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Summary

The quantitative study of the cell growth [1-5] has led to
many fundamental insights in our understanding of a wide
range of subjects, from the cell cycle [6-9] to senescence
[10]. Of particular importance is the growth rate, whose
constancy represents a physiological steady state of an
organism. Recent studies, however, suggest that the rate
of elongation during exponential growth of bacterial cells
decreases cumulatively with replicative age for both asym-
metrically [11] and symmetrically [12, 13] dividing organ-
isms, implying that a “steady-state” population consists of
individual cells that are never in a steady state of growth.
To resolve this seeming paradoxical observation, we studied
the long-term growth and division patterns of Escherichia
coli cells by employing a microfluidic device designed to
follow steady-state growth and division of a large number
of cells at a defined reproductive age. Our analysis of
approximately 10° individual cells reveals a remarkable
stability of growth whereby the mother cell inherits the
same pole for hundreds of generations. We further show
that death of E. coli is not purely stochastic but is the result
of accumulating damages. We conclude that E. coli, unlike
all other aging model systems studied to date, has a robust
mechanism of growth that is decoupled from cell death.

Results and Discussion

To follow a large number of cells inheriting the same pole and
their progeny for many generations, we employed a high-
throughput, continuous, microfluidic liquid-culture device
that we built by using a standard soft-lithographic technique
that others had developed for cell biology studies [14-17].
Our device consists of a series of growth channels, oriented
at right angles to a trench through which growth medium is
passed at a constant rate (Figure 1A). This constant flow
results in diffusion of fresh medium into the growth channels
as well as removal of cells as they emerge from the channels
into the main trench (Figure 1A). We measured the timescale
of nutrient uptake by E. coli by using the fluorescent glucose
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analog (2-NBDG) and found that diffusion into the channels
is much faster (~1 s) than the timescale of nutrient uptake
(~2-3 min; Supplemental Experimental Procedures, available
online), ensuring steady-state conditions for all cells. The cell
at the end of the growth channel, distal to the trench, is
referred to as the “old-pole mother cell” (or mother cell)
because one of its poles, abutting the end of the channel, is in-
herited from one generation to the next (Figure 1A). The diam-
eter of the growth channels prevents the mother cell from
moving around. The replicative age of the mother cell, defined
as the number of consecutive divisions from the young-pole
daughter cell [12], increases by one generation at each cell
division (Figure 1B). It is noteworthy that this device, which
we call the “mother machine,” allows us to follow cells for
numbers of generations that are orders of magnitude greater
than has been possible with other single-celled organisms,
including Saccharomyces cerevisiae [18] and E. coli [12, 13]
(see Experimental Procedures; Movie S1 and Movie S2).

We studied two distantly related strains of E. coli, B/r and
MG1655, which constitutively express yellow fluorescent
protein (YFP) from a chromosomal copy of the yfp gene, allow-
ing visualization of the cells via live microscopy (Figure 1C).
A typical time series of a single growth channel from the begin-
ning of the experiment until death of the mother cell is shown in
the top panel of Figure 1D (which we constructed from the time
series images by following the growth channel indicated by the
dotted yellow box in Figure 1C; see Movie S2). This temporal
montage shows the fluorescence level (YFP) of the mother
cell and her progeny over time during the reproductive lifetime
of the mother cell (Figure 1D [middle panel]). A cell length-
versus-time curve was constructed for every cell in all of our
experiments (e.g., Figure 1D, bottom panel). This curve is well
approximated by a straight line in a semi-log plot (see the inset
of Figure 1D). That is, each interval between birth and division
can be fitted via a single exponential function to give the growth
rate of the cell at that replicative age. The spikes that appear at
random intervals in the size distribution are the result of limited
filamentation, as discussed in detail below.

