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Cover picture
(Peter Huijser):

False-colour fluorescence
microscopy image of young
compound leaves developing
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bittercress (Cardamine hirsuta).
The nuclei of all epidermal cells
light up as tiny dots due to the
accumulation of an expressed
transgenic fluorescent protein.
This image illustrates the re-
search in the new Department
of Comparative Development
and Genetics aimed at under-
standing how biological forms
develop and diversify.



Scientific Overview 2014

Max Planck Institute for Plant Breeding Research




2

Table of Contents

The entire world we apprehend through
our senses is no more than a tiny fragment
in the vastness of Nature.

Max Planck (1858 - 1947)

from his book “The Universe in the Light of Modern Physics” (1931)
Page 8 (Translated by W.H. Johnston)
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Welcome to our Institute

We have compiled this overview to provide an introduc-
tion to the research work of our Max Planck Institute. It
summarizes the Institute’s scientific aims and organiza-
tion, and outlines the projects being pursued by each
research group. We have tried to present our work in a
style that will appeal to a general audience as well as

to scientists, and we hope you will find the text both
absorbing and informative. We foster a curiosity-driven
approach to plant sciences that stimulates collaborations

and yet provides the freedom to shape individual careers.

The report describes the work of 29 research groups.
More than half of the Directors, Group Leaders and

PhD students, and two-thirds of the postdocs, come
from abroad, underlining the international character of
the Institute. In addition to the departmental groups,
the Institute houses independent research groups and
service groups that focus on topics not covered by any
of the four departments. We place great emphasis on
the training and mentoring of PhD students. With over
60 members, this group represents a sizeable fraction of
the 370 staff on the campus. Many of them participate
in structured programmes such as the International Max
Planck Research School (IMPRS) or the Centre of Excel-
lence on Plant Sciences (CEPLAS), a regional research and
training initiative undertaken jointly with the universities
of Dusseldorf and Cologne. Our Student Coordinator
follows the progress of all students closely, offering sup-
plementary courses and advice, and organizing retreats
and annual student meetings. In addition, for more than
110 post-doctoral scientists, the Institute’s cutting-edge
infrastructure and intellectual environment provide ad-
vanced training and serve as a springboard to a research
career in academia or in the plant science industry.

Members of our Institute play important roles in plant
science at both national and international levels, and
make our campus a premier site for basic research on
plants in Europe. We have particularly close links with

the regional universities of Cologne and Diisseldorf,
which participate in our IMPRS and provide the academic
framework for our PhD students. In addition, we col-
laborate with them in the context of four Collaborative
Research Centers (Sonderforschungsbereiche) funded by
the German Research Society (DFG) and the CEPLAS. We
are especially indebted to the Max Planck Society for the
allocation of an annual core grant that enables us to carry
out many of our scientific activities.

We hope that, whatever your background, you will enjoy
reading about our science in the following pages.

O Q- LA -

Paul Schulze-Lefert
Managing Director
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Historical background to the Institute

The Institute was originally founded in 1928 as part of
the Kaiser-Wilhelm-Gesellschaft, and was then located in
Mincheberg (Brandenburg). Its Founding Director, Erwin
Baur, initiated breeding programmes with fruits and
berries, as well as basic research on Antirrhinum majus
and the domestication of lupins. After the Second World
War, the Institute moved to Voldagsen (Niedersachsen),
and was relocated to new buildings on the present site in
Cologne in 1955. The modern era began in 1978 with the
appointment of Jeff Schell as Director, and the develop-
ment of plant transformation technologies and plant
molecular genetics. The focus on molecular genetics was

extended in 1980 with the appointment of Heinz Saedler.
The arrival of Klaus Hahlbrock in 1983 brought further
expertise in the area of plant biochemistry, and the ad-
vent of Francesco Salamini in 1985 added a focus on crop
genetics. During the period 1978-1990, the Institute was
greatly expanded, and new buildings were construct-

ed for the departments led by Schell, Hahlbrock and
Salamini, in addition to a new lecture hall and the Max
Delbriick Laboratory building, which housed independ-
ent research groups over a period of 10 years.

In light of the approaching retirements of Klaus Hahl-
brock and Jeff Schell, recruitment of a new generation of
Directors began in 2000. Paul Schulze-Lefert and George
Coupland were appointed in 2000 and 2001, respectively,
and Maarten Koornneef arrived three years later, upon
the retirement of Francesco Salamini. Miltos Tsiantis be-
gan to build up a Department of Comparative Develop-
ment and Genetics in 2013, following the retirement of
Heinz Saedler. The new science departments brought a
strong focus on utilizing model species to understand
the regulatory principles and molecular mechanisms
underlying selected plant traits. The longer-term aim is
to translate these discoveries to breeding programmes



through the development of rational breeding concepts.

The arrival of a new leadership also necessitated mod-
ernization of the infrastructure. So far, this has involved
complete refurbishment of the building that houses

the Plant Developmental Biology Laboratory (2004)

and the construction of a new guesthouse and library
(2005), as well as new buildings for Stores, the Outreach
Department and Workshops, along with a new entrance
gate (completed in spring 2009). The new laboratory
building for the Koornneef Department was completed
in spring 2012, as was the communal building that links
all four science departments and houses meeting rooms,
offices and the bioinformatics groups. An extensive new
space to accommodate the Genome-centre’s servers was
opened in spring 2012, while a complete overhaul of the
former Saedler department building (now the Depart-
ment of Comparative Development and Genetics) was
begun in mid-2013. Modernization of the glasshouses
has also been approved, started in spring 2013 and will
be completed by the end of 2014.

Directors at the Institute in Cologne (since 1955)

1936 — 1961 Wilhelm Rudorf
1961 - 1979 Josef Straub

1967 - 1978 Wilhelm Menke
1978 - 2000 Jeff Schell

1980 - 2009 Heinz Saedler

1983 - 2002 Klaus Hahlbrock
1985 - 2004 Francesco Salamini

2000 - present

Paul Schulze-Lefert

2001 - present

George Coupland

2004 - present

Maarten Koornneef

2012 - present

Miltos Tsiantis
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Organization and governance of the Institute

The Institute comprises four science departments, five in-
dependent research groups, five scientific service groups,
the greenhouse service group, an outreach department
that presents plant science to the public and the press,
and the administrative department, which includes the

technical workshops and library.

The Board of Directors is responsible for the management
of the Institute. The Board is made up of the Directors of
the four scientific departments and the Head of Adminis-
tration. It meets once a month under the chairmanship of
the Managing Director. The Board of Directors takes deci-

a broader basis for decision making.

should be allocated, recruitments, promotions and the
purchase of major equipment. The Board frequently invites
senior scientists and/or service managers to these meet-
ings for consultation on the issues at hand and to provide

Each Director also heads a science department and is

sions on matters such as how the budget of the Institute

groups, which are led by scientists who are in turn

budget of their respective groups.

responsible for its research programme, budget and
personnel. Each department comprises several research

responsible for the scientific programme, personnel and

Max Planck Institute for Plant Breeding Research (MPIPZ)

Department of
Developmental Biology
George Coupland

Department of
Plant Microbe Interactions
Paul Schulze-Lefert

Department of Plant
Breeding and Genetics
Maarten Koornneef

Control of Flowering Time

Resistance Pathway
Dynamics in Plant Immunity

Potato Genome Analysis

George Coupland Jane Parker Christiane Gebhardt
3, affiliated with Plant Micr. Int. Dept.
| | |

The Circadian System
of Plants
Seth Davis

Cellular Stress Sensing and
Signalling in Plant Immunity
Yusuke Saijo (Guest)

Adaptive Genomics
and Genetics
José M. Jiménez-Gomez

Transcriptional Control of
Stress Responses
Csaba Koncz

Recognition and Signalling
in Plant Innate Immunity
Paul Schulze-Lefert

The Analysis of Arabidopsis
Natural Variation
Maarten Koornneef

Genome Plasticity and
Computational Genetics
Korbinian Schneeberger

Transcriptional Regulation
of Plant Immune Response
Imre Somssich

Genome and Epigenome
Maintenance
Ales Pecinka

Transcriptional Control in

Plant Immune Network

Dormancy Mechanisms

Flowering Time Structure and Dynamics in Plants
Franziska Turck Kenichi Tsuda Wim Soppe
|

Bioinformatics
Barbara Kracher
Girish Srinivas

Genetic and Molecular
Analysis of Shoot Branching
in Higher Plants
Klaus Theres

Bioinformatics
Jia Ding

Department of
Comparative Development
and Genetics
Miltos Tsiantis

Comparative Molecular
Genetics of SBP-box Genes
Peter Huijser

Computational Modelling
of Morphogenesis &
Biomechanics
Richard S. Smith

Plant Development
and Diversity
Miltos Tsiantis

Bioinformatics
Xiangchao Gan

MPIPZ Research Groups
and
Max Planck Fellows

Genetic Basis for
Phenotypic Evolution
Angela Hay
Minerva group, affliated with
Comp. Dev. Gen. Dept.

Fungal Biodiversity
Eric Kemen
Max Planck Research Group

Computational Biology and
Regulatory Networks
Achim Tresch
Jeff Schell professorschip, Cologne Univ.

Drought Adaptation and
Flowering Time Control in Barley
Maria von Korff
CEPLAS professorship, Disseldorf Univ.

The evolution of annual
and perennial life strategies
Maria Albani

CEPLAS professorschip, Cologne Univ.

Quantitative Crop Genetics
Benjamin Stich

Plant Chemetics
Renier van der Hoorn

Max Planck Fellow
Jonathan Howard

Scientific Service and
Research Groups

Chemical Biology
Erich Kombrink

Max Planck Genome-centre
Cologne
Richard Reinhardt

Recombination research
Bernd Reil3

Central Microscopy
Cell Biology
Elmon Schmelzer

Plant Proteomics
Mass Spectrometry
Iris Finkemeier

IMPRS PhD Programme
Johanna Spandl

General Services

Administration/
Technical Infrastructure
Stefan Daniels

Library
Britta Hoffmann

Laboratory and Occupational
Health Management
Diana Hofmann

IT Services
Margit Purchart

Public Relations
Greenhouse Management
Wolfgang Schuchert




Present plan of MPIPZ

A

Department of Comparative Development
and Genetics
(Miltos Tsiantis)

Max Planck-Genome-centre Cologne (MP-GC),
Computational Biology and Regulatory Networks
(Achim Tresch)

Administration
(purchase, book-keeping, personnel,
International office)

Department of Plant Breeding and Genetics

(Maarten Koornneef)
Link building with offices

Department of Plant Developmental Biology
(George Coupland)

Department of Plant Microbe Interactions
(Paul Schulze-Lefert)

Library, Guest rooms, SUSAN

Department of Comparative Development
and Genetics (Miltos Tsiantis),
SNG Quantitative Crop Genetics, Central Microscopy

Department of Comparative Development and
Genetics (Miltos Tsiantis), under construction

Administration (mail, office supplies),

Technical services, PR-AG
Entrance/Gate

Workshops

The service groups provide support in technical areas
that underpin the work of the science departments. Each
service group is managed by a service facility leader, who
is responsible for the services provided and the manage-
ment of staff within the group. Each service group con-
sults with a Users’ Committee comprising a scientist from
each science department and the Head of the service
group. Each of these committees is chaired by a Director.
The Head of Administration is responsible for managing
the administration department, workshops, library and
security. The administration department takes care of is-
sues such as appointment contracts, budgetary matters,
the building programme, the canteen, campus housing
and maintenance of the Institute’s grounds.

The Student Coordinator, who manages the Graduate
Schools and is responsible for student welfare, is formally
attached to the administrative department.

The Senior Scientists’ Research Council (SSRC) is a newly
formed committee made up of the Board of Directors,
one scientist from each department, the heads of service

groups and leaders of independent research groups. This
committee meets monthly to discuss topics raised by its
members. Major issues discussed have included future
scientific strategy - particularly the question of how to
incorporate crop-plant research into the Institute, major
investments in equipment, and new recruitments. This
committee has proven to be an important conduit for
channelling the views of research scientists to the Board
of Directors, and has helped create a more horizontal
management structure within the Institute.

The scientific programme of the Institute is assessed bi-
annually by the Scientific Advisory Board, which reports
to the President of the Max Planck Society.

The Board of Trustees meets annually and oversees the
management of the Institute. The Board also provides im-
portant links with local and national organizations within
the Institute’s sphere of activity.



10

Research objectives and major emphases

Research objectives and major emphases

Background and present status

“Can plant breeding be transformed into a rational,
predictive science?”This is the question that motivates
all research programmes at the Institute. We wish to
determine how a detailed understanding of molecular
mechanisms defined in model plant species can be used
to predictively manipulate selected traits in crop plants.
The last 15 years have seen a tremendous increase in

our knowledge of the molecular mechanisms under-
lying plant biology. This progress has come largely from
studies on model species, principally Arabidopsis thalia-
na. However, the deeper knowledge of the regulatory
components and mechanisms controlling plant traits
that has resulted has not yet had a sustained impact on
plant breeding. The aim of all work at the Institute is to
find ways of utilizing this knowledge to develop rational
approaches to making desirable changes in selected
traits in crop plants. This also requires the study of biolog-
ical processes in crop plants, with particular emphasis on
understanding the variation present within each species.
Genetic variation is the raw material with which plant
breeders work. Greater knowledge of the processes and
genes that control trait variation will allow much more
efficient breeding, using either marker-assisted selection
or direct transfer of useful genes to crop plants.

Even in Arabidopsis our understanding of the regulatory
mechanisms that control plant traits is limited to a patch-
work of individual genes, and the connections between
the proteins they encode are often poorly understood.
Therefore, focused programmes have been established
within the Institute to elucidate the molecular mecha-
nisms that control traits of agronomic importance. These
programmes investigate seed dormancy, plant growth
and plant architecture (Koornneef), plant-pathogen in-
teractions and the plant microbiome (Schulze-Lefert), the
control of flowering time (Coupland), and how biological

forms develop and diversify (Tsiantis). All of these topics
are studied within a genetic framework. In addition to in-
tensive studies based on induced mutations and reverse
genetics, natural genetic variation is exploited to provide
an understanding of the natural plasticity of complex
traits under the influence of quantitative genetic vari-
ation. To study this variation in more detail, molecular
population genetics and genomics has become an
indispensable adjunct to quantitative genetics. Compar-
ative studies of the function of similar genes in different
species, combined with computational modelling, help
us to understand how genetic variation between species
can alter conserved regulatory networks to create new
structures or responses to the environment. Model plants
are carefully chosen to provide meaningful comparisons
with Arabidopsis, on the basis of their relatedness (Arabis
alpina and Cardamine hirsuta) or because they display
specific genetic complexities or properties, as in the case
of the tetraploid potato. It is hoped that a better under-
standing of this Darwinian variation will teach us how
known regulatory networks can be manipulated in order
to create traits not normally found in a particular species.
Furthermore, we have increasingly complemented our
genetic approaches with tools and techniques drawn
from biochemistry and cell biology. These methods

both identify proteins that are refractory to genetic ap-
proaches and reveal further layers of regulation beyond
transcriptional control. We believe that integrated ap-
proaches that bridge the boundaries between traditional
research disciplines like genetics, molecular biology,
biochemistry, cell biology and computational biology are
crucial for the development of a multiscale understand-
ing of selected plant traits.

Together, these approaches allow detailed questions to
be posed: How many components contribute to a par-
ticular trait and how are their functions interrelated? How
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many components within the network can be used to
create variation in the trait? Which of these components
vary in nature and how many of them can be changed
without eliciting pleiotropic effects? Can directed genetic
alterations be made in crop plants to create desirable
phenotypic changes in selected traits?

The Institute has developed an extensive technological
infrastructure to help answer such questions. Since 2010
the integrated Max Planck-Genome-centre Cologne
(MP-GC) has been in operation on our campus. Provid-
ing state-of-the-art next-generation DNA- and RNA-se-
quencing services, it also includes a computing group for
first-pass data analysis. Moreover, its advanced sequenc-
ing services are utilized by three additional Max Planck
Institutes based in Cologne, Marburg and Bremen. The
MP-GC consistently applies the very latest developments
in genome/bioinformatics technologies and generates
large-scale raw datasets for subsequent genome anno-
tation of plant or microbial genomes and comparative
genome analysis by individual researchers. In addition, by
setting up a dedicated independent research group on
computational biology and regulatory networks (led by
Achim Tresch), the Institute has significantly augmented
its resources in the area of bioinformatics and modelling.
We have also greatly enhanced our technology platform
in protein mass spectrometry by appointing Iris Finke-
meier in 2013 to head a research and service group. This
advanced technology enables highly sensitive detection
of post-translational protein modifications, identification
of components of regulatory protein complexes and
compartment-specific proteomic profiling. In recent
years we have made considerable investments in both
confocal light and electron microscopy to visualize dy-
namic processes at subcellular scales, or at tissue/organ
levels for computational modelling of morphogenesis.
Continuous development of this complex technological

infrastructure is vital for a rational understanding of plant
traits. This infrastructure is heavily utilized by all four de-
partments and provides attractive training opportunities
for students, most of whom will have encountered only
the traditional research disciplines at university.

Future orientation

The Institute’s mission requires coordinated efforts to
balance research in model systems and crop plants. We
have begun to extend our research activities on the
reference plant Arabidopsis thaliana to its relatives, in-
cluding Cardamine hirsuta and Arabis alpina. This enables
us to apply comparative approaches that are driven by
evolutionary trait analysis in a phylogenetic framework to
reveal mechanisms underlying interspecies trait variation
and the origin of evolutionary novelties. In our efforts to
explore how knowledge of fundamental traits and trait
variation obtained in model plants can be transferred to
crop plants, crop-related research across all departments
is focused on barley. Additional crops used for transfer

of insights gained from model plants are potato, tomato
and oilseed rape. We believe that future trait modelling,
based on the quantitative interactions of the relevant
genetic components, will expedite the transition from
empirical to rational, predictive plant breeding. Widening
our research to take in evolutionary trait analysis with
phylogenetically related reference plants also affords
opportunities to understand the molecular basis of their
ecological adaptations to different natural environments.
An example of such an adaptation is given by the soil
type and host genotype-dependent influence on the
plant root-associated microbiome. Understanding the
potential and constraints of plant adaptation to natural
environments might ultimately impact on present-day
agricultural management practices.
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Co-operation and communication within the
Institute and with regional universities

Interactions within the Institute

Numerous collaborative research projects are ongoing,
involving individual research groups within a depart-
ment or teams based in different departments. These
collaborations play a vital part in testing new ideas at the
interface between seemingly distinct plant processes or
enable the dissection of complex traits using different
methods. Both the International Max Planck Research
School (IMPRS) and the Centre of Excellence on Plant
Sciences (CEPLAS), a collaborative research and training
venture with the universities of Disseldorf and Co-
logne, provide incentives for joint PhD projects between
research groups that have complementary skills and
expertise. The mission of CEPLAS is to establish new par-
adigms to solve urgent problems in plant performance
and production through exploitation of natural variation
and biodiversity. A combination of evolutionary analysis
and synthetic biology is being utilized in interdisciplinary
research on four major themes: annual and perennial

life histories, C4 photosynthesis, plant microbiota, and
metabolic interactions.

Co-operation with Dusseldorf
and Cologne Universities

Groups from the Institute take part in three Collabora-
tive Research Centre (SFB) programmes with Cologne
University, which are funded by the DFG (Deutsche
Forschungsgemeinschaft). One of these focuses on
Post-Translational Control of Protein Function (SFB 635).
SFB 680 deals with the Molecular Basis of Evolutionary
Innovation and SFB 670 (together with the Cologne Uni-
versity Medical Center) with Cell-Autonomous Immunity.
In total, these programmes fund eleven research projects
in the Institute.

The Institute’s Graduate School is run in close collab-
oration with the regional universities in Cologne and
Diisseldorf. The International Max Planck Research School
(IMPRS) includes faculty from both the Institute and the
two universities. It provides a forum for scientific commu-
nication, intensifies day-to-day contacts and collabora-
tions between plant science groups in all three institu-
tions, while the annual IMPRS retreats involving both
faculty and students afford a comprehensive overview of
all plant research activities.

Ph.D. programme and education

Providing high-quality education for young researchers is
of particular concern to the MPIPZ. We support the future
of plant science by producing well-educated young sci-
entists with new ideas, novel concepts, unconventional
approaches, creativity and scientific curiosity, who can
promote multilateral collaborations in an increasingly
complex scientific network. Young scientists with diverse
scientific backgrounds from all over the world find here a
research environment that supports their development
as researchers. The Institute’s research would be unthink-
able without the contribution of our students. Moreover,
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the international character of the Institute offers valuable
insights into intercultural differences that encourage
students to reflect on their position in a globalized world
and prepare for the international challenges to come.
The doctoral programmes, especially the graduate
programme IMPRS, also promote scientific collaboration
among European institutions. Training in modern

plant sciences thus contributes to the future of the
whole continent.

