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The remarkable tolerance of bacterial biofilms to antimicrobial drugs underpins their role in

chronic and recurring infections. Staphylococcus aureus biofilms are embedded in an extracel-

lular matrix composed of self-produced extracellular polysaccharides, DNA, and proteins or

host-derived matrices such as fibrin, prompting speculation that limited drug diffusion into

biofilms contributes to tolerance. However, the slow- and non-growing phenotypes of biofilm

cells resemble those observed in the stationary growth phase, which is known to enrich for the

highly antibiotic-tolerant persister phenotype. Indeed, recent studies have revealed that the

antibiotic tolerance phenotypes of S. aureus biofilm and persister cells are strikingly similar

[1–5]. Here, we will explore the idea that biofilms are enriched with adherent persister cells

and that research into the biofilm and persister phenotypes has converged.

Why Do Biofilms Exhibit High-Level Antibiotic Tolerance?

The visible extracellular polysaccharide matrix encasing many bacterial biofilms, e.g., S. epider-
midis slime on infected medical devices or mucoid Pseudomonas aeruginosa recovered from

the lungs of patients with cystic fibrosis [6, 7], has prompted the hypothesis that impaired anti-

biotic penetration is an important determinant in biofilm tolerance to drugs and other toxins.

However, the relative contribution of impaired antibiotic penetration to biofilm tolerance

remains questionable. It has been demonstrated that antibiotics do penetrate the biofilm

matrix and reach the cells embedded within [8, 9] without always killing the bacteria [10]. Fur-

thermore, cells released from biofilms are more tolerant to antibiotics than planktonic cells

[11, 12], which strongly suggests that overall biofilm tolerance is not primarily the result of

impaired antibiotic penetration.

Overall, it appears that the biofilm matrix does not significantly control antibiotic penetra-

tion. Rather, these data indicate that the biofilm matrix is primarily a protective agent against

immune defenses during infection [13]. The altered physiology of biofilm cells reflects the

unique environmental milieu and high cell density, which is likely to limit nutrient and oxygen

availability and impact quorum sensing-regulated phenotypes [14]. These growth conditions

appear to force a subset of biofilm cells into a stationary and persister-like state. Cells in this

physiological state are primed to survive wide-ranging environmental assaults, including anti-

biotic challenge [2].
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How Similar Are Biofilm Cells, Stationary Phase Cells, and

Persisters?

The physiology of S. aureus biofilm cells bears striking similarity to that of S. aureus persister

cells. Persister cells are subpopulations of antibiotic-tolerant cells in an otherwise susceptible

population. Persisters are transient phenotypic variants, which exhibit drug susceptibility

upon subculture [15]. Similarly, cells that detach from antibiotic-tolerant biofilms and grow

planktonically also revert to a drug-susceptible state [11, 12].

Stationary phase cultures of S. aureus demonstrate remarkable antibiotic tolerance [1, 2, 16,

17]. By definition, stationary phase cells are slow- or non-growing, a characteristic shared by

biofilm cells and persister cells. Cells in such a metabolically inactive state are inherently more

tolerant to antimicrobial drugs that target actively growing cells. For example, beta-lactam

antibiotics are ineffective against cells that are not actively dividing and synthesizing new cell

wall peptidoglycan [18]. Like biofilms, cells from stationary phase cultures also exist in a high

cell density environment. At high cell densities, cells are likely to become starved of nutrients,

oxygen, or both, resulting in a drop in intracellular ATP.

Recently, we reported that intracellular ATP concentration appears to be the major deter-

minant of survival to antibiotic challenge for both stationary phase cells and persister cells in S.

aureus [17]. The same may also be true for biofilm-associated cells. The limited nutrient and

oxygen availability within the biofilm presumably results in reduced metabolic activity and a

lower energy state, which is a hallmark of persister cells that can survive exposure to most bac-

tericidal antibiotics.

It may be that low cell energy levels are the major determinant of antibiotic tolerance

in biofilm cells, persister cells, and stationary phase cells. For example, S. aureus initiates

expression of biofilm adhesins in response to a variety of external stresses, including nutrient

limitation, pH stress, osmotic stress, and sublethal antibiotic challenge [6, 19, 20]. Thus, bio-

film formation may also be viewed as a response by the bacteria to environmental stress that

not only promotes intercellular adherence but also imposes a selective pressure for metaboli-

cally inactive, energy-depleted cells that can survive hostile growth conditions, including

antibiotic challenge.

However, this does not imply that all biofilm and persister cells are physiologically identical,

but rather that the mechanism(s) underpinning the ability of otherwise susceptible S. aureus
cells to tolerate and survive antibiotic challenge may be essentially the same (Fig 1).

