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HOW DO BACTERIA FIGHT BACK AGAINST VIRUSES?
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Bacteria vs. viruses is one of the oldest fights on Earth. Certain viruses
need to infect bacteria in order to reproduce, but the bacteria do
not want to be infected. How do bacteria that survive viral infection
make sure that it does not happen again? Many kinds of bacteria have
developed a process called CRISPR that helps them remember viruses
they have seen before. CRISPR also allows bacteria to keep the virus
from destroying them. While humans do not have CRISPR in their cells,
they have figured out some exciting ways to use CRISPR in the lab.

BACTERIA VS. VIRUSES: THE BIGGEST TINIEST WAR

You have probably heard of bacteria and viruses that cause human
diseases, and you may know about how humans fight bacteria with
antibiotics and how we prevent infections by both bacteria and viruses
using vaccines. But bacteria and viruses have also been fighting each
other for a very long time, and studying the way they fight has taught
us a lot about how organisms change over time and has also led to the
discovery of an extremely exciting research tool.
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Deoxyribonucleic acid,
a long molecule made
up of a combination of
four smaller molecules
(A, C, T, and G) that
encodes all the
information in the cell.

The shape DNA forms
when the two
complementary strands
of the molecule pair up
and twist.

A section of DNA that
codes for a protein.

A class of large,
structurally complicated
molecules that is
responsible for much
cellular activity.

Figure 1

DNA structure and how
proteins are made from
DNA. (A) A strand of
DNA contains a
sequence of molecules
(A, T,C,and G) ina
certain order. Two
complementary strands
of DNA pair up (A
matches with T and C
matches with G) and
twist around each
other to make a shape
called a double helix.
(B) To make a protein,
first, a DNA molecule
goes through a process
called transcription, to
make an RNA
molecule. The RNA
molecule then uses
cellular machinery to
create a protein, a
process known as
translation.
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This battle between bacteria and viruses is about the ability to repro-
duce. Both bacteria and viruses reproduce by making identical copies
of themselves, and the instructions for doing this are stored in their
DNA.

CRACKING THE DNA CODE

DNAis a long molecule that is built from a combination of four smaller
molecules: adenine, thymine, guanine, and cytosine (A, T, G, and C for
short; Figure 1). The A, T, C, and G molecules can be strung together
in many different orders to make a long strand. That specific combi-
nation of As, Ts, Gs, and Cs is like a code. One DNA strand on its own
will not last very long in a cell, so strands pair up according to specific
rules. As can only pair with Ts, and Cs can only pair up with Gs, so the
two strands end up being sort of like opposites of one another. The
two strands of a DNA molecule are complementary. The two com-
plementary strands twist around each other to form a structure called
a double helix.

Some sections of DNA, called genes, contain the instructions for build-
ing proteins (Figure 1). Proteins are the main molecules that do things
in a cell. Proteins help turn our food into energy, they move things
around inside and between cells, and they help cells communicate. The
protein products of genes and the jobs they do are how genes result
in physical traits, like eye color or straight or curly hair.

A lot of our DNA is not actually genes, though. Many of these other
sections of DNA help the cell know when to make a certain protein,
and how much of that protein they should make.

A.
W
Two DNA strands pair up... ...and twist to make a double helix.
B.

translation
—

transcription
—_—

DNA RNA Protein

Figure 1
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Ribonucleic acid, a
single stranded
molecule made from
As, Gs, Cs, and Us. RNA
can serve as a
messenger between
DNA and the cellular
machinery that makes
proteins, but it has
other functions, too.

A change to an
organism'’s DNA
sequence, such as the
addition, swap, or
deletionofan A, C, T,
or G.
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BUT WHAT HAS DNA GOT TO DO WITH IT?

So, now that we know that DNA codes for proteins, we can think about
how that might allow a bacterium or virus to make a copy of itself. For
a bacterium to reproduce, it needs to make enough proteins and mol-
ecules for another cell, copy its DNA so that the new cell will have the
information it needs, and it also needs to get bigger and divide. A virus,
in comparison, is much simpler—just some DNA in a protein coat. Both
bacteria and viruses have instructions for making all the proteins that
will help all the tasks of reproduction. So what is there to fight about?

