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1. Summary

innovative strategies for crop improvement 
that aim at enhancing yield without compro-
mising increases in the use of water, nutrients 
and soil, or diminished resistance to diseases 
and pests.

The ultimate goal of CEPLAS is to support 
the development of crop plants with im-
proved yield potential and yield stability in 
a sustainable agriculture that protects natu-
ral resources. In this context, CEPLAS works 
on achieving a fundamental understanding of 
the genetic and molecular mechanisms that 
determine the yield potential of crops and en-
able them to adapt to adverse environmental 

Plants are the basis of all human life. They pro-
vide food and feed, medical drugs, as well 
as raw materials for a variety of industrial ap-
plications. However, global climate changes 
are challenging the sustained production of 
crops and thus the agronomic basis of human 
civilization. At the same time, arable land is 
becoming scarce due to increased erosion 
and population pressure. Increasing popu-
lation and altered consumption patterns de-
mand increased crop production for food, 
feed, and industrial raw materials. To meet 
the challenges of these developments, it has 
been estimated that agricultural yields have 
to double by the year 2050. This will require 
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conditions and constraints. The major ques-
tion behind this is: How is the genetic code 
translated into a flexible system that can cope 
with varying environmental conditions? It em-
ploys research that is driven by comparative 
evolutionary analyses with the goal to provide 
molecular modules for synthetic biology.

The scientific program addresses the mech-
anistic basis and genetic architecture of four 
complex biological processes that have a cru-
cial impact on the yield potential and yield 
stability of crop plants and, therefore, are of 
outstanding importance in designing and 
breeding the crops of the future, as well as in 
developing novel concepts for fertilization and 
protection against disease in agricultural pro-
duction:

•  Annual and perennial life patterns
•  Photosynthetic carbon conversion efficiency
•  Composition and function of the plant mi-

crobiome
•  Metabolic interactions between plants and 

microbes

CEPLAS research is divided into four stages: 
“Discovery“, “Functional Analysis“, “Synthe-
sis“, and “Synthetic Plant“. A significant por-
tion of the projects will develop from “Discov-
ery“ to “Functional Analysis“ and “Synthesis“ 

during the ongoing funding period of CEPLAS 
(until 2017).

Besides its comprehensive research program 
for addressing key biological questions in 
plant sciences, CEPLAS also puts a strong em-
phasis on education and career development 
of its young scientists. For this purpose, vari-
ous training programs are established, includ-
ing introductions into R&D programs and ac-
tivities of companies translating results from 
plant sciences into application for product and 
process development.

A key goal of CEPLAS also is to pave the way 
for the translation of its research activities and 
results into the development of plants, plant 
varieties and production processes that meet 
the challenges of the future. For this pur-
pose, cooperation with the private sector are 
strongly supported, comprising joint research 
projects, the license-based exploitation of re-
sults, the exchange of know-how and scientif-
ic personnel, as well as joint educational pro-
grams. In this document, the scientific areas 
and the opportunities for cooperation within 
public-private partnerships are illustrated.

•  Participating Institutions: 
- Heinrich Heine University Düsseldorf 
- University of Cologne 
- Max Planck Institute for Plant Breeding  

     Research Cologne 
   - Forschungszentrum Jülich

•  Funding Term 
- 2012-2017

•  Funding Volume 
- 28 Mio €

Max-Planck-Institute for  
Plant Breeding Research
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2. Structure

2.2 Personnel funded by CEPLAS

Since the funding start in 2012/13, the clus-
ter had a continuous increase in personnel. As 
shown in the figure, the doctoral researchers 
and postdocs represent the largest group with 
31, respectively 27 members. In total, almost 
90 people are directly financed by the cluster. 
However, currently around 200 researchers are 
working in CEPLAS labs on CEPLAS relevant 
topics.

2.1 Organisation

CEPLAS comprises four different research 
areas, one Graduate School, a structured 
Postdoc Programme, the Plant Metabolism 
and Metabolomics facilities and an admin-
istration unit. All research area coordinators 

are part of the CEPLAS Steering Committee, 
together with the cluster speaker and depu-
ty speaker, the equal opportunity represent-
ative and one representative of the young 
researchers. 
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3. Overview on Achievements

•  Over 200 publications since 2012  
(incl. Science, Cell, PNAS, Nature,  
Nat Genet, eLife, …) 

•  Over 100 Mio € additional third-party  
funding

•  2x ERC Advanced Grants,  
1x Consolidator Grant

•  New research building  
(Center for Synthetic Life Sciences CSL)

•  New CRC 1208 – Start 1. January 2016
•  6 Successful BMBF grants 
•  Patenting of various results under review
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4. Research Areas

4.1 Research Area A

Coordinator:  
George Coupland

Co-coordinator: 
Rüdiger Simon

Elucidation and manipulation of the mecha-
nisms that differentiate annual and perenni-
al life histories: basis for the use of benefi-
cial traits from perennials in annuals

Plant life history varies widely, even among 
closely related species. Although perennials 
predominate in most natural environments, 
the majority of crop plants are annual. An-
nuals developed from perennial progenitors 
in response to environmental selective pres-
sures that reduce survival of adult perenni-
als, and this has occurred often in the evo-
lution of angiosperms. Evolution of annuals 
affects traits such as life span, adaptation to 
environment, storage and recycling of metab-
olites, propensity for clonal propagation, tim-
ing and duration of flowering as well as num-
ber of progeny. Several traits characteristic 
of perennials would be beneficial in breeding 
crop plants and agricultural production, also 
with beneficial ecological effects, but were 
removed from annual crops in the early stag-
es of domestication. Among the potential 
benefits of traits of perennial plants are: (1) 
longer growing season and higher combined 
photosynthesis due to earlier emergence; (2) 
greater access to water and nutrient resourc-
es through deeper rooting; (3) reduced soil 
erosion due to better root systems and no 
need of tilling each year.

The scientific focus of Research Area A is the 
comparison between annual and perennial 
species with respect to the molecular compo-

nents determining their life history and asso-
ciated traits. Thereby, the research program 
aims to explain how key traits diversify during 
the divergence of these life histories. Finally, 
this will create a know-how basis and provide 
a tool box for transferring beneficial features of 
perennial plants into annual crops via molecu-
lar engineering or molecular breeding.

As a core element of Research Area A, re gu-
latory modules are identified that diverged 
during the evolution of annuals from perenni-
als with the objective of engineering peren-
nial traits in annual species. In this context, 
characteristic differences in meristem func-
tion, flowering behaviour, nutrient recycling, 
root growth and longevity are addressed. 
The groups within Research Area A concen-
trate their efforts on two major model systems, 
which are closely related Brassicaceae species, 
particularly in the Arabidopsis and Arabis gen-
era, as well as on Hordeum species related to 
barley. To reach the scientific goals, seve ral re-
search groups pool their expertise and apply a 
range approaches including forward genetics, 
reverse genetics based on CRISPR-Cas9, tran-
scriptomics exploiting RNAseq, comparison of 
newly acquired genome sequences from phy-
logenetically closely related species, ChIPseq 
for interspecies comparison of transcription 
factor targets and development of algorithms 
for inferring gene regulatory networks from 
transcriptome data. 
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Selection of Scientific Achievements  
in Research Area A (as of December 2015)

•  Completion of the genome sequence of Ara-
bis alpina, the model perennial species of 
Research Area A, belonging to Brassicace-
ae, facilitating inter-species comparison with 
related annuals, and particularly with its sis-
ter annual Arabis montbretiana

•  Decipering the sequence of two additional 
annual species, Arabis iberica and Arabis au-
riculata, allowing the comparison of two in-
dependent occurences of annual life history 
closely related to the perennial model spe-
cies Arabis alpina

•  Generation of unique and comprehensively 
genotyped genetic material by intercrossing 
of A. alpina x A. montbretiana, as a basis for 
the mapping of traits associated with life pat-
tern within the Brassicaceae

•  Showing that the introgression of a single 
chromosomal region of A. montbretiana into 
A. alpina is sufficient to generate plants ex-
hibiting a combination of flowering traits, 
vernalization requirement and perpetual 
flowering, not found in either parent

•  Generation of null alleles of genes in A. al-
pina proposed to have a central role in con-
ferring competence to flowering in the con-
text of the perennial life cycle; test system for 
models of how this trait diverged during the 
evolution of annuals

•  Identification of non-conserved target genes 
for orthologous flowering regulators in A. 
alpina (perennial) and A. thaliana (annual); 
among them different genes involved in gib-
berellic acid metabolism and cold respons-
es; demonstrating a molecular regulatory 

cascade with potential function in the cold 
tolerance of A. alpina

•  Identification of candidate genes in A. alpi-
na for: perennial/annual life history switches, 
development of an expanded root system in 
perennials, regulation of inflorescence de-
velopment 

•  Identification of orthologous genes of A. al-
pina and A. thaliana involved in the control of 
senescense; basis for describing differences 
in gene regulation with respect to the sub-
stantially differing senescence patterns of 
perennials and annuals

•  Demonstration of developmental and spatial 
patterns of adventitious root formation in the 
perennial A. alpina

•  Identification and precise phenotypic char-
acterization of three mutant groups with 
modified relationship between spike branch-
ing and tillering in barley, basis for functional 
studies of regulatory genes affecting spike 
and inflorescence branching

•  Genetic mapping of a causative gene regu-
lating the “high tillering” phenotype in bar-
ley; phenotypic characterization of tillering 
in annual and perennial Hordeum species as 
a first step to identify candidate genes reg-
ulating axillary meristem development in 
these species

•  Identification of candidate regulatory genes 
determining root meristem growth in barley

•  Development of a mathematical approach 
for inference of directed links in transcrip-
tional networks 
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Comparative genetic and genomic approach-
es, using C3 and C4 model systems and natural 
populations in combination with high-through-
put phenotyping under specific selective con-
ditions are used to recognise the gene regu-
latory networks behind. To enable the design 
of C4 photosynthesis within a C3 plant, rele-
vant gene regulatory modules are extracted 
by mathematical modelling, and fitness evalu-
ations are used to determine the best combi-
nation of sub-trait properties.

For identifying the genetic blueprint of C4 
photosynthesis, the research program primar-
ily focuses on evolutionary C3-C4 transitions in 
the dicot genera Cleome and Flaveria. These 
genera are characterized by the concomitant 
occurrence of C3 and C4 species and, in case 
of Flaveria, by a large number of C3-C4 inter-
mediates. The comparison of total leaf tran-
scriptomes of C3, C4 and C3-C4 intermediate 
species allows to identify the molecular deter-
minants for the transition from C3 to C4 pho-
tosynthesis. 

Identification of the genetic network defining 
“Kranz anatomy” is of absolute priority on the 
way to C4 plants. Since the characteristic fea-
ture of leaf anatomy of C4 plants, a photosyn-
thetically active bundle-sheath, has already 
been found in many C3 angiosperms, among 
them Arabidopsis, this plant is used for for-
ward-genetics and experimental evolution 
approaches as well as for the development of 
modules applicable in synthetic biology. 

A major scientific challenge is to understand 
the regulatory peculiarities of C4 biochemistry 
and enzymology. This topic is addressed by 
engineering of C4 anatomical and biochemi-
cal/enzymological submodules into C3 spe-
cies. This also requires the development of 
quantitative models explaining the behaviour 
of the submodules.

4.2 Research Area B

Coordinator:  
Peter Westhoff

Co-coordinator: 
Martin Lercher

Decoding function and development of a 
C4 leaf: basis for improving photosynthetic  
efficiency in C3 plants

C4 photosynthesis is a more efficient type of 
carbon fixation compared to the more com-
mon C3 photosynthesis due to the ability to 
overcome photorespiration, i.e. wasteful fixa-
tion of oxygen rather than carbon dioxide by 
the enzyme RuBisCo. C4 photosynthesis has 
independently evolved over 60 times from C3 
photosynthesis in multiple angiosperm plant 
families within the past 25 million years. This 
multi-parallel evolution is currently believed 
to represent an adaptation to low atmospher-
ic CO2 concentrations, drought, and open, 
high-temperature habitats. 

The aim of Research Area B is a detailed mech-
anistic understanding of the C3/C4 transition to 
enable introduction of C4 modules into current 
C3 species and, thereby, optimize the conver-
sion of light energy into chemical energy in C3 
plants. 

The evolution of C4 photosynthesis from C3 
plants requires the concerted and parallel 
evolution of morphological and physiological 
sub-traits, such as the “Kranz anatomy” with 
differentiated photosynthetically active bun-
dle-sheath cells, changes in enzyme biochem-
istry, and enhanced inter- and intra-cellular 
metabolite transport. The research program 
investigates each sub-trait separately and 
assembles all of them in a subsequent step. 
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•  Identification of candidate genes controlling 
circadian rhythmicity, specifically in C4 spe-
cies, potentially representing important reg-
ulators for engineering C4 photosynthesis in 
C3 plants  

•  Showing differences in the uptake, distribu-
tion and metabolism of sulphur and phos-
phorus nutrients between C3 and C4 species

•  Detection of stable Arabidopsis mutant phe-
notypes affecting bundle-sheath anatomy; 
identification and isolation of mutated genes

•  Identification of various candidate Arabidop-
sis ecotypes showing significant differences 
in anatomical and physiological traits in re-
sponse to varying atmospheric CO2 concen-
trations

•  Development of software for phenotyping of 
leaf venation; identification of various candi-
date genes affecting leaf thickness, leaf 
area, chlorophyll content and venation, by 
genome-wide association study with Arabi-
dopsis

•  Identification of several significant QTLs for 
light-responsiveness of leaf thickness and 
leaf venation in Arabidopsis

Finally, this research program will provide a 
basis for molecular engineering of improved 
photosynthetic efficiency, opening ways to in-
crease the yield potential of crop plants.

Selection of Scientific Achievements in  
Research Area B (as of December 2015)

•  Predictive mathematical model for the evo-
lution of C4 photosynthesis; refinement of 
this model and extension by showing that 
the photorespiratory CO2 pump existing in 
all C3-C4 intermediates represents an impor-
tant pre-adaptation step for establishment 
of the C4 cycle

•  Predictive mathematical model for the effect 
of light, temperature and gas partial pres-
sures on CO2 assimilation rate

•  Demonstrating a lag of leaf development 
in C4 species as compared to C3 species, 
causing a delay in mesophyll differentiation 
and possibly also allowing a more dense ve-
nation pattern specific for C4 leaves; identi-
fication of candidate genes correlated with 
differences in leaf development and leaf 
anatomy

•  Identification and isolation of candidate 
genes regulating the size of bundle sheath 
cells; functional characterization of these 
genes as cell cycle regulators

•  Identification and functional characterization 
of key components for transport processes 
in C4 plants

•  Demonstrating the common regulation of 
novel genes encoding sub-traits of C4 pho-
tosynthesis 
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4.3 Research Area C

Coordinator:  
Alga Zuccaro

Co-coordinator: 
Jane Parker

Molecular basis of plant-microflora interac-
tion: know-how and tools for designing mi-
crobial communities with beneficial effects 
on plant growth

Roots and leaves of healthy plants host a wide 
range of microbes which enhance resistance to 
pathogens and/or facilitate plant mineral nutri-
ent uptake in exchange for carbohydrates and 
other organic metabolites. These associations 
play a key role in shaping terrestrial ecosys-
tems and are widely believed to have promot-
ed the evolution of land plants.

To establish compatibility with their host, 
plant-associated microbes have evolved di-
verse colonization strategies with distinct 
morphological, functional and genomic spe-
cializations as well as different degrees of in-
terdependence. These associations can be 
host-specific or display a broad host range 
and undergo long-term interactions with a 
large variety of plants. To establish and main-
tain a compatible interaction, hosts as well as 
microbes must respond and adapt to different 
signals. Alternative lifestyle and colonisation 
strategies may thus be a consequence of this 
adaptation to highly variable environments. 
Additionally, recent findings indicate that both 
abiotic factors and host genotype interact to 
influence plant colonisation by microbes, and 
that a small number of microbial taxa, named 
microbial “hubs,” are involved in shaping the 
community structure. 

In this context, Research Area C aims to:
•  characterise and compare the structure, 

function and ecology of the plant microbi-
ome within species of the Brassicaceae (in-
cluding Arabidopsis thaliana and relatives);

•  understand how biotic and abiotic factors af-
fect the composition and activities of plant 
associated microbial communities; identify 
and characterise microbial “hubs”;

•  understand the molecular mechanisms of 
communication between host plants and mi-
crobes; identify genes in both hosts and mi-
crobes that determine the outcome of these 
interactions.

•  determine the reciprocal effects these inter-
actions have on the production of secondary 
metabolites in hosts and microbes (collabo-
ration Res Area D).

•  construct synthetic symbioses to shape the 
endophytic microbiome towards increased 
plant performance.

The increasing number of available plant and 
microbe genomes, together with rapid tech-
nical advances in computational biology, 
metagenomics, culture-independent microbe 
detection and manipulation of microbe-plant 
interactions, offers unprecedented opportu-
nities for new discoveries to this rapidly evolv-
ing field. This is the foundation for exploring 
how distinct microbial and host symbiosis de-
terminants modulate interactions with differ-
ent plants. Results from this research will help 
to develop sound experimental strategies in 
complex environments (e.g., in the rhizosphere 
and phyllosphere), at different temporal and 
spatial scales. This can be seen as a contribu-
tion to the fundamental understanding of the 
plant-microbes metaorganism and beneficial 
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plant-microbe symbioses and thereby to the 
development of novel strategies for plant pro-
tection and biological growth promotion. 

Selection of Scientific Achievements in  
Research Area C (as of December 2015)

•  Isolation of the majority of bacterial species 
colonizing the roots of Arabidopsis thaliana; 
reconstitution of complex synthetic commu-
nities on germ-free plants resembling the 
taxonomic structure of the root microbiota 
of plants grown in natural soil

•  Establishment of bacterial culture collections 
of the root- and leaf-associated micro biota of 
Arabidopsis thaliana, capturing the majority 
of the taxa found in their natural host organs; 
substantial taxonomic and functional overlap 
found between leaf and root isolates, on the 
basis of phylogenomic analysis, with several 
differentially abundant functional categories

•  Characterization of the root-associated fun-
gal microbiome of Arabis alpina, a non- 
myccorhizal plant growing in alpine environ-
ments including low phosphorus soils; set- up 
of a test system for the identification of ge-
netic determinants shaping the root-associ-
ated fungal community under different envi-
ronmental conditions

•  Characterization of protozoan and oomy-
cete communities associated with Arabi-
dopsis thaliana and potentially exerting ben-
eficial effects on plant growthIsolation of a 
beneficial fungal endophyte of Arabidopsis 
thaliana with similar biological activities as 
taxonomically unrelated mycorrhiza fungi; 
demonstrating the effect of this fungal endo-
phyte on the mobilization of insoluble forms 
of phosphate for supporting plant growth

•  Identification and functional characteriza-
tion of several host plant and microbial can-
didate genes important for endophytic as-
sociations, e.g. genes involved in metabolic 
functions, plant-microbe communication or 
in counteracting plant defence

•  Elucidating molecular mechanisms mediat-
ing the environmental impact on defense 
priming and systemic acquired resistance in 
Arabidopsis thaliana

•  Experimental set-up for analysing the impact 
of protist communities on the microbiome of 
the phyllosphere, mediated via the potential 
targeting of microbial “hubs” by protists
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4.4 Research Area D 

Coordinator:  
Ulf-Ingo Flügge 

FlüggeCo-coordinator: 
Karl-Erich Jaeger

Plant metabolism: from biotic challenges to 
synthetic biology

Plants produce a great variety of biochemi-
cally unexplored secondary metabolites with 
plethora of functions. The chemical diversity of 
plant secondary metabolites can be shaped by 
environmental stressors as well as in response 
to microbial interactions. 

The scientific aims of Research Area D are 
the identification and functional analysis of 
plant secondary metabolites which are deci-
sive for the communication and type of inter-
action of plants with the root microbial com-
munity (co-operation with Research Area C). 
Know-how and molecular tools emerging from 
this research will contribute to designing nov-
el chemical components for plant protection 
and nutrition as well as to developing novel 
concepts for the improvement of disease/pest 
and nutrient-use efficiency, via molecular engi-
neering or molecular breeding. 

Research Area D focuses on two main inter-
connected themes:

Firstly, plant-microbe interactions are studied 
in the context of plant defense reactions and 
plant nutrition. Here special emphasis is laid 
on the study of the regulatory networks lead-
ing to the synthesis of glucosinolates and tryp-
tophan-derived indolic compounds. These 
secondary metabolites play an important role 
in plant defense against pests and diseases 

and also in the establishment of systemic ac-
quired resistance. In addition, a large variety 
of Arabidopsis ecotypes and a genome-wide 
association study are used to identify genes 
responsible for the observed genotype-spe-
cific differences in the rhizosphere microbial 
activity. Candidate genes will be further char-
acterised as well as the differences in root ex-
udates in the selected Arabidopsis ecotypes 
and mutants, and their impact on plant-mi-
crobe interactions will be investigated. For 
these types of experiments, a microbe col-
lection will be used which covers the entire 
range of root-derived and sequenced bacte-
ria strains (provided by Research Area C).