Our Research School helps to curb the loss of scientific
talent and counteract the diminishing interest in plant
science as a career path. This interdisciplinary approach
ensures that the students not only obtain a Ph.D. degree,
but also have the opportunity to learn complementary
skills that will serve as valuable career assets. During the
entire graduate programme each student receives scientif-
ic support from a Ph.D. Advisory Board, as well as general
support from fellow students and scientists from neigh-
bouring disciplines. Programmes that impart additional
skills, such as training in the communication of science and
preparation for an increasingly dynamic and flexible global
job market equip graduates to meet other demands being
made on the modern scientific community.

Kick-off meeting of the Cluster of Excellence on Plant Sciences
(CEPLAS) at the MPIPZ in May 2013. Source: Wilhelm-Peter Schneider / HHU

The statistical data for the past several years reveal a
continuously high level of interest in joining our research
programmes among applicants from all parts of the
world. This clearly demonstrates that the Ph.D. pro-
gramme at the Max-Planck Institute for Plant Breeding
Research is internationally competitive, and attests to the
MPIPZ's reputation as an institution that offers a first-rate
Ph.D. education.
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Plant Developmental Biology

Director: George Coupland

Plant growth and development respond to a wide
variety of environmental conditions. This versatility
enables plants to succeed in diverse environments.
To control these responses they continuously monitor
external cues such as light, temperature and nutrient
availability. We study the molecular mechanisms that
redirect plant development in response to environ-
mental signals, and focus on the effect of environment
upon flowering. Many plants flower in response to
environmental cues, allowing them to reproduce
successfully in different locations. These effects have
been exploited by plant breeders to maximize yields
of crop plants in diverse environments.

Our studies employ molecular-genetic, biochemical
and cell biology-based approaches in the model

species Arabidopsis thaliana to investigate the roles of

key regulatory pathways on flowering.

To speed up these approaches we develop new
bioinformatic methods to exploit next-generation
sequence data for the solution of genetic problems,
and explore the genomes of plants showing diverse
flowering responses. Our particular biological interests
are the mechanisms by which seasonal changes in day
length control flowering, the roles of systemic signal-
ling and growth regulators in flowering, the impor-
tance of chromatin structure in controlling the
transcription of flowering-time genes and the impact
of abiotic stresses on flowering. We also study how
these processes have evolved in other plant species.
Here, we focus particularly on the modifications of
flowering pathways that took place during domestica-
tion of barley and on the mechanisms by which
perennial and annual flowering plants diverged

during evolution.




Research Departments

Plants flower at characteristic times of the year in response

to seasonal changes in day length or temperature. These
responses are exploited in agriculture so that crops flower
synchronously at the optimal time to ensure maximal seed
production. Flowering is also closely related to longevity
and the reproductive strategies of different plant species.
Annual plants live for less than one year, flower profusely
and die after flowering. In contrast, perennials live for
many years, and flower several times during their lives.
We use a combination of genetics, molecular biology, cell
biology and biochemistry to understand these flower-
ing-related processes.

Mechanisms of flowering:
Arabidopsis thaliana as a model

We use the powerful methodologies available for the
model annual plant A. thaliana to identify mechanisms
underlying flowering control. A. thaliana grown under
summer day lengths flowers a few days after germination,

Control of tlowering: Molecular
mechanisms and phenotypic diversity

but if the same plants are exposed to short winter days
they take 1-2 months to flower. Similarly, winter-annual
varieties of A. thaliana found in the far North or at high al-
titude require vernalization (extended exposure to winter
temperatures) before they will flower even under sum-
mer day lengths. We defined a regulatory pathway that
allows A. thaliana to discriminate between long and short
days, and to trigger flowering in response to the long-
day signal. The difference in day length is perceived in
the leaves through regulation of the CONSTANS gene and,
in response to exposure to light late in the day, the level
of CONSTANS mRNA rises and the protein is stabilized.

We study the mechanisms conferring these two layers

of regulation, which ensure that the CONSTANS protein
accumulates specifically under long summer days and ac-
tivates transcription of two closely related genes, FT and
TSF. The FT protein then moves from the leaves to the
shoot apical meristem through the vascular tissue. At the
meristem FT triggers changes in gene expression so that

Arabis alpina plants flower after vernalization (left),
whereas transgenic plants overexpressing micro-
RNA156 never flower (right). Plants were grown for 8
weeks after germination, exposed to cold for 8 weeks
and then returned to warm conditions for 12 weeks.

Figure 1: Arabis alpina plants
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George Coupland

sets of transcription factors specifically associated with
flowering are expressed. Using laser dissection microsco-
py we identified over 200 genes that are rapidly induced
in the shoot meristem in response to FT during the floral
transition. Related approaches led us to demonstrate
that at the meristem FT increases levels of the growth
regulator gibberellin, which activates a subsequent wave
of transcription-factor activity at the transcriptional and
post-translational levels. Our aim is to understand how
these distinct processes induce the rapid, coordinated
changes in growth and developmental identity required
to convert the vegetative meristem into an inflorescence
meristem.

Flowering of perennial Arabis alpina

We have developed Arabis alpina, a close relative of
Arabidopsis, as a model system to study perennialism. A.
alpina shows classical features of perennials. For example,
it flowers repeatedly in episodes lasting for only a few
weeks before reverting to vegetative growth, and only a
small number of branches of the plant undergo the floral
transition during a single episode. These effects are due
to flowering being controlled by two repressive pathways,
one conferring a requirement for winter cold and the
other requiring that the plant reaches a certain age. We

Selected publications

identified a mutant of A. alpina called perpetual flowering
1 (pep1) that does not alternate vegetative and reproduc-
tive development but flowers continuously through the
summer and autumn, and in which many more shoots
undergo the floral transition than in wild-type plants. The
PEP1 protein is a transcription factor that represses flow-
ering and is orthologous to the A. thaliana protein FLC. In
wild-type A. alpina plants levels of PEP1 are transiently
reduced by winter cold to allow flowering to occur, but
increase again as temperatures rise in spring, ensuring
that plants revert to vegetative growth. Surprisingly,

we found that many populations of A. alpina contain
naturally occurring mutant alleles of PEP1, and therefore
contain seasonal and perpetual flowering perennials.
Furthermore, exposure to low temperatures can induce
flowering in A. alpina only if plants are at least 5-6 weeks
old. Such a juvenility phase is characteristic of perennials
and ensures that they produce sufficient meristems to be
able to survive flowering and grow vegetatively after-
wards. We found that this response is conferred by the
microRNA156, the level of which falls as plants age. We
are now exploiting populations made by crossing annual
and perennial sister species in the Arabis genus to identi-
fy directly genes that contribute to the evolution of these
different life strategies.

Bergonzi, S., Albani, M. C,, Ver Loren van
Themaat, E., Nordstrom, K.J.V.,, Wang, R., Sch-
neeberger, K., Moerland, P.D. and Coupland, G.
Mechanisms of age-dependent response to
winter temperature in perennial flowering of
Arabis alpina. Science 340, 1094 - 1097 (2013)
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by two overlapping genes that contribute

to natural genetic variation in perennial
flowering. PLoS Genetics 8 (12), e1003130.
doi:10.1371/journal.pgen.1003130 (2012)
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meristem transcriptome during floral transi-
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a leucine-rich repeat protein that promotes
flowering. Plant Cell 24, 444-462 (2012)
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pland, G. Aa TFL1 confers an age-dependent
response to vernalization in perennial Arabis
alpina. Plant Cell 23, 1307-1321 (2011)
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of stress responses

Our research aims at understanding the functional roles of

RNA polymerase Il (RNAPII)-associated regulatory factors,
including the cyclin-dependent CDCD and CDKF kinase
subunits of general transcription factor TFIIH, AMP-activated
Snf1-related protein kinases (SnRK1s), and components

of the spliceosome-activating NineTeen complex (NTC) in
Arabidopsis. Study of molecular mechanisms controlling
the activity and stability of these transcription regulatory
complexes provides an insight into coordinate control of
hormonal and developmental pathways governing plant
responses to biotic and abiotic stress.

Regulation of RNAPII transcription
by TFIIH kinase modules

Phosphorylation of conserved Y;S,P3T4SsPsS; repeats in
the C-terminal domain of RNAPII largest subunit (RNAPII
CTD) plays a central role in the regulation of transcription
and co-transcriptional RNA processing. We found that
the plant-specific master kinase CDKF;1 phosphorylates
the CTD at S7 positions and mediates the activation of
cell cycle kinase-activating CDKD kinases that control the
initiation of transcription by phosphorylating the CTD

at S5 positions. Inactivation of CDKF;1 causes defects

Iranseriptional control

in 3’-polyadenylation of pre-microRNAs and transcripts
coding for regulators of biogenesis of small RNAs. This
decreases the levels of precursor and mature small RNAs,
and enhances the removal of introns carrying pre-mi-
croRNA stem-loops. Inactivation of all but the one allele
required for viability inhibits CTD S5-phosphorylation,
triggers the accumulation of uncapped precursor microR-
NAs and reduces the levels of mature micro-RNAs. The
cdkfand cdkd mutations severely compromise normal
control of the cell cycle, causing growth inhibition and
dwarfism, and alter the regulation of hormone, light and
stress signalling pathways.

Regulation of transcription in response
to stress, hormone and metabolic signalling
by SnRK1

SnRK1 kinases belong to the AMP-activated protein kinase
(AMPK) family and modulate transcription according to
changes in cellular energy homeostasis. AMPKs are found
in association with histone acetylases of S(T)AGA transcrip-
tion co-activators of RNAPII, and in Arabidopsis function

as regulatory components of SCF (SKP1-CULLIN1-F-box
protein) E3 ubiquitin ligases, mediating their recruitment

(A) CDKF;1 is required for activation of three
functionally redundant CDKD kinases (D1, D2
and D3), which phosphorylate the S5 positions of
Y1S2P3T4S5P6S7 repeats of RNAPII CTD. Phospho-
rylated S5 residues in the CTD are recognized by
the mRNA CAP-binding complex (CBC), which in
turn recruits the Microprocessor that mediates
the processing of mature microRNAs from stem-
loops. (B) In cdkf;1 and cdkd mutants, phospho-
rylation of RNAPII CTD, and hence recruitment
of CBC and Microprocessor to RNAPII CTD on

microRNA transcripts, is compromised, which
leads to inhibition of microRNA processing.

Figure 1: Regulation of microRNA processing by TFlIH-associated kinases
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to the proteasome. SCF complexes control ubiquitination
and stability of important transcription factors and thereby
modulate transcription in response to hormone and stress
signalling. Therefore, our current studies focus on the defi-
nition of SCF-related regulatory roles, transcription targets,
and regulatory interactions of RNAPIl-associated SnRK1
kinase co-activator and SCF complexes in Arabidopsis.

Regulatory interactions of TFIIH
and SnRK1 with NTC

Components of NTC are loaded onto RNAPII by their
contacts to initiation, elongation and chromatin-modifying
factors. Some Arabidopsis NTC subunit mutants are viable
but show RNA splicing defects resulting in the accumulation
of unprocessed introns and alternatively spliced forms of
polyadenylated pre-mRNAs, so providing a tool for identi-
fication of pathway-specific NTC targets. Through its XAB1
subunit, NTC interacts with TFIIH, which acts also as a major
regulator of transcription-coupled and general genome
repair. The NTC subunit PRL1 is a substrate receptor of CUL4-
DDB1 and PRP19 E3 ubiquitin ligases. A CUL4-DDB1-PRL1
complex is reported to control ubiquitination and proteaso-
mal degradation of the SnRK1a subunit AKIN10, suggesting
cross-talk between TFIIH, SnRK1 and NTC. Current studies
focus on genome-wide compilation of splicing defects in
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SnRK1 is a component of SCF E3 ubiquitin ligases com-
posed of SKP1, CUL1, RBX1 and substrate receptor F-box
protein subunits. SnRK1 phosphorylation (P) of transcription
factors (TFs) triggers their ubiquitination (Ubi) and protea-
somal degradation, whereas signalling stimulus-depend-
ent inactivation of SnRK1 leads to stabilization of TFs and
transcriptional activation of specific target genes along with
simultaneous degradation of F-box substrate receptors.

Figure 2: SnRK1 modulates SCF-mediated ubiquitination
of transcription factors

the prl1 NTC mutant, analysis of NTC interactions with TFIIH
and SnRK1 co-activators, and identification of mechanisms
by which NTC mutations affect the regulation of various
signalling pathways.
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es regulate phosphorylation of serine residues EIN3-dependent regulation of plant ethylene Koncz, C. SKP1-SnRK protein kinase mediate
of Arabidopsis RNA polymerase Il C-terminal hormone signalling by two Arabidopsis F-box proteasomal binding of a plant SCF ubiquitin
domain. Plant Cell 24, 1626-1642 (2012) proteins: EBF1 and EBF2. Cell 115, 679-689 ligase. EMBO J. 20, 2742-2756 (2001)
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kinase in plants. Proc. Natl. Acad. Sci. USA 100,

10108-10113 (2003)
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Introduction

Since the advent of next-generation sequencing (NGS)
scientists all over the world have been using the new
technology to assemble a steadily growing number

of plant genomes. In addition to model species, the
genomes of most plants that are eaten by humans, or are
exploited for other purposes such as oil production, have
already been sequenced. Clearly, the main challenge in
genomics has now shifted from data generation to the
reconstruction and interpretation of genomic sequences,
and continuing development of efficient data-handling
methods for the constantly evolving NGS technologies
remains an urgent need. Our group’s major focus is to
advance NGS-based analyses by addressing questions
that could not be resolved previously. But NGS can do
more than simply assemble genome sequences. We use
whole-genome sequencing-based methods to accelerate
forward genetics by directly linking mutant phenotypes
to the genetic changes that cause them.

Natural variation between and
within plant species

We are performing de novo assembly of Arabidopsis
thaliana, Arabis alpina and Arabis montbretiana genomes.
In particular for A. thaliana, where all whole-genome
studies so far have relied on the established reference
sequence, additional de novo assemblies reveal an unex-
pected amount of genic variation. This allows us to study
the increased level of segregation of recently duplicated
genes as compared to unique genes, a phenomenon that
was predicted by theoretical evolutionary models, but
could not be investigated in natural populations hitherto.

Although they are closely related, A. alpina and A. thaliana
form an interesting contrast. A. thaliana has an annual life
cycle. A. alpina is a perennial plant and continues to grow
for years. Both species share large parts of their genic con-
tent, but differ substantially at the level of gene expression.
Following the principle of phylogenetic shadowing we are
exploring the regulatory code that controls the pattern of
circadian gene expression in these two species.

Computational genetics

Forward genetic screens have been fundamental to the
success of A. thaliana as a model species. Such screens,
however, involve tedious mapping and identification

of mutagenized genes. Some years ago we significantly
increased the efficiency of this approach by combining
bulk segregant analysis with whole-genome sequencing.
This method, commonly referred to as mapping-by-se-
quencing, relies on crossing the mutant with a genetic-
ally different individual to introduce molecular markers,
which can result in undesired phenotypes that may mask
the phenotypic differences caused by the mutation. To
overcome this, we (together with F. Turck’s group) have
introduced mapping-by-sequencing based on F2 individ-
uals descended from a cross between the mutant and its
non-mutagenized progenitor. By combining this method
with a novel, reference-free, genome comparison algo-
rithm, we can now identify causal mutations without
making use of any reference sequence.

Natural traits, such as flowering time, are generally
controlled by more complex genetic architectures, which
will not be deciphered by bulk segregant analysis. In
order to facilitate the identification of genes involved in
the control of such quantitative traits, we are developing
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It has never been easier to fall for false
positives than in this genomics era, in

which generation of even large numbers of

genomic datasets is cheap and easy
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machine-learning methods for the reconstruction of

A. Construction of the AMPRIL population. Founder
accessions were crossed to produce two hybrids, which

were then crossed to each other. The resulting population

is selfed for multiple generations. B. Each recombinant is
phenotyped for a broad range of traits. C. The genome of
each line is sequenced using next-generation sequencing.

D. Hidden Markov Models are used to reconstruct the
recombinant genomes. E. Advanced statistical models en-
able one to associate the phenotypes with the underlying

genetic variations.

Figure 1
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recombined genomes, which enables us to use advanced
statistical methods to link recombinant genotypes

with their individual phenotypes. In collaboration with
M. Koornneef, we are applying these methods to the
complete Arabidopsis multi-parental-intercross (AMPRIL)
population (see Figure 1).

The landscape of meiotic recombination

A key ingredient in linking phenotypes to their causal
genetic variation is meiotic recombination. In order to
understand the exact makeup of meiotic recombination,
we are analysing the genomes of meiotic tetrads derived
from Arabidopsis hybrids, which reveal the landscape

of reciprocal exchange of genetic information during
male meiosis. We will continue to study the relation of
sequence divergence and meiotic recombination in
isogenic as well as in hybrid meiosis.

Schneeberger, K., Ossowski, S., Ott, F., Klein,
J.D.,Wang, X, Lanz, C., Smith, L.M., Cao, J., Fitz,
J., Warthmann, N., Henz, S.R., Huson, D.H. and
Weigel, D. Reference-guided assembly of four
diverse Arabidopsis thaliana genomes. Proc
Natl Acad Sci U S A. 108(25), 10249-54, doi:
10.1073/pnas.1107739108 (2011)
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Introduction: How plants make decisions
in the absence of a brain

Life-altering decisions, such as whether or not to start a
family, require careful consideration of the pros and cons,
taking every possible angle and aspect into account. Like
us, plants need to carefully “consider” when to abandon
the relatively safe vegetative phase, during which mostly
leaves are generated and energy is produced. Commit-
ment to the reproductive phase requires the genera-
tion of the more vulnerable flowers and channelling of
resources into seeds in order to provide a good start for
the next generation.

In the absence of a brain or a nervous system, the com-
plicated regulation of so-called floral integrator genes
plays a crucial role in optimizing the timing of flowering.
Integrator genes receive inputs from several regulatory
pathways controlled by internal or external signals that
encode information on variables such as developmen-
tal age, stress, light quality and quantity, temperature
and, last but not least, day length. By definition, floral
integrator genes are not expressed during the vegeta-
tive phase, but their induction upon reception of cues
from upstream regulatory inputs commits the plants to
flowering. In many plants, one of these integrator genes,
FLOWERING LOCUS T (FT), functions to communicate the
decision to flower from the leaves, where many signals
are perceived and FT is transcribed, to the apical meris-
tem, where the decision to flower is executed with the
help of the FT protein. Transcriptional regulation of FT is
fascinatingly complex and we have set ourselves the goal
of dissecting the cis-regulatory code of this gene and
studying the protein complexes involved in its control
(see Figure 1).

Gene expression is regulated by trans-acting factors,
mainly proteins that bind to short sequence motifs pres-
ent in the regulatory regions of target genes. All specific

sequence motifs with a cognate binding partner consti-
tute the cis-regulatory code of a gene. However, it is still
relatively unclear how exactly the binding of a cognate
factor influences the expression of a particular target
gene, although several scenarios have been described.
These scenarios include the recruitment of a second
layer of regulatory proteins, which remodel chromatin
structure. The term chromatin is a collective name given
to DNA that is wrapped around histone protein complex-
es. This organized state is necessary to accommodate
the DNA in the small space available in the nucleus but,
by making the DNA inaccessible to binding factors and
gene-transcribing complexes, it inhibits gene expres-
sion. In consequence, local loosening of the chromatin
structure may facilitate expression of a gene, whereas
enhancing its compaction may further repress it.

Deciphering the cis-regulatory code of FT

At FT, we started to map the important regions by creating
series of transgenic plants that carried only selected parts
of putative regulatory regions or in which selected candi-
date regulatory elements were mutated. These transgenic
plants were mutant for the endogenous FT locus and
therefore flowered late in long days unless the transgenes
could reconstitute the natural regulation of the gene.
Since the regions potentially involved in FT regulation

are relatively large, we used the pattern of conservation
of FT genes in related plants to guide our analysis. The
rationale for this approach, which is termed phylogenetic
shadow analysis, is that sequences that are important for
regulation are more highly conserved than those without
a functional role. Using this approach, we identified a reg-
ulatory enhancer that plays a crucial role in FT’s response
to stimulating long days, although it is located at a con-
siderable distance from the transcription start site of the
gene. We believe that this enhancer must be folded into
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A model of the interplay between cis-regulatory regions,
trans-factors and chromatin complexes at the FT locus.

