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Gene expression and growth rate are highly stochastic in Escherichia coli. Some
of the growth rate variations result from the deterministic and asymmetric
partitioning of damage by the mother to its daughters. One daughter, denoted
the old daughter, receives more damage, grows more slowly and ages.
To determine if expressed gene products are also allocated asymmetrically,
we compared the levels of expressed green fluorescence protein in growing
daughters descending from the same mother. Our results show that old
daughters were less fluorescent than new daughters. Moreover, old mothers,
which were born as old daughters, produced daughters that were more
asymmetric when compared to newmothers. Thus, variation in gene products
in a clonal E. coli population also has a deterministic component. Because
fluorescence levels and growth rates were positively correlated, the aging of
old daughters appears to result from both the presence of both more
damage and fewer expressed gene products.
1. Introduction
Gene expression and protein levels in individual cells are highly variable in
clonal populations [1–10]. Because many gene-regulating elements have low
copy numbers [11], the variation is attributed to stochastic sampling. For example,
if the elements are Poisson distributed, they will have a mean of μ and a variance
of σ2, where m ¼ s2, but the coefficient of variation for the relative difference
between cells is σ/µ = 1/

ffiffiffiffi

m
p

, which increases with decreasing values of μ. Given
that the amount of expressed gene products is an important component of cellular
function and fitness, the amount of stochasticity is at first glance puzzling. A poss-
ible explanation is that cellular metabolism constrains the total pool of gene
products and some genes are limited to a smaller, and perhaps suboptimal,
number of regulatory elements. An additional explanation is that the variation
is a form of bet hedging [12,13]. If the environment is changing or variable, a var-
iant cell could have by chance the gene product level that is appropriate for
that instance. Alternatively, the apparent stochasticity could result from yet
uncovered deterministic causes [14–16].

Recent results have shown that the growth rate of single and clonal bacterial
cells is also highly stochastic [17–19]. However, the growth rates were found to
have a significant deterministic component that is controlled by the asymmetrical
partitioning of non-genetic damage, such as oxidized or mistranslated proteins,
by a mother bacterium to its two daughters. The allocation of more damage to
one daughter by a mother bacterium is associated with the age of the maternal
cell poles. Because a rod-shaped bacterium such as Escherichia coli divides at the
midplane of its long axis, the poles formed at the midplane are new while the
distal poles are older (figure 1). As a result, all E. coli cells have an old and a
new pole. When a mother cell divides, one of its daughters receives the maternal
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Figure 1. Assignment of old (red) and new (blue) poles and daughters in E. coli. Vertical, dotted line shows the middle and axial plane of the cell. Because the
division plane cuts E. coli at the midpoint of the long axis, the poles formed at the division point are new and the distal poles are old. Note that if the polarity of
the first cell is unknown, two divisions are required to determine old and new daughter. The outlines of the bottom four daughters in the figure are coloured red
and blue to identify them as old and new daughters, while the intracellular red and blue colours identify the old and new poles, also designated as O and
N. (Online version in colour.)
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old pole and the other the new pole. The daughters are
denoted, respectively, the old and new daughters. The
evidence for the asymmetrical partitioning of damage is
manifold. Old daughters have been shown to have a slower
growth rate than new daughters [17,20–26]. The old pole and
old daughters are more likely to harbour aggregates of
damaged and synthetically misfolded proteins, and aggregate
size is negatively correlated with cell growth rate [25,27].
If dnaK, the gene responsible to dismantling aggregates for
repair, is knocked out in E. coli lineages of new daughters
survive while lineages of old daughters perish [18]. Although
early investigations reported that damage rates in standard
laboratory culture were too low to generate an asymmetry
between old and new daughters [23,28], follow-up studies
have shown that a difference is detectable with improved
microscopy and larger sample sizes [17,18,26].

