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of bacterial dependence on antibiotics

Claudia C. Paredes-Amaya', Marfa Teresa Ulloa®* and Victor Antonio Garcia-Angulo?”

Abstract

Beyond the development of resistance, the effects of antibiotics on bacteria and microbial communities are complex
and far from exhaustively studied. In the context of the current global antimicrobial resistance crisis, understanding
the adaptive and physiological responses of bacteria to antimicrobials is of paramount importance along with the
development of new therapies. Bacterial dependence on antibiotics is a phenomenon in which antimicrobials
instead of eliminating the pathogens actually provide a boost for their growth. This trait comprises an extreme
example of the complexities of responses elicited by microorganisms to these drugs. This compelling evolutionary
trait was readily described along with the first wave of antibiotics use and dependence to various antimicrobials

has been reported. Nevertheless, current molecular characterizations have been focused on dependence on van-
comycin, linezolid and colistin, three critically important antibiotics frequently used as last resource therapy for multi
resistant pathogens. Outstanding advances have been made in understanding the molecular basis for the depend-
ence to vancomycin, including specific mutations involved. Regarding linezolid and colistin, the general physiologi-
cal components affected by the dependence, namely ribosomes and membrane function respectively, have been
established. Nonetheless the implications of antibiotic dependence in clinically relevant features, such as virulence,
epidemics, relationship with development of resistance, diagnostics and therapy effectiveness require clarification.
This review presents a brief introduction of the phenomenon of bacterial dependence to antibiotics and a summary
on early and current research concerning the basis for this trait. Furthermore, the available information on the effect
of dependence in key clinical aspects is discussed. The studies performed so far underline the need to fully dis-
close the biological and clinical significance of this trait in pathogens to successfully assess its role in resistance

and to design adjusted therapies.
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Introduction

It only took a few years after the first introduction of
antibiotics in clinics for antibiotic-resistant bacterial
strains to appear [1]. To date, resistances to all antibiotics
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antimicrobials such as modification of targets, acquisi-
tion of enzymes able to modify the antibiotic or target
bypass by the gain of alternative pathways that replace
the original native antibiotic target, among other genetic-
based mechanisms. Nonetheless, resistance can also be
the result of intrinsic, non-inheritable characteristics
that diminish the effect of or the exposure to the antibi-
otic. This is known as phenotypic resistance and may be
conferred by diminished bacterial metabolic activity, the
development of the persistence status by a subset of the
population, changes in antibiotic permeability or extru-
sion, surface composition modification, biofilm forma-
tion and increase in the surface area by overproduction
of outer membrane vesicles, among other mechanisms
[2-4].

After decades of investigation on this subject, it is
acknowledged that many antibiotics have more bacterial
targets than originally thought [5], and beyond the devel-
opment of resistance, the effects of antibiotics in bacte-
rial physiology and evolution are complex. Frequently,

Page 2 of 15

the acquisition of antibiotics resistance by bacteria is
accompanied by different evolutionary trade-offs. A com-
mon example of this is collateral sensitivity, in which the
generation of resistance against one antibiotic leads to an
increased susceptibility to another drug. Another impor-
tant trade-off is the fitness cost, on which the resistant
bacteria is less fitted to grow in the absence of antibiot-
ics than the parental susceptible bacteria. Integral knowl-
edge regarding these and other effects of antimicrobials
on bacterial physiology can be exploited to design better
strategies to combat the antibiotic resistance crisis [6].
An intriguing and increasingly recognized trait devel-
oped by bacteria is antibiotic dependence. This is defined
as the requirement of an antibiotic by a bacterium to
grow, or to a high improvement in bacterial growth pro-
vided by an antibiotic [7-9]. Facing an antibiotic chal-
lenge, typical naive bacteria may display sensitivity,
meaning the drug is able to kill the bacteria. Alterna-
tively, resistant bacteria may remain unaffected or exhibit
only little adverse effects in growth (Fig. 1). By contrast,

— With antibiotic

= Without antibiotic

Sensitivity
\ 0o 100 10° 100 10° 10° 10°
S o i

ﬁ 3 #® Resistance
Exposure to antibiotic pm—
/ N
Dependence /
—— \’

/
N
J
\\ p
S
Optical Densisty
[ T S T S S—

3

100 10 102 100 10¢

Time

Fig. 1 Antibiotic sensitivity, resistance and dependence. Different bacterial responses to antibiotic exposure are represented in E-test

assays and growth in liquid media. A drug-sensitive bacteria is inhibited by the antibiotic gradient emanating from the E-test strip

in a concentration-dependent manner (growth is represented by a brown lawn). In liquid medium, the addition of antibiotics avoids the growth
of the bacteria. An antibiotic-resistant bacteria is able to grow adjacent to the E-tes strip and its growth is barely affected by the presence

of antibiotics in liquid medium. The growth of dependent bacteria is only observed in the area where the antibiotic has diffused from the E-test
strip. In liquid media, its growth curve is significantly improved by the addition of the antibiotic
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dependent bacteria grow only in the presence of the anti-
biotic, or a strain with defective growth is significantly
improved by the antibiotic. In Fig. 1, this is schematized
by the gradient of microbial growth lining the increas-
ing drug concentration diffusing from the antibiotic strip
in an E-test assay, or by an acceleration of the growth
rate during a growth kinetics curve in a liquid medium
with antibiotic. In many cases, clinical development of
dependence is preceded by large courses or antibiotics.
The development of dependence has been described as
the ultimate step in antibiotic resistance [10], although it
is not yet clear whether this trait represents a fitness cost
associated with resistance acquisition or a compelling
case of adaptive evolution. In a few cases, the molecu-
lar basis for the dependence have been established, with
mutations responsible for the trait clearly identified,
while in most instances antibiotics dependence remains
an empirical observation. The insights obtained about the
mechanisms through which antibiotics improve growth
in dependent strains indicate that they may be required
for the induction of the expression of key survival genes
originally acquired as a resistance mechanism, or for
functional restoration of the bacterial components com-
posing their primary targets like ribosomes or the cell
membrane.

Bacterial antibiotic dependence is a long-time known
trait. To the best of our knowledge, the first report of
clinical dependence tracks back to 1947, when Hall and
Spink reported a streptomycin-resistant Brucella strain
isolated from a brucellosis patient who received a 31 day
intramuscular streptomycin treatment. The growth of
this isolate was enhanced by streptomycin [11]. Soon,
others reported the rise of streptomycin-dependent
variants of many different bacteria when submitted to
in vitro resistance development [12—14]. Since then, sev-
eral studies have documented antibiotic-dependence in
pathogenic bacteria in naturally occurring clinical iso-
lates as well as in strains derived from in vitro resistance
evolution studies. Besides streptomycin, examples of
antibiotics that generate dependence include terramy-
cin, aureomycin and chloromycetin [15], chlorampheni-
col [16], rifampicin [17, 18], erythromycin [19], penicillin
and ceftriaxone [20], sulfamethoxazole [21], vancomycin
[7], linezolid [22], and polymyxin B and colistin [23, 24],
among others. Moreover, evolution towards depend-
ence to initially detrimental drugs is a trait distributed
across different kinds of pathogens. For example, the
emergence of a human immunodeficiency virus type 1
mutant dependent on the fusion inhibitor T20 drug has
been reported [25] and a variant of the pathogenic yeast
Candida albicans requires high concentrations of the
caspofungin fungicidal to proliferate in a pattern known
as “paradoxical growth” [26].
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Evolution from antibiotic sensitivity to resistance and
dependence is a fascinating biological phenomenon
illustrating the extraordinary adaptability capacities of
bacteria and the complexity of the effects of antibiotics
in microbial ecology. Antibiotic dependence in human
pathogens has deep implications in diagnosis and clinical
therapy that have been only scarcely investigated. Such
implications include the extent to which dependent path-
ogens escape detection because of the lack of antibiotics
in the primary isolation cultures and the ramifications of
the putative role of antibiotic therapies in pathogen fit-
ness when infections are caused by dependent bacteria.
Some of the basis and implications of antibiotic depend-
ence in bacterial pathogens started to be studied soon
after its unveiling in the late 1940s. Then, some remarka-
ble advances were made, particularly on the characteriza-
tion of streptomycin-dependent strains. In recent years,
although dependence on numerous antibiotics has been
observed, further characterization has been focused on
vancomycin, linezolid and colistin. These three antibiot-
ics are of special interest as they are often used as last-
resource therapy against several multi-resistant bacteria.
This review summarizes knowledge on the observations
and characterization of antibiotic dependence of bacte-
rial pathogens to antibiotics. It presents a brief descrip-
tion of the main pioneering studies in the subject and
deepens into more recent advances of the molecular
basis and clinical implications of this trait with a special
emphasis in the clinically relevant vancomycin, linezolid
and colistin.

Early research on antibiotic dependence

Bacterial antibiotic dependence is a trait that was
observed even for drugs used in the first wave of the
clinical employment of antibiotics. A biphasic mode of
action for penicillin, on which sub-inhibitory concentra-
tions seemed to increase the growth of sensitive Staph-
ylococcus aureus was readily described in 1945 [27].
However, clinically relevant antibiotic dependence was
first documented for streptomycin. This was the second
therapeutically useful antibiotic right after penicillin and
the first successful cure for tuberculosis and other infec-
tions caused by Gram negative pathogens [28]. After
the first report of dependence on streptomycin in 1947
in a Brucella clinical strain, other pathogens, including
Escherichia coli, Pseudomonas aeruginosa and Mycobac-
terium that were boosted by streptomycin during in vitro
resistance development experiments were reported the
same year [12, 13, 29] or within the following years [14,
30]. In addition, the growth of other nonpathogenic bac-
teria including Bacillus subtilis [12] (Kushnick, 1947) and
Bacillus megaterium were also noticed to be stimulated
by low concentrations of streptomycin or penicillin [31].
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In the following decades, examples of other antibiotics
generating dependence were described, including ter-
ramycin, aureomycin and chloromycetin [15], chloram-
phenicol [16], rifampicin [17, 32], erythromycin [33],
spectinomycin [34] and kasugamycin [35].