Secondly, the aim is to identify and character-
ize signalling molecules involved in plant-mi-
crobe interactions and the production of such 
key compounds in synthetic microbes. This ap-
proach intends to understand reciprocal met-
abolic signalling in plant-microbe interactions, 
and to further characterize components of 
regulatory modules controlling the biosynthe-
sis and transport of secondary metabolites in 
roots and in the rhizosphere. Special emphasis 
is given to the biosynthesis of terpenoids, ex-
ploring a  step-wise assembly of biosynthetic 
modules for the biosynthesis of triterpenes in 
synthetic microbes, e.g. Rhodobacter capsula-
tus and eventually “synthetic plants”. This will 
have a significant impact on developing next 
generation agricultural products and may also 
lead to biotechnological and pharmaceutical 
innovations.
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Selection of Scientific Achievements  
in Research Area D (as of December 2015)

•  Identification and functional characterization 
of transcription factors regulating the bio-
synthesis of indolic glucosinolates 

•  Mathematical prototype model for chain 
elongation in the biosynthesis of aliphatic 
glucosinolates  

•  Identification of candidate genes for shaping 
the bacterial community in the rhizosphere 
of different ecotypes, via genome wide as-
sociation studies with Arabidopsis 

•  In the context of analyzing the impact of bac-
terial metabolism on plant nitrogen and sul-
phur nutrition, establishment of an experi-
mental set-up for measuring root exudates 
from various Arabidopsis accessions and 
mutants under different nutritional condi-
tions and co-cultivation with different bac-
terial strains 

•  Identification of pipecolic acid as a novel 
regulator of plant systemic acquired resist-
ance, and proving this compound as a nec-
essary and sufficient for resistance priming; 
isolation of enzymes and genes mediating 
pipecolic acid biosynthesis and downstream 
signalling

•  Demonstrating that basal levels and induced 
production of tocopherols (antioxidants, 
only produced by photosynthetic organisms) 
contribute to basal resistance to bacterial 
pathogens in plants; description of various 
functional aspects of indolic metabolism in 
systemic acquired resistance 

•  Indication for direct feed-back of plants on 
the microbial community in the rhizosphere: 
Specific signal molecules of Gram-negative 

bacteria identified, perceived by A. thaliana 
and inducing phenotypic changes in root ar-
chitecture and influencing root exudation

•  Root growth and genes involved in triter-
pene biosynthesis shown to be induced in 
response to exogenous stimulation by plant 
growth promoting phytosulfokines

•  Construction of various functional modules 
for the efficient biosynthesis of triterpenes 
in different bacterial species 

•  Establishment of protocols for heterolo-
gous expression of plant ABC-transporters, 
for their reconstitution in artificial liposomes 
and for transport studies, aiming to identify 
their natural substrates
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croflora; biotic and abiotic factors controlling 
the composition and activities of microbi-
al communities associated with roots and 
leaves; molecular and metabolic process-
es determining the type and outcome of 
plant-microbe interactions.

•  Metabolic Plasticity: Plant secondary metab-
olites and biosynthetic pathways mediating 
the communication between plants and mi-
crobial endophytes; regulatory modules con-
trolling the biosynthesis of these metabolites.

•  Theoretical and Quantitative Biology: 
Mathematical description and simulation of 
molecular and metabolic processes deter-
mining plant life and performance.

•  Synthetic Biology: Models and molecular 
modules for the engineering of plants with 
novel features, in particular with respect 
to plant development, photosynthesis and 
plant-microbe interactions.

5. Core Competencies

Based on long lasting, proven experience 
complemented by the integration of new ex-
pertise, the core scientific competencies of 
CEPLAS are seen in:

•  Plant Development: Genetic and molec-
ular basis of annual/ perennial life cycles; 
mechanisms mediating annual/perennial life 
switches; regulatory networks controlling or-
gan development (root, leaf, tillering, flower-
ing); ecological and agricultural advantages 
of traits related to perennialism.

•  Photosynthesis: Genetic, molecular and 
physiological basis of processes involved in 
the evolutionary development of C4 plants 
from C3 plants; genetic, molecular, cellu-
lar and metabolic components determining 
the efficiency of converting light energy into 
chemical energy.

•  Plant-Microbe Interactions: Genetic and 
molecular characterization of the plant mi-
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6. Perspectives for Application of Results

7. Opportunities for Cooperation

With respect to the translation of research re-
sults into application, CEPLAS provides a vari-
ety of perspectives:

•  Molecular engineering of perennial plants 
from annuals by integrating the genetic de-
terminants of perennialism 

•  Transfer of favourable agronomic traits from 
perennials into annuals: abiotic stress toler-
ance, nutrient-use efficiency

•  Design of synthetic C4 plants by transferring 
the genetic/molecular determinants of C4 
photosynthesis into C3 plants

•  Molecular engineering of optimized C3 and 
C4 photosynthesis by targeting the rate lim-
iting steps in the conversion of light energy 
to chemical energy

•  Development of “biologicals” for plant pro-
tection and plant nutrition, on the basis of 

CEPLAS offers a variety of opportunities for 
cooperation between the public and private 
sectors:

•  Joint research projects in fields of common 
interest 

•  Out-licensing of IPR-protected research  
results for economic exploitation

•  Internships for scientists at various levels: 
- CEPLAS scientists at companies 
- Company scientists at CEPLAS

understanding the composition and function 
of the plant microbiome

•  Design of novel chemical components for 
plant protection and plant nutrition, on the 
basis of understanding the biochemical pro-
cesses of “communication” between plants 
and their microbiome

•  Molecular breeding and engineering of 
plants with improved disease resistance us-
ing the molecular components that deter-
mine the type and outcome of plant-microbe 
interactions.  

•  Modelling of approaches for molecular engi-
neering of improved plant traits

•  Development of tool boxes for molecular en-
gineering of improved plant traits

•  Establishment and co-funding of Graduate 
Schools in research areas of common inter-
est

•  Funding of Postdoctoral Fellows within the 
CEPLAS programme

•  Sponsoring of Junior Professorships

Ceplas_innen_RZ.indd   17 12.05.16   18:16



Ceplas_innen_RZ.indd   18 12.05.16   18:16



Addendum: Project profiles

Ceplas_innen_RZ.indd   19 12.05.16   18:16



20

Research Area A

Project Title
Control of flowering

Project Leader
George Coupland, Max-Planck-Institut für 
Pflanzenzüchtungsforschung, Köln

Project Goals
The scientific aim of the project is to describe 
the diversification of flowering control in an-
nual and perennial plants, at the genetic and 
molecular level, and thereby isolate the mo-
lecular regulators for this process. Decipher-
ing how these regulators are controlled by 
environmental cues and confer seasonal pat-
terns of flowering is of particular interest. This 
approach provides an increased knowledge 
of flowering control in annuals and the know-
how to transfer agriculturally useful traits from 
perennial to annual plants, such as increasing 
the number of flowers and seeds produced, 
manipulating the duration of flowering and 
increasing biomass production by delaying 
flowering and senescence.

Activities 
In different accessions of the phylogenetical-
ly related model plants Arabidopsis thaliana 
(annual) and Arabis alpina (perennial), and 
under different environmental conditions, 
the genetic determinants for the diversity in 
vernalization requirements, time of flowering, 
duration of flowering and bud opening are 
identified. For this purpose, QTL mapping, 
genotyping by sequencing, EMS mutagen-
esis and comparing the expression levels of 
candidate regulatory genes are applied. For 
functional characterization of identified can-
didate genes, novel approaches for genome 
editing or classical transgenic approaches are 
used.

Technologies/Know-how
In previous pioneering work, the group has 
provided major insights into the molecular ge-
netic regulation of flowering and its response 
to environmental factors. A basis for this highly 
respected know-how in the regulatory mecha-
nisms of a core process in plant development, 
is the expertise and application of all relevant 
modern technologies in genetics and molec-
ular biology. Lately, CRISPR-Cas9 technology 
has been integrated as a tool for genome ed-
iting with various plant species.

Results
Ongoing research has led to the identifica-
tion and isolation of various regulatory genes 
(transcription factors) and their targets con-
trolling vernalization requirement, the dura-
tion of flowering and the length of juvenility in 
plants. Specifically, a transcription factor that 
represses flowering until the plant is exposed 
to winter cold was shown to exhibit different 
patterns of transcription in annual and peren-
nial plants. In annuals, the gene is stably re-
pressed by winter cold allowing flowering to 
occur permanently until senescence, whereas 
in perennials the gene is re-activated after ver-
nalization so that flowering is restricted to a 
specific time interval. In addition, the age at 
which plants become old enough to respond 
to vernalization (adult) was shown to be con-
trolled by a microRNA and its target transcrip-
tion factor. The interactions between molecu-
lar pathways controlled by the age of the plant 
or environmental cues such as photoperiod 
and vernalization were studied in detail.  

8. Addendum: Project Profiles
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Publications and References
Hyun, Y., Kim, J., Cho, S. W., Choi, Y., Kim, J-S. and Coupland, G. (2015). Site-directed mutagen-
esis in Arabidopsis thaliana using dividing tissue-targeted RGEN of the CRISPR/Cas system to 
generate heritable null alleles. Planta 241, 271 – 28.

Andrés, F., Porri, A., Torti, S., Mateos, J., Romera-Branchat, M., García-Martínez, J.L., Fornara, 
F., Gregis, V., Kater, M.M. and Coupland, G. (2014) SHORT VEGETATIVE PHASE reduces gib-
berellin biosynthesis at the Arabidopsis shoot apex to regulate the floral transition. Proc. Natl. 
Acad. Sci. 111(26):E2760-9. doi: 10.1073/pnas.1409567111.

Bergonzi, S., Albani, M.C., Ver Loren van Themaat, E., Nordström, K.J.V., Wang, R., Schnee-
berger, K., Moerland, P.D. and Coupland, G. (2013). Mechanisms of Age-Dependent Response 
to Winter Temperature in Perennial Flowering of Arabis alpina. Science 340, 1094-1097. doi: 
10.1126/science.1234116

Andrés, F. and Coupland, G. (2012). The genetic basis of flowering responses to seasonal cues. 
Nature Reviews Genetics 13, 627-639.

Wang, R., Farrona, S., Vincent, C., Joecker, A., Schoof, H., Turck, F., Alonso-Blanco, C., Coup-
land, G. and Albani, M.C. (2009). PEP1 regulates perennial flowering in Arabis alpina. Nature 
459, 423-427.

Application relevant Aspects
The research results of this group are consid-
ered a decisive basis for molecular engineer-
ing of traits relevant for agricultural cultivation 
of crops and for efficient breeding methodol-
ogy:

•  Number of flowers and seeds
•  Timing of flowering
•  Adaptation of flowering to environmental 

changes
•  Synchronization of flowering

Opportunities for Cooperation
The group is interested in research co-opera-
tions on topics of flowering control, in which 
both sides contribute specific materials and/
or scientific and technological expertise. In 
this context, the transfer of results from model 
plants to agriculturally relevant crop plants has 
a high priority. In addition, the group would 
be interested in collaborating to study the ba-
sis of the juvenile to adult transition or envi-
ronmentally-controlled flowering responses 
in cultivars or breeding material. Also the ex-
change of scientific personnel for know-how 
transfer is considered an attractive form of co-
operation.
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Research Area A

Project Title 
Control of plant architecture and growth

Project Leader 
Rüdiger Simon, Heinrich-Heine-Universität 
Düsseldorf

Project Goals
The major goal of the project is to analyze how 
meristem growth and activity is controlled, at 
the molecular level. Thereby, molecular tar-
gets for the adaptation and optimization of 
root and shoot development and function in 
different genetic backgrounds and/or under 
different environmental conditions should be 
identified.

Activities
As model systems, Arabis alpina (perennial) 
and Arabis montbretiana (annual), and Arabi-
dopsis thalinana have been selected. Within 
these plant species, regulatory genes and sig-
naling pathways determining the fate of stem 
cells in root and shoot meristems are identi-
fied and functionally characterized, leading 
the way to finding components that cause dif-
ferent developmental patterns in roots and 
shoots of annual and perennial plants. A spe-
cific focus is put on describing the dynamics 
of effector/receptor interactions in signaling 
cascades and the impact of environmental pa-
rameters. In addition, similarities of these pro-
cesses in barley roots are under investigation. 

Technologies/Know-how
The project applies various technologies from 
the tool set of modern molecular biology. A 
core competence is seen in sophisticated mi-
croscopical analyses of meristem cell function 
and development and, specifically, in estab-
lishing test systems for the interaction of pep-
tide effectors and their corresponding recep-
tors.

Results
Various key factors for the development of root 
and shoot meristems and their functional role 
in signaling cascades have been described, 
in the past (see publications). On the basis of 
this know-how and experience, differences in 
root development between the model plants 
for annual and perennial life cycles have first 
been phenotypically described. Comparison 
of transcriptome profiles from various root 
meristem stages in these plants and the iden-
tification of key regulators are in progress.
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Publications
Marshall, A., Aalen, R.B., Audenaert, D., Beeckman, T., Broadley, M.R., Butenko, M., Caño-Del-
gado, A.I., de Vries, S., Dresselhaus, T., Felix, G., Graham, N.S., Foulkes, J., Granier, C., Greb, T., 
Grossniklaus, U., Hammond, J.P., Heidstra, R., Hodgman, C., Hothorn, M., Inzé, D., Østergaard, L., 
Russinova, E., Simon, R., Skirycz, A., Stahl, Y., Zipfel, C. and De Smet, I. (2012). Tackling Drought 
Stress: RECEPTOR-LIKE KINASES Present New Approaches. The Plant Cell 24, 2262-2278.

Stahl, Y., Wink, R., Ingram, G., Simon, R (2009). A signalling module controlling the stem cell niche 
in Arabidopsis root meristems. Current Biology 19, 909-914.

Replogle, A., Jianying, W., Bleckmann, A., Hussey, R., Baum, T., Sawa, S., Davis, E., Wang, X., Si-
mon, R., Mitchum, M. (2010). Nematode CLE Signaling in Arabidopsis Requires CLAVATA2 and 
CORYNE. The Plant Journal 65, 430-440.

Brand, U., Fletcher, J.C., Hobe, M., Meyerowitz, E.M., Simon, R. (2000). Dependence of stem cell 
fate in Arabidopsis on a feedback loop regulated by CLV3 activity. Science 289, 617-619.

Application relevant Aspects
The project identifies and functionally charac-
terizes molecular targets for a potential   op-
timization of root and shoot development in 
plants. Characteristic features of roots in per-
ennial plants (i.e. water/nutrient uptake and 
storage, resistance to abiotic and biotic stress-
es, longevity) are made accessible for transfer 
to annual plants, with beneficial effects. The 
already known factors controlling meristem 
function in root and shoot development have 
also been shown to be involved in conferring 
nematode resistance and to regulate nodule 
formation. Therefore, the results of this project 
could build a basis for optimization of a varie-
ty of components determining yield potential 
and stability. In addition, a high-throughput 
test system for the function of peptide effec-
tors in signaling cascades that are involved in 
root and shoot development is available. This 
test system allows the screening of small mole-
cule libraries for their potential effects on plant 
growth, and is applicable for model plant spe-
cies as well as for crop plant species.  

Opportunities for Cooperation
The project offers R&D cooperation in the 
fields of identification and functional charac-
terization of regulators of root and shoot de-
velopment in model or crop plants, and in the 
screening of compounds with potential effects 
on root and shoot growth.
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Research Area A

Project Title
Regulation of shoot architecture in annual 
and perennial plants

Project Leader
Klaus Theres, Max-Planck-Institut für  
Pflanzenzüchtungsforschung, Köln

Project Goals
The scientific goal of this research group is to 
describe the molecular mechanisms for the de-
velopment and function of plant meristems re-
sponsible for axillary shoot formation. Specif-
ically, the differences in this process between 
annual and perennial plants are addressed. Fi-
nally, this will build the basis for modification 
of plant architecture (for example the design 
of mono-stem architecture) by molecular en-
gineering or molecular breeding. 

Activities
The object of the analysis is the comparison of 
axillary bud formation between Arabis alpina 
(perennial) and Arabidopsis thaliana (annual). 
Regulatory genes controlling the initiation of 
axillary meristems are identified and function-
ally characterized. These regulatory genes are 
considered key factors in formation of vegeta-
tive buds and, thereby, also decisive for enter-
ing the perennial life cycle. The experimental 
approach for these analyses are microscopic 
studies of meristem initiation in axillary buds, 
analyzing transcriptome profiles and studying 
the activity of regulatory genes in these tissues 
during development. 

Technologies/Know-how
The head of the group is a pioneer in the ge-
netic and molecular analysis of lateral meris-
tem formation in plants. The technological 
expertise comprises a variety of methods in 
genetics and molecular biology, with a special-
ization in RNA in situ hybridization and tran-
scriptome analysis. Lately, also novel methods 
in genome editing for the modification of gene 
functions have been established. 

Results
A major previous scientific achievement of the 
group was the isolation and functional char-
acterization of “LATERAL SUPPRESSOR” as a 
key regulatory gene for the development of 
axillary meristems and the formation of later-
al shoots in tomato and Arabidopsis thaliana. 
Furthermore, additional components in the 
regulatory network for lateral meristem forma-
tion have been identified and characterized.
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Publications and References
Greb, T., Clarenz, O., Schäfer, E., Müller, D., Herrero, R., Schmitz, G. and Theres, K. (2003). Mo-
lecular analysis of the LATERAL SUPPRESSOR gene in Arabidopsis reveals a conserved control 
mechanism for axillary meristem formation. Genes & Development 17, 1175-1187.

Busch, B.L. *, Schmitz, G. *, Rossmann, S., Piron, F., Ding, J., Bendahmane, A. and Theres, K. (2011). 
Shoot branching and leaf dissection in tomato are regulated by homologous gene modules. Plant 
Cell 23, 3595-3609. *Equal contribution authorship

Wang, Q., Kohlen, W., Rossmann, S., Vernoux, T. and Theres, K. (2014). Auxin depletion from the 
leaf axil conditions competence for axillary meristem formation in Arabidopsis and tomato. Plant 
Cell 26, 2068-2079.

Rossmann, S., Kohlen, W., Hasson, A. and Theres, K. (2015). Lateral suppressor and Goblet act 
in hierarchical order to regulate ectopic meristem formation at the base of tomato leaflets. Plant 
J. 81, 837–848.

Wang, Q., Hasson, A., Rossmann, S. and Theres, K. (2015). Divide et impera: Boundaries shape 
the plant body and initiate new meristems. New Phytologist, doi: 10.1111/nph.13641.

Application relevant Aspects 
Plant architecture is of key importance for ad-
aptation of crop plants and vegetables to the 
needs in agricultural and horticultural cultiva-
tion. Know-how on the regulatory processes 
determining these plant traits will open up op-
portunities for the modification of plant archi-
tecture by molecular engineering and/or mo-
lecular breeding. For this purpose, also novel 
technologies in genome editing that are not 
restricted by the legislation for genetic engi-
neering are of high importance and are availa-
ble in this group.

Opportunities for Cooperation
The group is interested in joint research pro-
jects with third parties in the field of regulatory 
processes determining plant architecture and 
defining and implementing approaches for its 
targeted modification. In this context, the pre-
cise definition of the targets from the agricul-
tural and horticultural point of view is consid-
ered a major and decisive contribution from 
potential cooperation partners.
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Research Area A

Project Title 
Competition for light in the canopy of  
perennial plants

Project Leader 
Ute Höcker, Universität zu Köln

Project Goals
The project aims at understanding why per-
ennial plants exert less responsiveness to re-
duced light intensity than annual plants, at 
the genetic and molecular level. This should 
provide insights into the regulation of growth 
length of plants, as an important parameter 
determining yield. 

Activities
In the first phase, the research comprises a 
comparative analysis between Arabis alpina 
(perennial) and Arabidopsis thaliana (annual), 
as model systems, at the phenotypic level (im-
pact of light intensity of growth length) and at 
the level of gene expression (regulatory genes 
with known involvement in responsiveness 
to light intensity). Further studies include the 
identification and isolation of candidate reg-
ulatory genes from phenotypically divergent 
populations, and the detailed functional char-
acterization of such candidate genes. Final-
ly, the effect of a transfer of regulatory genes 
controlling the responsiveness to light intensi-
ty in Arabis alpina to Arabidopsis thaliana will 
be tested. The potential transfer of know-how 
to crop plants will require the cooperation with 
third parties from plant breeding business. 

Technologies/Know-how
The specific expertise of the group is seen in 
the combination of genetic and molecular ap-
proaches in the field of photobiology. Strong 
technological expertise is also existing in the 
analysis of protein/protein interactions.

Results
Detailed phenotypic investigations have 
shown that the perennial plant Arabis alpi-
na does not exert responsiveness of growth 
length to light intensity (competition for light). 
Expression studies of candidate genes poten-
tially involved in controlling this phenotype are 
in progress.
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Publications and References
Gururani, M.A., Ganesan, M. and Song, P.S. (2015). Photo-biotechnology as a tool to improve ag-
ronomic traits in crops.  Biotechnol Adv. 33, 53-63.  

Warnasooriya, S.N. and Brutnell, T.P.. (2014). Enhancing the productivity of grasses under 
high-density planting by engineering light responses: from model systems to feedstocks. J Exp 
Bot. 65, 2825-2834.

Rolauffs, S., Fackendahl, P., Sahm, J., Fiene, G. and Hoecker, U. (2012) Arabidopsis COP1 and SPA 
genes are essential for plant elongation but not for acceleration of flowering time in response to 
a low red light to far-red light ratio. Plant Physiol. 160, 2015-2027.

Application relevant Aspects
Molecular components regulating the respon-
siveness to light intensity (competition for 
light in the canopy) are considered as tools for 
molecular breeding of crop varieties with im-
proved yield potential.

