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Tiny creatures, unseen
by the naked eye.
Bacteria reproduce by
cell division. Most
bacteria are not harmful
to humans, but some
can cause disease.

When we say “bacteria,” we usually think about tiny creatures, diseases,
and the human body. So generally, we are thinking about the field
of “biology.” Therefore, people are usually surprised to find out that
physicists, like us, also study bacteria. Physics is a scientific discipline
that tries to describe the world accurately using mathematics, and
physics studies different phenomena using quantitative analysis, which
means accurate measurements. This is the reason why physics has a
lot to offer other areas that might seem unrelated to it, like biology.
In this article, we will talk about bacteria, and specifically about the
battle with disease-causing bacteria and one interesting strategy that
bacteria have developed in order to survive this battle, as understood
through physics.

Bacteria are very small creatures that are present all around us, within
us, and almost everywhere. Bacteria are so small that they cannot be
seen with the naked eye, but we can definitely see the influence of
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Figure 1

Exponential growth of
bacteria. By the process
of cell division, one
bacterium divides into
two identical bacteria,
these two bacteria eat
and divide into four
bacteria, these four
bacteria divide into
eight, and so on.
Eventually the food
runs out and the
bacteria become
dormant.
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bacteria in our lives! For example, the bacteria that live in the gut help
us to digest different substances; the bacteria that invade our food can
ruin it; and some of the bacteria that enter our bodies might cause
diseases—these are the bacteria that we want to fight.

To understand how we try to fight a community of billions of bacteria,
first we need to understand how so many bacteria can be generated
from one bacterium that enters the body. When bacteria are in the
presence of food, for example inside the human body or in an animal’s
body, they eat and reproduce by cell division: one bacterium divides
into two identical bacteria, those two bacteria eat and divide into four
bacteria, those four bacteria divide into eight, and so on (see a cartoon
of the bacterial reproduction process in Figure 1). Overall, the number
of bacteria increases very quickly, at a rate that is called "exponential.”
Eventually, the available food always runs out and then the bacteria enter
a state that is similar to sleep, where they try to use as little energy as
possible, in order to have a chance to reproduce when food is avail-
able once again. This energy-saving state is called "dormancy,” and
we refer to these bacteria as “"dormant.” When a new source of food,
such as sugar, arrives in the surroundings of a dormant bacterium, the
bacterium acts almost like a sleepy child who needs to get up in the
morning. Meaning, it takes a while for the bacterium to “wake up” and
re-activate the essential systems for dividing, which it “turned off” in
the dormant stage to save energy. At the end of the waking-up stage,
the bacterium is again ready to start eating and dividing.
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Substances that are
used as medicine
against bacteria and are
designed to harm the
bacteria in a selective
manner.

Acts in a specific way.
Antibiotics are selective
substances, because
they are designed to Kkill
bacteria, but they do
not harm the cells of
the body.
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THE ADVANTAGE OF BEING LAZY

When pathogenic (disease-causing) bacteria invade the body, we need
to fight them: our fabulous immune system can usually destroy the
dangerous bacteria by itself, but there are cases where the immune
system does not manage to do so, and then we get sick and sometimes
need to use antibiotics. Antibiotics are substances that harm bacteria
in a selective manner, meaning that they kill bacteria without harming
the other cells that are around, namely the cells of the body.

Since the method of bacterial reproduction is different than the method
used by cells of the human body, many antibiotics are designed to tar-
get the bacterial division mechanisms, and that makes the antibiotics
selective—they harm bacteria but not human cells.

Sometimes we get sick, take antibiotics, and get better, but after a few
days we feel sick again, and it turns out that we actually have the same
disease. In order to understand how the same disease returns after
antibiotic treatment, sometimes even more than once, we conducted
an experimentin the lab. By looking at bacteria outside the body, in the
lab, we can often begin to understand how the bacteria behave inside
the body, as well. In our experiment, we gave the bacteria some food
and saw that they divided and reproduced. Then, we added an anti-
biotic substance, mimicking antibiotic treatment, and observed what
happened using a microscope.

We found something interesting and surprising: a small portion of bac-
teria stayed dormant while most of the bacteria grew. This means that
when we gave the bacteria food and created good conditions for repro-
duction, most of them started to wake up and, as expected, eat and
divide. However, a very small number of the bacteria stayed dormant.
These dormant bacteria woke up much later than the rest. If food is still
available, these late wakens will start eating and reproducing normally,
like the ones that woke up earlier [1].