In this early stage of identification of the antibiotic
dependence phenotype, some further characterization
of the trait was performed. In most cases, dependence
was shown to involve mutations in ribosomal proteins
or ribosome-interacting proteins with some involvement
of transcription related factors [33, 35-37]. Also, it was
noticed that some strains dependent on a ribosomal-
impairing antibiotic may be trans-relieved by other ribo-
somal-interacting antibiotics [19, 32]. Probably because
of its therapeutic importance, the streptomycin depend-
ence was significantly better characterized. Streptomycin
is an aminoglycoside antibiotic that impairs translation
by binding the 30S ribosomal subunit and inducing a dis-
tortion of the 16S ribosomal RNA, which interferes with
codon recognition [38]. Initial investigations showed that
streptomycin dependence in E. coli sets because of muta-
tions in the ribosomal protein S12 from the 30S subunit
[39] and that mutations in the S10 ribosomal protein
revert the dependence phenotype [40]. Later, it was dem-
onstrated that ribosomes from dependent mutants have a
highly diminished translation rate and are over-accurate
due to an enhanced proofreading activity. In these strains,
streptomycin stimulates growth by increasing translation
efficiency through the induction of proofreading loss [41,
42]. Notably, owed to these characteristics, the ribosomes
of streptomycin-dependent strains were thoroughly used
as tools for pioneering studies assessing different transla-
tion-related processes such as the role of translation rate
in mutation [43], the mechanism of action of suppressor
tRNAs [44], programed translational frameshift [45, 46]
and allelic recombination processes [47]. Moreover, the
advantageous features of ribosomes derived from strep-
tomycin-dependent strains were employed in modern
works to analyze the activity of the SARS-CoV-2 RNA-
dependent RNA polymerase [48] and to measure direct
translation kinetics within living cells at codon resolution
[49]. Despite this, many further aspects of the molecular
basis and the biological and clinical significance of the
dependence on the group of antibiotics that were firstly
acknowledged still need to be clarified.

Bacterial dependence to last resort antibiotics

Most recent research has been focused on antibiotics
being intensively used to treat multidrug resistant path-
ogens. Vancomycin, linezolid and colistin are known
to generate strains of antibiotic dependent pathogens.
Vancomycin and linezolid are recurrently used as last-
resource therapy against some Gram positive pathogens
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[50]. Likewise, colistin is frequently used as a last line
antibiotic against carbapenem-resistant Gram negative
bacteria [51]. These three antibiotics have been listed
as part of the “Critically Important Antimicrobials for
Human Medicine” by the World Health Organization
(WHO CIA list), meaning they are often the sole avail-
able therapy to treat serious bacterial human infections
caused by strains prone to acquire antibiotic resistance
(https://www.who.int/publications/i/item/9789241515
528, accessed on 3/03/2023). Moreover, in the WHO
Access, Watch, Reserve (AwaRe) classification of antibi-
otics to guide antibiotic stewardship systems, vancomy-
cin has been assigned to the Watch group, while linezolid
and colistin have been classified into the Reserve. The
Reserve group comprises antibiotics that should be
reserved for the treatment of confirmed or suspected
infections due to multidrug-resistant pathogens. (https://
www.who.int/publications/i/item/WHO-MHP-HPS-
EML-2021.02, accessed on 3/03/2023). Thus, the WHO
categorization of these three drugs reflects the impor-
tance they pose to current antimicrobial therapies in
the context of the current global antibiotic resistance
challenge. Given the role of these drugs in public health,
a deep understanding of the physiology of this trait is
paramount.

Bacterial dependence on vancomycin

Vancomycin is a tricyclic glycopeptide used against the
Gram positive S. aureus, Staphylococcus epidermidis,
Streptococcus pyogenes, Streptococcus pneumoniae, Strep-
tococcus viridans, Enterococci and some species of Bacil-
lus, Actinomyces, Clostridium and Corynebacterium [52].
This antibiotic interferes with the synthesis of the cell
wall by impeding peptidoglycan maturation, affecting cell
envelope and causing bacterial death. Specifically, vanco-
mycin binds the y-Ala-,-Ala terminal moiety of the pep-
tide chain component of the structural subunit, impeding
normal peptidoglycan layer maturation [53].

The acquisition of vancomycin resistance by Entero-
coccus species and S. aureus is of particular concern in
clinical practice [53-55]. The mechanism of vancomy-
cin resistance involves the degradation of the -Ala-y-
Ala natural substrate for peptidoglycan biosynthesis and
the synthesis of the alternative precursors p-Ala--Lac
or p-Ala-n,-Ser which are not recognized by the antibi-
otic. Two different genetic cassettes mediate this. The
replacement of -Ala--Ala by p-Ala-p-Lac is allowed
by a cluster of five genes, the vanHAX operon encoding
the VanH, VanA and VanX enzymes, and the regulatory
vanRS operon [53, 55]. VanH, VanA and VanX cleave
the native -Ala-p-Ala and synthesize the alternative
p-Ala-p-lac substrate, while the vanRS locus codes for
a two-component system (TCS) for signal transduction
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[56]. Vancomycin in the environment is sensed by VanS,
a membranal histidine kinase sensor that activates the
VanR transcriptional regulator which then becomes
able to interact with DNA to activate transcription of
the vanHAX promoter making the bacteria able to cope
with the antibiotic [56-58]. This system is denominated
the VanA-type of resistance and variations of this sys-
tem make use of different vanA homologous forms in
the operon. This resistance mechanism also includes the
vanY and vanZ accessory genes [59]. A second type of
vancomycin resistance, which synthesizes peptidoglycan
precursors with the a -Ala--Ser motif, was originally
called VanC type resistance. This was due to the presence
of the VanC -Ala-p-Ser ligase that is present in the set
of genes responsible for this resistance in Enterococcus
species [60, 61]. Later, the VanE, VanG, VanL and VanN
types of p-Ala-p-Ser ligases were found in vancomycin
resistance cassettes from other bacterial species [62—64].
Vancomycin-dependent (VD) bacteria were first
reported in 1994, consisting of Enterococcus faecium
from two patients of separated hospitals in the United
Kingdom and an Enterococcus faecalis strain from a urine
sample of a patient from surgical intensive care. In all
cases, patients have had courses of broad spectrum anti-
biotics including vancomycin [7, 65]. Subsequently, van-
comycin dependence has been reported for Enterococci
as E. faecalis [10, 66—-68], E. faecium [67, 69-85] and
Enterococcus avium [86], and also in S. aureus [87, 88].
Among all cases of bacterial antibiotic dependence,
the dependence to vancomycin is the best understood
at the molecular level. Despite the acquisition of the
van genes conferring the ability to produce the alterna-
tive depsipeptides for peptidoglycan synthesis, regular
vancomycin-resistant bacteria are still able to synthesize
the original ,-Ala--Ala precursor. Contrariwise, in most
cases studied to date, VD strains are unable to synthesize
native -Ala--Ala (and therefore cell wall) as they har-
bor inactivating mutations in the dd! gene, coding for the
p-Alanyl-5-Alanine ligase. Hence, these strains rely on
vancomycin for the induction of the Van genes through
the VanRS system for the synthesis of the alternative pep-
tidoglycan precursors, which in this mutant background
become essential (Fig. 2A). The fact that exogenous sup-
plementation of ,-Ala-,-Ala may rescue growth in these
strains confirms this [7, 72, 80]. Different types of dd!
inactivating mutations including nonsynonymous muta-
tions [67, 68, 78, 79, 87-90], partial deletions [68] and
frameshifts [75, 81, 91] in VD bacteria are reported. In
some cases, experimental evidence of the impairment
of p-Alanine—p-Alanine ligase activity of the result-
ant mutant Ddl protein has been obtained, with reduc-
tions in activity ranging from 200 to 1000 fold [79, 87,
90]. Notably, isolates reluctant to grow in the presence
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of supplemented -Ala--Ala have also been found, sug-
gesting that currently unknown, alternative vancomycin
dependence mechanisms in addition to Ddl inactivation
exist [84].

