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The decision to divide is the most important one that any celmust make. Recent

single cell studies suggest that most bacteria follow an “ader” model of cell size
control, incorporating a xed amount of cell wall material lefore dividing. Mycobacteria,
including the causative agent of tuberculosidMycobacterium tuberculosis are known

to divide asymmetrically resulting in heterogeneity in gwtth rate, doubling time, and

other growth characteristics in daughter cells. The inteday between asymmetric cell
division and adder size control has not been extensively iegtigated. Moreover, the
impact of changes in the environment on growth rate and cell ige control have not
been addressed for mycobacteria. Here, we utilize time-lage microscopy coupled with

micro uidics to track live Mycobacterium smegmatiscells as they grow and divide over
multiple generations, under a variety of growth conditionsWe demonstrate that, under
optimal conditions, M. smegmatis cells robustly follow the adder principle, with constant
added length per generation independent of birth size, groti rate, and inherited pole
age. However, the nature of the carbon source induces deviains from the adder model

in a manner that is dependent on pole age. Understanding how yrobacteria maintain
cell size homoeostasis may provide crucial targets for theal/elopment of drugs for the
treatment of tuberculosis, which remains a leading cause aflobal mortality.

Keywords: cell size control, mycobacteria, asymmetric cell di vision, adder, sizer

1. INTRODUCTION

Bacteria have long been known to maintain their averagewsitten steady state populations, but
we do not yet have a full mechanistic understanding of how thiachievedCGhien et al., 2012
The average bacterial size is a function of growth condiind it has been suggested that it scales
exponentially with the population growth rat&¢haechter et al., 1965€ell size homoeostasis and
its interplay with gene expression and growth is of criticaportance for bacterial survival, since
the requirement for additional space to incorporate nasceNCand to subsequently permit cell
division must be balanced with the necessity to maintain ¢bacentration of critical proteins,
such as those involved in metabolism or protein synthesisfirezaei and Marguerat, 201At the
single-cell level, size homoeostasis is implemented thrthegstrategy cells employ to decide when
to divide, which sets their average nal size as well as @n@rage birth size. The cell size control
strategy should be robust to di erent sources of noise suclvagtion in microenvironment,
stochastic gene expression, and heterogeneity in cell dhggiand growth. These strategies and
their molecular mechanisms are now beginning to be investid in detail at the single cell level,
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especially with model bacterial species suctiEssherichia coil cell size with the duration of DNA replication being constant,
and Caulobacter crescent(Sampos et al., 2014; Taheri-Araghi and that the cell divides at a xed time after replication
et al., 201pbut how these principles apply to other bacterialinitiation.
systems such as mycobacteria is less well understood. However, mycobacteria have key dierences in how they
Mycobacteriumincludes the highly successful pathogengrow and divide. Placement of the septum En coliis highly
M. tuberculosis the causative agent of tuberculosis, whichaccurate {rueba, 1982; Yu and Margolin, 199@ompared
currently holds the dubious distinction of being the leaglicause to mycobacteria Thanky et al., 2007; Joyce et al., 2012;
of death by any single infectious agent, with an estimat& 1.Singh et al., 20)3 with the direct consequence that cell size
million deaths worldwide in 2015//orld Health Organisation, distributions are highly heterogeneous within mycobaieter
2016. Understanding how mycobacteria control their cell sizepopulations. In addition, whileE. coliincorporates cell wall
and decide to divide may be of critical importance in develgpin material along its lateral wall, mycobacteria grow exclkigiv
novel treatment strategies, especially given the growinblprmo  from their poles {Thanky et al., 2007 and mounting evidence
of drug resistance. points to preferential incorporation at a single pole, which is
Three basic strategies of cell size control have been proposédrmed in the previous generatioddyce et al., 2012; Santi et al.,
often termed “sizer,” “timer,” and “adderJ(in and Taheri-Araghi, 2013; Manina et al., 20),5eferred to here as the old-pole. This
2015. These dierent cell size control strategies can be alinheritance of an active growth region by one daughter callite
described by a single model: a noisy linear mayp(and Taheri- to additional heterogeneity between daughter cells espgaiall
Araghi, 2015; Tanouchi et al., 201that relates division size to parameters such as cell siZé. crescentualso divides in an
birth size: asymmetric manner, giving rise to stalked and swarmer cells
which have markedly di erent life cycles and growth ratest bu
LgDa L,CbhC (1) maintain the adder principle@ampos et al., 2014, lyer-Biswas
et al., 2013 thus asymmetry does not rule out adder models
where Lgq is cell length at division,L, is cell length at per seas other authors have noted. Indeed, in mycobacteria and
birth, a and b describe the slope and intercept of the linearM. smegmatispeci cally, there is little evidence for a timer or
relationship between the two, andis a noise term that models sizer model, though an adder model is not fully established:
biological variability in size controla and b can be estimated Aldridge etal. (2012)se time-lapse microscopy to rule out a sizer
by performing linear regression ohy, againstLy, where the model in M. smegmatisbut correlate cell cycle timings within
slope of the line isa and the y-intercept isb. A slope of microcolonies to suggest a timer model (though the authors
a D 0 implies that cells follow a sizer model, where everyeported this prior to widespread publication of the adder mgdel
division occurs at a characteristic lengbhrrespective of birth as well as determining that cells that inherit the old-polenfro
length, providing a simple conceptual method to maintaintheir mother are larger and have a faster linear elongatite r
cell size, since any deviation is immediately reset at evetian cells that inherit the new-pole. Using similar technégy
cell division. A slope ofa D 1 implies an adder model, Santietal. (2013etermine thatM. smegmatiare neither sizers
where cells grow by a xed length every cell cycle before nortimers, but observe a weak correlation between addegtien
dividing, which implies convergence to the mean size at birttand length at birth which implies more timer-like behavior.
over multiple generations, since cells that are born small wiFurthermore,Santi et al. (2013eport that large heterogeneities
produce larger daughters, and cells that are born large wilapidly emerge as a consequence of preferential polar growth,
produce smaller daughters. A slope @fD 2 implies a timer such as the simultaneous larger size and faster linear atmmg
model, where cells divide after a xed time interval, whichrate of daughter cells inheriting the old-pole compared tog@o
necessitates a doubling in cell size every cell cycle totaiain inheriting the new-pole, in agreement witidridge et al. (2012)
a stable size distribution, though a pure timer mechanism fobut observe no di erence in exponential growth rate.
exponentially growing cells is not robust to noisge-Biswas The di erences in growth between sister mycobacterial cells
etal., 2011 are not simple quirks of bacterial growth, but may have a
Timer and sizer models, at least in their purest sense, are nstgni cant impact on bacterial survival and therapeutic &gy .
well supported by existing evidence in the majority of baetleri Importantly, di erences in exponential growth rate are obseav
species, with the adder model being strongly favored in grarbetween new- and old-pole inheritors in a recent study on
negative species suchscoli(Amir, 2014; Campos et al., 2014; M. tuberculosis with cells inheriting the new-pole growing
Taheri-Araghi et al., 20)5and C. crescentugCampos et al., fractionally faster than siblings inheriting the old-pol&lgénina
2019, in gram positive species such Bacillus subtili§Taheri- et al., 201h Pole age has been reported to have a major e ect
Araghi et al., 201% and more recently in coccoid species suchon survival to various antibiotics, with old-pole inherisomore
asSynechocystip. (Yu et al., 201)/ Mechanistically, how adder able to survive rifampicin Aldridge et al., 2012; Richardson
size control is implemented is not completely clear. Estalnigsh et al., 201§ and new-pole inheritors potentially more able to
how bacteria make this decision has been investigated at tlsairvive cell wall-targeting drugs such as meropenem, cydtaser
population level Cooper and Helmstetter, 1968; Cooper, 1969and isoniazid Aldridge et al., 201)2 though di erences in both
Helmstetter, 196 and the single cell level\Wallden et al., pole age and growth rate have been reported to have no impact
2016; Si et al., 20)Awith the conclusion that—at least in on isoniazid survival by other authors, both M. smegmatis
E. coli—replication is initiated at a given ratio of origins to (Wakamoto et al., 20)3and in M. tuberculosigManina et al.,
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2015. Given that treatment oM. tuberculosisequires at least in their appropriate HdB carbon source variant and grown at
6 months of daily antibiotic treatment, factors that a ectwdy 37 C in an orbital shaker at 180 rpm to stationary phase, then
tolerance must be determined, and current evidence may poirdiluted 1:200 in fresh medium to mid-exponential phase. Cells
to arole of cell size control. were diluted again to an Of3pof 0.1 and loaded into the growth
The studies discussed above have focused exclusively admamber of the micro uidic plate. Fresh medium was perfused
bacteria grown with standard laboratory mediums, supplyingat a continuous pressure of 1 psi (approximately corresponding
glycerol or glucose as the sole carbon source. Howeveq a 5plh! ow rate) in an environmental chamber at 3T.
mycobacterial physiology is thought to be dramaticallyraleby = Phase contrast images were captured every 15min using a
carbon source resulting in changes to virulence and dorrgancZeiss Axiovert 200M inverted wide eld microscope using a 63X
(Jain et al., 20Q7M. tuberculosiss thought to utilize cholesterol oil immersion objective, a motorized stage, and an EM-CCD
as a primary carbon sourcen vivo (Salamon et al., 2014; (C9100-02) camera (Hamamatsu). 4 elds of view per condition
Vromman, 201%), causing extensive changes in growth. In(4 conditions per plate) were captured at each timepoint. To
this report, we have sought to determine de nitively theensure in-focus images were obtained, a software autofocus
growth model which mycobacteria follow using time-lapsefunction (Zen) and 10 Z slices at 1 um intervals were used dt eac
microscopy coupled with micro uidics to allow tracking of gjie  position.
M. smegmatisell lineages over time, with precise control of
environmental conditions, under three carbon sourcesceigl, 2.4, Data Analysis
acetate, and pyruvate, and have sought to determine how this4 1. Image Processing
a ects cell size control and population heterogeneity at tigls- Raw microscopy data were processed using Fiji imaging

