Power Plants
at the Bottom of the Sea
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The depths of the ocean are a hostile environment. In a bid to defy
these adverse conditions, many organisms have teamed up to
form close relationships called symbioses. Nicole Dubilier and her
colleagues at the Max Planck Institute for Marine Microbiology
in Bremen keep discovering new symbioses that provide these
deep-sea inhabitants with a guaranteed energy supply.
TEXT KLAUS WILHELM
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t was on May 15, 2005 that Nicole
Dubilier came up with the hydrogen idea. “I was in a great mood,”
recalls the biologist from the Max
Planck Institute in Bremen, “not a
care in the world.” There was a reason
for her high spirits: after a long, eightyear break she was on the move again,
on board the research ship Meteor and
sailing over the Mid-Atlantic Ridge, an
undersea mountain range in the Atlantic Ocean.
On the ocean floor, around 3,000
meters below, lies a large area of hydrothermal vents. This was the scientists’
target: the Logachev Field. The robotic
diving vehicle Marum-Quest, operated
remotely from the ship, had already
brought up the first fluid samples from
the hydrothermal vents, which ended
up in Thomas Pape’s on-board laboratory. The geochemist from the University of Bremen measured vast amounts
of hydrogen in this liquid harvest from
the bottom of the sea. “I simply said to
him, come on, let’s do some tests to see
if the mussels from down there can use
the hydrogen.” To be precise, she was
referring to the bacteria that inhabit the
gills of the deep-sea mussel Bathymodiolus puteoserpentis, a relative of common
shallow-water mussels.
Bacteria living in an animal? This
suggests either parasitism – which is not
the case here – or symbiosis. The latter
is a close, usually permanent marriage

of convenience between different organisms for the benefit of both. Since
2007, Nicole Dubilier has been heading the Symbiosis working group at
the Max Planck Institute for Marine
Microbiology.

A SEA FLOOR SURPRISE
In August 2011, a good six years after
that Eureka moment on the Meteor, the
Bremen team and their colleagues published a report in the renowned science
journal NATURE, with evidence that symbiotic organisms at hydrothermal vents
really do use hydrogen as an energy
source, and that this provides them
with a source of nutrition. Their paper
was one of the coveted major “articles,”
and not just one of the usual short “letters.” Not only that, it was also the title story of the week. Both of these
honors highlight the value of this scientific discovery and the significance
of symbiotic relationships in the world
of biology. “Without symbioses, life on
Earth would have evolved differently,”
says Dubilier.
This finding is almost routine for
the Bremen experts. Billions of years
ago, the symbiosis between bacteria and
primitive single-celled organisms had
already sparked the spread and evolution of plant and animal cells. Even today, virtually every plant, animal and
human cell harbors the descendants of

Cross section through two gill filaments of the deep-sea mussel Bathymodiolus puteoserpentis.
The symbiotic bacteria can be found in special cells, which alternate with bacteria-free cells.
The fluorescence microscope reveals the mussel tissue (yellow), the mussel’s cell nuclei (blue),
sulfide- and hydrogen-oxidizing bacteria (red) and methane-oxidizing bacteria (green).
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Without symbioses, life on Earth would have evolved differently.

former bacterial symbionts in the form
of its tiny energy generators, the mitochondria. Without them, we would not
be able to breathe. Countless bacteria
thrive in the human intestine: in return
for the all-around care they receive,
they aid digestion and strengthen the
immune system. Our well-being thus
depends on them, and they even influence the action of medications.
Wherever we look, we can see symbioses, symbioses and even more symbioses with micro-organisms. And the
same applies to the hydrothermal vents
on the sea floor – those hot springs
commonly found where the tectonic
plates of the Earth’s crust move apart,
or where one plate slides below another. This is where magma rises up into
the upper crust of the Earth and comes
into contact with seawater. At these hot
springs, with temperatures of up to 400
degrees Celsius, the Earth spews out
minerals and nutrients into the pitchblack ocean. However, this also produces a noxious sort of witches’ brew,

enriched with hydrogen sulfide – the gas
that is responsible for the rank, rottenegg smell, and that is deadly to almost
all animals. Carbon monoxide is discharged here, too, as is methane and,
last but not least, hydrogen. For animals, hydrogen sulfide and carbon
monoxide mean one thing above all
else: poison.