Does the Biofilm Mode of Growth Influence the Rate of Persister

Cell Production in S. aureus Populations?

Exposure of planktonic staphylococcal cells to subinhibitory antibiotic concentrations induces

biofilm formation [21–23]. In addition, sub-MIC (minimum inhibitory concentration) antibi-

otics and other external stresses enrich for drug-tolerant persister cells [15]. These observa-

tions may be important in linking the phenotypes of antibiotic tolerance and biofilm matrix

production. Although antibiotics penetrate and reach high concentrations within the biofilm,

penetration dynamics are influenced by the matrix [8, 10]. Together with the limited nutrient

and oxygen availability, the establishment of an antibiotic concentration gradient may add an

additional selective pressure for cells within the biofilm to enter a persister state upon encoun-

tering sub-MIC levels of the antibiotic, allowing them to survive the subsequent lethal concen-

tration. Relevant to this are studies showing that the extracellular matrix deployed by S. aureus
biofilms under different growth conditions, plus the age and cell density of the biofilm, signifi-

cantly influences the ability of antibiotics such as rifampicin, daptomycin, vancomycin,

gentamicin, and fosfomycin to kill biofilm cells [3, 4]. For instance, rifampicin can exhibit
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significant activity against fibrin-dependent biofilms grown in Roswell Park Memorial Insti-

tute (RPMI) media but not against FnBP/eDNA biofilms produced by the same strain in rich

culture media [4]. It is therefore conceivable that the relative numbers of persister cells vary in

different types of biofilm. These observations support the idea that environmental conditions

(nutrient availability, oxygen concentration, cell density, and sub-MIC antibiotic levels) regu-

late expression of biofilm adhesins and the type of biofilm matrix produced, which influences

the rate at which cells in the biofilm enter the persister state and, accordingly, the antibiotic tol-

erance of the biofilm.

Can the Shared Features of Persister and Biofilm Cells Be

Exploited to Better Treat Chronic Infections?

The phenotypic heterogeneity of biofilm cells, as outlined above, suggests that new treatment

approaches aimed at disrupting biofilms are not necessarily going to be effective against per-

sister cells. By contrast, new therapeutic approaches targeting persister cells should also have

potential against biofilms. For example, persister cells can be killed by the acyldepsipeptide

antibiotic ADEP4, which activates the nonspecific ClpP protease in an ATP-independent man-

ner [1]. ADEP4 is active against persisters, stationary phase cells, and biofilms [1]. Similarly,

the histidine kinase inhibitor NH125, which was shown to have significant antipersister activ-

ity at low concentrations, was able to kill biofilm cells and disrupt the biofilm matrix at high

concentrations [24]. In S. epidermidis, the minimum bactericidal concentration of ciprofloxa-

cin effective against biofilms can also kill most persister cells [25]. These data suggest that

Fig 1. Role of persister cells in biofilm antibiotic tolerance. Antibiotic-tolerant persister cells (depicted in red) are enriched in

stationary phase planktonic cultures and biofilms compared to exponential phase planktonic cultures, which are primarily composed of

antibiotic-susceptible cells (depicted in green). The antibiotic susceptibility phenotype of exponential phase cells correlates with high

levels of metabolic activity and ATP associated with abundant nutrients and oxygen. As cells enter stationary phase or become encased

in a biofilm matrix, nutrients and oxygen are depleted and the level of intracellular ATP is reduced. Exposure to antibiotics, most of which

target ATP-dependent processes, has no significant effect on metabolically inactive persister cells with low intracellular ATP levels.

doi:10.1371/journal.ppat.1006012.g001
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persister cell populations can also be used as a model to evaluate antibiofilm therapeutics.

Thus, recent reports that glucose can augment daptomycin-induced killing of S. aureus persist-

ers [26] or that the anticancer drug cisplatin [27] and cis-2-decenoic acid [28] have activity

against persisters may also be indicative of antibiofilm activity.

