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Abstract

Organisms use a variety of strategies to adapt to their environments and maximize long-term
growth potential, but quantitative characterization of the benefits conferred by the use of such
strategies, as well as their impact on the whole population’s rate of growth, remains challenging.
Here, we use a path-integral framework that describes how selection acts on lineages —i.e. the life-
histories of individuals and their ancestors— to demonstrate that lineage-based measurements can
be used to quantify the selective pressures acting on a population. We apply this analysis to E. coli
bacteria exposed to cyclical treatments of carbenicillin, an antibiotic that interferes with cell-wall
synthesis and affects cells in an age-dependent manner. While the extensive characterization of the
life-history of thousands of cells is necessary to accurately extract the age-dependent selective
pressures caused by carbenicillin, the same measurement can be recapitulated using lineage-based
statistics of a single surviving cell. Population-wide evolutionary pressures can be extracted from
the properties of the surviving lineages within a population, providing an alternative and efficient
procedure to quantify the evolutionary forces acting on a population. Importantly, this approach is
not limited to age-dependent selection, and the framework can be generalized to detect signatures
of other trait-specific selection using lineage-based measurements. Our results establish a
powerful way to study the evolutionary dynamics of life under selection, and may be broadly
useful in elucidating selective pressures driving the emergence of antibiotic resistance and the
evolution of survival strategies in biological systems.

The theory of natural selection is based on the concept of fitness, which quantifies an
organism’s ability to reproduce and transmit its genetic information to its offspring [1]. The
fitness of an organism, however, is notably difficult to measure directly [2-4], especially
when the selective pressure is weak or depends indirectly on an organism’s phenotype and
external environment. In microorganisms, conventional measures of fitness typically rely on
the instantaneous growth rate in a constant environment, but this approach fails to provide a
complete measure of fitness that accounts for natural environmental fluctuations [5-7]. In
order to optimally respond to unstable environments, cells have to optimize the fitness
tradeoffs involved in the use of strategies —such as phase variation [8], phenotypic switching
[9], or epigenetic inheritability [10]- which stochastically generate heterogeneity within the
population at typically low rate to adapt to changing environments [11-13]. While
traditional approaches to determine the fitness of a species can involve the analysis of
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population-wide properties (e.g. coalescence statistics [14], the variance of a trait in a
population [15], or the rate of allele growth [16]), precise characterization of selection forces
remains challenging. This challenge is compounded by the importance of life-history traits,
i.e. the dependence of growth rates and survival on organisms’ ages and reproductive history
[17-19]. Unless every reproduction and death event within a population is monitored for
extended periods of time to account for low-probability events, an explicit and sensitive
measure of selection is rarely obtained in biological systems.

Here, we propose a method to determine an organism’s fitness that relies on the distribution
of properties of lineages — i.e. the full history of a cell and of its ancestors — to extract the
evolutionary pressures affecting a population. In the lineage formulation, a population is
viewed as a collection of histories that reproduce and evolve over time [20]. As we discuss
below, due to exponential growth, the set of lineages present at any given time in a
population (i.e. the surviving lineages) exhibit a statistical distribution that maximizes
fitness over the entire collection of possible lineages according to a variational principle.
These optimal lineages balance a trade-off between (a) increasing their numbers by using
individuals with more offspring than expected, and (b) decreasing their numbers by trading
the more numerous, typical individuals for the rare, high-performing individuals. This
optimization occurs automatically, given sufficient time, in any continuously proliferating
population and yields surviving lineages with a statistical distribution that differs from that
of typical individuals in isolation.

Remarkably, we find that a few of those surviving lineages provide sufficient information to
determine the selective forces acting on the whole population. This result may seem
particularly surprising, especially because the fitness of individuals that contribute to
surviving lineages deviates substantially from that of typical individuals observed
independently within the population. For example, individuals that die do not contribute to
surviving lineages, yet mortality is a key determinant of fitness that seemingly should
require explicit measurement. Likewise, individuals that by chance reproduce more often
than others might be overrepresented in surviving lineages compared to their frequency in
isolation.

In this article, we show that while surviving lineages provide information about only a small
fraction of all individuals in the population, they possess a statistical distribution which can
be used to precisely infer selective forces and their magnitude. Importantly, we demonstrate
that the under-representation of certain individuals (e.g. those that die) along a lineage is as
informative as the over-representation of others. For example, absence of individuals above
a certain age along lineages can be used to deduce a sharp decline in reproductive capacity
with age (due to the combined effects of mortality and fecundity). In contrast, deducing the
same using the conventional approach without lineages would require significantly more
data: one would need to observe many individuals that aged and did not reproduce, whereas
along a lineage their absence is by itself highly informative.