cell level. processing softwar&ghindelin et al., 20) %o discard unfocused
images and to generate time-lapse sequences in an appropriate
2. MATERIALS AND METHODS le format (OME-TIFF). Cells in each frame were outlined in
a semi-automated manner with MicrobeTracker, a MATLAB
2.1. Strains and Mediums (The Mathworks) software package that detects bacterial cell

M. smegmatism¢® 155 Gnapper et al., 1990was used in boundaries and delineates them using a two-dimensional mesh
all experiments, and was grown in medium derived from(Sliusarenko et al., 20).1Cell division was de ned as the point
Hartmans-de Bont minimal medium (HdBHartmans and at which clear invagination of the cell or V-snapping could be
De Bont, 199pwith a base composition as previously describetbserved. Single-cells detected by MicrobeTracker weaaged
(Smeulders et al., 19pwith the replacement of 0.05 % Tween-into lineages and analyzed using an automated set of Python
80 with 0.05% (v/v) tyloxapol (Sigma), a non-hydrolysablescripts, with manual veri cation of assignments. For eadh tee
alternative detergent. In addition, for experiments involy  following basic statistics were de ned: cell length, the dis&
alternative carbon sources, glycerol was replaced with reith@long the central axis of the cell between each cell pole; and
0.2% (w/v) potassium acetate (Sigma) or 0.2% (w/v) sodiurpole age, the incremented value derived from whether a pole is
pyruvate (Sigma). Middlebrook 7H11 agar (Difco) supplementegre-existing in the mother cell (old-pole), or created at dioisi
with 10% OADC (USBiological) was used for solid medium(new-pole). Old-pole inheritance was determined by calcagat

experiments. the distance between both poles of a daughter cell to both poles
] of the mother cell, and classing the pair with the smallestdtise
2.2. Batch Culture Experiments as the same pole and therefore the old pole. Birth and division

For batch culture growth experiments, cells were inoculatédl i times, as well as initial and nal cell lengths at these timemi
their HdB carbon source variant from frozen glycerol stocksyere also recorded, but were re ned by interpolation as deine
and grown at 37C in an orbital shaker at 180rpm for 48h below. For selection of initial and nal cell lengths, any dall
until cultures reached stationary phase. Cultures were @lilut which clear birth or clear division event could not be observed
to an optical density at 600 nm (Qdgo) of 0.05 in 20ml fresh were discarded (i.e., cells in the rstand last frames) amgeell
medium and incubated at 3T in an orbital shaker at 180 rpm. that was not observed over a period of at least 5 frames was also
Samples were taken each day at 2-4h intervals over a 4 dagcarded. Independent experiments were performed in trifgica
period. ODsgp Was measured in a spectrophotometer, and eacfor cells grown in glycerol, and in duplicate for cells grown in
sample was subsequently serially diluted and spotted ontd 7HXcetate or pyruvate.

agar plates, which were incubated for 48 h until visible dgttin

colonies formed. Colony forming units (CFUs) were counteda 2.4.2. Growth Rate Estimation and Model Selection

CFU/ml calculated. Growth rates were estimated from time-series of length
_ L1,:::, Ly observed in discrete frames at timgs: : :, t,. Linear
2.3. Microscopy elongation rate was determined by linear regression ofeegjth

All microscopy was performed in the Facility for Imaging by againsttimel((t) D (t t1) C L), and exponential growth rate
Light Microscopy (FILM) at Imperial College London. Time- was estimated from regression of logarithmic cell lengthregja
lapse live-cell microscopy was performed using a Cell&SICtime (In(L(t)) D  (t t1) CIn(L))).

