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GS Junior, my new best friend

...because now I can sequence on my bench-top
We think you’re going to like the new GS Junior System. And not simply because
it’s new and exciting. It’s much more than that.


The GS Junior System allows you to perform next-generation sequencing in
your lab, on your bench, when you’re ready. And because it is based on proven

454 Sequencing Systems, it delivers results you can trust time and time again.


The GS Junior System also comes with a desktop PC equipped with userfriendly bioinformatic tools. So you don’t need to be an IT expert to assemble,

map or analyze your genome, transcriptome or metagenome.
And what’s not to love about that?
To learn more about the GS Junior System and how it can help you and your
laboratory succeed, get in touch via our website: www.gsjunior.com
It could be the start of a beautiful friendship.
GS Junior System –
The power of next-generation sequencing in your hands

For life science research only.
Not for use in diagnostic procedures.
454, 454 SEQUENCING, GS JUNIOR and GS FLX are trademarks of Roche.
© 2011 Roche Diagnostics. All rights reserved.

Roche Diagnostics Deutschland GmbH
Sandhofer Straße 116
68305 Mannheim
www.roche.de
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Access to the Heart of the World
Around 3,000 physicists from 38 countries have taken on a challenge worthy of a titan. At the Large Hadron Collider (LHC) at
CERN, they form the team working on the ATLAS experiment to investigate the fundamental building blocks of matter and
how they react with each other. The best known target of their search is the Higgs boson. This elementary particle must exist
if the Higgs mechanism is correct. The mechanism is part of the Standard Model of elementary particles and explains how
matter obtains its mass. To track down the Higgs particle and thus prove that the Higgs mechanism exists, a gigantic experimental apparatus is needed: the LHC accelerator ring, which generates the energy needed for the massive particles, has a
circumference of 27 kilometers. And ATLAS, one of four experiments at the LHC, measures an impressive 45 meters long and
25 meters high, and weighs 7,000 tons – as much as the Eiffel Tower. The team’s efforts have already been worthwhile, not
least because the ATLAS collaboration has now found initial indications that the Higgs boson exists.
The photo shows the cap of ATLAS’ inner detector while it was still under construction. It is now no longer possible to access
the detector. In addition, the tubes with the beams of colliding particles now run through the center of the circular facility.
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ON THE COVER: The larvae of the beewolf maintain their own pharmaceuticals
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Red and yellow areas correspond to sites with a high concentration of antibiotics,
and blue and violet indicate low concentrations.
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The Greening Desert
As a result of climate change, it is very
likely that southern Europe will become much drier. Ironically, however,
significant global warming could lead
to an increase of vegetation in the Sahara. Researchers are simulating the
interplay of climate and vegetation.

1 | 12 MaxPlanckResearch

5

SPOTLIGHT

“Intelligence,” Chaim Weizmann once remarked, “is the only raw material Israel possesses.” And Israel’s first president planned
the future of this small and resource-poor
country accordingly. Subsequent governments, too, have invested primarily in
research and education. Today, with six universities, the Weizmann Institute and numerous other research institutions sponsored by the state, industry and public
sector bodies, Israel is one of the world’s
leading scientific nations. For years now, Israel has topped the world rankings with the
equivalent of almost five percent of gross
domestic product given over to research
and development, while at the same time
hosting the highest density of scientists
and engineers.
Israel has proven just how rewarding
very high levels of investment in research
and development can be in the long term:

After the US, Israel’s
most important
partner is Germany
Since the State of Israel was first founded in
1948, this country, with a population of
barely 7.8 million inhabitants, has already
produced six Nobel Prize winners in the
fields of chemistry, economics and space research – positive proof of the high quality of
its science. Economically, within a short
space of time, Israel advanced from a kibbutz country to a high-tech nation. It did
so because its politicians made room and
money available to encourage creative solutions in the fields of cancer and stem cell
research, communication technology, bioand medical technology and solar energy.

6
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Nor can one help but be impressed by how
far Israel is ahead of Europe in mobilizing
private venture capital. The country’s industrial laboratories and small and medium-sized high-tech companies are responsible for large numbers of research breakthroughs. Since the 1990s, the universities
have also played an increasingly important
role, as evidenced both by the emergence
of commercial marketing agencies and
by the high number of university-held patents and the industrial parks clustered in
their vicinity.
The success of Israel’s economy and its
research efforts was also supported from the
beginning by its close cooperation with the
US and, later, increasingly also with Europe.
Today, apart from the US, Israel’s most
important scientific partner is Germany.
Whereas German-Israeli relations were initially influenced on the German side by the
desire for restitution after the Holocaust,
our two countries are now linked by a dialogue between equals. For me, the coming
inauguration of the Max Planck – Weizmann
Center for Integrative Anthropology and Archaeology developed by the Weizmann Institute and the Max Planck Institute for Evolutionary Anthropology in Leipzig symbolizes the equal partnership between us in the
field of scientific research. We are currently
discussing the possibility of another Center
in the field of neurobiology with the Hebrew
University in Jerusalem.
We have found some outstanding partners here who wish to exploit the synergies
offered by such a Center that, in turn, is outstandingly well resourced by both the Max
Planck Society and an Israeli research institution. This cooperation in promising fields
of study gives cause for great expectations.
Depending on the subject, annual funding
of up to one million euros is available, half
of which is contributed by us and half by

Photo: Axel Griesch

Science Builds Bridges

PETER GRUSS

our partner institution. Cooperation in this
form is possible because the Israeli universities allocate their funds on the basis of
quality, while at the same time offering
their scientists the necessary independence
to exercise their creativity.
We establish Max Planck Centers worldwide with just a few selected partners of the
highest caliber with whom we wish to co-

Max Planck Centers
promote exchange and
cooperation
operate intensively in research areas that
hold great future potential. This cooperation goes far beyond a mere bilateral partnership. Through these Centers, we aim
particularly to stimulate the exchange of
junior scientists, whether through joint
doctoral training at an International Max
Planck Research School, through the development of joint postdoctoral programs, or
through the establishment of junior research groups and partner groups. Laboratories, equipment and libraries are used
jointly, and even funding applications to
third-party sponsors are submitted jointly
– a method that has worked well for years in
terms of EU funding applications by Israeli
and German researchers.
In the difficult climate that existed between Germany and Israel after 1945, it fell
to science to become a builder of bridges.
Science is, by its nature, transnational, and
so it was that common research interests
and curiosity became the driving forces in a
mutual rapprochement. Nevertheless, after
the horrors of the Holocaust, as a consequence of which many Jewish scientists

were murdered or forced to leave Germany,
it would take until 1959 before the first
meetings were held between German and
Israeli researchers. Despite resistance in
both countries, at the invitation of the
Weizmann Institute, a delegation from the
Max Planck Society led by its then President,
Nobel Chemistry laureate Otto Hahn, traveled to Rehovot. This paved the way for
fruitful scientific cooperation that continues to this day.
A year later, a politically momentous
meeting took place in New York between Israeli Prime Minister Ben Gurion and Konrad
Adenauer. Among other things, the German
Chancellor promised the Weizmann Institute a donation of three million German
marks, laying the foundation for close institutional cooperation between the Max
Planck Society and the Weizmann Institute.
Just four years later – and before official diplomatic relations were initiated – the Minerva Agreement set the seal on cooperation, at first exclusively with the Weizmann
Institute, but soon with Israel’s universities
as well.
The Minerva Foundation, a subsidiary
of the Max Planck Society, has played an
important role in promoting research in Israel via a program that has been developing since the 1960s. This promotion is not
a one-way street. On the contrary, it encourages scientific dialogue between the
two countries. There are currently 34 Minerva Centers at Israeli universities and
research institutions, conducting research
in a wide variety of fields, from history
to environmental technology, and from
informatics to law. The Centers are financed
in equal parts through capital made available over the years by the German federal
government and matching contributions
from the Israeli university operating the
Center.

The program is currently in the process of
being restructured: Minerva Centers will
now be established on a competitive basis

The Minerva Foundation
encourages dialogue
between nations
and will focus for a limited period of five to
ten years on new and innovative research
areas of mutual interest. The Minerva Centers serve to stimulate intensive exchanges
between Israeli and German scientists,
many of whom also come from German universities. As Max Planck Society establishments, the Minerva Foundation safeguards
their quality with the aid of excellent, tried
and tested evaluation procedures.
It is clear from the history of scientific
relations between Germany and Israel that,
after the traumatic experiences of the Holocaust, the two sides have become reconciled with one another. For the Max Planck
Society in particular, the history of its predecessor organization, the Kaiser Wilhelm
Society, imposes a special responsibility, as
the Kaiser Wilhelm Institutes offered no
safe haven for Jewish researchers, many of
whom were expelled during the National
Socialist dictatorship. The role of the Max
Planck Society as a builder of bridges is and
remains a matter of importance to us, and
is supported by the desire of our scientists
to work together with their finest colleagues to a
advance the c
cause of science.

Peter Gruss
s,
Gruss,
President off the Max Plan
Planck Society
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In the building modeled on a spiral galaxy,
astronomical research will be promoted in
workshops, advanced training and symposiums.

Natural Sciences in the Galaxy
It felt like being in a dense gas cloud in the center of our Milky
Way. Misty, drizzly weather dominated the scene, and from
a distance, the silhouette of the Haus der Astronomie fittingly floated into view. A galaxy in the cosmic ocean. The idea
of designing the floor plan of the building in the shape of a
spiral galaxy came from Klaus Tschira. And at the opening ceremony, architect Manfred Bernhardt talked about the problems of actually building it. The facade alone consists of more
than 300 elements that were produced by a company based
in South Tyrol and fitted with millimeter precision on site.
In a witty speech, Mr. Tschira then talked about his enthusiasm for astronomy. Called a “planetary nut” in elementary school, he went on to study physics after his schoolleaving exams. “Instead of starting an academic career, I then
took some time out and obtained my driver’s license with
the idea of possibly delivering mineral water,” he said. But
that didn’t happen. He eventually ended up at IBM, then
co-founded SAP – one of the world’s largest software manufacturers today. Through his foundation, Klaus Tschira com-

“Images of Science” Exhibition
in Palm Beach
The Max Planck Florida Foundation invited 120 guests, among
them the mayor of West Palm Beach, the presidents of the
Cultural Council and the Economic Council, and numerous representatives of well known financial institutions, to the opening of the exhibition at the West Palm Beach Photographic
Center. It was prominently featured in the media and appeared
on the front page of the Palm Beach Daily News.
After the presentation at the West Palm Beach Photographic Center,
the exhibition will run from February 11 to September 3, 2012 at the
Miami Science Museum.
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missioned the building of the Haus der Astronomie; shortly
before the festivities began, he presented it to the Max
Planck Society.
Baden-Württemberg’s Minister of Science, Theresia Bauer, and her colleague from the Department of Education,
Gabriele Warminski-Leitheußer, emphasized the importance
of the institution for the educational landscape. “Here,
young people are given the opportunity to think outside the
box,” commented Ms. Warminski-Leitheußer. And Theresia
Bauer praised the house as “a place where enthusiasm for
science is nurtured.” Thomas Henning, Managing Director
of the Max Planck Institute for Astronomy, which is responsible for running the Haus der Astronomie, sees it as a “Trojan horse” to arouse interest in students for natural and engineering sciences.
Just as unusual as the architecture was the “key” that
was handed to Peter Gruss, President of the Max Planck
Society, at the end of the ceremony: a solid metal model of
the building.

Photos: Bernhardt + Partner (left), Thomas Hartmann (right), Max Planck Florida Foundation (bottom)

A ceremony was held to mark the opening of the Haus der Astronomie (House of Astronomy)
in Heidelberg, a new communications center for astronomical research

PERSPECTIVES

“Explaining rather than judging”
Jacqueline Knörr’s research helped a West African woman gain recognition as a refugee

A German administrative court recently
granted a woman from Sierra Leone refugee status owing to female circumcision
after her application had initially been rejected in the asylum procedure. Apparently, a decision stating the belief that circumcision should be considered pre-persecution became final for the first time. For
women who, as part of their initiation
into the secret society of women, are circumcised as young girls (which is standard
practice particularly in Sierra Leone, Gambia and Guinea) but later oppose this practice and are persecuted, this decision
should make the asylum procedure easier,
believes Jacqueline Knörr. She heads the
research group “Integration and Conflict
on the Upper Guinea Coast (West Africa)”
at the Max Planck Institute for Social Anthropology in Halle. MaxPlanckResearch
spoke with her.

Photo: MPI for Social Anthropology

Ms. Knörr, how does it feel to have been able
to provide real help to someone through your
research?
Jacqueline Knörr: It’s always a good feeling when I can help someone by giving an
expert opinion. I have already given a number of expert opinions, particularly for the
asylum procedure in England, on the problems of female circumcision in certain
countries in West Africa. This time, however, it was quite different. I received a letter from the lawyer who represented the
woman from Sierra Leone in her appeal
against the rejection of her asylum application. In the lawyer’s arguments, he referred to evidence from a public lecture I
gave in 2006 as part of my postdoctoral
qualification at the University of Halle.
What was the topic?
It was about the social significance of secret
women’s associations in Sierra Leone. The
court’s decision is based essentially on information from this lecture, according to
what the lawyer told me.
So you don’t know either him or the woman?
Exactly. But the lawyer sent me the verdict. And it’s usually the case that you
don’t know the women in such proceed-

take on the mantle but not pursue it, and
has opposed the practice of circumcision.
As a result, she was threatened and hounded, and ultimately fled to Germany. Nevertheless, her application for asylum was rejected by the competent Federal Office for
Migration and Refugees.

Jacqueline Knörr

ings personally. But you feel with them
when you read the sometimes very detailed and difficult life stories that are
dealt with in the asylum procedure.
How did you happen upon the subject of
female circumcision?
In my group, we conduct research particularly into which reintegration processes are
taking place in the countries of the Upper
Guinea Coast after the civil wars of the last
20 years, and what role ethnic, language,
religious and national identities play in
this. In Sierra Leone, around 85 percent of
women are still circumcised despite the
presence of NGOs that oppose the practice.
My concern is not to condemn female circumcision, but to explain in what social
and cultural context it is practiced.
It is certainly a misapprehension to accept
that all women are against female circumcision. And it is in fact much less controversial
when done on boys in Western countries.
But that is hardly comparable to the radical nature of the majority of female circumcisions. This involves hard economic
factors. The sowei – the women who carry
out the circumcisions in Sierra Leone – are
paid to do it and receive other services in
return. Attempting to find them alternative sources of income can surely be a very
promising approach in this. In the specific
case that was dealt with here, the woman
was the daughter of a sowei. She wanted to

Why is it so difficult in Germany, given the
attitude toward female circumcision, to gain
recognition as a refugee?
I can only speculate, but I think it’s also
connected to the fact that, while the political position of the federal office is very
strong, its understanding of foreign life relationships is unsound. And my research
results are not always taken in context correctly. I have even been so strongly misquoted that findings were used against
one woman. I have since attempted to clarify this. The greater willingness in England
to include ethnological knowledge may be
due to the fact that people are more used
to ethnic diversity and, as a former colonial
power, more naturally see themselves as
an immigration country.
When you were younger, you lived in Africa
with your parents. Did this influence your decision to study anthropology?
Yes, of course. I lived in Ghana between
the ages five and fourteen. My parents
lived there for many years afterwards – so
there’s a connection, even if I have, of
course, moved a lot in so-called expatriate communities. When I later attended
school in Germany, I considered adhering
to European world views to be a restriction. At the same time, I occasionally had
to listen to accusations of racism, simply
because of the fact that I had lived in Africa as a white person. In the first few
years, that caused resistance in all directions. I also found it difficult to understand why most of the people around me
assumed that all African women are oppressed. That strengthened my resolve to
understand things comparatively and
from an indigenous point of view.

Interview: Susanne Beer
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Strengthening the Partnership with Argentina
Opening of a Max Planck Partner Institute for Biomedical Research in Buenos Aires

The new Institute for Biomedical Research, which is being
run in cooperation with the Argentine National Scientific
and Technical Research Council (CONICET), is part of the
new “Polo Científico” research campus. Around 2,000 guests
attended the opening event in October. Earlier, President

Cristina Fernández de Kirchner visited the laboratories of
the new Partner Institute, at which time she presented
Florian Holsboer, Director of the Max Planck Institute of
Psychiatry in Munich, with the Luis Federico Leloir Prize
from the Argentine government. In bestowing the award
for international collaboration in the field of science, technology and innovation, Argentina acknowledges Holsboer’s commitment in establishing ongoing intensive scientific cooperation. The establishment of a joint Partner
Institute was contractually agreed in 2007, based chiefly
on the collaboration dating back more than 20 years between Florian Holsboer and Argentinian Eduardo Arzt, the
Founding Director of the new Partner Institute and for
many years an External Scientific Member of the Max
Planck Institute of Psychiatry.
Around 2,000 guests attended the opening event with
State President Cristina Fernández de Kirchner for the new
Max Planck Partner Institute in Buenos Aires.

On the Net

Innovation Blog
Since the end of last year, Markus Berninger has been blogging for Max Planck Innovation (MI) about new discoveries, patents and what technology has to offer. The discussion and information platform is an extension of the already highly successful Twitter channel of the subsidiary
that is responsible for the technology transfer of the Max
Planck institutes. Using the motto “Connecting Science
and Business,” MI sees itself as a partner for both scientists
and businesses. http://blog.max-planck-innovation.de
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What Scientists have on their Minds
Research at the Max Planck Institute for Human Cognitive and Brain Sciences revolves around human cognitive
abilities and cerebral processes, with a focus on the neural basis of brain functions like language, emotions and
human social behaviour, music and action. The news
Blog NeuroCognition will provide insights into what
scientists have on their minds. Posts may feature new
studies, ideas, projects and initiatives, comments on current debates, conference reports and many other things.
www.scilogs.eu/en/blog/neurocognition
New Design for Facebook Page
The English-language Facebook page for the Max Planck
Society, which now has more than 3,000 friends, has an
attractive new design. In addition to a new profile picture and its own welcome page, the Twitter and YouTube
channels have also been integrated to make it easier to
network the social media sites. Here, students from all
over the world can find a database of all the International Max Planck Research Schools with links to the appropriate Internet pages.
www.facebook.com/maxplancksociety

Photo: MINCyt

The Mysterious Denisova People
Bence Viola of the Max Planck Institute for Evolutionary
Anthropology in Leipzig initially thought the unprepossessing find he saw in front of him was the tooth of a cave
bear. However, it soon became clear that they had found
the remains of a new prehistoric man. Today, DNA comparisons between modern man and Denisova man are
providing clues on how human populations settled in
Asia more than 44,000 years ago. A slide show at www.
mpg.de describes how this discovery, which Science
magazine considers to be one of the scientific highlights
of 2011, was made: www.mpg.de/films.

PERSPECTIVES

1

Photos: Christian Hackenberger , Juan Pedro Mellado, Christian Eberhard

2

Max Planck
Award for
Science in the
Public Eye
For the 2011 Awards, submissions were called for in
the categories Image, Text and Animation. In the
“Image” category, first prize went to Christian Hackenberger of the Max Planck Institute of Quantum
Optics for his illustration of “Laser-driven electron
acceleration” (1). Juan Pedro Mellado of the Max
Planck Institute for Meteorology received second
prize for his simulation of the “Temperature field on
the surface of a body of water” (2). And third prize
was awarded to Christian Eberhard of the Max
Planck Institute for Intelligent Systems for his

3
image “The source of life in a different light” (3). The
image, which was created using reflection interference contrast microscopy (RICM), shows water
droplets measuring 5 to 50 micrometers that formed on a glass surface as a result of condensation
in a saturated water vapor atmosphere.
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VIEWPOINT_Mathematics

The Beauty of
Numbers
Johann Sebastian Bach, Le Corbusier and Maurits Escher: Mathematics has influenced
many a creative genius. But also mathematics itself contains an element of beauty.
Our author, in any case, is firmly convinced of this, and is greatly inspired by its
conciseness, simplicity, clarity and the absolute persuasiveness of its arguments and
ideas: a testimony to how much pleasure the art of mathematics can bring – a pleasure
that can reveal itself to just about anyone.

A

Hungarian number theorist once defined
mathematicians thus: “A mathematician
is a machine for transforming coffee into
theorems.” At my institute in Bonn, good
coffee is scarce, but there is no lack of
mathematicians or theorems, leading me to wonder
occasionally whether it wouldn’t be possible to use
mathematicians in reverse!

What does a mathematician do?
Invent or discover new things?
Now, there are some people who can‘t stop processing coffee like this, and others who are filled with
dread at the mere thought of mathematics. I will

12
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come back to this later. But first I want to address another issue: What is mathematics? What makes it
beautiful? And what can be done to convey the joy
of mathematics to non-mathematicians as well?
The question as to what mathematics actually is
sounds naive. In fact, however, it is not so easy to answer, and indeed, philosophers have been pondering
this issue for centuries. At the very beginning of his
Critique of Pure Reason, Immanuel Kant even asked
how pure mathematics was possible. Other sciences
are clearly characterized according to the objects they
study: heavenly bodies, living things, human relationships or whatever. With mathematics, it is not so
easy. For one thing, mathematics doesn‘t always deal
with the same objects. Numbers, algebraic formulas,
analytical functions and geometric shapes are obviously included, but mathematical thinking is actually more about studying structures per se than about
studying the structure of specific, predetermined ob-

Image from the film Les Paradis mathématiques, 2011. Création BUF

TEXT DON ZAGIER
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jects. And the problem goes even deeper: unlike other disciplines, it isn‘t even clear where the objects we
study are actually found. Are they internal or external? Subjective or objective? Do they exist only in our
minds or in the real world? Is a mathematician’s task
to invent or to discover?
The fact that mathematical results can be verified objectively speaks in favor of discovering: The
proof a mathematician provides for a theorem will

There are a number of valid
consequences at any time
convince any mathematician about the truth of the
assertion, as long as he hasn’t made a mistake. Different mathematicians investigating the same problem will always come up with the same answer,
regardless of their personality or individual preferences. The same also applies to different cultures
that have often come across precisely the same
mathematics quite independently of each other. For
instance, the formula for solving quadratic equations, the Pythagorean theorem (which is not called
this everywhere, of course!) and the algorithm for
taking cube roots were discovered in many different
cultures in ancient times.
But mathematicians are just as often inventors.
One indication of this is that they often have the purely subjective feeling of creating something of their
own. Also, different mathematicians are often led to
different problems, and therefore to different results,
depending on their personal preferences and experience, and they can often even be recognized from their
mathematical theorems – like a personal trademark.
In precisely the same way, different cultures have often taken completely different mathematical directions and thus developed their own mathematics. The
Greeks, for instance, invented the concept of proof

14
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and focused on this, while the Chinese often made the
same discoveries but presented them as algorithms or
arithmetical recipes. Or to name another example: The
Egyptians used mathematics in commerce, surveying
and astronomy, as did other ancient peoples, and developed arithmetical methods that used rational numbers (fractions), but in a very unusual way. Instead of
writing the fractions as quotients of numerators and
denominators, they allowed only purely reciprocal
numbers (1/n), and represented every fraction as the
sum of such numbers. Moreover, they allowed only
different denominators: 2/5 was not written as 1/5
plus 1/5, but as 1/3 plus 1/15!
So where does the truth lie? Most mathematicians
would say the truth is a combination of both aspects.
At any time and for any problem there are a number
of valid consequences that follow from the axioms
and what is already known, similar to the many
moves that are possible for any position in a game of
chess. These consequences are already there in a certain sense, but the mathematician has to decide
which path to take each time – and this is where their
individual skills, preferences and personality come
into play. The French mathematician Gustave Choquet put it thus: “The theorem that one is seeking has
existed from time immemorial. But in order to discover it, one must invent a path.”
Is mathematics an art or a science? Again, both
points of view can easily be defended. In favor of it
being an art is the fact that mathematics can often
be found in art (in the conventional sense): in architecture, one need only think of the pyramids, the Parthenon or the buildings of Christopher Wren, Le Corbusier or any number of other architects; in music,
the works of Bach, Mozart or Schönberg; and in
painting, Dürer or da Vinci.
Moreover, mathematics itself can be aesthetically
beautiful – such as certain geometric shapes, like the
five regular polyhedra discovered by Plato or, to use
a more modern example, the beautiful fractal images that are familiar to many. Occasionally, art even
leads to new mathematics, as is the case with many

