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Introduction

Antimicrobial resistance (AMR) describes the ability of 
microbes to resist the growth inhibitory effects of antimi-
crobials or antibiotics. The rise of such organisms threat-
ens many of the major advances in modern healthcare 
as the treatments rely on the implicit ability to allow the 
body to heal free from a serious infection (Harbarth et al. 
2015). AMR has now become a major global threat to 
public health (Mushtaq 2016). Antimicrobial resistance is 
present in every country and as a result the United Nations 
and the World Health Authority have committed to tack-
ling this serious danger to our modern medical approach 
(WHO 2016). There is also an ever increasing cost to deliv-
ering healthcare as a result of AMR. Patients with infec-
tions caused by drug-resistant bacteria are at increased risk 
of poor outcomes or death and consume more healthcare 
resources than those infected with the same non-resistant 
strain (Giske et al. 2008; Laxminarayan et al. 2013).

The emergence of resistance is partly due to the natu-
ral selection process in microorganisms (Wright and Poi-
nar 2012) but also as a consequence of human activity in 
our extensive and unregulated use of antibiotics over the 
last 70 years. The simple outcome of exposing microorgan-
isms to antibiotics forces the bacteria to change to survive. 
Bacteria adopt a number of molecular mechanisms as they 
develop resistance to antibiotics. These include (1) muta-
tions that alter the antibiotic target site sufficiently so that 
it no longer binds; (2) inactivating the antibiotic through 
enzymatic activity; (3) by-passing the targeted metabolic 
pathway; (4) over-producing a target protein so that suffi-
cient unbound target can operate normally; (5) decreasing 
the ability for the antibiotic to be taken up by reducing the 
number of entry points; (6) actively exporting the drug out 
of the cell (Schweizer 2012; Nguyen 2016). Clearly, the 
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fastest and simplest mechanism is to pump out the antibi-
otic using bacterial efflux transporters.

Efflux transporters

Antibiotic efflux mechanisms have been studied in Gram-
negative bacteria and nature has implemented a range of 
efflux transporters that pump out antibiotics. Antibiotic 
efflux pumps can be divided into five families: the Small 
Multidrug Resistance (SMR) family, the Multidrug And 
Toxic compound Extrusion (MATE) family, the Major 
Facilitator Superfamily (MFS), the ATP-Binding Cassette 
(ABC) family and the Resistance-Nodulation-cell Division 
(RND) family (Fig. 1). The diverse amino acid sequences 
and varied three-dimensional structures of these transport-
ers indicate that divergent evolution has probably been cen-
tral in their formation (Paulsen 2003). In this scenario, pre-
existing metabolite efflux transporter genes were duplicated 
and then mutated to alter their substrate specificity towards 

exogenous antibiotics or even used as a means of self-pro-
tection against antibiotics produced by the bacterium itself. 
A new family of biocide transporters has been identified 
in Acinetobacter baumannii that are structurally unrelated 
to all of the previously known efflux transporters (Hassan 
et  al. 2013). This opens up the possibility that there may 
well be other efflux transporters to be discovered.

All of the transporters listed above require the input of 
energy to move their target antibiotic out of the cell. SMR, 
MATE, MFS and RND families use the electrochemical 
gradient across the bacterial cell wall while the ABC fam-
ily use the energy released from the hydrolysis of ATP. It 
is important to emphasise that bacteria therefore have to 
expend energy to remove these toxic compounds out of the 
cell. Another significant point is that bacteria are able to 
use several antibiotic efflux pathways (Fig.  1). Therefore, 
there has been an evolutionary selection pressure to develop 
multiple pathways by which a bacterium can extrude toxic 
compounds as part of its normal metabolism and as a sur-
vival mechanism. These toxic compounds can range from 

