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Abstract
Background: There are several methods for quantitating bacterial cells, each with advantages and disadvantages.
The most common method is bacterial plating, which has the advantage of allowing live cell assessment through
colony forming unit (CFU) counts but is not well suited for high throughput screening (HTS). On the other hand,
spectrophotometry is adaptable to HTS applications but does not differentiate between dead and living bacteria
and has low sensitivity.
Results: Here, we report a bacterial cell counting method termed Start Growth Time (SGT) that allows rapid and
serial quantification of the absolute or relative number of live cells in a bacterial culture in a high throughput
manner. We combined the methodology of quantitative polymerase chain reaction (qPCR) calculations with a
previously described qualitative method of bacterial growth determination to develop an improved quantitative
method. We show that SGT detects only live bacteria and is sensitive enough to differentiate between 40 and 400
cells/mL. SGT is based on the re-growth time required by a growing cell culture to reach a threshold, and the
notion that this time is proportional to the number of cells in the initial inoculum. We show several applications of
SGT, including assessment of antibiotic effects on cell viability and determination of an antibiotic tolerant
subpopulation fraction within a cell population. SGT results do not differ significantly from results obtained by CFU
counts.
Conclusion: SGT is a relatively quick, highly sensitive, reproducible and non-laborious method that can be used in
HTS settings to longitudinally assess live cells in bacterial cell cultures.
Keywords: Bacterial-count, CFU, Persisters, High-Throughput, Screen

Background
Determination of bacterial cell number is among the
most fundamental procedures in microbiology. Several
methods are commonly used, each with its characteristic
pros and cons (Table 1). The widely used gold standard
method is Colonies Forming Units (CFU) counting on
plates [1]. The CFU method has two noteworthy advantages, namely the capacity for counts of any number of
bacteria using dilutions, if too many, or concentrations if
too few. Second, only viable bacteria are counted with
this method as the CFU method excludes dead bacteria
and debris. The most important disadvantage of the
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CFU method is that clumps of bacteria cells can be miscounted as single colonies; the potential for counting
clumps as single units is in fact reason the results are
reported as CFU/mL rather than bacteria/mL. In
addition, CFU results are usually obtained after 1–3 d,
making the method not suitable for serial longitudinal
studies. And since the CFU method is also relatively
time-consuming and quite tedious, it has limitations for
high throughput screening (HTS) studies.
The other common method used to estimate bacterial
load is reading optical density (OD) at 600 nm. The OD
method can be performed automatically in a high
throughput manner using a microtiter plate reader and
is well suited for experiments requiring continuous
growth curve analysis. However, this method does not
distinguish live bacteria from dead bacteria or even particles. In addition, its sensitivity is usually limited to concentrations between 108 and 1010 bacteria/mL.
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Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Hazan et al. BMC Microbiology 2012, 12:259
http://www.biomedcentral.com/1471-2180/12/259

Page 2 of 7

Table 1 Bacteria quantification methods
Method

Range of
detection

Time to
obtain results

Distinguishes
live vs. dead

Persisters
included in
quantification

Applications

Equipment
needed

Count affected
by minor
bacterial clumps

CFU count

Unlimited

Days

Yes

Yes

Determination of
absolute bacterial
number

None

Yes

Absorbance

108–1010
bacteria/mL

Immediate

No

No

Follow growth
curves

Spectrophotometer
or plate reader

No

Microscopy

Unlimited

Minutes

Yes, with staining

No

Determination of
absolute bacterial
number

Microscope

No

Flow cytometry

> ~5000

Minutes

Yes, with staining

Yes, if not
below detection

Determination of
absolute bacterial
number

FACS

Yes

MBRT [2]

> ~107

Hours

Yes

No (metabolically
quiescent cells missed)

