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SUMMARY

Isogenic E. coli cells growing in a constant environ-
ment display significant variability in growth rates,
division sizes, and generation times. The guiding
principle appears to be that each cell, during one
generation, adds a size increment that is uncorre-
lated to its birth size. Here, we investigate the mech-
anisms underlying this “adder” behavior by mapping
the chromosome replication cycle to the division
cycle of individual cells using fluorescence micro-
scopy. We have found that initiation of chromosome
replication is triggered at a fixed volume per chromo-
some independent of a cell’s birth volume and
growth rate. Each initiation event is coupled to a divi-
sion event after a growth-rate-dependent time. We
formalize our findings in a model showing that cell-
to-cell variation in division timing and cell size is
mainly driven by variations in growth rate. The model
also explains why fast-growing cells display adder
behavior and correctly predict deviations from the
adder behavior at slow growth.

INTRODUCTION

Balanced growth requires that DNA replication keeps up with
cell-division events (Schaechter et al., 1958). This may, at first,
seem hard to achieve for rapid-growth Escherichia coli, where
it takes more time to replicate a chromosome than to double
the biomass. The solution to the apparent paradox was first
described by Cooper and Helmstetter (Cooper and Helmstetter,
1968). In their model, new rounds of DNA replication are started
before the previous round has finished (Figure 1A). As long as
cells, on average, initiate one round of replication per chromo-
somal origin per generation and divide only once following
each replication termination, the model produces stable cell cy-
cles at all growth rates. An example of a deterministic, i.e., noise
free, simulation of replication and division cycles including up-
and downshifts in growth rates is given in Figure 1B.

A missing component of Cooper’s and Helmstetter's model
is how the cell manages to trigger replication initiation once
per generation. An answer proposed by Donachie (1968) is that
replication initiates at a critical volume per origin. This guaran-
tees that, on average, the concentration of origins is constantly
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maintained as the cells’ birth and division volumes exponentially
change in response to the growth rate (Schaechter et al., 1958)
(Figure 1B). However, Donachie’s (1968) proposal was later
refuted on the basis that the introduction of extra copies of the
origin of replication region does not disrupt the cell cycle (Helm-
stetter and Leonard, 1987) and evidence gathered from cells
synchronized at the time of division using the baby-column tech-
nigue (Bates and Kleckner, 2005). It was instead proposed that
division issues a license for an initiation event to occur at a
well-defined time later. Recently, Hill et al. (2012) used the rifam-
picin (rif) run-out technique (Skarstad et al., 1986) in a number
of size mutants to re-establish the constant volume model. Un-
fortunately, it is not possible in these experiments to correlate
the replication initiation volume in one cell to its growth rate or di-
vision size. Without these correlated measurements, it is not
possible to determine what drives the variability and accuracy
of the division and replication cycles.

Recent developments in microscopy, microfluidics, and image
analysis techniques help us answer this question by circum-
venting the need to experimentally synchronize cell cycles; syn-
chronization can be achieved in post-processing of the images
(Sliusarenko et al., 2011; Ullman et al., 2012; Wang et al.,
2010). These techniques provide direct observations of sizes
and lifespans of individual bacteria growing exponentially under
well-controlled conditions. For example, Wang et al. (2010)
demonstrate that no clear dependence can be inferred between
the age of a cell, as defined by the number of divisions since the
establishment of the oldest pole and the growth rate.

The data from Wang et al. (2010) was later used by Osella et al.
(2014) to investigate the mechanisms governing cell division. The
authors conclude that the observed correlations are inconsistent
with either a purely time-dependent or purely size-dependent
control mechanism of division. Instead, they defined a phenom-
enological description that included both time and size depen-
dence. The composite control scenario for division has been
recently explained by an “adder” model in which the added vol-
ume between one replication initiation event and the next is inde-
pendent of cell size (Amir, 2014). Soon after, an alternative version
of the “adder” model was presented by Campos et al. (2014) and
(Taheri-Araghi et al. (2015). Here, the volume added between
birth and division is independent of the individual cells birth
size; thismodel has shown to be consistent with an overwhelming
body of additional experimental data. Despite that the “adder”
model displays a striking predictability for cell-cycle-related dis-
tributions over a large range of growth conditions (Taheri-Araghi
et al., 2015), it is not known what gives rise to the adding.
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