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ABSTRACT: We present a method capable of detecting
single slow-growing and growth-arrested cells in a bacterial
culture composed of physiologically and phenotypically
diﬀerent cells. Unlike the use of transcriptional reporters to
gauge the metabolic activities in cells, here, we fuse two
diﬀerent ﬂuorescent proteins with distinctive maturation rates
to construct a timer to directly determine the growth rate of
single Pseudomonas aeruginosa cells. We demonstrate that the
dual-color ﬂuorescent timer can indicate the slow-growing and
growth-arrested cells from bacterial cultures in the presence of
various environmental stresses, including nutrient starvation
or antibiotic treatments, which greatly expand the methods for detecting and isolating persister cells.
KEYWORDS: ﬂuorescent timer, pathogenic bacteria, persister cells

P

are persisters.13 Hence, the method used to identify and isolate
persister cells from a mixed population is crucial in persister
research, in which ﬂuorescent reporters play a signiﬁcant role
in the identiﬁcation of persister cells because of their ability to
monitor the physiological state at single-cell level. For example,
Manina et al. constructed a transcriptional ﬂuorescent reporter
to monitor the ribosome production in Mycobacterium
tuberculosis;9 Helaine et al. constructed a ﬂuorescent reporter
based on ﬂuorescence dilution to monitor the replication
dynamics of Salmonella typhimurium.14
Given the fact that nongrowth or reduced growth rate is
necessary and the most obvious characteristic of the persister
cells, we here present a new approach to identify the slowgrowing and growth-arrested single cells of an opportunistic
pathogen, Pseudomonas aeruginosa, in a mixed population
composed of physiologically and phenotypically diﬀerent cells.
We anticipate the application of such technologies for
expanding the methods for detecting and isolating persister
cells.
Brieﬂy, we incorporated a designed module of a timer into
the chromosome of P. aeruginosa with the mini-Tn7 system.15
This ﬂuorescent timer is a fusion of two ﬂuorescent proteins
with distinctive maturation rates (Figure S1): a red ﬂuorescent

ersisters constitute a subpopulation of genetically
identical, but phenotypically various, bacterial cells that
can survive diﬀerent environmental stresses,1,2 such as nutrient
starvation or antibiotic exposure. Persister cells have been
shown to have the ability to tolerate diﬀerent medications.3
Consequently, antibiotic treatments cannot completely eradicate bacterial cells in the nidus, which often results in the
recalcitrance and relapse of persistent infections.4 The
therapies for persistent infections often involve repeated use
of antibiotics, which has been shown to increase the risk of the
emergence of antibiotic resistance.5,6 Therefore, the understanding of persister cells has received broad attention.
Persister cells in bacteria are typically described as dormant,
nondividing cells with globally reduced metabolism.6−9
However, it is not clear what exactly a persister cell is or
what the extent of dormancy is. Persister cells are not mutants,
but phenotypic variants, of the wild type.10 A signiﬁcant aspect
in understanding the persistence phenotype was the demonstration that cells exhibiting nongrowth or reduced growth rate
are more likely to be persisters.2,6,8,11 Cells in the persister state
are highly immune to bacterial antibiotics, which are mainly
caused by the slow growth of the persister cells.12 Nongrowth
or reduced growth rate makes perisister cells distinguishable.
Persistence has been extremely diﬃcult to research because
persister subpopulations are a very small portion of the total
bacteria population, for example, only one in one hundred
thousand to one million cells of wild type Escherichia coli cells
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protein (Tdimer2)16 with a slower maturation rate (τ1 =
0.0058 min−1)17 is fused to a green ﬂuorescent protein
(sfGFP) that possesses a much faster maturation rate (τ2 =
0.1386 min−1),18 and the tandem protein is expressed using a
constitutive promoter (PA1/O4/O3). Notably, a ﬂuorescent timer
with a similar design was applied to investigate the protein
dynamics in eukaryotic cells.19 In contrast with eukaryotic
cells, degradation of protein in the growing bacterial cell
occurred at a very small rate, and the estimated minimum halflife for protein degradation in the bacteria is 30 days.20 As a
result, proteins are generally degraded on time scales that are
signiﬁcantly longer than the cell cycle, and most of the protein
lifetime is controlled by a dilution due to cell division, whose
time scale is equal to the cell cycle.21,22 Therefore, the turnover
of proteins in bacteria depends on only the growth rate of
cells.20−22 In line with the previous study, we further
demonstrated that the ﬂuorescent proteins, sfGFP and
Tdimer2, in P. aeruginosa are stable and their lifetime is
dominated by the rate of dilution due to cell division (Figure
S2).