We are missing one important part of this story—how does a protein get
made? It happens with the help of a molecule called RNA. RNA is very
similar to DNA, but it only has one strand. Special proteins can make
(or "transcribe”) RNA versions of genes which can be “read” by cellular
machinery that “translates” the RNA code and builds a protein (Figure 1).
You can think about the difference between RNA and DNA like this:
DNA is like an instruction manual, or a blueprint, or a cookbook. No
changes are made to the master copy, but if someone wants to make
something with these instructions, small portions are copied and sent
to where the product can be made from the proper materials. That is
the job of RNA. It is this intermediate RNA step that causes problems
for viruses and bacteria. Bacteria have the instructions and the tools
for making proteins, but viruses only have the instructions—no tools.

The way some viruses make up for this is by hijacking bacteria and using
their tools (Figure 2). This kind of virus lands on and attaches to the
outside of the bacterium and injects its DNA into the bacterium. If the
bacterium does not realize that the viral DNA is not its own, it will follow
the instructions in the viral DNA and make more viruses. The bacterium
will make copies of viral DNA and lots of virus proteins and will allow the
new viruses to assemble inside the bacterium. Finally, the new viruses
burst open the bacterium and go out to infect more bacteria [1].

Most bacteria that get infected by a virus they have never seen will die.
Every so often, though, a bacterium does not die from viral infection.
This might happen because of a mutation in that bacterium’s DNA.
Mutations are changes to the DNA sequence of a gene, like little mis-
takes, and they happen all the time in bacteria when they are copying
their DNA for the next generation. Some of those mistakes kill the bacte-
rium, so it does not get the chance to pass the mutation on to the next
generation. Other mutations, however, might just slide by unnoticed ...
until the bacterium gets invaded by a virus! Suddenly it turns out that
the mutation actually helps the bacterium fight off the virus. The lucky
few bacteria that have this helpful mutation are the ones that survive to
reproduce, and they pass on those helpful mutations to their offspring.
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Figure 2

How does a virus
reproduce? Step 1: The
virus attaches to the
outside of the
bacterium and injects
its DNA into the
bacterium. Step 2: New
viral DNA and protein
are produced by the
bacterium. Step 3: New
viruses assemble inside
the bacterium. Step 4:
New viruses burst out
of the bacterium to go
on and infect other
bacteria.

The name given to a
special region of some
bacterial genomes that
contains alternating
spacer and repeat
sequences. Itis also the
name given to a process
by which bacteria
defend themselves from
viral infections and for a
laboratory technology
that allows genes to be
edited.
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Those offspring in turn reproduce, and eventually the helpful mutation
is present in most of the bacteria in the population. This introduction
of a helpful new version of a gene into a whole group of bacteria is an
example of evolution.

CRISPR: DEFENDING BACTERIA BY REMEMBERING VIRUSES

At this point, you may be wondering what resistance to viruses looks
like in bacteria, and this is where CRISPR comes in (Figure 3). CRISPR
stands for Clustered Regularly InterSpaced Palindromic Repeats. That
sounds really fancy, but it is actually just a description of some special
regions of bacterium DNA. At these regions, there are two kinds of DNA
sequences that alternate: repeats and spacers. Repeats are the same
collection of letters repeated over and over, but the spacers in between
them are all different.

When scientists first found these special regions of DNA, they were
not sure what their purpose was. But soon they realized that the
spacers were often very similar to viral DNA. Where did this viral DNA
come from? Could CRISPR possibly help bacteria recognize and fight
viruses?

In 2007, Rodolphe Barrangou and his lab decided to explore this idea
(Fun fact: Barrangou worked for a yogurt company! Making yogurt
requires bacteria, and sometimes those bacteria get wiped out by
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Figure 3

What is CRISPR and
how does it work? (A)
Structure of CRISPR.
Short sections of DNA
called repeats and
spacers are arranged in
an alternating pattern.
The repeats (here the
black diamonds) are all
the same, but the
spacers (the colorful
rectangles) are all
different. Cas genes are
also found near the
CRISPR region. (B) In
the first infection, a
short sequence from
viral DNA is copied to
become a new spacer.
The new spacer is
incorporated into
CRISPR. (C) In the
second infection, the
bacterium produces an
RNA from the CRISPR
region. The RNA guides
a cas protein to the
viral DNA, and the cas
protein destroys the
viral DNA.
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Cas protein and
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team up...
...to find and destroy

the viral DNA

viruses. It was in the interest of the company to know how bacteria
protect themselves from viruses [2]). When Barrangou compared the
CRISPR region of one non-virus-resistant type of bacteria to that of
a virus-resistant version of the same species, they found out that the
only difference between them was that the virus-resistant version had
some extra spacers. They decided to do an experiment to figure out
where these extra spacers came from.

