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Introduction

Introduction

This year, the Max Planck Institute for Plant Breeding
(MPIZ) is celebrating its 75th anniversary. The Institute
was originally founded as the Kaiser-Wilhelm-Institute fiir
Ziichtungsforschung in Miincheberg with Erwin Baur as
its first director. Even at the time of its foundation, core
activities were already focussed on plant genetics with
model plants, e.g. the genetics of the flowering plant
Antirrhinum majus. In 1955, the Institute moved to its cur-
rent location and became part of the Max Planck Society
(MPG). At this time, major activities were still dedicated
to classical breeding. In 1978, Jozef Schell was appointed
as head of a department and with him molecular biology
and molecular genetics rapidly evolved as powerful tools
for the dissection of fundamental plant processes. Clearly,
the discovery of plant transformation by Agrobacterium
and the modification of the process for plant breeding
remains an outstanding achievement of Jozef Schell and
his colleagues. It serves as a convincing example as to how
basic research can have a major impact on applied plant
breeding.

Plant biology has undergone a revolution over the last 10
years. The study of fundamental problems in model
species using genetic approaches and the ability to isolate
genes marked by mutations has provided information on
molecular building blocks that control many plant
processes. Large-scale genome projects culminating in the
sequencing of the complete Arabidopsis genome provided
a catalogue of the 25,000 genes required to make a plant
and presented a dramatic picture of how different the gene
complements of plants and animals are. Systematic analy-
sis of gene function and the interactions between genes
and the proteins they encode promise another leap forward
in our understanding of plant biology. Furthermore, devel-
opments in information technology and relational databas-
es enable recognition of novel connections between differ-
ent molecular layers including DNA sequences, gene
expression, protein and small molecule profiles. However,
to date, the tremendous increase in knowledge in plant sci-
ence has not resulted in a sustained impact on plant breed-
ing, and plant breeding is still far from being a rational sci-
ence.

Future discovery oriented plant biology at the MPIZ will
utilise integrated approaches to elucidate networks of fun-
damental biological processes in plants. Multidisciplinary
approaches bridging genetics, biochemistry, cell biology
and bioinformatics will be essential for in depth under-
standing of the molecular mechanics of traits that are rel-
evant to plant breeding. This approach will allow a multi-
dimensional understanding of selected plant traits allow-
ing intricate questions to be posed: How many compo-
nents contribute to a particular trait and how are their
functions inter-related? How many components within the

network can be used to create variation in the trait? How
many of these can be changed without pleiotropic effects?
Primary identification and analysis of these pathways will
be carried out wherever possible using intensely studied
model species, mainly Arabidopsis.

However, striking examples exist in which the activities of
pathways established in Arabidopsis are modified in other
species to generate radically different phenotypes. To cap-
ture and exploit natural genetic diversity that cannot be
generated by Mendelian genetics in Arabidopsis, our
research programmes include a selected number of other
genetically amenable species including crops. Studying
such ‘Darwinian diversity’ will both test the validity of
trait models formulated on the basis of a single species,
and provide indications of how flux through and topolo-
gies of networks can be modified to generate novel varia-
tion in the context of breeding programmes. Thus, one
aspect of our work is dedicated to gain systematically
insights in trait (network) evolution.

While genetic methods have proven invaluable for the dis-
section of complex plant traits, small molecules can sig-
nificantly complement this toolbox. Indeed, there is a clear
need to develop ‘plant pharmacology’ as a novel research
branch for understanding the molecular mechanics of
traits. In principle, it should be possible to identify specif-
ic agonists and antagonists from existing chemical com-
pound libraries for virtually any plant process. The MPIZ
will initiate future research programmes that aim to devel-
op technologies and bioassays for the identification of
pharmacologically active compounds. This could also
have practical implications and might offer alternative
avenues to modulate plant traits by chemicals.

(Goe e LH—

Prof. Paul Schulze-Lefert, Acting Director
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Department
of Plant Developmental Biology

The Department is focused on understanding molecular
mechanisms that underlie the flexibility of plant develop-
ment in response to environmental stimuli. Our research is
based on genetics and gene isolation, but increasingly we
have used protein biochemistry, cell biology based
approaches and comparisons between species to extend
our understanding of these processes.

Last year, the Department was strengthened by the
appointment of two new group leaders, Seth Davis and
Andreas Bachmair. Their interests are respectively in cir-
cadian clock function and protein modification, and
extend the research programmes of the Department. The
circadian clock is an endogenous timing mechanism that
controls daily rhythms in gene expression and protein
activity, and enables plants to anticipate daily or seasonal
changes in their environment. Since the last report, mem-
bers of the Department have made significant contribu-
tions to understanding the mechanisms by which rhythms
are generated in plants by studying the roles of proteins
required to create these rhythms. Furthermore, one of the
processes regulated by this timing mechanism is the con-
trol of flowering, which occurs through a circadian clock
controlled transcriptional cascade. This cascade is studied
extensively in the Department, and recently we have
demonstrated the importance of exposure to light in regu-
lating this pathway at the post-transcriptional level by
allowing the accumulation of a key protein in the nucleus.
Additionally, we have shown the involvement of long-dis-
tance, systemic signalling within the pathway.

Protein modifications by covalent attachment of small
peptides, such as ubiquitin or the related protein SUMO,
play an important role in many plant signalling pathways.
We have illustrated that SUMOylation has an important
role in regulating flowering, although the SUMO targets
responsible for this are unknown. Two groups in the
Department have programmes aimed at identifying these
SUMO substrates and understanding how SUMO attach-
ment regulates their function. Similarly, the roles of Snfl-
related protein kinases in regulating the activity of ubiqui-
tin ligases that attach ubiquitin to substrate proteins and
the wider roles of ubiquitination in regulating processes,
such as cell death, are studied in two groups.

The model species Arabidopsis is employed in all research
groups as the system of choice for gene discovery and for
establishing interaction networks. However, there is
tremendous variation between plant species in environ-
mental responses, such as the control of flowering-time,
and work on Arabidopsis cannot explain all important
flowering phenotypes. We have therefore initiated com-
parative approaches in other species to understand
whether the flowering network identified in Arabidopsis is
conserved in these species, and if so, how it is modified to
generate distinct phenotypes. Flowering of Arabidopsis is
triggered by long days and not short days, whereas many
species show the reverse response. We have therefore ini-
tiated a comparative programme in the classical physio-
logical short-day model plant Pharbitis nil. Similarly,
Arabidopsis is an annual plant, and we are beginning to
use the related species Arabis alpina as a model for peren-
nialism. In a related approach, homologues of key
Angiosperm flowering-time genes have been isolated in
the department from Physcomitrella patens to analyse the
ancestral functions of these genes.

Recently, the Department has established new technolo-
gies to underpin these programmes. We have created a
facility for high throughput analysis of dynamic luciferase
expression patterns in planta, to extend our analysis of cir-
cadian clock and light-regulated gene expression. A
MALDI-TOF mass spectrometer was purchased and
established within the Service Group led by Jiirgen
Schmidt and Michael John to support our analysis of pro-
tein modification by SUMO and ubiquitin. We purchased
jointly with the Department of Plant Microbe Interactions
a new confocal microscope, which we are using to analyse
the dynamic patterns of sub-cellular localisation of regu-
latory proteins and to describe protein-protein interactions
in vivo. These new technologies are already having an
impact in our research programmes and we expect this to
become even more apparent in the next reporting period.



GEORGE COUPLAND

PROJECT 1:

The Control of Flowering
by Photoperiod in
Arabidopsis and Pharbitis

Introduction

The transition from vegetative development to flowering is
often triggered by environmental cues, enabling plants to
synchronise their life cycle with the changing seasons and
to adapt to life at particular latitudes. Since the 1920s,
photoperiod (or daylength) has been known to be one of
the environmental signals that trigger flowering. For over
50 years after the initial discovery of photoperiodism,
physiological approaches were used to describe in detail
the response of many plants to daylength. We have used
forward genetics in Arabidopsis to define a genetic path-
way that promotes flowering in response to long days. We
have shown that three genes (GIGANTEA (GI), CON-
STANS (CO) and FT) represent an output pathway from
the circadian clock that promotes flowering in a
daylength-dependent fashion. This daylength dependence
is due to accumulation of FT transcript only under long
days. The activation of FT is dependent on CO activity,
and is proposed to be daylength dependent because circa-
dian-clock control of CO transcription causes its mRNA to
accumulate late in the day, and post-transcriptional regula-
tion of CO by light leads to its activation only under long-
day conditions.

Since the last report, we have extended our analysis of this
pathway to study the post-transcriptional regulation of CO
using approaches based on biochemistry, confocal
microscopy and yeast two hybrid. We have also performed
misexpression experiments to identify the cells in which
the pathway acts to regulate flowering and to study the
molecular interactions between the photoperiod pathway
and other flowering-time pathways. In addition, we have
initiated a new project in the short-day plant Pharbitis nil
to study the conservation of the pathway in species show-
ing different responses to daylength.

Control of Flowering

George Coupland

New Results

Post-transcriptional regulation of CO by light

We have devised a novel transgenic system to follow the
post-transcriptional regulation of CO indirectly by follow-
ing the activity of a reporter of FT expression. This utilises
a fusion of the 35S promoter to CO (355::CO), to exclude
the circadian clock regulation of CO transcription, and a
fusion of the FT promoter to the luciferase marker gene. In
these plants the CO transcript is present throughout the nor-
mal daily light/dark cycle, but luminescence associated with
luciferase activity is only detected when plants are exposed
to light. This illustrates the post-transcriptional regulation of
CO that is triggered by light, and occurs when plants are
exposed to far-red and blue light, but not when plants are
exposed to darkness or red light. We have tested which pho-
toreceptors are required for this activation of CO by intro-
ducing mutations that impair photoreceptor function into
the 35S::CO background. Inactivating the blue light recep-
tors cryptochrome 1 and cryptochrome 2 prevents the acti-
vation of F'T expression in blue light, whereas inactivating
phytochrome A prevents F'T activation in far-red light.

To try to explain the basis of the post-transcriptional regu-
lation of CO, we have studied CO protein levels in 35S.:CO
plants under different light conditions using antibodies
raised to CO or followed CO::GFP fusion proteins. Both of
these approaches indicate that CO protein accumulates in
the nucleus when plants are exposed to white, blue and far-
red light, but not in red light or darkness. In these experi-
ments, therefore, there is a direct correlation between accu-
mulation of the protein in the nucleus and activation of the
target gene, suggesting that regulation of nuclear
import/export or the rate of protein degradation in the
nucleus are major control points. To determine whether
photoreceptors reduce CO function by impairing these
processes, we compared the abundance of CO protein in the
nucleus in cryl cry2 355::CO and in 35S::CO plants. CO
protein was present at similar levels in the nuclei of both
plants, suggesting that the role of the cryptochromes is not
to regulate nuclear accumulation of CO but a subsequent
step. Explaining these later steps will require an under-
standing of the protein complexes in which CO acts to reg-
ulate transcription; we are approaching this question using
yeast two-hybrid analysis, and in vivo epitope-tagged ver-
sions of CO, forward genetic screens, comparative analysis
of CO-like proteins in Arabidopsis along with characterisa-



DEPARTMENT OF PLANT DEVELOPMENTAL BIOLOGY

Tolal limnascanca

DarE

Fig. 1. Transcription of the flowering-time gene FT is activat-
ed by CONSTANS only when plants are exposed to light.
Transgenic plants containing 35S::CONSTANS and FT:LUCI-
FERASE are shifted from dark to light and back to dark.
Expression of FT:LUCIFERASE is dependent on CONSTANS
activity and is detected by the luminescence of the seedlings
(inset), which can be quantified in a scintillation counter.

tion of the sequences that confer CO reponsiveness on the
FT promoter. (Fig. 1+2).

Spatial regulation of photoperiod response
The genes of the photoperiod pathway show general pat-
terns of expression. For example, CO is expressed in the
shoot apical meristem, throughout young leaf primordia
and in the vascular tissue of old leaves. These general pat-
terns of expression have made it difficult to assess in
which cells these genes act to regulate flowering. To
approach this problem, we developed a misexpression
strategy based on the GATEWAY recombination system.
We inserted 12 promoters that drive well-characterised
patterns of expression within GATEWAY entry clones. In
parallel, the open reading frames of the five flowering-
time genes were inserted in a binary vector adjacent to a
GATEWAY destination site. We then recombined each
promoter into the destination site upstream of the open
reading frames. These fusions were introduced into the
appropriate mutants by Agrobacterium-based transforma-
tion. The experiments demonstrated that despite the gen-
eral pattern of expression of the wild-type gene, comple-
mentation of the co mutation only occurred when CO was
expressed in the phloem companion cells. Detailed char-
acterisation of the pattern of expression of the wild-type
CO gene within the vascular tissue confirmed that it is
expressed in the phloem. Furthermore, expression of the
CO target gene FT in the phloem also complemented the
co mutation. These experiments suggest that in wild-type
plants, CO acts in the phloem companion cells of mature
leaves to promote the expression of a long-distance signal
that induces flower development at the apex of the plant.

Interaction between the photoperiod and

other flowering pathways
Flowering of Arabidopsis is promoted by vernalisation,
extended exposure to low temperature as well as long pho-

Fig. 2. Nuclear accumula-
tion of CONSTANS protein
occurs when plants are
exposed to light. Stomatal
guard cells of a transgenic
plant carrying 35S::CO:GFP
exposed to light for 8 hours
(top) and then shifted to dark-
ness for a further 2 hours
(bottom). nc: nucleus.

toperiods. Vernalisation promotes flowering by repressing
the expression of the MADS-box transcription factor FLC,
a repressor of flowering. The vernalisation and photoperi-
od pathways regulate the expression of the downstream
genes FT and SOCI, and FLC represses the capacity of CO
to activate expression of these genes. We have developed
genetic and molecular approaches to study the mechanism
of the convergence of the two pathways, by analysing the
antagonism between CO and FLC. To study this genetical-
ly, we have constructed plants carrying 355::CO 35S.::FLC
SOCI::GUS, which flower at a time intermediate between
the extreme early flowering of 35S::CO plants and the very
late flowering of plants carrying 35S::FLC and show no
GUS expression due to the repression of SOCI by FLC.
‘We have mutagenised this line and identified mutants that
flower earlier than the progenitor and show increased
expression of the GUS marker. The expression of the
endogenous SOC! and FT genes is also increased in these
mutants compared to the transgenic progenitor line. The
mutations might cause an increase in the capacity of CO to
activate SOCI and to promote flowering, or a reduction in
the repression of both processes by FLC. We are in the
process of mapping these mutations and will clone the
affected genes in the mutants showing the strongest effect.
These genes should provide insight into how the activities
of pathways activated by different environmental stimuli
are integrated.

Diversity in photoperiod response:
CONSTANS and FT regulation in Pharbitis nil

Arabidopsis is a long-day plant in which F7 expression is
activated by CO specifically under long days due to the
post-transcriptional activation of CO protein by light.
However, many plant species show the reverse response
and flower in response to short days. Pharbitis nil was
used as a model short-day plant in many physiological
experiments that characterised the response to short days.
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We have cloned the CO and FT orthologues from Pharbitis
(PnCO and PnFT, respectively) and characterised their
expression under long and short days. PnFT is expressed
in Pharbitis only under short-day conditions and therefore,
shows the reverse response to F7 in Arabidopsis.
Furthermore, the expression of PnFT occurs in extended
periods of darkness in Pharbitis. Both PnCO and PnFT are
regulated at the transcriptional level by the circadian clock
in Pharbitis, and the peak in PnCO expression precedes
that of PnFT, implying that PnCO does activate PrnF'T in
Pharbitis, analogous to the relationship between CO and
FT in Arabidopsis. However, PnF'T expression occurs in
extended darkness in Pharbitis, suggesting that activation
of PnCO function by light is not required.

Future Developments

Our long-term objective is to describe the signalling path-
way that activates flowering in response to photoperiod in
Arabidopsis, from the photoreceptors that detect long days
in the leaf to the activation of gene expression in the shoot
meristem. We aim to explain how this pathway is regulat-
ed as well as how it is modified in other species to gener-
ate distinct responses to photoperiod. Over the next report-
ing period, we expect to progress in all the areas described
above as well as in understanding other parts of the sig-
nalling network, which are not described here in detail,
such as the function of the GIGANTEA protein in linking
CO expression to the circadian oscillator.

PROJECT 2:

Protein Modification by
SUMO and the Control of
Flowering Time in
Arabidopsis

Introduction

SUMO is an ubiquitin-like protein that is covalently
attached to target proteins. It is essential for completion of
the cell cycle in yeast, and is involved in the modification
of many animal proteins, altering their stability, affinity
for other proteins or their cellular location. SUMO is cova-
lently attached to substrate proteins by SUMO-activating
and conjugating enzymes similar to those that activate
ubiquitin. Despite the intense interest in SUMO in yeast
and animal systems, almost nothing is known of the role
of SUMOylation in plants. Nevertheless, genes predicted
to encode SUMO isoforms as well as conjugase and pro-
tease enzymes predicted to be components of the SUMO
system have been described within the Arabidopsis
genome. Furthermore, Western blots using SUMO anti-
bodies detect many high molecular weight proteins, sug-
gesting that SUMO modification is prevalent in plants.

Our interest in SUMOylation emerged from our analysis
of the early in short days 4 (esd4) mutant. We isolated
early flowering mutants under short days to describe the
mechanisms by which flowering is repressed under these
conditions, and esd4 was the most extreme of these
mutants. The early-flowering phenotype of esd4 is caused,
at least in part, by increasing the abundance of the mRNAs
of the flowering-time genes SOC! and FT. Furthermore,
this increase in SOC! and FT expression is partly caused
by a reduction in the expression of the floral repressor
FLC, a MADS-box transcription factor.

We isolated £SD4 by map-based cloning. The sequence of
the gene indicated that the predicted protein product
showed homology to SUMO proteases from yeast and ani-
mals. These proteases carry out two regulatory functions.
They are endoproteases that cleave the SUMO precursor
to generate mature SUMO, revealing the C-terminal
glycine that becomes attached to a lysine residue of target
proteins. They are also isopeptidases that recycle SUMO
from conjugates by cleaving the isopeptide bond linking
the C-terminal glycine of SUMO to the lysine residue in
the target protein. Within the reporting period, we have
studied the role of ESD4 protease in vivo and in vitro, and
generated materials to identify proteins conjugated to
SUMO in vivo.

New Results

ESD4 encodes a SUMO protease

We tested the predicted function of ESD4 in vivo and in
vitro. ESD4 and a SUMO substrate protein were purified
from E. coli as HIS fusions. When co-incubated for 30
minutes, the purified HIS-ESD4 protein cleaved the
SUMO substrate to generate mature SUMO. A mutant
form of HIS-ESD4 in which a cysteine residue predicted
to be part of the active site was converted to a serine did
not induce cleavage of the substrate protein. Similarly,
cleavage was prevented by conversion of the two glycine
residues that define the cleavage site of the substrate pro-
tein to alanines. These experiments demonstrate that in
vitro ESD4 shows SUMO endoprotease activity.

We have also raised antibodies to the three SUMO iso-
forms of Arabidopsis. In wild-type plants, these antibodies
detect a protein of approximately 17 kD, which probably
represents free SUMO, and many larger proteins that are
likely to be SUMO conjugates. In the esd4 mutant, no pro-
tein corresponding to free SUMO was detected, although
the pattern of conjugates was similar to that of wild-type
plants. This result suggests that in wild-type plants, the
predominant role of ESD4 is to act as an isopeptidase that
recycles SUMO from conjugate proteins, so that in the
esd4 mutant, less free SUMO is detected because it tends
to accumulate in conjugates. (Fig. 3)

Transgenic approaches suggest the predominant
role in vivo of ESD4 is as a SUMO isopeptidase

ESD4 protease is predicted to have two functions in the
regulation of SUMOylation: (1) as an endoprotease that
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Fig. 3. An in vitro assay demonstrates that ESD4 protein is a
protease able to generate mature SUMO from its precursor.
His:ESD4 (ca. 75 kD) and a derivative of SUMO precursor,
HIS:AtSUMO1:FLC (ca. 50 kD) were produced in E. coli and the
gel was probed with anti-HIS antibody. Co-incubation of these pro-
teins (Track 2) leads to cleavage of HIS:AtSUMO1:FLC to gener-
ate mature SUMO (marked with an arrow). Mutations in the active
site of ESD4 protease (Track 3) prevent this cleavage, as does
mutation of the cleavage site within the recognition site of SUMO
(Track 5).

matures SUMO precursor; and (2) as an isopeptidase that
recycles SUMO from conjugates.autom.

In collaboration with Jiirgen Dohmen (Universitit zu
Ko6ln), we tested the function of ESD4 in yeast. We gener-
ated fusions of the GALI promoter to the ESD4 open
reading frame and introduced these into the yeast ulp/ and
ulp2 mutants, which are both impaired in SUMO proteas-
es. These experiments demonstrated that expression of
ESD4 complements the u/p2 mutation, but not u/pi. This
supports the proposal that ESD4 is a SUMO protease.
Furthermore, this also suggests that ESD4 may mainly act
as an isopeptidase, because this is the major role of ULP2,
while ULP1 acts mainly as an endoprotease.

We have also generated transgenic plants to distinguish
between these two protease activities. We constructed two
transgenes in which the 35S promoter was fused to an
open reading frame encoding either the SUMO precursor
or the mature form of SUMO. If the predominate role of
SUMO is as an endoprotease then the expression of the
mature form of SUMO may be expected to complement
the esd4 mutation; whereas, if its major role is as an
isopeptidase, then overexpression of mature SUMO might
be expected to enhance the esd4 phenotype due to the
hyperaccumulation of conjugates. The transgene had no
effect on the phenotype of wild-type plants. In contrast,
transgenic esd4 mutants carrying the transgene showed an
enhanced phenotype; the transgenic plants exhibited
smaller leaves and shorter stems than the esd4 mutant. The
phenotype of these plants also suggests that the major role
of ESD4 is to recycle SUMO from conjugates.

Marking SUMO conjugates with epitope-
tagged SUMO in Arabidopsis

The analysis of the esd4 mutant suggests that the mutant
phenotype is caused by the over-accumulation of particu-

lar SUMO conjugates. We have initiated a biochemical
approach to identify SUMO conjugates in Arabidopsis,
and particularly, to identify those that are present at high-
er abundance in the esd4 mutant. We have introduced into
esd4 mutants and wild-type plants, genes encoding epi-
tope-tagged forms of SUMO. These modified SUMO pro-
teins carry at the N-terminus tandem 10xHis and HA tags.
We extracted proteins from these transgenic plants and
then passed them over a TALON column which enriches
proteins carrying the 10xHis tag. The proteins were
released with imidazole and then purified a second time
over a column containing the HA antibody. The protein
was released under acidic conditions, separated through a
gel and transferred onto a filter which was subsequently
probed with both HA and SUMO antibodies. Both anti-
bodies recognised SUMO and higher molecular weight
conjugates, indicating that the tandem epitopes can be
used to purify conjates. We will now increase the scale of
this experiment to allow the identification of individual
conjugates by protein mass spectrometry.

The Arabidopsis SUMO protease family

In addition to ESD4 six other Arabidopsis genes encode
proteins closely related to SUMO proteases. We are inter-
ested to determine whether these genes also have roles in
flowering-time regulation, or whether only ESD4 regulates
SUMO conjugates associated with flowering. To assess
whether loss of function alleles of these genes affect flow-
ering, T-DNA insertions were identified. Populations of
plants segregating for each of the insertions were grown,
and all flowered at the same time as wild-type plants. These
experiments suggest that ESD4 has a specific role in regu-
lating SUMO conjugates that affect flowering.

Future Developments

A major future direction will be to identify Arabidopsis
proteins that are targets for SUMO conjugation by using
plants expressing the epitope-tagged versions of SUMO to
purify conjugates. We will carry this out as a collaboration
with Andreas Bachmair. Initially, we will identify
SUMOylated proteins at random, but will then focus this
analysis on obtaining conjugated proteins that accumulate
to higher levels in esd4 mutants than in wild-type plants
and may therefore represent conjugates that are targets for
the ESD4 protease. The importance of SUMOylation of
these proteins in flowering time regulation and whether
SUMOylation activates or inactivates the conjugated pro-
tein will be tested genetically, and by constructing trans-
genes in which the target lysine residue has been altered,
preventing SUMOylation. We will also explore the basis
of the specificity between ESD4 and the other members of
the protease family, by studying the spatial expression pat-
tern and cellular location of each member of the family
and by using SUMO antibodies to determine whether
mutations in other members of the family also cause
depleted levels of free SUMO, indicative of a role in recy-
cling SUMO.
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PROJECT 3:
Genetic Models for the
Control of Flowering in

Perennial Plants
Introduction

The molecular control of flowering time has been studied
extensively in Arabidopsis and, to a lesser extent, in other
species such as rice and maize. These model systems span
some of the diversity in the control of flowering observed
in the Angiosperms, such as short- and long-day species,
vernalisation-requiring and non-requiring plants, and
dicotyledonous and monocotyledonous species. However,
there is still a need to develop model systems in which the
unique features of perennial plants can be studied.
Perennial plants flower repeatedly and their life cycle
extends over several or many years; whereas, annual plants
enter reproductive development once and their life cycle is
contained within one year. Annual plants are typically
monocarpic, when they are induced to flower all shoot
meristems enter reproductive development. In contrast, in
perennial plants some meristems undergo the transition to
reproductive development, while others are conserved as
vegetative meristems, allowing the plant to initiate further
periods of vegetative growth. Similarly, after flowering,
the developing seeds of annual plants become strong sink
tissues and the leaves senesce rapidly; whereas, the major-
ity of the vegetative tissues of perennial plants stay green
after flowering and allow further vegetative development.
We aim to extend our understanding of the regulation of
flowering to perennial plants. To this end, we are develop-
ing a perennial model system based on a relative of
Arabidopsis, Arabis alpina. In addition, in collaboration
with Professor Nick Battey at the University of Reading,
we are cloning the SEASONAL FLOWERING LOCUS
(SFL) of Fragaria vesca.

New Results

Molecular mapping of the SEASONAL FLOWER-
ING LOCUS (SFL) of Fragaria vesca

Fragaria vesca is a diploid perennial plant that has two
forms with distinct reproductive behaviours. The typical
form of the species (Fragaria vesca f. vesca) is seasonal
and flowers only in the spring whereas the other form
(Fragaria vesca f. semperflorens) is perpetual and flowers
over an extended period, mainly during the spring and
summer months. Flowers in the seasonal flowering form
are induced in the autumn under short days (SD) and cool
temperatures (<15°C). In contrast, the perpetual flowering
form is believed not to have any environmental regulation
of flowering. Classical genetic analysis based on segregat-
ing populations (F2 and BCI1) derived from these two
forms showed that they differ at one locus (SFL), at which
dominant alleles generate the seasonal flowering behav-

Fig. 4. Perpetual and seasonal varieties of Fragaria vesca
growing under long-day conditions. The perpetual variety (left)
carries the recessive allele of the SEASONAL FLOWERING
LOCUS (SFL) and flowers rapidly under long-days, whereas the
seasonal variety contains the dominant SFL allele and does not
flower under long-day conditions (right).

iour. Cloning of this locus will help understand how peren-
nial plants balance vegetative growth and reproductive
effort in yearly cycles.

Nick Battey’s group (University of Reading) previously
created a local map around SFL using PCR-based mark-
ers. At present, we are using these markers to increase the
number of recombinants in this interval by screening a
new BCI1 population. Fragaria vesca has a very short
juvenile period and this allows us to rapidly score the phe-
notype of our mapping progenies. In long day and high
temperature growth chambers, only progenies that are
homozygous for the recessive allele at the SFL locus set
flowers within a period of two months from seed. We have
also enriched the interval spanned with the original ISSR
markers with AFLP markers as well as having generated
five new AFLP markers that are genetically linked to SFL.
We are converting the most closely linked AFLP markers
to DNA probes that can be used to screen the Fragaria
vesca f. vesca BAC genomic library that was recently
made by Nick Battey’s group with whom we are collabo-
rating on this project. (Fig. 4)

Arabis alpina, a rapid cycling perennial relative of
Arabidopsis

We have explored the use of several relatives of
Arabidopsis as potential perennial model species, and
believe that Arabis alpina shows many of the characteris-
tics required. It is a diploid species, which simplifies genet-
ic analyses and contrasts with many perennials that are
polyploid. Arabis alpina also self fertilises efficiently,
allowing the propagation of pure stocks and reducing the
labour involved in mutagenesis-based approaches. Its relat-
edness to Arabidopsis should also make mapping strategies
faster and allow more straightforward comparative analysis
with the annual flowering network of Arabidopsis. We have
obtained stocks of Arabis alpina from Spain and from
Bonn. All described varieties of Arabis alpina are perenni-
al, and our objective is to use a mutagenesis strategy to
identify mutations that disrupt perennial traits. (Fig. 5)
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Fig. 5. Arabis alpina flowers in response to vernalization. The
plant on the left is 5 months old, has not been vernalised and is
still growing vegetatively. The plant on the right is four months old;
when 4 weeks old it was given an 8 week vernalisation treatment
and then returned to the greenhouse.

Most perennial species have extended juvenile phases and
do not flower for several years after germination.
Similarly, in the greenhouse, we have observed that Arabis
alpina will grow vegetatively for at least one year after
germination. We have therefore tested whether we can
accelerate flowering of this species with a vernalisation
treatment, i.e. exposure to low temperatures for an extend-
ed period of time. Arabis alpina plants were given a ver-
nalisation treatment of 8 weeks at 4°C. The plants were
vernalised as seed, or grown for 4, 8, 12, 16 or 20 weeks
in the greenhouse prior to vernalisation. The plants
exposed to vernalisation at seed stage did not flower 13
weeks after vernalisation and therefore, Arabis alpina is
probably unresponsive to vernalisation when vernalised as
seed. In contrast, the other plants all flowered within four
weeks of vernalisation. Therefore, using a vernalisation
treatment, Arabis alpina can be induced to flower within
16 weeks of germination. We have used the vernalisation-
treated plants to bulk seed from these stocks, so that we
can initiate mutagenesis strategies. We have also used
these vernalised plants to characterise the phenotype of
Arabis alpina and to describe perennial characters that
may be modified by mutations.

Arabis alpina shows striking phenotypic differences to
Arabidopsis thaliana. For example, each node on the main
shoot gives rise to a branch that develops from the axil of
the leaf, and grows laterally from the main shoot. This
branching habit rapidly gives rise to a complex morpholo-
gy, and contrasts with Arabidopsis, where at most vegeta-
tive nodes side-branch outgrowth is suppressed. In addi-
tion, the flowering behaviour of the primary shoot meris-
tem and the side branches of Arabis alpina often differ;
this seems to depend on the age of the plant at the time of
vernalisation. For example, when plants are vernalised 4
weeks after germination, flowers are formed only from the
primary shoot meristem up to at least 2 weeks after the
vernalisation treatment. In contrast, vernalisation of &
week-old plants generates flowers at the primary apex and
on approximately half of the side branches within 2 weeks
after vernalisation. These phenotypic experiments suggest
that this differential induction of flowering could form the
basis of an analysis of polycarpy in a perennial and allow
the identification of mutants that disrupt this character.

Future Developments

In the Fragaria vesca project, we will increase the resolu-
tion of the genetic map in the vicinity of SFL by increas-
ing the number of available recombinants carrying cross-
overs in the region and by initiating the construction of a
physical map of the interval. To construct the physical
map, we will isolate DNA fragments corresponding to
AFLP markers in the region and use these to screen the
BAC libraries. Fragments derived from the physical map
will then be located on the genetic map of the region. The
genome size of Fragaria vesca is estimated at 164 Mb,
whereas the closest markers on the genetic map are 0.5 cM
on the north side and 0.4 cM on the south side of the gene.
We will create a mutant population of Arabis alpina by
mutagenising seeds and self-fertilising M1 plants to create
an M2 population. The M2 population will be screened for
characters that impair the perennial character. Initially, we
will focus on screening for mutations that prevent contin-
uation of vegetative growth after flowering, the polycarpic
character. These mutations might, for example, cause all
meristems to enter the reproductive programme soon after
vernalisation, and prevent the continued vegetative devel-
opment of some side shoots that is observed in the wild-
type plants. We will also clone homologues of Arabidopsis
flowering-time genes and compare their function with
those of Arabidopsis.
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SETH JON DAVIS

Introduction

Plant growth and development is strongly modulated by
daily exposure of sunlight. An intimate network of light-
perception pathways and an internal circadian clock are
integrated in anticipation of the changing day. Over the
last years, our work on the model plant Arabidopsis
thaliana has focused on both the phytochrome family of
photoreceptors and genes that integrate light perception to
the clock. With my move to Germany, we will continue
and expand our studies on the clock mechanism and how
the clock is integrated to the environmental-perception
pathways.

There is a relationship between light signalling and the cir-
cadian clock in plants. These reciprocal interactions
include the entrainment of the clock by light, and regulat-
ing the modulation of the response to light by the clock. To
unravel the molecular processes coordinating light percep-
tion and the circadian oscillator, we have exploited trans-
genic plants containing luciferase (LUC) fusions under the
control of circadian-regulated promoters. The low-light
emissions from LUC have been shown not to activate
endogenous photoreceptors or alter rthythmic behaviours.
As such, the LUC system provides an excellent non-inva-
sive marker for the co-ordinated action of light and the
clock on transcriptional regulation.

Work by many labs has revealed that genetic defects in
either light signalling or circadian function alters photope-
riodic induction of flowering. Thus, our work on the clock
leads to parallel insights into the mechanisms used in this
developmental switch.

Seth Jon Davis

Plant Circadian Biology

New Results

A number of photoreceptors are important to sense the
light environment, including the phytochromes and the
cryptochromes. These photoreceptors also play specific
roles in the light-input pathway that resets the circadian
clock. We identified SRR1 (SENSITIVITY TO RED LIGHT
REDUCED 1) which is important for both phytochrome
B-mediated light signalling and regulation of multiple out-
puts of the circadian clock. srr/ and phyB mutants display
a number of similar phenotypes such as early flowering in
short days, reduced chlorophyll content and decreased
sensitivity to red light. Genetic analyses suggest that not
all SRRI-mediated functions require a functional phyB
photoreceptor. In addition to photomorphogenic pheno-
types, srrl mutants have a short period in all clock-regu-
lated genes tested and a short-period rhythm of leaf move-
ment. The SRR gene was identified and shown to encode
a protein conserved in numerous eukaryotes. This might
suggest that a function of SRR/ in the circadian clock is
conserved between plants and animals.

Many plants use daylength as an environmental cue to
ensure the proper timing of the switch from vegetative to
reproductive growth. Daylength sensing involves an inter-
action between the relative length of day and night, and
endogenous rhythms controlled by the plant circadian
clock. Thus, plants with defects in circadian regulation are
unable to properly regulate the timing of the floral transi-
tion. We described EARLY FLOWERING 4 (ELF4), a gene
involved in photoperiod perception and circadian regula-
tion. ELF4 promotes clock accuracy and is required for
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sustained rhythms in the absence of daily light/dark cycles.
elf4 mutants show attenuated expression of CIRCADIAN
CLOCK ASSOCIATED 1 (CCAl), a gene believed to func-
tion as a central oscillator component. In addition, elf4
plants transiently display output rhythms with highly vari-
able period lengths prior to becoming arrhythmic.
Mutations in elf4 result in early flowering in noninductive
photoperiods. This is likely due to elevated expression of
CONSTANS (CO), a gene that promotes floral induction.

We isolated the time for coffee (tic) mutant that disrupts cir-
cadian gating, photoperiodism, and the amplitude and peri-
od of multiple circadian rhythms. 7/C is distinct in physio-
logical functions and genetic map position from other
rhythm mutants and their homologous loci. Detailed analy-
sis of rhythmic gene expression shows that the circadian
clock requires 7/C function around dawn, in contrast to
EARLY-FLOWERING 3 (ELF3), which functions around
dusk. #ic mutants misexpress genes that are critical for cir-
cadian timing in the early day, consistent with our function-
al analysis. We thus identify 77/C as a negative factor in the
clock gene circuit. In contrast to fic and elf3 single mutants,
tic elf3 double mutants are completely arhythmic. Even the
robust circadian clock of plants cannot survive with defects
at the two opposite phases of a light/dark cycle.

Future Developments
New mutant screens

Our research programme initiated a high-throughput screen
for new mutations that alter the A4. thaliana clock; this is in
collaboration with laboratories in England and Hungary. The
screen employs luciferase technology typical of all three
labs. We have collectively identified ~60 mutations that alter
proper circadian function. Many of these mutants are allelic,
but by no means is the genome saturated for lesions that
alter clock function. As such, these screens will continue.
We have started the analysis of three new loci that regulate
the circadian system. Preliminary evidence suggests that the

Fig. 1. Bioluminescent image of LUCIFERASE-containing
Arabidopsis thaliana plants.

gene products defective in several of these lines have been
established. Continuing analyses of these mutants and genes
will further our understanding of the clock.

Continuing work on ELF4

Our first report on ELF4 did not describe mechanistically
how this gene functions, at either a genetic or molecular
level. Our current work is beginning to establish the genet-
ic and physiological mechanisms of this gene. We have
uncovered via “jetlag® experiments that like 7/C, but
unlike ELF3, ELF4 functions at the morning phase of a
diurnal cycle. ELF4 also has direct roles in light-input to
the clock, and has a role in red-light phototransduction. We
are thus testing epistatic relationships between elf4 mutant
and mutations in tic, elf3, and the red-light receptor phyB.
We imagine that the analyses of these respective double
mutants will define the genetic pathways of ELF4 function.

Insights into ELF4 action require molecular-genetic tools
to probe its function. We have generated transgenic plants
that misexpress ELF4. These plants have distinct circadi-
an defects and thus, we have a system to probe the molec-
ular biology and biochemistry of the ELF4 polypeptide.
Appropriate experiments are underway to address these
issues.

Continuing work on TIC
Using a positional-cloning strategy, our group is close to
isolating the 7/C gene. This gene will provide a valuable

Oscillator

Fig. 2. Cartoon representation of
the plant circadian system. The
plant circadian system can be
thought of in three distinct phases.
In the input phase, light, tempera-
ture and endogenous “chemicals®
contribute towards clock entrain-
ment. The central oscillator then
generates a biological rhythm that
occurs once per day. Finally, physi-
ological outputs from the clock are
manifest, which in plants includes
daily changes in metabolism and
seasonal changes of growth and
development. We are interested in
all three phases of the plant clock.

Output
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tool towards uncovering the molecular events of 7/C func-
tion, and based on its nature, appropriate experiments will
be devised. Additionally, new physiological analyses of
this mutant are being conducted in isolation and in multi-
ple mutant combinations. The genetic, physiological and
molecular characterisation of this 7/C locus will clarify
the events that coordinate light input into the clock.

New early-flowering mutant lines:

connection to the clock

We have worked in conjunction with Dr. Richard Amasino
to attempt to establish a formal link between the circadian
system and photoperiodic induction of flowering time. Dr.
Amasino conducted a screen for A. thaliana lines that
flower earlier than wild type under non-inductive pho-
toperiods. From a collection of ~50 mutants obtained by
his laboratory, we established that six of these lines have
defective circadian rhythms of leaf movement. This two-
stage screen has provided new genes that are either pro-
moters or repressors of normal circadian function, respec-
tively. These lines will be further characterised genetical-
ly, physiologically and most importantly, within a molecu-
lar framework of the circadian clock.
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Introduction

Modification of proteins by covalent attachment of other
proteins is used pervasively in eukaryotic cells to regulate
the turnover, location or function of substrate proteins
(Fig. 1). We are investigating the role of two modifiers, the
prototype modifier ubiquitin, and SUMO, a protein with
similarity to ubiquitin (‘“small ubiquitin-like modifier”).
Ubiquitin is best known for its role in selective protein
turnover, but has also non-proteolytic functions. Much less
is currently known about SUMO. Recent evidence sug-
gests that SUMO and ubiquitin can act antagonistically to
influence the same biological process.

We try to incorporate both biochemical and genetic meth-
ods in order to understand mechanisms and consequences
of the processes under investigation. The availability of
Arabidopsis T-DNA insertion lines from a variety of
sources is particularly beneficial for analysis of protein
modifiers, because many candidate components of modi-
fication pathways can be identified by sequence similari-
ty. The role of these components in plants, on the other

Protein Modifiers in Plants

Andreas Bachmair

hand, remains poorly defined at this stage and is the sub-
ject of our research efforts.

New Results

Substrates and functions of

sumoylation in plants

SUMO is essential in eukaryotes, yet little is known about
plant substrates for sumoylation. We have expressed tagged
versions of SUMO1 in Arabidopsis to detect SUMO con-
jugates. The affinity tags will be used to purify enough
conjugates to allow identification of substrates by mass
spectrometric methods. We are working together with the
group of George Coupland in order to identify SUMO
conjugates that play a role in the initiation of flowering. In
collaboration with Dr. C. Hardtke, University of Toronto,
Canada, we have analysed Arabidopsis plants that express
a dominant negative version of SUMO conjugating enzy-
me. These plants have a decreased capacity to add SUMO
to substrates. One specific phenotype of these plants is
early flowering under short day conditions (Fig. 2).

Fig. 1. Conjugation cycle of protein modi-
fiers. The modifier ubiquitin is activated by for-
mation of a thioester bond to ubiquitin activating
enzyme (E1) in an ATP-consuming reaction | =
(Step 1). From there, ubiquitin is transferred to a
set of ubiquitin-conjugating enzymes (E2s; Step
2), again forming a thioester linkage. E2s with
attached ubiquityl moiety associate with ubiquitin
protein ligases (E3s; Step 3). Substrates are
recruited to this complex and ubiquitylated, form-
ing an isopeptide bond between ubiquitin’s C- -
terminus and an internal Lys residue of the sub-
strate (Step 4). Several ubiquitin moieties can be
linked to each other, resulting in multi-ubiquity-
lated substrates. The modified substrate has
changed properties. A prominent fate of proteins
carrying multi-ubiquitin linked via K48 is destruc-
tion by the proteasome. Ubiquitin can be
removed by de-conjugating enzymes (Step 5) to
restore the previous functional state of the sub-

Step 1: activation ||
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strate, and to recycle ubiquitin for further use.
Conjugation of the protein modifier SUMO is

ub{K48) -substrate == degradation by proteasome

analogous to the ubiquitin cycle, with some dif- ub{KE2) n-substrate new Interaction partners
ferences. Step 2 can directly lead to Step 4 (i.e., '
sumoylation may occur by direct binding of ub-substrate altered lecation / function

SUMO conjugating enzyme to the substrate). In
contrast to ubiquitin-ubiquitin linkages, SUMO-
SUMO linkages are rare and proteolytic destruc-
tion is not a known consequence of sumoylation.
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Analysis of ubiquitin conjugating

enzymes in plants

Arabidopsis contains 37 ubiquitin-conjugating enzymes
(UBCs) and 7 so-called ubiquitin enzyme variants (UEVs;
UBC homologues without active site Cys residue). Most
of them can be grouped into families of two to four mem-
bers with expected functional redundancy. We have start-
ed to combine mutant alleles by crossing lines with single
locus T-DNA insertions in order to eliminate function of
complete families. Most advanced are efforts with the
RAD6 family of UBCs and with the MMS2 family of
UEVs. In animals and in yeast, RAD6 is involved in the N-
end rule pathway (see below), in DNA repair, in chromatin
silencing and in gametogenesis. MMS?2 plays a role in for-
mation of Lys 63 linked multiubiquitin chains. The latter
chains serve a function in regulatory processes and are not
involved in protein degradation. Other UBC families are
being investigated in a similar fashion.

The plant N-end rule pathway

The N-end rule pathway of protein degradation recognises
proteins with a bulky first amino acid residue (other than
Met) and leads to their destruction. In eukaryotes, degra-
dation occurs via the ubiquitin-proteasome pathway. We
have previously isolated PRT1, a ubiquitin protein ligase
from this pathway that is apparently specific for plants.
Based on expression studies in yeast, PRT1 recognises
only a subset of bulky first residues, namely the aromatic
amino acids Phe, Tyr and Trp. However, other first
residues such as Leu or Arg also destabilise a plant pro-
tein, suggesting that there is another ubiquitin protein lig-
ase in the plant N-end rule pathway. A candidate ligase
from Arabidopsis with homology to yeast and mammalian
enzymes is currently under investigation. A different com-
ponent of the pathway, arginyl tRNA protein transferase,
was recently shown by another laboratory to play a role in
senescence. T-DNA insertion alleles in identified or pre-
sumed pathway components are combined with newly
made indicator transgenes in order to prove association of
the respective genes with the N-end rule pathway.
Furthermore, double and triple mutants are constructed to
explore epistatic relationships and to facilitate analysis of
specific roles of the N-end rule pathway in plants.

Fig. 2. Inhibiton of sumoy-
lation leads to alterations
in growth and flowering
time. Plants overexpressing
either wild-type SUMO con-
jugating enzyme (left) or an
inactive (dominant negative)
variant (right) were grown
under short day conditions.
Overexpression of the wild-
type enzyme has no obvious
consequences, whereas the
dominant negative inhibitor
leads to an early flowering
phenotype.

Role of ubiquitin in cell death

Multi-ubiquitin chains with ubiquitin units linked via Lys
48 are essential for proteolysis. Formation of such chains
can be inhibited by expression of a ubiquitin variant with
Arg instead of Lys at position 48 (ubR48). A characteris-
tic consequence of in planta expression of the ubiquitin
variant is initiation of cell death. A role for ubiquitin in
cell death inhibition is well documented in animals. To
better understand the contribution of ubiquitin to cell
death suppression in plants, we have isolated Arabidopsis
mutants that tolerate higher levels of the ubiquitin variant
ubR48. One of the mutants, sud! (suppression of ubR48-
induced cell death), was selected for further characterisa-
tion.

The retrotransposon Ttol

Retrotransposons are mobile genetic elements that multi-
ply via an RNA intermediate that is reverse transcribed
into a DNA copy and subsequently inserted into the host
genome. Ttol from tobacco has a broad host range and
specifically inserts into transcribed genes. However, its
use as a tool for insertional mutagenesis is restricted by the
fact that efficient induction occurs only in tissue culture.
In collaboration with Dr. H. Hirochika, National Institute
of Agrobiological Resources, Japan, we try to understand
the biology of the element. We use Arabidopsis as the
plant host where we can monitor the complete life cycle of
the element. Baker’s yeast is used as another host, where
early steps in retrotransposition can be monitored more
conveniently. The element seems to have an unusual mode
of translation. For instance, several small reading frames
precede the long ORF, suggesting that Ttol RNA is not
translated by the usual ribosome scanning mechanism.
Changes in the element’s mRNA allowed us to induce
transposition events in whole plants (as opposed to tissue
culture cells).

Future Developments

In Summer 2002, I moved from the University of Vienna,
Austria, to the MPIZ. Approximately half of the research
activities are a continuation of projects carried out in
Vienna, whereas the other half are new. All efforts benefit
from the infrastructure of the MPIZ. For one of the newly
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initiated projects, analysis of UBC families, we will decide
whether to focus on a smaller number of families than cur-
rently surveyed. This decision depends, in part, on whether
combinations of insertional mutations in genes with pre-
sumably overlapping functions are viable (and thus
amenable to in depth analysis). Regarding the retrotranspo-
son Ttol, we are encouraged by transposition events in
Arabidopsis during the normal plant life cycle, which we
obtained with modified elements. However, modifications
tested so far do not yet provide a transposition frequency
high enough for convenient insertional mutagenesis.

Scientific Publications

Bachmair, A., K. Garber; S. Takeda, K. Sugimoto, T. Kakutani and
H. Hirochika: Biochemical analysis of LTR retrotransposons. In:
Mobile Genetic Elements: Protocols and Genomic Applications
(W. Miller and P. Capy, eds.). Humana Press, Totowa, NJ (in press).

Bachmair, A., M. Novatchkova, T. Potuschak and E Eisenhaber:
Ubiquitylation in plants: a post-genomic look at a post-transla-
tional modification. Trends Plant Sci. 6, 463—470 (2001).

Hayashi, M., A. Miyahara, S. Sato, T. Kato, M. Yoshikawa, M.
Taketa, M. Hayashi, A. Pedrosa, R. Onda, H. Imaizumi-Anraku,
A. Bachmair, N. Sandal, J. Stougaard, Y. Murooka, S. Tabata, S.
Kawasaki, M. Kawaguchi and K. Harada: Construction of a
genetic linkage map of the model legume Lotus japonicus using
an intraspecific F, population. DNA Res. 8, 301-310 (2001).