The growth rate of individual cells showed a striking long-
term stability over hundreds of generations, as indicated by
the average-growth-rate-versus-replicative-age curves of the
old-pole mother cells (Figure 2). The growth rate remained
constant under our experimental conditions, for both
MG1655 and B/r. In contrast to this long-term stability, the
growth rate of the old-pole mother cell showed only weak
correlation between two consecutive cell cycles. Mother cells
exhibited fast fluctuations with a timescale of less than one
generation and a Gaussian distribution (Figure 2 inset; Fig-
ure 3A). The daughter cells also showed the same growth-
rate statistics as the mother cells, as we summarize in Figures
S1 and S2. In other words, the cell “forgets” immediately upon
division how fast it was growing in the previous cell cycle.

The observed stable growth is mirrored by the stable protein
synthesis reflected in the long-term constant fluorescence
level of the mother cell and its progeny (Figure 1D, top two
panels). Like the growth rate, the YFP fluorescence level also
shows a short-time correlation of one to two generations,
consistent with previous findings in E. coli and human cells
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Figure 1. The “Mother Machine” and High-Throughput Observation of the Mother Cells

(A) Schematic illustration of the microfluidic mother machine. The old-pole mother cell is trapped at the end of the growth channel.
(B) The outermost branch of the lineage tree represents the old-pole mother cell and her progeny.

(C) Snapshot of a typical field of view.
(D) Top panel: temporal montage of a single growth channel (within the dotted

yellow box in [C]) from the beginning to the end of the experiment. The stable

band on the bottom of the montage is the old-pole mother cell, whereas the “feather” of the montage shows the growth and escape of her progeny. Middle
panel: the average YFP intensity of the mother cell fast fluctuating around the mean without decay over time. Bottom panel: cell length versus time of the old-

pole mother cell, which shows occasional spikes (filamentations). In all three

[19, 20] (Figure 3B). Our results showing the long-term stability
of growth and protein synthesis, accompanied by their short-
term memory, argue strongly against a built-in growth-based
aging mechanism in E. coli. In other words, in E. coli cultures,
all cells will be in the same steady state of growth and will be
indistinguishable from one another regardless of their replica-
tive age.

Although our experiments unambiguously show that growth
and protein synthesis are characterized by short-term correla-
tions, surprisingly, further analysis revealed an unexpected
long-term correlation that spans dozens of generations.
Specifically, at a critical replicative age of the first 50 genera-
tions, we noted a striking increase in filamentation of the
mother cells of MG1655 (the “spikes” seen in Figure 1D bottom
panel; Figure 3C; Figure S3). Importantly, the filamentation rate
of the daughter cells remained practically constant, and thus
the increased filamenation of the mother cell cannot be due
to illumination. This means that the mother cell must inherit
an unknown “factor” that serves as a long-term memory
from one generation to the next and causes filamentation inde-
pendently of growth and protein synthesis. Indeed, filamenta-
tion in Figure 1D occurs at intervals such that its distribution

panels, the x axis represents time in minutes.

follows a power law characterized by a long tail (Figure 3D).
(Note that random events will produce an exponential
[“memory-less”] distribution.) Such a long-term effect could
not have been detected by more conventional timelapse
experiments of an exponentially growing population because
it requires observation of the mother cell’s inheriting the
same old pole for hundreds of generations.

Because filamentation is a hallmark of the SOS response in
bacteria, we asked how its suppression would affect our
observation of filamentation. For this purpose we constructed
an MG1655 derivative carrying a lexA allele, lexA3, whose
protein product constitutively represses SOS gene expression
even under conditions of DNA damage. Although the /exA3
mutant behaved virtually the same as MG1655 in terms of
a constant growth rate, its filamentation rate, which was
constant at approximately 1%, was significantly reduced, as
expected. Note that B/r lacks sulA, a key SOS gene that
inhibits cell division during the SOS response, and also shows
a similar low filamentatin rate (Figure S3). A more important
difference between lexA3 and MG1655 is that, with a constant
death rate of 2.7% per cell per generation, the population of
the lexA3 mutant cells decayed exponentially (Figure 4).
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Figure 2. Long-Term Stability of Growth Rate in E. coli

The elongation rate does not show any cumulative decrease over 200 generations in any of the three strains (B/r, MG1655, or MG1655 lexA3). The growth
rates show fast fluctuations with short-term correlation and follow a Gaussian distribution. These eleven curves represent more than ~10° individual mother

cells, namely, ~10” measured cell lengths.

