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Fluorine is the 13th-most abundant element on earth, found most

often bound to other elements in its negatively charged form,

fluoride. Fluoride compounds are used to improve dental health, to

make steel, and to make useful materials like Teflon. Fluoride is also

emitted into the environment as a byproduct of both natural and

industrial processes. Fluoride even contaminates the fertilizer used to

help plants grow. In high amounts, fluoride can be toxic. Single-celled

organisms like bacteria protect themselves by making a transporter

that specifically removes fluoride from the cell. Yeast have a similar

transporter called FEX (fluoride exporter). Bacteria and yeast without

these transporters die in the presence of the small amount of fluoride

found in tapwater. Plants aremore complicated, but they also use FEX

to keep fluoride from building up inside themselves. Plants without

FEX can not make new seeds when grown in normal soil.
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FLUORIDE: NOT JUST IN TOOTHPASTE

All living things require water to live. In the natural environment,
water is not pure, but contains small amounts of other chemicals,
many of which are beneficial to life. Organisms require a small
amount of these chemicals to survive, but not too much. The amount
needed is di�erent for each chemical and each organism. There
are also chemicals in the environment that are not required for
life, and which can be harmful at certain levels. Fluoride is one of

FLUORIDE (F−)

The negatively charged
form of the element
fluorine; the form
found most often in
the environment.

these chemicals.

Fluorine is the 13th-most abundant element on earth, found most
often bound to other elements in its negatively charged form, the
fluoride ion (F−). Fluoride is naturally released into water and air

ION

The charged version of
an atom or molecule,
formed by gaining or
losing negatively
charged electrons.

by erosion of fluoride-containing minerals, and from volcanoes and
oceans. Additional fluoride is released into the environment by human
activities like burning coal, making materials like steel and Teflon, and
using fertilizers, which are made from rocks that contain fluoride.
Fluoride is found everywhere on Earth in varying amounts.

Although fluoride is not required by living things, it can be beneficial
in low doses. The best example of this is the strengthening of tooth
enamel to prevent cavities. However, fluoride is toxic in high amounts.
Because it is found everywhere, bacteria, plants, and animals all must
be able to survive in environments that contain fluoride.

WHY IS TOOMUCH FLUORIDE BAD?

Fluorine is at the top right corner of the periodic table of elements.
That is where the most electronegative elements are found, which

ELECTRONEGATIVE

Quality of an atom that
causes it to attract
electrons so that it
becomes a
negative ion.

means that fluorine is extremely likely to grab an extra electron and
become F−. This property makes fluoride really good at bonding with
other things. For example, it can combine with calcium and phosphate
to form very strong tooth enamel that is resistant to damage from
bacteria, preventing cavities. But too much fluoride can have negative
e�ects. By bonding with calcium too well, fluoride can interfere with
healthy bone formations. Fluoride can also stick to proteins and keep
them from functioning properly. Toxicity from too much fluoride can
happen to microorganisms, plants, and even people.

ORGANISMS PROTECT THEMSELVES FROM FLUORIDE

For fluoride to damage a cell, it must first get inside (Figure 1). Each
cell is surrounded by a membrane that separates the inside from

MEMBRANE

The barrier surrounding
an individual cell, which
keeps most material
from passing through it.

the outside. The membrane keeps out things that are too large or
that have a positive or negative charge. Since the fluoride ion has a
negative charge, it can not cross the membrane on its own (Figure
1A). However, fluoride can bind to a positively charged hydrogen atom
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(H+), to make a new molecule called hydrogen fluoride, which has
no charge and is small enough to easily pass through the membrane
(Figure 1B). Once inside the cell, hydrogen fluoride can fall back apart
into H+ and F−. Since F− is charged, it can not get back out of the cell,
so it builds up and can harm the biomolecules inside (Figure 1C).

Figure 1

Figure 1

How does fluoride get
in and out of cells? (A)
In the absence of FEX,
negatively charged
fluoride ions (F−)
cannot cross the cell
membrane. (B)
However, if F− bonds
with a positively
charged hydrogen (H+)
to form hydrogen
fluoride, it can enter
the cell easily. Once
inside, F− breaks apart
from H+ and becomes
trapped. (C) In the cell,
F− can stick to proteins
and prevent them from
working. (D) FEX makes
an opening in the cell
membrane, through
which only F− can pass
to exit the cell. Howdo living things get this toxic ion back out of cells? In single-celled

organisms like bacteria and yeast, there is a transporter in the cell
TRANSPORTER

A protein located in the
cell membrane that
makes an opening that
specific molecules can
pass through.

membrane that specifically allows F− to leave the cell (Figure 1D) [1–3].
This keeps the amount of fluoride in the cell at low, nontoxic levels.
One version of this protein is called fluoride exporter (FEX). When

FLUORIDE

EXPORTER (FEX)

A membrane
transporter that is
specific for the
fluoride ion.

scientists removed FEX from bacteria or yeast cells, those cells could
no longer grow—even in environments with small amounts of fluoride.
This means that FEX is the main way that single-celled organisms keep
the amount of fluoride inside their cells at a nontoxic level.