Opportunities for Cooperation
The group is interested in research coopera-
tions on the impact of light intensity on the 
regulation of plant growth and metabolism. 
In addition, the transfer of know-how to crop 
plants (especially corn) is in the focus of coop-
eration interests.
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Research Area A

Project Title 
Nutrient recycling in perennial plants

Project Leader 
Petra Bauer, Heinrich-Heine-Universität  
Düsseldorf

Project Goals
The project aims at understanding the regula-
tion of nutrient uptake and storage during the 
life cycle of perennial plants and on providing 
concepts for a potential optimization of these 
processes also in annual plants. 

Activities
Research in this project addresses the ques-
tions which and where nutrients are stored in 
the life cycle of perennial plants, which genes 
are involved in the regulation of this process, 
and which factors affect nutrient uptake. The 
focus is put on describing the regulatory net-
work controlling Fe-metabolism. Arabis alpina 
is used as a model plant for perennialism in the 
research of this group. Further objects of in-
vestigating nutrient metabolism are Arabidop-
sis thaliana, Medicago truncatula and tomato.  

Technologies/Know-how
A variety of tools from molecular biology, ge-
netics and plant physiology is used in the in-
vestigations. Specific expertise is also present 
in the field of high-resolution microscopy.

Results
Components for Fe-uptake have been identi-
fied. Among them, the function and regulation 
of a transcription factor has been character-
ized, in detail. 
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Publications
Schuler, M., Rellán-Álvarez, R., Fink-Straube, C., Abadia, J., and Bauer, P. (2012). Nicotianamine 
functions in the phloem-based transport of iron to sink organs, in pollen development and pollen 
tube growth in Arabidopsis. The Plant Cell 24. 2380-2400.

Application relevant Aspects
The results of this research project will pro-
vide insights into the nutrient-use processes 
of plants, at the molecular level, and its de-
pendence on abiotic and biotic environmental 
factors, with a focus on Fe-metabolism. This 
will be the basis for new breeding approaches 
to improve nutrient-use efficiency, and for the 
development of adapted and optimized fer-
tilizers (for example new formulation of ferti-
lizers).

Opportunities for Cooperation
The research group offers the opportunity 
for cooperative research projects in scientific 
fields of mutual interest, and for the exchange 
of co-workers and technological know-how. 
The group also has a specific interest in the use 
and testing of plant material from partners, in 
the context of studying the variability of nutri-
ent-use efficiency and its genetic background. 
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Research Area A

Project Title 
Balance between sexual and asexual  
reproduction in perennial plants

Project Leader 
Maria Albani, Universität zu Köln

Project Goals
The project aims at describing the molecu-
lar mechanisms of competition and switches 
between vegetative and generative phases 
in the life cycle of perennial plants, in particu-
lar the regulatory components controlling ad-
ventitious root and flower formation. These 
processes have a major impact on clonal am-
plification, seed yield and seed quality in per-
ennials and, thereby, affect their agricultural 
and horticultural use. 

Activities
The research activities comprise the identifica-
tion of regulatory genes determining adven-
titious rooting, inflorescence formation and 
seed quality in the perennial plant Arabis al-
pina. For this purpose, genes regulating these 
traits are analyzed in Arabis alpina and com-
pared to the annual Arabidopsis thaliana.  

Technologies/Know-how
The head of the research group has estab-
lished Arabis alpina as a model system for the 
genetic and molecular characterization of per-
ennialism and its systematic comparison with 
the annual life cycle of Arabidopsis thaliana. 
The comparative studies are based on tran-
scription profiling of natural and induced var-
iants of Arabis alpina, and on measuring the 
expression of known developmental regula-
tors from Arabidopsis thaliana during devel-
opmental switches in Arabis alpina.

Results 
In the course of the project, a novel gene in-
volved in regulating inflorescence develop-
ment in Arabis alpina has been identified. 
Furthermore, results of the group have prov-
en that the formation of adventitious roots in 
Arabis alpina is induced by flowering, provid-
ing significant insights into the regulation of 
clonal amplification of this perennial plant. In 
addition, the mechanism with which PEP1 en-
sures the return of vegetative development 
and therefore the perennial life cycle has been 
deciphered. 
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Publications and References
Bergonzi, S., Albani, M. C., Ver Loren van Themmat, P. E., Nordström, K.J.V., Wang, R., Schnee-
berger, K., Moerland, P.D. and Coupland, G. (2013). Mechanisms of age-dependent response to 
winter temperature in perennial flowering of Arabis alpina, Science 340, 1094-1097.

Nordström, K.J.V., Albani, M.C., Velikkakam, G.J., Hartwig, B., Turck, F., Coupland, G. and Sch-
neeberger, K. (2013). Mutation identification by direct comparison of whole-genome sequencing 
data from mutant and wild-type individuals using k-mers. Nature Biotechnology 31(4), 325-330.

Albani, M.C., Castaings, L., Wötzel, S., Mateos, J.L., Wunder, J., Wang, R., Reymond M. and Cou-
pland, G. (2012). PEP1 of Arabis alpina is encoded by two overlapping genes that contribute to 
natural genetic variation in perennial flowering. PLoS Genetics 8: 12: e1003130. doi:10.1371/jour-
nal.pgen.1003130. Epub 2012 Dec 12

Koskela, E.A., Mouhu, K., Albani, M.C., Kurokura, T., Rantanen, M., Sargent, D.J., Battey, N.H., 
Coupland, G., Elomaa, P. and Hytönen, T. (2012). TERMINAL FLOWER1 is the switch between 
short-day and long-day flowering responses in the wild strawberry, Fragaria vesca. Plant Physi-
ology 159, 1043-1054.

Wang, R., Farrona, S., Vincent, C., Joecker, A., Schoof, H., Turck, F., Alonso-Blanco, C., Coupland, 
G. and Albani, M.C. (2009). PEP1 regulates perennial flowering in Arabis alpina. Nature 459, 423-
427.

Application relevant Aspects
Research results from this group are relevant 
in the context of breeding perennials with op-
timized forms of clonal amplification and with 
improved seed yield and seed viability.

Opportunities for Cooperation
The group is interested in any kind of coopera-
tions addressing the transfer of its results from 
the model plant Arabis alpina to crop plants in 
horticulture and agriculture. This includes joint 
research projects and consulting.
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Research Area A

Project Title 
Genetic control of tillering and spike  
branching in barley

Project Leader 
Maria von Korff Schmising,  
Heinrich-Heine-Universität Düsseldorf

Project Goals
The goal of the project is to understand the 
genetic control of tillering and spike branch-
ing in barley, by isolating key components and 
characterizing molecular networks controlling 
these processes. We aim at understanding 
the genetic and physiological correlations 
between tillering and spike branching and at 
characterizing the genetic differences that de-
termine annual and perennial growth. In addi-
tion, the developmental processes addressed 
here, have a proven relationship to the adapta-
tion of barley to abiotic stress. In summary, the 
group finally aims at providing plant material 
and molecular components for yield improve-
ment in plants.  

Activities
So far, the group has carried out detailed phe-
notypic analyses of barley tillering mutants 
and conducted RNA sequencing in develop-
ing shoot apical meristems and crown tissue, 
also comprising axillary meristems. The molec-
ular isolation of regulatory components and 
the functional verification of candidate genes 
are underway.

Technologies/Know-how
The specific technological expertise of the 
group covers precise phenotyping of cereals, 
at the macroscopic as well as microscopic lev-
el, in greenhouse and field experiments. In ad-
dition, the research of the group is based on 
detailed know-how of plant genetics and mo-
lecular biology.

Results
Data from a detailed phenotyping of barley 
mutant populations are available. The molec-
ular changes in shoot apical meristem during 
development have been described. Similar-
ities as well as differences between tillering 
and spike branching have been identified, 
also providing insights into the basis of neg-
ative correlations between the two processes.
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Campoli, C., Pankin, A., Casao, C.M., Davis, S.J. and von Korff, M. (2013). HvLUX1 is a candidate 
gene underlying the early maturity 10 locus in barley: phylogeny, diversity, and interactions with 
the circadian clock and photoperiodic pathways. New Phytologist 199 (4), 1045-1059 doi: 10.1111/
nph.12346
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Rollins, J.A., Habte, E., Templer, S.E., Colby, T., Schmidt, J., von Korff, M. (2013). Leaf proteome 
alterations in the context of physiological and morphological responses to drought and heat 
stress in barley (Hordeum vulgare L.). Journal of Experimental Botany 64 (11), 3201-3212 doi: 
10.1093/jxb/ert158.

Faure, S., Turner, A.S., Gruszka, D., Christodoulou, V., Davis, S.J., von Korff, M.* and Laurie, D.A. 
(2012). Mutation of the Circadian Clock Gene EARLY MATURITY 8 Adapts Domesticated Barley 
(Hordeum vulgare) to Short Growing Seasons. PNAS 109 (21), 8328-8333 * corresponding author.

Campoli, C., Drosse, B., Searle, I., Coupland, G. and von Korff, M. (2012). Functional character-
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Journal 69 (5), 868-80, DOI: 10.1111/j.1365-313X.2011.04839.x.

Application relevant Aspects
The group develops detailed know-how on 
molecular components that control decisive 
developmental steps during plant growth. 
These components are made accessible for 
the improvement of yield in cereal breeding. 

Opportunities for Cooperation
The interest in cooperations focuses on joint 
research projects in the field of barley devel-
opment. An extension of the work to wheat 
is conceivable, based on existing scientific ex-
pertise and available plant material. Also the 
exchange and testing of plant material is of 
high value for the research of the group.
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Research Area A

Project Title
Comparative leaf development: Impact of 
leaf shape on photosynthetic efficiency

Project Leader
Miltos Tsiantis, Max-Planck-Institut für  
Pflanzenzüchtungsforschung, Köln

Project Goals
Photosynthesis has been proposed to be a 
novel key route to increase yield of major 
crops. In this respect, one possible but under-
explored target for increasing yield is tinkering 
with aspects of leaf development and anato-
my. With the help of understanding the ge-
netic and molecular basis of leaf development, 
anatomy and its causal relationship to photo-
synthetic efficiency, the group aims to provide 
a basis for novel breeding approaches that are 
directed towards increasing yield.

Activities
The group uses comparative genetic analyses 
to describe the genetic basis for variation of 
leaf morphology between and within species. 
In this context, it addresses the key question 
of how variation in leaf shape is causally relat-
ed to both photosynthetic efficiency and seed 
yield. As a first step, regulatory genes and their 
functional networks determining leaf shape in 
various genetic backgrounds are being identi-
fied. Arabidopsis thaliana and Cardamine hir-
suta have been chosen as model plant species 
for these investigations.  

Technologies/Know-how
Research of the group is based on the follow-
ing expertise:

•  Developmental Genetics
•  Novel methods for analyzing organ growth in 

space and time at cellular resolution
•  QTL analyses
•  Improved methods for genome assembly 

SNP and variant calling
•  Computational modeling of growth and de-

velopment
•  Biomechanics  

Results
First key regulators of leaf shape development 
have been identified from the model plant 
species and their role in functional networks 
has been described. Thereby, it was shown 
how regulated growth repression can influ-
ence leaf morphology, and novel information 
on the influence of growth regulation in the 
leaf on aspects of seed development was ob-
tained. 
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for dissected leaf formation in the Arabidopsis relative Cardamine hirsuta. Nature Genetics 40, 
1136-1141.

Hay, A.S. Pieper, B., Cooke, E., Mandakova, T., Cartolano, M. et al. (2014) Cardamine hirsuta: a 
versatile genetic system for comparative studies. Plant J 78, 1-15.

Vlad, D., Kierzkowski, D., Rast, M.I., Vuolo, F., Dello Ioio, R., et al. (2014) Leaf Shape Evolution 
Through Duplication, Regulatory Diversification, and Loss of a Homeobox Gene. Science 343, 
780-783.

Application relevant Aspects
The research of the group provides insights 
into the molecular genetic basis of leaf devel-
opment and leaf anatomy and its causal rela-
tionship with photosynthetic efficiency. The 
regulatory components of these processes are 
potential targets for designing new molecular 
breeding approaches that aim at increasing 
crop yield.

Opportunities for Cooperation
The group seeks cooperation with partners 
that are interested in testing the possibility 
of transferring the research results found with 
model plants into crop plants. In this context, 
the major goal will be to test the phenotyp-
ic effects of candidate genes for modification 
of leaf anatomy and improving photosynthetic 
efficiency in crop plants. Such cooperation 
can include joint research activities as well as 
the exchange of scientific personnel in order 
to mutually extend the know-how in this field. 
Biochemical analysis of relevant germplasm is 
also of interest. 
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Research Area A

Project Title 
Inference of gene regulatory networks

Project Leader 
Markus Kollmann, Heinrich-Heine-Universität 
Düsseldorf

Project Goals
The aim of the project is to derive hidden caus-
al interactions in gene regulatory networks 
from correlation data. The knowledge of caus-
al regulatory interactions is a necessary pre-
requisite for altering the genetic blueprint in 
plants, for example by synthetically switching 
from C3 to C4 photosynthesis and from annual 
to perennial plants.

Activities
The input data for these studies come from 
systematic knockout/knockdown studies, with 
genome wide expression levels, using mi-
croarrays or RNA-seq, or measured on smaller 
scale using qPCR. Within CEPLAS, the group 
currently uses quantitative expression data 
(qPCR) of the Hülskamp group (University of 
Cologne), to infer the regulatory mechanisms 
underlying leave development in Arabidopsis. 

Technologies/Know-how
The core competence of the group lies in the 
fields of  “mathematical modeling” and “ma-
chine learning” for solving so-called “inverse 
problems”, in order to finally infer parts of the 
genetic blue print from molecular data. Solv-
ing such “inverse problems” requires excellent 
know-how in the statistical analysis of experi-
mental data.

Results
Within this CEPLAS project it has been prov-
en that the solution of “inverse problems” 
does not only depend on the complexity of 
networks (e.g. how many links there are) but 
also on their architecture (how these links are 
organized). To a large extent, the architecture 
of a network is determined by the distribution 
of incoming and outgoing links. It turns out 
that networks that have few nodes with a large 
amount of outgoing links (master regulators) 
and many nodes with a small number of incom-
ing links (regulated genes) are the most diffi-
cult structures to infer. The group is now able 
to calculate from simple structural properties 
of a molecular network the minimum amount 
of experimental data that have to be generat-
ed to infer a certain fraction of the network.
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to distinguish direct dependencies in networks. Nature Biotechnology, 31(8), 726–733. 

Barzel, B., Barabasi, A.L. (2013) Network link prediction by global silencing of indirect correlations. 
Nature Biotechnology 31(8):720-725.

Kholodenko, B.N., Kiyatkin, A., Bruggeman, F.J., Sontag, E., Westerhoff, H.V., Hoek, J.B. (2002) 
Untangling the wires: a strategy to trace functional interactions in signaling and gene networks. 
Proceedings of the National Academy of Sciences of the United States of America 99(20):12841-
12846.

Blum et al. Inferability of complex genetic networks. In preparation.

Application relevant Aspects
The know-how and the results of the group 
are the basis for the analysis of quantitative ex-
pression data generated by systematic exper-
imental perturbations, in order to determine 
causal relationships in the function of molecu-
lar networks. This also allows the prediction of 
synergistic or antagonistic effects when modi-
fying biological networks.

Opportunities for Cooperation
The group is interested in any kind of research 
cooperation with partners that carry out sys-
tematic, large-scale perturbation experiments 
in living systems and quantitatively measure 
the response at the molecular and/or organ-
ismic levels.
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Research Area B

Project Title 
The impact of leaf anatomy on photosyn-
thetic efficiency

Project Leader 
Peter Westhoff, Heinrich-Heine-Universität 
Düsseldorf

Project Goals
The first goal of the project is to identify and 
isolate key regulatory genes determining leaf 
anatomy, with a focus on genes that control 
the development of leaf structures character-
istic for the Kranz anatomy of C4 plants and are 
causally related to photosynthetic efficiency. 
Finally, this should provide the basis for de-
signing C3 plants with altered leaf anatomies 
typical for C4 plants and, thereby, increase 
photosynthetic efficiency in C3 plants.

Activities
Research in this group comprises the devel-
opment of a test system for the identification 
and molecular isolation of regulatory genes in-
volved in the development of leaf structures 
and functions characteristic for C4 plants. This 
test system is applied in Arabidopsis thaliana 
to create mutants in bundle sheath cell struc-
ture and function and, thereby, isolate the cor-
responding regulatory genes. The test system 
will also be applied to obtain mutants with 
altered mesophyll structure. The function of 
candidate genes is verified by testing the ef-
fect of their over-expression or knock out in 
transgenic plants. The final proof of concept is 
to demonstrate the impact of such candidate 
genes on photosynthetic efficiency. 

Technologies/Know-how
The specific technological strength of 
the group is seen in the combination of 
high-throughput genetic analysis and molec-
ular genetic approaches for identification and 
functional characterization of genes involved 
in controlling photosynthetic efficiency. In ad-
dition, the group provides unique know-how in 
the design and functional testing of synthetic 
promoters.

Results
As a first step, promoters specific for activity 
in bundle sheath cells (in C4 as well as in C3 
plants) have been identified and used for the 
creation of a “promoter activation tagging” 
test system that can be applied for the identi-
fication and rapid isolation of regulatory genes 
affecting leaf structure and bundle sheath cell 
function in the C3 plant Arabidopsis thaliana. 
With this test system four candidate regulatory 
genes could be isolated. The functional verifi-
cation of these candidate genes in transgen-
ic plants and the search for further candidate 
gens is in progress.
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Cell 23, 2087-2105.

Wiludda, C., Schulze, S., Gowik, U., Engelmann, S., Koczor, M., Streubel, M., Bauwe, H. and West-
hoff, P. (2012). Regulation of the photorespiratory GLDPA gene in C4 Flaveria - an intricate inter-
play of transcriptional and post-transcriptional processes. Plant Cell 24, 137–151.

Heckmann, D., Schulze, S., Denton, A., Gowik, U., Westhoff, P., Weber, A.P.M. and Lercher, M.J. 
(2013). Predicting C4 photosynthesis evolution: modular, individually adaptive steps on a Mount 
Fuji fitness landscape. Cell 153, 1579–1588.

Mallmann, J., Heckmann, D., Bräutigam, A., Lercher, M.J., Weber, A.P.M., Westhoff, P. and Gow-
ik, U. (2014). The role of photorespiration during the evolution of C4 photosynthesis in the genus 
Flaveria. eLife 3, e02478.

Zhu, X.G., Long, S.P. and Ort, D.R. (2010). Improving photosynthetic efficiency for greater yield. 
Annu Rev Plant Biol 61, 235-261.

Terashima, I., Hanba, Y.T., Tholen, D. and Niinemets, U. (2011). Leaf functional anatomy in relation 
to photosynthesis. Plant Physiol 155, 108-116.

Ort, D.R., Merchant, S.S., Alric, J., Barkan, A., Blankenship, R.E., Bock, R., Croce, R., Hanson, M.R., 
Hibberd, J.M., Long, S.P., Moore, T.A., Moroney, J., Niyogi, K.K., Parry, M.A., Peralta-Yahya, P.P., 
Prince, R.C., Redding, K.E., Spalding, M.H., van Wijk, K.J., Vermaas, W.F., von Caemmerer, S., We-
ber, A.P., Yeates, T.O., Yuan, J.S. and Zhu, X.G. (2015). Redesigning photosynthesis to sustainably 
meet global food and bioenergy demand. Proc Natl Acad Sci USA 112, 8529-8536.

Application relevant Aspects
The working hypothesis is that regulatory 
genes of plant leaf anatomy and function are 
causally related to photosynthetic efficiency 
and photosynthetic output. Thereby, these 
genes potentially provide a basis for the im-
provement of yield in C3 (and C4) plants by mo-
lecular breeding.

Opportunities for Cooperation
The group is interested in research coopera-
tion (also including the exchange of scientific 
personnel and scientific know-how) address-
ing the development of concepts for a change 
of leaf anatomy, as way to improve photosyn-
thetic efficiency.
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Research Area B

Project Title 
Genetic prerequisites for evolution  
of C4 photosynthesis from C3 ancestors

Project Leader 
Andreas Weber, Heinrich-Heine-Universität 
Düsseldorf

Project Goals
The project aims at defining the genetic ar-
chitecture for sub-traits of C4 photosynthesis, 
such as Kranz leaf anatomy and the metabolic 
steps in C4 carbon fixation. Thereby,  regulato-
ry and functional modules (sets of genes) de-
termining typical features of C4 plants will be 
identified and become available for increasing 
photosynthetic efficiency in C3 plants (trans-
fer of C4 traits into the genetic background 
of C3 plants). Finally, know-how generated in 
this project provides the basis for modelling 
of evolutionary steps in the development of 
C4 photosynthesis, and functionally character-
ized regulatory modules should become tools 
for molecular breeding or engineering of crop 
plants with improved photosynthetic efficien-
cy, as an element for yield increase.  

Activities
The research employs two complementary ap-
proaches. On the one hand, a systems biolog-
ical approach in which phylogenetically and 
genetically well characterized intermediates in 
the evolution from C3 to C4 plants within the 
order of Brassicales are used to identify can-
didate genes mediating sub-traits of C4 pho-
tosynthesis. The functional verification of such 
candidate genes is approached in transgenic 
model plants. On the other hand, quantitative 

genetics using segregating populations from 
crosses between various intermediates in C4 
evolution is applied to localize and identify 
candidate genes. In addition, these segregat-
ing populations are also used for comparative 
transcriptomics, as an additional source for the 
identification of candidate genes.

