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ABSTRACT Faithful propagation of life requires coordination of DNA replication and segre-
gation with cell growth and division. In bacteria, this results in cell size homeostasis and peri-
odicity in replication and division. The situation is perturbed under stress such as DNA dam-
age, which induces filamentation as cell cycle progression is blocked to allow for repair.
Mechanisms that release this morphological state for reentry into wild-type growth are un-
clear. Here we show that damage-induced Escherichia coli filaments divide asymmetrically,
producing short daughter cells that tend to be devoid of damage and have wild-type size and
growth dynamics. The Min-system primarily determines division site location in the filament,
with additional regulation of division completion by chromosome segregation. Collectively,
we propose that coordination between chromosome (and specifically terminus) segregation
and cell division may result in asymmetric division in damage-induced filaments and facilitate
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recovery from a stressed state.

INTRODUCTION

For successful cell division to occur, accurate DNA duplication and
segregation must be completed. In bacteria, chromosome replica-
tion initiates bidirectionally from an “origin” and finishes opposite
to this position, at the “terminus” (Kleckner et al., 2014, 2018;
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Reyes-Lamothe and Sherratt, 2019). Several factors ensure that cells
divide only upon completion of this process by regulating the muilti-
protein division machinery called the “divisome” (Galli and Gerdes,
2012; Mannik et al., 2016; Dewachter et al., 2018; Kleckner et al.,
2018). For example, Escherichia coli encode negative regulators of
the tubulin homologue FtsZ that is required to initiate the assembly
of the divisome at the division plane. Nucleoid occlusion by SImA
prevents the formation of the FtsZ-ring at locations where chromo-
somal DNA is present and MinCDE oscillations direct the position of
the Z-ring near midcell (Bernhardt and de Boer, 2005; Tonthat et al.,
2011; Tsang and Bernhardt, 2015). Recent studies have also sug-
gested coordination of division with the terminus via proteins such
as MatP and ZapAB that act as a bridge between the DNA as well as
the divisome (Mercier et al., 2008; Espéli et al., 2012; Mannik et al.,
2016). Together, in unperturbed laboratory conditions, this results in
daughter cells that replicate and divide in a periodic manner and
that do not show much deviation in birth and division cell sizes
(Donachie, 1968; Campos et al., 2014; Taheri-Araghi et al., 2015;
Harris and Theriot, 2016; Wallden et al., 2016; Micali et al., 2018; Si
et al., 2019). Such size maintenance has been described in other
bacteria as well as eukaryotic systems (Soifer et al., 2016; Chandler-
Brown et al., 2017; Lambert et al., 2018).
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Recent investigations in bacteria have proposed that cells follow
an "adder”-based principle, where length added between divisions
is independent of the birth length of the cell. Size homeostasis is
governed either via regulation at the stage of replication initiation
or cell division or both (Campos et al., 2014; Taheri-Araghi et al.,
2015; Wallden et al., 2016; Si et al., 2019). In addition, some studies
have also proposed a role for cell shape or concurrency between
processes of replication and division in size control (Harris and The-
riot, 2018; Micali et al., 2018). This homeostatic state is perturbed
under conditions of stress, a situation that can be often faced by
bacterial cells in their environment (Justice et al., 2008; Horvath
et al., 2011; Yang et al., 2016; Heinrich et al., 2019). For example,
under DNA damage, a cell cycle checkpoint blocks cell division
until damage has been repaired. The bacterial SOS response is ac-
tivated upon the binding of RecA to single-stranded DNA that is
exposed as a consequence of DNA damage (Mukherjee et al.,
1998; Kreuzer, 2013; Jonas, 2014). As part of this response, a cell
division inhibitor (such as SulA in E. coli) blocks polymerization of
FtsZ, resulting in cellular elongation or filamentation (Mukherjee
et al., 1998; Kreuzer, 2013). Cell division inhibition during damage
is a conserved process, even though the effectors may vary across
bacteria. SOS-induced division inhibition is carried out by SidA in
Caulobacter and YneA in Bacillus (Mukherjee et al., 1998; Mo and
Burkholder, 2010; Modell et al., 2011; Jonas, 2014). SOS-indepen-
dent DNA damage-induced division inhibitors have also been iden-
tified, suggesting that this is an important step in DNA repair (Mod-
ell etal., 2014). Along with blocking division, chromosome cohesion
is also initiated in these filaments. It is thought that this can aid re-
combination-based repair (Odsbu and Skarstad, 2014; Vickridge
et al., 2017).

Cells have also been shown to change shape and size under
other forms of stress including host environments, heat shock, and
osmotic fluctuations (Justice et al., 2008; Bos et al., 2015; Kysela
et al., 2016; Yang et al., 2016; Caccamo and Brun, 2018; Wehrens
et al., 2018; Heinrich et al., 2019). Together, this highlights the plas-
ticity with which bacteria such as E. coli sample a range of cell sizes
including filamentous and nonfilamentous cell lengths. The process
by which cell division is regulated to result in elongation under DNA
damage has been well characterized (Adler and Hardigree, 1965;
Kantor and Deering, 1966; Suzuki et al., 1967; Mukherjee et al.,
1998; Mo and Burkholder, 2010; Modell et al., 2011, 2014; Jonas,
2014). Indeed, recent cell biological studies have also characterized
division restoration dynamics of non-DNA damage-induced fila-
ments (such as SulA overexpression or heat shock; Wehrens et al.,
2018). However, unlike these stresses, DNA damage specifically
perturbs chromosome organization and segregation, with replica-
tion initiation continuing despite damage to DNA (Rudolph et al.,
2007; Lloyd and Rudolph, 2016). The impact of such a damage-in-
duced state on reinitiation of wild-type-like division after repair is
mechanistically less characterized.