We apply the lineage approach to infer the life-history traits of E. coli bacteria subjected to
cyclical antibiotic treatments. Before describing our main results, we first review in the next
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sections the basic theory connecting lineage analysis and life-history traits (see [21] for
further details).

Life-History Traits and Strength of Selection

Our analysis will examine two basic life-history traits, both of which are functions of the age
x of an organism: the survival function, ¢(x), which is the probability that an individual
reaches age x, and the age-dependent reproduction rate, b(x), also known as fecundity,
which is the rate of offspring production at age x [22]. The product of these two functions is
called the reproductive function k(x)= ¢(x)b(x), and it specifies the total reproductive output
of individuals at age x [23]. We define «(x) = k’(x)/k(x), which measures how quickly the
reproductive rates change as a function of age; e.g. if fecundity is constant at all ages, then
x(X) represents the age-specific mortality.

Quantifying these life-history traits provides detailed information on the reproductive
potential of individuals (i.e. their fitness). However, information about the the fitness of an
organism alone cannot predict which features of the life-history are under the strongest
evolutionary pressures within a population. Measuring the strength of selection acting on
life-history traits requires further analysis.

Hamilton formulated an elegant approach, using the sensitivity of the population’s long-term
growth rate, A, to changes in £(x) and b(x) to measure selection strength [24]. The quantity
SA/h(X) measures the impact on the population’s growth rate of a small change in a life-
history trait h acting at age x, and provides a direct link between the behavior of individual
cells and the population-wide properties of a biological system. As an example of this
formalism, consider two small boosts in the trait, dh(x1) and dh(X»), which have the same
magnitude but affect individuals at age x; and Xy, respectively (Fig. 1a). This change in
fitness may result from mutation, an epigenetic modification, a different survival strategy,
etc. Each ¢h affects two different classes of individuals and, as a consequence, may have a
very different impact on the population’s overall growth rate A (Fig. 1b—c). The impact of
these small boosts in fitness will depend on the relative contribution of the targeted
subpopulation to the population’s overall growth. For example, decreasing infant mortality
in human populations has a much greater impact on a country’s population growth rate than
prolonging life-expectancy of individuals past reproductive age. In practice, Hamilton’s
sensitivity analysis yields a formula for computing 5A/dh(x), given precise measurements of
life-history traits on a sufficiently large sample of individuals [23].

We next show how lineage analysis provides a much more direct measurement of
Hamilton’s strength of selection, and uses the population’s dynamics as a whole to infer the
sensitivities.

Lineage Dynamics and the Optimal Lineage Relation

We consider a growing asexual population consisting of individuals that reproduce and
survive according to given life-history parameters b(x) and #(x). At any given time t > 0,
each individual in the population can be traced back to the initial cell present at time 0, and
its lineage of ancestral cells can be recorded. Such lineage tracing analysis yields a function
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o(t"), which specifies the age of the ancestral cells at each point in time t’ < t along the
lineage. Each time a new ancestral cell is born along the lineage, the value of o(t’) jumps
back to zero. Since the set of all possible lineages in a population is astronomically large, for
analysis purposes it is useful to coarse grain lineages into large groups. For life-history traits
such as 1(x) and b(x) that depend on age alone, and do not depend on the precise order of
reproduction events in a lineage, one can group lineages by their lineage age distribution,
o(X), which specifies the frequency of age x along a lineage. For each value of p, there exists
a large number of distinct lineages having p as their lineage age distribution; their number
grows exponentially with time with a rate s(0). This exponential growth is purely entropic,
i.e. due to the increasingly large number of possible lineages as the total time increases — we
call s(p) the lineage entropy. Moreover, due to reproduction and differential survival, the
frequency of each distinct lineage grows (or declines) in the population exponentially at a
rate which we call the lineage fitness, f(0). Together, this implies that the number of cells in
the population that have lineage age distribution p is given by ets(etf(0),

Next, we consider the total size of a population N(t) by summing over all possible values of
the distribution p. We obtain