Technologies/Know-how
The technological strength of the group is seen 
in the combination of various systems-level 
approaches: transcriptomics, proteomics, and 
metabolomics of phylogenetically related in-
termediate species in C4 evolution, and data 
mining for biological information. The group 
also is one of the co-founders of RNA sequenc-
ing for the identification of unknown genes. 
Standard methods of biochemistry and phys-
iology complete the spectrum of technolog-
ical know-how. The group has long-standing 
expertise and a leading position in in the mo-
lecular and biochemical elucidation of cellular 
compartmentation of metabolism and trans-
port processes in photosynthesis.

Results
Major achievements of previous research are:
•  Identification, isolation and functional char-

acterization of key components for transport 
processes in C4 metabolism.

•  Identification and isolation of candidate 
genes regulating the size of bundle sheath 
cells; functional characterization of these 
genes as cell cycle regulators controlling en-
do-reduplication of DNA.

•  Demonstrating the common regulation of 
novel genes encoding sub-traits of C4 pho-
tosynthesis. 
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of NAD-ME, NADP-ME, and PEP-CK C4 species. J Exp Bot 65(13), 3579-3593.
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Fuji fitness landscape. Cell 153, 1579-1588.
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Application relevant Aspects
The results from research of the group pro-
vides know-how on the genetic determinants 
and molecular processes for the evolution of 
C4 plants from C3 plants. Thereby, molecular 
modules can be designed and synthesized for 
pre-breeding towards an increase of photo-
synthetic efficiency as a contribution to yield 
improvement in crop plants.

Opportunities for Cooperation
The group is interested in research coopera-
tion on the genetic and molecular mechanisms 
determining sub-traits of C4 photosynthesis, 
as an approach for the development of molec-
ular modules that can be used for improving 
photosynthetioc efficiency and, consequently, 
yield of crop plants. In this context, partners 
are specifically welcome that address and sup-
port the transition of know-how from the mod-
el plants used in the research to crop plants. 
In more general terms, the group wishes to 
jointly address biological questions for breed-
ing-relevant topics, and is open to extend the 
field of research.

Research Area B
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Research Area B

Project Title 
Impact of light intensity on leaf anatomy

Project Leader
Ute Höcker, Universität zu Köln

Project Goals
Based on the different leaf anatomy of C3 and 
C4 plants, research in this project aims at the 
understanding of molecular mechanisms reg-
ulating leaf thickness and density of leaf veins, 
as parameters for potential yield improvement.

Activities
Research activities cover the identification, 
isolation and functional characterization of 
regulatory genes controlling leaf thickness 
and density of leaf veins, in the model system 
Arabidopsis thaliana. The natural variability of 
these characteristics in the model plant spe-
cies is used for QTL-cloning of such regulato-
ry genes. In addition, transcription profiling 
with leaves from plants grown under different 
light intensities (leading to differences in leaf 
thickness and leaf vein density) is applied for 
the search of candidate genes. Further func-
tional characterization of candidate genes will 
comprise testing their effect in transgenics, at 
the phenotypic and molecular level. The po-
tential transfer of know-how generated in this 
research to crop plants will require the coop-
eration with third parties from plant breeding 
business.

Technologies/Know-how
The specific expertise of the group is seen in 
the combination of genetic and molecular ap-
proaches in the field of photobiology. Strong 
technological expertise is also existing in the 
analysis of protein/protein interactions.

Results
So far, genotypes expressing differences in 
leaf thickness and in density of leaf veins could 
be identified applying QTL analysis with “mul-
ti-parent intercross populations”, as devel-
oped by M. Koornneef (Max Planck Institute 
for Plant Breeding Research, Cologne). The 
molecular isolation of the corresponding reg-
ulatory genes determining these differences is 
in progress. 
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Application relevant Aspects
Molecular components regulating leaf anato-
my and its responsiveness to light intensity are 
considered as tools for molecular breeding of 
crop varieties with improved yield potential.

Opportunities for Cooperation
The group is interested in research cooper-
ation addressing the molecular regulation of 
leaf anatomy and its dependence on light in-
tensity. In addition, the transfer of know-how 
to crop plants (especially corn) is in the focus 
of cooperation interests.
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Research Area B

Project Title
Using metabolic models to explore transition 
between C3 and C4 photosynthesis

Project Leader 
Martin Lercher, Heinrich-Heine-Universität 
Düsseldorf

Project Goals
First, the project aims at establishing a mech-
anistic model of photosynthesis that encom-
passes C3 and C4 metabolic systems and ex-
plicitly considers environmental factors, such 
as temperature, light intensity, and external 
CO2 and O2 pressures. This model is used to 
understand the evolution from C3 photosyn-
thesis to C3-C4 intermediates and to C4 pho-
tosynthesis, and to predict likely evolutionary 
paths in the future. Finally, this model is used 
to design promising strategies for C3 to C4 
conversions that combine genome engineer-
ing (for plant features that are sufficiently un-
derstood at the genetic and molecular basis) 
with artificial selection (for plant features with 
unclear genetic basis).  

Activities
The current understanding of the biochemical 
and anatomical basis of C3, C3-C4 intermedi-
ate, and C4 photosynthesis forms the founda-
tion for metabolic modeling approaches, in-
cluding whole genome metabolic modeling, 
such as Flux Balance Analysis, and mechanis-
tic models of sub-systems, such as carbon fix-
ation in photosynthesis. In this model, the ef-
fect of genetic and phenotypic changes (e.g., 
expression changes of key enzymes) can be 
simulated mathematically. This model also al-
lows to predict the evolutionary response to 
environmental pressure (e.g., CO2/O2 concen-

trations, temperature) of candidate genes for 
the development of C4 photosynthetic meta-
bolism. 

Technologies/Know-how
The group specializes in metabolic modeling, 
in particular constraint-based whole-genome 
approaches (such as FBA) and mechanistic 
models of important subsystems in metabolic 
equilibrium. New modeling algorithms are de-
veloped, existing metabolic models for plants 
and microbes are refined, and these models 
are used to study the consequences of bio-
technological or evolutionary changes. The 
models are parameterized using published 
data, augmented where necessary with results 
obtained in collaboration with the groups of 
Andreas Weber and Peter Westhoff within the 
CEPLAS consortium.

Results
Using a simplified model that does not allow 
for environmental variation has shown that the 
fitness landscape – i.e., the dependence of 
carbon fixation rate on the various biochem-
ical parameters involved in C4 evolution – has 
a very simple “Mt. Fuji”-like structure. Thus, 
additional simple genetic modifications that 
enhance carbon fixation are always available 
as long as the plants’ environment favors C4. 
Experimental data from C3-C4 intermediates 
agrees with the typical paths towards C4 pho-
tosynthesis predicted by this model. Combin-
ing the mechanistic model for photosynthesis 
with a genome-scale model, lead to the iden-
tification of pathways needed to balance ni-
trogen between cell types in C3 metabolism. 
These often establish a pre-adaptation for C4 
metabolism, thereby accelerating the transi-
tion from C3 to C4 photosynthesis.
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Publications and References
Heckmann, D., Schulze, S., Denton, A., Gowik, U., Westhoff, P., Weber, A.P.M. and Lercher, M.J. 
(2013). Predicting C4 photosynthesis evolution: modular, individually adaptive steps on a Mount 
Fuji fitness landscape. Cell 153, 1579 - 1588.

Mallmann, J., Heckmann, D., Bräutigam, A., Lercher, M.J., Webe r, A.P.M., Westhoff, P. and Gow-
ik, U. (2014). The role of photorespiration during the evolution of C4 photosynthesis in the genus 
Flaveria. eLife 3, e02478.

Application relevant Aspects
The detailed understanding of effects on car-
bon fixation generated by specific mutations 
allows the rational design of strategies to move 
C3 crops towards C4 photosynthesis, thereby 
providing a potential approach for improving 
yield in molecular plant breeding. 

Opportunities for Cooperation
The group is interested in research coopera-
tion (also including the exchange of scientific 
personnel and scientific know-how) address-
ing the development and application of met-
abolic models for improving photosynthetic 
efficiency.
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Research Area B

Project Title 
Mathematical models of plant energy  
metabolism

Project Leader 
Oliver Ebenhöh, Heinrich-Heine-Universität 
Düsseldorf

Project Goals
The overall goal of this project is to develop 
mathematical models which describe the dy-
namic processes in plants governing photosyn-
thetic efficiency and metabolite production. 
A first aim is to understand how the photo-
synthetic electron transport chain adapts to 
fluctuations in its environment and how these 
responses influence metabolism and the pro-
duction of compounds of nutritional or eco-
nomic value. Thereby, this project contributes 
to generating the basis for molecular engi-
neering of optimized photosynthesis.

Activities
The mathematical models are developed on 
the basis of experimental data from collabo-
rating groups within CEPLAS. Various meth-
ods are used, including the description of the 
dynamics by differential equation systems, the 
analysis of the regulation by metabolic control 
analysis, the description of stationary fluxes 
by flux balance analysis models, and the de-
velopment of completely new concepts, such 
as the description of polymer biochemical sys-
tems in the language of statistical thermody-
namics. The models of the group are applied 
to reproduce experimental data, thereby sup-
porting the general assumptions made about 
the molecular mechanisms, and to put forward 
new predictions which then are tested in the 
experimental laboratories. In this collaborative 
cycle of theoretical and experimental studies, 

new insights into the principles governing the 
control of photosynthesis and plant metabo-
lism is produced.

Technologies/Know-how
The strength of the group is the rare combina-
tion of mathematical and theoretical skills with 
a profound understanding of plant biochem-
istry and biophysics. The group members’ di-
verse background, ranging from biology over 
chemical engineering to computer science 
and physics creates a unique interdisciplinary 
environment in which the variety of skills cre-
ate synergies that are exploited to generate 
innovative mathematical models and develop 
novel theoretical concepts.

Results
The group has successfully created a dynam-
ic mathematical model of the photosynthetic 
electron transport chain, which realistically re-
flects short-term acclimation mechanisms and 
allows understanding under which conditions 
excess energy dissipation is triggered. This 
model will be useful to develop optimal growth 
strategies and identify putative gene targets 
to optimize plant and algal growth by minimiz-
ing energy loss. Furthermore, existing models 
of the Calvin-Benson-Bessham cycle, in which 
carbon dioxide is reduced to sugars, were im-
plemented and improved . This now allows to 
link these models for investigating the regula-
tory feedback between these central supply 
and demand systems in plant energy metabo-
lism. In addition, a draft model was created to 
study secondary metabolite production which 
is able to explain the distribution of glucosi-
nolate chain lengths dependent on the genet-
ic background. This and related models will 
help to develop optimal strategies to produce 
valuable chemical products in planta.
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Publications and References
Ebenhöh, O., Fucile, G., Finazzi, G., Rochaix, J.-D., and Goldschmidt-Clermont, M. (2014). Short-
term acclimation of the photosynthetic electron transfer chain to changing light: a mathematical 
model. Philos. Trans. R. Soc. B Biol. Sci. 369.

Heinrich, R., and Schuster, S. (1996). The Regulation of Cellular Systems (London: Chapman & 
Hall).

Kartal, O., Mahlow, S., Skupin, A., and Ebenhöh, O. (2011). Carbohydrate-active enzymes exem-
plify entropic principles in metabolism. Mol Syst Biol 7, 542.

Kitano, H. (2002). Computational systems biology. Nature 420, 206–210.

Pfau, T., Christian, N., and Ebenhöh, O. (2011). Systems approaches to modelling pathways and 
networks. Br. Funct Genomics 10, 266–279. 

Application relevant Aspects
Mathematical models provide a theoretical 
framework in which experimental results can 
be analyzed and interpreted. As such, they 
form the workbench of theoretical biologists. 
They provide the unique opportunity to iden-
tify underlying principles behind the structure 
and design of biological systems. Therefore, 
they can produce novel predictions and help 
to optimize the experimental strategies to pur-
sue a particular goal, which includes the op-
timization of photosynthetic efficiency or the 
design of new strains to produce a desired 
combination of valuable and biotechnologi-
cally interesting compounds. 

Opportunities for Cooperation
The group is interested in research coopera-
tion (also including the exchange of scientific 
personnel and scientific know-how) address-
ing all aspects of plant and algal biotechnolo-
gy that aim to exploit their unique and diverse 
metabolism.
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Research Area B

Project Title
Structural evolution of phosphoenolpyruvate 
carboxylase kinase (PPCK) in the develop-
ment of C4 photosynthesis

Project Leader 
Georg Groth, Heinrich-Heine-Universität  
Düsseldorf

Project Goals
The goal of the project is to determine 3D 
structures of isoforms of protein kinase PPCK 
from the genus Flaveria by X-ray crystallog-
raphy. These isoforms show specific and pre-
ferred interaction with either the C3 or the C4 
isoform of PEP carboxylase thereby controlling 
phosphorylation and in turn activity of PEPC. 
A detailed understanding of the unique mo-
lecular features that underlie isoform-specific 
interactions and knowledge of key residues in 
both kinases that determine this interaction 
should provide the basis for engineering C4 
characteristics into C3 enzymes in order to in-
crease photosynthetic efficiency in C3 plants.

Activities
Research in this group comprises heterolo-
gous expression and purification of C3, C3-C4 
and C4 isoforms of PEPC and PPCK from dif-
ferent Flaveria species. Functional folding of 
the purified recombinant proteins is verified by 
CD-spectroscopy, activity assays, protein-pro-
tein and protein-ligand interaction studies. 
Isolated proteins and protein-protein com-
plexes are then applied to systematic crystal-
lization trials. 

Technologies/Know-how
The specific technological strength of the 
group is seen in the combination of biochem-
ical, biophysical and molecular genetic ap-
proaches allowing in-depth analysis and iden-
tification of key elements accounting for the 
molecular specificity of different kinase iso-
forms and the control of a photosynthetic key 
enzyme. In addition, the group provides know-
how in virtual screening and functional test-
ing of small molecule inhibitors targeting pro-
tein-protein interactions.

Results
As a first step, various PPCK isoforms from Fla-
veria have been expressed in E. coli. Purifica-
tion of the different isoforms and verification 
of functional folding of the recombinant pro-
teins is in progress. Interaction studies of the 
different PPCK isoforms with purified recom-
binant C3-PEPC from F. pringlei and C4-PEPC 
from F. trinervia will follow.
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Publications and References
Paulus, J.K., Schlieper, D. and Groth, G. (2013) Greater efficiency of photosynthetic carbon fixation 
due to single amino-acid substitution. Nature Communications 4, 1518. 

Paulus, J.K., Niehus, C. and Groth, G. (2013) Evolution of C4 Phosphoenolpyruvate Carboxylase - 
enhanced feedback inhibitor tolerance is determined by a single residue. Mol. Plant 6, 1996-1999. 

Schlieper, D., Förster, K.,  Paulus, J.K. and Groth, G. (2014) Resolving the activation site of positive 
regulators in plant phosphoenolpyruvate carboxylase. Mol. Plant 7, 437-440. 

Paulus, J.K., Förster, K. and Groth, G. (2014) Direct and selective small-molecule inhibition of 
photosynthetic PEP carboxylase: New approach to combat C4 weeds in arable crops. FEBS Lett. 
588, 2101-2106.

Application relevant Aspects
The working hypothesis is that C4 key en-
zymes such as PEPC or PPDK are tightly reg-
ulated by phosphorylation affecting their cat-
alytic efficiency and photosynthetic output. 
Understanding the molecular determinants 
controlling the interaction of PEPC/PPDK with 
their related regulatory proteins provides an 
important basis for successful engineering C4 
characteristics into C3 enzymes.

Opportunities for Cooperation
The group is interested in research coopera-
tion (also including the exchange of scientific 
personnel and scientific know-how) address-
ing structural evolution of photosynthetic pro-
teins and determinants of molecular specificity 
in protein-protein or protein-ligand interac-
tions as way to improve photosynthetic effi-
ciency.
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Research Area B

Project Title 
Differentiation of vascular strains in  
mesenchymal tissue

Project Leader 
Wolfgang Werr, Universität zu Köln

Project Goals
Research of this group addresses the molecu-
lar basis of early leaf primordia differentiation. 
A specific goal is to understand the activity of 
marginal or plate meristem with respect to vas-
cularisation and to elucidate on the temporal 
series of events and signals between the mes-
enchymal cell niche and the vascular cambium 
during the earliest phase of leaf development. 
According to genetic data this interplay relates 
to the density of vascular veins during leaf lam-
ina expansion and will be put into the context 
of Kranz leaf anatomy, that in C4 plants typi-
cally develops at the interface of mesenchyme 
and vascular strands.

Activities
As a first step, the expression patters of two 
WUSCHEL-RELATED-HOMEOBOX  (WOX) 
genes will be elaborated: WOX3 enables lam-
ina expansion by promoting stem cell identi-
ty in the mesenchymal niche, whereas WOX4 
transcription relates fascicular cambium activi-
ty and differentiation of phloem or xylem cells 
in vascular strands. Live-imaging of transgen-
ic marker lines will show spatial and tempo-
ral constraints at the cellular expression level 
from the earliest stages of primordia initiation, 
through the leaf maturation program until ter-
minal differentiation. Based on the character-
ised WOX3 and WOX4 promoters, stable and 
inducible driver lines will be constructed that 
will allow reproducible expression of single or 
multiple transgenes in a spatially and tempo-

rally controlled cell-type-specific pattern. Re-
sulting transgenic lines can then be analysed 
for histological or physiological consequences 
due to ectopic transgene activity; a primary 
research focus will be the gain of C4 features 
in C3 models such as Arabidopsis or rice, and 
transgenes will be chosen based on data elab-
orated in CEPLAS.

Technologies/Know-how
Specific technological expertise of the group 
resides in analyses of the earliest stages of lat-
eral organ primordia initiation. This starts with 
the specification of founder cells at the shoot 
apex periphery followed by apical growth and 
lamina expansion. Especial know-how is avail-
able in confocal laser scanning microscopy, 
live-imaging, construction of optimised mark-
er genes including detailed promoter analysis, 
fluorescence assisted cell sorting (FACS) and 
transcriptome analysis (RNAseq). Long-lasting 
experience exists with the design and use of 
binary driver/reporter systems for transgene 
expression, where the group has developed 
a toolbox addressing specific shoot meristem 
domains and early primordial stages.

Results
The research project has provided three major 
results in Arabidopis so far:
•  Based on WOX3 activity in marginal and 

plate meristems the initiation of a new pri-
mordium starts with mesenchymal identity.

•  There is a delay of at least 12 hours before 
cambial markers like AtHB8 or WOX4 are 
detectable, the WOX4 promoter is presently 
optimized.

•  Bundle-sheath-like identity in cells surround-
ing vascular strands is determined signif-
icantly (> 36 hours) later them the cambial 
fate.
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In addition, the WOX3::LHG4GR and pOp::G-
FP reporter combination shows suitability and 
robustness of the driver/reporter system dur-
ing early stages of leaf development.

Opportunities for Cooperation
The group is interested in cooperative re-
search projects addressing the molecular ba-
sis of leaf development. An especially valuable 
resource in this context with respect to C4 evo-
lution would be annotated genome sequences 
of extant C3, transitory and C4 species within 
a plant family enabling comparative access to 
true gene orthologies and expressional, pro-
moter or chromatin changes that accompany 
the C4 invention.

Application relevant Aspects
The research of the group provides insights 
into cambium development in leaf primordia 
from an initially mesenchymal ground state 
and relates to the vascular density achieved 
during lamina expansion. Crosstalk between 
vasculature and mesenchyme is of key impor-
tance for the formation of bundle-sheath-like 
cells enclosing vascular strands in C3 and C4 
plants, which in the latter acquired the typical 
Kranz anatomy accompanied by physiological 
adaptations. Molecular mechanisms that af-
fect vascular density or bundle sheath histolo-
gy are of fundamental importance in attempts 
to convert C3 into C4 physiology.

Publications and References
Nardmann, J., Reisewitz, P. and Werr, W. (2009). Discrete shoot and root stem cell-promoting 
WUS/WOX5 functions are an evolutionary innovation of angiosperms. Mol Biol Evol. 26, 1745-55.

Nardmann, J. and Werr, W. (2012). The invention of WUS-like stem cell-promoting functions in 
plants predates leptosporangiate ferns. Plant Mol Biol. 78, 123-34.

Nardmann, J. and Werr, W. (2013). Symplesiomorphies in the WUSCHEL clade suggest that the 
last common ancestor of seed plants contained at least four independent stem cell niches. New 
Phytol. 199, 1081-92. 

Comelli, P., Glowa, D., Chandler, J.W. and Werr, W. (2015). Founder-cell-specific transcription of 
the DORNRÖSCHEN-LIKE promoter and integration of the auxin response. J Exp Bot. 2015 Oct 
1 doi: 10.1093/jxb/erv442

Craft, J., Samalova, M., Baroux, C., Townley, H., Martinez, A., Jepson, I., Tsiantis, M. and  Moore, 
I. (2005). New pOp/LhG4 vectors for stringent glucocorticoid-dependent transgene expression 
in Arabidopsis. Plant J. 41, 899-918.
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Research Area B

Project Title 
Genetic regulation of leaf vein density 

Project Leader 
Martin Hülskamp, Universität zu Köln

Project Goals
The regulation and modification of leaf vein 
density is an important step in the develop-
ment of C3 plants to C4 plants. To understand 
the genetic basis of this process the project 
aims to describe the micro-evolution of vari-
ation of leaf vein density and, thereby, obtain 
insights into the genetic regulatory network. 