In this study, we probe the mechanism by which filamentous E.
coli reinitiate chromosome segregation and cell division after DNA
repair. We use single-cell, time-resolved fluorescence microscopy to
follow the kinetics of division restoration after cells face a pulse of
DNA damage and observe that filamentous cells tend to divide
asymmetrically, generating short daughters of wild-type size and
growth dynamics. We further observe that division restoration is
controlled by two steps: determining the location and timing of divi-
sion. This process, regulated by a combination of MinCDE oscilla-
tions and chromosome (specifically terminus) segregation, is accom-
panied by asymmetric partitioning of repaired chromosomes,
resulting in the production of daughter cells of wild-type size and
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devoid of DNA damage, thus likely facilitating recovery from a
stressed state.

RESULTS

Asymmetric cell division in DNA damage-induced filaments
To understand how damage-induced filamentous E. coli reinitiate
cell division and wild-type growth after DNA damage, we fol-
lowed division restoration in cells after treatment with a subinhibi-
tory dose of the DNA damaging agent mitomycin-C via time-lapse
imaging (1 pg/ml; Dapa et al., 2017; Figure 1A). While unper-
turbed wild-type cells divided near midcell (Figure 1B), we found
that a significant proportion of cells deviated from this division
pattern as they increased in length (Figure 1, C and D). Damage-
treated cells close to wild-type length (5-10 pm) divided in the
middle resulting in the production of two daughter cells of similar
sizes. In contrast, filamentous cells divided asymmetrically to pro-
duce a short "daughter” cell (Sp) and a long cell that continued to
filament (Lp; Figure 1, C and E). The probability of a cell to un-
dergo asymmetric division increased with increasing cell length
with 85% of cells dividing asymmetrically at lengths >12 pm. Sp
production via asymmetric division was observed independent of
growth media (Supplemental Figure S1A). In addition, as seen in
the case of division-inhibited E. coli filaments (Wehrens et al.,
2018), cephalexin-treated cells (where division is inhibited, with-
out perturbing genome integrity; Rolinson, 1980; Chung et al.,
2009) also tended to have increased non-midcell (asymmetric) di-
visions with increasing filament lengths (Supplemental Figure ST,
B and C). Varying durations of damage exposure (30, 60, or
90 min) resulted in different degrees of filamentation. However, in
each case, the Sp size distribution for these treatments was com-
parable. Additionally, >81% of Sp's were close to wild-type size
distribution (Figure 1, F and G and Supplemental Figure S1, D-G).
The frequency of non-midcell division was similar between fila-
ments of comparable lengths (12-40 pm). However, the distribu-
tion of division site locations varied with varying cell length bins
(discussed further in Figure 3 and the associated section, later in
the article).

To characterize the recovery process further in DNA damage-in-
duced filaments, we followed the fate of the filament (Lp) and the Sp
over time. We observed that filamentous cells underwent multiple
divisions in a 1 h time period, generating daughter cells (Sp) of wild-
type size at each division (Figure 11). In 16 £ 2% cases, the filament
itself was restored to wild-type size during the course of imaging. In
the same time, wild-type cells undergo three divisions on average,
suggesting that more daughter cells are produced from a filament
than a cell of the same size as wild type during recovery. In contrast
to the filaments, daughter cells of wild-type size displayed growth
and division dynamics similar to nondamage conditions (Figure 1, H
and J). As an example, in Figure 1E, we followed the fate of an Sp
(4.6 pm) generated from a filament and found that the daughter cell
reinitiated wild-type growth dynamics soon after division. Time
taken between divisions for Sp was close to the distribution seen for
wild type, in contrast to interdivision times observed for the nonre-
covered, filamentous Lp (Figure 1J). Consistently, the DNA damage
marker, RecA, formed multiple foci in Lp at the time of division,
while Sp had RecA localization as seen for wild-type cells (Lesterlin
et al., 2014; Rajendram et al., 2015; Vickridge et al., 2017) or elon-
gated cells with no DNA damage (cephalexin treated; Supplemen-
tal Figure S1, K'and J). Our observations are in line with the idea of
the reversible nature of damage-induced filamentation (Rudolph
et al., 2007, 2010; Vickridge et al., 2017) and suggest that filamen-
tous cells can restore cell division and recover from a stressed state.
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FIGURE 1: Asymmetric division in DNA damage-induced filaments during recovery. (A) Representative time-lapse
montage of filamentous cells during recovery. White asterisks indicate divisions occurring toward a cell pole. Scale bar =
5 pm; time in minutes here and in all other images. Images were taken every 2 min. (B) Cell length of two daughter cells
generated from a single division in wild-type conditions. Each gray dot represents a single division event (n=157). The
red line plots the expected values if all cells were dividing at their midpoint. (C) Cell length of long daughter (Lp) and
short daughter (Sp) generated from a DNA damage-induced filament during recovery. Cells are treated with
mitomycin-C (MMC) for 60 min. Each gray dot represents a single division event (n=531). The red line plots the
expected values if all cells were dividing at their midpoint. (D) Location of division is plotted as a function of cell length
in filamentous E. coli during recovery from DNA damage treatment (60 min; n=531). (E) Cell length of a long daughter
(Lp) and short daughter (Sp) is tracked over time during damage recovery. Decrease in cell length is indicative of
division. (F) Distribution of Sp lengths generated from filaments between 12 and 40 um long after 30, 60, and 90 min of
MMC treatment (n = 142 [30 min], 363 [60 min], 96 [90 min]). (G) As C for cells treated with MMC for 30 min (n=151).
(H) Fate of Sp and Lp during recovery. Cell is classified as recovered if it undergoes midcell division and produces a
daughter of wild-type size and filamentous if it continues to filament after division (n= 116 [30 min, Lp], 98 [60 min, Lp],
106 [90 min, Lp], 150 [30 min, Sp], 264 [60 min, Sp], 150 [90 min, Sp)). (I) Number of divisions per cell in 1 h for all
durations of damage treatment. As a control, the number of divisions wild-type cells undergo is also shown (n =50 [wt],
150 [filaments]). (J) Distribution of time between divisions for wild-type (no damage control), damage-induced filament,
and Sp during recovery from MMC (n = 148 [wt], 611 [filament], 468 [Sp)).
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Consistently, we found that a viable cell count as well as cell length
distribution was restored to close to that of wild type in the three
treatment regimens within 120 min after recovery (Supplemental
Figure S1, L and M). Taken together, our results are complementary
to previous studies reporting non-midcell division events in filamen-
tous E. coli (Begg and Doanachie, 1977; Taschner et al., 1988;
Rudolph et al., 2009; Wehrens et al., 2018). We thus characterized
the factors contributing to Sp production in the case of damage-in-
duced filaments.