N(t):fet[S(P)+f(P)] Dp, (1)

where the integral is carried out by summing over all the possible age distributions p. This
path-integral expression provides a key intuition about the population’s lineage structure. As
the total time t increases, lineages with age distribution p that maximize s(p)+ f(o) will
exponentially outcompete all other lineages. These optimal lineages therefore dominate the
population at long times; we call their associated age distribution p«. By the same reasoning,
equation (1) also shows that the long-term growth rate of the population, A = (1/t) log N(t),
is equal to s(o«)+ f(o«). In fact, it is possible to calculate explicitly the lineage entropy and
fitness, and maximize their sum over all possible pto find o« as a function of life-history
parameters [21]. And, inverting the relationship, one can infer the life-history traits by
measuring the lineage age distribution p« (see below). Using our experimental data, we will
show that this procedure provides very accurate measurements using a relatively small
amount of lineage data.

More than just a convenient tool, the lineage formulation makes deep connections between
life-history analysis and evolutionary theory. In particular, it shows that Hamilton’s
sensitivity measure is fully determined by the optimal lineages [21], in the following way:

oA ) ' '
() =p.(z) (Optimal Lineage Relation) (2)

Remarkably, this relation states that the change in long-term growth rate that would result
from the specified change in life-history traits is in fact already imprinted in the optimal
lineage distribution — it is simply the observed frequency of the given age along an optimal
lineage. Moreover, this sensitivity, which reports on trait-specific selection acting on the
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entire population is determined by a measurement made along a single optimal lineage.
Using this relationship, any other sensitivity, such as e.g. dA/5¢(x), can be determined [21].

In experiments, measuring the optimal lineage age distribution may be challenging, as very
few organisms possess a lineage distribution equal to p«(x) over short timescales, while an
exponentially growing population cannot be accurately tracked over long timescales.
However, even in a bounded population of continuously reproducing cells, the time-
averaged rate of cell divisions converges to A, and the distribution of surviving lineages,
denoted by 5(x), approaches the optimal lineage distribution at t > 1. These results have
been demonstrated theoretically in [20]. Here, we apply the lineage formalism to cyclical
antibiotic treatments known to affect E. coli bacteria in an age-dependent manner to confirm
that 1) the surviving lineage o is a good approximation of px, and 2) the optimal lineage
relation described in Eq. 2 provides an accurate measurement of Hamilton’s selection
strength for life-history traits. Our approach demonstrates that measuring the properties of a
single surviving lineage (i.e the “path” which maximizes the survival probability) provides a
fundamentally novel conceptual framework to extract the selection forces acting on a
populations. These results have powerful implications: instead of measuring the survival and
growth rate of all members of a population, we show that monitoring the properties of the
surviving lineage in a population is sufficient to determine individuals’ life-history
parameters, while simultaneously characterizing the selection pressures acting on the
population as a whole.

Antibiotic treatments and age-dependent selection

We chose carbenicillin, a member of the carboxypenicillin antibiotic family which is known
to interfere with cellular growth by preventing cross-linking of peptidoglycan units during
cell-wall synthesis [25, 26], as an age-dependent selective agent. Bacteria often survive
antibiotic treatments by stopping cellular divisions, but not elongation, during exposures to
cytotoxic agents [27]. Furthermore, analogs of carbenicillin have been shown to specifically
target cells undergoing cellular division [28, 29], suggesting that division rather than cell
wall synthesis is the main factor that increases the sensitivity to antibiotics.

To experimentally test whether carbenicillin affects bacterial cells in an age-dependent
manner, we first monitored 18 different populations of E. coli bacteria growing inside a
microfluidic device (Fig. 2a) and subjected them to a 20-minutes pulse of a lethal dose
carbenicillin (100ug/mL) every 90 minutes. A fluorescence micrograph of each population
was recorded every minute and each image underwent processing to extract the
physiological properties (e.g. position, length, age, elongation rate) of each cell. Cells grew
and divided in a monolayer within the chambers, and were removed either by antibiotic-
mediated killing or by “flow” death, i.e. departure from the growth chamber due to cellular
growth (Fig. 2a).