We assume that a ﬂuorescent protein (FP) is produced at a
constant rate as a nonﬂuorescent protein matures to a
ﬂuorescent protein with the corresponding maturation rate
constant (τ). In our design, τ1 is markedly slower than the
optimized growth rate (μ = 0.0116 min−1, i.e., doubling time =
60 min) of P. aeruginosa, whereas τ2 is markedly faster than μ.
Therefore, the red ﬂuorescence (FR) arising from Tdimer2 is
strongly dependent on μ, because more Tdimer2 FPs can
mature from nonﬂuorescent to ﬂuorescent state in slowgrowing or growth-arrested cells compared with normalgrowing cells. The result is that the FR arising from growtharrested cells is much larger than the FR arising from fastgrowing cells. Conversely, the green ﬂuorescence (FG) arising
from sfGFP is nearly independent of the μ because τ2 ≫ μ.
The application of FG/FR is thereby expected to determine the
actual growth rate of cells.
To calibrate the relationship between FG/FR and μ, we
adjusted the concentration of the Fe3+ in the culture medium,
which enabled us to change the average growth rate (⟨μ⟩) of
cells from slow-growing to fast-growing (Figure S3). Afterward, we measured the ensemble average value of ⟨FG/FR⟩ in
each growth condition. The sfGFP and Tdimer2 was excited
using a 488 or 561 nm laser, respectively, and imaged with two
diﬀerent emission channels (524 or 607 nm). The captured
ﬂuorescent images were ﬁrst subjected to ﬁeld uneven
excitations correction and background correction (See the
Supporting Information). The corrected images arising from
the sfGFP channel were further analyzed to obtain the bacterial
contours using a standard image-processing algorithm coded
by Matlab.23 The ﬂuorescent intensities of sfGFP or Tdimer2
arising from single cells (FG or FR) were determined by directly
measuring averaged intensities of the pixels enclosed by
bacterial contours. The ensemble average ⟨FG/FR⟩ was
determined by averaging FG/FR arising from single cells. We
determined that ⟨FG/FR⟩ was linearly related to the ⟨μ⟩ and
ranged from slow-growing (⟨μ⟩ = 0.0017 min−1, doubling time
= 400 min) to fast-growing conditions (⟨μ⟩ = 0.0230 min−1,
doubling time = 30 min) (Figure 1). To further elucidate this
linear relation, we created a theoretical model to directly
calculate the relation between FG/FR and μ (See the
Supporting Information). The theoretical calculation accurately predicted the linear relation found in the experiments.
These results conclusively demonstrated that the dual-color

Figure 1. Linear relationship between average bacterial growth rate
and average ⟨FG/FR⟩ in P. aeruginosa, where the red dashed line
represents the linear ﬁtting using a linear regress (growth rate = 0.002
× FG/FR − 0.001, R2 = 0.89).

ﬂuorescent timer can detect the slow-growing or growtharrested bacteria. We also investigated the feasibility of the
timer in Pseudomonas putida. The results showed that ⟨FG/FR⟩
was still linearly related to the ⟨μ⟩ in these strains, which
indicated the wide applicability of our designed ﬂuorescent
timer in bacteria cells (Figure S4).