These findings have important implications for the cause of
cell death. That is, the death of the lexA3 mutant is random
and requires the SOS response for survival. The much slower
death rate of wild-type MG1655 cannot simply be due to
a purely stochastic, age-independent fluctuation in DNA
damage or metabolism; otherwise, we would have observed
an exponential decay like that of the /lexA3 mutant (Figure 4).
Instead, death of MG1655 is probably caused by a growth-
independent inheritance and accumulation of a lethal
“factor” as indicated by the long-term correlation observed
in the mother cell described above. It is possible that this
“factor” corresponds to protein aggregates that are asym-
metrically distributed in E. coli and which are described in
recent work [13, 21]. An alternative but not mutually exclusive
idea is that the physically aging cell wall at the pole accumu-
lates defects as a result of its metabolic inertness [22], which
also could be linked to the lethal element.

In previous work by Stewart et al. [12], it was found that the
growth rate of the mother cell decreased cumulatively with
replicative age, about 2% per generation. Although our results
show otherwise, this could be due to the differences in the
experimental conditions, e.g., two-dimensional surface on an
agar pad (Stewart et al.) versus one-dimensional growth
channel where fresh liquid medium is constantly supplied
(current study). In addition, we excluded the data from the first
ten generations of replicative age to ensure that our results
reflect steady-state growth conditions. Nevertheless, we
note that the average generation times of the mother cells of
B/r, MG1655, and /lexA3 mutant are in precise agreement
with the generation time measured from the growth curves of
the liquid culture (see Experimental Procedures). This strongly
argues that, in our study, it is unlikely that there is a decrease of
the growth rate of the mother cell regardless of its replicative
age, i.e., all cells are in the same steady state of growth.

Figure 3. Short-Term Correlation of Growth
Rates versus Long-Term Inheritance of a “Factor”
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Figure 4. Survival and Mortality-Rate Analysis
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In summary, using the microfluidic mother machine, we have
shown a striking constant growth rate of the mother cells of
E. coli and their immediate sister cells for hundreds of genera-
tions. Also, from the qualitative difference in the death rate
between MG1655 and its /exA3 mutant derivative, we
concluded that the death of E. coli cells cannot be due to
random events such as DNA damage but must be a conse-
quence of growth-independent accumulation of a lethal
element. These observations have been made possible
because the mother machine allows us to follow a large
number of cells for a long time at the single-cell level in
a precisely controlled environment and produces amounts of
data comparable to data from studies at a population level
(e.g., FACS). Our experimental approach can be directly and
immediately applied to a wide range of problems.

In our view, the most important lesson from our study is that
E. coli must have a very robust mechanism of growth. The next
major challenge, then, is to understand the origin of the
stability of bacterial growth. Understanding it at the systems
level may shed a new light on an important related question,
i.e., how replication and division are coupled via growth and
coordinated robustly in bacteria in the absence of eukary-
otic-like checkpoints [23].

Experimental Procedures

Growth Condition, Microscopy, and Microfluidics

Cultures were grown overnight in Luria-Bertani (LB) at 37°C. The next day,
30 ul of the overnight culture was back diluted in 3 ml of fresh LB at 37°C.
At ODys50 = 0.2 to 0.3 (or ODggo = 0.1 to 0.15), the cell culture was 10x
concentrated by centrifugation for injection into the mother machine. The
cells were loaded by diffusion until more than 80% of the channels were
filled with the cells. Fresh LB medium was infused by a syringe pump. For
each experiment, images were acquired from 10-12 fields at 1 min intervals
via NIS-Elements software and a Nikon Eclipse Ti fluorescence microscope
equipped with a motorized stage and a CCD camera (Photometrics Cool-
Snap HQ2). We tested a wide range of dosages by varying the exposure
time (1.5-4.0 s) and the intensity of the illumination light by using neutral
density filters (ND32 to ND128; ND128 means that only 1/128 of the illumina-
tion light is used for imaging). Above ND32 and up to 2 s of exposure time,
the growth rate and generation time measured in the mother machine
precisely agreed with that measured from the growth curve for both
E. coli strains B/r and MG1655 used in our studies: MG1655 = 20.9 =
0.3 min, MG1655 lexA3 = 20.7 + 0.8 min, B/r D = 22.6 + 0.4 min.