BOTH DETOXIFIERS
AND PROVIDERS
Despite all this, a lively fauna of worms,
mussels and crabs thrives here. The animals defy the deadly danger with a special trick: sometime during their evolution, they took up into their bodies
bacteria that convert hydrogen sulfide
or methane, rendering them harmless.
In doing so, these “sulfide oxidizers”
and “methane oxidizers” gain the energy they need to live, using it to synthesize carbohydrates from carbon dioxide
for food. The microbes not only detoxify the environment for their hosts, but

also share with them a portion of their
organic nutrients. In return, the animals guarantee their permanent lodgers constant proximity to a food source,
making it a relationship from which
both partners benefit.
Sometimes, symbiosis even benefits
three life forms, as Nicole Dubilier and
her colleagues first demonstrated at the
start of the millennium. For some time
now, one of the focal points of the biologist’s research has been a particular
marine worm: the oligochaete (from
the Latin “few bristles”) Olavius algarvensis. This worm is certainly no poster child of the marine world, being neither as imposing as a whale nor as
exhilarating as a dolphin. But it is certainly far from ordinary. This exotic
creature, only one to two centimeters
long, burrows through the upper sediments in the sandy floor of shallow
coastal waters, for example those off
the Mediterranean island of Elba.
Seen under the microscope, its body
looks milky-white and twisted like the
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The Quest diving robot, run by the Bremen Center for Marine Environmental Sciences (MARUM), can reach depths of up to 4,000 meters (left). The
diving technology and controls, including the scientific measuring instruments, are in the upper part. The scientists are also using Quest to investigate
the giant tubeworms (Riftia pachyptila), up to 1.70 meters in size, that settle near the hot hydrothermal vents at a depth of 3,000 meters (right).
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The black smoker Candelabra, located at a water depth of 3,300 meters in the Logachev hydrothermal field on the Mid-Atlantic Ridge. These hydrothermal vents emit hot water at a temperature of up to 400 degrees, enriched with various minerals such as iron, manganese and copper salts from the
Earth’s interior. These minerals precipitate when they come into contact with the cool seawater. If the emerging water is rich in iron salts, this creates
the grayish-black plume of a black smoker. Gypsum, silicon dioxide or anhydride forms the pale cloud of a white smoker.

coils of an immersion heater. With a diameter of only 0.2 millimeters, Olavius
is a real size-zero model of the worm
world. It is related to the humble earthworm, a fact that hardly does justice to
its distinctive nature. This marine
worm doesn’t eat a bite, but still manages to live very well indeed. It has no
mouth, no stomach, no gut and no
anus. It has no trace of a digestive tract,
and also lacks any type of kidney-like
organ for the excretion of wastes, such
as ammonia and urea.
At the start of this millennium, Nicole Dubilier decoded the so-called 16s
rRNA genes of the worm’s single-celled
tenants. Among experts, these genes
are viewed as a kind of molecular ID for
a bacterial species. This led to a groundbreaking discovery in the area of symbiosis research: a harmonious ménage-

à-trois. A host with two symbionts, and
all three benefit from each other. Because little or no hydrogen sulfide occurs in the sediment, Olavius algarvensis has taken in a hydrogen sulfide
source – a bacterium that produces sulfide from sulfate and generates energy
through this process. The hydrogen sulfide is then utilized as an energy source
by the sulfide-oxidizing bacteria.

BACTERIA ACT AS MOUTH,
GUT AND ANUS
A cycle is thus formed in which the two
bacterial species exchange their metabolic products, and which ends only
with the host’s death. This biological
construct works so brilliantly that the
bacteria produce excess organic carbohydrates from carbon dioxide and feed

the worm with these compounds. The
microbes also relieve the host of its inconvenient waste products, which it
would otherwise need to excrete. “Simply ingenious,” as Nicole Dubilier sees
it. The worm makes itself largely independent of any external energy sources and can populate new habitats that
do not have a ready supply of sulfide.
Since then, her team has worked
with international partners to look even
more closely into this worm biotope,
identifying up to five different species
of bacteria: an exercise in communal
living, consisting of two sulfate reducers, two sulfide oxidizers and one other
bacterial species. Surprisingly, four of
these five symbionts fix carbon dioxide.
The reason for this redundancy remains
unclear, but it may be that various metabolic systems are needed in different
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Many bacteria in the hot spring communities can probably use hydrogen.

sediments – for example, in the oxygenrich upper layers of sand versus the
more nitrate-rich deeper layers.

SYMBIOSES AS A MODEL SYSTEM
One thing is clear, though: the worm
has built a veritable symbiotic power
plant into its body. “Olavius algarvensis
shows how limited resources can be
used through the cooperation of microbial communities that are tailored to
each other’s needs,” explains Nicole
Dubilier. Thus, the worm-bacteria symbiosis could be a model for a virtually
self-supporting biosphere – the sort of
system needed for large-scale space
travel, for example when mounting
long expeditions to Mars.

