neisseria meningitidis 
capsule is important for intracellular survival 
in human cells. Infect Immun 75, 3594-3603 
(2007)
DOI: 10.1128/IAI.01945-06

124.	 A. Jones, M. Geӧrg, L. Maudsdotter, A. B. 
Jonsson: Endotoxin, capsule, and bacteria 
attachment contribute to Neisseria meningitidis 
resistance to the human antimicrobial peptide 
LL-37. J Bacteriol 191, 3861-3868 (2009)
DOI: 10.1128/JB.01313-08

125.	 J. L. Thomassin, M. J. Lee, J. R. Brannon, 
D. C. Sheppard, S. Gruenheid, H. Le Moual: 
Both group 4 capsule and lypopolisaccharide 
O-antigen contribute to enteropathogenic 
Escherichia coli resistance to human 
α-defensin 5. PLoS One 8, e82475 (2013)
DOI: 10.1371/journal.pone.0082475

126.	 E. Geisinger, R. R. Isberg: Antibiotic 
modulation of capsular exopolysaccharide 
and virulence in Acinetobacter baumannii. 
PLoS Pathog 11, e1004691 (2015)
DOI: 10.1371/journal.ppat.1004691

127.	 S. Kacianova, C. Vuong, Y. Yao, J. M. Voyich, 
E. R. Fischer, F. R. DeLeo, M. Otto: Key role 
of poly-gamma-DL-glutamic acid in immune 
evasion and virulence of Staphylococcus 
epidermidis. J Clin Invest 115, 688-694 (2005)
DOI: 10.1172/JCI200523523

128.	 C. Vuong, S. Kacianova, J. M. Voyich, Y. Yao, 
E. R. Fischer, F. R. DeLeo, M. Otto: A crucial 
role for exopolysaccharide modification in 
bacteria biofilm formation,immune evasion, 
and virulence. J Bio Chem 279, 54881-54886 
(2004)
DOI: 10.1074/jbc.M411374200

129.	 M. Foschiatti, P. Cescutti, A. Tossi, L. Rizos: 
Inhibition of cathelicidin activity by bacterial 
exopolysaccharides. Mol Microbiol 72, 

1137-1146 (2009)
DOI: 10.1111/j.1365-2958.2009.06707.x

130.	 M. Benincasa, M. Mattiuzzo, Y. Hersimenka, 
P. Cescutti, R. Rizzo, R. Gennaro: Activity 
of antimicrobial peptides in the presence 
of polysaccharides produce by pulmonary 
pathogens. J Pept Sci 15, 595-600 (2009)
DOI: 10.1002/psc.1142

131.	 D. Islam, L. Bandholtz, J. Nilsson, H. 
Wigzell, B. Christensson, B. Agerberth, G. 
Gudmundsson: Downregulation of bactericidal 
peptides in enteric infections: a novel immune 
escape mechanism with bacterial DNA as a 
potential regulator. Nat Med 7, 180-185 (2001)
DOI: 10.1038/84627

132.	 B. Sperandio, B. Regnault, J. Guo, Z. Zhang, 
S. L. Jr. Stanley, P. J. Sansonetti, T. Pédron: 
Virulent Shigella flexneri subverts the host 
innate immune response through manipulation 
of antimicrobial peptide gene expression. J 
Exp Med 205, 1121-1132 (2008)
DOI: 10.1084/jem.20071698

133.	 K. Chakraborty, S. Ghosh, H. Koley,A. K. 
Mukhopadhyay, T. Ramamurthy, D. R. Sasha, 
D. Mukhopadhyay, S. Roychowdhury, T. 
Hamabata, Y. Takeda, S. Das: Bacterial 
exotoxins downregulate cathelicidin (hCAP-
18/LL-37) and human beta-defensin 1 (HBD-
1) expression in the intestinal epithelial cells. 
Cell Microbiol 10, 2520-2537 (2008)
DOI: 10.1111/j.1462-5822.2008.01227.x

