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Abstract

Bacterial persistence, which is observed in a broad range of microbial species, is the capacity of a
bacterial cell subpopulation called “persisters” to tolerate exposure to normally lethal
concentrations of bactericidal antibiotics. This ability, which is not due to antibiotic-resistant
mutants, has been implicated in antibiotic treatment failures and may account for latent, chronic,
and relapsing infections. Antibiotic tolerant/Persister (AT/P) cells have been notoriously difficult
to study due to their low frequency and transient nature. This chapter describes the main methods
used to isolate and study Pseudomonas aeruginosa AT/P cells and discusses new technologies that
may ease research of AP aeruginosa persisters in the near future.
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1 Introduction

Bacterial persistence is the capacity of bacterial cell subpopulations to tolerate exposure to
normally lethal stresses, including lethal concentrations of bactericidal antibiotics [1]. These
cells represent a small subpopulation of cells that behave as dormant, latent, or viable but
nonculturable (VBNC) bacterial cells and have been observed in a variety of microbial
species since the 1940s [2—-4]. Of particular clinical interest is multidrug tolerance, which is
a phenomenon that has been implicated in treatment failures and accounts for latent, chronic,
and relapsing infections that can be suppressed but not eradicated [5]. Unlike multidrug
resistance, antibiotic tolerance is not due to mutations, but rather to phenotypic variations.
Persisters can later resume growth when the antimicrobial agent is removed, and their
progeny remains sensitive to low concentrations of antimicrobial agents [1, 6-8]. The
clinical importance of antibiotic tolerance is reflected by the many cases in which antibiotics
failed to clear infections despite the absence of resistant bacteria, and clinical reports suggest
that the contribution of tolerance to treatment failure and mortality in some infections can be
as significant as the contribution of antibiotic resistance.

Pseudomonas aeruginosa is one of the most well-studied bacteria, as it is a recalcitrant
pathogen known to defy bactericidal eradication and exemplifies clinically problematic
pathogens that cause both acute and chronic human infections [9]. This pathogen does not
exhibit the canonic toxin—-antitoxin systems involved in E. coli persisters [9, 10]. However,
several other pathways, such as the metabolism of polyamines, fatty acids, phospholipids,
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phenylalanine, and DNA as well as global regulators, translation, quorum sensing, and
antioxidant responses have been identified as having roles in the formation of P aeruginosa
persisters [11-23].

In this chapter, we describe the main techniques and necessary steps for isolating and
quantifying 2. aeruginosa persister cells.

2 Methods

2.1 Selection and Quantification of Antibiotic Tolerant Persister Cells

Here, we describe the protocols used to evaluate the size of the persister fraction within a
bacterial culture.

1.

10.
11.

12.

Grow starter cells from a —80 °C stock in 5 mL LB at 37 °C overnight (see Note
1).
Dilute the cells 1:100 in 5 mL tubes and grow them under the desired conditions

to a defined optical density.

Determine the concentration of viable bacteria within the culture [expressed as
colony forming unit (CFU)/mL] according to Subheading 2.2 before antibiotic
addition. This number will be used as a normalization reference (“normalizers”)
to calculate the percentage of cells that survived antibiotic treatment (surviving
fraction).

Add antibiotic at a concentration of 10-100 times its specific minimal inhibitory
concentration (MIC) as determined in Subheading 2.2. (see Note 2).

Incubate the cells in a shaker (200 rpm) at 37 °C for 24-48 h (see Fig. 1).

Transfer 500 uL of each sample to 1.5 uL Eppendorf tubes and centrifuge for 500
uL of each sample for 5 min at 8,000 x g.

Remove supernatant gently without touching the pellet. Sometimes the pellet is
invisible due to very low persister concentrations.

Wash by adding 1 mL of phosphate-buffered saline (PBS), centrifuge for 5 min
at 14,000 xg, and gently discard the supernatant.

Depending on antibiotic concentration, repeat step 8 two to four times in order to
ensure that the antibiotic has been washed out (see Note 3).

Resuspend the pellet in 500 uL of an appropriate medium.

Determine the surviving fraction (antibiotic tolerant persister cells) according to
Subheading 2.1.1.

Validate that the surviving bacteria are indeed tolerant cells and not resistant
mutants as described in Subheading 2.3.