Very frequently, plain vancomycin-resistant revertant
derivatives arise from the VD strains. Reported rever-
sion rates from vancomycin dependence to resistance
range from 1 in 10° to 1 in 10°% with one study reporting
as frequent as 1 in 103 [76, 84, 92]. Overall, two differ-
ent mechanisms of reversion of vancomycin dependence
have been documented. The first mechanism implicates
the regain of a functional DdI to relieve the dependence
on the alternative peptidoglycan precursor. This could
be achieved by mutations reverting the Ddl protein to
WT or by compensatory mutations or insertions in the
ddl gene that restore -Alanine—p-Alanine ligase activity
[68, 78] (Fig. 2B). The second mechanism involves muta-
tions that allow the expression of the resistance genes in
the absence of vancomycin. In the characterized strains,
this may be achieved in different ways. First, mutations
that render the VanSR system constitutively active have
been found. In VanS, amino acid substitutions close to
autophosphorylation or histidine kinase domains con-
served in this protein, or a 7 amino acid duplication
seem to generate this effect in E. faecalis strains [68, 78].
Meanwhile, an amino acid substitution seems to gener-
ate a constitutively active VanR protein in S. aureus [88]
(Fig. 2C). Another mechanism of reversion has been
described in a VanB-type resistant E. faecium. In this
strain, the vanRSy genes are right upstream of the vanY-
WHBX operon. At the end of the vanRS; operon there
is a transcription terminator sequence. A mutation that
likely prevents the formation of the transcription ter-
minator structure allows the transcription to proceed
towards the downstream vanYWHBX genes [79] from
the upstream vanRS; promoter. In such VanB-type cas-
settes, while the transcription of the promoter of vanY
is totally dependent on the binding of phosphorylated
VanR, a leaky activation of the vanRS; promoter in the
absence of activated VanR exists [93]. Thus, this basal
level of expression allows the synthesis of the pepti-
doglycan precursors even in the absence of the antibiotic
when the vanRSy terminator is inactivated by mutations.
Overall, vancomycin dependent strains seem to become
dependent on the alternative pathway (the Van resistance
cassette) they acquired as a target bypass mechanism to
resist vancomycin, because of genetic mutations inacti-
vating their original cell wall biosynthetic pathway. Van-
comycin is required as an inductor of the expression of
this alternative, now essential pathway. Revertant strains
accumulate genetic mutations restoring the activity of
the native peptidoglycan biosynthesis or render the Van
pathway independent of vancomycin for its expression.
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expression of its own operon and of the genes required for the biosynthesis of the alternative cell wall precursor required to resist vancomycin.

Vancomycin-dependent strains display an inactivated dd/ gene for which they cannot synthesize the original substrate, thus depending

on the activation of the whole system provided by vancomycin to thrive. B Vancomycin dependence can be reversed by mutations restoring

the production of the WT Ddl or by compensatory mutations restoring Ddl activity. C Vancomycin dependence can also be reversed by mutations
causing antibiotic-independent expression of the vancomycin resistance genes. This can be accomplished by mutations producing constitutively
active VanS which activates VanR in the absence of the activation signal (top), mutations leading to constitutively active VanR (middle) or mutations
(indicated in green) eliminating an RNA terminator structure downstream the vanRS operon, allowing the leaky transcription of resistance genes

from the upstream promoter (bottom)
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Bacterial dependence to linezolid

Linezolid is a synthetic molecule considered the first
member of the class of oxazolidinone antibiotics [94].
This drug is usually employed for the treatment of com-
munity- and hospital-acquired pneumonia and skin
and soft tissue infections caused by Gram-positive bac-
teria like methicillin-resistant S. aureus, Vancomycin-
resistant Enterococci (VRE), penicillin-resistant S.
pneumoniae and Gram-positive anaerobes [95, 96]. Lin-
ezolid obstructs bacterial protein synthesis by binding to
the 50S subunit of the prokaryotic ribosome, preventing
the formation of the initiation complex at the start of the
translation process [97, 98] (Fig. 3A). Studies indicate
that linezolid binds the A site in the 50S within the pep-
tidyl transferase center (PTC), interacting with several
nucleotides of the cognate 23S rRNA to produce confor-
mational changes that impair peptide bonds formation by
blocking the positioning of the tRNA [99-101].

The development of resistance to linezolid in bacteria
has been associated with prior, prolonged exposure to the
antibiotic. Resistance mechanisms to linezolid include
mutations in the 23S rRNA in the PTC, mutations in the
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L3 and L4 ribosomal proteins, modifications of the 23S
rRNA by plasmid-coding methyltransferases (Fig. 3B),
and the activity of a plasmid-borne ATP-binding cassette
(ABC) transporter [96, 102-107]. The most frequently
reported mutation in clinical Staphylococcus and Ente-
rococcus strains is the G2576T transversion. Neverthe-
less, mutations in the conserved 23S rRNA nucleotides
G2061, A2451, C2452, A2503, T2504, G2505, T2506
and T2585, which directly interact with linezolid but
also nucleotides that are not part of the antibiotic bind-
ing site like A2062, G2447, A2453, C2499 and T2500 are
reported to cause resistance [104, 108].

Linezolid dependence was reported for the first time in
five linezolid-resistant S. epidermidis isolates from blood-
stream infections in a Greek hospital [9]. The growth
of these strains was greatly enhanced by relatively high
concentrations of linezolid. More recently, two linezolid-
dependent (LD) strains of S. aureus, both from cystic
fibrosis patients who received long antibiotic courses,
have been described [22, 109]. The role of linezolid in
the activity of the ribosomes of one of the clinical LD S.
epidermidis isolates was further evaluated. Ribosomes

C

Fig. 3 Dependence to linezolid. A Depiction of the general components of a normal bacterial ribosome. B The mechanism of action of linezolid
involves ribosome obstruction by interacting with the 50S and the cognate 23S rRNA. C Linezolid resistance mostly involves ribosome modifications
both close and distal to the binding site such as 23S rRNA mutations or methylation, or mutations in proteins components of the 50S that preclude
linezolid binding. D Dependence is setted by the development of linezolid-dependent ribosomes. These ribosomes possess some of the resistance
mutations but possibly also undefined mutations or coexist with mutations in other bacterial components that render ribosomes unable

to structure correctly in normal conditions. This impediment is amended by the interaction with linezolid in a matter that has not yet been defined

(E)



Paredes-Amaya et al. Journal of Biomedical Science (2023) 30:67

derived from the LD clone have an increased peptidyl-
transferase activity in the presence of linezolid. Moreover,
without linezolid these ribosomes have an aberrant subu-
nit dissociation profile in sucrose gradient experiments.
This suggests that the LD strain developed improved
ribosomes, however they are only functional in the pres-
ence of this antibiotic because it promotes proper struc-
turation [110]. Strikingly, this resembles the dependence
to streptomycin, in the sense that a ribosome-targeting
antibiotic seems to induce the emergence of impaired
ribosomes whose correct function is restored by the
interaction with the antibiotic. Regardless, the relation-
ship of mutations in the 23S and ribosomal proteins or
other molecular determinants with the development of
linezolid dependence has not been determined. The S.
epidermidis LD strains harbor specific resistance muta-
tions when compared to linezolid-resistant-only isolates
from the same hospital, namely the T2504A/C2534T
substitutions in the 23S rRNA and mutations in the L3
protein [9]. Nonetheless, rather than being specifically
associated with dependence, this feature could be remi-
niscent of their clonal origin. Out of the two LD S. aureus
strains described, one was found to lack any of the known
linezolid resistance mutations [109], while the other har-
bors only the G2576T substitution in all copies of the 23S
rRNA [22]. All the mutations described appear in other
resistant strains without causing dependence. Thus, no
evidence for the generation of dependence by a specific
mutation has been obtained. Furthermore, it seems that
mutations that lead to linezolid dependence are differ-
ent from those known to date to confer resistance. In any
case, further work is needed to fully disclose the molecu-
lar basis and cellular factors involved in the development
of dependence to linezolid in bacteria.

As discussed in the introduction, sometimes the acqui-
sition of antibiotic resistance possesses an intrinsic fit-
ness cost. Indeed, acquisition of resistance genes may
impose a metabolic burden on the organism and muta-
tion of targets may produce a physiological drawback
owed to the relevance of the genes where resistance
mutations occurred. Thus, although mutant strains are
better fitted to grow in the presence of the antibiotic
compared to sensitive strains, they are outcompeted
when growing in the absence of the selective pressure
[111, 112]. So, it could be speculated that antibiotic
dependence comprises a fitness cost associated with the
development of resistance. LD S. epidermidis strains
grow slower than linezolid-sensitive strains in vitro in
medium without linezolid. However, linezolid boosts the
growth of dependent strains beyond the growth rate of
linezolid-sensitive strains without the antibiotic [113].
Although this still needs to be assessed in a set of iso-
genic linezolid-dependent and sensitive strains, this fact
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suggests that linezolid dependence, more than survival,
confers a further competitive advantage for these strains
in patients with prolonged linezolid exposure. Thus, lin-
ezolid dependence seems to be more of an example of
adaptive evolution over fitness cost traits. However, spe-
cifically designed studies are needed in order to properly
assess the ecological and evolutionary roles of linezolid
(or any antibiotic) dependence. This compelling area of
study has been neglected to date.

Bacterial dependence to colistin

Colistin is a cyclic lipopeptide antibiotic belonging to the
polymyxin group, which includes polymyxin E (colistin)
and polymyxin B [114, 115]. This drug is the last-resort
antibiotic used to treat infections caused by multidrug
resistant Gram negative bacteria like Klebsiella pneumo-
niae, E. coli, P. aeruginosa and Acinetobacter baumannii
[116, 117].

Colistin is a cationic antibiotic that exerts its antimi-
crobial action via direct interaction of its cationic regions
with the negatively charged lipid A of lipopolysaccha-
ride (LPS) localized on the outer membrane [118]. This
interaction results in destabilization of the LPS followed
by disruption of the outer cell membrane, infiltration of
intracellular contents and bacterial death [119]. There
are several colistin resistance mechanisms. The main
one involves the modification of the structure of the lipid
A, causing a decrease in its net negative charge hence
inhibiting the colistin initial interaction with the bacte-
rial surface [120]. Lipid A modifications are mediated
by the pmrCAB and arnBCADTEF operons that encode
proteins responsible for the addition of phosphoethan-
olamine (PEtN) or 4-amino-4-deoxy-L-arabinose to the
structure, respectively [121-123]. Alternatively, bacteria
may display mutations that cause the complete loss of the
LPS production [124]. Additional resistance mechanisms
include the overexpression of outer membrane proteins,
the use of efflux pumps such as MexXY/OprM and
AcrAB-TolC, and the plasmid-carried mcr-1 gene which
codes for an enzyme able to transfer PEtN to the lipid A
moiety [124-127].

