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Abstract

The heterogeneity of bacterial growth and replicative rates within a population was proposed a century ago notably to explain the
presence of bacterial persisters. The term “growth rate” at the single-cell level corresponds to the increase in size or mass of an
individual bacterium while the “replicative rate” refers to its division capacity within a defined temporality. After a decades long
hiatus, recent technical innovative approaches allow population growth and replicative rates heterogeneity monitoring at the single-
cell level resuming in earnest. Among these techniques, the oldest and widely used is time-lapse microscopy, most recently combined
with microfluidics. We also discuss recent fluorescence dilution methods informing only on replicative rates and best suited. Some
new elegant single cell methods so far only sporadically used such as buoyant mass measurement and stable isotope probing have
emerged. Overall, such tools are widely used to investigate and compare the growth and replicative rates of bacteria displaying drug-
persistent behaviors to that of bacteria growing in specific ecological niches or collected from patients. In this review, we describe
the current methods available, discussing both the type of queries these have been used to answer and the specific strengths and
limitations of each method.

Introduction
To an historical perspective, at the beginning of the 20th century,
scientists had already emphasized the importance of measuring
the bacterial replicative rate at the single cell level (Barber 1908,
Reichenbach 1911, Wilson 1922, Kelly and Rahn 1932). It corre-
lated with the concomitantly wide development of techniques to
isolate single microorganisms as reviewed by Hildebrand in 1938
(Hildebrand 1938). Marshall Barber developed an elegant mechan-
ical method to isolate single cell within microdrops involving cap-
illary micropipettes that he combined with manual time-lapse
microscopy (Barber 1904). Helped by this method Barber inves-
tigated the replicative rates at the single-cell level of Bacillus coli
at different temperatures and further demonstrated that homol-
ogous immune antipneumococcic serum had no effect on the
Pneumococcus replicative rate of single isolated bacterial pairs (Bar-
ber 1908, 1919). Meanwhile, bacteriologists questioned the accu-
racy of population measurements, especially when specific sub-
sets were found unable to grow on agar plates (Reichenbach 1911,
Wilson 1922). In 1922, Wilson highlighted the frequent discrep-
ancy of colony forming unit measurements and direct micro-
scopic counts (Wilson 1922). This was assigned to a subset of bac-
teria within an actively growing population that would not grow
on agar plates but could still be seen looking down a microscope.
He proposed that this subpopulation corresponded to dead bac-
teria (Wilson 1922). Before that, Reichenbach had proposed that
a certain proportion of the actively growing bacteria became dor-
mant at each new generation and that, therefore, this population
increased with age explaining the viable but non-culturable bac-

terial subset observed (Reichenbach 1911). Later, Kelly and Rahn
tested these hypotheses by studying the replicative rate of sin-
gle isolated bacteria via manual time-lapse microscopy (Kelly and
Rahn 1932). Interestingly, they showed that all cells continue to
multiply once they have started to do so and that no progenies
cease growing, become dormant or die. Results must be counter-
balanced by the temporal limitation: tracking was not possible be-
yond the fourth generation. Moreover, few cases were recorded
where a cell did not divide in the new medium as previously
shown by Barber (Barber 1908, Kelly and Rahn 1932). A decade
later, Hobby and Bigger both separately working on the mecha-
nism of action of penicillin toward streptococci and staphylococci
showed that it killed the actively growing bacteria (Hobby et al.
1942, Bigger 1944). Bigger discovered and employed for the first
time the term persisters to name a small subset of antibiotic-
insensitive, drug-persistent bacteria within a population of repli-
cating cells (Bigger 1944). Persisters were supposed to persist peni-
cillin pressure owing to their arrest in a temporally dormant, non-
dividing phase, corroborating Reichenbach’s assumption. After a
decades long hiatus, the study of growth and replicative bacterial
rates at the single-cell level resumed in earnest only in the last
decades (Balaban et al. 2004, Godin et al. 2010, Helaine et al. 2010,
Wang et al. 2010; Wakamoto et al. 2013, Claudi et al. 2014, Ursell
et al. 2014, Flannagan and Heinrichs 2018, Table 1).

The bacterial growth rate at a population level commonly
refers to the increase of bacterial number in the batch. At the
single-cell level, the growth rate corresponds to the increase in
size or mass of an individual bacterium. Thus, the growth rate at
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the single-cell level had to be distinguished from the replicative
rate referring to the division capacity of a single bacterium into
two daughter cells within a defined temporality. Actually, a single
bacterium can growth without dividing, thus forming a filament
while it cannot divide without having previously grown.

Time-lapse microscopy is at our knowledge the oldest method
to monitor the bacterial replicative rate at the single-cell level
(Barber 1908, Kelly and Rahn 1932). Conceptually it is based on mi-
croscopic tracking over-time of bacteria and their progenies divi-
sion time and size. Thus, the created lineages of microcolonies in-
formed on the replicative and growth rates at the single-cell level.
Combination with (i) microfluidics allow almost instantaneous
medium variation while keeping tracking and (ii) micropattern-
ing allows trapping of bacteria improving the temporal resolution
of the method especially by removal of the daughter cells (Bala-
ban et al. 2004, Wakamoto et al. 2005, Wang et al. 2010). Owing to
the improvement of microfluidics and single-cell level microscopy,
Balaban et al. (2004) were able to demonstrate for the first time the
hypotheses of Bigger 60 years later. Rare Escherichia coli survivors
that resumed growth after drug pressure removal were indeed ini-
tially non-growing or slow growing. The best-suited approaches
currently available to monitor the replicative rate are methods
involving the tracking of fluorescence dilution by flow cytometry
and microscopy (Roostalu et al. 2008, Helaine et al. 2010, Flanna-
gan and Heinrichs 2018). These emerged from advances in fluo-
rescent dyes and materials, preceded by the discovery of fluores-
cent proteins. In concept, it is based on the assumption that the
total bacterial content is halved at each replicative step. Labeling
of at least a part of this bacterial content or the use of fluorescent
proteins permits monitoring of bacterial replicative rates and gen-
eration rank at the single cell level in vitro and in vivo. Combina-
tion with slow sequentially maturing fluorescent proteins whose
maturation time are longer than the generation time overcome
the fluorescence dilution sensitivity threshold (Claudi et al. 2014,
Schulte et al. 2021). De facto, other methods are employed to de-
termine the growth and replicative rates at the single cell level
such as structural markers monitoring (Table 1, Kuru et al. 2012,
Santi et al. 2013, Ursell et al. 2014, Yu et al. 2019). Emerging and/or
as of yet sporadically used but elegant methods allow monitoring
of growth rates at the single-cell level. Amongst others, the sus-
pended microchannel resonator (SMR) enables growth rates mea-
surement via buoyant mass monitoring (Godin et al. 2010, Cermak
et al. 2016). Moreover, chromosomal replication marker monitor-
ing and stable isotope probing give insight into single-cell growth
rate (Kopf et al. 2016, Haugan et al. 2018). Individual rRNA con-
tent monitoring via FISH is linked to population growth rates via
a standard curve (Poulsen et al. 1993, Kragh et al. 2014). Finally,
population level monitoring such as bacterial colony appearance
informs indirectly on the ability of a single bacterium to perform
at least one replicative step as well as its extrapolated lag time
(Levin-Reisman et al. 2010, Bär et al. 2020).

Several other methods, such as plasmid or fluorescent particle
dilution, rely on single-cell level analysis to inform on the popu-
lation growth rate (Gill et al. 2009, Adams et al. 2011, Myhrvold et
al. 2015). Plasmid and particle dilution methods are based on the
fact that a single copy of a plasmid or a particle will be dispatched
within only one of the two resulting daughter cells. Thus, diluting
by half the bacterial population carrying the plasmid or particle
at each replicative step. Monitoring at the single-cell level the re-
maining proportion of the population bearing the plasmid, or the
particle allows measurement of the population growth rate and
is, therefore, not discussed here.

In this review, we discuss the different available methods to
monitor bacterial growth and replicative rates at the single-cell
level in vitro and in vivo (Table 1). Furthermore, we review the
findings obtained using concomitant techniques such as antibi-
otics susceptibility and intracellular bacterial localization, to as-
sess their appropriateness and likely increasing importance in the
future.

Monitoring of colony appearance and size:
not true single cell methods, even indirectly
End-point monitoring of bacterial colonies on agar plate inform on
the ability of a single bacterial ancestor to perform at least one di-
vision (Fig. 1; Table S1, Supporting Information). Then, the replica-
tive information at the single cell level is lost. Immediately after
the first replication step, two hypothesis are in conflict: (i) both
daughter cell could continue to divide or (ii) one can stop while
the other continues to replicate. Thus, to indirectly measure the
percentage of bacteria having the capability to perform at least
one replication cycle versus the percentage of non-growing also
called viable but non-cultivable (VBNC) bacteria, a known num-
ber of bacteria must be spread on agar plate. Then, colonies are
recordable when they reach a sufficient area or volume named
the detection threshold, which is a major limitation of this in-
direct method. It depends on the image resolution and quality,
depending amongst other elements on the lighting system. In-
deed, if the progeny of a replicative bacterium enters an arrested
growth phase before that the detection threshold of the method
is reached, it cannot be positively counted and becomes a false
negative as well as colony having a delayed appearance.

Monitoring of colony appearance and size using real-time sys-
tems to capture and analyze images over time brings new param-
eters such as the lag time of the colonies appearance. It is defined
at the single cell level as the time needed by each bacterium to
perform its first replicative step. However, this indirect population
level method measures the lag time as the time required by the
resulting colonies to be detected by the system giving only an es-
timation of the accurate single cell lag time. Quantitative micro-
scopic single cell tracking must be done to discriminate between
both hypotheses (i) a lag time before the first replication or (ii) a
slow growth of the colony. Besides, the growth rates, sizes, shapes,
and colors of the colonies could be monitored allowing among
other segregation depending on the surface and, thus highlighting
of small colony variants. Another limitation of this method is that
clumped bacteria or inhomogeneous spreading methods could
lead to single colonies actually deriving not from a bacterium but
from an uninterpretable cluster of them. Further, conventional
methods for spreading on plates using glass balls or a rake could
conduct to uneven spreading leading to different neighbor effects
affecting the growth rate by nutrient competition and colonies
crosstalk using quorum sensing. Finally, several other issues in-
herent to the method could lead to artefacts such as imperfection
in the plate, low image resolution, light reflectance distortions and
temperature variation. Of note, some software were developed to
analyze other types of colonies such as eukaryotic (Shah et al.
2007, Bewes et al. 2008, Cai et al. 2011). However, although the
switch from yeast to bacterial colonies seems to be reliable, others
eukaryotic colonies can present some difficulties. Thus, due to the
wide range of software and systems available we cannot suggest
a specific one to the user. Their choice must rely on the purpose
and the combination of agar and colony colors, image resolution,
and so on.
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Figure 1. Principle of the colonies monitoring methods to record indirectly bacterial first replicative step at the single cell level. A known number of
bacteria are spread onto agar plates (left panel). Then acquisition device, either a scanner or a digital camera, record plates at intervals during the
experiment to perform real-time monitoring or at the end of the experiments to perform end-point monitoring. Using both methods, colonies are
detected when it reaches the detection threshold of the systems (middle panel). End-point monitoring allows determining at a specific time point the
ratio of bacteria having done at least one replicative step versus VBNC (right panel). Real-time monitoring allows determining colony lag time and/or
subsequent growth rates of colonies. Using live microscopic control, the colonies calculated appearance delays could be extrapolated as bacterial lag
time.

End-point colony monitoring
The user could do end-point colony monitoring manually. How-
ever, it is time consuming and suffers from variability between
one person to another. Thus, image analysis devices and software
were developed allowing high-throughput assessment. Automatic
colony counters are commercially available such as Scan from In-
terscience, Easycount from Biomérieux as well as Premium 90 HR
from VWR.

A less expensive solution consists of plates pictures using a
digital camera or scanner and analysis using end-user software
homemade. Despite some variation, image analysis algorithms ei-
ther on MATLAB, ImageJ, or CellProfiler follow the same pipeline. It
consists of images preprocessing to remove noise and improve im-
ages, thresholding and optional watershed or edge segmentation
algorithms leading to isolated colonies count (Bewes et al. 2008,
Clarke et al. 2010, Cai et al. 2011, Geissmann 2013, Choudhry 2016,
Khan et al. 2018). Furthermore, in the last decade few applications
were developed to acquire and process images using smartphone
helped by the improvement of their camera resolution (Wong et
al. 2016, Austerjost et al. 2017). This paves the ways of scientific
apps development, which could displace well-established labora-
tory devices.

Monitoring of colony appearance and size
As for end-point monitoring the user can do monitoring of colony
appearance and size by repeating tedious end-point monitor-
ing. However, end-point monitoring devices are generally out-
side temperature-controlled chambers and repeated temperature
variation could impact the results. Thus, real-time colony count-
ing incubator was developed. It is commercially available at Inter-

science and named ScanStation allowing to monitor up to 300 petri
dishes at 1-hour intervals automatically.

Several high-throughput homemade solutions were designed
combining an automated acquisition device and image analy-
sis software, rather similar to monitor colony parameters such
as count, appearance, size, or volume and physical characteris-
tic (Michel et al. 2008, Levin-Reisman et al. 2010, Takeuchi et al.
2014). These colony growth dynamics parameters could inform
on the lag of colony appearance, the growth rates of the colony,
and the maximal size reached. The system is predominantly com-
posed of an array of scanners placed in a temperature-controlled
room. It was employed to monitor resistant bacteria arising across
a 2D matrix of drug concentration (Michel et al. 2008), to show
that starvation resulted in more bacteria remaining dormant for
longer periods (Levin-Reisman et al. 2010) and to demonstrate
growth defects of single-gene protein synthesis knockouts E. coli
mutants (Takeuchi et al. 2014). Besides, to confirm that the Scan-
Lag method monitors the lag time of single cells before the first
replicative step and not subsequent events, data were compared
with single cell microscopy and support that the delay of colonies
monitoring is due to bacterial lag time and not to slow growth of
the colony (Levin-Reisman et al. 2010). Of note, this control should
be repeated for each bacterial species and strains studied. Fur-
ther, the main limitation of the Colony-live system is due to the
spreading technique; grown colonies were spotted into agar plate
using short pins (Takeuchi et al. 2014). A colony evidently arise
from more than one bacterium and imped with indirect single cell
first replication monitoring. A method to bypass this issue could
be to spot single bacteria using fluorescence-activated cell sort-
ing (FACS). Moreover, it was showed that measuring the colony
mass of the center of the colony minimized the neighbor effect
(Takeuchi et al. 2014). A limitation of this method is that periodic
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scanning of the plates induces strong light exposure and temper-
ature gradients, which could be sensed by the bacteria and might
impact the growth. An optional module which turns on the elec-
tronics components that heat up only when an acquisition is done
could be implemented (Levin-Reisman et al. 2010).

Bär et al. (2020) created a software called ColTapp supporting
both standard endpoint analysis and time-lapse images analysis,
thus filling a gap within previous existing image analysis tools.
This application allows extraction of parameters such as colony
lag time, growth rate, size, and further morphology descriptors as
well as spatial metrics. Moreover, the software includes an end-
point framework allowing estimation of colony lag time.