Figure 1

a three-dimensional structure to bring it into contact with
the start site (see Figure 1). We have shown that chroma-
tin-associated complexes play an important role in gene
regulation because they govern access to cis-regulatory
elements. In the future, we will take a more detailed look at
the variation within these regulatory regions among Arabi-
dopsis thaliana accessions that have been collected across
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the Northern hemisphere. We believe that this can teach us
a lot about how gene regulation evolves to adapt plants to
different climatic conditions.

Chromatin-associated complexes and
their role in gene regulation

Chromatin-associated complexes are crucial for the
proper regulation of FT and many other genes. One
group of proteins is particularly important for the
repression of key developmental genes, such as FT, at
times when they are not needed. We are interested in
learning more about these complexes, which are called
Polycomb Repressive Complexes (PRCs). We exploit the
strengths of the genetic model organism A. thaliana and
perform mutant screens to identify new components that
either belong to PRCs or interact with them. Genetic
screening has been greatly facilitated by the availability
of high-throughput sequencing approaches in the recent
past. In the future, we hope to learn more about the
interplay between trans-acting factors, the cis-regulatory
code and chromatin-associated complexes.
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Plant Breeding and Genetics

Director: Maarten Koornneef

The aim of plant geneticists is to unravel the nature
and function of genes that underlie the phenotypic
variation (biodiversity) in nature and among crop
plants. Knowing which genes control specific proces-
ses in plants helps us to understand plant biology but
it can also be used to improve the efficiency of plant
breeding (precision breeding). The study of variation
uses existing variation which can be found in nature
(so-called natural variation) or makes use of induced

mutations. The analysis of natural variation requires

quantitative genetics, which can identify so-called

Quantitative Trait Loci (QTL) using a combination of
trait and molecular analyses.

The latter approach increasingly makes use

of markers provided by new sequencing technologies.
The objectives of our department are (i) to unravel the
genetic and molecular basis of several developmental
traits in plants — such as seed dormancy, stress toleran-
ce and plant architecture — using molecular genetics,
genomics and natural variation as tools, and (ii) to
develop methods and materials that facilitate

this type of studies.
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Complex agronomic traits in potato:
Molecular basis and diagnostic markers for

breeding applications

Worldwide the potato (Solanum tuberosum) is the most
important crop species of the Solanaceae family, which in-
cludes about 200 tuber-bearing Solanum species native to
Mexico, Middle and South America. The cultivated potato
is tetraploid and highly heterozygous due to cross breed-
ing. Genotypes are fixed by the vegetative propagation

of tubers. Most traits relevant for variety development are
complex, meaning that they are controlled by natural DNA
variation at multiple loci and by environmental factors.
The objectives of our research are (1) to elucidate the
genetic basis of complex agronomic characters of potato
at the molecular level, (2) to develop molecular diagnostic
tools to assist the selection of improved cultivars and (3)
to contribute to the understanding of structure, evolution,
function and natural diversity of crop plant genomes. To
reach our objectives, we exploit the natural variation
amply present in S. tuberosum, adopting principles and
approaches of human population genetics such as
association mapping. Recently, comparative proteome
and transcriptome profiling were used to discover novel
functional candidate genes for controlling complex traits.
Our outputs are (1) knowledge of genomic positions and
identity of genes and their superior or inferior alleles that
control agronomic characters and (2) diagnostic DNA-
based markers that can be used for marker-assisted selec-
tion of superior cultivars (precision breeding).

Example: Tuber quality

Tuber quality is of primary importance in potato crop
production. The tuber’s susceptibility to enzymatic discol-
oration upon mechanical damage (bruising) is genotype
dependent and controlled by numerous genetic and
environmental factors (Figure 1). Genes and biochemical
pathways involved in the formation of the dark coloured
pigments in bruised tissues are mostly known, thus provid-
ing candidate genes for association mapping. In collabo-

Susceptibility to bruising is highly relevant in variety
development. The levels of dark pigments that accumulate
under the tuber skin after mechanical impact depend on
multiple genetic and environmental factors, some of which
are listed. Tubers are shown 24 h after mechanical damage
with a pendulum. Tubers in the upper and lower row are
from bruising-resistant and -susceptible genotypes, respec-
tively. (Reproduced from Gebhardt 2013)

Figure 1: Example of complex tuber quality trait

ration with six potato-breeding companies, a population
of 205 varieties and breeding clones was evaluated in field
trials for susceptibility to bruising on the one hand, and on
the other for DNA polymorphisms in functional candidate
genes. Among others, DNA variants in genes encoding
polyphenoloxidase, the enzyme forming the pigments,
were associated with increased or decreased bruising
susceptibility (Urbany et al. 2011). By comparing the tuber
proteomes of ten bruising resistant and ten susceptible
varieties, we identified differential proteins that had not
been connected with tuber bruising. DNA variation in one
of the corresponding genes encoding a class Ill lipase was
indeed associated with increased bruising susceptibility.
The associations found between natural DNA variation and
bruising susceptibility can be used to develop diagnostic
markers for breeding applications.
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or transcriptomics with association genetics
leads to the discovery of novel candidate
genes underlying complex traits in crop
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Twenty good (No 1-20) and 20 bad (No 21-40) processing
varieties are ranked according to the amount of reducing
sugars in tubers before (dark green bars), after two weeks
(green bars) and four weeks (light green bars) storage at 4°C.
The lower the reducing sugar content, the higher is the tuber
quality for processing. Presence of specific alleles of soluble
acid invertase (Pain-1), plastidic starch phosphorylase (Stp23
=PHO1a), Rubisco activase (Rca) and leucine aminopeptidase
(LapN) is indicated by the coloured symbols. The distribution
of the alleles in the 40 varieties is skewed towards varieties
with lower (Pain1-A1s44, Pain1-Css52A718, Stp23-8b, LapN- Az746,
positive alleles) or higher (Rca-1, negative allele) reducing
sugar content. The markers explain only part of the phenotypic
variation, as there are low sugar varieties that have none of the
positive marker alleles (No 3,9, 15, 1, 16).

Figure 2: lllustration of associations between DNA polymorphisms in candidate genes and tuber content of reducing sugars.

The biochemical and molecular basis of starch and sugar
metabolism has been extensively studied in plants. Tuber
starch and sugar content served therefore as models for
testing the candidate gene approach to identify genes
controlling complex agronomic traits. Moreover high

tuber content of the reducing sugars glucose and fructose
negatively affects the quality of chips and French fries.
Reducing-sugar content increases during low-temperature
storage (cold sweetening). DNA variants in genes functional
in starch-sugar interconversion were identified which are
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associated with lower reducing sugar content (Figure 2).
The diagnostic value of candidate-gene markers associated
with tuber starch and sugar content was tested in pilot
experiments for marker-assisted selection (Li et al. 2013).
Comparative protein profiling of cultivars with low and high
capacity to accumulate reducing sugars uncovered novel
candidate genes for controlling tuber starch and sugar con-
tent. A single nucleotide polymorphism (SNP) in a leucine
aminopeptidase was strongly associated with decreased
reducing sugar content (Fischer et al. 2013) (Figure 2).
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Adaptive genomics
and genetics

Understanding the molecular basis of phenotypic
variation in nature is a major goal in modern biology.
Our group focuses on the application of genetics and
bioinformatics to the study of plant natural variation,
evolution and domestication.

Technological advances such as high-throughput
sequencing (HTS), image analysis or automated pheno-
typing allow us to describe plants with unprecedented
precision. We exploit these methods in various comple-
mentary directions: First, we develop and use automatic
devices to monitor plants and their responses to the
environment with high temporal and spatial resolution.
Second, we use HTS and metabolomics to accurately
describe differences in the molecular landscapes of di-
verse individuals in various conditions. Third, we develop
computational pipelines that integrate and extract the
useful information from these complex datasets. Finally,
we devise experimental designs that take advantage of
these novel technologies and protocols, and enable us
to identify the individual genes, but also general pat-
terns, that underlie phenotypic variation in plants at the
molecular level.

Domestication

Our model system for studies of domestication is tomato.

We use the wild tomato species from remote islands, de-
serts, high mountains or humid forests in South America
and compare them to modern cultivars to identify the
genetic changes involved in domestication. Examples

of our research in these wild species include the combi-
nation of HTS and bulk segregant analysis to map genes
involved in variation in flowering time (Figure 1), or the
identification of genes affecting drought tolerance using
bioinformatics. The new technologies are allowing us to
detect differences between cultivars and wild accessions
in traits that could not be studied before. For example,
we use RNA-seq to characterize the global amount of

An F2 population derived
from a cross between
early and late flowering
tomato accessions was
generated and individuals
were pooled according

to their flowering time.
RNA-seq was performed to
detect SNPs and signifi-
cant differences in allele
frequencies between the
pools were found at the
bottom of chromosome 5.
The vertical line shows the
point at which frequency
differences are highest.
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Figure 1: Allele frequency in SNPs along chromosome 5
in tomato.

stochastic noise in expression or alternative splicing,
processes that are not understood even in well studied
model systems. Moreover, automatic phenotyping allows
us to monitor differences in circadian rhythms between
tomato and its wild relatives. As the circadian clock is an
essential regulator of physiology in all organisms, under-
standing its modification during domestication could
have an enormous impact on the way we understand
this process.

Adaptation

In addition to the effects of human selection, we are in-
terested in how natural selection acts on wild plants. Our
model for studies in adaptation is Arabidopsis thaliana, a
plant with a worldwide distribution. In this species, we
perform classic quantitative trait analyses to identify the
genes responsible for natural variation in characters such
as drought response or flowering time. One of the advan-
tages of using Arabidopsis lies in the genomic and genet-
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ic resources accumulated over the years. These resources
permit us to combine classical approaches with novel
bioinformatic algorithms and experimental designs. The
identification of expression QTLs through quantification
of allele-specific expression in F1 hybrids is one example.
By performing RNA-seq in hybrids and calculating the rel-
ative contribution of each allele to the final concentration
of each transcript we can estimate the mode of regula-
tion for each gene (Figure 2). This is a major step towards
understanding differences in expression between indi-
viduals, and has great potential for identifying the genes
underlying natural phenotypic variation.

Characterization of selected genes

Both in tomato and Arabidopsis, it is fundamental for

us to characterize in detail the genes that have been
important for plant adaptation. One example is FRIGIDA,
an important contributor to flowering-time variation
among natural populations of Arabidopsis. We use a
combination of molecular biology, population genetics
and bioinformatics to understand the selective pressures
acting on this and other selected loci. By this means, we
hope to obtain a catalogue of genes and mutations that
have been positively selected during evolution, and to
draw conclusions about the general patterns that drive
natural phenotypic variation in plants.

Selected publications

Parent 1

F1 hybrid

Parent 2

RNA-seq reads from two parents and their F1 hybrid
aligned with the reference genome. Allele-specific
expression is measured by comparing the number of
reads overlapping SNPs in each parent and in the hybrid
(highlighted in boxes).
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Natural variation in Arabidopsis

and barley

Plants show a wide range of variation in their pheno-
types, not only between species but also within a species.
The latter can be used to uncover the genetic basis of
these differences by genetic studies for which we increas-
ingly use collections of wild accessions. However, in ad-
dition we also construct so-called multi-parent mapping
populations. We have developed such populations based
on crosses between Arabidopsis accessions collected
from different parts of the world and therefore adapted
to different climatic conditions. By intercrossing sever-

al such accessions and studying the progeny of these
crosses, we can obtain novel combinations of genetic
variants (alleles), which may result in novel phenotypes.
The identification of the genetic and molecular bases of
these phenotypes is a major aim of our research. One
challenge is to identify the genes underlying Quanti-
tative Trait Loci (QTL) in those cases where several QTL
segregate and epistasis occurs, using Next Generation

Sequencing. To achieve this goal we try to identify, in the
progeny of our segregating populations, lines that seg-
regate for single loci. In addition to the Arabidopsis Multi
Parent Recombinant Inbred Line populations (AMPRIL)
we have generated a multiparental population in barley,
which was derived from a cultivated (and sequenced)
Hordeum vulgare variety, three wild relatives (H. spontane-
um) and one primitive cultivated form, H. acrocriton.

Natural variation for plant architecture
in Arabidopsis

We demonstrated the usefulness of the AMPRIL popula-
tion by analysing the branching pattern of Arabidopsis
and by identifying genes that are important for this
process. The effect of several of these loci depends

on the action of flowering-time genes (epistasis). The
cloning of one of these genes identified a new function
of the MADS-box transcription factor AGL6 that was not

An Arabidopsis semi-dwarf accession and a related wild
type. The semi-dwarf phenotype is due to a mutation in the
GA200x1 gene previously named GA5.

Such semi-dwarf Arabidopsis plants were found in popula-
tions from different parts of the world and may have a selec-
tive advantage under their native conditions.

Figure 1
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previously known to be involved in this trait. We contin-
ue to study the role of this gene and its natural variants,
and hope to identify additional loci and genes that show
variation in nature. Another aspect of plant growth is the
length of the plant, which shows considerable variation
in nature. We discovered that most of the semi-dwarf
accessions (Figure 1) have mutations in the GA20-oxi-
dase 1 gene, which affects the biosynthesis of the plant
hormone gibberellin. We obtained evidence that such
natural mutants originate from independent mutations
in different parts of the world because, at the gene level,
they resemble wild-type alleles from the same region.
Such semi-dwarf mutants appeared to have a selective
advantage compared to taller plants in some populations,
explaining why they are common in these populations.
To investigate if hormone biosynthesis and hormone sig-
nalling variants occur in nature we have developed and
applied various test systems to detect such variation.

Selected publications

Barley: natural variation for aspects
of seed biology and plant architecture

Recombinant inbred lines derived from crosses between
cultivated and wild barley were analysed for various
developmental traits, such as growth rates and the for-
mation of side shoots (tillers), as well as for seed-related
traits such as seed dormancy and seed size, shape and
colour. Subsequently Quantitative Trait Loci (QTLs) were
identified for almost all traits, and some of these were
followed up in experiments designed to refine their map
positions and ultimately identify the underlying genes.
It is expected that this will not only reveal genes that
contributed to domestication but also tell us whether ad-
ditional genetic improvement can be expected from the
use of these wild relatives in plant breeding. In addition
we are investigating the genetic basis of seed longevity
using genetic approaches in combination with state-of-
the-art‘omics.
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Genome and

epigenome evolution

Extant plant genomes are the result of evolutionary pro-

cesses during which DNA sequences have been added,
removed, changed and corrected. We wish to understand
these events at tithe molecular level and estimate their
relative contributions to genome evolution. We specifi-
cally focus on the analysis of the effects of environmental
factors such as solar UV-B radiation and heat on genome
stability, the epigenetic control of repetitive DNA ele-
ments, the amplification of protein-coding genes using
retrotransposon machineries, and characterization of the
DNA damage repair system in plants.

Apical meristems are the hotspots of chro-
matin control in Arabidopsis

In plants, transposable elements are rendered inactive
by transcriptional gene silencing, which is established by
RNA-directed DNA methylation (RADM) and maintained
by repressive chromatin marks. We have identified a
novel apical meristem-specific silencing function that
reinforces silencing of transposons during early vege-
tative growth and is mediated by increased expression
of silencing factors in the shoot apices. This function is
implemented via the redundant action of both main-
tenance and RdDM silencing pathways (Figure 1). Such
checkpoints are found in all apical meristems and ensure
correct epigenetic inheritance during the transition from
the vegetative to the reproductive phase and to the

progeny.

DNA damage repair of nucleoprotein
adducts in plants

DNA damage repair is one of the essential functions re-
quired for genome stability. We use the DNA methylation
inhibitor zebularine to study one specific type of genome

Tissue-specific control of transcriptional gene silencing.
The blue colour indicates activation of the reporter gene
controlled by DNA methylation. While chemical inter-
ference with maintenance methylation is sufficient to
activate the reporter gene in cotyledons (C), additional
inactivation of de novo DNA methylation is required for
bypassing the shoot apical meristem silencing center and
for activation in true leaves (T)

Figure 1

damage. Zebularine is incorporated into DNA and forms
a covalent complex with DNA methyltransferases, a nu-
cleoprotein adduct which presents a physical barrier to
the progression of DNA and RNA polymerases. However,
it is currently not known how such adducts are repaired.
We showed that they up-regulate DNA damage repair
genes by activating the key signalling component ATAX-
IATELANGIECTASIA MUTATED AND RAD3 RELATED (ATR)
and to a smaller extent ATAXIA TELANGIECTASIA MUTAT-
ED (ATM) kinase-dependent signalling. The damage was
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The model for DNA damage repair of zebu-
larine-induced nucleoprotein adducts. The
repair is ATR-dependent and the damaging
effects are enhanced in mutants with dis-
turbed chromatin.

Figure 2

G2-M phase specific and, together with the sensitivity of
specific mutants to zebularine this pointed to a repli-
cation-coupled predominantly ATR-dependent mode

of DNA damage repair by homologous recombination
and base excision repair (Figure 2). Extreme sensitivity of
STRUCTURAL MAINTENANCE OF CHROMATIN 6B (SMC6B)
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mutants to zebularine suggests the importance of the
SMC5-SMC6 complex for repair of this type of damage by
a so far unknown mechanism. Furthermore, the pheno-
type was aggravated in mutants with disturbed chroma-
tin structure. Hence, we shed first light on the repair of
nucleoprotein adducts in plants.
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Control of
seed germination

The timing of germination is controlled by seed dorman-
cy and longevity. These traits are essential in the adapta-
tion of plants to their environment, and constitute impor-
tant agricultural properties that contribute to future food
security. Seed dormancy is defined as the incapacity of a
viable seed to germinate under (temporarily) favourable
conditions and determines the moment at which a seed
germinates. Seed longevity is operationally defined as
seed viability after dry storage. Dormancy is induced
during seed development and relieved by dry storage or
imbibition at low temperatures. Genetic and physiolog-
ical studies have identified an essential role for abscisic
acid in the induction of dormancy during seed matura-
tion, whereas gibberellins are required for germination.
Our main research goal is to understand dormancy and
longevity at the molecular level. We have discovered
some of their basic components in the model plant
Arabidopsis and started to explore their roles in crops
and in the adaptation of plants to their environment.

Key regulators of dormancy

Our initial research was directed towards the identifica-
tion of dormancy and longevity regulators by cloning
and analysing quantitative trait loci and mutants that
influence seed dormancy and longevity in Arabidopsis.
This led to the isolation of several genes. Two of these
turned out to be specific and key regulators of dorman-
cy, whereas the others have more general roles in plant
development.

The two key dormancy genes, DELAY OF GERMINATION 1
(DOG1) and REDUCED DORMANCY 5 (RDO5), represent our
primary research focus. Present data suggest that DOG1
and RDOS5 act in two separate pathways. Both genes
have a seed-specific expression pattern (Figure 1), their
mutants are non-dormant and do not show additional
phenotypes. The DOG1 protein is conserved throughout
the plant kingdom and accumulates during seed matu-
ration. Its abundance in freshly harvested seeds strongly

DOGT promoter activity in a mature Arabi-
dopsis embryo, visualized by GUS activity
driven by the DOGT promoter.

Figure 1



Department of
Plant Breeding and Genetics

Wim Soppe

Seed nuclei at the beginning of seed maturation (top
panel) are bigger than at the end of seed maturation
(bottom panel). All nuclei are stained with DAPI and
shown at the same scale.

Figure 2
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correlates with the duration of dormancy. We have
recently shown that the DOG1 protein is modified during
seed storage, leading to reduced functionality. This find-
ing is an important step towards an understanding of the
release of dormancy during seed storage.

Chromatin remodelling in seeds

Several of the dormancy genes that were cloned and
studied in our research group play a role in chromatin
remodelling. This aroused our interest in the nature and
role of chromatin organization and epigenetic regulation
in seeds. A detailed study, carried out in our lab, revealed
a strong decrease in nuclear size during seed matura-
tion in Arabidopsis, which occurs simultaneously with
increased compaction of chromatin (Figure 2). Nuclei
return to their original state during germination.

We plan to determine the relationships between the dif-
ferent dormancy genes and proteins and how they inter-
act with environmental factors. This will lead to a model
of the pathways and mechanisms that are involved in this
process and should enable predictions and manipula-
tions of seed dormancy levels in crop plants.

Sugliani, M., Brambilla, V., Clerkx, E.J.M.,
Koornneef M. and W.J.J. Soppe The conserved
splicing factor SUA controls alternative splicing
of the developmental regulator ABI3 in Arabi-
dopsis. Plant Cell 22, 1936-1946 (2010)

Liu, Y., Koornneef, M. and Soppe W.J.J. The
absence of histone H2B monoubiquitination
in the Arabidopsis hub1 (rdo4) mutant reveals
a role for chromatin remodelling in seed dor-
mancy. Plant Cell 19, 433-444 (2007)
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Shoot branching

in seed plants

The aerial architecture of seed plants is determined to a

large extent by the branching patterns of their shoots
and the complexity of their leaves. Shoot branching is ini-
tiated by the formation of meristems in the axils of leaves,
which develop into side-shoots. The aim of our work is

to understand the molecular mechanisms that regulate
axillary meristem (AM) formation. We are using Arabidop-
sis and tomato as model systems for our studies.