Pedrosa, A., N. Sandal, J. Stougaard, D. Schweizer and A.
Bachmair: Chromosomal map of the model legume Lotus japon-
icus. Genetics 161, 1661-1672 (2002).

Pedrosa, A., C.E. Vallejos, A. Bachmair and D. Schweizer:
Integration of common bean (Phaseolus vulgaris L.) linkage and
chromosomal maps. Theor. Appl. Genet. 206, 205-212 (2003).

Sandal, N., L. Krusell, S. Radutoiu, M. Olbryt, A. Pedrosa, S.
Stracke, S. Sato, T. Kato, S. Tubata, M. Parniske, A. Bachmair, T.
Ketelsen and J. Stougaard: A genetic linkage map of the model
legume Lotus japonicus and strategies for fast mapping of new
loci. Genetics 161, 1673-1683 (2002).

Schlogelhofer, P, and A. Bachmair: A test of fusion protein sta-
bility in the plant, Arabidopsis thaliana, reveals degradation sig-
nals from ACC synthase and from the plant N-end rule pathway.
Plant Cell Rep. 21, 174-179 (2002).

Schlogelhofer, P, V. Nizhynska, N. Feik, C. Chambon, T. Potuschak,
E.-M. Wanzenbock, D. Schweizer and A. Bachmair: The upstream
Sal repeat-containing segment of Arabidopsis thaliana ribosomal
DNA intergenic region (IGR) enhances the activity of adjacent
protein coding genes. Plant Mol. Biol. 49, 655-667 (2002).

22

Diploma theses

Gudrun Béhmdorfer (2002, University of Vienna) Heterologous
expression of the tobacco retroelement Ttol in yeast and in
Arabidopsis thaliana

Claudia Kerzendorfer (2002, University of Vienna) Ubiquitin-
dependent cell death in Arabidopsis thaliana

Dissertations

Susanne Stary (2002, University. of Vienna) Characterization of
the ubiquitin protein ligase PRT1 of Arabidopsis thaliana

Peter Schlogelhofer (2002, University of Vienna) Analysis of
ubiquitin-dependent proteolysis in Arabidopsis thaliana

Structure of group
Group leader

Postdoctoral fellow

PhD students

Dr. Andreas Bachmair
Dr. Xiao-jun Yin
Ruchika Budhiraja
Gudrun Bohmdorfer
Marcus Garzon
Kerstin Luxa
Angelika Krull

Technical assistants

Grants, external funding

DFG/Austrian Science Foundation FWF (2 grants): 2 PhD stu-
dents
IMPRS: 1 PhD student

Collaborations

Analysis of retrotransposon Ttol, National Institute of
Agrobiological Resources, Japan, Dr. H. Hirochika

Analysis of sumoylation in Arabidopsis, University of Toronto,
Canada, Dr. C. Hardtke

Ubiquitin-dependent processes, University of Vienna, Austria,
Dr. P. Schlégelhofer

Invited lectures
University of Cologne (5.11.2002), University of Bielefeld
(10.03.2003) [



DEPARTMENT OF PLANT DEVELOPMENTAL BIOLOGY

Guido Jach

Introduction

Even in the most advanced crop management systems, dis-
eases caused by viruses, bacteria, fungi and nematodes
continue to limit both productivity and quality. Improving
the natural resistance of crops to phytopathogenic organ-
isms has been a major objective in agriculture during the
past century and remains a major priority today. However,
current protection strategies still rely heavily on the use of
agrochemicals to defeat plant diseases and avoid yield and
quality losses. Because of negative impacts on the environ-
ment, this approach on its own is considered untenable for
long-term sustainable production. Indeed, there is a press-
ing need to reduce the damage potential of ‘patho-cides’ by
limiting environmental exposure and by implementing
effective new strategies of integrated pest management.

In all crops, new pest management strategies will be strict-
ly dependent on the availability of either agents or com-
pounds being able to replace the conventional agrochemi-
cals or, in the ideal case, (new) crop varieties displaying
resistance towards diseases and pests. Generally, geneti-
cally engineered resistant crop varieties might be generat-
ed by providing the chosen target plant with new proper-
ties or by strengthening of the plant’s own defence mech-
anisms. For this purpose, several strategies are available,
with the most promising being: (1) establishment of
expression and production of protective natural products
(PNPs) in the chosen crop plant; or (2) improvement of
endogenous PNP production to gain higher yields.
Protective natural products include several classes of com-
pounds with inhibitory activity against phytopathogens,
such as peptides, proteins and metabolic compounds.

New Results
Hunting for new genes

In the frame of an EC-project, work was carried out to
identify novel genes encoding improved anti-microbial
proteins, to find molecular switches and new resistance
genes, to provide the basis for map-based cloning of virus
resistance genes, to establish an experimental procedure
for differential display of proteins and to allow for the in
vitro analysis of the novel proteins.

In co-operation with partners from Spain and Argentina,
35 Solanum wild species were screened by PCR for the
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Genes and Tools for Molecular Breeding
of New Crops

presence of genes belonging to the following protein
classes: AP24 (osmotin-like) proteins, resistance-gene-
like (RGL) proteins, basic chitinases, basic glucanases and
Snakin proteins, the latter being a recently described
defensin-like small protein from potato tubers. During the
reporting period, 25 new genes have been isolated and
subcloned by this approach. For 19 genes, the complete
DNA sequences was determined and analysed in silico.
Further sequencing is in progress as well as establishment
of expression systems to produce recombinant protein for
in vitro analysis of the proteins. In addition, first data on
the expression patterns of these genes in the wild species
were obtained by RT-PCR-based methods.

Cloned Snakin genes from wild species were placed under
the control of the constitutive CaMV 35S promoter and
subcloned into plant transformation vectors. Using these
vectors, Snakin transgenic tobacco plants were raised and
analysed on DNA and RNA level. Bioassays with these
plants are in progress. Furthermore, an intronless Snakin
gene was cloned. /n vitro data indicate a two-fold higher
protein expression for this gene compared to the wild-type
gene.

Furthermore, two SSH libraries from Solanum wild
species were generated and new molecular markers linked
to a virus resistance gene have been obtained for Solanum
commersonii. Work is in progress to generate a BAC
library and to employ the new markers for map-based
cloning of the resistance gene.

Continued work

Trichoderma chitinases

The work to optimise the codon-usage of the previously
cloned Trichoderma chitinase genes was finished. The
resulting genes were subcloned into plant transformation
vectors, which then were used to generate transgenic
tobacco plants. Work is in progress to finish the molecular
analysis of the resulting chitinase transgenic plant lines
and to investigate their resistance levels in bioassays with
selected fungal pathogens.

Tools for high-level gene expression and plant transfor-
mation

In continuation of previous experiments, an extensive
deletion analysis of the 124 bp translational enhancer ele-
ment (TL) of the tobacco etch virus (TEV) was carried out
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to define the cis-acting elements needed for its activity. In
addition, the activity of TL was compared to the TMV
omega element, another prominent translational enhancer.
The results indicate that the activity of TL is based on the
joint action of two cis-elements and that the overall activ-
ity of the TL elements exceeds that of the TMV omega ele-
ment by a factor of two. Oligomerisation of the TL cis-ele-
ments as well as combinatorial use of TL and omega ele-
ments did not result in further increases of the enhancer
activity.

Cloning work initiated during the last reporting period to
construct new size-minimised binary plant transformation
vectors was finished. Vectors sets were cloned containing
empty expression cassettes for transcriptional and transla-
tional fusions to target protein expression to cytosol, ER,
vacuole and cell wall.

Tools for promoter trapping

Previous work already demonstrated the suitability of the
red-fluorescent protein from Discosoma sp. (DsRED) as
reporter for gene expression studies in plants; however, it
also revealed some limitations of this new reporter protein,
namely its very slow maturation and its oligomerisation
and tendency to aggregate. Meanwhile, a couple of mutant
DsRED proteins (DsRED2, DsRED.T3, DsRED.T4,
RedStar) with improved properties were published, but
their performance in planta is not known yet. Using site
directed mutagenesis, genes encoding these mutants were
created based on the wild-type DsRED gene sequence.
Gene expression studies in tobacco BY2 suspension cul-
ture cells (transient expression) as well as in stably trans-
formed tobacco and Arabidopsis plants are in progress to
investigate the relative “performance” of these genes.
Similar experiments are in progress to characterise a
recently published monomeric form of the DsRED protein
(mRFP1).

In addition, the collection of fluorescent proteins under
investigation was enlarged by introducing genes obtained
from anthozoan species like Anemonia sulcata (asFP499,
asCP562), Entacmea quadricolor (eqFP611) and Hete-
ractis crispa (HCRED). Gene expression studies are in
progress. First results are available indicating that asFP499,
eqFP611 and HcRED are well suited for plant expression.

Future Developments

Using stably transformed tobacco plant lines, the genes
cloned from Solanum wild species will be investigated
with respect to their ability to confer resistance towards
fungal plant pathogen. Furthermore, the generated SSH
libraries will be used to isolation new genes specifically
induced by fungi and nematode attack. Work will be car-
ried out to characterise the encoded proteins in vitro.

Analysis of the fluorescent reporter proteins will be con-
tinued to identify the best-suited protein for promoter trap-
ping studies in dicot and monocot plants. Using this/these,
reporter tagging vectors will be constructed and used for
promoter trapping studies. Positive events will be analysed
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in more detail (isolation of the sequence, functional analy-
sis, deletion analysis etc.).
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Bernd Reiss

Introduction

Development can be defined as the construction of a
three-dimensional, multi-cellular organism from a single
cell during time. T-DNA and transposon-tagged mutants
have contributed considerably to the understanding of a
variety of developmental processes in plants in recent
years. We have screened a new population of T-DNA acti-
vation tagged mutants for genes involved in two develop-
mental processes: determination of flowering time and
plant morphogenesis. In another approach, we compared
the role of known and well-defined genes in two organ-
isms with different developmental patterns, i.e. the lower,
non-flowering plant Physcomitrella patens and the higher,
flowering plant Arabidopsis thaliana, in order to under-
stand general principles in the determination of flowering
time and the role of genetic recombination in plant devel-
opment.

New Results

Genes affecting the Arabidopsis body plan

Screening of the ZIGIA population of T-DNA activation
tagged lines resulted in the identification of ten dominant
and three recessive mutants with easily detectable mor-
phological alterations. These mutants were stable and the
T-DNA tag co-segregated with the mutant trait. The T-
DNA tagged genes of most of those mutants were isolated
by plasmid rescue or genomic IR-PCR. The genes identi-
fied using this procedure are likely to have caused the
mutant phenotype since Southern blotting analyses
demonstrated co-segregation of the T-DNA insertion with
the mutated gene. In addition, the mutated genes were
over-expressed in the dominant mutants, as shown by
Northern blots. To date, this approach has resulted in the
identification of the two early flowering mutants described
below and a variety of mutants in non-annotated genes.
This work will contribute new, previously unidentified
genes that participate in a variety of plant developmental
processes, like basic functions necessary for plant mor-
phology, stem development, flower arrangement and plant
growth. In the recessive mutants, three previously unanno-
tated genes of unknown function were found to be tagged.
The phenotypes suggest that these genes have a role in
cell-cell communication.
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Development

Control of the time of flowering

The entire ZIGIA T-DNA tagged population was screened
for dominant flowering time mutants and a sub-population
of 2000 plants was re-screened in pools for recessive
mutants. These screens identified two dominant, early
flowering mutants. The isolation and identification of the
tagged genes showed that one of them was F7, and the
other one AGAMOUS. Both genes were over-expressed in
the mutants. Since both genes are well known to reduce
the time of flowering when over-expressed, these mutants
demonstrate the potential of the ZIGIA population.
However, they also suggest that screening for flowering
time mutants by this method will identify mutations in
many previously characterised genes.

The CONSTANS gene is a well-described flowering time
gene in Arabidopsis; however, its role is not well under-
stood in other plants. The moss Physcomitrella patens is a
lower plant and phylogenetically distant from Arabidopsis.
In addition, mosses are not flowering plants, but rather
sporulate and produce spores. To analyse whether CON-
STANS could be involved in this process, database search-
es were performed to search for homologues in
Physcomitrella. This work resulted in the identification of
a variety of ESTs with homology to CONSTANS. Since in
Arabidopsis, CONSTANS is a member of a large gene
family with different degrees of relatedness, more refined
analyses were used to find the closest homologue. This
analysis resulted in three closely related genes, the exis-
tence of which was confirmed in Southern blots. In addi-
tion, a low stringency Southern blot analysis indicated that
no further genes with this degree of homology exist.

Recombination as a developmental process

Recombination in concert with mismatch and DNA-dam-
age repair is responsible for the maintenance and stability
of the genome, but is a also the driving force for genetic
variability, suggesting that this process is highly regulated.
To fulfil this function, recombination is interlaced with
cell-cycle regulation via a variety of checkpoints. This
interrelationship ensures that only DNA damage-free
genomes can pass through mitosis and thus, are propagat-
ed to the next generation of cells. The RADS51 gene is
involved in such a checkpoint in animals as suggested by
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the lethality of RADS51 gene knock-outs in the mouse and
chicken as well as the phenotypes observed in conditional
knock-outs. In contrast, RADS51 in the lower eukaryote
yeast is necessary for meiosis and DNA-damage repair,
but not cell cycle progression. To determine whether
RADS]1 has also a role in cell cycle control in other high-
er eukaryotic, multi-cellular organisms, we analysed the
role of this gene in the development of a lower
(Physcomitrella patens) and a higher (Arabidopsis
thaliana) plant.

The Physcomitrella genome contains two, intronless
RADS51 genes, Pprad51A and Pprad51B, which encode
nearly identical proteins. The A-gene is preferentially
expressed in dividing cells to a relatively high level while
the B-gene is expressed at low level in all protonema cells,
suggesting specialised, but overlapping functions for these
genes. In targeted knock-outs of both genes, neither
knock-out alone showed a phenotype, as expected from
the gene redundancy. However, the double knock-out
plants were fully viable and even produced spore capsules
and spores, although the spores were not viable. Therefore,
RADS1 function is necessary for meiosis, but not for cell-
cycle progression in the lower plant Physcomitrella. This
phenotype is not restricted to lower plants since also an
Arabidopsis RAD51 gene knock-out mutant was fully
viable and produced normal flowers. However, pollen and
ovule development is aborted at a developmental stage
immediately following meiosis. Therefore, in sharp con-
trast to animals, plants need RADS51 function only for
meiosis, but this gene is not involved in cell cycle control.
Thus, plants differ from animals in basic mechanisms of
DNA-damage recognition and signalling as well as the
regulation of cell cycle progression.

Future Developments

In contrast to studying a gene involved in a developmental
process in a single organism, future research will be
extended to study the role of the same gene or process in
different organisms. We will especially use our expertise
and resources in Arabidopsis and Physcomitrella to
analyse basic principles involved in the determination of
flowering time and genetic recombination. In addition,
international co-operations will be used for comparative
genomics studies to analyse the mechanisms of genetic
recombination and DNA-damage repair across the borders
of organisms. Furthermore, we will focus on the role of
chromatin in the regulation of basic biological processes
like determination of flowering time and genetic recombi-
nation.
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DEPARTMENT OF PLANT DEVELOPMENTAL BIOLOGY

Csaba Koncz

General Introduction

Current studies of our laboratory focus on two research

areas:

* Characterisation of signalling functions that regulate
glucose, hormone and stress responses in interaction
with the PRL1 regulatory WD-protein and AMP-acti-
vated SnRK protein kinases

* Analysis of functions of CYP90AI steroid hydroxylase
and its interacting partners in regulation of brassinos-
teroid responses and identification of steroid-binding
proteins.

Here, we report on the genetic dissection of signalling cas-
cades that, through interaction with the nuclear regulatory
PRL1 WD-protein and SnRK protein kinases, modulate
glucose repression of transcription and sensitivity of plants
to abscisic acid (ABA), ethylene, auxin and cytokinin hor-
mones.

PRLI, a key element of this regulatory pathway encoded
by the Pleiotropic Regulatory Locus 1, was identified
using a forward genetic screen for T-DNA insertion muta-
tions causing hypersensitivity to glucose and sucrose.
Characterisation of the pr// mutation showed that PRL1 is
a highly pleiotropic nuclear regulator, which influences
several signalling pathways and interacts with multiple
signalling factors, including Arabidopsis homologues of
yeast Snfl and animal AMP-activated protein kinases
(AMPKs, Németh et al., (1998) Genes Dev. 12, 3059). We
have shown that PRL1 is a negative regulator of
Arabidopsis SnRKs (Snfl-related kinases) AKIN10 and
AKINI11 (Bhalerao et al., (1999) Proc. Natl. Acad. Sci.
USA 96, 5322).

Similarly to yeast Snfl and animal AMPKs, type I plant
SnRKSs are implicated in the control of essential cellular
functions, including the regulation of activity and stability
of key metabolic enzymes (i.e. acetyl-CoA carboxylase, 3-
hydroxymethyl-glutaryl-CoA reductase etc.) Through the
control of isopentenyl and mevalonate pathways, SnRKs
are thought to affect the biosynthesis of several hormones
(ABA, cytokinin, gibberellin, brassinosteroids). De-repres-
sion of numerous glucose-regulated genes in the pr/l
mutant (which correlates with increased SnRK activity)
suggests that stress-regulated activation of SnRKs modu-
lates transcriptional activation and repression. To dissect
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Functional Analysis of Regulators of
Sugar and Stress responses in
Arabidopsis

the regulatory functions of SnRKs, we have performed the
characterisation of genes encoding SnRK catalytic (alpha),
targeting (beta) and activating (gamma) subunits (Ferrando
et al., (2000) Plant J. 22, 553; Ferrando et al., (2001)
Nucleic Acids Res. 29, 3685; Kleinow et al., (2000) Plant
J. 13, 1; Lumbreras et al., (2000) EMBO Rep. 2, 55-60). In
addition, we have identified numerous SnRK interacting
proteins. We have found that SnRKs AKIN10 and AKIN11
occur in stable association with SKP1/ASK1, a common
subunit of several SCF E3 ubiquitin ligases (e.g. SCF™!,
SCF" etc.). We showed that SKP1 and both AKIN10 and
AKINT11 interact with the alpha4/PADI1 subunit of 26S
proteasome. These data indicate that SnRKs are stable SCF
ubiquitin ligase components, which probably play a role in
phosphorylation of SCF substrate proteins (i.e. phosphory-
lation is obligatorily required for the recognition of
SCF substrates by F-box proteins and their subsequent
ubiquitination by SCF complexes). In addition, our data
showed that SKP1/ASK1 and SnRKs mediate proteasomal
targeting of SCF complexes. Finally, we demonstrated that
the SnRK-inhibitor PRL1 protein interrupts the interaction
of SnRKs with proteasome and SCF complexes, and thus,
probably regulates SnRK-mediated phosphorylation of
SCF substrate proteins (Farras et al., (2001)).

In correlation with the data indicating that SnRK-SCF-pro-
teasome complexes are implicated in SCF-regulated degra-
dation of transcription regulatory factors, we have found
that PRL1 interacts with a histone arginine methylase
PAM1, which methylates histone H2B and the spliceosome
assembly factors RSZp33 and RSZp22 on their RGG
motives. Remarkably, RSZp33 was identified as an inter-
acting partner and phosphorylation substrate of SnRKs,
and later we found that SnRKs co-immunoprecipitate and
co-purify with PAM1. These data suggest that SnRKs are
associated with a co-activator complex that contains a con-
served histone arginine methyltransferase.

We have shown that PRL1 orthologues (PLRGs) are con-
served from fission yeast to humans. Other laboratories
found that AMP-activated kinases (representing animal and
human orthologues of plant SnRKs) occur in co-activator
complexes with histone arginine methylases CARM1 and
PRMT1, p300 histone acetylase, pl160 co-activator and
several nuclear receptors. This analogy raised the question
whether AMPKs and histone methylases would occur in
association with animal orthologues of PRL1. To address
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this question, we have initiated a close collaboration with
Dr. Jens Briining (Universitit zu Kdln), whose studies aim
to reveal whether PRL1 orthologues would also interact
with co-activator complexes in mammals. Thus far, we
failed to identify a PRL1 orthologue in budding yeast.
However, yeast carries a PAM1 histone methylase ortho-
logue, Hmt1/Pmtl, that methylates the CBP80 and CBP20
subunits of mRNA cap-binding complex. Synthetic lethal-
ity of ~imtl and cbp80 mutations indicates a genetic inter-
action between the capping complex and protein arginine
methylase Hmtl. The fact that Cbps carry RGG motives
and are conserved in plants along with the observation that
Arabidopsis PAM1 is a suppressor of yeast hmtl, cbp80
synthetic lethality strongly suggests a possible involvement
of PAMI in the regulation of nuclear RNA export. (Fig. 1)

New Results

During this project period, our efforts have concentrated
on the development of genomics and proteomics
approaches to facilitate the functional characterisation of
subunits of protein complexes identified in the PRLI1-
SnRK regulatory pathway. The key results are listed below.
To provide a basis for the genetic studies, we have con-
structed and characterised a new Arabidopsis mutant col-
lection (Rios et al. (2002); Szabados et al. (2002). This and
other public collections were used for the identification of
T-DNA insertion mutants, which yielded new pril alleles
as well as knock-outs affecting the AtSNF4 activating and
AKINbeta substrate targeting SnRK subunits, the alpha4
proteasome subunit, six cullin and several SKP subunits of
SCF ubiquitin ligases, the RSZp33 spliceosome assembly
factor, the PAMI histone methylase and its close homo-
logue PAM?2. Insertion mutations were similarly identified
in all other genes that code for PRL1 and SnRK interacting
proteins identified in our previous yeast two-hybrid screens
(see MPIZ Scientific Report 2001). Genetic analysis of all
knock-out mutants has been initiated.

New studies were started on the functional characterisa-
tion of PRL1-interacting amidase, CRK1 protein kinase

and Ufd1 proteins as well as on a SnRK-binding potential
upstream activating kinase.

Constructs for expression of above-described signalling
proteins in an epitope-labelled form (using either native
promoters of corresponding genes, or CaMV 35S promot-
er, or an oestradiol-inducible system) were generated and
introduced into plants and/or cell cultures. Dominant pos-
itive and negative forms of SnRK catalytic subunits,
potential upstream activating kinase and PRL1-binding
CRK kinase have been or are being similarly generated.
Preliminary cellular localisation studies with these epi-
tope-tagged proteins were performed.

To interrupt and regulate protein interactions, isolation of
domain-specific PRL1 and SnRK mutations was initiated.
Six cullin and 19 SKP1 subunits of SCF complexes are
being expressed in plants using epitope-tagged forms and
all possible combinations to facilitate the analysis of sub-
units and substrates of SnRK-associated SCF complexes.

Using a HA-epitope-tagged form of AKINbeta2-subunit,
an SnRK kinase complex was purified for mass spectro-
metric subunit analysis.

Using HA-tagged PAM1 methylase, a PAM1-SnRK com-
plex was purified from transgenic plants for mass spectro-
metric subunit analysis.

A transcription activator of glucose-induced aspartokinase
1 (ASK1) gene was identified and found to be identical
with the G-box-binding bZIP factor DPBF4/EELI1, a
dimerisation partner of ABI5. Over-expression of DPBF4
and ABI5 was demonstrated to activate the ASK/ promot-
er in vivo. DPBF4 was shown to undergo phosphorylation.
Studies have been initiated to examine whether DPBF4 is
an SCF substrate.

Future Developments

Our studies on the regulation of brassinosteroid (BR) sig-
nalling (which are not discussed here due to space limita-
tion) revealed that BRs abolish the transcription of certain
ABA-, salt- and sugar-regulated genes (Abrahdm et al.,
(2003)). To determine how sugar, stress and BR signalling
modulates the phosphorylation, methy-
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lation, ubiquitination and degradation of
gene-specific transcription activators
and repressors (labelled as “chromatin-
associated substrates” in Fig. 1), we
shall exploit CHIP (chromatin-immuno-
precipitation) studies using epitope-
labelled transcription factors (e.g.
DBPF4), PAM1, PRL1, SnRK and SCF
F-box subunits. In addition to these new
studies, we shall continue the character-
isation of PRL1-SnRK signalling path-
way using the above described function-
al genomics and proteomics approaches.

RSZp22

SCF E3 Chroirzla;n-
ubiquitin ligase substrate(s) Fig. 1. Elements of PRL1-SnRK signalling

pathways identified in our studies.
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Department
of Plant Microbe Interactions

Research in the department engages in fundamental
processes underlying interactions between plants and
microbes. Although much of our work is focussed on
molecular processes that permit plants to defend them-
selves against pathogen attack, we exploit the opportunity
to utilise pathogens also as ‘probes’ to gain insights into
diverse plant regulatory pathways that are targeted by
microbes during pathogenesis. Since the ability of plants
to cope with biotic and abiotic stresses is often intercon-
nected, a significant part of our research programme is
dedicated to find out how plants adapt to multiple stresses
and integrate these into co-ordinated responses.

The majority of research projects in the department are
‘process oriented’ rather than ‘molecule oriented’. This
reflects our ability to apply systematically genetic
approaches for the establishment of skeletal frameworks
underlying diverse biological phenomena in plant microbe
interactions. While in the past mutational approaches have
been powerful for this purpose, there is an increasing
demand to understand biochemical functions of identified
regulatory proteins, the molecular mechanics of processes
that are regulated by these components as well as molecu-
lar dynamics upon pathogen attack. This necessitates
future integrated approaches combining genetic, biochem-
ical, molecular biology and cell biology methods. Indeed,
major investments have been made in the reporting period
to establish mass spectrometry facilities and non-invasive
imaging technology towards this objective. We believe that
the application of novel optical methods, such as fluores-
cence resonance energy transfer and fluorescence correla-
tion spectroscopy, will greatly facilitate analysis of protein
dynamics and protein-protein interactions in living cells in
a non-invasive and quantitative manner. Ralph Panstruga
has been appointed as the new group leader and part of his
work programme will be dedicated to developing quanti-
tative optical methods to study protein dynamics in single
cells upon pathogen attack.

For the majority of research projects, Arabidopsis is used
as the model for genetic and molecular analysis.
Complementary research is conducted in tobacco, the
cereal barley and the moss Physcomytrella. This has main-
ly two reasons. First, the breadth of available genetic and
genomic tools in Arabidopsis is unrivalled; however, cer-
tain in planta technologies that are critical for rapid struc-
ture/function analysis of proteins are easier to conduct in
tobacco or barley, e.g. systemic gene silencing, transient
gene expression for the production of large quantities of
proteins, single cell imaging and expression assays.
Second, I believe that on a longer term, comparative
analysis of gene functions and regulatory networks will
become important to understand evolutionary aspects of
plant microbe interactions. In this context, Thomas
Koprek’s group is developing basic genetic tools in barley
that are expected to facilitate comparative analysis of gene
functions between dicots and monocots.

Several groups in the Department study interactions with
biotrophic pathogens such as the oomycete Peronospora
parasitica and the ascomycete Erysiphe. There is increas-
ing evidence that biotrophs, unlike necrotrophs, utilise
sophisticated molecular methods and infection structures
(e.g. haustoria) to actively re-programme host cells for the
establishment of biotrophy, a phenomenon that is not
understood at the molecular level. The Department does
not yet host a group dedicated to work on pathogenesis,
mainly because obligate biotrophic pathogens are still
intractable to routine analysis by molecular biology meth-
ods. We are collaborating with various groups to establish
basic molecular methods for the analysis of biotrophic
fungi. Additionally, we are considering possibilities to
adopt a hemibiotrophic fungal pathogen, such as
Colletotrichum, to gain insights into molecular mecha-
nisms underlying biotrophy.
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Recognition and Signalling in Plant
Disease Resistance

Paul Schulze-Lefert

Introduction that might exert a chaperone-like activity in resistance
reactions (Fig. 1). The molecular isolation of several Mla
R genes provided the basis to initiate functional studies
using a single cell transient gene expression assay.
Complementary biochemical approaches are mainly based
on functional epitope-tagged MLA derivatives. A major
future objective will be the characterisation of recently
the cereal barley to study interactions with biotrophic  {etected large MLA-containing protein complexes (~750
powdery mildew pathogens (Blumeria and Erysiphe kD) in non-challenged plants (S. Bieri, S. Mauch, Q.-H.
species). Shen, S. Pajonk).

(1) The ability of plants to combat pathogens is often con-  (2) The host range of pathogens can vary greatly. The
ferred by disease resistance (R) loci. These R genes encode  ynderlying molecular basis of this phenomenon is not
proteins that detect, directly or indirectly, pathogen effec-  understood. We hypothesised that plant factors limit the
tor molecules (encoded by Avr genes). The complex barley ~ host range of biotrophic pathogens and searched for
Mla locus is unusually polymorphic and encodes 27  Arabidopsis mutants that permit partial growth of the bar-
known R gene specificities to the powdery mildew fungus  ley powdery mildew fungus. The grass powdery mildew
(Blumeria graminis f sp hordei). A subset of Mla R genes  does not produce disease on wild-type Arabidopsis or any
requires for their function RAR1 and SGT1, two proteins  other tested dicot plant. The mutational approach led to the
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Our research focuses mainly on three aspects of plant
microbe interactions: (1) How plants recognise pathogens;
(2) mechanisms that limit the host range of pathogens; and
more recently (3) host compatibility factors. In our exper-
iments, we mainly utilise the model plant Arabidopsis and
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Fig. 1. Possible action points for RAR1-SGT1 chaperone-like activities in disease-resistance signalling. (a) Formation of resist-
ance (R) protein complex with host protein(s). (b) Pathogen effector molecules are recognised by the assembled R protein complex and
subsequent conformational changes activate downstream components. (c) Regulation of downstream signalling can occur by removing
negative regulators and/or activating positive regulators by SCF and COP9 complexes. Further reading: Shirasu and Schulze-Lefert,
2003.
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discovery of conserved SNARE secretion machinery com-
ponents that mediate cell wall penetration resistance
against the non-host Arabidopsis (PEN1) and the host bar-
ley (ROR2, SNAP34). These findings point to a role for
specific vesicle-mediated exocytotic events in establishing
effective barriers to fungal ingress. A long-term objective
will be the characterisation of PEN1/ROR2 containing
SNARE complexes, the establishment of methods permit-
ting enrichment of corresponding ‘defence vesicles’, and
profiling of vesicle cargo (V. Lipka, N. Collins, J. Dittgen,
S. Bau, A. Freialdenhoven, P. Bednarek).

(3) The existence of plant compatibility factors facilitating
pathogenesis is controversial and difficult to prove exper-
imentally. We identified an Arabidopsis callose synthase
isoform that is necessary for callose accumulation at haus-
torial complexes, a specialised intracellular feeding struc-
ture of many biotrophic fungi. Lack of callose in haustor-
ial complexes leads to growth cessation of several tested
powdery mildew species and of the pathogenic oomycete
Peronospora parasitica, indicating a critical role of the
corresponding callose synthase in the maintenance of
biotrophy during fungal infection (A. Jacobs, V. Lipka).

New Results and Future

Developments

Structure, function, and evolution of MLA
NB-LRR proteins

Four molecularly isolated Mla resistance specificities each
encode predicted cytoplasmic proteins containing a N-ter-
minal coiled coil (CC) structure, a central nucleotide-
binding (NB) domain, a leucine-rich repeat region, and a
C-terminal (CT) non-LRR region lacking known struc-
ture/function motifs. The unusual sequence conservation
(>90% identity) of the gene products and an identical gene
structure suggest that many, if not all, genetically charac-
terised powdery mildew R genes at Mla are variants of a
single gene at the complex locus. By taking advantage of
the high sequence relatedness of Mla R genes, candidates
of five additional resistance specificities were isolated
using RT-PCR methods (S. Pajonk). This provided for the
first time a robust basis to examine patterns of sequence
diversification in MLA proteins by computational meth-
ods. The analysis revealed in the LRR region, both struc-
tural diversity and hyper-variability of solvent exposed
residues that might contribute to recognition specificity.
An important conclusion from this is that different MLA
proteins might have the capacity to interact with struc-
turally diverse partners although they share more than
90% identical amino acids.

We have carried out a functional analysis of MLA-mediat-
ed pathogen recognition by generating reciprocal domain
swaps between different MLA resistance specificities.
This showed that the LRRs and corresponding CT
domains are critical for the recognition of cognate aviru-
lence determinants. Unexpectedly, this work also revealed
that recognition of pathogen determinants can be uncou-
pled from RAR1/SGT1 dependence in the MLA chimeras.
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Thus, subtle differences of MLA protein sequence can
dramatically alter RAR1 and SGT1 use without changing
recognition specificity (Q.H. Shen).

A major part of our current and future biochemical
approaches is based on the availability of transgenic bar-
ley lines expressing functional epitope-tagged MLAT1 or
MLAG variants (S. Bieri). Successful immunoprecipita-
tion (IP) of these proteins from leaf extracts demonstrates
accessibility of the epitope tags. By means of blue native
gel electrophoresis, we could identify a large ~750 kD
complex containing the 108 kD MLAI protein in non-
challenged plants (S. Mauch). We are pursuing various
combinations of size exclusion chromatography followed
by IP experiments to purify presumed MLA1- and MLAG6-
containing recognition complexes. We plan to use
MALDI-TOF and Q-TOF mass spectrometry to identify
components present in these complexes.

Conserved SNARE secretion machinery
components mediate cell wall penetration
resistance

The molecular isolation of Arabidopsis PENI and PEN2
as well as barley ROR?2 is considered as a major break-
through in the reporting period because it provides for the
first time a molecular concept for penetration resistance
against fungal pathogens (N. Collins, V. Lipka, A.
Freialdenhoven). PENI and ROR? are required for pene-
tration resistance to the grass powdery mildew fungus in
the non-host dicot Arabidopsis and the host monocot bar-
ley, respectively. The genes encode highly sequence-relat-
ed and functionally homologous syntaxins belonging to
the SNARE superfamily of proteins that mediate mem-
brane fusion. dsRNAi gene silencing and protein-protein
interaction studies identified a SNAP25 homologue as a
potential cognate partner of plasma membrane localised
ROR2 in resistance promoting SNARE complexes (N.
Collins, S. Bau). This and ROR2-dependent congregation
of vesicles at incipient sites of fungal entry in plant cells
strongly implicate vesicle-mediated exocytosis in estab-
lishing effective barriers to powdery mildew ingress. Our
findings indicate a common mechanistic basis for host-
basal and non-host penetration resistance across the plant
kingdom.

Arabidopsis PEN2 encodes a predicted family 1 glycosyl
hydrolase. Analysis of penl pen2 double null mutants
showed an accumulative effect, indicating that PEN1 and
PEN2 may be components of two separate penetration
resistance pathways against powdery mildew ingress.
Interestingly, grasses apparently lack PEN2 homologues.
Experiments are underway to find out whether catalytic
activity is required for PEN2 function (P. Bednarek).

We are focusing our future activities on identifying pre-
sumed vesicle resident SNARE (v-SNARE) partners of
the ROR2/PENI syntaxins. For this purpose, we will per-
form dsRNAi-mediated single-cell gene silencing in bar-
ley for each of the 27 v-SNARE homologues present in
grasses. We predict that the products of v-SNARE genes
that are required for penetration resistance can be used for
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making fusions with fluorescent marker proteins and/or
epitope tags to trace vesicles interacting with ROR2/PEN1
syntaxins.

An Arabidopsis callose synthase, AtGSLS5, is
required for wound callose formation and
maintenance of biotrophy during fungal
infection

We identified an Arabidopsis callose synthase iso-
form, encoded by ArGSL5, which is required for
wound callose formation and appears to be necessary
for the establishment of compatible interactions upon
challenge with different powdery mildew species or
with the oomycete biotroph Peronospora parasitica.
GSLS5 callose accumulates at haustorial complexes, a
complex intracellular structure of many biotrophic
fungi that is crucial for nutrient uptake. At present,
we cannot discriminate whether GSLS5 callose serves
as a protective shield against antimicrobial com-
pounds, is part of a stealth mechanism to ‘hide’ haus-
toria from host recognition, or whether GSL5 callose
synthase is a regulatory component of a cell wall
integrity pathway that is critical to maintain hausto-
ria function. Future experiments aim to identify
characteristics of AtGSLS5 that distinguish this iso-
form from 11 other callose synthases present in the
Arabidopsis genome. Plant homologues of known
cell wall integrity pathway components in yeast will
be examined for their potential role in maintaining
haustoria function (V. Lipka). (Fig. 1)
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General Introduction

The period from the last Scientific Advisory Board meet-
ing in 2001 until the closure of the laboratory due to my
retirement on 30 November 2002 was devoted to complet-
ing unfinished projects. Apart from two MPIZ-internal
collaborations on the WIP subfamily of zinc-finger pro-
teins (Sagasser et al., 2002; see report by B. Weisshaar)
and on leucine zipper-containing WRKY proteins
(Cormack et al., 2002; see report by I. E. Somssich), our
work focused mainly on the three topics summarised
below under New Results. Preliminary accounts of some,
but not all, of these results were included in a ‘Colloquium
paper’ (Hahlbrock et al., 2003) giving a general, retro-
spective overview of a major part of our work during the
past two decades.

A project on the involvement of promoter elements and
transcription factors in the cross-talk among stress
responses, which had been largely completed before the
last SAB meeting and was almost fully covered in the last
report, was soon thereafter terminated and published
(Logemann and Hahlbrock, 2002).

Interactions with the public on various ‘bioethical’ ques-
tions, particularly questions concerning the application of
gene technology in crop plant breeding, continued to
receive special attention. One typical lecture on this topic,
given at a meeting of the Union of the German Scientific
Academies in Gottingen, was recently published in the
‘Akademie Journal’ (Hahlbrock, 2002).

New Results

The AtCMPG family — A newly discovered

family of regulatory proteins

This project falls into two parts, both of which originated
from the previously reported discovery of an exceptional-
ly fast and unusually selectively elicitor-responsive pro-
moter element, E17, from the parsley PcCMPGI gene
(Kirsch et al., 2001; see last report). We have now
analysed the CMPG gene family and the occurrence of
El17-related promoter elements in Arabidopsis thaliana
and have shown that the 4. thaliana genome contains at
least 50 predicted 4t{CMPG genes. The encoded protein
family is defined by a common, novel type of domain pos-
sessing four strictly conserved amino acid residues [cys,

Klaus Hahlbrock
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Pathogen Defence-Related Promoter
Elements and Secondary Products

met, pro and gly (= CMPG)] that designate the family. Two
members, AtCMPGI and AtCMPG?2, with high sequence
similarity to PcCMPG1, were selected for analysis of their
expression modes and defence-related promoter elements.
Among the most striking similarities with PcCMPG1 were
immediate-early transcriptional activation on infection or
elicitor treatment, and the functional importance of a W
box-containing At{CMPG1 promoter element, F, with close
functional, and considerable structural, similarity to E17.
Remarkably, both F and E17 did not respond to wounding,
in contrast to most other known elicitor-responsive ele-
ments. At least some of the encoded AfCMPG proteins are
likely to be involved in regulatory processes (A. Heise).
The second part of the project was aimed at questions con-
cerning the practical application of these and other pro-
moter elements in gene technology-assisted disease resist-
ance breeding of crop plants. The long-term goals of these
studies are to identify promoter elements suitable for the
construction of genes that efficiently confer disease resist-
ance and to work out proper conditions for their applica-
tion in field tests. Of all elements identified so far, E17
and F seem to be best suited for this purpose because they
combine all four of the most highly desirable properties:
rapid, strong, local and selective activation at pathogen
infection sites in transgenic plants. Prior to fusing them
with a structural gene that encodes the actual defence or
defence-mediating reaction, optimised conditions for the
design of a synthetic promoter had to be established. Our
results (manuscript in preparation) revealed an optimal
element position around 90 nt upstream of the transcrip-
tion start site, demonstrated that promoter efficiency was
independent of the tilt angle between element and tran-
scription start site, and suggested that combinations of two
either identical or (better?) structurally distinct, elicitor-
responsive elements with defined spacing may be most
suitable (A. Heise, V. Secker).

4-Coumarate:CoA ligase — Pivotal branch
point in phenylpropanoid metabolism

Phenylpropanoid derivatives are among the most impor-
tant and chemically diverse classes of plant secondary
metabolites. 4-Coumarate:CoA Ligase (4CL) regulates the
flow of phenylpropanoid building blocks into various
branch pathways and thus, determines to a large extent the
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sub-class profile and substitution patterns of accumulating
end products. To further define the pivotal role of 4CL in
A. thaliana, we attempted to analyse in detail the 4#4CL
gene family and establish the functional affiliations of all
individual 4#4CL isoforms with the various metabolic
branches.

In silico analysis first led to the discovery of a previously
undetected, fourth isoform, A4CL4, with unusual sub-
strate specificity, including the extremely rarely observed
activation of sinapate. This isoform most probably com-
pletes the At4CL family. A model for the evolution of the
family through a combination of gene duplications and
chromosomal rearrangements was derived from an exten-
sive genome analysis, and an evolutionary tree was pro-
posed for all known class I and II 4CLs in plants. The
developmental and stress-induced expression patterns of
At4CL4 were similar to those of 4r4CL1 and A14CL2. All
four At4CL gene promoters contained the characteristic
P/L set of regulatory elements.

Knock-out lines for all four 4#4CLs were generated and
morphologically and biochemically characterised. A par-
ticularly clear-cut result from HPLC analyses was the
apparent involvement of A74CL3 in UV light-dependent
flavonoid biosynthesis. Multiple mutants were established
by crossing single knock-out lines (14 [AtCHS], fahl-2
[AtF5H]) with At4CL knock-out lines in an attempt to
overcome possible functional redundancies. A particularly
striking result was the arrest of growth of the
At4CL1/At4CL2/fahl knock-out line after five weeks of
fairly normal development. This, together with the
absence of histochemically detectable lignin and with the
accumulation of 4-coumarate and ferulate derivatives (Fig.
1) suggested a function of Ar4CL1 and Ar4CL2 in the
biosynthesis of lignin precursors (B. Hamberger).
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Secondary products — Key players in
pathogen Defence?

In our last SAB report, we presented data indicating that
nearly all major soluble, pathogen-induced compounds in
A. thaliana leaves were indolic metabolites. Various con-
stitutively present phenylpropanoid derivatives were either
repressed (sinapoyl malate) or remained unchanged (sev-
eral flavonoid glycosides). For comparison and for a more
comprehensive overview, we have now extended these
studies to 4. thaliana roots and to wall-bound metabolites
in both leaves and roots. The following major results were
obtained.

The patterns of induction and repression of soluble aro-
matic secondary metabolites on pathogen infection were
basically the same in A. thaliana roots and leaves. That is,
in both cases, numerous indolic compounds were induced
and constitutively present phenylpropanoid compounds
were repressed. The structural identification of various
glucosinolate breakdown products and of several putative
or established intermediates of camalexin biosynthesis
allowed us to further develop, and partly modify, the com-
plex metabolic grid proposed for indolic secondary metab-
olism in A. thaliana (P. Bednarek).

By contrast, all but one (indole-3-carboxylate) of the
pathogen-induced, wall-bound aromatic secondary com-
pounds were benzoate or cinnamate, that is, phenyl-
propanoid, derivatives in A. thaliana. Remarkably, the
chemical nature of this group of induced metabolites
appears to be the same in all plant species analysed,
including parsley (Petroselinum crispum), the other model
organism investigated in parallel with A. thaliana. As this
apparent uniformity is in sharp contrast to the large chem-
ical diversity of induced, soluble compounds (e.g., phenyl-



KLAUS HAHLBROCK

propanoids and betaketides in P crispum versus indole
derivatives in A. thaliana), the clear-cut distinction illus-
trated in Fig. 2 for these two species may well be a uni-
versal phenomenon throughout the plant kingdom
(Hahlbrock et al. 2003; Tan ef al., manuscript in prepara-
tion) (J. Tan, P. Bednarek).

Already at the beginning of these investigations, a surpris-
ing observation was the strong induction of one particular
compound, X, exclusively in compatible interactions of 4.
thaliana with Pseudomonas syringae pv tomato.
Essentially the same result was now obtained with tomato
(Lycopersicon esculentum), the natural host of P syringae,
suggesting that the unusual confinement of the induction
to compatible interactions may be exploitable as a diag-
nostic tool. Structural analysis by MS/NMR identified X
as a novel type of natural product, 3°O-B-D-ribofuranosyl
adenosine (P. Bednarek, B. Hamberger, J. Tan).

All of these data resulted from a very fruitful, efficient and
close co-operation with the MPI of Chemical Ecology,
Jena (Oldham, Schneider, Svatos). Three joint manuscripts
on the results are in preparation.

Although functionally decisive “defense compounds”
have not been identified in these and most other studies, it
is expected that the combination of extensive analyses of
secondary metabolite profiles with detailed studies of the
disease resistance potential of defined mutants will reveal
important clues as to the significance of the universally
observed induction of these types of compounds. Most
probably, they will turn out to act in concert rather than as
single, decisive agents (Hahlbrock et al., 2003).

Future Developments

Due to the closure of the laboratory, all three projects will
be continued elsewhere, although some with modifica-
tions. The collaboration with KWS Saat AG on the usage
of synthetic promoters for gene technology-assisted dis-
ease resistance breeding will be carried on at the MPIZ by
Drs. Somssich and Schulze-Lefert; the functional analysis
of the four A#4CL isoforms, particularly an extended
analysis of the recently generated, single and multiple
mutant lines, will be continued by Bjoérn Hamberger dur-
ing postdoctoral work in the laboratory of Carl Douglas at
Vancouver, Canada; and Pawel Bednarek will continue to
work on some unsolved questions of his natural products
project, including the analysis of mutants, during an exten-
sion of his stay at the MPIZ.
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Fig. 2. Chemical structures of major, characteristic classes of
compounds accumulating on infection or elicitor treatment in
P. crispum and A. thaliana. (A) Soluble and (B) cell wall-bound
material was extracted and analysed by HPLC, MS and NMR.
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Introduction

Plants have evolved a large variety of defence mechanisms
to prevent colonisation of their tissues by microbial
pathogens. Preformed physical and chemical barriers con-
stitute the first line of defence. Considered more important
are inducible mechanisms, which are engaged after suc-
cessful recognition of the invading pathogen. Key features
of active defence are the rapid cell death at the initial
infection site, the so-called hypersensitive response (HR)
and the induction of host gene expression and protein syn-
thesis in neighbouring cells such as pathogenesis-related
(PR) proteins (including chitinases and 1,3-f-glucanases)
and enzymes of the general phenylpropanoid pathway. The
latter group of enzymes participates in the synthesis of
diverse plant secondary products that fulfil important
functions in protection against biotic and abiotic stress and
plant development.

We are interested in the identification of signalling com-
ponents controlling early plant defence responses and in
the structure-function relationship of 4-coumarate:CoA

Erich Kombrink
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ligase, an enzyme of plant secondary metabolism that may
contribute to the synthesis of antimicrobial compounds.

New Results

Biochemical approaches to identify regula-
tors of HR cell death

Cell death associated with HR is a common defence reac-
tion of plants to infection by pathogens. Efficient HR for-
mation frequently depends on the presence of specific
plant disease resistance genes (R genes) and their interac-
tion with pathogen-derived molecules such as elicitors or
avirulence factors (avr gene products). Recent evidence
revealed that cell organelles (mitochondria, chloroplasts)
are important regulatory units integrated into the sig-
nalling network leading to HR cell death. Further evidence
from several systems indicates that targeted degradation of
negative regulatory factors is a prerequisite for the execu-
tion of HR cell death and that a direct connection between
ubiquitination, protein degradation and plant resistance
may exist.
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To identify regulatory components of HR cell death, we
are currently utilising two experimental systems. (1) The
race/cultivar-specific interaction of barley (Hordeum vul-
gare) with powdery mildew (Blumeria graminis f. sp.
hordei) is being used to search for proteins that are
involved in the execution of rapid cell death. In this sys-
tem, race-specific resistance and HR cell death is depend-
ent on the functional Rarl gene. At present, our strategy is
protein profiling by 2-D gel electrophoresis and identifi-
cation of candidate proteins by mass spectrometry. Since
regulatory proteins are not expected to be highly abun-
dant, we are concentrating on specific subcellular protein
fractions for comparative analysis such as the proteins of
the plasma membrane. Current constraints of this
approach are the sequencing of low abundant proteins
form silver-stained gels and the low number of cells devel-
oping HR symptoms upon inoculation, thereby limiting
the amounts of altered proteins. (2) To circumvent these
constraints, we are utilising an inducible system to evoke
an HR response in Arabidopsis thaliana. Chemically
(estradiol) induced expression of a bacterial avr gene
(avrRPM]) in plants harbouring the RPM1 resistance gene
leads to massive induction of HR symptoms. Again, com-
parative protein profiling of subcellular fractions (chloro-
plasts, mitochondria) of genetically defined plants (e.g.
harbouring RARI or rarl) that are capable or compro-
mised in HR development led to the detection of candidate
proteins, which are currently under investigation. Finally,
we have set up a system to identify regulatory proteins that
are destined for degradation by the proteasome by
inducible expression of modified and tagged ubiquitin
variants. For this purpose, we have introduced an estradiol
inducible HIS-HA-tagged ubiquitin derivative (K48R)
into the above-mentioned Arabidopsis lines, with the aim
of purifying proteins that are ubiquitinated during HR for-
mation.