Time-lapse microscopy and
microfluidics-based methods
Single cell tracking overtime using time-lapse microscopy is a
powerful tool to monitor the bacterial growth and replicative rates
highlighting non-replicative bacteria for experiments with long
durations (Fig. 2). Conceptually it relies on basic photonic, later
fluorescent, time-lapse imaging of fields and manually tracking
over-time of the non-replicating or replicating bacteria and their
progenies within microcolonies, thus creating lineages. To our
knowledge it is the first reported method employed to monitor
the bacterial replicative rates at the single cell level (Barber 1908).
Later, automated microscopes and design of homemade macros
working within analysis images software improve this tedious
task by implementing automated analysis. Next, microfluidics al-
lows applying almost instantaneous medium variation without
loss of the bacteria tracked. Moreover, microfluidics by provid-
ing fresh medium renewal and waste removal allows for the first
time long-term monitoring of single-cell dynamics. The bias to the
time-lapse microscopy method of 2D microcolonies is that analy-
sis of a large number of single cell events at a time is technically
challenging. Furthermore, after a defined number of replication
events, the mother cell can no longer be linked to its progenies.
Actually, the microcolonies can exceed the dimensional limits of
the field and the bacteria tend to create stack impeding analysis.
For this reason, it is a prerequisite of the method that the sys-
tem holds the bacteria in a single focal plane. Later, micropat-
terning connectable with microfluidics allows trapping of the bac-
teria and increase the time-span resolution of the method, no-
tably by sequentially removing the daughter cells via shear force.
Moreover, due to the intrinsic properties of the method, historical
growth and replicative rates from intracellular or in vivo recovered
bacteria cannot been evaluated in contrast with the fluorescence
dilution method. The growth rates are obtained by fitting to an
exponential curve the size of an individual bacterium over-time.
Subsequent potential division between two daughter cells can be
highlighted by rapid drop and scission of the curve or by manual
tracking.

Time-lapse microscopy of microcolonies
Since the first part of the 20th century, time-lapse microscopy
method to monitor the bacterial replicative rates at the single cell
level was reported (Barber 1908, Kelly and Rahn 1932). Helped by
sequential isolation of progeny every few generations within mi-
crodrops, Barber elucidate the replicative rates at the single cell
level of B. coli over different temperatures by manual time-lapse
microscopy (Barber 1908). Later, Kelly and Rahn isolated single cell
of Bacterium aerogenes, Bacillus cereus, and Saccharomyces ellipsoideus
using a method derived from the one developed by Ørskov in 1922

using spreading of bacteria onto agar (Ørskov 1922). The authors
demonstrated that if any bacterium divided once, all its progenies
maintained replication over four generations corresponding to the
limit of the method since after that the progenies could not been
linked to their mother cells. Of note, bacterial lag time before the
first replicative step was in some cases reported.

In the last decades, improvement of the microscopic device and
analysis software allowed automated acquisition of time-lapse
single cell tracking and data analysis. Liquid culture spotted on
a coverslip could be covered with a semipermeable membrane
and a micropatterned polydimethylsiloxane (PDMS) chip allow-
ing microfluidic medium switches or a polyacrylamide gel lead-
ing to sparsely platted bacteria (Wakamoto et al. 2013, Manina
et al. 2015). Then phase and fluorescence image were recorded
at intervals. Analysis of the images series records bacterial planar
area over time as well as their fluorescence intensity and specifies
their position in a lineage tree (Wakamoto et al. 2013, Manina et
al. 2015). This method allowed monitoring nine generations of lin-
eages representing about 500 cell cycles (Kiviet et al. 2014). Growth
rates were obtained by sequentially fitting cell length or area with
exponential curves and divisions were highlighted by shift in the
curve. The division rates were calculated from the number of divi-
sion events normalized by the total cell number at each time point
divided by the time-lapse interval. Wakamoto et al. (2013) em-
ployed the time-lapse microscopy method to analyze the growth
and replicative rates of Mycobacterium smegmatis framing and dur-
ing isoniazid drug challenge. Helped by the time-lapse method, it
was demonstrated that M. smegmatis persistence against isoniazid
is not correlated with single-cell growth rates but linked with the
isoniazid-activating enzyme catalase-peroxidase KatG dynamics.
Moreover, the authors showed that isoniazid inhibits growth faster
than division. Later, Kiviet et al. (2014) employed time-lapse mi-
croscopy method to investigate the growth rates of E. coli at the
single cell level and quantify time-resolved cross-correlations
with expression of lac genes. Cells were first manually selected
and then automatic followed by microscopy. It was shown that
the growth rates varied in time depending on the medium em-
ployed in the gel, as an example, the more the IPTG concentra-
tion increased the more the growth rate increased. Moreover, lac
genes expression was monitored by GFP fusion into the lac operon
allowing quantifying the lac production rate and concentration
at the single cell level. This allowed highlighting that lac expres-
sion fluctuations positively correlated later growth fluctuations
and that it then propagates back to disturb expression. Manina et
al. (2015) combined quantitative time-lapse microscopy and flu-
orescent reporters to assess both bacterial growth rates and ri-
bosomal RNA expression concomitantly. Single-cell dynamics of
ribosomal RNA of Mycobacterium tuberculosis was monitored using
a genetically encoded fluorescent reporter consisting of a destabi-
lized green fluorescent protein (GFP) inserted at the rrn locus. The
half-life of the radiolabeled GFP destabilized was several hours
depending on the growth phase of the bacteria. Single-cell track-
ing by time-lapse microscopy of M. tuberculosis was done fram-
ing and during isoniazid intoxication which was done by inter-
mittent pulses using the microfluidic device to mimic the phar-
macokinetic profile in patients. Moreover, bacteria were stained
with Sytox blue, a reporter of membrane damaging. This com-
bined method highlighted three undamaged membrane bacterial
subsets after the isoniazid removal (i) cells that resumed growth
and recovered fluorescence (ii) non-growing but metabolically ac-
tive cells that contain bursts of fluorescence and (iii) non-growing
cells with equal fluorescence. Interestingly, single-cell time-lapse
analysis showed no exclusive correlations between growth rates
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Figure 2. Patterns of the time-lapse microscopy method to monitor growth and replicative rates. Schemes representing methods for time-lapse
microscopy 2D microcolonies (A) and (B), (top left), linear microcolonies (C)–(F), (top right and bottom left), and individual bacterium monitoring (G),
(bottom right). (A) 2D monolayer microcolonies method; bacteria are spread on a pad and allowed to grow and divide in two dimensions. (A)–(G)
Optionally, medium is flowed in via microfluidics to feed the microcolonies. (B) Turbidostat method; bacteria are caught on a trap formed by two large
neighboring cavities (above and below). Laminar fluidic shear force remove and flow away the bacterial ancestor and its progenies having fallen into
the opposite openings via growth and dividing spatial force. (C) Narrow grooves method, bacteria are caught on linear traps and allowed to grow and
divide, thus forming linear microcolonies. (D) Successive interconnected chambers method; bacteria are seeded inside the first chamber of the array.
Ancestors enter within narrow grooves, growth and dividing spatial force push half of the linear microcolonies inside the next chamber. The
successive chambers have thinner grooves than the first it is connect to. (E) Mother machine method; individual bacteria are seeded at the dead end of
narrow grooves. Growth and dividing spatial force pushes progenies toward the opened end. Bacteria are then flowed away by laminar fluidic shear
force. Mother bacteria with the oldest pole remain at the bottom of the channels. (F) Chemostat method; bacteria are seeded inside narrow grooves
opened at both sides. Growth and dividing spatial force pushes progenies and ancestor outside of the channels. Shear force flows away bacteria having
fallen. (G) Individual bacteria monitoring method; adherent bacteria are spread on a pad and allowed to grow and divide. Laminar fluidic shear force
removes the non-adhering progenies while the ancestors remain anchored. Furthermore, ancestor and progenies can be isolated or trashed via optical
tweezers able to penetrate inside micropattern (not represented).

prior to drug intoxication and the bacterial fates after drug re-
moval. Furthermore, bacteria explanted from the lungs of chron-
ically infected immune-competent mice were inoculated into the
permissive condition of the microfluidic device. The majority of
the recovered bacteria did not resume growth despite the fact that
a substantial fraction was physically intact and metabolically ac-
tive as demonstrated by rRNA locus de novo expression monitored
by fluorescence intensity. Next, Goormaghtigh and Van Melderen
(2019) used single-cell time-lapse method coupled with SOS in-
duction and DNA content reporters to characterize exponential
phase E. coli persisters to ofloxacin . The bacteria were design to ex-
press a psulA::gfp reporter monitoring the SOS response induction
and an HU-GFP reporter to record nucleoids. Using this system,
they showed that prior to ofloxacin treatment, persistent bacte-
ria are not necessarily non or slow growing. Actually, the authors
observed growing and dividing bacteria that only ceased replicat-
ing during drug intoxication while resuming growth upon drug
removal, subsequently forming long polynucleoïde bacterial fila-
ments prior to eventual division and nucleoid segregation. More-
over, persisters and sensitive cells showed similar level of SOS in-
duction during ofloxacin intoxication. Suggesting that the growth
rate and the SOS response cannot be employed as a marker of
persisters. Of note, they defined persisters by the ability to regrow
after drug exposure, which put aside possible long term non re-
growth persisters cells.

Thus, improvement of the systems required for the time-lapse
method simplified monitoring of bacterial growth rate and repli-
cation at the single cell level. Moreover, microfluidic devices per-
mit growth rates monitoring under rapidly various successive
medium conditions without loss of the bacteria of interest. Time-

lapse microscopy method was parallelized with genes expression
monitoring via fluorescent reporter allowing to establish such a
cross-correlation in vitro and using in vivo explanted bacteria at
the single-cell level. Moreover, due to the lack of bacterial growth
history, end-point analysis failed, and prior in vivo growth and
replicative rates cannot be recorded or extrapolated. Finally, bac-
terial growth rates and division at the single-cell level was moni-
tored before, during and after antibiotics treatment helped by mi-
crofluidics.

The microfluidics had improved the temporal resolution of the
time-lapse microscopy method via constant medium input, as
previously discussed, but also via bacterial progenies removal.
Actually, Ullman et al. (2013) designed a microfluidic turbidostat
for single-cell growth monitoring and high-throughput gene ex-
pression analysis. The micropattern consists of a trap limited by
two walls and two openings. Bacteria are caught in the traps and
allowed to grow until covering the entire surface as 2D micro-
colony. Then the acquisition is started, the daughter cells reaching
the openings are removed into the surrounding cavity and car-
ried away via medium flow. Each experiment allows monitoring
of around 3000 complete replication steps. The authors demon-
strated that length of bacteria in rich media vary more than gen-
eration time at birth while the reverse was observed in poor me-
dia. Further, the dynamics of synthesis and localization of the lac-
tose repressor were investigated using a LacI-Venus fluorescent
construction expressed from native promoter in E. coli. Single flu-
orescent molecules detection using short excitation light pulses
showed an increase in the expression at the birth. Later, Wallden
et al. (2016) employed the microfluidic turbidostat to decipher the
chromosome replication cycle to the replication rate of E. coli via
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labeled DNA replication components. The authors labeled the ep-
silon subunit of the DNA polymerase III named DnaQ allowing
monitoring of single replisomes via single-molecule fluorescence
imaging. Using this single-cell method they demonstrated that
the initiation of the chromosome replication is launched at a fixed
volume per chromosome independently of growth rates and bac-
terial volume at birth. Furthermore, it was showed that the gen-
eration time and division size was dependent to the growth rate.

Thus, removal of the bacteria from the 2D microcolonies in-
crease the temporal and spatial resolution of the time-lapse mi-
croscopy method. Coupling it with replisomes detection and lo-
calization allow both chromosome and cell cycle correlation.
However, large individual bacterial shifting within the 2D micro-
colonies can induces loss of cells and lineages end.

Overall, the oldest method to monitor at the single-cell level
the bacterial growth and replicative rates was improved by the
breakthrough of automation and software analysis (Fig. 2). Time-
lapse method allows monitoring the bacterial growth and replica-
tive rates at the single-cell level by analyzing the individual’s cel-
lular size and their drop within 2D microcolonies. A strength of
the method is the cross-correlation with fluorescent reporter and
medium switches with microfluidics. The main limitation relies
on the bacterial tracking to create among other the lineages. Ac-
tually, the temporal limit of the methods to measure replicative
rates within a 2D microcolonies depend on the robustness of the
analysis to link daughters cells to their mothers, which mainly
depends on the size of the microcolonies and individual bacte-
rial shifting. Microfluidic turbidostat development improves the
temporal resolution of the method by sequential removal of the
bacteria from the trap via neighboring cavities, thus improving
the spatial resolution. Furthermore, due to the intervals tracking
principle of the method, end-point analysis is not possible. In-
deed, bacterial growth history before starting acquisition cannot
be recordable nor extrapolated.

Time-lapse microscopy of linear microcolonies
Channel-design allows long-term single-cell tracking of a unique
lineage from a single ancestor tacking over the spatial limitation
of the 2D microcolonies method (Fig. 2). It relies on linear narrow
grooves mainly made in PDMS, which trap bacteria allowing only
1D motility. The grooves are slightly taller than the cell to avoid
cell stranding and allow optimal and equal nutrition all along the
channel. Linear colonies simplified tracking and lineage construc-
tion compared to 2D microcolonies. Of note, this method is, how-
ever, only suitable for rod-shaped bacteria.

Balaban et al. (2004) employed the channel-design combined to
time-lapse microscopy to investigate the single-cell growth rate of
E. coli during antibiotic challenge. The micropattern device used
consisted of a stack of layers made by linear grooves in PDMS,
a cellulose membrane and a flow channel in PDMS. The bacte-
ria were seeded into the PDMS channels and allowed several cell
divisions before exposure to ampicillin treatment using microflu-
idics. The growth rates of the daughter cells were derived from
the length of the newly formed linear microcolonies. The authors
showed that rare non-growing or slow growing bacteria could sur-
vive antibiotic treatment and then regrow and divide after drug re-
moval. Thus, a channel-type design micropattern combined with
microfluidics allow for the easiest microcolony tracking, by limit-
ing spatial diffusion of the bacteria during longer periods of time,
as well as antibiotic growth rates susceptibility monitoring.

Männik et al. (2009) engineered a submicron channel con-
taining microfluidic device to monitor the bacterial growth and

replicative rates as well as motility at the single-cell level. The
micropattern consisted of successive chambers interconnected
by progressively narrower channels ranging in width from 5 to
0.3 μm while the bacterial diameter used ranged from 0.7 to 1.1
μm. The swimming bacterial ancestor enters the channel by it-
self or pressed by the other bacteria. Helped by this time-lapse
microscopy method, the authors showed that E. coli and Bacil-
lus subtilis escaped channels exceeding only marginally their di-
ameters by swimming. In smaller grooves, although the bacterial
motility capacity was lost, the bacterial escaping ability was main-
tained. Actually, within narrower channels the bacterial disper-
sal is driven by the growth and replication pushing themselves.
Half of the population was pushed forward into the next cham-
ber while the other half was pushed backward toward the origi-
nating chamber. Escherichia coli was still able to pass through chan-
nels smaller than its diameter by a factor two resulting in a vari-
ety of anomalous cell shapes. Later, this model was employed to
demonstrate that despite irregular morphologies E. coli maintains
its ability to divide into two equally sized daughter cells (Mannik
et al. 2012). Moreover, inhibition of the Min system and of nucleoid
occlusion are largely dispensable regarding the accuracy of cen-
tral divisions in these bacteria with anomalous shapes. Of note,
minC deletion impacts the divisome placement within normal
rod-shaped bacteria. Thus, an interconnected successively nar-
rower channels design allows monitoring of growth and replica-
tive rates depending on constrictions forces at the single-cell level
via time-lapse microscopy.

Wang et al. (2010) improved the temporal resolution range of
the narrow grooves method by removing the daughter cells at one
side of the channels via constant flow allowing monitoring of the
mother cell growth and replicative rates for hundreds of genera-
tions. It allows monitoring of a large number of bacteria at a de-
fined reproductive age simultaneously. A series of single bacteri-
ally seeded narrow grooves are oriented at right angles toward a
mainstream channel carrying the growth medium at a constant
flow, which results to both bacterial nutrition and removal of pro-
genies emerging from the growth grooves. The bacterium, i.e. con-
fined at the end of the groove is the mother cell, which donates
one of its poles to the growing bacterial lineage and which never
leaves channel. In contrast, after the channel fills up, subsequent
growth pushes the earliest progenies out and they are removed
by the flowing medium. The authors called the method “mother
machine” since it allows monitoring of cells inheriting the same
pole over many generations. Using this method, they showed that
the growth rates of the mother cell and its immediate progenies
did not change over time. The cell length of 105 individual cells
was fitted to a time curve, and then interval between birth and
division was fitted to exponential function giving the growth rate
at each replicative age. Thus, the mother machine improves the
temporal resolution range of the narrow grooves method to mon-
itor growth rates of the mother cell for hundreds of generations
as it is gradually getting old, and of its direct progenies.