How do you think this experiment helped us understand the return of
disease after antibiotic treatment ends?

Remember we said that antibiotics are selective and harm only bacteria,
not the cells of the body? And that many antibiotics are designed to
attack the cell division mechanism, because bacterial cells divide dif-
ferently from human cells? So, if there is a dormant bacterium when
antibiotics arrive, what will happen to it? If it does not try to divide, it
will not be harmed. This means that if a bacterium stays dormant, it
will survive the antibiotic treatment. Figure 2 shows a “lazy” dormant
bacterium waking up and starting to divide after new food arrives.
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Figure 2

Dormant bacteria
survive antibiotic
treatment. Some
dormant bacteria wake
up and start to divide
after new food arrives.
If an antibiotic comes
around, it kills all the
dividing bacteria and
only the dormant
bacteria survive.
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Most bacteria
wake up and grow

New food around,
time to wake up

Except the dormant ones

If antibiotics come around, all the
dividing bacteria will be killed

oS
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After the antibiotic treatment,
dormant bacteria that survived
can wake up and grow.

Figure 2

If an antibiotic comes around, it will kill all the dividing bacteria and
only the dormant bacteria will survive.

If we get sick and take antibiotics, each bacterium that tries to divide
dies. But, if there are a few dormant bacteria that sleep for a long while
and do not wake up during the treatment, they will survive. If these
bacteria wake up and start to divide after the antibiotic treatment is
over, the disease might come back.

BUILDING AN OBSERVATION DEVICE FOR BACTERIA UNDER
ANTIBIOTIC TREATMENT

In order to investigate this survival mechanism of bacteria, we built a
special system called a “microfluidic” device, which is composed of
three layers (see Figure 3). The first layer has tiny channels, inside which
the bacteria are trapped at the beginning of the experiment. The sec-
ond layer is a sort of thin skin (called a membrane) that has many tiny
holes, like a strainer. This membrane is put on top of the bacteria in the
channels. The holes in the membrane are smaller than the bacteria, so
the bacteria cannot exit and they stay in the channels. In the third layer,
there are more channels through which fluids can flow. The fluid can
flow through the membrane to reach the bacteria. During the experi-
ment, the fluid flowing in these top channels can be replaced, and in
that way the environment of the bacteria in this microfluidic device
can be changed.
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Figure 3

A microfluidic device
for studying bacteria’s
survival mechanism.

(A) The first layer of the
system has very tiny
channels, inside of
which bacteria

(shown in blue) are

put at the beginning

of the experiment.

(B) The second layer of
the system is made of a
membrane (yellow)
with many tiny holes,
like in a strainer. This
membrane is placed on
top of the bacteria, but
they cannot move

through the small holes.

(C) The third layer of
the system contains
more channels through
which fluids can flow.
These fluids can move
through the holes in
the membrane to reach
the bacteria. In this
way, we can change
the conditions the
bacteria experience.

A chamber in which
conditions, such as
temperature and
humidity are controlled.
It is possible to grow
bacteria in an
incubator, at the proper
temperature.
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Figure 3

We placed this device under a microscope inside an incubator, which
was heated to 37°C, similar to the temperature inside the human body.
The microscope was connected to a computer, so that the bacteria
could be photographed and observed over time. At the beginning of
the experiment (Figure 4A), we added a food-containing liquid to the
top channels of the device. The food passed through the tiny holes in
the membrane to reach the bacteria, and the bacteria woke up and
started to grow (Figures 4B,C). Then, we passed a new fluid through
the channels. The new fluid contained both food and antibiotics.
The dividing bacteria died, as did every dormant bacterium that woke
up during this stage of antibiotic treatment (Figures 4D,E). The dormant
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An image of real
bacteria during the
described experiment.
The bacteria look light
blue at the beginning of
the experiment, and
when they divide, they
are shown in green.
The bacteria have a
slightly elongated
shape and they are
separate from one
another. (A) A row of
bacteria inside the
microfluidic channels.
All the bacteria are blue
(dormant). (B,C) Food is
added to the upper
channels and flows
through the membrane
to reach the bacteria.
Some of the bacteria
start growing and
dividing, which you can
see in green, but some
bacteria stay dormant,
like the one marked by
the red arrow. (D,E) An
antibiotic is added into
the system, killing all
the dividing bacteria.
The only survivors are
the ones who stayed
dormant during the
whole treatment.