2.1.1 Determination of Bacterial Number and Surviving Fractions—The gold
standard method to determine bacterial concentration in a sample is the CFU plating
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method, which consists of plating several dilutions for each sample on LB agar plates [24].
However, this method is very time consuming and tedious in the case of high-throughput
screens, for which the drop plate and start of growth fime (SGT) methods are more
appropriate (“Drop Plate Method” and “SGT Method”) [25, 26].

CFU Plating Method (See Note 4)

1.

Perform eight 1:10 serial dilutions of a bacterial sample in Eppendorf tubes. The
number of dilutions can be reduced in cases where the number of bacteria can be
estimated.

Plate triplicates of 100 uL of each dilution on agar plates containing the
appropriate medium.

Incubate plates for 24-48 h at 37 °C.

Count the colonies on each plate and calculate the CFU/mL as follows: number
of colonies x 10 x 10-dilution,

Drop Plate Method (See Note 5)

1.

Fill three columns of a 96-well plate per sample with 270 L of LB, except the
first row of wells.

Add 200 pL of sample in the three empty wells of the first row of wells.

Remove 30 pL from the wells of the first row using a multichannel pipette and
place into 270 pL of LB in the wells of the second row (dilution 1:10).

Perform serial dilutions of the sample by repeating step 3 down to the bottom
row seven times using a multichannel pipette. This gives a range of dilutions
from non-diluted (upper row) to a 10~/ dilution (bottom row). Use a second 96-
well plate if needed to dilute samples to a factor greater than 10~7.

Using a multichannel pipette, place drops of 10 uL on an agar plate. One plate
can contain up to 6 rows of 7 dilutions. The agar plate surface should be dry
enough to avoid blending of the dilution drops.

Let the plate dry before incubation at 37 °C for 24 h.

Count the colonies and calculate CFU/mL as follows: number of colonies x 100
x 10-dilution

SGT Method (See Note 6)

1.

For both untreated normalizer and persister cell quantification, add 2 pL of each
sample into 1 mL of LB in Eppendorf tubes (1:500 dilution).

Transfer 200 uL from each tube into three wells (technical triplicate) of a 96-well
plate.

Incubate the plate in a plate reader set to measure the optical density (OD) at a
600 nm wavelength every 15 min for 24 h at 37 °C with a 10 s shaking step every
15 min.
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Define the SGT value of each sample as the time required for the culture to reach
an ODggo nm threshold that is set slightly above the detectable background at the
start of the logarithmic phase of growth (usually ODggonm = 0.15 or 0.2).

Calculate the first ASGT value for each sample according to the following
normalizer cells is subtracted from the SGT of treated persister cells.

Calculate the AASGT value by subtracting the ASGT of the reference strain/
condition (“calibrator”) from that of the sample as follows: AASGT =
(ASGTSampIe — ASGTcalibrator

Calculate the fold change between the sample and the calibrator as the following:
F=2"AASCT, Results are presented as log, fold changes: ~AASGT (see Fig. 2).

2.2 Determination of the Antibiotic Concentration to Be Used for Selection of Persisters

1.

10.
11.

In order to select the persister subpopulation, the culture needs to be exposed to
bactericidal levels of the antibiotic. MIC of each antibiotic could be determined
according to the standard protocol [27]. However, in the case of persisters it is
important to determine the killing concentration of the antibiotic in the
conditions and strains of the experiment. Here we present a simple method to
estimate the selective concentration of the antibiotics in specific conditions.
Grow cells from a —80 °C stock in the desired conditions overnight for 18 h
(usually LB at 37 °C with shaking at 200 rpm).

Dilute the cells 1:1,000 in the same media the next day.

Inoculate 100 pL of cultures in 3 rows of transparent 96-well plates that will
serve as technical triplicates using a multichannel pipette (e.g., rows A-C).

Prepare antibiotic stock. A good starting range for the concentration of the
antibiotic would be between 10 and 100 mg/mL.

Dilute the antibiotic stock 1:500 to 20-200 ug/mL with the media containing
bacteria from step 2.

Add 100 pL of the diluted antibiotic to wells Al, B1, and C1 and mix thoroughly
by pipetting up and down.