The mother machine method was broadly used to monitor bac-
terial growth rates and divisions at the single-cell level. Transient
oscillations in E. coli initial cell size, which could extend over sev-
eral generations was highlighted (Tanouchi et al. 2015). The au-
thors demonstrated negative feedback on the cell size control,
i.e that bacteria with an initially higher cell size tend to divide
earlier and inversely. Using the mother machine, it was shown
depending on studies that a progeny taller than its sister tends
to grow slower or that the growth rate is independent of initial
cell size (Tanouchi et al. 2015, Kohram et al. 2021). Fluorescent
reporters were broadly combined with the phenotypically analy-
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sis of the mother machine. Virulence genes fluorescent reporter
in Salmonella typhimurium was correlated with drug intoxication
showing that virulence expression promotes survival by reduc-
ing growth (Arnoldini et al. 2014). Fluorescent reporter and the
mother machine were further associated with end-point live/dead
assay showing that both VBNC and persisters cells, here defined as
having the ability to growth after drug removal, shared similar cell
length before drug intoxication as well as similar tnaC level (Bam-
ford et al. 2017). Of note, tnaC is part of the tnaCAB operon respon-
sible for tryptophan metabolism and was half of those reported in
susceptible cells prior to drug intoxication and can, therefore, be
considered as new biomarkers. Later, fluorescent reporter of the
main multidrug efflux pump AcrAB-TolC in E. coli showed that it
was unevenly allocated between daughters cells since it accumu-
lates at the old pole (Bergmiller et al. 2017). Furthermore, a growth
difference was highlighted between successive generations under
subinhibitory tetracycline challenge. The mother machine was
further combined with a library of CRISPR interference knock-
downs to highlight genes involved in the regulation of chromo-
some replication initiation (Camsund et al. 2020). The initiation
of replication was simultaneously monitored via a seqA–yfp fu-
sion allowing tracking of the chromosomal replication machinery.
After phenotypic monitoring, bacteria were fixed, and genotype
monitoring was done by sequential FISH to a barcode. The authors
thus identified genes as required in the regulation of chromosome
replication initiation at a defined volume per chromosome. Re-
cently, Manuse et al. (2021) employed an ATP concentration re-
porter to characterize the persisters physiology. The reporter con-
sists of a genetically modified ATP synthase binding subunit which
absorbs at two different wavelengths between both free and ATP
linked states and emits at one. The ratio between fluorescent sig-
nals from the two excitations wavelengths reports on the ATP con-
centration. Interestingly, the authors showed that even prior to
antibiotic treatment persisters did not grow or grew very slowly at
low ATP levels and resumed growth heterogeneously after drug re-
moval. Thus, time-lapse microscopy methods employing a mother
machine-type micropattern were combined with fluorescent re-
porters informing on genes expressions and efflux pump localiza-
tion. Further combined with drug intoxication via microfluidics
and ATP concentration reporter.

Norman et al. (2013) improved the mother machine method
to decipher the B. subtilis switch between motile and sessile con-
nected chains during the exponential phase of growth. The length
of the narrow grooves must accommodate two parameters, cell
feeding and cell retention. Longer grooves impeded uniform feed-
ing but better retained the progenies. The authors overcame this
limitation by adding shallow side grooves surrounding the bacte-
ria allowing optimal growth medium diffusion all along the chan-
nels. They created 75 μm long channels working with the sessile
chains’ lifestyle of the bacteria. Motile cells were recorded via the
fluorescent reporter of the flagellin gene while the chains were
highlighted by fluorescent reporter encoding copy of the matrix
tapA gene. Using these combined methods, they demonstrated
that the motile lifestyle is memoryless while the time spent as
sessile bacteria is tightly controlled. Later, Baltekin et al. (2017)
engineered the mother machine by adding an opening at the end
of each narrow groove. Its size prevents bacterial exit but allows
medium flow through the channels. The authors employed it to
assess rapid antibiotic susceptibility of clinical samples. Thus, im-
provement of the mother machine design allows monitoring of
long cell filaments and rapid detection of antibiotic susceptibility.

The narrow grooves can also have both of their ends opened to-
ward two parallel mainstream channels (Moffitt et al. 2012, Long

et al. 2013). It allows feeding and escaping of the bacterial moth-
ers and their progenies at both sides, thus avoiding aging alto-
gether. Actually, due to the dual opening of the grooves, bacteria
including the mother cells are constantly removed, thus creating
a linear microcolony of bacteria of similar age. Because the bac-
teria are maintained in a chemostatic environment Moffitt et al.
(2012) termed their device the single cell chemostat. The chemo-
stat was made of agarose, a porous material allowing cross mi-
crocolony communication. Using this device, the authors showed
that the division time, the growth rate, and the length at division
of E. coli remained constant throughout the lineage. The bacteria
leave the grooves at a rate that increased proportionally to the
distance from the center and is constant in time. Thus, the tem-
poral limit of tracking depends amongst other parameters on the
length of the grooves. They investigated the growth rates of a syn-
thetic microbial community including two E. coli auxotrophs that
shared amino acids in co-culture. Time-lapse microscopy analy-
sis showed that each strain of the mixed community grew while a
single community did not. Moreover, increasing the flow rate de-
creased the growth rate of the microcolonies. At the single-cell
level all the bacteria of the mixed community grew with widely
different rates. Subsequently, Long et al. (2013) developed a PDMS-
based chemostat to monitor the bacterial replicative rates and
validated it for track fluorescent reporters such as chromosomal
loci over-time. Thus, the chemostat design improves the tempo-
ral resolution range of the narrow grooves method by allowing
tracking of successive lineages over 30–40 generations and avoid-
ing bacterial aging. However, the porous agarose-based pads com-
plicate medium changes inside the channels due to agarose sat-
uration and are, therefore, best reserved for experiments that do
not require changes in medium and microcolonies isolation.

Overall, linear 1D-restricted micropattern devices improved
temporally the basic time-lapse microscopy method using 2D mi-
crocolonies monitoring (Fig. 2). The channel design allows long-
term monitoring of a unique lineage from a single trapped ances-
tor beyond the temporal resolution range of the 2D microcolonies,
which rely on the spatial limit. Besides, the mother machines al-
low monitoring for hundreds of generations the aging of mother
cells trapped at the dead-end, as well as of their direct progenies
sequentially remove from the channel. Then, chemostat design
created linear colony composed of bacteria sharing similar age
via constant bacterial released at both side of the channel includ-
ing the mother cells. Such as the basic previously described time-
lapse method, the channel design techniques impeded with end-
point analysis. Moreover, the mechanical restricted linear growth
allows only mother to daughter cells contact thus avoiding popu-
lation direct and diverse talk using as example quorum sensing.
Furthermore, it was showed that the channel spatial characteris-
tic such as width and length interfere with the mother cell growth
and replication by mechanical forces (Yang et al. 2018).

Time-lapse microscopy of individual bacteria
Elfwing et al. (2004) developed a flow chamber allowing monitor-
ing of growth and division events of the mother cells attached
to a transparent solid surface via removal of any daughter cells
by fluidic shear force which fed bacteria. Later, Iyer-Biswas et al.
(2014) diverted the physiological properties of Caulobacter crescen-
tus, which divides into two phenotypically distinct daughter cells,
one is motile, and the other is adherent. They design a strain bear-
ing the holdfast synthesis A (hfsA) gene controlling the surface
adhesion under an inducible promoter. Thereby, before starting
monitoring, the gene was expressed in order to adhere bacteria
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at the glass surface. Then, the inducer is removed, and subse-
quent daughter cells are unable to adhere and are removed via
the medium flow. This method allows monitoring of more than
one hundred generation from an individual mother cell. Helped
by this system, it was showed that the individual lag time, which
is referred as the time required by E. coli and Listeria innocua to dou-
ble its size increased respectively with the salt concentrations and
sublethal heat shock (Elfwing et al. 2004). Further, it was demon-
strated that the bacteria divide upon reaching a critical multiple
of their initial sizes and that the mean division time decreases as
the temperature increases (Iyer-Biswas et al. 2014). Thus, bacterial
attachment prior to shear force on solid surface allows monitor-
ing of individuals mother cells growth and division rates.

Wakamoto et al. (2005) developed a microchamber cultivation
array under fluidics flow to evaluate the length and replication
time of individuals E. coli over generations. The micropattern is
composed of four chambers connected to two ending areas al-
lowing nutrition and discarding of the progenies via medium flow.
In concept, the method which consist of repeated isolation steps
is similar to that developed by Barber (1908). From a unique an-
cestor the four vacant microchambers were filled by progenies via
optical tweezers. Then, at each replicative step, four randomly se-
lected progenies were picked up and discarded. This method al-
lows monitoring of four single bacteria from a unique ancestor
for more than 10 generations. The authors showed that the initial
and final length were correlated with those of proximal genera-
tions. In contrast, the division time had no correlation with that
of the consecutive generations. Thus, microchamber pattern com-
bines with time-lapse microscopy and manual progenies isolation
allows monitoring of length and division of single successive iso-
lated bacteria.

Overall, sequential removal of daughter cells using optical
tweezers or shear force allow monitoring of growth and replica-
tion of individual isolated bacterium over respectively 10 to more
than 100 generation by time-lapse microscopy (Fig. 2). It allows
monitoring of bacterial parameters under various conditions such
as salt concentrations and temperatures ranges. The main limita-
tion of this method is that the tracked bacteria remain alone pre-
venting investigation of colonies behaviors. Furthermore, isolation
of single bacteria at each replicative step is tedious. On the other
hand, the removal of progenies allows tracking a few individual
bacteria from the same lineage or mother cells over generations
under a single lifestyle.

Dyes dilution-based methods
In concept, the dyes dilution-based methods rely on the total ini-
tial bacterial content dilution by a factor of two at each replica-
tive step between the two resulting daughter cells (Fig. 3). The
different commercially available dyes separate into two mains
classes depending on the location where they are retained by
the bacteria: (1) reactive compounds forming covalent bonds with
free amines; (2) lipophilic compounds intercalating with lipids
of the plasma membrane. Another class corresponding to (3) la-
beled artificial surface receptors involving among other fluores-
cent oligodeoxynucleotide (ODN) small molecule conjugates was
recently tested to fit with the dyes dilution-based model. It should
be noted that we present here only a selection of dyes dilutions
assays, those that we felt were most suited to our comparative
analysis of this type of methodology. The subset listed in Table S2
(Supporting Information) is, therefore, not representative of the
diversity of dyes available. A prerequisite to the workability of the
dye staining is that the labeling employed must be neither metab-

olized nor otherwise removed from the bacteria during the course
of the study (Flannagan and Heinrichs 2018). Indeed, only then is
it safe to assume, that the dyes are diluted proportionally by a
factor two at the outset of each bacterial division, relying either
on total protein or cell wall synthesis and then dilution. Bacterial
subsets undergoing replication should dilute the fluorescent dye
equally between daughter cells at each replication step while non-
dividing bacteria should retain all of their initial fluorescent label-
ing. Thus, the dye dilution-based methods shed light on bacterial
replicative rates at the single-cell level over time. Nevertheless,
this fluorescence method cannot be used to track bacterial repli-
cation over a long period of time since the signal will decrease to
near background, reaching the sensitivity threshold, after only a
few bacterial divisions, commonly about 4–8. A further weakness
of the method is that dividing or non-dividing states that happen
after a first replicative period over the limit of detection of the
model cannot be recorded (Fig. 4). Furthermore, in contrast with
time-lapse microscopy methods, the dyes dilution-based method
did not report on bacterial growth rates at the single-cell level. The
covalent binding of dyes to proteins; as well as the expression of
fluorescent proteins presented later; may affect the physiological
behaviors of the bacteria and lead to misinterpretation of results.
Thus, as far as possible controls must be done using others ap-
proaches to corroborate the correctness of the replicative rates
measured with fluorescence dilution methods.

Reactive compounds forming covalent bonds
with free amines
Carboxifluorescein succinimidyl ester
A fluorescent dye dilution-based method was developed with the
carboxifluorescein succinimidyl ester (CFSE) probe to monitor the
various replicative rates of a liquid culture or intracellular bacte-
ria at the single cell level (Ueckert et al. 1997, Atwal et al. 2016,
Wong et al. 2019). The non-fluorescent compound 5- (and 6-) car-
boxyfluorescein diacetate succinimidyl ester (CFDA-SE) can freely
diffuse throughout the cell membrane and reach the cytoplasm
(Bronner-Fraser 1985). Once intracellular, both acetate group of
the CFDA-SE molecules are cleaved by esterases resulting in the
highly photostable and membrane impermeable CFSE fluorescent
compound. Of note, the permeability of Gram-negative bacteria
was increased with EDTA or Triton X-100 to improve the staining
(Diaper and Edwards 1994, Hoefel et al. 2003, Wong et al. 2019).
The succinimidyl group of the CFSE compound then reacts co-
valently with primary amines. Successive rounds of centrifuga-
tion and resuspension with medium containing amines quenches
any unreacted fluorophore. Using this approach, the decreases in
CFSE dilution tend to correlate with the known division time of
Acinetobacter baumannii and Orientia tsutsugamushi supporting the
strength of the method to follow bacterial division at the single-
cell level (Moffatt et al. 2010, Antunes et al. 2011, Giengkam et al.
2015). Interestingly, Atwal et al. (2016) showed that the CFSE and
its variant CellTrace FarRed could not be properly retained by O.
tsutsugamushi after liquid culture fixation with paraformaldehyde
or acetone. However, it appeared that neither dye had any impact
on the phenotypic state of the bacteria or on the infection cycle.
Further, cultures of non-dividing O. tsutsugamushi, kept their flu-
orescence intensity demonstrating that as expected the dilution
of fluorescence was due to the bacterial replication state rather
than caused by compromised fluorescence probes.