ONIX micro uidic platform (Merck-Millipore) using a BO4A- To decide whether cells grow exponentially or in a linear
03 bacterial plate. Cells were inoculated from glycerol kstoc fashion we performed model selection. We describe cell growth
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via the dynamical equatioffL D f(L) C  (t), where (t)is 3. RESULTS

Gaussian white noise with unit variand€l) D 1 for the linear 31 M tis G E tiallv at
andf(L) D L for exponential growth model. Discretising the ~ =" """ smegmats rows exponentially a

paths in time-steps oftj D tic1 tj, the path-likelihood for the Single-Cell Level

either model is: Figure 1 shows cell size vs. time for examples of cell lineages
obtained from the 3 dierent growth conditions. In the

Lici 4 4002 literature, di erent measures have been used to quantity the

Yie 243 growth of single mycobacteria. Among these linear growth

L(Q GjfLy,:::,Lng D

. 2 @42 rate (e.g.,Aldridge et al., 2012and exponential growth rate

D1 (e.g.,Wakamoto et al., 20)3are predominant but have led to

o) qualitatively di erent conclusions. Other authors have rematt

whose mgximum likelihood estimates a@h L tilics that elongation in single-cells is size-dependérr(ti et al., 2013
Li)f (Li)=( inDll tif2(L)) and & D n—ll i”Dll ti(L‘ClitiLi indicating exponential growth. Indeed, we nd that on aveeag

d(L))? for each cell. According to Akaike's information the increase in cell length scales linearly with cell lengthadl
criterion, the growth model with the highest likelihood wasthree growth media (Figure S1). To address this issue on the

selected. single-cell level, we tted a linear and an exponential growth
model of cell length to each cell, and employed model selection

2.4.3. Estimation of Cell Division Time, Birth Length to decide which of these models more adequately describes cell

and Division Length growth (see Materials and Methods). We nd that for cells grown

The precise time at which cell division occurs remains unknpw in glycerol, acetate, and pyruvate, growth is also exponential
because images were acquired at a constant time interval. Bé the single-cell level for about 90% of the analyzed cells,
estimate this quantity, we used the exponential model fazells ~ independent of carbon sourc&igure 1). Because we observed
and minimized numerically the absolute di erence betweea th cells adapting to our experimental conditionBigures 1C,D),
mother cell length and length of the two daughter clllg(t) cells are included in the subsequent analysis only aftey the
La(t) La(t)j overthe time interval between mother and daughterdivided twice in the micro uidic device. We note that we
frames, where the functionis(t) are the ts obtained from linear 0observe adaptation in all conditions, though to a lesserrexte
regression to log-cell length as explained above. The arguafie  in glycerol, consistent with CFU measurements in batchurelt
the minimum gives the division time, and division length ot ~ (Figure S6B).

mother cell and birth lengths of the two daughters were set to

the values at that time. All subsequent analysis uses binttte "
and division length as estimated by this procedure (as oppased ?"2' Under Standard Conditions,

initial length and nal length as de ned above), and intevision M. sSmegmatis  Single Cells Are Consistent
time de ned as the di erence between these two interpolatedvith an Adder Model of Cell Size Control

timepoints. We observed 544 individud. smegmatisell divisions, in three
independent experiments, grown using HdB supplemented with
2.4.4. Population and Lineage-Weighted Statistics glycerol as a sole carbon source, measuring cell length tt bir

Population statistics were obtained from averaging allscigll and at division over up to 10 generations (see Section 2eali

the experiments with equal weights. If not stated otherwiseregression to these data according to Equation (1) resuksD
error bars were obtained with reference the standard 95% 0.996 0.102b D 3.525 0.453 um Figure 2A). These values
con dence interval. Lineage-weighted statistics weretgd by  imply that M. smegmatisells closely follow an adder model
reconstructing the lineage trees from microscopy data. Diego of cell size control when grown with glycerol as a sole carbon
by x;j the data of that of N; cells in thej™ of Ni_ lineages, the source, with cells growing an average of 3.5um per cell cycle,

lineage-weighted average of the functfois: independent of birth size. Alternatively, cell length at hidan
be tted to added length (de ned as the di erence in length at
L R birth and division) which results in a slope 0f0.004 0.102
ND wif (%;)- and a Pearson's-value of 0.003, strongly indicating that
D1 iD1 added length does not depend on length at birth (Figure S4C1).

This lack of dependency on birth length has been interpreted

b by other authors (e.gAldridge et al., 2012as evidence that
The weightsw; are given byg—g., whereDj denotes the number M. smegmatisells follow a timer mechanism. A timer model
of cell divisions in lineagg They follow from the argument that requires a xed interdivision time for all cells irrespectivé
the probability to choose a random path throudtr trees is length at birth. However, when grown with glycerol as a sole
2 Di=Nt (Nozoe et al., 20)7We estimate the lineage-weighted carbon source, interdivision time is negatively correfateith
distribution by choosingd to be an appropriate binning function. birth length (Pearson's D  0.354;Figure 2B), demonstrating
Bootstrap con dence intervals reported in Table S1 are ol#di that cells that are born small grow for a longer period than
by re-sampling the dats; with probability given by the lineage- cells that are born large, which is inconsistent with the time
weightsw;. model.
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FIGURE 1 | Single cells grow exponentially under different carbon saaes. (A) Time-lapse microscopy shows single cells grown with a glya®l carbon source
observed from cell birth to division determined by the V-sra (from left to right).(B) Cell length vs. time for one of the longest lineage of the expinents (points). The
lineage tree arising from all recorded cell divisions is skm in gray. (C,D) Two alternative carbon sources(C) acetate and (D) pyruvate, are considered. Under all three
carbon sources, most cells (about 90%) grow exponentially (blue lines), while some cells were let described by a linear growth model (red line). We obserdethat
cells adapted to the experimental conditions after about tw divisions.