First, they exposed non-virus-resistant bacteria to viruses until the bac-
teria became virus-resistant. When they compared the CRISPR regions
of the newly-resistant and non-resistant bacteria, they found that there
were usually one to four new spacers in the resistant bacteria, and that
those new spacers were similar to the DNA of the viruses the bacteria
had been exposed to. This made the researchers think that the spacers
might have been made from the viral DNA.

Barrangou and his lab also deleted and inserted several spacers that
matched different viruses. They found that when they deleted a spacer
from a virus-resistant bacterium, that bacterium lost its resistance to
the matching virus, and when they added spacers, the bacterium would
be resistant to the matching virus, even if it had never seen that virus
before. Barrangou and his lab concluded that the spacers in CRISPR
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CRISPR-associated
genes adjacent to
CRISPR loci of spacers
and repeats. cas9 is a
cas gene.
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regions provide resistance to viruses by saving some of the viral DNA,
which allows the bacterium to "remember” them [3].

The resistance to the virus (immunity) arises in response to infection.
Normally, immunity is not passed to offspring, but with CRISPR, it can
be, because the immunity is actually encoded in the DNA, which is
passed on through the generations [4].

Since Barrangou did his first CRISPR experiments, we have figured out
a lot about how CRISPR works to prevent viruses from destroying the
cell. The bacterium clips a bit of the viral DNA and adds it into a CRISPR
region of its own DNA. If the virus comes back, the bacterium makes
RNA from the region of CRISPR specific for that virus. These RNA copies
pair up with some cas (CRISPR-associated) proteins. The RNA guides the
cas protein to the invading viral DNA, so the protein can destroy it. No
more viral DNA, no new viruses. These RNA copies pair up with some
cas (CRISPR-associated) proteins, which are made from cas genes.

BEYOND BACTERIA: CRISPR IN THE LAB

When this mechanism was discovered, scientists quickly realized that
CRISPR could have many interesting and exciting uses in the lab [2].
People figured out that they could give a cas protein the RNA version
of any piece of DNA they wanted it to find, and with the RNA's help, the
protein would go there and make changes to the DNA. Cas proteins
can change one letter, which is often enough to make the gene not
work anymore, or cas proteins can delete a whole gene or section of
a gene.

This makes CRISPR an awesome tool for genetics, which is the study of
inherited traits. One of the ways geneticists figure out how genes work
is by deleting or inactivating them and seeing what goes wrong in the
organism. This has been done for many years, but CRISPR allows us to
do this faster and more accurately than ever before.

Itis also possible that CRISPR could be used to correct harmful muta-
tions that cause disease in humans, but this raises some serious ethical
questions. How will we decide when to use this technology? And is it
okay to make genetic changes that can be inherited by an individual
who did not consent to those changes? We are still a long way away
from CRISPR in humans, but it is important to ask these questions
sooner, rather than later.
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YOUNG REVIEWERS

AUDREY, AGE: 14

| enjoy a fun day out in nature. | play soccer and futsal. | stay pretty busy and love to
be active. | hope to become an architect one day.
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CAROLINE, AGE: 15
| love to play lacrosse, sail, and ski. | also love to travel. When | grow up, | hope to
work in the business or medical field.

CHLOE, AGE: 15

I am a sophomore and love reading about science and have been doing experiments
since | was little. | would like to be a doctor one day working with kids. | want to be a
doctor because my mom is one and she inspired me through her work because each
and everyday | see some one that she has inspired and helped. My favorite things to
do are ski race and play soccer. My favorite subject in school is chemistry.

EMMA, AGE: 15

| enjoy playing sports and hanging out with my friends and family. My favorite sports
are soccer and golf. | love to travel. Some of my favorite places are Boston, MA and
Copenhagen, Denmark. | have a cottage that | love to spend time at in the summer and
winter. In the summer | love to go boating and to the beach. In the winter | love to ski.

LILLY, AGE: 14

| enjoy playing sports like swimming, lacrosse, and skiing immensely. | love to travel
and see new places. In addition, | love hanging out with friends and spending time
with my family. My dream is to become a cardiologist when | am older.

NATALIE, AGE: 15

| enjoy helping people, | am involved with the Juvenile Diabetes Research Foundation,
Billy Bear Hug and | work with my church. | love to spend time with my family and
friends. Other interests include skiing, golf, and lacrosse. | play all of these at my school
and enjoy them a lot. Someday | hope to have a job that includes helping others.
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