Replace the pipette tips and transfer 100 uL from wells A1-C1 to wells A2-C2.

Repeat step 7 for all wells to A11-C11. Remove the excess 100 pL from the last
row and discard.

Retain column 12 without antibiotic as a positive control. The plate now contains
a 2,048 x range of concentrations between the first well and well 11.

Incubate the plate for 24 h at 37 °C and read its ODggg nm Using a plate reader.

The specific MIC would be the lowest concentration of antibiotic that did not
permit growth of bacteria.
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2.3 Confirm that the Surviving Bacteria Are Indeed Tolerant and Not Resistant Mutants

After the first round of bacteria selection by temporary exposure to the antibiotic, the
surviving colonies need to be retested to assess that they are indeed tolerant and not resistant
mutants. This is done by checking the MIC and by measuring the size of the persister
fraction of cultures started from surviving cells again as described in Subheadings 2.1 and
2.2.

3 Additional Methods

4 Notes

The major disadvantage of the culture-based persisters assessment techniques is that they
indirectly determine the number of dormant cells based on the number of surviving cells by
measuring the growing progeny. More direct methods to analyze dormant cells include
microscopy [28], flow cytometry [21, 29], and microfluidics [19, 30] together with the use
of probes that allow for the distinction between live and dead cells, even if the cells are not
dividing [31]. In order to study persister “wake-up,” a method using automated scans termed
“ScanLag” has been described for £. coli, which could also be applied to P, aeruginosa [32].

1. The incubation time for the starter cultures from a —80 °C stock should always be
the same duration, because bacterial cultures can accumulate persisters as
incubation progresses [1]. This important precaution will help avoid having
inconsistent results between experiments.

2. As a rule of thumb, the concentration of antibiotic used to select for tolerant cells
is at least 10 times the MIC. It should be noted that the MIC method determines
the resistance of cells to the specific antibiotic, rather than their tolerance to
antibiotic-induced killing. The distinction between these two effects is whether
the cells are growing in the presence of antibiotic or only surviving the antibiotic
killing. Table 1 shows the MICs of commonly used antibiotics against 2,
aeruginosa with the strain PA14 grown in LB at 37 °C.

3. In order to determine the size of the antibiotic-tolerant cell fraction, the antibiotic
needs to be completely removed from the culture. If the expected concentration
of the fraction of bacteria surviving is greater than 1,000 cells/mL, then removal
of the antibiotic used at ~100x MIC can be carried out by making ~100-fold
serial dilutions. However, if the concentration of the fraction of bacteria
surviving is <100-1,000 cells/mL, then dilutions of less than ~100-fold would
result in a carryover of antibiotic, thereby restricting bacterial growth on agar
plates, and >100-fold dilutions would result in bacterial concentrations that are
too low for detection. Therefore, a cautious step of cell wash out needs to
performed in order to remove the antibiotic without reducing the amount of
detectable bacteria in samples, as described in steps 610 in Subheading 2.1.

4, The advantages of this CFU plating method are that only viable bacteria are
counted and the dilutions allow for any number of bacteria to be counted
regardless of the starting concentration. One limitation of the CFU method is that

Methods Mol Biol. Author manuscript; available in PMC 2019 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hazan et al.

Page 6

clumps of bacterial cells can be miscounted as single colonies. In addition, CFU
is usually not the method of choice for a high-throughput screen because it is a
relatively time-consuming and tedious.

5. Using the drop plate method described here, the bacteria are first diluted in 96-
well plates and 10 uL drops are then plated. Thus, instead of using 42 plates, an
array of 6 x 7 drops can be easily spotted on a single standard Petri dish. One
disadvantage of this method is the reduction in accuracy, but it can be overcome
by plating multiple technical replicates.

6. The SGT method is a quantitative method [33]. It combines the methodology of
quantitative polymerase chain reaction (qPCR) calculations [34, 35] with a
previously described qualitative method of bacterial growth determination [12] to
develop an improved quantitative method [33]. The SGT method allows rapid
and serial quantification of the absolute or relative number of live cells in a
bacterial culture in a high-throughput manner. The SGT method is based on the
regrowth time required by a growing cell culture to reach a threshold
(spectrophotometrically detectable levels), and the notion that this time is
proportional to the number of cells in the starting bacterial inoculum [12, 33]
(seeFig. 2).