The substrate-specificity determining amino
acid code of 4-coumarate:CoA ligase
4-Coumarate:CoA ligase (4CL) is a key enzymes of the
general phenylpropanoid metabolism from which a large
variety of secondary products is derived such as lignin,
wall-bound phenolics and flavonoids. We have recently
characterised three 4CL isoforms from Arabidopsis
(At4CL1-3) and experimentally verified a close structural
and functional relationship to other adenylate-forming
enzymes such as luciferases, non-ribosomal peptide syn-
thetases and fatty acid activating enzymes. The
Arabidopsis 4CL isoform 2 (At4CL2) is unusual in that its
preferred substrate is caffeic acid rather than coumaric
acid, whereas the structurally related ferulic acid is not
converted. Cinnamic acid is a poor substrate of all
Arabidopsis 4CLs, while sinapic acid is not activated at
all.

To unravel the structural principles determining 4CL sub-
strate specificity, the crystal structure of the phenylalanine
activation domain PheA of gramicidin S synthetase was
used as a template for homology modelling. According to
this model, 12 amino acid residues are located at a dis-
tance of not more than 6 A to caffeate fitted into the sub-
strate-binding pocket (SBP) of At4CL2 (Fig. 1A). These
residues are supposed to function as signature motive
determining 4CL substrate specificity. We corroborated
this assumption by creating three types of gain-of-function
mutants. Targeted substitution of selected bulky residues
by smaller ones resulted in At4CL2 variants that use feru-
late instead of caffeate as their preferred substrate (Fig.
1B). Deletion of selected amino acids generated sinapic
acid activating At4CL2 variants (Fig. 1C). Substitution of
charged or polar residues by hydrophobic amino acids
strongly enhanced the capacity of At4CL2 to activate cin-
namate. These results demonstrate that a size exclusion
mechanism controls the accessibility of the At4CL2 SBP
for mono- and dimethoxylated 4-hydroxycinnamic acid
derivatives, whereas activation of cinnamic acid itself is
regulated by the overall hydrophobicity of the SBP.

= caffeate u32o .

Met291 Pro253
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Fig. 1. 3-D models of substrate binding pockets (SBP) of different At4CL2 variants. For each enzyme variant, the bulkiest substrate
that can be fitted into the respective SBP is depicted. For clarity, only four out of twelve amino acids lining the SBP are shown. (A) SBP
of wild-type enzyme with caffeic acid. (B) SBP of double mutant M293P+K320L with ferulic acid. (C) SBP of triple mutant

M293P+K320L+AL356 with sinapic acid.
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Future Developments

Identification of proteins involved in regula-
tion of HR cell death

Protein profiling by 2-D gel electrophoresis has proven a
successful approach for the detection of putative regulato-
ry proteins of HR cell death. Furthermore, mass spec-
trometry is the method of choice for protein identification
with high sensitivity and medium to high throughput.
However, we need to improve the sensitivity of the current
methods for the identification of low-abundant proteins
that are detectable on silver-stained gels. Likewise,
dynamic and automated data acquisition and database
searching will help to enhance the throughput of the
methodology. In barley, alternative methods of protein
enrichment, selection and labelling will assist in establish-
ing comprehensive proteomes of particular cell-types,
organelles or subcellular fractions. In Arabidopsis, post-
translational modifications by ubiquitin or sumo as
observed during the onset of HR may allow the enrich-
ment of proteins of interest.

Analysis of 4CL and 4CL-like enzymes from
Arabidopsis

Although the structural model of the At4CL2 has proven
extremely valuable for the design of enzyme variants with
new catalytic properties, the bona fide structure for any
4CL enzyme is still unknown. In collaboration with the
research group of Prof. D. Schomburg (Biochemistry
Department, University of Cologne), we will continue our
efforts to generate high quality crystals of At4CL2.

In addition to four bona fide 4CL, the Arabidopsis genome
encodes more than 25 4CL-like proteins. In collaboration
with Prof. C. Douglas (Botany Department, University of
British Columbia), we want to elucidate the biological
function of these enzymes by expression profiling and
identification of their natural substrates. We are using two
approaches to determine their in vitro enzymatic activity.
For selected proteins, 3-D models of their SBPs have been
established, which allow screening for putative substrates
by in silico docking. For experimental verification, we are
also developing a general activity assay for adenylate-
forming enzymes that will allow the high-throughput
analysis of multiple substrates.
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Introduction

Plants have evolved complex signalling networks that
allow them to respond optimally to changes in their envi-
ronment. A crucial part of these multifaceted responses
centres on the ability of plants to transcriptionally modu-
late temporal and spatial gene expression patterns. This
may be the reason why plants devote a substantial portion
of their genome capacity to transcription; for example, the
Arabidopsis genome codes for more than 1600 transcrip-
tion factors.

Our current research is focussed on the role of a family of
plant-specific transcription factors, termed WRKY fac-
tors, in activating defence responses towards phy-
topathogens. WRKY factors contain a novel zinc-finger
DNA-binding domain and bind specifically to W box ele-
ments (T/CTGACC/A) in the regulatory regions of sever-
al genes. WRKY factors are capable of both activating and
repressing the expression of genes under their control.
Furthermore, the expression of several WRKY genes them-
selves are controlled by WRKY factors, suggesting the
existence of autoregulatory feedback loops. Nearly noth-
ing is known concerning the involvement of WRKY fac-
tors in distinct defence signal transduction pathways and
about the target genes that they control. Similarly, there is
no information about which other proteins WRKY factors
interact to modulate gene expression, nor have any
upstream signalling components been identified that can
directly act on selective WRKY members. Thus, our stud-
ies are aimed at addressing four important areas: (1) To
specify more precisely the promoter-binding sites of
WRKY factors: (2) to define WRKY family members
involved in distinct defence pathways; (3) to identify
WRKY-interacting partners; and (4) to identify direct
downstream target genes of WRKY factors.

New Results

DNA-binding characteristics of WRKY pro-
teins

WRKY-W box interactions have been demonstrated both
in vitro and in vivo. In spite of the stereotypic binding
preferences of WRKY proteins for W boxes, their affini-
ties for certain types of arrangements of this element can
vary. Sequences flanking the invariant W box TGAC core
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may be partly responsible for the observed specificity.
EMSA was used to define more precisely the minimal
length and optimal sequence binding sites for different
WRKY group members. As expected, single base pair
exchanges within the TGAC core completely abolished
binding to all members. However, base pair exchanges
directly adjacent to the core motif or at neighbouring sites
differentially influenced the binding of individual WRKY
factors (I. Ciolkowski).

Expression of the Arabidopsis WRKY genes
The expression of the WRKY gene family was monitored
by macroarray analysis or by RT-PCR using plants or cell
cultures treated with pathogens or under defence-inducing
conditions (e.g. treatment with salicylic acid, flagellin,
methyljasmonate). Current data revealed that expression
of up to 49 out of 74 WRKY genes (66% of total) are
induced under such conditions (Fig. 1). In an initial study,
we analysed the expression patterns of the group III
WRKY genes in different pathogen interactions and
mutants, and found that distinct subsets are activated by
different queues along defined signal transduction path-
ways (Kalde et al., 2003).

Analysis of WRKY loss-of-function mutants
We have identified and partly characterised numerous
putative AtWRKY knock-out lines from several sources
(SLAT, ZIGIA, SALK, GABI-Kat). Although the majori-
ty of such mutants have no obvious phenotypes when
grown under normal conditions, they have not yet been
characterised under altered stress-related environments (B.
Ulker, B. Lippok, M. Kalde and I. Ciolkowski).
Nevertheless, preliminary experiments indicate that in
some cases, single WRKY knock-outs do result in plants
being either more or less resistant to bacterial or oomycete
pathogens (L. Jorda and B. Ulker).

WRKY-interacting partners

AtWRKYS52 (=RRS1) is a unique member of the
Arabidopsis WRKY family. The protein contains several
motifs typical of resistance gene products (TIR-NBS-
LRR) in addition to a C-terminal WRKY domain. Genetic
studies have demonstrated that RRS/ confers broad-spec-
trum resistance to Ralstonia solanacearum. In collabora-
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tion with Y. Marco and C. Boucher, we showed that
AfWRKY52 interacts with PopP2 (a R. solanacearum type
III effector protein) and that upon interaction both proteins
are localised to the plant cell nucleus (Deslandes et al., in
press). Two other AfWRKY52-interacting partners have
been isolated in a split-ubiquitin screen and are currently
being analysed (L. Deslandes).

The interaction of WRKY factors with other transcription
factors (TFs) is also being tested in a yeast two-hybrid
screen (REGIA consortium, B. Ulker). Several WRKY
factors were found to interact with other WRKY factors
but also with some additional TFs. These preliminary
results will require further verification both in vitro and in
Vivo.

Target genes of WRKY factors

Recently, we have identified an AfWRKY6 target gene
encoding a receptor kinase, designated S/RK, involved in
a signalling pathway leading to leaf senescence (Robatzek
and Somssich, 2002). Almost simultaneously, another lab-
oratory also identified SIRK(=FRK1) as a target gene in a
defence signalling pathway triggered by the bacterial fla-
gellin peptide Flg22. Flg22 is perceived by a membrane-
associated receptor kinase (FLS2), the signal is transduced
via a MAP-kinase cascade and FRK/ activation is mediat-
ed by two WRKY factors (AfWRKY22 and 29). Since the
SIRK promoter contains numerous W box elements, we
tested whether activation of this gene occurs via a con-
verging common step between the two pathways. Our data
show that SIRK activation by AfWRKY6 is mediated by a
different set of W box elements than those required for
activation by Flg22, AfWRKY22 or AfWRKY29. Thus,
SIRK appears to be a common target of at least two distinct
pathways employing different subsets of WRKY factors
and utilising distinct W box promoter elements (A. Zhou,
B. Ulker, and L. Deslandes).

To identify WRKY target genes in vivo, we have estab-
lished the chromatin immunoprecipitation (ChIP) tech-
nique (F. Turck). Using this method, we verified in vivo,

the previously identified putative interaction of parsley
WRKY factor 1 (PcWRKY1) with its target gene
PcPRI-1.

WRKY genes in Physcomitrella patens

Sixteen different WRKY genes have been identified in P
patens (D. Wanke). Interestingly, we failed to find any
group III WRKY members, although orthologous genes to
the other groups are present. Phylogenetic studies lend
support to the notion that group III WRKY genes have
evolved relatively late during evolution. A detailed analy-
sis of a PpWRKY20 (orthologous to AtWRKY15) mutant,
generated by homologous recombination, failed to reveal
any phenotypes throughout its life cycle.

Future Developments

We have initiated a more extensive expression study to
define the role of specific WRKY factors in distinct
defence signalling pathways (M. S. Mukhtar). For this pur-
pose, a large set of Arabidopsis mutants defective in key
components of different defence signalling pathways are
being employed. From these studies, we plan to select can-
didate WRKY genes for further analyses, e.g. the use of
respective WRKY knock-out lines, the generation of
inducible WRKY transgenics and the employment of
cDNA-AFLP methods (E. Logemann), in order to identify
putative target genes.

The set of WRKY knock-out lines will be systematically
analysed for their sensitivity to diverse stress-related con-
ditions; particularly for their response to various
pathogens. Candidate lines showing clear differences will
be given priority for detailed studies including metabolic
analyse (J. Briimmer).

Defining WRK Y-interacting partners involved in modulat-
ing defence pathways will remain a major goal. In partic-
ular, our future aim will be to link specific WRKY factors
to defined upstream signalling components.
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Dissertations

Dierk Wanke (2003) Studien zur pflanzenspezifischen WRKY-
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Arabidopsis WRKY-Multigenfamilie an pflanzlichen Entwick-
lungsprozessen.
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Pathogens

i
;&h Jane Parker

Introduction

Our research focus is to elucidate regulatory mechanisms
in plant defence against biotrophic pathogens using
Arabidopsis as the model for genetic and molecular analy-
sis. Additionally, we are extending protein and metabolite
biochemistry studies to other plant systems such as tobac-
co. Our current interest is in the biochemical activities, in
planta modifications and interactions of four defence reg-
ulatory proteins (EDS1, PAD4, SGT1 and RARI1) as well
as the molecular changes in these proteins upon triggering
of the plant resistance pathway. Towards these goals, we
have invested time to develop a transient expression-based
“read-out” for the activities and interaction dynamics of
wild-type regulatory proteins and engineered mutant
forms of these proteins. We have started to investigate
metabolite changes in vascular and systemic plant tissues
during induction of systemic immunity, initially using
comparative analysis of Arabidopsis wild-type profiles
with those of eds/ or pad4 mutants that fail to induce sys-
temic immunity. Highlights from 2002-2003 include: (1)
the identification of another Arabidopsis lipase-like pro-
tein as an EDS1 interactor in plant tissues by MALDI- and
Q-TOF-MS analysis (unpublished, Dr. Bart Feys,
Sainsbury Laboratory, Norwich, biochemistry continued
by Dr. Steffen Rietz, MPIZ); and (2) the demonstration
that Arabidopsis SGT1b, but not RAR1 or SGTla, is
required for SCF™' E3 ligase-mediated degradation of
AUX/IAA transcriptional activators in response to the
phytohormone auxin (Dr. Paul Muskett, MPIZ, in collab-
oration with Dr. Bill Gray, University of Minnesota).

New Results and Future

Developments

Project 1: EDS1 and PAD4 expression and
interaction dynamics

Dr. Bart Feys, Lisa Moisan [Norwich];

Dr. Nieves Escobar, Marcel Wiermer

Previous work established that the Arabidopsis defence
regulators EDS1 and PAD4 interact in healthy (pathogen
unchallenged) and pathogen-challenged leaf extracts. Our
subsequent studies showed that only a small pool of EDS1
is bound to PAD4. We are currently investigating the sta-
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bility and interaction dynamics of EDS1 and PAD4 in wild
type and respective eds! and pad4 mutant backgrounds
using a combination of gel filtration chromatography, co-
immunoprecipitations, affinity enrichment of epitope-
tagged EDSI followed by MALDI- and Q-TOF/MS iden-
tification of interactors, and FRET analysis. What
emerged was that EPH1 (an EDS1/PAD4 homologue)
associates with EDS1. EPH1 does not interact with PAD4
in a yeast two-hybrid assay; however, it remains to be
shown whether this is also the case in planta. We are
analysing ephl knock-out mutants for defence-related
phenotypes but have so far found none. Several approach-
es to assess EDS1/PAD4/EPH1 activities and associations
in transient expression assays are being explored. In our
hands, Agrobacterium-based transient expression (Ag-TE)
works poorly in Arabidopsis. Initially, we are using Ag-TE
in tobacco and single-cell bombardment of Arabidopsis
epidermal cells to assess functionality of EDS1 variants
attached to fluorescent protein (FP) or epitope tags. We
have obtained promising FRET signals from combinations
of EDS1, PAD4 and EPH1 and their interactions in differ-
ent cell compartments are being measured. A number of
EDSI variants that no longer associate with PAD4 in a
yeast two-hybrid analysis have been made. Their stability,
defence signalling activity and interaction with PAD4 will
be assessed in the bombardment assay and in stable trans-
formants. Targeted EDS1 and PAD4 amino-acid
exchanges will be made in conserved motifs based on
comparison of monocot and dicot sequences. These vari-
ants will be characterised for loss- or (deregulated) gain-
of-function in transient assays and, if necessary, in stable
transgenic lines.

Project 2: EDS1, PAD4, EPHI1 lipase activi-

ties and structural biochemistry
Dr. Bart Feys [Norwich]; Dr. Steffen Rietz;
Dr. Adriana Cabral

Site-directed mutations in the predicted lipase catalytic
sites of EDS1 or PAD4 do not impair their resistance func-
tions. A fresh examination of their primary and predicted
secondary and tertiary structures has been initiated with
Dr. Kimmen Sjolander (Univeristy of California,
Berkeley) using algorithms based on consensus protein
sequences; this should reveal important residues or sub-
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strate-binding pockets. Heterologous expression of soluble
EDS1, PAD4 and EPHI1 in E. coli is being attempted for
two reasons. First, we want to assess whether these pro-
teins have intrinsic a/b hydrolase capabilities. Second, we
want to produce large amounts of protein for physico-
chemical determinations and crystal production. A com-
plementary, and possibly superior, approach is to produce
large amounts of protein in planta. Therefore, suitable
expression systems are now being explored. A number of
N- and/or C-terminal tagged forms of EDS1 and PAD4
have been produced and a priority will be to examine
respective protein modifications in healthy and defence-
triggered plant tissues using the MPIZ mass spectrometry
facilities.

Project 3: Profiling of systemic immune
responses
Dr. Lucia Jorda, Michael Bartsch

We are testing out different elicitor molecules and mutant
lines for synchronous induction of the EDS1/PAD4 path-
way without pathogen inoculation. This induction system
will allow us to do comparative metabolite profiling of
wild-type and mutant tissues. One approach is to express
conditionally a suitable Avr protein. Another approach is
to apply a chemical that triggers the EDS1/PAD4-depend-
ent response. Additionally, we have obtained constitutive
gain-of-resistance mutant lines that are completely
dependent on EDS1 and PAD4. We have also demonstrat-
ed that both EDS1 and PAD4 are necessary for systemic
immune responses and are now collaborating with Anita
Maldonado and Prof. Chris Lamb (JIC, Norwich) to com-
pare the defects of eds! and pad4 with those of the SAR-
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Project 4: Non-host
resistance in
Arabidopsis to

Peronospora

Dr. Adriana Cabral,
Jacquiline Bautor

Here, we are using a genet-
ic approach to unravel
pathways of non-host
(species level) resistance in
Arabidopsis to the obligate
biotroph pathogen, Peron-
ospora. We have chosen a
Peronospora isolate that
infects Brassicas (evolu-
tionarily related to
Arabidopsis) and one that
infects tobacco, a solana-
ceous host. Our aim is to
identify and molecularly

03

Fig. 1: Possible roles for SGT1 and RAR1 in R protein-mediated resistance. (A) The formation of
R protein recognition complex. Possible co-operation with HSP90. (B) Assisting correct folding or inter-
molecular associations of R protein recognition complex following activation by Avr effector. Possible
co-operation with HSP90. (C) Downstream signalling functions of SGT1 in SCF-mediated ubiquitina-
tion to remove negative regulators (NR) of the resistance response. (D) A downstream function of
RAR1 and CSN (COP9 signalosome), possibly as part of a non-SCF-type E3 ligase complex that could
remove negative regulators or activate positive regulators. (Figure provided by Paul Muskett).

characterise components
that condition durable
resistance to these

pathogens and ascertain
whether these genes govern
non-host resistance to
other pathogens. Non-host
resistance is likely to be
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controlled at multiple levels. One scenario that we wish to
explore is whether major components of non host-
pathogen recognition are related to genes mediating race-
specific recognition. The components EDS1 and PAD4
appear to contribute, at least in one Arabidopsis back-
ground (Ws-0), to non-host resistance to the Brassica-
infecting Peronospora. This provides a starting point for
unravelling further non-host defence processes.

Project 5: Molecular interactions of SGT1

and RAR1
Dr. Laurent Noél, Shigeyuki Betsuyaku,
Dr. Paul Muskett

Arabidopsis RAR1 and one of two SGTI genes (SGT1b)
are positive regulators of R gene-mediated resistance.
RARTI is a small protein with two zinc-binding domains.
SGT1 is conserved among ecukaryotes and in budding
yeast interacts genetically and molecularly with SKP1, a
core component of SCF E3 ligases that target proteins for
ubiquitin-mediated degradation. Further studies in bud-
ding and fission yeast revealed multiple cellular functions
of SGT1 that may be aligned to its structural resemblance
to Hsp90 co-chaperone proteins that assist in the assembly
or conformational activation of protein complexes. A sub-
stantial body of genetic and molecular data from several
groups now points to roles of RAR1 and SGT1 in post-
translational control of R protein function (Fig. 1). They
likely assist the formation of conformationally competent
R protein complexes but may also participate in SCF-
mediated processes, e.g. to remove a negative regulator of
R protein recognition or signalling. We are generating
molecular tools and performing genetic screens to investi-
gate the molecular functions of RAR1 and SGT1 in R
gene-triggered resistance more thoroughly.

Scientific Publications
Austin M.J., PR. Muskett, K. Kahn, B.J. Feys, J.D.G. Jones and

J.E. Parker:: Regulatory role of SGT1 in early R gene-mediated
plant defences. Science 295, 2077-2080 (2002).

Aviv D.H., C. Rustérucci, Ben I Holt III, R.A. Dietrich, J.E.
Parker and J.L. Dangl: Runaway cell death but not basal disease
resistance, in Isdl is SA- and NIMI1/NPRI-dependent. Plant J.
29, 381-391 (2002).

Feys B.J., L.J. Moisan, M.A. Newman and J.E. Parker: Direct
interaction between the Arabidopsis disease resistance signaling
proteins, EDS1 and PAD4. EMBO J. 20, 5400-5411 (2001).

Muskett PM., K. Kahn, M.J. Austin, L.J. Moisan, A. Sadanandom,
K. Shirasu, JD.G. Jones and J.E. Parker: Arabidopsis RARI
exerts rate-limiting control of R gene-mediated defences against
multiple pathogens. Plant Cell 14, 979-992 (2002).

Parker JE., N. Aarts, M.A. Austin, B.J. Feys, L.J. Moisan, P
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Foundation Symposium 236) pp. 153-164 (2001).
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Tina Romeis

Introduction

Plants are constantly exposed to changes in their environ-
ment and need to integrate a variety of biotic and abiotic
stress cues such as pathogen attack, wounding, cold and
drought. Common to all these forms of stress is the induc-
tion of rapid changes of intracellular calcium levels.
Calcium-dependent protein kinases (CDPKs) form a
plant-specific class of serine/threonine protein kinases
that are implicated as potential sensors that decode and
translate changes in calcium concentrations to protein
kinase activity. This triggers downstream signalling. My
group addresses the following aspects:

(1) Can distinct CDPK isoforms be allocated to defined
biological functions; (2) How are CDPKs activated in
vivo,(3) How are CDPKSs integrated in a signalling cas-
cade and what are their downstream phosphorylation tar-
gets; (4) Do CDPKs interact with other signalling path-
ways?

New Results

Function of CDPK isoforms

Previously, we have identified two tobacco CDPK iso-
forms, NtCDPK2 and NtCDPK3, that function in biotic
and abiotic stress signalling (see below). In particular,
NtCDPK2 was shown to become rapidly biochemically
activated. To allow the integration of genetic approaches
and the combination with mutant lines affecting distinct
plant signal transduction events, we are in the process of
establishing CDPK research in Arabidopsis thaliana. Our
intention is to select AtCPK isoforms (from the gene fam-
ily of 34 members) that become biochemically activated
after early plant pathogen-related or abiotic stress stimuli.
This project can be subdivided in three parts. Phase 1,
which is currently under investigation, encompasses the
amplification and cloning of AtCPK c¢cDNAs from avail-
able cDNA libraries. About two-thirds of the gene family
has been isolated. In phase 2, we envisage to express these
AtCPK genes in a (heterologous) plant system and subse-
quently, analyse isoform-specific biochemical parameters
of isolated isoforms upon (pathogen-related) stress treat-
ment. So far, about 50% of the gene family has been suc-
cessfully expressed in planta and first indications for post-
translational modifications of some isoforms could be
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observed. In phase 3, candidates selected in phase 2 will
be studied for their biological function in their natural host
plant. Here, we are currently working on two strategies.
First, we apply different transient expression protocols for
tagged proteins in A4. thaliana cell cultures, protoplast sys-
tems and leaves. Second, we produced anti-peptide anti-
bodies for some AtCPK isoforms, which should facilitate
the analysis of endogenous A. thaliana CDPK enzymes
and thus, allow the determination of CDPK activation in
different mutant lines.

In vivo activation mechanism of NtCDPK?2

The biochemical activation of CDPKs in vivo is mediated
via post-translational modifications on several levels. This
includes the binding of calcium to the calmodulin-like
domain, a conformational change that disengages the
autoinhibitory domain out of the kinase active site, phos-
phorylation at several sites of the kinase itself and poten-
tially, also a change in CDPK subcellular localisation. We
could show for NtCDPK2 that protein phosphorylation is
required for enzyme activation in vivo. Phosphorylation
events could be visualised on Western blots as a shift in
electrophoretic mobility. One major aim was to identify
phosphorylation sites of NtCDPK2 that are required for
the increase in protein kinase activity and are responsible
for triggering downstream signalling events. Our strategy
is based on the transient expression of NtCDPK2 (and
variants) in N. benthamiana (Fig. 1). Either before or after
stress exposure, the protein is purified from plant extracts
and cleaved by proteases into peptides. These are subse-
quently subjected to 2-dimensional ESI Q-TOF tandem
mass spectrometry yielding information about their amino
acid sequence and post-translational modifications.
Finally, Ser/Thr phosphorylation sites determined by MS
(or in addition, selected by an educated guess) were
replaced either by Asp (to mimick the negative charge of
the phosphate group) or Ala (to block its phosphorylation).
The modified NtCDPK2 variants were then analysed for
biological function using the transient expression assay in
N. benthamiana (Fig. 1). We tested several C-terminal tag
systems that facilitate a rapid isolation of CDPK from M.
benthamiana extracts in quantities that were sufficient for
biochemical analysis. Furthermore, the proteolytic diges-
tion procedure with different proteases and sample prepa-
ration for Q-TOF MS/MS analysis have been optimised
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for plant material. To date, we have obtained an almost
complete sequence coverage of NtCDPK2, suggesting at
least five phosphorylation sites. For two of these sites, a
biological function could be shown in vivo after site-
directed mutagenesis. One of these sites is likely involved
in autophosphorylation, the other is probably a substrate to
an upstream kinase, Also, membrane localisation seems to
be necessary for NtCDPK2 regulation and function.

In addition to changes in the enzyme’s phophorylation pat-
tern, we address in vivo the conformational changes dur-
ing the CDPK activation process. Based on the modular
structure of CDPKs, one can assume that in its resting
state, the autoinhibitory junction domain interacts with the
active site in the protein kinase domain. Upon calcium
binding, a conformational change within the calcium-sen-
sor domain may then cause an interaction with the junc-

1 Transient expression of
NtCDPK2 in N. benthamiana
leaves

3 MS/MS analysis of selected

phosphopeptides to obtain amino acid sequence

d

NGLFQSVSAAMWR

2 Purification of enzyme before and
after stress exposure using affinity-tag

tryptic

- stress

+ stress

4 Analysis of NtCDPK2 variants carrying amino acid
substitutions in identified P-sites

Function: downstream responses ?

Biochemical properties ?

Fig. 1. Characterisation of NNCDPK2 in vivo phosphorylation sites and their role in plant stress signal transduction using ESI
tandem mass spectrometry.
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tion peptide that results in its disengagement out of the
active site. We assess whether we can detect either of these
mutual interactions between the junction peptide and its
neighbouring domains in vivo. Currently, we are testing
different experimental strategies in yeast and in plant.

Identification of the NtCDPK?2 signalling
cascade

To study downstream processes that are triggered by
NtCDPK2, we applied a gain-of-function approach that
caused prolonged CDPK signalling; when expressing a
truncated variant of the enzyme that lacked its regulatory
junction and calcium-binding domains, a non-biotic stim-
ulus induced some biotic stress responses such as an HR-
like cell death. This cell death response was dependent on
the presence of SGTI and was accompanied by a rapid
activation of reactive oxygen species. Furthermore, the
analysis of early induced defence genes suggested that
NtCDPK2 triggered the JA/ethylene signalling pathways.
This could be corroborated by recording changes of dif-
ferent phytohormones upon stress exposure over time.
Our strategy for the identification of direct phosphoryla-
tion targets of NtCDPK2 is based on the use of phospho-
proteomics. In collaboration with Dr. Janine Gielbert, we
acquired know-how in tandem ESI MS/MS analysis to
identify peptide sequences of phosphorylated proteins. In
parallel, we established and tested experimental proce-
dures for labelling proteins with **P in vivo based on the
transient expression system in N. benthamiana.

In an independent approach, the NtCDPK2-binding pock-
et is modified to utilise a bulky ATP analogue.
Background phosphorylation due to (other) kinases in
plant extracts should thus be significantly reduced
(because these kinases would be unable to hydrolyse the
ATP analogue). The corresponding NtCDPK2 variants and
controls have been generated; the modified ATP analogue
can now be synthesised in our lab. We could demonstrate
that only the modified CDPK but not the wild-type form
of NtCDPK2 was able to hydrolyse the ATP analogue in
kinase assays with a peptide substrate.

Future Developments

Biotic and abiotic stress stimuli result in the activation of
parallel as well as partially overlapping signalling cas-
cades. Multifunctional components have been identified
among CDPKs as well as MAP kinases. Studying
NtCDPK2, we obtained the first evidence that an interfer-
ence between both protein kinase signalling cascades may
exist. This potential cross-talk between different signalling
pathways and its underlying molecular mechanism(s) are
subject to future studies.

Scientific Publications

Glinski, M., T. Romeis, C.-P. Witte, S. Wienkoop and W.
Weckwerth: Stable isotope labeling of phosphopeptides for mul-
tiparallel kinase target analysis and identification of phosphory-
lation sites. Rapid Commun. Mass Spectrom. 17, 1579-1584
(2003).
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Introduction

One of the main research objectives in our laboratory is
the development of a system for insertional mutagenesis in
barley using transposable elements. So far, the systematic
use of insertional mutagenesis in monocots has been lim-
ited to maize and rice. Barley serves as a model of the
Triticeae family because it is the only true diploid self-
compatible species for which a large number of genetic
stocks and genome tools are available and is therefore well
suited for systematic insertional mutagenesis. We intro-
duced a stabilised AcTransposase gene and different ver-
sions of modified Ds-elements into barley, activated trans-
positions of Ds and characterised the transpositional
behaviour of the non-autonomous Ds-element.
Populations of Ds-containing plants were developed that
can be used for different gene-tagging approaches.

In a second project, we are investigating the biosynthesis
and function of hordatines, defence-related secondary
metabolites with strong anti-fungal activity in vitro. These
compounds, which are homo- or heterodimers of
coumaroylagmatine and feruloylagmatine, are exclusively
found in representatives of the genus Hordeum. The popu-
lations of insertional mutants are used for the identifica-
tion of hordatine deficient plants, which will help to
analyse the biological function of these metabolites.

New Results

Earlier studies gave evidence of Ds transpositions in bar-
ley and the characteristics of Ds transpositions have been
extensively analysed. Based on those results, two different

51

THOMAS KOPREK

Insertional Mutagenesis in Barley
(Hordeum vulgare L.) using the Maize
Transposons Activator and Dissociation
(Ac and Ds)

Thomas Koprek

strategies are currently being developed to use transposon
tagging in barley in the most efficient way.

Establishment of a population for reverse

genetics

For random forward and reverse genetics approaches
approximately 20,000 plants have so far been generated.
DNA-blot analysis of randomly chosen plants from the
population showed that the Ds-elements are highly dis-
persed in the barley genome. Based on the results from
DNA-blot analysis individual plants within this population
contain on average two independent Ds inserts. During the
establishment of the population, several mutant barley
phenotypes were observed. Some of these were transmit-
ted to the next generation in a Mendelian fashion and co-
segregated with a newly transposed Ds-element. These
mutants are currently under further investigation. Using
inverse PCR and adapter-ligation — PCR, many genomic
Ds-flanking regions have been isolated and sequenced.
Sequence analysis showed for many of the Ds genomic
borders a high homology to ESTs from public databases.
The high proportion of Ds-elements which inserted in or
near coding regions as well as the observed mutant phe-
notypes indicate that this approach can successfully be
used for gene tagging in barley. Reverse genetics screens
for sequences of known tagged sites were performed in
order to test the functionality of the system. Within a col-
laborative effort, we are currently carrying out screens for
insertions in genes for transcription factors, which are
involved in seed development and grain filling in barley.
Results of these screens will provide first indications of
the efficiency of the system.
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Generation of a system for targeted gene tag-
ging in barley

The system of targeted gene tagging is based on plants car-
rying a single copy of a Ds-element at a genetically mapped
integration site. Genes or regions of interest in close vicin-
ity to a mapped Ds-element can be targeted by the activa-
tion of Ds through crossing with an AcTransposase express-
ing plant. Due to the preference of Ds to transpose over
short distances, many of the resulting progeny plants will
carry new Ds insertions which are closely linked to the
original Ds integration site. In addition to the existing 82
single-copy Ds lines, the Cereal Transformation Group
(ATM) at the MPIZ generated about 200 more independent
single-copy Ds-containing as well as AcTransposase
expressing barley lines using an Agrobacterium-mediated
transformation system. A new binary vector carrying a
modified Ds-element was developed that will facilitate the
identification of transposition events and the determination
of the physical distance of Ds transpositions. In turn, this
will enable us to better estimate the number of plants need-
ed to tag a specific gene.

Simultaneously, mapping of already existing single-copy
Ds-containing lines has started. The method of choice for
the mapping of independent Ds insertion events is RFLP
mapping. RFLP mapping can easily be performed by using
Ds-flanking genomic DNA as hybridisation probes in well-
characterised mapping populations. Ten of these Ds flanks
were tested for polymorphisms in different mapping popu-
lations. Eight Ds-flanking sequences proved to be polymor-
phic in the mapping populations Chebec X Harrington and
Halcyon X Sloop and their genetic position was determined
(P. Langridge, University of Adelaide, Australia). After the
feasibility of this mapping procedure had successfully been
tested, more Ds-flanking regions were isolated and analysed
in the three mapping populations Igri X Franka, Steptoe X
Morex and Oregon Wolfe Barley (M. Prasad, IPK
Gatersleben). Overall 17 out of 25 Ds-flanking sequences
showed polymorphisms and 15 have been mapped.

To test the targeted gene tagging strategy, mapped Ds-ele-
ments close to morphological markers or genes of interest
have been activated by crossing with plants containing the
AcTransposase gene under the control of the putative
AcTransposase promoter. The resulting F, generation has
been planted and progeny of these will be analysed for the
expected phenotypes.

Analysis of the hordatine biosynthesis and func-
tion in planta

Since most of the published data about hordatines and their
precursors is not very comprehensive, we started to repeat
and expand earlier experiments. In addition to the known
hordatines A, B and M, we identified a new compound
which is a dimer of feruloylagmatine. This newly described
compound also exhibits anti-fungal activity. In contrast to
earlier reports, we detected hordatines only in Hordeum
species which are closely related to H. vulgare and contain
the I-genome of Hordeum.

To gain better insight in the biological function of these
compounds, we are trying to identify hordatine deficient
mutants in our transposon tagged barley populations.
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Together with the MALDI-TOF MS Group at the MPIZ, we
developed a robust and fast method for the measurement of
hordatines by using a high throughput MALDI-TOF proce-
dure. Large-scale screens for hordatine deficient mutants
will start soon.

Future Developments

An increase of the population size is the main goal in both
transposon tagging strategies. The population size for
reverse and forward genetic screens will be increased by
12,000 plants per year. In the targeted gene-tagging
approach, the generation of further Ds launch pads as well
as the mapping of their integration sites are the main objec-
tives. In collaborative efforts with partners at the IPK
Gatersleben and at the University of Copenhagen, we will
perform several screens of the transposon mutated popula-
tions. Furthermore, we will characterise some of the identi-
fied mutant phenotypes in more detail.

To understand the biosynthesis and biological function of
the hordatines better, we will start with screens for horda-
tine deficient mutants. Detailed analysis of these mutants
will be carried out during the next reporting period.
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Koprek, T.: Future breeding of cereal varieties in the post GMO
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Introduction

In April 2002, T accepted a group leader position in the
Department of Plant-Microbe Interactions. The primary
research interest of our group is to understand molecular
mechanisms of defence suppression in plant-microbe
interactions. There is accumulating evidence that the
establishment of compatible interactions upon attack by
biotrophic pathogens depends on the successful re-pro-
gramming of host cells including suppression of plant
defence pathways. However, little is currently known
about host targets for defence repression. One candidate is
barley Mlo, which is essential for the establishment of
compatible barley-powdery mildew interactions. The iso-
lation of the Mlo wild-type gene, the biochemical charac-
terisation of the encoded plasma membrane-resident
7 transmembrane (TM) protein, a large collection of mlo
resistant mutant alleles, available m/o suppressor mutants,
as well as a wealth of cytological data make MLO an
attractive model to gain detailed insights into defence sup-
pression mechanisms. Since MLO is a founder of a small
family of 7-TM proteins unique to plants, our interest is
also to elucidate presumed common biochemical mecha-
nisms and biological functions of MLO isoforms. For this
purpose, we utilise comprehensive genetic resources in
Arabidopsis to probe functions of each family member,
while transient single cell gene expression is used to assay
barley MLO functions in defence suppression. The Ca*-
dependent physical interaction between calmodulin and
MLO proteins serves as a basis to develop non-invasive
fluorescence-based single cell imaging technologies to
visualise and quantify the dynamics of protein-protein
interactions in living cells at subcellular resolution in real-
time. These technologies are expected to replace, at least
partly, technical hurdles that are inherently associated with
biochemical studies of low abundance polytopic mem-
brane proteins. Recently, we have also started a systemat-
ic genetic search for further defence suppression targets by
exploiting natural genetic variation of powdery mildew
resistance in Arabidopsis (see below). A separate research
line was initiated after a chance observation: a large num-
ber of barley m/o mutants encode variant proteins contain-
ing single amino acid changes that become subject to a
post-translational protein quality control. Since virtually
nothing is known about this phenomenon in plants, my

Ralph Panstruga
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MLO Proteins as a Model to unravel
Molecular Mechanism of Defence
Suppression

group is developing biochemical and genetic methods to
gain insights into the underlying molecular process.

New Results

In vivo visualisation of the MLO/calmodulin
interaction by fluorescence resonance energy
transfer (FRET) analysis

Previously, we identified calmodulin (CaM) as an MLO
interacting protein (Kim et al., 2002). CaM binds in a
Ca’-dependent manner to a structurally conserved CaM-
binding domain (CaMBD) of MLO proteins. CaM binding
to MLO enhances MLO-mediated defence suppression
but is not an absolute requirement for MLO function. To
study when and where MLO/CaM interaction occurs and
whether this interaction is dependent on pathogen attack,
we applied FRET analysis in single epidermal barley cells.
We generated translational fusions of MLO and CaM with
either yellow fluorescent protein (YFP) or cyan fluores-
cent protein (CFP). Significant FRET between fluo-
rophore-tagged MLO and CaM was revealed by fluores-
cence spectral imaging microscopy (FSPIM) and acceptor
photo-bleaching (Fig. 1), but was drastically reduced
between MLO CaMBD mutants and CaM.

Identification of MLO-interacting proteins
as a means to unravel MLO function

To identify further proteins that physically interact with
MLO proteins, we used the ‘yeast split ubiquitin assay’.
This yeast-based method is conceptually related to the
conventional yeast two-hybrid system; however, it is par-
ticularly suited for integral membrane proteins. We
employed six Arabidopsis MLO proteins as ‘bait’ to screen
Arabidopsis ‘prey’ libraries. To date, we have identified
four candidate interactors that were recovered from ‘prey’
library screens with at least two distinct MLO ‘baits’.
From the barley EST database, we identified barley
cDNAs highly homologous to the Arabidopsis ‘prey’
cDNAs. Currently, we are investigating whether the pow-
dery mildew penetration success rate changes upon over-
expression or dsRNAi-mediated gene silencing of these
barley homologues in single barley epidermal cells.
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Fig. 1. In planta single cell fluorescence resonance energy transfer (FRET) analysis of MLO/CaM interaction. (A) 3D reconstruc-
tion based on confacal sections of a barley epidermal cell co-expressing MLO::YFP and CFP::CaM fusion proteins. (B) Fluorescence
spectral imaging microscopy (FSPIM) analysis of a MLO::YFP and CFP::CaM co-bombarded barley epidermal cell. The cell was excited
with a 458 nm laser line (CFP-specific) and spectra were recorded at different sites of the cell co-expressing the fusion proteins.
Fluorescence energy transfer (and thus MLO/CaM interaction) occurs at different regions throughout the cell (indicated by a pronounced
YFP-specific peak in fluorescence intensity). Data were normalised to CFP emission at 479 nm. (C) Acceptor photo-bleaching of
MLO/CaM FRET. Photo-bleaching of YFP in the MLO::YFP fusion protein (as indicated by a decrease in YFP-specific fluorescence)
results in a sudden and sharp increase of CFP-specific fluorescence resulting from the CFP::CaM fusion protein. The photo-bleaching
pulse was applied between 4 and 14 sec (arrows). After photo-bleaching, when YFP becomes available for FRET again, YFP-specific flu-

orescence increases inversely proportionally to a decrease in CFP-specific fluorescence.

High-throughput dsRNAi-mediated gene
silencing in barley epidermal cells identifies
an actin-depolymerising factor in powdery
mildew resistance

Previous extensive chemical mutagenesis has revealed no
other broad-spectrum powdery mildew-resistant barley
mutants than those affected at Mlo. Likewise, only two ror
(required for mlo resistance) suppressor loci could be
identified by mutational screens of barley mlo mutants.
These findings suggest that further components of the
Mlo/mlo pathways are either indispensable for normal
plant growth or genetically redundant. To overcome this
obstacle, we developed a genetic screen that is based on
dsRNAi-mediated gene silencing in single barley epider-
mal cells. A barley epidermal unigene cDNA set forms the
basis for this approach. Using Gateway” technology, we
transfer about 5000 cDNAs in respective inverted repeat
DNA constructs suitable for dsRNAi-based gene silenc-
ing. Pools of five dsRNAI constructs are ballistically intro-
duced in single barley epidermal cells of either Mlo or mlo
genotypes. Upon powdery mildew infection, bombarded
cells are inspected for altered penetration success of fun-
gal sporelings. So far, we have analysed about 100 pools
of dsRNAIi constructs. Among those, we identified one
gene (encoding an actin-depolymerising factor) that upon
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silencing partially compromises mlo resistance.
Subsequent detailed analysis revealed that silencing of this
gene also confers super-susceptibility in Mlo genotypes
and susceptibility to the inappropriate powdery mildew
fungus, Blumeria graminis f. sp. tritici. Interestingly, race-
specific resistances mediated by the Mlal, Mla6 and Mlg
resistance genes were not affected upon silencing of the
actin-depolymerising factor. Identification of a component
of cytoskeletal (re-)organisation suggests a crucial role for
the cytoskeleton in basal defence, possibly serving as a
‘highway for vesicle transport’ (compare with results of
the Schulze-Lefert group: Identification of barley Ror2
encoding a syntaxin).

Post-insertional quality control of polytopic
membrane proteins in plants

Western blot analysis of barley m/o mutants affected by
single amino acid replacements surprisingly revealed that
most mutant MLO versions accumulate at significantly
reduced amounts (as compared to wild-type MLO) in the
plasma membrane or are even undetectable. Since Mlo
mRNA levels and membrane insertion efficiencies of
these mutant variants were found to be indistinguishable
from wild-type MLO, MLO mutant variants are apparent-
ly subject to post-insertional quality control. Using dual
luciferase assays, we could demonstrate similar accumula-
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tion of MLO variants in Arabidopsis protoplasts, yeast and
a human cell line as compared to barley, suggesting con-
servation of MLO quality control across kingdoms.
Exploiting yeast mutant strains defective in either assem-
bly of the 26S proteasome or various components of the
ubiquitination machinery, we showed that degradation of
unstable MLO mutant variants in yeast requires the pro-
teasome as well as specific E2 ubiquitin-conjugating
enzymes and E3 ubiquitin ligases. Currently, we are inves-
tigating the effect of overexpressing or dsSRNAi-mediated
silencing of respective plant homologues of these genes on
mutant MLO stability in planta.

Future Developments

The successful application of FRET methodology in our
lab will be modified to study the dynamics of the
MLO/CaM interaction upon biotic stress. In addition, we
will determine changes of free cytoplasmic Ca*" levels
upon biotic and abiotic stress cues by expressing cameleon
proteins in single epidermal barley cells. A mid-term goal
is to visualise both, intermolecular MLO/CaM FRET and
intramolecular cameleon FRET within the same cell (dual
FRET analysis). Also, we will apply FRET analysis as a
tool to test candidate interactors identified by the yeast
‘split ubiquitin’ system for their ability to interact with
MLO in planta.

We will perform a genetic screen in Arabidopsis to identi-
fy components of membrane protein quality control.
Transgenic plants expressing a translational fusion of an
unstable MLO variant with the kanamycin resistance gene
nptll tolerate comparatively low concentrations of
kanamycin. These transgenic lines have been mutagenised
with ethylmethane sulfonate. Respective M2 seedlings
will be screened for elevated kanamycin tolerance, assum-
ing that mutations in components of MLO quality control
will lead to a stabilised MLO1::NPTII fusion protein.

We have recently initiated a new project to unravel the
genetic diversity of powdery mildew resistance in
Arabidopsis. An extensive analysis of 360 Arabidopsis
ecotypes has revealed a surprising diversity of susceptibil-
ity/resistance to two tested powdery mildew species,
Erysiphe cichoracearum and Erysiphe cruciferarum
(Adam ef al., 1999, MPMI 12, 1031-1041). We will study
these incompatible interactions in more detail with a par-
ticular emphasis on monogenic recessively inherited
resistance. The underlying genes are candidates for com-
patibility factors that might be present/absent in particular
accessions.
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RNA-mediated Barley Yellow
Dwarf Virus Resistance

Today, it is well documented that transgenes with inverted
repeats can efficiently trigger post-transcriptional gene
silencing, presumably via a double strand RNA induced by
complementary sequences in their transcripts. Two year
ago, the cereal transformation service (ATM) designed
two constructs which include inverted repeats as well as
simple replicase constructs (Fig. 1). Step-by-step transfor-
mation experiments have been performed in order to
obtain a representative number of transgenics per con-
struct. A set of about 100 T,-plants derived from transgen-
ics harbouring inverted repeats have been infected with
barley yellow dwarf virus by Dr. Habekuf3 at Aschersleben
(Bundesanstalt fiir Ziichtungsforschung.). This experiment
will also be repeated again later this year. Complete infect-
ed plants as well as plants without virus and symptoms
and also intermediates were obtained. Molecular studies
will now be performed in order to correlate resistance and
transgenic character of barley.

Genetic Engineering of Cereals: Virus
Resistance, Marker Elimination, Insertional
Mutagenesis and Tissue-specific Expression

Hans-Henning Steinbiss

Segregational Separation of
Selectable Marker Genes in
Barley by Agrobacterium tumefa-
ciens-mediated Transfer of Two T-
DNA Regions

In a programme of plant genetic transformation, a number
of arguments exist for the creation of marker-free lines. In
these lines, marker genes, used in the selection process,
are eliminated from the plants’s genome; thereby, leaving
only the target transgene in place. This has obvious attrac-
tions in allowing the removal of antibiotic/herbicide-
resistance traits from crop plants prior to field release.
There are a number of alternative routes to achieving such
marker-free transgenic plant lines. Of these, genetic sepa-
ration of the marker and target genes in a segregating seed
population seems to be the most promising strategy.

The segregational separation of transgenes requires the
marker and target sequences to have been introduced into
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Fig. 1. Schematic representation
of the plasmids pLH60 and pLH61.
All plasmids contain two independent
T-DNAs which are separated by a
spacer of either 0.4 or 5.4 kb. The
selectable marker gene hpt derived
from the vector pWBVec8 was
designed and kindly provided by Dr.
Ming-Bo Wang (CSIRO, Canberra).
The other T-DNA contains the
expression cassette of the vector
pAHC25 provided by Dr. Peter Quail,
and two untranslatable replicase
sequences of barley yellow dwarf
luteovirus (BYDV-PAV) of different
size (thick and thin arrow) and differ-
ent orientations. This set of plasmids
was designed and constructed by Dr.
Anke Sohn and Britta Killing.
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the plant genome as independent elements; thus, permit-
ting integration at separate loci. This may be achieved by
the transfer of two separate T-DNA regions located on a
single binary vector (Fig. 1). The constructs differ in the
size of the spacer between both T-DNAs (0.5 and 5.4 Kb).
Primary transformants (T,) have been analysed by PCR
regarding the presence of /&yg and replicase sequences. In
the case of the 0.4 kb spacer, the co-transformation ratio
was 64%, in contrast to the 5.4 kb, where is was only 32%.
T,-plants were planted without hygromycin selection and
screened by PCR for the presence of both T-DNAs. The
0.4 kb spacer resulted in 8% loss of the replicase
sequences, the larger spacer in 12.5%. These results were
expected because closer linkage of the 2 T-DNAs will
favour co-integration. Interestingly, a significant segrega-
tion of the selectable marker gene Ayg did not occur. This
phenomenon is now under molecular investigation.