Future research into how antibiotic-tolerant persister cells contribute to treatment failures

of biofilm-associated infections can exploit advances in techniques to better study persister

cells. Reporter systems developed to label persister cells could be adapted and combined with

microscopy to investigate the proportion, distribution, and metabolic niche of persister cells

within heterogeneous biofilm populations, as well as their response to antibiotics. Like S.

aureus, the Pseudomonas aeruginosa biofilm phenotype is associated with antibiotic tolerance

[7]. Chronic biofilm-associated infections caused by P. aeruginosa are difficult to eradicate

with current antibiotic treatment regimens [7, 29], and it is feasible that such biofilms are also

enriched with persister cells. Intriguingly, mannitol augments tobramycin-induced killing of

P. aeruginosa persisters and biofilm cells [29] in a manner comparable to glucose-enhanced,

daptomycin-induced killing of S. aureus persisters [23]. Thus, despite differences in the mech-

anisms of persister cell formation in gram-negative and gram-positive bacteria, the role of per-

sister cells in biofilm tolerance may extend beyond S. aureus. Further insights into the shared

antibiotic tolerance mechanisms of persister and biofilm cells are needed to direct future

research into (and therapeutic options for) chronic and relapsing infections involving these

important phenotypic variants of S. aureus.

References
1. Conlon BP, Nakayasu ES, Fleck LE, LaFleur MD, Isabella VM, Coleman K, et al. Activated ClpP kills

persisters and eradicates a chronic biofilm infection. Nature. 2013; 503(7476):365–70. doi: 10.1038/

nature12790 PMID: 24226776

2. Conlon BP, Rowe SE, Lewis K. Persister cells in biofilm associated infections. Advances in experimen-

tal medicine and biology. 2015; 831:1–9. doi: 10.1007/978-3-319-09782-4_1 PMID: 25384659

3. Zapotoczna M, McCarthy H, Rudkin JK, O’Gara JP, O’Neill E. An Essential Role for Coagulase in

Staphylococcus aureus Biofilm Development Reveals New Therapeutic Possibilities for Device-Related

Infections. The Journal of infectious diseases. 2015; 212(12):1883–93. doi: 10.1093/infdis/jiv319 PMID:

26044292

4. Hogan S, Zapotoczna M, Stevens NT, Humphreys H, O’Gara JP, O’Neill E. In vitro approach for identifi-

cation of the most effective agents for antimicrobial lock therapy in the treatment of intravascular cathe-

ter-related infections caused by Staphylococcus aureus. Antimicrob Agents Chemother. 2016.

5. Carvalhais V, Franca A, Cerca F, Vitorino R, Pier GB, Vilanova M, et al. Dormancy within Staphylococ-

cus epidermidis biofilms: a transcriptomic analysis by RNA-seq. Appl Microbiol Biotechnol. 2014; 98

(6):2585–96. doi: 10.1007/s00253-014-5548-3 PMID: 24504458

6. Zapotoczna M, O’Neill E, O’Gara JP. Untangling the Diverse and Redundant Mechanisms of Staphylo-

coccus aureus Biofilm Formation. PLoS Pathog. 2016; 12(7):e1005671. doi: 10.1371/journal.ppat.

1005671 PMID: 27442433

7. Hoiby N, Ciofu O, Bjarnsholt T. Pseudomonas aeruginosa biofilms in cystic fibrosis. Future microbiol-

ogy. 2010; 5(11):1663–74. doi: 10.2217/fmb.10.125 PMID: 21133688

8. Stewart PS, Davison WM, Steenbergen JN. Daptomycin rapidly penetrates a Staphylococcus epidermi-

dis biofilm. Antimicrob Agents Chemother. 2009; 53(8):3505–7. doi: 10.1128/AAC.01728-08 PMID:

19451285

9. Kirker KR, Fisher ST, James GA. Potency and penetration of telavancin in staphylococcal biofilms. Int J

Antimicrob Agents. 2015; 46(4):451–5. doi: 10.1016/j.ijantimicag.2015.05.022 PMID: 26213381

10. Zheng ZL, Stewart PS. Penetration of rifampin through Staphylococcus epidermidis biofilms. Antimicrob

Agents Ch. 2002; 46(3):900–3.

11. Boles BR, Horswill AR. Agr-mediated dispersal of Staphylococcus aureus biofilms. PLoS Pathog. 2008;

4(4):e1000052. doi: 10.1371/journal.ppat.1000052 PMID: 18437240

12. Franca A, Carvalhais V, Vilanova M, Pier GB, Cerca N. Characterization of an in vitro fed-batch model

to obtain cells released from S. epidermidis biofilms. AMB Express. 2016; 6(1):23. doi: 10.1186/