Fig. 1   Schematic view of the five antibiotic efflux transporters pre-
sent in the Gram-negative bacterium Escherichia coli. The inner 
membrane (IM) and outer membrane (OM) separate the periplasmic 
space (PS). The small grey shapes represent a variety of antibiotics 
and the arrows demonstrate the direction of movement of the antibi-
otics through the transporters to the outside. The RND transporter is 
part of a tripartite complex consisting of the three subunits: the inner 
membrane pump, e.g. E. coli‘s acrB (green), and the outer mem-

brane β-barrel pore, e.g. E. coli tolC (red), which are linked together 
by a periplasmic localised protein, e.g. E. coli arcA (blue). The ABC 
transporters consist of a transmembrane body in purple and ATP-
binding domains in red. MFS and MATE families are single genes 
that form two domains, which are represented by the two ovals. 
Finally, the SMR families of proteins have to dimerise to form the 
active transporter
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internally produced harmful metabolites, environmentally 
derived heavy metals, and antibacterial compounds pro-
duced from competitors to man-made antimicrobials. The 
range of toxins that these transporters are actually able to 
deal with is much larger and includes harmful biocides 
including harsh chemicals such as disinfectants, herbicides 
and pesticides (Allen et al. 2006; Nikaido et al. 2011; Staub 
et al. 2012).

Endogenous functions of efflux transporters

Understandably, much of the research has focused on the 
efflux of antibiotics, however, these transporters have 
existed long before our use of chemicals to control or eradi-
cate bacteria, fungi, weeds or pests. The RND superfam-
ily of efflux proteins was first described as a related group 
of membrane transport proteins involved in heavy metal 
resistance (Ralstonia metallidurans), nodulation (Mes-
orhizobium loti) and cell division (E. coli). These toxic ele-
ments are often present in their habitat hence the need for 
an efflux system (Rademacher and Masepohl 2012; Choud-
hary and Sar 2016). The RND pump proteins have one 
member that has a surprising substrate—unfolded polypep-
tides. This membrane protein in E. coli is secDF and forms 
part of the translocon complex required to move proteins 
across the bacterial inner membrane. In this case, secDF 
pulls the translocating polypeptide into the periplasmic 
space. Even though the substrates are very diverse, both 
the secDF pulling mechanism and the arcB drug extruding 
mechanism move their targets in the same direction and use 
the proton motive force as their energy source (Tsukazaki 
et al. 2011).

Efflux pumps play a key role in the elimination of 
organic pollutants and protect the organism from the toxic 
effects of these pollutants. For example, in Pseudomonas 
putida, a strain resistant to organic solvents such as tolu-
ene, increased activity of its RND tripartite efflux pump 
TtgABC resulted in the extrusion of toluene (Duque et al. 
2001). The related efflux transporter EmhABC, from Pseu-
domonas fluorescens cLP6a, extrudes fatty acids after 
membrane damage or during the natural turnover of the 
lipid components (Adebusuyi and Foght 2011).

NephAB is another efflux transporter from Arthrobac-
ter nicotinovorans, which extrudes methylamine, the end 
result of nicotine biodegradation within the organism. This 
membrane protein is an example of the SMR family of drug 
transporters (Ganas et al. 2007).

In pathogenic bacteria, some efflux pumps are able to 
extrude agents, such as organic solvents, that are not nor-
mally present in the host. This is achieved by upregulat-
ing the same antibiotic efflux pumps. For example, the 
development of P. aeruginosa strains which are resistant 

to organic solvents, is due to the expression of antibiotic 
efflux pumps (Li and Poole 1999). Hence, not only antibiot-
ics but also organic solvents can generate resistant strains 
through expression of drug efflux pumps in non-clinical 
environments. This indicates the importance of the expo-
sure to toxic chemicals present in the environment in the 
development of antimicrobial resistance.

As well as being a multidrug efflux transporter, the E. 
coli MFS mdfA pump has been shown to be important for 
growth at alkaline pH values. This is believed to involve 
the extrusion of K+ in exchange for protons to maintain the 
internal pH with high external pH values (Lewinson et al. 
2004). E. coli utilises another MFS transporter, mdtM (Paul 
et al. 2014), to lower the concentrations of bile salts while 
Campylobacter jejuni uses its cmeABC RND transporter to 
achieve the same result (Lin et al. 2005). As well as extrud-
ing compounds that come from outside the cell, e.g. antimi-
crobials from competitors, toxic heavy metals and organic 
compounds, drug efflux transporters have a role in elimi-
nating potentially toxic compounds produced as a conse-
quence of cellular metabolism. Hence, the antibiotic efflux 
transporters form only part of an overall detoxifying system 
involving a large range of coordinated membrane proteins.