Other authors have reported synchronization of interdieisi  are inherently variable, and thus this dependence hints ahkbe
times within microcolonies (cell lineage trees founded Isyrgle  growth rates between daughter cells.
cell) that are characteristic of that microcolony and caredi
signi cantly between microcoloniesA(dridge et al., 2012 In . L
order to address whether this occurs under our conditions, w3'3' Asymmetry in D'V'S'Q“ and Pole Age
selected random lineage trees with 4 or more observed dingsi Has No Impact on Cell Size Control under
and determined how their interdivision times compared. Whil Standard Conditions

inspection of individual microcolonies appears to indicatatth The implications of asymmetry in division on cell size control
microcolony interdivision times might be synchronizedgBres have not been investigated in detail, and the time-lapse data
S2A,B), mean interdivision times appear to have no signi cantvere used to address this question. Cells which were olerve
di erences between microcolonieg D 0.520; Kruskal-Wallis H-  to divide during the course of the experiment were assigned
test) indicating that cells simply conform to the population mea a pole age based on the history of the cell lineage, allowing
interdivision time without inheritance from the progenitaell  daughters which inherited the old- or new-pole from their
(Figure S2C). mother to be di erentiated. As previously reported@iridge
While these results indicate thall. smegmatigells closely et al., 2012; Joyce et al., 2012; Santi et al.,)2®S observe
follow an adder model under these conditions, we askegharked di erences in birth and division length, and linear and
what other factors aect size control. We found that addedexponential growth rate for each type of daughter deig(re 3).
length increases with exponential growth rate O 0.285; Cells inheriting the old-pole were born larger (4.710.19 um)
Figure 2Q. Thus, growth rate uctuations in individual cells can and divided larger (8.34 0.31 um) than cells inheriting the new-
have considerable e ects on size control even under constaole (4.02 0.19um and 7.40 0.28 pm respectively). Notably,
conditions. Interestingly, we also found that exponentiavgth  new-pole inheritors have a higher exponential growth ratentha
rate decreases with birth lengthD  0.451Figure 2D) atleast old-pole inheritors (0.271 0.110ht and 0.257 0.800h
when grown in glycerol (compare Figure S4D1); a dependenagspectively), in agreement with recent single-cell data iaedu
that is not observed ift. coli(Campos et al., 2014; Osella et al. from M. tuberculosigManina et al., 2015but in contrast to
2014; Taheri-Araghi et al., 20)L6r in C. crescentu§Campos reports of identical exponential growth rates M. smegmatis
etal., 201} SinceM. smegmatidivide asymmetricallyAldridge  single cells $anti et al., 2013; Wakamoto et al., 2013
etal, 2012; Joyce et al., 2012; Manina et al.,)20irth lengths  Interestingly there was also a signi cant di erence in added
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FIGURE 2 | Relationship between birth length and other single cell meaures for singleM. smegmatis cells grown with glycerol as a sole carbon source. Red circke
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slope = -0.021 + 0.004
intercept = 0.357 + 0.016
0.5 r=-0.451, r* = 0.203

n = 544

Exponential growth rate (h~1)
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length (3.64 0.26 and 3.38 0.23um for old- and new-
pole cells respectivelyy D 0.003; Welchdg-test) but not in

interdivision time (2.27 0.12 and 2.31 0.13h respectively;

of cell size controld D 1) and are not signi cantly di erent
(p D 0.481; Welchs-test). These data imply that daughter cells
inheriting the old (and presumably growing) pole follow the

p D 0.393; Welch¢-test). The impact of these di erences in same cell size control mechanism compared to daughter cells
growth parameters were assessed by determining the dependeitheriting the new-pole, despite di erences in their growth.

of division length on birth length. Linear regression shaowe

Statistics of tree-structured data can be biased when, due

that daughters that inherited the old-pole had a slope ofo physiological uctuations, some cells are over-represgie
0.948 0.162) 6 D 274; Figure 4A), and daughters that the population because they divide more rapidly than others

inherited the new-pole had a slope of 0.8940.149) 6 D 270;

(Powell, 1956; Hashimoto et al., 2016; Thomas, R0T0

Figure 4B). Both these values are consistent with an adder modeéduce this biological bias, we use lineage-weighting of #ta,d
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FIGURE 3 | Distribution of growth parameters for new- and old-pole cé$ grown in glycerol. Histograms of(A) birth length, (B) division length,(C) added length,
(D) division asymmetry,(E) exponential growth rate, and(F) interdivision time are shown for new (red) and old pole cell®lue). Population average distributions taken
over every single cell in the experiment (solid lines) are ajitatively similar compared to lineage-weighted distritions (dashed lines).

which represents the statistics obtained from randomly emos adding more length before division. Since the overall di ezes
lineages (see Materials and Methods). For cells grown ireghyic  between population and lineage distributions were relatively
interdivision time was lower across the population compared tesmall (Figure 3B, they do not appear to a ect conclusions drawn
lineages for both new- and old-pole cellidure 3F indicating  from population statistics.

that cells that divide faster are contributing more to the In order to investigate further whether pole age might
population mean (2.485and 2.756h, respectively; Table SBHect size control, old-pole inheritors were subdivided beith
Intuitively, one would expect other factors a ecting divisio de nitively known pole age—i.e., the pole was observed to be
timings such as exponential growth rates to be similarly gkew “born” as a new-pole, and tracked over multiple generations to
(Thomas, 201)f However, we observe only small di erencesassign an age. Statistics such as birth and division length, a
between population and lineages both in terms of mearinear elongation rate appear to progressively increase witk po
exponential growth rate (Table S1) and distributiofgyure 3.  age (Figures S5A5, B5, E5); exponential growth rate matginal
This can be explained by the fact that interdivision time eari reduces (Figure S5D5); and added length and interdivision
little with exponential growth rate for cells grown in glyoér time appear to remain constanfigures 4C,0) Figures S5C5,
(Figures S4F2, S5F2), a surprising result given that cells wiF5). Consistent with the grouped data, thoughvalues are
constant added length should divide earlier when growirsgda  low for higher pole ages, there appears to be no evidence
In support of this observation is the dependence of added lengtthat the age of the inherited pole causes deviation from the
on exponential growth rateHigure 20), with cells growing faster adder model, with the slope of birth lengtla)(against division
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FIGURE 4 | Impact of pole age on the growth of single cells with glycerolsa sole carbon source.(A) Fit of division length against birth length for daughter clsl
which inherit the old-pole from their mother cell. Colors athlegends as forFigure 2. (B) Fit of division length against birth length for daughter clsl which inherit the
new-pole from their mother cell. Colors and legends as foFigure 2. (C) Mean birth length for cells by age of the inherited pole in nuber of generations.(D) Mean
exponential growth rate by age of the inherited pole(E) Slope of the linear t of birth length against division lengtlfior cells by age of the inherited pole. The black
dashed line represents the case where cells act as perfect atkrs @ D 1). (C—E) The error bars depict the 95 % con dence intervals of each esthate. n-values were
99, 39, and 21 in order of generation number for old-pole cedl with known age (shown in blue). Data for all new-pole inhéorrs (with an age of 1 generationn D 270),
and for all old-pole inheritors (with an age of more than 1 gesration, including those without a precise agen D 272) are shown in green and red respectively.