The difference between growth rate of old and new daugh-
ters increases the variation between single cells. However,
because the asymmetry is a deterministic component of
bacterial cell division, the growth rate variation observed in a
bacterial population, even in a clonal one, cannot be explained
entirely by stochasticity. Because cell growth rates and ribo-
some number are positively correlated [29], it follows that the
levels of expressed gene products could also be similarly corre-
lated.We therefore investigatedwhether the levels of expressed
proteins could also be asymmetrically distributed between
old and new daughters. Previous studies of the stochasticity
of expressed proteins in single cells did not look for possible
differences between old and new daughters and pooled them
as independent replicates. We found that new daughters
overall contained higher levels of expressed proteins than old
daughters. The difference between a pair of old and new
daughters was greatest when the mother was born as an old
daughter. Because old daughters have more damage, their
lower level of expressed proteins could be explained by a
competition model in which damage and proteins compete
for space. Moreover, the level of expressed proteins correla-
ted positively with the growth rate of the cells. From an
evolutionary perspective, a growth rate difference between
old and new daughters is beneficial because the resulting
variation increases the efficiency of selection [24]. Thus, the
variation in growth rates and expressed gene products in a
clonal population of E. coli has a deterministic component
that is evolutionarily advantageous.
2. Results
A constitutively expressed green fluorescent protein (GFP) was
used as a proxy for the level of expressed proteins within and
between individual single E. coli cells. The gfp mutant mut3b
was purposely chosen as a rapid reporter because of its short
maturation time and high diffusion rate [30,31] relative to the
size and doubling times of the bacteria in our study (see
Discussion). The size of GFP (238 amino acids) [32] is on
the same order of magnitude as the mean protein size in
E. coli (360 amino acids) [33]. Following protocols in Material
and Methods, we generated time-lapse images of dividing
cells and measured their elongation rates and fluorescence
intensities. To ensure that the fluorescence images were not
biased, care was taken to record within the dynamic range
(below saturation) of the camera. Additionally, to correct for
the diffractional scatter of fluorescence from a cell to its
neighbours within a colony, all images were corrected by
deconvolution. Sample sizes and statistical tests are provided
in the figure legends.

(a) Protein levels are biased towards new poles and
asymmetrical between old and new daughters

To investigate whether variation in expressed protein levels
between E. coli cells has a deterministic component, we first
analysed the GFP levels of micro-colonies of 1–4 cells and com-
pared old and new daughter pairs descending from the same
mother (hereafter old and new daughters; figure 1) shortly
after division. Despite fluorescence levels varying considerably
between cells (consistent with earlier studies [2,4,6]), we noted
less fluorescence in old poles than the new poles rendering
old daughters overall dimmer as we followed single cells
dividing into two and four cells (figure 2a). To explore this
further, we plotted the fluorescent profile of new and old
daughters along the cells and normalized the daughters into
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Figure 2. Intracellular fluorescent difference of single cells. (a) Time-lapse images of an E. coli bacterium dividing into two and four cells. Top row: Phase contrast.
Middle row: Assignment of old (red) and new (blue) poles from the top row cells. Bottom row: Heat-map of fluorescent images of the top row cells, showing lesser
intensity by the old poles (blue colour spots) than the new poles and inside the cells ( pink colour). Scale on the right goes from highest intensity = pink, to
lowest = orange. (b) Fluorescence profile along the cells of new and old daughter pairs with colour designation as in figure 1 for old (red) and new (blue)
poles and daughters. The length of the cells is normalized for comparison (n = 40 pairs). Error bars show standard error of the mean (s.e.m.). (Online version
in colour.)
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Figure 3. Ratios of fluorescence and elongation rates within and between cells. (a) Fluorescence ratio (new/old) of the two polar halves from old (red) and new (blue)
daughters (n = 404 pairs). Old daughters show a higher asymmetry between the two polar halves than do new daughters. The ratio of fluorescence from the cell
half that contains the oldest pole is 1.2 ± 0.06 ( p = 2.58 × 10−97, two-tailed paired t-test) in favour of the half that contains the newest pole in old daughters,
and 1.1 ± 0.006 ( p = 3.41 × 10−48, two-tailed paired t-test) in new daughters. The difference between the two ratios was significant ( p = 2.8 × 10−19, two-
tailed non-paired t-test). New daughters in general had a higher fluorescence than old daughters with a ratio of 1.08 ± 0.004 ( p = 2.57 × 10−65, two-tailed
paired t-test). (b) Fluorescence ratio (new/old) of daughters from old (red) and new (blue) mothers. The ratio from old mothers was 1.12 ± 0.009 ( p = 1.68 ×
10−21, two-tailed paired t-test, n = 178 pairs) and from new mothers 1.04 ± 0.008 ( p = 1.78 × 10−5, two-tailed paired t-test, n = 177 pairs). The difference between
the two ratios was significant ( p = 2.75 × 10−9, two-tailed non-paired t-test). Consistent with the same finding mentioned in figure 3a, new daughters in general had
a higher fluorescence than old daughters with an average ratio of 1.08 ± 0.006 ( p = 4.67 × 10−23, two-tailed paired t-test). (c) Ratio of elongation rate (see Material
and Methods for details) of new over old daughters from new (blue) and old (red) mothers. The ratio from old mothers was 1.0833 ± 0.009 ( p = 1.12 × 10−16, two-
tailed paired t-test, n = 178 pairs) and from new mothers 1.0584 ± 0.009 ( p = 1.07 × 10−8, two-tailed paired t-test, n = 177 pairs). The two ratios were significantly
different from each other ( p = 0.03, one-tailed non-paired t-test), showing a higher asymmetry between the daughters coming from old mothers than from new
mother. New daughters in general had a higher elongation rate than old daughters with an average ratio of 1.07 ± 0.006 ( p = 1.96 × 10−23, two-tailed paired
t-test), consistent with the fluorescence ratios mentioned in figure 3a,b. (Online version in colour.)
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the same cell lengths for comparison (figure 2b). Fluorescence
along the cells was biased towards the new poles and not
uniformly distributed.