Division dynamics of damage-induced filaments
In the case of wild-type steady-state population, where cells divide
at midcell, the adder principle contributes to size homeostasis. Un-
der adder, length added between divisions is thought to be inde-
pendent of the length of the cell at birth (Campos et al., 2014;
Taheri-Araghi et al., 2015; Wallden et al., 2016; Si et al., 2019). To
understand what determines the distribution of short daughter
sizes in the case of asymmetrically dividing damage-induced fila-
ments, we further analyzed the growth and division dynamics of
these filaments (details of cell division analysis are outlined in
Figure 2, G and H, Supplemental Figure S2, D and E, and Materials
and Methods). In damage-induced filaments, we found that length
added between divisions did not correlate with length of the cell at
birth. There were several instances of consecutive divisions without
detectable elongation in between each division (Figure 2A). We
also measured time between consecutive division events. While
wild-type cells divided approximately every 20 min, filamentous
cells displayed a large distribution of times. However, on average,
longer cells tended to have shorter interdivision times, consistent
with the observation that filamentous cells underwent an increased
number of divisions when compared with wild type (Figure 2, B and
C). In addition, we found that 67 + 4% of divisions took place at the
opposite pole of the previous division. This suggests that division
did not preferentially occur only toward a single pole (old or new),
with several instances of division events taking place in an alternat-
ing manner.

After damage, filament length increased at a characteristic rate,
as seen in wild-type conditions (Supplemental Figure S2, A and B),
with some fluctuation which probably arises because of stochastic-
ity in damage and/repair. As stated above and expected for the
adder principle seen in wild-type conditions, we found that length
added between divisions had no correlation with birth length of
filaments as well (Figure 2A). However, we noticed the following
deviations from wild-type growth and division patterns in the case
of damage-induced filaments: the distribution of added lengths
was much broader than those seen for wild type; for example, 15%
of divisions occurred without the addition of length between divi-
sion events. When we assessed Sp length as a function of birth
length of the filament, we found that there was some correlation
between the two. Indeed, the extent of correlation was lesser when
compared with steady-state growth, where the length of the
daughter is strongly correlated with the birth length of the cell
(Figure 2, D and F). To understand whether length added could
explain the Sp size distribution we observed in the case of asym-
metric division in filaments, we analyzed the distributions of length
added and Sp length at each cell division (Figure 2E). We found
that these distributions were significantly different, with length
added having a broader distribution when compared with Sp sizes.
Thus, based on previous studies (Wehrens et al., 2018) and our cur-
rent observations, this suggested to us that Sp size may be more
strongly determined by spatial regulation of division events in the
filament.
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Role of Min-system in division positioning

To characterize the factors contributing to Sp production, we first
assessed the localization of FtsZ in damage-induced filaments. We
observed that the position of FtsZ shifted away from midcell as cell
length increased and division occurred one-site-at-a-time in fila-
ments during recovery (Figure 3A and Supplemental Figure S3A). In
addition, the number of FtsZ rings did not scale significantly with
increasing cell length, with most cells carrying only a single FtsZ-ring
and very rarely two (Supplemental Figure S3A, bottom panel). Divi-
sions were completed only one-site-at-a-time even in cephalexin-
induced filaments, where 30% cells had more than one visible con-
striction site (Supplemental Figures S2D and S3D). Consistent with
Wehrens et al. (2018), we also observed multiple Min localizations in
filaments. Cells had one to two localizations at lengths between 5
and10 um and this number increased with increasing cell length
(Supplemental Figure S3B).