MIC and MAC
determination

Spectrophotometer

No

Unlimited

Hours

Yes

Yes

HTS, persister
Quantification

Plate reader

No

SGT

Several other, but less common, methods for estimating bacterial concentration estimation have been
described, including flow cytometry [3] and microscopy
counting. These methods are sensitive and accurate, and
investigators can distinguish between live and dead bacteria when appropriate dyes are employed. However,
both are not suitable for HTS studies because are relatively time-consuming and quite tedious. Bacteria number can also be estimated based on various metabolic
features, such as the methylene blue dye reduction test
(MBRT) in which reduction of methylene blue to a colorless compound by reductase enzymes in the cell membrane is recorded [2]. However, unlike the other
methods described above, assessments reliant on metabolism do not detect transiently metabolically inactive
cells such as persister cells responsible for the antibiotic
tolerance observed in a broad range of microbial species.
Antibiotic tolerance, which is distinct from antibiotic resistance, is defined as the ability of a fraction of an
antibiotic-susceptible bacterial population “persisters” to
survive exposure to normally lethal concentrations of
bactericidal antibiotics [4-7]. Persister cells are an important and growing area of research owing to their high
clinical and environmental relevance [4-7].
Here, we combined the methodology of quantitative
qPCR calculations with a qualitative method of bacterial
growth determination described by De Groot et al. [8]
to develop an improved quantitative method, termed the
Start of Growth Time (SGT) method. This method
allows researchers to detect the relative number of live
bacteria within samples and is well suited for HTS studies. This method is based on the observation that the
number of cells in an initial inoculum is linearly proportional to the lag phase of growth before cultures reach a
threshold optical density [8]. We describe here several

practical high throughput applications of the SGT
method, including assessment of the efficacy of various
compounds on the formation of antibiotic tolerant persister cells.

Methods
Bacterial growth and conditions

All compounds used in this work were obtained from
Sigma Aldrich. Pseudomonas aeruginosa strain PA14 [9]
and isogenic mutants, Acinetobacter baumanii and
Escherichia coli DH5α were obtained from our laboratory stock collection. Bacteria were grown overnight in
Luria Bertani (LB) medium at 37°C, diluted 1:100, and
re-grown in LB or M63 (KH2PO4 [100 mM], (NH4)2SO4
[15 mM], FeSO4·7H2O [1.7 μM], MgSO4·7H2O [1 mM],
Glucose [0.2%]) media. P. aeruginosa PA14 cells were
grown to mid-logarithmic phase in the absence or presence of: (i) AA or 3-AA at a concentration (0.75 mM)
that does not affect growth rate; and (ii) gentamicin
(1.5 mg/L) or ciprofloxacin (0.04 mg/L) at a sub MIC
concentration that also does not affect growth rate.
For CFU counts, cells were diluted serially in LB
medium and plated on LB agar plates which were incubated for 24 h at 37°C. For the SGT method, an aliquot
of cells was diluted 1:500 in fresh LB to serve as a
“normalizer” and the antibiotic meropenem was added
to the rest of the cultures (“treated”) to a final concentration of 100× MIC (i.e. 10 mg/L). Cells were incubated
with the antibiotic at 37°C for an additional 24 h, and
then diluted 1:500 in LB to rid the culture of the antibiotic effect. The growth kinetics of both normalizers
and treated cells were recorded using an automated 96well plate reader (Sunrise Tecan, Switzerland) at 37°C
with 10 s of circular shaking every 15 min, followed by
10 s of settling at which time OD600nm was detected.
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Figure 1 (See legend on next page.)
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Figure 1 SGT values are proportional to the initial inoculum. The linearity of SGT method was assessed in various strains and conditions. (A)
Growth curves of the wild-type P. aeruginosa strain PA14 (PA) grown in LB (Green), LB + 3% Ethanol (Yellow) and in the defined medium M63
(Pink); PA14 isogenic mutant derivative cyt b1 (light blue); and wild-type strains A. baumanii (black) and E. coli DH5α (dark blue). (B) The time
when the growth curves crossed the threshold (OD600nm = 0.15 - 0.2) is defined as the SGT. P. aeruginosa PA14 cells were grown to OD600nm = 2.0,
when the concentration of cells was 4.07 x 109 ± 7.02 x 108 cells/mL according to CFU counts. The cells were diluted serially 1:10 in a 96-well
plate reader to ODs below the detection threshold of the spectrophotometer, after which their growth kinetics was recorded and also
determined at 18 h by CFU counts. Each growth curve is the average of at least 3 repeats. (C) Plots of SGT values versus bacterial concentrations
detected by CFU count reveal linear correlation in all cases (R2 >0.99). Colors of the circles correspond to inoculum concentrations. The linear
regression curve is shown in red. (D - E) Growth curves and plots of SGT values versus bacterial concentrations detected by CFU count for the
additional conditions and strains.