length ranging 1.022 0.281 for two generation-old poles ©  during human infection Galamon et al., 2014; Vromman, 2).14
99) to 1.446 0.486 for four generation-old poles (D 21) In order to investigate how mycobacteria control their céfles
which are within the range predicted by perfect adders, wherander less optimal carbon sourcé4,smegmatisells were grown

a D 1 (Figure 4B. A dependence of birth length on pole agewith acetate or pyruvate as their sole carbon source, two @f th
(Figure 4Q is a direct prediction of the adder principle given metabolic products of cholesterol metabolism. Cells grown in
asymmetry conferred by inheritance of the old pole. Old-polebatch culture with acetate and pyruvate display reduced growth
inheritors are born largerKigure 3) than new-pole siblings, but rates compared to cells grown in glycerol as measured by optical
as a consequence of the adder principle, the same length isladd#ensity (Figure S6A) and colony-forming units (Figure S6B)
regardless of birth length, thus as pole age increases,leitfth  These population level measures are consistent at the single-cell

increases. level, with cells grown in the micro uidic device showingiced
linear elongation rates and increased interdivision timat{le 1).

3.4. Changing Carbon Source Causes Given the robustness of the adder principleNh smegmatis

Deviation from Adder cells grown in glycerol, alternative carbon sources appelaave

HdB contains glycerol as the sole carbon source (see Misterid@ surprisingly signi cant e ect on cell size controFigure 7A).
and Methods) in whichM. smegmatiss able to grow e ciently ~When grown exclusively with acetate, the slope of divisiontleng
and rapidly. However, this is unlikely to represent condigon against birth length is 0.964 0.140 ( D 383), consistent with
under which bacteria habitually livé&). tuberculosisor example ~an adder Figure 5A). However, pole age has an e ect on the
is thought to catabolize cholesterol as its primary carbamse decision to divide when grown in acetate: cells inheriting th
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TABLE 1 | Single-cell growth parameters foM. smegmatis cells grown in various  [0.241-0.244] in the lineage statistics for cells grown irtcaee
single carbon sources in a micro uidic device. compared to 0.235 h' [0.232-0.239] to 0.223 A [0.222-0.225]
in pyruvate (Table S1, Figure S3E).

We asked whether other factors could a ect cell size control
across conditions. We found that birth and added length
Glycerol 544 4367 0.144 2.286 0087 0264 0007 0555 0016 decreased both in acetate and pyruvate compared to glycerol
Acetate 383 3.914 0.112 2.389 0.096 0.265 0.007 0.522 0.013 (Figures S3A,C and Table Sl), but growth rate decreased
Pyruvate 367 3.556 0.108 2.726 0.128 0.235 0.007 0.542 0.016 Signi Ca_nﬂy 0n|y for pyruvate but not for acetate (Tab|e Sl)
Division asymmetry here is de ned as the asymmetry in old-pole inhéors. Further Division asymmetry between old and new pOIe cells decreased
de nitions of all measures can be found in the Materials and Methods. but to a lesser extent in acetate than in pyruvate (Figure S3D

and Table S1). Added length increased with growth rate for
existing pole (old-pole) have a slope of 1.180.212 6 D 197) all conditions, but growth rates varied less with birth Iémg
for division length against birth length, consistent with adder in acetate and pyruvate than in glycerdtigures 2D, 5B, 6B
model, with a hint of more timer-like behaviorF{gure 5C), and Figure S4C2). The latter dependence can be attributed to
but cells inheriting the newly formed pole (new-pole) have adecreasing mean growth rates with pole age in glycerol, while
signi cantly reduced slope of 0.6820.187 6 D 186;p D  growth rates in acetate and pyruvate di er only between old and
0.0006, Welchd-test) which is not consistent with an adder new pole cells (Figure S4D5).
cell (Figure 5D). This indicates some dependence of added
length on birth length (i.e., more sizer-like properties), and o
indeed birth length and added length are uncorrelated fa-ol 3-9- Impact of Carbon Source on Variability
pole inheritors ¢ D 0.119), whereas there is a minor negativen Size Control
correlation for new-pole inheritorsr( D 0.240), indicating Given di erences in the impact of pole inheritance and carbon
that cells that inherit the new-pole that are born larger addsource on cell size controF{gure 7A), we sought to investigate
less length per cell cycle than cells inheriting the old-polehe consequences of these di erences. Other authors haesnot
(Figure S5). that for E. coli cells with diering population growth rates

Cells that are grown exclusively in pyruvate deviate as ander diverse carbon sources, deviations in birth lengthl an
population from the adder principle regardless of which poleinterdivision time scale in proportion to their mean valueg.i.
they inherit. The slope of birth length against division I&mg distributions under di erent conditions collapseléheri-Araghi
is 0.832 0.137 6 D 367;Figure 6A), with old-pole cells and et al., 2015; Kennard et al., 2018Ve tested whether this
new-pole cells retaining similar slopes: 0.760.192 6 D  holds forM. smegmatigrown in glycerol, pyruvate, and acetate,
197) and 0.815 0.221 ( D 170) respectivelyHigures 6C,0. given that, at least between pyruvate and glycerol/acetage, t
This indicates that cells grown in pyruvate have more sidzex-li mean population growth rate is alteredgble 1). We nd that
properties but do not retain dierences between old- anddistributions for birth length (Figure S7A) do not scale Wit
new-pole inheritors as observed for cells grown in acetatehe mean as demonstrated by the broadness and height of the
This may relate to the more signi cant reduction in growth scaled histograms (Figure S7B), indicating that noise ithbir
observed for cells grown in pyruvate compared to acetatkength is altered under di erent carbon sources. Interdiors
(Table 1), with cells grown in acetate retaining similar single-celltime distributions are inherently more noisy, due to the saimgl
growth characteristics to cells grown in glycerol, wherealtss frequency of the image acquisition, and appear signi cantly
grown in pyruvate exhibit reduced linear and exponentialright-skewed (Figure S7C), and when scaled by the mean, appear
growth rate, and increased interdivision timeTaplel to loosely collapse, as signied by the similar height of the
Figure S3). scaled histograms (Figure S7D). This indicates that int&sihn