T-DNA Insertional Mutagenesis
for Functional Genomics in
Barley

The use of T-DNA as a mutagen for rice was developed in
2000 by Gynheung An and coworkers (Plant J. 22, 561-
570, 2000). The cereal transformation service has
improved barley transformation up to such a level that T-
DNA tagging is now feasible. In co-operation with Dr.
Jach, a binary vector has been constructed which contains
the promoterless red fluorescent protein (RFP) reporter
gene. Therefore, this gene trap vector is able to detect a
gene fusion between rfp and an endogenous gene, which is
tagged by T-DNA. We have established about 170 trans-
genic barley plants in order to assess the usefulness of the
RFP reporter gene. This is because there are still concerns
about disturbing background fluorescence; a phenomenon
which we are currently investigating.
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Functional Analysis of Maize
Transfer-cell-specific Promoters
in Wheat and Barley

A number of genes expressed specifically in different tis-
sues of the seed have been isolated and the corresponding
promoter sequences have been functionally analysed.
BETL-1 and BETL-2 are specifically expressed in the
Basal Endosperm Transfer Layer of maize. Both genes
have been identified by the former MPIZ fellows Drs. R.
Thompson and G. Hueros. The BETL promoters linked to
the GUS reporter gene have been transformed into wheat
plants. In the case of BETL-2 expression, GUS expression
was localised in the endosperm histochemically. For
BETL-1, all GUS assays have proven negative up to now.
More experiments are in progress. In maize, BETL-1 is
strongly associated with the cell wall ingrowth of the
endosperm transfer layer. A microscopical investigation
will be made in wheat regarding the cell wall construction
of the transfer cells. Conversely, BETL-2 is not bound to
the cell wall of maize transfer cells, but has a role as an
antifungal protein which may explain its presence in the
cytoplasm of the endosperm.
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Director: Francesco Salamini

The genetic basis of developmental traits relevant in crop
production and the genetic diagnosis of crop trait varia-
bility are the two main research areas in the Department.
An example relevant to crop production concerns the
genetic control of crop morphology. Patterns of shoot
branching and growth characteristics of side shoots deter-
mine to a large extent the growth pattern of plants. Two
branching mutants of tomato, lateral suppressor and blind,
are being studied. The Ls protein shares sequence similari-
ty with members of the family of VHIID proteins.
Members of this family, SCR, GAI and RGA, show a num-
ber of features pointing to their potential role as transcrip-
tional regulators. An [s mutant has also been isolated in
Arabidopsis EN mutagenised lines, and the gene is known
to restore the wild-type phenotype in tomato (Fig. 1). For
the Blind gene, a map-based cloning approach has been
used and the gene is now isolated. The gene belongs to the
MYB transcription activator family. In barley, a variety of
developmental mutants has been morphologically charac-
terised and mapped to linkage groups together with their
candidate genes.

Plant architecture is being studied in barley by mapping
and functional analysis of homeotic gene families.
Absence of recombination between putative homeotic
genes and mutants has resulted in the hooded phenotype
being associated with BKn-3, a homeobox gene. The

Fig. 1. The Arabidopsis las mutant (A) is the orthologue of Is of tomato (B) which con-
ditions the absence of lateral branches. The similarity between the two genes is high
enough that the wild-type Arabidopsis LAS gene can rescue the tomato /s mutant (C). In the
Arabidopsis shoot apex, the distribution of LAS mRNA (D) is consistent with the one
observed for LS.

genetics of Hooded has been enriched by the selection of
second-site suppressor mutants. The mapping of the K
suppressors has provided an interesting finding: out of
five complementing loci, four map to chromosome 1, in a
region of 5 to 10 cM spanning sublinkage groups 5, 6 and
7. Procedures have been established to isolate genes par-
ticipating in BKN3 networking: two BELL homeobox
genes have been isolated by the yeast two-hybrid system,
and the intron IV duplication present in Hooded - when
used in the one-hybrid screen - has led to the isolation of
proteins that interact with its DNA sequence. The barley b
recombinant (BBR) protein binds specifically to a
(GA/TC)g repeat present in the 305 bp element of Bkn3.
BBR is nuclear targeted and is characterised by the NLS
sequence, a DNA-binding domain and a putative N-termi-
nal activation domain. BBR activates (GA/TC)g-contain-
ing promoters, and its over-expression in tobacco leads to
a pronounced leaf shape modification. Available data sug-
gest that expression of the barley BKn3 is regulated, at
least in part, by the binding of the transcription factor
BBR to GA/TC repeats present in intron IV.

The photosynthesis and related genomics group has grown
and diversified to cover the areas: “Genetics of Arabidopsis
photosynthesis”, “Structural and comparative genomics”,
“Chloroplast transcriptomics” and “Molecular-physiologi-
cal characterisation of photosynthetic mutations”. These
projects have significant overlaps,
e.g. until end of 2002, the first was
located mainly in the framework of
ZIGIA, the second in the Depart-
ment of Plant Breeding and Yield
Physiology, while the third and
fourth projects are/were supported
by both. In the group, the present
state of the projects can be sum-
marised as follows: 67 PAM (photo-
synthetic) and 98 ALP (pigment-
related) mutants were isolated by
forward genetics and 11 mutated
genes were associated to specific
mutants. Alleles for 14 different
photosynthetic proteins were identi-
fied by reverse genetics; based on
bioinformatics, estimations have
been provided concerning the num-
ber and origin of chloroplast- and
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Fig. 2. Response of tran-
scription gene to different
environmental or genetic
conditions is monitored by
filter hybridisation of a set
of 1349 Arabidopsis genes
related to photosynthesis.
The co-variations observed
in the nuclear chloroplast
transcriptome under the 35
conditions tested (red: up-
regulation; green: down-reg-
ulated) indicate that large
sets of genes are under a

mitochondrion-related genes. Chloroplast transcriptomics
is now well established and producing significant results
(Fig. 2); the molecular characterisation of mutations has
provided evidence on photosynthetic state transitions,
organisation of photosystems, the essential role of plasto-
cyanin in PSI as well as the necessity of acetylation of cer-
tain chloroplast proteins.

Genetic diagnosis of crop trait variability started 17 years
ago with potato. This programme was based on RFLP, and
later on AFLP, RAPD, CAPS and SNP markers. A basic
genetic framework for a species of difficult genetic treat-
ment was developed. Even today, the group still maintains
a leading position in mapping qualitative and quantitative
resistance factors active against viruses, fungi, bacteria
and nematodes. In the last two years, the group has com-
pleted the molecular cloning and characterisation of the
RI1 gene for resistance to late blight caused by
Phytophthora infestans (Fig. 3). The group has achieved
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regulatory master-switch.

the following: (1) Completed the molecular cloning of the
Grol gene for resistance to the root cyst nematode
Globodera rostochiensis; (2) sequenced a “hot spot” for
pathogen resistance on potato chromosome V; (3) identi-
fied SNP markers tagging regions for pathogen resistance
in the potato genome; (4) developed PCR markers for
field resistance to late blight in tetraploid potatoes; and (5)
analysed the molecular diversity of potato invertase genes
which are candidates for cold-sweetening QTLs.

In the two last years, the molecular breeding group of W.
Rohde has devoted particular attention to collaboration
with developing countries. Accordingly, the main scienti-
fic interests of the group are: (1) The analysis of biodiver-
sity of tropical plants; (2) coconut and palm biotechnology;
and (3) the CIMBIOS activities (practical courses and lec-
turing). Current projects also deal with the biomonitoring
of bacterial soil communities in field trials of transgenes of
potato. Recent results include: (1) The development of a
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Fig. 3. Cloning of the r1 resistance gene of potato: Comple-
mentation test. Disease symptoms are evident nine days post-
inoculation on leaflets from the susceptible cultivar Desirée (A),
but not on transgenic Desirée line no. 10-5-5 transformed with R71
(B), nor the resistant parent P41 (R1r1) (C).

dense marker map for coconut and oil palm; (2) the
development of molecular markers to measure biodiversity
of tropical crops; and (3) the mapping of QTLs for vegeta-
tive traits in coconut and for productive traits in oil palm.
Co-operation with developing countries is being pursued
by co-ordination of an EU-funded project on molecular
linkage maps in coconut and oil palm (2001-2004) with
Indonesia, Malaysia and the Philippines as partners.
Network formation on biodiversity analysis of economical-
ly important crops has been initiated by scientist exchange
projects with Cuba and Mexico; this is being intensified by
a bilateral project with Cuba (molecular linkage map in
guava) funded by the DFG/BMZ (2001-2004).

Structure of the Department:

* Genetic and Molecular Analysis of Shoot Branching in Seed Plants

 Barley Genetics

 Potato Genetics and Genomics

* Genome Analysis of Sugar Beet

» Einkorn Wheat

* Molecular Plant Virology and Molecular Breeding
* Photosynthesis and Related Genomics

» Systematic Analysis of Protein Interaction Networks with an

Optimised Yeast Two-Hybrid System*

* Functional Analysis of Transcription Factors mediating
the Formation of Flavonols in Arabidopsis thaliana*

» Engineering resistance to viral pathogens

*Groups which have recently joined the department.
The description of these groups is provided in the pages which follow.

Sugar beet molecular breeding is an important and rela-
tively recent addition to the Department. To date 10,000
unigene ¢cDNAs from several tissues (ADIS) have been
sequenced and their use in filter-based hybridisations to
monitor preferential gene expression assessed. Moreover,
an automated method for multiplex SNP scoring and an
approach to QTL mapping in a panel of 122 unrelated
breeding lines by associating haplotypes to nitrogen-
related traits have been developed. Further, 33 resistance-
related genes have been mapped. Finally, the fine mapping
of the Rrl gene on chromosome III has been completed.

Molecular markers have been used as a diagnostic tool to
understand species domestication. Einkorn wheat, one of
the primary domesticates of the Near East, was found to
originate from the Karacadag mountains, South-east
Turkey. Recent data, which concern the AFLP analysis of
a collection of 4n wheats, indicate that also the domesti-
cation of Emmer and Hard wheats maps to the same area;
thus, reinforcing the role of South-east Turkey as the core
area for the Mesopotamic agriculture. Molecular markers
are also exploited in the wheats to produce linkage maps,
to describe the qualitative properties of storage proteins as
well as to understand genome A variability in diploid,
tetra- and hexaploid wheats.
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The Domestication of Emmer also
maps to the Karacadag Range

Genetic identification of the natural stands from which
wild crops were domesticated addresses the question of
where specifically within the Fertile Crescent humans
invented agriculture. The approach involves comparing
wild and domesticated populations using molecular
markers that give genome-wide estimates of genetic simi-
larity. One promising technique is amplified fragment
length polymorphism (AFLP), a polymerase chain reac-
tion (PCR)-based procedure that resolves radioactively
labelled electrophoretic bands (polymorphic loci) on
sequencing gels. Using AFLPs, the site of domestication
of einkorn — a diploid wheat was identified from the
analysis of 288 AFLP marker loci. Those results indicated
that wild populations from the Karacadag Mountains of
southeast Turkey are more similar to domesticated ein-
korn than other wild populations are. The publication of
the einkorn data (Heun ef al., 1997, Science 278, 1312)
renewed the debate on the origin of Near East agriculture.
Lev-Yadun et al. reported that the distribution of several
crop progenitors intersect in a region of southeast Turkey,
circumscribing a small core area that includes Karacadag
(Lev-Yadun et al. 2000, Science 288, 1602). Whether the
core area was also the place of origin of other additional
founder crops of the Fertile Crescent agriculture was
tested using domesticated and wild tetraploid lines of 7.
dicoccoides (the latter being the progenitor of modern
polyploid wheats). The AFLP data obtained for 204 loci
localise the origin of tetraploid wheat domestication to
southeast Turkey, thus lending strong support to the
emerging view that agriculture originated in the small core
area of southeast Turkey located near the upper course of
Tigris and Euphrates rivers (Ozkan et al., 2002).

The A Genome Wheats

The access to a large source of genetic variability repre-
sented by the wild lines used in the experiments concern-
ing the origin of Mesopotamic cereals, has enabled the
contribution of the A genome taxa to the polyploid wheats
to be reassessed. The diploid wheat 7. monococcum
boeoticum, although having an A genome, is not the A
progenitor of tetraploid and hexaploid wheats. This role is
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Einkorn Wheat

Francesco Salamini

supposed to have been played by 7. wrartu, a second A
genome species. The situation may not be as simple as
proposed. Available data indicate that: (1) when a large
group of wild accessions of T'm. boeoticum and T. urartu
is considered, intermediate forms between the two taxa are
spotted by using molecular markers (in our collection ID
lines 1529, 1231, 1122, 1528); (2) if, based on AFLP
markers specific for the A genomes, 2n, 4n and 6n wheats
are compared in phylogenetic analysis, the genetic dis-
tances between diploid A genomes and those of 4n and 6n
genotypes depends also on the variability among acces-
sions of a species; (3) the sterility in crosses between 7.
monococcum (wild or cultivated) and 7. urartu is a fact.
However, rare seeds can nevertheless be obtained from
these F1 hybrids. By growing such seeds into plants, the
recombination between 7. wrartu and T. monococcum
chromosomes was demonstrated; it is thus predicted that
such hybrid forms should be present also in natural habi-
tats. A wild line of T.m. boeoticum (ID1231) was revealed
to be particularly distant from the other accessions. When
crossed with four different lines of 7. urartu, ID1231 gen-
erated necrotic lethal seedlings at the ten leaf stage. Using
three-way crosses, the necrotic lethal phenotype has been
assigned to a single nuclear gene. Both the crossing results
and the fingerprinting of ID1231 support the search of fur-
ther genome A taxa deserving, as 7'm. boeoticum and T.m.
monococcum, the rank of subspecies. Altogether, the data
on a large number of wild genome A accessions contribute
to define a more precise — but also more complex — view
of the wild progenitors of wheats.

The Genetics of Einkorn
Domestication has relevance to
Einkorn Breeding

Einkorn lines with the free-threshing character sog and a
drastically reduced plant size are available. Crosses are
being produced to integrate, in this genetic pool, superior
genes for protein quality. The improvement of other agro-
nomic traits is difficult due to a strong pleiotropic effect of
the sog allele which conditions the appearance of very
compacted spikes. An interpretation of the genetics of this
character has been offered by the analysis of a Tm.
boeoticum x T.m. monococcum F3 population. Major QTL
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for tough rachis maps to chromosomes 2 and 5 in syntenic
position with the Tg and Q loci of 6n wheats. The chro-
mosome 2 QTL corresponds in position to the Sog locus,
supporting the functional orthology among the two fac-
tors, also for what concerns rachis fragility. To the same
chromosome 2 region map two QTLs for spikelet fertility
and seed size. QTLs for seed size have been allocated to
three chromosomes. The QTL data point to chromosome 2
as the major contributor of loci affecting einkorn domesti-
cation. This offers proper molecular markers to search for
Einkorn lines combining superior agronomical traits and a
structure of the ear adapted to mechanical seed threshing.
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Barley Genetics
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Wolfgang Rohde

Introduction

A variety of developmental mutants affecting vegetative
and reproductive organs of barley (Hordeum vulgare L.)
have been collected. Mutants can be morphologically

characterised and mapped on a molecular linkage map. In
some cases, attempts to map-based clone follow. In paral-
lel, homeotic gene families are also mapped. The homeo-
tic Hooded mutation has been studied in detail. The find-
ing of absence of recombination between gene and mutant
has led to the association of the Hooded mutant to BKn-3,
a member of the Knox gene family. The mutation is caused
by a 305 bp duplication in intron IV.

New Results and Future
Developments

One-hybrid experiments

The Hooded mutant is molecularly explained by the over-
expression of the BKn-3 homeobox gene due to a duplica-
tion of 305 bp in intron IV. The 305 bp were used as bait
in the yeast one-hybrid system, in order to identify pro-
teins interacting with the 305 bp, by integrating into the
yeast chromosome a BKn-3 305 bp/His minimal pro-
moter/His gene construct, and screening with a barley
cDNA library cloned in a GAL4-activation domain vector.
The screen identified barley proteins that interacted with
the sequence. Among these are a cystein-rich protein, a
protein with homology to ethylene-insensitive-like pro-
teins from Arabidopsis, a protein involved in flower devel-
opment characterised by a DNA-binding domain and the
BBR protein.

The barley b recombinant (BBR) protein binds specifical-
ly to a (GA/TC)g repeat present in the 305 bp element of
Bkn3. BBR is nuclear targeted and is characterised by the
NLS sequence, a DNA-binding domain and a putative ter-
minal activation domain. BBR activates (GA/TC)g con-
taining promoters, and its over-expression in tobacco leads
to a pronounced leaf shape modification. Available data
suggest that expression of the barley Bkn3 is regulated, at
least in part, by the binding of the transcription factor
BBR to GA/TC repeats present in intron IV.

Playing with mutants and genes

Genetics is still proving highly productive in the analysis
of the homeobox gene system in barley, particularly, when
in cases of association of gene mapping and data provid-
ed by molecular analyses. The genetics of Hooded has
been enriched by the selection of second-site suppressor
mutants (suk mutants). The mapping of the K suppressors
has provided an interesting finding: out of five comple-
menting loci, four map to chromosome 1, in a region of 5
to 10 cM spanning sublinkage groups 5, 6 and 7. To the
same region maps the gene locus /k2 controlling awn
length (the awn is the terminal appendage of the lemma
and is homologous to a leaf blade). A morphological rela-
tion between suk mutants and /k2 was evident: both types
of mutations have short awns. The genetic analysis
excludes that [k2 corresponds to one of the suk loci; how-
ever, it is still possible that in this isophenic chromosomal
segment more loci map which control the same trait.
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The one-hybrid experiments provided four proteins inter-
acting with Bkn3 intron IV: BBR, BEIL, BAPL and BGRF.
The corresponding four genes were mapped, respectively,
to chromosomes 4, 1, 7 and 2. The Beil gene comaps with
the suk-Ik2 spot on chromosome 1, sublinkage groups 5-7.
The Bapl gene comaps with the mutation /lel2 (leafy
lemma) on chromosome 7, sublinkage groups 60-63. The
BBR gene maps on chromosome 4, sublinkage group 38,
where also the short awn mutant /k5 is positioned. Together,
the two sets of genetic and molecular data offer new possi-
bilities of gene to mutant association which are currently
being tested.

Scientific Publications

Pozzi, C., D. di Pietro, G. Halas, C. Roig and F Salamini:
Integration of a barley (H. vulgare) molecular linkage map with
the position of genetic loci hosting 29 developmental mutants.
Heredity 90, 390-396 (2003).

Santi, L., Y. Wang, M. R. Stile, K. Berendzen, D. Wanke, C. Roig,
C. Pozzi, K. Miiller, J. Miiller, W Rohde and F Salamini: The GA
octodinucleotide repeat binding factor BBR participates in the
transcriptional regulation of the homeobox gene Bkn3. Plant J.
34, 8133-826 (2003).

Structure of the group

Prof. Wolfgang Rohde
Prof. Francesco Salamini
Dr. Cristina Roig Montaner
Dr. Yongxiu Liu

Luca Santi

Maria Rosaria Stile

Group leaders
Postdoctoral fellows

PhD students

Guest scientist
Maria Rosaria Stile, University of Naples, Italy, Ph.D. student

Collaborations

Barley genetics, Dipartimento di produsione vegetale, Italy, C.
Pozzi

Scientific Publications of the Department
Ballvora, A., M.R. Ercolano, J. Weifs, K. Meksem, C.A. Bormann,
P. Oberhagemann, F Salamini and C. Gebhardt: The R1 gene for
potato resistance to late blight (Phytophthora infestans) belongs
to the leucine zipper/NBS/LRR class of plant resistance genes.
Plant J. 30, 361-371 (2002).

Bartels, D., and F Salamini: Desiccation tolerance in the resur-
rection plant Craterostigma plantagineum: a contribution to the
study of drought tolerance at the molecular level. Plant Physiol.
127, 1346-1353 (2001).

Bhat, R.A., M. Riehl, G. Santandrea, R. Velasco, S. Slocombe, G.
Donn, H.H. Steinbiss, R.D. Thompson and H.A. Becker:
Alteration of GCNS levels in maize reveals dynamic responses to
manipulating histone acetylation. Plant J. 33, 455-469 (2003).
Burbidge, A., P Lindhout, TM. Grieve, K. Schumacher, K.
Theres, A.W. van Heusden, A.B. Bonnema, K.J. Woodman and I.B.
Taylor: Re-orientation and integration of the classical and inter-
specific linkage maps of the long arm of tomato chromosome 7.
Theor. Appl. Genet. 103, 443-454 (2001).

Deng, X., J. Phillips, A.H. Meijer, F Salamini and D. Bartels:
Characterization of five novel dehydration-responsive home-

64

odomain leucine zipper genes from the resurrection plant
Craterostigma plantagineum. Plant Mol. Biol. 49, 601-610 (2002).

El Rabey, H.A., A. Badr, R. Schdfer-Pregl, W. Martin and F
Salamini: Speciation and species separation in Hordeum L.
(Poaceae) resolved by discontinuous molecular markers. Plant
Biol. 4, 567-575 (2002).

Ercolano MR, A. Ballvora, J. Paal, H.-H. Steinbiss, F. Salamini
and C. Gebhardt: Biolistic transformation of plants with large
DNA fragments: an efficient tool for functional complementa-
tion analysis in potato. Mol. Breed. (in press).

Gebhardt, C.: Erstes Resistenzgen gegen Kraut-
Knollenfdule. Kartoffelbau 11, 448-449 (2002).

Gebhardt C., F Salamini, A. Ballvora, M. Ercolano and J. Weifs:
European Patent Application 01120670.3: Plant derived resist-
ance gene (2001).

Gebhardt C, R. Schdfer-Pregl, X. Chen and F. Salamimi: Without
a map you cannot navigate: DNA markers for sailing the genome
of potato (Solanum tuberosum), In: Solanaceae V, Advances in
Taxonomy and Utilization (R.G. van den Berg, G.W.M.
Barendse, G.M. van der Weerden and C. Mariani, eds.).
Nijmegen University Press, Nijmegen, pp.195-207 (2001).

und

Gebhardt, C., and JPT. Valkonen: Organization of genes con-
trolling disease resistance in the potato genome. Annu. Rev.
Phytopathol. 39, 79-102 (2001).

Gebhardt, C., B. Walkemeier, H. Henselewski, A. Barakat, M.
Delseny and K. Stiiber: Comparative mapping between potato
(Solanum tuberosum) and Arabidopsis thaliana reveals struc-
turally conserved domains and ancient duplications in the potato
genome. Plant J. (in press).

Gidoni, D., E. Fuss, A. Burbidge, G.-J. Speckmann, S. James, D.
Nijkamp, A. Mett, J. Feiler, M. Smoker, M.J. de Vroomen, D.
Leader, T. Liharska, J. Groenendijk, E. Coppoolse, JJ.M. Smit, L.
Levin, M. de Both, W. Schuch, J.D.G. Jones, I.B. Taylor, K. Theres
and M.J.J. van Haaren: Multi-functional T-DNA/Ds tomato lines
designed for gene cloning and molecular and physical dissection
of the tomato genome. Plant Mol. Biol. 51, 83-98 (2003).

Glaczinski H, A. Heibges, FE Salamini and C. Gebhardt:
Members of the Kunitz-type protease inhibitor gene family of
potato inhibit soluble tuber invertase in vitro. Potato Res. (in
press).

Grafles, T, P Pesaresi, E Schiavon, C. Varotto, F Salamini, P
Jahns and D. Leister: The role of DpH-dependent dissipation of
excitation energy in protecting photosystem II against light-
induced damage in Arabidopsis thaliana. Plant Physiol.
Biochem. 40, 41-49 (2002).

Greb T, O. Clarenz, E. Schdfer, D. Miiller, R. Herrero, G. Schmitz
and K. Theres: Molecular analysis of the LATERAL SUPPRES-
SOR gene in Arabidopsis reveals a conserved control mechanism
for axillary meristem formation. Genes Dev. (in press).

Greb T, G. Schmitz and K. Theres: Isolation and characterization
of the Spindly homologue from tomato. J. Exp. Bot. 53, 1829-
1830 (2002).

Heyl, A., J. Muth, G. Santandrea, T. O’Connell, A. Serna and R.D.
Thompson: A transcript encoding a nucleic acid-binding protein
specifically expressed in maize seeds. Mol. Gen. Genomics
266,180-189 (2001).

Hilbricht, T, E Salamini and D. Bartels: CpR18, a novel SAP-
domain plant transcription factor, binds to a promoter region
necessary for ABA mediated expression of the CDeT27-45 gene
from the resurrection plant Craterostigma plantagineum Hochst.
Plant J. 31, 293-303 (2002).



DEPARTMENT OF PLANT BREEDING AND YIELD PHYSIOLOGY

Hunger, S., G. DiGaspero, S. Méhring, D. Bellin, R. Schdfer-
Pregl, D.C. Borchardt, C.E. Durel, M. Werber, B. Weisshaar, F.
Salamini and K. Schneider: Isolation and linkage analysis of
expressed disease-resistance gene analogues of sugar beet (Betal
vulgarsi L.). Genome 46, 70-82 (2003).

Kurth, J., P Pesaresi, A. Biel, E. Richly, M. Weigel, C. Varotto, D.
Maiwald, F Salamini and D. Leister: Photosynthesis and related
genomics. PS2001 Proceedings: 12" International Congress on
Photosynthesis. CSIRO Publishing, Melbourne, Australia
(2002).

Kurth, J, C. Varotto, P Pesaresi, A. Biehl, E. Richly, F Salamini
and D. Leister: Gene-sequence-tag expression analyses of 1,800
genes related to chloroplast functions. Planta 215, 101-109 (2002).

Leister, D.: Chloroplast research in the genomic age [Review].
Trends Genet. 19, 47-56 (2003).

Leister, D., (ed.): Plant Functional Genomics. The Haworth Press,
Binghamton, New York (in press).

Maiwald, D., A. Dietzmann, P Jahns, J. Levin, F Salamini and D.
Leister: Knock-out of the genes coding for the Rieske protein
and the ATP-synthase delta-subunit of Arabidopsis thaliana:
effects on photosynthesis, thylakoid protein composition and
nuclear chloroplast gene expression. Plant Physiol. (in press).

Maiwald, D., C. Varotto, M. Weigel, E. Richly, A. Biehl, P Pesaresi,
J. Kurth, F Salamini and D. Leister: Higher plant photosynthesis
and related genomics. Vortr. Pflanzenziicht. 52, 27-35 (2001).

Marczewski W, B. Flis, J. Syller, R. Schdfer-Pregl and C.
Gebhardt: A major QTL for resistance to Potato leafioll virus
(PLRV) is located in a resistance hotspot on potato chromosome
XI and is tightly linked to N-gene-like markers. Mol. Plant-
Microbe Interact. 14, 1420-1425 (2001).

Marczewski, W, J. Hennig and C. Gebhardt: The Potato virus S
gene Ns maps to potato chromosome VIII. Theor. Appl. Genet.
105, 564-567 (2002).

Martin, W, T. Rujan, E. Richly, A. Hansen, S. Cornelsen, T. Lins, D.
Leister, B. Stoebe, M. Hasegawa and D. Penny: Evolutionary analy-
sis of Arabidopsis, cyanobacteria and chloroplast genomes reveals
plastic phylogeny and thousands of cyanobacterial genes in the
nucleus. Proc. Natl. Acad. Sci. USA 99, 12246-12251 (2002).

Menendez, C.M., E. Ritter, R. Schifer-Pregl, B. Walkemeier, A.
Kalde, F Salamini and C. Gebhardt: Cold-sweetening in diploid
potato. Mapping QTL and candidate genes. Genetics 162, 1423-
1434 (2002).

Mishra, S.K., J, Tripp, S, Winkelhaus, B, Tschiersch, K. Theres, L.
Nover and K.D. Scharf: In the complex family of heat stress tran-
scription factors, HsfAl has a unique role as master regulator of
thermotolerance in tomato. Genes Dev. 16, 1555-1567 (2002).

Ozkan, H., A. Brandolini, R. Schdifer-Pregl and F Salamini:
AFLP analysis of a collection of tetraploid wheats indicates the
origin of emmer and hard wheat domestication in southeast
Turkey. Mol. Biol. Evol. 19, 1797-1801 (2002).

Pesaresi, P, N. Haigh, S. Masiero, A. Dietzmann, L. Eichacker, R.
Wickner, E Salamini and D. Leister: Cytoplasmic N-terminal
protein acetylation is required for efficient photosynthesis in
Arabidopsis. Plant Cell (in press).

Pesaresi; P, C. Lunde, P Jahns, D. Tarantino, J. Meurer, C.
Varotto, R.D. Hirtz, C. Soave, H.V. Scheller, FE Salamini and D.
Leister: A stable LHCII-PSI aggregate and suppression of pho-
tosyntetic state transitions in the psael-1 mutant of Arabidopsis
thaliana. Planta 215, 940-948 (2002).

Pesaresi, P, C. Varotto, J. Meurer, P Jahns, E Salamini and D.
Leister: Knock-out of the plastid ribosomal protein L11 in

65

Arabidopsis: effects on mRNA translation and photosynthesis.
Plant J. 27, 179-189 (2001).

Pesaresi, P, C. Varotto, E. Richly, J. Kurth, F. Salamini and D.
Leister: Functional genomics of Arabidopsis photosynthesis.
Plant Physiol. Biochem. 39, 285-294 (2001).

Pesaresi, P, C. Varotto, E. Richly, A. Lefnick, F Salamini and D.
Leister: Protein-protein and protein function relationships in
Arabidopsis photosystem I: cluster analysis of PSI polypeptide
levels and photosynthetic parameters in PSI mutants. J. Plant
Physiol. 160, 17-22 (2003).

Phillips, JR., T. Hilbricht, . Salamini and D. Bartels: A novel
abscisic acid- and dehydration-responsive gene family from the
resurrection plant Craterostigma plantagineum encodes a plas-
tid-targeted protein with DNA-binding activity. Planta 215, 258-
266 (2002).

Pozzi, C., D. di Pietro, G. Halas, C. Roig and E Salamini:
Integration of a barley (H. vulgare) molecular linkage map with
the position of genetic loci hosting 29 developmental mutants.
Heredity 90, 390-396 (2003).

Richly, E., A. Dietzmann, A. Biehl, J. Kurth, C. Laloi, K. Apel, F
Salamini and D. Leister: Co-Variations in the nuclear chloroplast
transcriptome reveal a regulatory master switch. EMBO Rep. (in
press).

Richly, E., J. Kurth and D. Leister: Mode of amplification and
reorganization of resistance genes during recent Arabidopsis
thaliana evolution. Mol. Biol. Evol. 19, 76-84 (2002).

Rickert, AM., A. Premstaller, C. Gebhardt and PJ. Oefner:
Genotyping of SNPs in a polyploid genome by pyrosequencing.
Biotechniques 32, 592-593, 596-598, 600 (2002).

Rodrigo, M.-J., J. Moskovitz, F Salamini and D. Bartels: Reverse
genetic approaches in plants and yeast suggest a role for novel,
evolutionarily conserved, selenoprotein-related genes in oxidative
stress defense. Mol. Genet. Genomics 267, 613-621 (2002).

Rossberg, M., K. Theres, A. Acarkan, R. Herrero, T. Schmitt, K.
Schumacher, G. Schmitz, R. Schmidt. Comparative sequence
analysis reveals extensive microcolinearity in the Lateral sup-
pressor regions of the tomato, Arabidopsis, and Capsella
genomes. Plant Cell 13, 979-988 (2001).

Salamini, F.: Piante geneticamente modificate. In: La tossicolo-
gia per la qualita e la sicurezza alimentare (P. Hrelia and G.C.
Forti, eds.). Patron Editore, Bologna, pp. 109-113 (2001).

Salamini, F.: A path towards agricultural productivity: cereal
genomics. Plant Mol. Biol. 48, 443-444 (2002).

Salamini, E, H. Ozkan, A. Brandolini, R. Schdfer-Pregl and W
Martin: Genetics and geography of wild cereal domestication in
the Near East. Nature Reviews Genetics 3, 429-441 (2002).

Salamini, F and K. Schneider: Integration of new genomic tech-
nologies in variety development. Vortr. Pflanzenziicht. 54, 189-
193 (2002).

Salamini, F, A. Sohn and H. Thomas: Biotechnology development
in Germany: the case of Nordrhein Westfalen. In: Complexity and
Industrial Clusters. Dynamics and Models in Theory and Practice
(A. Quadrio Curzio and M. Fortis, (eds.). Physica-
Verlag/Springer-Verlag Company, Heidelberg, pp. 239-248
(2002).

Santandrea, G., Y. Guo, T. O’Connell and R.D. Thompson: Post-
phloem protein trafficking in the maize caryopsis: zmTRXh1, a
thioredoxin specifically expressed in the pedicel parenchyma of
Zea mays L., is found predominantly in the placentochalaza.
Plant Mol. Biol. 50, 743-756 (2002).



FRANCESCO SALAMINI

Santi, L., Y. Wang, M.R. Stile, K. Berendzen, D. Wanke, C. Roig,
C. Pozzi, K. Miiller, J. Miiller, W Rohde and F Salamini: The GA
octodinucleotide repeat binding factor BBR participates to the
transcriptional regulation of the homeobox gene Bkn3. Plant J.
34, 813-826 (2003).

Schmitz, G., E. Tillmann, FE Carriero, C. Fiore, F Cellini and K
Theres: The tomato Blind gene encodes a MYB transcription fac-
tor that controls the formation of lateral meristems. Proc. Natl.
Acad. Sci. USA 99, 1064-1069 (2002).

Schneider, K., D.C. Borchardt, D. Bellin and F Salamini: Ansitze
zur  Verkniipfung von struktureller und funktionaler
Genomanalyse in der Zuckerriibe (Befa vulgaris L.). Votr.
Pflanzenziicht. 52, 61-68 (2001).

Schneider, K., R. Schiifer-Pregl, D.C. Borchardt and F. Salamini:
Mapping QTLs for sucrose content, yield and quality in a sugar
beet population fingerprinted by EST-related markers. Theor.
Appl. Genet. 104, 1107-1113 (2002).

Schneider, K., B. Weisshaar, D.C. Borchardt and F. Salamini:
SNP frequency and allelic haplotype structure of Beta vulgaris
expressed genes. Mol. Breed. 8, 63-74 (2001).

Serna, A., M. Maitz, T. O Connell, G. Santandrea, K. Thevissen,
K. Tienens, G. Hueros, C. Faleri, G. Cai, F Lottspeich and R.D.
Thompson: Maize endosperm secretes a novel antifungal protein
into adjacent maternal tissue. Plant J. 25, 687-698 (2001).

Smith-Espinoza, C., A. Richter, F Salamini and D. Bartels:
Dissecting the response to dehydration and salt (NaCl) in the res-
urrection plant Craterostigma plantagineum. Plant Cell Environ.
(in press).

Suzuki, Y., S. Uemura, Y. Saito, N. Murofushi, G. Schmitz, K.
Theres and I. Yamaguchi: A novel transposon tagging element for
obtaining gain-of-function mutants based on a self-stabilizing Ac
derivative. Plant Mol. Biol. 45, 123-131 (2001).

Taenzler, B., R.F Esposti, P Vaccino, A. Brandolini, S. Effgen, M.
Heun, R. Schdfer-Pregl, B. Borghi and E Salamini: Molecular
linkage map of Einkorn wheat: mapping of storage —protein and
soft-glume genes and bread-making quality QTLs. Genet. Res.
80, 131-143 (2002).

Thompson, R.D., G. Hueros, H.A. Becker and M. Maitz:
Development and functions of seed transfer cells. Plant Sci. 160,
775-783 (2001).

Unte, U.S., A.M. Sorensen, P Pesaresi, D. Leister, H. Saedler and
P Huijser: SPL8, a SBP-box gene affecting pollen sac develop-
ment in Arabidopsis. Plant Cell (in press).

Varotto, C., D. Maiwald, P Pesaresi, P Jahns, F Salamini and D.
Leister: The metal ion transporter IRT1 is necessary for iron
homeostasis and efficient photosynthesis in Arabidopsis
thaliana. Plant J. 31, 589-599 (2002).

Varotto, C., P Pesaresi, P Jahns, A. Lefnick, M. Tizzano, F
Schiavon, F. Salamini and D. Leister: Single and double knock-
outs of the genes for photosystem I subunits PSI-G, -K and -H of
Arabidopsis thaliana: effects on PSI composition, photosynthet-
ic electron flow and state transitions. Plant Physiol. 129, 616-624
(2002).

Varotto, C., E. Richly, F Salamini and D. Leister: GST-PRIME: a

genome-wide primer design software for the generation of gene
sequence tags. Nucleic Acids Res. 29, 4373-4377 (2001).

Velasco, R., C. Korfhage, A. Salamini, E. Tacke, J. Schmitz, M.
Motto, F Salamini and H.P. Déring: Expression of the glossy2
gene of maize during plant development. Maydica 47, 71-81
(2002).

66

Weigel, M., C. Varotto, P. Pesaresi, F. Salamini and D. Leister:
Plastocyanin is indispensable for photosynthetic electron flow in
Arabidopsis thaliana. J. Biol. Chem. (in press).

Zhang, Z.-Y., F Salamini and R. Thompson: Fine mapping of the
defective endosperm maize mutant RGF1 using different DNA
pooling strategies and three classes of molecular markers.
Maydica 47, 277-286 (2003).

Diploma theses

Anja Béttcher (2002) Systematische Charakterisierung der
BELL-Hom&odomain-Proteine in Arabidopsis thaliana

Marco Tizzano (2001) Molecular-genetic analysis of Arabidopsis
mutants with En-transposon insertion in the PsaG and PsaH?2
genes coding for photosystem I subunits

Fabio Schiavon (2001) Molecular-genetic analysis of of Arabi-
dopsis mutants with En-transposon insertion in the PsbS and PetC
genes coding for subunits of the photosynthetic machinery

Martin Weigel (2001) Molekulargenetische Analyse von Arabi-
dopsis-Mutanten mit beeintrichtigter Photosynthese

PhD theses

Riyaz Bhat (2002) Evidence for the biological functions of his-
tone acetyl-transferase GenS and adaptor protein Ada2 in Zea
mays L

Thomas Greb (2003) Untersuchungen zur Rolle des Gens LATER-
AL SUPPRESSOR in der Seitentriebentwicklung von Arabidopsis
thaliana H. und der Tomate (Lycopersicon esculentum M.)
Hannah Jaag (2001) Eine neue interne Bindungsstelle fiir die
Translationsinitiation von Ribosomen in der Kartoffelblattroll-
virus-RNA

Daniela Maiwald (2003) Molecular and physiological character-
isation of the two Arabidopsis thaliana mutants atpd and petc
Frank Mehrtens (2002) Untersuchungen zur Funktion des
Transkriptionsfaktors AtMYB12 als Regulator des Phenyl-
propanoidstoffwechsels

Jiirgen Paal (2002) Molekulare Charakterisierung der Grol Re-
gion in Kartoffel, die Resistenz gegen den Nematoden Globo-
dera rostochiensis vermittelt

Brigitte Paap (2002) Wechselwirkungen zwischen Genprodukten
des Kartoffelblattrollvirus (PLRV) und Wirtsfaktoren der
Kartoffelpflanze (Solanum tuberosum L.)

Rosa Castillo (2002) A potato large-insert library for isolation of
candidate loci for late blight resistance and studies on their
genome organization

Andreas Rickert (2002) Entwicklung und Analyse von SNP-
Markern (single nucleotide polymorphismes) in Pathogenresis-
tenz-vermittelnden Regionen des Kartoffelgenoms

Marcus Riehl (2002) Charakterisierung der Histonacetyltrans-
ferase GCNS und des Adaptorproteins Ada2 in Zea mays L. und
Arabidopsis thaliana

Luca Santi(2002) Intron mediated regulation of BKn3, a plant
homeobox gene, as supported by BBR (GAGA) binding factor
Barbel Taenzler (2002) QTL-Analyse der Backqualitit in
Einkornweizen (7.m. monococcum)

Claudio Varotto (2002) Genetic and molecular dissection of
Photosystem I functions in Arabidopsis and related functional
genomics

Sonja Vorwerk (2003) Analysis of a novel kelch domain-contain-
ing protein from maize

llona Zimmermann (2003) Systemitische Untersuchungen von
Proteininteraktionen der MYB und bHLH Transkriptions-
faktoren aus Arabidopsis thaliana. ]



DEPARTMENT OF PLANT BREEDING AND YIELD PHYSIOLOGY

Introduction

Sugar beet is an important crop plant for sucrose production.
Our research is focused on genomic regions with relevance
to agronomic traits like disease resistance and sugar quality.
Our aim is to supplement classical breeding strategies by
using genomics tools. The group’s key research interests and
goals are as follows:

* development of SNP (single nucleotide polymorphism)
markers and establishment of a semi-automated tech-
nique for genotyping

* identification of candidate genes for tap root develop-
ment by cDNA macroarrays and genetic analysis

 development of an association mapping approach to
sugar beet QTL for nitrogen-related traits

* identification and linkage analysis of disease resistance
gene analogues and cloning of a gene conferring resist-
ance to rhizomania

New Results

EST sequencing, development of SNP
markers and semi-automated genotyping
(GABI-BEET project)

A set of 10,000 unique sugar beet cDNAs derived from
young and mature roots, leaves and inflorescences was
sequenced by the ADIS unit at the MPIZ. ESTs were
processed by the “beetbase”; a password-protected database
incorporating all data generated within the project and serv-
ing as an information exchange platform for all partners.
For SNP analysis, a set of 16 breeding lines including an

Genome Analysis of Sugar Beet
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determined in the study of Schneider ef al. (2001).
Complementary to SSCP mapping, the SNaPshot method
(Applied Biosystems) was introduced as a semi-automat-
ed method for multiplex SNP scoring. This technique is
based on primer extension with fluorescently labelled
nucleotides along with capillary electrophoresis. Protocols
for multiplex PCR and 6-plex SNaPshot reactions were
developed. SNP detection by MALDI-TOF was success-
fully tested by an external service.

Crosslinking functional and structural geno-
mics with regard to sugar metabolism and
root development (SWEET GABI project)

The aim of this project is to identify candidate genes with
relevance to sugar metabolism and root development
based on their expression pattern. Therefore, cDNA AFLP
and cDNA macroarray analysis were established to com-
pare the transcription profiles in different: (1) plant
organs; (2) developmental stages; and (3) parts of the
mature tap root. Using a set of 3,800 cDNA clones from
young leaves and roots representing 2,048 unique
sequences, a protocol was established to identify clones
with preferential expression in one or two of the three
organs, namely root, leaf and/or inflorescence. Based on
the statistical analysis of eight replica and a threshold for
expression ratios of two, 917 unique cDNAs were found to
be differentially expressed. Among these, 76 preferential-
ly root-expressed cDNAs with predicted functions in pri-
mary and secondary carbohydrate metabolism and other
pathways (Fig. 1) were identified. The cDNA AFLP analy-

accession of red beet, Swiss chard and Beta mar-
itima each of these has been analysed. Targets
for SNP analysis are 300 markers derived from
converted RFLP markers and ESTs revealing
sequence similarities to genes involved in sugar
and energy metabolism. In a pre-screen, PCR
products amplified from the different genotypes
were submitted to SSCP (single strand confor-
mation polymorphism) analysis, a gel-based
technique known to detect SNPs. To determine
nucleotide variation, PCR products of 51 RFLP
and 131 EST markers were sequenced in at least
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Fig. 1. Distribution of preferentially root-expressed genes in functional
categories. Y-axis: number of ESTs.
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sis yielded an additional 19 different preferentially root-
expressed gene products. For 42% of the preferentially
root-expressed gene products, the functions remain either
unknown or no hit could be retrieved.

The genetic relevance of the identified candidate genes
was assessed by genetic mapping and analysis of linkage
with QTLs (Quantitative Trait Loci) for sugar quality and
yield parameters (Schneider ef al., 2002). Loci for 50 pref-
erentially root-expressed genes were identified, several of
them in linkage with QTLs for quality traits.

Development of an association mapping
approach to sugar beet QTL for nitrogen-
related traits

Association mapping is based on the occurrence of a small
number of haplotypes, in which several SNP alleles are
inherited together due to selection. Typically, there are three
to five haplotypes per gene in sugar beet (Schneider et al.,
2001). For candidate genes, the phenotypic performance of
a plant will depend on the expression of a particular haplo-
type. If unrelated lines sharing the same haplotype of one
gene correspond to phenotypic classes, an association is
found. Sequence polymorphisms between the haplotypes
are expected to explain the phenotypic variation. For sugar

Fig. 2. Genetic map of chromosome IX from two populations.
Positions of RGAs (in bold) and QTLs (grey bar) for resistance to
the fungal disease Cercospora beticola are indicated.
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beet, association mapping was performed in a panel of 122
unrelated breeding lines that represent extremes for nitro-
gen-related traits. Based on SSCP scoring, association
mapping was performed for 19 candidates and selected
haplotypes were confirmed by sequencing.

Identification of disease resistance genes in
sugar beet (BioBau project)

In plants, most resistance (R) genes fall into four to five
categories having conserved domains. Therefore, a strate-
gy was adopted to retrieve disease resistance gene ana-
logues (RGAs) based on sequence similarity from sugar
beet and then to assess their potential to confer resistance
to either the viral disease rhizomania or the fungal disease
Cercospora beticola. Using degenerate primers, 18 RGAs
were amplified and 29 were selected from an EST
sequencing programme. Twenty-one RGAs contained
structures similar to the nucleotide binding site (NBS)-
leucine rich repeat (LRR) domain. Among the remaining
RGAs, 19 revealed similarity to the serine (threonine) pro-
tein kinase domain of R genes, four showed features relat-
ed to the LRR region of the rice disease resistance gene
Xa21, one RGA resembled the sugar beet nematode resist-
ance gene Hslpro-1, and two had homologies to other
gene products associated with disease resistance. Thirty-
three RGAs were spread over all nine sugar beet chromo-
somes, except for a cluster of nine closely linked RGAs on
chromosome VII. The analysis of linkage between RGAs
and loci for rhizomania and Cercospora resistance identi-
fied alleles associated with resistance. An example, the
RGA AB4 linked to a Cercospora QTL on chromosome
IX, is illustrated in Fig. 2.

However, no RGA was found cosegregating with the
major locus Rr/ on chromosome III conferring resistance
to the viral disease rhizomania. Genetic fine mapping in a
population of around 1700 F2 plants and analysis of
recombinant plants narrowed the interval of the resistance
locus to around 1 ¢M. Initial work on building a contig
around the Rr/ gene using a BAC library from a non-
resistant genotype indicated major genomic rearrange-
ments and the necessity for a BAC library from the rhizo-
mania-resistant genotype, which is currently being con-
structed.

Future Developments

Within the GABI-BEET project, SNP analysis and geno-
typing will be continued to achieve the goal of 300 SNP
markers. To increase the mapping throughput further, 72
SNP markers will be genotyped using an external service.
The generation of a high density genetic map will be a
requirement for the development of a physical map for
sugar beet in the future.

For the identification of candidate genes involved in beet
formation and sucrose accumulation, high density cDNA
macroarrays with the 10,000 unique ¢cDNA clones have
recently been generated. Future analysis will include sam-
ples from a time course of developing beets, beet sectors
with differing sucrose content and plants growing under
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different nitrogen fertilisation regimes. Identified candi-
date genes will be subjected to genetic mapping and haplo-
type analysis. The isolation of superior alleles is intended
to enable the generation of better varieties by either mark-
er-assisted breeding programmes or transgenic approaches.
The disease resistance gene project is focused on the posi-
tional cloning of the Rrl gene. A contig around the Rr/
locus will be constructed using a BAC library generated
from the resistant genotype. An additional F2 population
providing the Rr/ allele in a different background will be
used for fine-mapping the gene. The development of
markers cosegregating with the resistant phenotype will
enable the breeders to select resistant plants at a very early
stage for marker-assisted breeding. The isolation of the
Rrl1 allele will allow the generation of rhizomania-resist-
ant transgenic plants.
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Introduction

From its origins as the ‘Yield and Fitness’ unit within the
ZIGIA project, the group has grown and diversified to
cover currently the areas: (1) Genetics of Arabidopsis pho-
tosynthesis; (2) Structural and comparative genomics; (3)
Chloroplast transcriptomics; and (4) Molecular-physiolog-
ical characterisation of photosynthetic mutations. While
these projects have significant overlaps and aim to devel-
op synergistic effects, the first project was, until end of
2002, located mainly in the framework of ZIGIA, the sec-
ond in the Department for Plant Breeding and Yield
Physiology, with the third and forth projects being sup-
ported by both.