Furthermore, transcript levels of the divisome components did
not appear to be perturbed in damage-induced filaments (Supple-
mental Figure S3C). We hence asked whether factors involved in
division regulation contributed in wild-type conditions to Sp pro-
duction during filamentous divisions. For this we assessed the ef-
fects of the loss of 1) nucleoid occlusion factor, SImA, 2) negative
regulator of FtsZ polymerization, SulA, and 3) the MinCDE system
(de Boer et al., 1989; Mukherjee et al., 1998; Bernhardt and de Boer,
2005; Tonthat et al., 2011; Kreuzer, 2013; Wehrens et al., 2018). We
found that deletion of simA or sulA did not result in an increase in
the number of constrictions in filaments (Supplemental Figure S3D).
Furthermore, Sp size was comparable to that seen in wild-type fila-
ments (Figure 3, B and C), suggesting that these factors may not
contribute to division regulation in recovering filaments. In contrast,
deletion of the min operon resulted in a more heterogeneous distri-
bution of division site location when compared with wild type. Sub-
sequently, distribution of Sp sizes was also found to be more hetero-
geneous with an increase in frequency of both minicells as well as
divisions that could occur near midcell (Figure 3D and Supplemental
Figure S3, E and F).

Our observations with min-deleted cells are consistent with pre-
vious studies implicating a role for Min-dependent division site
regulation in filamentous E. coli. In Wehrens et al. (2018), a Min-de-
pendent division site rule was established for filaments. According
to this, there are multiple possible locations of division determined
by the multiple nodes of the Min oscillation that vary based on
length of the filament, with an equal possibility of division at each
position. Given that we observed an effect of min deletion on Sp
size determination, we asked whether this Min-rule could be reca-
pitulated in the case of damage-induced filaments as well. We plot-
ted the relative position of division for all three durations of DNA
damage, binned in three size windows (12-18, 18-26, and 26-33
pum; based on analysis from Wehrens et al., 2018; Figure 3, E-J).
Consistent with the Min-rule, we found that filaments of length 12—
18 um showed high frequency of division near the % position. How-
ever, in longer filaments (18-33 pm), divisions tended to occur at a
higher frequency at the most polar site determined by this Min-rule,
with low frequency of midcell division even at filament lengths
where such division should be permitted (such as in the size range
of 18-26 pm). Interestingly, at filament lengths between 33 and
40 pm, division position seemed more noisy. While division still
tended to occur at a high frequency at the most polar division site
(0.1-0.15), other sites also had a significant number of division
events (e.g., 0.25-0.35). Indeed, this second site is close to the pre-
dicted location for possible divisions according to Min-driven divi-
sion positioning. At these lengths midcell division also occurred; for
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example, in 15% of filaments in the case of 90 min of damage treat-  damage. Such long filaments may have accumulated excessive
ment. Division patterns appear less clearly at longer lengths; how- ~ DNA damage due to which recovery dynamics may also be compro-
ever, the number of such long filaments is low across durations of ~ mised. Indeed, in general, division position seems less precise even
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at the polar site in damage-induced filaments when compared with
division-inhibited filaments (Wehrens et al., 2018); it is possible that
this is due to variability in additional factors, such as differences in
growth rates. Our observations are largely consistent with previous
studies, and suggest that Min is the primary driver of division loca-
tion in damage-induced filaments as well. However, a significant
fraction of divisions occur at the most polar sites and not at other
sites predicted by the Min-rule.
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Impact of chromosome and terminus segregation on
division regulation

We wondered which additional factors could contribute to higher
frequency of polar divisions in the case of damage-induced fila-
ments. Given that chromosomes in DNA damage-induced filaments
are no longer segregated (Odsbu and Skarstad, 2014; Vickridge
et al., 2017) but chromosome replication continues to proceed
(Rudolph et al., 2007; Lloyd and Rudolph, 2016), we asked whether
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FIGURE 4: Impact of chromosome and terminus segregation on division regulation. (A) Representative time-lapse
montage of division in cells during recovery. Gray: phase; red, HupA-mCherry (chromosome); scale bar = 5 pm; time in
minutes. Fluorescence intensity traces for the cell in montage is provided below. Division sites are marked with “*".

(B) Distribution of relative position of division for filaments between 12 and 18, 18 and 26, and 26 and 33 pm is plotted
for nucleate and anucleate (from wild-type and matP backgrounds) divisions (n = 398 [nucleate] and 160 [anucleate]).
(C) Cell length distribution for wild-type cells (no perturbation) is plotted. Along with this, cell length distribution of

Sp during DNA damage recovery is plotted for nucleate cells and anucleate cells. To highlight the distinction between
these cell division events and minicell formation, cell length distribution of minicells (from min-deleted cells) is also
shown. (n= 1110 [control], 531 [nucleate Sp], 41 [anucleate Sp], 117 [minicells]). (D) Position of least intensity of HupA
fluorescence (gaps between chromosomes) plotted as a function of cell length (from one pole to midcell) in recovering
MMC or cephalexin-treated filaments. As reference, these data are also shown for wild-type cells with no damage
treatment (control; n= 191 [cephalexin], 476 [MMC], 150 [control]). (E) Distribution of time to division after FtsZ, ZapA,
and FtsN localization to division site is plotted. Along with this, time to division after segregation of terminus (ter)
during recovery after MMC treatment is also shown (n = 103 [FtsZ], 102 [ZapAl, 127 [FtsN], 123 [ter]). (F) Percentage of
Sp that are anucleate, recover, and filament is plotted for wild type and deletions of sImA, sulA, and matP, during DNA
damage recovery (n = 103 [wild type], 105 [sImA], 105 [sulA], 103 [matP]). (G) Time from FtsZ localization to division
completion is plotted for divisions that result in nucleated or anucleated Sp cells (n =231 [nucleate], 71 [anucleate]).