s13568-016-0197-9 PMID: 27001438

PLOS Pathogens | DOI:10.1371/journal.ppat.1006012 December 29, 2016 4 / 5

http://dx.doi.org/10.1038/nature12790
http://dx.doi.org/10.1038/nature12790
http://www.ncbi.nlm.nih.gov/pubmed/24226776
http://dx.doi.org/10.1007/978-3-319-09782-4_1
http://www.ncbi.nlm.nih.gov/pubmed/25384659
http://dx.doi.org/10.1093/infdis/jiv319
http://www.ncbi.nlm.nih.gov/pubmed/26044292
http://dx.doi.org/10.1007/s00253-014-5548-3
http://www.ncbi.nlm.nih.gov/pubmed/24504458
http://dx.doi.org/10.1371/journal.ppat.1005671
http://dx.doi.org/10.1371/journal.ppat.1005671
http://www.ncbi.nlm.nih.gov/pubmed/27442433
http://dx.doi.org/10.2217/fmb.10.125
http://www.ncbi.nlm.nih.gov/pubmed/21133688
http://dx.doi.org/10.1128/AAC.01728-08
http://www.ncbi.nlm.nih.gov/pubmed/19451285
http://dx.doi.org/10.1016/j.ijantimicag.2015.05.022
http://www.ncbi.nlm.nih.gov/pubmed/26213381
http://dx.doi.org/10.1371/journal.ppat.1000052
http://www.ncbi.nlm.nih.gov/pubmed/18437240
http://dx.doi.org/10.1186/s13568-016-0197-9
http://dx.doi.org/10.1186/s13568-016-0197-9
http://www.ncbi.nlm.nih.gov/pubmed/27001438


13. Thurlow LR, Hanke ML, Fritz T, Angle A, Aldrich A, Williams SH, et al. Staphylococcus aureus biofilms

prevent macrophage phagocytosis and attenuate inflammation in vivo. J Immunol. 2011; 186

(11):6585–96. doi: 10.4049/jimmunol.1002794 PMID: 21525381

14. Kavanaugh JS, Horswill AR. Impact of Environmental Cues on Staphylococcal Quorum Sensing and

Biofilm Development. J Biol Chem. 2016; 291(24):12556–64. doi: 10.1074/jbc.R116.722710 PMID:

27129223

15. Rowe SE, Conlon BP, Keren I, Lewis K. Persisters: Methods for Isolation and Identifying Contributing

Factors—A Review. Methods Mol Biol. 2016; 1333:17–28. doi: 10.1007/978-1-4939-2854-5_2 PMID:

26468096

16. Ling LL, Schneider T, Peoples AJ, Spoering AL, Engels I, Conlon BP, et al. A new antibiotic kills patho-

gens without detectable resistance. Nature. 2015; 517(7535):455–9. doi: 10.1038/nature14098 PMID:

25561178

17. Conlon BP, Rowe SE, Gandt AB, Nuxoll AS, Donegan NP, Zalis EA, et al. Persister formation in Staphy-

lococcus aureus is associated with ATP depletion. Nature Microbiology. 2016; 51.

18. Peacock SJ, Paterson GK. Mechanisms of Methicillin Resistance in Staphylococcus aureus. Annu Rev

Biochem. 2015; 84:577–601. doi: 10.1146/annurev-biochem-060614-034516 PMID: 26034890

19. O’Gara JP. ica and beyond: biofilm mechanisms and regulation in Staphylococcus epidermidis and

Staphylococcus aureus. FEMS Microbiol Lett. 2007; 270(2):179–88. doi: 10.1111/j.1574-6968.2007.

00688.x PMID: 17419768

20. McCarthy H, Rudkin JK, Black NS, Gallagher L, O’Neill E, O’Gara JP. Methicillin resistance and the bio-

film phenotype in Staphylococcus aureus. Frontiers in cellular and infection microbiology. 2015; 5:1.

doi: 10.3389/fcimb.2015.00001 PMID: 25674541

21. Kaplan JB, Izano EA, Gopal P, Karwacki MT, Kim S, Bose JL, et al. Low levels of beta-lactam antibiotics

induce extracellular DNA release and biofilm formation in Staphylococcus aureus. MBio. 2012; 3(4):

e00198–12. doi: 10.1128/mBio.00198-12 PMID: 22851659

22. Weiser J, Henke HA, Hector N, Both A, Christner M, Buttner H, et al. Sub-inhibitory tigecycline concen-

trations induce extracellular matrix binding protein Embp dependent Staphylococcus epidermidis biofilm

formation and immune evasion. Int J Med Microbiol. 2016; 306(6):471–8. doi: 10.1016/j.ijmm.2016.05.