New Results

Genetics of Arabidopsis photosynthesis

Photosynthesis takes place within a highly complex pro-
tein network and is thus influenced by several metabolic
processes. This is why the absence or modification of any
one of the gene products localised in the chloroplast may
alter its photosynthetic function. Genetics for the dissec-
tion of photosynthesis-related processes involves mutant

Photosynthesis and related Genomics

screens (forward genetics) and reverse genetics. We have
continued the forward screening of Arabidopsis knock-out
populations: a total of 200,000 individuals have been test-
ed so far, resulting in the identification of 67 PAM (with
alterations in the effective quantum yield of PSII) and 98
ALP (with altered pigmentation) mutants (Varotto,
Pesaresi, Kurth, Richly, Weigel). We have identified 11 dif-
ferent mutated genes, coding for both structural and puta-
tive regulatory proteins (Fig. 1).

Forward genetics — although being the approach of choice
to identify novel and unexpected gene functions relevant
for photosynthesis — is, in contrast to reverse genetics, a
rather inefficient tool for the large-scale analysis of gene
functions. Therefore, we have focused on a saturating
reverse genetics screen for genes coding for subunits of
the photosynthetic apparatus, in particular of PSI. To date,
we have isolated mutant alleles for 14 different photosyn-
thetic proteins (Varotto, Dietzmann).

Structural and comparative genomics
The analysis of the completed sequence of Arabidopsis
and other eukaryotic and prokaryotic species allows us to
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Fig. 1. Overview on subcellular
locations of gene products with
impact on photosynthesis which
were identified by forward genet-
ics. The most detailed characterisa-
tions have been performed for the
mutation in PsaE1 (coding for the E-
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tein of the plastid large ribosomal
subunit; Pesaresi), AIMAK3 (encod-
ing a cytoplasmic N-acetyl trans-
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ferase; Pesaresi) and IRT1 a gene
coding for a plasma-membrane-
located iron transporter (Varotto).
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assess genome-wide structure, horizontal gene transfer
and subcellular location of proteins.

In collaboration with William Martin (University of
Dusseldorf), we compared the proteins encoded in the
Arabidopsis genome to the proteins from three cyanobac-
terial genomes, other prokaryotic reference genomes and
yeast. We found that around 4500 of Arabidopsis protein-
coding genes (18% of the total) should have been acquired
from the cyanobacterial ancestor of plastids. These pro-
teins encompass al functional classes. Moreover, the
majority of them are targeted to cell compartments other
than the chloroplast (Richly).

Besides chloroplasts, mitochondria are also thought to
descend from an endosymbiotic event. By combining
comparative genomics and computational identification of
protein targeting, the size and composition of the mito-
chondrial proteome for ten species was predicted.
Functional mitochondria are predicted to harbour from a
few hundred to >3000 gene products, and protein reloca-
tion from and to mitochondria occurred during evolution.
While each genome studied contains lineage-specific
mitochondrial proteins, conserved mitochondrial proteins
also exist. Their functions mostly relate to transport and
metabolism, and in humans their mutated states were
found to be frequently associated with diseases (Richly).

Chloroplast transcriptomics

By scanning of the complete genome sequence of
Arabidopsis thaliana for chloroplast transit peptides
(cTPs), we identified 2661 proteins likely to be targeted to
the chloroplast. Gene-sequence-tags (GSTs) for those

nuclear chloroplast genes and for 631 genes encoding
non-chloroplast proteins, were PCR-amplified and spotted
onto nylon membranes to generate a 3292-GST array.
Wild-type plants, and several mutants with defects in
chloroplast function and/or plastid-to-nucleus signalling,
were grown under various conditions; in all, 35 genetic or
environmental conditions were tested. Most of the 35 con-
ditions tested, including plastid signalling mutations, elic-
it only three main classes of response from the nuclear
chloroplast transcriptome (Biehl, Dietzmann, Kurth,
Richly) (Fig. 2).

We now use expression profiling routinely in the charac-
terisation of photosynthetic mutants to assist the classifi-
cation and interpretation of the effects of photosynthetic
lesions on other chloroplast functions (Ihnatowicz,
Maiwald, Pesaresi, Weigel).

Molecular-physiological characterisation of

photosynthetic mutations

A number of the photosynthetic mutants were charac-
terised on the physiological level. In the psael-1 mutant, a
fraction of LHCII is stably associated with PSI, giving rise
to a high molecular mass protein-pigment complex
detectable in native protein gels. The formation of this
abnormal LHCII-PSI complex is associated with an
almost complete suppression of state transitions, a drastic
increase in the levels of phosphorylated LHCII and a per-
manent reduction in PSII antenna size (Pesaresi).

The D-subunit of photosystem I (PSI-D) is encoded by
two functional genes, PsaD! and PsaD2. The double

class 2

Fig. 2. The 35 nuclear
chloroplast transcriptome
responses fall into three
main classes. The topo-
graphical arrangement of
environmental and genetic
conditions is derived from
hierarchical clustering and
the corresponding clado-
gram is shown at the periph-
ery. The relationships
between expression profiles
are indicated inside the cir-
cle by connecting lines.
Increasing line thickness
indicates increasing related-
ness, with the three thick-
nesses of lines correspon-
ding to 65-80%,
80-90% and 90-100% of
genes showing the same
trend in expression in each
pair of transcriptomes. Main
classes of transcriptome
change are indicated as
class 1, 2 and 3. Two class-
es, probably involving GUN
(genomes uncoupled)-type
plastid signalling, are char-
acterised by alterations, in
opposite directions, in the
expression of largely over-
lapping sets of genes.
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mutant psadl-1 psad2-1 displays a seedling-lethal and
high chlorophyll-fluorescence phenotype, indicating that
the PSI-D function is essential for photosynthesis. Of the
single mutations, only psadi-1 markedly affects the level
of PSI-D expression (IThnatowicz).

Plastocyanin, a soluble copper-containing protein present
in the thylakoid lumen, transfers electrons to PSI. In the
chloroplast of A. thaliana, a cytochrome cg-like protein is
present, which was recently suggested to function as an
alternative electron carrier to plastocyanin. We showed
that in Arabidopsis only plastocyanin can donate electrons
to photosystem I in vivo (Varotto, Weigel).

The nuclear genes PetC and AfpD code for the Rieske pro-
tein of the cytochrome bg/f complex and the d-subunit of
the chloroplast ATPase (cpATPase), respectively. Green-
house-grown petc-2 and atpd-1 mutants are seedling-
lethal, while heterotrophically propagated plants display a
high chlorophyll-fluorescence phenotype, indicating that
the products of PetC and AtpD are essential for photosyn-
thesis. Additional physiological effects of the mutations in
axenic culture were characterised (Maiwald).

In atmak3-1, synthesis of the plastome-encoded PSII core
proteins D1 and CP47 is affected, resulting in a drop in the
abundance of thylakoid multiprotein complexes. The
mutation responsible was localised to AtMAK3, encoding
a homologue of the yeast protein Mak3p. In yeast, Mak3p
together with Mak10p and Mak31p, forms the N-terminal
acetyl transferase complex C (NatC). The cytoplasmic
AtMAK3 protein can functionally replace both Mak3p
and Mak10p of NatC in acetylating N-termini of endoge-
nous proteins and the L-A virus Gag protein. This, togeth-
er with the finding that knock-out of the Arabidopsis
MAK 10 homologue does not result in obvious physiologi-
cal effects, indicates that AtMAK3 function does not
require NatC complex formation as in yeast. We suggest
that N-acetylation of certain chloroplast precursor pro-
tein(s) is necessary for efficient accumulation of the
mature protein(s) in chloroplasts (Pesaresi).

Future Developments

Identification and characterisation of novel photosynthe-
sis-related gene functions by forward genetics will contin-
ue. Additionally, saturation of mutant alleles of nuclear
genes coding for subunits of the photosynthetic machinery
will be attempted. We will also shift reverse genetics efforts
to the systematic mutational analysis of chloroplast protein
kinases to investigate the regulation of organelle function
based on protein phosphorylation.
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Introduction

The research activities of the group concentrate on the
potato (Solanum tuberosum ), which is the most important
crop species of the Solanaceae family worldwide. The
potato is closely related to about 200 tuber-bearing and
non-tuber-bearing Solanum species; hence, it represents a
rich source of biodiversity. Our long-term goals are to con-
tribute: (1) to the improvement of the cultivated potato by
developing molecular diagnostic tools to assist the breed-
ing of new cultivars; and (2) to the understanding of struc-
ture, function and natural diversity of crop plant genomes.
Our outputs are: (a) DNA-based markers that can be used
for marker-assisted selection of superior cultivars; (b)
knowledge of genomic positions and identity of genes
controlling qualitative or quantitative agronomic charac-
ters; and (c) cloned genes and superior alleles of agro-
nomic characters, which may be transferred into cultivars
by genetic engineering.

Over the last two years, the group has worked on the fol-

lowing projects:

* Completion of the molecular cloning and characterisa-
tion of the R/ gene for resistance to late blight, caused
by Phytophthora infestans.

* Completion of the molecular cloning of the Grol gene
for resistance to the root cyst nematode Globodera ros-
tochiensis.

* Genomic sequence analysis of a “hot spot” for pathogen
resistance on potato chromosome V.

¢ Identification of SNP markers tagging regions for
pathogen resistance in the potato genome.

* Development of PCR markers for field resistance to late
blight in tetraploid potato.

* Analysis of molecular diversity of potato invertase
genes, which are candidates for cold-sweetening QTL.

New Results

Cloning and characterisation of the R/ gene
for resistance to Phytophthora infestans (late
blight)

Ballistic transformation of R/ susceptible cv Desireé
with the DNA of a candidate BAC plasmid (ca. 120 kbp)
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resulted in transgenic plants that expressed the R/-hyper-
sensitive resistance phenotype. Agrobacterium-mediated
transformation with a 10 kbp subclone of the same BAC
plasmid was sufficient to transfer the R/ hypersensitive
resistance phenotype to R/ susceptible cv Desireé. R/
transgenes were inherited as single, dominant factors,
although with distorted segregation ratios in some crosses.
The 10 kbp genomic sequence contained a single, leucine
zipper/NBS/LRR-type gene encoding a protein of 1293
amino acids. The R/ resistance gene is expressed and is one
of at least two members of a gene family.

Cloning and characterization of the Grol
gene for resistance to Globodera rostochiensis
(root cyst nematode) based on a candidate

gene approach

Eight members of the candidate gene family, which co-
segregated with the Grol resistance phenotype (see last
report) were sequenced, subcloned in binary transforma-
tion vectors and tested for complementation of nematode
resistance by Agrobacterium-mediated stable transforma-
tion of susceptible cv Desireé. All candidate genes were
members of the TIR/NBS/LRR-type class of plant resist-
ance genes. Based on sequence analysis, only three mem-
bers encoded functional TIR/NBS/LRR proteins. One of
these three candidate genes transferred the nematode
resistance phenotype to the susceptible cv Desireé.

Physical mapping and genomic sequencing
of a resistance “hot spot” on potato chromo-
some V

Two partial contigs were constructed within the genetic
interval bordered by markers GP21 and GP179 based on
14 overlapping BAC insertions (Fig. 1). Six BACs were
fully sequenced, covering ca. 400 kbp potato genomic
sequence. As the BAC clones originate from a heterozy-
gous genotype, we can compare ca. 50 kbp of allelic
sequence originating from the homologous chromosomes.
A total of 35 putative genes were identified, among those
8 retrotransposon-like elements and 4 resistance-gene-like
sequences, one of which encodes the R/ resistance gene
(see above).
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SNP/InDel markers tagging regions for
pathogen resistance in potato

A panel of 17 tetraploid and 11 diploid potato genotypes
was screened by comparative sequence analysis of PCR
products for single nucleotide polymorphisms (SNPs) and
insertion-deletion polymorphisms (InDels) in regions of
the potato genome where genes for qualitative and/or
quantitative resistance to different pathogens have been
localised. Most of these regions were tagged with BAC
clones containing sequences similar to the NBS-LRR
class of plant genes for resistance. Few resistance QTL not
linked to resistance-gene-like sequences were tagged with
other markers. In total, 79 DNA fragments were compara-
tively sequenced in the panel of 28 genotypes, resulting in
31 kbp genomic sequence. From this, 1498 SNPs and 127
InDels were identified, which corresponded, on average,
to one SNP every 20 bp and one InDel every 242 bp. The
nucleotide diversity of the tetraploid genotypes (Tt=0.72
x 107) was lower when compared with diploid genotypes
(=231 x 107). A set of selected SNP/InDel markers
were scored by sequencing the amplicons in 96 tetraploid
genotypes, half of which were highly resistant (cases) to
the root cyst nematode Globodera pallida; whereas, the
other half was highly susceptible (controls). Cases and
control plants were selected and provided by Nord-
kartoffel Zuchtgesellschaft mbH and Saka-Ragis
Pflanzenzucht GbR. SNP/Indels linked to the nematode
resistance were converted in haplotype specific, diagnos-
tic PCR assays (Fig. 2).

Development of PCR markers for marker-
assisted-selection (MAS) for field resistance
to late blight in tetraploid potato

DNA markers known to be linked to QTL for resistance to
late blight (LB) in diploid potato, were tested for linkage
to LB field resistance in two tetraploid potato populations.
The two populations originated from crossing the same
LB susceptible parent with two different parents having
good field resistance to late blight. Quantitative LB resist-
ance and plant maturity of the populations were evaluated
over two years in the field (Saka-Ragis Pflanzenzucht
GbR). Increased resistance to late blight is normally cor-
related with late plant maturity. The goal is to find mark-
ers for resistance QTL alleles that do not affect plant
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maturity. The plants were genotyped with 29 PCR mark-
ers (SCAR, CAPS, SSCP). Marker genotypic classes were
tested for having significant effects on quantitative resist-
ance and plant maturity. PCR markers still significantly
correlated with resistance after correction for maturity
were identified and used for a first marker-assisted selec-
tion experiment, which will be evaluated in the field in the
season in 2003 by Saka-Ragis.

Sequence diversity at invertase loci and asso-
ciation with tuber traits

Based on a potato function map for tuber traits, which
includes QTL for cold-sweetening and loci for genes func-
tional in carbohydrate metabolism, invertase genes are
among the candidates for controlling cold-sweetening and
therefore, chipping quality. Tetraploid breeding clones
were analysed for sequence polymorphism at invertase
loci and several invertase alleles were identified in the
population. Specific invertase alleles were associated with
chipping quality of the breeding clones.

nizzher of plaris
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Fig. 2. Haplotype-specific marker linked to quantitative resist-
ance to the root cyst nematode Globodera pallida. From two
F1 hybrid families with various levels of nematode resistance, 25
highly resistant (cases) and 25 highly susceptible (controls) plants
were selected per family (Saka-Ragis GbR and Boéhm-Nord-
kartoffel Agrarproduktion) and scored for SNP and InDel markers
(MPI1Z). The marker shown is linked with high significance to nem-
atode resistance.
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Future Developments

We have started to analyse the sequence diversity of the R/
gene family and to clone R/ homologous genes from
Solanum nigrum, a wild species that is highly resistant to
late blight.

We have started to search for the potato homologues of
genes from Arabidopsis thaliana, which play a role in the
signal transduction between pathogen recognition and
defence response. We want to study their genome organi-
sation in potato and their potential role as candidates for
quantitative resistance to pathogens.

In collaboration with the potato breeding industry, we will
further develop association mapping of quantitative resist-
ance and tuber quality traits based on candidate genes and
our strong marker resource base.

We will continue with physical mapping and functional analy-
sis of the resistance “hot spot” on potato chromosome V.

We are looking for the opportunity to establish potato
“proteomics” in the context of genetic and phenotypic
diversity, using the technology platform for protein identi-
fication available in the institute (MALDI-TOF MS).
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02.2003) ]



WOLFGANG ROHDE

Introduction

Our current scientific interests (http://www.mpiz-koeln.
mpg.de/~rohde/) are directed towards five areas:
Molecular breeding in potato

Biodiversity analysis of tropical crop plants by DNA
marker technology

Application of DNA markers for the improvement of the
perennial tropical oil crops coconut and oil palm
CIMbios: Transfer of biotechnology and bioinformatics
”in the region for the region‘

DAAD lectureship in plant molecular biology, biochem-
istry and biotechnology in Cuba and Mexico

Molecular Breeding in Potato

The current project deals with the development of tech-
nologies (T-RFLP, reverse line hybridisation) and their
application to the biomonitoring of bacterial communities
of the soil in field trials with the potato starch variety
“Tomensa” (transgenic and non-transgenic), in order to
monitor changes in the rhizosphere as a result of transgene
expression and agrochemical application. With the non-
transgenic potato variety, the statistical analysis of results
from field trials over 2 years indicated a significant
change in the bacterial community after the application of
the herbicide “Roundup”. In contrast, the application of
other chemicals (fungicides, insecticides) did not affect
the bacterial community. A possible effect of the trans-
genes (amylose-free and virus-resistant potato lines) can
be studied later this year at the earliest, since permission
for a field trial was only granted in autumn 2002.

Biodiversity Analysis of
Tropical Plants

Within these projects, DNA markers are being applied to
the analysis of accessions of economically important trop-
ical fruit trees in Cuba (mango, avocado, coconut, guave)
and of henequén in Yucatan (Mexico). A third project aims
at the establishment of molecular linkage maps for guave
(Psidium guajava L.). Three mapping populations were
established by our Cuban partner. Currently, some 200
segregating AFLP markers have been identified for the
first population and phenotypes have been recorded (leaf

Wolfgang Rohde
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shape, dwarfism, flowering time). It is expected that the
first linkage maps for each of the two parents will be avail-
able by mid-2003 and include first QTLs.

Coconut and QOil Palm
Biotechnology

The general objectives of this research project are:

* to provide the methodological basis and molecular tools
for improving the breeding efficiency in the two peren-
nial tropical oil crops coconut (Cocos nucifera L.) and
oil palm (Elaeis guineensis)

to develop these DNA marker-based breeding strategies
in collaboration with the most important countries in
coconut and oil palm production in Asia

to directly transfer to developing countries small-scale
technological solutions for the genetic improvement of
these tropical oil crops by marker-assisted breeding

As a basis to achieve these objectives, high-density (HD)
molecular linkage reference maps are being developed
using different DNA marker techniques (AFLP, SSR, SNP)
for standard mapping populations in coconut and oil palm.
Within the first 18 months, the project constructed molec-
ular maps based mainly on AFLP and SSR markers.
Microsatellite (SSR) and single nucleotide polymorphism
(SNP) markers were developed by screening genomic
libraries enriched for (GA), microsatellite sequences
(SSRs) and by sequencing individual cosmid (COS) clones
(SNP). From some 310 and 420 screened SSR sequences,
260 and 364 functional SSR primer pairs were developed
for coconut and oil palm and in part mapped as anchor
markers to the corresponding linkage maps. Cross-taxa
transferability of these SSRs corresponded to 32 to 34%
and thus, forms the basis for future synteny studies in these
two palm species. A total of 120,000 COS clones were
individualised in triplicates from genomic libraries of oil
palm and coconut and multiple filter sets prepared for
genomic studies, gene isolation and sequencing (with pri-
mary emphasis on resistance gene-like [RGL] sequences,
genes for plant development [homeobox, MADS-box,
MYB genes] and the gene for A-9-stearyl-ACP desaturase
which is involved in oil biosynthesis).

With respect to the construction of HD reference maps, for
coconut the following maps were established on the basis
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of the two mapping populations: East African Tall
(EAT7¢97) x Pemba Red Dwarf (PRD) and Malayan Yellow
Dwarf (MYD) x Laguna Tall (LAGT): EAT7¢7: 707 mark-
ers on 16 linkage groups, map length 2083 cM; LAGT7:
235 markers on 16 linkage groups, map length 2478 cM;
and MYDyy: 181 markers on 16 linkage groups, map
length 1394 cM.

A total of 1108 AFLP and of 282 SSR markers were pro-
duced and scored for the oil palm HD map of a LM2T x
DAI10D cross. This HD map (in progress) already has a
total of 682 markers (475 AFLP, 207 SSR) mapped on 16
linkage groups representing 1532 cM. This is the first link-
age map of oil palm with 16 groups representing the
homologous chromosomes on the plant. Mapped co-domi-
nant markers, such as SSRs and SNPs, will help in the inte-
gration of the five different coconut maps for the genotypes
MYD, LAGT, EAT (0707, 1011) and RLT into a general
coconut reference map. It is expected that the project will
finally deliver some 1800-2200 mapped markers for each
of the reference linkage maps of coconut and oil palm.
QTL analyses were performed for coconut and oil palm. For
the EAT coconut linkage map, QTLs for vegetative traits
were mapped. Future DNA marker and QTL mapping will
be directed to a second EAT mapping population (EAT ¢
x RLT(71¢) for which a larger progeny size is available. For
oil palm, QTL analyses of vegetative and production char-
acters are undertaken using an original factorial genetic
design of nine different crosses connected by common par-
ents. Three QTLs involved in stem height were already
detected in the LM2T parent, while two QTLs (leaf F17
length) are located in the DA10D parent. Currently, QTLs
are being mapped for wax and palm oil biosynthesis. These
studies are complemented by the physical mapping of at
least one important gene in oil biosynthesis, namely A-9-
stearyl-ACP desaturase (ACPD) which catalyses the con-
version of stearyl-ACP (C18:0) into oleate-ACP (C18:1),
with oleic acid being the main constituent of palm oil. Such
physical mapping is another general aspect of the project in
a genomics approach: some 28,800 individualised COS
clones have been assembled into thirty 8-dimensional pools
which are currently used in associating cloned genomic
DNA to mapped AFLP markers. Another strategy follows
the development of SNPs from terminal sequences of COS
clones and their application in mapping.

Due to the structure of the available mapping populations,
the detected QTLs are more likely to be responsible for the
‘within’ population variations. The project includes the
set-up of field experiments (field trial systems, FTSs)
based on a second generation of inter-population crosses
involving more and selected parents. These activities have
been initiated within the first year by the project partners
in the Philippines (coconut) and in Indonesia (oil palm). In
the future, these trials will allow us to apply the project
results in breeding programmes by marker-assisted selec-
tion (MAS) and to identify and compare effects of addi-
tional QTL alleles accounting for ‘between’ population
variations. In this way, the efficiency of breeding pro-
grammes can be optimised.
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For dissemination and training purposes, this project
includes holding a symposium and practical course on
“Biotechnology in Coconut and Oil Palm” that will take
place in April 2004 in the Philippines.

CIMbios and DAAD Lectureship

The CIMbios programme as well as a personal DAAD lec-
tureship granted to Wolfgang Rohde aim at transferring
expertise and latest results in the areas of biotechnology
and bioinformatics. The areas covered include:

Plant biotechnologies (tissue culture, biopesticides,
biofertilizer, pathogen diagnosis, DNA marker technology,
gene technology)

Environmental biotechnology (water and waste treatment,
bio- and phytoremediation, biomonitoring)
Biopharmaceuticals (molecular pharming, edible vaccines,
plants as bioreactors)

High-throughput technologies and genomics, proteomics,
metabolomics

Industrial biotechnology (microbial biotechnology, engi-
neering and process development)

The transfer is being achieved by a five-week programme
(CIMbios) at the Mexican partner’s institution consisting of
lectures and a symposium along with practical courses in
biotechnology and bioinformatics. The DAAD lectureship
in Cuba and Mexico provides a basic introduction into
these areas by theoretical courses and training of students
in areas of biotechnology (pathogen diagnosis, biodiversity
analysis) relevant to the mandates of the partner institutes
in scientific projects. Current efforts are being devoted to
the development of a joint Mexican-German study course
in biotechnology at the CICY (Mexico) together with IME
(Fraunhofer Society) and the RWTH Aachen. The maestria
awarded to Mexican and Latin American students will be
an accepted qualification for entry into a PhD programme
at the RWTH Aachen.

Scientific Publications

Billotte, N., N. Marseillac, A.-M. Risterucci, Asmady, A. Herrdn,
R. Singh, P Amblard T. Durand-Gasselin, P. Brottier, B. Courtois,
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Biodiversity analysis of tropical fruit trees by PCR-
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Establishment of different DNA marker types for biodi-
versity analysis and construction of a molecular linkage
map in guava (Psidium guajava L.) (2001-2004)
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Klaus Theres

Introduction

In seed plants, shoot branching is initiated by the forma-
tion of new meristems in the axils of leaves. Axillary
meristems function like the SAM of the primary shoot ini-
tiating the development of lateral organs, a process that
results in the formation of an axillary bud. In many plant
species, further development of axillary buds into shoots
is blocked to a different extent by the influence of the pri-
mary shoot. This phenomenon is known as apical domi-
nance and seems to be mediated by plant hormones.

The origin of axillary meristems is presently unclear. For
several plant species, it has been suggested that axillary
meristems are initiated from cell groups detached from the
primary SAM and retain their meristematic identity.
Alternatively, axillary meristems may originate de novo later
in development from partially or fully differentiated cells.
Despite the importance of shoot branching for plant
development, very little is known about the molecular
mechanisms controlling the formation of axillary meris-
tems in higher plants. The aim of our work is to understand
the mechanisms controlling the process of axillary meris-
tem formation at the molecular level.

New Results

Characterisation of Arabidopsis /as mutants

Six independent mutants harbouring mutations at different
positions of the LATERAL SUPPRESSOR open reading
frame were characterised. In comparison to wild-type
plants, /as mutants showed an almost complete suppres-
sion of lateral shoot formation during vegetative develop-
ment. However, side-shoot development from the axils of
cauline leaves was not inhibited. Different from the toma-

Fig. 1. Pattern of LAS
mRNA accumulation in
the vegetative shoot
apex. Transverse sec-
tions through Landsberg
e .| erecta plants were hybri-
dised with a probe from
the LAS gene.
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to lateral suppressor mutant, the Arabidopsis /as mutants
did not show a defect in petal formation or fertility.

Expression pattern of the LATERAL SUP-

PRESSOR gene in Arabidopsis thaliana

In situ hybridisation analysis revealed that LAS transcripts
accumulated in the axils of all primordia derived from the
SAM. During the vegetative phase, LAS mRNA was found
in a band shaped domain at the adaxial side of leaf primor-
dia and leaves from P1 to P20/22 (Fig. 1). The LAS expres-
sion domain was initially about 3-5 cell layers deep, includ-
ing the L1-L3 layers of the SAM, and extended 1 or 2 cell
layers in the adaxial-abaxial dimension. Different from
Columbia, in Landsberg erecta plants, a down-regulation of
the LAS signal was observed in a small oval area in the cen-
tre of the expression domain. After the transition to flower-
ing, LAS transcripts were detected in the axils of all leaf pri-
mordia originating from the elongating stem and at the
adaxial base of flower primordia. During flower develop-
ment, LAS mRNA was found in the axils of sepal primordia.

las is epistatic to axrl with respect to axillary
shoot development during the vegetative phase
Besides other defects, the recessive Arabidopsis axr/
mutant shows an increased branching at maturity. To test
whether the increased shoot-branching potential conferred
by the axrl mutation is able to override the defect caused by
las, we have constructed an axrl-12 las-4 double mutant.
Phenotypic analysis revealed that, with respect to shoot
branching, the double mutant was similar las-4: lateral
shoot development was blocked in the older rosette leaf
axils. This finding demonstrates that las-4 is epistatic to
axrl-12. Comparing axri-12 with axri-12 las-4 plants, we
also observed a strong reduction in the development of
accessory side-shoots from the axils of cauline leaves in the
double mutant. This finding indicates that, despite the for-
mation of lateral shoots observed in the cauline leaf axils of
the las-4 mutant, the LAS gene has an influence on the shoot
branching potential during reproductive development.

The Blind gene encodes a MYB transcription
factor controlling axillary meristem formation

The Blind gene was isolated using a map-based cloning
approach. We found that the blind and forosa mutant phe-
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notypes are caused by a loss of function of an R2R3 class
Myb gene. RNAI induced inhition of Blind activity led to
a partial suppression of lateral meristem formation, con-
firming the identity of the isolated gene. Experiments
have been initiated to study the function of Blind-homolo-
gous genes in Arabidopsis thaliana. Toward this goal, we
have screened insertion line populations for knock-out
mutations in Blind-related Myb genes. Knock-out
mutants, which have been identified for several Blind-
related genes, are presently under investigation. In addi-
tion, dominant negative and overexpression constructs will
be introduced into Arabidopsis plants to study the func-
tions of these genes.

Analysis of tillering in barley

In barley, a large collection of mutants exhibiting different
tillering phenotypes is available. With the aim of studying
the mechanisms controlling tiller formation in barley, we
have isolated two LAS-homologous genes from this
species. Mapping of one of the candidate genes revealed
that it does not cosegregate with one of the known muta-
tions; mapping of the second gene is in progress.
Experiments have been initiated to suppress the activity of
these genes in transgenic barley plants.

Future Developments

Future work will focus on the further elucidation of the
mechanisms controlling shoot branching in higher plants.
Toward this goal, we will identify new regulators of shoot
branching in Arabidopsis. Using the /as-4 mutant, we have
performed an enhancer/suppressor screen, which resulted
in the identification of new mutants. Some of the respec-
tive genes will be isolated and characterised. In addition,
we will use the knowledge gained to modify shoot archi-
tecture in tomato. The aim of this work is to obtain a fertile
tomato line developing no or very few axillary shoots.
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Introduction

The rapid accumulation of complete genomic sequence
data directs research in molecular biology towards attempt-
ing to comprehensively understand protein functions on a
whole genome basis. As functional predictions from se-
quence data alone are often not possible, new technologies
have been — and still have to be — developed to derive
hypotheses on protein functions on a large scale. So far,
these approaches mostly rely on correlations (expression
profiling, 2D-PAGE proteomics, metabolomics) and only
few large-scale techniques aim directly at the systematic
characterisation of functional properties of proteins (struc-
tural genomics, protein arrays). The transient or stable for-
mation of protein complexes is fundamental to almost all
cellular processes; therefore, comprehensive knowledge of
protein interactions will provide valuable information to
functionally categorise the vast number of unknown pro-
teins and to find new functional links of “known* proteins.
The yeast two-hybrid system (Y2H) has proven sufficient-
ly simple, fast and robust to be widely and successfully
used in genome research. We have developed a large-
scale technology allowing multiparallel Y2H library
screenings. Currently, we are applying this technology to
systematically investigate protein interaction networks of
plant transcription factors and regulatory interactions of
small GTPases. The functional significance of identified
protein interactions is followed up with biochemical and
cell biological approaches as well as by phenotypic and
physiological characterisation Arabidopsis mutants.
Furthermore, the structural basis of protein interactions is
being investigated by the identification of single amino-
acids constituting interaction-surfaces. This information is
used to predict protein interactions from genomic sequence
data and then to engineer dominant interfering molecules
to target and modulate protein interactions in vivo.

New Results

High-throughput yeast two-hybrid (Y2H)
screening technology

In plants — as in all higher eucaryotic organisms — the open
reading frames predicted from genomic sequences are not
as ecasily available as in bacteria or yeast; therefore, one-
by-one, all-against-all approaches can not be applied to
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plant genomes. However, the throughput of the alternative
approach, i.e. the screening of random cDNA or genomic
libraries, is limited by the experimental effort, predeter-
mined by parameters immanent to the system (large num-
bers of clones, conditions for yeast growth etc.). We have
developed a Y2H library screening technology that signifi-
cantly simplifies the whole process. This was achieved by
developing: (1) a highly efficient liquid-mating procedure
to scale down the double-transformation process; and (2)
a three-dimensional liquid-immobilisation method to
select yeast colonies, thus omitting laborious plating of the
cells. These new developments allow the handling of up to
100 screenings in parallel without the need of robots or
expensive equipment. A pilot experiment of 200 screen-
ings demonstrated the reliability of the technology and
resulted in the isolation of >2000 positive colonies. The
screening process has been integrated into a largely stan-
dardised protocol including all steps between “bait®
cloning and confirmation of the specificity of interactions
in networks.

Transcription factor networks

The A. thaliana genome encodes more than 1500 tran-
scription factors; however, most of them as yet have no
assigned function. Combinatorial protein interactions are
considered an important means to regulate activity and
specificity of transcription factors. Our work in this pro-
ject focuses on the proteins of the TALE homeodomain,
Myb and bHLH.

Despite a rather unspecific DNA-binding capacity, ho-
meodomain proteins have been shown to very specifically
regulate fundamental developmental programmes. This
specificity is supposed to be provided by the assembly of
protein complexes formed from different homeodomain
subfamilies, including additional accessory factors. We
have systematically analysed the mutual interactions with-
in the Arabidopsis TALE family and have identified sever-
al new TALE-interacting proteins (Fig. 1A). To support
functional implications from the interaction networks, we
investigated knock-out and overexpressing Arabidopsis
mutants. As the knock-out of homeotic genes mostly does
not lead to visible phenotypes, we are focussing on the
analysis of those interaction partners exhibiting a high
connectivity within the network; thereby, indicating a cen-
tral, general regulatory function (Fig. 1B).
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Fig. 1. TALE homeobox and interacting proteins. (A) Highly connected interaction network of TALE homeobox proteins and newly
identified TALE-interacting proteins. (B) Overexpression of TALE-interacting protein 1 (TIP1) leads to changes in leaf morphology.

Two of the largest transcription factor families in
Arabidopsis are the Myb (~130 members) and bHLH (133
members) proteins. In collaboration with Bernd Weiss-
haar’s group, the functional significance of myb-bHLH
interactions is being investigated. Using our large-scale
Y2H technology, we have systematically analysed the com-
binatorial interactions between selected subfamilies of the
R2R3-Myb and bHLH proteins. A detailed deletion analy-
sis in combination with random- and site-directed mutage-
nesis allowed us to predict a four amino acid motif com-
mon to R/B-bHLH interacting Myb proteins. Searching the
Arabidopsis genome with this motif revealed additional
R2R3- and one-repeat Myb proteins which in turn could be
shown to interact with R/B-bHLH proteins.

Functional characterisation of the ARF
family of small GTPases

Co-ordination of cell and tissue polarity is dependent on
the directional transport of proteins from and to the
ER/golgi. Proteins are transported in vesicles, which fuse
at their place of destination with the target membrane.
ADP-ribosylation factors (ARF), i.e. small GTP-binding
proteins, are supposed to be involved in many different
steps of intracellular vesicle transport and trafficking path-
ways. Although considerable information is available
about ARF proteins of animals and yeast, almost nothing
is known about the plant vesicle transport system. The
Arabidopsis genome encodes 19 putative ARF proteins
which can be clustered into three major groups: ARF,
ARF-like (ARL) and ARF-related proteins (ARP). In a
first step towards functionally characterising the ARF pro-
teins, putative downstream effectors (i.e. proteins interact-
ing selectively with the activated form of ARF) were iden-
tified using the Y2H system. Our research is currently
focussing on a potential regulatory role of ARF proteins in
blue-light signalling suggested by the specific interaction
with Phototropins (blue light photoreceptors) and support-
ed by physiological experiments using Brefeldin A, a spe-
cific inhibitor of ARF activation.
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Yeast-based strategies to develop concepts to

control plant pathogens

In two collaborative projects with Peter Schreier’s group
and the Bayer AG, the potential of large-scale yeast-based
screening technologies is being exploited to develop new
concepts to control plant pathogens. In the framework of the
U. maydis genome project, we aim to pinpoint new fungi-
cidal targets by a combination of bioinformatics and the
“yeast signal sequence trap” to systematically identify
secreted proteins. In the second project, we have developed
a novel, knowledge-based strategy to engineer virus resist-
ant plants. Tospoviruses have a significant impact on agro-
nomic losses worldwide. The type member tomato spotted
wilt virus (TSWV) causes losses of more than $ 1 billion
per year alone. Using the Y2H system, we have dissected
the molecular basis of TSWV N protein multimerisation in
detail. From a random N-protein fragment library, the

Fig. 2. TSWV-infected tobacco plants evaluated 23 days after
inoculation. A: Wild type; B: B-Glucuronidase expressing plants;
C: plants expressing B-glucuronidase fused to a 29 aa peptide
derived from TSWV N protein.
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smallest length peptide containing the interaction domain
was selected. This 29 amino acid long peptide strongly
interacts with TSWV N protein and, heterologously with N
proteins of several different Tospovirus species. Nicotiana
benthamiana lines expressing the peptide were strongly
resistant to TSWV (Fig. 2). Additionally, correlating with
the interaction data, significant resistance to five other
Tospoviral species was observed.

This strategy exemplifies a promising new concept that
uses target-specific peptides (“aptamers”) selected with
the Y2H system to modulate protein functions in vivo.

Future Developments

A Y2H technology suitable for high-throughput approach-
es has been established and can now be used on a broader
basis to eventually build up a genome-wide interaction
map of A. thaliana. Functional implications from the
interaction data will be complemented with phenotypic
data of knock-out and overexpressing A. thaliana lines (T-
DNA insertion lines for several TALE and ARF genes are
available). Furthermore, we are planning to express con-
stant active and dominant negative forms of ARF proteins,
in order to study the effects on vesicle trafficking, cell
polarisation and blue-light signalling.
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Wilt Virus

Peter Schreier

Introduction

Tomato spotted wilt tospovirus (TSWV) is the type member
of the tospovirus genus, the only plant-infecting genus of
the arthropod-borne family of Bunyaviridae. Tospoviruses
have a very broad host range encompassing more than 650
plant species belonging to 70 families, including many
crops and ornamentals. Losses to world agriculture are esti-
mated to be more than 1 billion US § per year. Molecular
biological analysis has confirmed that TSWV is a typical
member of the Bunyaviridae. The tospoviral particle con-
sists of a core of nucleocapsids in which the genomic sin-
gle-stranded RNA molecules are tightly associated with N
proteins and a few copies of the L protein.

A lipid membrane carrying two glycoproteins surrounds
these nucleocapsids. TSWV has a tripartite genome con-
sisting of three RNA species called L, M and S, encoding
structural and non-structural proteins in a negative or
ambisense orientation. The very ends of the genomic
ssRNA molecules contain complementary sequences,
which are thought to form a double-stranded secondary
structure (“panhandle”) that may be important for binding
specificity and packaging. Despite the fact that the TSWV
genome was sequenced several years ago, knowledge of
the biological function of the viral proteins is still very
poor. One of the reasons for this lack of information is the
limited availability of reverse genetics for segmented neg-
ative-strand RNA viruses, which so far has been devel-
oped for Bunyamwera virus only. The TSWV L RNA
encodes a polypeptide of 2875 amino acids proposed to be
the viral RNA-dependent RNA polymerase. The M RNA
codes for the putative movement protein NSm and for a
glycoprotein precursor that is processed to the spike pro-
teins Gl and G2 involved in thrips transmission. The S
RNA encodes the non-structural protein NSs with
unknown function and the nucleocapsid protein N, the
main constituent of the TSWV nucleocapsid.

Data on nucleocapsid proteins of related viruses suggest
multiple functions of the TSWV N protein: nucleic acid
binding capacities to package and protect the RNA
genome, regulation of the viral RNA polymerases, and
binding to cell membranes.

We have studied homotypic interaction of the N-Protein
and investigated the interaction of the protein with viral
RNA-by-RNA gel retardation assays.
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Molecular Biology of Tomato Spotted

New Results and Future

Developments

Peptide-mediated broad-spectrum plant
resistance to tospoviruses

We had developed a transgenic approach resulting in a
broad transgenic resistance towards tospoviruses (Schreier
et al. US patent 5, 569, 823). However the molecular basis
of this protein-mediated resistance is still not understood.
This is why a rational and reliable construction of resist-
ance is still not predictable.

Thus, a new strategy for engineering virus resistant plants
by transgenic expression of a dominant interfering peptide
was established in collaboration with Joachim Uhrig. This
29 amino acid long peptide strongly interacts with the
nucleocapsid proteins (N) of different Tospoviruses. On
the basis of previous work, the target specific peptide was
selected with the yeast two-hybrid system, in order to
inhibit protein function in vivo.

Transgenic Nicotiana benthamiana lines expressing the
peptide fused to a carrier protein were challenged with
five different tospoviruses, which have a nucleocapsid
protein interacting with the peptide. In the transgenic
plants, strong resistance to TSWYV, TCSV, GRSV and
CSNYV was observed. Hence, for the first time, the feasi-
bility of using peptide ,,aptamers™ as an in vivo tool to con-
trol viral infection in higher plants was demonstrated.

TSWYV N protein for RNA interactions

To investigated the interaction of viral RNA and the N pro-
tein, the composition of the nucleocapsid mentioned above
was studied in detail. Gel filtration and “Blue Native” gels
revealed that wt N protein is mostly a high molecular com-
plex with decreasing amounts of tetramer, trimer, dimer
and monomer. These low molecular complexes might
account for stable intermediates during the encapsidation
process.

Biochemical analysis of point mutations or small deletions
suggests a head-to-tail interaction of N- and C- terminal
interaction domains. Secondary structure analysis with
CD-spectroscopy suggests that O-helices are involved in
the interaction.

Protein RNA complexes were investigated in gel-retarda-
tion experiments and with filter binding assays. Mutants



DEPARTMENT OF PLANT BREEDING AND YIELD PHYSIOLOGY

with reduced capacity to oligomerise showed an increase in
RNA-binding capacity, suggesting that monomeric N pro-
tein is the preferred binding partner of viral RNA mole-
cules. This is further enhanced by the detection of co-oper-
ativity in binding. The 5’-end of the TSWV S RNA has a
higher degree of binding affinity than the 3’end or no viral
RNA molecules. A specific sequence of 39 nucleotides at
the 5” end could be identified for binding with N protein. A
model for encapsidation and for the N protein concentra-
tion depending switch from transcription to replication has
been elucidated.

Identification of interacting partners of pro-
teins involved in pathogenesis in Ustilago
maydis

The phytopathogenic fungus Ustilago maydis is the causal
agent of smooth disease on corn. This basidiomycete is
well characterised and accessible for genetic and molecu-
lar methods as well as for cytological studies. Since patho-
genesis is one of our key research areas, we are highly
interested to identify possible interacting partners of sin-
gle components of the cytoskeleton and proteins of the
outer cellular membrane. We are currently using a large-
scale yeast two-hybrid approach, which was first estab-
lished in the group to examine interactions of TSWV pro-
teins and was further improved in Joachim Uhrig’s group.
The project was started in the framework of the Ustilago
genome project and is being carried out in collaboration
with the group of Joachim Uhrig.
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Introduction

Plants are exposed to sunlight which contains significant
amounts of potentially harmful high-energy photons. A
potential protective mechanism against this deleterious
radiation is the accumulation of pigments, and it has long
been proposed that flavonoids are such pigments.
Flavonols absorb UV-B light. They accumulate after an
inductive light treatment in their glycosylated form in the
vacuoles of epidermal cells. Four enzyme-encoding genes
are required for the formation of the C-15 basic flavonol
aglycon from central biosynthesis intermediates. 4-
coumaroyl-CoA is the main substrate of the first enzyme
specific for flavonoid biosynthesis, chalcone synthase
(CHS). Chalcone-flavanone isomerase (CFI) and flavanone
3-hydroxylase (F3H) are required for synthesis of 3-
hydroxy-flavanone, which serves as a substrate for either
dihydroflavonol reductase (DFR) or flavonol synthase
(FLS). DFR reduces the heterocyclic C-ring of dihy-
droflavonols and leads to the formation of pigments absorb-
ing in the visible range of the spectrum, such as antho-
cyanins, phlobaphenes or condensed tannins. In contrast,
FLS oxidises the C-ring and results in the formation of
colourless flavonols which predominantly absorb UV light.
UV and blue light stimulate the transcription of the CHS,
CFI, F3H and FLS genes; however, these genes are also
activated at certain developmental stages and in specific
tissues. The various signals are integrated and transmitted
to the nucleus, and the set of genes required for flavonol
accumulation is activated in a co-ordinated way. Our stud-
ies concentrate on the co-ordinated activation of a number
of genes, and include the analysis of the biochemistry and
physiology of flavonoid biosynthesis. Since the transcrip-
tion factors (TFs) involved are encoded by complex gene
families, systematic reverse genetic approaches were
applied to study TF function in A. thaliana.

New Results

The Arabidopsis thaliana seed coat is brown due to the
accumulation of condensed tannins in the testa. Mutants of
A. thaliana with defects in tannin pigment biosynthesis
often produce seeds that are yellow or light-brown in
appearance; the genetic loci responsible for this, are
referred to as TRANSPARENT TESTA (TT). Since tannins
are derived from flavonoid biosynthesis, many # mutants
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Functional Analysis of Transcription
Factor Gene Families involved in the
Formation of Flavonols in Arabidopsis

Bernd Weisshaar

are affected in flavonoid biosynthesis genes (FBGs) or at
loci that regulate these genes. The 771 gene was isolated
by reverse genetics using an En-/ transposon mutagenized
A. thaliana population. 771 gene expression was detected
in developing ovules and young seeds only, and the gene
was shown to encode a nuclear protein. Mutant seeds dis-
played altered morphology of the seed endothelium in
which brown tannin pigments accumulate in wild-type
plants, indicating that TT1 is involved in the differentia-
tion of this cell layer. When overexpressed in transgenic A.
thaliana plants, TT1 caused aberrant development and
organ morphology. The protein contains a novel combina-
tion of two TFIIIA-type zinc finger motifs. Closely relat-
ed motifs were detected in a number of putative proteins
deduced from plant genomic and EST sequences. The new
protein domain containing this type of zinc finger motifs
was designated WIP, according to three strictly conserved
amino acid residues. Our data indicate the existence of a
small gene family in A. thaliana, which was defined by the
occurrence of the WIP domain. WIP genes may play
important roles in regulating developmental processes,
including the control of endothelium differentiation. We
are now addressing the question how TT1/WIP1 affects
FBG promoter activity in the endothelium by using quan-
titative RT-PCR and in situ hybridisation.

To be able to analyse the effects of (potential) TFs on our
set of target gene promoters, an assay system was estab-
lished on the basis of protoplasts prepared from dark-
grown cultured cells and transient gene expression. Using
this system, three TF gene families, namely those encod-
ing bZIP, bHLH and R2R3-MYB proteins, have been
identified as being involved in controlling FBG expres-
sion. MYB factors represent a family of proteins which
include a conserved domain, i.e. the MYB DNA-binding
domain. In contrast to animals, plants contain a MYB pro-
tein subfamily which is characterised by the R2R3-type
MYB domain. The ‘classical’ MYB factors, which are
related to c-Myb, seem to be involved in the control of the
cell cycle in animals, plants and other higher eukaryotes.
Systematic screens for knock-out mutations in MYB
genes followed by phenotypic analyses along with the
analysis of mutants with interesting phenotypes, have
begun to unravel the functions of the 128 R2R3-MYB
genes in Arabidopsis thaliana. R2R3-type MYB genes
control many aspects of plant secondary metabolism as
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well as the identity and fate of plant cells. Also, the bZIP
gene family has been analysed in collaboration with part-
ners from the REGIA consortium (F. Parcy and others, see
references).