LATERAL SUPPRESSOR (LAS/Ls) expression
is controlled by a 3’ enhancer

The precise definition of organ boundaries is an essential
step in the formation of new organs and in meristem
initiation. LAS/Ls is expressed in a well-defined domain

at the adaxial boundary of leaf primordia (Figure 1). To
extend our understanding of how the highly specific
transcript accumulation patterns at organ boundaries
are established, we investigated the Arabidopsis LAS pro-
moter. Our studies revealed that an essential enhancer
element is situated about 3.2 kb downstream of the LAS
open reading frame. This enhancer is sufficient to confer
promoter specificity. Promoter-swapping experiments
demonstrated that the LAS enhancer also has suppressor
functions, largely overriding the activity of different 5°
promoters. Phylogenetic analyses suggest that LAS func-
tion and regulation are evolutionarily highly conserved.

Shoot branching and complex leaf
development in tomato use homologous
gene modules

Potato leaf (C), a key regulator of leaf dissection, was
identified as the closest paralogue of the shoot branch-
ing regulator Blind (BI). Comparative genomics revealed
that these two R2R3 MYB genes are orthologues of the
Arabidopsis branching regulator RAX1. Expression studies

Pattern of Ls transcript accumulation (arrows) in a vegeta-
tive tomato shoot apex.

Figure 1

and complementation analyses indicate that these
genes have undergone sub- or neofunctionalization due
to promoter differentiation. C acts in a pathway that is
independent of other leaf dissection regulators. Further-
more, the known leaf complexity regulator Goblet (Gob)
is crucial for AM initiation and acts in parallel to C and

Bl. Finally, RNA in situ hybridization revealed that the
branching regulator Ls is also expressed in leaves (Figure
1). All four boundary genes, C, B, Gob and Ls, may act by
suppressing growth, as indicated by the phenotypes of
gain-of-function plants.
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Complex leaf development and shoot

branching rely on a conserved mechanism

that regulates the morphogenetic

competence of cells

Growth habit of a trifoliate (tf-2) tomato plant.

Figure 2
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Trifoliate (Tf) modulates leaf and
shoot architecture in tomato

The tomato gene Tf affects the formation of leaflets in the
compound tomato leaf and the initiation of axillary mer-
istems (Figure 2). Tf encodes a MYB transcription factor
related to the Arabidopsis LOF1 and LOF2 proteins. Tfis
expressed in the leaf margin, where leaflets are formed,
and in the leaf axil, where axillary meristems initiate. Dur-
ing tomato ontogeny, expression of Tfin young leaf pri-

mordia increases, correlating with a rise in leaf dissection.

Formation of leaflets and initiation of axillary meristems
can be traced back to groups of pluripotent cells. Tf func-
tion is required to inhibit differentiation of these cells,
thereby maintaining their morphogenetic competence.
KNOTTED1-LIKE proteins, which are known regulators of
tomato leaf dissection, require Tf activity to perform their
functions in the basal part of the leaf. Similarly, the plant
hormone auxin needs Tf activity to initiate formation of
lateral leaflets.

Naz, A.A., Raman, S., Martinez, C.C,, Sinha, N.R,,
Schmitz, G. and Theres, K. Trifoliate encodes an
MYB transcription factor that modulates leaf
and shoot architecture in tomato. Proc. Natl.
Acad. Sci. USA 110, 2401-2406 (2013)
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Koornneef, M. Epistatic natural allelic variation
reveals a function of AGAMOUS-LIKES6 in axil-
lary bud formation in Arabidopsis. Plant Cell
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Research in the Department of Plant-Microbe Interac-
tions focuses on fundamental molecular processes un-
derlying interactions between plants and microbes. The
innate immune system of plants, mechanisms of micro-
bial pathogenesis and functions of the plant microbiota
have a central role in our discovery programme.
Although plants have evolved an elaborate innate im-
mune system that ensures effective protection against
most microbial pathogens, some intruders succeed

in colonizing plants and causing disease. One goal of
our research is to define a regulatory network of the

plantimmune system that has predictive power. This

should provide insights into how components of the

plant immune system can be modified to improve plant
protection using molecular breeding techniques.

In nature, healthy plants host a staggering diversity of
seemingly asymptomatic bacteria on and inside plant
organs such as leaves and roots. This bacterial com-
munity is called the plant microbiota and provides di-
verse functions, including indirect protection against
microbial pathogens. Members of the root microbiota
serve additional host functions by acquiring nutrients
for plant growth from soil. A deeper understanding of
the establishment and functions of plant microbiota is
needed for the development of rational probiotics to

improve plant growth and crop health.
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in.plant immunity

We are studying how plants regulate their innate immu-
nity pathways. Co-evolution between infectious patho-
gens and their plant hosts determines the outcome of
disease or resistance, often by setting defence thresh-
olds and the level of transcriptional reprogramming. It

is in the plant’s interest to maintain tight control over

its induced resistance programmes because there is a
significant trade-off between immunity and growth. An
intricate stress response network is in place to balance
disease resistance with the need to respond effectively
to other environmental challenges, such as drought,
temperature or competition for space. Decision-mak-
ing within this homeostatic framework is likely to be
important for plant fitness in nature. We are interested in
understanding fundamental processes governing resist-
ance pathway dynamics and the evolutionary forces that
shape plant adaptation to changing environments and
pathogen pressures. For this, we study interactions be-
tween geographical accessions of the model plant Arabi-

Resistance pathway dynamies

dopsis thaliana and a variety of biotrophic pathogenic

strains that either cause disease (i.e. are not recognized
by intracellular immune receptor systems) or trigger
innate immune responses through receptor recognition
and activation of antimicrobial pathways.

Molecular underpinnings of
Arabidopsis post-infection immunity

Immunity to infectious biotrophic pathogens is governed
by a large, polymorphic family of intracellular receptors
(NLRs), members of which detect the physiological
impact of particular pathogen effectors. Many questions
remain about the nature and scope of receptor activation
events and how receptors connect to a rather conserved
set of downstream pathways. Our recent research has
focused on a sub-family of NLRs called TNLs that con-
verge on a set of immune regulatory complexes whose
central component is the nucleocytoplasmic, lipase-like
protein EDS1. We have started to identify molecular

-

The crystal structure of an
Arabidopsis EDS1-SAG101
immune signalling com-
plex provides important
new insights into the
regulation of disease
resistance in plants.

Figure 1



Immune receptor pathways converge,
in different ways, on the nuclear
transcription machinery, for effective

disease resistance.

links between TNLs and EDS1, and have evidence for
receptor signalling complexes operating inside nuclei to
transcriptionally reprogram cells. We are in the process
of purifying in vivo TNL receptor complexes and identi-
fying functional partners by mass spectrometry. We are
also applying chromatin-immunoprecipitation (Ch-IP)
coupled to next-generation DNA sequencing and RNA
expression profiling to trace dynamic changes in TNL
receptor complexes on and off the chromatin during
activation of defence responses. This should allow us to
map transcription events that are decisive for cellular
reprogramming. An important recent breakthrough
complementing these studies was the determination, in
collaboration with Karsten Niefind’s group in the Institute
of Biochemistry at the University of Cologne, of the crys-
tal structure of a complex between EDS1 and one of its
signalling partners, SAG101 (Figure 1). Structure-function
analysis of EDS1-SAG101 complexes provides a new level
of understanding of how such a central regulatory node
links NLR receptors to immunity outputs.
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Evolutionary forces shaping NLR
maintenance and diversification

We are now attempting to fit the above molecular mech-
anisms into the context of NLR evolution. Arabidopsis
accessions exhibit remarkable plasticity in coping with
changing conditions and limiting NLR resistance path-
way activation. Such plasticity is likely to facilitate the
evolutionary diversification of NLR receptors. Together
with Rubén Alcazar in the Department of Plant Breeding
and Genetics at MPIPZ (now at Barcelona University) we
are studying the processes underlying immune-related
hybrid incompatibility (HI) in Arabidopsis, a phenomenon
that arises in crosses between genetic accessions and is
often caused by deleterious interactions between differ-
ent allelic forms of immune-related genes, potentially
driven by local adaptation (see title picture). By follow-
ing the distribution of the causal variants in Arabidopsis
populations we can piece together how their different
evolutionary paths are determined.
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Cellular stress sensing and
signalling in plant immunity

Plants recognize micro-organisms by cell-surface de-
tection of molecular signatures typical of the microbes
themselves, termed microbe-associated molecular
patterns (MAMPs), or by sensing changes in their own
cellular states upon microbial challenges (danger-asso-
ciated molecular patterns or DAMPs). MAMPs include
flagellin (flg22 epitope) and the elongation factor EF-Tu
(elf18 epitope) of bacteria, which are perceived by the
Leu-rich repeat (LRR) receptor kinases (RKs) FLS2 and EFR,
respectively. DAMPs include the Pep epitope of endog-
enous PROPEP polypeptides that is perceived by the
LRR-RKs PEPR1 and PEPR2.

In good agreement with the similarities in module
structure between these pattern receptors, perception of
different MAMPs/DAMPs triggers a stereotypic set of cel-
lular outputs, and leads to an enhanced state of immun-
ity that terminates or restricts the growth of potentially
infectious microbes. This so-called pattern-triggered
immunity (PTI) plays a critical role in protecting plants

from numerous pathogenic microbes in the environment.

However, the molecular mechanisms that link MAMP/
DAMP perception to effective activation of plant immuni-
ty remain poorly understood.

Signal integration between biotic
and abiotic stress responses

In the reference plant Arabidopsis thaliana, PT| activation is
accompanied by suppression of the synthesis of flavo-
noids that otherwise act as antioxidants and/or sunscreen
pigments to protect plants from damage due to oxidative
and light stress. In Serrano et al. (2012), we proved the
functional significance of the MAMP-triggered repression
of flavonoid accumulation. In transparent testa4 plants that
are devoid of flavonoids, we found a significant increase

in flg22-triggered activation of pathogenesis-related (PR)
genes and basal immunity to bacterial infection. This
suggests that flavonoid repression has a positive influence
on salicylate (SA)-based immunity in PTI. Moreover, our
chemical screens identified nine small molecules that al-
low flavonoid accumulation in the presence of flg22. One

Our molecular genetic work suggests
that MAMP receptors and DAMP re-
ceptors functionally interact with each
other in a layered signalling network.
Ethylene-dependent and -independ-
ent ligand generation upon MAMP
signalling (left) seems to ensure robust
engagement of the PEPR pathway
during PTI, which would help plants to
deal with perturbations of defence hor-
mone signalling by pathogens.

Figure 1
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of these compounds uncouples flavonoid repression and
PR gene activation from the activation of reactive oxygen
species, MAPKs, and callose deposition, which points to a
close link between the two types of output in PTI. Together,
our findings suggest that MAMP-induced repression of fla-
vonoid accumulation plays a role in relieving the inhibitory
effects of flavonoids on PTl activation.

Layered pattern receptor signalling

in plant immunity

The ease and robustness of MAMP-induced flavonoid
suppression in Arabidopsis seedlings has prompted us to
use this readout in our genetic screens for MAMP hypo-
responsive mutants. We have assembled a collection of
priority-in-sweet-life (psl) mutants that allow the accumu-
lation of anthocyanins, a subclass of flavonoids, in the
presence of elf18 or flg22 (Saijo et al., 2009; Lu et al., 2009).
In Tintor et al. (2013), we described ps/6 mutant plants that
are impaired in both flg22- and elf18-induced outputs,
including repression of anthocyanins. PSL6 corresponds to
EIN2, which encodes the master regulator of ethylene (ET)
responses, pointing to a critical role for ET in PTl signalling.
We confirmed that FLS2 expression is greatly reduced in
pslé/ein2 plants as previously described, but also found
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that expression of EFR (which encodes the EF-Tu receptor)
and EFR accumulation remain largely unaffected. This
allowed us to further investigate a role for ET in PTI, down-
stream of the MAMP receptor. Our discovery that PROPEP2
is among the genes induced by elf18 in an ET-dependent
manner led to the hypothesis that ET-dependent activa-
tion of PROPEP2, and thus that of the PEPR pathway, rep-
resents a critical mechanism by which ET contributes to
PTI. In agreement with this idea, we showed that PEPRs are
required for elf18-induced PR1 activation and anti-bacteri-
al immunity. This study thus provides compelling evidence
that ET-dependent control of PTI signalling occurs in part
through the PEPR pathway. However, we also showed
ET-independent activation of PROPEP3 in response to elf18,
pointing to an ET-independent role for the PEPR pathway
in EFR-triggered immunity. Hence both ET-dependent (via
PROPEP2) and ET-independent (via PROPEP3) branches
contribute to the activation of PEPR signalling down-
stream of EFR, which might ensure robust PEPR activation
during PTI. Together with related studies by other labs, our
findings confirm a previously suspected role for the PEPR
pathway as an amplification mechanism in local PTl signal-
ling. We now plan to decipher how the PEPR pathway acts
in DAMP sensing and signalling.
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Plant innate immunity
and the plant microbiome

Molecular research during the past decade has revealed
the existence of an elaborate innate immune system in
plants that recognizes the presence of potential patho-
gens and mounts powerful immune responses to micro-
bial intruders. Two classes of immune receptors detect
pathogen-derived molecular structures outside and
inside of plant cells. One class comprises membrane-res-
ident pattern recognition receptors (PRRs) that detect
widely conserved microbe-associated molecular patterns
(MAMPs), such as bacterial flagellin or fungus-derived
chitin, on the external surface of plant cells. A second class
of mainly intracellular immune sensors is defined by the
nucleotide-binding domain and leucine-rich repeat-con-
taining protein family (NLR). Upon delivery of isolate-spe-
cific pathogen effectors into host cells, NLRs detect either
the effector structures or their functions. Healthy plants in
nature also host a huge diversity of commensalistic and
mutualistic microorganisms, called the plant microbiota.
How the innate immune system discriminates pathogenic
from beneficial microbiota members is not known.

How NLR receptors initiate
disease resistance signalling

The Mla locus in barley encodes allelic variants of NLRs
with a coiled-coil (CC) domain at the N-terminus. Each

of these MLA receptor variants detects a corresponding
isolate-specific effector (AVRMLA) produced by the grass
powdery mildew fungus (Blumeria graminis f. sp. hordei)
and initiates powerful immune responses, linked to a host
cell-death response, that terminate fungal pathogenesis.
Barley MLA is fully functional in the model plant Arabidop-
sis thaliana, implying ~200 million years of evolutionary
conservation of the underlying immune mechanism.
Cytoplasmic and nuclear pools of MLA have been identi-

A gene encoding a fluorochrome (RFP, magenta-colored)
was introduced into a rhizobacterium, and the resulting
strain was used to inoculate gnotobiotic Arabidopsis
plants in which the plasma membranes were labelled with
another fluorochrome (YFP, green-colored). Bacterial colo-
nization of the root surface was visualized by confocal laser
scanning microscopy and is shown as a 3D projection.

Figure 1: Colonization of the Arabidopsis root surface by
soil-derived rhizobacteria.

fied, and nucleocytoplasmic partitioning of the receptor
appears to be needed to initiate a bifurcated signal trans-
duction cascade upon AVRMLA detection: a host cell-
death response in the cytoplasm and disease resistance
signalling in the nucleus. The nuclear MLA pool initiates
disease resistance signalling through direct interactions
with WRKY and MYB transcription factors, but the cyto-
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plasmic targets of activated MLA remain to be identified.
Our structural and biochemical work revealed that a CC
domain-dependent homodimerisation of the immune
sensor is necessary for receptor function. The CC homo-
dimer module defines a minimal functional unit, which is
sufficient to activate host cell-death signalling. A complete
mechanistic understanding of MLA-triggered immunity
will aid future development of synthetic NLR-type recep-
tors with novel pathogen-recognition specificities.

Structure and functions of the
bacterial root microbiota

Remarkably little is understood about plant-microbe inter-
actions that are, at first sight, ‘asymptomatic’ These poorly
studied plant microbiomes harbor an unknown reservoir
of probiotic and plant-protective associations. We have ap-
plied bacterial 16S rRNA gene profiling to characterize and
compare soil and root-inhabiting bacterial communities
of Arabidopsis thaliana. Roots are preferentially colonized
by soil-derived Proteobacteria, Bacteroidetes and Actin-
obacteria, and each bacterial phylum is represented by a
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dominating class or family. Soil type defines the compo-
sition of root-inhabiting bacterial communities and host
genotype determines their ribotype profiles to a limited
extent. We have examined the evolutionary diversification
of the bacterial root microbiota in relatives of A. thaliana
and shown that microbiota diversification is driven by host
species-specific ecological adaptation and host phyloge-
netic distance. In addition, this identified a core of only a
few bacterial families, which is conserved over at least 30
Myr of evolutionary time and across biogeographical host
specialization. We have isolated >60% of the root micro-
biota members from A. thaliana as pure bacterial cultures,
permitting whole-genome sequencing and in silico
analysis of the root microbiome. This makes it also feasible
to test synthetic bacterial communities for contributions
to plant growth and protective functions against patho-
genic microbes in interactions with gnotobiotic A. thaliana
plants. A deeper understanding of the organizational
principles and biochemical activities of the root microbio-
ta has potential for the development of rational probiotics
that improve plant growth and health of crops.
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Research over the past 20 years has uncovered many key
molecular components essential in establishing a robust
plantimmune system. In general, dedicated surface recep-
tors sense the presence of phytopathogens and transmit
this information via an extensive signalling system to
trigger a multitude of defence responses. Basically, one
distinguishes between two branches of the plant innate
immune system termed PTI (PAMP-Triggered Immunity)
and ETI (Effector-Triggered Immunity). PTl is initiated

by pathogen associated molecular patterns (PAMPs),
conserved molecular features of various microbes. As a
counter measure microorganisms secrete effector proteins
into host cells that intercept and attenuate PTI. ETl is
triggered by plant resistance (R) proteins that provoke
highly efficient defence responses upon specific detection
of pathogen effectors. The major differences between PTI
and ETl appear to be quantitative and temporal rather
than qualitative, indicating that pathogens trigger a com-
mon or highly interconnected plant signalling network. A
major consequence of the signalling process is massive
transcriptional reprogramming within the host cell. The
graded transcriptional responses associated with immu-
nity however clearly indicate the existence of a complex
regulatory circuitry comprised of transcriptional activators
and repressors that fine-tune gene expression. Transcrip-
tional reprogramming is mainly achieved by the action of

Transcriptional regulatory networks
ooverning the plant immune response

transcription factors (TFs) that modulate the defence tran-

scriptome. In particular, one TF family, designated WRKY,
plays a broad and pivotal role in regulating host defences.
The current challenge is to define how selective members
of this TF family mechanistically fulfil their functions.

Projects

WRKY transcription factors as positive and

negative regulators of plant immunity

Our research is centered on elucidating how Arabidopsis
WRKY factors reprogram the host transcriptome upon
pathogen challenge. Two kinds of interactions are being
studied. 1) WRKY 18 and WRKY40 act redundantly in neg-
atively regulating host responses towards the powdery
mildew G. orontii, while promoting ETl resistance to the
bacterium P, syringae (M. Schon). 2) WRKY33 plays a key
positive role in mediating resistance towards the necro-
troph B. cinerea (Dr. R. Birkenbihl; S. Liu). Expression of all
three WRKY factor genes is strongly induced by PAMPs but
their selective functions in PTI remain unclear.
Comparative expression studies revealed that hundreds
of genes are transcriptionally affected by these three TFs.
Transgenic lines expressing functional tagged versions of
the respective WRKY TFs were used to define direct in vivo
target genes on a global scale by means of chromatin im-

Plot showing PAMP-de-
pendent binding of WRKY
factors (peaks) to specific
gene loci on Arabidopsis
chromosome 4.

Figure 1



Unravelling the transcriptional networks
engaged in the plant immune response
remains a daunting task

Transgenic Arabidopsis plant expressing a gene tagged
with GFP whose PAMP-dependent activation requires
three intact WRKY factor binding sites (W boxes; left
panel) within its promoter, compared to a similar plant ex-
pressing the same transgene but with the three W boxes
mutated (right panel). Scale bars, 20 pm.

Figure 2

munoprecipitation followed by sequencing (ChIP-Seq, Fig.

1). These data are being evaluated and require substantial
bioinformatics support (Dr. B. Kracher).