chromosome segregation dynamics in filaments could additionally When we tracked division in conjunction with chromosome dy-
contribute to control of division, thus influencing the division pat-  namics, we observed that early divisions in filaments resulted in
tern observed. Hence, we followed chromosomes by imaging the 15 £ 6% of daughter cells that were anucleated (Supplemental
nucleoid-associated protein, HupA (Marceau et al., 2011; Youngren  Figure S4A). These cells were smaller on average when compared
et al., 2014), tagged with mCherry after mitomycin-C (MMC) or  with nucleated cells, but were distinct from minicells (Figure 4C).
cephalexin treatment (Figure 4A). Anucleate divisions (38%) occurred at the first division event during
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recovery and this percentage reduced to <7% by the third division.
The production of anucleate cells early during division is consistent
with Min being the primary driver of divisions, independent of chro-
mosome segregation. When we plotted the relative position of divi-
sion for anucleate cells, here too division tended to occur at the
most polar site as predicted by the Min-rule (consistent with our
observations above; Figure 4B). However, division position was less
noisy in the case of anucleate division (and more precisely aligned
with the Min-rule for the most polar division site) when compared
with nucleated divisions. Indeed, anucleate daughter size distribu-
tion was also well described by the Min-driven rule for end-point
division, with some noise (mean anucleate cell size was 3.4 + 0.87
pm when compared with a mean cell size of 3.8 £ 0.59 pm as pre-
dicted by the Min-rule). However, the Min-rule alone seemed to be
insufficient to describe the nucleated division events that had a
broader division position and daughter size distribution (mean nu-
cleate cell size was 5.4 £2.78 pm vs. 3.8 £ 0.59 pm as predicted by
the Min-rule). While we are not sure why division occurs at a higher
frequency at polar sites, we propose that this may be driven by the
presence of chromosome-free regions closer to the cells poles
(Figure 4D and Supplemental Figure S4A), and based on the follow-
ing additional observations regarding the dynamics of chromosome
(and specifically terminus) segregation:

1. Location of the FtsZ-ring correlated with where the chromosomes
were most segregated at the time of division in damage-recovery
conditions. Furthermore, chromosomes tended to be better seg-
regated away from midcell (via estimation of location of the least
intensity of HupA fluorescence, as a proxy for nucleoid-free re-
gions; Figure 4D and Supplemental Figure S4, B and C).

2. The terminus region of the chromosome (tracked using the parS-
ParB locus labeling system (Nielsen et al., 2006; Espéli et al.,
2012) segregated just before or concomitant with division. While
the bulk of the chromosome segregated well before division,
and divisome components downstream from FtsZ (ZapA and
FtsN) localized 8 min and 6 min before division, respectively, a
single terminus focus could be observed to persist in the chro-
mosome-free region, where constriction had begun to occur.
Constriction was completed and division occurred just before or
concomitant with the termini splitting into two foci on either side
of the division plane, within 2 min on average (Figure 4E and
Supplemental Figure S4, D and E).

3. Perturbing terminus localization and segregation negatively im-
pacted recovery from DNA damage. Deletion of matP, a key
player in modulating terminus dynamics specifically in nondam-
age conditions (Mercier et al., 2008; Espéli et al., 2012; Nolivos
et al., 2016; Lioy et al., 2018), resulted in a significant increase in
anucleate cell production, with 50 + 3% of divisions being anu-
cleated. This is in contrast to wild-type filaments or deletions of
slmA or sulA that do not affect terminus segregation, but instead
regulate divisome assembly (Figure 4F). Indeed, matP-deleted
cells also showed a delay in recovery from DNA damage (as
measured by colony-forming units) when compared with wild-
type cells (Supplemental Figure S4F).

4. Based on these observations, we hypothesized that if chromo-
some segregation has no effect on division dynamics, then the
time from divisome assembly to cell division should be the same
between anucleated and nucleated divisions. However, if segre-
gation had an effect, then the dynamics would vary between the
two types of divisions. In the case of divisions that resulted in the
production of anucleated cells, we found that the average pe-
riod between FtsZ assembly at the division site to cell division
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was 7 min. In contrast, in the case of nucleated divisions, we no-
ticed that FtsZ localized in the nucleoid-free regions for signifi-
cantly longer, with an average of 12 min before division (Figure
4G). While the mechanistic details of this process warrants future
investigation (see Discussion), these data are in support of a sce-
nario where, in addition to Min-driven division site determina-
tion, chromosome (and specifically terminus) segregation con-
tributes to the regulation of cell division in damage-induced
filaments.