Recently, a genome-wide survey of bHLH factors in 4.
thaliana was completed (in co-operation with the group of
C. Martin). Basic-helix-loop-helix (b(HLH) TFs belong to
a family of transcriptional regulators present in three
eukaryotic kingdoms. Many different functions have been
identified for these proteins in animals, including the con-
trol of cell proliferation and development of specific cell
lineages, and that their mechanism for controlling gene
transcription often involves homo- or hetero-dimerization.
In plants, little is known about the bHLH family; however,
we have determined that there are 133 AHLH genes in
Arabidopsis thaliana and have confirmed that of these at
least 113 are expressed. The AtbHLH genes constitute one
of the largest families of transcription factors in A.
thaliana, with significantly more members than are found
in most animal species and about an equivalent number to
those in vertebrates. Comparisons with animal sequences
suggest that the majority of plant hHLH genes have
evolved from the ancestral group B class of bHLH genes.
By studying the AtbHLH genes collectively, twelve sub-
families have been identified. Within each of these main
groups, there are conserved amino acid sequence motifs
outside the DNA binding domain. Potential gene redun-
dancy amongst members of smaller subgroups has been
analysed, and the resulting information is presented to pro-
vide a simplified visual interpretation of the gene family
identifying related genes that are likely to share similar
functions. Based on the current characterisation of a lim-
ited number of plant bHLH proteins, we predict that this
family of TFs has a range of different roles in plant cell
and tissue development as well as plant metabolism.
After 2003, this research work will be continued at
Bielefeld University.
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MADS-box proteins are encoded by multigene families in
the genome of all higher plants thus far studied. They con-
trol many developmental processes. For example, muta-
tion in a MADS-box gene can result in a phenotype fea-
turing homeotic transitions of floral organs. Detailed
molecular analysis of such mutations led to the ABC-
model of flower development and to a concept called
“Floral Quartets”, featuring combinatorial interactions
between different MADS-box proteins, which determine
organ identity (Fig. 1, taken from Nature 409, 469 (2001)).
In the past two years, research in the Department has dealt
with phase transition from vegetative to generative growth
with a still ongoing focus on floral development. More
recently, we have applied the materials obtained, the tools
generated and the knowledge acquired on questions con-
cerning evolution of MADS-box proteins and the organs
specified by them especially in monocot and non-seed
plants.

Transition to flowering is an important part in the life
cycle of higher plants and for many years was of prime
interest to the group of Peter Huijser. Besides studying
MADS-box genes involved in this transition in
Antirrhinum as well as in Arabidopsis, the group has also
discovered a novel class of transcription factors within the
last few years. This novel class of transcription factors was
termed SBP-domain proteins, since they did bind to the
promoter of the MADS-box gene SQUAMOSA of A. majus
controlling floral meristems. In 4. thaliana, 16 members

of SPL genes (SQUA-Promoter-Binding-Protein-Like
genes) were described by the group. A major breakthrough
was when a mutant of SPLS was obtained featuring
reduced fertility of both sexes. Molecular characterisation
of this family of transcription factors is now at the centre
of interest.
The networks of interactions of MADS-box proteins in the
control of floral development are of particular interest to
Hans Sommer’s group. On top of this, in cooperation
with the group of Zs. Schwarz-Sommer and K. Stiiber,
about 12,000 unique ESTs were sequenced and are now
exploited for mapping and arrays in various projects.
Kurt Stiiber has annotated the above isolated ESTs
and he has contributed to a linkage map set-up for
Antirrhinum majus. Some of the results are part of the
www.anthirrhinum.org. web site project.
The main scientific interest of Zsuzsanna Schwarz-Som-
mer is in cell-cell communication, which seems to be an
important component in the control of concerted expres-
sion of the B-function during development. In addition,
the definition and control of the whorl boundaries is being
studied. Mutants and genes affecting this process have
been isolated and are currently being characterised.
Sabine Zachgo's scientific interest is primarily in petal-
specific target genes of the B-function genes Deficiens
and Globosa in Antirrhinum majus. This is being achieved
by using macroarrays of 12,000 unique ESTs followed by
xCHIP. The first positive candidates have been identified
and are currently being

studied in greater detail.
Alexander Yephremov's
research is centred around
epidermal cell differentia-
tion and on the biosynthesis
and the function of cutin.
He succeeded in the molec-
ular characterisation of a
novel pathway leading to
the biosynthesis of fatty-
acid-derived cell signalling
molecules.

The ZIGIA project was ter-
minated at the end of 2002
and hence, the Groups of
Koen Dekker and Anna
Sorensen have finished their
work. In addition, Giinter
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Theiflen also left the laboratory and accepted a professor-
ship at the University of Jena.

Due to this our work in the field of evolution has become
re-oriented.

Wolf-Ekkehard Lonnig has isolated a number of mutants
in Misopates orontium, phenotypically resembling known
hometic mutants of the close relative Antirrhinum majus,
yet displaying particular features in Misopates. These
mutants are currently being characterised molecularly. Of
particular interest is a molecular comparison of a trait dis-
tinguishing Misopates from Antirrhinum, i.e. the extended
long versus the short sepals, respectively. Unravelling the
molecular basis for the extended sepal syndrome might
reveal some mechanisms involved in diversification and
speciation.

Thomas Miinster is heading a group focusing on the
function of MADS-box genes in the moss Physcomitrella.
Initial results clearly show that PPM2 is somehow
involved in the control of the moss life cycle. The primary
goal is to isolate knock-out mutants from all MADS-box
genes to study their role in moss development. In addition,
this system is well suited to study the function of MADS-
domain proteins from differently evolved genera.

Heinz Saedler has initiated a new group to study the ori-
gin of morphological novelties. While most solanaceous
species feature small sepals with respect to the size of their
petals, Physalis, as well as a few other genera within the
Solanaceae have inflated calyces or “Chinese lantern”. To
date, we have isolated several MADS-box genes, which
seem to be involved in the generation of this syndrome.
For verification, we are currently trying to isolate knock-
out mutants within Physalis.

In the past two years, the following groups have been working in the Department:

Developmental Biology

Comparative Genetics of SBP-box Genes
MADS-box Protein Networking
Bioinformatics: Genomics

Cell communication and Flower Organ Identity
Petal and Stamen Development

Cell Signalling

Central Facility of ZIGIA

Sexuality in A. thaliana (Z1IGIA)

Functional Evolution

Genetics of Antirrhinum and of Misopates
Macroevolution of Plant Reproductive Organs
Development and Evolution of Non-Seed Plants
Origin of Morphological Novelties
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Introduction

In 2002, we have initiated a new project dealing with the
origin of morphological novelties. The system chosen to
study this is Physalis, a member of the Solanaceae. The
structure of the calyx within the Solanaceae varies consid-
erably. From deeply cleft sepals through fused tubular
structures to inflated calyces. The majority of species have
small sepals with respect to the size of their petals. These
sepals are deeply cleft, as in Lycopersicon or dented as in
Solanum tuberosum. However, in several genera of this
family, a new trait emerged during evolution, featuring an
inflated calyx (Fig. 1). Among the 85 genera of

Origin of Morphological Novelties

bers of this clade of MADS-box genes might also be
responsible for ICS. This assumption was supported by the
observation that ZMM]I9 transgenic Arabidopsis plants
featured large sepals.

The flowers of all Physalis species are characterised by a
perianth consisting of dented sepals, which are fused at
their base followed by sympetalous 2. whorl organs. After
pollination, the sepals resume growth and ultimately
encompass the mature fruit; thus, leading to an inflated
calyx or the “Chinese lantern” (see Fig. 1). We have iso-
lated several MADS-box genes from tetraploid Physalis
peruviana and diploid Physalis floridana belonging to the
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Fig. 1. Developmental variations of calyx morphology in Solanum tuberosum and Physalis floridana. (A) The morphology of buds,
flowers and berries from S. tuberosum. The arrows indicate the small sepals on bud, flower and berry. (B) Developmental changes in
calyx morphology of P. floridana featuring the “Chinese lantern”. Part of the ICS has been removed to reveal the mature fruit marked by
the arrow. (C) Comparison of developing calyces in S. tuberosum and P. floridana. In contrast to the sepals of S. tuberosum (black and
grey colums), the calyx of P. floridana (white colums) expands rapidly upon pollination (marked by the arrow).

Solanaceae the inflated-calyx-syndrome (ICS) is observed
in Nicandra, Przewalskia, Physalis, Physochlaina and
Withania. The question arising is: how did ICS evolve?

New Results

Based on our studies with the Tunicate mutant of Zea mays
(see Thomas Miinster), in which the MADS-box gene
ZMM19 is ectopically expressed and extended glumes sur-
rounding each kernel are observed, we assumed that mem-
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StMADS 11, StMADS16 (ZMM19) and SQUA sub-clades
as revealed by phylogenetic reconstructions. Northern
experiments showed that MPF2 of P floridana is
expressed predominantly in the leaf and to a lower extent
also in sepals. This is in contrast to the expression of its
orthologue StMADS16 in Solanum tuberosum (Fig. 2),
which is not expressed in the sepals.

Emasculation as well as removal of developing fruits lead
to abortion of ICS, suggesting that signals elicited by pol-
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Fig. 2. Expression pattern of StMADS16 of Solanum tuberosum and its ortholog MPF2 from Physalis floridana. Samples were
taken from leaf (L), from buds (Sb), from young flowers (Syfl), from mature flowers (Smfl), from young fruits (Syfr), from larger fruits (Slfr)
and from old fruits (Sofr). In Northern blotting analysis, 25 ug of total RNA was used. cDNAs containing the C-domains of StMADS16 and
MPF2, respectively, were used for hybridisation. For normalisation, an actin cDNA probe was used. Signals were quantified and the ratio
of (MADS-box gene/actin gene) expression was determined. Values for leaves are arbitrarily set as 1.0 and all other values are expressed

accordingly.

lination and/or the developing fruit are important for the
onset of secondary sepal growth and thus, for the forma-
tion of the “Chinese lantern”.

These results seem to indicate that StMADSI6-like genes
of Physalis trigger target genes to respond to endogenous
signals and thus, ICS. The orthologues from tomato and
potato behave differently and do not promote further
development of their Calyx.

ICS could be interpreted as an extension of the vegetative
into the floral programme. If this is true, then MPF2 might
interact with various MADS-box proteins involved in
flower organ identity, especially with orthologues of A-
function proteins like AP1.

Future Developments

To verify the above hypothesis that ectopic expression of
MPEF?2 of Ph. floridana results in ICS formation, pheno-
types of knock out and over expressing mutants might be
revealing. A transformation protocol for Physalis species
was established and first transformants are growing. In
addition, MPF2 and other MADS-box genes from
Physalis were transformed into Arabidopsis to corroborate
the observation that genes from the StMADSI16 sub-clade
generate transgenic plants featuring large sepals.
Moreover, yeast two-hybrid tests were initiated to substan-
tiate the above interpretation.

Future goals are to search for the signal emitted by the
developing fruit, the target genes affected and receptor
sites within these genes to better understand the mecha-
nism underplaying ICS formation.
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PETER HUIJSER

Peter Huijser

Introduction

As regulators of co-ordinated gene expression, the func-
tion of transcription factors is central to the development
of plants. For many years, the scientific interest of the
group concerned the role that MADS-box transcription
factors played in the process of flowering, e.g. in control-
ling the floral transition and the determination of floral
meristem identity (see previous reports). During the
course of this research, a novel family of plant-specific
transcription factors, the SBP-box genes, emerged. The
first members of the family were identified by means of
their binding capability to a defined sequence motif with-
in the promoter region of the Antirrhinum MADS-box
gene SQUAMOSA; hence their name: SQUAMOSA PRO-
MOTER-BINDING PROTEINS.

Since their discovery, SBP-box genes have been found to
represent moderately sized families in all higher plants.
Despite this general distribution, the role of SBP-box
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Comparative Genetics of SBP-Box
Genes: A Family of Plant-Specific
Transcription Factors

genes in plant development remains largely unclear. From
the perspective of (comparative) molecular plant genetics
and the general belief that transcription factors play key
roles in development, this situation is highly unsatisfacto-
ry. Therefore, we decided to bring the SBP-box genes into
the focus of our research. It is our aim to contribute to a
better understanding of the role that SBP-box genes play
in plant development as well as to the elucidation of their
origin and evolution in the plant kingdom.

To uncover SBP-box gene functions in higher plants, we
selected Arabidopsis as our major model system. The
SBP-box genes in Arabidopsis comprise a family of 16
members known as SPL genes. In the scientific report
2001, we described the search and isolation of the first
mutant alleles for these genes.
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New Results

The Arabidopsis SBP-box gene SPLS affects
sporogenesis

SPLS represents the first Arabidopsis SBP-box gene with
a known loss-of-function phenotype. Three independent
transposon-tagged sp/8 mutant alleles all cause a strong
reduction in fertility when present homozygously.
Detailed microscopical analysis revealed this is primarily
due to abnormal differentiation of anther tissues. Firstly,
the proper initiation of all four microsporangia within the
anther may fail, resulting in anthers with less or no pollen
sacs at all. Secondly, if the formation of a microspo-
rangium is initiated, it is followed by an aberrant differen-
tiation of sporogenous and parietal cell layers. The out-
come is either a failure of the microsporocytes to enter
meiosis followed by a complete degeneration of the pollen
sac or the formation of less pollen per pollen sac. (Fig. 1)
In situ hybridisation revealed SPLS to be transcriptional
active in both sporogenous cells and parietal layers, but to
what extent the developmental fates of these tissues are
interdependent remains unclear. Additional histological
analysis suggests that also megasporocytes may encounter
difficulties to undergo meiosis in the absence of SPLS and,
as a consequence, degenerate.

Fig. 1. Cross-section through sp/8-1 mutant anther with two
instead of four pollen sacs (arrows).

Biochemical characterisation of the SBP-
domain

The SBP-box encodes a protein domain, the SBP-domain,
previously shown to be necessary and sufficient for specif-
ic DNA binding. Alignment of known SBP-domain
sequences reveals conserved cysteine and histidine
residues at positions, suggesting an involvement in the for-
mation of zinc-finger” motifs. The actual requirement for
Zn™*-ions in the binding of the SBP-domain to DNA could
be demonstrated in gel retardation assays. In addition,
mutagenesis of selected cysteine and histidine residues
showed that not all are required for stable DNA binding.
The SBP-domain could be shown to be involved in nuclear
import with the help of GFP translational fusions tran-
siently expressed in protoplasts. Mutagenesis of a con-
served serine residue in the vicinity of a bipartite nuclear
localisation signal within the SBP-domain results in sub-
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cellular redistribution, suggesting a role for phosphoryla-
tion in nuclear import control.

SBP-box gene family phylogeny

To facilitate a phylogenetic reconstruction of SPB-box
gene evolution in the plant kingdom, we started to clone
SBP-box gene family members from lower plants. So far,
SBP-box genes from the moss Physcomitrella seem to fit
in some of the sub-groups formed by higher plant SBP-
box genes, whereas family members identified in the alga
Chlamydomonas represent sister groups to these.

Future Developments

To gain further insight into the functions of SBP-box
genes in higher plant development, there is an obvious
need for more mutant phenotypes. We will continue to
analyse already identified T-DNA and transposon muta-
genised SPL gene alleles and to apply dsRNAi in
Arabidopsis. Furthermore, we will study the possibility of
post-transcriptional control of SPL gene expression due to
the action of recently identified micro-RNAs.

To obtain a better understanding of the role SPLS plays in
sporogenesis, we will search for possible interacting pro-
teins using the yeast two-hybrid system. In addition, we
intend to identify putative target genes in planta either by
micro-array analysis following exogenous controlled
induction of an SPLS transgene or by chromatin immuno-
precipitation (X-ChIP). More detailed information con-
cerning the recognition sequence as determined by ran-
dom target site selection will help to validate the targets.
Besides the model system Arabidopsis, we have chosen
the moss Physcomitrella for comparative studies that may
allow inferences about plant phenotypic evolution.
Physcomitrella enables a systematic knock-out of SBP-
box genes through homologous recombination. In addi-
tion, moss SBP-box genes will be expressed in transgenic
Arabidopsis plants and vice versa.

SBP-domain proteins represent a new class of proteins and
we aim to determine their structure. As a first step towards
this goal, there will be an attempt to crystallise a selected
SBP-domain interacting with DNA.
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ZSUZSANNA SCHWARZ-SOMMER

Introduction

Floral organ primordia become determined to a particular
organ type shortly after their appearance on the floral
meristem. This process is regulated by the combinatorial
action of three sets of organ identity genes, termed Class
A, Class B and Class C, controlling the A-, B- and C-func-
tions, respectively. In the current model, the A-function
controls the identity of the first and second whorl organs,
the B-function controls the second and third whorls, and
Class C controls the third and fourth whorls.
Misexpression of Class B or Class C genes confers ectopic
organ identity changes within the flower; thus, indicating
that the spatial control of their expression patterns is cru-
cial for wild-type flower development. The molecular
mechanism, which governs the spatially correct expres-
sion of Class B and Class C organ identity genes, is not
well understood. Our current studies focus on the control
of the outer boundary of the C-function to whorl three.

According to the generally accepted concept, floral meris-
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Genetic and Molecular Mechanisms
Controlling Antirrhinum Floral
Organogenesis

Zsuzsanna Schwarz-Sommer

tems are organised in layers, and the three meristem layers
termed L1, L2 and L3 contribute differentially to the for-
mation of various tissues and to the development of dif-
ferent floral organs. Organ identity becomes manifest in
the number, shape, size and function of the cells that make
it up. It follows that communication between neighbouring
cells and cell layers is necessary to co-ordinate the pattern
and rate of cell divisions and cell enlargement during
organ development. Our interest is to elucidate the role of
class B floral homeotic genes in this process, with special
focus on the developmental role of the epidermis in
Antirrhinum and Arabidopsis.

New Results

Genetic and molecular mechanisms control-
ling homeotic gene expression domains

In Antirrhinum, at least four mutants display phenotypes
revealing the loss of control over the establishment or
maintenance of boundaries of the B- or C domains. Genetic
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analyses uncovered some important common features of
these mutants. One of these is their (partial) epistasis over
the fimbriata (fim) mutant. FIM is an F-box protein, most
likely involved in the degradation of repressors of the B-
and C-functions in the wild-type flower. Epistasis thus indi-
cates that in the four mutants the function of a repressor is
impaired, hence alleviating the function of FIM.
Unexpectedly, in most of the mutants, a role of the
impaired genes in controlling B or C cannot be separated,
suggesting that the repressive control mechanism is more
complex than affecting just a single gene. Genetic interac-
tions between the four mutants furthermore suggest that
their protein products interact in vivo.

One of these genes, STYLOSA (STY), has been cloned. It
represents the orthologue of LEUNIG in Arabidopsis and
encodes a GRO/TUPI-like co-repressor, intensively stud-
ied in Drosophila and yeast. Models of GRO/TUP1 func-
tion suggest that these proteins associate with DNA-bind-
ing repressors or activators and recruit histone deacetylases
to their targets. Accordingly, isolation of protein partners of
STY in a yeast two-hybrid screen is a promising approach
to obtain information on proteins that directly control tar-
get genes of STY. Based on their genetic interaction with
sty, cho or fis could be such a protein partner.

Epidermal control of petal organ identity by
Class B homeotic genes in Antirrhinum and
Arabidopsis

We generated transgenic Antirrhinum plants that, in a b-
mutant background, express the Class B genes DEFI-
CIENS (DEF) or GLOBOSA (GLO) under the control of
the epidermis-specific promoter of the ANTIRRHINUM
FIDDLEHEAD (AFI) gene (in collaboration with A.
Yephremov, MPIZ). The phenotype of these transgenic
chimeras is similar to somatically induced periclinal
chimeras that express DEF in L1 under the control of its
own promoter in Antirrhinum. Hence, this experimental
approach is a reliable method to study the epidermal con-
tribution of genes; it can be used to conveniently produce
epidermal chimeras in Antirthinum and, for comparative
purposes, in Arabidopsis.

Epidermal B-function autonomously controls the differen-
tiation of Antirrhinum petal epidermal cell-types, but can-
not fully control the pattern of cell divisions and the spec-
ification of sub-epidermal petal cell identity by epidermal
signalling. As a consequence, petal shape, size and overall
morphology differ in epidermal chimeras from that in the
wild type. In Arabidopsis, in contrast, epidermal B-func-
tion can control most if not all epidermal and sub-epider-
mal differentiation events in petals, without any contribu-
tion from the endogenous class B genes. It seems, there-
fore, that the mechanisms involved in sending/receiving a
B-function dependent ‘signal’ between layers differ in
Antirrhinum and Arabidopsis. Possibly, factors are present
in Arabidopsis that reinforce the ability of the DEF/GLO
(and AP3/PI) proteins to control epidermal production and
transmission, or sub-epidermal reception of the currently
unknown ‘signal’.
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The limited efficiency of epidermal B-function to control
sub-epidermal developmental events can be due to limita-
tions in the epidermal production or transmission of a ‘sig-
nal’. To test this assumption, an EMS mutagenesis pro-
gramme of Antirrthinum epidermal chimeras to detect
mutants with improved or impaired petal morphology in
the M2 generation has been initiated. def null mutants car-
rying the epidermal AFIL::DEF transgene are male sterile
and cannot be used to produce seed for mutagenesis by
selfing. To circumvent this limitation, the AFI::DEF trans-
gene has been introduced to the background of the tem-
perature sensitive def-101 mutant, which is wild-type-like
and male fertile when grown under permissive conditions
(thus permitting seed production); however, it is mutant
when grown under non-permissive conditions (thus allow-
ing to screen for mutants with enhanced or reduced DEF-
dependent signalling). To this end, we grew ~500 muta-
genised M1 plants in the cold and selfed them. Fifty M2
populations (each consisting of 27 plants) were then culti-
vated at 26°C and yielded three segregating mutants with
improved petal morphology. The mutants are now under
genetic investigation to corroborate their heritability and
independence from changes in the function of the trans-
gene as well as to determine allelic relations between
them. The long-term goal will be to isolate the respective
genes and to elucidate the mechanism involved in DEF-
controlled cell-cell communication.

Future Developments

Molecular mechanisms underlying
STYLOSA-mediated control of genes

Screening for proteins that interact with STY in yeast
promises access to transcription factors that directly asso-
ciate with genes controlled by STY. Using STY as bait,
several groups of proteins including four transcription fac-
tors could be detected in a yeast two-hybrid screen.
Confirmation of the relevance of these partners for the in
vivo function of STY is being attempted by isolating their
mutants and testing for genetic interactions. Additionally,
biochemical methods, such as co-immunoprecipitation of
the respective proteins with STY using plant protein
extracts are being employed.

Map-based cloning approaches in
Antirrhinum

In spite of its overall success, transposon tagging in
Antirrhinum failed in some instances, thus, necessitating
the establishment of other approaches. Map-based cloning
has now become a feasible alternative, after establishment
of a detailed physical linkage map and a BAC library for
Antirrhinum (Brendan Davies, University of Leeds). For
cloning of FISTULATA by a map-based strategy, we devel-
oped large populations segregating for the fistulata mutant
along with CAPS markers, in order to map the gene more
precisely.
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HANS SOMMER

Networks of interacting Regulatory
Factors in Floral Morphogenesis of
Antirrhinum and Arabidopsis

Hans Sommer

Introduction

Work in our laboratory is focussing on understanding
molecular aspects of regulatory processes in flower devel-
opment. We are trying to gain insight into the molecular
regulatory mechanisms which govern establishment of
flower architecture and floral organ development in
Antirrhinum majus. Genetic and molecular analyses in dif-
ferent plant species have identified key regulators of floral
organogenesis, several of which belong to the MADS-box
gene family which comprises, in Arabidopsis, more than
100 members, ca. 40 of which belong to the MIKC-type of
MADS genes. The genes encode transcription factors
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which apparently can homo- and/or heterodimerise and
likely are able to form higher oligomers (tetramers), as
might be deduce from the properties of other transcription
factor(s) and families. This ability potentially allows for-
mation of numerous combinations of regulators of gene
expression, which control (activate or repress) specific
expression of distinct sets of target genes in time and
space. Since the beginning of 2002, we have included
Arabidopsis thaliana in these studies, hoping that a com-
parison of the mechanisms in both species might lead to
deeper insight into the control of floral morphogenesis.

Using different yeast-based screening systems, such as
one-hybrid (for protein-DNA interactions), two-hybrid
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and a newly developed ‘ternary factor trap’ system for
investigating protein-protein interactions, we have taken a
first step towards identifying and analysing such regulato-
ry interactions involved in the control of floral develop-
ment. The molecular results are being corroborated by
genetic analyses. We have begun to unravel a rather com-
plex network of interactions between the known homeotic
regulators, which control floral organogenesis, and newly
discovered MADS factors, which may have implications
for models of organ and meristem identity determination
and development.

New Results

Several new yeast libraries, i.e. oligo-dT and random
primed as well as normalised, have been made from vari-
ous stages and organs of 4. majus. These libraries allow
rapid screening for protein-DNA and protein-protein
interaction, in one-, two- and three-hybrid systems, by
yeast mating.

In an attempt to extend the network of possible interac-
tions of floral MADS-box factors in Antirrhinum, ternary
factor screens (three-hybrid) were carried out using
PLENA (PLE) and DEFH200 as baits. PLE and DEFH200
are the orthologs of AGAMOUS and SEP1 in Arabidopsis.
Among others, the MADS-box protein DEFH70 was iso-
lated as a ternary interaction partner of the PLE/DEFH200
bait.

DEFH70 shows strongest similarity to SVP (short vegeta-
tive phase) of Arabidopsis and JOINTLESS of tomato.
Reverse genetic screens revealed that DEFH?70 is identical
to the INCOMPOSITA (INCO) locus of A. majus, of which
several mutant alleles are known or have been isolated
recently. The mutant phenotypes of these alleles indicate
that INCO (DEFH?70) has a function in establishing floral
architecture and control of organ number. This is quite dif-
ferent from the function of SVP and JOINTLESS.
Molecular and morphological characterisation of the gene
and the mutant alleles have been carried out. In addition,
genetic analysis by double mutant combinations with var-
ious other floral mutant alleles is underway.

To investigate the spatial and temporal regulation of the
Antirrhinum B-function gene, DEFICIENS, yeast one-
hybrid screens have been undertaken with a 200 bp
upstream region of the promoter as bait, which previously
led to the isolation of a b-ZIP like protein, ROSINA (RSI).
The gene has been further analysed, revealing the presence
of several copies in the genome of Antirrhinum, the num-
ber of which varies with the genetic background. RSI
binds to the CArG motif in the DEF-promoter, a regulato-
ry element which is also bound by the MADS-box protein
heterodimer DEF/GLO in an auto-regulatory fashion.
DEF and GLO control development of petals and stamens
in Antirrhinum majus. The identical DNA-binding motif
and the complementary expression pattern of RS/ and
DEF suggests that RSI could act as a repressor of DEF
expression.

Several additional factors have been isolated in recent one-
hybrid screens that are currently being investigated. One
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very interesting candidate belongs to the TCP family of
plant-specific transcription factors. Members of this fam-
ily are 7B from maize and CYC from Antirrhinum. The
possible function of this TCP-like gene is currently being
analysed.

As part of a project of the DFG-supported Arabidopsis
Functional Genomics Network (AFGN), normalised yeast
mating libraries from Arabidopsis organs and tissues at
different developmental stages have been prepared and
successfully used to discover ternary interactions among
floral MADS-box proteins, and of these with non-MADS
factors, using, for instance, AGAMOUS/SEP1 as bait. The
candidate clones isolated are currently being analysed.
The libraries are freely available. Several groups of the
MPIZ have used the libraries for one- and two-hybrid
screening for interactors with their baits of interest, and in
addition, research groups in England, Spain and Italy have
obtained them.

As a service for research groups of the DFG-SFB 572,
normalised yeast mating libraries from dissected apical
meristems of Arabidopsis have been made to facilitate iso-
lation of rare interactors not found in normal libraries.
These are also freely available upon request.

Future Developments

We shall further characterise the /NCO mutant alleles, mor-
phologically and genetically, in order to gain insight into its
function in floral development. Overexpression in the het-
erologous Arabidopsis system should provide additional
information. The TCP-like factor will be characterised fur-
ther, molecularly, and possibly mutants will be obtained by
reverse genetic screens. This holds also for RSI.
Concerning the Arabidopsis floral factors isolated in the
ternary factor screen, additional molecular experiments
will be conducted to substantiate the yeast results. In addi-
tion, we shall try to obtain genetic evidence for these inter-
actions, by screening for mutants and constructing dou-
ble/triple mutants.

Dissertations

Ming Ai Li (2002) Molecular and Genetic Characterisation of
New MADS-box Genes in Antirrhinum majus

Ok Ran Lee (2002) AmGRAS, a GAI and RGA-like protein,
interacts with ROSINA (RSI), a transcription factor which may
control expression of the B-function gene DEFICIENS
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SABINE ZACHGO

Introduction

Analysis of informative homeotic flower mutants in model
organisms, such as Antirrhinum and Arabidopsis, has led
to the establishment of the floral ABC model. The model
explains how the single or combined activity of the regu-
latory class A, B and C genes controls the organogenesis
of the four different floral whorls. Except for one, all of
the ABC genes studied in different species are MADS-box
transcription factors.

Although floral MADS-box genes have been intensively
studied during the last decade in different plant model
species, little is known about the target genes that realise
their regulatory potential. We are presently conducting an
expression profiling approach using a conditional
Antirrthinum mutant, in order to isolate petal target genes
of the class B genes DEFICIENS and GLOBOSA, which
reveal identical mutant phenotypes. In the DEF null-
mutant, the second and third whorl organs are homeotical-
ly transformed. Sepals replace petals in the second whorl
and instead of stamens, a fused central carpeloid structure
is formed in the third whorl. After initiation of the floral
primordia, the DEF and GLO expression is maintained by
an autoregulatory mechanism, as the two proteins het-
erodimerise and bind together in vitro to specific DNA
elements, so called CArG boxes, located in their own pro-
moters.

The large size of the Antirrhinum flower allows harvesting
stage- and organ-specific material. Hence, highly specific
probes can be prepared for expression profiling experi-
ments, circumventing the problem that differences in
expression levels become blurred due to a highly hetero-

Sabine Zachgo
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Regulation of Petal and Stamen
Organogenesis

geneous tissue representation. To discriminate between
directly and indirectly regulated genes, a chromatin-
immunoprecipitation protocol was established to deliver
proof for in vivo binding of the DEF protein to regulatory
sequences of target genes. The combination of the two
techniques aims at the isolation of a comprehensive set of
target genes that act downstream of the MADS-box gene
in establishing petal organogenesis.

New Results

Characterisation of Antirrhinum petal

development

To form a mature Antirrhinum corolla, petal development
progresses through different developmental stages. The
production of macroarrays representing more than 11,000
unique partially sequenced cDNAs from Antirrhinum
(collaboration with Zs. Schwarz-Sommer, H. Sommer and
K. Stiiber, MPIZ) has allowed us to conduct expression
profiling experiments. By this approach, gene clusters are
identified that are regulated in a synchronised fashion dur-
ing the respective petal stages and contribute to different
developmental processes.

Def-101: A conditional mutant to identify
DEF petal target genes

After identification of the stage-specific petal transcrip-
tome, the temperature-inducibility of the def~-101 mutant
(Fig. 1) was exploited to investigate which of the petal
genes respond to a reduction of the DEF function. The def-
101 plants were cultivated at the permissive temperature
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and then transferred to the non-permissive temperature for
increasing time spans. Hybridisation of the macroarray
allowed us to identify target genes that become activated
or repressed by reduced DEF activity. The promptness
with which the target genes respond to an altered DEF
function in the profiling experiments is used as an indica-
tor to position the genes in the cascade downstream of
DEF. Additional semi-quantitative RT-PCR experiments
are currently conducted with further decreased shifting
times, in order to select a group of putative direct target
genes for detailed analysis.

defqar v
111ll'l-|:lli'l'n1|‘i!;h¢ i i Faknire

def- e
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Fig. 1. Phenotype of def-101 flowers used for the profiling
experiments grown at the permissive (15°C) and non-permis-
sive temperature (26°C).

X-ChIP experiments to prove direct pro-
tein/DNA interactions

To deliver the proof of direct in vivo interaction of the
DEF protein at the regulatory DNA sequences of a target
gene, a cross-linked chromatin-immunoprecipitation pro-
cedure (X-ChIP) was established. Cross-linking of pro-
tein/DNA complexes is conducted with formaldehyde that
allows the reversal of the fixation. Cross-linked complex-
es are immunoprecipitated with an anti-DEF antiserum
and with pre-immune serum as a mock control. To opti-
mise the protocol, we took advantage of the DEF and
GLO autoregulatory control mechanism maintaining their
expression at later stages. PCR reactions were conducted
on the immunoprecipitated genomic DNA fragments with
primers spanning the CArG box motives in the DEF and
GLO promoters. The strong amplification of DEF and
GLO promoter sequences compared to a weak amplifica-
tion in the mock control was achieved by enriching DEF
and GLO promoter sequences during the immunoprecipi-
tation procedure. These data deliver the first proof of
direct in vivo binding of the DEF protein at the DEF and
GLO promoters.

Future Developments

Besides using the X-ChIP technique for delivering evi-
dence of direct binding of target genes that were isolated
by profiling experiments, it also bears the potential to iso-
late new in vivo target genes by subcloning and further
analysis of the precipitated genomic DNA fragments.

The aim of combing profiling and chromatin-immunopre-
cipitation experiments is to isolate and analyse direct and
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indirect target genes that are crucial for our understanding
of how key regulatory genes control organogenesis. As we
expect that many aspects of these processes are conserved,
we want to extend the acquired knowledge to other plant
systems, such as Arabidopsis.

Recently, persuasive evidence has been generated that the
formation of higher order complexes between MADS-box
proteins contributes to the specification of the floral
organs. To analyse these interactions that apparently pro-
vide a mechanism by which specificity of target binding
can be conferred, yeast two- and three-hybrid screens with
floral transcription factors will be carried out.

Expression profiling experiments will be extended to test
whether morphological variations displayed by different
species within the Scrophulariaceae can be detected and
measured at the transcriptomics level.

Analysis of apo, a mutant with an aberrant
petal organogenesis

To understand the regulatory processes that control the ini-
tiation and positioning of petal primorida, we are current-
ly analysing an Arabidopsis T-DNA mutant named apo,
which was isolated from the GABI-KAT collection.
Instead of four, only one to two or more rarely, three petals
are formed. The number of petals is reduced and petals are
abnormally positioned and reveal strong bending during
further differentiation. Currently, the cloning of the gene
involved is being undertaken. We aspire to position APO
into the floral regulatory network by double mutant analy-
sis and we will study its expression in wild-type and
mutant flowers.
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WOLF-EKKEHARD LONNIG

Introduction

The celebrated Human Genome Project has been the basis
for another larger sequencing project, the Chimpanzee
Genome Project. This was inaugurated to approach, inter
alia, the question of the genetic basis for the fundamental
anatomical and other differences between man and chimp,
especially in the face of the strong sequence similarities
found so far on the DNA and protein levels.

A similar, if smaller project focussing on the main geneti-
cal differences between closely related genera in the plant
world was started with our Misopates project. In relation
to Antirrhinum, Misopates is its nearest relative being dis-
tinguished from the former essentially by two morpholog-
ical features, i.e. extremely elongated sepals (see Fig. 1)
and cup-like seeds. Additionally, there are differences in
the life cycle (annual in Misopates versus perennial in
Antirrhinum) and the tendency to autogamy in Misopates.
With special focus on the question whether the differences
between Antirrhinum and Misopates can be overcome
by mutant genes, the following points are being investi-
gated:

(1) Can the long Misopates sepals be reduced in perhaps
one mutant step to those of the length of Antirrhinum
sepals? In the case of ectopic expression of leaf pro-
grammes in the sepals by an activator, loss of activator
function could perhaps lead to shorter sepals (Antirrhinum
example: Macho back to wild-type — although, this was
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Biodiversity: Antirrhinum and
Misopates — What are the Genetic
Differences?

Wolf-Ekkehard Lonnig

TE-based). If, however, a repressor is lost, the chances to
restore that repressor appear to be nearly zero.

(2) To what extent are mutant features of leaves, bracts and
sepals correlated in Misopates?

(3) Can the (annual) Misopates life cycle be extended to
that of Antirrhinum (perennial)?

(4) What do the corresponding homeotic flower and inflo-
rescence mutants of Misopates and Antirrhinum reveal
about genetical differences between the two closely allied
genera?

(5) Does Misopates display features of regressive evolu-
tion (losses of functions) in comparison to Antirrhinum or
the Antirrhineae?

Fig. 1. Antirrhi-
num (left) and
Misopates
(right) flowers.
Note the strongly
elongated sepals
in Misopates.
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New Results

Mutagenesis

For the first time, the following homeotic mutants of the
wild species Misopates orontium (Vogelsang) have been
detected in field trials in 2002: Two deficiens-like pheno-
types (one has so far been sequenced and proved to be a
deletion of 21 bp in the Deficiens gene), a plena mutant
and an extraordinarily strange-looking squamosa candi-
date. Moreover, a fistulata-like mutant was isolated, but
another mutant displaying a very unusual phenotype, now
referred to as bizarre, has not as yet been classified with
any of the phenotypes known from Antirrhinum (for most
of the phenotypes mentioned, see Fig. 2). Additionally, a
series of multiple alleles for flower colour has been isolat-
ed as well as many dwarfs and other mutants not to be enu-
merated here. Also, several phenotypes with larger than
normal flowers have been detected, isolated and docu-
mented as well as a variegated line, which is probably due
to transposable element activation (see also Fig. 2).
Concerning the five points enumerated above, the follow-
ing summary can be given:

(1) Except for one mutant, where all the leaves were some-
what distorted and shortened, to date, we could not essen-
tially reduce the length of the sepals in an otherwise nor-
mal Misopates, although up to now more than 310,000
plants (about 10,000 M2-families) have been investigated.
(2) Up to now in Misopates, all mutants affecting leaf

structure also affect bract- and sepal-structure and vice
versa; in contrast, there are absolutely clear-cut exceptions
from this rule in Antirrthinum. The strict correlation in
Misopates so far found may point to a loss of function of
a regulator in the sense mentioned above. Perhaps in
agreement with this hypothesis, confirmed data show that
in Antirrhinum, AmM1 is strongly expressed in the leaves,
weakly in bracts, but there is no expression in the sepals.
In Misopates, however, expression is weak in the leaves,
strong in the bracts and moderate in the sepals.

(3) In three homeotic Misopates mutants, the life-time is
strongly extended (the deficiens-mutant, the plena-mutant
and one floricaula-like mutant), i.e. from about 3 months
in the wild type to roughly 12 months in the mutants. And
in all three cases, the cuttings continue flourishing so lux-
uriantly, that there is good reason to assume that all three
mutants can indefinitely be propagated purely vegetatively.
Most importantly, the deficiens-mutant is femally fully
fertile, yet even after seed-set the longevity does not seem
to be reduced. One hypothesis could be that some target
genes necessary for the short wild-type cycle are not
addressed anymore in the homeotic mutants.

(4) A comparison of the homeotic mutants appears to point
to absence of gene-functions in all cases for Misopates as
compared to Antirrhinum. The deficiens-mutant of
Misopates displays only four loculi (in 4. majus there are
five), and this is also the case in the second similar phe-
notype, which might be a globosa-mutant. The Misopates

Fig. 2. Misopates mutants.

From left to right. First row. New deficiens
mutant of Misopates in comparison to a de-
ficiens mutant of Antirrhinum (small insert).
Middle: Five loculi in the deficiens of
Antirrhinum (photo by Zs. Schwarz-Som-
mer) in comparison to right: Four loculi in
the deficiens mutant of Misopates. Second
row: Left: The plena mutant of Misopates
forming sterile anthers. Middle: Longitudi-
nal section through that plena mutant: Note
the strongly elongated sepals within the
flower. Right: A squamosa candidate of Mi-
sopates. Third row: Left: Longitudinal sec-
tion through the squamosa candidate: Note
the strongly compressed internodes. Left,
below the squamosa candidate: A series of
five small photos of the bizarre mutant.
Right: A newly arisen variegated phenotype
of Misopates probably due to the activation
of transposable elements.
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plena mutant — although producing anthers like a corre-
sponding fertile Antirrhinum plena mutant — appears to be
totally sterile (only a hitherto unknown plena allele in
Antirrhinum also producing sterile anthers, could cover up
the difference). The squamosa candidate displays strongly
reduced internodes pointing to the absence of some gene
function for normal internode development in Misopates —
a loss of function that is revealed only when the basic
function for flower formation due to another mutation is
missing. The floricula-like mutants (three independently
arisen cases) all display the missing differentiation of
bracts and sepals by repeating leaf-like structures in the
inflorescence part of the plants. Moreover, in Antirrhinum,
the squamosa- and squamata-mutants can produce fertile
flowers which has never been the case in the four candi-
dates with similar phenotypes in Misopates; hence, the
second pathway for flower-formation of Antirrhinum
could be absent in Misopates. Also, the flowers of the
Coimbra-line of Misopates are nearly white indicating
some loss (or temporary switching off) of function in the
anthocyanine pathway.

(5) Thus, many features in Misopates appear to point to the
absence of gene functions in comparison with
Antirrhinum. Since most of the distinguishing characteris-
tics of Misopates are apomorphic (derived) features in
comparison to the overwhelming majority of the species of
the tribus Antirrhineae in general and in Antirrthinum in
particular, losses of gene functions in an Antirrhinum-like
ancestor displaying at least the plesiomorphous (original)
characters of the tribus is a hypothesis which appears to be
worth while to be further investigated.

Moreover, since a range of recent investigations have cor-
roborated and greatly enlarged the number of earlier cases
of TE-target site selection (hot spots for TE integration,
see Lonnig and Saedler, 2002) thereby, implying pre-
established rather than accidental gene inactivations (and
larger chromosome rearrangements), the possibility of a
predetermined origin of Misopates should be considered.

To sum up what appears to be one of the most important
points of our investigations so far: By carefully comparing
all the mutants of Misopates with the corresponding phe-
notypes of Antirrhinum, the most dominating morpholog-
ical feature distinguishing Misopates from the latter, i.e.
the strongly elongated sepals, appears to be not only a
nearly invariable character (except in correlation with
changes in overall flower or general leaf size), but also
dominates the phenotypes of all homeotic mutants found
as yet (see Figs.), i.e. any effects of mutant genes found to
date do not significantly reduce/affect sepal size individu-
ally. Constant features are the basis of any systems in bio-
logical systematics.

Future Developments

Some of the work ahead and questions to be solved are as
follows:

(1) What is the anatomical and genetic basis for the infer-
tility of the Misopates plena mutant with anthers? What is
different in the fertile Antirrhinum mutant?
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(2) Why is the fifth locule absent in the Misopates def and
glo mutants?
(3) What is the genetic basis of
a) the four squamosa-like mutants (at least two differ-
ent phenotypes)? (Which factors are missing so that
there is no [or hardly any] flower formation in these
mutants? Are the expression patterns of squa and flo
different from the patterns in Antirrhinum and if so,
are they relevant for the question of regressive evolu-
tion?)
b) the second globosa-like mutant: is it really globosa?
¢) the cycloidea-like mutants (would the double mutant
cyc/squa produce flowers?)
(4) What does the phenotype of the double mutant of
defi/ple look like and is it relevant to help explain the
genetic differences between Misopates and Antirrhinum?
(5) What is the genetic basis of the colour reversion in the
Coimbra Misopates wild type (white to violet)?
(6) Comparison of the different classes and families of TEs
in Misopates and Antirrhinum (numbers and locations).
(7) Comparison of the genetic maps (gene linkages on chro-
mosomes) of Antirrthinum and Misopates (no map as yet).
(8) Perhaps F1 by cell fusion.

Scientific Publications

Becker, H.-A. and W-E. Lonnig: Transposons, eukaryotic. In:
Encyclopedia of Life Sciences, Vol. 18. Nature Publishing Group
(a Division of Macmillan Publishers Ltd), London, pp. 529-539
(2002).

Becker, H.-A., H. Saedler and W-E. Lénnig: Transposable
Elements in Plants. In: Encyclopedia of Genetics, Vol. 4 (S.
Brenner and J.H. Miller, Eds.-in Chief:). Academic Press, San
Diego, pp. 2020-2033 (2002).

Cremer, E, W-E. Lonnig, H. Saedler and P Huijser: The delayed
terminal flower phenotype is caused by a conditional mutation in
the CENTRORADIALIS gene of snapdragon. Plant Physiol.
126, 1031-1041 (2001).

Lonnig, W-E.: Natural Selection. In: Corsini Encyclopedia, 3rd
edn, Vol. 3 (W.E. Craighead and C.B. Nemeroff, Eds.). John Wi-
ley & Sons, New York, pp. 1008-1016 (2001).

Lonnig, W-E.: Neodarwinismus als politische Ideologie. Vor-
trige fir Pflanzenziichtung (Agrarforschung und Pflanzenzucht
im Nationalsozialismus). Heft 58, 51-52 (2003).

Lénnig, W-E. and H.-A. Becker: Carnivorous Plants. In: En-
cyclopedia of Life Sciences. Nature Publishing Group (a Divi-
sion of Macmillan Publishers Ltd), London (in press).

Lénnig, W-E. and H.-A. Becker: Natural Selection. In: The
Concise Encyclopedia (in press).

Lénnig, W-E. and H. Saedler: Baur, Erwin. In: Encyclopedia of
Genetics, Vol. 1 (S. Brenner and J.H. Miller, Eds.-in-Chief:).
Academic Press, San Diego, pp. 199-203 (2002).

Lénnig, W-E. and H. Saedler: Chromosome rearrangements and
transposable elements. Annu. Rev. Genet. 36, 389-410 (2002).
Schwarz-Sommer, Z., E. de Andrade Silva, R. Berndtgen, W-E.
Lonnig, A. Miiller, 1. Nindl, K. Stiiber, J. Wunder, H. Saedler, T.
Giibitz, A. Borking, J.F Golz, E. Ritte and A. Hudson: A linkage
map of an F2 hybrid population of Antirrhinum majus and A.
molle. Genetics 163, 699-710 (2003).

And 14 non-refereed publications (comprising about 800 pages
of re-edited or newly written material on basic biological prob-
lems which are also clearly relevant for our experimental work).



WOLF-EKKEHARD LONNIG

Structure of the group

Dr. Wolf-Ekkehard Lonnig
Dr. Jeong Hee Kim
March 2001 — May 2003

Group leader
Postdoctoral fellow

Gardeners Manfred Pohé
Sybille Richter
Franz Heister
Student help Katja Deborah L6nnig

November 2000 -March 2003

Collaboration

Molecular methods: MPIZ, Department of Molecular Plant
Genetics, Dr. Thomas Miinster and Britta Grosardt (technical
assistant)

Invited lectures given

Institute of Genetics, University of Cologne (08.10.2003) ]

ALEXANDER YEPHREMOV

4

General Introduction

The regulation of the contact response of epidermal cells
plays a crucial role in the fusion of carpels and the forma-
tion of the gynoecium. Carpel development involves the
co-ordination of cell growth and differentiation in
response to contact with other carpels. On the other hand,
plants demonstrate a complexity of forms that can only be
achieved through the proper isolation of organs that regu-
larly are in close contact during development.

There are, in principle, two possibilities to regulate the
contact response of epidermal cells: (1) By controlling
properties of an extracellular barrier; and (2) through sig-
nalling molecules or their receptors.

We have used a combined genetical and biochemical
approach to study a class of Arabidopsis mutants that are
characterised by ectopic epidermal organ fusions.

Using a transposon tagging approach, we have cloned
three genes: FIDDLEHEAD (FDH), LACERATA (LCR)
and BODYGUARD (BDG). The characterisation of these
genes and the finding that repression of trichome differen-
tiation occurs in the fdh, lcr and bdg mutants pointed
towards a role in a novel lipid metabolism pathway that
might be involved in the biosynthesis of cuticle and cell
differentiation.

New Results

The fourth mutant showing ectopic organ fusions has been
identified in the ABP24 family of the ZIGIA En/Spm
transposon population. Genetic analysis of reversions,
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which occurred in some mutant plants, provided evidence
that they appear due to transposon excision events. We
combined transposon insertion display with denaturing
high performance liquid chromatography (DHPLC) in
order to perform a co-segregation analysis and to identify
the mutant allele bearing a transposon insertion of interest.
The ABP24 gene, identified by transposon tagging as
described above, appears to encode a protein with
unknown function. Sequence homology searches in data-
bases retrieved 17 proteins sharing the same structural
domain composition. Distinct functions of only a few of
these proteins have been proposed; therefore, the mode of
action of the APB24 protein was rather difficult to infer
from these data. Nevertheless, our hypothesis appeared to
be supported by the instrumental analysis of the APB24
mutant plants that has been performed in Dr. Klaus
Tietjen’s lab (Bayer CropScience). A joint patent applica-
tion based on these studies has been filed.

Using GUS and GFP reporter genes, we performed pro-
moter expression analysis of the BDG, LCR and APB24
genes. We found that the BDG and APB24 promoters
show epidermis-specific expression, which could be
detected in young organs including roots. This pattern cor-
relates with the epidermal organ fusion phenotype of cor-
responding mutants.