134.	 P. Bergman, L. Johansson, V. Asp L.,Plant, G. 
H. Gudmundsson, A. B. Jonsson, B. Agerberth: 
Neisseria gonorrhoeae downregulates 
expression of the human antimicrobial peptide 
LL-37.Cell Microbiol 7, 1009-1017 (2005)
DOI: 10.1111/j.1462-5822.2005.00530.x

135.	 H. E. Wong, M. S. Li, J. S. Kroll, M. L. Hibberd, 
P. R. Langford: Genome wide expression 
profiling reveals supression of host defence 
responses during the colonisation by 
Neisseria meningitides but not N.lactamica. 
PLoS One 6, e26130 (2011)
DOI: 10.1371/journal.pone.0026130

136.	 D. Moranta, V. Regueiro, C. March, E. Llobet, 
J. Margareto, E. Larrarte, J. Garmendia, J. A. 
Bengoechea: Klebsiella pneumoniae capsule 
polysaccharide impedes the expression of 
beta-defensins by airway epithelial cells. 
Infect Immun 78, 1135-1146 (2010)
DOI: 10.1128/IAI.00940-09

http://dx.doi.org/10.1128/IAI.72.12.7107-7114.2004
http://dx.doi.org/10.1099/mic.0.2008/022301-0
http://dx.doi.org/10.1128/IAI.01945-06
http://dx.doi.org/10.1128/JB.01313-08
http://dx.doi.org/10.1371/journal.pone.0082475
http://dx.doi.org/10.1371/journal.ppat.1004691
http://dx.doi.org/10.1172/JCI200523523
http://dx.doi.org/10.1074/jbc.M411374200
http://dx.doi.org/10.1111/j.1365-2958.2009.06707.x
http://dx.doi.org/10.1002/psc.1142
http://dx.doi.org/10.1038/84627
http://dx.doi.org/10.1084/jem.20071698
http://dx.doi.org/10.1111/j.1462-5822.2008.01227.x
http://dx.doi.org/10.1111/j.1462-5822.2005.00530.x
http://dx.doi.org/10.1371/journal.pone.0026130
http://dx.doi.org/10.1128/IAI.00940-09


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1035� © 1996-2016

137.	 M. Wenzel, A. L. Chiriac, A. Otto, D. Zweytick, 
C. May, C. Schumacher, R. Gust, H. B. 
Albada, M. Penkova, U. Kramer, R. Erdmann, 
N. Metzler-Nolte, S. K. Straus, E. Bremer, D. 
Becher, H. Brotz-Oesterhelt, H. G. Sahl, J. E. 
Bandow: Small cationic antimicrobial peptides 
delocalize peripheral membranes proteins. 
Proc Natl Acad Sci USA 111, E1409-E1418 
(2014)
DOI: 10.1073/pnas.1319900111

138.	 K. Jung, L. Fried, S. Behr, R. Heermann: 
Histidine kinases and response regulators 
in network. Curr Opin Microbiol 15,118-124 
(2012)
DOI: 10.1016/j.mib.2011.11.009

139.	 E. A. Groisman, C. Mouslim: Sensing by 
bacterial regulatory systems in host and non-
host environments. Nat Rev Microbiol 4,705-
709 (2006)
DOI: 10.1038/nrmicro1478

140.	 S. Y. Park, E. A. Groisman: Signal-specific 
temporal response by the Salmonella PhoP/
PhoQ regulatory system. Mol Microbiol 
91,135-144 (2014)
DOI: 10.1111/mmi.12449

141.	 Y. Shi, T. Latifi, M. J. Cromie, E. A. Groisman: 
Transcriptional controlo of the antimicrobial 
peptide resistance ugtL gene by Samonella 
PhoP and Sly A regulatory proteins. J Biol 
Chem 279, 38618-38625 (2004)
DOI: 10.1074/jbc.M406149200

142.	 Y. Shi, M. J. Cromie, F. F. Hsu, J. Turk, E. 
A. Groisman: PhoP-regulated Salmonella 
resistance to the antimicrobial peptides 
magainin 2 and polymyxin B. Mol Microbiol 
53,229-241(2004)
DOI: 10.1111/j.1365-2958.2004.04107.x