Nicole Dubilier refers to this kind of
thing in response to the repeatedly
asked question about what use her
symbiosis science really is to anyone.
When asked this question, she talks of
the sea’s carbon balance and about
how the state of the oceans is directly
dependent on biodiversity. Not only
that: many of the symbiotic bacteria’s
processes could also be important for
research into infectious diseases. But,
more than anything else, this – in the
best possible sense – notoriously inquisitive scientist likes nothing better
than venturing into uncharted territory and trying to understand it. She
likes to keep an eye out for the unexpected, free of most of the restricting
ties of applied research. This was what

led her to the discovery of the symbiotic bacteria in the marine mussel
Bathymodiolus puteoserpentis.
The mussel also harbors two bacterial symbionts – a sulfide oxidizer and
a methane oxidizer, though they each
lead an independent existence within
the cells of the animal’s gills. “In the
1980s, our colleagues already suspected
that both also used hydrogen as their
energy source,” says Nicole Dubilier.
First, this is because hydrogen is by far
one of the best energy sources for bacteria. According to the Max Planck researchers’ calculations, the oxidation of
hydrogen at the hydrothermal vents of
the Logachev Field generates seven
times more energy than methane oxidation and 18 times more than sulfide
oxidation. Second, free-living bacteria
consistently use hydrogen whenever it
is available. This also means that many
bacteria have the tools needed to oxidize either gas encoded in their genome, but use only one of these systems depending on what is on offer in
the environment.
It is true that no one knows exactly
at which point the microbes switch
from one system to the other. Just as no
one had previously managed to demonstrate hydrogen oxidation by the
bacteria-animal symbiosis on the sea
floor. The conditions down there are
too difficult and the gas too volatile for
its consumption to be measured in the
laboratory with any of the available
standard techniques – at least, this was
the case until very recently.
“To start with, we were lucky that
the hydrogen concentration is very
high at the Logachev Field on the MidAtlantic Ridge,” says Nicole Dubilier,
“this made it easier to prove.” So, during an on-board night shift on that

Oases of life in the darkness: Unusual
partnerships have settled around the hot
springs on the ocean floor. The deep-sea
mussel Bathymodiolus puteoserpentis, for
example, lives in symbiosis with several
species of bacteria.
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left: Bathymodiolus puteoserpentis harbors various symbiotic bacteria in its gills. Some generate energy by oxidizing methane to carbon dioxide
(blue arrow). Others obtain energy by converting hydrogen sulfide to sulfate (light green arrow) and – as discovered only recently – from hydrogen
to water. right: Nicole Dubilier, together with her colleagues, has discovered this type of energy production on the sea floor.

expedition in May, the geochemist
Thomas Pape really did find watertight
proof: the Logachev mussels – and
there are up to 2,000 animals per
square meter in their natural biotope –
consume hydrogen. “They were gobbling it up like crazy,” Pape supposedly said at the time. However, many
questions remained unanswered. Do
both species of bacteria consume hydrogen, or only one of the symbionts,
and if so, which one?
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FROM THE OCEAN FLOOR TO
THE LABORATORY
It took five long years and two more
trips to the Logachev Field before this
puzzle was solved. The diving robot
took sample after sample from the ocean
floor and brought them up into the
daylight, where they were analyzed on
board the research ship, and later also
in Bremen. Five years, during which
Nicole Dubilier and her colleagues repeatedly had to persuade their sponsors at the German Research Foundation that yet another costly trip to the
Logachev Field was justified, at a daily
cost of 35,000 euros.
But these were also five years that
saw innovations in measuring tech-

niques and molecular biology. “More
and more evidence was thus piling up,
until we eventually had enough for an
article in NATURE,” explains the biologist. Thus, the researchers found that
the so-called hupL gene for hydrogen
oxidation occurs exclusively in the sulfide-oxidizing species. They were then
able to confirm that this gene is indeed
active in the presence of hydrogen, and
that a hydrogen oxidation enzyme is
produced. Furthermore, full decoding
of the genome of the sulfide oxidizer
revealed that all the genes needed for
hydrogen oxidation lie close together
and, in fact, right next to the genes for
sulfide oxidation.
And finally, the scientists were able
to use a new instrument to measure
dissolved gases in the high-pressure
conditions that prevail in the depths
of the ocean. Attached to the diving robot, this instrument carried out measurements directly at the hot springs:
much less hydrogen is dissolved in the
immediate vicinity of the mussels than
where the springs emerge from the
Earth’s crust.
So there was no more doubt: the microbes, and therefore also their partners, the mussels, were feeding from an
energy source that humans themselves

would be only too happy to use on a
large scale, but have so far struggled to
do. Quite unlike the microbial tenants
of the 500,000 or so mussels occupying
the few hundred square meters of the
Logachev Field, they convert up to
5,000 liters of hydrogen every hour.
The hydrogen-consuming symbioses
therefore play a key role as primary producers of biomass.