Next, we used this ﬂuorescent timer to identify the slowgrowing and growth-arrested cells of P. aeruginosa in the
presence of diﬀerent environmental stresses, including nutrient
starvation and low-dose treatment with aminoglycoside
antibiotics ([tobramycin] = 2.0 μg·mL−1). The slow-growing
and growth-arrested cells are deﬁned here by 1.5 ≤ FG/FR <
6.0 (0.002 ≤ μ < 0.011 min−1 or 60 < doubling time ≤ 350
min) and 6.0 ≤ FG/FR (μ ≤ 0.002 min−1 or doubling time ≥
350 min), respectively. To display the growth rate of single
cells, we plotted the ﬂuorescent intensities arising from the
single cells at the plane deﬁned by the FG (y-axis) and the FR
(x-axis); one point in that plane represents one bacterium. We
partitioned the plane of FG and FR using two lines with distinct
slopes, that is, FG/FR = 1.5 (indicated by a red dashed line in
Figures 2k−o and 3k−o) and FG/FR = 6.0 (indicated by a
green dashed line in Figures 2k−o and 3k−o). The partition of
the plane clearly indicated the growth state of the single cells
because of the linear relation FG/FR and μ; namely, the points
located in the regions between the green dashed line and the yaxis, between the green dashed line and the red dashed line, or
between the red dashed line and the x-axis represent the fastgrowing cells, slow-growing cells, or growth-arrested cells,
respectively.
We collected the bacterial cultures at distinctive growth
phases that ranged from early exponential to death phase, in
which the nutrient availability declined during the planktonic
culturing. The bacterial growth phases were deﬁned using their
growth curve (Figure S5): early exponential phase (0 < OD600
≤ 0.9), later exponential phase (0.9 < OD600 ≤ 2), early
stationary phase (2 < OD600 ≤ 2.2), later stationary phase (2 <
OD600 ≤ 2.2), and death phase (OD600 ≤ 2), where OD600 was
the optical density of bacterial cultures at 600 nm. We
observed the following: (1) a small fraction of slow-growing
cells (0.08%) was detected in the earlier exponential phase
(Figure 2a,f,k); (2) a small fraction of growth-arrested cells
(0.06%) was ﬁrst detected in the later exponential phase
(Figure 2b,g,l); (3) the percentage of slow-growing or growtharrested cells increased from 23.32% to 99.19% (Figure
2c,h,m) or from 0.04% to 0.36% (Figure 2d,i,n) through the
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Figure 2. Dual-color ﬂuorescent timer indicates the slow-growing or growth-arrested single cells of P. aeruginosa in planktonic culturing. (a−e)
Merged representative ﬂuorescent images show sfGFP (as indicated by green color) and Tdimer2 (as indicated by red color) intensities in the
distinctive growth phase. (f−j) Representative ratio images show FG/FR in the distinctive growth phase, where the color map to the right of the
panel j indicates the corresponding FG/FR or the growth rate in the images. (k−o) Relationship between the FG and FR in the distinctive growth
phase, where the individual data points in the ﬁgures represent data arising from a single bacterium; green or red dashed lines represent the line
with a slope of FG/FR = 6.0 (μ = 0.011/min) or FG/FR = 1.5 (μ = 0.002/min), respectively; color map to the right of panel o indicates the cell
counts. (a,f,k), (b,g,l), (c,h,m), (d,i,n), and (e,j,o) represent the bacterial cultures harvested in the early exponential phase (OD600 = 0.7), later
exponential phase (OD600 = 1.5), early stationary phase (OD600 = 2.3), later stationary phase (OD600 = 2.2), or death phase (OD600 = 1.7). Scale
bars for all images are 4 μm.

Figure 3. Dual-color ﬂuorescent timer indicates the slow-growing or growth-arrested single cells of P. aeruginosa after the treatment of 2.0 μg mL−1
tobramycin. (a−e) Merged representative ﬂuorescent images show sfGFP (as indicated by green color) and Tdimer2 (as indicated by red color)
intensities after the treatment of 2 μg mL−1 tobramycin. (f−j) Representative ratio images show FG/FR after the treatment of tobramycin, where the
color map to the right of the panel j indicates the corresponding FG/FR or the growth rate in the images. (k−o) Relationship between the FG and FR
after the treatment of tobramycin, where the individual data points in the ﬁgures represent data arising from a single bacterium; green or red dashed
lines represent the line with a slope of FG/FR = 6.0 (μ = 0.011/min) or FG/FR = 1.5 (μ = 0.002/min), respectively; color map to the right of the
panel o indicates the cell counts. (a,f,k), (b,g,l), (c,h,m), (d,i,n), and (e,j,o) represent the bacterial cultures harvested in the diﬀerent treatment
times ranging from 2 to 7 h. Scale bars for all images are 4 μm.