Acknowledgements

This work was supported by the NIH grants A1105902 and R56A1063433 to LGR.

References

1.

Balaban NQ et al. (2004) Bacterial persistence as a phenotypic switch. Science 305: 1622-1625
[PubMed: 15308767]

. Lewis K (2008) Multidrug tolerance of biofilms and persister cells. Curr Top Microbiol Immunol

322:107-131 [PubMed: 18453274]

. Oliver JD (2010) Recent findings on the viable but nonculturable state in pathogenic bacteria. FEMS

Microbiol Rev 34:415-425 [PubMed: 20059548]

. Bigger JW (1940) Treatment of staphylococcal infections with penicillin. Lancet 244: 497-500
. Bizzini A et al. (2010) A single mutation in enzyme | of the sugar phosphotransferase system

confers penicillin tolerance to Streptococcus gordonii. Antimicrob Agents Chemother 54: 259-266
[PubMed: 19858257]

. Gefen O, Balaban NQ (2009) The importance of being persistent: heterogeneity of bacterial

populations under antibiotic stress. FEMS Microbiol Rev 33:704-717 [PubMed: 19207742]

. Jayaraman R (2008) Bacterial persistence: some new insights into an old phenomenon. J Biosci

33:795-805 [PubMed: 19179767]

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

[PubMed: 17143318]

. Fauvart M, De Groote VN, Michiels J (2011) Role of persister cells in chronic infections: clinical

relevance and perspectives on anti-persister therapies. J Med Microbiol 60:699-709 [PubMed:
21459912]

10. Lewis K (2010) Persister cells. Annu Rev Microbiol 64:357-372 [PubMed: 20528688]
11. Belenky P, Collins JJ (2011) Microbiology. Antioxidant strategies to tolerate antibiotics. Science

334:915-916 [PubMed: 22096180]

12. De Groote VN et al. (2009) Novel persistence genes in Pseudomonas aeruginosa identified by

high-throughput screening. FEMS Microbiol Lett 297:73-79 [PubMed: 19508279]

Methods Mol Biol. Author manuscript; available in PMC 2019 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hazan et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Page 7

Kayama S et al. (2009) The role of rpoS gene and quorum-sensing system in ofloxacin tolerance in
Pseudomonas aeruginosa. FEMS Microbiol Lett 298:184-192 [PubMed: 19645822]

Manuel J, Zhanel GG, de Kievit T (2010) Cadaverine suppresses persistence to carboxypenicillins
in Pseudomonas aeruginosa PAOL. Antimicrob Agents Chemother 54: 5173-5179 [PubMed:
20855735]

Moker N, Dean CR, Tao J (2010) Pseudomonas aeruginosa increases formation of
multidrugtolerant persister cells in response to quorum-sensing signaling molecules. J Bacteriol
192: 1946-1955 [PubMed: 20097861]

Murakami K et al. (2005) Role for rpoS gene of Pseudomonas aeruginosa in antibiotic tolerance.
FEMS Microbiol Lett 242:161-167 [PubMed: 15621433]

Nguyen D et al. (2011) Active starvation responses mediate antibiotic tolerance in biofilms and
nutrient-limited bacteria. Science 334:982-986 [PubMed: 22096200]

Shatalin K et al. (2011) H2S: a universal defense against antibiotics in bacteria. Science 334:986—
990 [PubMed: 22096201]

Vega NM et al. (2012) Signaling-mediated bacterial persister formation. Nat Chem Biol 8:431-433
[PubMed: 22426114]

Viducic D et al. (2006) Functional analysis of spoT, relA and dksA genes on quinolone tolerance in
Pseudomonas aeruginosa under non-growing condition. Microbiol Immunol 50:349-357
[PubMed: 16625057]

Williamson KS et al. (2012) Heterogeneity in Pseudomonas aeruginosa biofilms includes
expression of ribosome hibernation factors in the antibiotic-tolerant subpopulation and
hypoxiainduced stress response in the meta-bolically active population. J Bacteriol 194: 2062—
2073 [PubMed: 22343293]