Before the first antibiotic treatment, the average number of cells in each growth chamber,
shown in Fig. 2b, was stable, indicating that cell divisions and “flow” deaths (Fig. 2a) were
balanced. Then, the number of surviving cells systematically decreased following each
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antibiotic treatment, and the population recovered and stabilized at a lower population size
that was sustained over time (consisting of ~15-30 cells). While a small fraction of cells still
undergo a “flow” death during and after the antibiotic treatments, most of the population
decrease is attributed to cell lysis. The occurrence of every lysis event was recorded and the
average lysis rate following each treatment is shown in Fig. 2b, demonstrating that cell lysis
is highly correlated with the antibiotic treatments (Fig. 2b, lower panel). No resistance to the
carbenicillin treatments emerged and cells remained susceptible to the antibiotic after 25
treatments.

Fig. 2c shows the lysis rate averaged over each 90 minutes treatment. The lysis rate
increased linearly with carbenicillin exposure and peaked approximately 10 minutes after
external carbenicillin has been removed. The survival probabilities under other fluctuation
regimes are shown in Fig. S1. Under these experimental conditions, a given cell has a
cumulative probability of approximately 27% to undergo lysis following each treatment
[30].

To determine whether cell lysis occurs in an age-dependent manner, we next calculated the
age-dependent lysis probability for cells under cyclical carbenicillin treatments. We find in
Fig. 2d that the lysis probability is strongly dependent on the time since the last division, and
progressively increases by a factor of ~3 when the time since the last division exceeds 25
minutes. In fact, this threshold coincides with the average division age of cells growing in
the absence of carbenicillin treatments (Fig. S2), suggesting that cells nearing divisions may
be more sensitive to carbenicillin treatments.

Life-history measurements of the reproductive function

In order to directly quantify the selective forces acting on the cells during the antibiotic
treatments, we next measured the age-dependent division rate g(x) and the survival function
4(x). Note that since each cell division yields two cells with age zero, the reproductive rate is
twice the division rate, i.e. b(x)=2q(x). We denote by m(x) the age-specific antibiotic killing
rate, and since both killing and cell divisions remove cells from any given age, we have I'/l =
—qg — m. Both q(x) and I(x) were measured for two different experiments in which cell
populations were grown either under cyclical carbenicillin treatments (Fig. 3a—b, blue line)
or under constant conditions (Fig. 3a—b, dashed line). Under cyclical carbenicillin
treatments, the large number of environmental periods (25 cycles) and the large number of
independent populations (n=18) ensured that the q(x) and I(x) functions converged to a
stable form when averaged over the entire duration of the experiment.

To measure q(x), we first identified every division that occurred inside the growth chambers
and compiled the time since the cell’s last division for each event. We next used this
information to compute the age-dependent division probability for all ages x € [0, 100]
minutes. Under carbenicillin treatments, we obtained a bimodal distribution because cells
tend not to divide under antibiotic treatments (Fig. 3a, inset). Cells avoid dividing during
each treatment, and only resume divisions approximately 20 minutes following antibiotic
removal (Fig. S3).
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The survival function ¢(x) is shown as a function of cell age, the time since last division
(Fig. 3b). The survival probability is lower at ages < 28 minutes for cells subjected to
carbenicillin treatments, confirming the age-dependent lysis rate measured above. The
fraction of cells that reach older ages, on the other hand, is increased in the presence of
carbenicillin treatments. This observation, as we show below, is consistent with the presence
of persister cells within the population whose cell division rate is reduced during antibiotic
exposures.

We show in Fig. 3c the cause of death for cells growing inside the growth chambers under
carbenicillin treatments, which is either lysis or “flow” death. While the fraction of cells that
die through cell lysis remains stable during the first cycle (t< 90 minutes), it progressively
decreases with each antibiotic cycle. Fig. S3 shows that carbenicillin treatments have no
effect on cellular growth, implying that the increase in “flow” deaths is not attributed to a
change in cell elongation rate. Instead, we observe that most of the cells that survive
multiple treatments are slow-growing cells (i.e. persister cells [31-33]) which are unaffected
by repeated antibiotic treatments (Fig. 3d). Cells were more likely to be observed in a
persister state with increasing cell lifetime (i.e. time since birth), which leads to a decrease
in the average growth rate of the population (Fig. 3e). Persistence, an example of a
reversible stochastic switch, is a beneficial survival strategy when environments change
infrequently [11, 34]. In our experiments, the timescale of the carbenicillin treatments is fast,
on the order of the cell division time, hence reversal of persistence is not beneficial and does
not contribute significantly to population growth (Fig. 3d).