Colistin dependence was first identified during popu-
lation susceptibility studies of an isolate of the Acineto-
bacter baumannii-Acinetobacter calcoaceticus complex
from a case of calcaneal osteomyelitis previously treated
with colistin. The isolate was subcultured in colistin to
study heteroresistance and a subpopulation developed
dependence [23]. Thereafter, other studies found in vitro
development of colistin dependence in Acinetobacter
baumanni [24, 128-132]. To date, all reported cases cor-
respond exclusively to strains of A. baumannii or Aci-
netobacter nosocomialis [133] that developed antibiotic
dependence during successive passages with or without
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colistin after their isolation from patients. Notably, colis-
tin dependence may also be induced by exposure to the
human cationic antimicrobial peptide LL-37 [134].

Dependence is acquired by a significant proportion of
colistin-susceptible A. baumannii strains. In a survey of
clinical isolates, up to one third of them developed colis-
tin dependence after exposure to the antibiotic [135]. In
another study, 12% of colistin-heteroresistant A. bau-
mannii clinical isolates were found to develop colistin
dependence following exposure. These colistin-depend-
ent (CD) isolates belonged to different clonal clusters,
suggesting that this phenotype arose many times inde-
pendently in this group [131].

In 2015, Garcia-Quintanilla and collaborators reported
the development of colistin dependence among a subset
of colistin-resistant A. baumannii isolates. The depend-
ence was exclusively associated with strains that acquired
resistance by mutations rendering loss of LPS production.
Strains that acquired colistin resistance by LPS modifi-
cation did not develop dependence [129]. Interruption
of the lpxA, lpxC or IpxD genes by insertion sequences
(IS) (e.g. ISAbal, ISAjo2, ISAbal3 or IS1595), causing the
abrogation of lipid A biosynthesis and therefore the loss
of lipo-oligosaccharide (LOS), leading to colistin resist-
ance, are also observed in other CD strains [24, 128, 132,
133]. Nonetheless, although probably involved in the CD
phenotype, these mutations are not the sole cause of it.
As it has been pointed out before, not all lipid A defec-
tive Acinetobacter strains are colistin-dependent [24].
Moreover, in A. nosocomialis, CD was developed with-
out mutations in the [pxACD genes [133]. In addition,
other mutations in CD strains concomitant with the
LOS gene inactivation have been observed. This include
mutations in mlaD and pldA genes required for proper
outer membrane (OM) structure composition [128],
and mutations in mrcA, coding for the penicillin binding
protein Al, katG, encoding a catalase, rpoB coding for
the B subunit of the RNA polymerase and in a gene for
a putative signaling protein [24]. Nonetheless, the con-
tribution of these mutations to antibiotic dependence is
not clear. In general, CD Acinetobacter seems to display
a perturbed OM structure leading to altered membrane
potential, other surface modifications, oxidative stress
and increased sensitivity to other antibiotics [24, 128,
132, 134, 136]. A recent study showed that a lytic trans-
glycosylase enzyme involved in cell-wall degradation and
recycling was overexpressed in a CD isolate. This enzyme
promotes the survival of this strain probably by helping
it to cope with the membrane instability caused by LOS
lost by increasing peptidoglycan turnover [136]. Overall,
the way colistin promotes growth in CD bacteria has only
recently started to be elucidated. In a remarkable study,
Zhu and coworkers showed that CD emerges in LPS
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deficient mutants that distinctively undergo OM remod-
eling with high phosphatidylglycerol (PG) composition at
least partially induced by an increase of oxidative stress
(Fig. 4A, B). In the CD strain studied, the oxidative stress
was likely engendered by the presence of reactive oxygen
species accumulated because of the effect of an underly-
ing elimination of katG. In this context, polymyxins are
able to bind the enriched PG in the OM in a patchy pat-
tern increasing the membrane stability (Fig. 4C) [24].
Noteworthy, in this study overexpression of lytic trans-
glycosylases was also detected, suggesting a common
mechanism to support growth in different CD strains.

In general, colistin dependence seems to emerge in a
subset of resistant strains that lose LOS production and
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Fig. 4 Dependence to colistin. A Depiction of a normal
Acinetobacter outer membrane, with the lipopolysaccharide (LPS)
and phosphatidylglycerol (PG) components indicated. B Outer
membrane of a CD strain. LPS production has been abrogated

by genetic mutations. Other mutations are also likely involved

in this trait. The membrane has increased PG content and presents
a perturbed structure with alterations in the membrane potential.
Also, oxidative stress levels are increased. C Membrane stabilization
by colistin in a CD strain. Colistin binds the PG in the membrane

in a localized fashion, increasing the membrane stability. Augmented
peptidoglycan turnover by the activity of lytic transglycosylase
may also have a role in membrane structure restoration. LPS:
lipopolysaccharide, PG: phosphatidylglycerol, ROS: reactive

oxygen species, CST: colistin, PPG: peptidoglycan layer, LT: lytic
transglycosylase
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acquired accompanying genetic mutations collectively
leading to membrane redecoration and instability and
cellular stress. In such strains, colistin interaction stabi-
lizes the bacterial membrane. Hence, colistin dependence
appears to represent an example of fitness cost derived
from antibiotic resistance.

Clinical implications of antibiotic dependence
Many aspects of the role of antibiotic dependence pheno-
type during an infection are unclear. Particularly, infec-
tions caused by VD, LD or CD strains require a better
understanding of the implications of dependence in the
developments of infection given the clinical importance
of these drugs.

It is known that in some cases VD strains may be devel-
oped as a collateral effect of antibiotic treatment against
multidrug resistant strains of a different pathogen or in
cases of supportive treatment to prevent multiple injury
infection. Such dependent strains are not considered pri-
mary pathogens and are isolated as result of the micro-
biological surveillance in these patients. Examples of this
include an enterococci isolated from a patient receiv-
ing vancomycin to treat a sepsis caused by a coagulase-
negative Staphylococcus, E. faecium from the faces of a
patient receiving vancomycin to treat methicillin/oxacil-
lin-resistant S. aureus and an E. faecium isolated from a
female patient on intravenous vancomycin therapy for
multiple traumatic injuries [71, 75, 82]. In these cases, the
pathogenic potential of the strains is not established [92].
Nonetheless, in other cases VD pathogens have been
clearly associated with disease states. Bacteremia [10,
72, 78, 81, 84], intraperitoneal, pleural and urinary tract
infections [7, 73, 84], and even deaths caused by refrac-
tory sepsis associated with VD enterococci strains have
been documented [84]. Moreover, the potential of these
strains to cause outbreaks associated with health care
attention was demonstrated by an outbreak developed by
a strain of VD E. faecium in five patients in a bone mar-
row transplant (BMT) unit. Although in this case, no
clinical symptoms could be clearly attributed to VD Ente-
rococcus colonization and persistence in the patients [76].

In the case of LD strains, the Staphylococcus isolates
are undoubtedly pathogenic, whether systemic or oppor-
tunistic. Furthermore, one of the studies assessed the
contribution of linezolid dependence to the dissemina-
tion of S. epidermidis linezolid resistant strains in Greek
hospitals [137]. Strikingly, a majority of linezolid resist-
ant strains (74%) isolated from 2011 to 2013 were actually
LD. Almost all LD strains displayed the same macror-
estriction pattern and multilocus sequence type, identi-
fying them as belonging to the sequence type ST22. In a
similar study among linezolid resistant strains isolated in
German hospitals, also most were found to be LD and to

Page 10 of 15

belong to the ST22 [113]. The remaining strains belonged
to sequence types of the clonal complex 5 (CC5), in
which ST22 is located. Hence, it seems that the CC5 line-
age of S. epidermidis has a predisposition to develop line-
zolid dependence, and that this trait is clearly involved in
the spread of linezolid resistance. Nonetheless, additional
experimental research is needed to understand how this
may occur.

While all CD strains studied to date were obtained after
in vitro passages of clinical strains, many of them were
present as heteroresistant components of isolates cata-
loged as colistin sensitive [131, 133, 135]. Thus, the role
of this trait during infection needs clarification. Strik-
ingly, three studies noted that CD strains derived from
antibiotic sensitive isolates further develop into stable
colistin resistant strains, suggesting that in this particu-
lar case, dependence represents an intermediate state
towards resistance [131, 132, 135]. Perhaps the most
illustrative fact of the importance of this characteristic is
that the tendency to develop colistin dependence in clini-
cal A. baumannii isolates associates with treatment fail-
ure in patients [135]. However, in one of the few studies
assessing the implications of dependence in virulence, a
CD strain displayed attenuated virulence in murine colo-
nization model compared to its parental non-dependent
strain [24].