143.	 I. E. Brodsky, N. Ghori, S. Falkow, D. Monack: 
Mig-14 is an inner membrane–associated 
protein that promotes Salmonella typhimurium 
resistance to CRAMP, survival within activated 
macrophages and persistent infection. Mol 
Microbiol 55,954-972 (2005)
DOI: 10.1111/j.1365-2958.2004.04444.x

144.	 J. S. Gunn, S. I. Miller: PhoP-PhoQ activates 
transcription of pmrAB, encoding a two-
component regulatory system involved in 
Salmonella typhimurium antimicrobial peptide 
resistance. J Bacteriol 178, 6857-6864 (1996)

145.	 E. J. Rubin, C. M. Herrera, A. A. Crofts, M. 

S. Trent: PmrD is required for modifications 
to Escherichia coli endotoxin that promote 
antimicrobial resistance. Antimicrob Agents 
Chemother 59, 2051-2061 (2015)
DOI: 10.1128/AAC.05052-14

146.	 Y. Liu, Q. Zhang, M. Hu, K. Yu, J Fu, F. Zhou, 
X. Liu: Proteomic analyses of intracellular 
Salmonella enterica serovar Typhimurium 
reveal extensive bacterial adaptations to 
infected host epithelial cells. Infect Immun 83, 
2897-2906 (2015)
DOI: 10.1128/IAI.02882-14

147.	 H. D. Chen, E. A. Groisman: The biology of 
the PmrA/PmrB two-component system: 
the major regulator of lipopolysaccharide 
modifications. Annu Rev Microbiol 67,83-112 
(2013)
DOI: 10.1146/annurev-micro-092412-155751

148.	 L. F. Kox, M. M. Wösten, E. A. Groisman: A 
small protein that mediates the activation 
of a two component system by another two 
component system. EMBO J 19, 1861-1872 
(2000)
DOI: 10.1093/emboj/19.8.1861

149.	 A. Kato, E. A. Groisman: Connecting two-
component regulatory systems by a protein 
that protects a response regulator from 
dephosphorylation by its cognate sensor. 
Genes Dev 18, 2302-2313 (2004)
DOI: 10.1101/gad.1230804

150.	 S. C. Luo, Y. C. Lou, M. Rajasekaran, Y. W. 
Chang, C. D. Hsiao, C. Chen: Structural 
basis of a physical blockage mechanism for 
the interaction of response regulator PmrA 
with connector protein PmrD from Klebsiella 
pneumoniae. J Biol Chem 288, 25551-25561 
(2013)
DOI: 10.1074/jbc.M113.481978

151.	 H. Lee, F. F. Hsu, J. Turk, E. A. Groisman: 
The PmrA-regulated pmrC gene mediates 
phosphoethanolamine modification of lipid 
A and polymyxin resistance in Salmonella 
enterica. J Bacteriol 186, 4124-4133 (2004)
DOI: 10.1128/JB.186.13.4124-4133.2004

152.	 C. R. Raetz, C. M. Reynolds, M. S. Trent, R. 
E. Bishop: Lipid A modification systems in 
gram negative bacteria. Annu Rev Biochem 
76, 295-329 (2007)
DOI: 10.1146/annurev.biochem.76.010307. 
145803

http://dx.doi.org/10.1073/pnas.1319900111
http://dx.doi.org/10.1016/j.mib.2011.11.009
http://dx.doi.org/10.1038/nrmicro1478
http://dx.doi.org/10.1111/mmi.12449
http://dx.doi.org/10.1074/jbc.M406149200
http://dx.doi.org/10.1111/j.1365-2958.2004.04107.x
http://dx.doi.org/10.1111/j.1365-2958.2004.04444.x
http://dx.doi.org/10.1128/AAC.05052-14
http://dx.doi.org/10.1128/IAI.02882-14
DOI: 10.1146/annurev-micro-092412-155751 
http://dx.doi.org/10.1093/emboj/19.8.1861
http://dx.doi.org/10.1101/gad.1230804
http://dx.doi.org/10.1074/jbc.M113.481978
http://dx.doi.org/10.1128/JB.186.13.4124-4133.2004
http://dx.doi.org/10.1146/annurev.biochem.76.010307.145803
http://dx.doi.org/10.1146/annurev.biochem.76.010307.145803