Optimal lineages and selection: experiment

Having directly measured cells’ life-history parameters, we next attempted to extract the
same information from lineage analysis of a single surviving cell within each population.
Indeed, from the preceding analysis of lysis timing, we expected the lineages that survived
the 25 carbenicillin treatments should exhibit obvious differences from those which did not
—e.g. by avoiding divisions just before, during, or just after carbenicillin treatments.
Therefore, the lineage age distribution for surviving lineages should differ from the
population-wide average (Fig. 4a). We first compare in Fig. 4b the average age of the
lineage and of the whole population over a single 90-minutes treatment, and draw two
observations: 1) the average age of the lineage is higher than the population’s for the interval
t =[-20, 50] minutes, suggesting that the surviving cells go through a lower number of
division events and 2) the average age of the surviving lineage decreases less rapidly upon
antibiotic removal (t = [20, 40] minutes), indicating that the surviving cells, on average, did
not immediately divide after carbenicillin has been removed from the environment. Both 1)
and 2) indirectly confirm a strong age-dependent lysis rate caused by carbenicillin
treatments, where the surviving lineage avoided division during sensitive ages. We stress
that this observation does not imply active decision-making in individual cells, and may
arise as a direct consequence of age-dependent selection.

Conversely, the age-dependent structure of the surviving lineage differs from the population
average. Fig. 4c shows that the surviving lineage contains a larger fraction of cells whose
age is between 25 and 60 minutes and a lower fraction of younger cells. This over-
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representation in the 25-60 minutes range suggests that cells in the surviving lineage are, on
average, able to avoid cellular lysis during the carbenicillin treatments. The population, on
the other hand, contains many lineages that terminated following a carbenicillin treatment,
so a lower fraction of cells survive past the age of 25 minutes. The over-representation of
younger cells in the population distribution, a phenomenon also observed in the absence of
selection (Fig. 4c, inset), results from the continuous flow of cells out of the channel at a rate
equal to the population growth rate A —whereas the surviving lineage consists precisely of
those cells that escaped this removal process.

The signatures of the age-dependent selection caused by carbenicillin treatments detected in
Fig. 4b—c confirmed that the surviving lineage differs from the population-wide
distributions. We next used the surviving lineage distribution ps(x) to directly extract the
reproductive function k(x) and compared it with the life-history measurements obtained in
Fig. 4. In [21], the following explicit expression for the optimal lineage age-distribution was
derived:

1o o
p*(m):;fz k(T)e AT qr (3)

where 7is the mean age of the mothers at birth. Inverting this expression, we obtain

dp« ()
ky(z)=—Tele 0L (4
(@)= T @
which enables the reproductive function, labeled here as kg(x), to be measured using the
optimal lineage statistics p«. In addition to p«, inversion requires A to either be
independently measured or inferred directly from the lineage statistics. For example, in the
absence of mortality (m = 0) all cells eventually divide, and the total expected number of

offspring of each cell is [°k(z)=2. Applying this constraint in (4) allows A to be
determined from the lineage data alone. In our analysis of the data, which involves cell
death, we avoided making this assumption and measured A directly in the microfluidics
device. Interestingly, however, we found that the value of A measured (0.024 + 0.003
min~1) was in close agreement with the value inferred from lineage data (0.023 + 0.004
min~1). This observation indicates that cells are able to make up for reduced division rates at
younger ages, when mortality is high (Fig. 3b), by increased division rates later in life (Fig.
3a). In different biological contexts, different constraints on k(x) may exist, which would
similarly enable inference of the growth rate A from lineage analysis.

In Fig. 4d, we plot the reproductive function kg(x) extracted from the age distribution of the
surviving lineage shown in Fig. 4c using Eq. 4 (blue circles, see methods section for details).
The measurement of ky(x) is made using the lineage statistics of a single surviving cell in
each of the 18 populations. We next compare this reproductive function with the
experimentally determined k(x) from the life-history traits b(x) and ¢(x) measured in Figs. 3a
and b, respectively (Fig. 4d, dashed line). The function k(x) is obtained by combining every
division and lysis events (Ngj, = 15004,N,ysjs = 6785) that occurred in the 18 populations.
Strikingly, both measurements used independent methods to find reproductive functions that
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are in very good agreement, especially when considering the shape of x(x), a more natural
measure of an organism’s fitness [21] (Fig. 4d, inset).

