Available online at www.sciencedirect.com

ScienceDirect PHYTOCHEMISTRY

el
ELSEVIER Phytochemistry 68 (2007) 19-32

www.elsevier.com/locate/phytochem

Review

Development of bioinformatic tools to support EST-sequencing,
in silico- and microarray-based transcriptome profiling in
mycorrhizal symbioses

Helge Kiister a’bj*, Anke Becker “, Christian Firnhaber “, Natalija Hohnjec b
Katja Manthey J, Andreas M. Perlick /, Thomas Bekel ¢, Michael Dondrup ¢,
Kolja Henckel ¢, Alexander Goesmann °, Folker Meyer ¢, Daniel Wipf ¢,
Natalia Requena ¢, Ulrich Hildebrandt Riidiger Hampp £, Uwe Nehls &,
Franziska Krajinski ", Philipp Franken ', Alfred Piihler

& Institute for Genome Research, Center for Biotechnology (CeBiTec), Universitit Bielefeld, Universitdtsstrasse 25, 33594 Bielefeld, Germany
® International Graduate School in Bioinformatics and Genome Research, Center for Biotechnology (CeBiTec),
Universitdt Bielefeld, Universitdtsstrasse 25, 33594 Bielefeld, Germany
¢ Bioinformatics Resource Facility, Center for Biotechnology (CeBiTec), Universitit Bielefeld, Universititsstrasse 25, 33594 Bielefeld, Germany
4 Institut fiir Zelluldre und Molekulare Botanik, Rheinische Friedrich-Wilhelms-Universitdt Bonn, Kirschallee 1, 53115 Bonn, Germany
¢ University of Karlsruhe, Institute of Applied Biosciences, Fungal-Plant Interactions Group, Hertzstrasse 16, 76187 Karlsruhe, Germany
¥ Julius-von-Sachs-Institut fiir Biowissenschaften, Lehrstuhl fiir Botanik II - Okophysiologie und Vegetationsikologie,
Universitdt Wiirzburg, Julius-von-Sachs-Platz 3, 97082 Wiirzburg, Germany
€ Eberhard-Karls-Universitdt Tiibingen, Botanisches Institut, Physiologische Okologie der Pflanzen, Auf der Morgenstelle 1, 72076 Tiibingen, Germany
b Institut fiir Pflanzengenetik, Abteilung II Pflanzenbiotechnologie, Universitdt Hannover, Herrenhduser Strafie 2, 30419 Hannover, Germany
! Institut fiir Gemise- und Zierpflanzenbau, Abteilung Pflanzenerncihrung, Theodor-Echtermeyer-Weg 1, 14979 Grossbeeren, Germany
3 Lehrstuhl fiir Genetik, Fakultdt fiir Biologie, Universitdt Bielefeld, Universitdtsstrasse 25, 33615 Bielefeld, Germany

Received 27 April 2006; received in revised form 9 June 2006
Available online 1 November 2006

Abstract

The great majority of terrestrial plants enters a beneficial arbuscular mycorrhiza (AM) or ectomycorrhiza (ECM) symbiosis with soil
fungi. In the SPP 1084 “MolMyk: Molecular Basics of Mycorrhizal Symbioses”, high-throughput EST-sequencing was performed to
obtain snapshots of the plant and fungal transcriptome in mycorrhizal roots and in extraradical hyphae. To focus activities, the inter-
actions between Medicago truncatula and Glomus intraradices as well as Populus tremula and Amanita muscaria were selected as models
for AM and ECM symbioses, respectively. Together, almost, 20.000 expressed sequence tags (ESTs) were generated from different ran-
dom and suppressive subtractive hybridization (SSH) cDNA libraries, providing a comprehensive overview of the mycorrhizal transcrip-
tome. To automatically cluster and annotate EST-sequences, the BioMake and SAMS software tools were developed. In connection with
the eNorthern software SteN, plant genes with a predicted mycorrhiza-induced expression were identified. To support experimental tran-
scriptome profiling, macro- and microarray tools have been constructed for the two model mycorrhizae, based either on PCR-amplified
cDNAs or 70mer oligonucleotides. These arrays were used to profile the transcriptome of AM and ECM roots under different conditions,
and the data obtained were uploaded to the ArrayLIMS and EMMA databases that are designed to store and evaluate expression pro-
files from DNA arrays. Together, the EST- and transcriptome databases can be mined to identify candidate genes for targeted functional
studies.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Mycorrhizal symbioses between higher plants and soil
fungi are the most widespread beneficial plant-microbe
interactions on earth. The two most common mycorrhizae
are referred to as arbuscular mycorrhiza (AM) and ectomy-
corrhiza (ECM), respectively. It can be estimated that
appr. 90% of all families of land plants establish mycorrhi-
zal interactions (Smith and Read, 1997).

From a functional point of view, mycorrhizae are charac-
terized by the transfer of limiting nutrients, in particular
phosphorus and nitrogen, from the fungal hyphae to the
plant. In exchange for this improved nutrient uptake, plants
deliver carbon compounds to the symbiotic fungi, consuming
up to, 20% of the plant photosynthate in case of AM (Harri-
son, 2005). Apart from the direct beneficial effects resulting
from an improved nutrition, indirect benefits of an efficient
mycorrhization can be seen in an enhanced plant resistance
against abiotic and biotic stress (Smith and Read, 1997).

Molecular research in particular on AM symbioses
has for a long time been hampered by the obligate bio-
trophic lifestyle of glomeromycotain fungi and by the
asynchronous development of infection and colonization
(Gianinazzi-Pearson and Brechenmacher, 2004), with
comparably few molecular data being available only a cou-
ple of years ago (Franken and Requena, 2001). With the
emergence of high-throughput genomics technologies,
discovery science experiments relying on the identification
of differentially expressed genes by untargeted transcrip-
tome profiling became possible. Since these untargeted
approaches are not impaired by the growth properties of
mycorrhizal fungi, their application was particularly prom-
ising for research on AM and ECM interactions.

In the past years, different expression profiling strategies
were pursued to identify genes activated during AM and

ECM interactions (e.g. Journet et al., 2002; Liu et al.,
2003; Hohnjec et al., 2005; Moreau et al., 2005). These
strategies based on (1) high-throughput EST-sequencing,
EST-clustering and annotation, (2) in silico profiling of
mycorrhiza-related gene expression and (3) transcriptome
profiling relying on microarrays. The SPP 1084 “MolMyk:
Molecular Basics of Mycorrhizal Symbioses” was estab-
lished to support such genomics experiments by sharing
up-to-date bioinformatics and functional genomics
technologies.