The SGT for each sample was determined as the time
when the OD600nm of the sample reached a threshold of
0.15 - 0.2. The relative size of the antibiotic tolerant
persister subpopulation for each mutant’s culture was
calculated as the log2 fold of change (-ΔΔSGT) between
the samples normalized to that of PA14.
ΔΔSGT calculation

We applied the methodology to calculate the ΔΔct for
quantitative polymerase chain reaction experiments
(qPCR) [10,11] by determining ΔΔSGT values of samples
compared to a calibrator. First, a ΔSGT value was calculated for each sample according to the following equation: ΔSGT = (SGTTreated − SGTNormalizer) where the SGT
of untreated normalizer cells was subtracted from the
SGT of treated cells. Second, a ΔΔSGT value was calculated by subtracting the ΔSGT of the reference strain or
condition (“calibrator”) from that of the sample: ΔΔSGT =
(ΔSGTSample − ΔSGTCalibrator). Fold change between the
sample and the calibrator was calculated as: F = 2−ΔΔSGT.
Results are presented as log2 fold changes: -ΔΔSGT.

Results and discussion
Assessment of live bacteria cell number in a high
throughput setting

The SGT method is based on the time that a growing bacterial cell culture takes to reach spectrophotometrically
detectable levels being proportional to the starting bacterial inoculum [8]. This approach allows live bacteria within
a culture to be quantified (Figure 1). The SGT of each
sample is defined as the time required by the culture to
reach an OD600nm threshold that is set slightly above the
detectable background at the start of the logarithmic
phase of growth, 0.15-0.2 in the present study.
As shown in Figure 1, the SGT values of bacterial cell
cultures are proportional to the initial inoculum of all
conditions and strains used. The SGT values of various
bacterial cell cultures inoculated with various starting
concentrations and grown in various conditions
(Figure 1A) were determined (Figures 1B and 1D). A
calibration curve was generated by plotting the SGT
values against the corresponding starting inoculum
values, which were assessed by CFU counts on plates

(Figures 1C and 1E). As shown, we observed a linear
correlation between the SGT values and the number of
CFUs within the starting inocula (R2 > 0.99). Using these
calibration curves, it was possible to assess the concentration of live cells within a given sample without plating
regardless of its growth condition.
Figures 1B and 1D show that the SGT values were
obtained within 2 h for 4 × 107 ± 7 × 106 CFU/mL and
within 11.5 h when the starting concentration of cells
was as low as 51 ± 42 CFU/mL. These processing times
are much shorter than the ≥24 h period needed to
obtain CFU counts. Furthermore, it is noteworthy that
the SGT method was sensitive enough to detect spectrophotometrically live cell number differences between 40
and 400 bacteria. Taken together these results show that
the SGT method can provide sensitive, accurate, robust
and rapid estimation for bacteria cell numbers in a manner that is suitable for use in a high throughput setting.
Example 1: Assessment of antibiotic bactericidal activity