Image from the film Les Paradis mathématiques, 2011. Création BUF

of the drawings by Dutch artist Maurits Escher, for
instance. An even more interesting example is that
of the so-called tessellations of the plane. A difficult
mathematical theorem states that there are exactly
17 fundamentally different types of symmetry that
such a tessellation can have; surprisingly, all 17 were
discovered by Islamic artists in the Middle Ages and
incorporated into wonderful ornamentations in the
Alhambra in Granada.
But when I speak of art and mathematics, I do not
mean these relationships between mathematics and
the other arts, as diverse and interesting as they may
be, but rather that mathematics itself is art. The relevant aesthetic criteria here are not so much visual
in nature as abstract: the conciseness, simplicity, clarity and absolute persuasiveness of the arguments and
ideas. At first sight, these criteria may seem intellectual rather than artistic, but hardly anyone who has
worked with mathematics for a lengthy time fails to
develop a sense of its beauty. Mathematicians use
words like “beautiful” and “elegant” even more frequently than scientific terms like “convincing” or
“correct”. Even more interesting is the fact that this
feeling for mathematical beauty very often turns out
to be the surest guide when choosing the best way
through the labyrinth of mathematics – a kind of Ariadne’s thread.
Artists can apply aesthetic criteria when making
a decision: What should I write? What should I paint?
What should I compose? Scientists only rarely have
this luxury, since nature has not always chosen the
path that pleases us humans best. Mathematics is
somewhere in between: mathematicians don‘t necessarily have to (and certainly can‘t always) proceed
according to aesthetic criteria, but in the vast majority of cases, the mathematically best way turns out to
also be the best one from an aesthetic point of view.
There is no better strategy than to always look for the
most beautiful solution.
Mathematics can therefore quite easily be considered to be an art. But there are also good arguments
for classifying it as a science. Mathematics has a de-

gree of objectivity that the other sciences scarcely attain: its results are absolutely certain, because they
are proven. And once something has been discovered, it never goes out of date. Subsequent developments may add new aspects, but a truth, once revealed, never changes.
Mathematics can even be considered to be more
scientific than the other sciences, because it is less dependent on the accidental properties of our world.
The various sciences could thus be ordered from soft
science to hard science, for example history – sociology – psychology – medicine – biology – chemistry –
physics and, only then, mathematics. The history of
a country is largely determined by chance events and
could quite easily have turned out differently; the sociology of a people greatly depends on cultural as-

Nature has not always chosen the
path that pleases us humans best
pects; psychology is more universal, but still culture
dependent; medicine applies to all cultures and peoples, but only to the species humankind; biology applies to all known forms of life, but would presumably look different on a distant planet; chemistry
would be unchanged even on distant planets, but under conditions of extreme temperature or extreme
pressure – after the Big Bang, for example – would
obey other laws. And even physics, which appears to
be universal, is not necessarily so, since one can easily imagine a different universe in which, say, the ratio of the mass of a proton and an electron has a value other than 1,836. But mathematics would be
valid even in this other universe: two plus two would
still equal four, and every number would still be a
product of prime numbers. It is a paradox: mathematics, the seemingly most unreal of all the sciences, describes the most real reality!
>
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We manage to prove an answer
that is irrefutable for all eternity
the pleasure obtained from the elegance and beauty
of the results and arguments that one has read in the
work of others or has discovered for oneself. But I
think that the main source of the satisfaction felt by
mathematics adepts derives from that special feeling
of discovering, without external aid, a part of the
truth, of unearthing one of nature’s secrets.
As a simple example of this, I would like to present Euclid’s famous proof for the existence of infinitely many prime numbers:
Imagine that there were only a finite number of
prime numbers, say 2, 3, 5, 7 and so on, up to 31, and
then no others. One could multiply all of these prime
numbers 2, 3, . . . . , 31 together and add 1 to the product. The resulting number would not be divisible by any
of the prime numbers 2, 3, . . . , 31, because it is greater by one than a multiple of each of them. Like any
number, however, it would either have to be a prime
number itself or contain a prime factor smaller than itself. Contrary to the hypothesis, this factor would be a
prime number that was not included in our original list.
Whether or not all the details of this argument
can be understood after such a brief exposition, I believe that everyone can certainly recognize one truly
fantastic property of this argument: We start off with
a question (is there a finite or an infinite number of
prime numbers?) that we humans actually should not
be able to answer at all, because of course we can never consider more than a small, finite fraction of the
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prime numbers. Nevertheless, we manage to find the
answer by using a couple of simple yet very subtle
sentences to prove it irrefutably for all eternity. Mathematics, which comes from the inside and yet describes something on the outside, is the only science
where thought alone can be used, not only to find
the truth, but to prove it as well. And it is a fantastic
feeling to be able to do this.
Mathematics, then, can give some people a deep
feeling of joy. But unfortunately, only a few: it is definitely not for everyone. In contrast to music and
good food, about which some people are passionate
and some not all that interested, but which almost
everybody appreciates to some extent, mathematics
prompts very different feelings: those who have discovered its fascination are hooked forever, while most
people cannot begin to imagine how mathematics
and pleasure can be related at all. I don‘t want to go
into the reasons for this, even though there are some
very interesting studies on the subject. (What is certain is that culture plays a major role.) But actually I
am convinced that many people have the potential
to love mathematics.
The main problem may be that most people have
never seen real mathematics: The mathematics that
everyone learns in school is almost always just a collection of recipes for everyday use or, at best, in science. Beautiful mathematics is hard to find. But in
order to understand the beauty of mathematics, one
must have also encountered it. Imagine that you
knew that music existed, but that you had never
heard a single sound or melody. It would be just as
difficult for you to convince yourself of its beauty as
it is for many people to convince themselves that
mathematics is beautiful. Of course, it would be even
better if you had not only heard a few sounds and
melodies, but had also played or sung them yourself.
And even better if you had done this as a child! It is
just the same with mathematics.
Fortunately, encounters with mathematics are
very much possible. There are many mathematical
results whose formulations (and occasionally proofs,
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Why, then, does mathematics give so many people so
much pleasure? The obvious answer, and one that is
certainly not completely wrong, is that solving problems and doing difficult puzzles is, quite simply, fun.
To this is added the aesthetic feeling described above,

VIEWPOINT_Mathematics

as well) can be understood by non-mathematicians,
and whose beauty can surely be understood by many.
Examples include the above-mentioned Platonic solids, Euler’s formula and Lagrange’s theorem, which
states that every natural number is the sum of at most
four square numbers. There are also others with
which one can experiment oneself, and thus experience the pleasure of mathematical discovery.
I can clearly remember, as a 12-year-old, being
told about Pick’s theorem by a chemist. This theorem
states that the area of a polygon drawn on graph paper, with its corners lying only on lattice points, is
one less than the number of interior points plus half
the number of points on the perimeter. I pondered
this for weeks before I finally found a proof. Or the

THE AUTHOR
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I pondered about Pick’s
theorem for weeks
mysterious Möbius strip with only one surface and
one edge: try to find out, by pure thought, what happens if you cut such a strip down the middle or a
third of the way from the edge.
These types of encounters, which both young and
old might find absolutely fascinating, can be taught
by a good teacher or a good book. Two books by Hans
Magnus Enzensberger come to mind: The Number
Devil and Drawbridge Up, the former more for children, and the latter more for adults. But in addition
to teachers and textbooks, there is a third way: a museum for mathematics where one can see, hear and
touch beautiful things. One such example was the
exhibition at the Fondation Cartier in Paris: “Mathematics: A Beautiful Elsewhere,” where eight artists
helped visitors experience the aesthetics of mathematics. Also the catalog of this unique experiment
invites readers to take a journey into the beauty of
abstract thought.

Don Zagier, born in 1951, has been a Director at the Max
Planck Institute for Mathematics in Bonn since 1995 and
a professor at the Collège de France in Paris since 2000.
This essay by the internationally renowned number
theorist is based on a speech he gave in 2003 on the
occasion of the opening of math.space in Vienna’s
Museum Quarter, and on the English/French version
published in the catalog to the exhibition “Mathematics:
A Beautiful Elsewhere.”
Further information about this interactive show, in
which Don Zagier played a crucial role, can be found at
www.fondation.cartier.com
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Getting to the

Root of Things
Plants have lived in close community with certain fungi for
millions of years. The microorganisms provide them with vital
mineral salts such as phosphate, and in return, they supply
the fungi with carbohydrates. Franziska Krajinski from the
Max Planck Institute of Molecular Plant Physiology in Golm
observes how these unequal partners establish contact with
each other and exchange nutrients.
TEXT CATARINA PIETSCHMANN

xxxxx
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e worships her and keeps
her in a constant embrace.
He simply can’t live without her. She, on the other
hand, can survive without
him, but she values his companionship.
After all, he gives her strength and helps
her to be better and more beautiful than
the others who are not lucky enough to
have such a caring partner. And she rewards his hard work with sweetness; a
truly symbiotic relationship that lasts
until they are parted by death.
Despite how it sounds, this is not a
description of the perfect marriage, but
the age-old story of the intimate underground relationship between plants and
mycorrhizal fungi. It all began 400 million years ago when the first plants ventured onto dry land. All plants had such
helpers in their roots in the beginning.
The fungi supply them with nitrogen,
phosphorus and other nutrients from
the soil. In return, they receive glucose,
which the plants produce through pho-

tosynthesis. The carbon it contains is
the elixir of life for the fungi, the very
basis of their existence. There is a perfect balance of give and take.

FUNGI SUPPLY THE PLANTS
WITH NUTRIENTS
Even the most dedicated amateur gardeners give little thought to how plants
obtain their nutrients. They water them
regularly and fertilize them occasionally. “However, the one to two millimeters of soil surrounding the roots quickly becomes denuded of phosphate. It
doesn’t simply flow through the soil,”
explains Franziska Krajinski from the
Max Planck Institute of Molecular Plant
Physiology. “The plant is reliant on
help here.” The help provided by fungi,
for example.
At the Max Planck Institute in Golm
near Potsdam, the biologist studies this
interaction on the barrel clover Medicago truncatula, which is related to alfal-

Symbiosis in the Petri dish: The roots of a carrot plant are surrounded by a network
of hyphae from the Glomus intraradices fungus.
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fa, or lucerne, and the fungus Glomus
intraradices. Despite the fact that their
barter system has existed since time immemorial, exactly how it functions at
the molecular level remains a mystery.
How do the host and symbiont communicate? How exactly does the exchange of substances take place? The
fact that some plants, including cabbage-like species, refrain from engaging
in such support relationships with fungi doesn’t make things any easier. The
favorite model plant of biologists, the
thale cress Arabidopsis, is among the few
plant species that do not enter into
symbiosis with fungi. “Because of this,
mycorrhizal symbiosis was the poor relation of plant research for a long time,”
explains Krajinski.

VAST DIVERSITY
OF ENDOSYMBIOTIC FUNGI
First, however, some difficult terminology needs to be explained. The term
mycorrhiza originates from the Greek
and means “fungus root.” Mycorrhizal
fungi thus engage in fungus-root interaction and are very common in the
fungal kingdom. In contrast, the AM
fungi – AM standing for arbuscular mycorrhizae – form a separate phylum or
group known as the glomeromycota.
Their approximately 400 species are
all endosymbionts, which means that
they penetrate directly into the plant
cells with the tips of their threadshaped cells, the hyphae. There they
form a tree-shaped apparatus, the ar-
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buscule, for the specific purpose of exchanging nutrients with the plants.
This distinguishes them from Boletus and other typical forest fungi. The
latter, which also form an extensive
network of hyphae in the soil and,
above ground, sometimes tasty, fruiting
bodies, are known as ectosymbionts: although they grow in the roots of their
host organisms, in many cases trees,
unlike the endosymbionts they do not
penetrate the root cells. These species
developed at a far later stage in evolutionary history than the AM fungi.
It appears that there is a lot more
going on in the soil than might be supposed. When the 39-year-old scientist
from Magdeburg talks about her research, she opens the door to a hidden
underground kingdom. Soil bacteria,
worms and small insects jostle around
between the roots of the trees, bushes,
and grasses. But this area is also inhabited by various species of AM fungi
that form hair-thin webs with their
colorless hyphae, which can extend
across entire square meters of soil. “An
extensive network is thus formed between different plants and fungi,” says
Krajinski. The modest fungi offer their
services to every reachable plant that
appreciates their services. Unlike bacteria, which sometimes like to overrun
other species and, if necessary, defend
their own territory by means of toxic
attacks, AM fungi do not engage in turf
wars. “They probably don’t have any
spare capacity to form toxins,” explains Krajinski. “After all, they obtain

PLANT AND FUNGUS EXCHANGE
MESSENGER SUBSTANCES
So how does the life of a so-called obligate symbiont – that is, an organism
that can survive only in association
with a plant partner – begin? The fungus starts life alone as a tiny spore: a
round little survival capsule, a mere
one millimeter but chock full of provisions, since it can take a long time until the day arrives when it germinates.
It is not known exactly what kind of
signal prompts the spore to do this. It
could be something as simple as water:
when the spores are placed on a watery
bed of algal gelatin in the laboratory,
the germination process begins and
two to three small hyphae emerge from
the spore.
With a little luck, a root will grow
very close by at that very moment, and
the establishment of contact begins.
Not through touch, but chemically,
through molecules. “I personally believe that the initiative comes from the
plant, simply because it has more resources. It gives the first signal,” says
Krajinski. “The fungus responds only
when it can be certain that a host has
made contact with it.”
This is the exact response that the
research group is aiming to track down,
the so-called mycorrhizal factors. To

Photos: MPI of Molecular Plant Physiology (2)

The mycorrhizal fungus Glomus intraradices forms a dense underground network of fungal
hyphae (left). Tiny spores emerge from these thread-like cells (right), which enable the
fungus to reproduce.

every single carbon atom from their
host plants.” Specific plants rarely express a preference for a special type of
fungus and vice versa. “All we know is
that some symbiotic relationships are
more efficient than others.”
Over 80 percent of all terrestrial
plants today engage in AM symbiosis.
Some also avail of the services of rhizobia or root nodule bacteria – also a form
of endosymbiosis – which are able to fix
nitrogen from the air. The barrel clover
can do both, and is not selective. It will
barter with any plant that happens to
be close by. To ensure that the scientists
can study the pure symbiosis with the
fungus, it is strictly barred from contact
with root nodule bacteria in the Golmbased research greenhouse.

Photos: Norbert Michalke (top), Catarina Pietschmann (bottom left), MPI of Molecular Plant Physiology (bottom right)

The benefit the barrel clover derives from the mycorrhizae is noticeable (above): Without the support of the fungus Glomus intraradices,
it grows far more slowly (left) than it does with the symbiotic fungus (right). Using a two-compartment system (below left), biologists can analyze
which substances the fungus delivers to the plant. The fungus hyphae in the inner compartment absorb radioactively marked substances and
transport them across the gap to the plants in the outer compartment. The researchers can then measure them based on their radioactivity:
in addition to the mycorrhizae, the barrel clover also forms a symbiosis with root nodule bacteria that can convert nitrogen from the air into
compounds that the plant can use.
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Daniela Sieh (left) and Franziska Krajinski in a phytotron, a research greenhouse in which
the scientists can keep plants under precisely defined conditions.

identify them, they must first decode
the plant’s reaction. To this end, an already colonized root culture in which
messenger molecules from the plant
and the fungus are present is covered
with a membrane. The membrane prevents direct contact with the barrel
clover whose seedlings are placed on
top of it. “The messenger molecules
diffuse through the membrane,” says
the biologist, “and we examine the
means the plant uses to respond.”
Based on its reaction, which involves
the activation of genes, the researchers can then identify the fungus’ signaling substances. However, how the
plant immune system distinguishes
between friend – a potential symbiont –
and foe – a pathogenic fungus – remains
a mystery.

ROOT CELLS CLEAR THE WAY

200 μm

If there is no root there, the spore retracts its hyphae. The energy reserves
in the capsule are sufficient for several
attempts. Some time later, it tries again;
it may get lucky with a new seedling.
And if it works this time, and plant and
fungus have recognized each other, the
first physical contact soon takes place.
The hyphae branch out and place a

small foot on the root. They adhere to
it using tiny round plates. Finally, the
fungus penetrates the root.
The cells of the root skin actively
prepare and voluntarily make space for
the fungus. “They reorganize their entire cellular skeleton and form a tunnel
through which the fungus hypha can
grow.” The web-like threads meander
between the cells and further on to the
middle of the root. Their destination is
the cells inside the root cortex that surround the central cylinder. This contains the vascular bundles that convey
water and nutrients to the aboveground parts of the plant. The glucose
that is vital to the fungus also arrives
here from the opposite direction.
The formation of the arbuscule
starts now: initially, there are just two
to three protrusions, but more form
subsequently. The hypha soon looks
like a ball of inflated miniature rubber
gloves. More and more protrusions
form until the plant cell is almost completely filled with the arbuscule. The
fungus never comes into direct contact
with the interior of the plant cell. It is
always surrounded by the plant cell
membrane and simply creates inward
dents in it. The more branches it forms,
the better, as the surface will be larger

0

μm

left: Barrel clover roots with mycorrhizal fungus (green). The fungus penetrates the cells of
the root cortex around the central cylinder. This contains the vascular pathways for water
and nutrient transport. right: Fungus bodies inside a root cell. The plant cell wall, the fungus’s
point of entry (above right), and the fungus’s tree-like structure (arbuscule) are stained with
green fluorescent dye.
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Cross-sectional view of a barrel clover root:
Mycorrhizal fungi penetrate the cells of the
root cortex and form arbuscules there (a).
The endodermis cells (e) can’t be penetrated
by the fungal hyphae. The triangles show
areas that are stained dark red by the
microRNA 5229. The activity of the plant cell
genes there has been modified.

for the exchange of nutrients. In the
plant cell membrane, completely new
proteins are now formed that the plant
doesn’t normally produce. Among other things, they act as a transport vehicle for phosphate and nitrogen.
Arbuscules have their own dynamics.
They last for just ten days and then degenerate. Nobody knows why this is so.
A cell can, however, accommodate a new
arbuscule. Microscopic images of the
longitudinal and cross sections of roots
show young arbuscules next to fully
grown ones.

LASER BEAM SEPARATES CELLS
FROM THE TISSUE
It doesn’t take long until the complete
inner root cortex is colonized. At first
glance, the process resembles an invasion, like a hostile takeover. However,
it is actually a process of peaceful coexistence. Both sides adapt perfectly to
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reserves. The activity of certain genes
in the neighboring cells would suggest
that more starch in these cells is decomposed to transportable sugar.
The reprogramming of genes is propelled by transcription factors that regulate the activity of genes. These are the
triggers that prompt cells to form different proteins from the usual ones. But
are they the only source of control? It
has been known for some time now
that, in addition to the transcription
factors, microRNAs also fulfill this task
in many organisms. These RNA sections, which weren’t discovered until
1993, are just 21 to 23 nucleotides long
and also influence gene activity. Krajinski’s team thus examined whether
plant-fungus symbioses also have their
own microRNAs.

MICRORNAS CONTROL THE
EXCHANGE OF NUTRIENTS
Plants can control the extent to which
they provide for the fungus with the
help of the RNA snippets. This protects
them against overfeeding, but lets the
poor dependent fungus go hungry as
the symbiont receives less glucose in
exchange. “For instance, if a plant has
enough phosphate, it can curb further
consumption using microRNAs from
group 399. These molecules could thus
be ideal candidates for boosting or
slowing down the symbiosis.” Although the researchers were unable to
confirm this function, they discovered
many new microRNAs that are now undergoing further examination.
The molecular logistics of AM symbiosis are highly complex, but the processes are reminiscent of an everyday
phenomenon: the fungus acts as the
plant’s wholesaler, in this case a wholesaler dealing in minerals. It has an extensive supply network – its hyphae.
And it uses utility vans – transport proteins in the arbuscule membrane – to
supply its plant customers. The plants
are ready on the opposite side with
wheelbarrows – their own transport
proteins – waiting to load up with pallets of nutrients and distribute them.

Photos: MPI of Molecular Plant Physiology
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one another to optimally benefit each
other – a symbiosis in the truest sense
of the word: living together.
A very old genetic program starts up
in the infiltrated cells and completely
reprograms them for the symbiosis.
How does the gene activity in these
cells differ from that in neighboring
cells without arbuscules? To find this
out, Franziska Krajinski’s team studied
both cells separately. They were the
first scientists to succeed in doing this
using a technique known as laser capture microscopy. A fine laser beam cuts
the cells out and a second catapults the
tissue into a test tube. The development of a rapid process for the collection and analysis of the individual cells
alone took four years.
With a steady hand, a focused eye
and an awful lot of patience, the researchers isolated approximately 13,000
cells. This was enough to study the
RNA and proteins in these cells. And
just about sufficient to also identify
the amino acids and sugars that are
formed by cells with arbuscules. Together with other research groups at the
institute, Krajinski and her colleagues
extracted the cell fluid from the cell sections and analyzed its composition.
They found that it contained a lot of sucrose, a lot of amino acids containing
nitrogen and some still unknown compounds. “These are particularly fascinating, as they are formed only during
symbiosis!” It isn’t yet possible to say,
however, which metabolite originates
from the fungus and which one from
the plant.
The comparison of cells with arbuscules, neighboring cells without arbuscules and cells from non-colonized
roots shows that around 800 genes
change their activity as a result of the
symbiosis. Surprisingly, the neighboring cells undergo similarly extensive
reprogramming. But why? It is possible
that they are preparing for their own
colonization. It is also possible that their
neighbors assume functions that they
can no longer fulfill, as the colonized
cells are completely filled by the arbuscules. Or they help to provide glucose

Using a fluorescence microscope, Anja
Branscheid examines where microRNAs,
which influence the activity of genes,
are formed in the roots.

The payment process also takes a similarly business-like form. If customers
are unable to pay their bills, the wholesaler goes broke – if the plant is short of
sugar, the fungus suffers.
Researchers have long focused on
phosphate exchange in particular. They
have since not only encountered specific transport proteins for this mineral but, among other things, also for
ammonium, nitrate, and possibly also
for copper. The fungus clearly takes everything from the soil that it can get its
hands on and pumps it, using different
transport proteins, into the tiny gap
between the arbuscule membrane and
the membrane of the root cortex cells.
The plant transporters then take over
the nutrients.
But what is the situation regarding
the balance between the nutrients? On
which mineral is the plant keenest, and
which one can it do without, if necessary? A current cooperative project is
researching this using sulfur transporters. “For a long time, sulfur was viewed
as not being very important, as it was

actually available excessively in the
soil,” explains Krajinski. Using radioactively marked sulfur, the biologists are
seeking to discover how sulfate or a lack
of it affects symbiosis.
They administered the marked sulfate to the fungus and measured the
proportion of it that arrived in the
plant. Sometimes the plant had previously received sufficient phosphate
and too little sulfate, and sometimes it
was given sufficient sulfate but too little phosphate. “We wanted to understand the conditions under which the
symbiosis is suppressed.” Their findings: the barrel clover expresses a clear
preference – phosphate is the main
thing! Even if it is practically flooded

GLOSSARY
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Arbuscule
Tree-shaped growth from fungus hyphae
in the interior of root cells in the arbuscular mycorrhiza. It penetrates the cellulose
cell wall, but not the cell membrane. The
growths always fork into two branches
of the same size. The large surface of the
arbuscule facilitates the exchange of substances between the plant and fungus.
Root nodule bacteria
Symbiotic bacteria of legumes (peas, beans,
clover). They bind nitrogen from the atmosphere and make it available to the
plant, from which they obtain carbohydrates in return. The plants form tuberlike thickenings in the roots; and the bacteria arise in the cells of these nodules.

Mycorrhiza
Symbiotic association between fungi and
plants. Around 80 percent of terrestrial
plants form mycorrhiza. There are three
main types of mycorrhiza: in endomycorrhiza, the oldest form, the fungal hyphae
penetrate the plant’s root cells. The fungus
mainly supplies the plant with phosphate.
In ectomycorrhiza, the root is surrounded
by a dense network of fungal hyphae that
remain outside the root cell. These help
coniferous trees, for example, to cover their
nitrogen requirements. In the case of ericoid
mycorrhiza, many of the fungal hyphae
remain outside the root cell, but individual
hyphae penetrate the cell. This form arises
in particular in moors and heaths, and
mainly supplies the plants with nitrogen.

with sulfate, it suppresses the exchange
of sulfur only if it has sufficient phosphate inside it.
Soil that has no mycorrhizal fungi
is practically nonexistent. Some species
grow everywhere – from the Siberian
Tundra to the Caribbean. It would
therefore appear to be ideal for agricultural use. AM fungi could render the
use of chemical fertilizer superfluous by
making the soil nutrients accessible.
“The large-scale application of AM
fungi as a growth aid is still pretty
much impossible,” says Franziska Krajinski. “The over-fertilization of fields
with phosphate and nitrogen for many
years slows the fungus down.” There
are far fewer colonized roots in overfertilized soil and the fungus can’t reproduce well. And because spores are
formed only during symbiosis, the soil
slowly becomes impoverished. “However, the global phosphate resources
used in fertilizer production are almost
depleted. So AM fungi could offer a
possible alternative in the distant future.” The research being carried out by
the Max Planck scientists in Golm
could literally be preparing the ground
for this development.
But for amateur gardeners, there is
already an alternative to the use of fertilizers. A renowned British rose breeder now provides a mycorrhizal fungus
spore mixture in bags. It can be used to
lend a helping hand to garden and pot
plants: all it involves is simply powdering the roots, planting them, and then
watering them.
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right: The beewolf larva spends the winter underground in a silken cocoon. Antibiotic-producing
bacteria protect the larva from harmful bacteria and fungi.
left: In this photomontage, the antibiotics are visualized by means of mass spectrometric imaging
and projected on the cocoon in false colors. Red and yellow surfaces correspond to high concentrations
of antibiotics, while blue and violet indicate lower levels.