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1036� © 1996-2016

153.	 J. S. Gunn, S. S. Ryan, J. C. Van Velkinburgh, 
R. K. Ernst, S. I. Miller: Genetic and functional 
analysis of a PmrA-PmrB-regulated locus 
necessary for lipopolysaccharide modification, 
antimicrobial peptide resistance, and oral 
virulence of Salmonella enterica serovar 
Typhimurium. Infect Immun 68, 6139-6146 
(2000)
DOI: 10.1128/IAI.68.11.6139-6146.2000

154.	 A. Kato, H. D. Chen, T. Latifi, E. A. Groisman: 
Reciprocal control between a bactrium’s 
regulatory system and the modification status 
of its lipopolysaccharide. Mol Cell 47, 897-908 
(2012)
DOI: 10.1016/j.molcel.2012.07.017

155.	 S. U. Holzer, M. C. Schlumberger, D. Jackel, 
M. Hensel: Effect of the O-antigen lenght 
of lipopolysaccharide on the functions of 
the Type III secretion system in Salmonella 
enterica. Infect Immun 77, 5458-5470 (2009)
DOI: 10.1128/IAI.00871-09

156.	 M. M. Pescaretti, F. E. López, R. D. Morero, 
M. A. Delgado: The PmrA/PmrB regulatory 
system controls the expression of wzzfepE 
gene involved in the O-antigen synthesis of 
Salmonella enterica serovar Typhimurium. 
Microbiology 157, 2515-2521 (2011)
DOI: 10.1099/mic.0.050088-0

157.	 L. Fernnández, W. J. Gooderham, M. 
Bains, J. B. McPhee, I. Wiegand, R. E. 
Hancock: Adaptive resistance to the ``last 
hope´´ antibiotic polymyxin B and colistin 
in Pseudomonas aeruginoa is mediated by 
the novel two-component regulatory system 
ParR-ParS. Antimicrob Agents Chemother 
54, 3372-3382 (2010)
DOI: 10.1128/AAC.00242-10

158.	 A. D. Gutu, N. Sgambati, P. Strasbourger, 
M. K. Brannon, M. A. Jacobs, E. Haugen, 
R. K. Kaul, H. K. Johansen, N. Høiby, S. 
M. Moskowitz: Polymyxin resistance of 
Pseudomonas aeruginosa phoQ mutants 
is dependent on additional two-component 
regulatory systems. Antimicrob Agents 
Chemother 57, 2204-2215 (2013)
DOI: 10.1128/AAC.02353-12

159.	 N. Jochumsen, Y. Liu, S. Molin, A Folkesson: 
A Mig-14-like protein (PA5003) affects 
antimicrobial peptide recognition in 
Pseudomonas aeruginosa. Microbiology 157, 
2647-2657 (2011)

DOI: 10.1099/mic.0.049445-0
160.	 H. J. Tran-Winkler, J. F. Love, I. Gryllos, M. 

R. Wessels: Signal transduction through 
CsrRS confer an invasive phenotype in group 
A Streptococcus. PLoS Pathog 7: e1002361 
(2011)
DOI: 10.1371/journal.ppat.1002361

161.	 I. Gryllos, H. J. Tran-Winkler, M. F. Cheng, 
H. Chung, R 3rd. Bolcome, W. Lu, R. I. 
Lehrer, M. R. Wessels: Induction of group 
A Streptococcus virulence by a human 
antimicrobial peptide. Proc Natl Acad Sci USA 
105, 16755-16760 (2008)
DOI: 10.1073/pnas.0803815105

162.	 J. J. Velarde, M. Ashbaugh, M. R. Wessels: 
The human antimicrobial peptide LL-37 binds 
directly to CsrS, a sensor histidine kinase of 
group A Streptococcus, to activate expression 
of virulence factors. J Biol Chem 289, 36315-
36324 (2014)
DOI: 10.1074/jbc.M114.605394