To quantify the bias towards new poles, we compared the
old and new pole difference between old and new daughters
(figure 1). We found that the new pole was significantly
brighter than the old pole in both new and old daughters
( p = 3.41 × 10−48 and 2.58 × 10−97, respectively) (figure 3a).
However, the fluorescence ratio of new to old poles was 1.2 ±
0.06 (s.e.m.) in old daughters and 1.11 ± 0.006 in new daugh-
ters, and the pole ratio of old daughters was significantly
larger than that of old daughters ( p = 2.8 × 10−19). If the old
and new poles were pooled to obtain the total fluorescence
for single cells of new and old daughters, new daughters
were significantly brighter (p = 2.57 × 10−65) and the daughter
fluorescence ratio (new/old) was 1.08 ± 0.004.
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Figure 4. Deterministic variance of fluorescence between new and old daughters from old and new mothers. (a) Top panel: Normalized density—distribution—of
fluorescence of new (blue) and old (red) daughters from old mothers (n = 178 daughter pairs). Dots on the x-axis indicate the average fluorescence for each
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new and old daughters in the legend to figure 3. The average population density, combining new and old daughters, is indicated by dashed lines. Bottom
panel: Normalized fluorescence of each new (blue) and old (red) daughter pairs from old mothers. The zero point is the average fluorescence between each
pair. As can be seen, the old daughter in each pair more often ends up on the minus side of the pair’s zero point, i.e. having less fluorescence. The deterministic
asymmetry when the daughters come from old mothers was calculated to constitute 40% of what normally is reported as stochasticity. (b) The same as (a), but
from new mothers. n = 177 daughter pairs. The deterministic asymmetry when the daughters originate from new mothers (bottom panel) was calculated to
constitute 10% of what normally is reported as stochasticity. (Online version in colour.)
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(b) Deterministic asymmetry of green fluorescent
protein fluorescence is higher in daughters from old
mothers than from new mothers

Because pole fluorescence was more similar in new daughters
than in old ones, we hypothesized that fluorescence between
daughters from new mothers should be more similar than
between daughters from old mothers. To identify old and
new mothers, which were mothers born, respectively, as old
or new daughters, we tracked the divisions for an additional
generation beyond lineages presented in figure 1. As before
(see above), the new daughters from both new and old
mothers were brighter ( p = 1.78 × 10−5 and p = 1.68 × 10−21,
respectively). However, old mothers produced significantly
( p = 2.75 × 10−9) more different daughters than new mothers,
as demonstrated by the respective daughter fluorescence
ratios of 1.12 ± 0.009 and 1.04 ± 0.008 (figure 3b). Note that
the average of the 1.12 and 1.04 ratios replicates closely the
value of 1.08 that was obtained for the pooled daughters in
the above section.
(c) Deterministic asymmetry accounts for a large
component of the variance of expressed gene
products in a population

To determine howmuch of the variation of expressed gene pro-
ducts in single cells is explained by deterministic asymmetry,
we estimated the total variance (VT), the subcomponents
attributable to deterministic asymmetry (VA) and error or unex-
plained factors (VE), and VT =VA +VE. In the absence of more
information, VE can be interpreted to represent the stochastic
component [15].