Since 1997, Ueckert et al. (1997) pointed out the vast inter-
est of replicative rate measurement at the single-cell level com-
pared to the conventional average population data. Lactobacillus
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Figure 3. Principles of the different fluorescence dilutions methods to study bacterial replicative rates at the single cell level. Dyes (bottom and bottom
right) either label-free amines or intercalate in the lipid membrane(s) of bacteria. At each replicative step the initially labeled content of the bacteria will be
diluted by a factor two resulting in halving of the fluorescence intensity recorded. When pre-expressed, single inducible fluorescent proteins (top left) will
be similarly diluted during bacterial proliferation. Meanwhile bacteria that do not undergo any replication will remain as labeled initially. Dual
reporter methods combine a single inducible fluorescent protein with either a constitutive fluorescent protein (top) or another inducible fluorescent
protein (top right). Dual-reporters constructed on the basis of two independently inducible fluorescent proteins improve the detection range of the
method by successive removal of each inducer. The TIMER method employing mainly DsRed protein (bottom left) relies on both the global initial
bacterial content reduction at each replicative step and the sequential maturing fluorescent proteins. One fluorescent protein matures faster than the
other does and can, thus accumulate within the replicating bacterial population whereas, in contrast, the slower maturing cannot. Moreover, within
proliferation arrested bacteria both differentially maturing proteins can accumulate. In contrast, when replicating arrested bacteria enter a replicative
phase the slowly maturing protein will be diluted by a factor two at each replicative step.

plantarum was colabeled with CFSE and propidium iodide, a non-
permeant compound that enters only inside bacteria harboring
damaged membranes. A total of three replicative bacterial sub-
sets were detected corresponding to: a non-growing state and
two groups of slow-growing bacteria, having each undergone 1 or
2 cell division, respectively. After nisin treatment, an antimicro-
bial peptide which forms pores within the membrane, the sur-
viving bacteria, i.e. those that were propidium iodide negative,
were able to divide without a lag phase and the replicative steps
were tracked for up to eight generations by flow cytometry. CFSE-
labeled bacteria could be further monitored in vitro during the
early events of cells invasion by live confocal microscopy (Atwal
et al. 2016). Quantification of bacterial CFSE fluorescence inten-
sity recorded was done by measuring the highest pixel within sin-
gle bacteria. A fast decrease of the fluorescence intensity average
was recorded, highlighting a population bacterial replication ten-
dency. Of note, a small subset of bacteria was still highly fluores-
cent at the end of the monitoring indicating that they were non-
dividing or dead. Indeed, dead bacteria are labeled if the death
happens after CFDA-SE maturation into CFSE and that CFSE is
not eliminated. The CFSE dye dilution-based method was also em-
ployed to track both the bacterial propagation and the replicative
rates in situ of Comamonas sp and Acidovorax sp in aquifers and
aquifer sediments (Mailloux and Fuller 2003). Microcosm exper-
iments revealed that the method gave similar division rates as

bacterial counting and that these rates were independent of cell
concentration. Furthermore, data from a field-scale assay of Co-
mamonas sp using CFSE labeling showed that a slight and con-
sistent decrease of the recorded fluorescence intensity happened
over time and distance traveled giving a doubling time of 15 days
(Fuller et al. 2000, Mailloux and Fuller 2003). Recently, flow cy-
tometry analysis of CFSE-labeled A. baumannii cultures allowed
monitoring replications for up to 2 hours representing approxi-
mately four generations (Wong et al. 2019). Concomitantly, live
and dead bacteria was assessed by propidium iodide incorpora-
tion. Rifampin alone and in combination with polymyxin-B led to
a sustained non-replicating state despite some slight resumption
of replication. Minimal bacterial killing was recorded suggesting
that antibiotics pressure leads to drug-persistent non-replicating
A. baumannii, which regrow upon antibiotics removal determined
by CFSE dilution as the parental strain. Of note, CFSE monitoring
and CFU counting were similar without antibiotics pressure but
appeared largely different under antibiotic treatment, consistent
with the previous finding showing that only a part of the drug-
persistent bacteria are able to resume proliferation (Helaine et al.
2014, Wong et al. 2019). This points to a serious limitation of the
broadly used CFU counting method, which does not consider the
VBNC bacteria.

Overall, the widespread CFSE fluorescent dilution-based
method allows monitoring at the single cell level of the replica-
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Figure 4. Limits of the fluorescence dilution methods. In total, four classes of limits are here represented: (1) a proliferation arrested phase occurring
before the detection limit of the method is reached after a first period of replication cannot be detected without bacterial tracking, (2) any dividing, or
(3) dividing-arrested phases outside of the dilution detection limit will not be recordable. (1), (2), and (3) represent limits of dyes, single inducible
fluorescent proteins, and dual-reporters tools (top, left, and bottom). Finally; and specific to the TIMER method (right), (3) rapid dividing state changes will
not be detectable due to the slow maturing protein. Amine labeling dye combined with constitutively expressed fluorescent protein as well as
dual-reporter constructions carrying both a constitutive and an inducible fluorescence reporter allow bacterial tracking outside of the dilution limit
via microscopy.
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tive rate of both Gram-negative and Gram-positive bacteria in liq-
uid culture or during cell infection by live confocal microscopy
and flow cytometry (Fig. 3). It is compatible with in situ study to
relate bacterial lifestyle such as progeny travel and concomitant
bacterial labeling in liquid culture, notably therefore informing on
the survival upon bacterial injury (Table S2, Supporting Informa-
tion). Moreover, single-cell CFSE fluorescence intensity monitor-
ing by flow cytometry allows the distinguishing of four to eight
cell divisions depending on the bacterial species until that fluo-
rescence reaches the background level (Fig. 4). Due to the dilution
of the dye out of the detection limit it cannot highlight dividing or
non-dividing bacteria after a first period of proliferation. A limi-
tation to the microscopy study is that the bacteria not colabeled
with a constitutively expressed fluorescent protein, which under-
went replication became undetectable over the experimental time
course.

eFluor-670 cell proliferation dye
Flannagan and colleagues developed a fluorescent dilution ap-
proach based on the cell proliferation fluorophore eFluor-670 to
distinguish replicating and non-dividing intracellular bacteria at
the subcellular level in vitro (Flannagan et al. 2016, Flannagan and
Heinrichs 2018). This non-specific fluorescent marker is an amine
reactive compound that will, thus label any bacterial proteins or
structures containing primary amines. As for CFSE, successive
rounds of centrifugation and resuspension with medium contain-
ing amines quenched any unreacted fluorophore. Bacteria consti-
tutively expressing a fluorescent reporter protein allow tracking
the replicative subset beyond the dilution threshold limit. As con-
trol, labeled bacteria were rendered unable to grow by killing with
paraformaldehyde fixation. Once fixed, bacteria maintained their
initial staining in liquid culture and inside macrophages demon-
strating that eFluor-670 dye dilution occurs only during bacterial
replication.

Using this approach, Staphylococcus aureus was shown to
begin intracellular replication within membranes vacuoles of
macrophages at around 12 hours post-infection (Flannagan et al.
2016). Confocal immunofluorescence microscopy demonstrated
that non-growing as well as replicating bacteria, i.e. those lack-
ing eFluor labeling while expressing GFP, were contained either
within or outside phagosomal LAMP1-positives membranes. Later,
the intracellular replicative fates of Staphylococcus lugdunensis was
investigated using the eFluor-670 fluorescent dye dilution method
corroborating its effectiveness within others species (Flannagan et
al. 2018). This method works with both Gram-positive and Gram-
negative bacteria during cell infection as demonstrated by stain-
ing protocol adaptation toward Yersinia pseudotuberculosis, Citrobac-
ter rodentium, and E. coli despite induced species variations (Flan-
nagan and Heinrichs 2018).

Overall, eFluor-670 fluorescent dye dilution-based method al-
lows distinction between bacterial replicative states during eu-
karyotic cell infection using fluorescent microscopy from fixed
or live cells. Moreover, due to its compatibility with others cel-
lular fluorescent probes it enables characterization of the bacte-
rial subcellular localization accurately at the single cell level (Ta-
ble S2, Supporting Information). However, any attempt to sort the
infected eukaryotic cells depending on the intracellular replica-
tive rate of the bacteria by flow cytometry have at this time
failed due to the various dividing rates observed within any given
macrophage in such populations. Yet, analysis of the terminal
stage of infected cells, which often contain only replicating or non-
replicating bacteria was achieved (Saliba et al. 2017). As previously,
it cannot highlight dividing states after a first period of replica-

tion although constitutively expressed fluorescent protein allows
tracking bacteria beyond the dilution limit.

Lipophilic compounds intercalating with lipids of
the plasma membrane
The stable lipophilic PKH fluorescent dyes, which will incorpo-
rate their aliphatic part within the exposed membrane lipid bi-
layer were used to monitor the bacterial replicative rates at the
single-cell level (Raybourne and Bunning 1994, Sturm et al. 2011).
It should efficiently work solely for Gram-negative bacteria hav-
ing at their surface a lipid membrane fully accessible to the dye.
Of note, Sturm et al. (2011) used the bacterial strain wbaP- lack-
ing the LPS-O side chain to permit PKH efficient labeling via re-
ducing steric hindrance. The labeling was done at the onset of
the assay and the excess dye was removed with serial washing
steps. A linear and inverse correlation was done between the flu-
orescence intensity recorded by flow cytometry, of PKH-2-labeled
S. typhimurium and Listeria monocytogenes, and the CFU counting
over-time, confirming the soundness of the method (Raybourne
and Bunning 1994). Furthermore, viability of labeled and unla-
beled bacteria was assessed demonstrating identical results. Of
note, bacterial PKH dyes fixation and live microscopy compatibil-
ity were investigated during Borrelia burgdorferi interactions with
different tick cell lines (Teixeira et al. 2016). Further, replicative
penalty of Salmonella caused by ttss-1 virulence factor expres-
sion was highlighted by combining gene fluorescent reporter with
PKH26 dye dilution method at the single-cell level (Sturm et al.
2011).

Overall, the PKH dyes fluorescence dilution-based method per-
mits monitoring of bacterial dividing rates at the single level by
flow cytometry (Fig. 3). It could be combined with another discrim-
inant fluorescent bioreporter, itself genomically expressed (Table
S2, Supporting Information). The main limitation of the method
is the requirement for a fully accessible bacterial lipid bilayer.

Labeled artificial surface receptors
Lahav-Mankovski et al. (2020) developed a fluorescent dynamic
artificial receptor system affecting the bacterial properties such
as surface adhesion and cells interaction. To this end, a hexa-
histidine tag was fused to an outer membrane protein C of E. coli
under inducible promoter. Then conjugate of ODN and trinitrilo-
triacetic acid-nickel (NTA) complexes incubated with the bacteria
bind to the hexa-histidine tag at the surface in presence of Ni2+

ions via the NTA part. Of note, suitable metal chelators such as
EDTA reverse the binding by chelating Ni2+ ions and remove the
artificial receptors from the surface on demand. ODN can also be
decorated with the following dyes Cy5, TAMRA, and FAM emit-
ting respectively in far red, yellow, and green. Moreover, unlabeled
attached ODN can be hybridize with a labeled complementary
strand named ODN-2. The dual ODN method enable rapid strand
displacement by adding a complementary strand named ODN-3
since ODN-2 bear a short overhang site. It allows, as example, the
newly free unlabeled ODN to bind another ODN-2 carrying a dif-
ferent dye. Moreover, this method thwarts the synthetic difficulty
of a single strand bearing both dyes and NTA. Using this synthetic
fluorescent receptor method, the authors demonstrated by time-
lapse microscopy that the individual fluorescence of each bacteria
decrease overtime while the number of labeled bacteria increases.

Overall, the labeled artificial bacterial surface receptors in-
volving ODN-dyes conjugates allows monitoring of the bacterial
dye dilution overtime at the single cell level and should, there-
fore, highlight the replicative rate. It could be conjugated with
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biomimetic synthetic receptors carrying distinct motif such as a
thiol group, thus modulating bacterial adhesives properties. The
initial fluorescence signal relies on the initial quantity of outer
membrane protein C that needs to be tightly calibrated to avoid
bacterial disturbance due to the artificial receptor’s complexes.

Fluorescent proteins dilution and
maturation kinetic-based methods
Fluorescent protein dilution methods are all conceptually based
on the same principle as dye dilution methods (Fig. 3). The flu-
orescence signal intensity recorded, provides information on the
historical replicative state of individual bacteria. Of note, the bac-
terial division time must be verified to be smaller than the half-life
of the fluorescent protein. This is to ensure that the decrease of
fluorescence is overwhelmingly due to the dilution generated by
replication events and not to reporter protein degradation. Fur-
ther, the dilution-based approach may be extended into the matu-
ration kinetic method when the sequential maturation rate of two
fluorescent proteins, one maturing faster than the other does, are
analyzed in parallel (Fig. 3). The replicating bacterial subset ac-
cumulates greater level of the rapidly maturing protein whereas
the other, slow maturing one, cannot sufficiently build up before
the dilution induced by bacterial division. Meanwhile, the non-
replicating subpopulation accumulates firstly the rapid maturing
proteins before containing a mixed of both mature fluorescent
proteins, i.e. the rapid and the slow maturing. Based on the same
concept, a pool of preformed and constitutively expressed fluores-
cent proteins will be diluted at each replicative step and reaccu-
mulates once replicating phase stops. Obviously, the fluorescence
intensity must be recordable all along the experiment despite po-
tential huge drops. For the system to work, the maturation ki-
netics of the slower maturing fluorescent protein must also be
slower than the bacterial replicative rate. Thus, fluorescent pro-
tein dilution and differential maturation kinetics will shed light
on the bacterial dividing rate at single cell level. Furthermore, in
contrast with the time-lapse microscopy methods and consistent
with the dyes dilutions-based method, the fluorescent proteins di-
lution and maturation kinetic-based methods did not report on
bacterial growth rates at the single-cell level.

Dilution of a single fluorescent inducible protein
Bacterial cell division leading to dilution of a single protein was
numerically formulated as part of a theoretical model of GFP
accumulation within single bacterial cells (Leveau and Lindow
2001). It predicts that the initial GFP content without de novo syn-
thesis will dilute from dividing cells at a rate equal to growth
rate. This was supported by experimental observation in which
the fluorescent protein constitutively expressed content of Pseu-
doalteromonas cells was reduced when grown in rich medium com-
pared to minimal medium (Stretton et al. 1998).

The single-cell inducible fluorescent protein dilution method
to detect and sort bacterial subset according to dividing rates
in liquid cultures was first reported by Roostalu et al. (2008). Es-
cherichia coli was engineered to express the highly stable isoform,
GFPmut2, under the control of homoserine lactone (HSL; Roost-
alu et al. 2008). After removal of the inducer, the fluorescent sig-
nal intensity was sequentially monitored using flow cytometry.
This experimental approach demonstrated that an exponential
phase culture of E. coli contained homogeneously dividing bacte-
ria, while a stationary phase culture was made of homogeneously
non-dividing bacteria. Furthermore, stationary phase cultures di-

luted in fresh medium resulted in two subsets of live cells, one
replicating as observed by chromophore fluorescence intensity
decreasing and one non-replicating recognized by stable chro-
mophore fluorescence intensity. This resulting culture was then
treated with ampicillin which did not affect the non-dividing sub-
set but largely killed the dividing population. The replicative re-
sumption kinetics from a stationary phase culture was further
investigated using an E. coli strain expressing GFPmut2 under
the control of an isopropyl-b-D-thiogalactopyranoside (IPTG) in-
ducible promoter (Jõers et al. 2010). Briefly, bacteria grown in pres-
ence of the inducer until stationary phase were diluted into either
fresh rich or poor medium. As expected, the kinetics of bacterial
awakening were dependent on the medium used since replicating
bacteria having reduced GFPmut2 content were firstly recorded by
flow cytometry within rich medium. Then, E. coli was engineered
to carry a chromosomally inserted T5p-mCherry cassette under the
control of IPTG, thereby eliminating plasmid copy number varia-
tion (Orman and Brynildsen 2013). The authors focused on the
replicative state of drug persistent bacteria formed prior to antibi-
otic exposition. Interestingly, approximatively 1% of sorted non-
growing bacteria via FACS persisted antibiotic pressure since re-
growing on LB agar plate, while approximatively 0.01% of sorted
dividing bacteria could do so, even when those sorted were rapidly
dividing. This could be due to a non-recordable replicative ar-
rested phase occurring after a first period of proliferation (Fig. 4).
Further, it was described that sorted bacterial subset with high
redox activity had more non-growing bacteria in newly fresh me-
dia and that respiration inhibition impaired formation of persis-
ters from stationary phase (Orman and Brynildsen 2015). In the
meantime, stationary phase of E. coli having a pool of pre-induced
fluorescent GFPmut2 proteins were de novo cultured without in-
ducer and challenged with serum (Putrinš et al. 2015). Interest-
ingly, the complement system eradicated a large proportion of di-
viding cells without affecting the small non-dividing and rapidly
replicating bacterial subsets. Of note, only the non-dividing subset
survived during antibiotic challenge in combination with serum
treatment. Recently, E. coli persisters resuscitation was determine
to occur within 1 hour upon transfer to fresh media regardless
of antibiotic treatment times (Mohiuddin et al. 2020). Thus, the
single inducible fluorescent protein dilution method allows mon-
itoring of bacterial replicative states using flow cytometry from
different growth phases. Moreover, it permits the linking of drug
persistence to bacterial replication behavior or rather lack, thereof
as well as the resuscitation patterns. Further, the redox activity
of the different sorted replicative subsets could be concomitantly
investigated using flow cytometry (Table S2, Supporting Informa-
tion).