DISCUSSION

In laboratory conditions, wild-type E. coli maintains a distinct peri-
odicity of cell growth and division that appears to be coupled with
chromosome replication and segregation (Donachie, 1968; Hill
etal.,, 2012; Arjes et al., 2014; Campos et al., 2014; Kleckner et al.,
2014; Taheri-Araghi et al., 2015; Wallden et al., 2016; Micali et al.,
2018). However, it is becoming increasingly evident that bacteria
can exist in diverse morphological states, in part dictated by their
environmental conditions (Justice et al., 2008; Jonas, 2014; Kysela
etal., 2016; Yang et al., 2016; Caccamo and Brun, 2018; MacCready
and Vecchiarelli, 2018; Muraleedharan et al., 2018; Heinrich et al.,
2019). Even E. coli can become highly filamentous under conditions
of stress such as during infection (Justice et al., 2004; Horvath et al.,
2011). Transitions into filamentous morphologies are thought to
confer several advantages such as avoiding phagocytosis via the
host immune response or providing a means to dilute the effects of
any inhibitors present in the surroundings (Justice et al., 2004, 2008;
Horvath et al., 2011; Yang et al., 2016). Recent reports have also
suggested that filamentation (at least in the case of E. coli treated
with ciprofloxacin) may be the first step toward the emergence of
antibiotic resistance as daughter cells carry mutations making them
ciprofloxacin resistant (Bos et al., 2015). Thus, it becomes important
to understand how bacterial cells enter and exit these filamentous
states to ensure survival under stress.

Here, we find that damage-induced filaments tend to divide
asymmetrically, with a high frequency of such divisions resulting in
the production of short daughter cells of wild-type size. While the
filament itself may or may not recover to wild-type size and still re-
tains damaged DNA, most short daughters generated from a single
filament can go on to replicate and divide as wild-type cells. The
concept of asymmetric partitioning of cellular components during
stress seems to have been coopted by several bacterial systems
(Schramm et al., 2019) including Mycobacterium tuberculosis, where
one daughter cell inherits the growing pole, while the other has to
assemble a growth pole de novo. This results in difference in sus-
ceptibility to antibiotic treatment between the two cell types; the
daughter cell with the growing pole is more sensitive to cell wall
synthesis inhibitors when compared with cells that inherited the
nongrowing pole (Aakre and Laub, 2012; Aldridge et al., 2012). The
swarmer cells of Proteus mirabilis and Vibrio parahaemolyticus
(MacCready and Vecchiarelli, 2018; Muraleedharan et al., 2018) use
the Min-system to regulate asymmetric cell division to allow for such
division while still preserving the population of filamentous cells.
Dim-light stress induces filamentation in the photosynthetic cyano-
bacterium Synechococcus elongatus, which then divides asymmet-
rically via positioning by the Min-system (Liao and Rust, 2018). Even
in E. coli filaments generated in non-DNA damage conditions, stud-
ies have reported poleward division events (Adler and Hardigree,
1965; Begg and Doanachie, 1977, Taschner et al., 1988; Mileykovs-
kaya et al., 1998; Wehrens et al., 2018). It is possible that asymmet-
ric division in damage-induced filaments confers such advantages
to short daughters (inheritance of damage-free chromosomes or
| 2927
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possible ability of short daughters to swarm away from the stress
condition). Taken together, this suggests that switching from midcell
to filamentation-based division may be a universal method for cells
under stress to ensure viable cell divisions.

How is Sp size determined in damage-induced filament divi-
sions? Previous studies have suggested a central role for the Min-
system in determining division site rules in filamentous E. coli (Begg
and Doanachie, 1977; Taschner et al., 1988; Wehrens et al., 2018).
Our observations in min-deleted cells are consistent with the same.
However, we observe that midcell divisions may be suppressed at
certain filament lengths where such division should be permitted as
predicted by the Min-rule seen in division-inhibited filaments (Weh-
rens et al., 2018). Indeed, division position is more noisy (less accu-
rate) in the case of damage-induced filaments; it is possible that this
is due to variability in additional factors in the case of damage-in-
duced filaments, such as differences in growth rates or chromosome
segregation dynamics.

We propose the following scenario with regards to polar divisions
in damage-induced filaments, based on our results and in line with
previous studies: The MinCDE system is the primary contributor to
determining the location of divisome assembly. However, time
taken to complete division is additionally regulated by chromosome
segregation. For example, the disorganized nature of damaged
chromosomes, thought to facilitate recombination-based repair
(Odsbu and Skarstad, 2014; Vickridge et al., 2017), can add a layer
of regulation with chromosome segregation imposing a delay in di-
vision completion. The increased frequency of polar division could
be a consequence of better chromosome segregation toward cell
poles, where chromosome-free spaces are available as a result of
molecular crowding (Wu et al., 2019). In most cases cell growth oc-
curs between divisions—it could be that division delay lasts until the
Min “division point” and the completion of chromosome “segrega-
tion” become aligned. However, in some cases we also observe
consecutive divisions without the addition of length in between.

Itis currently unclear as to whether and how these two processes
(Min-driven division site placement and completion of chromosome
segregation) are mechanistically connected. Alternately, it is also
possible that divisome positioning and completion of chromosome
segregation are concurrent processes that are not molecularly cou-
pled. Indeed, the production of anucleate cells early during fila-
ment division as well as when terminus segregation is perturbed are
consistent with the idea that segregation is not necessary for cell
division, with the Min-system likely being the dominant driver of
division (Wehrens et al., 2018). In the case of nucleated divisions,
additional mechanisms may contribute to the regulation of division
completion, possibly to ensure the completion of chromosome rep-
lication and segregation before division, in order to avoid deleteri-
ous effects of DNA guillotining (Hendricks et al., 2000). For exam-
ple, Rudolph et al. (2007) found that cells treated with UV damage
continued to initiate new rounds of replication but did not com-
plete the same, likely due to the presence of lesions blocking repli-
cation progression. Thus, they observed fewer terminus copies
when compared with the origin. The following observations led us
to speculate the possibility of such a division checkpoint being reg-
ulated by the terminus region of the chromosome during damage
recovery (affecting time taken to complete division): 1) In the ab-
sence of chromosome segregation, anucleate cells are produced
(as also reported by Mulder and Woldringh, 1989). These divisions
are faster than nucleated divisions, suggesting that chromosome
segregation can impose a delay on timing of division completion.
2) The terminus region of the chromosome persists in nucleoid
gaps and segregates just before or concomitant with division.
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3) Perturbing terminus organization and segregation via deletion of
matP has an impact on outcomes of nucleated cell division and re-
covery after damage.