015 PMID: 27292911

23. Mlynek KD, Callahan MT, Shimkevitch AV, Farmer JT, Endres JL, Marchand M, et al. Effects of Low-

Dose Amoxicillin on Staphylococcus aureus USA300 Biofilms. Antimicrob Agents Chemother. 2016; 60

(5):2639–51. doi: 10.1128/AAC.02070-15 PMID: 26856828

24. Kim W, Conery AL, Rajamuthiah R, Fuchs BB, Ausubel FM, Mylonakis E. Identification of an Antimicro-

bial Agent Effective against Methicillin-Resistant Staphylococcus aureus Persisters Using a Fluores-

cence-Based Screening Strategy. PLoS ONE. 2015; 10(6):e0127640. doi: 10.1371/journal.pone.

0127640 PMID: 26039584

25. Yang S, Hay ID, Cameron DR, Speir M, Cui B, Su F, et al. Antibiotic regimen based on population analy-

sis of residing persister cells eradicates Staphylococcus epidermidis biofilms. Sci Rep. 2015; 5:18578.

doi: 10.1038/srep18578 PMID: 26687035

26. Prax M, Mechler L, Weidenmaier C, Bertram R. Glucose Augments Killing Efficiency of Daptomycin

Challenged Staphylococcus aureus Persisters. PLoS ONE. 2016; 11(3):e0150907. doi: 10.1371/

journal.pone.0150907 PMID: 26960193

27. Chowdhury N, Wood TL, Martinez-Vazquez M, Garcia-Contreras R, Wood TK. DNA-crosslinker cis-

platin eradicates bacterial persister cells. Biotechnol Bioeng. 2016; 113(9):1984–92. doi: 10.1002/bit.

25963 PMID: 26914280

28. Mina EG, Marques CN. Interaction of Staphylococcus aureus persister cells with the host when in a per-

sister state and following awakening. Sci Rep. 2016; 6:31342. doi: 10.1038/srep31342 PMID:

27506163

29. Barraud N, Buson A, Jarolimek W, Rice SA. Mannitol Enhances Antibiotic Sensitivity of Persister Bacte-

ria in Pseudomonas aeruginosa Biofilms. PLoS ONE. 2013; 8(12):e84220. doi: 10.1371/journal.pone.

0084220 PMID: 24349568

PLOS Pathogens | DOI:10.1371/journal.ppat.1006012 December 29, 2016 5 / 5

http://dx.doi.org/10.4049/jimmunol.1002794
http://www.ncbi.nlm.nih.gov/pubmed/21525381
http://dx.doi.org/10.1074/jbc.R116.722710
http://www.ncbi.nlm.nih.gov/pubmed/27129223
http://dx.doi.org/10.1007/978-1-4939-2854-5_2
http://www.ncbi.nlm.nih.gov/pubmed/26468096
http://dx.doi.org/10.1038/nature14098
http://www.ncbi.nlm.nih.gov/pubmed/25561178
http://dx.doi.org/10.1146/annurev-biochem-060614-034516
http://www.ncbi.nlm.nih.gov/pubmed/26034890
http://dx.doi.org/10.1111/j.1574-6968.2007.00688.x
http://dx.doi.org/10.1111/j.1574-6968.2007.00688.x
http://www.ncbi.nlm.nih.gov/pubmed/17419768
http://dx.doi.org/10.3389/fcimb.2015.00001
http://www.ncbi.nlm.nih.gov/pubmed/25674541
http://dx.doi.org/10.1128/mBio.00198-12
http://www.ncbi.nlm.nih.gov/pubmed/22851659
http://dx.doi.org/10.1016/j.ijmm.2016.05.015
http://dx.doi.org/10.1016/j.ijmm.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27292911
http://dx.doi.org/10.1128/AAC.02070-15
http://www.ncbi.nlm.nih.gov/pubmed/26856828
http://dx.doi.org/10.1371/journal.pone.0127640
http://dx.doi.org/10.1371/journal.pone.0127640
http://www.ncbi.nlm.nih.gov/pubmed/26039584
http://dx.doi.org/10.1038/srep18578
http://www.ncbi.nlm.nih.gov/pubmed/26687035
http://dx.doi.org/10.1371/journal.pone.0150907
http://dx.doi.org/10.1371/journal.pone.0150907
http://www.ncbi.nlm.nih.gov/pubmed/26960193
http://dx.doi.org/10.1002/bit.25963
http://dx.doi.org/10.1002/bit.25963
http://www.ncbi.nlm.nih.gov/pubmed/26914280
http://dx.doi.org/10.1038/srep31342
http://www.ncbi.nlm.nih.gov/pubmed/27506163
http://dx.doi.org/10.1371/journal.pone.0084220
http://dx.doi.org/10.1371/journal.pone.0084220
http://www.ncbi.nlm.nih.gov/pubmed/24349568