We note that when assessing the dierences betweetime distributions can be represented by a single explanatory
population and lineage statistics, interdivision times waraller  variable — the mean value.
for the population measures in all three carbon sources Regarding noise for dierent parameters across growth
(Figure 3Fand Figures S3F1-F3), consistent with the intuitionconditions, we observe reduced variation in birth lengthdells
that rapidly dividing cells are over-represented in the popolati grown in acetate or pyruvate compared to cells grown in glycerol
measures. Exponential growth rates in the population were alswith coe cients of variation (CVs) of 19.53% [18.52-20.55]
larger for cells grown in acetate and pyruvate (Figures S3E@Q5% con dence interval), 14.23% [12.73-15.30], and 1%.84
E3), a dependence which is not observed in glycdfgure 3E  [13.89-15.79] for cells grown in glycerol, acetate, or pywriva
and Figure S3E1). This is because interdivision time deesea respectivelyKigure 7B), a result that is re ected visually by the
with exponential growth rate for cells grown in acetate andwidth of the scaled histograms in Figure S7B. The collapse of
pyruvate, i.e., fast growing cells divide faster, but notlycgrol interdivision time distributions observed (Figure S7D)adkso
(Figures S4F2, S5F2). The di erences in exponential grovith rare ected in the similar CVs with 22.57 % [19.93-25.39], 206
between population and lineage-weighted statistics appeae to 17.29-21.76], and 22.94 % [20.54-25.20] for glycerolatget
more signi cant for cells grown in acetate compared to pyr@vat and pyruvate respectivelfFigure 70).

(Figure S3E) with the mean statistics showing a decrease fro When pole age is considered, relatively similar variabity
0.265h 1 [0.261-0.267] (95% con dence interval) to 0.242h observed between daughters inheriting di erently aged poles

Carbon n Birth Interdivision Exponential Division
source length ( mm) time (h) growth rate (h 1) asymmetry
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A Division length (all cells) B Exponential growth rate (all cells)
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FIGURE 5 | Relationship between birth length and division length or geonential growth rate for cells grown with acetate as a solearbon source. Colors and legends
as for Figure 2. (A) Relationship between birth length and division length forlecell divisions.(B) Relationship between birth length and exponential growthate for all

cell divisions.(C) Relationship between birth length and division length foradls which inherit the old-pole from their mother celD) Relationship between birth length

and division length for cells which inherit the new-pole fra their mother cell.

even given marked dierences in absolute mean values, fataughters in the population. This e ect is not observed in the
birth length (Figure 7B), exponential growth rateRigure 7D),  birth lengths of cells grown in acetate or pyruvakgure 7B),
and asymmetry between daughtefSigure 7B. Interestingly, with similar CVs, which may re ect both reduced asymmetry
variation in birth length for old-pole daughters grown in (Figure 7B and sizer-like behavioHigure 7A).

glycerol is less (14.93-18.13%) than variation in new-pole Itis also notable that variation in birth length for cells gvo
daughters (17.91-20.67%), which is surprising given thim acetate Figure 7B) is not signi cantly di erent between new-
enhanced asymmetry for old-pole cell8dure 7B, as well as the and old-pole inheritors, given the di erent relationship lveten
dependence of birth length on pole adgégure 40). This may be division length and birth lengthKigures 5C, 7A) since a sizer-
explained by the observation that asymmetry is only deriveohf  based cell size control mechanism implies that there shoald b
inheritance of the old-pole, regardless of its age (Figujet88s  reduced noise in birth lengths. This expected variation ifseo
while pole age increases the birth size of old-pole inherjtitrs given the disparity between new-pole sizers and old-pole adder
does not a ect the asymmetry between new- and old-poles. Asmay however be compensated by the reduced asymmetry in
consequence, new-pole daughter birth length must incredtbe w division observed for cells grown in acetateigure 76). The
the pole age of their old-pole sibling which may lead to incegas di erences in asymmetry between glycerol, acetate, and pyeuva
observed variability in new-pole daughters compared to oléepo may further explain the lack of scalability observed in blghgth
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FIGURE 6 | Relationship between birth length and division length or gonential growth rate for cells grown with pyruvate as a solearbon source. Colors and
legends as forFigure 2. (A) Relationship between birth length and division length forlicell divisions.(B) Relationship between birth length and exponential growth
rate for all cell divisions(C) Relationship between birth length and division length foradls which inherit the old-pole from their mother celD) Relationship between
birth length and division length for cells which inherit theew-pole from their mother cell.

(Figure S7B). We also note that the noise in division eveeraft with the corresponding lengths of motherfigure 8A). Both
accounting for asymmetry between new- and old-pole cells isf these observations for all three carbon sources are censist
still much higher that what is observed & coliparticularly for  with cells obeying the adder principle although—re ectingm@o
growth in glycerol. sizer-like properties in pyruvate—this relationship is lesersj

. . compared to acetate and glycerol cells. Interestingly, we found
3.6. Effects of Inheritance on Cell Size that growth rates of daughters correlate positively with the
Control mother growth rate but there is no signi cant correlation
Given that cell size control robustly obeys the adder prireipl between their interdivision times. These relationshipsafesn
at the population level for at least two carbon sources, weiother and daughter cells were unchanged when new- and
sought to investigate the constraints of heritability orll gize  old-pole inheriting cells were analyzed separately (data not
control. In perfect adders, for example, maintaining cellesiz shown).
homoeostasis requires the added length of daughter celieto  Despite the e ects of mother-daughter correlations, decisions
independent of added length of mothers. Indeed, we nd therenade in the mother cell could potentially a ect both daughter
is no signi cant dependence for any of the three conditionscells in similar ways. To investigate this issue, we studied
but birth lengths in daughters show some positive correfatio the statistical dependence between sister cells. Surprisingly,
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FIGURE 7 | (A) Comparison of the slope of the linear relationship betweemitial length and nal length between new-pole (closed cirgls), old-pole (open circles), and
both pole (closed squares) daughter cells. Error bars depidootstrapped 95% con dence intervals. (B) Birth length and coef cient of variation (CV) of the
distributions. (C) Interdivision time and CV(D) Exponential growth rate and CV(E) Division asymmetry and CV, where asymmetry is de ned as the t of birth length
to the sum of birth lengths of both siblings.