Single fluorescent protein dilution method was next extended
to monitor intracellular bacterial replicative fates (Khandekar et
al. 2018, Peyrusson et al. 2020). To this end, human monocytes
were infected with previously opsonized Pseudomonas aeruginosa
expressing the GFP under the control of arabinose and phagocy-
tosis allowed for 2 hours in presence of the inducer (Khandekar et
al. 2018). Infected monocytes were then incubated with antibiotics
for 24 hours after arabinose removal, intracellular bacteria then
gathered were analyzed by flow cytometry. For both wild-type and
DnpA, part of the LPS biosynthesis cluster, mutant strains no or
only a slight decrease of fluorescence intensity was noticed us-
ing meropenem or amikacin indicating that most surviving bac-
teria recorded were not dividing. On the other hand, using fluo-
roquinolones a part of the dividing population survived and was
higher with the mutant. Further, the method was extend to in-
tracellular S. aureus transformed with a plasmid encoding the gfp
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gene reporter under the tetracycline-inducible promoter (Peyrus-
son et al. 2020). To confirm the single fluorescent protein dilution-
based method, a parallel with the optical density at 600 nm of
the culture was done. Identical growth curve and doubling times
were recorded for five generations for both techniques. Previously
opsonized S. aureus was internalized within eukaryotic cells for
30 minutes, the inducer was present from the overnight liquid
bacterial culture until the post-phagocytosis washing step. The
infected cells were incubated with antibiotics and either imaged
using confocal microscopy or the intracellular bacterial content
was collected and analyzed by flow cytometry. This demonstrated
that intracellular S. aureus challenged with low antibiotic pressure
gave rise to an equilibrium between killing and replication plus a
subpopulation that rapidly entered a non-growing state. In con-
trast, high antibiotic pressure conducted to the killing of dividing
S. aureus, leading to a homogeneous population of non-dividing,
antibiotic-persistent bacteria at the end of the assay. Furthermore,
the non-replicating, antibiotic-persistent bacteria could revert to
a normal phenotype in terms of proliferation and antibiotics sus-
ceptibility. Thus, the single inducible fluorescent protein dilution
method enables to monitor intracellular bacterial replication un-
der antibiotics pressure using microscopy and flow cytometry (Ta-
ble S2, Supporting Information).

Remus-Emsermann and Leveau then engineer a fluorescent
bioreporter for individual-based microbial ecology, which they
named CUSPER (reverse of REPSUC, standing for REProductive
SUCcess; Remus-Emsermann and Leveau 2010). They engineered
two Erwinia herbicola—also called Pantoea agglomerans—to carry a
chromosomal mini-Tn5-Km insertion coding for either GFPmut3
or DsRed under promoter controlled by IPTG (Remus-Emsermann
and Leveau 2010, Remus-Emsermann et al. 2013). Reproductive
success, i.e. bacterial replication, was monitored in a heteroge-
neous environment represented by the leaf surface of bean plants
(Remus-Emsermann and Leveau 2010). Clear different subsets re-
garding replicative rates were recorded by microscopy when the
bacteria were released onto the phyllosphere, supporting the no-
tion that local conditions determine the abundance and replica-
tion dynamics of bacteria on leaf surfaces (Remus-Emsermann
and Leveau 2010). Further, it was showed that pre-colonization of
the leaf had an impact on the proliferation rate of a secondary
bacterial immigrant using both previously described E. herbicola
(Remus-Emsermann et al. 2013). Measurements of fluorescence
intensity demonstrated that the average of the reproductive suc-
cess of the second colonizer was reduced when the population
level of the first colonizer increased. Thus, the use of single flu-
orescent proteins having different spectrum across mixed bacte-
rial populations allows concomitant replicative rate assessment
on heterogeneous substrates via dilution-based method.

Overall, the dilution of a single pre-expressed fluorescent pro-
tein allows monitoring of the bacterial replicative state at single-
cell level in different niches such as the surface plant leaves or
inside eukaryotic cells, by flow cytometry and microscopy, and fur-
ther combined with concomitant assays (Fig. 3; Table S2, Support-
ing Information). However, as for the dyes dilution-based meth-
ods, it cannot be employed to track replicating bacteria over long
periods of time and non-replicative state happening beyond the
dilution limit (Fig. 4). Moreover, bacteria outside the resolutive
time frame of the method cannot be detected by microscopy with-
out tracking, highlighting the needs of a second fluorescent pro-
tein constitutively expressed.

The dual-reporter fluorescent proteins
dilution-based method
The protein fluorescence dilution method to detect and sort sub-
sets of bacteria with different replicative rates was considerably
enhanced by Helaine et al. (2010) with the addition of another
chromophore, either expressed constitutively or induced (Fig. 3).
They developed for Salmonella dual fluorescence reporter plasmids
expressing (i) the DsRed protein under arabinose promoter and
(ii) the EGFP protein either constitutively or upon induction with
IPTG. Based on the dilution of the pre-induced DsRed fluorescent
protein these constructs allow monitoring of bacterial replication
for up to six generations. Meanwhile, the constitutively expressed
EGFP fluorescence remains stable and permits bacterial track-
ing outside of this detectable dilution range. On the other hand,
the system with both inducible fluorescent proteins improves the
temporal range of bacterial replication detection up to 10 gen-
erations by sequential induction of the two promoters. However,
bacterial tracking by microscopy using this last dual-reporter ver-
sion is evidently lost after ten generations (Fig. 4). Results obtained
with this dilution method paralleled those with CFU and allowed
estimation of the number of cell replication based on the ratio
of the geometric mean fluorescence intensity recorded by flow
cytometry (Helaine et al. 2010). This enhanced method corrobo-
rates the previous finding of homogeneous replication in liquid
culture by flow cytometry using S. typhimurium (Roostalu et al.
2008, Helaine et al. 2010, Peyrusson et al. 2020).

The dual-reporter method was employed to shed light on both
the intracellular and in vivo bacterial replicative rates (Helaine et
al. 2010, Figueira et al. 2013, Mouton et al. 2016). In contrast with
reported studies using the single fluorescent protein dilution-
based method, the inducer present in the liquid bacterial cul-
ture was not maintained during the early step of the in cellulo in-
fection allowing internalization process to occur. Gathered S. ty-
phimurium from infected macrophages showed heterogeneity of
bacterial replication among the population by flow cytometry and
confirmed by microscopy highlighting different bacterial divid-
ing rates even in the same eukaryotic cell (Helaine et al. 2010).
Of note, a large proportion of non-replicating S. typhimurium bac-
teria were monitored both in vitro and in vivo inside recovered
splenic macrophages from infected mice. To gain insight into their
subcellular localization, immunolabeling revealed that dividing
and replicative-arrested bacteria were contained within vacuoles
decorated by LAMP1. Figueira and colleagues modified the flu-
orescent dual-reporter construction to express mCherry, which
matures faster than DsRed, under a constitutive promoter, and
GFP expression was put under an arabinose inducible promoter
(Shaner et al. 2004, Figueira et al. 2013). Using mutant strains car-
rying this dual-reporter plasmid they determined that approx-
imatively 30% of individual type III secretion effectors of the
Salmonella pathogenicity island-2 system were implicated to in-
tramacrophage replication of S. typhimurium (Figueira et al. 2013).
Further, the turboFP635, a far-red protein also named Katushka,
was expressed under theophylline-inducible promoter (Shcherbo
et al. 2007, Mouton et al. 2016). It was assessed for its high sta-
bility even in acidic conditions, confirming its suitability to report
on replicative rate inside the vacuolar environment (Mouton et al.
2016). Combined with GFP expression under a constitutive pro-
moter, this fluorescence dilution technique allowed monitoring of
mycobacterial replication for up to five generations corroborated
by CFU counting. Analysis of far-red fluorescence intensity by flow
cytometry of M. smegmatis and M. tuberculosis gathered from in-
fected macrophages, highlighted a heterogeneous mycobacterial
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replicative state owing to wide distribution of the far-red fluores-
cence intensity (Mouton et al. 2016). Thus, in contrast with dyes
labeling methods, the dual-reporters method was also employed
to study the bacterial replicative fates in vivo (Table S2, Supporting
Information). Combined with mutant strains it allows determin-
ing indispensable proteins in the bacterial replicative process.

The dual-reporter method was next combined with antibiotic
pressure to monitor drug-persistent behavior of bacteria (Helaine
et al. 2014, Mouton et al. 2016). Mice were infected per os by S. ty-
phimurium carrying the modified dual-reporter plasmid developed
by Figueira and colleagues and treated with enrofloxacin in drink-
ing water (Figueira et al. 2013, Helaine et al. 2014). All the gathered
bacteria were non-dividing, as showed by lack of fluorescence di-
lution recorded by flow cytometry. The culture of this sorted pop-
ulation into Luria–Bertani medium indicated resumption of pro-
liferation through reduction of green fluorescence intensity. Fur-
ther, antibiotic challenged M. tuberculosis-infected macrophages
demonstrated an enrichment of high-intensity inducible fluores-
cent bacteria compared to untreated condition (Mouton et al.
2016). Thus, during antibiotic challenges, dual-reporters method
allows characterization of the bacterial replicative rates of sur-
vivors, in vitro and in vivo.

Saliba et al. (2017) combined the dual-reporter method with
single-cell RNA-sequencing analysis. Macrophages infected by
Salmonella were isolated by FACS depending on the intracellu-
lar bacterial replicative states, focusing on macrophages con-
taining exclusively non-dividing or dividing bacteria (Fig. 6). As
bacteria proliferate, the constitutive signal intensity of single
macrophage increases while macrophage containing exclusively
non-dividing bacteria display constant both inducible and con-
stitutive intensities over time. The sorted cells were then sub-
jected to RNA-seq analysis. These combined methods demon-
strated that macrophages carrying non-dividing, bacterial by-
stander cells adopted a proinflammatory M1 polarization state
while macrophages carrying replicating bacteria harbored anti-
inflammatory, M2-like state. Later, Stapels et al. (2018) reanalyzed
the single cell data showing bimodality of M1 and M2 genes ex-
pression in macrophages having non-replicating bacteria. Fur-
ther, dual-RNAseq showed that Salmonella persisters, non-dividing
but metabolically active, used Salmonella pathogenicity island 2
type 3 secretion system to reprogram macrophages. Thus, dual-
reporters-based method allows sorting of infected cells depend-
ing on the intracellular bacterial replicative status by FACS and
subsequent single RNAseq or dual-RNAseq performing. This pro-
vided highly novel information on the phenotypic characteristics
of drug persistent bacteria and the RNA status of host cells. Sin-
gle bacterium RNAseq depending on the replicative rate could be
interesting to deeply understand the persisters characteristic and
point out drugs target (Imdahl and Saliba 2020).

Further, the dual-reporter plasmid thus engineered express-
ing both fluorescent proteins under inducible promoters allows
investigation of metabolic and viability states concomitantly to
replicative rates (Helaine et al. 2010, 2014; Fig. 6). Expression of
the first inducible fluorescent protein at the onset of the infec-
tion informed on the replicative state while addition to the cul-
ture medium of the second inducer revealed the responsiveness of
the bacteria via the second fluorescent protein expression. These
concomitant analyses performed by time-lapse microscopy re-
vealed heterogeneity of metabolic activity and viability of the non-
dividing bacterial subset at the single cell level (Helaine et al.
2010). Later, this experiment showed that 40% of drug-persistent
non-dividing bacteria remaining were metabolically active. In-
terestingly, only 5% of them resumed intracellular proliferation

when incubated with naïve macrophages, as evidenced by dilu-
tion of both fluorescent signals (Helaine et al. 2014). Thus, the
dual-inducible fluorescent proteins reporter permits to monitor
concomitantly the bacterial dividing rates with the bacterial via-
bility and the metabolic activity.

Overall, the previous single fluorescent protein dilution-based
method was enhanced by the expression of another fluorescent
protein either under constitutive or inducible promoter (Fig. 3).
Beyond the increase in monitoring range from five to six genera-
tions up to 10 brought by the dual inducible fluorescent proteins,
the strongest advantage of this method is that it allows tracking of
bacteria beyond dilution limit of the method via the constitutive
fluorescence using real-time microscopy. Further, Gram-positive
and Gram-negative bacteria carrying dual-reporter plasmid were
employed successfully for both in vitro and in vivo infection with
concomitant assays (Table S2, Supporting Information). Finally,
dual-reporter plasmids with two inducible proteins inform con-
comitantly to replicative rates, on the viability and metabolic sta-
tus of the bacteria. However; as for dyes and single fluorescent
proteins dilution method; tracking replicative bacteria over long
periods of time as well as replicative-arrested phase occurring af-
ter a first period of proliferation beyond the dilution limit cannot
be recorded, highlighting the needs of the combination with mat-
uration kinetics method (Fig. 4).

Combination of fluorescent proteins dilution and
maturation kinetics: TIMER-based method
Another fluorescence approach based on both the dilution and
the sequential maturation kinetics of fluorescent proteins, called
TIMER, was developed to monitor the replicative rate of individ-
ual bacteria (Fig. 3). It relies on the different maturation kinetics
of two fluorophores, e.g. a GFP, which matures and emits fluores-
cence signal faster than a red fluorescent protein that takes more
time to mature and produce fluorescence. Theoretically, the di-
viding bacterial subset contains mostly GFPs than the red chro-
mophore. The latter matures more slowly and cannot sufficiently
accumulates before the dilution of intra-bacterial content at each
replicative step. The non-replicating bacteria accumulates firstly
the green chromophore and then the slowly maturing red fluores-
cent protein. This means that the dividing bacteria show a green
fluorescence while the non-dividing present first green and then
red fluorescence. Furthermore, so long as the maturation kinetics
of the proteins are slower than the replicative rates, if the slower
maturing fluorescent protein is presynthesized and constitutively
expressed, upcoming bacterial proliferation will dilute this fluo-
rescent protein at each replicative step. Next, if the growing bac-
teria enter a non-replicative state, the proteins will reaccumulate.
This could overcome the main limitation of dyes, single fluores-
cent proteins and dual-reporters dilution methods which cannot
monitor a dividing or a non-dividing state occurring outside of the
detection area (Fig. 4).