Genomics approaches greatly benefit from the identifi-
cation of suitable model systems supported by a large com-
munity of researchers. In case of AM, two legumes were
selected that proved to be excellent model systems: Medi-
cago truncatula (Barker et al., 1990) and Lotus japonicus
(Handberg and Stougaard, 1992). In addition to well-
advanced genome sequencing projects and the existence
of comprehensive mutant collections (Tadege et al., 2005;
Udvardi et al., 2005; Young et al., 2005; Town, 2006; Sato
and Tabata, 2006), more than 330,000 ESTs were gener-
ated in the two legumes (Quackenbush et al., 2000), and
several expression profiling tools have been developed in
the legume community (Journet et al., 2002; Colebatch
et al., 2002, 2004; Kouchi et al., 2004; Kiister et al., 2004;
Hohnjec et al., 2005; Lohar et al., 2005).

A fringe benefit of selecting legumes as AM models can
be seen in the fact that this plant family is able to enter a
second important plant-microbe symbiosis, the develop-
ment of nitrogen-fixing root nodules (Brewin, 1991; Schu-
Itze and Kondorosi, 1998). Interestingly, the existence of
common signaling cascades allows the conclusion that nod-
ule symbioses modified ancient signal recognition and sig-
nal transduction pathways that initially evolved to
facilitate a successful colonization of plant tissues by AM
fungi (Kistner and Parniske, 2002).
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Complementing genomics acitivities in legume macro-
symbionts, a genome project has been launched for Glomus
intraradices (http://darwin.nmsu.edu/~fungi/), a model
fungus from the Glomeromycota (Schiissler et al., 2001)
that is characterized by a haploid genome of only
~15Mb with few repetitive sequences (Martin et al.,
2004; Lammers et al., 2004). The availability of genome
sequences for two model legumes and a model fungus is
expected to further advance our understanding of AM
symbioses in the forthcoming years, although the lack of
an efficient transformation system for the fungal symbiont
will remain a major drawback.

From a genomics point of view, Populus spec. (poplar) is
probably the best model currently available for ectomycor-
rhizal symbioses. The Populus trichocarpa genome
sequence was reported recently (http://genome.jgi-psf.org/
Poptrl/Poptrl.home.html), deep EST-sequencing covering
different organs and growth conditions was pursued
(Sterky et al., 2004; Sterck et al., 2005) and expression pro-
filing tools have been developed (Moreau et al., 2005).
With respect to ectomycorrhizal fungi, Laccaria bicolor
has recently been chosen for a genome sequencing project
(Martin et al., 2004; Lammers et al., 2004), complementing
the collection of genomes with importance for mycorrhizal
symbioses. In contrast to AM, the ECM symbiosis evolved
multiple times (Kretzer and Bruns, 1999; Graham and
Miller, 2005), resulting in more heterogenecous characteris-
tics (Martin et al., 2001; Smith and Read, 1997). Conse-
quently, only one model system will not be sufficient to
address all topics related to ectomycorrhiza.

To provide molecular information on AM and ECM,
the SPP 1084 “MolMyk: Molecular Basics of Mycorrhizal
Symbioses” from the beginning pursued transcriptomics
projects that focused on the interactions of M. truncatula
withG. intraradices as a model for AM and of P. trem-
ulawithAmanita muscaria (fly agaric) as a model for
ECM. In the course of these efforts, random and suppres-
sive subtractive hybridization (SSH) ¢cDNA libraries con-
structed by different partner laboratories were subjected
to high-throughput EST-sequencing.

Together, almost, 20000 ESTs were obtained, providing
a comprehensive overview of the mycorrhizal transcrip-
tome under different conditions. Based on the transcript
sequences, macro- and microarrays were constructed for
the models, and these tools were used to profile the tran-
scriptome of AM and ECM interactions (Kiister et al.,
2004; Manthey et al., 2004; Hohnjec et al., 2005). The
sequence and expression data were processed and evalu-
ated using a central web-based software (Dondrup et al.,
2003), thus facilitating a selection of candidate genes for
functional studies in the different partner laboratories.
We here give an overview on the integration of EST-
sequencing, in silico- and microarray-based transcriptome
profiling approaches in the SPP; where appropriate refer-
encing to more detailed analyses in other contributions
from the present issue. Together with targeted functional
studies of different mycorrhiza-related genes in the partner

laboratories, the transcriptome profiling data obtained
provide a molecular framework for the initiation, develop-
ment and function of mycorrhizal interactions.

2. High-throughput EST-sequencing delivers snapshots of the
plant transcriptome in arbuscular mycorrhizal and
ectomycorrhizal roots

At the start of the SPP 1084 “Molmyk: Molecular
Basics of Mycorrhizal Symbioses”, information on genes
expressed during the M. truncatula/Glomus spec. AM
was quite limited (Franken and Requena, 2001). To over-
come this deficit, we constructed a random cDNA library
designated MtAMP, based on pooled tissue samples con-
taining all major developmental stages of the M. trunca-
tula and G. intraradices AM (Frenzel et al., 2005). This
library was used to generate 3448 ESTs that exclusively
covered 5 regions of the directionally cloned cDNAs
(Frenzel et al., 2005; cf. also the review by Krajinski
et al. in the present issue). In parallel efforts from the Sam-
uel Roberts Noble Foundation (Ardmore, USA) and the
CNRS-INRA (Dijon, France), additional comprehensive
EST-sequencing efforts were undertaken: First, 8567 ESTs
from the random MtBC cDNA library covering the M.
truncatula/G. intraradices AM were obtained by Journet
et al. (2002) and second, 9030 ESTs were generated from
the random MHAM and MHAM2 cDNA libraries repre-
senting the M. truncatula/G. versiforme AM (Liu et al.,
2003).

Since random libraries tend to contain a high propor-
tion of strongly expressed genes making the cloning of rare
transcripts more difficult (Diatchenko et al., 1996), the sup-
pressive-subtractive hybridization (SSH) cDNA library
MtGIM was generated fromM. truncatula/G. intraradices
AM roots, subtracting sequences expressed in uninfected
roots, phosphate-treated roots, Sinorhizobium meliloti-
infected roots and Aphanomyces euteiches-infected roots.
From this library, 1686 ESTs were obtained that proved
to contain a high proportion of novel mycorrhiza-induced
genes (Wulf et al., 2003; Frenzel et al., 2005; cf. also the
review by Krajinski et al. in the present issue).