VT, VA and VE were estimated separately for old and new
mothers depicted in figure 3a. To obtain estimates for one
mother type, the variance of fluorescence levels in its new
and old daughters, VNew and VOld, was first determined
(figure 4). VT was then estimated from a pool consisting of
all the old and new daughters. If deterministic asymmetry is
absent, VOld and VNew are the sole components, VA = 0, and
VT =VE = (VOld +VNew)/2. If deterministic asymmetry renders
the fluorescence level of new daughters higher, the difference
D =MNew –MOld > 0, where MNew and MOld are the mean flu-
orescence levels of the new and old daughters. Because D > 0
pushes apart the old and new daughter distributions and
inflates VT (figure 4), VT = (VOld +VNew)/2 +D2/4 [19]. The
deterministic component of variance VA is the term D2/4, in
which case VA =VT – (VOld +VNew)/2. The contribution of
deterministic asymmetry expressed as a percentage is

h2 ¼ VA=VT ¼ 1–(VOld þ VNew)=2VT ¼ 1–VE=VT

Our results showed that h2 = 10.1 and 40.1% for new and old
mothers (figure 4a,b). The higher h2 for oldermothers is consist-
ent with our results that old poles have less fluorescence
(figure 3a) and that old mothers have daughters that are
more different (figure 3b). An old pole in an old mother is
older than the old pole in a new mother and therefore has
lesser fluorescence than the old pole in the new mother.
In other words––the more different the poles, the more differ-
ent the daughters. Thus, a substantial proportion of the
variation of expressed gene products previously attributed to
stochasticity in single E. coli cells results from the deterministic
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process by which more expressed gene products are allocated
to new daughters. The amount VE = (VOld +VNew)/2 that
remains unexplained and attributed to stochasticity could be
further reduced if other deterministic processes are uncovered.
(d) Deterministic component of variance for elongation
rates of single cells

Because elongation rates in E. coli have a deterministic
asymmetric component of variance [17,18], the cells quanti-
fied for fluorescence in figure 4 were further examined to
determine whether they manifested a similar asymmetry
and variance pattern for elongation rates and whether GFP
and elongation rates were correlated. Elongation rates were
measured (see Material and Methods) for all daughters and
grouped by old and new mothers. The effect of deterministic
asymmetry on elongation rates was clear. If the old and new
mothers were pooled, the new daughters had a significantly
higher elongation rate ( p = 1.96 × 10−23), and the ratio of the
rates was 1.07 ± 0.006 in favour of new daughters. Moreover,
new daughters had a significantly higher rate than old
daughters regardless of whether they came from an old or
new mother ( p = 1.12 × 10−16 and p = 1.07 × 10−8, respectively;
ratios of 1.083 ± 0.009 and 1.059 ± 0.009) (figure 3c). The ratios
of 1.0833 and 1.0584 were significantly different by a one-tail
t-test ( p = 0.03), and the higher ratio suggested again that
difference between daughters was bigger in old mothers.
Thus, we partitioned the variance of elongation rates to esti-
mate the deterministic fraction. Using the same approach
followed for fluorescence (cf. Figure 4), we estimated that
the variance component due to deterministic asymmetry
was h2 = 16.9 and 32.2% for elongation rates of daughters
from new and old mothers (figure 5). Thus, just as GFP fluor-
escence in single E. coli cells, elongation rates are highly
stochastic but a large fraction is deterministic.
(e) Correlation between green fluorescent protein
fluorescence and elongation rate of single cells