TIMER-based method was employed to study the replicative
rates of S. typhimurium at the single-cell level during macrophages
and mice infections (Claudi et al. 2014). The efficiency of the
method; relying on DsRed variant called TIMERbac (Fig. 7); was
assessed by comparison with both the plasmid dilution and the
dual-reporter method (Helaine et al. 2010, Claudi et al. 2014). The
thermosensitive, single copy plasmid pVE6007 cannot replicates
at 37◦C and it is, thus transmitted to only one daughter bac-
terium at each replicative step, meaning that in effectively repli-
cating bacterial population the plasmid dilution is higher com-
pared to slow or non-growing bacterial subsets (Fig. 5). A close cor-
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Figure 5. Thermosensitive plasmid method to analyze population-dividing rates from single cell data level. (A) Plasmid dilution principle (top) (B)
Schematic representation of plasmid dilution ratio within Non-dividing, Slow dividing and Fast dividing bacterial population (bottom).

relation was observed between the calculated bacterial replica-
tive rates obtained from both the plasmid dilution method and
the TIMER-based approach. These confirm the appropriateness of
the technique to monitor and sort single bacteria depending on
their specific replicative rate from a heterogeneous population.
Various intracellular Salmonella replicative subsets with mainly
low green/orange ratio representing slow and non-growing bac-
teria was highlighted using this method. Interestingly, a large
non-dividing subset was obtained using inoculae from stationary
phase culture in contrast to more homogeneous replicative rates
with exponential phase culture. Besides, in vivo analysis demon-
strated that fast dividing Salmonella subsets dominated during the
course of the disease progression. Further, when the TIMERbac

method was correlated with fluoroquinolones treatment, the flu-
orescent proteins were retained for at least 1 hour and the inten-
sity remained stable, thus informing on the pre-treatment replica-
tive rate. It is due to both the slow maturation kinetics of the
protein and to the mechanism of action of the antibiotic break-
ing double stranded DNA ultimately causing cell lysis (Hooper
2001). Within infected mice, enrofloxacin daily treatment led to
a low survival of fast-growing subset while slow and non-growing
better survived but were poorly represented. The large moderate
growing subsets i.e., with one to four divisions per day, dominated
throughout therapy. Of note, in vitro proteome analysis was ac-
complished indicating distinct proteomes for the different bacte-
rial replicative rates subsets. Recently, Luk et al. (2021) designed a
plasmid that they called Salmonella Intracellular Analyzer (SINA).
It combines the TIMERbac fluorescent reporter with promoters
reporting on the subcellular localization of the bacteria, either
vacuolar or cytosolic. Using this method, they highlighted a dor-
mant persisters subset within a vesicular compartment distinct
from the conventional Salmonella-containing vacuoles in epithelial
cells. The TIMERbac-based method was also adapted for Legionella
pneumophila allowing replicative rates assessment of both intra-
cellular and sessile lifestyle (Personnic et al. 2019, 2021). As previ-
ously, the TIMERbac fluorescence intensity ratios were mathemati-
cally correlated to the bacterial dividing rates. Then, the bacterial

replicative rates were highlighted within amoebae, biofilms and
microcolonies showing the coexistence of various dividing rates
inside eukaryotic cells and biofilms (Personnic et al. 2019). Fur-
ther investigation of intracellular non-replicating Legionella em-
ployed fluorescent fusion protein, propidium iodide incorporation,
fluorescence recovery after photobleaching (FRAP) method and
MitoTracker labeling, which is a staining revealing the presence
of bacterial membrane potential. Besides demonstrating that the
nondividers could reside within vacuole, were metabolically ac-
tive and viable it accommodates the compatibility of others stain-
ing and FRAP approach with the TIMERbac-based method. Fur-
ther, the Legionella increased drug efflux or decreased drug up-
take might explain the higher drug-persistence observed within
the non-growing subset. To test these hypothesis, an ethidium
bromide accumulation technique was performed showing that
the non-growing subset accumulated lower level of compound
than other subpopulation (Personnic et al. 2019, 2021). Then, using
strains carrying mutants on the quorum sensing Lqs system and
LvbR, a transcription factor, the authors showed that the hetero-
geneity of the Legionella replicative rates subsets was controlled by
both (Personnic et al. 2019, 2021). Thus, the TIMER-based method
reports on bacterial replicative rates both in vitro and in vivo. It
could be combined with several concomitant assays such as pro-
teomes analysis of sorted bacteria, allowing in-depth characteri-
zation of the different dividing bacterial rates subpopulations (Ta-
ble S2, Supporting Information).

Recently, the replicative rates of intracellular S. typhimurium
and in vivo Y. pseudotuberculosis at the single cell level were stud-
ied using a simplified TIMER-based method (Patel et al. 2021,
Schulte et al. 2021). Firstly, correlation of the dividing rates and
the fluorescence dilution of a set of fluorescent proteins; dis-
playing various maturation times; comprising DsRed, tagRFP-T,
mCherry, mCherry2, or sfGFP was done using flow cytometry
(Schulte et al. 2021). DsRed demonstrated the strongest growth
phase-dependent reduction of x-median relative fluorescence in-
tensity, which remained sufficiently high to monitor the bacteria
and discriminate them from debris in crude-infected host cells
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Figure 6. Dual-reporters plasmids concomitant assessment. (A) Metabolic assessment (top) and (B) host cell sorting depending on bacterial
intracellular replicative content (bottom).

Figure 7. Models for the DsRed maturation pathways. Mutational engineering shed light on the E5 DsRed mutant regarding its fluorescence that
change over time (Terskikh 2000). During the maturation kinetics, a green fluorescence appears early and declines as red fluorescence appears as
shown in the Conventional model (Terskikh 2000; top). However, even after a prolonged period of maturation, the chromophore sample was composed of
equally distributed green and red fluorescence (Garcia-Parajo et al. 2001, Gross et al. 2000), suggesting a coexistence of both chromophore, which
makes null and void the Conventional model. The Irreversible deprotonation model inserts an intermediate blue species within the maturation path
(Verkhusha et al. 2004; middle). It gives by competition either the green chromophore by deprotonation of the phenolic group or the red chromophore
by oxidation, explaining the final coexistence of both. Of note, within the irreversible deprotonation model, intratetramer fluorescence resonance
energy transfer (FRET) occurred from green to red fluorescent proteins, decreasing green fluorescence while increasing red fluorescence (Strack et al.
2010). Strack et al. (2010) proposed a novel branched pathway model (bottom). In this model, a branch point intermediate is the place of two competing
reactions. Dehydration opens the way to the green branch, while final oxidation creates a blue species, which itself may give rise to a red and
non-absorbing species.
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Figure 8. Principles of the peptidoglycan biosynthesis highlighting methods to monitor growth rate and dividing behavior. The nascent and total
bacterial peptidoglycan regions can be labeled using antibiotics, lectins, and amino acids derivatives. (A) Peptidoglycan synthesis dyes during short
pulse labeled the nascent peptidoglycan sites while long pulse uniformly labeled growing bacteria. Of note, non-growing bacterial subset remains
unlabeled. (B) Bacteria uniformly labeled with either nascent peptidoglycan dyes during long pulse or total peptidoglycan dyes will incorporated
unlabeled new materials during the chase period. Time-lapse microscopy monitoring allows measuring the bacterial and the subcellular growth rate
based on unlabeled region extension. A non-growing bacterial subset should remain uniformly labeled at the chase time. (C) Short sequential
pulse-chase using different fluorophores label the nascent peptidoglycan sites sequentially. End-point analysis creates a growing map over-time. (D)
Continuous pulse enable real-time measurement of the nascent peptidoglycan sites kinetics of growing bacteria using time-lapse microscopy. Growing
labeled bacteria via the recycling pathway highlight dividing step due to fluorescence intensity drop at the septum. (C) and (D) Short sequential
pulse-chase and continuous pulse should, therefore, discriminate the non-growing unlabeled subset and highlighted the growth rate.

lysates. Of note, none of the tested constitutively expressed fluo-
rescent reporters affected proliferation, and all were sufficiently
well-tolerated at the expression level used. As expected, drastic
drop of the pre-expressed DsRed fluorescence intensity was no-
ticed during the exponential phase while bacteria entering the
stationary phase showed continuously increasing fluorescence in-
tensity. Further confirming effectiveness of the method, the DsRed
fluorescence intensity profile varied depending on culture condi-
tions and mutant strains known to yield various replicative rates.
This simplified TIMER-based method records only the red fluo-
rescence of the DsRed protein putting aside the GFP fluorescence
intensity to record another fluorescent reporter. To this end, plas-
mids were engineered to express DsRed under constitutive pro-
moter and sfGFP under promoters of genes involved in periplas-
mic or cytosolic stress response. When replicating, the preformed
pool of DsRed is diluted while if a stress response is engaged the
sfGFP proteins will be expressed. Murine macrophages were in-
fected by stationary phase culture of S. typhimurium highlighting
distinct intracellular subsets showing various levels of stress re-
sponse and proliferation. Over the time course of the infection,
non-replicating bacteria were detected, while a replicating and
a faster-replicating subsets appeared after different bacterial lag
times. Interestingly, the slow-dividing and proliferation arrested
bacteria had reduced responses to intracellular stress compared
to the moderately fast-replicating subset. In the meantime, Patel
et al. (2021) engineered a DsRed42 derivative accumulating only
red but not green fluorescence in stationary phase of Y. pseudotu-
berculosis and E. coli. It is best suited for quickly replicating bac-
terial species since it maturates faster than the original TIMER-
based method allowing investigation of slow replicating Y. pseu-
dotuberculosis subset into deep tissue mouse infection model with
concomitant green fluorescent stress reporter assessment. Thus,
TIMER-based methods employing DsRed proteins was simplified
by focusing on the red fluorescence intensity variation only. Sub-
sequently, the green channel could be dedicated to the concomi-
tant study of bacterial fluorescent reporter such as stress re-
sponse.

Besides, the TIMER-based method was engineered with two
chromosomally inserted fluorescent proteins having different
maturation rates and applied to P. aeruginosa (Xia et al. 2018). This
constitutively expressed tandem fluorescent protein is composed
of sfGFP and Tdimer2, which matures more slowly. The strength
of the method was assessed via modulation of the Fe3+ concen-
tration; which impacts the population growth rate; and correla-
tion with the ratio of single-cell fluorescence intensities recorded.
The reported ratio was, thus linearly related with the replicative
rates. This TIMER-based approach demonstrated that the subsets
composed of non-dividing or slow-dividing bacteria increased dur-
ing tobramycin treatment while the fast-dividing bacterial subset
concomitantly diminished. Thus, TIMER-based methods were de-
veloped using tandem fluorescent proteins to monitor the bacte-
rial replicative rates at the single-cell level. Careful to the matur-
ing time and spectrum of the selected proteins must be done.

Overall, the combination of the dilution-based method with the
sequential and slower maturation rate of fluorescent proteins al-
lows monitoring of bacterial replicative status at the single cell
level (Fig. 3). The main strength of this method resides in its long
time-span resolution allowing sequential identification of a non-
dividing bacterial subset happening after a first period of prolif-
eration without inducer addition requirement. Moreover, TIMER-
based method distinguishes the different phenotypic replicative
rates via microscopy and flow cytometry from in vitro and in vivo
infection with concomitant assays (Table S2, Supporting Informa-
tion). The recent improvement of the technique permits via fo-
cusing on the red fluorescence to release the green channel for
concomitant assessment of bacterial green fluorescent reporters.
The time required to detect the color change between switches
from one division rate to another taking several hours; mainly
due to the slow maturation rate combined with bacterial division
dilution of the fluorescent proteins; evidently impede the mon-
itoring of short-term fluctuations (Fig. 4). Moreover, the TIMER-
based method does not distinguish slow replicating bacteria from
non-dividing subset, and it is not best suited for very fast replicat-
ing bacteria due to its sensitivity threshold and slow maturation
time. Thus, this method is useful for a limited range of replica-
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tive rates, since it has a poor resolution of the extremes. Further-
more, in vitro, the O2 concentration impacts the maturation kinet-
ics of DsRed and GFP fluorescent proteins ratio and could skew
the replicative rate assessments (Strack et al. 2010). This is a ma-
jor limitation of the method using DsRed as bioreporter for in vitro
and in vivo study due to subcellular compartment and organ di-
versity regarding oxygenation levels (Liu et al. 2011).

Structural markers-based methods
The structural markers-based methods rely on the microscopic
observation of fluorescently labeled bacterial structures inform-
ing on either growth or replication status at the single-cell level.
Bacterial growth implies peptidoglycan synthesis; formed by gly-
can strands cross-linked via peptide chains; to extend the cell
wall allowing elongation prior to division. Thus, illumination of
nascent peptidoglycans synthesis via fluorescent derivatives of
antibiotics, lectins, and amino acids or via a pulse-chase assay in-
form on the growth rate and actively dividing status of the bacte-
ria (Fig. 8). Short pulse labeling using specifics dyes highlights the
nascent peptidoglycan regions and long pulse labeling uniformly
labels growing bacterial subset with active peptidoglycan synthe-
sis. Besides, unspecific peptidoglycan dyes label the entire pepti-
doglycan region of growing and non-growing bacteria. The pulse-
chase method; working with uniformly labeled bacteria; identify
via fluorescence intensity dilution due to new incorporation of un-
labeled peptidoglycan moieties the growth rates of entire single
cells and even subcellular regions. Moreover, a drop in fluores-
cence intensity at the septum of dividing bacteria was reported
when they were labeled using fluorescent tripeptide entering the
recycling pathway. Although the peptidoglycan synthesis enlight-
enment methods report on growth rates and division status, to
our knowledge, these methods have not yet been used to iden-
tify bacterial subsets depending on growth and replicative behav-
ior despite this being theoretically possible. Furthermore, these
methods so far were mainly employed to decipher the peptidogly-
can synthesis patterns rather than to study growth and replicative
rates. Moreover, based on the same concept, mycomembrane syn-
thesis enlightenment reports on the growth pattern of mycobacte-
ria.

The bacterial replication event is characterized by the creation
of a ring septum composed of several known proteins at the divi-
sion site. Basically, the septum allows the division of the mother
cell into two daughter cells by membrane invagination. Monitor-
ing of septum proteins fluorescently tagged over-time allows mea-
surement of replicative rates via successive formation and disso-
lution of the ring structure. Besides, the regrowth-delay body is a
structure forming two granular poles within bacteria in growth-
arrested phase. Monitoring of the fluorescently tagged regrowth-
delay body allows identification of the non-growing bacterial sub-
set. Nevertheless, while the first method required time-lapse mon-
itoring to measure replicative rates, the second failed to highlight
growth and replicative rates, discriminating only the non-growing
subset.

Septum and regrowth-delay body
Time-lapse microscopy method and fluorescent septation marker
was combined to identify M. smegmatis division events (Santi et al.
2013). The essential late-division Wag31 protein localizes at the
septum and remains associated with both newly created daugh-
ter poles. Fusion of Wag31 with GFP or mCherry allowed monitor-
ing of the protein density over the time course of the experiment

at single-cell level. The beginning of the septation was monitored
via invagination of the bacterial membrane labeled with FM4-64
dye preceding Wag31-GFP structural apparition. The authors de-
fined and monitored the interdivision time as the time ranging
from the apparition of the septal Wag31-GFP structure at birth
to the next apparition at the subsequent replication event. As
previously described, the growth rate was measured via monitor-
ing of the cell length over-time. Using this method, they showed
that although mother cells performed asymmetric division, the
unequally sized progenies grown at similar rates and tolerate
antibiotics equally well. Later, time-lapse phase contrast images
and fluorescent segmentation marker were employed to study the
growth and replicative rates of E. coli within the turbidostat device
(Wallden et al. 2016). Time-course of fluorescence intensity high-
lighted accumulation of the cell division protein FtsQ tagged with
GFP at the septum before its disassembly and vanishing at the
replicative step. The division time obtained with both the phase
contrast division classifier based on bacterial contours and the
fluorescent segmentation marker methods was correlated with
a difference of 2 minutes, thus corroborating each other. Thus,
via time-lapse microscopy method, the structural segmentation
markers, either Wag31 or FtsQ, allowed monitoring of the replica-
tive rates at the single-cell level.

Further, Yu et al. (2019) fortuitously discovered a reversible
subcellular structure composed of two pole-granules that they
named the regrowth-delay body highlighting the non-growing
bacterial subset at the single-cell level. The FtsZ cell division pro-
tein, fused with the mNeonGreen, was localized at the Z-ring
structure during exponential growth phase while, interestingly, it
was observed via microscopy as two bacterial pole-granules dur-
ing late non-growing stationary phase of E. coli cultures (Ma et al.
1996, Yu et al. 2019). Moreover, a relocation of the fused protein
from the regrowth-delay body of late stationary phase to the Z-
ring within bacteria resuming growth in fresh medium was ob-
served after a lag phase (Yu et al. 2019). Furthermore, older sta-
tionary phase cultures with aged regrowth-delay bodies better tol-
erate the selective pressure imposed by ofloxacin or ampicillin
addition. Of note, during regrowth culture assay all the bacteria
keeping the regrowth-delay body structures, the non-growing bac-
terial subset, survived the ampicillin treatment while the bacteria
with dissolved pole-granules, the growing subset, died. Thus, the
regrowth-delay body is a structural marker that allows monitor-
ing of non-growing bacteria at the single-cell level as well as the
bacterial lag time.