Transient transfection assays uncover pathogen-
responsive cis-regulatory DNA elements

We employ a well-suited parsley protoplast system to
rapidly identify DNA promoter elements of PAMP-respon-
sive genes. For this, promoters derived from plant genes
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are fused to a reporter gene (i.e. GFP) and introduced into

the protoplasts. Protoplasts are stimulated by addition

of PAMPs to the media and induced expression levels are
monitored. Numerous promoter derivatives can be tested
simultaneously, allowing thereby rapid delineation of
critical DNA motifs required for PAMP-induced expression.
With this method we defined key WRKY factor binding
sites (W box motifs) in two Arabidopsis gene promoters
that are essential for strong transcriptional activation upon
stimulation with PAMPs. Generation of transgenic Arabi-
dopsis plants carrying such reporter constructs confirmed
the validity of this approach (E. Logemann, Fig. 2).

Future challenges

WRKY factors act in a complex regulatory network involv-
ing both positive and negative feedback loops. Besides
identifying their direct target genes we will need to uncov-
er WRKY-associated co-regulators and define the combina-
torial interactions between other TFs and chromatin-reg-
ulatory proteins, all of which determine proper temporal
and spatial transcriptional outputs.

Schon, M., Toller, A., Diezel, C., Roth, C.,
Westphal, L., Wiermer, M. and Somssich, |.E.
Analyses of wrky18 wrky40 plants reveal critical
roles of SA/EDS1 signalling and indoleglucosi-
nolate biosynthesis for G. orontii resistance and
a loss-of-resistance towards Pto AvrRPS4. Mol.
Plant-Microbe Interact. 26, 758-767 (2013)

Logemann, E., Birkenbihl, R.P, Rawat, V.,
Schneeberger, K., Schmelzer, E. and Somssich,
L.E. Functional dissection of the PROPEP2 and
PROPEP3 promoters reveals the importance

of WRKY factors in mediating MAMP-induced
expression. New Phytol. 198, 1165-1177 (2013)

Birkenbihl, R.P, Diezel, C. and Somssich. |.E.
Arabidopsis WRKY33 is a key transcriptional
regulator of hormone and metabolic response

towards Botrytis cinerea infection. Plant Physiol.

159, 266-285 (2012)

Maekawa, T., Cheng, W., Spiridon, L.N., Téller, A.,
Lukasik, E., Saijo, Y., Liu, P, Shen, Q.-H., Micluta,
M.A., Somssich, I.E., Takken, F.L.W., Petrescu,
A.-)., Chai, J. and Schulze-Lefert, P. Coiled-coil
domain-dependent homodimerization of
intracellular MLA immune receptors defines a
minimal functional module for triggering cell
death. Cell Host & Microbe 9, 187-199 (2011)

Pandey, S.P, Roccaro, M., Schén, M., Logemann,
E. and Somssich, I.E. Transcriptional repro-
gramming regulated by WRKY 18 and WRKY40
facilitates powdery mildew infection of Arabi-
dopsis. Plant J. 64, 912-923 (2010)

47



48 Research Departments

The plant immune network:
structure and dynamics

The plant immune signalling network is complex, and
how and why such complexity has arisen are important
questions. Pathogens target components of the net-
work to dampen immune responses. Therefore a simple
network can be manipulated. Unwarranted immune
responses have a negative impact on plant fitness. In
nature, plants are beset by many microbes, and different
immune responses are variably effective against different
pathogens and impose different fitness costs. Thus, the
spectra and strengths of immune responses must be
appropriately tuned. Our major goal is to understand this
complex immune network at the system and molecular
level using Arabidopsis and the bacterial pathogen Pseu-
domonas syringae.

Building a dynamic model of the
plant immune signalling network

Previous studies revealed that network components

are extensively shared in different modes of immunity.
How then do plants differentiate outputs using shared
machinery? Characterization of the molecular processes
that underpin the quantitative and dynamic nature of the
immune signalling network is necessary to answer this
question. The generation of time series of transcriptome
data collected under multiple conditions is a powerful
approach to disentangling complex biological processes,
as it allows construction of dynamic gene regulatory net-
works. We are using next-generation sequencing tech-
nology for time-series transcriptome analysis, followed

Pathogen-derived molecules such as MAMPs
and effectors are recognized by receptors,
which triggers pattern-triggered immunity
(PTI) and effector-triggered immunity (ETI),
respectively. Signalling machinery em-
ployed in PTl and ETl is extensively shared,
but is utilized differently in PTl and ETI,
resulting in distinctive outputs.

Figure 1



Department of 49
Plant Microbe Interactions

We need systems approaches to
understand the structure and dynamics

of the plant innate immune network

by network analysis, in order to characterize the dynam-

ics of plant immune networks. In addition to defining the
structure of the plant gene regulatory network, we are
integrating transcriptome analysis of pathogens to con-
struct a larger network that should help us to understand
the complete web of plant-pathogen interactions.

Modulation of network properties
by duration of MAPK activation

Our previous studies suggest that different types of plant
immune responses share network components, but use
them in different ways (Figure 1). During PTI, salicylic
acid (SA) signalling, which regulates a major portion of
the plant immune response, was required for the proper
regulation of the vast majority of SA-responsive genes.
However, during ETI, triggered by the effector AvrRpt2
(AvrRpt2-ETI), most SA-responsive genes were still as
responsive in SA-deficient mutants as in the wild type,
suggesting robust gene regulatory mechanisms during
AvrRpt2-ETI. The activation of the two immune-related
MAPKs, MPK3 and MPKB6, persisted for several hours
during AvrRpt2-ETI but less than one hour during PTI.
Sustained MAPK activation was sufficient to confer
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SA-independent regulation of most SA-responsive genes.
Furthermore, a double mutant deficient in both SA and
MPK3 showed increased susceptibility during Avr-
Rpt2-ETl although single mutations do not have much
effect. These results indicate that the duration of the
MAPK activation is a critical determinant for modulation
of robustness of the immune signalling network and that
the gene regulatory mechanism conferred by sustained
MAPK activation is a source of robustness during ETI. Our
aim is to unravel the molecular mechanism responsible
for decoding information about the duration of MAPK
activation and how plants regulate this parameter.

Mode of action of immune outputs
for suppression of bacterial growth

Although much has been learned about pathogen rec-
ognition and plant signalling components, very little is
known about which plant immune outputs affect bacte-
rial activity and stop bacterial multiplication, or how they
do so. We are now working to identify immune outputs
that inhibit bacterial growth, and to elucidate the molec-
ular basis of the suppression of bacterial activity.
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Plants show considerable morphological variation in
organ shape, size and number. Work in our depart-
ment seeks to elucidate the basis for such variation.
We address two fundamental questions: first, how do
plants develop and grow into complex organisms st-
arting from a fertilized egg and, second, how did plant
form diversify through evolution? To answer these
questions we work at the interface of developmental
genetics, evolutionary biology and biomechanics.
This combination of approaches helps us to identify
genetic networks that underpin the generation of
different aspects of morphology and understand how
the balance between conservation and divergence of
these networks generates diversity during evolution.

However, one key challenge arises from the fact that

an organism’s form is determined by a cascade of

processes that take place at different levels of orga-
nization, and yield the final form through complex
feedback loops of genetic regulation, signalling, cell
proliferation patterns, and tissue growth. Thus, it
becomes increasingly difficult to conceptualize how
the processes that influence growth and patterning
are combined and integrated to produce organis-

mal form. To resolve these issues and synthesize our
biological findings, we use computational approaches
to help reveal fundamental principles that govern the
development and diversity of plant form. Our work

is important for two reasons: By building a predictive
framework that conceptualizes how biological forms
develop and diversify, we attain a clearer understan-
ding of the natural world and improve the knowledge

base that underpins plant breeding.
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Genetic basis

of phenotypic evolution

We investigate the genetic basis of phenotypic differences
between Cardamine hirsuta (an emerging model species)
and its relative Arabidopsis thaliana, and explore the evolu-
tionary processes underlying such differences. We focus on
variation in petal number and explosive pod shatter, which
are traits found in C. hirsuta but not in A. thaliana, and use
parallel genetic studies to investigate the evolution of
developmental processes controlling these traits.

My group exploits the extensive experimental tools devel-
oped in C. hirsuta to ask how variation between C. hirsuta
and A. thaliana in the organization of gene networks drives
the evolution of fruit and floral structures. Our reasons for
focusing on these morphologies are four-fold: first, these
are rapidly evolving traits that can be compared between
related but reproductively isolated species; second, the
direction of evolutionary change in these morphologies

is known; third, these traits probably have adaptive value
for pollination and seed dispersal strategies and, finally,
understanding these processes has potential translational
value for Brassica crop improvement.

Petal number variation:
Inter- and intraspecific variation

Petal number is constant in A. thaliana but variable in C.
hirsuta. We find petal number variation not only between
these two species but also within C. hirsuta. We capitalize
on this inter- and intraspecific variation to address funda-
mental questions about evolutionary change: Are single
gene changes sufficient to explain species-specific form?
What are the precise genetic changes involved? How are
genetic changes translated into phenotypic differences?
Does inter- and intraspecific variation have the same
genetic basis?

Explosive pod shatter:
Genetics and mechanics of development

Explosive pod shatter in C. hirsuta is a ballistic seed
dispersal mechanism that transfers stored mechanical
energy from fruit tissues to the seeds, launching the
seeds with such impetus that they disperse up to several
metres away from the parent plant. In comparison, A.

Here, we show three successive time points in the early development of a C. hirsuta flower. We use these images to track growth
and gene expression dynamics in the space available for petal initiation between each sepal.

Figure 1: Time-lapse imaging of C. hirsuta floral organ growth



We use parallel genetic studies
to investigate the evolution of

developmental processes
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We model C. hirsuta fruit valves as mechanical bilayers that build elastic energy because tissue shrinkage in the outer layer is
constrained by an inextensible inner layer. Here, we show outer layer cell shrinkage in the length dimension from pre- (A) to
post-explosion (B).

Figure 2: Turgor-driven tissue shrinkage builds up energy for explosive pod shatter

thaliana pod shatter is non-explosive. Our aim is to translated into explosive pod shatter. The outcome of this
understand how differences in fruit morphology evolved work will be predictive models of fruit development that
to provide these two species with dramatically different capture the diverse seed dispersal strategies of C. hirsuta
seed dispersal strategies. and A. thaliana in a quantitative fashion.

We are taking a combined biological and computational
approach to conceptualize how the interplay of genetic
and mechanical regulation in the developing fruit is

Selected publications

McKim, S. and Hay, A. Patterning and evolution Piazza, P, Bailey, C.D., Cartolano, M., Krieger, J.,

of floral structures — marking time. Current Cao, J., Ossowski, S., Schneeberger, K., He, F., de
Opinion in Genetics & Development. 20, 1-6 Meaux, J., Hall, N., MacLeod, N., Filatov, D., Hay,
(2010) A. and Tsiantis, M. Arabidopsis thaliana Leaf

Form Evolved via Loss of KNOX Expression in

Hay, A. and Tsiantis, M. KNOX genes in plant Leaves in Association with a Selective Sweep.

development and evolution: 20 years on. Current Biology 20(24), 2223-8 (2010)
Development 137(19), 3153-65 (2010)

Hay, A., Barkoulas, M. and Tsiantis M. ASYM-
METRIC LEAVES1 and auxin activities converge
to repress BREVIPEDICELLUS expression and
promote leaf development in Arabidopsis.
Development 133(20), 3955-61 (2006)

Hay, A. and Tsiantis, M. The genetic basis for
differences in leaf form between Arabidopsis
thaliana and its wild relative Cardamine hirsuta.
Nature Genetics 38, 942-7 (2006)



54 Research Departments

Comparative genetics

transcription factors

SBP-box genes encode plant-specific transcription factors
that control differential gene expression as required for
growth and development. Plants have evolved a remark-
able ability to adapt their growth and development to
varying environmental conditions. Whereas homeostatic
responses to random fluctuations in, for instance, nutri-
ent availability are required to maintain growth, devel-
opmental transitions generally rely on more gradual and
lasting shifts in environmental variables like seasonally
changing day length. However, limitations to the degree
of phenotypic alteration are set by (epi )genetically deter-
mined mechanisms to ensure the ordered progression of
development and successful reproduction. In the context
of these mechanisms, SBP-box transcription factors play
an important role as components of either environ-
mentally triggered signalling cascades or endogenous
genetic programmes.

of SBP-box genes:
A family of plant-specific

SBP-box genes and copper homeostasis

Copper is a vital nutrient and plays an essential role in al-
most all aspects of plant physiology, including processes
like photosynthesis and respiration. However, in nature
plants are often confronted with copper-deficient soils,
which also pose an agronomic problem as they result in
reductions in growth rate, plant stability, fertility, seed
set and yield. Whereas the electrochemical properties

of its ions are beneficially exploited in various enzyme
complexes, these properties rapidly become detrimental
to cellular structures when copper is imported in excess.
Consequently, plants maintain Cu levels within a toler-
able range through homeostatic mechanisms which, in
the flowering plant Arabidopsis, are partly orchestrated
by the SBP-box transcription factor SPL7 (Figure 1). One
obvious SPL7 function under Cu starvation conditions

is to stimulate Cu uptake from the soil by activating
high-affinity copper transporters localized in the plasma
membranes of root cells. As part of a collaborative

effort with German and US groups specialized in metal

Copper deficiency may
result in weak stems and
lodging in cereals, and the
transcription factor SPL7
plays an important role
in counteracting these
symptoms. Lignification
to strengthen cell walls,
visualized (red coloration)
with Maule stain in these
cross-sections through
Arabidopsis stems, is
virtually absent in the
spl7 mutant grown under
copper-deficient (- Cu)

conditions.

Figure 1



Comparative analyses of SBP-box genes
will lead to a better understanding of the
molecular genetic mechanisms driving plant

diversification and ecological distribution

homeostasis, we recently showed that this response

also involves the SPL7-dependent induction of the ferric
reductases FRO5/FRO4, which reduce Cu(ll) to Cu(l) as
required for high-affinity copper uptake.

How SPL7 senses the cellular Cu status, and how its
activity is modulated in organs as different as roots and
shoots remains unclear. Current research in our group
therefore concentrates on the interactions between SPL7
and other proteins.

SBP-box genes and sexual reproduction

Before they reproduce, flowering plants pass through a
phase of vegetative growth during which nutrient up-
take and photosynthetic capacities increase and reserves
of assimilate are built up, which will later be mobilized

to support seed development. To optimize the accumu-
lation of such reserves, and ensure successful seed set at
the end of the growing season, plants integrate changing
environmental cues with developmental maturation in
order to time the onset of reproductive growth. It is now
well established that a particular subset of SPL genes,

in combination with a suppressing regulatory micro-
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RNA, act as key determinants in enabling this transition
process. More recently, however, we discovered that
members of the same subset of microRNA-targeted SPL
genes are functionally redeployed at later stages in the
flowering process: here they act redundantly with the
non-targeted SBP-box gene SPL8. Simultaneous loss-
of-function of targeted SPL genes and SPL8 results in
severely reduced fertility, owing to the failure of anthers
to produce pollen and of gynoecia to form a transmitting
tract to guide pollen tubes to the ovules for fertilization.
If and how this function of microRNA-targeted SPL genes
in tissue differentiation of reproductive organs relates

to their role in the transition to the reproductive phase

is unknown. Current research in our group is therefore
devoted to the identification of target genes of SPL8 and
microRNA-targeted SPL transcription factors.
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Our research uses mathematical and computer simula-
tion techniques to investigate questions in plant de-
velopment. Working in close collaboration with experi-
mental biologists, we develop cellular-level simulation
models of hormone signalling and patterning in plant tis-
sue. These models involve a biochemical aspect - genes,
proteins, hormones - combined with changing geometry,
as cells divide and tissues grow. We are interested in the
interaction between these two types of processes: how
genes control physical properties of cells resulting in
growth, and how the resulting change in geometry and
physical forces feeds back on signalling and gene regu-
lation. With this in mind, we are researching methods to
quantify mechanical properties in plant tissues, to facil-
itate the construction of biophysically based simulation
models of plant growth.

MorphoGraphX

Much of our research involves the precise tracking of cell
shape changes, resulting either from growth or elas-

tic deformation. Since plant cells are immobile, much
information about morphogenesis can be obtained by

Computational modelling
of morphogenesis and biomechanics

Screen-shot of MorphoGraphX showing the segmentation
of a tomato shoot apex at successive time points.

Figure 1

Cellular Force Microscopy on a mature Arabidopsis
embryo. Color indicates stiffness in N/m. Work done in
collaboration with the G. Bassel lab, Birmingham.

Figure 2

looking at shape changes in the surface layer of cells.
However, in many plant organs the surface layer of cells
is not flat. To address this problem, we have developed
specialized software called MorphoGraphX for the
quantification of curved surface layers of cells (Figure 1).
Working somewhere between 2 and 3D, MorphoGraphX
is able to turn 3D confocal image stacks into curved sur-
face images, which are then processed with algorithms
we have adapted for this purpose. We are now extending
our software for full 3D cell segmentation, fluorescence
quantification, shape analysis, and other image process-
ing problems as our research demands.

Cellular Force Microscopy

Cellular force microscopy (CFM) is a new computer-con-
trolled micro-indentation technique (Routier-Kierzkows-
ka et al. 2012) that we have developed to measure the
stiffness of biological samples (Figure 2). It is able to
handle much higher forces and displacements than the
current atomic force microscopy (AFM) systems. The

long, slender probe and fine tip also enable the system to
be used as a computerized micro-ablation tool. We can
customize both the software and hardware configuration,



We use mathematical and computer
simulation techniques to investigate

questions in plant development

Department of
Comparative Development
and Genetics

Cutaway view of a cortical cell from an Arabidopsis em-
bryo used in a finite-element model of cell expansion. Our
software allows us to import cell shape information taken
from microscopy images directly into simulation models.

Figure 3

allowing us to combine the setup with confocal micros-
copy, and to adapt the system to new experimental
requirements.

The physical basis of morphogenesis

We use several systems to investigate the mechanical
changes in cells that are required to create form, and to
model the interaction between genes and shape change.
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In collaboration with the D. Weijers lab in Wageningen,
we study cell division patterning during early embryo
development in Arabidopsis. The stereotypical division
patterns and relatively low numbers of cells allow devel-
opment to be followed at the cellular level in exquisite
detail. In the mature embryo, a binary growth switch
occurs as the seed takes the decision to break dormancy.
This makes it an ideal system for examining the relation-
ship between the induction of growth-promoting gene
expression and organ morphogenesis, which we pursue
in collaboration with the G. Bassel lab in Birmingham. We
also collaborate within the department with the A. Hay
and M. Tsiantis groups, looking at the genetic control of
leaf initiation and the biomechanics of seed dispersal in
Cardamine hirsuta. We test our hypotheses by using 3D
spatial simulation models, developed in collaboration
with the P. Prusinkiewicz lab in Calgary, that are based
on cell shape information extracted from sample tissue
using MorphoGraphX. These data are being used to feed
physically based finite-element (FEM) simulation models
(Figure 3) that we are using to explore the regulation of
cell expansion and morphogenesis in a geometrically
and mechanically realistic environment. Our goal is to
move one step closer to a true virtual plant tissue.
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Plant development
and diversity

We seek to address two fundamental questions in biol-
ogy: how do biological forms develop and what is the
basis for their diversity? To address these questions, we
first aim to elucidate how genotypes are translated into
organismal forms through the process of morphogene-
sis. Secondly, we seek to conceptualize how the balance
between conservation and divergence in morphogenetic
regulatory networks yield different organismal forms dur-
ing evolution. We approach these problems using genet-

Confocal laser scanning micrograph of the aerial part of a
Cardamine hirsuta seedling stained with propidium iodide
staining and visualized using MorphoGraphX software.

Figure 1

ics, while also employing biological imaging, genomics

and computational modelling. We believe that working
at the interface of these areas will allow us to attain a pre-
dictive understanding of how biological forms develop
and diversify (Figure 1).

Our research programme is empowered by the use of
Cardamine hirsuta (hairy bittercress), a common weed we
developed as a model system for studies in the evolution
of development. C. hirsuta is related to the reference
plant Arabidopsis thaliana (thale cress) and, like A. thalia-
na, is amenable to both forward and reverse genetics
approaches, including efficient transgenesis. However, C.
hirsuta and A. thaliana differ in key morphological traits,
including leaf shape, shoot branching, floral structure
and fruit development, so comparative studies between
these two species can greatly enrich our knowledge of
the molecular mechanisms that drive the evolution of
form. The analysis of both induced and natural variation
within this comparative framework, coupled with broad-
er, phylogenetically informed studies across seed plants,
will help us to understand the genetic basis for evolution-
ary change. We are pursuing the following interrelated
strands of research.

Morphogenesis and the control of form

Can we conceptualize morphogenesis in a predictive
fashion? The form of an organism is determined by a
cascade of developmental processes that take place at
different levels of organization and yield the final form
through complex feedback loops of genetic regulation,
signalling and tissue growth. We aim to delineate such
interactions and develop predictive models that con-
ceptualize the process of development. Examples of the
processes we study are leaf morphogenesis and pattern-
ing, and cell fate delimitation during embryo, shoot and
root development (Figure 2).