163.	 M. Li, D. J. Cha, Y. Lai, A. E. Villaruz, D. E. 
Sturdevant, M. Otto: The antimicrobial peptide-
sensing system aps of Staphylococcus 
aureus. Mol Microbiol 66, 1136-1147 (2007)
DOI: 10.1111/j.1365-2958.2007.05986.x

164.	 S. J. Yang, A. S. Bayer, N. N. Mishra, M. 
Meehl, N. Ledala, M. R. Yeaman, Y. Q. Xiong, 
A. L. Cheung: The Staphylococcus aureus 
two-component regulatory system, GraRS, 
senses and confers resistance to selected 
cationic antimicrobial peptides. Infect Immun 
80, 74-81 (2012)
DOI: 10.1128/IAI.05669-11

165.	 A. L. Cheung, A. S. Bayer, B. R. Yeaman, Y. Q. 
Xiong, A. J. Waring, G. Memmi, N. Donegan, 
S. Chaili, S. J. Yang: Site-specific mutation of 
the sensor kinase GraS in Staphylococcus 
aureus alters the adaptive response to distinct 
cationic antimicrobial peptides. Infect Immun 
82, 5336-5345 (2014)
DOI: 10.1128/IAI.02480-14

166.	 B. K. Sharma-Kuinkel, E. E. Mann, J. S. Ahn, 
L. J. Kuechenmeister, P. M. Dunman, K.W. 
Bayles: The Staphylococcus aureus LytSR 
two-component regulatory system affects 
biofilm formation. J Bacteriol 191,4767-4775 
(2009)
DOI: 10.1128/JB.00348-09

167.	 E. E. Mann, K. C. Rice, B. R. Boles, J. L. 

http://dx.doi.org/10.1128/IAI.68.11.6139-6146.2000
http://d x.doi.org/10.1016/j.molcel.2012.07.017
http://dx.doi.org/10.1128/IAI.00871-09
http://dx.doi.org/10.1099/mic.0.050088-0
http://dx.doi.org/10.1128/AAC.00242-10
http://dx.doi.org/10.1128/AAC.02353-12
http://dx.doi.org/10.1099/mic.0.049445-0
http://dx.doi.org/10.1371/journal.ppat.1002361
http://dx.doi.org/10.1073/pnas.0803815105
http://dx.doi.org/10.1074/jbc.M114.605394
http://dx.doi.org/10.1111/j.1365-2958.2007.05986.x
http://dx.doi.org/10.1128/IAI.05669-11
http://dx.doi.org/10.1128/IAI.02480-14
http://dx.doi.org/10.1128/JB.00348-09


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1037� © 1996-2016

Endres, D. Ranjit, L. Chandramohan, L. H. 
Tsang, M. S. Smeltzer, A. R. Horswill, K. W. 
Bayles: Modulation of eDNA release and 
degradation affects Staphylococcus aureus 
biofilm maturation. PLoS One 4, e5822 (2009)
DOI: 10.1371/journal.pone.0005822

168.	 S. J. Yang, Y. Q. Xiong, M. R. Yeaman, K. W. 
Bayles, W. Abdelhady, A. S. Bayer: Role of the 
LytSR two-component regulatory system in 
adaptation to cationic antimicrobial peptides 
in Staphylococcus aureus. Antimicrob Agents 
Chemother 57, 3875-3882 (2013)
DOI: 10.1128/AAC.00412-13

169.	 N. Weatherspoon-Griffin, G. Zhao, W. Kong, 
Y. Kong, Morigen, H. Andrews-Polymenis, 
M. McClelland, Y. Shi: The CpxR/CpxA two-
component system up-regulates two Tat-
dependent peptidoglycan amidases to confer 
bacterial resistance to antimicrobial peptide. J 
Biol Chem 286, 5529-5539 (2011)
DOI: 10.1074/jbc.M110.200352

170.	 B. Audrain, L. Ferrières, A. Zairi, G. Soubigou, 
C. Dobson, J. Y. Coppée, C. Beloin, J. M. 
Ghigo: Induction of the Cpx envelope stress 
pathway contributes to Escherichia coli 
tolerance to antimicrobial peptides. Appl 
Environ Microbiol 79, 7770-7779 (2013)
DOI: 10.1128/AEM.02593-13