Adaptive resistance involves efflux transporters

Antibiotics have an optimum killing zone concentration. 
Concentrations far below this level will have no effect 
on bacterial growth. These lower levels are, however, not 
undetected by the bacteria. Bacteria are able to respond to 
this low antibiotic level and prepare themselves by upreg-
ulating efflux transporters among other activities. This 
results in a stronger defence mechanism that allows bacte-
ria to become resistant to higher concentrations of antibiot-
ics that would normally kill them. As part of this adaptive 
resistance mechanism, the resistance is reversible when 
the antibiotic is removed (Viveiros et al. 2002; Sandegren 
2014; Motta et  al. 2015). It is well known that mutations 
can alter the expression of drug efflux transporters (Chen 
et al. 2007; Brzoska et al. 2013; Curiao et al. 2016) but epi-
genetics plays an important role in this reversible mecha-
nism (Adam et  al. 2008; Motta et  al. 2015). Perhaps it is 
not unexpected that various pathways are upregulated upon 
exposure to antibiotics as most antibiotics are derived from 
natural microbial products.

Even though bacteria possess a range of efflux transport-
ers, dealing with an antibiotic attack appears to have a cost 
associated with it as the organism has to spend additional 
resources and energy to defend itself. Once the threat has 
dispersed, the levels of efflux transporters are reduced, 
allowing valuable metabolic resources to be re-directed 
potentially back towards growth and division.
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Efflux transporters and persisters

Phenotypic changes to bacteria also play a major role in 
antibiotic resistance. Within any population of bacteria, 
there is a small but important number of phenotypic vari-
ations that are resistant to the toxic effect of antibiotics. 
Organisms with an altered phenotype are believed to exist 
as a mechanism to deal with potentially catastrophic con-
ditions. For example, in the case of antibiotic exposure, 
a high dose of a particular antibiotic could kill almost an 
entire colony of bacteria, however, there are always a few 
cells that are able to withstand the harsh conditions. These 
are called persisters. These altered bacteria have been 
shown to be quiescent and do not grow or divide even 
under conditions that normally favour cell growth (Balaban 
et al. 2004). These persister cells have not been genetically 
modified as, once the threat has dissipated, the new prog-
eny are as susceptible to antibiotics as the original parent 
cells (Keren et al. 2004; Maisonneuve et al. 2013).

For cells to remain in a dormant phase even when there 
are sufficient nutrients available for growth, an alteration in 
metabolism must have occurred. This strategy is a key fea-
ture of persister cells (Li and Zhang 2007; Ma et al. 2010; 
Amato et al. 2014). This has been exploited as a means of 
killing persister cells by using chemicals that can encour-
age them to become more metabolically active thus allow-
ing particular antibiotics to be effective (Allison et al. 2011; 
Barraud et al. 2013; Thorsing et al. 2015).

Dormancy in persister cells does not mean total meta-
bolic inactivity. Persister cells still have to sample their 
environment and respond suitably. As many antibiotics are 
hydrophobic in character they can cross membranes with-
out requiring a proteinaceous pathway. This could result in 
a build-up of dangerous antibiotic levels for the bacterium. 
Indeed, the cells are still partially metabolically active 
and may produce toxic compounds that also need to be 
expelled. In such cases, it would be expected that the bacte-
rial efflux systems are upregulated. This has recently been 
demonstrated in E. coli persister cells in which Pu et  al. 
(2016) demonstrate that the antibiotic efflux systems, par-
ticularly those involving tolC, have enhanced efflux activity 
with lower intracellular concentrations of antibiotics.

Biofilms and efflux transporters

Persister cells are known to reside as a small proportion of 
the general bacterial population, however, their numbers 
are increased in the protective environment of the bio-
film. A biofilm is formed when free-swimming microor-
ganisms attach to a surface and build a protective barrier 
made of polymers such as DNA and protein but mainly 
polysaccharides. These biofilms are a heterogeneous mix 

of microorganisms and, due to a biofilm’s physical struc-
ture, the biofilm can possess at least two general environ-
ments that gradually transform from one to the other as a 
dynamic collective unit of bacteria. They are (1) an inner 
oxygen- and nutrient-deprived region that contains dormant 
cells and (2) an aerobic outer layer that contains metaboli-
cally active cells. As such there will be a varied population 
of phenotypic and genotypic microorganisms that make 
up any mature biofilm (Stewart and Franklin 2008). The 
physical barrier that a biofilm offers is a major part of this 
defensive strategy. The protective barrier can block entry of 
antibiotics as well as immune cells. It also protects against 
physical movement of microorganisms in dynamic fluids 
and can hold onto moisture and thus protect against dehy-
dration. The disadvantage for a microorganism is being 
walled into an environment with limited resources and 
plenty of close competition. However, the advantages out-
weigh the disadvantages particularly when the microorgan-
isms are subjected to antimicrobial attack with antibiotics.