We seek to understand the genetic
basis for morphological evolution
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Segmentation of a developing C. hirsuta leaflet obtained
using MophoGraphX software. The leaflet was imaged
with the confocal laser scanning microscope after staining
with propidium iodide as shown in the left panel. Colours
indicate segmented cells. The scale bar indicates 40
microns.

Figure 2

The mechanistic basis for
morphological diversity

Is morphological diversity between species generated by
a large number of genetic differences of small effect, or
by a few genetic changes with large effects? Are a hand-
ful of key genes responsible for the evolution of multiple
morphological traits? How are genes that drive diversi-
fication positioned within genetic regulatory networks
that influence form? Which specific genes have changed
to produce the vast degree of morphological diversity
seen in nature? And how do these genes change e.g. are
mutations that result in stable morphological change
more likely to lie in coding or regulatory segments of
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genes, do they behave in a dominant or recessive fashion,
are they already present in populations or does their
sudden appearance generate diversity?

Paths of evolutionary change

How repeatable is evolution? Does diversity in the

same types of genes or pathways underlie variation in
the same trait in different instances? Does inter- and
intra-specific variation in morphology of the same traits
arise via equivalent morphogenetic avenues? How prev-
alent is the role of positive selection in sculpting diverse
plant forms and can the agents of selection be identified?
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Giving talented young scientists from diverse back-
grounds the opportunity to prove themselves as
leaders of independent research groups complements
and expands the focus of the departments. The groups
directed by these younger scientists operate outside
the departmental structure and can pursue their own
research topics for a period of up to five years.
Currently five independent research groups supply
expertise in the evolution of obligate parasitism and
the phyllosphere microbiome (Eric Kemen), plant che-
metics (Renier van der Hoorn), computational biology
and regulatory networks (Achim Tresch), photoperi-
odic control of flowering in barley (Maria von Korff),
as well as the evolution of annual and perennial life
strategies (Maria Albani). Maria von Korff’s group was
set up together with the University of Disseldorf and
is associated with a Junior Professorship at that univer-
sity. The groups led by Maria Albani and Achim Tresch
were established together with the University of Co-

logne and are associated with a Junior Professorship

and a W2 professorship at that university, respectively.

Service groups are also independent of the depart-
ments and are headed by tenured scientists who per-
form research tasks, in addition to service duties which
they carry out in collaboration with groups inside and
outside the Institute. Erich Kombrink’s group applies
chemical biology approaches by screening libraries of
compounds for small molecules that block or activa-
te specific cellular processes. These are then used to
isolate their plant targets. ElImon Schmelzer’s group
manages our imaging facilities comprising a wide
variety of confocal light and electron microscopic inst-
rumentation, Iris Finkemeier’s group provides services
in advanced protein mass spectrometry analysis and
in plant proteomics, and Bernd Reiss’ group explores
recombination pathways in plants. Richard Reinhardt
heads the aforementioned Max Planck-Genome-
centre (MP-GC), a core facility providing cutting-edge
technologies in next-generation DNA- and RNA

sequence analysis.
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and biodiversity

New plant diseases emerge regularly and present a
constant threat to food security. One major class of plant
pathogens that causes massive epidemics on crops and
wild plant species are the so-called obligate biotrophs.
The biotrophic lifestyle requires keeping the host alive for
days or weeks so as to maximize the number of spores
produced. Specialized infection strategies are therefore es-
sential. The crucial organ that mediates close host-parasite
interactions for nutrient uptake and signal exchange is the
haustorium. The close and intimate interaction with host
organisms required by the biotrophic lifestyle significantly
restricts the host range of the individual isolate. Neverthe-
less, biotrophy has evolved several times independent-

ly within the eukaryotes - at least twice in both fungi
(powdery mildews and rust fungi) and oomycetes (downy
mildews and white rusts). Numerous obligate biotrophic
pathogens cause broad-spectrum suppression of innate
immunity, thus facilitating the growth of other, opportun-
istic pathogens.

To understand the lifestyle, diversity and evolution of
biotrophic pathogens, one must apply a combination of
molecular, evolutionary and ecological approaches to ob-
tain insights into how these parasites have evolved in close

Evolution of obligate parasitism

association with host plants and assorted pathogenic and

non-pathogenic organisms. We therefore address two main
questions: (1) How does an obligate biotroph maintain the
ability to colonize new hosts while still being highly spe-
cialized? (2) What evolutionary pressures drive the build-up
and maintenance of a complex biotrophic community?

Colonization of new hosts

Genomic sequencing of different white rust isolates
(Albugo sp.) has revealed several polymorphic and hete-
rozygous loci even within selfing A. laibachii isolates. To
understand how these loci are maintained it is crucial to
understand the life-cycle of Albugo sp., as well as infection
strategies that might select for certain genotypes. A great
variety of spore morphology has evolved in pathogenic
fungi and oomycetes. Major differences exist between
asexual spores with shorter lifetimes but high production
rates and durable spores like oospores resulting from
sexual recombination. It has been reported that durable
spores are more likely to infect roots, while asexual spores
predominantly infect leaves. We hypothesize that sexual
recombination results in genotypes that are less well
adapted to leaf infection than to root infection. Our goal

Hyphae (Hy) of the obligate biotroph pathogen Albugo
laibachii span the intercellular space of its host plant Arabi-
dopsis thaliana. Haustoria (Ha) have been formed inside the
plant cells (PC). Following successful infection, spores (Sp)

are released by rupturing the cuticle. Bacteria (B) are in close
proximity to intercellular hyphae and attached to spores on
the leaf surface. Fungal (F) growth and growth of other oomy-
cetes is strongly promoted following A. laibachii-mediated
suppression of the host plant’s immune system.

Figure 1: A biotroph-facilitated microbial community (schematic view).



Independent Research Groups
and Service Groups

is to investigate the organ specificity of sexual and asexual
stages with a view to understanding if and how organ
specificity after sexual recombination influences genetic
diversity.

Complex biotrophic communities

It has been hypothesized that intimate and frequent
contacts, in combination with the ability to evade host
defences, are essential for pathogens to colonize new hosts
(van Baarlen 2007). The broad-spectrum suppression of
plant innate immunity typically induced by the obligate

biotrophic pathogen and primary colonizer promotes both.

It permits elements of the microbiome to enter into close
and lasting contact with non-host plants, but also allows
these associated organisms to reproduce on the new
pre-colonized host and therefore increases the likelihood
that successful defence-evading genotypes are produced.
This higher potential for foreign vectors to become patho-
genic to the new host should tend to increase competition,
which is presumably not in the interests of the broad-spec-
trum suppressor. It is therefore likely that other benefits to
the primary pathogen follow from allowing multi-species
co-habitation on the host.
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Dissecting the microbial community in such pathogen-me-
diated niches is crucial to defining species networks that
allow multiple organisms from different kingdoms to
co-exist. These networks may serve to enhance the survival
and fitness of their members, e.g., by manipulating the
host environment to increase availability of nutrients or
provide essential metabolites. We are using a combination
of high-throughput sequencing techniques to identify
species diversity and interaction capability. Collecting a
broad range of different samples from numerous loca-
tions enables a search for network components that are
essential for pathogenicity within associated communities.
Connecting the underlying mechanisms is fundamental to
understanding how diversity is generated in natural eco-
systems. Therefore, we are isolating and purifying identified
microorganisms for additional whole-genome sequencing.
We are particularly interested in genes that are exchanged
between organisms via horizontal gene transfer. The goal

is to probe the stability of these complex communities, to
dissect the mechanisms that enable organisms to co-exist
on a living plant and identify the evolutionary forces that
lead to co-existence based on pathogenicity.
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Host-parasite
co-evolution

Host resistance and parasite virulence travel togeth-

er through evolutionary time in a dynamic and often
unstable equilibrium, each imposing unpredictable

and intense selective pressures on the other. As a result,
host-parasite relationships become remarkably special-
ized. General mechanisms of host immunity are now
well understood, but for the parasite it is the details that
matter, generating refined mechanisms of co-adaptation
specific for each host-parasite complex. Our project is di-
rected towards understanding an evolutionarily dynamic
host-pathogen interaction in the wild in an animal ex-
ample that has striking commonalities with plant disease
resistance phenomena.

Toxoplasma gondii and the house mouse

T. gondii is a ubiquitous protozoan parasite. The sexual
phase occurs in cats only; the infected cat sheds millions
of environmentally resistant oocysts in the feces. These
are infectious via the intestinal tract when inadvertently
eaten by foraging animals. Infected animals either die of
the infection, eliminate the infection by immunity, or find
a middle way in which the organism forms cysts in brain
or muscle. These persist until the infected animal is eaten
by another cat. Because the domestic cat is so extremely
abundant relative to all other cats put together, most
evolutionarily significant hosts for T. gondii are now typical
prey for domestic cats, such as small rodents and some
birds. Among small rodent prey species, the house mouse
is probably one of the more prominent world-wide and
therefore likely to be an evolutionarily significant T. gondii
transmitter. By evolutionarily significant, | mean that the

Each block represents a gene product; numbers of amino-acid differences from the inbred C57BL/6 laboratory strain are indicat-
ed. Colour similarity is related to phylogenetic distance between the sequences. See Lilue et al 2013 for details.

Figure 1: Polymorphism of IRG proteins in laboratory and wild mice.
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Host-pathogen interactions are responsible
for some of the strongest selective forces

in nature, yet the relationships between
pathogens and their hosts are often hard to

disentangle in the natural environment.

The highly polymorphic surface of Irgb2 that interacts
with the polymorphic face of a T. gondii virulence protein
is shown in heat colours to indicate the intensity of recent
selection (Lilue et al, 2013)

Figure 2: Ribbon structure model of the IRG resistance
protein Irgb2.

transmission of T. gondii from cat to cat would be signifi-
cantly retarded if mice were to develop a highly efficient
resistance mechanism that prevented encystment. A
similar argument would apply with greater or lesser force
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depending on the proportional contribution of each prey

species to T. gondii transmission. Wild mice are impor-
tant because of their global sympatry with cats, but their
importance is reduced by the puzzling low frequency with
which they carry T. gondii cysts, around 1% while many
evolutionarily irrelevant domestic animals including hu-
mans are infected at levels above 30%. It is certainly open
to question whether the low frequency of infection in wild
mice is due to extremely efficient resistance.

Our project is to understand the resistance of wild mice
against sympatric T. gondii strains. The key resistance
mechanism is based on a family of GTPases (IRG genes)
whose genetic behaviour has strong analogies to plant
R-genes. They are tightly clustered in the genome, mul-
tiple genes showing signs of dynamic behaviour, both
cis and trans gene conversion, several pseudogenes etc.
But above all, we recently showed that a remarkable
polymorphism in wild mice (see Figure) correlates with
the ability to resist certain strains of T. gondii (Lilue et al,
2013). However to show that there is a co-evolutionary
situation it is essential to be able to correlate wild gen-
otypes with wild infections, and this is the heart of our
project. At the MPIPZ we take advantage of the excellent
bioinformatics as well as the deep understanding of
R-gene polymorphism and function.
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On our way to a mechanistic understanding of the

cell, we need to analyse and interpret huge amounts of
multi-dimensional, incomplete and noisy data. We are
developing and applying statistical techniques which are
able to cope with these challenges. Our primary research
target is the regulation of RNA transcription. In a joint
effort with experimentalists, we impose well-defined
perturbations on the cell’s RNA transcription and degra-
dation machinery, and collect large-scale protein-bind-
ing and mRNA expression data. These are analysed using
dynamic models to shed light on the processes that
together determine steady-state RNA levels. Ultimately,
we hope to provide a comprehensive and quantitative
model of RNA transcription.

Computational biology
‘of transcriptional regulation

Dynamic transcriptome analysis

We have developed dynamic transcriptome analysis
(DTA), an experimental bioinformatics method which al-
lows us to measure RNA synthesis and degradation rates
on an absolute and genome-wide scale. We have shown
that RNA synthesis and degradation are coupled, such
that they reciprocally compensate for global changes
and thus stabilize RNA levels. We have also identified an
enzyme which establishes the feedback loop between
these two processes. Using DTA, we monitored the yeast
response to salt stress and found that such a coupling
also exists for dynamically induced stress-specific tran-
scripts. Our studies of periodic gene expression during
the cell cycle revealed that periodic transcription is
intimately linked to delayed changes in RNA degradation,

De novo annotation of genomic states (the
composition of the transcription complex) from
genome-wide DNA-binding data (top lines)
using a bidirectional hidden Markov Model.
Input data are, from top to bottom: strand-spe-
cific wild-type RNA levels (salmon color for the
Watson strand and orange for the Crick strand),
occupancy maps of nucleosomes, 3 capping
factors, 2 initiation factors, and 4 C-terminal
domain isoforms of Polymerase Il. Inferred
genomic states are shown as colored boxes in
the lowest track, one color for each state, where
expressed states coding for Watson strand/Crick
strand/no transcription are positioned above/
under/on the axis. For comparison, litera-
ture-based transcriptome annotation is shown
in the 2nd track from the bottom.

Figure 1
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Mathematical modelling of RNA
transcription and degradation will lead to

a deeper understanding of gene regulation,
one of the most fundamental processes

of life

which lead to a sharpened, timely, yet highly efficient
expression response. We have also modelled the process
of RNA degradation by the exosome at single-nucleotide

resolution.

Unsupervised detection of chromatin
and transcription states

We intend to improve the statistical models of RNA
regulation by dissecting the processes of RNA transcrip-
tion and degradation into their elementary steps and
pinpointing the relevant factors that intervene at the
different stages of transcription and degradation. In
particular, we will perform integrative modelling of data
on epigenetic modifications, chromatin structure and
protein-DNA interactions to discover the “‘grammar” of
transcription. We will also search for regulators of RNA
decay, and investigate how they couple RNA synthesis
and degradation.

Selected publications

67

Reconstruction of gene regulatory networks

We are developing probabilistic graphical models that
allow us to infer transcription factor- and microRNA
activity, and even transcription factor interactions, from
gene expression data. In particular, we have improved
the theory of nested-effects models and implemented
very efficient algorithms for parameter estimation in this
model class. This enables us to reconstruct networks in-
volved in gene regulation, such as the signalling network
that links the Mediator multi-protein complex and its
interaction partners.

Time-lapse image analysis

Time-lapse fluorescence microscopy has become one of
the most powerful tools in molecular biology. Thousands
or even millions of single cells must be automatically
identified, tracked in time, and characterized phenotypi-
cally in order to draw valid conclusions. We are develop-
ing algorithms and software that will help experimental-
ists to interpret their data.
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The control of flowering is central to reproductive success

in plants, and has a major impact on grain yield in crop
species. Flowers are sensitive to abiotic stresses, and
flowering needs to be induced at the optimal time of the
year to maximize seed set. Understanding the genetic
control of shoot and inflorescence development thus has
great potential for crop improvement. As the molecu-

lar mechanisms underlying developmental processes
remain largely unknown in important monocotyledon-
ous crop plants, our group has focused its work on the
genetic and molecular basis of reproductive meristem
development in barley.

Photoperiod control of flowering

Seasonal changes in photoperiod are major developmen-
tal cues in barley. The photoperiod flowering pathway
channels inputs from light, day length, and the circadian
clock to promote the floral transition. Plants measure time
with the circadian clock, which is an internal timekeep-

er with a period of about 24 h. This clock allows plants

to coordinate their metabolism and development with
predicted daily and seasonal changes in the environment.
In Arabidopsis, the circadian oscillator consists of transcrip-
tion factors which are interconnected in negative feedback

Photoperiodic control
of flowering in barley

loops. We are interested in understanding how domestica-
tion and modern plant breeding have changed the circa-
dian clock and thus photoperiod response and adaptation.
Fast flowering under long days in wild barley is controlled
by the major photoperiod response gene Ppd-H1, a barley
orthologue of the Pseudo Response Regulator genes

that are involved in the circadian clock in Arabidopsis. A
natural mutation in the conserved CCT domain of Ppd-H1
prevalent in spring barley causes a reduced response to
long days and was selected for adaptation to long grow-
ing seasons in Northern latitudes. We have shown that
circadian clock genes are structurally conserved between
barley and Arabidopsis, but independent duplications/
deletions of clock genes have occurred throughout the
evolution of eudicots and monocots. Differences in both
structure and expression of clock genes between barley
and Arabidopsis suggest that the clock differs between
eudicots and monocots. We have shown that the natural
mutation in Ppd-H1 delays flowering time, but does not
change the circadian clock, suggesting clock-dependent
and independent functions of this gene. We also found
that natural variation at Ppd-H1 primarily affected inflores-
cence development and, to a lesser extent, the transition
from a vegetative to a reproductive meristem (Figure 1).

Developing shoot apical
meristem (SAM) in barley.
Different develop-
mental phases can be
distinguished based on
morphological changes in
the SAM.

Figure 1
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The regulation of flowering plays a crucial

role for the reproductive success of barley
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suggested a conserved function for ELF3 and LUX, as its

P L $i oA AN T A
Field trial of a barley recombinant-inbred-line population
derived from a cross between the Syrian landrace Arta and

primary targets in Arabidopsis are related members of the

PRR family. Interestingly, mutations in HVELF3 were used to

the Australian cultivar Keel in Syria in 2011. The popu-

lation is segregating for growth type as determined by

variation at Vrn-HT and Vrn-H2.

breed barley varieties adapted to short growing seasons,
although these lines are severely compromised in clock
function. In contrast to Arabidopsis clock mutants, the bar-
ley clock mutants are not strongly affected in photomor-
phogenesis, growth or primary assimilation under control
conditions. We are currently testing the performance of
these clock mutants under dry field conditions, in coopera-
tion in partners in the Palestinian Territories.

We have already shown that variation in flowering time

is the strongest determinant of yield in stress-prone, dry

environments. A large field study in Syria conducted in

Figure 2

We have recently identified and characterized the
circadian clock orthologues HvELF3 and HvLUX1, which
correspond to the early maturity loci eam8 and eam10,

cooperation with the International Center for Agricultural
Research in the Dry Areas (ICARDA) revealed that the

vernalisation genes Vrn-H1 and Vrn-H2 have pleiotropic
effects on growth, spike and plant architecture, and yield
stability in dry Mediterranean environments (Figure 2).

respectively. These mutations alter clock function and
cause photoperiod insensitivity and early flowering by
up-regulating Ppd-H1 under short day conditions in
barley. Increased expression of Ppd-H1 in eam8and eam10

Under changing climate conditions, shorter winters and
early summer drought, the fast flowering, vernalisation-in-
sensitive genotype outperformed the traditional Syrian
genotype which is vernalisation sensitive.
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The evolution of annual
and perennial life strategies

Plants that live for a year or less follow the annual life
strategy; others have adopted the perennial life strat-
egy and can live for many years. Many plant families
contain both annual and perennial species, indicating
that the annual and perennial life strategies have been
selected several times during evolution. Annual species
are thought to be derived from perennial ancestors, but
the molecular mechanisms underlying this evolutionary
change are not understood. Our group is interested in
understanding plant life-history evolution at the molec-
ular level.

In our studies we perform comparisons between closely
related, annual and perennial Brassicaceae species, but
also use diverged perennials such as the wild strawberry

Fragaria vesca. We have previously shown that differenc-
es in the expression patterns of a flowering-time gene
contribute to differences in life strategy between the
annual Arabidopsis thaliana and the perennial Arabis
alpina. FLOWERING LOCUS C (FLC) is a key floral repres-
sor in A. thaliana that regulates flowering in response to
prolonged exposure to cold - a process called vernalisa-
tion. Its orthologue in A. alpina, PERPETUAL FLOWERING 1
(PEP1) ensures that plants require vernalisation to flower,
but in addition contributes to the perennial life strategy.
PEP1 in A. alpina also displays natural variation for flow-
ering in response to vernalisation and perennial traits.
Accessions that carry non-functional PEP1 alleles do not
require vernalisation to flower and flower continuously.

A. alpina mutant with inflorescence phenotype (left) compared to wild type (right)

Figure 1
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The pep1 mutants and accessions that carry non-functional
PEP1 alleles are still perennials, suggesting that there are
additional mechanisms that regulate the perennial growth
habit besides PEP1. To identify genes that contribute to
the perennial growth habit of A. alpina we performed en-
hancer and suppressor mutagenesis screens, focusing on
mutants that show additional phenotypes such as inflo-
rescence and branching defects (Figure 1). Identification of
the causal mutations should enhance our understanding
of the perennial growth habit in A. alpina at the molecular
level. To test whether identified genes contribute to life
history evolution, comparisons will be performed with A.
thaliana and other Brassicaceae species. Additional studies

Selected publications

on F. vesca will also show whether already identified mech-
anisms are evolutionarily conserved in other families such
as the Rosaceae.