Since all ESTs were deposited in the GenBank dbEST
collection  (http://www.ncbi.nlm.nih.gov/dbEST/), they
were also included in the TIGR M. truncatula Gene Index
(http://www.tigr.org; Quackenbush et al., 2000). In the lat-
est MtGI release 8 of January, 2005, 22731 from a total of
2,26,923 ESTs were generated from the AM libraries
mentioned above, making the M. fruncatula/Glomus inter-
action the best-studied AM model on the level of EST-
sequencing (Hohnjec et al., 20006).

With respect to ectomycorrhiza, the model interaction
of Populus tremula and Amanita muscaria has been stud-
ied by generating 6669 ESTs from a random cDNA
library of poplar ECM roots (Table 1, Grunze et al.,
2004; cf. also the review by Nehls et al. in the present
issue). All ESTs were deposited in the GenBank dbEST
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database, where they constitute the most comprehensive
public collection of ECM transcript sequences; comple-
menting the 2,61,885 non-symbiotic ESTs assembled in
the TIGR Poplar Gene Index (http://www.tigr.org; Quac-
kenbush et al., 2000).

3. Untargeted EST-sequencing specifies genes expressed in
arbuscular mycorrhizal and ectomycorrhizal fungi

Since AM roots contain polyadenylated transcripts both
from the plant and the mycorrhizal fungus, a certain pro-
portion of these ESTs is of fungal origin. While in silico
methods to ab initio predict the origin of the sequences
proved to be difficult (Hraber and Weller, 2001), analyses
based on comparisons to ESTs from non-mycorrhizal
tissues as well as on PCR-amplifications from genomic
DNA indicated that the proportion of fungal sequences
in ESTs from AM roots is below 10% (Liu et al., 2003;
Hohnjec et al., 2005). Consequently, ESTs generated from
AM roots are primarily useful for identifying plant genes
relevant for the establishment and function of the AM
symbiosis, and ESTs obtained from fungal hyphae are

required to derive insights into mycorrhiza-related
processes occuring in the microsymbiont.

In case of the AM fungi G. mosseae and G. intraradices,
several cDNA libraries were characterized by EST-
sequencing. For G. mosseae, 658 ESTs were generated from
an SSH library constructed from appressoria, in order to
study fungal gene expression in the earliest stages of the
symbiosis (Table 1, Breuninger and Requena, 2004; cf. also
the review by Requena et al. in the present issue). With
respect to G. intraradices, a total of, 2059 ESTs were
obtained from different SSH libraries representing extra-
radical mycelia grown in the presence of different zinc levels
(Ouziad et al., 2005), NaCl concentrations, and varying
nitrogen sources (see Table 1 for details). In addition, the
response to Paenibacillus validus in co-culture with asymbi-
otic G. intraradices mycelia was analysed (Table 1, Hilde-
brandt et al.,, 2006). Finally, two G. intraradices SSH
libraries from germinated spores and extraradical mycelia
were sequenced, together yielding 3708 ESTs (Table 1).

In total, 5602 G. intraradices ESTs larger than 50 bp
were obtained, adding to another 3552 entries in the cur-
rent GenBank dbEST release. EST-clustering (see below)
revealed the presence of almost 3500 unique sequences,

Table 1

EST-sequencing efforts in the SPP 1084 “MolMyk: Molecular Basics of Mycorrhizal Symbioses™

Interaction/species Library ESTs Tissues represented References

P. tremula/ Random 6669 P. tremula — A. muscaria ectomycorrhizal roots Grunze et al. (2004)

A. muscaria
M. truncatula/ Random 3448 M. truncatula mycorrhizal roots harvested 5 weeks post inoculation with Frenzel et al. (2005)
G. intraradices G. intraradices
M. truncatula/ SSH 1686 M. truncatula roots mycorrhized with G. intraradices subtracted by a Waulf et al. (2003),
G. intraradices mixture of cDNAs from non-infected roots, S. meliloti-infected roots, Frenzel et al. (2005)
A. euteiches-infected roots and non-infected roots grown on 5 mM
phosphate

A. muscaria SSH 582 Fungal hyphae grown on 1% (w/v) (55 mM) glucose at low [0.025 g Riidiger Hampp,
(NH,4)>,HPO,/1] nitrogen supply; subtracted with fungal hyphae after 2 h in Universitat
the absence of glucose and in the presence of high [0.25 g (NH,4),HPO,/1] Tiibingen
nitrogen supply

H. cylindrosporum Random 459 Fungal hyphae grown on different nitrogen sources Wipf et al. (2003)

G. mosseae SSH 658 Appressorium stages subtracted with germinated sporocarps Breuninger and

Requena (2004)

G. intraradices SSH 529 Extraradical mycelium grown with 100 uM Zn subtracted with extraradical Ouziad et al. (2005)
mycelium grown in the presence of 1 tM Zn

G. intraradices SSH 742 Extraradical mycelium grown with 3.2 mM nitrate subtracted with Ulrich Hildebrandt,
extraradical mycelium grown in the presence of 3.2 mM glutamate Sandra Knolle, and

Hermann Bothe;
Universitit zu Koln

G. intraradices SSH 418 Mycelium grown asymbiotically in co-culture with Paenibacillus validus Hildebrandt et al.
subtracted with asymbiotic mycelium grown in the absence of P. validus (2006)

G. intraradices SSH 370 Extraradical mycelium grown for 48 h in liquid M-medium containing 0.7% Ulrich Hildebrandt,
(w/v) NaCl subtracted with extraradical mycelium grown in liquid M- Sandra Knolle, and
medium without NaCl Hermann Bothe;

Universitit zu Koln

G. intraradices SSH 1822 Germinating spores subtracted with 25S und 18 S rDNA Astrid Waschke and

Philipp Franken,
IGZ Grossbeeren
G. intraradices SSH 1886 Extraradical mycelium subtracted with 25S und 18S rDNA Astrid Waschke and

Philipp Franken,
1GZ Grossbeeren

Species studied by EST-sequencing are given in addition to the tissues represented. The type of library and the number of vector-clipped and phred13-
processed ESTs is indicated.
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ideally representing expressed G. intraradices genes. In
addition to identifying genes activated in AM fungi, these
clusters provide a valuable resource for gene prediction,
once the G. intraradices genome sequence becomes avail-
able (Martin et al., 2004; Lammers et al., 2004).