Each method provides an accurate measurement of the reproductive function, and while both
agree within experimental error, extracting k(x) from the surviving lineage os(x) requires a
significantly lower amount of data. Indeed, instead of monitoring all members of a
population and explicitly measuring the reproductive function k(x), we have shown that it is
enough to track a single cell back in time, record every division event to derive the age-
distribution ps(x), and use Eg. 4 to measure kg(x) with a similar level of accuracy. We note
that, in contrast to lineage statistics, the population age distribution cannot in general be
used to infer the reproductive function, as it is determined by I(x) and A, and does not
contain explicit dependence on b(x) [21]. Our results demonstrate that 1) the surviving
lineage measured in the growth chambers is a very good approximation to the optimal
lineage and 2) lineage-based measurements provide an alternative, and more direct, method
to characterize the selective forces acting on a population.

DISCUSSION

In this paper, we applied the optimal lineage formulation of population dynamics [21] to
quantify the growth and survival of E. coli bacteria subjected to cyclical treatments of an
antibiotic shown to affect cellular lysis in an age-dependent manner. We first measured the
survival and reproductive functions directly from life-history data by monitoring and
compiling every lysis and division event in 18 separate populations under 20 minute
treatments of a lethal dose of carbenicillin. We then confirmed the optimal lineage
formalism by inferring the age-dependent reproductive function using the lineage data alone.
Strikingly, the properties of a few surviving lineages provided a highly accurate
measurement of the reproductive function.

Our approach provides a simple yet powerful method to study selective pressures acting on
populations. Using the optimal lineage relation (Eq. 2), which links between selective
strength on life-history traits and surviving lineages statistics, one can directly measure the
strength of selection in a model-free way. Moreover, by applying this relation using a
specific model of reproductive fitness, we have shown that signatures of age-dependent
selection can be extracted from the statistical properties of a few surviving lineages.

The result outlined in Eqg. 2 can be generalized to include other traits, for example
phenotypic states [20] or other physiological properties. Since a population’s growth rate A
depends exclusively on the form of the optimal lineage distribution px, knowledge of the
optimal (or surviving) lineage distribution can be used to generate relations similar to Eq. 2.
Broadly speaking, any observed difference in trait frequency along a surviving lineage vs. in
individual cells within a population suggests that the trait experiences selection during the
population dynamics. For instance, the surviving lineage and population distribution of 1)
position inside the growth chamber and 2) elongation rate for cells grown under constant
conditions differ (Fig. S4), suggesting that both of those properties are subject to selection
within our device. From lineage statistics, we can infer that birth location inside the growth
chamber is the strongest selective pressure acting on the population, and the optimal lineage
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relation suggests that the population would benefit the most by increasing the fitness of cells
away from the main flow channel (Fig. S4).

From an epidemiological perspective, studying the ancestry of a single individual provides a
better estimate of the selection pressures than by looking at a cross-section of the population
at a fixed time [35]. By measuring the properties of the surviving lineages within a
population, it may be possible to directly infer the traits, behaviors or survival strategies that
directly affect species’ survival. Trait values that are most often observed along lineages will
maximally affect the growth rate of the population. Recognizing the specific traits of
surviving members of a population can provide great insight into the evolutionary pressures
acting on individuals. Generalizations of this path-integral approach to other biological
systems can thus be used to detect and characterize the selective pressures acting on a
population, and we hope they may provide significant insight into the emergence of survival
strategies —such as antibiotic resistance— and the initial steps of speciation.

METHODS AND MATERIALS

Strain construction

The non-motile F3 strain of E. coli used in these experiments was obtained from the
Wakamoto lab (University of Tokyo). The strain is based on the W3110 background and has
the fliC, fimA, and flu gene knocked out to decrease cell aggregation and surface adhesion
[36]. The strains carried a plasmid conferring kanamycin resistance and expressed GFPmut2
under the control of the rpsL promoter [37].

Device description and fabrication

E. coli were grown inside 7.5 microns wide by 50 microns long by 1 micron high growth
chambers. The device was made using standard soft lithography techniques on a SU-8
master and details concerning the device fabrication have been described elsewhere [38]. A
constant rate of liquid flow was maintained inside the main flow channel. Each reservoir
was pressured to 6psi and flow was controlled using inline solenoid valves (Cole Parmer)
connected to a computer-controlled arduino microcontroller.