The mechanistic basis of such division regulation warrants future
investigations. The system characterized in this study provides the
ability to assess these rate-limiting steps of division (such as comple-
tion of replication) and further probe the mechanisms of asymmetric
chromosome segregation that preferentially results in the produc-
tion of daughter cells devoid of damage. For example, MatP has
two independent functions of ter region organization and ter an-
choring with the divisome (Bailey et al., 2014; Mannik et al., 2016;
Nolivos et al., 2016). It would be important to understand which of
these activities is specifically necessary in the recovery process. The
idea that the terminus region of the chromosome can significantly
influence division outcomes has been investigated by several stud-
ies in the context of nondamaged E. coli cells (Mannik and Bailey,
2015). For example, earlier studies have suggested that perturbing
chromosome dimer resolution (via dif mutants) can result in DNA
guillotining and subsequent blockage in cell division due to dam-
aged DNA. Such a checkpoint also results in an increase in the pro-
duction of anucleate cells from filaments (Hendricks et al., 2000). In
steady-state conditions, mechanisms including nucleoid occlusion,
Min-system, and terminus linkage help coordinate cell division with
chromosome segregation to prevent such guillotining (Ménnik and
Bailey, 2015). The ter linkage (via MatP-divisome interactions) also
influences Z-ring positioning by acting as a landmark for divisome
assembly, thus ensuring precise positioning of the divisome. Lack of
this anchoring perturbs division accuracy in steady-state conditions
(Espéli et al., 2012; Bailey et al., 2014). In addition to regulating divi-
some positioning, Buss et al. found that the MatP-FtsZ linkage also
slowed down constriction rates, likely contributing to coordination
of chromosome segregation with cell division in steady-state condi-
tions (Buss et al., 2015). Thus, our observations with regard to termi-
nus dynamics and MatP-associated phenotypes lend support to the
likely importance of this linkage in division control and a possible
role for concurrency (Micali et al., 2018) between two mechanisms
of division regulation for division accuracy in damage-induced fila-
ments as well. The conservation of asymmetric division in a range of
stress-induced bacterial filaments underscores the contribution of
this process in facilitating robust exit from the DNA damage check-
point via the generation of fit, damage-free daughter cells.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Strains and plasmids used in the study are listed in Supplemental
Table S1. Oligos used to verify deletions via PCR are listed in Sup-
plemental Table S2. Transductions were conducted with P1 phage
following the protocol in Thomason et al. (2007). Transformations
were performed following standard chemical competence protocols
for E. coli. Cells were grown at 37°C in either rich media (LB: for 1 L
dissolved 10 g tryptone, 5 g yeast extract, and 10 g NaCl in double-
distilled water) or minimal media (M9-Cas: for 1 L dissolved 5 g glu-
cose, 1 g casamino acids, 1 ml of 0.5% thiamine, 1 ml of 1M MgSQy,
and 200 ml 5x M9 salts in double-distilled water). DNA damage was
induced with 1 pg/ml MMC for 30, 60, or 90 min (LB) or 90 min
(M9-Cas; unless otherwise indicated). Cell division was inhibited us-
ing 5 pg/ml cephalexin for 60 min (LB) or 90 min (M9-Cas).

Fluorescence microscopy

Imaging was performed on a wide-field, epifluorescence micro-
scope (Nikon Eclipse Ti-2E, with motorized xy-stage, Z-drift correc-
tion), 63X plan apochromat objective (NA 1.41), pE4000 light source
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(CoolLED), Okolab incubation chamber, and Hamamatsu Orca
Flash 4.0 camera. Images were acquired using the NIS-elements
software (version 5.1). Microfluidics imaging was performed using
the CellASIC-ONIX2 microfluidic system, temperature controlled
CellASIC-ONIX2 Manifold XT, and CellASIC ONIX plate for bacteria
cells (B4A; Merck). Details of the imaging and acquisition setting are
described here (Raghunathan and Badrinarayanan, 2019).

Time-course and time-lapse imaging

Details of independent repeats of experiments: for damage-recov-
ery (60 min) experiments (with hupA-mCherry), seven biological rep-
licates were performed. AsImA experiments were performed twice
(biological replicates). FtsZ-GFP/ZapA-GFP recovery time-lapse
imaging was conducted independently six times. Wild-type (no
damage) time-lapse experiments were performed four times inde-
pendently. Three independent replicates were performed for all
other experiments reported in this studly.

For the recovery time course, cells were grown overnight in LB or
M9-Cas, back diluted to ODggg = ~0.01 and allowed to grow to
ODggp = ~0.1. Culture was then treated with MMC or cephalexin for
60 min (LB) or 920 min (M9-Cas). Cells were pelleted, washed with
fresh media, resuspended to ODggp = ~0.1, and then allowed to re-
cover from damage treatment. Cultures were maintained in log
phase (ODgpp = ~0.1-0.4) throughout the experiment. For time
course, samples for microscopy were collected at the time points
indicated. Culture (1 ml) was pelleted, resuspended in 100 pl, and
then spotted on a 1% agarose pad and imaged (Chimthanawala and
Badrinarayanan, 2019).

