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Summary—Zusammenfassung
The review aims at visualizing and strengthening approxima-
tion of current strategies in plant breeding, plant nutrition, and
molecular biology. Innovations in new breeding strategies on
quantitative traits are based on the development of functional
DNA markers. This requires knowledge on robust physiologi-
cal key reactions or parameters in view of the desired agro-
nomic trait. To understand the significance of adaptive molec-
ular-physiological factors for the expression of agronomic
traits in quantitative terms, systems analyses have to demon-
strate the phenotypic effect of differential gene activities. The
logistic to advance in applied systems biology is currently
being strongly discussed. In the present contribution, identifi-
cation of target cells, which are important for agronomic traits,
is stressed as a key for future modeling and virtual experi-
mentation. Integration of target cells in systems analysis
should allow to link top-down approaches, that start at the
whole-plant level, with bottom-up approaches, that come
from the molecular level. To illustrate the importance of adap-
tive cell reprogramming for agronomic traits, reprogramming
of rhizodermic cells to trichoblasts is pointed out in its role for
nutrient efficiency (NE). The nature of molecular factors,
which may serve as functional markers in breeding, is dis-
cussed in view of future marker developments.
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Effiziente Umprogrammierung von Zellen als Ziel
funktionaler Markerstrategien?
Dieser Übersichtsartikel zielt darauf ab, die Annäherung zwi-
schen Strategien in Pflanzenzüchtung, Pflanzenernährung
und Molekularbiologie sichtbar zu machen und zu verstärken.
Innovative Züchtungsstrategien für quantitative Merkmale
basieren auf der effizienten Entwicklung funktionaler DNA-
Marker. Dies erfordert die Kenntnis robuster physiologischer
Schlüsselreaktionen oder Parameter im Hinblick auf das
erwünschte agronomische Merkmal. Um die Bedeutung
adaptiver molekular-physiologischer Faktoren für die Ausprä-
gung agronomischer Merkmale quantifizieren zu können,
müssen Systemanalysen durchgeführt werden, die den
Effekt von differenziellen Genaktivitäten auf den Phänotyp
ermitteln können. Die logistische Vorgehensweise hierfür
wird zur Zeit heftig diskutiert. In dem vorliegenden Beitrag
wird der Identifizierung von Zellen, die agronomisch wichtige
Merkmale maßgeblich beeinflussen, eine Schlüsselrolle für
zukünftiges Modellieren und virtuelles Experimentieren bei-
gemessen. Die Einbeziehung solcher Zielzellen in die
Systemanalyse sollte die Verknüpfung von „top-down“-Ansät-
zen, die von der Gesamtpflanze ausgehen, mit „bottom-up“-
Untersuchungen, die von der molekularen Ebene herkom-
men, ermöglichen. Um die Wichtigkeit adaptiver Zellprogram-
mierung für agronomische Merkmale zu illustrieren, wird die
Umprogrammierung von Rhizodermiszellen zu Trichoblasten
in ihrer Bedeutung für die Nährstoffeffizienz (NE) heraus-
gestellt. Die Natur molekularer Faktoren, die als funktionale
Marker für die Züchtungsarbeit in Frage kämen, wird im Hin-
blick auf zukünftige Markerentwicklungen diskutiert.

1 New strategies in marker-based
plant-breeding research require functional
biology

Progress in breeding for quantitative traits, such as mineral-
nutrient efficiency (NE), is important to support sustainable
and cost-effective plant production. However, molecular stra-
tegies to assist conventional breeding methods need to be
improved. Whereas breeding had been successful during the
past without any deeper insights into molecular-physiological
mechanisms underlying abiotic-stress tolerance, plant nutri-
tioners as well as molecular biologists are convinced that this
knowledge is crucial for future progress in modern breeding.
Nevertheless, DNA markers that may assist the selection of
quantitative trait loci (QTLs) are normally phenotypic neutral.
Also, QTLs are genetically mapped and quantitatively defined