NO CHANCE OCCURRENCE IN
THE OCEAN DEPTHS
The symbionts of other animals at the
hydrothermal vents also possess the
hupL gene, as the MPI researchers now
know – such as those of the tubeworm
Riftia pachyptila or the shrimp Rimicaris exoculata. “Many bacteria in the hot
spring communities can probably use
hydrogen,” believes Nicole Dubilier;
this is true even where only small
amounts of hydrogen are given off from
the vents, as in the Wideawake and Lilliput hydrothermal fields located south
of Logachev. The bacteria in the mussels found there inherently use little
hydrogen. “But when we offer them
plenty of it in the lab, they really get
going,” enthuses the biologist. “The hydrothermal vents along the mid-ocean
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left: Olavius algarvensis, a relative of the earthworm, has no mouth,
stomach, gut or anus, but that doesn’t mean it has to starve.
This little worm, only two centimeters long, owes its survival to
symbiotic bacteria that supply it with energy.
right: The shrimp Rimicaris exoculata, which lives around the
hydrothermal vents, also survives with the aid of symbiotic
bacterial species (one species shown in red, the other in green).
They attach to the shrimp’s mouthparts in an as yet unknown way.

ridges that emit large amounts of hydrogen can thus be likened to a hydrogen highway with fuelling stations for
symbiotic primary production,” says
Jillian Petersen of the Bremen-based
research group and lead author of the
NATURE article.

BACTERIA IN THE CELL NUCLEUS
Interestingly, Dubilier and her colleagues have also found deep-sea mussels whose cell nuclei are infected with
bacteria. However, these bacteria can
only get into the nuclei of cells that
contain no symbiotic bacteria. “We
therefore suspect that symbiosis can
somehow offer protection against infection,” says Nicole Dubilier. Very recently, her colleagues even found
these cell nucleus infections in ordinary edible mussels. This, at least, makes
researching this phenomenon far less

laborious, since shallow-water mussels
are much easier to access than their
deep-sea relatives.
Though they may be time-consuming and costly, the field trips on the research ships are a highlight of the job
for almost all of the members of the
symbiosis team. For them, it is a privilege to sail out at least once a year and
to feel the wind in their hair for a few
weeks. These voyages repeatedly bring
their surprises. During one of the most
recent trips on the Meteor, the scientists
discovered a new hydrothermal field
near the Azores, “although the area
was thought to be well-researched,” as
Nicole Dubilier says. They used a new
multibeam echo sounder to generate an
unbelievably accurate map of the water
column right down to the sea floor, revealing a plume of gas bubbles. The
subsequent dive by the underwater robot and the analysis of the samples it

brought up revealed that the site harbored the symbiotic fauna typical of
hot springs.
However, this field is much smaller
than normal. Since then, five more sites
with similar gas bubbles have been
found, some of them even in areas
where no hydrothermal activity was
known before. “Presumably, there are
many more of these little fields along
the Mid-Atlantic Ridge,” stressed the
leader of the Symbiosis research group,
“which means that we need to re-examine the contribution of hydrothermal
activity to the thermal budget of the
oceans.” The finding could be the key
to resolving a disputed question: how
were animals able to spread between the
large hydrothermal vents, often separated by distances of hundreds or even
thousands of kilometers? Presumably,
according to Dubilier, “by using the active smaller zones as stepping stones.”

GLOSSARY
Oxidation
The loss of electrons during a chemical reaction. During cell respiration,
electrons are shuttled between different molecules to release energy.
More energy-rich molecules, such as hydrogen, hydrogen sulfide and
methane, given the right reaction partners, can therefore be turned into
more energy-poor molecules, such as water, sulfate and carbon
dioxide. The cell can use the energy released during these transformations for its metabolism.
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Hydrogen
This element is formed in large amounts at some hydrothermal vents
as a result of reactions between the Earth’s mantle and seawater.
Hydrogen molecules consist of two hydrogen atoms linked together
by a high-energy chemical bond. Hydrogen contains more energy per
unit of weight than any other chemical fuel. Thus, the energy density
of one kilogram of hydrogen is about 2.5 times greater than that of
a kilo of gasoline.
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