Activities
In the model system Arabidopsis thaliana, can-
didate genes for the variation of leaf vein den-
sity are identified by GWAS. The focus is to 
address the gene network of genetic determi-
nants for this trait and not only mono-causal 
gene/phenotype relationships.

Technologies/Know-how 
The technological expertise of the group com-
prises genetic and molecular genetic studies 
of complex developmental processes.

Results
In collaboration with the group of Siegfried 
Jahnke (Forschungszentrum Jülich), a software
for leaf-venation was developed (Bühler et al.,
2015). The phenotying of the following leaf 
traits have been finished: leaf thickness, area, 
chlorophyll content and venation. Association 
mapping by GWAS and by using Magic Lines 
was done for all traits and several candidate 
genes were found for each trait. These candi-
dates need to be confirmed.
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Publications and References
Bühler, J., Rishmawi, L., Pflugfelder, D., Huber, G., Scharr, H., Hülskamp, M., Koornneef, M., Schurr, 
U. and Jahnke, S. (2015) phenoVein - A tool for leaf vein segmentation and analysis. Plant Physi-
ology, doi: 10.1104/pp.15.00974

Application relevant Aspects
Research results of the group are seen as a 
contribution to mediating the transition from 
C3 to C4 photosynthesis, as modification of leaf 
vein density is a crucial step in the develop-
ment of C4 leaf anatomy (“Kranz anatomy”).

Opportunities for Cooperation
The group is interested in any kind of research 
cooperation in which the effect of candidate 
genes related to the regulation of leaf vein 
density in the establishment of C4 leaf anato-
my and, thereby, the optimization of photosyn-
thesis is tested.  
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Research Area B

Project Title 
Proteomics and development of biomarkers

Project Leader 
Kai Stühler, Heinrich-Heine-Universität  
Düsseldorf

Project Goals
The project aims at the development and use 
of proteomics for the answering of biological 
questions.

Activities
Proteomics approaches developed and used 
in the analysis of secretory processes of ani-

mal/human cells are transferred to plant biol-
ogy for the investigation of protein synthesis 
and function in various CEPLAS projects.

Technologies/Know-how
The specific technological expertise covers 
untargeted and targeted quantification of pro-
teins (SRM – Selected Reaction Monitoring), in 
the analysis of post-translational modification 
of proteins, such as phosphorylation, ubiquti-
nation and oxidation, as well as in the elucida-
tion of protein/protein interactions.

Publications and References
Schira, J., Falkenberg, H., Hendricks, M., Waldera-Lupa, D.M., Kogler, G., Meyer, H.E., Muller, H.W. 
and Stuhler, K. (2015). Characterization of regenerative phenotype of unrestricted somatic stem 
cells from human umbilical cord blood by functional secretome analysis. Mol Cell Proteomics  
mcp.M115.049312. [Epub ahead of print]

Waldera Lupa, D.M., Kalfalah, F., Safferling, K., Boukamp, P., Poschmann, G., Volpi, E., Götz-Rösch, 
C., Bernerd, F., Haag, L., Huebenthal, U., Fritsche, E., Boege, F., Grabe, N., Tigges, J., Krutmann, 
J. and Stühler, K. (2015). Characterization of skin aging-associated secreted proteins (SAASP) 
produced by dermal fibroblasts isolated from intrinsically aged human skin. J Invest Dermatol. 
135(8), 1954-68.

Aldous, S.H., Weise, S.E., Sharkey, T.D., Waldera-Lupa, D.M., Stühler, K., Mallmann, J., Groth, G., 
Gowik, U., Westhoff, P. and Arsova, B. (2014). Evolution of the Phosphoenolpyruvate Carboxylase 
Protein Kinase Family in C3 and C4 Flaveria spp. Plant Physiol.165(3),1076-1091.

Grzendowski, M., Wolter, M., Riemenschneider, M.J., Knobbe, C.B., Schlegel, U., Meyer, H.E., Re-
ifenberger, G. and Stühler, K. (2010). Differential proteome analysis of human gliomas stratified 
for loss of heterozygosity on chromosomal arms 1p and 19q. Neuro Oncol. 12(3), 243-56. 

Sitek, B., Sipos, B., Alkatout, I., Poschmann, G., Stephan, C., Schulenborg, T., Marcus, K., Klöppel, 
G., Lüttegs, J., Dittert, D.D., Baretton, G., Schmiegel, W., Meyer, H.E., Hahn, S.A. and Stühler, K. 
(2009). Analysis of the pancreatic tumor progression by a quantitative proteomic approach and 
immunhistochemical validation. J Proteome Res. 8(4), 1647-56. 
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Mölleken, C., Sitek, B., Henkel, C., Poschmann, G., Sipos, B., Wiese, S., Warscheid, B., Hawranke, 
E., Roggenbrodt, S., Broelsch, C., Reiser, M., Friedman, S.L., Holmskov, U., Schlosser, A., Klöppel, 
G., Schmiegel, W., Meyer, H.E. and Stühler, K. (2009) Detection of novel biomarkers of liver cir-
rhosis by proteomic analysis. Hepatology 49, 1257-1266. 

Patents/ Patent Applications
Deutsche Patentanmeldung Az-DPMA:10 2006 056 784.6 Erfinder: Meyer HE, Schmiegel W, Sitek 
B, Stühler K, Sipos B, Klöppel G, Alkatout I, und Hahn S Biomarker für die Diagnose von Pank-
reaskrebs. Anmeldetag: 01.12.2006. 

Deutsche Patentanmeldung DE 10 2006 037 613.7 ( DE 10 2006 048 249.2) Erfinder: Meyer HE, 
Schmiegel W, Sitek B, Stühler K, Sipos B, Klöppel G, und Mölleken C Spezifische Markerproteine 
zur Detektion der Leberzirrhose. Anmeldetag: 10.08.2006 (12.10.2006) Internationales Patent 
PCT/DE2007/001427 Anmeldetag: 10.08.2007.

Deutsche Patentanmeldung DE 10 2007 034 993.0 Erfinder: Meyer HE, Diehl H, Klein-Scory S, 
Schmiegel W, Schwarte-Waldhoff I, Stühler K, und Weiß J Lösliches Cadherin 17 für die Diagnose 
und Risikostratifizierung von Darmtumor oder Darmkrebs. Anmeldetag: 25.07.2007. 

Deutsche Patentanmeldung DE 10 2008 011 850.8 Erfinder: Meyer HE, Grzendowski M, Stühler 
K, Reifenberger G, Wolter M, und Riemenschneider M Biomarker für die Diagnose von Hirntumor. 
Anmeldetag: 28.02.2008. 

UK Patentanmeldung GB 0803192.4 Erfinder: Ramaekers F, Van der Borght A, Van Den Eijnde 
SM, Stühler K, Poschmann G, und Meyer HE SCLC BIOMARKER PANEL. Anmeldetag: 22.02.2008.

Application relevant Aspects
The know-how of the group is applicable in de-
veloping the basis for novel approaches in mo-
lecular breeding (marker diagnostics), molec-
ular engineering of complex plant traits, and 
identification of novel targets for plant protec-
tion and fertilization.

Opportunities for Cooperation
The group is interested in scientific coopera-
tion with partners that aim at the use and fur-
ther development of quantitative protein anal-
ysis.
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Research Area C

Project Title 
Structure and functions of the root micro-
biota in plant growth and health

Project Leaders 
Paul Schulze-Lefert, Max-Planck-Institut für 
Pflanzenzüchtungsforschung, Köln

Project Goals
A major goal of this project is a quantitative 
survey of the bacterial and fungal assemblag-
es colonizing roots of healthy plants grown in 
natural environments using culture-independ-
ent microbial community profiling techniques. 
This is followed by parallel culture-dependent 
bacterial and fungal isolation efforts to estab-
lish systematic culture collections of root-asso-
ciated culture collections. In a third part, the 
project aims at developing gnotobiotic plant 
systems for colonization with synthetic micro-
bial communities to identify principles under-
lying microbiota establishment and to test 
proposed functions of the microbiota for plant 
health under laboratory conditions.

Activities
Key activities of the research group involve 
the development of diverse bacterial and fun-
gal high-throughput isolation methods as well 
as computational methods for the establish-
ment of representative culture collections of 
the Arabidopsis thaliana root microbiota. On 
the basis of these efforts, a collection of iso-
lates representing the majority of bacterial 
species colonizing A. thaliana could be estab-
lished and is now available for further inves-
tigation (Bai et al., Nature 2015). Meaningful 
reconstitution experiments of the plant mi-
crobiota are dependent on the availability of 
germ-free plant growth systems in a simpli-
fied matrix, mimicking natural soil, to control 

nutrient availability and environmental condi-
tions for plant growth. Three gnotobiotic test 
systems have been adopted towards this end. 
These root microbiota reconstitution systems 
are validated by the comparison of synthetic 
community structures with those obtained by 
culture-independent community profiling of 
plants grown in natural soils. A large number 
of rationally designed synthetic communities 
is then tested for its capacity to confer specif-
ic traits such as indirect pathogen protection 
against soil-borne pathogens or nutrient mo-
bilization for plant growth.  

Technologies/Know-how
The specific technological strength of the 
group includes the development of com-
putational methods to quantify plant-asso-
ciated bacterial and fungal consortia and 
high-throughput microbial isolation and cul-
tivation protocols. Bioassays using synthetic 
bacterial communities and gnotobiotic plant 
systems provide the potential to identify indi-
vidual microbiota strains or minimal complex-
ity bacterial communities with biocontrol and/
or biofertilizer activities. These then serve as 
lead strains for the development of rational bi-
ologicals in crop plants in agricultural settings 
to improve plant productivity.

Results
The group has recently succeeded in the iso-
lation of the majority of bacterial species col-
onizing A. thaliana roots and has been able 
to reconstitute complex synthetic commu-
nities on germ-free plants that resemble the 
taxonomic structure of the root microbiota of 
plants grown in natural soil (Bai et al., Nature 
2015). This provides a proof-of-principle of our 
reductionist approach to study plant microbi-
ota functions. Furthermore, a root-colonizing 
beneficial fungal endophyte of A. thaliana, 
called Colletotrichum tofieldiae, with biolog-
ical activities resembling taxonomically un-
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related mycorrhiza fungi has recently been 
isolated. This novel fungal root endophyte 
mobilizes insoluble forms of phosphate which 
is translocated via fungal hyphae to the plant 
root and shoot for plant growth. The fungus 
promotes A. thaliana growth and increases 

Application-relevant Aspects
The large-scale microbial isolation and func-
tional characterization of the plant microbio-
ta provides lead strains that can be used for 
further rational design of biologicals for crop 
plants in agricultural settings, to improve plant 
health and productivity.

Opportunities for Cooperation
The group is interested in research coopera-
tion (including the exchange of scientific per-
sonnel and scientific know-how) towards the 
development of robust biologicals in agricul-
tural settings.

plant fertility under phosphate-limiting condi-
tions. This is a proof-of-principle that the plant 
microbiota is a rich source for the isolation of 
novel microbes that promote plant growth un-
der adverse environmental conditions (Hiruma 
et al., Cell, 2016, in press).

Publications and References
Hiruma, K., Gerlach, N., Sacristán, S., Nakano, R.T., Hacquard, S., Kracher B., Neumann, U., 
Ramírez, D., Bucher, M., O’Connell, R., and Schulze-Lefert, P. (2016). Root endophyte Colletotri-
chum tofieldiae confers plant fitness benefits that are phosphate status-dependent. Cell , doi: 
10.1016/j.cell.2016.02.028.
Bai, Y., Müller, D. B., Srinivas, G., Garrido-Oter, R., Potthoff, E., Rott, M., Dombrowski, N., Münch, 
P.C., Spaepen, S., Remus-Emsermann, M., Hüttel, B., McHardy, A., Vorholt, J.A., and Schul-
ze-Lefert, P. (2015). Functional overlap of the Arabidopsis leaf and root microbiotas. Nature 528, 
364-369.
Hacquard, S., Garrido-Oter, R., González, A., Spaepen, S., Ackermann, G., Lebeis, S., McHardy, 
A. C., Dangl, J. L., Knight, R., Ley, R. and Schulze-Lefert, P. (2015). Microbiota and host nutrition 
across plant and animal kingdoms. Cell Host & Microbe 17, 603-616. 
Bulgarelli, D., Garrido-Oter, R., Münch, P.C., Weiman, A., Dröge, J., Pan, Y.,  McHardy, A.C. and 
Schulze-Lefert, P. (2015). Structure and functions of the bacterial root microbiota in wild and do-
mesticated barley. Cell Host & Microbe 17, 392-404.
Schlaeppi, K., Dombrowski, N., Garrido Oter, R., ver Loren van Themaat, E. and Schulze-Lefert, P. 
(2014). Quantitative divergence of the bacterial root microbiota in Arabidopsis thaliana relatives, 
Proc. Natl. Acad. Sci. USA 111(2), 585-592.
Bulgarelli, D., Schlaeppi, K., Spaepen, S., Ver Loren van Themaat, E. and Schulze-Lefert, P. (2013). 
Structure and functions of the bacterial microbiota of plants. Annual Review of Plant Biology 64, 
807-838.
Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E., Ahmadinejad, N, Assenza, F., 
Rauf, P., Huettel, B., Reinhardt R., Schmelzer, E., Peplies, J., Gloeckner, F., Amann, R., Eickhorst, 
T., and Schulze-Lefert P. (2012). Revealing structure and assembly cues for Arabidopsis root-in-
habiting bacterial microbiota. Nature 488, 91-95.
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Research Area C

Project Title 
Linking microbial diversity and emergence  
of plant pathogens

Project Leader
Eric Kemen, Max-Planck-Institut für  
Pflanzenzüchtungsforschung, Köln

Project Goals
The goal of this project is to identify the evo-
lutionary and mechanistic link between plant 
pathogens and the microbial diversity in the 
phyllosphere of plants. This will provide a 
know-how basis for the development of novel 
concepts for supporting plant health via bio-
control (knowledge-based design of biocon-
trol agents). 

Activities
Research in this group comprises the devel-
opment and application of methods to pro-
file and characterize microbial diversity in the 
phyllosphere of plants. For this purpose, the 
group uses a combination of high throughput 
amplicon sequencing, metagenomics and pro-
teomics. Studies are performed on the model 
plant Arabidopsis thaliana and other Brassi-
cacea and comprise sampling of wild popula-
tions, field experiments and lab re-construc-
tion experiments. The group has established 
gnotobiotic systems to identify and function-
ally characterize the regulatory genes con-
trolling microbe-microbe and plant-microbe 
communication (inter-kingdom communica-
tions), and finally to determine phenotyp-
ic effects of candidate genes on interactions 
between microbes and microbes and plant 
(disease development). 

Technologies/Know-how
The specific technological strength of the 
group is in bioinformatics and high-through-
put sequencing in combination with microbi-
ology. The group has experience in systems 
biology approaches integrating modeling of 
microbial networks and dynamics combined 
with whet lab verification experiments.

Results
The group has identified that leaf associated 
microbial communities communicate with their 
host plant via “microbial hubs”. These hubs are 
microbes that are able to colonize the plant 
and at the same time regulate the structure 
of the microbial community. Microbial hubs 
are able to communicate across kingdoms 
and lead to a stabilization of diversity and mi-
crobial composition. On that basis the group 
works on the hypothesis that tolerating “hub” 
microbes benefits host and microbial commu-
nity and explains why plants tolerate certain 
pathogens without evolving resistances while 
other pathogens lead to evolution of massive 
resistance gene clusters.
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Agler, M.T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S., Weigel, D and Kemen, E. (2016). Microbial 
hub taxa link host and abiotic factors to plant microbiome variation. PLoS Biology doi:10.1371/
journal.pbio.1002352. 

McMullan, M., Gardiner, A., Bailey, K, Kemen, E., Ward, B.J., et al. (2015). Evidence for suppression 
of immunity as a driver for genomic introgressions and host range expansion in races of Albugo 
candida, a generalist parasite. eLIFE doi: 10.7554/eLife.04550.001.

Kemen, A., Agler, M.T. and Kemen, E. (2015). Host-microbe and microbe-microbe interactions in 
the evolution of obligate plant parasitism. New Phytologist doi: 10.1111/nph.13284.

Kemen, E (2014). Microbe-microbe interactions determine oomycete and fungal host coloniza-
tion. Curr Opin Plant Biol 20, 75-81.

Kemen, E, Kemen, A., Ehlers, A., Voegele, R. and Mendgen, K. (2013). A novel structural effector 
from rust fungi is capable of fibril formation. Plant J 75(5), 767-780.

Kemen, E. and Jones, J.D. (2012). Obligate biotroph parasitism: can we link genomes to lifestyles? 
Trends in Plant Science 17, 448-457.

Kemen, E., Gardiner, A., Schultz-Larsen, T., Kemen, A.C., Balmuth, A.L., et al. (2011). Gene gain 
and loss during evolution of obligate parasitism in the white rust pathogen of Arabidopsis thalia-
na. PLoS Biology 9, 1-21.

Kemen, E., Kemen, A.C., Rafiqi, M., Hempel, U. and Mendgen, K., et al. (2005). Identification of 
a protein from rust fungi transferred from haustoria into infected plant cells. Molecular plant-mi-
crobe interactions : MPMI 18, 1130-1139.

Application relevant Aspects
Results from the investigation of regulatory 
processes in microbe-microbe and plant-mi-
crobe interactions and, thereby, controlling 
the effect of these interactions on plant health 
are seen as a basis to design a beneficial mi-
crobial environment for plants. The ultimate 
application perspective is to design by molec-
ular breeding or molecular engineering crop 
plants that select “hub” microorganisms from 
the natural environment with beneficial effect 
on plant health and performance.   

Opportunities for Cooperation
The group is interested in research coopera-
tion (also including the exchange of scientific 
personnel and scientific know-how) address-
ing pathogenicity related diversity studies of 
microbial communities. A special focus is put 
on any kind of approaches for the translation 
of know-how gained with model plants to crop 
plants.
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Research Area C

Project Title 
Mechanistic basis of beneficial root/microbe 
interactions

Project Leader 
Marcel Bucher, Universität zu Köln

Project Goals
The scientific goal of the research group is 
to understand the regulatory processes con-
trolling the growth of plants on nutrient-limit-
ed soil in dependence on the interaction with 
microorganisms in the rhizosphere, at the mo-
lecular level. This also addresses the mecha-
nisms for cellular re-programming in the es-
tablishment of symbiosis and its differentiation 
from pathogenic plant/microbe interactions. 
Finally, this will build the knowledge basis for 
the design of synthetic communities of micro-
organisms that can function as biologicals for 
strengthening plant fitness.

Activities
Research activities address the variation of 
microbiomes in the rhizosphere of plants un-
der natural and controlled soil conditions, by 
genomic and transcriptomic profiling. Thereby, 
regulatory genes controlling the development 
and outcome of the interaction are identified 
from both sides, the host plants and its micro-
bial partners. The function of candidate regu-
latory genes in establishing symbiotic partner-
ships is proven by mutant analysis (transposon 
insertional mutants, RNAi knock-outs). The 
objects of investigation are the formation of 
arbuscular mycorrhiza in Lotus japonicus and 
maize, and the interaction of maize and vari-
ous Brassicaceae species (Arabidopsis, Arabis, 
Cardamine) with fungal root microbes.

Technologies/Know-how
The technological expertise of the group cov-
ers functional genomics, transcriptomics and 
“io-nomics” (correlation of ion concentrations 
with microbiome compositions). In this con-
text, the group has also developed a strength 
in analyzing the regulation of phosphate up-
take by plants when interacting with their en-
vironment including microbes.

Results
The group could show that the microbiome 
composition of maize is dependent on the in-
teraction of the host plant with mycorrhiza fun-
gi. A fungus belonging to the group of Rhyn-
chosporium has been identified as constituent 
of the Arabis alpina microbiome in natural 
habitats, mediating phosphate transport into 
the roots of host plants and improving their 
growth. In addition, a collection of more than 
500 fungal isolates from soil has been brought 
into cultivation on artificial media.
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Gerlach, N., Schmitz, J., Polatajko, A., Schlueter, U., Fahnenstich, H., Witt, S., Fernie, A.R., Uroic, 
K., Scholz, U., Sonnewald, U., and Bucher, M. (2015). An integrated functional approach to dissect 
systemic responses in maize to arbuscular mycorrhizal symbiosis. Plant Cell Environ 38, 591-612. 

Xue, L., Cui, H., Buer, B., Vijayakumar, V., Delaux, P.-M., Junkermann, S., and Bucher, M. (2015). 
Network of GRAS transcription factors involved in the control of arbuscule development in Lotus 
japonicus. Plant Physiol 167, 854-871. 

Willmann, M., Gerlach, N., Buer, B., Polatajko, A., Nagy, R., Koebke, E., Jansa, J., Flisch, R., and 
Bucher, M. (2013). Mycorrhizal phosphate uptake pathway in maize: vital for growth and cob de-
velopment on nutrient poor agricultural and greenhouse soils. Front Plant Sci 4, 533. doi: 10.3389/
fpls.2013.00533.

Nagy, R., Vasconcelos, M.J.V., Zhao, S., McElver, J., Bruce, W., Amrhein, N., Raghothama, K.G. 
and Bucher, M. (2006). Differential regulation of five Pht1 phosphate transporters from maize (Zea 
mays L.). Plant Biol 8, 186-197.