Apart from Glomus spec., ectomycorrhizal fungi were
studied by EST-sequencing. Here, an analysis of the poplar
ECM library already revealed the presence of appr. 68%
fungal ESTs. However, even though more fungal ESTs
were present in this library, the number of fungal and plant
TCs proved to be similar after clustering (1388 poplar and
1546 Amanita TCs), indicating a much higher redundancy
in the fungal EST population (U. Nehls, Tiibingen
University, personal communication). In addition to the
poplar library, an SSH cDNA-library from A. muscaria
hyphae initially grown on glucose at low nitrogen supply
(a situation as found in mycorrhizae) that subsequently
were transferred to no glucose at high nitrogen supply (sim-
ulating conditions of soils supplied with nitrogen) was
constructed and yielded 582 ESTs (Table 1, R. Hampp,
Tiibingen University, personal communication). In case
of Hebeloma cylindrosporum, a random cDNA library from
hyphae grown on different nitrogen sources was used to
generate 459 ESTs (Table 1, Wipf et al., 2003; cf. also the
review by Miiller et al. in the present issue).

Web-accessible databases displaying

‘ Construction of cDNA libraries | sequence and expression data

l

! po8se:

i i..‘m g Q| . a " .
sissssassasess T
Bigtsesses: §Arra

cceoce 9 =

=

Sequencing, clustering and annotation
of ESTs and EST-clusters

!

BioMake & SAMS

|:> Construction of macro- and microarrays
and array hybridizations

Fig. 1. Organization of expression profiling experiments in the SPP 1084
“MolMyk: Molecular Basics of Mycorrhizal Symbioses”. Different
random and suppressive-subtractive hybridization (SSH) cDNA libraries
constructed by different project participants (Table 1) were sequenced. The
web-based EST-clustering and cluster annotation software tools BioMake
and SAMS were developed to derive annotations and to select EST-
clusters for the construction of macro- and microarrays. Data obtained
from array hybridizations were entered into the web-based ArrayLIMS
and EMMA databases for storage of hybridization data and expression
analysis. Sequence and expression data can be mined to select genes for
targeted functional studies. The databases mentioned can be accessed via
http://www.cebitec.uni-bielefeld.de/groups/brf/software.

Taken together, our untargeted EST-sequencing efforts
in the mycorrhizal macro- and microsymbionts delivered
a collection of almost, 20,000 mycorrhiza-related ESTs.
This global overview of the transcriptome forms the basis
for molecular studies targeted at functional analyses of
selected genes in AM and ECM interactions (Fig. 1).
Results from these experiments are reported in different
reviews from the present issue.

4. Development of software tools for automatic clustering
and annotation of ESTs

Untargeted EST-sequencing delivers thousands of raw
sequence files that have to be processed prior to a func-
tional analysis of the encoded gene products. To ecase
EST-processing, the BioMake and SAMS (“Sequence
Analysis and Management System”’) tools were developed.
These tools can be conFigured to restrict access to particu-
lar users or groups of users. Either software can be queried
using standard web browsers, providing access independent
of time and place, eliminating the need for local software
installation and facilitating a constant central upgrade as
well as an integration of novel analysis pipelines.

The BioMake tool was originally designed and imple-
mented for an automatic, first-look analysis of ESTs and
shotgun sequencing libraries. It is a simple, easy to install
and to maintain open source system that automatically
performs an analysis of raw sequence data as they come
from the sequencing robots, subsequently presenting the
results in a user-friendly web interface.

In BioMake, a single command will first generate
automatic analyses consisting of three major steps.
Starting with raw sequence data that are typically in scf-
format (Dear and Staden, 1992), a normalization step is
performed. Afterwards, every single sequence read is ana-
lyzed with respect to sequence quality. This process of
removing the low quality regions is referred to as quality-
clipping. Both the quality-clipping and the subsequent base
calling steps are performed using the phred software
(Ewing et al., 1998a,b). After removing low quality regions,
vector and cloning adaptor contents of the sequence reads
need to be identified, a process referred to as vector-clip-
ping. This step is based on a BioMake pipeline applying
a locally developed tool performing sequence comparisons
to a database of standard vector and adaptor sequences
enriched with user-contributed regions.

Once the data are free of low quality sequences and the
vector contents was removed, the resulting cleaned
sequence files are ready for analysis. Here, BioMake runs
a variety of BLAST (Altschul et al., 1997) tools against dif-
ferent user-defined databases and present the results for
each individual sequence in a web front-end.

Since the EST collections BioMake was applied to grew
constantly, a new system had been developed to handle
more comprehensive data sets. This software — the
Sequence Analysis and Management System (SAMS;
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T. Bekel, Bioinformatics Resource Facility, CeBiTec, Biele-
feld University) — was originally implemented on the basis
of the GenDB genome annotation system (Meyer et al.,
2003) to facilitate quality control of data obtained during
high-throughput phases of genome sequencing. In SAMS,
sequence libraries, DNA and protein sequences, bioinfor-
matics tools, tool results and annotations are modelled in
an object-oriented approach. The software was imple-
mented in the Perl (http://www.perl.org) programming lan-
guage, and a relational MySQL database management
system (http://www.mysql.com) was chosen as storage
component.

The EST analysis pipeline implemented in SAMS is an
improved and enhanced adaptation of the BioMake pipeline
described above. Within the web-based sequence import,
user-defined quality values can be set as well as library affil-
iations and parameters that govern vector-clipping. For
quality-clipping, the phred13 standard was applied that
proved to be both sufficient and efficient for EST-assemblies
(Quackenbush et al., 2000). Since the clipping modules are
implemented as tools applied on single sequences, the pro-
cessing of EST reads can be distributed on a compute cluster
where many compute nodes work in parallel.

Before EST sequences are annotated in SAMS, a clus-
tering step is usually performed to remove redundancies
by grouping the ESTs into clusters that are subsequently
assembled into into TCs (Tentative Consensus sequences).
Although SAMS provides user-configurable parameters to
adjust the outcome of the clustering process, the standard
TIGR (The Institute for Genome Research, http://www.ti-
gr.org/) parameter set (Liang et al., 2000) is applied by
default. Using these criteria, ESTs are clustered into one
group if the following similarity conditions are fulfilled.
First, two sequence reads must show an alignment of not
less than 40 base pairs with at least 95% identity in a pair-
wise comparison. Second, flanking unmatched overhangs
next to the alignment must not exceed a length of, 20 bp.
After clustering, each cluster is assembled using CAP3
(Huang and Madan, 1999), producing TCs as sequence
contigs and in addition a certain number of singlet ESTs.
Together, TCs and singlet ESTs represent a nearly non-
redundant collection of sequence data that form the basis
for annotation and subsequent functional analyses.

Similar to the analysis of potential coding regions pre-
dicted on a bacterial genome sequence, EST and TC
sequences are automatically processed and annotated in
SAMS. For annotation, the Metanor automatic function
prediction tool uses a combination of standard bioinfor-
matics tools such as BLAST (Altschul et al., 1997)-based
sequence comparisons, HMMer (Eddy, 1998)-based hidden
Markov model scans and InterPro (Apweiler et al., 2001)-
based searches for functional domains. These tools are run
automatically on each sequence, leading to a consistent
annotation assigning gene names, gene products, descrip-
tions, functional categories, gene ontology (Ashburner
et al., 2000) numbers, and other functional attributes to
the TC and EST sequences.