For time-lapse experiments, damaged-induced cells were pel-
leted and washed with fresh media and were either loaded into the
microfluidics device or spotted on a 1.5% agarose pad (made with
appropriate growth media) and imaged. All time-lapse images were
taken every 30 s or 2 min for ~3 h. For the FtsN imaging experi-
ments, cells were induced with 0.1% rhamnose for 1 h before imag-
ing. For MinD-GFP imaging, cells were induced with 0.2 mM IPTG
for 90 min before imaging. Inducers were maintained in the agarose
pads or microfluidic plates. Experiments were performed in LB un-
less otherwise indicated.

RNA sequencing

Protocol for RNA extraction described in Badrinarayanan et al.
(2017) was followed. Briefly, cell pellets were collected during the
recovery time course at the indicated times. RNA was extracted us-
ing the Direct-zol RNA MiniPrep (Zymo, Cat. no. R2052A81) and
RNA Clean & Concentrator-25 (Zymo, Cat. no. R1018A82). RNA
libraries were prepared using the TruSeq Stranded mRNA Library
Preparation kit at NCBS next generation sequencing facility. Librar-
ies were sequenced using the lllumina MiSeq sequencing platform.
Raw reads (single end; read length = 50 base pairs) were obtained
as .fastq files. The reference genome sequence (.fna) and annota-
tion (.gff) files for the same strain (accession number: NC_000913.3)
were downloaded from the National Centre for Biotechnology Infor-
mation ftp website (“ftp.ncbi.nlm.nih.gov”). The raw read quality
was checked using the FastQC software (version v0.11.5). BWA (ver-
sion 0.7.12-r1039; Li and Durbin, 2009; Burroughs and Aravind,
2016) was used to index the reference genome. Reads with raw read
quality 220 were aligned using the BWA aln -q option. SAMTOOLS
(version 0.1.19-96b5f2294a; Li et al., 2009) was used to filter out the
multiply mapped reads. BEDTOOLS (version 2.25.0; Quinlan and
Hall, 2010) was used to calculate the reads count per gene using the
annotation file (.bed) in a strand-specific manner. Normalized counts
were obtained using trimmed mean of M values normalization of
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EdgeR package. The counts across time were calculated relative to
the no damage control. The logy-fold change in expression was
plotted from this. Raw data can be accessed via EBI ArrayExpress
(EMTAB9696).

Image analysis

Images acquired were visualized and processed using ImageJ
(Schindelin et al., 2012, 2015). Data were pooled from two to six
replicates per experiment and segmentation was performed using
Oufti (Paintdakhi et al., 2016). Foci tracking was accomplished using
the Spotfinder Z function of MicrobeTracker (Sliusarenko et al.,
2011). For recovery time course, custom MATLAB scripts were used
to extract cell length and total fluorescence intensity information for
each cell. Anucleate cells were identified using a threshold of 0.02
a.u. for total intensity of HupA-GFP in the cells. For time-lapse analy-
sis, at each division, the longer cell was termed Lp and the smaller
cell given the identity of Sp. A custom MATLAB script was used to
the extract the lengths of the Lp and Sp at each division, the length
added between divisions and time between divisions. Daughter
cells were classified as “recovers” if at their first division, their length
was <10 pm and they divided symmetrically. Cells that were longer
at their first division and divided asymmetrically were classified as
“filaments.” RecA foci numbers were obtained using Spotfinder Z
and combined with cell length information from Oufti. The number
of FtsZ rings in a cell were obtained using Spotfinder Z and com-
bined with cell length information from Oufti. For analysis of con-
strictions and divisions, we used Oufti, which allows subpixel seg-
mentation of phase contrast images of cells in a time-lapse. The
method is illustrated in Figure 2 and Supplemental Figure S2. In
Figure 2G, a phase profile for a wild-type cell before and after divi-
sion is plotted. While the profile is, on average, a flat line for most of
the time imaged, one can identify a constriction before division
(marked with *). Similarly in Figure 2H, the phase profile for a fila-
mentous cell (DNA damage-induced) undergoing division is plot-
ted. If the phase profile deviates by 20-25% of the cell width, it is
called a constriction. If the phase profile is discontinuous (with a
gap), then it is marked as a division by the segmentation algorithm
automatically. For nucleoid tracking, fluorescence intensity profiles
of HupA-mCherry, obtained from Oufti, was used. Data was first
smoothened using a Savitzgy-Golay filter (Luo et al., 2005). Follow-
ing this the fluorescence profile was inverted so that the regions of
lowest fluorescence now had the highest values. Peaks were deter-
mined using the peak prominence function after setting a threshold
of half the maximum intensity for each frame. Peaks correspond to
lowest fluorescence intensity in the cell. Regions right next to the
cell poles were excluded. This information was combined with FtsZ
foci tracked using Spotfinder Z to obtain relative positions of the
lowest fluorescence intensity in the cell and FtsZ-ring. The formation
of FtsZ, ZapA, and FtsN foci, and segregation of the single terminus
focus (ParB-GFP) to two foci at the site of division, were scored man-
ually along with time to division.
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