Experimental conditions and cyclical antibiotic treatments

Cells from a —80C storage were plated on an agar plate containing Luria Bertani (LB) broth
and 50ug/mL of kanamycin. A single colony was suspended in fresh LB+kanamycin and
grown until it reached an ODgqg of 0.2. Then, 4 mL of the cell culture was spun down and
resuspended in 10uL of fresh LB. The concentrated cell culture was then inoculated inside
the output port of the microfluidic device and the cells were flushed out of the main chamber
with fresh LB 5 minutes after inoculation. Tubes connected to either a LB+25 pg/mL
kanamycin reservoir or LB+25 ug/mL kanamycin+100pg/mL carbenicillin were attached to
each input port. For experiments performed under constant conditions, only a single input
port connected to a LB+25 pg/mL kanamycin reservoir was used. Micromanager [39] was
used to control the microscope, record a fluorescent image (Andor Luca, Andor) of each
growth chambers every minutes, and control the state of each solenoid valve. While 20
growth chambers were monitored during the experiment, only 18 were used in the analysis:
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two chambers were excluded because the number of cells decreased to zero less than 10h
after the start of the experiment.

Image processing and path reconstruction

A gaussian blur filter was applied to each image to remove features smaller than 0.75 pixels
and a boxcar filter is used to remove features greater than 7 pixels. The filtered image was
then converted into a binary image using an adaptive threshold method (box size = 15
pixels) and a custom routine applied to the resulting image separates touching cells using a
watershed algorithm [40]. Each cell within the binary image was then labeled and an
algorithm is used to extract each cell’s position, length, width, orientation, and fluorescence
intensity. The area that overlaps between all cells in different frames was recorded and the
generated assignment problem was solved using the Hungarian algorithm [41]. From the
reconstructed cell path, a second round of processing was used to correct mistakes in
tracking [40] to generate the life-history data.

Divisions, age, elongation rates and lysis events

Division events were found by locating sudden decreases in cell length that are either greater
than 1.5 microns or 30% of the total length of a cell. Then, the algorithm assigned a mother/
daughter relationship based on pole inheritance (i.e. the mother inherits the older pole)
following each division event. This information was then used to assign to each cell an age
and a lifetime variable: the age of both the mother and the daughter is reset to zero at every
division event while the lifetime continues to increase over time. With the exception of Fig.
3c and e which used lifetimes, all of our analysis used cell ages. The elongation rate was
found by fitting an exponential function to the length of each cell between two division
events (L(t)= L(0)e™). Lysis events were found by locating cells that cease to exist a distance
larger than 5 microns away from the end of the growth chamber; cells that died closer than 5
microns from the end of the growth chambers were assigned a “flow” death.

Age distributions and the reproductive function

The age distribution for all cells present inside the growth chamber at each time was
computed and averaged over time to find the age distribution in Fig. 4b—c. The reproductive
rate b(x) was found directly by computing q(x), the probability that a cell underwent a
division event between age x and x + 1 for all ages x € [0, 100] minutes (Fig. 3a), and using
the relation b(x)=2q(x). The survival function ¢(x) (Fig. 3b) was found by computing the
probability that a cell survived to age x using every life-history that ended in either cell
division or lysis; those that ended in a flow death were excluded since these events are due
to population growth rather than intrinsic physiology of individual cells. The reproductive
function was then computed using k(x)= I(x)b(x) and x(x) = k’(x)/k(x) was computed by
taking the derivative of k(x). A 3-point moving average filter was applied to k(x) before
differentiation to find (x). Since we averaged over all periods with and without
carbenicillin, our results pertain to effective, time-averaged parameters.
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Measurements of the growth rate A

Two independent growth-rate measurements were used: one based on population-wide
division rates (Ap) and a second that used only the lineage data (Ay). First, Ap was
determined from the unique solution [21] to the expression

fgok(r)e_/\?“xdzzl, (5)

which can be obtained from Eq. 4 by multiplying both sides by e™** and integrating, noting
that p= (0) = 1/ = _Using the reproductive function shown in Fig. 4d (dashed line), this
method yields A, =0.024 + 0.003 min~1 mean + std. dev., n=18). The second method used a
constraint on k(x), assuming the expected total reproductive output of each cell is two, i.e.

S5 k(z)=2. Applying this constraint, integrating both sides of Eq. 4 over x (by parts on the
r.h.s.) yields an equation for A, that depends on p« (x):

(A7) [ M pu(z)dz=1 (6)

The equation above was used to find Ay exclusively with the lineage data. The value of =
28 minutes (std. dev = 2 minutes, n = 18) was found by calculating the average cell division
time along each lineage, and we computed A, =0.023 + 0.004 min~1 (mean =+ std. dev.,
n=18).