found that added lengths and interdivision times were hyghl their cell-size regulation depending on the growth condigo
similar between sister cells, in contrast to birth lengthela Various measures of single-cell growth have been used in the
growth rates Figure 8B). These observations highlight that while literature, including linear (e.g.Aldridge et al., 2012 and
growth rates are mostly inherited, interdivision times aatled exponential models (e.g/Wakamoto et al., 20)3The method
length are already set in the mother cell. Multiple rounds ofby which growth rate is assessed can lead to signi cantlyréing
DNA-replications (as observed iBanti and McKinney, 20)5 conclusions based on the same data, thus we have determined
could potentially account for such e ects but are beyond thethis quantitatively using statistical model selection. Tdmglysis
scope of our study. We found that the above considerationeeveals that in approximately 90% of cells, independent of
are unchanged when new- and old-pole subpopulations arearbon source, single-cell growth is more accurately desdri
considered separately under all three conditions (data noas exponential growth rather than linear growtlrigure 1).

shown). This strongly implies that single-cell growth M. smegmatis
is exponential, in agreement with other authors who have
4. DISCUSSION shown that single-cell elongation is size-dependérrti et al.,

20193. Using this information, we are able to interpolate
Micro uidics coupled with time-lapse microscopy is a powerful between images in our timelapse data and correct inaccuracies
tool for determining the relationships between size and dgtow introduced by the sampling frequency (images are acquired
in single cells. Here, we have studied mycobacteria growirgvery 15min). Thus—by using tted exponential growth rates—
on three di erent carbon sources and showed that they adapbirth lengths, division lengths, and interdivision timesnche
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FIGURE 8 | Inheritance of growth parameters under different carbon sages. (A) Conditional expectation of birth length, added length, expnential growth rate, and
interdivision time for daughter cells (d) as a function of éhcorresponding growth parameter in the mother cell (m). Cols indicate different carbon sources: glycerol
(red), acetate (blue), pyruvate (yellow). For all media, weserve a statistical dependence between birth lengths in wther and daughter cells consistent with the
adder principle but no inheritance between added lengths. lterestingly, growth rate is inherited but not interdivisintime. (B) In contrast, between sister cells added
length and interdivision times are statistically dependerbut not growth rate and interdivision times.