5. Development of software tools for in silico expression
profiling

The tissue origin of ESTs that were clustered in a partic-
ular TC can deliver information on the expression of the
corresponding gene, an approach referred to as eNorthern,
in silico or digital expression profiling (Alba et al., 2004). In
addition to simply scoring EST-frequencies, mathematical
approaches were proposed to associate a test statistic (R-
value) with predicted differential expressions (Stekel
et al., 2000). Such in silico studies were widely used in the
last couple of years, and several hundred genes were pre-
dicted as up-regulated in AM and ECM (Journet et al.,
2002; Manthey et al., 2004; Frenzel et al., 2005; Moreau
et al., 2005; cf. also the reviews by Kiister et al. and Krajin-
ski et al. in the present issue).

Different eNorthern tools relying on the R-value test sta-
tistics are implemented in public databases, e.g. the TIGR
Gene Indices for M. truncatula and poplar (http://www.ti-
gr.org/, Quackenbush et al., 2000), as well as the MENS
(Medicago EST Navigation System; Journet et al., 2002)
and MtDB databases (Lamblin et al., 2003), both storing
M. truncatula EST-clusters. To allow in silico analyses via
the bioinformatics platform developed in the frame of the
SPP 1084 “Molmyk: Molecular Basics of Mycorrhizal
Symbioses”, the SteN (‘“‘Statistical electronic Northern
Blot”) software was implemented as a module in SAMS,
that way allowing the calculation of R-values according
to Stekel et al. (2000) on the basis of ESTs generated in
the project.

Designed to scan EST-collections for differential gene
expression, the SteN software uses a relational mySQL
database with an object-oriented O2DBI2 layer to store
information on ¢cDNA libraries, the ESTs generated and
the TCs clustered. Once TCs have been assembled from a
particular EST-project, the SteN database is updated
automatically.

The web-based SteN interface allows an easy setup of
queries by selecting one of the three states “USE”,
“DON’T USE” and “IGNORE” for each library in an
EST project. “USE” means that a TC has to have at least
one EST from this library, “DON’T USE” specifies that a
TC is not allowed to have an EST from this library, and
“IGNORE” means that the library is not considered in
the query. Additionally, the logic operators “AND” or
“OR” can be used to combine the selected libraries. That
way, a typical query could read “Search for all TCs, which
have ESTs from library_A OR library_B, but not from
library_C. Library_D should be ignored.”

The result of the query is a list with all TCs matching the
selected search criteria. In addition, an R-value is calcu-
lated for each TC, as defined by Stekel et al. (2000). To
interpret R-values, the option to ignore libraries in the
query is essential. The R-value calculation is based on the
total number of all ESTs in the query, and these are only
taken from the “USE” and “DON’T USE” libraries, but
not from libraries set to “IGNORED”. This e.g. allows
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to disqualify artificial clone collection such as ‘““unigene
sets” or other curated sets not directly representative for
a particular tissue. Also, non-random libraries such as
SSH libraries can be ignored, since they usually result in
disproportional statistical parameters due to their biased
mode of construction.

Based on the integration with SAMS, the SteN output
Table includes references to the respective TC, information
on the composition of ESTs from the different libraries, as
well as the gene name, gene product, EC number, and func-
tional categories. Using the calculated R-values, a graph is
displayed showing R-values in relation to the number of
TCs. In addition, average, median, minimum and maxi-
mum R-values are given.

SteN is able to execute more than one query at a time,
allowing to combine the results later by using the logic
operators “AND”’ or “OR”’. The result of this combination
is stated in an extra list containing the additional informa-
tion mentioned above. The results from SteN queries can
be sorted and filtered as well as exported to spreadsheet
software for documentation and further use.

Recently, SteN was applied to predict all AM-specific
genes of M. truncatula (Hohnjec et al., 2006). This study
identified 657 TCs of the TIGR M. truncatula Gene Index
release 8 that were exclusively composed of ESTs from the
five AM cDNA libraries mentioned above, including the
MtAMP and MtGIM libraries constructed in the frame
of the SPP (Wulf et al., 2003; Frenzel et al., 2005). The col-
lection of AM-specific genes comprised several marker
genes, where targeted analyses had demonstrated a specific
expression in arbuscule-containing cells (e.g. Wulf et al.,
2003; Frenzel et al., 2005; Hohnjec et al., 2005; Valot
et al., 2006). As expected (Journet et al., 2002; Manthey
et al., 2004), the overlap between in silico and experimental
expression data dropped with decreasing EST counts per
TC and lower R-values (Hohnjec et al., 2006). Neverthe-
less, in silico studies based on deep EST-sequencing can
obviously identify candidate genes expressed at a low level
(Manthey et al., 2004) or in a limited number of cells, mak-
ing analyses on the level of ESTs complementary to micro-
array-based approaches.

6. Development of macro- and microarray tools to study
arbuscular mycorrhizal and ectomycorrhizal symbioses

Expression profiling tools can be separated into spotted
DNA arrays constructed from either PCR-products or
70mer oligonucleotides and DNA chips generated by the
on-chip synthesis of gene-specific 25-base oligonucleotides
(Becker, 2004). In case of spotted DNA arrays, macroar-
rays and microarrays have to be differentiated. Whereas
macroarrays are obtained by gridding comparably high
amounts (10-50 ng/spot) of DNA probes on nylon mem-
branes, microarrays can be printed with a 50-fold less
probe amount, thus allowing to generate substantially
more arrays from the same initial quantum of probes. In
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Fig. 2. Concept of a microarray hybridization using two combined
fluorescently labeled targets representing an experimental and a control
condition. (a) Biological samples in an experimental (dotted) and a control
(striped) condition. (b) Pools of total RNA are isolated from the two
samples. (c) Labeled targets derived from the two RNA populations. Two
fluorescent dyes with different spectral properties are used for labeling. (d)
Hybridizing the combined labeled targets to a microarray carrying gene-
specific probes (grey circles) allows to determine ratios between fluores-
cence intensities of the two labels. This ratio is proportional to differences
in the amount of corresponding transcripts in the original samples.
Modified from Becker (2004).

contrast to macroarrays that are hybridized successively
with radioactively labeled nucleic acids (designated ‘‘tar-
get”) representing one biological condition, microarrays
are hybridized simultaneously with combined fluores-
cently-labeled targets from one experimental and one con-
trol condition (Fig. 2). Thus, microarray approaches avoid
array-to-array comparisons and allow to determine expres-
sion ratios in a single experiment (Quackenbush, 2002).