Predictably, the microorganisms within biofilms com-
bine a number of the already mentioned antimicrobial 
resistance strategies to protect themselves. They tend to be 
slow growing (Lewis 2007) with altered metabolic states 
(Amato et  al. 2014). High doses of antibiotics can kill 
almost all of the cells within a biofilm but a few remain to 
recolonise the environment. These cells that can recolonise 
are persister cells (Brooun et  al. 2000). It has been found 
that there are more persister cells in a biofilm than in free-
floating bacteria in planktonic cultures (Singh et al. 2009; 
Yang et al. 2015). Another parallel between planktonic and 
biofilm localised persisters is the requirement for efflux 
pumps (Kvist et al. 2008; Matsumura et al. 2011; Liao et al. 
2013). Apart from the concept that biofilm persisters can 
recolonise their environment in a similar fashion to the 
planktonic version, it is not clear how, or if, the biofilm per-
sisters contribute to the formation and/or maintenance of 
the biofilm’s structure.

Efflux transporters as the first line of defense 
against antibiotics

Throughout the hundreds of millions of years of microbial 
existence, the exposure of microorganisms to potentially 
lethal chemicals such as antibiotics has, through evolution, 
resulted in a series of changes aimed at combating such 
threats. These alterations include physically moving away 
(Tso and Adler 1974), genetic and phenotypic changes, 
adopting a communal lifestyle in biofilms and even as part 
of swarming (Lai et  al. 2009; Butler et  al. 2010; Harshey 
and Partridge 2015). However, at a single cellular level, it 
now appears that the front line of their defense is their drug 
efflux transporters.
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It has been observed that, for many clinical isolates of 
antibiotic-resistant bacteria, there is an upregulation of 
efflux transporters. If we hypothesise that a transporter is 
central to the resistant phenotype, then deleting or disabling 
the transporter should result in a more sensitive antibiotic 
strain. However, this was not observed when one of these 
transporters was disabled; the level of antibiotic resistance 
remained almost unchanged (Yasufuku et  al. 2011; Costa 
et al. 2011; Kosmidis et al. 2012; Adabi et al. 2015). The 
problem with this approach when determining transporter 
function is that it does not take into account redundancy 
in the system. As mentioned above, bacteria possess not 
just one family of structurally related transporters but sev-
eral drug efflux transporter families (Fig.  1). Therefore, 
the lack of effect on antibiotic sensitivity after deletion of 
one transporter could be explained by the fact that more 
than one transporter is able to efflux the same antibiotic. 
This has been demonstrated in E. coli (Tal and Schuldiner 
2009; Paul et al. 2014; Wang et al. 2015). Three transport-
ers from three families were able to compensate for the 
loss of another efflux transporter. Also, in the same way 
that the RND CusCFBA copper efflux system in E. coli 
pumps copper ions out of the periplasmic space (Delmar 
et al. 2014), the AcrAB-TolC RND efflux pump appears to 
function as a general pump for the periplasmic space, i.e. 
it pumps out the majority of antibiotics that are present in 
the periplasmic space. The single component efflux pumps 
from the MFS, SMR and MATE families, as well as the 
ABC antibiotic efflux transporters, move antibiotics from 
the cytoplasm to the periplasmic space. The antibiotics are 
then moved outside the organism by the RND pump com-
plex with the linker protein to the porin-like TolC channel 
(Fig. 1; Tal and Schuldiner 2009).

Taking this a step further, this network of efflux trans-
porters is not only helping to protect against antimicrobials 
but is in fact the first line of defense of bacteria against a 
toxic chemical attack (Shuster et al. 2016). Without efflux 
transporters, the quickest bacterial response would be to 
switch on the production of genes that actively destroy or 
disable the chemical threat. This adaptive process takes 
time to achieve, potentially too long for survival. Longer 
term antimicrobial adaptations, like mutations, are likely 
to require too much time as would the relatively lengthy 
process of forming the fortress of a biofilm. In this process 
the network of efflux transporters plays a vital role. These 
constitutively expressed membrane proteins ensure that 
the internal concentration of antibiotic is kept at a suffi-
ciently low level to allow the bacteria to adopt longer term 
protective measures against the antibiotic such as changes 
in expression levels of the appropriate genes and/or muta-
tions. In such a scenario, you would expect an increase in 
the number of efflux pumps as the initial defensive step 
to augment the activity of those already present. This has 

been observed in the case of Mycobacterium avium-M 
when treated with azithromycin (Schmalstieg et  al. 2012) 
and Helicobacter pylori eradication with metronidazole as 
part of triple therapy (Tsugawa et al. 2011), implying that 
the first line of defense against antibiotics for other bacteria 
is the efflux transporter network.