Because the patterns of fluorescence and elongation rate in old
and new daughters and mothers were similar, we tested next
whether the two traits could be related. A test for correlation
revealed that fluorescence and elongation rates were positively
correlated, however, only significant when coming from old
mothers. Daughters from old mothers showed a strong and
significant correlation (r = 0.26, p = 0.0066) (figure 6a), while
daughters from new mothers exhibited a weaker and not
significant association (r = 0.041, p = 0.14) (figure 6b). The corre-
lations from oldmothers were also significantly larger than the
correlations from new mothers ( p = 0.012). The correlation
between elongation rate and fluorescence is consistent with
early reports that show positive correlations between ribosome
levels, which produce proteins, and growth rate [29,34]. It is
also consistent with figures 4 and 5 that show that asymmetry
between daughter cells is always higherwhen originating from
old mothers, which allocate more of the damaged proteins to
her old daughter [18] and more newly synthesized proteins
to her new daughter.
3. Discussion
Our results show that expressed gene products, much like
cell growth or elongation rates, have both a stochastic and a
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deterministic component. The deterministic components are
manifested in single cells as a consistently higher level of
reported GFP fluorescence in the new poles relative to the
old poles of a bacterium. If the data, originally reported as
ratios (figure 3a), are re-expressed as per cent differences,
new poles showed 5.2 and 9.1% more fluorescence in new
and old daughters, respectively. The difference between the
poles is unlikely explained by differential rates of localized
gene expression. The mean length of the E. coli cells in this
study was 3.6 µm and the mean doubling time was 40.2 min.
The GFP mut3b variant used for our study has a maturation
time of t50 = 4 min [30] and a diffusion rate of 9 µm2 s−1 [31].
With such a high diffusion rate, mature and fluorescent GFP
molecules should effectively have a uniform distribution in
the absence of any interfering factors. The presence of aggre-
gates in the old poles of cells [25] suggests that an interfering
factor could be limiting space. With more damage in the old
pole, newly expressed gene products would find more space
to occupy in the new pole. Because the maternal old pole is
allocated to the old daughter (figure 1), space limitation due
to the damage in the old pole is anticipated to restrict the abun-
dance of expressed GFP in the old daughter. This prediction is
supported by our observation that new daughters were always
more fluorescent than old daughters, although the difference
was greater when daughter pairs came from old mothers
(2.0 and 5.7% difference; new versus old mothers; figure 3b).
Our reported differences between new and old poles in new
and old daughter (5.2 versus 9.1%) and between new and old
daughters from new and old mothers (2.0 versus 5.7%) also
demonstrate a consistency that supports a possible role for
damage. The difference is smaller for new daughters and
for new mothers because they have less damage to create
the difference. This is further shown by our estimates of the
deterministic variance component explained by asymmetry.
Deterministic asymmetry accounts for 10.1% of the total
variance of GFP fluorescence in daughter pairs of new
mothers, but 40.1% in old mothers (figure 4a).

Because there is a strong correlation between elongation rate
and the ribosome levels [29,34–36], it follows that the expressed
level of gene products could also correlatewith elongation rates.
Our results confirmed this correlation between elongation
rate and protein levels using GFP production as a proxy for
expressed proteins and measuring elongation rate of the same
cells (figure 6a,b). The strength of these correlations is note-
worthy for two reasons. First, because the production of GFP
can be costly to cell growth [37], the correlation shows that it
can, at the levels observed in our study, serve as a proxy for
expressed gene products. The correlation may in fact be
stronger because it may have been attenuated by the cost.
Second, the stronger correlation in daughters produced by old
mothers (figure 6a) supports again our suggestion that GFP
levels, and now growth rates, could result from the space limit-
ation. Because old mothers have more damage, their old and
new daughters have more divergent levels of damage, gene
products and growth rates. New daughters, compared to old
daughters, had 2.9 versus 4.0% higher elongation rates when
produced, respectively, by new and old mothers (figure 3c).
Space limitation is additionally supported by similarity
between the effects of deterministic asymmetry on variation
in expressed GFP levels and elongation rates. Deterministic
asymmetry accounted for 32.2 versus 16.9% of total variance
when old and new daughter pairs were produced by old
versus new mothers (figure 5a,b). Thus, our results show that
the amount of expressed gene products and elongation rates
in single cells are highly variable, but cannot be entirely
attributed to stochasticity. When the age of a mother cell is con-
sidered, deterministic components account for a large fraction
of single-cell variability.