The SGT method can be used to evaluate the relative
bactericidal activities of antibiotics or other compounds
that impact bacterial growth. To this end, we applied the
methodology to calculate the ΔΔct for qPCR [10,11] by
determining ΔΔSGT values of samples compared to a
calibrator as described in Methods section.
The killing efficacy of the antibiotic meropenem on P.
aeruginosa cells was compared to that on two of its isogenic mutants, mvfR and pqsBC (Figure 2A). The mvfR
mutant harbors a mutation in the global virulence-related
quorum sensing regulator MvfR, while pqsBC, MvfR regulated genes, encode the enzymes PqsB and PqsC which
are required for the synthesis of 4-hydroxy-2-alkylquinolines (HAQ) [12-16]. In this example, the meropenem
treated cells were defined as Treated and cells not exposed
to meropenem were used as Normalizers. Wild-type PA14
strain cultures served as the reference calibrator cultures
and the two mutants were processed as samples. After
meropenem treatment, the growth kinetics of the normalizers and treated cells were recorded as described in the
Methods. With an OD600nm threshold of 0.15, ΔSGT
values were calculated as: ΔSGT = (SGTTreated (meropenem) −
SGTNormalizer (untreated)) for each sample. The relative size
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Figure 2 Example of SGT method use: assessment of the relative bactericidal activity of meropenem on various P. aeruginosa isogenic
mutants. (A) Wild-type PA14 (blue) and its isogenic mutant derivatives mvfR (black) and pqsBC (red) were grown to mid-logarithmic phase before
being subjected to a 24 h treatment with meropenem (10 mg/L) at 37°C (no meropenem added to normalizers). Following 1:500 dilution, the
growth kinetics of normalizers and treated samples were recorded. Employing an OD600nm = 0.15, ΔSGT values were calculated as the difference
between treated and normalizer SGTs. ΔΔSGT values were calculated as the difference of between ΔSGTs of the mutants to that of wild-type
PA14, which served as the calibrator. (B) For the SGT method, log2 fold of change was calculated as -ΔΔSGT (empty bars). For CFU counting,
normalizers and treated cells were serially diluted and plated. For comparison purposes, CFU count results are also presented as log2 fold of
change (filled bars). The differences between the values obtained by the two methods did not differ significantly (p > 0.1).

of the antibiotic tolerant persister subpopulation in each
mutant’s culture was calculated as the log2 fold of change
(−ΔΔSGT) where: ΔΔSGT = (ΔSGTSample (mvfRor pqsBC))
− ΔSGTCalibrator (PA14)).
The mvfR mutant cells had a lower number (log2 fold
change of −3.0 ± 0.29) and pqsBC mutant cells had a
higher number (log2 fold change of 2.1 ± 0.07) of surviving cells than wild-type PA14 cells (Figure 2B). There
was a strong concordance between these SGT data and
CFU data obtained in parallel (p > 0.1), providing validation of the SGT method (Figure 2B).

Example 2: Screening for a compound’s effect on the size
of an antibiotic tolerant subpopulation

Another practical application of the SGT method is
screening for compounds that affect the formation of
antibiotic tolerant cells. To demonstrate this application,
we examined the effects of four compounds on the size
of persister subpopulations in PA14 cultures exposed to
a lethal dose of meropenem (10 mg/L). Specifically, the
compounds used were: (i) the HAQ precursor anthranilic acid (AA) [16]; (ii) the AA analog 3-AA; and the
two antibiotics (iii) gentamicin and (iv) ciprofloxacin
(Figure 3A).

P. aeruginosa PA14 cells were grown to midlogarithmic phase in the absence or presence of AA, 3AA, gentamicin or ciprofloxacin at a concentration that
does not affect growth rate (Figure 3A). After meropenem addition, the cells were incubated for 24 h and the
relative size of the surviving cell subpopulation was
determined using the SGT and CFU count methods in
parallel, as described above. Both methods showed, with
no significant difference between them (p > 0.1), that
gentamicin and ciprofloxacin increased the surviving,
antibiotic tolerant cell subpopulation by ~ 5 and 2 log2
fold respectively relative to no compound, while AA and
3-AA did not affect cell survival. Importantly, this assay
can be scaled up to simultaneously evaluate the efficacy
of triplicates of 32 compounds in 96-well plates or triplicates of 128 compounds in 384-well plates.