How the administration of antibiotics is affecting the
development of an infection with an antibiotic-depend-
ent strain and whether antibiotic elimination could
prompt infection clearance are still paramount open
questions. Clearance of the infection just by antibiotic
withdrawn may not occur because of the emergence of
spontaneous revertants reported in virtually all cases of
dependence and the fact that some patients seem to be
colonized by a population of heterodependent bacte-
ria, i.e. both dependent and plain resistant colonies are
obtained from the patient’s sample [76, 82]. In general,
few studies have addressed these questions for any case
of antibiotic dependence. In 2010, Zhong and collabora-
tors reported the case of a tuberculosis patient infected
by a rifampicin-dependent bacilli. Here, the treatment
with an antibiotic cocktail including rifampicin seemed
to worsen the disease. Removal of rifampicin and con-
tinuation with other antibiotics in the cocktail cured the
patient [18]. Although in this case the individual effect of
rifampicin elimination and the effects of the rest of the
antibiotics in the eradication of the disease could not be
circumscribed, it clearly showed that the documenta-
tion of the antibiotic dependence was important for the
proper design of the regime of drugs. In the case of a
VD Enterococcus isolated from a urinary tract infection,
the vancomycin treatment was substituted by imipenem
because of the development of bacteremia and sepsis
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with a VRE. This cleared the infection both from blood
and urine [7]. Thus, in this case it is also not possible
to know the specific effect of removing the vancomycin
therapy in the resolution of the VRE infection. In a dif-
ferent example, a VD Enterococcus causing bacteremia
developed in a patient treated with an antibiotic cock-
tail that included amikacin, imipenem and vancomycin.
The enterococci was not further isolated from blood and
infection signs disappeared after completion of the treat-
ment [72], which suggests that the antibiotics accompa-
nying vancomycin in the cocktail were effective. Also,
due to the development of the VD Enterococcus outbreak
in a BMT unit described in a previous section, the policy
to apply a prophylactic vancomycin treatment to BMT
recipients was reviewed and the use of vancomycin was
further reserved for serious infections [76]. The effect of
linezolid in the infectious outcome when LD strains are
involved is to date completely unstudied. Currently, lin-
ezolid dependence characterization has only been per-
formed in vitro on standard laboratory media. Research
on animal models, at least, is required to assess the effect
of linezolid administration/elimination on the virulence
of LD strains. As with the case of vancomycin, reversion
of LD to resistance only and vice versa seems to be com-
mon in S. epidermidis [118] and spontaneous generation
of plain resistant and sensitive strains derived from a LD
S. aureus is documented. Thus, it seems that the out-
come of infection would not be easily inferred for cases
of LD strains and this is one of the more urgent areas of
research in antibiotic dependence. Even less is known in
this matter regarding CD. Recently, it was shown that a
CD A. baumannii strain was able to colonize mice and
to resist a colistin treatment, in spite of its attenuated
virulence [24]. Nonetheless the effect of colistin over CD
bacteria during human infections is to date completely
undocumented.

Another important remaining issue concerns the
pathogen detection practice in the clinical laboratory.
Antibiotic-dependent strains have been described as
“invisible pathogens” [24] because they pose a challenge
for detection by conventional laboratory practices. VD
enterococci were only detected by the high antibiotic
concentration of the original urine sample or by the
routine use of antibiotic discs in the primary isolation
plates [7, 65]. LD staphylococci were detected by using
long incubation times [22]. Likewise, it has been recently
reported that CD A. baumannii have a significatively
higher incubation time to be detected by hemoculture
than the parental colistin-sensitive strains [131]. Thus,
standard incubation times and the use of antibiotic-free
media in the primary isolation protocols may mask the
incidence of dependent bacteria. However, to date it is
difficult to estimate the possible contribution of this trait
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to the underdetection of pathogens. On the basis of the
proportion of antibiotic-dependent population of patho-
gens when ascertained, it may be significant. Certainly,
awareness must be raised to include standard laboratory
practices allowing the detection of antibiotic-dependent
strains. From this, it can be obtained real data regard-
ing the epidemiological importance and complete clini-
cal features of these traits. This information is critical to
develop correct treatments.

Concluding remarks

In light of the current antimicrobial resistance crisis, all of
the effects of antibiotics on the physiology of pathogens
need to be ascertained. Antibiotic dependence is a trait
for which the ecological and evolutionary implications
are not always systematically studied. From the informa-
tion available, it emerges that the basis for dependence
relies on specific antibiotics mechanisms of action. For
instance, for streptomycin and linezolid, the basis for
dependence is at ribosomes function, which are their pri-
mary action targets. Similarly, in both colistin sensitivity
and dependence membrane structuration processes are
involved. While the genetic basis for the dependence are
clearly established in some instances (e.g. streptomycin
and vancomycin) the association of mutations with other
dependencies are not clear. In such cases, a phenotypic-
based dependence process cannot be discarded.

The studies reviewed hint into a significant role of
dependence in the development and spread of resistance.
Likely, pathogen underdetection is also occurring due to
this trait. Moreover, in some documented cases, assess-
ing dependence is an important piece of information in
order to design proper therapies. All of these are key fea-
tures to integrate into protocols to withstand multidrug
resistance. Moreover, there is a profound knowledge gap
in the relationship between dependence and other non
canonical bacterial responses to antibiotics, such as het-
eroresistance, tolerance provided by persisters cells, via-
ble but nonculturable states or heterogeneous antibiotic
accumulation. The integral study of these traits through
specifically designed research will provide a more accu-
rate landscape of the effects induced by antibiotics and
their implications in virulence, epidemiology, diagnos-
tics, and therapy efficacy.

Abbreviations

WHO World Health Organization

VRE Vancomycin Resistant Enterococci
TCS Two-component system

VD Vancomycin-dependent

WT Wild type

PTC Peptidyl transferase center

MIC Minimal inhibitory concentration
LD Linezolid-dependent

LOS Lipo-oligosaccharide



Paredes-Amaya et al. Journal of Biomedical Science (2023) 30:67

PG Phosphatidylglycerol
LPS Lipopolysaccharide
PEIN Phosphoethanolamine
cD Colistin-dependent

IS Insertion sequences
BMT Bone marrow transplant

Acknowledgements
Not applicable.

Author contributions

CPA gathered information and wrote the sections regarding antibiotic’s
mode of action and bacterial resistance mechanisms. Also participated in

the organization of the manuscript. MTU participated in the discussion of the
information and organization of the clinical aspects of dependence. VGA con-
ceptualized the review and gathered information on antibiotic dependence
and its clinical aspects. Also wrote the main body of the text.

Funding
This work was funded by FONDECYT Regular Grant Number 1220433, from
ANID, Chile.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 April 2023 Accepted: 7 August 2023
Published online: 14 August 2023

References

1. Levy SB, Marshall B. Antibacterial resistance worldwide: causes, chal-
lenges and responses. Nat Med. 2004;10:5122-9.

2. Darby EM, Trampari E, Siasat P, Gaya MS, Alav |, Webber MA, et al.
Molecular mechanisms of antibiotic resistance revisited. Nat Rev Micro-
biol. 2022. https://doi.org/10.1038/541579-022-00820-y.

3. Corona F, Martinez JL. Phenotypic resistance to antibiotics. Antibiotics
(Basel). 2013;2:237-55.

4. Munita JM, Arias CA. Mechanisms of antibiotic resistance. Microbiol
Spectr. 2016. https://doi.org/10.1128/microbiolspec.VMBF-0016-2015.

5. Wenzel M. Do we really understand how antibiotics work? Future
Microbiol. 2020;15:1307-11.

6. Sanz-Garcia F, Gil-Gil T, Laborda P, Blanco P, Ochoa-Sanchez L-E, Baquero
F, et al. Translating eco-evolutionary biology into therapy to tackle
antibiotic resistance. Nat Rev Microbiol. 2023. https://doi.org/10.1038/
$41579-023-00902-5.

7. Fraimow HS, Jungkind DL, Lander DW, Delso DR, Dean JL. Urinary tract
infection with an Enterococcus faecalis isolate that requires vancomycin
for growth. Ann Intern Med. 1994;121:22-6.

8. KoKS, ChoiY, Lee J-Y. Old drug, new findings: colistin resistance
and dependence of Acinetobacter baumannii. Precis Future Med.
2017;1:159-67.

9. Pournaras S, Ntokou E, Zarkotou O, Ranellou K, Themeli-Digalaki K, Sta-
thopoulos C, et al. Linezolid dependence in Staphylococcus epidermidis
bloodstream isolates. Emerg Infect Dis. 2013;19:129-32.

10. Farrag N, Eltringham |, Liddy H. Vancomycin-dependent Enterococcus
faecalis. Lancet. 1996;348:1581-2.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34

35.

Page 12 of 15

Hall WH, Spink WW. In vitro sensitivity of Brucella to streptomycin;
development of resistance during streptomycin treatment. Proc Soc
Exp Biol Med. 1947,64:403-6.

Kushnick T, Randles Cl, Gray CT, Birkeland JM. Variants of Escherichia coli,
Pseudomonas aeruginosa, and Bacillus subtilis requiring streptomycin.
Science. 1947;106:587-8.

Miller CP, Bohnhoff M. Two streptomycin-resistant variants of Meningo-
coccus 1. J Bacteriol. 1947;54:467-81.

Paine TF, Finland M. Observations on bacteria sensitive to, resistant to,
and dependent upon streptomycin. J Bacteriol. 1948;56:207-18.
Schigtt CR, Stenderup A. Terramycin, aureomycin and chloromycetin
dependent bacteria isolated from patients. Ugeskr Laeg. 1954;116:56-9.
Gocke TM, Finland M. Development of chloramphenicol-resistant and
chloramphenicol-dependent variants of a strain of Klebsiella pneumo-
niae. Proc Soc Exp Biol Med. 1950,74:824-9.

Dabbs ER. Three additional loci of rifampicin dependence in Escherichia
coli. Mol Gen Genet. 1982;187:519-22.