Based on sequence similarity, the FDH gene is believed to
belong to a gene family of fatty acid elongases created by
FAE1 of Arabidopsis. To establish the biochemical func-
tion of FDH, two kinds of experiments have been per-
formed. Firstly, we expressed FDH cDNA from the seed-
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Fig. 1. Genetically and che-
mically induced organ fus-
ions in Arabidopsis and
Antirrhinum. (A) Fusion of flo-
ral organs in a mutant. Scale
bar is shown in the scanning
electron micrograph. Similar
organ fusions may be caused
by application of some chemi-
cals to Arabidopsis (B) and
Antirrhinum (C). The use of the
chemical approach may allow
identifying new genes involved
in the pathway.

Cc

specific FAEI promoter in transgenic Arabidopsis plants
and subjected the seed oil composition to analysis (Prof.
Dr. Lukas Schreiber’s lab, Universitdt Bonn). Secondly,
fatty acid composition of total lipids has been determined
in the tissues of the fdh mutant and wild types (Dr. Klaus
Tietjen’s lab, Bayer CropScience). Results of both experi-
ments support the idea that the FDH protein is a fatty acid
elongase involved in biosynthesis of cutin monomers.
The ANTIRRHINUM FIDDLEHEAD (AFI) gene was
examined for its ability to complement fdh. Because the
fdh mutant is sterile, complementation analysis was per-
formed using segregating progeny of FDH/fdh heterozy-
gotes (Tg) transformed with a FDH::AFI construct. T
transformants have been genotyped using DHPLC.
Among T, wild types, fdh/fdh FDH::AFI plants have been
found. They stably transmitted the wild-type phenotype to
the successive generation, corroborating that full comple-
mentation of the fdh mutation could be achieved with the
AFI gene driven by the FDH promoter. This result will
allow us to determine features and structural elements of
the class of FDH-like proteins.

Using collections of Arabidopsis mutants in collaboration
with ZIGIA and GABI, we performed a reverse genetic
screening for mutants in the families defined by four
genes cloned in our lab: FDH, LCR, BDG and APB24. A
number of mutants have been isolated in the course of
these experiments. One mutant in the BDG family is par-
ticularly interesting with regard to our project as it shows
a lethal phenotype.

We were interested to know whether any chemicals -
inhibitors of various enzymes that have been described -
could inhibit the pathway of interest. In the course of
screening, we have found several compounds that mimic
mutations resulting in the organ fusion phenotype in
Arabidopsis. Interestingly, with these compounds, organ

fusions can be induced in Antirrhinum, suggesting that the
pathways appear to be similar in both species (Fig. 1).
The cerl0 mutation is one of a few mutations in
Arabidopsis that reduces wax load and causes organ
fusions - likely due to a defect in cuticle formation. As it
is a component of the organ fusion pathway, we aim to
identify CERI0 by a map-based cloning strategy. Using
DHPLC for heteroduplex analysis and SNP detection, we
mapped the cer/0 locus to a narrow region of 0.2 cM on
chromosome 3.

In some organ fusion mutants, defective cuticle may impose
stress on epidermal cells and therefore, inhibit cell differen-
tiation, in particular, trichome differentiation. However,
using genetic analysis, we obtained evidence that overlap-
ping but distinct lipid pathways control cuticle biosynthesis
and regulate differentiation of trichomes (Fig. 2).

Future Developments

We are en route to establishing biochemical functions for
all genes that are components of the organ fusion pathway
and have already been molecularly isolated in our lab.
New genes implicated in the pathway will be identified
using forward and reverse genetic screening in ZIGIA and
GABI collections of Arabidopsis mutants. Our long-term
goals are to depict the pathway of interest, to study its reg-
ulation, to identify natural substrates for all enzymes
involved and to characterise chemical inhibitors. We will
also continue to work on issues related to the role of organ
fusion pathway in cell differentiation in the epidermis.
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Fig. 2. Interrelations between the -cuticle
biosynthesis pathway and trichome differentia-
tion in the epidermis. It appears that a part of the
lipid biosynthesis pathway is directly connected to
a pathway controlling trichome differentiation. In
some mutants, cell differentiation may also be sup-
pressed due to the poor barrier function. Probably,
imbalanced composition of cutin monomers may
also affect cell differentiation; however, this has to
be experimentally verified.




ALEXANDER YEPHREMOQOV

Wellesen, K., F Durst, F Pinot, I. Benveniste, K. Nettesheim, E.
Wisman, S. Steiner-Lange, H. Saedler and A. Yephremov:
Functional analysis of the LACERATA gene of Arabidopsis pro-
vides evidence for different roles of fatty acid w-hydroxylation in
development. Proc. Natl. Acad. Sci. USA 98, 9694-9699 (2001).

Yephremov, A., and H. Saedler: Display and isolation of transpo-
son-flanking sequences starting from genomic DNA or RNA.
Plant J. 21, 495-505 (2000).

Structure of the group

Dr. Alexander Yephremov
Dr. Sergey Kurdyukov
Sascha Bar

Aldona Ratajek-Kuhn

Group leader
Postdoctoral fellow
Technical assistant
Laboratory assistant

Guest scientists

Prof. Dr. P. B. Kirti and Mr R. Kumar, Department of Plant
Sciences, University of Hyderabad, India

Collaborations

Fatty acid composition analysis, chemical analysis of cuticle
constituents, Rheinische Friedrich-Wilhelms-Universitit Bonn,
Germany, Prof. Dr. Lukas Schreiber

Metabolic analysis, fatty acid composition analysis, Bayer
CropScience, Germany, Dr. Klaus Tietjen

Cytochrome P450s, Dr. Franck Pinot, Dr. Irene Benveniste, Dr.
Daniele Werck-Reichhart, IBMP-CNRS, France

Structural analysis of cuticle, Dr. Christiane Nawrath, Université
de Fribourg, Switzerland

Antirrhinum molecular genetics, Max-Planck-Institut fiir Ziichtungs-
forschung, Dr. Zsuzsanna Schwarz-Sommer, Dr. Nadia Efremova

Invited lectures given

Institut de biologie moléculaire des plantes-CNRS, Strasbourg
(06.02.2001), Rheinische Friedrich-Wilhelms-Universitit, Bonn
(21.06.2002), Bayer CropScience, Frankfurt/M (22.01.2003),
Universiteit Maastricht, Maastricht (19.06.2003) ]

THOMAS MUNSTER

Introduction

MADS-box genes encode a family of highly conserved
transcription factors, which play important roles in devel-
opmental processes and signal transduction in higher
eukaryotes. They are well-known for the roles they exert in
the formation of flowers, where they control, for example,
the identity of the different floral organs. The interaction
of the floral-specific MADS-box genes has been sum-
marised in the ABC-model of flower development.
However, MADS-box genes involved in a variety of other
processes have been reported in the last years, suggesting
that these genes may participate in nearly all aspects of
plant development.

For a better understanding of the roles MADS-box genes
play in plant development and evolution, we are currently
examining various aspects of this gene family in the
monocotyledonous crop maize, in ferns and in the moss
Physcomitrella patens.

Thomas Minster
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The Diversity of MADS-box Gene
Functions and their Roles in Plant
Development and Evolution

New Results

MADS-box gene diversity in the crop plant
Zea mays

The basic idea of this project was to establish MADS-box
genes from an economical important crop plant as tools
for future transgenic plant design approaches. Hence,
knowledge about structure, expression domains and func-
tions of these genes is an inevitable prerequisite.

Using an extensive cloning approach employing various
techniques, we targeted MIKC-type MADS-box gene
cDNAs in maize and isolated 29 different genes. All of
these belong to the well-defined MADS-box gene-subfam-
iliesfound in dicotyledonous plants. However, it isremark-
able that the number of maize MADS-box genes in many
subfamiliesis higher than that of the dicotyledonous model
plant Arabidopsis thaliana. Phylogeny reconstruction
revealed that the increase in gene number might have had
two different origins: (1) Independent gene duplicationsin
the lineage that led to the grasses; or (2) the ancient seg-
mental alotetraploid nature of the maize genome.
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Fig. 1. The distinctive
phenotype of a Tuni-
cate cob (left) com-
pared to a wild-type
maize cob (right).
Especially of note are
the enlarged glumes,
which encase the ker-
nels in the Tunicate
cob.

Determination of the mapping positions of the maize
MADS-box genes has been used to find out whether they
coincide with known mutant loci. One of the most inter-
esting candidates emerging is the gene ZMM19, which
belongs to the STMADSI1-like subclade of MADS-box
genes. We have collected a number of independent evi-
dences that ZMM19 may cause the Tunicatel (Tul) phe-
notype of maize. Tunicatel isawell-known mutant, which
was first described by Saint Hilaire at the beginning of the
19" century. The most impressive feature of the Tunicate
phenotype is the elongation of glumesin male and female
inflorescences, which have given rise to its popular name
“pod-corn” (Fig. 1).

The molecular events which generated the Tunicate
ZMM19 locus are complex and very likely unique in the
maize history. We have demonstrated that different acces-
sions of Tunicate maize from collections all over the world
possess the same molecular rearrangement at the Tunicate
ZMM19 locus. This is in agreement with the fact, that no
independent Tunicate mutant line could be discovered in
the past. Anthropologists have speculated that Indian
shamans used Tunicate cobs for religious purposes and by
that way distributed the mutant kernels across South and
Central America in prehistoric times.

Two rearrangements of the maize genome seem to be
involved in the formation of the Tunicate ZMM19 locus: A

disruption or loss of large parts of the ZMM19 promoter
and a subsequent duplication of the gene locus. These
alterations have led to a change in the expression pattern
of ZMM]19 transcripts in mutant plants from ZMMI19
being usually only expressed in leaves and husk leaves of
wild type, to a strong ectopic expression in the male and
female inflorescences of Tunicate maize. Meanwhile, to
elucidate the Tunicate mutation in detail, we are analysing
the structure of a collection of wild-type and mutant
ZMM19 loci.

To find out more about gene function, ZMM19 has been
over-expressed in the heterologous background of
Arabidopsis thaliana. The majority of the resulting trans-
genic plants produced flowers with strongly enlarged
sepals, which has led to the “inflated-calyx-syndrome”
(ICS) hypothesis (see page report: Heinz Saedler).

The function of MADS-box genes in non-
seed plants

In the past, we have characterised a number of MADS-box
genes in the leptosporangiate ferns Ceratopteris richardii
(Fig. 2a) and Ceratopteris pteridoides. In phylogeny recon-
structions, all isolated genes came out as homologues but
not orthologues of the seed plant MIKC-type MADS-box
genes. The total number of MADS-box genes in the
Ceratopteris genome could be estimated as more than 30.
The analysis of the expression profiles of these genes using
Northern and in sifu data revealed that they are ubiquitous-
ly expressed in the gametophytic as well as in the sporo-
phytic phase of the fern life cycle. This is in clear contrast
to seed plant MADS-box genes, which usually have
defined tissue or organ-specific expression patterns.

To determine whether these features are common to fern
MADS-box genes in general or unique in the lineage of
highly derived ferns like Ceratopteris, we initiated the
analysis of MADS-box genes in the ancestral eusporangiate
fern Ophioglossum pedunculosum (“Adder’s tongue”, see
Fig. 2b), which is only distantly related to Ceratopteris.
c¢DNAs for four different genes (OPM1, 3—5) have been iso-
lated, of which OPM1 and OPM}5 show a relative close phy-
logenetic relationship to the CRMo6-like genes of
Ceratopteris. In contrast, OPM3 and OPM4 seem to have no
close relatives. While most of the Ophioglossum MADS-

Fig. 2. MADS-box genes are currently under investigation from a variety of non-seed plants. (a) Ceratopteris richardii, a derived
fern; (b) Ophioglossum pedunculosum, an ancestral fern; and the moss model system, (c) Physcomitrella patens.
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box genes show a widely spread expression profile, the
expression of OPM4 seems to be restricted to the generative
part of the Ophioglossum leaves. This may suggest that
reproduction-specific MADS-box genes evolved not only in
higher plants, but independently also within ferns. However,
more detailed studies are required to confirm these results.
Bryophytes are the earliest land plants; they appeared on
earth around 450 MYA, 50 million years before the ferns.
Among the mosses, a new plant model species has been
established over the last years: Physcomitrella patens (Fig.
2¢) is the only land plant, which offers the possibility to
efficiently knock out genes via homologous recombina-
tion. In collaboration with a Japanese group, we isolated
seven different MADS-box genes from Physcomitrella.
The structural analysis revealed the presence of a new
class of MIKC-type MADS-box genes in the moss due to
distinct differences: (1) in the length of the I-domain; (2)
in the conservation of the hydrophobic amino acids in the
K-domain; and (3) in the exon/intron organisation of the
genomic loci. This new gene type has been designated as
“MIKC*”-type MADS-box genes. So far, only one further
MIKC*-type gene has been described from the club moss
Lycopodium annotinum. However, using phylogenetic
reconstructions, five putative MIKC*-type MADS-box
genes could be identified in the genome of Arabidopsis
thaliana. Just as it has been demonstrated for the fern
genes, the expression analysis of the Physcomitrella
MADS-box genes revealed ubiquitous expression pattern
in all tested moss tissues.

Some MADS-box genes from Physcomitrella have been
knocked out and the mutant phenotypes analysed. Up to
now, only PPM?2 disrupted lines show some divergence in
the control of the timing of the moss life cycle.

Future Developments

MADS-box genes and maize mutants

The detailed characterisation of the Tunicate ZMM19
locus will be completed soon. The mapping of the maize
MADS-box genes resulted in some additional candidates
for known mutants. We would like to screen these candi-
date genes, especially members of not well-analysed
MADS-box gene subfamilies, for their involvement in the
generation of the mutant phenotypes.

MADS-box gene function in lower plants

Unfortunately, there is currently no effective method to
obtain stable transgenic ferns. As a consequence, function-
al analysis of the fern MADS-box genes in Ceratopteris or
Ophioglossum is strongly limited. Therefore, we decided to
concentrate on our functional studies of MADS-box genes
in Physcomitrella as the moss offers the complete spectrum
of molecular tools we need for our future work. We would
like to knock out all MADS-box genes systematically in
Physcomitrella and create double or triple knock-out
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strains in cases of partial redundancy of closely related
genes. Moreover, we are highly interested in the evolution
of MADS-domain protein functions. For this reason, we
are in the process of setting up mutant-backgrounds to test
seed plant MADS-box genes in Physcomitrella and the
moss genes in higher plants.
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Introduction

ZIGIA was set up in 1998 with the aim of establishing and
exploiting two types of insert-tagged mutant populations
of Arabidopsis Col-0 for the discovery of new gene-phe-
notype relationships. Either T-DNA or the autonomous
maize transposon En-1/Spm (hereafter referred to as En)
were used to disrupt the genes and in addition, provided a
tag for the characterisation of the mutation. Throughout
this project, this artificial genetic diversity was success-
fully used by four screening groups at the MPIZ (super-
vised by Drs. Dario Leister, Bernd Reiss, Heinz Saedler
and Imre Somssich) and a technology centre that provided
an array of services, most notably the knock-out screening
facility.

During the first three years of ZIGIA (1998 - 2000), a total
of 13 new gene-phenotype relationships were discovered
and proposals about development for commercial applica-
tion were discussed with the industrial partners in the proj-
ect, namely, BayerCropScience, Deutsche Saatveredelung,
KWS SAAT AG and Norddeutsche Pflanzenzucht. Given
this proof-of-principle, it was decided to continue the proj-
ect in 2001 and 2002, with the expectation that due to the
gained experience and expertise, the efficiency should
increase. By the end of 2000, the activation-tagged T-
DNA-line approach (Dr. B. Reiss) along with the insert-
flanking-sequence amplification technique from the En-
approach, were used by Dr. B. Weisshaar as the starting
point for the separate GABI-Kat project (see report Bernd
Weisshaar). GABI-Kat provides the scientific community
with access to sequence-characterised T-DNA-lines that
are currently the material of first choice for reverse genet-
ics studies. In 2003, the established resources from ZIGIA
were transferred into the German plant genomics initiative
by integration of GABI-Kat and ZIGIA.

Here, we present an overview of the ZIGIA milestones and
its main contributions in the years from 1998 to 2002.

Project Highlights

The final ZIGIA populations consisted of 16,000 En-lines,
each carrying 5-20 copies of the transposon, representing
on average six independent insertions per plant or ca.
96,000 integration sites for the whole En-population, and
an additional 7,000 T-DNA lines with on average 1.5 inser-
tions per plant. The En-lines were used to set up a reverse
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Five years ZIGIA (Zentrum zur Identifikation
von Genfunktionen durch Insertions mutagenese
bei Arabidopsis thaliana) — a Centre for

Functional Genomics in A. thaliana

July 1998 - December 2002
3465 genes screened
12%
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Fig. 1. Overview of the ZIGIA reverse genetics screening serv-
ice. The ZIGIA service attempted to identify En-tagged knock-out
mutants for 3465 genes by PCR on pools or since July 2000 by
hybridisation to En-flanking-filters. Requests from outside the
project were received for 418 genes, which resulted in ca. 250
candidates delivered worldwide.

genetics screening service in which the identification of
En-tagged knock-out mutants for 3465 genes was attempt-
ed, either by PCR on pools or since July 2000 by hybridi-
sation to En-flanking-filters (Fig. 1). These results are cur-
rently available through a public database (www.mpiz-
koeln.mpg.de/zigia/publicdb/) where identified candidates
for a particular gene are described.

The ZIGIA screening groups also used both populations
for forward screening. By combining forward screening
and reverse genetics a total of 30 gene-phenotype rela-
tionships were discovered, of which 21 relationships were
not described before (Fig. 2). Upon request from the
industrial partners, a patent application was filed for six of
these relationships.
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Fig. 2. New gene-phenotype relationships discovered in ZIGIA. Of these discov-
eries, 12 were made with T-DNA lines and 8 with En-lines either by forward screens
or by reverse genetics. Six discoveries (underlined) were filed for patent application

upon request from the industrial partners concerned.

Part of the material that was exploited in the ZIGIA proj-
ect derived from pre-dating DFG and EU projects at the
MPIZ. Now that databases of sequence-characterised T-
DNA lines have taken over the role of these projects, the
importance and scientific contribution of these earlier
projects is best underscored by the number of publications
in which insert tagged lines from the ZIGIA populations
have featured (Fig. 3).
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Fig. 3. Publications using the ZIGIA popu-
lations. This overview also includes collabo-
rations that started in the pre-ZIGIA period

(1996-1998) as part of DFG and EU projects.
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Service Groups

ELMON SCHMELZER

Introduction

To satisfy the growing demand to understand gene func-
tion and networking, cytological approaches play an
important part. The service group Central Microscopy
(CeMic) meets the increasing requests for cell biological
investigations within the Institute. This central facility pro-
vides comprehensive background knowledge concerning
cytology along with practical experience and technical
skills as well as appropriate instrumentation and equip-
ment; thereby, enabling optimal cytological/microscopical
work to be carried out. The group is involved in studies of
a wide range of living or fixed specimens and employs
conventional light or fluorescence microscopy, confocal
laser scanning microscopy and scanning or transmission
electron microscopy. Besides performing experiments, we
give advice on cytological questions and instruct
researchers in cytological methods, operation and usage of
microscopes and their accessories as well as introducing
them to new techniques and equipment. Additionally, we
are also carrying out our own research, concentrating on
dynamics and function of actin filaments and actin fila-
ment-binding proteins.

New Results
Achievements of the service

The usage of confocal laser microscopy in connection
with digital image processing and analysis in biology has
led to an extraordinary rise in cell biological knowledge
and to a rapid development of the technology and methods
for microscopical live examination. To keep pace with this
ongoing technological progress and the ensuing new
research possibilities, a new confocal laser scanning
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microscope (CLSM) equipped with the latest technology
was purchased at the end of year 2002 (Fig. 1). The major,
novel features of the instrument are the following. (1) The
system contains a special detector (META-detector) which
allows the collection of spectral information in each image
point. Thus, in addition to the normal image of a fluores-
cent specimen, a spectral fingerprint of each image point
is obtained. This function is essential for investigations
employing the various variants of the fluorescent protein
tags (GFP, CFP, YFP, dsRED) whose emission spectra
largely overlap. (2) A further module integrated into the
microscopical system (ConfoCor 2) serves the perform-
ance of fluorescence correlation spectroscopy (FCS). This
relatively new technology has a high potential for answer-
ing questions about parameters such as local concentra-
tions, translational and rotational diffusion and transport
coefficients of molecules, rates of fast intramolecular and
slow intermolecular dynamics, molecule or particle mobil-

Fig. 1. The new confocal scanning microscope (CLSM).
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ity and aggregation. FCS represents a powerful method to
study thermodynamic and kinetic features of molecular
interactions and enables the biophysical analysis of molec-
ular processes within living cells. (3) An additional ultra-
fast oscillating near infrared laser system for multiphoton
excitation is highly advantageous for live examinations.
The high energy of the beam of conventional lasers pene-
trating into the tissue or into cells causes damage by pho-
tooxidation processes. The novel multiphoton excitation
lasers yield ultra short pulses of near infrared light. This
low energy light normally does not harm living specimens.
Furthermore, infrared light reaches far deeper into tissue
compared to normal visible light. These physical proper-
ties allow long-time experiments in deep tissue layers
causing minimal damage. (44) A further module provides
fluorescence lifetime imaging (FLIM) where instead of
the spectral characteristics, the lifetime of the fluorescence
signal is measured. This is a signature of a fluorophore
which is only weakly affected by scattering in tissue, mak-
ing it possible for measurements to be made through
greater tissue depths. Fluorescence lifetime is also a func-
tion of fluorophore environment. Thus, FLIM can be used
to map chemical or physical changes within a sample.

In the institute many research projects, have been started
applying the different capabilities of the new CLSM, with
special focus on spectral fingerprinting and fluorescence
resonance energy transfer analysis to visualise protein-
protein interactions in living cells.

Results of our own research

Actin filament functions are absolutely necessary for
papilla formation and defence of fungal invasion. The two
major activities of the cytoskeleton, dynamic dis- and
reassembly and mediation of directed transport, apparent-
ly drive the changes in cytoplasmic organisation. This
results in the establishment of a specific cytoplasmic
domain at the penetration site, which has the major task of
local reinforcement of the cell wall. Recently, we have
started investigations on actin-binding proteins and their
potential functions in cell polarisation and defence. As a
representative of the proteins involved in polymerisa-
tion/depolymerisation of actin filaments and, potentially,
signalling towards the cytoskeleton, we have chosen pro-
filin. We have identified and characterised cDNAs from
parsley and Arabidopsis, and have produced affinity puri-
fied antibodies against cloned profilin. Immunocyto-
chemical staining of infected cells with these antibodies
showed accumulation of profilin at the penetration site,
indicating a high turnover of actin filaments at this site.
Experiments for testing the involvement of profilin in
papilla formation and fungal defence are in progress.
Antibodies against small GTPases from plants were also
employed for cytochemical stainings of infected cells.
Preliminary experiments display weak labelling around
the penetration site; thus, it might be possible that small
GTPases play a role in regulation of cytoskeletal polarisa-
tion in plant cells as already known from animal systems.
To further study actin-based transport processes and their
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role in cell polarization and papilla formation in detail, we
are investigating plant myosins. We have cloned and char-
acterised a representative of the two classes of higher plant
myosins (class VIII and XI). By investigating their subcel-
lular targeting in protoplasts from cultured cells of parsley
and Arabidopsis overexpressing the respective GFP-fusion
proteins, we have obtained initial indications of their func-
tions. The results of these experiments revealed differen-
tial localisation of the two myosins and clearly indicated a
role of the myosin XI in mediating intracellular transport
of organelles, perhaps preferentially ER vesicles.

Future Developments

Service

The development of new genetically encoded fluorescent
labels and sensors together with advances in laser scan-
ning microscopy have pushed and certainly will further
push the boundaries of fluorescent protein imaging; there-
by, enabling researchers to work with living samples.
Hence, we expect that our service activities will increas-
ingly deal with projects applying such imaging technolo-
gies. Such projects will essentially concern analysis of
dynamic processes in living cells, such as growth and
development as well as responses to external stimuli and
environmental changes, using fluorescence marker pro-
teins (GFP, YFP, CFP, dsRed). Therefore, the following
will be analysed: (1) Alterations in shape or dimension of
whole cells; (2) structural and spatial changes; and (3)
movements of cellular components such as cytoskeleton,
organelles, membrane systems or individual proteins.
Furthermore, physiological processes in tissue or single
cells will be analysed and monitored, e.g. gene activation,
synthesis of proteins or metabolites, and spatial changes in
ion concentrations (Ca). Finally, taking advantage of
FLIM and FCS technology will provide new insight into
intermolecular dynamics and kinetics as well as physio-
logical changes. Besides using this newly and rapidly
developing technology for in vivo examinations, electron
microscopical analysis is of high value for morphological
analysis. We have noticed an increasing demand for scan-
ning and also transmission electron microscopy to charac-
terise mutant phenotypes in detail. In particular, the reso-
lutional power of transmission electron microscopy repre-
sents the ultimate tool to identify fine structural, subtle
changes in intracellular morphology of mutants.

Own future research

Our own future research will focus on the intracellular tar-
geting and function of plant myosins. Selected myosins
will be transgenically expressed as GFP-tagged molecules
in Arabidopsis thaliana and Hordeum vulgare. We will
take advantage of the recently developed transient assay
system for barley epidermal leaf cells. This involves
biolistic transformation of epidermal cells with a gene of
choice followed by inoculation with barley powdery
mildew (Blumeria graminis). The dynamics of intracellu-
lar distribution of these myosins during cell polarisation
will be monitored. The function regarding pathogen
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response will be tested by “gene silencing” or/and by
“knock out” lines. We will make constructs to specifically
silence myosin genes by post-transcriptional silencing
(dsRNAI) in the single cell assay system with barley and
Arabidopsis plants. A particularly valuable tool for the
assignment of individual myosin gene functions are
knock-out mutants. Respective mutant collections are
publicly available. A search in several T-DNA insertion
mutant collections revealed hits in almost all of the 17
Arabidopsis myosin genes. Such lines will be employed
for characterisation of their phenotype regarding fungal
resistance or other morphogenetic or developmental traits.
Furthermore, expression of GFP-tagged wild-type
myosins (or their domains) in the respective knock-out
background would not be biased by the presence of the
endogenous gene product. Thus, the intracellular targeting
of specific myosins would probably more precisely reflect
the wild-type situation. Again, these targeting studies can
be performed with the single cell assay system or in trans-
genic plants expressing GFP-tagged myosins. These
experiments will directly show whether or not specific
myosin genes are functionally involved in cell polarisation
and fungal defence. Finally, we plan to identify proteins
interacting with tail regions of specific myosins with the
yeast two-hybrid screening or split ubiquitin analysis.
CFP- and YFP-fusion constructs of some selected pairs of
myosin/partner proteins will be generated and used for co-
expression in the single cell assay system. The actual inter-
action in living cells can then be visualised via fluores-
cence energy transfer technology (FRET) and fluores-
cence correlation spectroscopy (FCS).
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General Introduction

The availability of plant genome sequences (e.g.
Arabidopsis, rice, etc.) provides opportunities for system-
atic approaches towards understanding plant processes.
One of the most important post-genomic approaches is
proteomics, which can be defined as a large-scale analysis
of proteins, protein-protein interactions and post-transla-
tional modifications (Tyers and Mann, 2003, Nature 422,
193-197).

Since spring 2002, our group is involved within the
Institute in an integrated approach to protein identification
by MALDI-TOF mass spectrometry, which has become a
key technique in proteomics (Aebersold and Mann, 2003,
Nature 422, 198-207). The great accuracy of mass deter-
mination and the outstanding sensitivity achieved by the
MALDI technique represents enormous progress in bio-
logical mass spectrometry, which together with bioinfor-
matics enables the rapid identification of proteins in the
fmol to pmol range. For this purpose, a MALDI-TOF mass
spectrometer (Bruker REFLEX 1V) is run by our group.
In addition, a Q-TOF mass spectrometer (Micromass, Q-
tof2) has been purchased by the Department of Molecular
Plant Pathology not only for the identification of proteins
based on their tryptic peptide mass and partial amino acid
sequence, but also for the identification of post-transla-
tional modification sites. Between the responsible scien-
tists handling these instruments, an effective collaboration
has developed.

In order to give an example for the successful application
of the MALDI technique for protein identification we
refer to our recent data concerning the molecular analysis
of the ENOD40 gene, which appears to play an important
role in root nodule organogenesis. Using peptide mass fin-
gerprinting, we showed that a subunit of sucrose synthase
binds specifically to ENOD40 gene peptides (Rohrig et
al., 2002).

New Results
MALDI-TOF technology

MALDI-fingerprinting should always be considered as a
first screen in protein identification prior to further bio-
chemical functional analysis. We have established MALDI
here at the Institute and provide this as a service to scien-
tists, who can come to us with their 1- or 2-D-gels.
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tions by Mass Spectrometric
Methods at the MPIZ

Horst Rohrig and Jirgen Schmidt

Separated protein spots of interest are cut from the gel and
proteolytically digested. For this purpose, a recently
installed robot for automated in-gel digestion and target
plate preparation for subsequent MALDI-TOF analysis is
now in operation (Bruker Proteineer dp). Since the
requests for MALDI analyses are constantly increasing,
this machine is intended to avoid bottlenecks in high
throughput proteomics, although the robot can only
process coomassie—stained spots containing proteins at a
minimal concentration of 200 fmol. Therefore, in other
cases, we encourage our colleagues to carry out the tryp-
tic digests themselves. Interested groups are supplied with
the corresponding digestion protocols and receive support
upon request.

Mass spectra of the extracted peptide mixtures are
acquired by MALDI-TOF, and the resulting peptide mass
fingerprints of proteins under investigation are compared
to peptide fingerprints of all known proteins in the data-
base. For the database search, we mainly use the Mascot
protein database search software from Matrix Science
Ltd., which is used by many proteomics laboratories.
Matching proteins are scored and ranked by the number of
matching peptide masses. As more full-length genes
become available in the database, the success rate of iden-
tification by MALDI will increase.

In collaboration with the group of Thomas Koprek,
MALDI-TOF mass spectrometry is presently not only
used for protein identification, but also in a large-scale
screening programme for the analysis of hordatines, which
are phenolic compounds with antifungal activity
(Roepenack et al., 1998 JBC 273, 9013- 9022).

Functional analysis of the peptide-encoding
gene ENOD40

Scientifically, our group is attached to the Department of
Plant Developmental Biology and is working on the func-
tional analyses of biological processes, which occur dur-
ing nodule organogenesis in symbiotic plant-microbe
interactions. Recently, we have focused on the biological
role of the ENOD40 gene (Rohrig et al., 2002), which is
expressed at early stages during root nodule organogene-
sis in legumes. Identification of ENOD40 homologues in
non-leguminous plants suggests that this gene may have a
more general biological function.
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In vitro translation of soybean ENOD40 mRNA in wheat
germ extracts revealed that the conserved nucleotide
sequence at the 5" end (region I) encodes two peptides of
12 and 24 aa residues (peptides A and B). These peptides
are synthesised de novo from very short overlapping open
reading frames. Appropriate open reading frames are pres-
ent in all legume ENOD40s studied thus far. To our knowl-
edge, this is the first case in which small peptides are
directly translated from polycistronic eukaryotic mRNA.
The 24 amino acid peptide B was detected in nodules by
Western blotting. Proteolytic degradation could be one of
the reasons why we could not detect ENOD40 peptide A
in mature soybean nodules using a combination of
immunoprecipitation, HPLC and MALDI MS analyses.
However, in a recent study, peptide A was detected in
nanogram amounts in extracts from 15-day-old soybean
nodules by a competitive ELISA (van de Sande et al,
1996 Science 273, 370-373).

To identify the molecular targets of these unusual short
translation products, we have used biotinylated peptides A
and B for affinity purification of potential binding pro-
teins from soybean nodule extracts. Using this approach,
we could show that both peptides specifically bind to a tar-
get protein of 93 kDa. To identify this protein, tryptic pep-
tides were generated and subjected to MALDI-MS analy-
ses. Searching of the database with the resulting peptide
mass fingerprints identified the 93 kDa protein as soybean
Nodulin100, which is a subunit of sucrose synthase. The
enzyme acts as a homotetramer and is one of the major
nodule-enhanced proteins (Thummler and Verma, 1987 J.
Biol. Chem. 262, 14730-14736). This is consistent with
our finding that the level of the 93 kDa protein is strongly
enhanced in nodules compared to uninfected roots.
Further investigations concerning the biochemical nature
of ENOD40 peptide binding to sucrose synthase are in
progress.

Future Developments

Sucrose synthase is a key enzyme of carbohydrate utilisa-
tion in plants and catalyses the reversible conversion of
sucrose and UDP into UDP-glucose and D-fructose. It is
believed that this enzyme is essential for the cleavage of
sucrose translocated from the shoots to nodules to provide
nutrients for the bacteroids, energy for the nitrogenase and
carbon skeletons for the assimilation of fixed NH,"
(Morell and Copeland, 1985 Plant Physiol. 78, 149-154;
Thummler and Verma, 1987). However, relatively little is
known about the regulation of this important enzyme.
Since the cysteine residue of peptide A seems to be essen-
tial for binding of this peptide to sucrose synthase (Rohrig
et al., 2002), the biochemical nature of this interaction is
being studied in more detail. We found that DTT treatment
inhibits binding of peptide A to this enzyme, indicating
that sucrose synthase may be regulated by enzyme S-thio-
lation. Based on this hypothesis, we want to find out the
biological role of ENOD40 peptides in plants.
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Due to the constantly increasing interest of various groups
at the MPIZ for mass spectrometric analyses, a future bot-
tleneck of high throughput proteomics can be expected
concerning the acquisition of samples from 1D or 2D gels.
Therefore, the group has asked for financial support to
purchase a spot picker at the beginning of 2004. This robot
enables gel imaging, spot detection and selection from
gels into 96 microwell plates and allows the workflow
from gel separation to mass spectrometric identification
and characterisation to become fully automated.
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Perception and signal transduction of rhizobial Nod factors. Crit.
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Marion Stoll (2002) Aktivierende T-DNA-Mutagenese in
Nicotiana tabacum Mesophyll-Protoplasten
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General Introduction

The increasing automation of modern molecular biology
techniques increasingly requires complex and expensive
equipment. Competitive research, as well as education of
students, demands direct and easy access to (at least) the
central technologies. This is especially true for DNA iso-
lation, DNA sequencing, quantitative PCR, clone and
library handling, and the generation and analysis of arrays
of defined DNA sequences (DNA arrays or DNA chips) in
combination with the respective bioinformatics tools. In
November 1995 and in accordance with the program
”Zukunftsperspektiven des MPIZ“, a core facility for
DNA-related technology was started to provide a service
for highly requested and automatable modern techniques
for all departments at the MPIZ. The unit was designated
ADIS for “automated DNA isolation and sequencing®.

New Results

ADIS is running the "GABI-Kat“ knock-out (KO) service
for access to sequence-characterised T-DNA insertions in
a given gene. To build up resources for efficient progress
in plant genomics, a set of T-DNA mutagenised lines with
insertion sites identified by DNA sequencing is being gen-
erated. The output is a database describing, for the lines in
the collection, which gene(s) has been disrupted, so that
users can select KO alleles for their needs. Finally, mutant
seeds are delivered to researchers for physiological and
gene-function relationship studies. This project has profit-
ed from the previous experience gained in ZIGIA
(Zentrum zur Identifikation von Genfunktionen durch
Insertionsmutagenese bei Arabidopsis thaliana) and the
know-how related to DNA sequencing accumulated by
ADIS. The actual start of the GABI-Kat project was June
2000. At present, about 60,000 lines have been analysed
and the coverage of the genome with “gene hits“ is 45%
(see http://www.mpiz-koeln.mpg.de/GABI-Kat/).

ADIS Services

DNA synthesis

ADIS provides a html/cgi-based oligonucleotide ordering
software to purchase oligos. The program, designated
OligoOrderDB, was developed in-house and has the fol-
lowing features (current version in 04/2003: v3.7):
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ADIS: A core facility for DNA-related
technological service at the MPIZ

Bernd Weisshaar

password-protected user identification (based on
UserDB)

control of cost centre (“Kostenstellen®) accessibility
supplier-specific price information

options to order specialised “TaqgMan* oligos
plausibility check of order

evaluation of each order (”4-Augen-Prinzip®)

storage of billing information

usage and financial statistics

storage of all oligonucleotide-related information for
subsequent user access

download of user-specific lists of ordered oligos
generation of an order E-mail in the respective supplier-
dependent format

At present, the MPIZ orders about 260 oligonucleotides
on average per week, mainly for PCR-related experiments.
Without this eCommerce system, the fast and reliable
access to oligos would create an high additional workload
for the purchase department (”Zentraler Einkauf*™).

DNA sequencing

In 2002, ADIS processed about 30,000 DNA single
sequencing probes, and about 200,000 reactions in 96- and
384-well microtiter plate format. Templates vary from
small PCR products to complete BACs. The complete
workflow is handled by a laboratory information manage-
ment system (LIMS) which was developed in-house under
the designation SeqOrder. The resulting sequence data
(GCG-formatted sequence text file) are written into the
UNIX account of the user. SeqOrder has the following fea-
tures (current version in 04/2003: 2.0):

user and ”Kostenstellen” identification (based on
UserDB)

data collection with an improved user interface

linking of oligo (primer) information to sequence reac-
tions

generation of coherent sample (= file) names
generation of orders with 96 or 384 reactions

option to write reaction-specific information into trace
files

generation of sample sheets to operate sequencers
database of all orders and sequencing reactions includ-
ing results



SERVICE GROUPS

user access to information on queuing requests (“’request
tracking®)

generation of “result reports*

automation of the accounting ("Umbuchungsbelege*)
user access to the data back-up system (via “getadisda-
ta®)

SeqOrder has increased productivity significantly as it
reduces the work required to keep track of the high num-
ber of requests and the related administrative paperwork.
The data delivery system works virtually without human
interaction. At present, the goal is to replace the data prints
(sequence “spherograms®) with electronic distribution of
pdf files.

In parallel to DNA sequencing, the instrumentation is also
used for DNA fragment analysis in AFLP and related
genetic mapping experiments by using the same fluores-
cence-based detection technique.

Clone handling and arraying

(”picking & spotting®)

ADIS’s activities now include clone handling, automated
colony picking, and gridding of colonies and DNAs to fil-
ters. Picking & spotting is now offered as a ”full service.
However, printing to glass was not followed up.

Other technologies

ADIS provides access to a 7700 “TagMan® instrument
(Abi) for quantitative PCR as well as to a BioAnalyzer
(Agilent).

Future Developments

The next goals are further cost reductions and productivi-
ty improvements while keeping the “response time® as
short as possible. Sequencing costs will be further reduced
by setting up “paper-free reporting™ (automatised genera-
tion of pdf-files of the spherograms, automatic generation
of quality scores for each read, training of users to use the
trace files). In the area of picking & spotting, the increas-
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ing clone handling requires the set-up of a system (data-
base) to keep track of all the generated clone libraries and
microtiter plates.

Scientific Publications

Li, Y., M. Rosso, N. Strizhov, P. Viehoever and B. Weifthaar:
GABI-Kat SimpleSearch: a flanking sequence tags (FST) data-
base for the identification of T-DNA insertion mutants in
Arabidopsis thaliana. Bioinformatics (in press)

In addition, ADIS has contributed to many publications from the
MPIZ. In several cases, this has been mentioned in the
”acknowledgements®.
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Introduction

The Cereal Transformation Service (ATM) provides plant
material, protocols, know-how and practical assistance to
research groups of the MPIZ within a framework of allo-
cated personnel, consumables and facilities. At present,
this service is provided by one technician and group
leader.

Technical support

Particle bombardment

Particle bombardment represents a transformation method
which is applicable to all important crops. It is related to
the group of the so-called “direct gene transfer methods”
which competes with the Agrobacterium—mediated trans-
formation. Particle bombardment was established at the
MPIZ by Dr. Steinbil3 in 1994 . At present, particle bom-
bardment is frequently used for transformation of wheat
(ATM) and potato (Salamini Department) as well as for
essential transient gene expression studies by different
MPIZ groups in a variety of plant species (tobacco, pota-
to, maize, barley, coconut, Arabidopsis).

BY2-tobacco-suspension culture

The tobacco suspension culture BY2, originally intro-
duced to the MPIZ by Prof. T. Nagata, is frequently used
by several groups for transient gene expression assays and
even transformation studies, although the culture has lost
its regeneration capacity. The homogeneity and the
remarkable dividing rate of this line seems to be still very
attractive. The line is cultivated by ATM as a back-up
source. The culture medium has to be changed weekly.
Therefore, fresh suspension culture batches can be ordered
by MPIZ users every week.

Cereal Transformation Service (ATM)

Hans-Henning Steinbiss

Transformation service

Maize

At present, there is no call for a maize transformation
service at the MPIZ. In the past, the cereal transformation
service has produced 1597 transgenic maize plants main-
ly for the. Salamini (671) and Saedler (700) Departments.
ATM has used 226 transgenic plants to study coat protein-
mediated virus resistance (MDMYV). Precise protocols are
summarised on the ATM homepage.

Wheat

Although wheat was successfully transformed by
Agrobacterium for the first time in 1996, the method itself
seems to be still far away from routine. Therefore, particle
bombardment of immature embryo-derived callus has
been established. ATM frequently transforms wheat in
order to study maize endosperm promoter function in
wheat as part of a co-operation with three European
groups. At present, there is no other demand at the MPIZ.

Barley

Barley transformation via Agrobacterium tumefaciens has
been remarkably improved at the MPIZ since the last
report in 2001. The most objective mode to measure the
current barley transformation efficiency is simply to sum-
marise the number of transgenic barley plantlets which has
been given/offered to users at the MPIZ in a period of
about one year. Precise details as well as a couple of pho-
tos of the transformation procedure are presented on the
ATM homepage.

User Department Plasmids Plantlets

S. Bieri Schulze-Lefert 7 1058

D. Leister Salamini 2 292

A. Freialdenhoven Schulze-Lefert 6 1156

R. Panstruga Schulze-Lefert 1 216

J. Miiller Schulze-Lefert 2 400

T. Zhao Schulze-Lefert 2 804

H.-H. Steinbil3 ATM 2 394

Total 22 plasmids 4320 plantlets
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Future plans

Depending on the needs of the Institute, ATM will change
its service areas in the future. However, the transformation
of barley has already reached an outstanding level with no
other institute seeming to have a more advanced output of
barley plantlets per person and per year. We predict that T-
DNA insertional mutagenesis for functional genomics in
barley will also become feasible.

At present, the main goal of the cereal transformation
service is to improve the Agrobacterium-mediated trans-
formation of wheat in order to obtain a transformation fre-
quency comparable to barley in the near future. Today, the
bottleneck seems to be the poor quality of the donor plants
which must be overcome before we can successfully reach
our goal.

Scientific Publications

Bhat, R.A., M. Riehl, G. Santandrea, R. Velasco, S. Slocombe, G.
Donn, H.-H. Steinbiss, R.D. Thompson and H.-A. Becker:
Alteration of GCNS levels in maize reveals dynamic responses to
manipulating histone acetylation. Plant J. 32, 1-15 (2002).
Ercolano, M.R., A. Ballvora, J. Paal, H.-H. Steinbiss,
FE Salamini and C. Gebhardt: Functional complementation
analysis in potato via biolistic transformation with BAC large
DNA fragments. Mol. Breed. (in press).
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and effects

Introduction

Infestation by fungal pathogens is not only important for
studies in epidemics but also suitable for the characterisa-
tion of the effects of genes in plants. We are able to
observe and determine these phenomena by using our
methodology of quantitative resistance examination. This
method comprises natural infection in field trials and arti-
ficial infection tests in the laboratory. Infection tests in the
lab take place on leaf discs from detached leaves. In most
cases, the results of such artificial infection are highly cor-
related with infestation in the field. The methodology was
described in the framework of the project “Investigations
into the hormone and carbohydrate metabolism in r0/C
transgenic aspen clones (Populus tremula and P, tremula x
P tremuloides) and their effects on phytopathological
properties”. With the help of this method, reproducible
results were obtained (Gieffers and Fladung, 1999a,b,
Gieffers 2000).

This method is now used in the project for biosafety:
“Infestation of oilseed rape hybrids with fungal
pathogens”. The objective of which is to study the out-
breeding effects of oilseed rape in other species and espe-
cially, resistance in the hybrids.
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Fungal pathogens, infestation

Werner Josef Gieffers

In the lab, artificial infection is carried out with spores of
pathogenic fungi. Under artificial conditions several fungi
produce no spores or only a very low number. We
observed that some fungal species produce spores only in
the presence of ionised oxygen, some of them dramatical-
ly. Therefore, under lab conditions, the presence of ionised
oxygen is a highly reliable method to obtain a very high
number of fungal spores (Gieffers 2002 and 2003).

New Results

Project

Investigations into the hormone and carbohy-
drate metabolism in rolC transgenic aspen
clones (Populus tremula and P. tremula x P.
tremuloides) and their effects on phytopatho-
logical properties

Here, a new method for quantitative resistance examina-
tion of disease infection on aspen (Populus tremula) is
described. The necessary equipment is a transparent
chamber with a continuous and uniform water supply for

the plant material. Comparable green plant parts are taken
from the field or the greenhouse, in most cases leaves or
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leaf disks. This material is inoculated in the laboratory and
then incubated under defined conditions. Generally infec-
tion symptoms appear after 6-14 days and are assessed
with a new iterative method of estimation. The results of
this procedure correspond well with those in the field.
Lab-based resistance tests have also shown a high corre-
lation with the natural infestation in the field with potato,
tobacco, petunia, wheat, corn and four grass species. The
test duration is short and allows repetition of the tests on
the same plant. An analysis of resistance (distribution of
resistance factors in the plant, resistance behaviour of sin-
gle plant organs, influence of the resistance through plant
stage and exogenous conditions and others) is possible.
The methodology is suitable for recording latent infection
as well as for the detection of pathogens and their isola-
tion.

By this method, the first laboratory infection was carried
out on aspen leaves by Pollaccia radiosa, and infection
differences were detectable. By application of the iterative
method of estimation, the natural infestation of P radiosa,
a leaf spot disease, and of Melampsora sp., a rust disease,
were determined.

In the interim, the method was further developed. Now the
artificial infection with fungal spores of pods or pieces of
stems is possible and leads to reliable infection results.

Project

Infestation of oilseed rape hybrids with fungal
pathogens

The aim of this study is to investigate the influence of out-
breeding resistance factors, as found in oilseed rape, on
the infestation of plant diseases of related species.
Outbreeding was examined in bird rape. For that purpose,
hybrids were made between bird rape and oilseed rape.
Infection tests were carried out in one variety of bird rape
(Nokonava), in four varieties of oilseed rape (Star, Tiger,
Jumbo, Lambada) and their hybrids. In the field trial, the
natural infestation of the phyllosphere was determined.
Green material from the field without symptoms (leaves,
stems, pods) was tested in the lab by artificial infection
with five fungal pathogens (4lternaria brassicae, Botrytis
cinerea, Phoma lingam, Sclerotinia sclerotiorum and
Verticillium longisporum). In most cases, both the natural
and the artificial infection of hybrids was significantly
lower compared with the infection of the varieties. This
project is currently ongoing.

Influence of oxygen on the production of fun-

gal spores

The influence of air oxygen, oxygen from hydrogen per-
oxide (35%), of ionised oxygen, and of UV light radiation
(350 nm, OsramL18W) was examined. The amount of
ionised oxygen is generally low under normal conditions
(between 250 and 750 ions/cm’). However, UV light ionis-
es molecular gases and thereby, increases the amount of
ionised oxygen. Hydrogen peroxide releases molecular
oxygen, which is ionised under UV light. An electric air

124
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Fig. 1. Influence of oxygen and UV light on the conidia pro-
duction of Pseudocercosporella capsellae on leaves from
oilseed rape for six days and at 12°C.

ioniser (model Greenair from Konovit, 250.000
ions/cm’/sec) produces a constant source of ionised oxy-
gen by high voltage. The amount of ionised oxygen is also
increased in the presence of UV light, hydrogen peroxide
or an electric air ioniser. The experiments took place in an
incubator at 12°C and with liquid water on a filter paper.
The plant material is lying on this filter paper. The results
demonstrated (Fig. 1) that pathogenic fungi produced a
high number of spores in the presence of ionised oxygen.
The genera Alternaria, Botrytis, Phytophthora,
Pseudocercosporella and Verticillium increased spore
numbers significantly under these conditions.
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Pathogens and resistance in transgenic aspen

BBA fiir Forst- und Holzwirtschaft — Forstgenetik,
GroBhansdorf, Dr. M. Fladung

Biology of pathogenic fungi

Bonn University, Dr. H. Hindorf; BBA, Braunschweig, Dr. C.
Smalla; Géttingen University, Dr. B. Koopmann
Methodology of artificial infection

Bionik, Bonn University, W. Roden u

KURT STUBER

Kurt Stuber

Simulation of Genomic Evolution

(in collaboration with Christiane Gebhardt,
MPI1Z)

The genomes of Solanum and Arabidopsis were experi-
mentally compared and the positions of 190 markers com-
mon to both organisms were recorded. The level of synte-
ny is assessed by counting the number of homologous
genes occurring close to each other in both organisms.
Since such closeness can also result from a statistical dis-
tribution of the genes in otherwise unrelated genomes, a
program was developed to simulate randomly distributed
genomes. The amount of syntenic relations in these ran-
dom data sets is compared with the experimentally derived
values. Experimentally, 95 syntenic blocks were found
where at least three markers are within a short range in the

Central Scientific Computing (ZWDYV)

genome (10 cM in potato genome and 2 Mbyte in
Arabidopsis genomic sequence).