Functionally characterising antibiotic transporters

One of the standard methods of characterising drug efflux 
transporters is by recording minimal inhibitory concentra-
tions in the presence and absence of the transporter in vivo. 
This has proved to be very successful and provided exten-
sive information for many transporters (Edgar and Bibi 
1997; Sulavik et al. 2001; Nishino and Yamaguchi 2001). 
Such evidence from whole-cell experiments do provide 
excellent results in many instances but can leave the experi-
ments open to incorrect interpretation as the gene of inter-
est may be indirectly enhancing resistance. Genomics and 
next-generation sequencing technologies are providing 
enormous amounts of data on the genes of efflux transport-
ers but the substrates for these membrane protein trans-
porters should be properly identified rather than relying on 
bioinformatic identification. Therefore, as for all enzymes, 
biochemical and biophysical characterisation of transport-
ers should involve isolating the transporter and function-
ally characterising it in a controlled environment (Blair and 
Piddock 2016). Extensive efflux characterisation will be 
required if we are going to fully understand how this over-
lapping network of transporters operates and therefore how 
resistance mechanisms can be tackled as part of an antibi-
otic drug development programme.

Open Access  This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.

References

Adabi M, Talebi-Taher M, Arbabi L, Afshar M, Fathizadeh S, 
Minaeian S, Moghadam-Maragheh N, Majidpour A (2015) 
Spread of efflux pump overexpressing-mediated fluoroquinolone 
resistance and multidrug resistance in Pseudomonas aeruginosa 
by using an efflux pump inhibitor. Infect Chemother 47:98–104

Adam M, Murali B, Glenn NO, Potter SS (2008) Epigenetic inherit-
ance based evolution of antibiotic resistance in bacteria. BMC 
Evol Biol 8:52

Adebusuyi AA, Foght JM (2011) An alternative physiological role for 
the EmhABC efflux pump in Pseudomonas fluorescens cLP6a. 
BMC Microbiol 11:252

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


652	 Eur Biophys J (2017) 46:647–653

1 3

Allen MJ, White GF, Morby AP (2006) The response of Escherichia 
coli to exposure to the biocide polyhexamethylene biguanide. 
Microbiol Read Engl 152:989–1000

Allison KR, Brynildsen MP, Collins JJ (2011) Metabolite-enabled 
eradication of bacterial persisters by aminoglycosides. Nature 
473:216–220

Amato SM, Fazen CH, Henry TC, Mok WW, Orman MA, Sandvik 
EL, Volzing KG, Brynildsen MP (2014) The role of metabolism 
in bacterial persistence. Front Microbiol 5:70

Balaban NQ, Merrin J, Chait R, Kowalik L, Leibler S (2004) Bacte-
rial persistence as a phenotypic switch. Science 305:1622–1625

Barraud N, Buson A, Jarolimek W, Rice SA (2013) Mannitol 
enhances antibiotic sensitivity of persister bacteria in Pseu-
domonas aeruginosa biofilms. PLoS ONE 8:e84220

Blair JMA, Piddock LJV (2016) How to measure export via bacterial 
multidrug resistance efflux pumps. MBio 7(4):e00840-16

Brooun A, Liu S, Lewis K (2000) A dose-response study of antibi-
otic resistance in Pseudomonas aeruginosa biofilms. Antimicrob 
Agents Chemother 44:640–646

Brzoska AJ, Hassan KA, de Leon EJ, Paulsen IT, Lewis PJ (2013) 
Single-step selection of drug resistant Acinetobacter baylyi 
ADP1 mutants reveals a functional redundancy in the recruit-
ment of multidrug efflux systems. PLoS ONE 8:e56090

Butler MT, Wang Q, Harshey RM (2010) Cell density and mobility 
protect swarming bacteria against antibiotics. Proc Natl Acad Sci 
USA 107:3776–3781