Zhong M, Zhang X, Wang Y, Zhang C, Chen G, Hu P, et al. An interesting
case of rifampicin-dependent/-enhanced multidrug-resistant tubercu-
losis. Int J Tuberc Lung Dis. 2010;14:40-4.

Maguire BA, Deaves JK, Wild DG. Some properties of two erythromycin-
dependent strains of Escherichia coli. } Gen Microbiol. 1989;135:575-81.
Ko S-Y, Chung H-J, Sung H-S, Kim M-N. Emergence of beta-lactam-
dependent Bacillus cereus associated with prolonged treatment with
cefepime in a neutropenic patient. Korean J Lab Med. 2007,27:216-20.
Wolter DJ, Scott A, Armbruster CR, Whittington D, Edgar JS, Qin X, et al.
Repeated isolation of an antibiotic-dependent and temperature-sensi-
tive mutant of Pseudomonas aeruginosa from a cystic fibrosis patient. J
Antimicrob Chemother. 2020,76:616-25.

Garcia-Angulo VA, Herve B, Melo J, Sanhueza C, la Fuente SD, Aguirre
LL, et al. Isolation and first draft genome sequence of a linezolid-
dependent Staphylococcus aureus clinical strain. Future Microbiol.
2020;15:1123-9.

Hawley JS, Murray CK, Jorgensen JH. Development of colistin-depend-
ent Acinetobacter baumannii-Acinetobacter calcoaceticus complex.
Antimicrob Agents Chemother. 2007;51:4529-30.

Zhu, Lu J, Han M-L, Jiang X, Azad MAK, Patil NA, et al. Polymyxins bind
to the cell surface of unculturable acinetobacter baumannii and cause
unique dependent resistance. Adv Sci. 2020;7:2000704.

Baldwin CE, Sanders RW, Deng Y, Jurriaans S, Lange JM, Lu M, et al.
Emergence of a drug-dependent human immunodeficiency virus
type 1 variant during therapy with the T20 fusion inhibitor. J Virol.
2004,78:12428-37.

Rueda C, Cuenca-Estrella M, Zaragoza O. Paradoxical growth of candida
albicans in the presence of caspofungin is associated with multiple
cell wall rearrangements and decreased virulence. Antimicrob Agents
Chemother. 2014;58:1071-83.

Miller WS, Green CA, Kitchen H. Biphasic action of penicillin and other
sulphonamide similarity. Nature. 1945;155:210-1.

Wainwright M. Streptomycin: discovery and resultant controversy. Hist
Philos Life Sci. 1991;13:97-124.

Vennesland K, Ebert RH, Bloch RG. The demonstration of naturally-
occurring streptomycin-resistant variants in the human strain of
Tubercle Bacillus H-37RV. Science. 1947;106:476-7.

Newcombe HB, Hawirko R. Spontaneous mutation to strepto-

mycin resistance and dependence in Escherichia coli. ) Bacteriol.
1949,57:565-72.

Curran HR, Evans FR. Stimulation of sporogenic and nonsporogenic
bacteria by traces of penicillin or streptomycin. Proc Soc Exp Biol Med.
1947,64:231-3.

Dabbs ER, Looman K. An antibiotic dependent conditional lethal
mutant with a lesion affecting transcription and translation. Mol Gen
Genet. 1981;184:224-9.

Dabbs ER. New tool for studying interactions of components of RNA
polymerase: rifampin dependent mutants. J Bacteriol. 1979;139:1072.
Henkin TM, Campbell KM, Chambliss GH. Spectinomycin dependence
in Bacillus subtilis. ) Bacteriol. 1979;137:1452-5.

Pai 'Y, Dabbs ER. Conditional lethal mutants of Bacillus subtilis depend-
ent on kasugamycin for growth. Molec Gen Genet. 1981;183:478-83.


https://doi.org/10.1038/s41579-022-00820-y
https://doi.org/10.1128/microbiolspec.VMBF-0016-2015
https://doi.org/10.1038/s41579-023-00902-5
https://doi.org/10.1038/s41579-023-00902-5

Paredes-Amaya et al. Journal of Biomedical Science

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48

49.

50

52.

53.

54

55.

56.

57.

58.

(2023) 30:67

Dabbs ER. The ribosomal components responsible for kasugamycin
dependence, and its suppression, in a mutant of Escherichia coli.
Molec Gen Genet. 1980;177:271-6.

Subramanian AR, Dabbs ER. Functional studies on ribosomes
lacking protein L1 from mutant Escherichia coli. Eur J Biochem.
1980;112:425-30.

Demirci H, Murphy F, Murphy E, Gregory ST, Dahlberg AE, Jogl G. A
structural basis for streptomycin-induced misreading of the genetic
code. Nat Commun. 2013;4:1355.

Birge EA, Kurland CG. Altered ribosomal protein in streptomycin-
dependent Escherichia coli. Science. 1969;166:1282-4.

Birge EA, Kuriland CG. Reversion of a streptomycin-dependent strain
of Escherichia coli. Molec Gen Genet. 1970;109:356-69.

Ruusala T, Andersson D, Ehrenberg M, Kurland CG. Hyper-accurate
ribosomes inhibit growth. EMBO J. 1984;3:2575-80.

Diaz |, Ehrenberg M, Kurland CG. How do combinations of rpsL-

and miaA- generate streptomycin dependence? Mol Gen Genet.
1986;202:207-11.

Boe L. Translational errors as the cause of mutations in Escherichia
coli. Molec Gen Genet. 1992;231:469-71.

Faxén M, Kirsebom LA, Isaksson LA. Is efficiency of suppressor tRNAs
controlled at the level of ribosomal proofreading in vivo? J Bacteriol.
1988;170:3756-60.

Sipley J, Dunn J, Goldman E. Bacteriophage T7 morphogenesis and
gene 10 frameshifting in Escherichia coli showing different degrees of
ribosomal fidelity. Mol Gen Genet. 1991;230:376-84.

Sipley J, Goldman E. Increased ribosomal accuracy increases a pro-
grammed translational frameshift in Escherichia coli. Proc Natl Acad
SciUS A 1993;90:2315-9.

Merryweather A, Bernander R, Nordstrom K. Direct selection for

the exchange of alleles between a plasmid and the Escherichia coli
chromosome. Mol Gen Genet. 1987;210:381-4.

Wang B, Svetlov V, Wolf Y1, Koonin EV, Nudler E, Artsimovitch I.
Allosteric activation of SARS-CoV-2 RNA-dependent RNA polymerase
by remdesivir triphosphate and other phosphorylated nucleotides.
MBio. 2021;12:e0142321.

Volkov IL, Lindén M, Aguirre Rivera J, leong K-W, Metelev M, EIf J, et al.
tRNA tracking for direct measurements of protein synthesis kinetics
in live cells. Nat Chem Biol. 2018;14:618-26.

Turner AM, Lee JYH, Gorrie CL, Howden BP, Carter GP. Genomic
insights into last-line antimicrobial resistance in multidrug-resistant
Staphylococcus and vancomycin-resistant Enterococcus. Front
Microbiol. 2021;12:637656.

Ledger EVK, Sabnis A, Edwards AM. Polymyxin and lipopeptide
antibiotics: membrane-targeting drugs of last resort. Microbiology
(Reading). 2022;168: 001136.

Bruniera FR, Ferreira FM, Saviolli LRM, Bacci MR, Feder D, da Luz
Gongalves Pedreira M, et al. The use of vancomycin with its thera-
peutic and adverse effects: a review. Eur Rev Med Pharmacol Sci.
2015;19:694-700.

Stogios PJ, Savchenko A. Molecular mechanisms of vancomycin
resistance. Protein Sci. 2020;29:654-69.

Hashimoto Y, Kita |, Suzuki M, Hirakawa H, Ohtaki H, Tomita H. First
report of the local spread of vancomycin-resistant enterococci
ascribed to the interspecies transmission of a vanA gene cluster-
carrying linear plasmid. mSphere. 2020;5:e00102-e120.

Faron ML, Ledeboer NA, Buchan BW. Resistance mechanisms, epide-
miology, and approaches to screening for vancomycin-resistant Ente-
rococcus in the health care setting. J Clin Microbiol. 2016;54:2436-47.
Arthur M, Molinas C, Courvalin P. The VanS-VanR two-component
regulatory system controls synthesis of depsipeptide pepti-
doglycan precursors in Enterococcus faecium BM4147. J Bacteriol.
1992;174:2582-91.

Hughes CS, Longo E, Phillips-Jones MK, Hussain R. Characterisation of
the selective binding of antibiotics vancomycin and teicoplanin by the
VanS receptor regulating type A vancomycin resistance in the entero-
cocci. Biochim Biophys Acta Gen Subj. 2017;1861:1951-9.
Phillips-Jones MK, Channell G, Kelsall CJ, Hughes CS, Ashcroft AE, Patch-
ing SG, et al. Hydrodynamics of the VanA-type VanS histidine kinase: an
extended solution conformation and first evidence for interactions with
vancomycin. Sci Rep. 2017,7:46180.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 13 of 15

Arthur M, Depardieu F, Cabanié L, Reynolds P, Courvalin P. Requirement
of the VanY and VanX D, D-peptidases for glycopeptide resistance in
enterococci. Mol Microbiol. 1998;30:819-30.

Ambur O-H, Reynolds PE, Arias CA. d-Ala:d-Ala ligase gene flanking the
vanC cluster: evidence for presence of three ligase genes in vanco-
mycin-resistant Enterococcus gallinarum BM4174. Antimicrob Agents
Chemother. 2002;46:95-100.