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stationary phase; (4) 0.93% of slow-growing cells consistently
existed in the death phase (Figure 2e,j,o), and even the
bacterial density declines at the population level. These results
indicate that the bacterial cultures collected after the later
exponential phase were actually composed of physiologically
and phenotypically diﬀerent cells, which implies that these
physiologically and phenotypically diﬀerent bacteria would
respond diﬀerently to environmental cues, such as antibiotics
treatments.
Next, we used low-dose tobramycin (2.0 μg·mL−1) to treat
bacterial cultures collected in the exponential phase. Notably,
2.0 μg·mL−1 is the minimal inhibition concentration (MIC) of
tobramycin for P. aeruginosa. We measured the FG/FR at
diﬀerent treatment times. We observed that (1) 4.96% slowgrowing or 0.19% growth-arrested cells ﬁrst appeared in the
population after 2 h of treatment with tobramycin (Figure
3a,f,k); (2) 3−6 h of treatment with tobramycin led to the
majority of P. aeruginosa cells (97.65−98.73%) remaining in a
slow-growing state (Figure 3b−d,g−i,l−n) while 0.17−1.55%
of cells remained in the fast-growing state; (3) 0.12% or
73.39% of cells remained in the fast- or slow-growing state,
respectively, even after 8 h of treatment (Figure 3e,j,o). These
results indicate that the majority of P. aeruginosa cells remained
metabolically active after 8 h of exposure to 2.00 μg·mL−1
tobramycin, even though this condition can suﬃciently inhibit
the growth of P. aeruginosa at a population level.
In summary, we demonstrated that the application of a
tandem ﬂuorescent protein timer for analysis of bacterial
growth rate does not require time-course measurements; it
only needs snapshot ﬂuorescence imaging, and further, the
ﬂuorescent timer can identify slow-growing and growtharrested bacterial pathogens in a mixed population. Our results
indicate that the ratio FG/FR, from the timer, is linearly related
to the growth rate of cells in broad ranges. Such a linear
relationship potentially enables the quantiﬁcation of the
growth of single cells in diﬀerent scenarios, such as during
the formation of bioﬁlms. Furthermore, our calculation
indicates the relation between the linear range and the growth
rate depends on the maturation rate of a slower-maturing
ﬂuorescent protein, which enables the construction of a
speciﬁc timer suitable for monitoring the growth of distinctive
microbes on vastly diﬀerent time scales with the use of a
diﬀerent red ﬂuorescent protein that possesses a distinctive
maturation rate. Speciﬁcally, the timer with the slower
maturation rate of red ﬂuorescent protein has a broader
spectrum of time scales.24 Established strategies for ﬂuorescent
protein evolution25 can be used to broaden the spectrum of
accessible time scales. For example, using lanRFP-ΔS83 (τ1 =
0.0014 min−1)26 to replace the Tdimer2 in the timer enables
the identiﬁcation of the dormant cells that may possess a much
slower growth rate.
Compared with previously used ﬂuorescent reporters that
can also identify slow-growing and growth-arrested cells, the
major advantages of this ﬂuorescent timer are that (1) the
output from the ﬂuorescent timer is directly correlated to the
growth rate of cells and (2) the inducer is not used to treat
cells. Moreover, the ﬂuorescent timer is fully compatible with
the high-throughput techniques used to isolate cells, such as
microﬂuidics or ﬂow cytometry. These conveniences potentially enable the broad application of our ﬂuorescent timer in
persister-related studies.
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