Chen S, Cui S, McDermott PF, Zhao S, White DG, Paulsen I, Meng 
J (2007) Contribution of target gene mutations and efflux to 
decreased susceptibility of Salmonella enterica serovar typhimu-
rium to fluoroquinolones and other antimicrobials. Antimicrob 
Agents Chemother 51:535–542

Choudhary S, Sar P (2016) Real-time PCR based analysis of metal 
resistance genes in metal resistant Pseudomonas aeruginosa 
strain J007. J Basic Microbiol 56:688–697

Costa SS, Falcão C, Viveiros M, Machado D, Martins M, Melo-Cris-
tino J, Amaral L, Couto I (2011) Exploring the contribution of 
efflux on the resistance to fluoroquinolones in clinical isolates of 
Staphylococcus aureus. BMC Microbiol 11:241

Curiao T, Marchi E, Grandgirard D, León-Sampedro R, Viti C, Leib 
SL, Baquero F, Oggioni MR, Martinez JL, Coque TM (2016) 
Multiple adaptive routes of Salmonella enterica Typhimurium to 
biocide and antibiotic exposure. BMC Genomics 17:491

Delmar JA, Su C-C, Yu EW (2014) Bacterial multidrug efflux trans-
porters. Annu Rev Biophys 43:93–117

Duque E, Segura A, Mosqueda G, Ramos JL (2001) Global and cog-
nate regulators control the expression of the organic solvent 
efflux pumps TtgABC and TtgDEF of Pseudomonas putida. Mol 
Microbiol 39:1100–1106

Edgar R, Bibi E (1997) MdfA, an Escherichia coli multidrug resist-
ance protein with an extraordinarily broad spectrum of drug rec-
ognition. J Bacteriol 179:2274–2280

Ganas P, Mihasan M, Igloi GL, Brandsch R (2007) A two-component 
small multidrug resistance pump functions as a metabolic valve 
during nicotine catabolism by Arthrobacter nicotinovorans. 
Microbiol Read Engl 153:1546–1555

Giske CG, Monnet DL, Cars O, Carmeli Y (2008) Clinical and eco-
nomic impact of common multidrug-resistant gram-negative 
bacilli. Antimicrob Agents Chemother 52:813–821

Harbarth S, Balkhy HH, Goossens H, Jarlier V, Kluytmans J, Laxmi-
narayan R, Saam M, Van Belkum A, Pittet D (2015) Antimicro-
bial resistance: one world, one fight! Antimicrob Resist Infect 
Control 4:49

Harshey RM, Partridge JD (2015) Shelter in a Swarm. J Mol Biol 
427:3683–3694

Hassan KA, Jackson SM, Penesyan A, Patching SG, Tetu SG, 
Eijkelkamp BA, Brown MH, Henderson PJ, Paulsen IT (2013) 

Transcriptomic and biochemical analyses identify a fam-
ily of chlorhexidine efflux proteins. Proc Natl Acad Sci USA 
110:20254–20259

Keren I, Kaldalu N, Spoering A, Wang Y, Lewis K (2004) Persister 
cells and tolerance to antimicrobials. FEMS Microbiol Lett 
230:13–18

Kosmidis C, Schindler BD, Jacinto PL et  al (2012) Expression of 
multidrug resistance efflux pump genes in clinical and envi-
ronmental isolates of Staphylococcus aureus. Int J Antimicrob 
Agents 40:204–209

Kvist M, Hancock V, Klemm P (2008) Inactivation of efflux pumps 
abolishes bacterial biofilm formation. Appl Environ Microbiol 
74:7376–7382

Lai S, Tremblay J, Déziel E (2009) Swarming motility: a multicel-
lular behaviour conferring antimicrobial resistance. Environ 
Microbiol 11:126–136

Laxminarayan R, Duse A, Wattal C, Zaidi AK, Wertheim HF, Sum-
pradit N, Vlieghe E, Hara GL, Gould IM, Goossens H, Greko 
C, So AD, Bigdeli M, Tomson G, Woodhouse W, Ombaka E, 
Peralta AQ, Qamar FN, Mir F, Kariuki S, Bhutta ZA, Coates 
A, Bergstrom R, Wright GD, Brown ED, Cars O (2013) Anti-
biotic resistance-the need for global solutions. Lancet Infect 
Dis 13:1057–1098