171.	 K. Bilicen, J. C. Fong, A. Cheng, C. J. Jones, 
D. Zamorano-Sánchez, F. H. Yildiz: Polymyxin 
B resistance and biofilm formation in Vibrio 
cholerae are controlled by the response 
regulator CarR. Infect Immun 83, 1199-1209 
(2015)
DOI: 10.1128/IAI.02700-14

172.	 S. H. Cho, J. Szewczyk, C. Pesavento, M. 
Zietek, M. Banzhaf, P. Roszczenko, A. Asmar, 
G. Laloux, A. K. Hov, P. Leverrier, C. Van der 
Henst, D. Vertommen, A. Typas, J. F. Collet: 
Detecting enveloped stress by monitoring 
β-barrel assembly. Cell 159, 1652-1664 
(2014)
DOI: 10.1016/j.cell.2014.11.045

173.	 C. Farris, S. Sanowar, M. W. Bader, R. 
Pfuetzner, S. I. Miller: Antimicrobial peptides 
activate the Rcs regulon through the outer 
membrane lipoprotein RcsF. J Bacteriol 192, 
4894-4903(2010)
DOI: 10.1128/JB.00505-10

174.	 K. D. Erickson, C. S. Detweiler: The Rcs 
phosphorelay system is specific to enteric 

pathogens/commensals and activates ydel, 
a gene important for persistent Salmonella 
infection of mice. Mol Microbiol 62, 883-894 
(2006)
DOI: 10.1111/j.1365-2958.2006.05420.x

175.	 C. Chan, L. L. Burros, C. M. Deber: Helix 
induction in antimicrobial peptides by alginate 
in biofilms. J Biol Chem 279, 38749-38754 
(2004)
DOI: 10.1074/jbc.M406044200

176.	 C. Chan, L. L. Burrows, C. M. Deber: 
Alginate as an auxiliary bacterial membrane: 
binding of membrane-active peptides by 
polysaccharides. J Pept Res 65, 343-351 
(2005)
DOI: 10.1111/j.1399-3011.2005.00217.x

177.	 H. Mulcahy, L. Charron-Mazenod, S. 
Lewenza: Extracellular DNA chelates 
cations and induces antibiotic resistance in 
Pseudomonas aeuroginosa biofilms. PLoS 
Pathog 4, e1000213 (2008)
DOI: 10.1371/journal.ppat.1000213

178.	 L. Johnson, S. R. Horsman, L. Charron-
Mazenod, A. L. Turnbull, H. Mulcahy, M. G. 
Surette, S. Lewenza: Extracellular DNA-
induced antimicrobial peptide resistance in 
Salmonella enterica serovar Typhimurium. 
BMC Microbiol 13, 115 (2013)
DOI: 10.1186/1471-2180-13-115

179.	 Y. Kai-Larsen, P. Lüthje, M. Chromek, V. 
Peters, X. Wang, A. Holm, L. Kádas, K. O. 
Hedlund, J. Johansson, M. R. Chapman, 
S. H. Jacobson, U. Römling, B. Agerberth, 
A. Brauner: Uropathogenic Escherichia coli 
modulates immune responses and its curli 
fimbriae interact with the antimicrobial peptide 
LL-37. PLoS Pathog 6, e1001010 (2010)
DOI: 10.1371/journal.ppat.1001010

180.	 S. Chalabaev, A. Chauhan, A. Novikov, P. Lyer, 
M. Szczesny, C. Beloin, M. Caroff, J. M. Ghigo: 
Biofilms formed by gram-negative bacteria 
undergo increased lipid A palmitoylation, 
enhancing in vivo survival. MBio 5, e01116-14 
(2014)
DOI: 10.1128/mBio.01116-14

181.	 A. Folkesson, J. A. Haagensen, C. Zampaloni, 
C. Sternberg, S. Molin: Biofilm induced 
tolerance towards antimicrobial peptides. 
PLoS One 3, e1891 (2008)