Alliance
on a Silken Thread
Many insects rely on bacteria for vital support. The microorganisms produce survival cocktails
for their larvae, help them break down indigestible food components or supply essential
in Jena are elucidating fascinating details about the symbiotic relationships between insects
and microbes.
TEXT ELKE MAIER
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vitamins. Martin Kaltenpoth and his team at the Max Planck Institute for Chemical Ecology
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nsects are the most successful of all
animal groups, and have penetrated
d almost
l
t every corner off the
th planl
et. They have colonized practically
all habitats, from water surfaces to
deserts, and are as much at home on Himalayan glaciers as in supposedly wellclosed bags of muesli in the back of the
storage cabinet.
At the Max Planck Institute for
Chemical Ecology in Jena, the bugs occupy a whole room full of climate cabinets and are accommodated in dozens
of Tupperware containers. “These are
firebugs,” says Martin Kaltenpoth, taking a transparent box from a heated cabinet and showing a group of black- and
red-patterned insects that scuttle around
inside. What makes them special is that,

mill
millions
lliions
ll
ns of
of years
year
ye
arss ago,
ar
ago
ag
o, their
the
the
heiir ancestors entered into an alliance with bacteria.
Martin
Kaltenpoth,
M
ti K
lt
th head
h d off the
th InI
dependent Max Planck Research Group
“Insect Symbiosis” since November
2009, is excited about the diversity of
insects and their partnerships with microbes. “Symbiosis is a key factor for the
ecological and evolutionary success of
insects,” he explains, “because it allows
them to adapt to changing environmental conditions and exploit new
food resources.”
Leaf-cutting ants provide an interesting example of such an alliance.
They use small snippets of leaves as a
substrate to create underground fungal
gardens as a source of nutrition for
their colonies. To protect these careful-

ly nurtured food resources, the ants also
cultivate bacteria that produce different
antifungal
tif
l agents.
t Th
These substances
b t
combat the harmful Escovopsis fungus
in particular, which occurs as a parasite
in fungal gardens and would destroy
them were it not for the bacteria’s
strong chemical defense.
Other insects use microorganisms to
exploit special food sources. Many termites, for example, eat wood and use
intestinal symbionts to digest the cellulose. The unbalanced diet of the bloodsucking tsetse fly, carrier of sleeping sickness, lacks the essential vitamin B, but
microbes make up for this deficiency.
And many other insects, such as aphids,
cicadas and weevils, also rely on thirdparty supply of certain substances.
>
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Tobias Engl collects bees from the institute’s hives using an adapted vacuum cleaner, and supplies them to the beewolves
as food for their young.

“For many years, bacteria have generally been seen as a cause of disease,” says
Martin Kaltenpoth, “but in recent decades, studies have revealed more and
more examples of how microbes can
ensure the survival of their hosts.” The
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At the Max Planck Institute in Jena,
the beewolves are kept in a brightly lit
greenhouse, right next to tobacco, cabbage and busy lizzies. Here, they live
through the summer in glazed wooden boxes so the scientists can observe
their activities.

BEE PROVISIONS FOR
THE LARVAE
These solitary wasps are notorious for
their remarkable reproduction strategy.
In summer, the females hunt honey
bees. When they spot a worker bee
gathering nectar, they strike, paralyzing
the bee with poison and carrying it off
to a nesting hole in the ground. For
each egg, a female digger wasp will
bring in up to five paralyzed bees. After
hatching, the larvae feast upon the
nourishing meal and then spin a silken
cocoon in which to spend the winter.
This is a dangerous time. “Mildew
thrives in the damp environment of the
underground chamber with the bee remains,” says Tobias Engl, a postdoctor-

Photos: Sven Döring (top), MPI for Chemical Ecology

Only the female beewolves provide food
for their young. They seek out potential
victims with their large compound eyes, and
attack only after using their antennae to
check the scent of their prey.

bacterial symbiosis of leaf-cutting ants,
for instance, was first discovered in
1999, even though the ants carry their
microscopic helpers around in such
quantities that they are visible to the
naked eye.
During his doctoral studies, Martin
Kaltenpoth discovered a burning fascination for insect symbioses. While
working at the University of Würzburg,
he was researching pheromone communication in the European beewolf,
Philanthus triangulum, a species of digger wasp. In late 2003, he stumbled
upon an unusual kind of symbiosis that
still occupies him today.
Kaltenpoth is especially interested
in discovering how symbiosis evolves
between insects and bacteria. What are
the advantages to each? And why did
those particular partners choose each
other? He selected the red firebug, Pyrrhocoris apterus, as an additional object
of study. Both the beewolf and the firebug enjoy symbiotic relationships with
microbes of the interesting group of
Actinobacteria.

FOCUS_Symbiosis

Hassan Salem is studying the influence of intestinal bacteria on firebug growth. A comparison of firebugs with and without
these bacteria shows that those that have the symbionts grow bigger and have a better chance of survival.

Photos: Sven Döring (top), MPI for Chemical Ecology

al researcher in Martin Kaltenpoth’s
group. During his doctoral studies at
the University of Regensburg, he established the existence of ten different
types of fungus in the beewolf nurseries. Consequently, while the larva lies
motionless in its cocoon, it is in con-

stant danger of becoming moldy; but as
Martin Kaltenpoth discovered in his
doctoral thesis, the digger wasps have
developed a unique strategy to protect
their offspring.
Scientists had already observed that
the females excrete a viscous white substance from special glands in their antennae while building the brood chambers, and that they apply this substance
to the chamber ceiling. “This coating
later helps the hatching beewolves find
their way to the surface,” explains the
Max Planck researcher.
While analyzing electron microscope images, however, Kaltenpoth realized that the substance also had another, completely different function.
The images showed elongated structures that looked like bacteria, arousing
the curiosity of Kaltenpoth and his colleagues in Würzburg. Using gene analysis, they set about studying the mysFirebugs sometimes gather in large
numbers in places where there is abundant
food. They feed on plant juices, linden seeds
being their preferred diet.

terious structures – and struck gold. The
16S rDNA gene, a kind of ID card for
microorganisms, revealed that the structures were indeed bacteria. In fact, they
were a previously unknown species
of Streptomyces.

BACTERIA AS PRODUCERS
OF ANTIBIOTICS?
Thus began perhaps the most exciting
chapter of beewolf research: “Because
it is known that many streptomycetes
produce antibiotics,” says Kaltenpoth.
Could this be true for the beewolf’s
bacteria as well? To find out, he and
his colleagues focused on the larvae,
since observations had shown that larvae in the brood chamber seek out the
white substance and take it up. The researchers surmised that perhaps the
beewolf young somehow used the antibiotics to defend themselves against
mold fungus in their underground
homes, a little like the leaf-cutting ants
that use antibiotics to protect their underground gardens.
>
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And indeed, their investigations showed
that the bacteria occur in large numbers
on the outside of the larval cocoons,
where the scientists then also identified
a number of antibiotics produced by
the microbes. Using a new mass spectrometric imaging technique, they were
even able to make the antibiotics visible on the cocoon. “The larvae use
the symbionts to impregnate their cocoons,” says Kaltenpoth. “They spin
the bacteria into the outer silk layers in
such a way that they form an effective
barrier, while the larvae themselves
avoid any antibiotic-related side effects.” In other words, the beewolves
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use the germicidal metabolites of the
microbes to protect their offspring from
mold fungi.

BROAD-SPECTRUM ACTIVITY
AGAINST BACTERIA AND FUNGI
The insects actually make use of combination prophylaxis, as revealed by
the nine different antibiotics the scientists isolated from their cocoons, including streptochlorin and eight different piericidins. The efficacy of these
substances was then verified using bioassays. “The mix of antibiotics combats a very broad spectrum of fungi

and bacteria,” says Martin Kaltenpoth.
“That would not be possible with individual substances.”
The researchers showed just how effective the protection is by means of a
simple experiment. One group of larvae
in a brood chamber was blocked from
accessing the bacteria-laden white substance, with spectacular results. Without the bacteria, the survival rate of the
beewolf young fell drastically, from
over 80 percent to under 7 percent.
Yet the question remained: What
advantage do the microbes derive from
this relationship? “For one thing, they
are protected in the antennal glands

Photos: FEMS Microbiology Reviews – Martin Kaltenpoth (large image), MPI for Chemical Ecology (top), Sven Döring (bottom)
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The female beewolf is a skilled hunter. The venom from her sting paralyzes the victim, enabling the beewolf to carry it to the brood
chamber and store it there like food in a larder. Unlike their larvae, the adults are vegetarians and live on flower nectar.

2

At the end of a passage measuring up to one meter are a number of brood chambers, each containing a single egg. When the larvae
have eaten their supplies of honey bees, they spin a cocoon that is attached to the wall of the chamber only by a thin stalk.
This reduces the risk of fungal infestation.

3

The pupal cocoons must be opened in order to analyze the antibiotic coating.

4

A look into the beewolf nursery: A cocoon is taken from a brood chamber using tweezers. A sealable plastic tube of the kind normally
used for DNA analysis serves as the brood chamber, and a refrigerator simulates the winter season.

5

The stage of development of a beewolf pupa can be seen through the cocoon when held up against the light.

6

A longitudinal section through the antenna of a female beewolf. The double-lobed antennal gland reservoir contains the symbiotic
bacteria (blue and red). It is surrounded by gland cells that secrete unidentified substances into the reservoir. The top edge is the
antennal exoskeleton, and the antennal nerve is visible at the bottom edge.

Photos: Sven Döring (2, left), MPI for Chemical Ecology

and have little competition,” conjectures Martin Kaltenpoth. “However,
since they multiply rapidly there, they
must also get nutrients from their
host.” To test this hypothesis, Tobias
Engl is analyzing the chemical composition of the glandular secretion, separating the various ingredients using gas
and liquid chromatography and gel
electrophoresis in order to identify
them one by one. The results of this
analysis, however, are not yet available.
The Max Planck team also wants to
understand the beewolf symbiosis on a
genetic level and discover how the digger wasp’s immune system reacts to the
bacteria and how the bacteria are influenced by their host. To this end, Taras
Nechitaylo and Sabrina Köhler are
studying which genes are active in both
partners, and what their functions are.
In a cool climate chamber in the
basement of the institute, Martin Kalten-

poth takes a transparent plastic box
down from the shelf. It contains a good
two dozen small plastic tubes, each of
them holding a pupa. “At the end of the
season, we gather the cocoons and store
them in the refrigerator over the winter,” says Kaltenpoth. “Then in spring,
we warm them up so the beewolves
emerge.” When he opens the cover, a familiar smell emerges: “Geosmin,” he affirms. The musty, earthy smell is caused
by the streptomycetes in the silken cocoons around the larvae. Similar microbes occur in the soil and cause the
typical smell of damp earth.

SYMBIOSIS AROSE FROM A
CHANCE ENCOUNTER
Kaltenpoth surmises that the unusual
alliance may also have originated underground. “It is probable that streptomycetes took up residence at some

4

5

stage on burrowing insects,” he says.
“While the bacteria benefited from
chemical compounds on the insect’s
skin, the bacterial metabolites proved
advantageous to the insect. And since
each partner benefitted from the other,
they evolved in concert.”
The combination of unusual symbiosis and highly complex behavior might
suggest that beewolves are the perfect
object of study for biologists. However,
they are far from being perfect lab animals. The problems begin with their
food supply: Four beehives are kept behind the institute to ensure that the
females have enough food for their
broods. A beekeeper has been employed
for the time-consuming task of caring
for the bees. And during the high season, the technical assistant has to don
the beekeeping gear twice daily and go
out to harvest bees with a specially
adapted hand-held vacuum cleaner. >

6
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In the laboratory, the firebugs live and reproduce in plastic boxes. For cross-species comparison, the scientists also
breed cotton stainers, another bug that has a symbiotic relationship with bacteria.

2

The scientists store the bugs in alcohol to extract their DNA at a later stage.

3

A freshly hatched firebug nymph probes the surface of the egg to take up the intestinal bacteria.

4

Symbiotic bacteria under the fluorescence microscope: Coriobacterium glomerans from the midgut of a firebug.

The symbionts pose another difficulty:
It seems that they only feel truly at
home in the beewolf’s antennal glands
or in the care of their larvae. So far, attempts to cultivate them in the laboratory have been unsuccessful. Yet this is
an important hurdle if scientists are to
study their physiological characteristics
more closely. “At one stage during my
doctoral research, I was quite fed up
with beewolves,” admits Martin Kaltenpoth freely.
So his encounter with a small black
and red insect on the Würzburg-based
campus one day came at just the right
time: “Now that’s something to work
with!” After all, the red firebug or Pyrrhocoris apterus is very undemanding and
is content with just a little water and a
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few dry linden seeds. After some thorough research, the new object of study
was finally established – and would become Kaltenpoth’s second mainstay.
The scientific literature revealed
that the brightly colored insects also
played host to symbiotic Actinobacteria, although in a much less offbeat
place than beewolves. In firebugs, the
microbes colonize the digestive tract.
Here, though, they occur in massive
quantities, as Sailendharan Sudakaran,
a doctoral student in the symbiosis
group, discovered. He found that a single firebug can host up to one hundred
million bacteria.
Hassan Salem, another doctoral student in Martin Kaltenpoth’s team, then
wanted to find out what the huge host

of microbes is good for. He started by
testing how the creatures get on without their symbionts. To raise a group of
firebugs without gut bacteria, he sterilized the outside of the eggs, because the
young normally pick up their symbionts from the surface of the eggs after
they hatch.
As he discovered, the bugs are quite
dependent on the tiny inhabitants of
their gut. Without symbionts, they became stunted and their survival rate
was very low – but why? “We presume
that the bacteria help the firebugs digest the linden seeds,” says Hassan Salem. These seeds are inedible for most
insects, as they contain malvalic acid,
a substance that inhibits the synthesis
of fatty acids.

Photo: Sven Döring
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Photos: Sven Döring (large image), FEMS Microbiology Ecology 69 (3) – Martin Kaltenpoth (top), MPI for Chemical Ecology (bottom)
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Consequently, Salem is planning a new
experiment, for which he has been
busy crushing linden seeds and sunflower seeds in the laboratory. This is
because firebugs without symbionts
can’t digest linden seeds, but could
they manage on a diet of sunflower
seeds, which contain no malvalic acid?
The scientist plans to find out by extracting the acid from the crushed linden seeds and transferring it to the sunflower seeds. “Then, if the firebugs have
problems with the sunflower seeds, we
will know it’s because of the malvalic
acid,” he explains.

INTESTINAL BACTERIA
CULTIVATED IN THE LAB
Then the scientists can get to the crux
of the matter, studying the relevant
molecular mechanisms and finding the
responsible genes. A major factor in
their favor is the fact that the firebug
symbionts, unlike those of the beewolf,
can be cultivated in the lab.

4

As a result, Martin Kaltenpoth’s team
has great plans for their two objects of
study, which have recently been joined
by a bark beetle project. The pinhole
borer, Xyleborinus saxesenii, may also
avail of bacterial symbionts to protect
fungal growths they use to feed their
larvae. “To date, we know of only a few
such examples of defensive symbiosis
in the insect world,” says Martin Kaltenpoth. He is convinced that many more
fascinating partnerships between in-

sects and microbes will come to light
in the next few years.
Who knows? Perhaps one day the
study of these partnerships will even
deliver new drugs to fight against the
growing number of resistant pathogens. After all, insects are well ahead
of us in this area. Alexander Fleming
only discovered the first antibiotic a
little over 80 years ago – while beewolves have been using them for some
65 million years.

GLOSSARY
Actinobacteria
Actinobacteria are a diverse group
of Gram-positive bacteria that have
a high proportion of guanine and
cytosine bases in their DNA. The order includes the streptomycetes,
which are used to produce antibiotics, but also important pathogens,
such as those that cause tuberculosis, leprosy and diphtheria.

Digger wasps
Solitary insects that are closely related to bees.
Some 10,000 species are known around the world,
of which about 300 occur in Central Europe. Adult
digger wasps derive their nourishment from flower
nectar and pollen, while the larvae require food of
animal origin. Consequently, the females provide
for them fairly extensively, building brood chambers
and providing the larvae inside with insects or
spiders that they have paralyzed by stinging.
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Power Plants
at the Bottom of the Sea

FOCUS_Symbiosis

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

Photo: MPI for Marine Microbiology – Annelie Wendeberg, Nicole Dubilier
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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

Photos: Marum (left), Museum of Natural History, Berlin

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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Photo: Marum
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Siphon

Sulfideoxidizing
bacteria

Gills

Methane-oxidizing
bacteria

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?

Graphic: Nature Publishing Group; Photo: Björn Schwentker

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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FOCUS_Symbiosis

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.

Photos: MPI for Marine Microbiology – Christian Lott, Nicole Dubilier (left), MPI for Marine Microbiology – Jillian Petersen, Nicole Dubilier (right)
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SPECTRUM

A Quantum Tug-of-War
In a molecule made up of two rubidium atoms, a charge imbalance is created when
one atom is excited to a Rydberg state

A trilobite molecule: When a strongly excited Rydberg atom binds with
an unexcited atom, the resulting molecule looks like a prehistoric animal.
The Rydberg atom sits in the center of the circle, the unexcited atom on
the upper edge. The difference in size between the two atoms distorts
the distribution of the charge and a dipole is created from two identical
atoms in the molecule.

“Just look at that!”
Ravens gesticulate with their beaks to draw the attention of other ravens to objects
Human language probably evolved
from deictic or pointing gestures. Even
before children start to talk, between
the ages of nine months and a year,
they use their fingers to point at objects
or they hold them up. Up to now, these
gestures have been observed only in
humans and great apes. However, behavioral biologists at the Max Planck
Ravens are more intelligent and are able to
cooperate more than most other bird species.
In fact, they score as well as great apes in
intelligence tests.
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Institute for Ornithology in Seewiesen
and at the University of Vienna have
shown that ravens (Corvus corax) also
make use of such gestures. The birds use
their beaks like hands and hold up objects such as moss, small stones and
twigs. In this way, they test the interest
of a potential partner or reinforce an
existing relationship. The researchers
assume that other animal species that
have a strong capacity to cooperate also
communicate using gestures. (Nature
Communications, November 29, 2011)

Photos: MPI for the Physics of Complex Systems - University of Stuttgart (top), Accipiter - R. Altenkamp, Berlin (bottom)

A tug-of-war between two rubidium atoms recently ended
in a result that would be almost unimaginable in recreational sports: Normally, two similar atoms are equally matched
in the fight for the binding electrons with which they are
welded into a single molecule. Nevertheless, one atom succeeded in pulling the electrons closer, so that a negative and
a positive pole formed, creating a molecule with a permanent electric dipole moment. This contradicts the scientific consensus on the force ratio between two identical atoms
in one molecule.
Nevertheless, an international team working with JanMichael Rost at the Max Planck Institute for the Physics of
Complex Systems in Dresden helped a rubidium atom to
win this electronic tug-of-war. At temperatures close to absolute zero, the researchers used laser light to excite its opponent to a Rydberg state, which caused its electron shell
to inflate enormously. With the distribution of electrons distorted in a molecule with a non-excited atom, the non-excited atom became the negative pole of a weak permanent
dipole moment.
(Science, November 25, 2011)

SPECTRUM

Am I Awake – or Dreaming?

Photos: MPI of Psychiatry (top), MPI of Quantum Optics – Immanuel Bloch (bottom)

Dreams activate the brain in a similar way to real action

In our dreams, we experience vivid images and intense feelings. But exactly
what happens in the brain during this
process is still largely a mystery. Researchers at the Max Planck Institute
of Psychiatry in Munich and the Max
Planck Institute for Human Cognitive
and Brain Sciences in Leipzig have
been helped by a “lucid dreamer,” a
person who is aware of dreaming and
who can influence the content of their
dreams. As the test person slept in an
MRI scanner, he was asked to deliberately dream that he was clenching first
his left hand and then his right, and
to signal this to the researchers with
eye movements.
The dreamed movement activated
the sensorimotor cortex, which is an
area of the brain that is active during
actual activity. In addition, a brain region that plays an important part in
planning movement was also active.

Therefore, it is not the case that we
only observe events passively while we
dream. In fact, brain regions that play
a role in our waking actions are also
involved.
(Current Biology, October 2011)

Activity in the motor cortex during actual
hand movements while awake (left) and
during a dreamed movement (right). Blue
regions reflect activity through movement
of the right hand, red the activity through
movement of the left hand.

Fading Environmental
Traces in DNA
Jean-Baptiste de Lamarck would have
been pleased: His conviction that living
beings can pass on acquired characteristics to their offspring, which had been
forgotten in the triumphant wake of
Darwin’s theory of evolution, has been
rehabilitated over the last few years. Environmental influences do indeed leave
traces in DNA – in the form of small
molecular attachments on the genetic
substance, called epigenetic changes.
Scientists at the Max Planck Institute
for Developmental Biology in Tübingen
have, however, used mouse-ear cress
(Arabidopsis thaliana) to determine that
epigenetic changes occur much more
frequently than classic mutations, but
are often short-lived: many epigenetic
changes are reversed after a few generations. They contribute to the shortterm inheritance of characteristics by
children from parents or by grandchildren from grandparents.
(Nature,
September 20, 2011)

Quantum Leaps from a Standing Start
A particularly high-resolution microscope has shed light on quantum fluctuations
at a temperature of absolute zero

There is no such thing as a total standstill – not even at a temperature of absolute zero, which is minus 273.16 degrees Celsius. The laws of quantum
mechanics demand that the smallest
particles, such as atoms and molecules,
still remain in motion long after our familiar world has frozen. A team workTraces of quantum fluctuation: A lattice of laser
light forces atoms (light blue) into a regular
structure. In this arrangement, particles tunnel
from one position to the next and form atomic
pairs, even at a temperature of absolute zero.
These quantum fluctuations can be recognized
as adjacent holes, as the detection laser catapults the atomic pairs out of the lattice.

ing with Stefan Kuhr and Immanuel
Bloch at the Max Planck Institute of
Quantum Optics in Garching has now
used a particularly high-resolution microscope for direct observation of quantum fluctuations, which is the name
physicists give to atomic movements
when the temperature is approaching
absolute zero. The researchers trapped
rubidium atoms in a laser lattice and
cooled it to below minus 273 degrees
Celsius. The atoms jumped from one
lattice position to the next even though
their remaining thermal energy wouldn’t
be sufficient to allow them to do this.
(Science, October 14, 2011)
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The Cerebrum in 3-D
Researchers simulate electrical signals in a cortical column on a computer

In the cerebral cortex, vertical rows of
linked nerve cells form the basis of a brain
circuit. Researchers at the Max Planck
Florida Institute have now, for the first
time, reconstructed these cortical columns three-dimensionally in rats in a
waking state. They have thus succeeded
in completing the first stage of a complete computer model of the brain. The
neuroscientists examined around 15,000
nerve cells of nine different types and reconstructed their axons and dendrites.
The researchers are now able to measure
the connections between nerve cells in
these networks and their responses to
stimuli in both anesthetized and conscious animals. (Cerebral Cortex, published

Cortical surface
L1
L2
L3

L4

L5

L6

White matter

in advance online, November 16, 2011)
Cortical column nerve cells in the sensory cortex of a rat (left), dendrites of these nerve cells
(center) and axons (right). The colors indicate the different types of cells.

An Opportunity for Successful Climate Conferences

Climate change could cause storm damage, such as here in the US, more frequently
and more severely over the next 10 to 20 years. If this medium-term threat could be credibly
proven through scientific means, the rich industrial nations might be prepared to invest
more in climate protection.
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The climate conference in Durban might
have ended with binding agreements on climate protection – if findings by Max Planck
researchers had been introduced into the negotiations. These findings revealed that the
UN conferences were more likely to succeed
if they focused more closely on the economic damage caused by global warming in 20
years, and on countermeasures to protect the
climate. This could induce rich industrial
countries to reduce their greenhouse gas
emissions to the extent that they would
compensate for the lack of contributions
from developing and emerging nations. Scientists working with Manfred Milinski at the
Max Planck Institute for Evolutionary Biology and Jochem Marotzke at the Max Planck
Institute for Meteorology came to this conclusion during an experimental game. The
investigation represented their response to
the failure of the most recent climate conferences due to the inability of rich and poor
nations to agree on how much they should
each contribute.
(Climate Change Letters,
October 15, 2011)

Graphic: MPI Florida – Marcel Oberländer; photo: iStockphoto

The prospect of medium-term damage from global warming could persuade poor and rich countries
to effectively reduce carbon dioxide emissions

SPECTRUM

Fast Winds with
Little Energy
The upper atmosphere delivers less renewable
energy than previously assumed

The energy mix in the future will probably have to be composed differently from the way some visionaries currently
see it. This is because only half a percent of the energy previously assumed can be generated from the jet streams that
rush at great wind speeds through the upper atmosphere.
This calculation was made by Axel Kleidon and his colleagues at the Max Planck Institute for Biogeochemistry in
Jena. Up to now, the fast winds have been considered a
very productive source of renewable energy, and engineers
are already working on ways to harness it. However, the
high speeds of the winds are due to very low friction and
not to strong propulsion, which is required for high-output wind power systems. With the aid of simulators, the
scientists have also determined that the climate is likely to
undergo massive changes if large amounts of energy were
to be extracted from the jet stream winds. (Earth System

Photo: Lee Miller (top), NASA/JPL-Caltech/UMD (bottom)

Dynamics, November 29, 2011)

Like kites with rotors, wind turbines would be suspended in the upper
atmosphere where the jet streams blow. This composite photo shows
what they might look like.