Overall, structural markers consisting of the septum and
regrowth-delay body enable motoring of the non-growing sub-
set and the replicative rate at the single-cell level. The septum
kinetics required time-lapse microscopy monitoring while the
regrowth-delay body can be analyzed using end-point microscopy.
Antibiotic pressure combined with septum and regrowth-delay
body monitoring allowed discrimination of the persistent bacte-
rial subset based on their growth behavior. The main limitation of
septum vanishing tracking is inherent to the time-lapse method,
which impedes end-point measurements. The progressive forma-
tion over the cell division cycle of the regrowth-delay body im-
pedes early-stage monitoring. Moreover, although this method al-
lowed monitoring of the bacterial regrowth lag time it impedes
growth and replicative rates measurements.
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Highlighting peptidoglycan synthesis
Antibiotics-based probes
The peptidoglycan synthesis pattern of Gram-positive bacteria
were probed and investigated using vancomycin and ramoplanin
antibiotics fluorescent derivatives (Daniel and Errington 2003,
Tiyanont et al. 2006, Kang et al. 2008, Aldridge et al. 2012). Van-
comycin linked with the terminal D-alanine-D-alanine dipeptide
and ramoplanin linked with the reducing end of the glycan chain
at the initiation site of lipid II incorporation during peptidogly-
can synthesis (Hammes and Neuhaus 1974, Tiyanont et al. 2006).
Daniel and colleagues suggested the rapid protection of this ter-
minus from vancomycin binding by processing in mature pepti-
doglycan (Höltje 1998, Daniel and Errington 2003). As a result, flu-
orescent derivatives of vancomycin should bind to nascent pep-
tidoglycan precursors not yet processed and, thus highlighting
the pattern of newly peptidoglycan insertion. To confirm this hy-
pothesis, bacteria were engineered with the murE gene encod-
ing UDP-N-acetylmuramyl tripeptide synthetase involves in ear-
liest step of synthesis under IPTG promoters (Daniel and Erring-
ton 2003). As a result, lack of the inducer leads in reduction in
overall staining. Of note, vancomycin fluorescent molecules also
bind in a smaller proportion the mature peptidoglycan due to pep-
tide motifs that have not been cross-linked. Further, both antibi-
otic fluorescent derivatives showed dose-dependent labeling and
ramoplanin worked at a lower concentration than vancomycin
(Tiyanont et al. 2006). Using this labeling method, the pattern of
B. subtilis peptidoglycan insertion in the cylindrical portion of the
bacteria was showed to be helical (Daniel and Errington 2003,
Tiyanont et al. 2006). Besides, Streptococcus pneumoniae showed
a middle insertion pattern while Streptomyces coelicolor showed
nascent peptidoglycan precursors at poles (Daniel and Errington
2003). Further, vancomycin fluorescent derivate demonstrated a
correlation of the nascent peptidoglycan sites with Wag31 fluores-
cent intensity at the poles of M. smegmatis (Kang et al. 2008). Later,
it illustrated that the nascent peptidoglycan regions were prefer-
entially located at the old pole over the new pole of M. smegmatis
highlighting unipolar fashion elongating pattern (Aldridge et al.
2012).

Overall, vancomycin and ramoplanin fluorescent derivatives
targeting the nascent peptidoglycan precursor combined with flu-
orescence microscopy allowed monitoring of the peptidoglycan
synthesis pattern at the single-cell level (Fig. 8). Since nascent
peptidoglycan synthesis occurs only within the growing bacterial
subset, the antibiotics-based probes method should, therefore, al-
low distinguishing between growing labeled and non-growing un-
labeled single-cell. Furthermore, the antibiotic concentration and
time of treatment require precise adjustment to balance both
suitable staining and avoid cell damage. Main limitation of this
method is the requirement for fully accessible bacterial wall such
as within Gram-positive bacteria or Gram-negative mutants with
a compromised outer membrane.

Lectin wheat germ agglutinin pulse-chase-based probe
Ursell et al. (2014) investigated the subcellular growth rates, ge-
ometry and cytoskeletal organization of E. coli using time-lapse
microscopy and pulse-chase labeling of the cell wall. The authors
reasoned that if bacterial growth was heterogeneous along the
surface, thus a uniform peripheral labeling would be spread apart
by the addition of new unlabeled material. To this end, E. coli were
unexpectedly labeled with a fluorescent analog of the lectin wheat
germ agglutinin (flWGA) followed by excess dye removal before
growth monitoring. Wheat germ agglutinin was known to label

the N-acetylglucosamine motif of the peptidoglycan suggesting
that flWGA diffuse through or binds to a specific component of
the outer membrane. Time-lapse imaging after excess WGA re-
moval revealed the transition from a uniform peripheral label-
ing to a punctate staining. Moreover, surface fractional elongation
rates were calculated relying on the difference in spatial and tem-
poral position between two adjacent flWGA fluorescence inten-
sity peaks. Growth map computing the rate of spreading between
adjacent peaks highlighted heterogeneity. Some subcellular re-
gions had higher rates than the calculated bacterial growth rate.
Concomitantly, the MreB actin-like protein, essential to maintain
the bacterial rod-like shape, preferentially localized and targeted
bacterial elongation; showed by negative correlation with flWGA
staining; at subcellular negative cell wall curvature regions lead-
ing to cell straightening.

Overall, the bacterial wall flWGA pulse-chase labeling com-
bined with time-lapse microscopy allows monitoring of both sub-
cellular and total bacterial growth rates at the single-cell level
(Fig. 8). The main limitation of the pulse-chase method relies on
the detection threshold of unlabeled growing regions. Actually,
these regions must have been spaced far enough from the two ad-
jacent fluorescent puncta to overcome the optical limitation of the
microscope. Moreover, wheat germ agglutinin preferentially labels
Gram-positive bacteria, despite some exception as presented here.
This method should therefore discriminate at single-cell level be-
tween growing subset heterogeneously labeled and non-growing
uniformly labeled subset.

Amino acids-based probes
The L-alanyl-γ -D-glutamyl-L-lysine tripeptide was labeled with
N-7-nitro-2,1,3-benzoxadiazol-4-yl and supplemented in the bac-
terial medium to investigate the peptidoglycan synthesis in E. coli
(Olrichs et al. 2011). The authors showed that the labeled peptide
reached the cytoplasm and was incorporated within the pepti-
doglycan via the bacterial-wall-recycling pathway. This method
demonstrated that elongating bacteria were uniformly labeled
while dividing bacteria had a significant decrease in fluorescence
at the septum linked with the FtsZ presence and AmiC amidase
elevated activity. Thus, this fluorescent tripeptide method sheds
light on the peptidoglycan-recycling pathway and should, there-
fore, discriminate between dividing and non-dividing bacteria.
However, the bacterial growth was inhibited after four generations
in the presence of the labeled tripeptide, thus limiting the useful-
ness of the method.

Further, a series of fluorescently labeled D-amino acids re-
sponsible for the cross-link of glycan strands and thus in-
corporating into nascent peptidoglycan sites were engineered
(Kuru et al. 2012, 2015). The fluorophores 7-hydroxycoumarin-
3-carboxylic acid, 4-chloro-7-nitrobenzofurazan, 5 (and 6-)-
carboxytetramethylrhodamine succinimidyl ester, and FITC were
linked to the 3-amino-d-alanine backbone resulting in various flu-
orescent D-amino acids HADA, NADA, TDL, and FDL probes, re-
spectively. The authors validated the strengthening of the probes
to incorporate and label nascent peptidoglycan sites via mass
spectrometry analysis demonstrating the incorporation of the dye
within peptidoglycan peptide stems. Of note, probes based on
the enantiomer L-amino acids failed to label growing bacteria.
As expected, long-term staining labeled uniformly the bacterial
wall while short-term staining probed uniquely the peptidogly-
can synthesis regions of the growing bacterial subset. Pulse-chase
and time-lapse microscopy experiments combined with long-
term staining highlighted the labeled growing subset while the
non-growing unlabeled subset should, therefore, be distinguished.
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Subsequent culture without probes highlighted the growing la-
beled subset loosing progressively, as their growth progressed,
the labeling intensity via incorporation of unlabeled new materi-
als leading to fluorescence dilution. The potentially non-growing
subset after a first period of growth during the labeling pulse
should retain fluorescence intensity at similar level and, there-
fore, be distinguished. Using this long-term method, the authors
demonstrated that growing E. coli and B. subtilis �dacA retained
signal at the mother poles and lost it at the lateral walls. The
short-term method highlighted diverse patterns of peptidoglycan
synthesis regions within broad species. Furthermore, sequential
pulse-chase assay using different spectral D-amino acid probes
allows peptidoglycan nascent sites formation tracking via end-
point microscopy informing on the chronological incorporation
of the probes during their respective labeling periods. However,
it required long washing steps between pulses creating a delay
impeding with this highly dynamic process. Of note, the devel-
oped probes were used to label a broad array of Gram-positive
and Gram-negative bacteria appearing to potentially be univer-
sal. Thus, labeled D-amino acids allowed monitoring of nascent
peptidoglycan regions using short-term labeling. Pulse-chase ex-
periments highlighted growing subsets by fluorescence dilution
via news unlabeled materials incorporation and should, therefore,
distinguish the non-growing uniformly labeled subset.

Click chemistry were concomitantly developed using D-amino
acids probes allowing to monitor the peptidoglycan nascent re-
gion of intracellular bacteria (Kuru et al. 2012, 2015, Siegrist et al.
2013, Liechti et al. 2014). D-amino acids analogue; termed either
ethynyl-D-alanine and azido-D-alanine or R-propargylglycine and
R-2-amino-3-azidopropanoic acid; can be conjugated to any
molecules carrying the complementary functional group as
azides and alkynes fluorophores (Kuru et al. 2012, 2015, Siegrist
et al. 2013). The two latter were putted in contact with growing
planktonic and intracellular bacteria before reaction with azides
and alkynes fluorophores, subsequent fluorescent intensities were
recorded by microscopy (Siegrist et al. 2013). These methods la-
beled the nascent peptidoglycan regions of growing intracellular
L. monocytogenes at septa after a short pulse. Later, Liechti et al.
(2014) employed the D-alanine-D-alanine dipeptide click chem-
istry probes to label the peptidoglycan of intracellular Chlamydia
trachomatis. Again, the labeling localized to the septal part of di-
viding subset. Thus, since the eukaryotic cells did not generally
produce D-amino acids, the clickable fluorescent D-amino acids-
based probes allow monitoring of nascent peptidoglycan regions
of single bacteria and should, therefore, distinguish the unlabeled
non-growing intracellular bacteria.

Hsu and colleagues developed a rotor-fluorogenic D-amino
acids to study peptidoglycan synthesis in real-time with higher
temporal resolution than the previously described sequential
pulse-chase method (Kuru et al. 2012, Hsu et al. 2019). Fluores-
cent molecular rotors exist in two stages depending on the spa-
tial hindrance. In low spatial hindrance, the excited molecule had
a twisted intramolecular charge transfer state resulting in non-
radiative relaxation. In high spatial hindrance, the twisted in-
tramolecular charge transfer state is inhibited resulting in fluores-
cence emission of illuminated fluorescent molecular rotors. It was
showed that the peptidoglycan environment induced sufficient
spatial hindrance to activate fluorescent molecular rotors coupled
with D-amino acids, thus reporting on peptidoglycan synthesis in
real-time. Of note, due to the intrinsic properties of the fluorescent
molecular rotors, this enables end-point analysis without wash-
ing steps. Short-pulses highlighted nascent peptidoglycan at the
poles of Streptomyces venezuelae and long-pulses involving B. subtilis

resulted in homogeneous labeling as previously described. More-
over, real-time imaging of S. venezuelae showed fluorescent signal
appearing first at poles and then at the division septum. Although
the labeling fit well with Gram-positive bacteria, outer membrane
permeabilization of Gram-negative bacteria is mandatory. Thus,
the rotor-fluorogenic D-amino acids allowed monitoring of pep-
tidoglycan synthesis in real-time at the single level and should,
therefore, distinguish non-growing bacteria.

Overall, amino acids labeling informs on the peptidoglycan life-
cycle of the growing and dividing bacteria possibly intracellularly
and in real-time and should, therefore, discriminate non-growing
subset (Fig. 8). Of note, the D-amino acids probes developed by
Kuru et al. (2012) are more broadly used due to their compat-
ibility with Gram-positive and Gram-negative bacteria as com-
pared to others. To our knowledge amino acids labeling has not
been employed to monitor any of the following: bacterial growth,
replicative rate, or discrimination between both growing and non-
growing bacteria despite its theoretical workability.

Mycomembrane synthesis enlightenment
Hodges et al. (2018) designed a quencher–trehalose–fluorophore
(QTF) probe to report on the mycolyltransferases activity of my-
cobacteria in real-time. The antigen 85 complex (Ag85), which
is a mycolyltransferase of M. tuberculosis, elaborates the mycolic
acid membrane. Trehalose monomycolate is processed to tre-
halose dimycolate or mycolyl-arabinogalactan and inserted into
the bilayer-like membrane. The developed QTF probe is an ana-
log of the trehalose monomycolate and bears the fluorescent
dye BODIPY-FL appended to the fluorescence quencher DABCYL.
When QTF is processed by nucleophilic attack of Ag85, the DAB-
CYL part is removed, thus separating the FRET pair and enabling
fluorescence emission. Combination of QTF probe with time-lapse
microscopy method allows monitoring of dividing M. smegmatis
over four generations. The authors demonstrated that the result-
ing QTF fluorescence was localized to the septa and both poles,
with higher intensity at the older poles. Of note, co-incubation
with the HADA probe showed similar localization as QTF. More-
over, the three mycolyltransferases of M. smegmatis were fused to
mCherry and colocalized with the QTF signal.

Overall, QTF probe highlights the mycomembrane synthesis
by reporting the mycolyltransferase activity at the single-cell
level in real-time. The QTF fluorescence intensity colocalizes
with nascent peptidoglycan regions and should, therefore, dis-
criminate between growing and non-growing subset. The main
limitation of this method is that the QTF probe worked only
with mycolyltransferase-producing bacteria. Actually, fluores-
cence was recorded at the surface of M. smegmatis and C. glutam-
icum in contrast to E. coli and B. subtilis.

Emerging and sporadically used methods
Some emerging and/or sporadically used methods were employed
to monitor the growth and replicative rates at the single-cell level.
Highly precise detection of the individual buoyant mass of bacte-
ria over-time using a SMR combining cantilever and microfluidics
informs on the bacterial growth rates (Godin et al. 2010, Cermak
et al. 2016). Later, based on the bidirectional chromosomal repli-
cation pattern and initiation at a conserved bacterial sized per
chromosome, oriC:terC ratio allows discrimination of subsets de-
pending on growth behaviors (Haugan et al. 2018). Further, stable
isotope probing report among other parameters on the anabolic
activity of bacteria detected via secondary ion mass spectrome-
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try (SIMS) or Raman spectrometry (Kopf et al. 2016, Taylor et al.
2017). The increase in mass or shift in spectra detected were trans-
lated into growth rate via empirical equations. Finally, rRNA con-
tent calculated via FISH of individual bacteria was linked to pop-
ulation growth rate helped by a standard curve, which must be
previously carried out (Poulsen et al. 1993). Strengths and strong
limitations of these methods were summarized in Table 1.