The program simulated the number and multiplicity of the
potato markers exactly and the recorded number of mark-
ers in the Arabidopsis genome was randomly shuffled.
After shuffling, the number of resulting syntenic blocks
were counted. A total of 120 shuffling experiments
revealed that 22.3 (standard deviation: 4.85) syntenic
blocks containing three markers are expected on the aver-
age (Table 1). Four markers in a block are expected with a
frequency of only 0.24 (standard deviation: 0.43).
Therefore, the experimentally derived number of 95
blocks shows that the microsynteny between these very
distantly related plants is about four-times higher than
expected.

Bin sipe Slee | Average namber (ssandard devistion ) of mndom syneznic blocks
size | wilh W higs
5 i N=2 H=1 N=4 [N=5
|

1k rha
| 2mb |20 | 17708 (10,25) | 20.8A (4.85) | B.2a(;43) | 0.0 (009 |
i
FIT) Tmb |20 | 7,75 (B 24} 6,32 (24T DAL (0.58) O, 0,0
|

g - - Table 1. Simulation of random syntenic
15 Jemb [ M| 17533 [10,06] 21,55 14.73) 258 (1,65] 0,18 (o4l blocks between S. tuberosum (potato)
oM and A. thaliana. (120 independent

- runs).
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Fig. 1. Lane 1: Count of the oligomer GGAGGA in the promotor regions of all described Arabidopsis thaliana reading frames.
Position 1 is the start of the AUG codon. Lanes 2 and 3 shows transformations to increase signal to noise ratio.

Statistical Analysis and
Prediction of Transcription
Factor Binding Sites

(in collaboration with Dierk Wanke and Kenneth
Berendzen, MPIZ)

Many genes are regulated by cis-regulatory elements,
which constitute mainly binding sites for transcription fac-
tors. In most identified genes, the regulatory elements are
unknown. Only in a small subset of elements, can expres-
sion data be correlated with specific sequence patterns. A
program was developed to extract all regulatory regions
from GenBank entries and statistically analyse the occur-
rence of any given oligomeric pattern.

Using this program, all described reading frames in
Arabidopsis thaliana, yeast, Drosophila and rice were
investigated (Fig. 1). The resulting distribution patterns
allow the identification of conspicuous regulatory patterns
and the determination of conserved patterns between the
investigated organisms.

Further Activities

We also provide user support with regular seminars each
Friday. The seminars are practical workshops. Programs
are first introduced, demonstrated, and in a hands-on
approach the participants exercise them directly using a
set of eight laptop PCs dedicated to this teaching activity.
Additionally, we have developed a database program
package to organise a large internet virtual library of his-
torical biological documents (see: http://www.biolib.de).
Furthermore, we take care of a genetical database of
Antirrhinum majus (snapdragon) (see: http://www.antir-
rhinum.org) and are currently analysing a set of 11,000
transcripts from Antirrhinum majus.
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Introduction

In September 2001, the new university group moved into
the ground floor of the former MDL laboratory. After an
initial period of setting up the lab, the group resumed its
work in December 2001.

The aim of the group is to explore the connection between
cell cycle control and development. For proper functioning
of a multicellular organism, cell-cycle progression needs
to be co-ordinated with developmental rulings. For
instance, as cells adopt a certain fate and differentiate,
they most often stop dividing. The controlled shift from
mitosis to differentiation is very important for the regula-
tion of cell form and number, and thus, is crucial for the
development of proper organ size and function.

The analysis of cell-cycle control in development bears
three major problems. First, interfering with cell-cycle
regulation is often embryo-lethal. Second, cell-cycle con-
trol appears to contain a number of “back-up” systems and
often mutants in even major cell-cycle regulators display
no obvious phenotypes. Third, the decision-making
process for cell-cycle progression involves many compo-
nents and it is often the relative concentration of two or
several components that trigger a decision. For these rea-
sons, we were trying to develop a single-cell test system to
study cell-cycle control in development. Two cells of the
model plant Arabidopsis thaliana appear to be suitable for
this purpose: root hairs (trichoblasts) and leave hairs (tri-
chomes).

Trichomes and trichoblasts offer several advantages as a
single cell test system. First, both cell types are easily
accessible being epidermal outgrowth structures (Fig. 1).
Second, both cell types are not necessary for plant survival
and plants without any trichomes or root hairs have no
growth disadventage in comparison to wild-type plants
under laboratory conditions. Most important, both cell
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Cross Talk between Cell Cycle
and Development

Fig. 1. Trichome (leaf hair) and trichoblast (root hair) devel-
opment. (a) Trichomes are initiated at the base of young leaves.
(b) Mature trichomes are large single cells, reaching up to 500 um
in length and display a characteristic three-branched shaped. (c)
Trichoblast (root hair) development in the differentiation zone of
Arabidopsis roots. (d) Files of trichoblast alternate with non-root-
hair cells in the Arabidopsis epidermis (rhizodermis).

types are molecularly addressable since several promotor
fragments have been isolated allowing a cell-specific
(mis)expression of regulator genes.

New Results

In a pilot experiment, 12 cell-cycle control genes were
misexpressed in trichomes to explore the usability of this
system. It turned out that the generated phenotypes were
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Fig. 2. Phenotypes of trichome specific misexpression
lines (a) Trichome misexpressing CYCLIN B1,2 develop into mul-
ticellular structures. (b) Trichomes misexpressing both CYCLIN
B1;2and CYCLIN D3;1 undergo many cell divisions leading to leaf
hair clusters with up to 80 cells. (c) Small and under-branched tri-
chomes upon misexpression of an CDK inhibitor, ICK1/KRP1. (d)
ICK1/KRP1-misexpressing trichomes die on mature leaves.

instructing. Moreover, these lines circumvented problems
resulting from an ubiquitous misexpression. E.g. down-
regulation of RBX1, a major component of the SCF com-
plex via an trichome-specific RNAI construct resulted in a
trichome phenotype but not — as observed with the ubig-
uitous 35S promotor — in sterility and strongly reduced
plant growth.

Among the 12 regulator genes tested were two Bl-type
cyclins, proteins known to have a function for entering
mitosis. The misexpression of one of them, CYCLIN Bl 2,
was found to induce mitotic divisions in endoreduplicating
trichome cells, giving rise to multicellular trichomes (Fig.
2a). Thus, one B-type cyclin is sufficient to turn on the
complete cell division machinery. This also demonstrated
that a downregulation of this B-type cyclin is an important
step for entering an endoreduplication programme.
Interestingly, another misexpressed and on the sequence-
level highly homologous B1 cyclin, CYCLIN Bli;1, was
not able to induce mitosis. This is the first indication that
the different members of the large cyclin families found in
plants have specific functions in cell-cycle control.

To have a single cell test system has also proven to be
valuable for the analysis of D-type cyclins. Earlier studies
indicated a dual role of one D-type cyclin, CYCLIN D3;1,
for the entry into S-phase and progression into mitosis.
Misexpression of CYCLIN D3;1 in trichomes promoted
cell divisions and DNA replication and thus, brought func-
tional evidence for this dual role. Interestingly, the expres-
sion of CYCLIN BI;2 was found to be induced in the
CYCLIN D3;I-misexpressing trichomes. However, a
genetic combination of the two misexpression lines,
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CYCLIN Bl1;2 and CYCLIN D3;1, led to a tremendous
increase in the number of cells per trichome (up to 80
cells, Fig. 2b). Thus, even in a CYCLIN D3;1-misexpres-
sion line, CYCLIN B1;2 is rate-limiting; thus, indicating
the existence of other regulators repressing mitosis in
endoreduplicating trichomes.

In another set of experiments, we could dissect different
cell-growth processes by misexpressing an inhibitor of
CDKs, ICKI/KRPI. In previous experiments, other
groups had found by misexpression of CDK inhibitors that
DNA content and cell size could be uncoupled, which
throws doubt on the long-standing dogma of a correlation
between cell size and nuclear size. However, all these stud-
ies were carried out with ubiquitous expression systems,
and especially from studies in animals, it is known that
cell size and cell number can compensate each other in
order to maintain organ size. The expression in trichomes,
which do not contribute much to overall leaf size and thus,
are presumably independent from this organ size check-
point, allowed us to finely dissect DNA-dependent growth
processes. Our results showed that there is an upper limit
of cell growth defined by DNA content but that below this
limit, a cell volume can expand without a concomitant
increase in DNA content (Fig. 2¢). Interestingly, we found
that /CK1/KRP1-misexpressing trichomes died on older
leaves, opening a potential parallel to cell-cycle control in
animals, where the homologous CDK inhibitor, p27, is
also involved in control of programmed cell death (Fig.
2d).

In the last year, we have further developed and explored
the trichome and root-hair expression systems. There are
now four trichome- and root-hair-/non-root-hair-specific
promoters with different expression strength and timing.
Up to now, we have generated about 100 misexpression
lines, which are currently under investigation.

Future Developments

In the future, we would like to establish a third model cell
type to study cell-cycle control: stomata. Stomata do not
endoreduplicate and could help to investigate the transi-
tion from mitosis to endoreduplication. Several expression
constructs with two different promoters have been created
and transformed. The transgenic plants will be investigat-
ed in the near future.
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Introduction

The phytohormone auxin is involved in the regulation of
virtually all aspects of plant growth and development.
Synthesised predominantly in young leaves and the shoot
apex, it is transported throughout the plant body, thereby
affecting embryo and vascular tissue development, apical
dominance, fruit setting and ripening, root development,
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Analysis of the Molecular Basis of Auxin
Transport and Cell Polarity

Klaus Palme ¢ University of Freiburg

and tropisms. Auxin transport occurs in part in an undi-
rected way through the phloem; however, an active and
polar auxin transport stream is maintained over the plant
body. This polar auxin transport is required for tropistic
responses, and most probably accounts for the pleiotropic
effects of the hormone, which has recently been discussed
to function as a morphogen in several developmental
processes. Moreover, it provides positional and directio-
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Fig. 1. PIN proteins on the tracks of polar auxin transport in the Arabidopsis root tip. a: Schematic representation of the Arabidopsis
seedling root tip (arrows indicate directions of polar auxin transport); b, c, d, e: Whole-mount immunolocalisations with specific antibod-
ies for PIN1 (b), PIN2 (c), PIN3 (d) and PIN4 (e) in seedling root tips (modified from Palme et al., 2002).

nal information, an important determinant of cell polarity.
Our recent research focuses on the mechanisms by which
plant cells and tissues develop and maintain polarity. We
basically study two groups of Arabidopsis proteins: (1) the
PIN proteins, which are presumed regulators of the auxin
efflux machinery; and (2) Rop GTPases, which play a key
role in vesicle trafficking and polarisation. Both types of
proteins show polar distribution within plant cells and
therefore, represent suitable molecular tools to study cell
polarity regulation.

New Results

PIN proteins, polar auxin transport, and cell
polarity

The Arabidopsis PIN gene family consists of eight mem-
bers, coding for putative membrane proteins with homol-
ogy to the major facilitator superfamily of transporters.
Genetic, molecular and cell biological evidence points to
the PIN proteins as important regulators of polar auxin
transport and thus, plant development. They have been
advocated as components of the auxin efflux carrier
machinery since they meet the criteria proposed for the
auxin efflux carrier by the chemiosmotic hypothesis.
According to this model, polar auxin transport occurs
from cell to cell, whereby auxin uptake takes place via dif-
fusion of the protonated molecule (facilitated by specific
influx carriers). Auxin efflux requires specific carriers as
a main portion of the molecule is deprotonated in the
cytoplasm and therefore, trapped in the cell.

As one of the first plant proteins, PIN1 was shown to have
a polar localisation within the cell, corresponding to the
direction of polar auxin transport. Pin/ mutants express
severe developmental defects due to an altered polar auxin
transport. Immunolocalisation studies with specific anti-
bodies in WT seedlings revealed PINT1 to be situated at the
plasma membrane of the distal anticlinal walls in root stele
cells (Fig. 1b), where auxin is transported from the root
base towards the tip (acropetal polar auxin transport). In
roots, however, different directions of polar auxin trans-
port have been described (Fig. 1a), and we could assign
other PIN proteins to play a role in their regulation. A
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basipetal auxin transport from the tip towards the base
takes place in the outer root tissues; it has been demon-
strated that this basipetal transport is essential for root
gravitropism. Root gravitropism is abolished in the pin2
mutant. We demonstrated that in WT seedling roots the
PIN2 protein localises to membranes of lateral root cap
(LRC), cortex and rhizodermis cells in a polar fashion
(Fig. 1c), corresponding to the direction of basipetal auxin
transport. Two other PIN proteins, PIN3 and PIN4, are also
expressed in the root tip, partially displaying polar cellular
localisation (Fig. 1d,e).

To address the question how the polarity of these proteins
is achieved and regulated, we took a pharmacological
approach, analysing the effects of a variety of cellular
drugs on PIN protein localisation as detected by whole
mount immunolocalisation. By treating root tissue with
latrunculin B, we could demonstrate that correct plasma
membrane targeting of PIN1 requires an intact actin
cytoskeleton. Furthermore, the substance brefeldin A
(BFA), which inhibits guanine nucleotide exchange fac-
tors (GEFs) on small GTPases (see below), abolishes
PIN1 plasma membrane localisation and leads to an accu-
mulation of the protein in cellular vesicles. Most striking-
ly, the PIN1 polar plasma membrane localisation can be
restored by washing out BFA from the tissue, even in the
presence of the protein synthesis inhibitor cycloheximide.
This finding surprisingly revealed that a relatively stable
PIN1 pool is cycling between the plasma membrane and
intracellular compartments. Mutant analysis depicted the
Arabidopsis ARF-GEF GNOM protein to be regulating
this process. We further observed that substances like 1-
naphtylphtalamic acid (NPA) and triiodobenzoic acid
(TIBA), which have been used as specific inhibitors of
polar auxin transport for decades, affect PIN1 protein
cycling.

Assuming that PIN proteins are regulating polar auxin
transport, the PIN cycling provides a means to quickly
adjust auxin efflux to the developmental requirements.
The PIN3 protein, which is amongst other PIN proteins
expressed in columella cells, which represent the site of
gravity perception in the root cap, shows cycling between
the plasma membrane and endosomes. In columella cells,
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Fig. 2. PIN3 re-location and asymmetric auxin redistribution
in the Arabidopsis root tip. a, b, c: Whole-mount immunolocali-
sation of PIN3 in root cap columella cells of vertically grown (a),
and gravistimulated seedling roots after rotation to 90° for 2 min
(b) and 10 min (c); d, f: Auxin-induced DR5-GFP signal in
Arabidopsis seedling root tips of vertically grown (d) and gravi-
stimulated roots after rotation to 135° for 1.5 h (e) and 3 h ().

PIN3 generally appears to be distributed evenly over the
plasma membrane in a non-polar fashion. However, if
roots are gravistimulated laterally by rotation to an angle
of 90-135° from the vertical, PIN3 is rapidly accumulating
at the periclinal cell walls facing the centre of the earth
(Fig. 2a). By using a synthetic auxin responsive promoter
driving GFP expression (DR5-GFP), we were able to infer
auxin fluxes from root cap columella cells to the neigh-
bouring lateral root cap and further towards the elongation
zone. We could demonstrate that the auxin transport
towards the lower side of gravistimulated root tips increas-
es (Fig. 2b); thereby, giving first visual evidence for the
long proposed “fountain model* of polar auxin transport
and its role in root gravitropism. The apparent gravity-
dependent PIN3 re-localisation, which might be the snap-
shot of a continuously gravity-controlled PIN3-regulated
lateral auxin transport, emphasises the importance of
fined-tuned vesicle trafficking.

Rop GTPases

Cycling between GTP-bound “on“ and GDP-bound off*
forms, G-proteins are pivotal switches that control a wide
spectrum of signalling pathways in all eukaryotes. Lower
and higher eukaryotes possess a large number of small
GTPases. Plants are unique as they lack Ras, Rac/CDC42
and Rho GTPases. Instead, they possess a unique plant-
specific class of small GTPases belonging to the RHO
family of the superfamily of Ras GTPases, termed Rop
(for RHO of plant). Rop GTPases take a central position
in many protein interaction networks involved in cell sig-
nalling and cell polarity maintenance. The GTPase cycle
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of RHOs is regulated by GTP/GDP exchange factors
(GEF, see above), which activate the GTPase protein by
catalysing exchange of GDP for GTP, and GTPase-activat-
ing proteins (GAP), which switch off the small GTPase by
stimulating its intrinsic GTPase activity.

We have characterised several Rop GTPases from
Arabidopsis and showed that polar localisation of AtRops
in trichoblasts specifies the growth sites for emerging root
hairs. Expression of constitutively active AtRop4 and
AtRop6 mutant proteins in root hairs of transgenic
Arabidopsis plants abolished polarised growth, and de-
localised the tip-focused Ca’* gradient. Our results demon-
strated a general function of AtRop GTPases in tip growth
as well as polar diffuse growth. This project aims to study
the molecular basis of the role of the Rop GTPases in plant
signalling pathways controlling cell polarity.

Future Developments

PIN proteins, polar auxin transport and cell
polarity

To further analyse the regulation of polar protein targeting,
we are currently identifying genes involved in the regula-
tion of PIN protein localisation using pharmacological
approaches as well as genetic screens. In addition, gene
chips are being used to study the PIN-related signalling
pathways and the kinetics of root gravitropism.

Rop GTPases

To find interaction partners, we will perform two-hybrid
screens and also use the recently developed yeast split
ubiquitin system. Rop GTPases and interacting proteins
will be expressed, ultimately crystallised, and the crystal
structures will be determined. We will isolate and charac-
terise Rop GTPase containing protein complexes directly
from plants, identify copurified proteins by mass spec-
trometry and immunological methods, and in the longer
term, visualise interactions between Rop GTPases and
interacting proteins in planta by using GFP-based FRET
microscopy. This will allow us to study the Rop nanoma-
chine and visualise in vivo dynamic interactions of Rops
and their partners during root hair formation or upon stim-
ulation with phytohormones.
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Supporting Activities

International Max Planck Research School (IMPRS)
on the Molecular Basis of Plant Development and

Environmental Interactions

The IMPRS was created in 2001 and is organised by the
MPIZ together with its partners from the Institutes of
Botany (Prof. U.I. Fliigge, Prof. M. Hiilskamp) and
Biochemistry (Prof. R. Krédmer, Prof. D. Schomburg) of
the University of Cologne. In contrast to other research
schools, the IMPRS Cologne breaks new ground by coop-
erating with three international partner institutions, which
provide additional expertise in the field of molecular plant
biology and biological chemistry. The list of cooperating
partners is completed by the Institute of Bioorganic
Chemistry (Prof. A. Legocki, Prof. M Jaskolski; Poznan,
Poland), the Institute for Plant Sciences (Prof. A.
Kondorosi; Gif sur Yvette, France) and the Biological
Research Centre (Prof. F. Nagy; Szeged, Hungary).
Through the addition of international partners the IMPRS
therefore provides a link to existing European networks of
scientific cooperation and emphasises collaboration with
scientific institutions of accession countries of the
European Union. The scope of the IMPRS at the MPIZ is
that students finish their doctoral degree within three
years. This is achieved by replacing the classical semester
structure by an intensive and structured training program
that emphasises an interdisciplinary approach towards
understanding of molecular mechanisms in plant develop-
ment. The program includes lectures, seminar series, and
laboratory courses. At the end of the program, a written
thesis and a successful thesis defence (“Disputation™) are
required to obtain the Ph.D. (Dr. rer. nat.) degree.
However, IMPRS students also have the choice to receive
their doctoral degree from a university of their home coun-
try.

An essential characteristic of the IMPRS is that students
from all countries can apply, and that the entire program

including lectures and training courses is taught in
English. Therefore, a high proficiency in English as a sec-
ond language is required to enrol in the program. The con-
stellation of participating institutions provides excellent
conditions and expertise in plant genetics, structural biol-
ogy/biochemistry, molecular plant biology/biochemistry,
and cell biology. The students will be able to carry out
their experimental work on topics such as structural and
functional aspects of plant enzymes and regulatory pro-
teins, intra- and intercellular signalling, exogenous signals
for cell division and differentiation, determinants of plant-
microbe development, molecular genetics of plant evolu-
tion, symbiotic and pathogenic plant/microbe interactions,
resistance-tolerance to abiotic stress factors. Besides the
experimental work done by the Ph.D. students, the pro-
gram is complemented by a strong training module, pro-
viding the students with up-to-date scientific skills (Table
1). The training rests on three main pillars representing
method courses on specific subjects, complementary
training and a transfer of knowledge component. For the
entire duration of the training, there is a set of indicators
available that serve students, faculty members and outside
evaluators as benchmarks for monitoring the program
implementation and each fellow’s progress and achieve-
ments. The Ph.D. program includes one-week block cours-
es at the participating institutions in Cologne, Poznan,
Szeged and Gif-sur-Yvette. During the courses, students
attend lectures and are trained in a range of specific tech-
niques. Student training however is not restricted to
increasing their experimental knowledge. An entire set of
courses providing ‘soft skill’ expertise is also offered.
Among these units are courses on scientific presentation,
scientific writing, and database organisation and statistics.
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Student Recruitment

In response to our international recruitment efforts in 2002
and 2003, we received a total of 203 applications from 46
different countries. For both years, the country list is lead
by India (36% of all applications) followed by China
(11%), Pakistan (7%) and Germany (6%). A similar pic-
ture is evident at a continental level with 67% of all appli-
cations being from Asia followed by Europe (15%) and
Africa (13%), while only 3% were from the Americas. The
first 13 students took up their training in September 2002
and we offered 9 fellowships again in 2003. A key feature
of the IMPRS is the presence of a scientific coordinator

who also acts as a personal counsellor for the fellows.
Besides their thesis supervisors, students have an addi-
tional focal point to help them overcome hurdles in their
day-to-day life. The coherent class character is further
implemented through regular meetings and activities of
the student group. This way of student counselling at the
MPIZ was further improved by the initiation of the MPIZ
“International Office” in December 2002. The goal of the
International Office is to act as an early contact point for
new students and post-docs from foreign countries, before

they depart to start their new position.

Research training

Method cour ses Complementary skills

Benchmark
TOK

Functional analysis of plant
disease (Dr. P. Schulze-Lefert)

Performing an oral
scientific presentation

Work group
progress report

Written progress
report every six

months
Protein control of plant Database organisation Departmental Annual progress
development (Dr. G. seminar at host workshop
Coupland) organisation
Genetic variation in molecular | Statistics for plant Seminar Contribution to
plant breeding (Prof. F. biologists presentation within | international
Salamini) ADOPT network conference

New microscopy techniques
(Prof. H. Saedler)

Scientific writing, Part a

Contributions to
international
conferences

Written Ph.D. thesis

Analysis of plant cytoskeleton
(Prof. M. Hiilskamp)

Scientific writing, Part b

Molecular characterisation of
Arabidopsis mutants (Prof. U.
Fliigge)

Career perspectives
workshop for women

Batch and continuous cell
culture (Prof. R. Kriamer)

Language training at host
organisation

Mass-spectrometry based
protein analysis (Prof. D.
Schomburg)

Science communication
for the general public

Structural biochemistry (Prof.
A. Legocki)

In vivo imaging of gene
expression (Prof. F. Nagy)

Plant symbiosis (Prof. A.
Kondorosi)
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Table 1.
Breakdown of all
training compo-
nents and bench-
marks for the
IMPRS. Methods
courses are taught
on location, while
complementary
skills are taught in
Cologne and trans-
mitted simultane-
ously to the other
host institutions. All
transfer of knowl-
edge (TOK) com-
ponents will con-
sist of oral presen-
tations, while
benchmarks con-
sist of written con-
tributions.



Current IMPRS student group
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Name (Nationality) Affiliation

Marcella Santaella-Tenorio (Colombia)

Vijayarangakannan Parthiban (India)
Malgorzata Domagalska (Poland)
Karolina Pajerowska (Poland)
Henrike Gebhardt (Germany)
Hugo Konijn (The Netherlands)
M. Shahid Mukhtar (Pakistan)
Rainer Saedler (Germany)
Ruchika Budhiraja (India)

Stefan Mauch (Germany)

Tim Muller (Germany)

Yan Zhang (China)

Stephan Wenkel (Germany)

Nina Moker (Germany)

Evgeniya llarionova (Bulgaria)

University of Cologne, Institute of Botany

University of Cologne, Institute of Biochemistry
MPIZ, Dept. of Plant Developmental Biology

MPIZ, Dept. of Plant Breeding and Yield Physiology
University of Cologne, Institute of Biochemistry
MPIZ, Dept. of Plant Developmental Biology

MPIZ, Dept. of Plant Microbe Interactions
University of Cologne, Institute of Botany

MPIZ, Dept. of Plant Developmental Biology

MPIZ, Dept. of Plant Microbe Interactions
University of Cologne, Institute of Biochemistry
MPIZ, Dept. of Molecular Plant Genetics

MPIZ, Dept. of Plant Developmental Biology
University of Cologne, Institute of Biochemistry
MPIZ, Dept. of Plant Breeding and Yield Physiology
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Communicating Science at the MPIZ

Press and public relations activities at the MPIZ aim to ful-
fil two main criteria. One is to foster science at the
Institute by using appropriate forms of lobbying, such as
the Institute’s representation in the media and the public.
The other task is to support the Institute’s infrastructure
with several administrational and organisational services.
The press and public relations unit therefore comprises a
broad spectrum of different internal and external activi-
ties. In additional to the press and media work, the
Institute is also putting great effort into realising its com-
munication concept based on an active and open dialogue
with the general public. This includes a variety of meas-
ures directed at different target groups.

Communication activities are structured as follows:
1. Press and media work
2. Public relations work directed at the
Scientific public, General public, Internal personnel
. Further activities (e.g., event management)
. Administrational and organisational tasks
(e.g., Internet)

W

Science and Media
To highlight the research at the MPIZ, we regularly issue
press releases in parallel with the publication of scientific
papers in high ranking journals whose results are of inter-
est to the media and public. In 2002, we issued six press
releases out of which the article from Christiane
Gebhardt’s group on the discovery of a resistance gene for
potato late blight dis-
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ease provoked the greatest response from the media.

Press information is published in co-ordination with the
PR headquarters of the Max Planck Society as well as on
a local basis. Requests from the media on biotech infor-
mation, statements, experts, pictures and graphics are han-
dled individually. In contrast, student’s requests on biotech
information are answered with the help of published MPIZ
statements and brochures along with references to other
sources of information. However, as biotechnology in
plant breeding has became a part of the German school
curriculum over the past few years, we now receive an ever

increasing number of requests in this area.

Internet versus hardcopies -
MPIZ publications

Although the demand on Internet-accessible information
is rapidly increasing, hardcopy publications such as
“MPIZ inside” and “MPIZ aktuell” are still in high
demand. While “MPIZ inside” is a newspaper for the
MPIZ staff which focuses on current research topics and
scientific groups as well as internal activities and social
events, “MPIZ Aktuell” is targeted at science teachers and
presents in-depth overview on selected topics.

Besides the biannual scientific report of the Institute that
is targeted at the international scientific community, the
image brochure “Welcome” provides concise information
about the key research interests and services at the MPIZ.
All printed MPIZ documents are also available from the
Institute’s website (http://www.mpiz-
koeln.mpg.de).

MPIZ website
and corporate design
In 2000, we started to restructure the
MPIZ website to provide a user-
friendly layout and structure. While
this process is still ongoing, a lot of
effort has been put into internal web
pages which are the main sources
for staff information in German
and English. Thus, sections such
as “Safety and Health”, “Whom
to contact” and “New col-
leagues” have been integrated.
In addition, templates for letters
and presentations using the cor-
porate design guidelines of the
Max Planck Society and the
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new MPIZ logo are now accessible on the internal web
pages. The Max Planck Society is in the process of re-
launching a new website including a content management
system which will allow all institutes to update daily. A
future task will be to merge the MPIZ website into the
MPG site: retaining all data base accessibilities but pre-
senting the Institute as part of the framework of the MPG.

Third prize for MPIZ presentation within
the Year of Life Sciences

To stimulate public interest in molecular plant science
research conducted at the Institute, we presented the exhi-
bition “Petri heil — or how to fish for genes within the gene
pool of plants” in 2001. The presentation was part of the
so-called Science Street within the “Year of Life Sciences”
organised by the Ministry for Education and Research in
different German cities. Research institutions were invited
and financially supported to present their research with the
help of exhibitions. For ten days, the Cologne public was
invited to fish for genes, to talk to scientists or look at
plant mutants at the MPIZ exhibit.

The idea was to develop an exhibition that not only attracts
attention and provokes curiosity, but which also demon-
strates “real” scientific research. Attracted by a huge fish
pool, visitors analysed fished gene sequences online with
registered ones in Arabidopsis genome databases. While
scientists demonstrated the DNA extraction and sequenc-
ing, guests could precipitate and stain plant DNA. Finally,
visitors could compare Arabidopsis mutants containing
the tagged DNA sequence with wild-type plants in a real
greenhouse.

The third prize (5000 Euro) was awarded to the Institute
for its presentation “Petri heil” with the general public act-
ing as the jury.

More than 100 crops in the Institute’s
demonstration garden

Guided tours, open days and lectures at research institu-
tions are the best way to promote a positive attitude
towards science. This is because visitors get the opportu-
nity to meet scientists in person and to see the work they
are doing for themselves. In 2002, about

1400 people took part in guided
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tours at the MPIZ including 31 school classes and 24 spe-

cial interest groups.

The motivation of our Institute to provide a special service

for visitors is based on the growing demand to discuss

research topics and questions in molecular plant breeding

including the GMO debate. In general, the visits start with

a theoretical introduction including an overview of the

research. They are followed by a tour through the Institute,

the greenhouses and the demonstration garden.

At present, about 100 agricultural and horticultural plants

are growing in small plots in our exhibition on crop plants.

Several topics of plant breeding research in an agricultur-

al and environmental context are included, such as:

* Evolution of plants (wheat and kale)

* Biodiversity (potato, tomato, aubergine)

* Mendelian laws (inheritance of intermediate and domi-
nant traits Cosmea and Anthirrhinum)

» Hybrid breeding (maize and sunflower)

 Transgenic plants (Bt-maize, herbicide-tolerant maize,
virus-resistant sugar beet)

* Plant diseases (different susceptible and resistant vari-
eties)

* Renewable resources (fibre, oil, starch)

 Old forgotten species and varieties

As part of the celebrations for the Institute’s 75 anniver-
sary, we are currently enlarging the demonstration garden
with ancient fruit varieties bred by MPIZ staff members in
the 1950s. This was possible with the help of the gene
bank for fruit trees at Dresden Pillnitz.

Oil mill at the MPIZ farm starts operating —
providing a new alternative energy supply
The project “Recycling Economy with Plant Oils” com-
pletes the work of the farm “Gut Vogelsang” at the MPIZ
in terms of sustainable development, and demonstrates
how modern technology can be used synergetically with
nature. Renewable resources, such as rape seed and other
oil plants, can be used as an energy source in an eco-
friendly way.
To this end, the MPIZ farm has
recently invested in a new oil
mill and has started to grow oil
plants in its fields. It aims to
use chemically untreated plant
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oil as fuel for its farm vehicles. At first, in order to gain
some initial experience, one transport van at the Institute’s
farm has been equipped before introducing it to other
vehicles. In 2002, the farm harvested rape seed from five
hectares. An increase in the numbers of oil plants cultivat-
ed is planned for the coming years.

The Institute’s approach to realise a model of sustainable
and natural friendly agriculture and environment is also
highlighted by projects such as promoting biodiversity. We
therefore established several new biotopes on the
Institute’s and farm’s grounds. This project was funded by
the Federal foundation on environment (Deutsche
Umweltbundesstiftung). In addition, a co-operation with
the regional water supply organisation (GEW) could be
realised to minimise the leaching of nutrients and fertilis-
ers into groundwater.

Scientific expertise for the Cologne Science
Centre and Bundesgartenschau

The Cologne Science Centre is an ambitious project of the
Stadtsparkasse Koln to set up a science centre focusing on
modern technologies and their implications on future life.
Being known for its communication activities in biotech-
nology, members of the Institute (Heinz Saedler and
PRAG) were selected to be on the scientific advisory
board of the Cologne Science Centre in 2001. Together
with a science journalist, we developed a concept on
genetic engineering in agriculture. To date, the topics have
been converted into a scenography for the exhibition. In
addition, the PRAG was asked to advise and participate in
the Bundesgartenschau (Federal garden show) in Munich
in 2005 and in the Landesgartenschau Nordrhein-
Westfalen in Leverkusen 2005.

1928 — 2003: 75" anniversary of the MPIZ
This year, the MPIZ is cele-

brating its 75" anniversary

with a range of activities with

an open day, a special week
for schools, a maize maze, and
of course, a science week
including the international
symposium “Genetic Systems
and Plant Breeding” along with
its traditional celebration cere-
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mony. The anniversary is accompanied by a festschrift
comprising various scientific periods of the Institute and
giving a glimpse into its future.

The implementation of all these celebratory activities
demands enormous effort and input from all Institute
members, who in addition to their daily work, have this
extra workload which is subject to tight financial
restraints.

Further activities of the MPIZ

Being known as a leading research institution in plant
molecular biology, the Institute is an active member of
various committees and organisations, such as the
European Plant Science Organisation (EPSO) and the
European Federation of Biotechnology (EFB). On a
national level, it is represented in the relevant working
groups like “BioGenTec NRW?”, “Wissenschaftlerkreis
Griine Gentechnik” and “Koélner Transferrunde der IHK”.
Furthermore, the Institute is consulted, for instance, in
preparing the mode of operation of the “Gentechnikrecht”
(requirements for greenhouses to cultivate transgenic
plants, field trials and statements with regard to amend-
ment of the Gentechnikgesetz).

Minister of the Basque Country visits the
Institute

The Institute’s reputation as an international leading
research centre on plant molecular biology and plant
breeding involves several requests from organisations,
such as ministries and offices from abroad to visit the
MPIZ. In general, the Institute serves as a contact partner
to discuss topics like networks between research institu-
tions, industry and the government in plant breeding. In
this respect, the visit of the minister of the Euskadi

1928 - 2003
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(Basque Country), Spain, was targeted to intensify rela-
tions between research groups in the Basque Country and
the Institute.

Life, sciences, and more - Scientific meetings
and seminars at the MPIZ

Seminars, symposia and conferences are without doubt
excellent occasions to deepen knowledge in current scien-
tific research areas. They also promote personal contact
and act as source for new research ideas and co-opera-
tions. Besides hundreds of high ranking invited speakers
(see seminar list) the Institute regularly organises sym-
posia and conferences. One highlight was the symposium
“Life, Sciences, and More” which was organised in
September 2002 to honour Prof. Klaus Hahlbrock s retire-
ment. A few months later, internationally leading scientists
in Plant Molecular Biology met at the Institute on the
occasion of the symposium “Genetic

Life, Science, and More!
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Mechanisms of Phenotypic Variation in Plants” which was
organised to identify a possibly successor for Prof.
Franceso Salamini.

Publications directed at the general public:
Saedler, H., and W, Schuchert: Gentechnisch veranderte Pflanzen
Erwartete Vorteile-denkbare Risiken. 28. Aachener Textiltagung
»~Zukunftsweisende Konzepte fiir Fertigung und Produktion®
Herausgeber: Deutsches Wollforschungsinstitut an der RWTH
Aachen e.V,, Veltmannplatz 8, 52062 Aachen. Redaktion: Dr.
Brigitte Kiippers (2002).

Saedler, H., and W. Schuchert: Denkbare Risiken durch den
Anbau gentechnisch verdnderter Pflanzen. In: Biotechnologie als
interdisziplindre Herausforderung Deutsche Bundesstiftung
Umwelt. Herausgeber: S. Heiden, C. Hertel und R. Erb,
Spektrum Akademischer Verlag, S. 244-258, ISBN 3-8274-
0893-8 (2001).

Deutsche  Forschungsgemeinschaft: ~ Gentechnik  und
Lebensmittel. Mitteilung 3. Herausgeber: Senatskommission fiir
Grundsatzfragen der Genforschung.
WILEY-VCH Verlag GmbH,
ISBN 3-527-27217-8 (2001).

Benner S.: Germany. In:
Biotechnology, Educating the
European Public, European
Project, Final Report,
http://www.boku.ac.at/iam/
ebe/finalreport.htm
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IT facilities at the MPIZ

The Service Unit SUSAN (scientific user support - system
administration - networking) is responsible for the mainte-
nance of all computing facilities of the MPIZ. To manage
user requests, SUSAN provides a request service contain-
ing a database. This database is frequently used and gen-
erally, we have between 100 and 200 inquiries per month.
Currently, we are working on a tender in co-operation with
the general administration of the Max Planck Society and
other Max Planck Institutes located in the region. This will
not only accelerate the ordering of PCs but also decrease
the hardware variety within and between the institutes.
The current situation concerning the local area network
and central storage facilities corresponds to the standard
as set out by the Max Planck Society. Hence, we have
structured cabling, i.e. GBit Backbone (fibre optic) and
100 MBit (twisted pair), to the labs and offices, along with
a wireless local area network in the greenhouses and foyer
of the lecture hall. A Cisco 7206 functions as the gateway.
The band width is 34 Mbit per second and the transfer rate
to the Institue is 1380 Gbyte per month.

The availability of data and network services not only
from within the Institute but also from outside is becom-

ing increasingly important for researchers. Therefore, to
keep up with this demand, a dial-in service via ISDN cards
or analogue modems within Germany will soon be estab-
lished.

We have about 10 TByte of central storage for the whole
Institute. Each department has about one TByte and the
rest is shared by service units like ADIS, CeMic or
SUSAN as well as the administration. An increasing
amount of disk space is also required and is being provid-
ed for scientific program packages like GCG or Staden
and the corresponding databases like GenBank, EMBL
etc.

For our servers, we use Alpha and Intel hardware architec-
ture running true64, Linux and Windows (for our
Windows 2000 domain). Our most powerful computer for
sequence analysis is a 4 processor ES40 DEC alpha with
one GByte memory. In the near future, we will be replac-
ing this computer with a more powerful one.

Last year, for the first time, SUSAN engaged a trainee and
the work experienced gained will contribute as part of 3
years’ training towards a qualification in IT. This year
SUSAN will also take on a second trainee. ]

SUPPORTING ACTIVITIES

Library Service

The library services are being increasingly shaped by the
standards of the electronic world. The number of electron-
ic journals available has steadily increased over the years
and currently, we retrieve about 2600 articles a month.
This translates into about 80 articles per day being down-
loaded from the Internet. If articles are not present on the
web nor directly available from the library, we ensure to
obtain them as quickly as possible. Scientists and
researchers rely on this just-in-time availability of scien-
tific information and this is why the library is spending
vast sums of money on improving electronic access.

This year, the library has undergone extensive reorganisa-
tion and renovation with a large part of the printed issues
being put in storage to make room for computer work sta-
tions. The library now provides five PC work stations in
addition to the traditional reading and working areas. Also,
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there are a number of workspaces equipped with internet
access for those who wish to use their own laptop.
Although the time has not yet come for our library to do
without printed issues of journals, we are clearly focussed
on the electronic supply of articles (and databases) as the
major source of information for our researchers and scien-
tists. The implementation of these changes calls for a high
degree of co-operation between the Max Planck libraries,
so that improved and optimal terms and conditions can be
negotiated with the information providers.

Furthermore, all libraries within the Max Planck Society
are currently participating in a project to bring together
their information supplies into a joint virtual catalogue
and to optimise access to all kinds of information, be it
conventional or electronic. This is and will be the objective
of all Max Planck libraries in the future. ]
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04-04

04-09

04-11

04-18

04-24

04-25

04-27

05-02

05-09

05-21

05-22

05-22

05-23

05-25

06-06

06-12

06-13

06-18

06-18

06-20
06-25

06-29

06-29

07-04

07-11

07-24

07-25

08-22

09-11

09-12

09-18

09-19

Martin Hilskamp
Hanjo Hennemann
William Martin
Sacco de Vries
Graham Moore
Christiane Gatz
Jane Glazebrook
Mike Bevan
Thomas Mitchell-
Olds

Ottoline Leyser

Anne-Claire Cazale

Laurent Noel

Wilhelm Gruissem
Xinnian Dong
Wolf Frommer
Guido Van den
Ackerveken
Eberhard Schafer
Wendy Gerber
Claus-Peter Witte

Thomas Boller
Elliot Meyerowitz

Christine Rusterucci

Lucia Jorda Miro
Dani Zamir
Elisabeth Knust
Julia Kehr
Steven Spiker
Michael Snyder
Manfred Heinlein
Edward Farmer

Karl Schmid

Ueli Grossniklaus

Pattern formation and cell morphogenesis: trichomes in
Arabidopsis as a model system

Studying protein-protein interactions with the Ras-
Recruitment System

Gene transfer from organelles to the nucleus: How much
what happens and why?

Functional and biochemical characterization of the
Arabidopsis LRR-RLK AtSERK1

Polyploidy, chromosome pairing and evolution in the
cereals

Salicylic acid inducible transcription in tobacco: the role
of transcription factors TGA2.1 and TGA2.2

Combining genetics and genomic analysis to understand
disease resistance in plants

Sequence and analysis of the Arabidopsis genome

Functional evolutionary genetics of Arabidopsis and
Arabis
Hormonal control in Arabidopsis thaliana

Molecular analysis of plant heavy metal tolerance and
accumulation: Phytochelatin synthase genes in
Arabidopsis

Identification of virulence factors secreted by
Xanthomonas campestris pv. vesicatoria type Il
secretion system using a cDNA-AFLP approach
Arabidopsis RBR and FAS proteins — Integration of cell
cycle regulation and development

Regulation of systemic acquired resistance in
Arabidopsis

Intercellular transport of sucrose transporters

Genetic analysis of disease susceptibility in the
Arabidopsis thaliana - Peronospora parasitica interaction
Analysis of phytochrome signal transduction

A novel strategy to identify proteins required for
enhancer function in Drosophila
Urease: a housekeeper with many surprises

PPP - peptide perception in plants

The difference between plant and animal development: a
view from the Arabidopsis genome

Genetic Interactions between EDS1, PAD4, NDR1, NPR1
and SA with LSD1, a negative modulator of plant cell
death

Investigating the functions of EDS1 and PAD4 in plant
systemic immunity

QTL Genes in Plants

Protein scaffolds and cell polarity in Drosophila

From plants to cells: celltype specific analysis of intact
plants under different environmental conditions

The nuclear matrix, MARs and transgene expression in
plants

Large-scale analysis of the yeast genome and proteome:
a tale of two chips

TMV as a model to study RNA transport in plants

Cyclopentenone jasmonates as signals in plant defense

Evolutionary genomics in Arabidopsis: Investigating the
roles of mutation, selection and drift

The role of genomic imprinting in seed development
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Universitat of Cologne, Cologne,
Germany
University of Essen, Essen, Germany

University of Disseldorf, Dusseldorf,
Germany

Agricultural University Wageningen,
Wageningen, The Netherlands

John Innes Centre, Norwich, U.K.

Georg August University, Géttingen,
Germany

Novartis Agricultural Discovery Institute,
San Diego, USA
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Max Planck Institute for Chemical
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Department of Biology, University of
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Zdurich, Switzerland
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Chemistry, Géttingen, Germany
Scottish Crop Research Institute,
Invergowrie, U.K.

University of Basel, Basel, Switzerland
California Institute of Technology,
Pasadena, USA

John Innes Centre, Norwich, U.K.

John Innes Centre, Norwich, U.K.

The Hebrew University of Jerusalem,
Jerusalem, Israel

University of Disseldorf, Dusseldorf,
Germany

Max Planck Institute of Molecular Plant
Physiology, Golm, Germany

North Carolina State University, Raleigh,
USA

Yale University, New Haven, USA

Friedrich Miescher-Institute, Basel,
Switzerland

University of Lausanne, Lausanne,
Switzerland

Max Planck Institute for Chemical
Ecology,

Jena, Germany

University of Zurich, Zirich, Switzerland
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09-24

09-27

10-08

10-10

10-23

10-25

10-26

10-31

11-06

11-07

11-12
11-13

11-13

11-14
11-20
11-21

11-22

11-28

11-29

12-04

12-05

12-11

12-12

12-19

01-09

01-15

01-16

01-23

01-25

01-30
01-31

02-05

02-06

02-20

02-26

03-06

03-12

03-12

03-12

03-18

Mark Estelle
Peter Oefner
Thomas Merkle
Ben J.G. Scheres
Toshiyuki Nagata
Maria C. Albani
Morten Petersen
Rudi Grosschedl
Klaus Harter

Ralf Reski

Thomas Kretsch
Thomas Debener

Seth Jon Davis

Anthony Trewavas
Andreas Bachmair
Peter Uetz

Fred Rook
Catherine Curie
Thomas
Pfannschmidt
Kim Hammond-
Kosack

Witold Filipowicz
Janine Gielbert

John Turner

Goran Sandberg

Brent D. Mishler

Adriana Cabral

Anna Haldrup
Teemu Teeri
Markus Pauly

Kurt Fellenberg
Mike Thomashow

Helle Ulrich
Christiane Nawrath
Jiirgen Soll
Robbie Waugh
Ferenc Nagy

Frank van
Breusegem

Katrien Devos
Jeff Bennetzen

Daniel Klessig

SCF-TIR1, a ubiquitin-protein ligase required for auxin
response in Arabidopsis
Ways and means of dissecting genetic traits

Nucleo-cytoplasmic partitioning of regulatory proteins: a
novel approach to plant signal transduction

Control in cell division and cell fate in the Arabidopsis
root

The presence of a signalling pathway that perceives pH
change of plant cells

Seasonal flowering in the perennial cycle

Suicide in plants: characterization of the Arabidopsis
acd11 mutant

Wnt and SUMO in LEF1-mediated transcription and
organogenesis

Plant response Regulators: signal transduction elements
with versatile functions

Physcomitrella: development, cell biology, functional
genomics

Spotlights on phytochrome A signal transduction

Gene for gene interactions in rose pathosystems and
their utilization for molecular breeding

Integration of plant signaling systems: Light, the clock,
hormones, and flowering

Aspects of plant intelligence

Ubiquitin-dependent proteolysis in Arabidopsis
Systematic two-hybrid screens in yeast: from proteomes
to protein domains

Integration of carbohydrate and plant developmental
signalling pathways

Iron transport in Arabidopsis

Redox-control of plant gene expression

Beware: Your bread and beer are under attack from
fusarium

Protein and ribonucleoprotein factors involved in
ribosome biogenesis in eukaryotic cells

Monolithic supports for protein immobilization and on-
line mass spectrometric analysis

Defence signalling in Arabidopsis

Auxin-cytokinin interactions in plants

Green plant phylogeny and prospects for comparative
genomics: an example from desiccation-tolerance
SPRP4, a novel human cornified envelope precursor: UV
dependent epidermal expression and selective
incorporation into fragile envelopes

The function of individual PSI subunits detected in
transgenic plants

Flower development in Gerbera - what can we learn from
the sunflower family?

Plant cell walls: biosynthesis, structure, and function

Storage and analysis of microarray data

Molecular switches that regulate environmental stress
tolerance in plants

The role of the ubiquitin system in DNA damage repair

Salicylic acid-induction deficient (sid) mutants of
Arabidopsis and the role of cutin in the cuticle
Protein transport into chloroplasts

Physical mapping technologies for large genome crop
plants

The role of nucleo/cytoplasmic partitioning of
photoreceptors in phototransduction

Catalase deficient tobacco plants : tools for in planta
studies on the role of hydrogen peroxide in plant cell
death

Comparative genome analysis across the grass family

The evolution of genome structure and gene function in
plants

Nitric oxide- and salicylic acid-mediated Signal
transduction in defense responses to pathogens
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