Drissner, D., Kunze, G., Callewaert, N., Gehrig, P., Tamasloukht, M., Boller, T., Felix, G., Amrhein, 
N. and Bucher, M. (2007). Lyso-phosphatidylcholine is a signal in the arbuscular mycorrhizal sym-
biosis. Science 318, 265 - 268.

Application relevant Aspects
Results of this research project will contribute 
to building the basis for the re-construction of 
mutualistic symbiotic communities, i.e. the de-
sign of biologicals for supporting plant growth 
and health. Furthermore, the collection of fun-
gal isolates is considered an attractive source 
for the identification of novel metabolites with 
economic value.

Opportunities for Cooperation
The group is interested in joint research with 
third parties engaged in investigating the reg-
ulation and function of plant/microbiome in-
teractions, and the design of artificial symbi-
otic communities (biologicals), on the basis of 
such know-how. Also services to third parties 
are offered, in these areas. Attractive contribu-
tions from third parties to the research of the 
group are seen in the fields of bioinformatics, 
biostatistics, crop genetics, and transforma-
tion of plants.
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Research Area C

Project Title 
Functional effector biology in plant microbe 
interactions

Project Leader 
Gunther Döhlemann, Universität zu Köln 

Project Goals
Research of this group  aims at identifying and 
understanding molecular mechanisms of mi-
crobe-plant interactions, with a focus on ef-
fector proteins of biotrophic microbes which 
suppress host immunity and plant metabolism. 
In this context, also the interplay between var-
ious microbes in their effect on host plants is 
addressed. This is considered a basis to devel-
op new concepts for crop protection via mo-
lecular engineering of resistant crops or the 
development of biological or chemical pro-
tectants.

Activities
Using the interaction between the pathogenic 
fungus Ustilago maydis and maize as a model 
system, key research activities comprise:

•  Identification of effector molecules from the 
pathogenic fungus (mediating virulence) and 
their target molecules from the host plants.

•  Identification of genes encoding these effec-
tors and targets.

•  Functional characterization of the interaction 
between effectors and targets; identification 
of molecular mechanisms leading to modifi-
cations of this interaction and, thereby, also 
to modifications of the outcome of patho-
gen/host interactions (disease or resistance).

•  Identification of line specific, quantitative vir-
ulence factors and their targets that contrib-
ute to quantitative resistance. Effectors as 
tools to identify QTLs. 

More specifically, the role of plant cysteine 
proteases in the development of immunity, 
and the mechanisms of their modulation by 
microbial effectors is analyzed. Organ-specific 
factors of both plant and colonizing microbes 
are identified contributing to the outcome of 
the interaction. 

Technologies/Know-how
In previous research, the interaction between 
Ustilago maydis and maize has been developed 
as a model system to study effector biology in 
a host/pathogen system. The research of the 
group is based on a broad spectrum of tech-
nological expertise in the fields of microscopy, 
molecular biology, transcriptome analysis and 
biochemistry, among others: life cell imaging (in 
planta localization of effectors and receptors), 
activity profiling of effectors and their effect on 
a variety of plant enzymes. Besides, the group 
has long expertise in culturing of pathogenic 
fungi and establishment of controlled assays 
for quantitative disease scoring both on macro-
scopic, cytological and molecular level.

Results
A peroxidase inhibitor could be identified as 
an effector of Ustilaginales; this effector is 
conserved as essential virulence factor in all 
smut fungi analyzed so far. Cysteine proteas-
es have been shown to play a crucial role in 
signal transduction during the establishment 
of systemic acquired resistance in maize and 
effectors that interfere with their activity have 
been characterized. Furthermore, virulence 
functions of effectors have been found to be 
tissue-specific.
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Hemetsberger, C., Mueller, A., Matei, A., Herrberger, C., Hensel, G., Kumlehn, J., Mishra,    B.,Shar-
ma, R., Thines, M., Hückelhoven, R. and Doehlemann, G. (2015). The fungal core effector Pep1 is 
conserved across smuts of dicots and monocots. New Phytologist 206, 1116-1126.

Mueller, A.N., Ziemann, S., Treitschke, S., Aßmann, D. and Doehlemann, G. (2013). Compatibility 
in the Ustilago maydis – maize interaction requires inhibition of host cysteine proteases by the 
fungal effector Pit2. PloS Pathogens 9(2), e1003177.

Hemetsberger, C., Herrberger, C., Zechmann, B., Hillmer, M. and Doehlemann, G. (2012). The Us-
tilago maydis effector Pep1 suppresses plant immunity by inhibition of host peroxidase activity. 
PloS Pathogens 8(5), e1002684. 

van der Linde, K., Hemetsberger, C., Kastner, C., Kaschani, F., van der Hoorn, R.A.L, Kumlehn, J. 
and Doehlemann, G. (2012a). A maize cystatin suppresses host immunity by inhibition of apoplas-
tic cysteine proteases. Plant Cell 24, 1285-1300.

Skibbe, D.*, Doehlemann, G.*, Fernandes, J. and Walbot, V. (2010). Maize tumors caused by Us-
tilago maydis require organ-specific genes in host and pathogen. Science 328, 89-92. *contrib-
uted equally

Application relevant Aspects
Inhibiting the action of effectors of pathogenic 
microbes is considered a target for the devel-
opment of novel compounds for plant protec-
tion (agrochemicals or biologicals). Pathogen 
effectors are versatile tools to identify nov-
el plant genes contributing to resistance, for 
example in quantitative resistance.  Beyond 
this approach, the molecular engineering of 
host plant targets/receptors for insensitivity to 
pathogenic effectors offers new ways for im-
proving resistance in crop plants. 

Opportunities for Cooperation
The group is interested in research coopera-
tion in which the scientific and technological 
expertise and/or the availability of biological 
material from the partners complement each 
other for studying the molecular basis of ef-
fector/receptor interactions in host/pathogen 
systems, with the goal to finally design and 
test novel concepts for crop plant protection. 
In the field of finding novel agrochemicals or 
biologicals, especially the establishment of 
high-throughput test systems is considered a 
relevant contribution from third parties. Coop-
eration may include the exchange of scientific 
personnel between the partners.
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Research Area C

Project Title 
Molecular effectors of pathogenic and 
non-pathogenic endophytic protists

Project Leader 
Michael Bonkowski, Universität zu Köln; 
Gunther Döhlemann, Universität zu Köln

Project Goals
The project aims at understanding key differ-
ences between pathogenic and non-patho-
genic  protists associated with plants, at the 
molecular level, and addresses the question 
which molecular effectors control the substan-
tially different outcome of the interaction be-
tween host plants and such endophytic pro-
tists. Finally, this should build the know-how 
basis for i) the  design of protist communities 
with beneficial effects on root architecture, 
nutrient uptake and disease resistance and ii) 
generation of crop plants with increased re-
sistance to pathogenic protists.

Activities
The research of the groups applies genomic 
sequencing and transcriptome profiling of en-
dophytic protists for the identification of genes 
encoding potential effector molecules, as well 
as activity-based protein profiling to monitor 
effector activities. Candidate effector genes 
are heterologously expressed and functional-
ly tested for their effects on plant growth and 
metabolism. In a second step, plant targets 
of functional effectors will be identified using 
Co-Immuno precipitation followed by mass 
spectrometry analysis. The objects of investi-
gation are Plasmodiophora brassicae (causal 
agent of clubroot disease in Brassicaceae) and 
its non-pathogenic endophytic relatives from 
roots.

Technologies/Know-how
Unique know-how on the taxonomic broad-
ness of protists and technological expertise in 
the cultivation and high-throughput sequenc-
ing of these organisms are key assets for the 
research of this group. In addition, mathemat-
ical modeling of microbial food networks as-
sociated with plants and functional analysis of 
synthetic microbial communities are consid-
ered as specific know-how.

Results
First insights into the composition of the pro-
tist community in the rhizosphere of Brassi-
caceae and its effect on root architecture and 
the composition of bacterial communities have 
been gained. Various non-pathogenic endo-
phytic protist species in the rhizosphere and 
on leaves of these plants were identified, and 
some could be cultured. This now provides the 
basis for the identification, isolation and func-
tional characterization of effector molecules 
(and the genes encoding their synthesis) con-
trolling the outcome of the host/microbe in-
teraction. 
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Redkar, A., Hoser, R., Schilling, L., Zechmann, B., Krzymowska, M., Walbot, V. and Doehlemann, 
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Plant Cell 27(4), 1332 – 1351.

Doehlemann, G., Requena, N., Schaefer, P., Brunner, F., O’Connel, R and Parker, J.E. (2014). Re-
programming of plant cells by filamentous plant-colonizing microbes. New Phytologist 204(4), 
803 – 814.

Koller, R., Rodriguez, A., Robin, Ch., Scheu, S. and Bonkowski, M. (2013). Protozoa enhance for-
aging efficiency of arbuscular mycorrhizal fungi for mineral nitrogen from organic matter in soil 
to the benefit of host plants. New Phytologist 199, 203 - 211.

Krome, K., Rosenberg, K., Dickler, Ch., Kreuzer, K., Ludwig-Müller, J., Ullrich-Eberius, C., Scheu, 
S. and Bonkowski, M. (2010). Soil bacteria and protozoa affect root branching via effects on the 
hormonal balance in plants. Plant and Soil 328, 191 - 201.

Bonkowski, M. (2004). Tansley Review Soil protozoa and plant growth - the microbial loop in soil 
revisited. New Phytologist 162, 617 - 631.

Application relevant Aspects
Various forms of application are foreseen on 
the basis of results generated in this research: 
design of synthetic microbial communities with 
beneficial effects on plant growth, breeding of 
plants with increased immunity to the patho-
gen effectors, and the development of agro-
chemicals that trigger enhanced plant growth 
or pathogen resistance.

Opportunities for Cooperation
The groups are interested in research coop-
eration on the functional characterization of 
protist/plant interactions and the deduction 
and testing of novel concepts for plant growth 
stimulation and/or plant protection, on the ba-
sis of this know-how. This can also include the 
exchange of scientific personnel and/or sup-
port with equipment for specific experimental 
approaches.
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Research Area C

Project Title 
Characterization and functional assay of 
oomycete and protist communities in plants

Project Leader 
Laura Rose, Heinrich-Heine-Universität  
Düsseldorf; Michael Bonkowski,  
Universität zu Köln 

Project Goals
The project aims to discover and characterize 
the impact of asymptomatic oomycetes and 
protists in the rhizo- and phylloshere of plants. 
Thereby, plant-associated eukaryotic organ-
isms with so far unknown beneficial effects on 
plant growth and health should be identified 
and made accessible for functional character-
ization.

Activities
At this stage, the work focuses on the taxo-
nomic classification of asymptomatic oomycet-
es and protists in the rhizo- and phylloshere of 
plants (also their taxonomic similarity or differ-
ence to pathogenic relatives), and measuring 
their effect on plant growth and disease re-
sistance. As a next step, the functional basis of 
these effects will be investigated (direct or in-
direct effects within the host plants or against 
potential pathogens). Arabidopsis thaliana 
and Arabis alpina have been chosen as model 
host plant species. Cercozoa are the group of 
protists under investigation.

Technologies/Know-how
The group has developed specific technolog-
ical know-how in the isolation and cultivation 
of plant associated oomycetes and protists. 
“Next generation sequencing” is applied for 
their systematic classification. Measuring the 
effects on host plants is based on standard 
physiological, microbiological and molecular 
methods. Results A large number of cercozoan 
and oomycete species, closely associated with 
Arabidopsis thaliana, were discovered, includ-
ing many taxonomically undescribed groups. 
One cercozoan taxon could be found within 
plant species. There are also first indications 
that plants recruit protists to protect them-
selves against pathogenic microorganisms.
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Application relevant Aspects
The project will provide insights into the in-
teraction of plants with asymptotic oomycetes 
and protists that potentially exert a beneficial 
effect on the growth and disease resistance of 
their hosts. This opens the possibility for the 
development of novel concepts for growth 
stimulation and protection against abiotic and 
biotic stress factors (biologicals; novel targets 
for agrochemicals).

Opportunities for Cooperation
The group is interested in research coopera-
tion on the variability of interactions between 
plants and their associated fungal and proto-
zoan organisms, with potentially beneficial ef-
fects for host plants. In this context, also the 
transfer of know-how and results from model 
plant species to crop plants is considered as 
highly relevant. Cooperation can also extend 
to the exchange of scientific personnel. 
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Research Area C

Project Title 
Molecular mechanisms for establishing  
beneficial host/microbe interactions

Project Leader
Alga Zuccaro, Universität zu Köln

Project Goals
The scientific goal of the research is to under-
stand the molecular mechanisms for the estab-
lishment of compatible plant/fungus interac-
tions in the rhizosphere that lead to beneficial 
effects for the host plant. Thereby, know-how 
on the key factors that distinguish disease de-
velopment and the support of plant growth 
upon fungal infection are expected. Finally, 
this is seen as a contribution to the develop-
ment of novel strategies for plant protection 
and biological growth promotion.

Activities
By using the interaction of A. thaliana and barley 
with the fungus Piriformospora indica (belong-
ing to the order of Sebacinales, Basidiomycota) 
the group analyzes functional molecular char-
acteristics of host-specific and core conserved 
fungal effectors leading to beneficial plant/
fungus interactions. This allows addressing the 
molecular mechanisms with which generalistic 
fungi cope with distinct plant responses upon 
infection, and the decisive steps differentiating 
between beneficial effects on host plants and 
disease development. The work comprises the 
identification of protein effectors from the fun-
gus, the finding of their corresponding targets 
in the host plant and describing the mechanisms 
and effects of their interaction. For identifying 
effector molecules from the fungus, expres-
sion profiling during the process of infection, 
the isolation of proteins with signal peptide se-
quences, and/or the screening of apoplastic flu-

ids is used. Such effector molecules are then 
used to identify their corresponding targets in 
the host plants, with the help of various classical 
and tailored biochemical binding assays.

Technologies/Know-how
Research of the group is based on a combina-
tion of expertise know-how in genomics (de 
novo assembly, annotation and comparative 
analyses), transcriptomics (microarrays and 
RNA-seq), bioinformatics, molecular biology 
and biochemistry. The innovative capacity of 
the group has previously already been demon-
strated by establishing the interaction of Piri-
fomospora indica and A. thaliana or barley as 
a model system for describing the molecular 
mechanisms that determine the outcome of 
host/fungus interactions in the rhizospere. 

Results 
In the course of the project, significant insights 
into the molecular mechanisms of establishing 
the host/fungus interaction in the two mod-
el systems could be provided, also indicating 
an essential step for the prevention of defense 
reactions of the host plants upon infection by 
the fungus:
•  A set of common core genes is induced by 

the fungus upon infection of both plant spe-
cies, A. thaliana and Hordeum vulgare; at 
the same time, sets of different genes are 
induced in the two host plant species.

•  A lectin protein functions as a fungal effector, 
mediating the process of interaction; short 
chain glucans are the target of this effector, 
generated from fungal long chain glucans 
by the action of host plant glucanases; bind-
ing of the effector to the short chain glucans 
masks their function as an elicitor of defense 
reactions in the host plants.

•  The fungal effector out-competes the host 
plant receptor for glucan elicitors.
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corrhizal Genomics Initiative Consortium, Tunlid, A., Grigoriev, I.V., Hibbett, D.S. and Martin, F. 
(2015) Convergent losses of decay mechanisms and rapid turnover of symbiosis genes in mycor-
rhizal mutualists. Nature Genetics 47(4), 410-415.
Lahrmann, U., Strehmel, N., Langen, G., Frerigmann, H., Leson, L., Ding, Y., Scheel, D., Herklotz, 
S., Hilbert, M. and Zuccaro A. (2015). Mutualistic root endophytism is not associated with the re-
duction of saprotrophic traits and requires a non compromised plant innate immunity. New Phy-
tologist, doi:10.1111/nph.13411.
Lahrmann, U., Ding, Y., Banhara, A., Rath, M., Hajirezaei, M.R., Döhlemann, S., von Wirén, N., Par-
niske, M. and Zuccaro, A. (2013). Host related metabolic cues affect colonization strategies of a 
root endophyte. Proc Natl Acad Sci USA 110(34), 13965-13970.
Hilbert, M., Voll, M.L., Sharma, M. and Zuccaro, A. (2012). Indole derivative production by the root 
endophyte Piriformospora indica is not required for growth promotion but for biotrophic coloni-
zation of barley roots. New Phytologist 196(2), 520-534. 
Zuccaro, A., Lahrmann, U., Güldener, G., Langen, G., Pfiffi, S., Biedenkopf, D., Wong, P., Samans, 
B., Grimm, C., Basiewicz, M., Murat, C., Martin, F. and Kogel, K.H. (2011). Endophytic life strategies 
decoded by genome and transcriptome analyses of the mutualistic root symbiont Piriformospora 
indica. PLoS Pathog 7(10), e1002290. doi:10.1371/journal.ppat.1002290.
Wawra, S., Fesel, P., Widmer, H., Leson, L., Langen, G., Zuccaro, A. The fungal-specific ß-glu-
can binding lectin FGB1 alters cell wall composition and prevents glucan-triggered immunity in 
plants. Submitted.

Application relevant Aspects
Know-how on effectors responsible for the es-
tablishment of fungus/plant interactions and 
on the mechanisms of this process are consid-
ered a basis for molecular engineering and/
or improving of such beneficial effects in crop 
plants. Furthermore, such know-how can also 
be used for designing novel growth promoting 
agrochemicals (for example by using the tar-
get pathways in the host plant induced by the 
effectors as a test system for measuring the 
effect of novel compounds). 

Opportunities for Cooperation
The group is especially interested in any kind 
of cooperation with third parties on translat-
ing the know-how on the function of biological 
effectors, gained in the model systems, into 
molecular engineering of crop plants with im-
proved pathogen resistance or otherwise im-
proved growth features, or into concepts for 
developing growth promoting agents.
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Research Area C

Project Title 
Exploitation of endophytic fungi for novel 
concepts of plant protection

Project Leaders 
Vera Göhre, Michael Feldbrügge,  
Heinrich-Heine-Universität Düsseldorf

Project Goals
The overall scientific goal of the project is to 
understand the molecular basis of communi-
cation between host plants and their microbi-
al environment, allowing the development of 
novel concepts for plant protection.

Activities
The interaction between Thecaphora thlaspe-
os and various Brassicaceae is used as a mod-
el system for characterizing the interaction of 
smut fungi with host and non-host plants. In 
this context, the life cycle of the fungus on its 
host is described, the genomic constitution of 
the fungus deciphered, and tools for its axen-
ic cultivation and for the functional character-
ization of molecules involved in plant/fungus 
communication are developed. This know-
how and these tools are then used to analyze 
the molecular mechanisms of disease and re-
sistance development in the test system, and 
the impact of the fungus on the plant micro-
biome.

Technologies/Know-how
The group is expert in cell biology, and in the 
isolation, cultivation and genetic modification 
of pathogenic and non-pathogenic fungi and 
yeasts. For its research, the group has estab-
lished state-of-the-art live-cell imaging tech-
niques and routinely applies the standard 
repertoire of genetics, molecular biology and 
biochemistry.

Results
So far, Thecaphora thlaspeos has been found 
at various European locations, it was cultivated 
from different isolates, its life cycle has been 
described at the morphological, physiologi-
cal and molecular level, its genome has been 
sequenced and annotated, and the pathosys-
tem (infection of various Brassicaceae by the 
fungus) could be established under lab condi-
tions. Furthermore, the group could show that 
Brassica napus secretes a signal molecule that 
induces germination of this fungus, however, 
not leading to infection and disease develop-
ment. Based on this new model pathosystems, 
the group now aims at elucidating the molecu-
lar basis of non-host resistance against fungal 
pathogens, as well as the interaction of fungi 
with the host plant’s microbiome.
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Bulgarelli, D., Rott, M., Schlaeppi, K., van Themaat, E.V.L., Ahmadinejad, N., Assenza, F., Rauf, P., 
Huettel, B., Reinhardt, R., Schmelzer, E., et al. (2012). Revealing structure and assembly cues for 
Arabidopsis root-inhabiting bacterial microbiota. Nature 488, 91-95.

Franken, P. (2012). The plant strengthening root endophyte Piriformospora indica: Potential appli-
cation and the biology behind. Applied Microbiology and Biotechnology 96, 1455-1464.

Göhre, V. (2015). Immune responses: Photosynthetic defence. Nature Plants 1.

Göhre, V., Haag, C., and Feldbrügge, M. (2013). RNA biology in fungal phytopathogens. PLoS 
pathogens 9, e1003617.

Pohlmann, T., Baumann, S., Haag, C., Albrecht, M., and Feldbrügge, M. (2015). A FYVE zinc finger 
domain protein specifically links mRNA transport to endosome trafficking. eLife doi: 10.7554/
eLife.06041.

Application relevant Aspects
Results of this research have the potential for 
application in various forms: Novel concepts 
for resistance breeding in Brassicaceae by de-
velopment of varieties with reduced levels of 
signal molecules inducing the germination of 
pathogenic fungi, or varieties that block host/
pathogen communication; design of biologi-
cals with beneficial effects on plant health; de-
velopment of agrochemicals that interfere with 
the host/pathogen communication necessary 
for infection.