Finally, one further characteristic of perennials is that
they undergo secondary growth and are able to propa-
gate asexually using special organs such as the runners
in strawberry. We are interested to know how these veg-
etative traits are coordinated with flowering within the
perennial life cycle of A. alpina and other perennials.
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Plant Chemetics

The Plant Chemetics lab investigates plant-pathogen in-
teractions using state-of-the-art chemical proteomics to
reveal how protein functions are manipulated by patho-
gens during infection. Indeed, the lab has pioneered the
development and application of activity-based protein
profiling (ABPP) in plants. ABPP involves the labelling of
proteomes, tissues or whole organisms with chemical
probes - small molecules that react with the active sites
of enzymes in an activity-dependent manner. Labelling is
covalent and irreversible, which facilitates detection and
identification by protein gel electrophoresis and mass
spectrometry, respectively. We have introduced probes
for over 3000 plant proteins, including proteases, lipases,
kinases, acyltransferases, GSTs and glycosidases. The
probes and protocols employed by the lab are unique

in the world and are internationally recognized. This is
reflected in the constant stream of visiting scientists who
come to investigate protein activities in various experi-
mental settings.

Several important discoveries have been made by study-
ing the active proteome. We discovered that the activity
of the proteasome is post-translationally up-regulated

during the immune response (Gu et al.,, Plant J. 2010),
and suppressed by inhibitors produced by pathogenic
Pseudomonas syringae bacteria (Kolodziejek et al., Plant
Physiol. 2011). Intriguingly, we found that Pseudomonas
uses these proteasome inhibitors to facilitate wound en-
try and colonization of tissue adjacent to the wound site
by moving through the xylem tissue (Misas-Villamil et al.,
PloS Pathogens, Figure 1). Using probes for vacuolar pro-
cessing enzymes (VPEs) we discovered that VPE activity is
up-regulated during infection by the oomycete Hylop-
eronospora arabidopsidis. Importantly, this pathogen is
less effective on vpe mutant plants, suggesting that VPE
activity is beneficial for the pathogen (Misas-Villamil et
al., Plant J. 2013). This role is surprisingly distinct from the
roles described for VPEs in programmed cell death.

We also determined that tomato secretes papain-like pro-
teases during immune signalling and showed that these
are inhibited by unrelated proteins secreted by various
tomato pathogens. These targeted proteases contribute
to basal immunity and are under diversifying selection

in wild tomato, such that variant amino acids interfere
with protease-inhibitor interactions (Shabab et al., Plant

Bacteria spread from the wound infection site through the
xylem and colonize the leaf apoplast in adjacent tissue by
producing proteasome inhibitor SylA. Top: bright field;
bottom, GFP fluorescence; scale bar Tmm.

Figure 1: Colonization from wounding site by GFP-expressing Pseudomonas syringae.
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Cell 2008, Horger et al., Plos Genetics 2013). Using an

Dynamics of serine hydrolase activities in the apoplast
upon bacterial infection. Secreted proteomes were
isolated from Nicotiana benthamiana plants infected with
Pseudomonas syringae and from uninfected controls.
Active serine hydrolases were labelled with minitagged
fluorophosphonate probes, and fluorescent Cy3 and

Cy5 tags, respectively, were attached to the two labelled
proteomes using click chemistry. The two proteomes were
then mixed, fractionated on protein gels and detected

ATP-based probe we have detected receptor-like kinases,
calcium-dependent kinases and MAP kinases (Villamor et
al., Mol. Cell. Proteomics 2013). Probes designed to tag a
specific Pseudomonas protease revealed how it is export-
ed from the bacterium and activated in the host plant
cell (Lu et al., Chem. & Biol. 2013). Other probes target a
novel class of serine proteases and catalytic residues of
glutathione transferases (Gu et al., Chem. Biol. 2013).

Future challenges

We continue to expand ABPP using new probes, and

will exploit label-free quantitative proteomics to further
study host manipulation by Pseudomonas. We have
detected suppression of the activities of several secreted
hydrolases during infection with Pseudomonas syringae
(Figure 2), and are pursuing these projects further to
understand how microbes manipulate the hydrolytic
environment of the apoplast.

by fluorescence scanning. The gel reveals suppression of
subtilase activities and induction of peptidase activities

upon infection.

Figure 2
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Genomes are constantly being challenged by environ-
mental and intrinsic threats. Constant and inevitable
exposure to chemical and physical insults damages

DNA, and such damage causes mutations, and cancer in
humans. Organisms have therefore developed intricate
and complex mechanisms for DNA repair. These are also
important for biotechnological applications, in particular
in the context of how transformed DNA integrates into
the genome. This can occur at random positions in the
genome, or be targeted precisely to a predetermined
position. The corresponding recombination mechanisms
are non-homologous end-joining (NHEJ) and homolo-
gous recombination (HR) respectively. Both are vital in the
repair of double-strand breaks (DSBs), the most lethal form
of DNA damage. NHEJ is a fast but an imprecise repair
process that simply joins a broken end to any other free
end available, while HR is precise and repair is guided by
a DNA template present somewhere else in the cell. Gene
targeting is based on HR and the precise integration of a
DNA fragment in the genome is entirely dependent on
this pathway. DNA recombination in Arabidopsis thaliana
is relatively well understood, with the genes and mecha-
nisms involved being quite similar to those in animals. In
particular, as in most animal cells, gene targeting is ineffi-
cient in Arabidopsis. In contrast, gene targeting is highly
efficient in the moss Physcomitrella patens. We use these
two organisms in our efforts to understand the aspects of
recombination in P. patens that lead to high gene targeting
efficiencies and transfer this capacity to crop plants.

A novel gene targeting pathway in P. patens

In a variant of gene targeting, gene replacement, the
modified gene integrates into the genome in such a way
as to replace the resident sequences. The specific recom-
bination mechanisms differ between organisms, but all
have in common the fact that a single fragment integrates

DNA damage repair

and gene targeting in plants

The scheme shows the two-molecule invasion pathway
that leads to complex integrations on the left. The two-
end invasion pathway leading to precise replacement

is shown on the right. The targeting fragment is shown
above the target locus. The regions of homology are col-
our-coded in cyan (5°) and light blue (3°), the neighbour-
ing genomic regions in dark blue (5°) and magenta (3°).
The replaced portion is in red and the genes replacing it
are in yellow and pink. Abbreviations: NHEJ, non-homolo-
gous end-joining; HR, homologous recombination; the “x”
denotes crossover recombination, the “~"recombination
by NHEJ.

Figure 1: The two-molecule in comparison to the two-
end invasion pathway

as an entity. In P. patens, two independent molecules, as
opposed to the two ends of one and the same fragment,
initiate homology-directed DNA integration. HR and
strand-exchange then produces a double-strand break
(DSB) that ends with two targeting fragments linked to
the genome. This DSB is then repaired by HR or NHEJ and
produces recombination products that are hybrids formed
by both processes. Although it is generally accepted that
genomic DSB repair and gene targeting use identical
recombination mechanisms, our data suggest that this is
not the case, at least for P. patens. As expected, RAD51, an
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The moss Physcomitrella patens is
a goldmine for DNA recombination

research

important recombinase with a central role in HR is essen-

tial for gene targeting. However, the importance of RAD51
in P. patens must extend beyond its recombinase function,
and it seems that as yet unknown features of the gene or
its protein product may be crucial for the high efficiency of
gene targeting in P. patens.

The DNA damage response and
DSB repair in P. patens

The DNA damage response is under the control of ATM
and ATR, and DSB repair may occur either by HR or NHEJ.
Analysis of mutants in these pathways shows that reg-
ulation of the DNA damage response in P. patens has
unique features and differs substantially from that seen
in A. thaliana, yeast and mammals. Also in contrast to A.
thaliana and mammals, NHEJ does not seem to play any
role in DNA damage repair, but HR does. This is shown

by mutations affecting NHEJ and HR. A mutant in the
KU70/KU80 complex, which has an important function in
classical NHEJ, is not affected in DNA damage repair while
onein RAD51, which has an essential function in HR, is.
These data suggest that P. patens has developed a unique
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recombination apparatus that differs from that in other
organisms in both the regulation of DNA damage repair
and in the pathways used for repair. This, together with the
high-efficiency gene targeting mediated by the system,
implies that P. patens has the potential to reveal novel
recombination mechanisms, help us to understand the bi-
ology of gene targeting, and perhaps enable us to achieve
similar targeting efficacies in other organisms.

Gene targeting in barley

Barley is an important crop plant and a model for more
complex cereals, such as wheat. Gene targeting in barley
would be a valuable tool, but it is not known how feasible
this technology is in cereals. We have analysed gene tar-
geting and shown that the efficiencies achieved with con-
ventional methods, but also techniques like positive-neg-
ative selection (a breakthrough technology in mammals
and rice), are too low to be useful. However, DSB induction
is extremely efficient and generation of stably inherited
targeted gene modifications is perfectly possible. There-
fore the gene targeting problem in barley can probably be
solved with modern DSB induction technology.
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Chemical Biology

Small molecules are powerful tools with which to dissect
and understand biological systems. This is evident from
the frequent use of potent and selective inhibitors of en-
zymes, or other biological processes such as transcription,
translation or protein degradation. However, in contrast
to animal systems, which greatly benefit from drug
research, the systematic development of novel bioactive
small molecules as research tools for plant systems is a
largely underexplored research area. This is surprising,
since small bioactive molecules have great potential as
new tools for dissecting diverse biological processes. In
particular, when small molecules are integrated into
genetic strategies (the mix that defines “chemical genet-
ics”), they can help to circumvent problems inherent in
classical, forward genetics - such as lethality, pleiotropy
or redundancy of gene functions - because they can be
applied in a conditional, dose-dependent and reversible
manner. There are now clear examples of important,
fundamental discoveries originating from plant chemical
genetics that demonstrate the power of this experimen-
tal approach.

Chemical genetics of plant
signalling pathways

To fully exploit the potential of novel bioactive small mol-
ecules for discovery, we have established high-through-
put screening procedures for a variety of biological
responses using a miniaturized format with Arabidopsis
thaliana plants growing in 96-well microplates and
diverse chemical libraries comprising natural and syn-
thetic compounds. This screening platform is not only
used for our own research projects but also provided to
other research groups at the Institute, and the multiple
use of common resources has facilitated the identifica-
tion of compounds that selectively modulate particular
responses. Typically, a successful chemical screening

campaign comprises three equally important steps:

(1) establishment of a reliable, robust and quantitative
readout, which allows one to distinguish between potent
and less potent compounds, (2) critical evaluation of a
compound’s activity in diverse bioassays to establish
selectivity, and (3) elucidation of a compound’s mode of
action and, ideally, identification of its molecular target.
We have applied this approach to a number of different
phenotypes that are related to plant immunity, such

as expression of specific reporter genes representing
different signalling pathways (e.g. mediated by jasmonic
acid or salicylic acid) or defence-related reactions (e.g.
increase in cellular calcium concentrations, production
of reactive oxygen species or nitric oxide). Such compar-
ative screening, in combination with the use of genetic
resources and in-depth biochemical analyses, has led to
the identification of a novel and highly selective inhibitor
of jasmonate signalling, named jarin-1 (Figure 1). Clearly,
this compound provides a useful tool for the creation of
conditional jasmonate mutants in plant species that are
genetically intractable. Thus, chemical genetics allows
the identification of new regulatory components of
biological processes or signalling networks that are not
amenable to mutant analysis.

The yeast three-hybrid system:
A screening platform for targets
of small molecules

Ultimately, the identification of the protein targets of
small bioactive molecules is of fundamental importance
for understanding the molecular mechanisms of signal
perception and transduction. Of the different possible
strategies for target identification, we chose to establish
the yeast three-hybrid technology in our laboratory, which
allows direct functional cloning of proteins that interact
with synthetic hybrid ligands in vivo. The development
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Structure of the protein
target of jasmonate
response inhibitor 1
(jarin-1). The left panel
shows the whole protein
with the inhibitor inserted
into the substrate-bind-
ing pocket. The enlarged
view (right panel) of the
substrate-binding pocket
clearly shows that the
inhibitor (yellow) overlaps
with the natural substrate,
jasmonic acid (green),

and thereby prevents its
binding and conversion to
jasmonoyl-isoleucine.

Figure 1

of this new technology for plant systems serves two
important functions: (1) it provides a general experimen-
tal platform for target identification of compounds that
originate from chemical genetic screens, and (2) it enables
one to identify primary targets of different signal mole-
cules mediating plant defence, such as new jasmonic acid
or salicylic acid derivatives, whose modes of action are still
unknown. We use several cDNA libraries, synthesized from
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(CeMic)

The rapid development of new microscopic imaging meth-
ods over the last 20 years has revolutionized our ability

to directly visualize processes in living organisms. We are
now able to watch plants at work, at levels spanning the
full range from whole organisms to organs, tissues, cells
and organelles, down to protein complexes and single
proteins. The green fluorescent protein (GFP) and its
growing family of relatives have had a remarkable impact
on the development of sophisticated microscope sys-
tems for fluorescence imaging of living cells. Continuous
advances in fluorophore design, molecular biological tools
and imaging technology are enabling new discoveries to
be made in many fields of biological research. To meet the
growing demands on microscopic imaging, the Institute
has made substantial investments over the last decade

to provide adequate instrumentation. In our Institute

the entire spectrum of imaging technologies is available.
This includes up-to-date light microscopy, confocal laser
scanning microscopy (CLSM), scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM).
The service group Central Microscopy (CeMic) manages
imaging technologies and the necessary equipment at the
MPIPZ. Besides providing a complete service, CeMic also
trains and supervises researchers in the operation of the

Central Microscopy

instruments. In addition, CeMic consults with and advises

researchers on questions concerning methodology and
image interpretation, and provides practical courses. Fur-
thermore, CeMic performs in-depth collaborative research
on cell biology projects.

Services

Live cellimaging

Fluorescent protein tagging technology facilitates the
analysis of protein function by enabling the visualisation
of a wide range of processes, from protein expression, sub-
cellular localisation and dynamics to topographic mapping
of protein interactions. Thus, fluorescent protein tagging
and in vivo imaging by confocal laser scanning microscopy
have become standard technologies for many researchers
in our Institute and are applied in a multitude of projects
in all four departments, including studies on the control

of flowering time, side branching and plant morphogen-
esis, and the regulation of plant-microbe interactions. An
important aspect of confocal laser scanning microscopy is
the ability to monitor protein-protein interactions in vivo
by the measurement of fluorescence resonance energy
transfer (FRET) using acceptor photobleaching (APB) and
fluorescence lifetime imaging (FLIM).

TEM micrograph of the early biotrophic infection stage of
Colletotrichum higginsianum, showing a fungal hypha devel-
oping inside an Arabidopsis thaliana leaf epidermal cell. The
ultrahigh resolution of TEM enables visualisation of dramatic
modifications in the structure of the host cytoplasm, such as
the formation of numerous small vacuoles, deposits of callose
cell-wall material, and novel structures called ‘interfacial bod-
ies’formed between the fungal cell wall and the plant plasma
membrane. Scale bar: 2 um.

Figure 1



Independent Research Groups
and Service Groups

Observing and analysing plant cells
at work — amazing and exciting again

and again

Electron microscopy

For scanning electron microscopy (SEM) in the Institute,
we have an instrument which employs a field-emission
gun providing high resolution and high magnification
even at low voltage, which is very advantageous for
biological samples that are sensitive to electron beam
damage. Fast handling of samples can be achieved
using a linked cryo-preparation and transfer system. The
instrument is widely used for detailed three-dimensional
analysis of all kinds of morphological phenotypes.

Transmission electron microcopy (TEM) offers the highest
possible magnification and resolution, and can provide in-
formation on cells, organelles and smaller cell constituents
down to individual molecules. The resolving power of TEM
makes it the ultimate tool for identifying subtle changes in
the fine structure of the cytoplasm or the morphology of
the cell wall. In combination with immunogold cytochem-
istry, TEM is also used to precisely localize specific gene
products within their subcellular microenvironment, which
provides important clues to gene function. The application
of high-pressure freezing and freeze-substitution greatly
improves the preservation of biological samples during
preparation for TEM analysis by capturing specimensin a
condition that is as close to their native state as possible.
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Our research projects are usually conducted in collabora-
tion with groups at the Institute, but we also have external
collaborations. Among the numerous studies employing
the entire spectrum of imaging technologies, we have
had a long-standing, fruitful collaboration with Richard
O’Connell’s group in the Department of Plant-Microbe
Interactions. In this project, live-cell imaging with confocal
laser scanning microscopy was combined with high-reso-
lution SEM and TEM to analyse interactions between the
hemibiotrophic fungus Colletotrichum higginsianum and
its host plant Arabidopsis. As with many other phytopath-
ogens, C. higginsianum secretes an array of small effector
proteins that facilitate effective colonization by manipu-
lating host metabolism. Using fluorescent protein tagging
and TEM-immunogold labelling, we were able to localize
effectors to specific compartments at the host-pathogen
interface.
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Plant Proteomics Research Group
and Protein Mass Spectrometry Facility

In December 2013, my Emmy Noether group (funded

by the Deutsche Forschungsgemeinschaft) moved from
Ludwig-Maximilians-University in Munich to the MPIPZ,
where | now head the new Plant Proteomics Service and
Research Group. | took over from Jirgen Schmidt, the
former head of the mass spectrometry group, who retired
in October 2013. For more than a decade, Jirgen Schmidt
and Thomas Colby had developed the Mass Spectrometry
Facility at the MPIPZ into a widely used technical platform
for the Institute’s research groups.

Current research projects:
Exploring the role of lysine acetylation in
the regulation of cellular functions

Research in my group is concerned with the mechanisms
plants have evolved to coordinate and regulate organellar
functions and metabolism under adverse environmental
conditions. We have a strong focus on organellar proteom-
ics and the role of lysine acetylation in the regulation of
plant metabolism and stress signalling. Reversible acetyl-
ation of the e-amino group of lysine has recently emerged

as a major post-translational modification of proteins,
which controls many important cellular functions beyond
its known significance for histone modification (Figure 1).
Acetylation of lysine residues in proteins is regulated by
the activities of acetyltransferases and deacetylases. Both
our own recent results in Arabidopsis and research in ani-
mal systems have shown that lysine acetylation acts both
as an on/off switch for enzyme activities and as a signal for
cargo transport in several cellular processes that involve
changes in energy metabolism, signalling cascades and
cytoskeleton dynamics (Figure 2). The aim of our research
is to uncover the function and importance of lysine acetyl-
ation in the regulation of plant metabolic pathways and
signalling processes involved in the plant stress response.
Recently, we mapped the Arabidopsis acetylome and
identified lysine-acetylated sites in organellar and cytosolic
proteins of diverse functional classes in Arabidopsis thalia-
na.We have also developed a new isotope-labelling and
immune-enrichment-based method for relative quantifi-
cation of lysine acetylation sites in plant proteins.

Lysine acetylation is a reversible post-trans-
lational modification of proteins catalysed
by lysine acetyltransferases (KATs) and
deacetylases (KDACs). The acetylated lysine
is no longer positively charged, which

can affect protein-protein interactions or
enzymatic activities of proteins. Proteins
with diverse functions and subcellular
localizations have been identified as lysine
acetylated in plants and other organisms
(from Finkemeier and Schwarzer, Biospek-
trum, 2013, modified).

Figure 1
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Quantitative proteomics is a key technology
for dissecting and understanding complex
plant cellular functions

Proteomics service

Besides our expertise in protein lysine acetylation and
other post-translational modifications such as phospho-
rylation, we have also a lot of experience in the analysis of
complex protein mixtures and whole proteomes, as well as
in the quantitative analysis of protein co-immunoprecip-
itates, using heavy isotope labels, as well as label-free LC-
MS/MS. Hence, we can offer a comprehensive proteomics
service to departments and independent research groups
at the Institute.

Plant proteomics methods we wish to
establish at the MPIPZ in the next five years

Enormous advances have been made in liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS)-based
proteomics in recent years. Gel-free LC-MS/MS-based ap-
proaches now allow the identification and quantification
of hundreds or several thousands of proteins in a single LC
run, which takes 1 - 4 h depending on the length of the
reverse-phase column used to fractionate the complex
peptide mixture. These gel-free approaches can often be
used in place of more time-consuming gel-based assays.
There are two main research directions in LC-MS-based
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proteomics which will need to be developed further at the
MPIPZ in the future.
(i) Discovery proteomics aims to identify and quantify a

large proportion of a given proteome. Thus, it is the meth-
od of choice for a priori characterization of proteomes,
including mapping of post-translational modifications,
and quantification of relative protein abundances. The
latest generation of instruments offers improved dynamic
range and scanning rates, so that smaller proteomes (up
to about 10,000 proteins) can be almost fully covered and
quantified in single 4-h runs.