Comets That Carry Water
Scientists have found the first comet – Hartley 2 – whose water is similar to that on Earth

1.25 miles
2.0 km

Water fell from the skies. Scientists believe that crashing cosmic bodies
brought the Earth's water with them –
or at least a large proportion of this
valuable commodity. New measurements taken by the Herschel Space Observatory indicate that comets were apparently also involved. In 103P/Hartley
2, a team under the leadership of the
Max Planck Institute for Solar System
Research, has identified for the first
time a comet with water in which the
The heart of the comet: The water on
103P/Hartley 2 revealed a deuterium-hydrogen
ratio similar to that on Earth.

ratio of heavy water to normal water is
the same as that on Earth. Heavy hydrogen, or deuterium, has one neutron
more in its nucleus than normal hydrogen. In the water on Earth, the proportion of deuterium to hydrogen is approximately 1:6,400. The bodies that
brought water to the Earth would be expected to have the two isotopes in a
similar ratio. And indeed, the measurements showed that, in the Hartley 2 water, there are approximately 6,200 normal hydrogen atoms to each deuterium
atom – much like the values on Earth.
(Nature, published online, October 5, 2011)
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Pressure Makes Hydrogen Metallic
At 2.7 megabars, the lightest element conducts current and possibly becomes a quantum
liquid that flows without friction

Creating extreme pressure: In this apparatus at 2.7 million times the
Earth’s atmospheric pressure, Mikhail Eremets (left) and Ivan Troyan forced
hydrogen to assume a form in which it conducted current.

Usually, hydrogen has as much in common with a metal as
a handful of confetti has with a book. And turning it into a
metal conductor is as difficult as putting little scraps of paper together to form a printed page. But that is exactly what
Mikhail Eremets and Ivan Troyan at the Max Planck Institute for Chemistry in Mainz have done. They gradually increased the pressure on a hydrogen sample at 25 degrees Celsius to more than 3 megabars – three million times higher
than the atmospheric pressure on Earth. Pressure of this magnitude is found on stars, for example, or deep in the interior of large planets. At pressures exceeding 2.2 megabars, hydrogen behaves like a semi-conductor – a characteristic of
the element that was previously unknown. At around 2.7
megabars, it assumed metallic properties, and at a much lower pressure than predicted. Under this pressure, it is possible
that the hydrogen will become a superconductor, which loses its electrical resistance even at room temperature. The researchers want to investigate this in more experiments.
(Nature Materials, published online, November 13, 2011)

Rich Pickings for a Galactic Black Hole
The black hole at the heart of the Milky
Way is still hungry – but the end of the
diet is in sight. A gas cloud has ventured too near to the massive monster
and, over the next few years, will disappear into its maw. Scientists will be
able to observe feeding time for this
gravitational trap (which goes by the
name of Sagittarius A*) from 26,000
light years away. At the Max Planck Institute for Extraterrestrial Physics, they
are already observing how the extremely powerful pull of the black hole
is elongating the gas cloud.
The closer the cloud gets to the black
hole (it is currently moving toward it
at around 2,350 kilometers per second), the more it will interact with the
hot gas in its vicinity and then be destroyed by turbulence. In 2013, at 40
billion kilometers, it should be close
enough to the black hole for the feast
to begin. (Nature online, December 15, 2011)
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Toward the gravitational maw: The image shows the gas cloud (red) and the orbits of the stars
(blue) around the black hole at the heart of the Milky Way.

Photos: MPI for Chemistry (top), ESO/MPE/Marc Schartmann (bottom)

Astronomers discover a gas cloud that will soon fall into Sagittarius A*

SPECTRUM

Self-Cleaning Glass

Multiple Sclerosis
Develops in the
Intestinal Flora

A silicon dioxide sponge made of nanospheres and coated with
fluorine atoms proves extremely water and oil-repellent

No need to polish your eye glasses
ever again, and no more dirty windshields! This is the aim of Doris Vollmer
and her colleagues at the Max Planck
Institute for Polymer Research in
Mainz and at the Technical University in Darmstadt, who have now taken
a big step closer to achieving this. The
researchers used candle soot to create
a transparent, superamphiphobic coating of quartz glass. Both water and oil
run off the coating completely. This
remained the case even when the re-

-19 ms

-0 ms

7 ms

19 ms

searchers blasted the surface with
sand to damage it. The spongy layer
has these characteristics thanks to a
coating of fluorine atoms on the one
hand and, on the other, its very uneven surface consisting entirely of
nanospheres. The spherical soot particles supply the model for this structure. Surfaces sealed in this way could
be used wherever contamination or a
film of water could be harmful or simply irritating.
(Science Express, December 1, 2011)

38 ms

53 ms

70 ms

86 ms

305 ms

A drip falling from a short distance onto the extremely water- and oil-repellent layer first rebounds
and then lies in an almost completely spherical shape, even when it is a strongly wetting liquid.

Useful bacteria in the intestine
can activate immune cells
and trigger an overreaction in
the immune system
Multiple sclerosis is caused by a combination of genetic predisposition and
environmental factors, such as microbes. However, according to researchers at the Max Planck Institute for
Neurobiology in Martinsried, it is not
pathogens, but useful bacteria – the
healthy intestinal flora that everyone
needs for their digestion – that trigger
multiple sclerosis. The scientists discovered that genetically modified mice
develop an inflammation of the brain
similar to the human disease when
their intestinal flora is normal. Conversely, animals that are raised in a
germ-free atmosphere and do not
develop any intestinal flora remain
healthy. The results indicate that the
starting point for multiple sclerosis in
humans with a predisposition is bacteria in the intestine. (Nature, published

Photos: Science - Xu Deng – MPI for Polymer Research (top), MPI for Neurobiology (bottom right)

online in advance, October 26, 2011)

Population Explosion in
Dwarf Galaxies
Unusually productive dwarf galaxies are a mystery, but simultaneously
appear to solve the riddle of the unusual distribution of dark matter

In the early universe, there were small,
young galaxies that produced new
stars at absolutely breathtaking speed.
Current models offer no explanation
for such a high birth rate. Nevertheless, these active dwarf galaxies are a
reality: astronomers working with Arjen van der Wel from the Max Planck
Institute for Astronomy in Heidelberg
have observed them with the Hubble
space telescope. The researchers found
69 dwarf galaxies almost ten billion
light years away and concluded, from

the unusual color of these systems,
that the rate of star birth was a thousand times higher than in our Milky
Way. The high birth rate of new suns
could explain why the ominous dark
matter is distributed throughout these
galaxies and not just in their centers,
as calculated in simulations. This is because the creation of new stars forces
the gas in the galaxies outward. It pulls
the dark matter with it and distributes
it around the galaxy.
(Astrophysical

Lymph node with auto-aggressive B-cells
(green). These are activated in the lymph
node’s germinal centers. The activated cells
produce antibodies that attack the myelin
sheath in the brain and play a part in
inflammatory responses.

Journal, November 10, 2011)
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The Sun’s Crowning Glory
Those who experience a total solar eclipse are overwhelmed as they look at the circle of light
that surrounds our Sun. Laypeople may find it enchanting, but researchers have been racking
their brains over it for decades. Why, they wonder, does this gaseous layer – the corona –
have a temperature of several million degrees? Sami K. Solanki, Director at the Max Planck
Institute for Solar System Research in Katlenburg-Lindau, and his team are tackling the
problem with ingenious observation methods and computer simulations.

T

he institute sits amid tranquil
meadows and fields, and a
stroll through the entrance
hall highlights the long tradition of solar system research.
From the Helios space probes of the
1970s to Ulysses and Cluster to the modern solar observatories known as SOHO
and STEREO – Max Planck researchers
have been participating in all of these
missions. Over the last ten years, probably the largest group of solar physicists
in Europe has come together here. One
of their main objects of study is the corona. “It is the interface between our
star and its heliosphere, that is, the
sphere of influence of the solar wind,
in which our Earth is also embedded,”
says Director Sami Solanki.
The scientists consider the Sun as a
holistic system in order to understand
its corona: One group is concerned
with the interior of our Sun, where the
roots of the activities visible from the
outside ultimately lie. In 2009, the balloon-borne telescope Sunrise studied
the surface of the Sun with an accuracy never achieved before. Both observers and theoreticians research the co-
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rona, and Solanki himself investigates
the impact of the Sun’s activity on the
Earth’s climate.
Astronomers have long been aware
that the temperature on the surface of
the Sun is around 5,500 degrees Celsius.
The surface is the part of the hot, bubbling ball of gas that we can see with
the naked eye. Eighty years ago, scientists began to investigate the corona –
the very thin outer atmosphere of the
Sun – more closely. To their surprise,
they found the temperatures there to be
several million degrees. At first glance,
this seems as physically impossible as
the attempt to get water to boil on a hotplate at a temperature of 50 degrees. But
this is what happens on the Sun.

THE MAGNETIC FIELD IS
A POWERFUL SOURCE OF HEAT
Gas, at a temperature of one million degrees, emits radiation mainly in the ultraviolet and X-ray ranges. The corona’s
light, which can be seen during a solar
eclipse, is only a weak glow. Telescopes
have to be positioned in space, since
our atmosphere absorbs the short-wave-

length UV and X-radiation. The US-European observatory SOHO is positioned
1.5 million kilometers from Earth and
keeps the Sun continuously in its sight.
The images recorded by the various instruments are automated to such a degree that it is possible to view them
practically in real time via the Internet.
The solar observers in KatlenburgLindau are particularly proud of the
SUMER spectrometer (Solar Ultraviolet
Measurements of Emitted Radiation);
they designed and built most of it and
it has performed tireless service since
1996. SUMER disperses the sunlight
into its spectral colors, albeit not in the
range of visible light, but deep in the
ultraviolet, as this is where the corona
can be studied particularly well.
“SUMER has played its part in the
investigation of many details of the corona’s heating mechanism, because important gas parameters, such as temperature, density and velocity, can be
derived from the spectrally dispersed
UV light,” says Max Planck researcher
Werner Curdt. The experts now agree
that the Sun’s magnetic field heats the
corona. The only question is how.
>
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Dark star surrounded by a circle of light: The outer gaseous layer of the Sun – the corona – can be seen
when the new moon exactly covers its glaringly bright disk during a total eclipse.

The magnetic field is generated around
200,000 kilometers below the surface.
In contrast to Earth, where it emerges
mainly at the two poles, the surface of
the Sun is permeated everywhere with
field lines emanating and reentering.
The magnetic fields are particularly
strong in the dark sunspots. Pairs of
these sunspots form the footpoints of a
bridge-shaped bundle of field lines emanating from the surface. Two spots
thus mark the north and south poles,
respectively, of a local magnetic field.

THE PLASMA SHOOTS UP
IN THICK PLUMES
The place of origin for this global, chaotic field pattern is in the hot solar material circulating in the interior. This
plasma is electrically conductive and, as
it convects, it entrains the magnetic field
lines like a teaspoon draws honey, twisting them into thick bundles as it does so.
The hot gas of electrically charged particles now flows along these field lines emanating from the surface, and its light
makes the lines visible – similar to iron
filings lying on a sheet of paper above a
magnet and tracing out the field lines.
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This is how spicules are generated –
plumes, with a diameter of around one
thousand kilometers, in which the plasma shoots up to altitudes of 20,000 kilometers before crashing down again.
Spicules collapse after around 10 minutes and are generated anew at different points. They can be observed particularly well at the rim of the Sun; on
satellite images, they are reminiscent of
a waving cornfield.
With SUMER’s assistance, Werner
Curdt recently discovered that large
spicules rotate about their longitudinal
axis at speeds of more than 100,000 kilometers per hour – similar to super-tornadoes the size of Germany. “At this
enormous speed, the centrifugal force
can eject matter from the spicules and
catapult it into the corona,” says Curdt.
This process would be a conceivable
way of keeping the corona supplied
with hot matter. A constant supply is
necessary because observations show
that some of the coronal gas continuously falls back onto the surface of the
Sun, while yet more streams away into
interplanetary space as solar wind.
“Without the continuous transport
of matter, the corona would dissolve

within minutes,” explains Curdt. It is
thus possible that spicule tornadoes
supply the corona with matter. But can
they heat the corona to several million
degrees, or at least make a contribution?
This question still remains unanswered.
Although solar research is based on observations, “we don’t want merely to
see, we also want to understand,” says
Curdt. Jörg Büchner and Hardi Peter’s
research group has been developing
computer simulations since 2009 in order to provide this understanding of the
complex processes.
The complicated and dynamic way
in which the magnetic field interacts
with the surrounding plasma means
that computer simulations of this type
are some of the most complex ones astrophysics has to offer. This explains
why, for a long time, most modeling
calculations could be done in only one
dimension. In this case, the computer
calculated the temporal development
along a magnetic field line in the corona. The scientists have been developing
models of selected regions in three dimensions for a number of years.
A complete simulation may sometimes take weeks or months, even on the
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Plumes of gas: The Sun provides us with romantic moments as it rises and sets over the sea or in the mountains, for example. But looks can be deceiving:
the Sun is not really as calm as one would believe. This is proven, for instance, by images from the Solar Dynamics Observatory (SDO) in the extreme
ultraviolet. In this light, huge eruptions that shoot up in the form of prominences and hurl unimaginable quantities of plasma into space are evident.
Such mass ejections are caused by magnetic fields. The fields also provide the energy to heat the corona.

most powerful computers. The researchers must apply for the computing time
they require, just as their colleagues
must submit an application for observation time on a telescope. Even when
they have been allotted computing
time, a simulation doesn’t run through
from start to finish, but is always being interrupted for other projects and
continued at a later time. “This provides us with an opportunity to check
the intermediate results and correct
any errors if the computation goes off
course,” explains Peter.
The solar researcher focuses his simulations on active regions; they differ in
size and can best be seen on images in
the UV and X-ray range. At any point in
time, there are tens of thousands of microflares on the Sun – outbursts of radiation lasting only a few minutes, over an
area corresponding roughly to the size
of Germany. Ten years ago, the researchers considered the microflares to be hot
favorites for the heating of the corona.

Moreover, there are also larger and
more powerful eruptions, called flares.
They are rarer than microflares, but are
spread over a larger area. Within minutes, they release an energy that corresponds to the explosive force of around
one billion hydrogen bombs with a
megaton of TNT each. Flares occur
mainly in conjunction with sunspots.

FIELD LINES TWIST LIKE
RUBBER BANDS
The magnetic fields that protrude from
the surface as described above lie at the
root of all these activities. The Sun
now resembles a hot ball of gas whose
matter is constantly in motion. Just as
water in a saucepan convects, hot gas
bubbles up in a convective motion
from the interior to the top, where it
cools down and flows back into the
depths again. “This is why the footpoints of the magnetic loops are not
anchored firmly to the surface, but

move to and fro as the hot gaseous matter bubbles up,” explains Hardi Peter.
The field lines twist and store more
and more energy in this process, like a
rubber band that is being twisted. If the
tension exceeds a critical value, the magnetic field lines can connect with those
of opposite polarity. Physicists call this
process reconnection. In such a magnetic short circuit, part of the energy stored
in the field is suddenly released.
But this is also possible without short
circuiting. A magnetic field only has to
move to supply energy to the surrounding plasma, very similar to a current-carrying conductor: The moving magnetic
field induces currents into the corona,
and these currents then heat up the gas
they flow through. This is why researchers also call this process Ohmic heating.
These processes probably contain the
key to understanding coronal heating.
The active regions can be observed
very well in the UV range. Quick-motion films impressively show just how
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dynamic the changes in the magnetic
fields and the hot gas are. Magnetic
loops swing to and fro, dissolve and
form new configurations. The researchers use the SUMER spectrometer to measure density, temperature and velocities. Another of SOHO’s instruments
provides the magnetic field strengths.
Peter feeds his computer program with
the observational data of a specific
point in time and lets it compute the
further development on its own.

SEVEN-FOLD IONIZATION
OF NEON CAUSES RADIATION

Active atmosphere: Three-dimensional
simulations recreate what happens on the Sun.
The top image shows a strongly dented area
(yellow-green) with a temperature of 100,000
degrees Celsius; the perpendicular cross
section represents the density in one plane,
decreasing from blue to green to red. The
computer generates bubbles of hot gas whose
form resembles that of a rabbit, and that shoot
into the corona (center). The researchers
photograph similar structures – called spicules
– in UV light (bottom left) and determine their
velocities. Areas in red are receding from us,
blue ones are approaching us (bottom right).
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After a predetermined period of time,
the computation is terminated and the
result for all available parameters compared with reality: The program can
present the velocity and temperature
fields, or display the appearance of the
gas at a specific temperature. Plasma at
a temperature of around 700,000 degrees radiates intensely at a wavelength
of 77 nanometers (one millionth of a
millimeter). This is owed to the neon
atoms with their seven-fold ionization.
However, it is difficult to compare
the determined velocity fields with reality, because SUMER is too slow. The
instrument requires about ten minutes
to measure an entire active region. A
simulation, in contrast, records the
changes once per second over a total
period of 20 minutes. “The instruments
could be greatly improved,” comments
Peter about the current situation.

Photo: Bastian Ehl
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In the simulation, a bubble of hot gas several thousand kilometers high formed.
The phenomenon reminded researchers of a hopping rabbit – hence its name.

Another reason that the comparison
with reality is not always easy is the
fact that the gas is translucent. This is
why structures lying one before the
other always appear projected onto a
plane. This affects the observations,
as well as the simulation results. The
Solar Dynamics Observatory (SDO), a
space laboratory, is currently making
this superposition of individual structures clearly visible. Images show the
complex spatial structure and the high
temporal dynamics in a particularly
impressive way here. The Max Planck
Institute for Solar System Research has
front row seats in terms of the evaluation – after all, it runs the SDO German
Data Center.
Some of the phenomena observed
can be explained only with such 3-D
simulations; the one-dimensional computations did not reproduce them. The
agreement between the 3-D models and
observations is quite good, for the most
part. Hardi Peter recently came across a
phenomenon that had been unknown
until then in a simulation: At the bottom edge of the computing domain, a
gas bubble several thousand kilometers
high suddenly formed and shot up
abruptly, flying through the corona on
a wide arc up to an altitude of 20,000
kilometers before falling back to the
surface after 15 minutes. This scene in
the film conjures up an image of a dolphin jumping out of the water.
In a more detailed analysis of this
sequence, Peter noticed that the magnetic fields happened to be strongly
interlaced at the point where the bubble jumped off. They also moved very
rapidly and heated their surroundings
particularly strongly. Material was
now ejected and flew in a high arc into
the corona, reminiscent of an explosion. Peter initially assumed this phenomenon, which occurred only in the
computation, to be an error, as can occur in numerical simulations. However, the data analysis quickly showed
that this was not the case. At a confer-

Comparing things on a laptop: Jörg Büchner (left) and Hardi Peter check the
incoming measurement data in the computer center.

ence, it turned out that colleagues had
observed a similar phenomenon and
called it a rabbit, because it reminded
them of the hopping animal.

NEW OBSERVATORY TO ALSO
MONITOR THE POLES
“The interesting feature in this case is
that the process could possibly be important on much smaller scales, as well,
with spicules, for example,” says Peter.
This will be the task of future work with
numerical models that have higher spatial resolution and the further comparison with observations.
After many decades of coronal research it is now agreed, beyond a
doubt, that, fundamentally, the magnetic fields supply sufficient energy to
heat the corona. Peter qualifies this:
“But we still don’t know how this energy is transferred to the coronal plas-

ma on the centimeter or meter scale.”
Even his simulations can’t clarify this,
because they compute the events on
large scales of hundreds of kilometers.
The solar researchers are in a similar
situation to meteorologists: although
their models can predict where it will
rain with a certain probability, they
can’t compute the drop formation in
the cloud.
The researchers are pinning great
hopes on a new solar observatory, the
Solar Orbiter, which the European
Space Agency ESA decided to build in
the fall of 2011. The space telescope
will be launched in 2017 and will orbit the Sun on an elliptical trajectory
at a minimum distance of 42 million
kilometers. This corresponds to less
than one-third of the distance between Earth and Sun. Never before has
a space laboratory come so close to our
Sun. Furthermore, the orbit will be so
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strongly inclined with respect to the
solar equator that it will also be possible to observe the Sun’s poles for the
first time.

HEAVY BOMBARDMENT WITH
FLARE PARTICLES
The Max Planck Institute in Lindau is
involved with four of the ten scientific
instruments. The institute is supervising
the development of a magnetograph
that will measure the magnetic field
and the plasma velocity. Moreover, a
spectrometer based on the experience
gained with SUMER will investigate the
corona with unparalleled accuracy and
very high temporal resolution.
The scientists don’t have much
time: They have to deliver the instruments to ESA in 2015. And before they
do, they must perform lots of experiments – “For example with materials
and optics that survive the very high
temperatures and very heavy particle
bombardment from the solar wind and
flares,” explains Eckart Marsch, one of
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the initiators of the Solar Orbiter. The
observatory will come so close to the
Sun that the space probe’s heat shield
will reach 500 degrees Celsius.
At this close distance, it will also be
possible to measure the original properties of the particles in situ, and in the
precise same state in which they come
from the surface of the Sun and fly off
into interplanetary space along the
magnetic field lines. One of the aims
is to calculate the trajectories of the
particles back to their origin on the
Sun, in order to gain a better understanding of how waves and turbulences propagate in the solar wind.
This would enable the researchers
to study the close interaction of the
plasma with the active magnetic field
of the Sun and its heliosphere. This
data would then be incorporated into
the 3-D modeling of the particle propagation. “One of the main motivations
behind the Solar Orbiter is to understand the microphysics of the corona,”
says Marsch, who is looking forward to
a golden age of solar research.

GLOSSARY
Interplanetary space
The part of the universe between the
different planets of the solar system.
This space is occupied by planetoids and
gas, as well as interplanetary dust and
particles of the solar wind.
Plasma
A gas that is partially or completely comprised of ions and electrons, that is, of free
charge carriers. To put it simply, a plasma
is electrically conducting and is often
described as the fourth state of matter.
More than 99 percent of visible matter in
the universe is in the plasma state.
Sunspots
Regions that are around 1,500 degrees
Celsius cooler than the undisturbed visible solar surface (photosphere). Owing
to the low temperature, they appear dark
in contrast. Sunspots are caused by disturbances in the solar magnetic field.
They often appear in groups, and many
are larger than our Earth. Furthermore,
their number follows, on average, an
11-year cycle
Solar wind
A stream of charged particles, mainly protons, electrons and helium nuclei (alpha
particles), that the Sun continuously blows
into space. The speed of the solar wind is
around 400 kilometers per second, but it
can also reach 900 kilometers per second.
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Under open skies: Director Sami K. Solanki talks with Werner Curdt (right) in front of the Max Planck
Institute for Solar System Research. The left of the photo shows a model of a space probe.
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“Space is an enigma”:
Sadegh Khochfar wanted
to be an astrophysicist
for as long as he can recall.

A pile of astronomy books and a telescope in his childhood
bedroom. Space cast its spell on Sadegh Khochfar at an early
age – and he is still captivated today. The 37-year-old now
heads a Max Planck research group at the Garching-based Max
Planck Institute for Extraterrestrial Physics, where he is at
least as successful at piecing together the components of the
universe as he was at mixing cocktails as a student.
TEXT ALEXANDER STIRN
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adegh Khochfar knows the
secret to making a good caipirinha – if not the best. It’s the
ratio of limes to brown sugar. But not only does the
quantity have to be right, but also the
sequence: cut the limes, sprinkle the
sugar on them, and only then do you
mash them. Only in this way can the
sugar bind with the essential oils in
the peel, allowing the caipirinha to develop its full flavor.
The 37-year-old should know. For
years, he financed his physics studies
by mixing cocktails, spending his days
at the university and his nights at the
bar. Even today, he still gladly plays
bartender for his friends. No one has
ever complained. “I still make the best
caipirinha east of Brazil,” he says and
laughs. “I am absolutely certain of that.”
And this despite the fact that Khochfar,
a lively Hessian with Iranian roots,
drinks no alcohol himself. He says he
simply never felt the need to try an alcoholic drink – regardless of who mixed
it, regardless of how good it is.
Sadegh Khochfar is a theoretician,
not only behind the bar, but also in his
professional life, at the Max Planck
Institute for Extraterrestrial Physics
in Garching. Since May 2008, he has

headed an eight-member research group
there that explores the emergence and
development of galaxies. It deals with
such questions as why the universe
looks the way we see it today, how the
supermassive black holes form that are
found at the center of most galaxies,
and which growth phases these structures go through on the path from baby
galaxy to mature stellar system.