Prerequisite to the construction of spotted DNA arrays,
a sufficient amount of sequence information derived from
genomic or transcript sequences has to be available (Alba
et al., 2004). Whereas PCR-products for prokaryotic arrays
are obtained using gene-specific primer pairs designed
against open reading frames identified in the genome
sequence (Becker, 2004), eukaryotic PCR-based expression
profiling tools rely on comprehensive collections of cDNAs
(complementary DNAs). These are derived from the
reverse transcription of mRNA and the subsequent cloning
of synthesized cDNA copies (Alba et al., 2004). Subsequent
to cDNA sequencing projects resulting in the generation of
several thousand ESTs, different clustering algorithms are
used to assemble overlapping EST consensus sequences
designated either “EST-clusters” (Journet et al., 2002) or
“Tentative Consensus sequences” (TCs, Quackenbush
et al., 2000). That way, a reduction in the complexity of
EST-collections is reached and near full-length transcript
sequences mostly representing the coding sequence of genes
can be assembled.

Subsequent to EST-clustering, particular cluster-repre-
sentative ESTs have to be selected for the construction of
cDNA-based arrays. Here, maximal gene-specificity is best
achieved by choosing cDNAs located as far as possible in
the 3’ region of the EST-cluster to minimize cross-hybrid-
ization with different members of multi-gene families (Jour-
net et al., 2002; Kiister et al., 2004). Once this selection is
made, cluster-representative cDNAs have to be rearrayed
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from the original cDNA libraries to obtain microplate sets
suitable for robotic PCR-amplification. Since plasmids
with a universal cloning site are usually used for the con-
struction of cDNA-libraries, universal primers can be
applied to PCR-amplify several thousand cDNAs. During
the SPP 1084 “Molmyk: Molecular Basics of Mycorrhizal
Symbioses”’, we initially started with the design and con-
struction of macroarray that in the course of the project
were substituted by cDNA- and 70 mer oligonucleotide
microarrays (Kister et al., 2004).

In M. truncatula, we first constructed Mtok-RIT (Medi-
cago truncatula 6k Root Interaction Transcriptome)
macro- and microarrays, based on a collection of 6359
EST-clusters representing 21,473 5’ and 3’ ESTs generated
from cDNA libraries representing nitrogen-starved roots
(MtBA), young root nodules (MtBB) and AM roots
(MtBC), all described in detail by Journet et al. (2002).
For each cluster, one representative was selected from the
MtC libraries, with a preference for clones that were
sequenced from both ends. Amongst those, the cDNA
clone with the smallest possible size and the shortest over-
lap with predicted open reading frames was picked to facil-
itate PCR-amplification and to give more relative
importance to the 3’ UTR; in order to better discriminate
between members of multigene families. In addition to
5648 gene-specific cDNAs that were PCR-amplified, tran-
script sequences representing different nodule- or mycor-
rhiza-related marker genes as well as several control
genes were included (Brechenmacher et al., 2004; Kiister
et al., 2004; El Yahyaoui et al., 2004).

Based on 2516 ESTs generated from two random cDNA
libraries deriving of developing flowers and pods, 1776 M.
truncatula cDNAs representing non-redundant EST-clus-
ters were PCR-amplified and subsequently used to upgrade
the Mt6k-RIT collection to an Mt8k cDNA set. Due to a
certain overlap between both sets of PCR-products, appr.
6300 different M. truncatula genes are represented by the
Mt8k probe set (Firnhaber et al., 2005).

Table 2

Mt6k-RIT and Mt8k cDNA arrays were shared between
different participants of the SPP 1084 “Molmyk: Molecular
Basics of Mycorrhizal Symbioses” as well as the European
Union genome project “MEDICAGO: Integrated struc-
tural, functional and comparative genomics of the model
legume Medicago truncatula”, and were used to obtain
expression profiles during different AM as well as during
nodulation conditions (El Yahyaoui et al., 2004; Kiister
et al., 2004; Manthey et al., 2004; cf. also the reviews by
Franken et al., Hause et al., Krajinski et al., and Kiister
et al. in the present issue). In the frame of other genomics
projects focusing on the model legume M. truncatula, alter-
native expression profiling tools were generated, including
a 2.5k cDNA macroarray exclusively representing tran-
script sequences from AM roots (Liu et al., 2003) and a
6 k microarray based on a unigene cDNA collection
(Lohar et al., 2005).

In recent years, cDNA probes have increasingly been
replaced by 70mer oligonucleotides. These can be designed
to be as gene-specific as possible and the construction of
microarrays based on 70mer long oligonucleotides does
not require error-prone rearrying and cDNA amplification
steps (Albaetal.,2004). During the 1st International Confer-
ence on Legume Genomics and Genetics (St. Paul, Minne-
sota, 2002), the Medicago community decided to
commission the synthesis of a 16 k 70mer oligonucleotide
collection representing all TCs from the TIGR M. truncatula
Gene Index version 5. This collection of probes was recently
extended by 384 probes targeted against transcription fac-
tors and other regulators. These tools are referred to as
Mt16kOLI1 (Hohnjec et al., 2005) and Mt16kOLI1Plus
(Thompsonetal., 2005), respectively. Based on the estimated
gene count in M. truncatula (Town, 2006), it can be estimated
that appr. 35% of all M. truncatula genes are represented on
these microarrays. Based on Mt16kOLI1, Hohnjec et al.
(2005) specified, 201 M. truncatula genes co-induced in the
interaction with different AM fungi. Some of the marker
genes identified were also found to be expressed in root

Expression profiling tools generated in the SPP 1084 “MolMyk: Molecular Basics of Mycorrhizal Symbioses”

Species Array name Array type Identifier Probes on the array References
M. truncatula  Mt6kRIT cDNA macroarray A-MEXP-80  Probes representing 5648 EST-clusters from M. Kiister et al. (2004)
truncatula root nodules, AM roots, and uninfected
roots
M. truncatula  Mt6kRIT cDNA microarray A-MEXP-81  Probes representing 5648 EST-clusters from M. Kiister et al. (2004)
truncatula root nodules, AM roots, and uninfected
roots
M. truncatula  Mt8k cDNA microarray A-MEXP-84  MtOkRIT probe set plus 1776 probes representing Firnhaber et al. (2005)
EST-clusters from M. truncatula flowers and pods
M. truncatula  Mt16kOLI1 70mer oligonucleotide A-MEXP-85  Probes representing 16.086 tentative consensus Hohnjec et al. (2005)
microarray sequences of the TIGR M. truncatula Gene Index
version 5
M. truncatula  Mt16kOLI1Plus 70mer oligonucleotide A-MEXP-138 Mtl6kOLI1 probe set plus 384 probes primarily  Thompson et al. (2005)
microarray representing transcription factors
P. tremula/ Pt2.4kOLI1 70mer oligonucleotide A-MEXP-202 Probes representing 2350 EST-clusters from Uwe Nehls,
A. muscaria microarray poplar ECM Universitdt Tiibingen

Relevant features of the macro- and microarrays are indicated, together with their identifiers in the ArrayExpress (http://www.ebi.ac.uk/arrayexpress)
database. Regular updates of array-related information are available under http://www.cebitec.uni-bielefeld.de/groups/glp/microarrays/.
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nodules, adding to the observed transcriptional overlap dur-
ing nodulation and mycorrhization (cf. also the review by
Kiister et al. in the present issue).