(F) After the antibiotic is
washed away, some of
the dormant bacteria
start to wake up and
divide. (G,H) A new
population of bacteria
is produced from the
two dormant bacteria
that survived the
antibiotic treatment.
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Ja II

In channels:

bacteria, like the one marked with an arrow in the figure, survived. In
the last stage, in order to mimic the end of the antibiotic treatment, we
returned the food-containing fluid (without antibiotics) and saw that,
some of the bacteria that were dormant and survived during the treat-
ment period managed to wake up, divide, and create a new population
of bacteria (Figures 4F—H).

It is interesting to try to understand why bacteria behave this way. All
the bacteria in the experiment (and usually also all the bacteria in an
infection inside the body) came from one bacterium that divided many
times, and therefore they should all be very similar. So, even though the
bacteria are genetically identical and live in the same conditions, they
have different behavior. What could the reason be for this? Since a bac-
terium wants to divide as much as possible to create as many offspring
as possible, we might assume that, when conditions are good, all of the
bacteria will immediately wake up and start dividing. But the results of
our experiment showed that the bacterial population is made out of
a big group of active, dividing bacteria, and a small group of dormant
bacteria. In order to understand why there are two different groups of
bacteria, active and dormant, let us think about the advantage of each
state. We already mentioned the advantage that a dividing bacterium
has over a dormant bacterium—it will have more offspring. But what is
the advantage of a dormant bacterium over a dividing bacterium? The
experiment we described demonstrates the advantage of a dormant
bacterium—in the presence of antibiotics, the dormant bacterium will
survive, and the growing bacterium will die. It turns out that, in nature,
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A state with tough
conditions. Bacteria
under stress conditions
are experiencing
something in the
environment that can
easily harm them, such
as high temperature,
strong acidity, or the
presence of antibiotics.

Bacteria that can
multiply even under an
antibiotic. Many types
of bacteria today are
resistant to some types
of antibiotics. Itis
harder to treat a patient
who is infected with
antibiotic-resistant
bacteria, since not all
types of antibiotics will
be effective against the
infection.
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there are additional stress conditions (tough kinds of challenging con-
ditions that bacteria have to deal with), in which a dormant bacterium
has higher chance of surviving.

So, it turns out that a bacterial population has a good strategy for long-
term survival under stress conditions and, at the same time, for repro-
ducing as much as possible: most bacteria in the population grow and
divide, and a few bacteria stay dormant, serving as a “reserve.” If the
conditions kill the dividing bacteria, for example when they are exposed
to antibiotics, the dormant minority will wake up, and in this way the
bacteria population will reestablish itself when the conditions improve.

Using mathematics, we discovered that the number of dormant bac-
teria in a whole population should depend on the conditions that the
bacteria are living in. If the conditions are always good, there should
be no need for dormant bacteria. However, if the conditions are tough
most of the time and there is a high chance of the bacteria dying,
it will be better to have many dormant bacteria that slept most of
the time and only occasionally wake up [2]. In nature, conditions are
mostly good and allow for bacterial growth. Since extremely stress-
ful conditions (like antibiotics) rarely occur in nature, it is best for
most bacteria to keep dividing, with only a small percentage staying
dormant as a “reserve” for emergency times. In order to confirm this
physical model, we conducted additional experiments with bacteria
in the lab and created different “living environments,” with changing
conditions. We saw that the bacterial populations changed and, in
each population, the proportion of dormant bacteria at the end of
the process fit the conditions in which they lived. A bacterial popula-
tion that was exposed to antibiotics many times, and for long periods,
changed so that the number of dormant bacteria was much higher
than ina normal bacterial population, and those dormant bacteria only
woke up after a very long time. A second bacterial population that
was exposed to antibiotics for shorter time periods also changed to
a population with many dormant bacteria, but the dormant bacteria
woke up after a shorter time [3].

In other experiments, which we will not describe here, we showed that
antibiotic-resistant bacteria are created more easily in a population of
dormant bacteria [4]. The research that has been done so far tells us
that in order to prevent the formation of antibiotic-resistant bacteria,
we may use antibiotics that are capable of killing dormant bacteria,
or add substances that wake up the bacteria along with the antibiotic
treatment. These methods might be important in improving antibiotic
treatment given to patients, to help patients avoid recurring infections
and antibiotic-resistant bacteria.
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We are left with another interesting question—how does a bacterium
"know” if it should wake up and start dividing, or whether it should stay
dormant and serve as a ‘“reserve” for emergency times? But this is a
different story, and you are welcome to try to think about it yourself.
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