Conclusions
The SGT method is a reproducible, accurate, and rapid
way to estimate the number of living bacteria cells
present in a liquid culture. It is not laborious and can be
performed without any specialized training or equipment beyond a basic automated plate reader. Unlike
CFU data, SGT values cannot be skewed by clumps of
bacteria. Like conventional OD600nm plate reading, SGT
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Figure 3 Example of SGT method use: assessment of the relative efficacy of compounds on the size of the persister cell fraction using
the SGT method. (A) PA14 cells were grown to the mid-logarithmic stage (arrow) in the absence or presence of AA (0.75 mM), 3-AA (0.75 mM),
gentamicin (Gent, 1.5 mg/L) and ciprofloxacin (Cipro, 0.04 mg/L). Meropenem was applied as in Figure 2. (B) A comparison of survival fraction
sizes obtained by SGT (empty bars) and CFU counting (filled bars) methods, presented as log2 fold change. SGT values were determined using a
threshold OD600nm = 0.15. ΔSGT values were calculated as the difference between the SGT values of meropenem treated and untreated cultures
and ΔΔSGT values as the difference between compound-treated cultures and the untreated calibrator. The SGT and CFU count data were not
significantly different (p > 0.05).

detects only live bacteria and simultaneously provides
additional information on the nature of the growth state,
such as cell doubling time and time to enter the stationary phase. However, SGT is much more sensitive than
conventional OD600nm reading as it can detect concentrations of bacteria as low as ~10 bacteria/mL. The SGT
method can be used for a diversity of applications, including HTS of compounds and conditions that affect
bacterial viability and studies of antibiotic tolerance and
persister cell formation.
The SGT method does have some limitations that
should be noted. Firstly, unlike CFU counting, the SGT
method requires that calibrator and sample cultures be
grown in the same conditions with similar doubling
times, as it assumes that the time needed for a growing
bacterial culture to reach the threshold is proportional
to the concentration of the initial inoculum. Secondly, in
conditions that affect the lag phase of growth, SGT
values must be taken with caution. For example, cells
grown in minimal media could falsely mimic low inocula
in comparison to same concentration cells grown in rich
media. Third, in the case of persister cells assessment,
changes or differences in the “awakening” kinetics of
these cells could cause a potential bias since rapid awakening cells could be interpreted falsely as high number
of cells. In such cases, as it is used in oligonucleotide
pair assessment in qPCR, a single calibration curve of
SGT versus CFU would be needed to determine the linearity of the SGT values. Finally, when performing HTS
using SGT, validation of hits using the conventional
CFU plating method would be prudent.

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
RH, YQ, and LGR designed the SGT method. RH and YQ and DM carried out
the experiments. RH, YQ, and LGR wrote the manuscript. All authors read
and approved the final manuscript.
Acknowledgements
We thank Michal Levitzky-Shpinner for assisting with SGT data analysis. This
work was supported by Shriners’ research grant #8770 (LGR) and in part by
the National Institute of Health grant AI063433. YAQ was supported by a
Swiss National Science Foundation/Swiss Medical Association (FMH) grant
#PASMP3-123226 and a grant from the SICPA Foundation. RH was supported
by Shriners’ Hospitals Research Fellowship #8494.
Author details
1
Department of Surgery, Harvard Medical School and Massachusetts General
Hospital, Boston, MA 02114, USA. 2Department of Microbiology and
Immunobiology, Harvard Medical School, Boston, MA 02114, USA. 3Shriners
Hospitals for Children Boston, Boston, MA 02114, USA. 4IYAR, The Israeli
Institute for Advanced Research, Rehovot, Israel.
Received: 23 July 2012 Accepted: 25 October 2012
Published: 13 November 2012
References
1. Miller JH: Determination of viable cell counts: bacterial growth curves. In
Experiments in Molecular Genetics. Edited by Miller JH. New York: Cold Spring
Harbor; 1972:31–36.
2. Bapat P, Nandy SK, Wangikar P, Venkatesh KV: Quantification of
metabolically active biomass using Methylene Blue dye Reduction Test
(MBRT): measurement of CFU in about 200 s. J Microbiol Methods 2006,
65:107–116.
3. Jepras RI, Paul FE, Pearson SC, Wilkinson MJ: Rapid assessment of
antibiotic effects on Escherichia coli by bis-(1,3-dibutylbarbituric acid)
trimethine oxonol and flow cytometry. Antimicrob Agents Chemother
1997, 41:2001–2005.
4. Allison KR, Brynildsen MP, Collins JJ: Metabolite-enabled eradication of
bacterial persisters by aminoglycosides. Nature 2011, 473:216–220.