Lineage analysis

In each of the 18 growth chambers a single cell present at t=40h was randomly selected and
was tracked backward in time until time t=0h to generate a lineage history (2 populations
were rejected because no cell survived past T=10h). The the growth rate Ay and the age
distribution ps(x) along each surviving lineage was then used in combination with Eqg. 4 to
infer the reproductive function kq(x) from lineage data. The reproductive functions obtained
from each of the 18 lineage histories were then averaged together to generate ks(x) shown in
Fig. 4d (blue line).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Strength of selection on life-history traits and the optimal lineage relation. a) A behavioral

change (e.g. a mutation, an epigenetic modification, or a different survival strategy) causes a
small increase in a life-history trait oh(x;) for cells at age x;. b) At steady-state growth after
sufficiently long time, a population is dominated by cells whose ancestral lineage has an
optimal age distribution p«(x). The distribution p«~ determines what portion of lineages
benefit from the small boosts in fitness at ages x; and x». ¢) The change in growth rate SA
resulting from the boost in fitness at age x; is precisely equal to 6h - p~ evaluated at x;. In this
example, the change in growth rate is larger at age x; because it affects a larger fraction of
the population’s lineage history.
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FIG. 2.
Lytic response to carbenicillin antibiotics. a) Schematic representation of the microfluidics

device, where cells confined to growth chambers are monitored for hundreds of generations.
b) The number of cells decreases sharply following each 100 ug/mL carbenicillin treatment.
The measured lysis rate is also in phase with the antibiotic treatments. c) Average lysis rate
in response to each 20-minutes treatment of carbenicillin (number of treatments = 25). The
lysis rate peaks approximately 10 minutes after antibiotic removal. d) The rate of cell lysis
increases with cell age (mean = std. dev., n = 3 minutes).
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FIG. 3.
Age-dependent growth and survival functions. a) The age-dependent division probability

obtained from life-history measurements of a population under cyclical carbenicillin
treatments (q(x), blue line) differs from a population grown under constant conditions
(dashed line). Inset: the bimodal distribution of q(x) is caused by the carbenicillin-dependent
division rate, where cellular divisions are avoided during carbenicillin treatments. b) Graph
of the survival function ¢(x) under carbenicillin treatments (blue line) as a function of the
cell age. A non-negligible fraction of persister cells survive more than 2h under carbenicillin
treatments compared with a population grown in the absence of selection (dashed lines).
Inset: Carbenicillin treatments decrease the survival probability for ages < 28 minutes (blue
line) compared to an untreated population (dashed line). c) The fraction of cellular deaths
caused by lysis decreases once cells survive a single carbenicillin treatment cycle (dashed
line at t = 90 minutes). d) An example of a persister cell which survives multiple antibiotic
treatments, but fails to revert to a proliferative state. e) The average elongation rate
decreases with increasing cell lifetime for cells under cyclical carbenicillin treatments (blue
line) but remains constant for the untreated population (dashed line).
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FIG. 4.
Lineage distribution and selection. a) Diagram illustrating lineage (teal) and population

(orange) measurements. b) The average age of the surviving lineage is lower than that of the
population average during each treatment cycle, suggesting that the surviving lineage, on
average, goes through a lower number of divisions. ¢) The age-distribution of population is
underrepresented for ages between 25 and 50 minutes and enriched with younger cells. The
different distributions reflect the age-dependent rate of lysis, whose effect is to remove older
cells from the population but not from the surviving lineage. Inset: Although there exists
differences between the lineage and population age distributions for cell populations grown
in the absence of selection (i.e. constant conditions), no enrichment for cells older than 25
minutes is observed in the lineage age distribution. d) Comparison between the two
measurements of the reproduction function, obtained using direct life-history measurements
(k(x)= b(x) #(x), dashed line) or extracted from the surviving lineage age-distribution (ks(x)
in Eq. 4, blue circles) are in very good agreement. Data is reported as the population average
+ std. dev. (n = 18 populations). Inset: comparison between the rate of change of the
reproduction function (1q(x) = k/(x)/k(x)) obtained from the life-history and surviving lineage
measurements (mean + std. dev., n = 18 populations)
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