A tempting hypothesis at this juncture is that the space
occupied by aggregates limits the amount of ribosomes in a
cell and therefore reduces the level of expressed proteins and
the final elongation rate. We recognize that the observed
relationships we use to formulate this hypothesis could be
correlational and not causal. The hypothesis is only meant
for stimulating discussion and future testing. However,
because it has been shown that the addition of an external
damage agent to cells decreases elongation rates [18],
damage may be the trigger that starts the process. Because
aggregates of damaged proteins tend to accumulate more in
old poles and old daughters [25], and less in new poles and
new daughters, the resulting asymmetry has a marked effect
on the bacterial population [17,24]. Lineages of old daughters
accumulate increasingly more damage and the new daughters
decreasingly less damage. While the old daughter lineage
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grows more slowly and ages, the new daughter lineage grows
more rapidly and rejuvenates. However, because the total
damage a cell has at birth is diluted by growth and increasing
cell size, the accumulation of damage in the old daughter lin-
eage increases only until the point at which the rate of
increase is cancelled by the dilution. At this point, the growth
rate of the old daughters stabilizes at an equilibrium value.
Likewise, an equilibrium is achieved by the new daughter’s
lineage. However, because new daughters are allocated less
damage, the equilibrium growth rate for those cells is higher
than for old daughters. Thus, old daughters that are grown
under standard laboratory conditions age but only until the
equilibria. There is no death and the lineages are immortal.
However, if the damage rate is increased by introducing exter-
nal damage agents, such as phototoxicity, antibiotics or heat,
the old daughter equilibrium can be destabilized and the
lineage dies. With the death, aging makes the lineage mortal.

The asymmetry between the growth rate of old and new
daughters (figures 3c, 5a,b) is in principle evolutionarily
advantageous to the bacteria. The growth rate difference
between the old and new daughters creates fitness variation
that increases the efficiency of natural selection for eliminating
the damage from the population. A more intuitive explanation
comes from a banking analogy comparing one account started
with $1,000 and an interest rate of 8% yr−1 and two accounts
with $500 at 6% and $500 at 10%. Splitting the $1,000 into the
two $500 accounts yields more returns after 1 year because of
the 10% returns. A bacterial lineage that allocates damage
asymmetrically to its daughters likewise gains higher growth
rate or fitness returns from the new daughters. The analogy
is not perfect because bacterial lineages split the damage
every generation. However, in both cases, the outcomes are
predicted by Jensen’s Inequality [38]. If the returns are gener-
ated by a greater than linear process, such as exponential
population growth or interest rates, they are increased by
increasing the variance of the initial states.

Cell growth rate variance created by random stochasticity
alone can generate the advantage provided by Jensen’s Inequal-
ity [19]. Lineages that by chance received more damage would
also age, attain stable equilibrium states and become mortal
with high rates of damage. However, although these lineages,
along with their aging and rejuvenation, could be readily
tracked by time-lapse microscopy, they would show no associ-
ation with old poles and old daughters. Damage could
accumulate equally in either old or new poles or daughters.
The fact that damage aggregates and aging are associated
with old poles and daughters in E. coli [17,18,20,21,25,39–42]
has led us to suggest that the partitioning may have been
polarized by anchored, and thus not diffusible or movable,
damage [19]. By virtue of being older, old poles most likely
harboured the initial anchored damage. Allocating damage to
the new pole would have countered the damage anchored
to the old pole and the variance between old and new daugh-
ters would have been decreased. On the other hand, the
variance is increased by polarizing the allocation to the old
pole. Because aggregates in E. coli are sticky [39], an aggregate
at the old pole grows as other aggregates adhere to it. Whether
aggregate stickiness is an inherent property of damaged pro-
teins, or a trait evolved to concentrate damage to the old pole,
is debatable and not known. Regardless, the asymmetric distri-
bution of damage, and now also of expressed gene products
(figures 2a,b, 3a,b, 4a,b), is a deterministic process that increases
the variance of single cells in an E. coli population.
4. Material and methods
(a) Bacterial strains, growth media and green

