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A new approach is able to quantify the environmental effects on an evolving organism by analyzing
just a small number of surviving individuals.
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In the theory of evolution, fitness is not merely about
survival; a species also has to reproduce. Bacteria that
express a drug-resistant trait may outlive an exposure,
but if this trait slows the growth of the cells, they may not
be able to divide quickly, putting them at a disadvantage
once the drug is removed. The fittest organisms there-
fore adopt traits that allow a trade-off between survival
of an environmental stress and an ability to reproduce
[1]. Evolutionary biologists quantify this fitness with a
mathematical “reproductive function,” which depends on
a selected trait (such as age) and whose height gives the
probability that a species with that trait will survive and
reproduce. This function can, for example, provide a
useful metric in drug trials, and it could help evaluate
the effects of environmental stresses—such as changing
food supply or human intervention—on plants and an-
imals. But determining it entails following thousands
of individuals and monitoring their every reproduction
and death event for extended periods of time. Guillaume
Lambert from the University of Chicago and Edo Kussell
from New York University demonstrate with experiments
on bacteria that the same information can be obtained
from a single surviving-cell lineage, the chain of offspring
from an ancestor to a surviving cell [2]. This approach
would make it possible to quickly assess, with far fewer
measurements, the effects of an environmental stress in
experimental trials.

Lambert and Kussell rely on a theoretical framework,
first introduced by Kussell and his colleagues in a pre-
vious publication [3], that makes a mathematical link
between the age-dependent reproduction function for a
population and that for a surviving lineage. Here’s the
basic idea: The population size at time t is simply the
sum of the statistical weights of all possible lineages of
length t, known in physics as the “path integral.” The sta-
tistical weight of each lineage is determined by its growth
rate. Under selection pressure, the surviving population

is that which maximizes the integral and it’s therefore
made of the optimal lineages with the maximal growth
rate. In other words, the surviving population is domi-
nated by the optimal lineages. As a result, the distribu-
tion of a selected trait (such as age) in the population is
similar to that exhibited by the optimal lineage. Now,
as the probability of a selected trait changes, so too will
the growth rate of the population: this is because repro-
ductive ability depends on the trait. The same is true in
the optimal lineage. Hence, by measuring the population
growth rate, and the selected trait distribution along one
optimal lineage, one should be able to calculate the re-
productive ability of cells as a function of the selected
trait (the reproductive function). This is what Lambert
and Kussell demonstrate experimentally for the case that
an environmental stress selects for age in bacteria.

Lambert and Kussell study bacteria growing in a so-
lution exposed to a cyclic dose of the antibiotic carbeni-
cillin. The probability of cells dying when exposed to this
drug increases with cell age, so the bacteria experience a
life-history-dependent stress that isn’t constant, and its
effects would normally be difficult to quantify without
characterizing a large population for extended periods of
time. The bacteria carry a plasmid that allows them to
express a green fluorescent protein, which makes it possi-
ble to image their shapes and positions in a microscope.
The cells are grown in a monolayer inside a flat rectan-
gular microfluidic chamber, 7.5 micrometers wide and 50
micrometers long. One end of this chamber is left open
and exposed to a perpendicular channel, through which
nutrients flow. This setup, known as a microchemostat
(Fig. 1), has been used in several different forms in the
past [4, 5] and allows precise control over the environ-
ment while maintaining the bacteria in each chamber at
a fixed number. (When new cells are created, they push
other cells into the flow channel, keeping the number of
the cells inside the rectangular traps constant.)
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FIG. 1: A microchemstat allows bacterial cell divisions and
deaths to be monitored in the presence of cyclic doses of an
antibiotic (blue lines). (APS/Alan Stonebraker)

FIG. 2: (Left) The tree of progeny from a single ancestor.
The branches in pink indicate a lineage that produces a sur-
viving cell. Lambert and Kussell show that the statistical
distribution of ages from a single lineage can be used to deter-
mine the reproductive ability (right) of the whole population.
(APS/Alan Stonebraker)

The growth of the bacteria in a monolayer allows the
researchers to monitor all of the cells simultaneously and
detect every division and death event in the population.
Fixed doses of carbenicillin are delivered to the bacteria
for 20 minutes at 90-minute intervals through the flow
channel. Each cell’s age is defined as the time since it
formed in a division and is reset to zero when it divides
again. The reproductive ability of cells at age x is calcu-
lated as twice the division rate at which cells of that age
divide, multiplied by the probability of the cell to survive
to that age.

Lambert and Kussell collected data from 18 different
populations grown in this setup and calculated the aver-
age reproductive ability of the cells as a function of their
age after 25 cycles of antibiotic treatment. In each pop-
ulation, they also selected a single lineage that survived
the 25 cycles of antibiotic treatment and calculated the
age distribution in the lineages (Fig. 2). This distribu-

tion was then used to infer the reproductive ability of
the cell as a function of its age following the theory of
Kussell et al.[3]. The authors show that the reproductive
functions calculated from all the individuals in the popu-
lation and from a single lineage have an excellent degree
of overlap.
One limitation of this approach is that a lineage would

need to be followed for a very long time if the environ-
mental change was slow. Also, which lineage to follow
isn’t known at the start of the experiment, so all of the
organisms have to be followed until the experiment is
complete. But having a theoretical framework that es-
tablishes a link between lineage and population statistics
can have ample applications. With a significantly smaller
number of measurements, scientists could deduce quan-
titative information about the influence of selective en-
vironmental pressures on the fitness of microorganisms.
For example, it can be used in drug trials to determine
the survival probability of bacteria under different con-
ditions or patterns of drug application. These results
imply also that if an organism’s lineage can be traced far
enough back in time, one can deduce important quantita-
tive information about the environmental conditions that
influenced its evolution. Marine biologists could, for ex-
ample, use this method to analyze how fishing practices
affect certain fish populations or traits in the population,
such as size. In addition, the quantitative aspect of these
measurements will enable us to develop theoretical mod-
els that can be tested experimentally and help us better
understand and characterize evolutionary processes and
their consequences.

This research is published inPhysical Review X.
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