Arias CA, Courvalin P, Reynolds PE. vanC cluster of vancomycin-resistant
Enterococcus gallinarum BM4174. Antimicrob Agents Chemother.
2000;44:1660-6.

Eubank TA, Gonzales-Luna AJ, Hurdle JG, Garey KW. Genetic mecha-
nisms of vancomycin resistance in Clostridioides difficile: a systematic
review. Antibiotics (Basel). 2022;11:258.

Sebaihia M, Wren BW, Mullany P, Fairweather NF, Minton N, Stabler R,
et al. The multidrug-resistant human pathogen Clostridium difficile has
a highly mobile, mosaic genome. Nat Genet. 2006;38:779-86.

Shen W-J, Deshpande A, Hevener KE, Endres BT, Garey KW, Palmer KL,
et al. Constitutive expression of the cryptic vanGCd operon promotes
vancomycin resistance in Clostridioides difficile clinical isolates. J Anti-
microb Chemother. 2020;75:859-67.

Woodford N, Johnson AP, Morrison D, Hastings JG, Elliott TS, Wor-
thington A, et al. Vancomycin-dependent enterococci in the United
Kingdom. J Antimicrob Chemother. 1994;33:1066.

Majumdar A, Lipkin GW, Eliott TS, Wheeler DC. Vancomycin-dependent
enterococci in a uraemic patient with sclerosing peritonitis. Nephrol
Dial Transplant. 1999;14:765-7.

Tanimoto K, Nomura T, Hamatani H, Xiao Y-H, Ike Y. A vancomycin-
dependent VanA-type Enterococcus faecalis strain isolated in Japan from
chicken imported from China. Lett Appl Microbiol. 2005;41:157-62.
Van Bambeke F, Chauvel M, Reynolds PE, Fraimow HS, Courvalin P
Vancomycin-dependent Enterococcus faecalis clinical isolates and
revertant mutants. Antimicrob Agents Chemother. 1999;43:41-7.

Bert F, Leflon-Guibout V, Le Grand J, Bourdon N, Nicolas-Chanoine
M-H. Emergence of vancomycin-dependent enterococci following
glycopeptide therapy: case report and review. Pathol Biol (Paris).
2009;57:56-60.

Blaschitz M, Lepuschitz S, Wagner L, Allerberger F, Indra A, Ruppitsch
W, et al. Draft genome sequence of a vancomycin-resistant and van-
comycin-dependent Enterococcus faecium isolate. Genome Announc.
2016;4:200059-e116.

Dever LL, Smith SM, Handwerger S, Eng RH. Vancomycin-dependent
Enterococcus faecium isolated from stool following oral vancomycin
therapy. J Clin Microbiol. 1995;33:2770-3.

Green M, Shlaes JH, Barbadora K, Shlaes DM. Bacteremia due to vanco-
mycin-dependent Enterococcus faecium. Clin Infect Dis. 1995;20:712-4.
Huhulescu S, Schmid D, Mayer B, Stadlbauer S, Wewalka G, Allerberger
F, et al. Partial teicoplanin dependence in a vancomycin-dependent
Enterococcus faecium isolated from an oncology patient 1 month after
cessation of teicoplanin therapy, Austria 2007. Int J Antimicrob Agents.
2008;31:86-8.

Hwang K, Sung H, Namgoong S, Yoon NS, Kim M-N. Microbiological
and epidemiological characteristics of vancomycin-dependent entero-
cocci. Korean J Lab Med. 2009;29:299-306.

Kerbauy G, Perugini MRE, Yamauchi LM, Yamada-Ogatta SF. Vanco-
mycin-dependent Enterococcus faecium vanA: characterization of the
first case isolated in a university hospital in Brazil. Braz J Med Biol Res.
2011,44:253-7.

Kirkpatrick BD, Harrington SM, Smith D, Marcellus D, Miller C, Dick J,

et al. An outbreak of vancomycin-dependent Enterococcus faecium in a
bone marrow transplant unit. Clin Infect Dis. 1999;29:1268-73.

Kuo S-F, Huang S-P, Lee C-H. Vancomycin-dependent Enterococ-

cus faecium can easily be obscured. J Microbiol Immunol Infect.
2017,50:926-7.

Mitchell SL, Mattei LM, Alby K. Whole genome characterization of a
naturally occurring vancomycin-dependent Enterococcus faecium from
a patient with bacteremia. Infect Genet Evol. 2017;52:96-9.

San Millan A, Depardieu F, Godreuil S, Courvalin P.VanB-type Enterococ-
cus faecium clinical isolate successively inducibly resistant to, depend-
ent on, and constitutively resistant to vancomycin. Antimicrob Agents
Chemother. 2009;53:1974-82.



Paredes-Amaya et al. Journal of Biomedical Science

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94

95.

96.

97.

98.

99.

100.

102.

(2023) 30:67

Sng LH, Cornish N, Knapp CC, Ludwig MD, Hall GS, Washington JA.
Antimicrobial susceptibility testing of a clinical isolate of vancomycin-
dependent enterococcus using D-alanine-D-alanine as a growth sup-
plement. Am J Clin Pathol. 1998;109:399-403.

Stewart B, Hall L, Duke B, Ball D. Vancomycin-dependent enterococci:
curious phenomenon or serious threat? J Antimicrob Chemother.
1997;40:734-5.

SukumaranV, Cosh J, Thammavong A, Kennedy K, Ong CW. Vanco-
mycin dependent Enterococcus: an unusual mutant? Pathology.
2019;51:318-20.

Swann RA, Bhattacharya S.Vancomycin-dependent Enterococcus.
Indian J Med Microbiol. 2011;29:71-2.

Tambyah PA, Marx JA, Maki DG. Nosocomial infection with vancomycin-
dependent enterococci. Emerg Infect Dis. 2004;10:1277-81.

Yowler CJ, Blinkhorn RJ, Fratianne RB. Vancomycin-dependent Entero-
coccal strains: case report and review. J Trauma. 2000;48:783-5.

Rosato A, Pierre J, Billot-Klein D, Buu-Hoi A, Gutmann L. Inducible and
constitutive expression of resistance to glycopeptides and vancomycin
dependence in glycopeptide-resistant Enterococcus avium. Antimicrob
Agents Chemother. 1995;39:830-3.

Meziane-Cherif D, Saul FA, Moubareck C, Weber P, Haouz A, Courvalin P,
et al. Molecular basis of vancomycin dependence in VanA-type Staphy-
lococcus aureus VRSA-9. J Bacteriol. 2010;192:5465-71.

Périchon B, Courvalin P. Staphylococcus aureus VRSA-11B is a constitu-
tive vancomycin-resistant mutant of vancomycin-dependent VRSA-
1TA. Antimicrob Agents Chemother. 2012;56:4693-6.

Baptista M, Depardieu F, Reynolds P, Courvalin P, Arthur M. Mutations
leading to increased levels of resistance to glycopeptide antibiotics in
VanB-type enterococci. Mol Microbiol. 1997;25:93-105.

Moubareck C, Meziane-Cherif D, Courvalin P, Périchon B. VanA-type
Staphylococcus aureus strain VRSA-7 is partially dependent on vancomy-
cin for growth. Antimicrob Agents Chemother. 2009;53:3657-63.
Sifaoui F, Gutmann L. Vancomycin dependence in a vanA-producing
Enterococcus avium strain with a nonsense mutation in the natural
D-Ala-D-Ala ligase gene. Antimicrob Agents Chemother. 1997;41:1409.
Banerjee T, Anupurba S. Isolation and characterization of the first
vancomycin-dependent Enterococcus from India. Indian J Med Micro-
biol. 2013;31:91-2.

Depardieu F, Courvalin P, Kolb A. Binding sites of VanRB and sigma70
RNA polymerase in the vanB vancomycin resistance operon of Entero-
coccus faecium BM4524. Mol Microbiol. 2005;57:550-64.

Slee AM, Wuonola MA, McRipley RJ, Zajac |, Zawada MJ, Bartholomew
PT, et al. Oxazolidinones, a new class of synthetic antibacterial agents:
in vitro and in vivo activities of DuP 105 and DuP 721. Antimicrobial
Agents Chemother. 1987;31:1781.

Bouza E, Mufoz P. Linezolid: pharmacokinetic characteristics and clini-
cal studies. Clin Microbiol Infect. 2001;7:75-82.

Hashemian SMR, Farhadi T, Ganjparvar M. Linezolid: a review of its
properties, function, and use in critical care. Drug Des Devel Ther.
2018;12:1759-67.

Lin AH, Murray RW, Vidmar TJ, Marotti KR. The oxazolidinone eperezolid
binds to the 50S ribosomal subunit and competes with binding of
chloramphenicol and lincomycin. Antimicrob Agents Chemother.
1997;41:2127-31.

Swaney SM, Aoki H, Ganoza MC, Shinabarger DL. The oxazolidinone
linezolid inhibits initiation of protein synthesis in bacteria. Antimicrob
Agents Chemother. 1998;42:3251-5.

Ippolito JA, Kanyo ZF, Wang D, Franceschi FJ, Moore PB, Steitz TA, et al.
Crystal structure of the oxazolidinone antibiotic linezolid bound to the
505 ribosomal subunit. ] Med Chem. 2008;51:3353-6.

Leach KL, Swaney SM, Colca JR, McDonald WG, Blinn JR, Thomasco LM,
et al. The site of action of oxazolidinone antibiotics in living bacteria
and in human mitochondria. Mol Cell. 2007,26:393-402.