SMR measuring bacterial buoyant mass
Time-lapse microscopy-based methods previously described rely
mainly on the measured cell length or area as a reporter of the
cell growth. However, continuous accumulation of mass and vol-
ume measurement of a single bacteria report on the individual
creation of new biomass, also termed growth rate. Techniques in-
volving resonating microelectromechanical system allowing mea-
surement of bacterial buoyant mass with femtogram precision
over-time were developed (Godin et al. 2010, Cermak et al. 2016).
The buoyant mass of the bacteria corresponds to their own mass
minus the mass of the fluid it displaces. Bacteria transit into a SMR
consisting of a vacuum packed hollow cantilever beam contain-
ing an embedded fluidic microchannel. Upon bacterial detection
via the SMR, fluidic flow changes its direction, thus reintroduc-
ing the bacteria within the cantilever and allowing repeated mea-
sures over-time of the same single-cell (Godin et al. 2010). A shift
in the resonance frequency of the system was measured at each
passage and converted into buoyant mass. Growth rate was ob-
tained from linear fits to the buoyant mass representing increas-
ing amplitude of the peaks. A rapid drop by a factor two of the
magnitude of the frequency shifts suggest that a replication step
had occurred and a progeny escaped the trap. Escherichia coli and B.
subtilis could be trapped on average for 300–500 seconds, although
few cells were trapped over the entire cell-cycle. Later, the method
was engineered by serially connecting cantilevers, thus improv-
ing the throughput of the technique from one single bacterium at
a time to 150 bacteria per hour (Cermak et al. 2016). An array of
SMRs is fluidly connected in series and spaced by serpentine delay
channels allowing the growth of the bacteria between each can-
tilever during the crossing. The design permits monitoring of sev-
eral individuals’ bacteria at a time during 4 minutes via a fluidic
bacterial chain crossing 10–12 resonant mass sensors distributed
along the length of the microfluidic. The authors demonstrated
by plotting the growth rates against the initial buoyant mass that
heavier bacteria grow faster than lighter ones (Godin et al. 2010).
The long duration trap of B. subtilis covering a full cell cycle con-
firm the data obtained with shorter measurement via an expo-
nential fit of the growth rates. Cermak et al. (2016) demonstrated
that after kanamycin addition to an E. coli culture, the growth
rates dropped rapidly reaching near 0 in 30 minutes showed by
almost null mass accumulation. However, there is variation in the
timescale of switch to growth arrest phase at the single cell level,
non-growing and normally growing bacteria coexist at 20 minutes
post-intoxication.

Overall, the SMR method allows monitoring of the bacterial
growth rates at the single-cell level relying on high-precision
buoyant mass measures over-time. This technique enables precise
monitoring of growth rates notably under drugs challenges. The
main limitation of this method is that in contrast to the time-lapse
microscopy method the duration of measurement lasts less than
the bacterial cycle covering only a short snapshot of the single-
cell growth. Moreover, the bacterial replication cannot be directly
recorded. Furthermore, the SMR array is currently not suitable for
measuring growth of adhering bacteria. Time-lapse microscopy

methods are more broadly employed than the SMR system due
to its wider availability and easier operation.

Chromosomal replication monitoring via foci
detection
Haugan et al. (2018) monitored, via fluorescence microscopy, chro-
mosomal replication markers reporting on the bacterial growth
status at the single-cell level. The DNA replication of the single
circular chromosome of E. coli starts from a single origin of replica-
tion (oriC) and spreads bidirectionally to reach the opposite repli-
cation terminus region named terC, allowing the progenies to bear
a unique copy of the chromosome. Under optimal conditions, few
initiations of replication can occur concomitantly per division cy-
cle resulting in progenies with overlapping oriC copies at birth.
Moreover, the chromosomal replication starts at a fixed cell mass
per origin meaning that the cell mass increases proportionally to
the oriC copies number. Based on this principle, the copy number
ratio of oriC to terC reports on the growth behavior. A ratio of 1
reports on non-replicating bacteria with a unique oriC while a ra-
tio superior to 1 reports on growing bacteria bearing at least 2 oriC
with ongoing chromosomal replication. To this purpose, P1-ParB
and pMT-ParB proteins fluorescently labeled report respectively to
origins and termini via foci detection by microscopy. A clear cor-
relation between cell size and growth behaviors, derived from the
chromosomal replication marker monitoring method, support its
effectiveness. Moreover, during the exponential phase of growth, a
mass doubling time was deduced from the oriC:terC ratio and was
similar to the one deduced from the population optical density
measurements. Stationary phase culture diluted in fresh media
presented first homogenous non-growing bacteria; with oriC:terC
around 1; and then heterogenous growing bacteria each with stag-
gered ongoing chromosomal replications. Later, a tendency to-
ward growth homogeneity was detected with ratio egal to 4 un-
til reach once again a homogenous population of non-growing
bacteria. In contrast, complete cessation of chromosome replica-
tion was not observed at any point during mice infection. Later,
the chromosomal replication monitoring method was employed
to assess the antibiotics efficacy as a function of growth rate in
vitro and in vivo (Haugan et al. 2019). Sukumar et al. (2014), based
on the chromosomal replication concept monitored the replica-
tive behavior of in vivo M. smegmatis via monitoring of the single
stranded binding protein (SSB) component of the replisome fused
to GFP. The authors showed via time-lapse microscopy that the
dynamics of SSB-GFP foci defined cell cycle timing and discrimi-
nated replicating from non-replicating subsets.

Overall, the chromosomal replication monitoring method dis-
criminates bacterial subset depending either on their growth or
replicative behaviors at the single-cell level. An oriC:terC ratio of
1 correspond to non-growing bacteria and the higher the number
of copies, the higher the size and mass. The main limitation of the
method is that it requires a previous proteins labeling to highlight
oriC and terC chromosomal foci. Moreover, overlapping fluorescent
foci impede accurate monitoring of oriC:terC ratio. Furthermore,
physiological dysregulation between replication and division cou-
pling will impede interpretation. Importantly, an oriC:terC ratio
of 1 and a lack of SSB foci may correspond either respectively to
a non-growing or non-replicating bacterium, or to a growing or
replicating bacterium between active stage of chromosomal repli-
cation.
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Stable isotope tracer incorporation monitoring
The stable heavy water 2H2O isotope was employed to measure
the anabolic activity of S. aureus from cystic fibrosis patient and
to calculate the related growth rate and mass doubling times at
the single-cell level (Kopf et al. 2016). The 2H incorporation and re-
moval from bacterial population are governed by the population
growth rate, the turnover rate and the death/degradation rate. It
was linked to the growth rate taking into account the limitation
of non-instantaneous water exchange, the hydrogen metabolism
of S. aureus and the maintenance turnover. The latter was ap-
proximately calculated from S. aureus chemostat culture at near
null replicative rate. Thus, the authors calculated and estimated
the single-cell growth rate based on a population level equation,
which does not take into account known heterogeneity of growth
within a population (Balaban et al. 2004, Gangwe Nana et al. 2018,
Haugan et al. 2018). To this end, expectorations of sputum were
recovered and allowed to grow in presence of 2H2O before sam-
ples fixation. During the labeling period, only active cells incor-
porated the isotope tracers in contrast to dormant or dead bacte-
ria. The isotopic 2H bulk membrane mass enrichment was mea-
sured at the single-cell level via secondary ion mass spectrome-
try (NanoSIMS). Coupled fluorescence in situ hybridization (FISH)
method allowed specific highlighting of S. aureus or P. aeruginosa.
Using this method, large growth rates heterogeneity was demon-
strated. The calculated mass doubling times ranged from 256 days
to 6 hours and should explain antibiotic failure. Later, 13C iso-
tope tracer probing method was developed in individual photoau-
totrophic bacteria to calculate the growth rate via quantitative
Raman spectrometric measurement (Taylor et al. 2017). Assimi-
lation of 13C-enriched dissolved inorganic carbon was quantified
at the single-cell level from red shifted wavenumber in resonance
Raman spectral peaks emanating from carotenoid pigments. The
detected isotopic assimilation was then converted into single-cell
level growth rate via an empirical relationship. Calculated Syne-
chococcus sp. growth rate showed heterogeneity at the single-cell
level and was similar to the instantaneous population growth
rate independently measured. Further, Synechococcus sp. and Tha-
lassiosira pseudonana growing at different rates were mixed and
single-cell Raman spectrometry, combined with FISH phyloge-
netic identification, could distinguish among them. Recently, the
method was extended to individual heterotrophic E. coli growing
in mixed microbial assemblages on complex 13C carbon sources
(Weber et al. 2021). Further, 15N isotope incorporation monitoring
by NanoSIMS into steady state liquid culture of E. coli and B. sub-
tilis was employed to calculate the growth rate at both popula-
tion and single-cell levels (Gangwe Nana et al. 2018). The authors
estimated the mass doubling times of single cell assuming con-
servation of nitrogen, individual exponential growth as well as no
significant changes in the media throughout the assay. The popu-
lation growth rate calculated based on 15N isotope incorporation
was similar to the one calculated with the optical density support-
ing the rightness of the method. Moreover, control for the basal
15N isotope incorporation by a non-growing culture is missing.
Otherwise, results were much less erratic, and hence appeared
more trustworthy with labeling period above 32 minutes giving a
mass doubling time of 65 minutes. Inter-bacterial 15N isotope in-
corporation reflecting heterogeneity of the mass doubling times
of individual bacteria was demonstrated using this method. In-
terestingly, asymmetric incorporation within bacteria was shown
indicating an intra-bacterial growth rate heterogeneity, which was
more pronounced after a labeling period covering two mass dou-
bling times. It could be explained by the combination of the semi-

conservative nature of DNA replication and the strand-specific
phenotype model explaining metabolic activities segregation to
one DNA strand into one resulting daughter cell (Meselson and
Stahl 1958, Rocha et al. 2003).

Overall, isotope tracer incorporation reporting on the anabolic
activity informed on the approximated growth rate of bacteria
at the single-cell level. Strength of this method is that it does
not require any prior treatment such as genetic modification, and
thus report on the quasi-instantaneous growth rates of clinically
isolated pathogens after a short incubation time ex vivo, which
should not significantly disrupt the in vivo physiology. Combina-
tion with FISH phylogenetic identification allows highlighting of
bacteria of interest within a community. Nevertheless, it is based
on population empirical relationship, which does not take into ac-
count heterogeneity at the single-cell level. Further, basal incor-
poration of the isotope must be characterized from in vitro viable
non-replicating culture.

Individual rRNA content estimating the
culture-like growth rate
The correlation between the S. typhimurium rRNA content and
the population growth rate has long been recognized (Schaechter
et al. 1958). DeLong et al. (1989) developed a method based on
rRNA single-cell quantification to approximate the culture de-
rived growth rate of E. coli. rRNA was quantified using FISH with
a universal oligonucleotide probe in media supporting different
growth rates. The resulting fluorescent intensity informing of the
rRNA content varies linearly with the population growth rate.
Later, specific 16S rRNA fluorescent probe linked to the population
growth rate showed that the average doubling time was longer
in established biofilm than in young biofilm of E. coli (Poulsen
et al. 1993). Moller et al. (1995) confirmed the workability of the
method by correlating the rRNA content of individual Pseudomonas
putida with specific culture growth rate. Further, the metachro-
matic dye acridine orange labeling single- and double-stranded
nucleic acid in red and green fluorescence respectively showed
that total DNA and RNA measure at single-cell level via flow cy-
tometry were related with the culture growth rate. The whole-cell
hybridization method were then employed to monitor the rRNA
content of E. coli and S. typhimurium gathered from large intestine
of streptomycin-treated mice (Poulsen et al. 1995, Licht et al. 1996).
It was converted to specific culture growth rates helped by an in
vitro standard curve showing overall high intestinal growth rate,
which appeared incompatible with the size of the population and
the fecal excretion colony forming unit rate. Precursor-16S rRNA
probe highlighted two population coexisting with different appar-
ent growth rates (Licht et al. 1999). Later, the FISH rRNA monitor-
ing to decipher the correlated culture growth rate of in vivo indi-
vidual P. aeruginosa was employed (Yang et al. 2008, Kragh et al.
2014). The individual rRNA bacterial level from cystic fibrosis pa-
tient mostly correlated with heterogeneous in vitro culture growth
while few bacteria correspond to a non-growing stationary phase
subset (Yang et al. 2008). Further, a negative correlation was high-
lighted between the neighboring polymorphonuclear leukocytes
concentration and the culture-like growth rate of individual bac-
teria within biofilm aggregates from lungs of patients and mice
(Kragh et al. 2014). It is due to induced O2 limitation and alle-
viated by denitrification. Of note, at low growth rate, individual
rRNA content did not linearly correlate with the optical density of
the culture. Furthermore, since a correlation can return negative
growth rates the authors considered that in these cases growth
rate was null. Later, a weak growth of Stenotrophomonas maltophilia
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in sputum; calculated from FISH estimated ribosomal content;
correlated with the inability of S. maltophilia isolates to perform
denitrification (Hansen et al. 2014, Kolpen et al. 2015).

Overall, FISH method allowed monitoring of the bacterial
rRNA content immediately after patient gathering without pre-
treatment requirement at the single-cell level, which correlated
linearly to the global population culture growth rate. Although the
method is based on single cell rRNA measurements, it correlates
with population growth rate measurement methods, which does
not consider growth heterogeneity within a culture. Furthermore,
a weakness of the method is that it required an in vitro standard
curve; linking rRNA content of individual bacteria with the cul-
ture growth rate; evidently obtained from distinct condition than
in vivo samples. Moreover, considering the global rRNA content

without processing step distinction induces errors. Of note, rRNA
content could be decoupled from the growth rate in some species.

Concluding remarks
Over a century ago, heterogeneity of growth and replicative rates
within a bacterial population was first hypothesized and then
studied thanks to technological innovations. Among the diver-
sity of the tools available to determine the bacterial replicative
rate at the single-cell level, fluorescence dilution methods are be-
coming increasingly used because they almost exclusively over-
come limitations, such as mandatory tracking, by giving insight
into replicative history. It allows very rapid sequential analyses of
single cells using flow cytometry from in vitro, in situ, and in vivo
samples although requiring pre-treatment such as dyes labeling.
A less costly method is based on colony monitoring on agar plates,
but it reports only on the ability of an individual bacteria to per-
form at least one replicative step with its associated bacterial lag
time. The bacterial growth rate at the single-cell level was broadly
analyzed using time-lapse microscopy methods notably due to
the lack of alternative user-friendly methods. It allows concomi-
tantly monitoring of the replicative rate and required constant
tracking making it impractical for historical or instantaneous evi-
dence, especially from in vivo samples. Furthermore, in vitro struc-
tural markers-based methods such as peptidoglycan synthesis
and regrowth-delay bodies enable mainly end-point monitoring
of inter- and intra-bacterial growth or replicative behavior, but
the corresponding rates rely on time-lapse microscopy methods.
Strength of this method as well as stable isotope probing tech-
nique is that it reports on intracellular growth pattern. Moreover,
the sporadically used buoyant mass monitoring via SMR calcu-
lates precisely the growth rate for a few minutes, and hence mis-
match with replicative rate monitoring. Furthermore, chromoso-
mal replication marker-based methods enable only to distinguish
single-cell bacteria depending on their growing behavior. Some
others emerging and/or sporadically used approaches such as sta-
ble isotope probing and rRNA content monitoring allow calcula-
tion of the instantaneous growth rate of individual bacteria gath-
ered directly from patient. However, the apparent growth rate was
either empirically based on a population equation with short in-
cubation time ex vivo or based on standard curve linking single-
cell measurement to population growth rate. Furthermore, these
two latest methods cannot be used to monitor concomitantly the
replicative rate. Thus, there is an urge need for a precise end-point
method combining both growth and replicative single-cell histor-
ical rates monitoring from in vitro, in situ and especially in vivo
samples which could allow better understanding on the under-
lying mechanism of both rates in vivo potentially implicated to
therapeutic treatment failures.

The methods presented in this review are in constant evolution
with fluorescent proteins and dyes advances as well as monitor-
ing device resolution increase. Therefore, these methods should
continue to increase our knowledge and understanding on sin-
gle bacteria growth and replicative rates within broad conditions
from a heterogeneous and/or drugs challenged in vitro population
to clinical isolates for years to come.
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