Lewinson O, Padan E, Bibi E (2004) Alkalitolerance: a biological 
function for a multidrug transporter in pH homeostasis. Proc 
Natl Acad Sci USA 101:14073–14078

Lewis K (2007) Persister cells, dormancy and infectious disease. 
Nat Rev Microbiol 5:48–56

Li XZ, Poole K (1999) Organic solvent-tolerant mutants of Pseu-
domonas aeruginosa display multiple antibiotic resistance. 
Can J Microbiol 45:18–22

Li Y, Zhang Y (2007) PhoU is a persistence switch involved in 
persister formation and tolerance to multiple antibiotics and 
stresses in Escherichia coli. Antimicrob Agents Chemother 
51:2092–2099

Liao J, Schurr MJ, Sauer K (2013) The MerR-like regulator BrlR 
confers biofilm tolerance by activating multidrug efflux 
pumps in Pseudomonas aeruginosa biofilms. J Bacteriol 
195:3352–3363

Lin J, Cagliero C, Guo B et al (2005) Bile salts modulate expression 
of the CmeABC multidrug efflux pump in Campylobacter jejuni. 
J Bacteriol 187:7417–7424

Ma C, Sim S, Shi W, Du L, Xing D, Zhang Y (2010) Energy produc-
tion genes sucB and ubiF are involved in persister survival and 
tolerance to multiple antibiotics and stresses in Escherichia coli. 
FEMS Microbiol Lett 303:33–40

Maisonneuve E, Castro-Camargo M, Gerdes K (2013) (p)ppGpp con-
trols bacterial persistence by stochastic induction of toxin-anti-
toxin activity. Cell 154:1140–1150

Matsumura K, Furukawa S, Ogihara H, Morinaga Y (2011) Roles of 
multidrug efflux pumps on the biofilm formation of Escherichia 
coli K-12. Biocontrol Sci 16:69–72

Motta SS, Cluzel P, Aldana M (2015) Adaptive resistance in bacteria 
requires epigenetic inheritance, genetic noise, and cost of efflux 
pumps. PLoS ONE 10:e0118464

Mushtaq A (2016) UN commits to tackling antimicrobial resistance. 
Lancet Infect Dis 16:1229–1230

Nguyen L (2016) Antibiotic resistance mechanisms in M. tuberculo-
sis: an update. Arch Toxicol 90:1585–1604

Nikaido E, Shirosaka I, Yamaguchi A, Nishino K (2011) Regulation 
of the AcrAB multidrug efflux pump in Salmonella enterica 
serovar Typhimurium in response to indole and paraquat. Micro-
biol Read Engl 157:648–655

Nishino K, Yamaguchi A (2001) Analysis of a complete library of 
putative drug transporter genes in Escherichia coli. J Bacteriol 
183:5803–5812



653Eur Biophys J (2017) 46:647–653	

1 3

Paul S, Alegre KO, Holdsworth SR, Rice M, Brown JA, McVeigh P, 
Kelly SM, Law CJ (2014) A single-component multidrug trans-
porter of the major facilitator superfamily is part of a network 
that protects Escherichia coli from bile salt stress. Mol Microbiol 
92:872–884

Paulsen IT (2003) Multidrug efflux pumps and resistance: regulation 
and evolution. Curr Opin Microbiol 6:446–451

Pu Y, Zhao Z, Li Y, Zou J, Ma Q, Zhao Y, Ke Y, Zhu Y, Chen H, 
Baker MA, Ge H, Sun Y, Xie XS, Bai F (2016) Enhanced efflux 
activity facilitates drug tolerance in dormant bacterial cells. Mol 
Cell 62:284–294

Rademacher C, Masepohl B (2012) Copper-responsive gene regula-
tion in bacteria. Microbiol Read Engl 158:2451–2464

Sandegren L (2014) Selection of antibiotic resistance at very low anti-
biotic concentrations. Ups J Med Sci 119:103–107

Schmalstieg AM, Srivastava S, Belkaya S, Deshpande D, Meek C, 
Leff R, van Oers NS, Gumbo T (2012) The antibiotic resistance 
arrow of time: efflux pump induction is a general first step in the 
evolution of mycobacterial drug resistance. Antimicrob Agents 
Chemother 56:4806–4815

Schweizer HP (2012) Understanding efflux in Gram-negative bacte-
ria: opportunities for drug discovery. Expert Opin Drug Discov 
7:633–642