FREEDOM TO DREAM UP
CRAZY THINGS
“The mere thought that we can understand something that is so large and so
complex as space is simply fascinating,”
says Khochfar. “It’s like an enigma, a
great mystery that I can unveil a bit
here and there with my science.” It isn’t
quick. It takes effort. But Sadegh Khochfar is persistent.
For as long as he can recall, he
wanted to be an astrophysicist – a theoretical astrophysicist, to be precise:
“It simply gives one more freedom to
think, to dream up new, sometimes
also crazy, things, and to explore the
consequences.”
Crazy is not a word that describes
Khochfar’s career path. He followed
the classical, perhaps even stereotypi-
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But Khochfar’s career path also always
had an unusual twist, a small kink,
something exotic: normally, astronomy-crazed youth spend their nights
gazing at the starry sky. Sadegh Khochfar, in contrast, preferred to read books.
“Sure, it was nice to look at the individual constellations with the telescope,
but it didn’t give me the ultimate
thrill,” he recalls. “I always first wanted to know what I was seeing. And
above all, where it comes from, and
why it looks like it does.”
The son of an immigrant, Khochfar
would have preferred to study astrophysics straight away, but that isn’t
possible in Germany. So he studied
physics – of course – in Frankfurt, his
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Wednesdays and Thursdays, Khochfar tended bar from 6:00 p.m. until
2:00 a.m., and weekends until 6:00
a.m. No wonder he didn’t want to
spend his nights also gazing at stars.
Instead, he saw other stars: Silvester
Stallone, for example. He didn’t order
a caipirinha, though, but rather a boring Jackie-Coke.
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A TEATOTALLER WORKING
AS A BARKEEPER

home town. Nevertheless, Khochfar
moved out of his family home. He
wanted to stand on his own two feet,
wanted to finance his studies himself.
But that also meant that he needed a
part-time job.
While still in high school, Sadegh
Khochfar had already met an experienced barkeeper who taught him how
to mix cocktails. The two traveled
through Germany with a mobile bar
and put on a show like Tom Cruise in
the movie Cocktail. However, the time
pressures involved in his studies forced
him to give this up.
Sadegh Khochfar, the non-drinker,
heard that the hip Frankfurt club Café
Cult was looking for a barman. He got
the job – despite his rather theoretical
knowledge of the subject matter, or
perhaps precisely because of it: “Because I wasn’t drinking any alcohol, I
was probably the only one behind the
bar they could trust with the cash register,” says Khochfar with a laugh. But
the quality of his cocktails left nothing to be desired, either. “As a barman,
you have to look at the faces of your
customers to see whether they like
your drinks.”

SFR [MO• / yr]

cal astronomer career: His childhood
bedroom was filled with stacks of pertinent books about the Sun, moon and
stars. As a ten-year-old, he devoured
Carl Sagan’s masterpiece Cosmos. Of
course he had a telescope, and of
course he took advanced math and
physics courses.
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The universe in three dimensions: The model above shows the distribution of galaxies in a galaxy cluster. The most massive galaxies in
early times end, in all probability, in the center of such clusters. Before the scientists feed the data into their computers, they must incorporate
in their calculations as many formulas from the physics patchwork family as possible (left).

Nor did Sadegh Khochfar give up his
job at the bar when, after completing
his intermediate exams, he switched to
the University of Heidelberg. For three
years, he commuted between the cities on the Main and Neckar rivers. “To
be honest, it was hard, but despite everything, it was a good time,” says
Khochfar. He wrote his doctoral dissertation at – of course – the Max Planck
Institute for Astronomy in Heidelberg.
His working group dealt with elliptical
galaxies, the most massive stellar systems in the universe.
Sadegh Khochfar wanted to do
something cosmological, something relating to the formation of galaxies, a
field with many unanswered questions.
In his theoretical work, the young
physicist was able to show that elliptical galaxies are not created – as previously supposed – by the merger of two
spiral galaxies. Instead, there are already two ellipses involved in their
birth. In addition, it turns out that

these processes require much less gas
than was thought. “What is interesting
about this is that these findings have
since become confirmed and accepted,”
says Sadegh Khochfar.
Advanced physics course, physics
degree, Ph.D. in astrophysics, head of an
astrophysics group. It sounds straightforward, even almost boring. Sadegh
Khochfar shakes his head vehemently.
“Astrophysics is a patchwork family.
In order to understand what is happening in the sky, we have to make extensive use of physics.”

ASTROPHYSICS – THE BIGGEST
PUZZLE OF THEM ALL
If you want to fathom how and why
galaxies form, you have to understand
gravitation and the theory of relativity.
But you also have to take radiative processes, turbulences and hydrodynamic
equations into account. “It isn’t easy to
be an expert in all fields, but there’s no

way around understanding the fundamental laws of physics, extracting the
core messages and correctly incorporating all that in our astrophysical models,”
says the researcher.
It’s almost like being a barkeeper.
He, too, must know the characteristic
properties of the ingredients in order to
find the right composition and mix a
tasty cocktail. “Basically, astrophysics
is the biggest puzzle one can imagine,”
says Sadegh Khochfar.
Of course he enjoyed doing puzzles
as a child, no doubt about it. Today,
however, the scientist tends toward
chess – in its more athletic variant:
Khochfar fences, his weapon a foil.
“Fencing really is like chess. You have
to try to find your opponent’s weakness, and then outwit him at the crucial
moment,” he says. Size, physique and
speed are secondary here; for Khochfar,
fencing is more a battle of will. “If you
are clever enough, you can also beat
opponents who appear to be superior,”
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he says. “On the other hand, there is
no one you can blame for a loss. You
have to take the responsibility. That’s
good, I like that.”
Zorro and musketeer films are what
first turned the young Frankfurt native
on to fencing. During his final high
school exams, university studies and
Ph.D., however, he no longer had time
for this unusual hobby. Khochfar didn’t
take it up again until, with his doctorate in hand, he moved to Oxford in
2003. Over time, Heidelberg had become a bit too small for him; he didn’t
want to go to the US, and there were no
positions available in Cambridge. The
offer he received from the “Heidelberg
without mountains,” as the astrophysicist jokingly refers to Oxford, couldn’t
have come at a more opportune time.
“It was a magical time,” he says.
Khochfar collaborated with Joe Silk, an
authority in the field of cosmology. He
continued to research elliptical galaxies, penetrating into ever more distant
times. And he met his wife, who at the
time was doing her Ph.D. in political
science. The two now have an eightmonth-old daughter, so his focus is no
longer solely on the growth spurts of
baby galaxies, but also on the development of his own child.

Primarily, however, Sadegh Khochfar
began his time in Oxford with that
which even now still dominates his
day-to-day work: simulations. “Traditional theoretical models always assume a simplified, ideal system. Otherwise, it wouldn’t be possible to calculate
them,” he says. But the universe is far
more complex. If, like Sadegh Khochfar, we want to understand it in detail,
we need numerical simulations.

BALANCING ACT
WITH COMPUTER MODELS
But numerical algorithms are, initially,
also just an approximation of reality.
The theoreticians try to incorporate, in
their simulations, as many formulas
from the physics patchwork family as
possible, but eventually they fail due to
the resolution and the computing time
required. For galaxies with many billions
of young stars, it is impossible, for example, to calculate, for each individual star,
the nuclear fusion processes that ultimately lead to the ignition of the star.
Instead, the astrophysicists resort to subgrid recipes, as Sadegh Khochfar puts it:
they tell their models that the calculated clumps of gas should eventually turn
into a star. It’s a balancing act.

And sometimes it goes wrong. Then
Khochfar’s computer obtains different
results than the telescopes of the observers who sit a few doors down. Then
discussion, interpretation and the
search for errors follow. “In such cases,
we have to understand what went
wrong, make appropriate changes to
the simulation, and integrate the missing physics,” says Khochfar.
But doesn’t that pose the risk that
the models are simply tweaked until
they yield the desired result – in other
words, that they plow through the algorithms with a saber rather than a
foil? Sadegh Khochfar shakes his head.
“We can’t manipulate the simulations
at will, because we are always bound by
fundamental physical laws,” he says.
Energy and angular momentum must
always be preserved, and the equations
of hydrodynamics also apply to gas
flows in galaxies.
“Basically, here, too, it’s like with a
puzzle,” says the scientist. You start
with one piece and try to attach the second piece to it. If it doesn’t fit, it can be
made to fit with a bit of force. With the
third piece, it’s more difficult, and with
the fourth, nearly impossible. Eventually, the whole thing is so bad that
nothing fits together anymore.

Cosmic birth: Sadegh Khochfar’s simulation shows how baby galaxies could have formed in the early universe (left). Such systems presumably form
elliptical galaxies in the course of 13 billion years, similar to M 87 (photo right), but with less mass. The researchers believe that many baby galaxies
merge with one another during their development, thus forming larger galaxies.
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First Billion Years Project: S. Khochfar and C. Della Vecchia (MPE); visualization: K. Reuter & M. Rampp (MPG RZG)
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Teamwork: Simulating the cosmos on the computer is complex and time consuming. For the latest project, it took two years just to develop
the algorithms, with 30 million megabytes of data having been collected. This makes it all the more important to continually discuss the results –
as Claudio Dalla Vecchia, Alessandra Beifiori, Sadegh Khochfar and Jan-Pieter Paardekooper (left to right) are doing here.

The astrophysicist opens his laptop and
proudly presents one of his group’s
most recent projects. It’s one of the
highest-resolution simulations of the
early universe. It shows the emergence
of the galaxies during the first billion
years of the universe. From cold, greenish glowing clouds of gas and dust, the
first stars form – hot yellow dots that
eventually explode, pushing gas away
and distributing heavy elements in
their surroundings. New stars emerge,
and galaxies form and merge together.
It’s a mammoth project: it took
nearly two years to develop and test the
algorithms and, finally, run the simulation. The processors of various computing centers toiled for more than three
million hours; billions of particles had
to be taken into account, and 30 million megabytes of data accrued. “We
will undoubtedly need another year to
evaluate everything and exploit every
last detail,” says Sadegh Khochfar.
The real test will take even longer:
at present, the best telescopes can look
just far enough into the past of the

13.7-billion-year-old universe that they
can recognize objects that formed a billion years after the Big Bang. But their
images are weak and show few details.
The next generation of telescopes, including the James Webb Space Observatory and the European Extremely
Large Telescope, will change that. “We
truly live in a fascinating time,” says Sadegh Khochfar. “It doesn’t happen often that one has the opportunity to predict things and then verify their
existence a short time later.”

A SENSE OF HOME
AND BELONGING
That is precisely why Sadegh Khochfar
came to the Max Planck Institute for
Extraterrestrial Physics. In principle,
he could just as well have moved a
hundred meters further to the Max
Planck Institute for Astrophysics – a
purely theoretical institute. But Khochfar, who says that he is sometimes a bit
too enthusiastic, wanted to face reality,
the observers and their measurable re-

sults. “It was important to me to go to
an institute where I can offer complementary expertise, even if it means
that I am sometimes the exotic one,”
says Khochfar.
He even turned down an offer to
take on a professorship in San Francisco
at the time – in favor of northern Munich. “Garching is simply a fantastic
place to do astrophysics,” he says. “This
is where cutting-edge research happens.
Nowhere in Europe is the density of institutes and astronomers higher.” Nearly 500 people work and conduct research at Khochfar’s institute alone – a
large, but above all international community. For him, the man with Iranian
and German citizenship, that was also
an important argument. “To be honest,
it gives me a very good feeling, a sense
of home and belonging.”
It wasn’t always like that: In the early 1970s, Khochfar’s parents left their
home in Iran and moved to Frankfurt.
His father, a carpet weaver, earned a living repairing carpets, while his mother
stayed at home. Two years later, little
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A battle of will: Fencing, says Sadegh
Khochfar, is like chess. “You have to try to
find your opponent’s weakness, and then
outwit him at the crucial moment.”

just like his two siblings. His brother
became a doctor, his sister is close to
finishing her law degree – and that despite the fact that their parents never
went to university. “In Iran, people
traditionally set great store by education,” says Sadegh Khochfar, “so my
parents always made sure that we did
well in school and that we received a
good education.”
They never told their son what he
should study. On the contrary: When
ever more astronomy books began piling up in his room, when he expressed
his desire to have a telescope, when he
finally said, “I want to become a theoretical astrophysicist,” their question
was rather: “And what do you plan to
do with that?” But maybe his parents
were just thinking of an old Persian
saying: “Those who live only from day
to day become either poets or astronomers.” Sadegh Khochfar occasionally
still gets teased about this today – even
if it doesn’t fit him at all.

GLOSSARY
Elliptical galaxy
In principle, one distinguishes between
irregular, spiral-shaped and elliptical
galaxies. The latter are among the oldest
systems in space. The largest elliptical
galaxies have masses of several billion
solar masses.
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the university as they had gone in high
school. As a foreigner, I had a bit of trouble from time to time.”
Once, after completing his practical electronics course, the anonymous
results lists showed that only one student didn’t pass the associated test. An
assistant matter-of-factly approached
Khochfar and asked: “You didn’t make
it, did you?” Of course he had passed.
“I found this reaction a bit strange,”
he says today.
In the end, though, the astrophysicist-in-training didn’t let such things
lead him astray. He simply enjoyed his
studies too much. He saw it through,

Black hole
A black hole possesses such a large
gravitational pull that not even light
can escape from it. The region where
the escape velocity is greater than the
speed of light is called the event horizon.
Supermassive black holes are found at
the center of most galaxies and play
an important role in cosmic evolution.

Photo: Axel Griesch

Sadegh was born. “I always enjoyed
growing up in Frankfurt, because it was
very multicultural there,” he says.
Among the ten or twelve kids who met
on the playground, only two were German. Also at his high school, the proportion of students from immigrant
families was a good 50 percent.
That changed abruptly when he
went to Johann Wolfgang Goethe University. “In the beginning, we were a
handful of foreign students who, funnily enough, met right away and always sat in the last row,” says Khochfar. He was the only one who stayed.
“Things didn’t go quite as smoothly at

Extremely Large Telescope
A project of the European Southern
Observatory (ESO) for a new, next-generation optical telescope. Its main mirror
will have a diameter of 39.3 meters and
consist of nearly 1,000 hexagonal mirror
elements. According to the present
plans, the construction of the Extremely
Large Telescope is expected to be completed in 2018.
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The Two Versions
of the Human Genome

BIOLOGY & MEDICINE_Molecular Genetics

Sequenced, yes – but decoded? We still don’t fully understand our
human genetic make-up. The answer to many of its mysteries lies
in the diploid nature of the genome, which contains two sets of
chromosomes: one inherited from the father and one from the
mother. Margret Hoehe from the Max Planck Institute for Molecular
Genetics in Berlin has sequenced both versions of the human
genome separately for the first time and, in the process, discovered
that individuals are even more individual than we thought.

TEXT CATARINA PIETSCHMANN
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Chromosomes at the
moment of cell division:
The human genome consists
of two sets of chromosomes,
one from the father and
one from the mother. There
are thus two versions of each
chromosome. A special
staining method creates a
characteristic band pattern
for each chromosome, so
that the pairs can be
identified on the basis of
their comparable size, form
and color.

hen Margret Hoehe explains her work, you
quickly realize how logical her approach is,
how obvious – so much
so that you wonder why someone else
didn’t do what she has done a long
time ago. Maybe the reason is that,
when one is too close to something, it’s
easy to lose sight of the big picture.
Looking through a magnifying glass,
one might see a craggy grey landscape
and have no idea what it is. Taking a
few steps back, you want to shout to
them, “Put the magnifying glass down!
Then you’ll see that what you’re looking at is a full-grown elephant.”
Margret Hoehe is one of the few
people who did just that: took a few
steps back to get a better view. She reflected on the genetic principles, without which Gregor Mendel’s laws of the
inheritance of traits can’t be understood, and without which no biology
lesson is complete. Mendel crossed homozygous pea plants that had either
purple or white flowers. The plants in
the daughter generation all had purple
flowers, because the gene for purple
flower color was dominant. In the third
generation, purple and white flowers

occurred again in particular proportions – a phenomenon that can be explained only by the existence of two
sets of chromosomes.

GENES FROM FATHER
AND MOTHER
Even if the crosses are not always as
clearly predictable in humans, we have
one thing in common with many other organisms: every individual has a genome that consists of two different sets
of chromosomes. As a result, all genes
arise in duplicate: one on the maternal
chromosome and the other on the paternal one. Scientists refer to the different parental sequence versions of each
chromosome as haplotypes.
A less well known fact is that, as far
back as 1957, American biophysicist
Seymour Benzer demonstrated in a simple experiment that it makes a difference whether two different mutations
of a gene are located on the same chromosome or whether they reside on opposite chromosomes. But Benzer’s discovery was forgotten.
So wouldn’t it make sense to look at
the two versions of the genome separately? Up to now, only “one” genome
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Cis configuration

Defective

Trans configuration

Intact

Defective

Defective

The distribution of mutations in a pair of chromosomes can dictate health and disease: In the cis configuration, two mutations arise in one
and the same gene form, and the associated protein becomes perturbed. The second copy and the protein originating from it remain unaffected.
In the trans configuration, in contrast, both gene copies are mutated and produce two damaged proteins.

GENETIC MAKE-UP IN DUPLICATE
Habits that have become entrenched
are difficult to change. “Until recently,
even high-ranking experts thought of
the genome as a ‘one-fold’ object, not
a ‘two-fold’ one,” says Margret Hoehe,
head of the Genetic Variation, Haplotypes & Genetics of Complex Disease
group at the Max Planck Institute in
Berlin, and the first scientist to sequence the genome of a human being
– a German – entirely separately based
on the haplotypes. She analyzed both
sets of chromosomes completely and at
a previously unattained level of detail.
The approach that she developed with
her colleagues to do this was singled
out by the journal N ATURE as one of the
most promising methods of 2011.
“Just a minute, we’ll be ready soon.
It must be possible ... !” Hoehe is looking for space on her large desk for two
teacups and her visitor’s notes. Not an
easy task, as the desk is almost entirely
covered with towers of publications
and data printouts. The researcher has

66

MaxPlanckResearch 1 | 12

done practically nothing but write
since August to get all of the analyses
down on paper.
Why is it important to know how
certain mutations are distributed between the two parts of the genome?
“Because, it can mean, for instance, the
difference between cancer and no cancer,” she says. “If there are two mutations – for example, of the BRCA1 risk
gene associated with breast cancer –
they need not necessarily cause the disease.” There are two possibilities: the
mutations affect both forms of the gene
(trans), in which case the chances of
developing breast cancer are very high;
or they are located on only one of the
two chromosomes (cis), so the person
will also have a completely “healthy”
form of the gene.
Cis or trans? The answer to this
question can mean the difference between good health or illness – and even
life or death. It can also raise hope. After all, a “healthy” form of the gene can
be passed on to the next generation.
A good ten years have passed since
Craig Venter and Francis Collins – initially colleagues and later competitors
– announced the decoding of the human genome side by side with Bill Clinton in the Oval Office. The end of ignorance, as Venter said. What a triumph!
Once we know the genetic code, we will
soon also know the function of all
genes. We will understand the origin of
diseases and be able to heal them. So
far, so good.

In the years that followed, medicine
clearly made progress, but the great
breakthrough never came. This may
change now with Margret Hoehe’s haplotype approach.
The DNA alphabet consists of only
the letters ACGT. They stand for the
base molecules adenine, cytosine, guanine and thymine. Around 90 percent
of the genetic differences between people consist of sites where one letter of
the genetic code – that is, one base –
was replaced by another one. The researchers also refer to these base exchanges as single nucleotide polymorphisms (SNPs). “Everyone has an average of one base exchange every 1,700
letters,” explains Hoehe.

CHANGES IN THE GENETIC CODE
The information for the production of
proteins from individual amino acids
is contained in the order or sequence
of the bases. Thus, for example, the
replacement of a cytosine by a thymine can lead to the use of a different
amino acid. This can result in the production of a malfunctioning protein.
When bases in the control regions of
the DNA are exchanged, biochemical
processes in the body may be blocked
or accelerated.
To sequence the genome, the researchers isolate DNA from white blood
cells, shred it using ultrasound, and sort
the fragments by size. The DNA snippets are then fixed to a surface using
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has been read, a sort of composite of
the maternal and paternal sequences.
There are historical reasons for this:
When the Human Genome Project was
carried out in the 1990s, it was almost
technically impossible to analyze the
two versions of the approximately three
billion base pairs in the human genome
separately. It simply would have been
too labor- and cost-intensive.
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Library in the freezer: The human
genome fragments inserted into
bacterial DNA molecules are stored
at minus 80 degrees. Each of the
aluminum-foil-packed genome
libraries originates from one person.
The genomes of 100 people fill an
entire freezer.

small anchor molecules and copied.
The reading of the base sequence is carried out simultaneously for millions of
DNA fragments. Today, it takes just a
few days to read a complete genome using a second-generation sequencing
machine. “The very latest machines
reach a throughput of up to three hundred billion bases,” says Hoehe. “The
early ones could manage only 900 bases.” Billions of these sequence reads are
stored on a supercomputer. Then the
work on the vast jigsaw puzzle begins:
the computer compares the base sequences of the individual snippets and
overlaps them to form bigger pieces until the DNA is complete.
But how does the software know
which piece of the puzzle belongs
where? “It constantly compares the
base sequence of the snippets with those
of the reference sequence,” explains
Hoehe, “and this is the critical point.”
The human genome of 2001, which all
scientists still use as a reference, is an
artificial product, a cocktail of the DNA
of at least six different people. But each
person is unique, so this reference sequence as such doesn’t exist naturally.
It doesn’t reflect the genetic code of any
particular living person. This was the
intention, but many experts now view
it as an error, as this makes it an unreliable roadmap for exploring the causes
of health and disease. “Because sometimes we don’t know whether the exchanged bases we find occur frequently or rarely in reality.”
>

Simultaneous
sequencing
of the fosmids
from several
super-pools

1

2

Graphic above: Sequencing of the haplotypes of a genome: (1) The DNA of the chromosomes is mechanically sheared into smaller fragments. Fragments
with a length of 40,000 base pairs are inserted into bacterial transport DNA and these so-called fosmids (representing now haploid DNA fragments)
are reproduced in bacteria. Approximately 1.44 million fosmids are distributed on three plates, each containing 96 wells, representing the fosmid library
of an individual. Each well contains a pool of 5,000 fosmids and each pool contains, as the result of dilution, almost without exception fragments of one
haplotype. For reasons of efficiency, three pools are always combined to form a super-pool. These pools are decoded using the very latest sequencing
technology (2) and the individual fosmid sequences are assembled (3). The relevant base exchanges (perpendicular lines) are identified in the mixture of
fragments from the paternal and maternal genome (4). This allows the individual sequences to be assigned to one of the two haplotypes and combined
to form the chromosomal haplotypes through identification and tiling of overlapping fragments (5). In this way, the genetic code of the chromosome
pairs is being deciphered (6).

A total of around 2,800 individual human genomes have been sequenced
throughout the world – all based on a
composite of the two chromosome
sets. Craig Venter started it all when he
sequenced his own genome. Years later, he tried to separate his genome into
its haplotypes, but only partially succeeded. James Watson, the co-discoverer of the DNA double helix, also
knows the contents of his genome.
The first genome of a Chinese man was
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published in 2007, and was followed
recently by an Aborigine genome. The
genes of Archbishop Tutu from the
Bantu ethnic group were analyzed last
year at the same time as the DNA of
the members of four other South African ethnic groups.
According to the findings, Africans
are far more variable than Europeans.
Modern humans developed over 100,000
years ago in Africa, and their genomes
had a long time to intermix there. For

this reason, the genomes of Africans
contain many old, common variants, as
well as rarer and newer ones.
The greater variability of African
genomes is also evident in their organization: “In Africans, the shortest
length of the DNA blocks, in which
the exchanged bases are inherited over
generations, is approximately 10,000
bases on average,” says Margret Hoehe. The corresponding figure in Europeans is between 20,000 and 120,000

Graphic: Art 4 Science; photos: Nina Lüth (2)

below: Bioinformaticians put their heads together: Thomas Hübsch and Gayle McEwen discuss how they can analyze particularly complex DNA
sections by haplotype.
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bases and more. “Obviously, just a
small group left its continent of origin,
Africa, to populate the rest of the world,
and few people followed them. Consequently, genetic diversity was significantly reduced – a genetic bottleneck,
so to speak.”
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THE AFRICAN GENOME AS
A REFERENCE
Up to now, all human genome research
has been based on the reference sequence, a genome with European roots.
This was due to the simple fact that the
countries involved in the 2001 Human
Genome Project were the US, France,
Germany, England and Japan. “Biomarkers, receptor variants, disease regions and drug targets – none of these
can be applied to the African genome
on a one-to-one basis.” The availability
of an African reference genome to enable the development of more effective
drugs for people with African genetic
roots is thus long overdue.
To be able to sequence both chromosome sets of a human genome separately, Margret Hoehe and her team
had to develop a new molecular genetic method along with all of the necessary bioinformatics tools. An important
difference between their method and
the traditional technology lies in the
fact that the DNA segments are not 25
to 40 bases long, but around 40,000. Because they display characteristic base

exchange patterns and are not cut in
exactly the same way – for example, at
bases 128 and 40,200, or at 14,000 and
55,030 – the computer can easily identify, during overlapping, whether a
snippet belongs to part A or B of the genome. However, whether A originates
from the father or mother can be established only through further comparison with at least one parent.
In this way, it was possible to resolve the two versions of almost all of
the German subject’s 17,861 genes that
code for proteins. Of those, 90 percent
arise in two different molecular forms.
The two chromosome sets differ in
around two million sites. Comparison
with the reference sequence also shows
that 60 to 70 percent of the given molecular gene forms exist as such only in
this individual. Thus, we are far more
individual than was believed to be the
case. Moreover, the scientists identified
159 genes with two or more potential
disease-predisposing mutations, 86 of
which occur in only one gene copy.
What could the relationship between these two molecular gene forms
be? Do they cooperate or do they counteract each other? Or do they alternate?
Which one is dominant – and why? A
disease arises only when one defective
gene overrules its intact counterpart.
Hoehe is certain that a new, more indepth view of biology will arise. And it
could actually provide the missing key
to understanding the genome, and

enable the development of the longawaited individualized therapy in medicine. The door to a completely new
research field is being opened here.