Due to the increasing use of long oligonucleotide micro-
arrays, an expression profiling tool to study the poplar
ectomycorrhizal symbiosis was exclusively constructed
from a collection of 70mer probes. These were designed
against 2.4 k EST-clusters from theP. tremula — A. mus-
caria ECM cDNA library (Table 1). The corresponding
microarray is referred to as Pt2.4kOLI1 and was used to
profile gene expression in different poplar tissues including
ECM roots (cf. also the review by Nehls et al. in the present
issue).

To allow deposition of microarray-based expression
data in public databases, array design files for all macro-
and microarray tools constructed in the frame of the SPP
were submitted to the ArrayExpress (http://www.ebi.a-
c.uk/arrayexpress) database (Table 2). Regular updates of
array-related information, such as improved annotation
files, are available under http://www.cebitec.uni-biele-
feld.de/groups/glp/microarrays/.

As for other plant species (Zhu, 2003), the M. truncatula
and poplar field in the meantime moved from the project-
driven construction of cDNA-macroarrays, cDNA-micro-
arrays, and 70mer oligonucleotide microarrays to commercial
Affymetrix chips, with ~61k Medicago and Poplar Gene-
Chip® Genome Arrays being available (http://www.
affymetrix.com). Due to a significant increase in the num-
ber of probes, the future application of these tools for
transcriptome profiling in mycorrhizal roots can be
expected to widen our insights into molecular processes
relevant for AM and ECM.

7. Development of web-accessible databases for storage,
evaluation and mining of expression profiles

One goal of the SPP 1084 “MolMyk: Molecular Basics
of Mycorrhizal Symbioses” is to deliver integrated dat-
abases that store the microarray-based expression data
obtained in the course of the project, together with relevant
information on the experimental conditions profiled and
the protocols used to obtain transcriptome profiles. Data
integration can only be achieved via software tools fulfill-
ing two requirements: (1) the possibility to upload raw data
from microarray hybridizations together with a description
of experimental conditions into a central data repository
and (2) the possibility to combine these data sets in order
to relate expression profiles obtained in different experi-
ments, e.g. by hierarchical clustering (Slonim, 2002; Zhu,
2003).

Two databases were set up to fulfill these requirements:
an ArrayLIMS (Laboratory Information Management
System) for the storage of data on experimental conditions
and for storing raw data, and the EMMA (EST Meets
Micro Arrays) software for data evaluation and data min-
ing. Applying the same access policy described for the Bio-

Make and SAMS EST-databases, ArrayLIMS and EMMA
can be queried using standard web browsers (Dondrup
et al., 2003).

The ArrayLIMS system requires the user to deliver in a
step by step process all information that is required by oth-
ers to follow the setup of a microarray experiment. This
approach is essential in order to comply to the MIAME
(Minimal Information ON A Microarray Experiment;
Brazma et al., 2001) standard that is prerequisite to a pub-
lication of expression data. In ArrayLIMS, the basic infor-
mation to be entered relates to the biological conditions
profiled, the material harvested and the exact growth con-
ditions used. Based on these entries, next steps call for rel-
evant features of the targets isolated from the biological
material profiled, the target labeling, and the microarray
hybridizations performed. In the ArrayLIMS database,
identifiers for the microarrays to be used in a project are
stored and any information entered can be linked to those
identifiers. Finally, the microarray identifiers are linked to
experimental raw data: tiff-files from microarray scanners
and data-files derived from image processing. Here, the
ArrayLIMS system is compatible with all commercial
microarray scanners and with the output formats of major
commercial image processing software. As a consequence
of multiple uploads from different project participants, a
central database storing information on all microarray
hybridizations performed in the frame of the project is
generated.

Subsequent to ArrayLIMS imports, microarray data
can be used to set up experiments in EMMA (Dondrup
et al., 2003), a web-based software designed to facilitate
data analysis according to accepted standards for cDNA
and 70mer oligonucleotide microarrays (Quackenbush,
2002; Leung and Cavalieri, 2003). The EMMA system rep-
resents an effort to build a microarray analysis software
that simplifies complex analysis steps and queries of large
datasets, while adhering to standards for data interchange
and optimizing the inter-operation with other software.
EMMA is written mainly in Perl while some portions are
programmed in R (Ihaka and Gentleman, 1996) or Java.
The data repository is implemented using O2DBI, an
object-oriented code generator that significantly simplifies
the creation of complex database applications. The appli-
cation programmer’s interface (API) of EMMA is imple-
mented and documented by automatically generated Perl
modules created by O2DBI that also contain additional
functions manually added (Dondrup et al., 2003).

Fig. 3 illustrates key features of the architecture of the
current EMMA release. This release includes different pipe-
lines for data normalization (Yang et al., 2002), such as
global mean normalization, lowess (locally weighted scatter
plot smooth; Cleveland et al., 1992) normalization, and dif-
ferent print-tip based normalizations (Dondrup et al.,
2003). Normalized data can be used to run Student’s z-tests
and LIMMA significance tests (Dudoit et al., 2002; Smyth
et al., 2003) to identify differentially expressed genes, pro-
viding one-sided and two-sided pipelines for either query.
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Fig. 3. Architecture of the ArrayLIMS/EMMA database. Raw data from
microarray scanners and image processing software are stored in the
ArrayLIMS database. From here, data can be imported into the EMMA
software that builds on a MySQL database and an O2DBI object to
database interface. Access to the databases is controlled by a General
Password Management System (GPMS). EMMA provides different
pipelines for data analysis, such as normalization, statistical tests and
hierarchical clustering. Results are displayed as web frontends and can
thus be queried and downloaded using standard web browsers.