Bandyopadhaya A et al. (2012) The quorum sensing volatile molecule 2-amino acetophenon
modulates host immune responses in a manner that promotes life with unwanted guests. PLOS
Pathog 8:¢1003024

Kesarwani M et al. (2011) A quorum sensing regulated small volatile molecule reduces acute
virulence and promotes chronic infection phenotypes. PLoS Pathog 7:¢1002192

Miller JH (1972) Determination of viable cell counts: bacterial growth curves In: Miller JH (ed)
Experiments in molecular genetics. Cold Spring Harbor, New York, pp 31-36

Barbosa HR et al. (1995) Counting of viable cluster-forming and non cluster-forming bacteria: a
comparison between the drop and the spread methods. J Microbiol Methods 22:39-50

Hazan R et al. (2012) A method for high throughput determination of viable bacteria cell counts in
96-well plates. BMC Microbiol 12:259 [PubMed: 23148795]

Rankin 1D (2005) MIC testing In: Coyle MB (ed) Manual of antimicrobial susceptibility testing.
American Society for Microbiology, Washington, DC, pp 53-62

Casida LE Jr (1969) Observation of microorganisms in soil and other natural habitats. Appl
Microbiol 18:1065-1071 [PubMed: 5370659]

Veal DA et al. (2000) Fluorescence staining and flow cytometry for monitoring microbial cells. J
Immunol Methods 243:191-210 [PubMed: 10986415]

Aldridge BB et al. (2012) Asymmetry and aging of mycobacterial cells lead to variable growth and
antibiotic susceptibility. Science 335: 100-104 [PubMed: 22174129]

Berney M et al. (2007) Assessment and interpretation of bacterial viability by using the LIVE/
DEAD BacL.ight Kit in combination with flow cytometry. Appl Environ Microbiol 73:3283-3290
[PubMed: 17384309]

Levin-Reisman | et al. (2010) Automated imaging with ScanLag reveals previously undetectable
bacterial growth phenotypes. Nat Methods 7:737-739 [PubMed: 20676109]

Hazan R et al. (2012) A method for high throughput determination of viable bacteria cell counts in
96-well plates. BMC Microbiol 12:259 [PubMed: 23148795]

Heid CA et al. (1996) Real time quantitative PCR. Genome Res 6:986-994 [PubMed: 8908518]

Nolan T, Hands RE, Bustin SA (2006) Quantification of mMRNA using real-time RT-PCR. Nat
Protoc 1:1559-1582 [PubMed: 17406449]

Methods Mol Biol. Author manuscript; available in PMC 2019 May 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hazan et al.

10
102 4
103 ]
104
105

10-5 4

Fraction of surviving cells

107 -

1084

Page 8

Fig. 1.
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Antibiotic tolerant cell assessment using the CFU counts method. The killing curve of 2
aeruginosa strain PA14 exponential-phase cells exposed to a lethal concentration of the
bactericidal antibiotic meropenem indicates that the majority of cells died quickly, showing
a sharp drop-off in survival kinetics within 24 h, while a small fraction of cells (~1075)
survived the treatment even after 48 h of antibiotic exposure. This surviving fraction of cells
reflects the number of antibiotic tolerant cells. PA14 cells were exposed to 10 mg/L

meropenem for 48 h
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Fig. 2.

Ar?tibiotic tolerant cell assessment using the SGT method. Comparative assessment of the
persister cell fraction between two strains subjected to a 24 h treatment with meropenem (10
mg/L) at 37 °C (no meropenem added to normalizers). Following a 1:500 dilution, the
growth kinetics of normalizers and treated samples were recorded. (a) Using ODgggnm=0.15,
the ASGT values were calculated as the difference between treated and normalizer SGTs.
The AASGT values were calculated as the difference between ASGTSs of each strain
compared to that of the calibrator. (b) For the SGT method, the log,-fold change was
calculated as —AASGT (empty bars). For CFU counting, normalizers and treated cells were
serially diluted
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Table 1

Minimal inhibitory concentration (MIC) of commonly used antibiotics on PA14

Family Name MIC on PA14 pug/mL)

Aminoglycoside  Amikacin 1
Gentamycin 15

Beta-lactam Imipenem 1
Meropenem 0.1

Quinolone Levofloxacin 2

Ciprofloxacin 0.1
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