Hazan et al. BMC Microbiology 2012, 12:259
http://www.biomedcentral.com/1471-2180/12/259

5.
6.
7.
8.

9.

10.
11.
12.

13.

14.

15.

16.

Page 7 of 7

Lewis K: Persister cells, dormancy and infectious disease. Nat Rev
Microbiol 2007, 5:48–56.
Lewis K: Persister cells. Annu Rev Microbiol 2010, 64:357–372.
Balaban NQ, Merrin J, Chait R, Kowalik L, Leibler S: Bacterial persistence as
a phenotypic switch. Science 2004, 305:1622–1625.
De Groote VN, Verstraeten N, Fauvart M, Kint CI, Verbeeck AM, Beullens S,
Cornelis P, Michiels J: Novel persistence genes in Pseudomonas
aeruginosa identified by high-throughput screening. FEMS Microbiol Lett
2009, 297:73–79.
Rahme LG, Stevens EJ, Wolfort SF, Shao J, Tompkins RG, Ausubel FM:
Common virulence factors for bacterial pathogenicity in plants and
animals. Science 1995, 268:1899–1902.
Heid CA, Stevens J, Livak KJ, Williams PM: Real time quantitative PCR.
Genome Res 1996, 6:986–994.
Nolan T, Hands RE, Bustin SA: Quantification of mRNA using real-time RTPCR. Nat Protoc 2006, 1:1559–1582.
Cao H, Krishnan G, Goumnerov B, Tsongalis J, Tompkins R, Rahme LG: A
quorum sensing-associated virulence gene of Pseudomonas aeruginosa
encodes a LysR-like transcription regulator with a unique self-regulatory
mechanism. Proc Natl Acad Sci USA 2001, 98:14613.
Deziel E, Gopalan S, Tampakaki AP, Lepine F, Padfield KE, Saucier M, Xiao G,
Rahme LG: The contribution of MvfR to Pseudomonas aeruginosa
pathogenesis and quorum sensing circuitry regulation: multiple quorum
sensing-regulated genes are modulated without affecting lasRI, rhlRI or
the production of N-acyl-L-homoserine lactones. Mol Microbiol 2005,
55:998–1014.
Hazan R, He J, Xiao G, Dekimpe V, Apidianakis Y, Lesic B, Astrakas C, Deziel
E, Lepine F, Rahme LG: Homeostatic interplay between bacterial cell-cell
signaling and iron in virulence. PLoS Pathog 2010, 6:e1000810.
Kesarwani M, Hazan R, He J, Que Y, Apidianakis Y, Lesic B, Xiao G, Dekimpe
V, Milot S, Deziel E, et al: A quorum sensing regulated small volatile
molecule reduces acute virulence and promotes chronic infection
phenotypes. PLoS Pathog 2011, 7:e1002192.
Deziel E, Lepine F, Milot S, He J, Mindrinos MN, Tompkins RG, Rahme LG:
Analysis of Pseudomonas aeruginosa 4-hydroxy-2-alkylquinolines (HAQs)
reveals a role for 4-hydroxy-2-heptylquinoline in cell-to-cell
communication. Proc Natl Acad Sci USA 2004, 101:1339–1344.

doi:10.1186/1471-2180-12-259
Cite this article as: Hazan et al.: A method for high throughput
determination of viable bacteria cell counts in 96-well plates. BMC
Microbiology 2012 12:259.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