(ii) Targeted proteomics allows accurate and specific quan-
tification of proteins with a high dynamic range down to
low attomolar concentrations, albeit only for a limited
number of proteins. Such single or multiple reaction
monitoring assays (SRM/MRM) still require a lot of effort in
development and optimization. However, once estab-
lished they allow fast and highly accurate quantification of
selected target proteins in the same sample. If one choos-
es to repeatedly measure a particular set of target proteins,
the initial effort will be easily outweighed, when compared
to the effort necessary to generate the same quantitative
data with Western blots.
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The Max Planck-Genome-centre

Cologne

The Max Planck-Genome-centre Cologne (MP-GC) was
initiated as a core facility for Next-Generation Sequencing
(NGS) by a consortium of four Max Planck Institutes based
in Bremen, Marburg and Cologne. The centre is located at
the MPIPZ in Cologne and routine operations started in
October 2010. Besides sequencing systems for raw data
generation, the centre includes a core computing group,
dedicated to achieving the scientific goals of the partici-
pating institutes by providing non-standard bioinformat-
ics tools, advanced data assemblies and also “finished”
genomes. In addition, the MP-GC continuously applies
the most recent developments in genome/bioinformatics
technologies according to the scientific needs of the par-
ticipating institutes of the Max Planck Society.

Since the centre began to operate, approximately 190 sci-
entists from nearly 90 research groups have requested MP-
GC services and more than 800 NGS projects have been
successfully completed. At present, the MP-GC provides
sequencing services on four different NGS platforms. Most
frequently requested are the lllumina (HiSeq 2500 and
MiSeq systems) and Roche-454 (454 FLX+ and Junior sys-
tems) platforms, while the lon Torrent system is used less
frequently. In October 2013, the fourth platform, equipped

with the PacBio RS Il system (based on single molecule
sequencing technology), was started. The PacBio system is
able to generate long sequence reads (~10 kb) and record
base modifications.

Due to the large amount of data generated on these NGS
platforms, the MP-GC computing facility is equipped with
high-performance servers, an infrastructure for data man-
agement including an Isilon storage system and a LOT-5
tape-based data archive system. System administration for
all computer equipment is organized by an IT manager.
After sequence generation, routine bioinformatics
analyses are organized in automated pipelines, while
follow-up analyses are restricted to exceptional cases, due
to limitations in the availability of bioinformatics person-
nel. Beyond that, the MP-GC offers individual training in
bioinformatics tools for scientists with less experience in
sequence analysis. In addition, the MP-GC is organizing
workshops together with the CLC (once a year), as well as
regular “Friday lessons” during university terms, to increase
the knowledge base in bioinformatics of our associated
scientists. Furthermore, the MP-GC includes a robotics
section, which offers a range of instruments that allow
high-throughput sample processing.

Green reads map in the forward (5’ to 3') direction and red reads map in the reverse direction. The gap in this assembly could

easily be bridged by PacBio reads.

Figure 1: Mapping of lllumina reads to a Pacific Biosciences assembly.
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Green reads map in
forward (5’ to 3’) direction
and red reads map in the
reverse direction. Clonal
reads lead to uneven
coverage.

Figure 1: Mapping of lllumina reads to a Pacific Biosciences assembly.

A major feature that distinguishes the MP-GC from
commercial sequencing providers is the planning and
processing of any sequencing project according to the
individual researcher’s requirements. Specific methods are
developed or modified for critical input material, different
library preparation protocols are tested and, because every
sample is bar-coded, small-scale sequencing is possible
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research projects.

on the different sequencing platforms. MPI scientists are
welcome to visit the MP-GC in order to learn the methods
needed to prepare samples for sequencing and use the
infrastructure of the MP-GC for the realization of their

For further information, please visit our website (http://
mpgc.mpipz.mpg.de)
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International Max Planck

Research School

The International Max Planck Research School (IMPRS) on
“The molecular basis of plant development and environ-
mental interactions”, which was organized by the MPI for
Plant Breeding Research and the University of Cologne,
was first funded in 2001.

In 2012 the IMPRS applied for a six-year extension (2014-
2019) and after a thorough scientific evaluation of the
programme the extension was approved.

The new funding period includes an additional universi-
ty partner - the Heinrich Heine University, Disseldorf,
and the IMPRS has been given a new focus to reflect

the increased interest in the Institute in plant evolution
and trait diversification. Consequently, the name was
changed to IMPRS for “Understanding complex plant
traits using computational and evolutionary approaches”.

Olof Persson
Johanna Spandl

The programme offers a three-year curriculum with
courses on plant science and methodology, as well as

on soft skills like scientific writing and presentation.
Annual retreats at which IMPRS students present their
work, and close supervision by thesis committees, seek
to ensure a high standard of doctoral training within

the programme.

By September 2013, 91 doctoral students had graduated
from the IMPRS programme and 33 students are still pur-
suing their doctoral studies within the IMPRS. Another
13 students joined the IMPRS in October 2013.
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Postdoc and PhD Initiatives

PIM - Postdoc Initiative at the MPIPZ

The PostDoc Initiative at the MPIPZ (PIM) is open to all
postdocs. Its main aim is to offer information and arrange
courses intended to further the career development of
the young scientists working at MPIPZ. It was founded

in November 2007 and provides a platform to promote
postdocs’interests, education and networking. We
receive full support from the MPIPZ, which allows us to
sustain a range of activities.

PIM regularly provides classes in statistics, project man-
agement and scientific writing. We try to meet the needs
of our members by designing our programme in accord-
ance with specific requests. Inviting and hosting speakers
at Institute seminars is another activity that broadens our
scientific horizons and allows us to establish collabora-
tions with labs of interest. PIM also organizes well attend-
ed international conferences like the Next Generation
Plant Science and Next Generation Sequencing meetings
held in 2012 and 2010, respectively. Besides scientific
activities, PIM regularly arranges social events to promote
integration of newcomers and motivate participation.

PhD representatives at the MPIPZ

Once a year the PhD students at the MPIPZ elect repre-
sentatives to act as spokespersons for the PhD community.
Each of the four departments elects one representative,
which ensures close interaction within and between de-
partments. One additional representative is recruited from
the PhD students working at the University of Cologne.
This group of students is at the interface between the PhD
community, the administration and the directors of the
Institute, and is charged with bringing issues of concern

to the PhD students to their attention. Communication
between the PhD representatives of different institutes
within the Max Planck Society is strongly supported by
the PhDnet, the association of all PhD students in the Max
Planck Society.

Within the past two years several improvements for

PhD students have been put into place, mainly regard-

ing equality of payment between stipend holders and
students working on a contract. One big achievement was
the successful implementation of a health-care subsidy
that was set up by the Central Administration of the MPG.
In addition, a contracting system between PhD student
and the Thesis Advisory Committee consisting of supervi-
sor and co-supervisor was set up to guarantee that every
PhD student receives quality mentoring. By signing this
contract, all parties agree upon fixed annual meetings for
short progress reports and discussions on future directions
of the thesis project.

Another highlight was the Career Day that took place on
the MPIPZ campus in April 2012. Several invited speakers
from academia and industry offered insights into their
own careers, which can serve as examples for the future
prospects of PhD holders in the field of biological sciences.
As highlighted by these examples, the PhD representatives
are actively working as a team to promote the interests of
the PhD community at the MPIPZ.



86

Services and Facilities

WissenschaftsScheune,
Press and Public Relations

The WissenschaftsScheune,
a Public Relations Project:
History

The Institute started intensive public relations work in
1990, in response to its first field trial with transgenic
plants in Germany. A Demonstration Garden displaying
important agricultural and horticultural plants was es-
tablished. Thus the public at large, and especially young
people, now had the opportunity to learn about the
research activities in the Institute and current develop-
ments related to plant sciences and agriculture in a broad
societal context. Classes from secondary schools in the
region were the most frequent visitors. In 1996, together
with the University of Cologne, the project K6InPUB was
initiated at MPIPZ to introduce molecular experiments
to pupils and teachers. In 2006 the WissenschaftsSche-
une (Science Barn) was set up at MPIPZ. The Verein der
Freunde und Forderer des Max-Planck-Instituts fiir Pflan-
zenzilichtungsforschung (Association of Friends of the
MPIPZ) supervises the activities in the Science Barn on
our farm and the neighboring Demonstration Garden.

The project

The aim of the WissenschaftsScheune is to spark curiosity
about and arouse interest in plant science. It gives the
public an opportunity to experience many aspects of
plant science - from basic research to agriculture, from
the DNA molecule to cultivation of crop varieties and
their wild progenitors. Its facilities are the Science Barn
itself, a building (500 m?) on the farm that adjoins the
Institute, with exhibitions and interactive displays docu-
menting several fields of plant science, and the 6000-m?
Demonstration Garden. In the garden more than 100
agricultural and horticultural crops (modern varieties and
wild forms) are cultivated on small plots. Posters provide
basic information about each plant for visitors. The layout

Heinz Saedler
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therefore allows indoor and outdoor activities to be com-
bined. Barn and Garden are integrated into an agricultural
park, the Landschaftspark Belvedere, which was the result
of a competition in the context of the Strukturférder-
programm Regionale 2010 initiated by the Cologne City
Council and the State of NRW, together with MPIPZ.

The program

The WissenschaftsScheune offers special programs for
primary schools, secondary schools and adults. Some

20 interactive stations are available at present. The main
topics covered are domestication and evolution, flower
development, biodiversity, renewable resources, plant
pests and diseases, gene technology, Mendel’s laws as
the basis for classical breeding, and photosynthesis. The
brochure series “WiS Begierig” and three films are avail-
able, which can be used to orient school classes prior to
visits or encourage critical reflection afterwards. We use
various media and tools designed for the different target
groups. Here are some examples: While playing the
treasure-hunt game “On the Amerindian Trail” children
learn about the origins of some of our crop plants, and
experience stages in the domestication of maize, beans,
tomatoes and potatoes. In the case of wheat domestica-
tion for instance, the visitor can follow the evolution of
wheat on a single plot which demonstrates how suc-
cessive rounds of hybridization between tetraploid and
diploid species gave rise to hexaploid bread wheat. The
major differences between wild forms and domesticated
varieties (mechanics of seed dispersal and kernel size)
and the short-stem varieties that resulted from the Green
Revolution are highlighted. The section for advanced
high-school students on “Tools of evolution” begins by
challenging them to decode a DNA sequence reading
“mutations are rare”. Selection is illustrated in the garden
using charts that ask players to identify the organ altered
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in a particular cultivated form relative to its wild progeni-
tor, using examples from the domestication of some Bras-
sicaceae. The genetic basis can then be discussed. For
younger children simple experiments like DNA isolation
from fruits or vegetables using kitchen tools, making
glue from starch, dyeing with plant colours or determi-
nation of pests and diseases are offered. Additionally,
special events like birthday celebrations, holiday events
for children, a Girls’ Day and Children’s University are part
of the program.

Planning your visit to the
WissenschaftsScheune

The best time for a visit to the WissenschaftsScheune is
from May until October. Each guide can look after a group
of up to 12 individuals. Larger groups will be divided.

Our team consists of specialists from different disciplines
(research, agriculture, education). Visits can now be
booked online on our new homepage. Normally a visit to
the WissenschaftsScheune lasts for up to 3 hours, deals
with two selected plant topics and includes an introduc-
tion to the MPG and the research of the Institute for adults.

Impact

Over the two-year period from July 2011 to June 2013
roughly 2000 people visited the WissenschaftsScheune
and the MPIPZ. Most of these were schoolchildren and
students, but various interest groups and representa-
tives of business and politics have also been among the
attendance.

Nine brochures in the series “WiS Begierig” each devoted
to a single thematic area, and a new homepage (www.
wissenchaftsscheune.de) with extensive information for
the different target groups, are now available. In a new
project in cooperation with the University of Cologne
the WissenschaftsScheune is being incorporated into

the education of school biology teachers. In addition,
excursions to our Demonstration Garden are now part

of the curriculum for student teachers at the University’s
Botanical Institute. The WissenschaftsScheune is also
involved in the Annual Conference on Teacher Education
organized by the Association of the German Chemical
Industry (Fonds der Chemischen Industrie NRW). For the
summer of 2014 a presentation at the State Garden Show
(Landesgartenschau NRW 2014) is planned.

Further outreach activities

Regarding general PR activities the Institute cooperates
with various committees and organizations. It is rep-
resented in relevant working groups such as the Infor-
mationskreis Griine Gentechnik des Bundesverbandes
Deutscher Pflanzenziichter (Advisory Group on Green
Gene Technology in the Federal Association of German
Plant Breeders), the Wissenschaftlerkreis Griine Gen-
technik (Science Forum on Green Gene Technology), the
Kolner Transferrunde der Industrie- und Handelskammer
(Cologne Exchange Forum of the Chambers of Industry
and Commerce) and the Kdlner Wissenschaftsrunde
(Cologne Science Circle). We are also actively involved in
training courses for project leaders and biosafety repre-
sentatives arranged by the University of Cologne.

On the Institute’s homepage press releases documenting
scientific highlights are listed chronologically, so that
journalists can use these for reports.

Special events like the weekly TATA-Bar get-togethers
organized by our PhD students, the Summer Party

or sporting events such as the Institute Run promote
internal communication among staff and students, and
contribute to a pleasant working atmosphere.

One highlight was the Open Day in summer 2012.
Around 800 visitors participated, talked with scientists
and learned more about research on plant sciences.
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Services and Facilities

IT Engineering, I'T Support

and Bioinformatic Platform

The Scientific User Support Administration Networking
(SUSAN) group underwent a major reorganization in mid-
2010, creating new staff structures and new service mod-
els and now offering new services. Apart from the Head
of IT, SUSAN is currently staffed by four qualified IT spe-
cialists/system engineers, four student assistants and one
trainee. Three trainees (in IT system integration) complet-
ed their apprenticeships successfully in 2011 and 2012.
The IT infrastructure of the whole Institute includes the
connecting network, servers, storage capacity, desktops
and notebooks, printers, video conference system, emer-
gency call system, mobile phones and the core services,
i.e. mail services, file services, back-up services, database
systems, conference services and Web services. The bio-
informatic platforms comprise a computer cluster with
ca. 500 processor cores controlled by a job scheduler, and
ca. 1.1 petabyte of disc space on a highly scalable storage
system, as well as a small server and storage system for
database applications and other scientific software that
need a certain dedicated system environment. The whole
infrastructure has been modified to achieve more perfor-
mance and a higher degree of homogenization. This was
achieved by hardware replacement, virtualization and
redesign. The scientists can choose their PCs, laptops,
tablets etc. from a well assorted shopping basket. Printers
are leased and include a hardware service. Different op-
erating systems and applications are available in order to
meet the varying needs of different scientists.

Margit Purchart

A user helpdesk resolves users’ daily IT problems, main-
tains user accounts, offers IT training sessions for users
and provides advice concerning new desktops, laptops,
mobile phones and data encryption, etc. For travelling
scientists, special travel notebooks compatible with the
legal restrictions in different countries are available. There
are also some IT services for visiting scientists. Demand
for conference services e.g. Web and video conferences

is on the rise. A new ticketing system was installed in
autumn 2011 and ca. 5.000 service and support requests
had been processed within two years.

SUSAN also takes care of connecting scientific lab devices
to desktops or to the network. Furthermore there is some
support for the Genome-centre.

Collaboration with the Institute’s bioinformaticians is very
close and activities are discussed and planned in monthly
steering committee meetings.



Library

The MPIPZ Library provides literature, electronic media
and information services to the Institute’s scientific staff
and guests. The collection is focused on the fields of
research covered by the departments and research groups
at the Institute.

The MPIPZ Library, together with the Max Planck Society’s
Max Planck Digital Library, provides a selection of the
numerous electronic journals now available, in addition to
other scientific information resources like e-books and da-
tabases. The Institute spends 0.9 % of its budget on these
services. A committee of scientists advises the Library on
issues related to research needs.

In 2013 the Library’s holdings comprised approximately
23,000 printed journal volumes and 5500 monographs.
The printed holdings can be searched in the online
catalogue. At present about 30,000 journals are available
electronically, most of which were licensed by the Max
Planck Society. The Electronic Journals Library offers an
entry-point to all licensed and free e-journals. In addition
to this the Library can obtain all literature that is not availa-
ble on site, both electronically and in hard copy. Users can
order such material by filling out a form available via the
intranet, which forwards the data to a database.

Britta Hoffmann

Furthermore the Library collects all institute publications
for institutional archiving of research output on the pub-
lication repository maintained by the Max Planck Society
(MPG.PuRe) and provides all publications as PDFs on the
web site with one year delay for copyright reasons.

Technical equipment

The number of PC workstations in the library has increased
to fourteen and there are now eight additional workplaces
for private laptops. There are also two separate rooms with
PCs available for temporary staff.
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Services and Facilities

Greenhouse Management

The greenhouse team cultivates model plants for scien-
tific experiments in close cooperation with the scientists.
The staff comprises nine gardeners (two part-time),

two assistants and one horticultural apprentice, and it
handles around 80 culture orders per week. Its main tasks
are the preparation of soil, pricking out, transplantation,
watering, plant propagation, plant protection measures,
seed harvesting and control of growing conditions.

The net area under glass at present is limited to 420 m?
cooled and 1200 m? uncooled (which includes 500 m? of
space temporarily rented from the Horticultural Exper-
imental Station of the NRW Chamber of Agriculture in
Cologne-Auweiler). In two Saran and two transparency
houses, plants as Arabis, tomato, potato and cereals can
be grown under more natural conditions over a pro-
longed vegetation period. Twenty-one cold frames (15
m? each) and a field with automatic watering (800 m?)

are used for small outdoor experiments. The number of
growth chambers has also been increased further. For the
new department nine new Hettich/Elbanton chambers

Wolfgang Schuchert

are already available now and five new Reftech walk-in
chambers are on order. Moreover, five walk-in Bronson
chambers have been installed in recent years.

For cultivation in trays and pots, 200 cubic meters of
standardized soil substratum are needed per year. In
accordance with the strict legal requirements regarding
decontamination, steam sterilization of transgenic Arabi-
dopsis plants, seeds and soil material, and the cleaning of
planting trays after experiments, is now carried out in a
separate new building. Other materials which have come
into contact with transgenic plants are inactivated by the
use of two modern Systec autoclaves.

A green group (a landscape gardener, an agrarian en-
gineer and three assistants) looks after the green areas
attached to the Institute, including the demonstration
garden, and prepares and conducts field trials. The group
also takes care of the disposal of waste paper, repair

and maintenance of agricultural implements and winter
maintenance.
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Contact & Directions

Contact

Max Planck Institute for
Plant Breeding Research
Carl-von-Linné-Weg 10
50829 KoIn

Tel: +49 (221) 5062 - 0

Fax: +49 (221) 5062 - 674
E-Mail: prag@mpipz.mpg.de
www.mpipz.mpg.de

How to get to the MPIPZ

By car

By train

Highway A1 (north):

Take the Bocklemiind exit (# 102),
turn left at crossroads, follow Venloer
Stral3e, direction Kdln-Zentrum. After
approx. 2 km turn right at crossroads,
follow “Militarring”. After approx. 1 km
turn right and follow the signs to the
Max Planck Institute.

Highway A1 (south):

Take the Lévenich exit (# 103), turn
right at crossroads, follow Aachener
Stral3e, direction KoIn-Zentrum.
After about 1 km turn right towards
A1 (north), A57 (north), Ossendorf,
(Militérring).Turn left at next inter-
section (T crossing), take the third
exit and follow the signs to the Max
Planck Institute.

If you are using your navigation
system, please note that to reach the
Institute from the right direction you
must take the approach via “Militar-
ring” and “Gregor Mendel Ring".

Only this route allows you to turn on

Belvederestral3e to reach the Institute.

Arrival at Cologne main train station

(K6ln Hauptbahnhof)

> Take Underground #5 (Ossendorf)
to Subbelrather StraBe/Gurtel

> Then take bus #141 (Vogelsang) or
bus #143 (Bocklemiind) from the
stop on Subbelrather Stra3e (on
the other side of the intersection)
to stop Goldammerweg.

> Walk (for approx. 15 min.) straight
along Vogelsanger Straf3e and Carl-
von-Linné-Weg (cross railway and
motorway, pass farm on the right-
hand side, cross Belvederestr.).

By plane

Cologne/Bonn Airport:

Take S-Bahn S13 or train (Regional-
bahn RE8) to Cologne main station
(Koln Hauptbahnhof). Proceed as
described above.

Diisseldorf Airport:

Take S-Bahn S7 to Dusseldorf main
station (Dusseldorf Hauptbahnhof),
then train (IC, ICE, RE, RB) to Cologne
main station. Proceed as described
above.
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