UNKNOWN REGULATION
OF GENES
Inheriting good genes – this expression
is now taking on a new molecular
meaning. “It sometimes seems to me as
though my maternal and paternal
genes antagonize each other,” says Margret Hoehe laughing. No, seriously,
there’s a grain of truth in this. “You just
have to think about it again. Perhaps
the genes are regulated differently at
different stages in life? Perhaps one version of the chromosome is completely
switched off?” We know almost nothing about this. The buffer capacity of
the system appears to be high. There
are numerous small intermediary stages between healthy and sick. “If one
doesn’t work, the other one does. But
when too many things coincide, at
some point, everything is derailed.” Ultimately, it is probably a question of the
cumulative effect of all of the different
individual predispositions.
In order to obtain a better catalog of
the diversity of genetic variants, the
Human Genome Project was followed
up in 2008 by the 1,000 Genomes Project, the aim of which is to decode 2,500
genomes. Whereas many researchers all
over the world are cooperating on this

1 | 12 MaxPlanckResearch

69

BIOLOGY & MEDICINE_Molecular Genetics

left: Stefanie Palczewski (left), Sabrina Schulz (center) and Eun-Kyung Suk (right) in front of a high-throughput sequencing system for DNA analysis.
right: Each of the device’s two flow cells can accommodate over 600 million DNA fragments.
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So she included a chapter on the interindividual variability of drugs in her
doctoral thesis. “There was an uproar,”
she recalls, and she is still infuriated by
the fact that she was forced to remove
the chapter. But the idea itself could
not be deleted. Today, particular attention is paid in medical studies to the
differences between responders and
non-responders.
The next step was to carry out family studies. Hoehe wanted to examine
the possible genetic roots of the individual markers she had discovered for
susceptibility to diseases and the effectiveness of drugs. To this end, she went
to the National Institute of Mental
Health in the US in 1987. “The human
genome project was already on the horizon.” When her boss asked her whether she wanted to continue working in
the area of neuroendocrinology or with
DNA, without hesitating, she opted for
the genetic material.
“I knew absolutely nothing about it
and had to teach myself the basic tools

and methods,” she says, smiling. The
genes for the opiate and adrenergic receptors, which she had previously studied pharmacologically, were discovered
soon after that. “Using methods that
would be dismissed as Stone Age today,
we found the first variations, and then
searched the genome for regions for depression and schizophrenia.”

A NEW APPROACH TO
GENOME ANALYSIS
At the time, it was still believed that
only a few genes in the genome were
mutated, and that these mutations
had serious effects – a mistaken belief,
as we now know today. Very few diseases are actually due to a single gene.
And regarding schizophrenia: In 2009,
the journal NATURE published a study
according to which thousands of mutations on many genes can cause the
disease, and one of these mutations
alone causes only a very slight increase in the risk of developing it. The
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project and contribute partial sequences to it, Hoehe and her team, consisting
of a handful of scientists, have completely sequenced, haplotype-resolved
and analyzed an entire genome in a
matter of a few months. She is aiming
to have completed twelve further individual haploid-analyzed genomes by
the end of the year.
Individuality – this theme runs
through Margret Hoehe’s life as a researcher. She studied medicine and
psychology in Munich and completed
her doctorate on “the effects of opiates on neuroendocrine and psychological parameters” in 1986. During a
study on depressive and schizophrenic patients, she quickly noticed that
some did not respond at all to drugs;
and neither did a proportion of the
healthy subjects. “The traditional mean
value method ultimately leveled out
all of the individual differences.” What
needed to be examined, instead, is
how the individual’s DNA influences
the effect of drugs.
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NEW YORK TIMES referred to the discovery as “A Pearl Harbor in schizophrenia research.”
Back to the early 1990s: Hoehe soon
reached the conclusion that the entire
approach to genetic research would
have to be reversed. Research should
not start with the complex disease and
look for the associated genes; instead,
it should search the genome for interindividual DNA sequence differences
and observe their effect on genes in vitro. She compiled a corresponding project application and sent it to George
Church, one of the leading genetic researchers. He immediately liked the
idea, and a short time later, Hoehe was
accepted as a postdoctoral researcher
at Harvard Medical School. She developed the Multiplex PCR Sequencing
technology there, which enabled the simultaneous reading of 20, and later 50,
DNA snippets. That Kary B. Mullis, Nobel laureate and inventor of the polymerase chain reaction, had said that it
could “never” work was something she
didn’t learn until later.
Hoehe returned to Germany in
1995 and established a research group
at the Max Delbrück Center for Molecular Medicine in Berlin – yet another
adventure. She had the machines for
the research flown in from the Machine
Shop at Harvard University. She resequenced the µ-opiate receptor gene in
250 patients and healthy subjects, and
found first haplotypes that were associated with addictive disorders. This was
one of the two initial studies that
showed that it is important to consider
the haplotypes of a gene and not just
randomly selected single mutations. In
2002, Margret Hoehe moved to the
Max Planck Society. One of her main
projects there was the sequencing of
the haplotypes of the most complex region of the human genome: the histocompatiblity complex that serves as the
blueprint for the immune system’s antibodies, and that is also rich in disease
genes. This eventually gave rise to the

sequencing of the entire haploid genomes of human individuals.
All of this work took a great deal of
energy and dedication. “It wasn’t easy
to swim against the tide for such a
long time.” But that’s changing now.
And Margret Hoehe is already focusing
on individuality again, this time from
the perspective of a personalized genome project. Illness can best be studied where it occurs – in the patient.
The project will initially focus on a
breast cancer patient whose haploid
genome will be studied in the blood
and in the tumor tissue. The two women have known each other for a long
time and are writing a joint diary on
the project, which may one day become a book.
An unusual aspect of this project is
that the patient, a journalist with medical training, is involved in the study
and is being given access to her genetic information. Anonymized research is
generally the rule in medicine. “People
make their samples available to science
voluntarily. We should give them something in return for this,” says Margret
Hoehe. “This topic is already being hotly debated in the US.” Patients who
want to know and have the necessary
background knowledge should also be
given the information about their genomes, following the motto: “My genome is mine!”
Rumor has it that Craig Venter is
taking prophylactic drugs since he
found out about his genome. The German subject whose genome was sequenced can’t do this. Because his
blood sample came from a biobank, it
was anonymized for ethical reasons. All
that is known about him is that, when
he gave the blood sample, he was 51
years old and in good health. The scientists would have both good and bad
news for him: he also has two mutations in the breast cancer gene BRCA1.
Fortunately, they are both on the same
copy of the gene. This means he also
has a completely healthy version.

With her method of sequencing a genome
separately based on the two haplotypes,
Margret Hoehe has laid the foundations for
personalized medicine.

GLOSSARY
Chromosome
The genetic material of living organisms
with a cell nucleus is distributed on varying
numbers of chromosomes. A chromosome
consists of the thread-like DNA molecule
and various proteins. The biggest chromosome in humans is around 250 million
base pairs long, while the smallest
contains only around 50 million base pairs.
The chromosome with the most genes
has around 3,000 genes, while the male
Y chromosome has only around 100.
Diploidy
Diploid organisms have a double set of
chromosomes. For example, humans have
46 chromosomes, which occur in the form
of 23 chromosome pairs. Each homologous
chromosome pair contains one chromosome from the mother and one from the
father. The 23rd chromosome pair contains
either two XX sex chromosomes (women)
or one XX and one XY sex chromosome
(men).
Haplotype
The two parental sequence versions of each
chromosome. Because humans have two
(variant) forms of each chromosome, the
chromosome exists in two haplotypes.
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The Formula for

Lobster Shell

Lightweight and flexible, yet strong:
The properties of the lobster shell derive
from a sophisticated structure of chitin
and calcium carbonate.
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MATERIALS & TECHNOLOGY_Bionanocomposites

For gourmets, they are mainly a nuisance. For Helge Fabritius, however, they are a treasure trove
of information. At the Max-Planck-Institut für Eisenforschung in Düsseldorf, the biologist
investigates the construction principles of lobster and crab shells. In the process, he is uncovering
how arthropods produce versatile material properties using a very limited choice of basic materials.

TEXT ALEXANDER STIRN
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elge Fabritius enjoys a nice
lobster, especially if it is
freshly caught and served
in a small restaurant somewhere on the coast. However, he wouldn’t be disappointed if the
lobsters were to arrive on ice. On the
contrary, this makes them particularly valuable for him. This is because the 41-year-old is less interested in the white flesh or
the sweet flavor, but is much
more fascinated by the stuff
the gourmets would discard: the lobster shell and
its intricate structure.
Helge Fabritius is a biologist. He works in Düsseldorf, at the Max-Planck-Institut für Eisenforschung
(Iron Research). This may
sound like a paradox, but there
is a straight-forward explanation: Scientists at the Düsseldorfbased institute, on the search for
novel materials, have long since moved
beyond the standard ores and metals.
They now look at so-called composites,
too – an area where Mother Nature,
with her methods for evolving particularly sophisticated materials that have
been tried and tested through millions
of years, sets an excellent example.
“Virtually all natural composites
follow more or less the same rules,”
says Helge Fabritius. “The exoskeleton
of arthropods is a good model for
learning how nature solves different
problems.” Still, the intention is not
really to imitate nature. Rather, Fabri-

tius wants to gain new insights, new
ideas and, ultimately, inspiration for
new materials.
The basement of the brick building
in Düsseldorf is cool, and a gentle
breeze can be heard. Almost like on the
coast – but the sound and the breeze
here emanate, not from the sea, but
from the air conditioning system. The
system is necessary to compensate for
subtle variations in temperature in the
room where Helge Fabritius’ favorite instrument is set up: a scanning electron
microscope. Stable ambient conditions
are necessary for the device to deliver
optimal results.

A BIOLOGIST IN AN
IRON RESEARCH ENVIRONMENT?
Helge Fabritius deftly turns the palmsized knobs on the control panel. He
scrolls the image, changes the magnification and adjusts the focus. On
screen, an image appears that seems to
reveal a tangle of grey twine. In actual
fact, however, it shows the inside of a
lobster shell.
According to the stories circulating
at the institute in Düsseldorf, Helge
Fabritius owes his presence in the laboratory to a lobster dinner. Apparently, Dierk Raabe, Director of the institute and head of the department of
Microstructure Physics and Alloy Design, was dining on one of these animals in a restaurant one evening, when
suddenly the shell caught his interest.
He soon assigned the task of studying
the lobster carapace to a physicist, a

chemist and an engineer. They were to
establish how this surprisingly stiff
and, at the same time, lightweight material is structured.
The scientists began to study the
material, using all the tricks available
to them in metals research. However,
the success they had hoped for eluded
them, since the material simply did not
behave like a metal. It was then that
Helge Fabritius received an e-mail. At
the time, he was working on his doctoral thesis in Ulm. The subject of the thesis: the biomineralization of isopods
(woodlice). “Iron research? At first, I
thought someone was pulling my leg,”
Fabritius says, laughing. “Why did they
want me to give a lecture on tiny calcium carbonate spherules in isopods?”
Nevertheless, he gave the lecture. And
not long after, Fabritius was offered a
postdoctoral position in iron research.
That was in 2005. Since then, lobsters have become a permanent feature
on the scientific “menu” at the MaxPlanck-Institut für Eisenforschung.
Helge Fabritius holds up a lobster
shell. He taps it with his finger and it
makes a hollow sound. It is lightweight, as if it were made of styrofoam.
It is flexible, yet firm. And, above all, it
is versatile. Like any arthropod, lobsters have a so-called exoskeleton. The
shell covers the entire body – similar to
the human skin.
In order for this to work, the material must provide a wide array of different properties. The lobster needs hard
parts, such as the carapace and the extremities. It also needs movable parts
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top: A carapace with a porthole: Even the lobster’s
eye is covered by the shell. This particular part, however,
is constructed so that it becomes transparent.
bottom: The structures of the crab and lobster carapaces
are generally similar, but with significant differences
close up. For instance, a greater mineral content makes
the crab’s claws particularly hard.

Photos: Frank Vinken (2), MPI für Eisenforschung (right)
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for the joints. Moreover, it needs flexible membranes that seal the gaps between segments and prevent the leakage
of body fluids. It also needs transparent
components to allow its photoreceptors to see through the exoskeleton. Finally, like all other arthropods, the lobster must renew its skeleton when the
old shell becomes too small.
However varied the requirements
placed on the lobster shell may be, its
basic construction principle and the
smallest components are always the
same (as in all arthropods). It is by
changing the arrangement and the composition of the smallest building blocks
that nature has adapted the material to
the different functions. “What we have
here is a natural, multi-functional material, as it were. And since such materials play an increasingly important role
in meeting new technological requirements, this is, of course, very interesting to science,” Fabritius explains.
The first results are encouraging: they
show that the exoskeleton in crustaceans
is a classic composite that combines organic and inorganic constituents. Its
structure follows a strict hierarchical organization, from the molecular level up
to the final skeletal element.
The basic component is a sugar –
more precisely: N-acetylglucosamine.
The sugar molecules form chitin, a
long-chain polymer that is abundant in
nature. Twelve to eighteen of these chitin molecules assemble in a small filament that biologists call a fibril, and
that is five to seven nanometers thick
(one nanometer is one millionth of a
millimeter). The fibrils are covered with
a thin layer of proteins, and arrange
themselves neatly in parallel rows on
the epithelium – the outermost cellular
layer of arthropods – forming a continuous, closed layer of fibrils.
The cells then start to produce the
next layer under the first one, but the
orientation of the fibrils changes by a
few degrees, thus creating a stack of
fibrous layers in which the fibrils are

Lobster and crab shells under the optical microscope: Images of polished cross sections
of the carapace show differences in thickness and organization of the different cuticle layers.
The exo- and endocuticle of the two species display distinctive microstructures with
differing mineralization.

always twisted against each other by
a certain angle. Fabritius calls this arrangement the “plywood principle.”
Just as in plywood, where two thin
sheets of wood are laminated at right
angles to each other to create a more
stable material, the layers of twisted
fibrils also form an extremely resistant material.

LOBSTER OR CRAB,
THE MICROSTRUCTURE TELLS
“That is what we see in the electron microscope,” Helge Fabritius says, and
zooms deeper into the black-and-white
image of “twine.” Indeed, with a bit of
imagination, superimposed fibers can
actually be seen that, one by one, seem
to rotate with respect to the image
plane until they appear to be moving
toward the observer. “When you see
something like this for the first time,
it’s really confusing,” Fabritius admits.
“The only thing you can do is look at
many different samples and gather
more experience in order to reconstruct
the formation process.”

The biologist moves the sample in his
microscope to a different part of the
lobster carapace, closer to the surface.
Here, it is impossible to discern individual fibers. “Sometimes you ask
yourself, where is the map, or the user
manual?” Fabritius says with a smile.
He adds that it helps to stop focusing
on particularities in the image and instead look for inconspicuous patterns
that are repeated – the basic structure
of the material.
To gain insight into the microstructure, Helge Fabritius has to look at the
material from all angles. He cuts or
breaks the shell into pieces, coats the
samples with platinum and places them
in the electron microscope. This means
that he doesn’t necessarily observe the
lobster structures from the side. The
twisted layers may also be cut obliquely. This creates confusing patterns, similar to the grain in wooden boards,
where the original growth rings are
very difficult to spot. “For practice, I
sometimes even look at furniture and
try to understand how the pattern
could have formed,” he says.
>

1 | 12 MaxPlanckResearch

75

MATERIALS & TECHNOLOGY_Bionanocomposites

~ 3 nm
~ 1 nm

∂-chitin (alpha-chitin)

Even if the shell – the so-called cuticle
– features the same basic structure in
all arthropods, it shows great variation
in the details. Fabritius presses a knob.
As in a sushi bar, the next prepared
sample slides into view in the electron
microscope. It is the shell of a crab. After just a few seconds, the blurry image becomes clear. Compared with the
lobster, it is much more structured.
The individual fibrils are bundled in
thick fibers, much like the strands of a
rope. These bundles are placed adjacent to one another in layers, and the

Chitin nanofibril
coated with proteins

layers, in turn, are stacked horizontally twisted against each other.
On closer examination of the lobster shell and the crab carapace, pores
can be seen that pervade the structure
from top to bottom in the shape of long
canals. They are formed while the epithelial cells create a new carapace before molting. Tiny bulges therefore protrude from the cell surfaces of the
lobster or crab epithelium, and the layers of chitin fibrils must be woven
around them. Gradually, elliptical, helically twisted pore canals are formed.

A keen eye for particularly fine details: Helge Fabritius in front of a scanning electron microscope,
which he uses to investigate the microstructure of exoskeletons.
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Chitin fibers

Initially, they serve as a transport system for the minerals that the animals
use to quickly harden the soft skeletal
structure of the new carapace once they
have shed the old one.
When Fabritius zooms even further
into the electron microscope samples,
the particles that constitute the second
main component of the natural composite become visible: essentially, they
consist of different types of calcium carbonate, similar to the limescale deposits we know from kitchens and bathrooms. In the lobster shell, the particles
are arranged between the chitin fibrils
in the form of tiny spherules. In some
parts of the crab shell, similar particles
create solid tubes around the fibers. The
type of crystal lattice and the shape and
number of calcium carbonate particles
determine the hardness of the exoskeleton, which may vary both according
to species and within one shell.
Which other elements constitute
the mineral particles besides calcium
carbonate can’t be established, even
with a high-resolution electron microscope. However, Helge Fabritius’ favorite instrument performs another trick:
besides the electrons, which are ultimately responsible for the black-andwhite images, the microscope also excites X-rays, the energy of which is
characteristic for each element contained in the sample, making it possible to determine the composition.
This technique, which is called energy dispersive X-ray spectroscopy, can
produce colorful maps of the inside of
crustacean shells. Red represents calcium; yellow, magnesium; and blue,
phosphorus. The distribution of the
colors is every bit as varied as the properties of the exoskeleton: for instance,

Photo: Frank Vinken, graphic: MPI für Eisenforschung

N-acetylglucosamine
molecule

~ 20 nm

Epicuticula

Exocuticula

~ 1 mm
~ 5 cm
Endocuticula
~ 20 nm

Fiber layer

~ 10 μm

A stack of fiber layers formed according
to the “twisted plywood principle”

Three-layered cuticle

Skeletal element

The structural hierarchy of the lobster shell (from left): N-acetylglucosamine (sugar) molecules bond to the biopolymer chitin. The chitin molecules
assemble into chitinous fibrils that are wrapped in a protein cover. They cluster to form chitin fibers, which in turn assemble into a horizontal layer of fibers.
The fiber layers are stacked twisted, similar to the layers of a plywood board. Finally, these stacks form the lobster cuticle, which consists of three layers
with varying structures. The endo- and exocuticles give the shell its mechanical stability, while the epicuticle, which mainly consists of proteins and waxes,
protects the lobster from harmful environmental influences.

the images of the crab shell show regions with low calcium content containing a particularly large quantity of
magnesium. But they also reveal areas
with hardly any magnesium. Magnesium atoms in calcium carbonate crystals cause irregularities in the crystal
structure, increasing the stiffness of
the mineral.

Photos: MPI für Eisenforschung

CRUSTACEANS CONTROL THE
MINERAL PHASE IN THEIR SHELLS
The elemental maps alone can’t establish the chemical composition of the
mineral phase. For this, they need to be
combined with data obtained from another instrument: the confocal Raman
microscope. In this microscope, the
sample is illuminated with a laser beam.
The material scatters the light, and the
wavelength distribution is analyzed.
Sharp peaks in this light spectrum
stand for different molecules – carbonate, phosphate or calcite.
In conjunction with the elemental
maps, the curves provide interesting insight into cuticle mineralization. For
example, in the lobster, only a thin layer close to the surface of the shell consists of crystalline calcite – a particularly resilient compound. It is evidently
designed to protect against attacks and
wear. In the regions below, the carapace is hardened with amorphous calcium carbonate. This material has
slightly poorer mechanical properties,
but is more soluble, thus facilitating

molting. On the whole, crustaceans are
very particular about the type and
quantity of minerals they use to make
up different parts of their shell. Fabritius demonstrated that the claws, which
need to withstand particularly strong
forces, have a comparatively high mineral content. The carapace, in contrast,
contains fewer minerals, making it less
heavy. Crabs can’t escape attacks by
swimming away. They therefore rely on
a thicker shell and use more resilient
compounds in their carapace.
Helge Fabritius is not satisfied with
just viewing, identifying and interpreting the material. He wants to understand the implications of the interaction between structure and composition.
Mechanical tests offer the first clues:
tiny indentations, star-shaped or circular, can be found on the polished cross
section of the lobster carapace in the

electron microscope. They were made
by the tip of a so-called nanoindenter
with which Fabritius probes fibril bundles sectioned in differently oriented
planes. This means that he sometimes
probes the fibers perpendicularly to
their long axis, then obliquely from the
side; finally, he presses the tip into the
fibers in the longitudinal direction. The
instrument then measures how far the
tip will enter at a specified force. The
measurements can be used to calculate
the hardness and elasticity of the material. “As expected, the fibrils are stiffer
in the longitudinal direction,” Helge
Fabritius explains.
He also uses conventional tensile,
compression and shear tests from materials testing. They shed light on the
mechanical properties of the overall
structure. Helge Fabritius picks up a
tiny reddish plate from a plastic box

Microstructure of lobster and crab shells: The electron micrographs show cross-fractured fiber
bundles. The arrows illustrate the rotation of the stacked fiber layers.
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and places it on his fingertip. It is a
neatly cut piece of a lobster’s carapace,
two millimeters thick and eighteen millimeters long. Its two ends are slightly
wider, so that the test equipment can
pull on them.
These proven methods from metal
research are pushed to their limits
when studying lobster shells. The scientists working with Helge Fabritius
spray the surface of the carapace sample with an irregular graphite pattern.
This is the same technique materials
scientists use on steel samples before
measuring their tensile strength. During the test, the graphite pattern is distorted together with the sample. Based
on the distortion, a computer program
calculates how the material is deformed in each location. However, this
pattern is too coarse to offer an understanding of how fine variations in the
lobster structure influence the mechanical behavior. “There is still major
scope for refining the measurement
techniques,” Fabritius says.

Nor is this the only challenge. In order
to show which properties the material
provides the lobster with, the cuticle
must be studied while moist and in a
state that is as close to the natural one
as possible. Lobsters and other crustaceans must thus be prepared on ice and
studied as quickly as possible. Yet for
some measuring techniques, such as nanoindentation, moist samples are not
suitable. In any case, scientists trying to
delve deeper into the structures are gradually seeing the limitations of existing
measurement techniques, which is why
computer modeling and simulations
have become an essential complement.

THE IDEAL MATERIAL, BUT NOT
FOR MAN-MADE TECHNOLOGY
“As an experimental biologist, I had had
little previous experience with simulations; now I know what they can do,”
relates Helge Fabritius. “I can forget
about the material complexity that
makes interpreting experiments so diffi-

Elements represented with colors: Energy dispersive X-ray spectroscopy reveals the elemental
composition of the cuticle. The crab’s carapace contains relatively little calcium in the outer layer,
which has a greater magnesium and phosphorus content.
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cult, and instead concentrate on a single parameter.” Together with scientists
from the Computational Materials Design department at the Max-Planck-Institut für Eisenforschung and a colleague
who now works in Bulgaria, Fabritius
first had to develop suitable models.
This was done using, among other
methods, ab-initio calculations. Based
on the atomic distances and binding
energies in the chitin molecules and
calcium carbonate, the computer calculates the mechanical properties of the
substances – on a scale that can’t be accessed with experimental methods. The
data is incorporated in mathematical
models to describe the structures as realistically as possible.
Helge Fabritius was impressed by
the results. If, for example, he feeds the
model with the size of the mineralized
particles, the volume fraction of the
chitin fibers and the number and dimensions of the pore canals, it will calculate which mineral content will
achieve the greatest stiffness. “We
compared the simulation results with
experimental data and found that almost all values were in the range of the
best prediction,” he says. From the lobster’s perspective, and given the means
available to it in nature, the shell is
therefore ideally constructed – but
only from the lobster’s perspective.
“The materials in the exoskeleton are
always optimized for their function in
the respective species – not for human
applications,” Helge Fabritius says.
“You can’t use them to produce something for human conditions that can’t
be manufactured to the same effect
with less effort and at lower cost using
conventional materials, such as plas-

Photos: Frank Vinken (top, 3), MPI für Eisenforschung (bottom, 3)

A material that comes in many shapes: The exoskeleton of arthropods, such as the horseshoe crab, a tropical jewel beetle, or the edible crab (from left),
consists mainly of chitin and proteins that have been structured differently according to the requirements of each species. Crustacean shells also
contain minerals. The tropical jewel beetle forms photonic crystals within the cuticle, producing the iridescent color.