PLANTS AREMORE THAN A COLLECTIONOF CELLS

Life gets more complicated when many cell types must work together
to form an organism like a plant. Plants move a tremendous amount
of water in the transpiration stream from their roots to the tips of

TRANSPIRATION

STREAM

The path that water
takes up a plant, from
the roots to the leaves.

the leaves and, when fluoride is dissolved in the water, it also moves
throughout the plant (Figure 2). You can see the transpiration stream
for yourself by putting a celery stalk in a glass of water with red
food coloring. Over time, the celery leaves will turn red as the water
and food coloring are pulled up. If you cut across the stalk, you can
see red dots, which are the xylem—the tubes that carry water from

XYLEM

The plant tissue that
acts as a tube, carrying
water and nutrients
from the roots.

the roots.
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Figure 2

Figure 2

In a plant, water moves
from the roots to the
leaves and flowers
through the
transpiration stream,
traveling through a
tube-like plant tissue
called xylem. Nutrients
and other materials, like
fluoride, are carried
along with the water.

To help plants grow, nutrient-containing fertilizers are added to soil.
Many fertilizers are made from rocks that contain fluoride. This means
plants can get fluoride from soil, water, fertilizer, and even from the air.
For an organism with multiple cells working together, getting fluoride
out of a single cell might not be good enough if the fluoride gets stuck
nearby and kills a di�erent cell. One way to keep the plant safe would
be if some cells worked together to keep fluoride out of the plant
entirely. Alternatively, each individual cell could push fluoride out into
the transpiration stream like a gameof “hot potato” until fluoridemakes
it all the way to the tips of the plant and exits alongwith water. Because
of this added complexity, we wanted to see whether plants used the
same method to protect themselves from fluoride as yeast.

We found that all plants also have the FEX protein. When we took the
natural FEX out of a yeast cell, that cell died in just a little bit of fluoride,
but if we replaced it with a plant FEX protein, the yeast cell survived [4].
This worked with FEX from any plant we tried, including moss, lettuce,
tea, and Arabidopsis—a plant commonly used in lab experiments [5].
This means that plant FEX can work the same way as yeast FEX, to
move fluoride out of a cell.

To show that FEX was also essential for fluoride tolerance in plants,
we made a mutation—a change in the plant’s instructions for making
FEX—that inactivated FEX within the plant. We did this using the
common laboratory plant Arabidopsis [5]. If the mutant plants were
grown inwaterwith no soil so that no fluoridewas present, they looked
just like normal plants. If they were grown in soil with just a tiny bit of
fluoride, they were okay until they started to flower—then their flower
stalks were shorter and the flowers started dying (Figures 3A, B). The
plants without FEX never made seeds, even when the flowers did not
die. Close examination showed that, in low fluoride, the plants’ pollen
was defective, which explains why they could not produce seeds.
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Figure 3

Figure 3

FEX keeps plants
healthy when they are
exposed to fluoride.
When FEX is not
functioning, fluoride
causes: (A) the flowers
to wilt and die, (B) the
flower stems to grow
shorter, (C) yellow
leaves, and (D) the
roots to be much
shorter.

When fluoride was added to mutant seedlings (baby plants), the leaves
became yellow and unhealthy (Figure 3C). When the plants were
grown in a special gel so we could see the roots, adding just a little bit
of fluoride caused the roots to be extremely short (Figure 3D). When
FEX was added back to the mutant plant, it could grow again, even in
relatively high amounts of fluoride. In fact, if plants made a higher than
normal amount of FEX, they grew even better in fluoride than normal
plants. All these experiments show that FEX is responsible for keeping
plant cells alive when there is fluoride in the environment.

WHAT DOES THIS MEAN FOR US?

We have known for many years that some plants are more sensitive
to fluoride than others. We rely on some fluoride-sensitive plants, like
corn and peaches, for food. We did not know why some plants were
less a�ected by fluoride in the environment, but now we have learned
that FEX can protect plants. Now that we have discovered the main
mechanism used by plant cells to keep fluoride from building to toxic
levels, we can manipulate both FEX itself and how and where it is
made in the plant. Our hope is that, by tweaking FEX, we can make
some crop plants grow better—despite the presence of fluoride in the
environment and in fertilizer.

Animals, like plants, must deal with the toxic e�ects of fluoride build
up, so we expect that there is something like FEX in other animals,
including humans. So far, scientists have not identified how fluoride
is removed from animals—the most complex animal found to have
FEX is a sea sponge. There are many animal proteins with unknown
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functions, and some of them are known to cause diseases when they
are not functioning properly. It is possible that one of these proteins is
like FEX, and that animals also experience a disease related to fluoride.
Scientists will only know this for certain once they figure out, through
future research, how humans and other animals protect themselves
from the dangerous e�ects of fluoride.
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