Opportunities for Cooperation
The group is interested in research coopera-
tion that address the identification and isola-
tion of signaling molecules involved in the mo-
lecular communication between crop plants 
and fungal pathogens, with the aim to create 
a know-how basis for novel concepts of plant 
disease resistance. Integrating specific know-
how or material from partners into such coop-
eration is considered as an attractive asset.
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Research Area D

Project Title 
Mineral nutrition of plants and its interde-
pendence with microbes in the rhizosphere

Project Leader 
Stanislav Kopriva, Universität zu Köln

Project Goals
The overall goal of the research group is to 
understand the regulation of uptake and as-
similation of mineral nutrients in plants, and 
the role of microbes in the rhizosphere in this 
process. Finally, this should lead to concepts 
for optimizing resource efficiency in plant cul-
tivation under changing environmental condi-
tions.  

Activities
Currently, research focuses on sulfur nutrition/
metabolism and its interdependence on the 
interaction with microbes in the rhizosphere, 
as plants rely on essential metabolic process-
es contributed by microbes for mineralization 
of sulfur. Natural variation in Arabidopsis ac-
cessions is used to identify genes that affect 
the interaction of plants and bacteria for sul-
fur mineralization and, thereby, also shape the 
microbiome of plants. Candidate genes from 
plants involved in this process are identified 
by quantitative genetic approaches with plant 
populations expressing phenotypic and geno-
typic variation, as well as by transcriptome and 
metabolome analyses. Measuring enzymat-
ic activities and metabolite fluxes finally lead 
to the functional characterization of candidate 
genes and to the description of functional re-
lationships within metabolic networks.

Technologies/Know-how
The group applies genetic approaches in com-
bination with biochemical analyses, with a spe-
cific focus on measuring metabolite fluxes in 
the overall system of the plant. Moreover, the 
expertise of the group covers molecular and 
oecophysiological studies of plant/microbe in-
teractions (metabolic interdependence; signal 
molecules for communication; shaping the mi-
crobiome of plants).  

Results
In the course of the research project, the inter-
action between the sulfur and nitrogen metab-
olisms could be shown, leading to the identi-
fication of enzymes that are co-regulated by 
the two nutrients. Similarly, a co-regulation of 
the primary and secondary sulfur metabolism 
could be found. The identification of candi-
date genes involved in the regulation of sulfur 
metabolism under various environmental con-
ditions from different natural Arabidopsis pop-
ulations is underway. In addition, the compar-
ative analysis of sulfur metabolism in Brassica 
napus has been begun.  
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Hawkesford, M.J., Kopriva, S. and De Kok, L.J. (2014). Nutrient Use Efficiency in Plants: Concepts 
and Approaches. Springer-Verlag, 279 pages.

Koprivova, A., Harper, A.L., Trick, M., Bancroft, I. and Kopriva, S. (2014). Dissection of control of 
anion homeostasis by Associative Transcriptomics in Brassica napus. Plant Physiol.166, 442 – 450.

D’Hooghe, P., Dubousset, L., Gallardo, K., Kopriva, S., Avice, J.-C. and Trouverie J. (2014). Evi-
dence for proteomic and metabolic adaptations associated to alterations of seed yield and quality 
in sulphur-limited oilseed rape (Brassica napus L.). Mol. Cel. Proteomics 13, 1165 -1183.

Traka, M.H., Saha, S., Huseby, S., Kopriva, S., Walley, P.G., Barker, G.C., Moore, J., Mero, G., van 
den Bosch, F., Constant, H., Kelly, L., Schepers, H., Boddupalli, S. and Mithen, R.F. (2013). Genetic 
regulation of glucoraphanin accumulation in Beneforté® broccoli. New Phytol. 198, 1085 – 1095.

Mugford, S.G., Lee, B.-R., Koprivova, A., Matthewman, C. and Kopriva, S. (2011). Control of sulfur 
partitioning between primary and secondary metabolism. Plant J. 65, 96 – 105.

Takahashi, H., Kopriva, S., Giordano, M., Saito, K. and Hell R. (2011). Sulfur Assimilation in Photo-
synthetic Organisms: Molecular Functions and Regulations of Transporters and Assimilatory En-
zymes. Annu. Rev. Plant Biol. 62, 157 – 184.

Mugford, S.G., Yoshimoto, N., Reichelt, M., Wirtz, M., Hill, L., Mugford, S.T., Nakazato, Y., Noji, M., 
Takahashi, H., Kramell, R., Gigolashvili, T., Flügge, U.-I., Wasternack, C., Gershenzon, J., Hell, R., 
Saito, K. and Kopriva, S. (2009). Disruption of Adenosine-5’-Phosphosulphate Kinase in Arabidop-
sis Reduces Levels of Sulphated Secondary Metabolites. Plant Cell 21, 910 – 927.

Loudet, O., Saliba-Colombani, V., Camilleri, C., Calenge, F., Gaudon, V., Koprivova, A., North, 
K.A., Kopriva, S. and Daniel-Vedele, F. (2007). Natural variation for sulfate content in Arabidopsis 
is highly controlled by adenosine 5’-phosphosulfate reductase. Nat. Genet. 39, 896 - 900.

Application relevant Aspects
The understanding of regulatory processes 
in the uptake and assimilation of mineral nu-
trients, and the identification, isolation and 
functional characterization of genes involved 
in these processes will lead to novel concepts 
for resource efficient crop cultivation (i.e. mo-
lecular engineering of crops with high yield 
under low-input conditions), and also for the 
improvement of food quality (synthesis of ben-
eficial ingredients in field crops and vegeta-
bles; reduction of detrimental compounds).

Opportunities for Cooperation
The group is interested in research coopera-
tion on the improvement of nutrient-use effi-
ciency in crop plants, and on the optimization 
of the food quality of products harvested from 
these plants (synthesis of novel beneficial com-
pounds, reduction of detrimental compounds). 
In this context, a special focus also lies in the 
transfer of research results from model plants 
to crop plants. Research cooperation may in-
clude the exchange of scientific personnel.
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Research Area D

Project Title 
Plant secondary metabolites in the inter-
action of plants with microbes

Project Leader 
Ulf-Ingo Flügge, Universität zu Köln

Project Goals
The scientific goal of the research project is 
to understand the regulation of the biosynthe-
sis of secondary metabolites that play a crucial 
role in the defense of plants against pathogens 
and pests. Finally, this should also contribute 
to the development of novel concepts for the 
protection of crop plants against pathogens 
and pests, by molecular engineering of crop 
plants or by the identification, testing and/or 
design of novel agrochemicals. 

Activities
The group focuses on the biosynthetic path-
ways for the synthesis of triterpenes and glu-
cosinolates and their role in pathogen/pest 
defense of plants. As a model plant, Arabidop-
sis thaliana has been chosen. Mutants of this 
model plant are characterized at the molecu-
lar and biochemical level to identify regulato-
ry factors controlling the biosynthesis of these 
secondary metabolites, and to elucidate sign-
aling cascades involved in this process. Yeast 
two-hybrid systems are the method of choice 
for finding proteins that interact with tran-
scription factors which have previously been 
demonstrated to play a role in the regulation 
of glucosinolate biosynthesis. Moreover, a hu-
man hepatoma cell system, developed further 
in this group, is applied as a test system for 
the identification of plant genes that encode 
enzymes for the synthesis of compounds with 
a function in cancer prevention and plant pro-
tection. 

Technologies/Know-how
The specific technological competence of this 
group is seen in the development/adaptation 
and use of test systems for protein/protein in-
teractions and promoter transactivation. Fur-
thermore, a broad spectrum of other molecu-
lar and biochemical methodology is routinely 
applied for the identification and functional 
characterization of regulatory genes involved 
in the control of complex biosynthetic path-
ways for plant secondary metabolites. The 
group also has long lasting, outstanding and 
well recognized expertise in the analysis of in-
tra-cellular transport systems and their impact 
on plant performance.

Results
As a first result of the research project, inter-
acting transcription factors (one of the MYB 
type and of the bHLH type) were identified 
which are involved in regulating the biosyn-
thesis of indolic and aliphatic glucosinolates. 
Furthermore, target genes for the generation 
of mutants with increased or reduced gluco-
sinolate levels could be found which are now 
used for describing the regulatory network in 
this biosynthetic pathway.    
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scription factor HAG1/MYB28 is a regulator of methionine-derived glucosinolate biosynthesis in 
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The plastidic bile acid transporter 5 is required for the biosynthesis of methionine-derived gluco-
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Frerigmann, H., Berger, B. and Gigolashvili, T. (2014). bHLH05 is an interaction partner of MYB51 
and a novel regulator of glucosinolate biosynthesis in Arabidopsis. Plant Physiol. 166, 349 - 369. 

Frerigmann, H. and Gigolashvili, T. (2014). MYB34, MYB51, and MYB122 distinctly regulate indolic 
glucosinolate biosynthesis in Arabidopsis thaliana. Molecular Plant 7, 814 - 828.

Frerigmann, H., Glawischnig and Gigolashvili, T. (2015). On the role of MYB34, MYB51 and MYB122 
in the regulation of camalexin biosynthesis in Arabidopsis thaliana. Front. Plant Sci. 6, 654.

von Berlepsch, S., Kunz, H.H., Brodesser, S., Fink, P., Marin, K., Flügge, U.I. and Gierth, M. (2012). 
The acyl-acyl carrier protein synthetase from Synechocystis sp. PCC6803 mediates fatty acid im-
port. Plant Physiol. 159, 606 - 617.

Jonik, C., Sonnewald, U., Hajirezaei, M.R., Flügge, U.I. and Ludewig, F. (2012). Simultaneous 
boosting of source and sink capacities doubles tuber starch yield of potato plants. Plant Biotech. 
J. 10, 1088 - 1098.

Maier. A., Fahnenstich. H., von Caemmerer, S., Engqvist, M.K.M., Weber, A.P.M., Flügge, U.I. and 
Maurino, V.G. (2012). Transgenic introduction of a glycolate oxidative cycle into A. thaliana chlo-
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Research Area D

Patents and Patent Applications
Flügge, U.I., Gigolashvili, T. (2006). DE 102006017831 A1. Verfahren zur Herstellung einer trans-
genen Pflanze der Familie der Brassicaceae (Kreuzblütler) mit einer erhöhten Glucosinolat-Bio-
synthese. 

Maurino,V and Flügge, U.I. (2008). A plant cell comprising enzymatic activities for converting gly-
oxylate to glycerate. Aktenzeichen: EP 08160030.6.

Kunz, H.-H., Flügge, U.-I., Gierth, M., Neuhaus, E. and Möhlmann. T. (2009). Methods and means 
for a selectable marker system in plants.  Appl.No./Patent No.: 09174538.0-1212.

KWS SAAT AG, Südzucker AG Mannheim/Ochsenfurt, Friedrich-Alexander-Universität Er-
langen-Nürnberg, Technische Universität Kaiserslautern, Universität zu Köln, Julius-Maximil-
ians-Universität Würzburg (2015) „Tonoplastidäre Protonen/Zucker-Antiporter-Proteine und der-
en Verwendung zur Erhöhung der Saccharosekonzentration eines Saccharosespeicherorgans von 
Pflanzen“. 

Application relevant Aspects
The biosynthesis of secondary metabolites 
plays a crucial role in the protection of plants 
against pathogens and pests. Understanding 
the regulation of the corresponding biosyn-
thetic pathways opens the way for develop-
ing novel concepts for the protection of crops 
against pathogens and pests causing severe 
harvest losses, by molecular engineering of 
more resistant crop varieties or by the design 
of novel agrochemicals.

Opportunities for Cooperation
The group aims at research cooperation with 
partners that are interested in the develop-
ment of concepts for molecular engineering/
breeding of crop varieties with improved re-
sistance to pathogens and/or pests. Especial-
ly the transfer of know-how and results from 
model plants to crop plants offers opportu-
nities for cooperation with partners from the 
private sector. In addition, also the design 
of test systems for the identification of novel 
plant protecting compounds is seen as a field 
for cooperation. Joint research projects and 
the mutual use of scientific and technological 
know-how may include the exchange of scien-
tific personnel.
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Research Area D

Project Title 
Dynamics of regulatory protein complexes  
in a changing environment – by the example 
of plant glucosinolate biosynthesis

Project Leader
Tamara Gigolashvili, Universität zu Köln

Project Goals
The scientific goal of this project is to under-
stand how the information coded by DNA is 
transformed into specific organismal respons-
es and to study the molecular mechanisms un-
derlying the formation of transcription factor 
complexes in response to specific signals. This 
research will lead to a molecular description of 
processes determining the dynamics of pro-
tein-DNA, protein-protein, and protein-me-
tabolite interactions, including the assembly/
disassembly of the complexes regulating the 
transcription of genes for glucosinolate bio-
synthesis in a changing environment. Results 
derived from this project will provide impor-
tant information regarding novel approaches 
and methods to design artificial transcription 
factors and custom-made regulatory modules 
to control gene expression. 

Activities
The central players of combinatorial gene 
control studied here are proteins belonging 
to the MYB-bHLH regulatory complex as well 
as metabolic signals modulating the activity 
of these regulatory proteins during glucosi-
nolate bio synthesis in Arabidopsis. Research 
activities comprise the following experimental 
approaches:
•  Identification and functional characteriza-

tion of binding sites for MYB and bHLH pro-
teins in genes for glucosinolate biosynthesis 
(ChiP-exo).

•  Sequence-specific DNA-binding of the MYB 
domain in structurally similar R2R3-MYBs; 
generation of synthetic (chimeric or ran-
domly mutagenised) proteins with novel 
DNA-binding abilities. 

•  Understanding molecular mechanisms of 
transcriptional regulation by the mYB–bHLH 
complex: Identification of proteins involved 
in chromatin modification and mediator pro-
teins. 

•  Metabolite sensing - as new level of regu-
lation in glucosinolate biosynthesis: identi-
fication of signalling molecules and sensor 
proteins

Technologies/Know-how
Biochemical, genetic, molecular-, and cell- 
biological techniques are combined for exe-
cuting  this research program. The group has 
long-standing experience in generation and 
utilization of Arabidopsis and mammalian 
cell-cultures for various assays. 

Results
In previous work, six R2R3-MYBs and four bHLH 
proteins from Arabidopsis involved in the reg-
ulation of glucosinolate biosynthesis have 
been identified and molecularly characterized. 
These transcription factors mediate control of 
glucosinolate biosynthesis in response to jas-
monic acid, salicylic acid, abscisic acid, brass-
inosteroids, ethylene, glucose and wounding, 
and are involved in negative feedback control 
mechanisms of glucosinolate biosynthesis. In 
addition, it has been shown that these trans–
cription factors are involved in controlling the 
accumulation of glucosinolates upon infection 
of plants by bacterial pathogens as well as in 
the establishment of resistance to generalist 
herbivores and some fungi.
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na. Molecular Plant. 7(5), 814-828.
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Frerigmann, H.,  Glawischnig, E. and  Gigolashvili, T. (2015). The role of MYB34, MYB51 and 
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Zhao, Y., Wang, J., Liu, Y., Miao, H., Cai, C., Shao, Z., Guo, R., Sun, B., Jia, C.,  Zhang, L., Gigolash-
vili, T., and Wang, Q. (2015). Classic Myrosinase-dependent Degradation of Indole Glucosinolate 
Attenuate Fumonisin B1-Induced Programmed Cell Death in Arabidopsis.  Plant J. 6. doi:10.1111/
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Frerigmann, H., Pislewska-Bednarek, M., Sánchez-Vallet, A., Molina, A., Glawischnig, E.,  Gigo-
lashvili, T. and Bednarek, P. (2016). Regulation of pathogen triggered tryptophan metabolism in 
Arabidopsis thaliana by MYB transcription factors and indole glucosinolate conversion products. 
Molecular Plant doi:10.1016/j.molp.2016.01.006

Application relevant aspects
Results from this research will contribute to cre-
ating a know-how basis for the design of syn-
thetic transcription factors with custom-made 
DNA binding activities. This will be an essen-
tial element in the molecular engineering of 
stress response pathways in plants.
 

Opportunities for Cooperation
The group is interested in research coopera-
tion, including the exchange of scientific per-
sonnel, in the field of biochemical pathway 
engineering in plants, via design of syn thetic 
transcription factors with specific regulatory 
functions. An intended focus in such cooper-
ation is the translation of results from model 
plants to crop plants.
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Research Area D

Project Title 
Metabolic regulation of the plant immune 
response

Project Leader 
Jürgen Zeier, Heinrich-Heine-Universität  
Düsseldorf

Project Goals
The project aims at the description of the me-
tabolic network involved in the regulation of 
plant immune responses, and at the identifi-
cation and molecular characterization of com-
ponents therein. Finally, this should become 
a basis for the design of new sustainable ap-
proaches in resistance breeding and the de-
velopment of protecting agrochemicals.

Activities
The research work covers the comparative me-
tabolite profiling of infected and non-infected 
plants, including mutants defective in patho-
gen responses. Candidate metabolites with an 
indicative accumulation pattern under the test 
conditions are isolated and chemically charac-
terized. This is then followed by complementa-
tion assays in which the biological function of 
such metabolites is tested in mutant plants. Fi-

nally, genes controlling the synthesis and func-
tion of the metabolites are identified and iso-
lated. The interaction of Arabidopsis thaliana 
with Pseudomonas syringae is used as a model 
system.

Technologies/Know-how
The specific technological know-how of the 
group is seen in metabolic profiling by GC-
MS, LC-MS and FT-IR spectroscopy, in chem-
ical identification and structure analysis, and 
in the combination of these methods; classical 
methods of molecular biology and biochemis-
try complement the technological know-how 
of the group.

Results
Pipecolic acid has been identified as a novel 
regulator of plant systemic acquired resist-
ance. It has been shown that this compound 
is necessary and sufficient for resistance prim-
ing, a process that is responsible for increased 
pathogen defense reactions in plants, that 
provides effective protection against patho-
gen infection. Enzymes and genes involved 
in the synthesis and downstream signaling of 
pipecolic acid have been identified and isolat-
ed. The identification of further components 
and processes regulating salicylic acid de-
pendent and salicylic acid independent resist-
ance priming is in progress.

Publications and References
Hilfiker, O., Groux, R., Bruessow, F., Kiefer, K., Zeier, J. and Reymond, P. (2014). Insect eggs induce 
a systemic acquired resistance in Arabidopsis. Plant J 80, 1085-1094.

Vogel-Adghough, D., Stahl, E., Návarová, H. and Zeier, J. (2013). Pipecolic acid enhances resist-
ance to bacterial infection and primes salicylic acid and nicotine accumulation in tobacco. Plant 
Sig Behav 8, e26366.

Gruner, K., Griebel, T., Návarová, H., Attaran, E. and Zeier, J. (2013). Reprogramming of plants 
during systemic acquired resistance. Front Plant Sci 4, 252.
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Návarová, H., Bernsdorff, F., Döring, A.-C. and Zeier, J. (2012). Pipecolic acid, an endogenous 
mediator of defense amplification and priming, is a critical regulator of inducible plant immunity. 
Plant Cell 24, 5123-5141.

Griebel, T. and Zeier, J. (2010). A role for beta-sitosterol to stigmasterol conversion in plant-path-
ogen interactions. Plant J 63, 254-268.

Attaran, E., Zeier, T.E., Griebel, T. and Zeier, J. (2009) Methyl salicylate production and jasmonate 
signaling are not essential for systemic acquired resistance in Arabidopsis. Plant Cell 21, 954-971. 

Mishina, T.E. and Zeier, J. (2007). Pathogen-associated molecular pattern recognition rather than 
development of tissue necrosis contributes to bacterial induction of systemic acquired resistance 
in Arabidopsis. Plant J 50, 500-513.

Mishina, T.E. and Zeier, J. (2006). The Arabidopsis flavin-dependent monooxygenase FMO1 is 
an essential component of biologically induced systemic acquired resistance. Plant Physiol 141, 
1666-1675.

Application relevant Aspects
Results of this research will provide a basis for 
the design of new sustainable approaches in 
resistance breeding and the development of 
plant protecting agrochemicals.

Opportunities for Cooperation
The group is seeking joint research projects 
on topics of mutual scientific interest. This can 
also include the exchange of scientific person-
nel, leading to an exchange of know-how. A 
specific interest is in the support for the es-
tablishment of further technical equipment, 
allowing additional technological approaches 
in metabolite profiling and metabolite charac-
terization.
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Research Area D

Project Title 
Secondary metabolite spectrum of plant 
ABC-transporters

Project Leader 
Lutz Schmitt, Heinrich-Heine Universität  
Düsseldorf

Project Goals
The project aims at providing plant plasma 
membrane transporters as essential modules 
for the large-scale production of plant sec-
ondary metabolites in microbes. As second-
ary metabolites are known to exert a variety 
of biological functions in nature, for example 
the communication of plants with microorgan-
isms, the corresponding transporters are also 
potential targets for the search of novel agro-
chemicals.

Activities
As a first step, the research activities enclose 
the cloning, expression and purification of 
ABC-transporters for plant secondary metab-
olites in bacteria or yeast. In the next step, 
the specific substrates for these transport-
ers are identified with a specifically designed 
test system in yeast that uses the functional 
comparison of mutant and non-mutant trans-
porter protein complexes. At the moment, the 
focus is on transporters for plant secondary 
metabolites from the groups of glucoronides 
and triterpenes, as members of these chemi-
cal groups have been shown to be involved in 
plant-microbe communication.

Technologies/Know-how
Strong and specific technological expertise is 
given in the fields of cloning, expression, pu-
rification and functional characterization of 
membrane proteins. In addition, the group 
has experience and routinely applies/optimiz-
es methods of metabolic profiling and 3D pro-
tein structure analyses.