estimated, resulting in more accurate overall estimatessrmafie- average cells add a constant length between birth and divisio
cell parameters. (3.525 0.453 um). This is in agreement with existing reports
We show here, by determining the slope of the linearfrom other authors who have demonstrated thdt smegmatis
regression line of division length against birth lengthath cells are not sizersA(dridge et al., 201} or are neither
M. smegmatiscells follow the adder principle when grown sizers nor timers $anti et al., 2093 We note that these other
with glycerol as a sole carbon sourceigure 2A). For 544 authors have used similar experimental approaches to this tepor
observed birth and division events, the slope is 0.996102 using micro uidic devices coupled with time-lapse microscopy
which is consistent with an adder model, indicating that on(Aldridge et al., 2012; Santi et al., 2)1though using 7H9
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medium rather than HdB as here. We observe very similacontrol in M. smegmatisingle cells. By separatifiyy smegmatis
growth rates and size distributions and are con dent thatrou cells at division based on whether they inherit the old-pote o
conditions are su ciently similar to allow detailed compaonn  new-pole of their mother cell, we can determine relationships
(Figure 2 Aldridge et al., 2012; Santi et al., 2)D1laterestingly, between division length and birth length as performed for
the above authors had some discrepancies when determinige whole dataset. We nd that the slope of the linear
the dependence of added length on birth length, witlilridge  regression line is not signi cantly di erent between the twab-
et al. (2012)reporting no relationship andsanti et al. (2013) populations (0.948 0.162 and 0.894 0.149) for old- and new-
reporting a minor dependence (D 0.20). Here, we observe no pole inheritors respectivelfigures 4A,B. Moreover, when the
relationship between birth length and added length, wittD  old-pole sub-population is further sub-divided by absolutegool
0.003 in agreement witt\ldridge et al. (2012though the age, there is no signi cant deviation from the adder principke
same authors also report thit. smegmatimicrocolonies appear pole age increaseBifure 4B). These results indicate that when
to synchronise their cell divisions, with signi cant di erees grown with glycerol as a sole carbon soukdesmegmatisingle
in mean interdivision times between individual microcoles. cells behave as adders irrespective of pole age, despitecsighi
Under our conditions we do not observe signi cant di erences di erences in cell size and growth.
between microcolonies with D 0.520 (Kruskal-Wallis H-test), Previous investigations of cell size control in mycobaeteri
suggesting that interdivision time is a universal paramettated have exclusively used standard laboratory medium, whetHér 7
to the population growth rate rather than a single cell variableor HdB, supplying glycerol Aldridge et al., 201Ror glucose
(Figure S2). Taken together, these data therefore imply thand glycerol anti et al., 2013; Wakamoto et al., 2013; Manina
M. smegmatisells are adders in the strictest sense, in that addeelt al., 201p as carbon sources. These sources are thought to
length is independent from birth length, when grown in glycer result in optimal growth rates foM. smegmatisells grownin
as a sole carbon source. vitro, but are unlikely to re ect physiological sources of carbon
Given that M. smegmatisells are adders when grown in for mycobacteria. We thus sought to determine how less ogdtima
glycerol, we observe interesting dependencies betweeflesingcarbon sources might a ect the growth and cell size control of
cell parameters. Added length ikl. smegmatiells appears M. smegmatisells. Recent evidence suggests khatberculosis
to depend on exponential growth rat&igure 20 with faster cells survive intracellularly within macrophages by catafidj
growing cells adding more length prior to division. We found lipids such as cholesterdgb@lamon et al., 2014; Vromman, 2,14
that a similar dependence holds fdt. coli based on the of which the metabolic products are pyruvate and acetyl-CoA
dataset offaheri-Araghi et al. (2015 data not shown; personal (via propionyl-CoA). There is signi cant evidence that both
communication with Sattar Taheri-Araghi). This is couplediw virulence and dormancy programmes iMl. tuberculosisare
the observation that growth rate is dependent on birth lengthdramatically a ected by the available carbon source, fonga
(Figure 2D), with smaller cells growing faster than larger cells atvith mycobacterial surface lipids being remodelédi( et al.,
birth (for cells grown in glycerol but not for cells grown icetate  2007. Here, we demonstrate that carbon source can a ect cell
or pyruvate;Figures 5B 6B); a dependence that is not observedsize control, and thus must be taken into consideration faufa
in E. coli How these correlations a ect the properties of cell sizenvestigations into mycobacterial physiology.
control is not clear and should be the subject of further miodg We use HdB supplemented with pyruvate or acetate as
studies (odi et al., 201§ though we note that the striking sole carbon sources in order to determine the impact of
negative dependence of growth rate on birth length has régentsuch changes on cell size control. At the population level, we
been observed in mammalian celisi(zberg et al., 20)7 clearly observe an increase in doubling time when measured
Mycobacteria extend exclusively from their cell polésgnky by either optical density or colony-forming-units, althdug
et al., 2007; Joyce et al., 2))Jahd mounting evidence points to di erences in optical density between pyruvate and acetate
preferential incorporation at one pole, with the inheritandalos  cultures are not re ected by CFU counts (Figure S6). These
growth pole (the “old-pole”) leading to asymmetry withincsesl  inconsistencies not only imply that alternative carbon sms
cell length, enhanced linear elongation rate, and potegtial reduce the mean population growth rate, but also that mean
variable antibiotic susceptibilityy(dridge et al., 2012; Santietal., cell size is altered between pyruvate and acetate cultures.
2013; Wakamoto et al., 2013; Manina et al., 2015; RichardsWhen cells are observed in the micro uidic device, there
et al., 201) We also observe signi cant di erences in birth and is a clear increase in interdivision time for cells grown in
division length between daughters inheriting the new- od-ol acetate or pyruvate compared to cells grown in glycerol, as
pole, as well as di erences in linear elongation rafég(re 3. well as a decreased exponential growth rate for cells grown
We note that in contrast withWakamoto et al. (2013ndSanti  in pyruvate (Table ). We determined how well cells grown
et al. (2013) we observe minor but signi cant di erences in in these alternative carbon sources conformed to the adder
exponential growth rate between pole inheritors, with newepol principle as seen when grown in glycerol, and observed marked
inheritors having a marginally higher exponential growthtera changes in the relationship between division and birth léngt
(0.271 0.110h1) that old-pole inheritors (0.257 0.800h1;  (Figure 7A).
Figure 3), a result that is consistent with recent data for When grown in acetate, the slope of regression line between
M. tuberculosisingle cellsiflanina et al., 2016 birth and division length is 0.964 0.140 (i D 383;Figure 5A),
Given these dierences in size and growth, we sought tavhich is fully consistent with the adder principle. However,
determine whether these factors had an e ect on cell sizevhen separating cells by the age of the pole inherited, signic
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di erences emerge, with a slope of 1.18D.212 ¢ D 197) negative dependence in both acetate and pyruvate (Figure S4F2
for old-pole inheritors, but a slope of 0.6820.187 6 D  This demonstrates that in glycerol, fast-growing cells do not
186) for new-pole inheritors which is not consistent with adivide more frequently than slow-growing cells, but do so in
perfect adder principle Rigures 5C,D. These values imply acetate and pyruvate. This observation is surprising, giten t
that old-pole inheritors, while consistent with adder, havefor cells dividing after adding a constant length, the factor
some timer-like characteristics, and that new-pole inf@st limiting division timing is growth rate. Yet we observe that
are not consistent with adders, with sizer-like propertiesalthough added length is independent of birth length, it eari
This is especially noticeable given that asymmetry betweemith the exponential growth rate.
new- and old-pole inheritors is reduced compared to glycerol The molecular mechanism underlying cell size control
(Figures 7B,B, which might suggest that there would be fewerremains an open question, but several authors have proposed
di erences in cell size control. A key prediction of the sizera model by which a protein accumulates proportionally to cell
principle, where cells divide close to some threshold length isize, and triggers division after reaching a threshéta(tes et al.,
that uctuations around this threshold are rapidly corredten ~ 1975; Ghusinga et al., 201&8uch a model can explain both
the next generation, implying that noise in birth length stbbe  adder and sizer principles, where degradation of the protein
reduced in a sizer cell compared to a pure adder. However, whik cell birth leads to adder, and equal sharing leads to sizer
we observe a reduction in noise for all cells, we do not oleseryDeforet et al., 2015; Bertaux et al., 2D There is also extensive
di erences in the coe cient of variation of birth length for aw-  debate regarding the precise point at which the adder principle
pole compared to old-pole cell&igure 7B), though this may be is applied, with suggestions that it applies solely from birth
masked by the reduction in overall asymmetry compared tecellto division (e.g.,Campos et al., 20)4or recent evidence that
grown in glycerol. it applies at the initiation of replicationHo and Amir, 2015;
Cells grown with pyruvate as a sole carbon source displajaheri-Araghietal., 2015; Si et al., 2DHowever, we are unable
a signi cant deviation from perfect adders regardless of Wwhic to speculate on the applicability of this concept in mycobaeteri
pole is inherited, which may re ect more pronounced changesince we have not tracked DNA replication.
in single-cell growth parameters: cells have reduced linear Here we have used detailed analysis of micro uidic singli-c
elongation rate, reduced exponential growth rate, and iaseel experiments to show that cell size control in mycobacteridegr
interdivision time compared to cells grown in acetate or gyt~ with carbon source, and that inherent asymmetry in division
(Table 7). As a population, the slope of birth length againstcauses e ects that are not observed in existing model species.
division length is 0.832 0.137, a deviation from the adder Previous investigations of cell size control in mycobaeteri
principle which is retained in new- and old-pole cells with have exclusively used standard laboratory medium, utijzin
slopes 0f 0.815 0.221 and 0.767 0.192 respectivelfr{gure 6).  carbon sources that are unlikely to be available natur&ife.
Interestingly, a recent paper on cell size controlEncolihas demonstrate that utilizing glycerol, mycobacteria behage a
observed that cell size control appears sizer-like at slowtgrowadders, but when provided with alternative carbon sourcas, ¢
and adder-like at fast growth\Wallden et al., 200)6which  modify this behavior. The inherent heterogeneity introeédc
appears to be in agreement with these data, although theby asymmetric division also appears to cause deviations from
di erences in growth rate were far greater compared to thisghe general principles observed iB. colj but also display
study. As with acetate, noise in birth length is reduced coraga characteristics not observed in other asymmetric specieb su
to glycerol, and consistent with sizer-like properties, egdlgc as C. crescentusWe believe that further investigation of
given that asymmetry is similar in pyruvate compared to glgter the relationship between single-cell growth and population
(Figures 7B,B. heterogeneity may inform reports of variable antibioticei@nce
There has been renewed interest in the age-structurm mycobacteria.
observed in micro uidic experiments with signi cant variains
in cell division rates Powell, 1956; Hashimoto et al., 2016;
Thomas, 201)( In cell populations, such uctuations cause AUTHOR CONTRIBUTIONS
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