fluorescent protein reporter
Growth experiments were performed using E. coli K12 (NCM3722
ΔmotA:frt, chromosomal:T:ptet-GFP:frt) [43], which has a chromoso-
mal insert of constitutively expressed native gfp, unfused to any
protein and thereby with no deterministic spatial placement in
the cell as a mature protein. Cells were grown in M9 minimal
media [44] supplemented with 0.02 mg ml−1 of thiamine and
0.18 mg ml−1 of glucose as the carbon source. Protein levels were
quantified by using GFP as a reporter. Because native GFP is esti-
mated to have a diffusion rate of 9 µm2 s−1 [31] and the E. coli cell
has a mean cross-sectional area of about 3 µm2, the protein is
rapidly dispersed throughout a cell in less than 1 s. Because our
fluorescence images were taken at 20 min intervals, the distri-
bution of GFP densities in a mother cell, and consequently also
in the daughters, is not diffusion limited. Rather, the different den-
sities result from differential production or gene expression within
the cells. The strain was kindly provided by Minsu Kim (Emory
University).

(b) Cell growth and microscope slides
Cells from −80°C glycerol stock were streaked onto agar plates.
A single colony was inoculated into M9 media and grown at
37°C overnight. The following day the culture was diluted 1:100
in M9 and grown for 2 h. One microlitre of the culture was then
pipetted onto a 10 µl M9 agarose pad. The agarose pad was then
was then flipped with the bacterial side down onto a 24 × 60 mm
cover glass and placed over a 25 × 75 mm single depression slide
sealed with vaseline (modified from earlier methods described in
[20,21,23] to fit an inverted microscope). Individual cells from
two different movies were followed through time-lapse
microscopy at 37°C until each grew into a micro-colony of 64 cells.

(c) Time-lapse microscopy
Cells were imaged with an inverted microscope (Nikon Eclipse
Ti-S), equipped with Nikon NIS-Elements AR control software,
100X objective (CFI Plan APO NA 1.4), external phase contrast
rings for full intensity fluorescence imaging (FITC), fluorescence
light source (Prior Lumen 200) with motorized shutter (Lambda
10-B Sutter SmartShutter) and camera (Retiga 2000R FAST 1394,
mono, 12 bit). Phase contrast and fluorescence images were
recorded every 2 and 20 min, respectively.

(d) Image quantification and analysis
Fluorescence measurements were collected by tracing cell outlines
on the phase contrast images, transferring the outlines to the
corresponding fluorescence frame and quantifying density of
fluorescence inside the outline. Outlines were traced manually.
Blind replicate outlines, made without any awareness of cell
polarity, reproduced the same results. All fluorescence images
were corrected by removing outliers, subtracting background
anddeconvoluted to correct for diffraction scattering. The software
ImageJ (NIH) was used for quantifying fluorescence densities,
outlier removal and background subtraction. Fluorescence
measurements were collected by first tracing cell outlines on the
phase contrast images, and the corresponding fluorescent frame
was processed as following: the background of each frame was
subtracted using ‘rolling ball’ algorithm in ImageJ with ball
radius 20 pixels. Noise created by heat overflow of single pixel
was corrected by ‘remove outliers’ algorithm in ImageJ with
threshold intensity difference 1000 and threshold radius 0.5
pixel. Deconvolution was accomplished by the Lucy-Richardson
method in Matlab 2017b (The MathWorks, Inc., Natick, MA),
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(see electronic supplementary material for details). Fluorescence
measurements for pairs of old and new daughters were normal-
ized by subtracting the mean of the pair’s values. To calculate
elongation rates, lengths of individual bacterial cellswere extracted
manually from recorded time-lapse images with ImageJ. From
lengths compiled over time, the elongation rate rwas estimated as
the slope of a linear regression of (log/length) over time. A log
transformation was used because elongation rates are known to
be exponential [20]. All lengths were measured immediately after
division and prior the next division.

(e) Statistical tests
All comparisons were evaluated by either t-tests or randomized
designs. Details of sample sizes and choices of paired, unpaired,
one- and two-tailed comparisons are provided in the figure legends.
Randomized designs were used when data did not conform to
standard Gaussian requirements. When appropriate, values are
presented as mean ± s.e.m. (standard error of the mean).
Data accessibility. Data are available from the Dryad Digital Repository:
https://doi.org/10.6075//dryad.J0542M0K [45].
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