Higher order analyses are supported by hierarchical clus-
tering pipelines that display results in Java-applets provid-
ing several visualisation options to browse clustered
datasets. All transformed datasets (normalized data, signif-
icance tests, hierarchical clusterings) are stored in the
EMMA project database and can be downloaded for fur-
ther analyses. The most recent features of ArrayLIMS
and EMMA including constantly updated manuals can
be retrieved from http://www.cebitec.uni-bielefeld.de/
groups/brf/software.

Since the ArrayLIMS/EMMA software is also used in
other genomics projects on the model legume M. trunca-
tula, e.g. the European Union project GRAIN LEGUMES
(http://www.eugrainlegumes.org) as well as previous Euro-
pean Union projects, a cross-project integration of expres-
sion data is possible. To facilitate submission of expression
data to public databases, e.g. ArrayExpress (http://www.
ebi.ac.uk/arrayexpress) and to allow a general exchange
with other projects that use a different expression analysis
software, EMMA was designed to comply to the MAGE-
ML (Micro Array and Gene Expression Markup Language;
Spellman et al., 2002) standard. This MAGE-compatibility
lays the foundation for an integration of expression data
from different transcriptomics projects.

An essential feature of the ArrayLIMS/EMMA soft-
ware is a password management system that allows to
fine-tune different levels of access to expression data. In
the frame of the SPP, we employed an open access policy
that allows project members to query all expression data
stored in the central ArrayLIMS repository. This philoso-
phy of data accessibility is prerequisite to an application

of the advanced data mining strategies implemented in
EMMA. Whereas global data mining approaches require
the setup, configuration and detailed analysis of new
groups of microarray hybridizations that were imported
from ArrayLIMS, focused data mining allows to quickly
solve more targeted questions. In the most simple query,
these can relate to the retrieval of expression information
for a gene of interest in specific or all conditions profiled,
whereas more advanced queries require to build data min-
ing pipelines using logic operators. These pipeline allow to
return expression information for all genes annotated e.g.
as transcription factor in selected or all experiments stored
in the database.

8. Towards an integration of ESTs, in silico and
experimental transcriptome profiles

The software systems BioMake, SAMS, SteN, Array-
LIMS, and EMMA were designed as specialized compo-
nents for separate scopes; e.g. SAMS being used for
EST-clustering and -annotation, and EMMA (Dondrup
et al., 2003) being applied for microarray data storage as
well as expression analysis. So far, each tool can be used
either separately or in combination with one of the others.
At the same time, the modular design allows to re-use each
component for similar tasks in other applications, e.g. by
combining them with existing tools such as the GenDB
genome annotation system (Meyer et al., 2003) or the
ProDB software (Wilke et al., 2003) designed to evaluate
proteomics data. The architecture of these systems allows
to directly link individual data sets on the programmer’s
level via the BRIDGE layer (Goesmann et al., 2003,
2005). That way, we can link results from microarray anal-
yses to the corresponding TC sequences, allowing users to
navigate from EMMA to SAMS and vice versa. Since this
data connection is realized on the level of individual
objects, an integration of data creation, data access, and
data manipulation is achieved.

In order to further elaborate the bioinformatics analysis
tools in the area of mycorrhizal symbioses, we are cur-
rently working on several extensions of the web-based user
frontends. While continuously improving the functionality
of each component by implementing novel features, our
primary goal is to develop advanced data mining and visu-
alization techniques for heterogenous data sets (Goesmann
et al., 2005). Based on the BRIDGE integration we are e.g.
working on the analysis of global transcriptional regula-
tion by visualizing expression profiles for general func-
tional categories of genes derived e.g. from KEGG
metabolic pathways or the Clusters of Orthologous
Groups (COG) of proteins. Moreover, we will correlate
gene expression data from microarray experiments with
in silico expression profiles provided by SAMS and SteN
in order to verify hypotheses about AM and ECM symbi-
oses and propose candidate genes for phenotypical studies
in plant mutants (Fig. 4). As a long-term goal, we propose


http://www.cebitec.uni-bielefeld.de/groups/brf/software
http://www.cebitec.uni-bielefeld.de/groups/brf/software
http://www.eugrainlegumes.org
http://www.ebi.ac.uk/arrayexpress
http://www.ebi.ac.uk/arrayexpress

H. Kiister et al. | Phytochemistry 68 (2007) 19-32 29

Biological questions

- mycorrhiza-specific genes
- symbiosis-specific genes
- metabolism

- signal transduction

i

Checking phenotypes in
plant mutants

Genomics
toolboxes

Expression profiles

Cellular resolution

Identification of candidate

genes <:—|

Fig. 4. Discovery science: Application of untargeted expression profiling
strategies to identify candidate genes for functional analyses. Genomics
toolboxes represent transcriptome profiling resources, such as EST-
databases, in silico expression profiles, and microarray-based expression
data. Mining these resources to solve questions related to mycorrhizal
interactions, together with targeted analyses e.g. localizing gene expression
to specific cells, allows to identify candidate genes with possible relevance
for the conditions investigated. These can be checked phenotypically in
mutants of the genes concerned, usually generating additional questions
that might require to query genomics resources again.

to establish a bioinformatics platform for mycorrhizal
research that also integrates proteome and metabolome
data as well as tools for comparative genomics, once
whole-genome sequences for the relevant mycorrhizal sym-
bionts are available.

9. Concluding remarks

The upcoming genome sequences of AM and ECM
macro- and microsymbionts hallmark a new era in molec-
ular research on mycorrhizae. Our efforts in EST-sequenc-
ing can immediately be related to genomic sequences, not
only delivering valuable data sets for genome annotation
but most importantly providing a snapshot of the trans-
criptionally active part of the genomes during mycorrhizal
interactions. These transcriptional snapshots provide the
basis for functional analyses in plant mutants (Tadege
et al., 2005) or by applying RNAi (Isayenkov et al., 2005;
Ivashuta et al., 2005) approaches.

With respect to transcriptome profiling, the generation
of expression profiles from a sufficient amount of plant
material became a routine technology, providing transcrip-
tional snapshots of different mycorrhizal interactions. Since
expression data obtained from pooled tissue samples can-
not be related to specific symbiotic structures, e.g. the
arbuscules or the areas of hyphal penetration, transcrip-
tome profiling experiments in mycorrhizal interactions up
to now suffered from a significant loss of information.
Recently, robust single cell technologies in connection with
efficient target amplification protocols were developed also
for plant species (Kehr, 2003; Kerk et al., 2003). It can be
expected that their future application to study mycorrhizal
symbioses will open completely novel perspectives in our

molecular understanding of the cellular basis of these ben-
eficial plant-microbe interactions.
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