182.	 J. A. Haagensen, M. Klausen, R. K. Ernst, 

http://dx.doi.org/10.1371/journal.pone.0005822
http://dx.doi.org/10.1128/AAC.00412-13
http://dx.doi.org/10.1074/jbc.M110.200352
http://dx.doi.org/10.1128/AEM.02593-13
http://dx.doi.org/10.1128/IAI.02700-14
http://dx.doi.org/10.1016/j.cell.2014.11.045
http://dx.doi.org/10.1128/JB.00505-10
http://dx.doi.org/10.1111/j.1365-2958.2006.05420.x
http://dx.doi.org/10.1074/jbc.M406044200
http://dx.doi.org/10.1111/j.1399-3011.2005.00217.x
http://dx.doi.org/10.1371/journal.ppat.1000213
http://dx.doi.org/10.1186/1471-2180-13-115
http://dx.doi.org/10.1371/journal.ppat.1001010
http://dx.doi.org/10.1128/mBio.01116-14


Bacterial resistance to antimicrobial peptides: an evolving phenomenon

	 1038� © 1996-2016

S. I. Miller, A. Folkesson, T. Tolker-Nielsen, 
S. Molin: Differentiation and distribution of 
colistin-and sodium dodecyl sulfate-tolerant 
cells in Pseudomonas aeruginosa biofilms. J 
Bacteriol 189, 28-37 (2007)
DOI: 10.1128/JB.00720-06

Abbreviations: WHO: World Health Organization; 
AMPs: antimicrobial peptides; GAS: Group 
A Streptococcus; GRAB: protein G-related 
alpha 2M-binding protein; SpeB: streptococcal 
pyrogenic exotoxin B; Ska: plasminogen activator 
streptokinase; hBD: human beta-defensin; SLPI: 
secretory leukocyte protease inhibitor; BRAK/
CXCL14:breast-and-kidney-expressed chemokine/
CXC chemokine ligand 14; MIG/CXCL9: monokine 
induced by interferon-gamma; C18G: human 
platelet factor IV 18; CRAMP: cathelin-related 
antimicrobial peptide; mCRAMP: mouse cathelin-
related antimicrobial peptide; CP10A: Indolicidin 
derivative peptide; HD-5: human defensin 5; SIC: 
streptococcal inhibitor of complement; DRS: distantly 
related to SIC; GBS: Group B Streptococcus; 
PilB: group B Streptococcus (GBS) pilus protein 
subunit; HAS: human albumin serum; OMVs: 
outer membrane vesicles; ETEC: enterotoxigenic 
Escherichia coli; LPS: lipopolysaccharides; Bap 
1: biofilm-associated extracellular matrix protein; 
ABC: adenosine triphosphate (ATP)-binding 
cassette; MFS: the major facilitator superfamily; 
SMR: the small multidrug resistance superfamily; 
RND: the resistance-nodulation-cell division 
superfamily; MATE: the multidrug and toxic 
compound extrusion superfamily; PSD: peptide 
sensing and detoxification modules; TCS: two-
component system; BceB: bacitracin export 
permease protein; HNP: human neutrophil peptide; 
tPMP-1: thrombin-induced platelet microbicidal 
protein 1; GlcNAc: N-acetylglucosamine; MurNAc: 
N-acetylmuramic acid; LOS: lipooligosaccharides; 
pETN: phosphoethanolamine; L-Ara4N: 4-amino-
4-deoxy-L-arabinose; lpxE: 1´-phosphatase; 
lpxF: 4´-phosphatase; PagP: enzyme palmitoyl 
transferase; PG: phosphatidylglycerol; MprF: 
multipeptide resistance factor protein; CPS: 
capsular polysaccharides; MIC: minimum inhibitory 
concentration; PGA: poly-gamma-DL-glutamic 
acid; PIA: exopolysaccharide intercellular adhesin; 
CT: cholera toxin; LT: labile toxin; cAMP: cyclic 
adenosine monophosphate; ICER: inducible cAMP 
early repressor; PI3: peptidase inhibitor 3
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