Our device consists of 4000 growth channels and an automated micro-
scope stage, which we use to continuously scan 10-12 fields of view for
72 hr at 1 min intervals (Movie S1). Because each field of view contains
~102 cells at 100x magnification (Figure 1C), we acquired and processed
images of ~10°-107 individual cells per experiment. See Supplemental
Experimental Procedures for more details.

50

whereas MG1655 lexA3 shows a constant 2.7%
rate of cell death.
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Image Analysis and Data Acquisition

Using C++, we designed custom software was to analyze time-lapse
images. Our software has a user-friendly interface similar to that of ImageJ,
as shown below. Because each experiment generated about 50,000-
100,000 images, each containing ~102 cells, we analyzed typically
~107 cells per each time-lapse experiment. The current version of our soft-
ware can complete analysis in about 3-5 hr on a standard desktop PC,
which is significantly faster than other software developed with more
high-level programming languages such as Matlab. We performed segmen-
tation of cells directly on fluorescence images by finding basins of intensity
along the channel direction.

Bacterial Strains

The wild-type strains of Escherichia coli MG1655 and B/r D were modified
so that they expressed the gene encoding the yellow fluorescent protein
(YFP) under the control of the constitutive promoter APg (gene construct
from M. Elowitz [24]). The YFP gene, along with a chloramphenicol resis-
tance gene, was inserted in the intC locus by P1 transduction from M. Elo-
witz’s MRR strain (Elowitz 2002) and selection for chloramphenicol resis-
tance. The lexAS3 allele, present in strain RB258 [25], was introduced into
MG1655, along with the closely linked marker malE::Tn5, by P1 transduc-
tion, with selection for kanamycin resistance. The MG1655 strain used is
the poorly motile strain that does not contain an IS7 insertion sequence
element in the regulatory region of the flhD promoter [26] (CGSC 6300 of
the E. coli Genetic Stock Center).

Autocorrelation Function
The normalized autocorrelation function A(At) has been calculated as
follows:

A8t = ((I(t+88) = (1(E+88),)-(00) = 1(1),) ), /({1 = U®))*) ) . (1)

where [(t) denotes the quantity of interest at time t (e.g., YFP intensity, cell
length). (); and (); denote average over time and cells, respectively. From
the typical timescale of decay of the (normalized) autocorrelation function,
we can estimate how long the memory of the process lasts, for example,
by measuring how fast it drops from 1 to 0.5. If A(At) decays exponentially
as exp(—t/7), the inverse decay constant 7 is defined as the correlation
time of the process. However, if A(At) decays slowly, e.g, as a power-law
t™, where o is the exponent, there is no intrinsic timescale associated with
the process. In this case, the process is said to have a long-term memory.

Filamentation

We considered a cell to be filamentous if its new-born cell size was larger
than the population average by more than 2, where o is the standard devi-
ation of the cell-size distribution. In our experiments, filaments were visually
obvious (Figures 1C and 1D) and well-separated from the normal cells in the
size distributions (Figure S2B), and our results are insensitive to the choice
of the threshold. To compute the filamentation intervals, we only counted
intervals between new filamentations developed from a normal sized cell.
For example, the double spikes around 1250 min in Figure 1D are counted
as a single filamentation event.
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Supplemental Information

Supplemental Information include Supplemental Experimental Procedures,
four figures, and two movies and can be found with this article online at
doi:10.1016/j.cub.2010.04.045.
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