Photo: Frank Vinken

tics or metals.” Merely imitating nature
wouldn’t offer any particular benefits.
“What we’re really looking for are
the design principles of the material,”
Fabritius explains. That is why he is
currently studying the cuticles of insects. They are also made up of chitinous fibrils, arranged according to the
twisted plywood principle. Nevertheless, when looking at the details, their
construction plan is different from that
of the lobster or the crab. For one thing,
insects don’t use minerals. Special modifications to the shell structure provide
insects with their colors.
On the exoskeleton of a tropical
snout beetle with a greenish iridescent
shell, Helge Fabritius and his colleagues
found tiny scales. In the scales, the chitinous fibers form a diamond structure
with air-filled cavities, thus creating a
so-called three-dimensional photonic
crystal. Such a material will reflect only
light of a certain color, determined by
the dimensions of the lattice and its orientation with respect to the incident
light. Materials scientists in Düsseldorf
are now able to produce structures of
this type in the laboratory. Not only do
they look pretty, but they can be used

as gas sensors, since the color of the
material changes when a gas with a refractive index different from air penetrates the pores.
According to Helge Fabritius, all this
information can be used to draw lessons for future composites. The large
pore canals in the lobster carapace that
reduce the weight of the animal without compromising stability could be a
great example of how to produce lightweight but strong materials.
The developed model should come
in handy for this. The more data the
scientists collect, the more accurate it
becomes. The biologist hopes that they
will be able to use it to make predictions “sometime soon.” For instance,
the program could suggest a fiber, a
structural environment and a mix of
minerals that could be used to produce
a composite with the desired properties
in the laboratory.
Helge Fabritius picks up the lobster
shell again, turns it over in his hand and
looks at it closely. “I think the future
holds more examples of us using biological principles in technical applications,” he says, “but with modification,
so that they fit in the greater context.”

Subjecting biological materials to the tensile machine:
Helge Fabritius tests the tensile strength of a sample
that is clamped between two movable crossheads
(top left). Two cameras, flanked by two light sources,
document its deformation during the test.

GLOSSARY
Arthropod cuticle
The outer cover of arthropods. It is formed
by epidermal cells, which correspond to
the skin of vertebrates, and serves as
an exoskeleton through adaptations in
structure and composition.
Chitin
A polysaccharide that is the main constituent of arthropod shells.
Exoskeleton
The outer shell that arthropods, such as
crustaceans and insects, use to stabilize
their soft bodies.
Fibrils
Small fibers that may be composed of
different substances, such as proteins,
cellulose or chitin, depending on their
provenance and function.
Nanoindentation
Method used to test the hardness of a
material. A tip is pressed into a surface
at a specified force. The hardness and
elasticity are calculated based on the
penetration depth and contact surface.
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The Greening Desert
Climate change will very likely result in southern Europe becoming much drier. Ironically,
however, significant global warming could lead to an increase of vegetation in the Sahara –
Institute for Meteorology in Hamburg, simulates the interplay of climate and vegetation,
and in doing so, explores the possibility of a greener future for northern Africa.
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as has frequently occurred in the past. Martin Claussen, Director at the Max Planck

ENVIRONMENT & CLIMATE_Sahara
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Today, plants in the Sahara grow only in oases, although they
extended over large parts of northern Africa during the Neolithic
Age. The photo shows an oasis at M’hamid in Morocco, near
the Algerian border. In the foreground: the dunes of Erg Chigaga.

ászló Álmásy should have had
better things to do than pursuing an interest in rocks. A secret
agent of the German army, he
smuggled German spies into
Egypt. He knew the paths through the
hostile sands and boulders of the southern Sahara better than almost any European. The novel The English Patient
is a romantic literary memorial to him.
Ultimately, however, Almásy’s military
activities were of secondary importance.
From today’s perspective, the rocks
Álmásy busied himself with – the cliffs
of the Gilf el-Kebir plateau, dusty caves
full of prehistoric wall paintings in the
southwest corner of Egypt – are far
more interesting.
Bedouins led Álmásy to the hidden
murals in the 1930s, and he made them
known to the Western world. They depict rhinos, hippos and tillage farmers,
people of the Neolithic period on the
cusp of transition from hunter-gatherers to settled small farmers. It occurred
to Álmásy that the southern Sahara
could not always have been so dry and
hostile. There must have been times
when cereal crops and prairie grass
swayed in the wind, where now only
dust and stones extend in all directions.
In the 1930s, people laughed at
Álmásy and his crazy ideas about a
green Sahara, but the adventurer and
self-made discoverer has been proven
right. It is now known that the Sahara
has turned green and dried up again
several times throughout its history.
The last wet phase began in western Africa about 16,000 years ago, and in eastern Africa about 10,000 years ago. The
whole region then dried up again some
5,500 years ago.
>
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Adding green to the climate model: While analyzing the interplay between climate and vegetation, Martin Claussen discovered that
the Sahara sometimes adopts a bistable state. Depending on the initial situation, it can then turn either green or desert-like.

2

Forbidding beauty with a lively past: Sand dunes now dominate the landscape once occupied by a savannah some 6,000 years ago.

3

The rock paintings of Wadi Howar, south of Gilf el-Kebir, bear witness to the Sahara’s fertile past. The Wadi stretches from Chad
into Sudan and was an important tributary of the Nile during the Neolithic period.
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The average amount of solar energy, or to be more
accurate, solar energy flux density (measured in
watts per square meter) in the Northern Hemisphere in the summer months of June, July,
August has fallen gradually over the last 9,000
years (top graph). In contrast, the vegetation coverage in the Sahara, which was very high in the Neolithic Age according to a relatively crude simulation,
falls to zero in just 1,000 years (middle graph). At
the same time, the volume of desert sand deposited
as sediment in the Atlantic has risen (measured as
a proportion of sediment and in grams per square
centimeter per thousand years; bottom graph).
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In recent decades, archaeologists have
found many indications of past civilizations in the once green desert – earthenware shards, pollen, seeds. During
dry periods, people moved to the fertile
lowlands of the Nile. During wetter
times, they migrated into the wide
plains of the south, far from the
swampy, uninhabitable Nile area. For a
good ten years now, researchers have
been trying to understand this constant
interchange of wet and dry phases, but
they are no longer limited to looking at
cave paintings and pollen. On the contrary, they now have the benefit of concentrated computer power. Claussen
and his colleagues look into the past using models and simulations in the hope
that they will also be able to predict the
future of the desert region.
The computer systems required for
this task are huge. One of them is located in Hamburg: the mainframe of the
German Climate Computing Center, an
ensemble of several dozen head-height
grey cabinets packed into a room the
size of a gymnasium. There, millions of
electronic calculations are processed simultaneously. Martin Claussen is a reg-
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For Claussen, climate simulation is like
a game – and the climate computer
gives him the chance to play one of the
world’s biggest computer games. Sometimes he pushes the simulation to the
limits, causing rain to fall over Africa as
it hasn’t done for years, or deactivates
evaporation for entire continents. This
is no arbitrary game, however. Claussen
wants to understand the big picture, because climate is hopelessly complex. It
is all too easy to become lost in detail,
with air streams and ocean currents,
the reflectivity of wet surfaces, falling
air masses and the color of topsoil –
hundreds of variables that together determine climate. A broad perspective
provides a first estimate.
This was the case back in the mid1990s, when Claussen developed the Sahara simulation. The scientific consensus at the time was that climate alone
determines which plants grow where:
“vegetation follows climate.” However,
in the light of the destruction of tropical rain forests, the idea occurred to
Claussen that vegetation, in turn, affects climate; that each has a direct influence on the other. He checked his
hypothesis, initially using an extreme
comparison: In one simulation, he
changed the continents to completely
green zones with parts covered in dark
forests. For the comparison, however,
he made the entire Earth very bright.
The computer calculated air streams,
ocean currents, and the transport of
heat and moisture around the globe.

fraction

INTERPLAY OF VEGETATION
AND CLIMATE

Claussen had not yet turned his attention to the Sahara. He simply wanted
to know what our world would look
like today if he started a simulation
with different vegetation. The results
were baffling: When he started out with
a densely forested Earth, plant life
around the world developed as we
know it today – except that the Sahara
remained fairly green, with extensive
savannahs covering the region. When
he started with a bright Earth, however, the Sahara remained a bright, dry
desert. “That was a strong indication
that there is interplay between vegetation and climate, and that they must be
considered in combination. Vegetation

Terrigenous
(%)

ular user of this electronic super-brain.
The meteorology professor and his colleagues from the Max Planck Institute
for Meteorology in Hamburg feed it with
information on the Sahara and climate.

Photos: Schapowalow (top), Philipp Hoelzmann
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right: A satellite image of the Sahara: The simulation of the desert state (1a) is a very good
reflection of actual vegetation in the Sahara.

is a variable of the climate system, just
like temperature and air pressure,” says
Claussen. An underlying reason is that
dark continents absorb more heat,
while bright surfaces reflect sunlight.
This influences evaporation and air
streams, for example.
Then Claussen remembered reading
that the Sahara had been green some
10,000 years ago. He reasoned that the
gradual changes in the Sun’s radiation
could have been a major influence. After all, the Earth totters around the Sun
like a wobbly spinning top. This means
that Earth’s position in relation to the
Sun, the length of the seasons and the
tilt of the Earth’s axis vary almost cyclically, every 20,000, 40,000 and 100,000
years. Consequently, the northern
hemisphere receives more sunlight in
summer and less in winter during some
periods, resulting in hotter summers
and colder winters.
Claussen changed the solar radiation in his model, setting it as it would
have been on Earth 6,000 years ago.
He was surprised to find that his climate model yielded, not two, but just
one single solution, no matter whether he fed the calculation with an initially green or bright, dry Sahara: the
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green Sahara. His explanation? Depending on the distribution of solar
radiation, the climate and vegetation
system moves toward just one or two
stable states. Claussen concluded that
if two solutions arise through the
course of time, the system can jump
from one to the other. Thus, Saharan
vegetation can tip in one direction or
the other – aridity or a life-supporting
savannah.

THE SAHARA CAN CHANGE
ABRUPTLY
This juxtaposition of several stable
states is called multistability or bistability, and is also known in other fields of
mathematics, such as macroeconomics,
which is concerned with variables that
can lead to economic crises. In biology,
too, some nutrient-rich lakes remain
clean and clear, while others tip in response to some trigger and are transformed into putrid, algae-filled waters
in record time.
Bistability for the desert was a completely new concept. The simulation
made it clear that a desert’s state could
change abruptly, with catastrophic
consequences for the peoples who had
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settled there. The main climate factor
of solar radiation has changed slowly
and constantly over the last 20,000
years. Bistability, however, means that
vegetation and climate can change
much faster than the steady pace of orbital forcing.
With his early simulation in the
mid-1990s, Claussen had, for the first
time, linked a model of the atmosphere
with a vegetation model, creating a
simulation in which climate and vegetation influenced each other. This
caused a small sensation at the time.
However, those early simulations had
the disadvantage that they could calculate climate for only one target date –
today or 6,000 years ago, for instance.
They were unable to deliver a progression through time, over millennia, to
reveal gradual climate change.
Together with his Russian research
partners Victor Brovkin, Andrey Ganopolski and Vladimir Petoukhov,
Claussen forged ahead in 1999. The
four met at that time at the Potsdam Institute for Climate Impact Research,
where Claussen worked for more than
ten years after starting his scientific career. They developed a fast climate
model that not only fully linked the at-

Graphic: MPI for Meteorology

The Sahara can now exist in two states. Both simulations (1a,1b) of northern African vegetation
show that it can have a higher or lower degree of plant life at different times. This bistability
is represented on the diagram at top left by the two troughs in which the system, represented
by a ball, lies in a stable state. Simulation 2 shows only one stable state for Neolithic times:
the green one.

Photo: NASA

mosphere, oceans and vegetation, but
also processed long periods of time rapidly. They started their simulations in
the more distant past – about 9,000
years ago, when lions and rhinos
roamed the central Sahara, and the giant “Lake Mega-Chad” was hundreds of
kilometers wide.
The computer was cranked up again,
rearranging enormous volumes of data.
The simulation program calculated the
ocean currents and air streams for each
day and the state of vegetation for each
year – according to the wetness or dryness at each stage – all the way up to the
present day. The results confirmed their
assumption that, sometime around
5,500 years ago, the Sahara began to dry
up, surprisingly abruptly. Within a few
centuries or even decades, life must
have disappeared over large expanses of
the Sahara.
Initially, this was not much more
than mere theory, just ugly numbers
generated by a computer in Germany,
some 5,000 kilometers distant from the
Sahara. Then, in 2000, just one year later, geologist Peter deMenocal of New
York’s Columbia University published
the results of an expedition to the western African coast. He had drilled deep

into the sediment of the sea floor,
through layers dating back thousands
of years.

THE REGIONS OF NORTHERN
AFRICA REACT DIFFERENTLY
The analysis of the drill cores took the
climatologists completely by surprise:
until about 6,000 years ago, the sediment on the sea floor consisted of
coarse, solid grains that are commonly
washed into the sea by rivers. This
means that there must have been abundant rain in the Sahara at that time.
However, more recent layers of sediment
told a different story. Starting around
5,500 years ago, only dust was found,
leaving room for just one conclusion:
winds must have blown dust into the
sea from the fast-drying Sahara. Claussen
and his colleagues were delighted, as
hard geological facts now seemed to corroborate their calculations.
Still, Claussen was not really happy
with his climate model. It was able to
generate very fast calculations, but its
continental resolution was too low. “We
wanted a new model that would look at
the whole world in detail, taking regional differences into account.” At the time,

a higher-resolution climate model such
as they were looking for was available at
the Max Planck Institute for Meteorology. For their purposes, however, Claussen
– back in Hamburg once more – and his
colleagues needed to supplement it with
vegetation so that the model could include green growth in its calculations,
integrating the migration of prairie
grass, brushwood and trees through the
course of time.
This comprehensive climate model
has been running for some years and
divides the world, and the Sahara, into
small squares of up to 120 km in length.
In addition, new knowledge about the
reflectivity of the soil and evaporation
in different areas is constantly fed into
the model. All this allows Claussen to
obtain high temporal and spatial resolution. This combination would usually bring a computer to its knees, and
even Hamburg’s large climate computer needs a whole day to simulate a hundred years. Consequently, despite the
huge computing power available to
them, the researchers need patience for
a journey 5,000 years back in time.
Still, a look at the details is worth it.
“We used to consider the Sahara as one
big box,” says Claussen, “which would
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mean that the entire desert dried out.”
Now he knows that it’s not that simple.
There are, apparently, marked differences between the regions. Every now
and then, greener and drier strips of
land would occur, and the western Sahara seemed to dry out more quickly
than the eastern part. Some areas seem
to have changed their appearance quite
abruptly. “Plus it seems that some regions pull others along with them. If
the desert expands in one part, neighboring areas follow suit.”
The findings are consistent with
studies by a Cologne-based group led
by Stefan Kröpelin, who took sediment
samples from the ancient saline Lake
Yoa in northern Chad a few years ago.
Based on pollen and spore findings, the
scientists deduced that tropical plants
and ferns suddenly vanished 5,000
years ago. Yet plants native to the savannahs, Mediterranean region and
desert are still found today at Lake Yoa,
in the eastern Sahara. This rules out a
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sudden aridification. The loss and destruction of life was abrupt for some
species, but insidious for others.

THE SOUTHERN SAHARA MAY
SOON BE GREEN AGAIN
The team in Cologne combined their
sediment samples with knowledge
about prehistoric settlements, bones
and pottery shards, concluding that the
region enjoyed a warm, humid climate
8,500 years ago – the period when
Álmásy’s rock paintings were made.
The fertile Sahel region stretched much
further north. As the eastern part slowly dried out some 5,300 years ago, people retreated further to the south, or to
the north, where the Nile became a new
lifeline. While the fertile steppes of the
Sahara sank into dust, the era of the
Pharaohs began on the Nile. “Our fast
climate model treated the Sahara as a
uniform area,” says Claussen. “But we
now know that it has many facets.”

The Sahara is a complex habitat – that
much is clear. Claussen thus believes
that predicting its future will be complicated. Nonetheless, he has used his
climate models to look into the future
and attempt to answer the question of
whether climate change could cause
plants to grow in the Sahara again in
the near future. If humankind continues to blow carbon dioxide into the air
unabated, the planet will heat up swiftly. Global warming will increase evaporation like water in a saucepan, raising
precipitation levels. This could lead to
greening of particularly the southern
Sahara as early as this century, while
dry areas expand in other regions, such
as the Mediterranean basin – at least
that is what the simulations show.
Without human intervention, the
picture would be quite different: With
the slow, steady changes in solar radiation, the Sahara would stay dry for
about another 10,000 years. Then
heavy monsoon rains would move in

Photo: German Climate Computing Center; graphic: MPI for Meteorology

Only a very powerful computer, such as Blizzard in the German Climate Computing Center (above), can simulate Saharan vegetation with
good spatial and temporal resolution. The green crosses symbolize the probability of short green periods: the bigger the cross, the stronger the
greening. The Sahel stretched further north 6,000 years ago, and plants repeatedly sprouted throughout the Sahara.
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over Africa as they last did 6,000 years
ago. The possibility of green growth
extending into the Sahara in the coming decades can already be seen as a
trend from satellite measurements,
with increasing vegetation perceptible
in the south. “However, overgrazing
and poor land management could
quickly destroy that plant cover,” cautions Claussen.
In any event, it seems that the
greening would not last long. “Our
new, more complex model shows an
initial greening of the Sahara, but that
further warming would cause a marked
reversal of that trend.” Still, no one can
say with certainty just what the future
of the Sahara will be, as the results generated by different climate models currently vary too much.
For this very reason, Claussen goes
a step further, feeding his powerful climate model with more details. “If trees

lose their leaves, if moist humus is
formed, how much soil is visible between plants – all this influences climate and vegetation,” he explains. He
is collaborating with colleagues from
the Max Planck Institute for Biogeochemistry in Jena who know biomass
conversion under different climatic
conditions like the back of their hands.
Claussen’s hope is that the more closely he can reconstruct reality, the more
accurate the predictions will be.
The climate computer in Hamburg
needs even longer to crack these more
realistic simulations, so Claussen often
goes back to the fast model that can run
even on a standard PC. Its calculations
are not as detailed, but its geographical
resolution is quite acceptable. “It allows
us to check major trends fast,” says
Claussen. Calculating 10,000 years in
one day is a great advantage here. But
ultimately, the detailed simulation is

crucial for, say, an accurate prediction
of the next one hundred years in the
Sahara. And that is of burning interest
to more than just climatologists.

GLOSSARY
Bistability
Describes the circumstance that a system
can exist in two states. The state in which
the system is actually found at a given
time depends in part on the background
history. However, as soon as an external
factor changes to even a small degree, the
system can switch from one state to the
other. In the case of the Sahara, this
means that, if the world as a whole is relatively greener or more barren, plant life or
desert extends over northern Africa. A
slight change in solar radiation can change
the landscape abruptly, making it either
dry or fertile.
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Traditional Burials Are

Dying Out
Forest burial sites are taking the place of cemeteries, urns
replacing oak coffins, headstones are now “Made in India” –
over the past two decades funerals in Germany have become
much more multifaceted; the stolid dignity of old-style
interments is out of fashion. These are the findings of a study
headed by Dominic Akyel of the Max Planck Institute for
the Study of Societies in Cologne.

T

he trend is toward individualized funerals or cheap special
offers,” says Dominic Akyel,
summing up the changing
economics and mores of the
German funeral market. The 32-year-old
is one of a group, headed by sociologist
Wolfgang Streeck at the Max Planck Institute for the Study of Societies, that is
researching the relations between the
economy, politics, and society. One of
their focuses is on the diffusion of market logics and the process of commercialization.
For the purpose of his study, developed in cooperation with the Max
Planck Institute for Demographic Research in Rostock, Akyel chose the funeral market in Germany as an example of just such a development. He was
particularly interested in the factors
that have reanimated every aspect of
sepulchral culture in a market that has
been resting in peace for centuries.
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For the empirical part of his work, the
researcher gathered official statistical
data, conducted interviews with experts,
analyzed documents and took a handson look at the business. “I did my field
work in funeral parlors,” explains Akyel. Not only did he ride in the hearse
to pick up the deceased, but he also had
to physically lend a hand. Recalling his
first trip to the mortuary with the undertakers, he adds: “My first encounter
with death was courtesy of a corpse that
had been in water for three weeks.”
That takes some getting used to. But he
also noticed that he could deal with it.
“In this way, I learned the individual stages of the job – from collecting
the corpse and washing it, to the cosmetic touches to the deceased and
arranging the funeral ceremony. At
times like this, science becomes a personal journey, because afterward, you
see many things quite differently,”
says Akyel, describing the strong im-

Photos: ARCUM Vertrieb Deutschland (3)
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The final eye-catcher: Simple wooden coffins are no longer in fashion. Some undertakers
offer individual designs – made of low-cost cellulose.
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PROTECTING OUR CULTURAL
HERITAGE
For reasons of piety, it was looked down
upon to haggle over the price of coffins
or other services to the deceased. Explaining the behavioral norms that
were widespread in both rural and urban areas, Akyel remarks that “It was
expected that the relatives would be
generous – also so as not to detract from
the social standing of the deceased.” It
was usually the local funeral director
who was called upon, though of course
his reputation was an important consideration. Provided they were of high
repute, undertakers could look forward
to steady demand, and over decades,
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they discreetly and serenely pocketed
large profits to offset their comparatively low expenses.
Since the start of the 1990s, however, the industry has cast off this veil of
modesty. “As a result of the interplay
between a variety of social forces, the
industry experienced a new awakening,” says Akyel, summing up the results of his research. One of the causes
lay in changes in the law, the terms of
which in most federal states dated back
in part to before World War II. Some individual aspects had, from time to time,
been updated in line with changing circumstances; but until that time, there
had been no root and branch reform.
It wasn’t until the 1990s that a
trend emerged toward revising the relevant legislation. “There were roughly
as many reform projects initiated between 1992 and 2001 as in the whole
of the 1970s and 1980s. And since the
turn of the millennium, more than
half of Germany’s federal states have
revised their laws on funerals.” On the
other hand, there have been numerous
differences between churches, local
authorities and industry representatives. “One particular bone of contention was whether or not market forces
should be accorded greater influence
in the funeral business,” says the Cologne-based researcher.
One of the main arguments voiced
by the opponents of deregulation –
many of whom, interestingly, were
drawn from the ranks of the funeral industry itself – was that a funeral is an
important cultural heritage that should
be protected from unscrupulous entrepreneurs. “The concern among undertakers about the risks of deregulation
evidently outweighs the associated business opportunities,” Akyel believes.
Yet despite the opposition, individual legal reforms over the past 20 years
have ushered in a moderate degree of

deregulation of the German funeral
market. As an example, Dominic Akyel
cites the use of coffins, which were
once obligatory throughout Germany.
Although their use has been vehemently defended by churches and undertakers, most states have since relaxed or
repealed the laws that made them mandatory. One of the first to do so was
North Rhine-Westphalia, where the requirement to be buried in a wooden
box was abolished in 2003. SchleswigHolstein followed at least in part in
2004, and in Lower Saxony, the requirement was abolished in 2005.

PRIVATIZATION LEADS TO
PROFIT ORIENTATION
In Baden-Württemberg it has been permissible since 2009 for the coffin lid to
be laid in the grave beside the coffin.
With the introduction of its new Participation and Integration Act, the state of
Berlin also abolished the mandatory requirement for coffins. Since then, it has
been possible in certain cemeteries for
the deceased to be buried in a shroud
without a coffin – if there are religious
reasons for doing so. In many large cities, there are now funeral parlors that
focus on Muslims as their target group.
There have been similar developments in commercial participation in
what were once the duties of the state.
Here, too, the legislative changes have
broadened the range of services on offer.
For example, the privatization of cemeteries and funeral services has led to the
establishment of private crematoria that
are often more economical and more
customer-oriented than the local alternatives. With privatization, an orientation toward profit has also come to the
fore – in a sector in which business interests and commercialism are considered indecent. “Around one third of the
crematoria in Germany are now private-
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pression this look behind the funeral
parlor scene made on him.
From a scientific perspective, however, the funeral business in Germany
offered some exciting insights into the
dialectic of market and morality. After
all, many things that are considered entirely normal in other areas of the economy are taboo in this industry.
“For example, it shouldn’t be too
obvious that you’re making a profit,”
says Dominic Akyel. Other commercial
aspects, such as advertising, price comparisons and sales negotiations, are also
delicate issues when they are juxtaposed with death, bereavement and the
arrangement of that last journey.
Nevertheless, for long stretches of
the 20th century, this was by no means
an unprofitable industry. “For many
West German undertakers, the decades
after World War II were a golden age,”
Akyel reports. One of the reasons was
the broad acceptance of the traditional
Christian funerary ritual; there was a
societal consensus as to what form a decent funeral should take. Those who
could afford it didn’t stint on either the
coffin or the ceremony.