Shuster Y, Steiner-Mordoch S, Alon Cudkowicz N, Schuldiner S 
(2016) A transporter interactome is essential for the acqui-
sition of antimicrobial resistance to antibiotics. PLoS ONE 
11:e0152917

Singh R, Ray P, Das A, Sharma M (2009) Role of persisters and 
small-colony variants in antibiotic resistance of planktonic and 
biofilm-associated Staphylococcus aureus: an in  vitro study. J 
Med Microbiol 58:1067–1073

Staub JM, Brand L, Tran M, Kong Y, Rogers SG (2012) Bacte-
rial glyphosate resistance conferred by overexpression of an E. 
coli membrane efflux transporter. J Ind Microbiol Biotechnol 
39:641–647

Stewart PS, Franklin MJ (2008) Physiological heterogeneity in bio-
films. Nat Rev Microbiol 6:199–210

Sulavik MC, Houseweart C, Cramer C, Jiwani N, Murgolo N, Greene 
J, DiDomenico B, Shaw KJ, Miller GH, Hare R, Shimer G 
(2001) Antibiotic susceptibility profiles of Escherichia coli 
strains lacking multidrug efflux pump genes. Antimicrob Agents 
Chemother 45:1126–1136

Tal N, Schuldiner S (2009) A coordinated network of transporters 
with overlapping specificities provides a robust survival strategy. 
Proc Natl Acad Sci USA 106:9051–9056

Thorsing M, Bentin T, Givskov M, Tolker-Nielsen T, Goltermann 
L (2015) The bactericidal activity of β-lactam antibiotics is 
increased by metabolizable sugar species. Microbiol Read Engl 
161:1999–2007

Tso WW, Adler J (1974) Negative chemotaxis in Escherichia coli. J 
Bacteriol 118:560–576

Tsugawa H, Suzuki H, Muraoka H, Ikeda F, Hirata K, Matsuzaki J, 
Saito Y, Hibi T (2011) Enhanced bacterial efflux system is the 
first step to the development of metronidazole resistance in Heli-
cobacter pylori. Biochem Biophys Res Commun 404:656–660

Tsukazaki T, Mori H, Echizen Y, Ishitani R, Fukai S, Tanaka T, 
Perederina A, Vassylyev DG, Kohno T, Maturana AD, Ito K, 
Nureki O (2011) Structure and function of a membrane compo-
nent SecDF that enhances protein export. Nature 474:235–238

Viveiros M, Portugal I, Bettencourt R, Victor TC, Jordaan AM, Lean-
dro C, Ordway D, Amaral L (2002) Isoniazid-induced transient 
high-level resistance in Mycobacterium tuberculosis. Antimicrob 
Agents Chemother 46:2804–2810

Wang C, Yang L, Shah AA, Choi ES, Kim SW (2015) Dynamic inter-
play of multidrug transporters with TolC for isoprenol tolerance 
in Escherichia coli. Sci Rep 5:16505

WHO Guidelines Approved by the Guidelines Review Committee 
(2016) Guidelines on core components of infection prevention 
and control programmes at the national and acute health care 
facility level. World Health Organization

Wright GD, Poinar H (2012) Antibiotic resistance is ancient: implica-
tions for drug discovery. Trends Microbiol 20:157–159

Yang S, Hay ID, Cameron DR, Speir M, Cui B, Su F, Peleg AY, Lith-
gow T, Deighton MA, Qu Y (2015) Antibiotic regimen based on 
population analysis of residing persister cells eradicates Staphy-
lococcus epidermidis biofilms. Sci Rep 5:18578

Yasufuku T, Shigemura K, Shirakawa T, Matsumoto M, Nakano Y, 
Tanaka K, Arakawa S, Kinoshita S, Kawabata M, Fujisawa M 
(2011) Correlation of overexpression of efflux pump genes 
with antibiotic resistance in Escherichia coli strains clinically 
isolated from urinary tract infection patients. J Clin Microbiol 
49:189–194


	Efflux drug transporters at the forefront of antimicrobial resistance
	Abstract 
	Introduction
	Efflux transporters
	Endogenous functions of efflux transporters
	Adaptive resistance involves efflux transporters
	Efflux transporters and persisters
	Biofilms and efflux transporters
	Efflux transporters as the first line of defense against antibiotics
	Functionally characterising antibiotic transporters
	References