Wilson DN, Schluenzen F, Harms JM, Starosta AL, Connell SR, Fucini

P The oxazolidinone antibiotics perturb the ribosomal peptidyl-
transferase center and effect tRNA positioning. Proc Natl Acad Sci U S A.
2008;105:13339-44.

Bender JK, Cattoir V, Hegstad K, Sadowy E, Coque TM, Westh H, et al.
Update on prevalence and mechanisms of resistance to linezolid, tige-
cycline and daptomycin in enterococci in Europe: towards a common
nomenclature. Drug Resist Updates. 2018;40:25-39.

103.

104.

105.

106.

107.

108.

110.

1.

116.

119.

120.

121.

122.

126.

Page 14 of 15

Brenciani A, Morroni G, Schwarz S, Giovanetti E. Oxazolidinones:
mechanisms of resistance and mobile genetic elements involved. J
Antimicrob Chemother. 2022;77:2596-621.

Long KS, Vester B. Resistance to linezolid caused by modifications

at its binding site on the ribosome. Antimicrob Agents Chemother.
2012;,56:603-12.

Vester B.The cfr and cfr-like multiple resistance genes. Res Microbiol.
2018;169:61-6.

Liu B-G, Yuan X-L, He D-D, Hu G-Z, Miao M-S, Xu E-P. Research progress
on the oxazolidinone drug linezolid resistance. Eur Rev Med Pharmacol
Sci. 2020;24:9274-81.

Wang Y, LvY, Cai J, Schwarz S, Cui L, Hu Z, et al. A novel gene, optrA, that
confers transferable resistance to oxazolidinones and phenicols and its
presence in Enterococcus faecalis and Enterococcus faecium of human
and animal origin. J Antimicrob Chemother. 2015;70:2182-90.

Farrell DJ, Mendes RE, Ross JE, Sader HS, Jones RN. LEADER Program
results for 2009: an activity and spectrum analysis of linezolid using
6,414 clinical isolates from 56 medical centers in the United States.
Antimicrob Agents Chemother. 2011,55:3684-90.

Lopez-Hernandez |, Delgado Valverde M, Batista Diaz N, Pascual A. First
report of linezolid dependence in methicillin-resistant Staphylococcus
aureus. Clin Microbiol Infect. 2015;21(650):e1-4.

Kokkori S, Apostolidi M, Tsakris A, Pournaras S, Stathopoulos C, Dinos G.
Linezolid-dependent function and structure adaptation of ribosomes
in a Staphylococcus epidermidis strain exhibiting linezolid dependence.
Antimicrob Agents Chemother. 2014;58:4651-6.

Hernando-Amado S, Sanz-Garcia F, Blanco P, Martinez JL. Fitness costs
associated with the acquisition of antibiotic resistance. Essays Biochem.
2017,61:37-48.

Melnyk AH, Wong A, Kassen R. The fitness costs of antibiotic resistance
mutations. Evol Appl. 2015;8:273-83.

Layer F, Vourli S, Karavasilis V, Strommenger B, Dafopoulou K, Tsakris

A, et al. Dissemination of linezolid-dependent, linezolid-resistant
Staphylococcus epidermidis clinical isolates belonging to CC5 in German
hospitals. J Antimicrob Chemother. 2018;73:1181-4.

Bialvaei AZ, Samadi KH. Colistin, mechanisms and prevalence of resist-
ance. Curr Med Res Opin. 2015;31:707-21.

El-Sayed Ahmed MAE-G, Zhong L-L, Shen C, Yang Y, Doi Y, Tian G-B.
Colistin and its role in the Era of antibiotic resistance: an extended
review (2000-2019). Emerg Microbes Infect. 2020;9:868-85.

Li J, Nation RL, Turnidge JD, Milne RW, Coulthard K, Rayner CR, et al.
Colistin: the re-emerging antibiotic for multidrug-resistant Gram-nega-
tive bacterial infections. Lancet Infect Dis. 2006;6:589-601.

Loho T, Dharmayanti A. Colistin: an antibiotic and its role in multire-
sistant Gram-negative infections. Acta Med Indones. 2015;47:157-68.
Li Z, Velkov T. Polymyxins: mode of action. Adv Exp Med Biol.
2019;1145:37-54.

Grégoire N, Aranzana-Climent V, Magréault S, Marchand S, Couet W.
Clinical pharmacokinetics and pharmacodynamics of colistin. Clin
Pharmacokinet. 2017;56:1441-60.

Olaitan AO, Morand S, Rolain J-M. Mechanisms of polymyxin resistance:
acquired and intrinsic resistance in bacteria. Front Microbiol. 2014;5:643.
Gunn JS, Lim KB, Krueger J, Kim K, Guo L, Hackett M, et al. PmrA-PmrB-
regulated genes necessary for 4-aminoarabinose lipid A modification
and polymyxin resistance. Mol Microbiol. 1998;27:1171-82.

Moffatt JH, Harper M, Boyce JD. Mechanisms of polymyxin resistance.
Adv Exp Med Biol. 2019;1145:55-71.

Zhou Z, Ribeiro AA, Lin S, Cotter RJ, Miller S, Raetz CR. Lipid A modifica-
tions in polymyxin-resistant Salmonella typhimurium: PMRA-dependent
4-amino-4-deoxy-L-arabinose, and phosphoethanolamine incorpora-
tion. J Biol Chem. 2001;276:43111-21.

Moffatt JH, Harper M, Harrison P, Hale JDF, Vinogradov E, Seemann T,

et al. Colistin resistance in Acinetobacter baumannii is mediated by
complete loss of lipopolysaccharide production. Antimicrob Agents
Chemother. 2010,54:4971-7.

Liu S, Fang R, Zhang Y, Chen L, Huang N, Yu K; et al. Characterization of
resistance mechanisms of Enterobacter cloacae Complex co-resistant to
carbapenem and colistin. BMC Microbiol. 2021;21:208.

Puja H, Bolard A, Nogués A, Plésiat P, Jeannot K. The Efflux Pump
MexXY/OprM contributes to the tolerance and acquired resistance of



Paredes-Amaya et al. Journal of Biomedical Science (2023) 30:67 Page 15 of 15

Pseudomonas aeruginosa to Colistin. Antimicrob Agents Chemother.
2020;,64:€02033-€2119.

127 Hussein NH, Al-Kadmy IMS, Taha BM, Hussein JD. Mobilized colistin
resistance (mcr) genes from 1 to 10: a comprehensive review. Mol Biol
Rep. 2021;48:2897-907.

128. Chamoun S, Welander J, Martis-Thiele M-M, Ntzouni M, Claesson C,
Vikstréom E, et al. Colistin dependence in extensively drug-resistant
acinetobacter baumannii strain is associated with ISAjo2 and ISAba13
insertions and multiple cellular responses. Int J Mol Sci. 2021;22:576.

129. Garcfa-Quintanilla M, Carretero-Ledesma M, Moreno-Martinez P, Martin-
Pefa R, Pachén J, McConnell MJ. Lipopolysaccharide loss produces
partial colistin dependence and collateral sensitivity to azithromycin,
rifampicin and vancomycin in Acinetobacter baumannii. Int J Antimi-
crob Agents. 2015;46:696-702.

130. Garcia-Quintanilla M, Pulido MR, Moreno-Martinez P, Martin-Pefna R,
Lopez-Rojas R, Pachon J, et al. Activity of host antimicrobials against
multidrug-resistant Acinetobacter baumannii acquiring colistin resist-
ance through loss of lipopolysaccharide. Antimicrob Agents Chem-
other. 2014;58:2972-5.

131. Kon H, Hameir A, Temkin E, Keren-Paz A, Schwartz D, Schechner V, et al.
Colistin dependency among colistin-heteroresistant Acinetobacter
baumannii isolates. Microorganisms. 2021;10:58.

132. Lee J-Y,Chung ES, Ko KS. Transition of colistin dependence into colistin
resistance in Acinetobacter baumannii. Sci Rep. 2017,7:14216.

133. Hong Y-K, Ko KS. Development of colistin dependence in non-bauman-
nii Acinetobacter species. Int J Antimicrob Agents. 2018;52:742-3.

134. Lee J-Y,Hong Y-K, Ko KS. Cathelicidin LL-37 (an antimicrobial peptide)-
induced colistin dependence in Acinetobacter baumannii. Diagn
Microbiol Infect Dis. 2020,96: 114965.

135. Hong Y-K, Lee J-Y, Wi YM, Ko KS. High rate of colistin dependence in
Acinetobacter baumannii. J Antimicrob Chemother. 2016;71:2346-8.

136. Lee J-Y, Lee H, Park M, Cha C-J, Shin D, Ko KS. Lytic transglycosy-
lase contributes to the survival of lipooligosaccharide-deficient,
colistin-dependent Acinetobacter baumannii. Clin Microbiol Infect.
2019;25:1156.e1-1156.e7.

137. Karavasilis V, Zarkotou O, Panopoulou M, Kachrimanidou M, Themeli-
Digalaki K, Stylianakis A, et al. Wide dissemination of linezolid-resistant
Staphylococcus epidermidis in Greece is associated with a linezolid-
dependent ST22 clone. J Antimicrob Chemother. 2015;70:1625-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Fierce poison to others: the phenomenon of bacterial dependence on antibiotics
	Abstract 
	Introduction
	Early research on antibiotic dependence
	Bacterial dependence to last resort antibiotics
	Bacterial dependence on vancomycin
	Bacterial dependence to linezolid
	Bacterial dependence to colistin
	Clinical implications of antibiotic dependence
	Concluding remarks
	Acknowledgements
	References