It was a funeral parlor rather than a designer store in which Dominic Akyel conducted his research.
Today’s range of coffins (top) and urns (bottom left) come in many designs and colors. Those who wish to keep
the deceased with them forever can even have an artificial diamond made from the ashes (bottom right).

ly owned,” says Akyel, describing the
new market structure that increased legal freedoms have engendered.
In addition, new kinds of burial
places have taken hold, such as natural forest cemeteries or columbaria,
where urns are interred beneath trees
or placed in wall niches. Although
German undertakers have thus far succeeded in keeping their foreign competitors at bay, the market in Germany now has far more international
connections than it did 20 years ago.
Today, when a customer orders an oak
casket, it is by no means certain that
it will be crafted in Germany using
German timber. “Most coffins and memorials are imported from abroad,” as
Akyel’s research has shown.

Change is sweeping through the industry: While discounters offer cheap cremations (above),
the last resting place for some is in an idyllic woodland (below).

From the perspective of the economic
sociologist, the increased diversity of
services available reflects the increase
in competition facing particularly traditional service providers. The industry
is under pressure, not only as a result of
falling mortality rates in recent decades, but also due to the influx of new
companies that are spoiling the business opportunities that their established rivals once regarded as a dead
certain business. “In some cities, there
are now discount funeral operators
whose aggressive pricing is making it
difficult for old established businesses
to survive,” the Max Planck researcher
has observed.
Some individual undertakers are
gaining a competitive advantage by exporting bodies across the border to
Dutch crematoria, which offer their services at a lower cost. As Akyel observed
in his field studies, this funeral tourism
is now in full swing. The industry is
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also concerned about the attempts by
international service providers to gain
a foothold in the German market: “Our
domestic businesses have thus far succeeded in thwarting these attempts, but
competition in the industry is still
much fiercer that in the comfortable
days before German reunification.”
The mechanisms of supply and demand have evidently taken hold in a
sector that, in the past, preferred to cast
a veil over the links between sacred rites
and commercial profits. In fact, the

study shows that customers, too, are
motivated by economic considerations
in their choice of service provider and
their interment preferences. Akyel has
the impression that “The surviving dependents make different decisions these
days.” Faced with a choice between the
traditional option of an exclusive individual funeral or a cheap deal ordered
via the Internet, an increasing number
are opting for the low-cost alternative.
Their reasons vary. “Because funerals
are losing their significance as social

Photos: dpa – picture alliance (top), plainpicture (bottom)

DISCOUNT FUNERAL OPERATORS
MAKE LIFE HARD
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events, many people no longer consider an extravagant and expensive interment to be necessary.”
Sometimes parsimony is a consequence of a lack of money. Since health
insurance companies have ceased to
pay death benefits, many relatives simply don’t have the funds to pay for a
traditional funeral, which can easily
cost several thousand euros – maintenance costs for the grave not included.
Akyel sees the changing behavior patterns among customers as a consequence of changing social values: “In
the past 20 years, the proportion of
people in Germany who don’t identify with Christian norms and values
has risen substantially. As a result, the
traditional Christian funeral customs
and perceptions have declined in significance.”
Another reason lies in the changes
in family structures and lifestyles. Particularly young people today move
around far more frequently than they
did two decades ago, and they often
live far away from their parents. Accordingly, family graves are far less frequently visited. Akyel has also observed
a trend toward smaller, more intimate
ceremonies, and an increasing emphasis on ensuring that the funeral matches the life and personality of the deceased. This applies particularly to the
purchase of coffins and memorials, but
also to the choice of undertaker.
It is also increasingly common for
people to arrange their own funerals
during their lifetime. Many seek out
precise information and obtain estimates of cost. This, too, is an innovation in the funeral market. Businesses
have been compelled to tailor their services more closely to the wishes of their
customers. “There are even bus excursions to crematoria in Holland and the
Czech Republic.”

In the course of the empirical part of
his study, Dominic Akyel not only visited a morticians’ trade fair and worked
at a funeral parlor, but he even took
part in such an excursion. Recalling the
unusual journey across the border, he
remarks that it was a mixed bunch on
board the bus. Describing the varying
motives of his fellow travelers, he explains: “Some wanted to see for themselves how such a funeral works, while
others had already had their loved ones
cremated in the same place and wanted to pay a visit.”

AN OUTING TO THE
CREMATORIUM
The mood was by no means downbeat.
Not that the organizers – German undertakers – would have allowed gloom
to descend. “Entertainment was provided for,” says the researcher. “First
there was a detour to a shopping mall,
and at the crematorium a big table had
been set up with coffee and cake.” Describing the commercial purpose of
the journey, Akyel explains that the
whole thing was a marketing strategy
by the organizers to promote customer loyalty and boost their image. “It
was also a matter of shedding light on
a taboo subject.”
The bottom line is that many companies still earn good profits, but annual turnover per funeral parlor has nevertheless declined by a quarter since the
1990s. Hardest hit are the old established businesses in the cities without a
specialty to fall back on. “In order to survive in the funeral business, you need to
respond to this development with new
products and business models,” says
Akyel, based on his experience. For him,
as an economic sociologist, the unfolding situation is a source of excitement.
“You can see here precisely how market

mechanisms work, how taboos cease to
be so powerful, and how the illegitimate
becomes legitimate.”
For most people, billboard advertising, discount offers and event marketing have long since ceased to conflict
with their feelings of piety. Brightly colored coffins and diamond mementos
made by high-pressure treatment of the
ashes of the deceased are still the exception. However, the sharper business
minds in the industry are coming up
with something more than just dressing their windows with the latest collection of urns.
Recently, the trade association Kuratorium Deutsche Bestattungskultur
organized a contest to find striking,
strikingly subtle or emphatically simple poster designs to advertise funeral
insurance. The slogan was: “Advertise
or die.” As Dominic Akyel puts it, “It
has brought commercialism in the funeral market somewhat closer to the
ideal of capitalist business practice.”
Morality, it seems, has not been left behind by this development. The study
shows that, even when it comes to funerals, our morals keep pace with social and economic changes, and aren’t
carved in stone.

GLOSSARY
Columbaria
Walls with niches in which urns are
placed. This is an ancient form of burial
practiced in antiquity. The name derives
from the similarity between the tiers of
niches and a dovecote (columbarium).
Sepulchral culture
A term that encompasses cultural attitudes toward death, the dead and those
left behind. The word derives from the
Latin for grave (sepulcrum).
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The Brewers of Babylon
Over 4,000 years ago in Mesopotamia, fermented cereal juices enjoyed great popularity.
The Sumerian inhabitants are considered to have been skilled brewers of beer. But how much
did their ancient brews have in common with the beers of today? To answer this question,
Peter Damerow, a proto-cuneiform expert at the Max Planck Institute for the History
of Science in Berlin, studied the annals of ancient Sumer.
TEXT ELKE MAIER
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These 5,000-year-old tablets from Mesopotamia
are some of the oldest writings in the world.
The scribe recorded, among other things, the
raw materials needed to make beer.

his love of numbers, or more precisely
his fascination with how mathematical
thought has developed, that drew him
to this offbeat subject.
To discover which teaching methods
were used to communicate mathematics, Damerow enthusiastically combed
through old school books. And in his limitless pursuit of knowledge, at some
point he came upon the earliest numerical notations left behind by man. They
were inscribed on 5,000-year-old clay tablets unearthed by archaeologists in the
southern Mesopotamian city of Uruk.
These small yellowish brown tablets were crisscrossed with a complex system of characters known as proto-cuneiform. These characters did not represent phonetic values, as the later cuneiform
script did. The early scribes had to make do with symbols representing what they wished to express, such as stylized animal
heads, jugs for various liquids, or even entirely abstract characters. The tablets were decorated with more than a thousand different symbols – a baffling Babylonian riddle that taxed the brains
of those who studied this ancient society. Even the system used
for counting in those days was largely unknown.
Peter Damerow, too, was one of those held in thrall by the
mysterious characters scratched thousands of years ago with a
stylus pressed into soft clay; he waxed lyrical even about the
sheer aesthetics of the tablets. In 1982 – while still working at the
Max Planck Institute for Human Development – he began a fresh
analysis of more than 5,000 tablets together with the archaeologist Hans J. Nissen and Robert K. Englund, a scholar of the ancient orient.
In their ambitious project, the researchers eschewed previous
methods of deciphering the symbols on the basis of individual tablets. Instead, they chose a comparative approach in order to gain
some understanding of the “rules of the language.” This could be
done only with the aid of technology. An article that appeared in
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It was around 11,000 years ago that humans first ceased their wanderings. They
established settlements, raised cattle
and took up arable farming. And perhaps
even before they baked their first bread,
they discovered that water and grain
could be combined to make a pleasing
and intoxicating drink: beer. So enthusiastic were they about their discovery
that some researchers see this as the
real reason for settling down: whoever
cultivates a field can harvest grain, brew
beer and celebrate in convivial style.
In Mesopotamia, the land between
the Euphrates and the Tigris, fermented cereal juices enjoyed great popularity over thousands of years. The Sumerians who lived there were familiar with
at least nine kinds of beer. They even regarded the beverage as a basic foodstuff: a typical Sumerian meal
consisted of bread, soup or porridge, and beer. Ancient depictions show men and women in merry company, drinking through
long straws from enormous tankards of beer. Even children enjoyed the brew that, due to its minimal oxygen content and low
pH, was safer than easily contaminable drinking water – and it
contained vitamins and minerals.
It was the Sumerians who, 1,800 years before the birth of
Christ, composed the first hymn of praise to beer, addressed to the
goddess Ninkasi, within whose purview the art of brewing fell:
“You are the one who bakes the bappir in the big oven (…) you are
the one who soaks the malt in a jar; the waves rise, the waves fall.
(…) Ninkasi, you are the one who pours out the filtered beer from
the collector vat, it is like the onrush of Tigris and Euphrates.” For
researchers, this text is one of the most important sources explaining how the Sumerians went about brewing beer. But what did
the original Sumerian brew taste like? Did it bear any similarity at
all to our present beers?
As a mathematician and philosopher, Peter Damerow of the
Max Planck Institute for the History of Science in Berlin was fascinated by these questions. In his last scholarly article, the versatile researcher, who passed away in November 2011, turned
his full attention to the brewing skills of the Sumerians. It was

FLASHBACK_Ancient
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the Max-Planck-Spiegel in 1990 reported that, “In evaluating these
archaic sources, the most modern tool of information technology
played a central role: the computer.”
Using sophisticated programs developed by Peter Damerow,
the scientists ultimately succeeded in deciphering the 60 numerical characters. In doing so, they opened a window on the ancient orient: The clay tablets contained detailed information concerning economic administrative processes recorded for
posterity by Mesopotamian bureaucrats. The issue of seeds, supplies of grain and the buying and selling of sheep were all recorded in minute detail.
The researchers discovered that the authors were not using a
uniform numerical system – possibly because they were unfamiliar with the abstract concept of numbers. In its place, they used
various numerical concepts, depending on what they were counting. One of the most frequently occurring characters had a value
of 10 when counting sheep, 6 when counting measures of grain,
and 18 when referring to the area of a field. No wonder, then, that
deciphering this system was a “breakthrough in research,” as Damerow described it.
It was also the bookkeepers of the ancient Orient who inspired
today’s researchers with enthusiasm for their country’s beer culture. Recorded in precise detail on the tablets are countless lists
of stores, including, for example, how much barley was delivered
or released. There were also detailed lists of how much malt or
crushed barley was required to produce a given quantity of beer.
Could it be possible, on the basis of this information, to reconstruct the ancient recipes and revive the beers of old?
Brewing expert Martin Zarnkow of the Technische Universität
München has given it a try. Taking as his guide the quantities recorded on the clay tablets and the descriptions in Ninkasi’s hymn
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Frankfurter Allgemeine Zeitung, June 29, 2001

The tablets are valuable reminders of a world that has long since
disappeared (…) VAT 4874, for example, a text found in southern
Iraq dating from around 2,370 B.C., describes the issue of three
different types of beer to the palace of Lagash and the temple of
the goddess Nanshe. «

to beer, together with cuneiform expert Walther Sallaberger and
archaeologists Adelheid Otto and Berthold Einwag, he set to work.
In their laboratory experiments in Weihenstephan, north of Munich, the scientists also took account of the technologies available
in ancient times.
For example, the Sumerians didn’t dry their malt over a fire as
we do today. Instead, they spread it out on rooftops exposed to
the sun. Hops were also unknown to the Sumerians. The experimental reconstructions yielded beers that would be the ruination
of bar owners today: they tasted sour, with little carbon dioxide
and a low alcohol content.
But do these retro-beers truly reflect their ancient predecessors? This was precisely the question that Peter Damerow sought

In the 1980s, Peter Damerow used computer technology – which was
then still a very young field – to aid him in studying the clay tablets found
in Mesopotamia. This project turned the versatile researcher on to a
new focus for his roving interests: the Sumerian art of brewing.

to answer. Until the end of his life, he devoted his attention to
the oldest written records left by mankind. Together with Robert K. Englund in the late 1990s, he launched the Cuneiform Digital Library Initiative (CDLI), an Internet platform that constitutes
the world’s most important digital cuneiform repository. In his
20-page article entitled Sumerian Beer: The Origins of Brewing Technology in Ancient Mesopotamia, which appeared in November 2011,
Peter Damerow drew on every available ancient source to pinpoint the brewing skills of the Sumerians. His studies embraced
not only the hymn to beer and administrative records, but also
the residues found in ancient clay vessels. These residues contained traces of yeasts and oxalate, indicating that they had been
used for brewing.
He concluded that whatever was fermenting in the Sumerian
vessels remains largely shrouded in darkness. It would seem certain that the inhabitants of the land between the Tigris and Euphrates used mainly barley and emmer, a type of wheat, to brew
their beer. But in Damerow’s opinion, the processes they employed
cannot be reproduced in detail. The information on the clay tablets is too imprecise a guide to the recipes. It is also of little help
that translations of the ancient texts are, to some extent, ambiguous. We can’t even be sure that the brew that was then so popular actually contained alcohol. It may possibly have had more in
common with the bread-based beverage kvass that is popular in
Russia than with modern beers.
However, the expert brewers of Weihenstephan have not given up: Using a new translation of the hymn to Ninkasi that is due
to be published shortly, they intend to continue their experiments
to discover the secrets of their ancient Sumerian colleagues. So
the possibility cannot be entirely excluded that we will one day
be able to order an “Original Sumerian,” brewed in accordance
with the purity laws and practices of 3,000 B.C. As it happens,
Peter Damerow himself was no great lover of beer. He preferred
the occasional glass of good red wine.
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Trojan Horse of Tolerance
“Science goes to School!” aims to provide research and world openness
and was honored with the Saxony Integration Award

Kein Quark*,
aber ebenso
elementar:

* Quarks sind eine Klasse von Elementarteilchen
innerhalb des Standardmodells der Teilchenphysik. Protonen und Neutronen sind aus jeweils
drei Quarks aufgebaut und werden durch die
starke Wechselwirkung zusammengehalten.

www.zwm-speyer.de

The “Science goes to School!” team at the Saxony Parliament, where the young scientists
received the Integration Award.

Young researchers from the MPI of Molecular Cell Biology and Genetics are
demonstrating in the classroom what a
central issue cultural variety is – not
just for science.
“Don’t forget – we are 60 percent
banana!” says Sebastian Dunst, a doctoral student at the Dresden-based MPI
of Molecular Cell Biology and Genetics
(MPI-CBG), while his Indian colleague
Govind begins to mash bananas. The
eighth-graders at Glückauf High School
will later extract DNA from this. The
students giggle; they are happy about
the visit, which is part of the “Science
goes to School!” program. Doctoral
students from the areas of biology and
bioengineering want to spark curiosity about science and increase openness and expertise in dealing with other cultures.
All of the experiments are carried
out in English and in multinational
teams. The name of the project says it
all: the scientists go out into schools,
and while they are teaching, they themselves are also learning something –
about how young people in their town
think. “Science goes to School!” was

started in November 2010, and since
then, eight high schools and colleges
with around 360 young people have become involved. “The positive feedback
is the real success,” comments Marcus
Jahnel, a doctoral student at the MPICBG. He is also pleased that the project
received third place in the 2011 Saxony
Integration Award.
Sadly, what prompted the science
project was the summer 2009 murder
of Marwa El-Sherbini, whose husband
worked as a doctoral student at the
MPI-CBG. “We quickly realized that, as
researchers who rely on specialists from
all over the world, we must do our part
to help make the city a more tolerant
place,” explains Marcus Jahnel. In “Science goes to School!,” this Trojan horse
of tolerance is perfect, as it is becoming
clear that openness and curiosity are
basic requirements for success, both in
science and in society. “It’s people’s
ideas that count, not where they come
from or what they look like,” he says.
The researchers don’t want to point fingers; they want respect to set an example: “Young people need positive models in order to learn tolerance.”
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Wissenschaft braucht
Management.

A Fixed Roadmap to a Ph.D.
The International Max Planck Research Schools mark ten years since their inception
Doctoral students on a clear course to a
Ph.D. – this is the principle behind the
research schools the MPG has established across Germany. Everyone benefits: young scientists like Natalia Manrique Hoyos and the institutes alike.
There’s one thing that doesn’t taste
quite as good: Natalia Manrique Hoyos
came to Göttingen four years ago, delighted to be here and without a doubt
in her mind that she had made the
right decision to leave Colombia and
take up the rare opportunity of a place
at the International Max Planck Research School (IMPRS) in Neurosciences. But in the cafeteria of the MPI of
Experimental Medicine, the Ph.D. student can’t avoid pointing to the coffee
she has just taken from the machine.
“It tastes better at home – we’re not
one of the world’s biggest producers
for nothing.”
But that’s the only fault she brings
up as we discuss the IMPRS. “The range
of subjects on offer is superb, and the
support I received right from the start
is fantastic,” says the 27-year-old. It began with the visa paperwork, extended to the search for a place to live, and
still continues to this day. “The only
thing I had to sort out myself at the
start was my cell phone contract,” she
recalls, thinking back to her early days
in Göttingen.
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“THE GÖTTINGEN SCHOOL”
AS A MODEL
The IMPRSs have been in existence for
more than ten years now, expounding
the MPG’s principle of structured doctoral studies. Göttingen was one of the
first locations, and now there are 62
IMPRSs across Germany. More than
half of the 5,000 or so doctoral students who work at a Max Planck institute in the course of their Ph.D. are integrated in one of them. Under the
program, organized in close partnership with the local university, the doctoral students have a clear roadmap
to their Ph.D., which normally spans
three years. The schools also offer

courses in which students can deepen
their knowledge of theories and methods and obtain training in, for example, academic writing and soft skills.
The doctoral students get either a contract or a fellowship to cover their
living costs. Göttingen has three IMPRSs. Whereas the IMPRS for Physics
of Biological and Complex Systems
picks up after the master’s degree, as
most of the schools do, the IMPRS for
Molecular Biology and for Neurosciences – which each accept up to 20 students per year – enroll students straight
after their bachelor’s degree. “There is
an orientation year during which the
students take a program of courses and
can complete their master’s,” explains
Steffen Burkhardt, Coordinator of the
IMPRS for Molecular Biology. And to
enable the students to experience the
world of research first hand, there are
three practical lab placements on the
curriculum: Natalia Manrique Hoyos
dipped into university medicine, then
worked in a department of the German
Primate Center funded by the Leibniz
Association before finally moving to
the MPI of Experimental Medicine,
where she is now doing her Ph.D. in
a group led by Mikael Simons. As
Michael Hörner, Coordinator of the
IMPRS for Neurosciences, explains,
“This is a great example of how the IMPRSs in Göttingen are integrated in a
larger network.” The model is successful within the Initiative for Excellence,
and combines eleven Ph.D. programs
in one graduate school, including
the three IMPRSs, in which three of
Göttingen’s four MPIs have a stake.
The benefit is that “the cooperation
with the university and other research
organizations that has evolved over
ten years gives doctoral students greater choice – there’s more on offer for
them,” says Michael Hörner. Added
to that, Directors and senior research
scientists at the MPIs are closely integrated in the university’s teaching program and, as authorized examiners
for the IMPRS, can supervise Ph.D.s.
For Max Planck President Peter Gruss,

Natalia Manrique Hoyos at the Neurizons
2011 conference

in view of the double-size graduating
classes, that is a desirable path for
all IMPRSs.

ON THE WAY TO THE NEXT LAB
Natalia Manrique Hoyos, who received
a research excellence grant to complete her doctoral studies as one of the
year’s best in her master’s program,
plans to have her Ph.D. in the bag by
the fall. “You do have to see which lab
you can move to next.” She is likely to
leave Göttingen, at least for the time
being. “I may well come back after my
postdoc.” After all, everything is good
here – in the lab and in life in general.
And the cafeteria coffee – well, at least
it’s average.

1 | 12 MaxPlanckResearch

97

MAX PLANCK COMMUNITY

A Binding Formula for Women
The MPG is continuing its work toward greater equality of opportunity with voluntary commitment

The higher up you gaze at the career ladder, the fewer women you see:
Michaela Kreyenfeld, Research Group Leader at the MPI for Demographic
Research, and Annette Denker, postdoc at the European Neuroscience
Institute (from top).
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Christiane Nüsslein-Volhard, Director at the MPI for Developmental
Biology, is the Max Planck Society’s only female Nobel laureate.

this end, the organizations are expected to orient their efforts toward the German Research Foundation (DFG) equal
opportunities standard, which is also based on the cascade
model. This aims for the number of women at each career
level to correspond to the ratio of men and women at the
lower level. Admittedly, this won’t happen overnight, particularly because there is a considerable gap between the
numbers for the penultimate and the highest remuneration
stages, from W2 to W3, and the pool of female scientists is
significantly smaller in many technical-natural science subjects than, for example, in the humanities.
However, between 2005 and 2010, the MPG discovered
how positive an effect voluntary commitment can have: It
was able to increase the number of women at two management levels per year by at least one percentage point five times
in a row. President Peter Gruss is confident of accomplishing
this again. The starting point for voluntary commitment by
2017 would be the figures for January 1, 2012. The number of
women in the salary groups W3 and W2 together at that time
was 19.2% (broken down into Directors (W3) 8.7% and group
leaders (W2) 27.4%), and in salary groups E13 to E15Ü of the
collective agreement for the civil service (postdocs), 28.3%.
“But more important than any specific goal,” explains
Peter Gruss, “is that all of us in the MPG have the same understanding of and insight into the situation and, with commensurate commitment, can remedy the existing inequality together.” Promoting women would have to be realized
in the Max Planck institutes. There are already many established measures for reconciling work and family in the MPG,
including dual-career options, management training for female postdocs, mentoring opportunities, and the now 47 cooperation agreements between Max Planck institutes and external providers for childcare options. In addition, the third
audit process for renewing the “work and family” certificate
is approaching. In 2006, the MPG was the first science organization to have a completely successful assessment.

Photos: lÓreal Stiftung - Micheline Pelletier (top right), MPI for Demographic Research (top left) , Peter Heller (bottom left)

The Max Planck Society wants to increase the number of
women in management positions in science and is working
toward voluntary commitment. In mid-March, a proposal
was put to the Senate for a resolution on how this goal can
be achieved for the individual career levels.
The MPG is aware that the business and science worlds
are both facing a serious deficit in that there are not enough
women in top management positions. The MPG is actually
above average compared with other research organizations,
mainly because the number of women postdocs and research
group leaders is quite high. Yet of the 277 Scientific Members, there are still too few women.
Not least as a result of the discussion on women’s quotas
for businesses, the Joint Science Conference (GWK), as the
representative of the federal and state ministers responsible
for research, is now increasingly turning its attention to the
science organizations financed by public funds. In the fall of
2011, the GWK resolved to obligate the Max Planck Society,
the Fraunhofer Gesellschaft, the Helmholtz Association and
the Leibniz Association to establish flexible target quotas. To
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We think you’re going to like the new GS Junior System. And not simply because
it’s new and exciting. It’s much more than that.


The GS Junior System allows you to perform next-generation sequencing in
your lab, on your bench, when you’re ready. And because it is based on proven

454 Sequencing Systems, it delivers results you can trust time and time again.


The GS Junior System also comes with a desktop PC equipped with userfriendly bioinformatic tools. So you don’t need to be an IT expert to assemble,

map or analyze your genome, transcriptome or metagenome.
And what’s not to love about that?
To learn more about the GS Junior System and how it can help you and your
laboratory succeed, get in touch via our website: www.gsjunior.com
It could be the start of a beautiful friendship.
GS Junior System –
The power of next-generation sequencing in your hands
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Astronomy for Everyone
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here is all under one roof
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