Results
So far, three transmembrane ABC-transport-
er proteins from plants could be cloned an 
over-expressed in yeast cells. The identifica-
tion of plant secondary metabolite substrates 
for these transporters is underway.
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Publications
Zaitseva, J., Oswald, C., Jumpertz, T., Jenewein, S., Wiedenmann, A., Holland. And Schmitt, L. 
(2006). A structural asymmetry required for catalytic activity of an ABC-ATPase domain dimer. 
EMBO J. 25, 3432-3443.

Ernst, R., Kueppers, P., Klein, C. M., Schwarzmueller, T., Kuchler, T. and Schmitt, L. (2008). A muta-
tion of the H-loop selectively affects rhodamine transport by the yeast multidrug ABC transporter 
Pdr5. Proc. Natl. Acad. Sci. 105, 5069-5074.

Gawarzewski, I., Di Maio, F., Winterer, E., Tschapek, B., Smits, S.H.J., Jose, J. and Schmitt, L. (2014). 
Crystal structure of the transport unit of the autotransporter adhesin involved in diffuse adher-
ence from Escherichia coli. J. Struct. Biol. 187, 20-29.

Application relevant Aspects
Plasma membrane transporters are consid-
ered essential modules for synthetic biology 
in microorganisms. Here, transporters for the 
export of specific plant secondary metabo-
lites are isolated and functionally character-
ized and, thereby, made accessible as mod-
ules for the production of the corresponding 
compounds in microorganisms. In addition, 
the genes for transporters that play a role in 
plant/microbe communication are potential 
targets for breeding crop varieties with im-
proved disease resistance and for the design 
of novel fungicides.

Opportunities for Cooperation
The group has a strong interest in coopera-
tion with external partners that address over-
lapping scientific questions or intend to trans-
fer technological know-how and/or results 
from the functional characterization of plant 
ABC-transporters into their own R&D pro-
grams. This can be based on joint research 
projects as well as on the exchange of scien-
tific personnel.
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Research Area D

Project Title
Plant cell wall structure and biosynthesis

Project Leader
Markus Pauly, Heinrich-Heine-Universität 
Düsseldorf

Project Goals
The dominant carbon sequestration system 
and thus removal of carbon dioxide from the 
atmosphere on this planet is the formation of 
durable cell wall composite materials by the 
plant. Such a wall surrounds all cells and con-
sists of the polysaccharide classes cellulose, 
hemicelluloses, pectic polysaccharides, and 
the polyaromatic substance lignin and plays an 
important role not only in the mechanical sta-
bility of the plant, but also its response to abi-
otic and biotic stresses. Complicating matters, 
the 35 or so different tissues in a given higher 
plant exhibit differences in their wall polymer 
composition. However, the path from carbon 
to the different cell wall components and its 
regulation is poorly understood. Therefore, 
the aim of this project is to elucidate molec-
ular mechanisms regulating carbon fixation in 
cell wall components and providing a basis to 
engineer cell wall composition and structure.

Activities
The group uses genetic and genomic ap-
proaches to identify components of the biosyn-
thetic machinery necessary for the synthesis of 
the wall polymers with particular emphasis on 
the hemicelluloses. Once such enzymes have 
been identified their genetic manipulation in 
the plant is utilized to alter the wall to study 
not only its function in plant growth and de-
velopment but also its material attributes for 
industrial processes such as the conversion of 

agricultural residues (wood or straw) for the 
conversion to green chemicals to establish a 
bioeconomy. 
The group also develops methodologies to 
study the chemistry of the wall. Current re-
search aims at obtaining a cellular definition 
of the wall composition by e.g. mass imaging. 

Technologies/Know-how
Research of the group is based on the follow-
ing expertise:
•  Quantitative cell wall polysaccharide analy-

sis (including monosaccharide composition, 
glycosidic linkage analysis, mass profiling, 
size determination of wall polymers) 

•  Identification and characterization of carbo-
hydrate active enzymes including glycosyl-
trasferases, glycansynthases and glycosylhy-
drolases

•  Genetic manipulation of the model species 
Arabidopsis and Brachypodium

Results
Key components of the synthesis of the hemi-
cellulose xyloglucan have been identified, al-
lowing for the first time to reconstitute the syn-
thesis of such a polymer heterologously in a 
microbe. It became clear that the substitution 
of the wall polymer impact the polymers solu-
bility and interaction with other polymers, but 
the type of substitution e.g. different glycosyl- 
or non-glycosyl substitutents are functionally 
equivalent. 
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Publications and References
Loque, D., Scheller, H.V. and Pauly, M. (2015). Engineering of plant cell walls for enhanced biofuel 
production, Current opinion in Plant Biology 25, 151-161.

Xiong, G., Dama, M. and Pauly, M. (2015). Glucuronic acid moieties on xylan are functionally equiv-
alent to O-acetyl-substituents, Molecular Plant 8, 1119-1121.

Pauly, M. and Keegstra, K. (2016). Biosynthesis of the plant cell wall matrix polysaccharide xylo-
glucan, Annual review of Plant Biology 67, in press

Liberatore, K.L., Xu, C., MacAlister. C.A. et al. (2015). A cascade of arabinosyltransferases controls 
stem cell homeostasis in tomato, Nature Genetics 47, 784-792.

Taylor-Teeples, M., Lin, L., Trabucco, G.M., de Lucas M et al. (2015). Environmental, developmental 
and genotype-dependent regulation of xylem cell specification and secondary cell wall biosyn-
thesis in Arabidopsis thaliana, Nature 517, 571-575.

Application relevant Aspects
The research of the group leads to plants with 
altered, sometimes tailored, cell wall (ligno-
cellulosic) properties, which can enhance e.g. 
product yields derived from plant biomass.

Opportunities for Cooperation
The group seeks cooperation with partners 
that are interested in testing the possibility 
of transferring the research results found with 
model plants into crop plants. In this context, 
the major goal will be to test the phenotypic 
effects of candidate genes for modification of 
changes in wall material composition into crop 
plants. Such cooperation can include joint re-
search activities as well as the exchange of sci-
entific personnel in order to mutually extend 
the know-how in this field. Material testing of 
the altered plant materials are also of interest. 
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Research Area D

Project Title 
Synthetic microbes for the production of 
plant secondary metabolites

Project Leaders 
Karl-Erich Jaeger, Thomas Drepper,  
Heinrich-Heine-Universität Düsseldorf/ 
Forschungszentrum Jülich

Project Goals
This project aims to develop synthetic mod-
ules for the production of plant triterpenes 
(TTP) in microbes. TTPs have important roles 
for various plant/microbe interactions, howev-
er, the underlying mechanisms are largely un-
known. Hence, research in this project focuses 
on the synthesis, modification and functional 
screening of TTPs aiming to analyze physio-
logical effects together with partners from Re-
search Areas C and D within CEPLAS.

Activities
The Institute of Molecular Enzyme Technol-
ogy (IMET) has long lasting and outstanding 
experience in research with enzymes and pro-
teins from non-pathogenic as well as patho-
genic bacteria. Current research foci include 
(i) the identification of novel genes using 
metagenomics methodology, (ii) regulation 
of gene expression, folding and secretion of 
enzymes as well as (iii) purification, (iv) bio-
chemical characterization, and (v) elucidation 
of structure-function relationships of enzymes. 
Another major topic at the IMET is the devel-
opment of new synthetic biology tools for the 
functional expression of difficult to express 
proteins and the transfer of complete second-
ary metabolite pathways. In this context, nov-
el expression strains such as Pseudomonas 
putida, Burkholderia glumae and Rhodobac-
ter capsulatus are established and will perpet-

ually be optimized. Within CEPLAS, we have 
sucesfuly applied a novel molecular biological 
tool which we have constructed to allow for 
transfer and expression of entire biosynthetic 
pathways in bacteria (see ref. Loeschcke et al. 
ACS Chem. Biol. 2013). We also succeeded for 
the first time to establish a synthetic module 
in the carotinogenic bacterium Rhodobac-
ter capsulatus allowing the efficient two-step 
catalytic conversion of a carotenoid precursor 
into 2,3-oxidosqualene from which all terpe-
nes derive. Currently, we construct and evalu-
ate a TTP synthesis module encompassing all 
known TTP cyclases from A. thaliana. Further-
more, we use the Gram-negative bacterium 
Pseudomonas putida as a host for the produc-
tion of secondary metabolites of biotechno-
logical relevance, e.g. biosurfactants or anti-
microbial compounds.

Technologies/Know-how
•  Sequence- and activity-based identification 

of novel enzymes, e.g. from (meta)genomic 
libraries.

•  Functional expression and secretion of ‘fin-
icky’ proteins (e.g. membrane proteins, bio-
technologically useful enzymes).

•  Synthetic biology tools for transplanting 
complete gene clusters/pathways to a broad 
spectrum of different microbial hosts.

•  Development of optogenetic tools for con-
trolling biological processes in microbes.
Functional reconstitution of natural and ar-
tificial secondary metabolite pathways in mi-
crobial production hosts.

Results
A TTP precursor module has been constructed 
and analyzed in different microbes. For the first 
time, the group succeeded in establishing this 
synthetic module in the carotinogenic bacteri-
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um Rhodobacter capsulatus, allowing the effi-
cient two-step catalytic conversion of the ca-
rotenoid precursor FPP into 2,3-oxidosqualene. 

Currently, work is in progress to construct and 
evaluate a TTP synthesis module encompassing 
all known TTP cyclases from A. thaliana.

Publications and References
Binder, D., Bier, C., Grünberger, A., Drobietz, D., Hage-Hülsmann, J., Kohlheyer, D., Loeschcke, 
A., Wiechert, W., Jaeger, K.-E., Pietruszka, J., Drepper, T. (2015). Photocaged Arabinose – A Nov-
el Optogenetic Switch for Rapid and Gradual Control of Microbial Gene Expression. submitted

Domröse, A., Klein, A., Hage-Hülsmann, J., Thies, S., Svensson, V., Classen, T., Pietruszka, J., Jae-
ger, K.-E., Drepper, T., Loeschcke, A. (2015). Efficient recombinant production of prodigiosin in 
Pseudomonas putida. Frontiers in Microbiology, under revision

Loeschcke, A, Thies, S. (2015). Pseudomonas putida - a versatile host for the production of natural 
products. Appl. Microbiol. Biotechnol. 99, 6197-6214.

Liebl, W., Angelov, A., Juergensen, J., Chow, J., Loeschcke, A., Drepper, T., Classen, T., Pietruszka, 
J., Ehrenreich, A., Streit, W.R., Jaeger, K.-E. (2014). Alternative hosts for functional (meta)genome 
analysis. Appl. Microbiol. Biotechnol. 98, 8099-8109.

Binder, D., Grünberger, A., Loeschcke, A. Probst, C., Pietruszka, J., Wiechert, W., Kohlheyer, D., 
Jaeger, K.-E., and Drepper, T. (2014). Light-responsive control of bacterial gene expression: Pre-
cise triggering of the lac promoter activity using photocaged IPTG. Integr. Biol., 6, 755- 765.

Kaschner, M., Loeschcke, A., Krause, J., Minhc, B. Q., Heck, A. Svensson, V., Wirtz, A., von Haesel-
er, A., Jaeger, K.-E., Drepper, T., and Krauss, U. (2014). The first light-dependent protochlorophyl-
lide oxidoreductase in anoxygenic phototrophic bacteria. Molecular Microbiology. 93, 1066-1078.

Loeschcke A., Markert A., Wilhelm S., Wirtz A., Rosenau F., Jaeger K.-E., and Drepper T. (2013). 
TREX – A Universal Tool for the Transfer and Expression of Biosynthetic Pathways in Bacteria. ACS 
Synth. Biol. 2, 22–33.

Arvani, S., Markert, A., Loeschcke, A., Jaeger, K.-E., and T. Drepper (2012). A T7 RNA polymer-
ase-based toolkit for the concerted expression of clustered genes. J. Biotechnol. 159:162-171.

Drepper, T., Krauss, U., Meyer zu Berstenhorst, S., Pietruszka, J., and Jaeger, K.-E. (2011). Lights 
on and action! - How to control microbial gene expression by light. Appl. Microbiol. Biotechnol. 
90, 23-40. 

Katzke, N., Arvani, S., Bergmann, R., Circolone, F., Markert, A., Svensson, V., Jaeger, K.-E., Heck, 
A., and Drepper, T. (2010). A novel T7 RNA polymerase dependent expression system for high-lev-
el protein production in the phototrophic bacterium Rhodobacter capsulatus. Protein Expr. Purif. 
69, 137-146.
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Research Area D

Patents
Drepper, T., Jaeger, K.-E., Markert, A., Rosenau, F., Wilhelm, S. (2007). Cloning, integration 
and expression of a gene cluster comprises using gene cassettes comprising sequences that 
mediate the transfer, integration and expression of a flanked nucleic acid. Patent Number: 
DE102007048134-A1

Drepper, T., Arvani, S., Bergmann, R., Circolone, F., Heck, A., Jaeger, K.-E., Katzke, N., Markert, 
A., Svensson, V. (2008). Expressing a heterologous gene comprises inserting a target gene into 
an expression vector and transforming a Rhodobacter capsulatus strain with the vector. Patent 
Number: DE102008013304-A1

Application relevant Aspects
The characterization of TTP mechanisms of ac-
tion on plants can provide a basis to develop 
novel strategies to improve plant growth as 
well as resistance to biotic and abiotic stress-
es. In addition, the newly developed synthetic 
biology tools and expression platforms can be 
used for the production of (i) proteins for bio-
economical and biomedical applications and 
(ii) high value chemicals, e.g. pharmaceuticals. 

Opportunities for Cooperation
The group is interested in collaborations with 
groups addressing the identification, analy-
sis, characterization and production of natural 
products as well as unraveling and manipulat-
ing plant/microbe interactions. These cooper-
ation can comprise joint research activities as 
well as the exchange of scientific personnel.
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Research Area D

Project Title 
Production of plant secondary metabolites  
in microorganisms

Project Leader 
Vlada Urlacher, Heinrich-Heine-Universität 
Düsseldorf

Project Goals
The aim of the project is to develop synthet-
ic modules for the production of plant terpe-
nes with beneficial effects on plant growth 
and their oxygenated derivatives in microbes. 
With such approaches, it will become feasible 
to synthesize these compounds in sufficient 
amounts for functional analysis with plants, 
and to design enzymes for optimized biosyn-
thetic pathways.  

Activities
The research comprises the elucidation of bio-
chemical pathways for specific terpenoids, the 
isolation of genes encoding the correspond-
ing enzymes from plants. Individual enzymes 
are produced and characterized regarding 
their biochemical end biocatalytic properties 
and, if required, optimized by the means of 
protein engineering. Finally, target genes are 
reconstituted in the biosynthetic pathway in 
microbes. 

Technologies/Know-how
The key strength of the group is seen in the 
field of biocatalysis and protein engineering: 
enzyme identification and expression in re-
combinant hosts, biochemical characteriza-
tion, analysis of enzymes’ structure, identifi-
cation of their active centers and regulatory 
sites (as targets for modification/optimization), 
targeted mutagenesis of enzymes. This know-
how is used for molecular modeling and the 
design of biochemical pathways in novel cellu-
lar environments. Classical biochemical meth-
odology, as well as GC/MS and HPLC/MS for 
intermediates and product analysis, comple-
ments the technological portfolio of the group.

Results
The research project has led to the identifica-
tion and biochemical characterization of novel 
enzymes in the biosynthesis of a certain ter-
penoid, not yet characterized before. This is 
an important step for designing the biochem-
ical pathway in microbes. The structural anal-
ysis and functional characterization of further 
steps in the pathway is in progress.
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Publications and References
Ricklefs, E., Girhard, M., Koschorreck, K., Smit, M.S. and Urlacher, V.B. (2015). Two-step one-pot 
synthesis of pinoresinol from eugenol in a novel enzymatic cascade. ChemCatChem 7, 1857-1864.

Le-Huu, P., Heidt, T., Claasen, B., Laschat, S. and Urlacher, V.B. (2015). Chemo-, Regio-, and ste-
reoselective oxidation of the monocyclic diterpenoid -cembrenediol by P450 BM3. ACS Catal 5, 
1772-1780.

Schulz, S., Girhard, M., Gaßmeyer, S.K., Jäger, V.D., Schwarze, D., Vogel, A. and Urlacher, V.B. 
(2015) Selective enzymatic synthesis of the grapefruit flavor (+)-nootkatone. ChemCatChem 7, 
601-604.

Beuttler, H., Hoffmann, J., Jeske, M., Hauer, B., Schmid, R.D., Altenbuchner, J. and Urlacher, V,B. 
(2011). Biosynthesis of zeaxanthin in recombinant Pseudomonas putida. Appl. Microbiol. Biotech-
nol 89, 1137-1147.

Girhard, M., Machida, K., Itoh, M.,  Schmid, R. D., Arisawa, A. and Urlacher, V.B. (2009). Regiose-
lective biooxidation of (+)-valencene by recombinant E. coli expressing CYP109B1 from Bacillus 
subtilis in a two-liquid-phase system. Microb. Cell Fact 8, 36.

Patents/ Patent Applications
Kathri, Y., Bernhardt, R., Hanneman, F., Urlacher, V.B., Girhard, M. (2010). Biokatalysator für die 
Hydroxylierung und/oder Epoxidierung. Deutsches Patent- und Markenamt, Aktenzeichen DE: 
10 2010 000 168.6. 

Hauer, B., Habicher, T., Schmid, R.D., Maurer, S., Urlacher, V.B., Schulze, H., Huber, N., Bachmann, 
T. (2004). Verfahren zur Herstellung eines Hydroxylierungskatalysators und seine Verwendung, 
Deutsches Patent- und Markenamt.

Application relevant Aspects
The synthesis of biologically active com-
pounds via biotransformation or biosynthesis 
in microbes is of key importance for producing 
such compounds in sufficient amount for func-
tional testing. Finally, this will also be a way to 
produce compounds with beneficial effect on 
plant growth and the constitution of the plant 
microbiome, or other high-value compounds 
that cannot be isolated from other sources in 
sufficient amount. 

Opportunities for Cooperation
The group is interested in any kind of coopera-
tion that addresses mutual scientific questions 
in the field of designing biochemical pathways 
in microbes, and in contributions of know-how 
on the application relevance of their products. 
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Research Area D

Project Title
Synthesis of signal compounds involved in 
plant/microbe interactions

Project Leader 
Ilka Axmann, Heinrich-Heine-Universität  
Düsseldorf

Project Goals
The goal of the project is to provide signal 
compounds mediating the communication 
between plants and pathogenic or non-patho-
genic microbes in sufficient amounts for func-
tional investigations. In this context, the group 
focuses on the synthesis of specific triterpenes 
for which previous investigations have indicat-
ed their role in plant/microbe interactions.

Activities
Candidate genes from the biosynthetic path-
way of selected triterpenes in plant are used 
for the synthesis of these compounds in cy-
anobacteria. This requires the optimization of 
cloning procedures and of expression of can-
didate genes in cyanobacteria (regulation, 
coding sequences).

Technologies/Know-how
The specific technological expertise of the 
group lies in the metabolic engineering of Cy-
anobacteria, also involving the optimization 
of cloning, expression and gene regulation 
systems. The know-how on gene regulation 
includes a specific focus on RNA-based pro-
cesses.

Results
A mutant strain is used accumulating squalene 
(provided by Pia Lindberg, Uppsala Universi-
ty, Sweden, Englund et al., 2014) which is now 
converted into oxido-squalene. Work on the 
production of maneral and thianol is in pro-
gress. As a specific challenge, the efficient es-
tablishment of synthetic steps involving cyclas-
es (by Thomas Drepper and Anita Loeschcke) 
and P450 enzymes (by Vlada Ulracher and Sa-
rah Kranz) is under investigation.
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Publications and References
Amos, M., Axmann, I.M., Blüthgen, N., de la Cruz, F., Jaramillo, A., Rodriguez-Paton, A., Simmel, 
F. (2015). Bacterial computing with engineered populations. Philos Trans A Math Phys Eng Sci. 
373, 2046.

Beck, C., Hertel, S., Rediger, A., Lehmann, R., Wiegard, A., Kölsch, A., Heilmann, B., Georg, J., 
Hess, W.R., Axmann, I.M. (2014). Daily Expression Pattern of Protein-Encoding Genes and Small 
Noncoding RNAs in Synechocystis sp. Strain PCC 6803. Appl Environ Microbiol. 80(17), 5195-206.

Hertel, S., Zoschke, R., Neumann, L., Qu, Y., Axmann, I.M., Schmitz-Linneweber, C. (2013). Multi-
ple checkpoints for the expression of the chloroplast-encoded splicing factor MatK. Plant Physiol. 
163(4), 1686-98.

Schmiedel, J.M., Axmann, I.M., Legewie, S. (2012). Multi-target regulation by small RNAs syn-
chronizes gene expression thresholds and may enhance ultrasensitive behavior. PLoS One 7(8), 
e42296.

Beck, C., Knoop, H., Axmann, I.M., Steuer, R. (2012). The diversity of cyanobacterial metabolism: 
genome analysis of multiple phototrophic microorganisms. BMC Genomics 13, 56.

Application relevant Aspects
The application of research results from the 
group is seen in the metabolic engineering 
of complex biosynthetic pathways leading to 
signal molecules involved in plant/pathogen 
interactions. With the help of such know-how 
also other compounds with bioeconomical val-
ue can be engineered, such as pharmaceuti-
cals and cosmetics.

Opportunities for Cooperation
The group is interested in research coopera-
tion targeting the optimization of production 
systems for complex secondary metabolites in 
Cyanobacteria, especially also considering the 
industrial up-scaling of such systems.
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