by their genetic contribution to the final goal, yield or quality.
Definition of such loci occurs without direct link to the molecu-
lar information underlying localized DNA sequences. So
breeders do not need the expertise of plant physiologists/
nutritioners? In contrast to earlier expectations, mapped lin-
kages between DNA markers and trait loci are restricted to
defined genotypes. They may be lost through recombination
and normally do not serve as general diagnostic tools across
diverse populations. That is why recent attention towards
DNA-marker-assisted breeding is increasingly focusing on
appropriate candidate genes for functional-marker (FM)
development (Andersen and Lübberstedt, 2003; Neale and
Savolainen, 2004). Genetic and statistical mapping methods
can provide narrow candidate loci on chromosomes, that
may be cloned (“positional cloning”) and sequenced. Ana-
lyses of differential expression of gene sequences at the
position of QTLs, transgene analyses including also knockout
screening as well as complementation tests may contribute
to the functional characterization of QTLs (Borevitz and Nord-
borg, 2003). Targeted polymorphism between genotypes
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may create so-called “gene-targeted markers” (GTM). How-
ever, positional cloning to identify QTL loci is not always
feasible depending on the genome of interest (Neale and
Savolainen, 2004). Additionally, polymorphism and its rela-
tionship to gene function is based on investigating one allele
only, and the polymorphic sequence motif related to function
is not known. This bears again the risk of being lost through
recombination. The development of FMs depends on
successful screening of polymorphism between allelic
sequences. This makes it especially laborious and cost-inten-
sive. Also, only few QTLs have large effects on a defined
trait. To make the development of FMs for traits like NE more
efficient, elucidation of key processes and components with
large effects on the agronomic traits of interest is, therefore,
required as the very first step to establish innovative marker
strategies in breeding (Andersen and Lübberstedt, 2003).

2 Top-down versus bottom-up approaches in
systems biology to understand plant
behavior

To design feasible approaches towards a better understand-
ing of the most important genetic components for stress-toler-
ant behavior is highly challenging. Environmental stress
occurs as a complex of multiple interacting abiotic and biotic
factors. According to the rules of chaos, this makes each
stress situation unique and unpredictable. Therefore, in real-
life plants as sessile organisms have to respond at any stage
of development to dynamically changing complex stress con-
ditions. Virtual experimentation is thought to offer great
potential for future research on stress adaptation, because
the complexity of plant reactions as well as stress factors
could be considered more easily. So, systemic thinking and
virtual modeling is promising to advance our knowledge in
key reactions underlying adaptive strategies in plants. Since
years, systems analysis and crop modeling has successfully
been practiced in applied agricultural research by considering
functional biochemical or physiological processes (for a
review see Sinclair and Seligman, 1996). Also, mechanistic
simulation of the effect of species-specific morphological
traits under environmental constraints, such as water- or
phosphorus-limited conditions, is currently used to identify
favorable plant traits for yield formation (Sinclair and
Muchow, 2001; Dechassa et al., 2003). Additionally, a huge
amount of data is now available in molecular functional biol-
ogy. Recent progress in large-scale molecular technologies
enables simultaneous analysis of the expression profiles of a
high number of genes (Buckhout and Thimm, 2003; Zimmer-
mann et al., 2004). In this way, deep insights into the com-
plexity of molecular responses in plants under defined nutri-
tional conditions could be achieved (Maruyama-Nakashita et
al., 2003; Wu et al., 2003; Armengaud et al., 2004; Scheible
et al., 2004; Wang et al., 2004). The increase in molecular
data and progress in mathematics and bioinformatics is now
revolutionizing the idea of systems biology. Nevertheless, a
hot debate is initiated on the feasibility of bottom-up ap-
proaches starting at the molecular level to simulate plant
behavior (Katagiri, 2003; Hammer et al., 2004). For progress
in applied systems biology, linking of top-down approaches,
that start at the whole-plant level, to molecular bottom-up

approaches is urgently needed (Hammer et al., 2004). An
interesting new logistic approach is proposed by the group of
Tardieu to integrate ecophysiological models and quantitative
genetic analysis to predict tolerance behavior (Tardieu,
2003). A linear and robust response of the trait “leaf elonga-
tion rate” to temperature and water deficit was found by
investigating 100 maize recombinant inbred lines. Applying
QTL analysis on the parameters of the ecophysiological
model enabled prediction of the elongation rates of new
recombinant inbred and parental lines under various temper-
ature and water-availability conditions, that accounted for
74% of the observed variability (Reymond et al., 2003). Tar-
dieu (2003) discussed the possibility of considering the activ-
ity of major genes of the hormone control system as compo-
nents in ecophysiological modeling. Furthermore, the author
proposed to investigate the influence of single genes on
whole-plant behavior by including transgenes in simulation
studies under various climatic scenarios, before actually
starting wet transformation experiments.

Large-scale analyses are normally performed on bulked
tissues respectively organs, such as shoot or root, or even on
whole seedlings of Arabidopsis. However, programs for gene
expression are realized at the level of cells. Adaptation to
abiotic stress requires besides coordinated actions at the
whole-plant level efficient cell redifferentiation in target tis-
sues (Arnholdt-Schmitt, 2004). Sensing of hormonal signals
and coordinative initiation of new cell programs may limit the
realization of hormone-mediated environmental signals at the
cell level. Thus, virtual modeling of adaptive reprogramming
in target cells may be the most important key to link systems
analysis performed at the whole-plant level and molecular
bottom-up approaches. The scientific and technological infra-
structure to advance molecular studies and systems analysis
at the level of plant cells is currently being established in a
very efficient way (e.g., Girke et al., 2003). Defining target
cells that are causally related to the phenotypic variation of
agronomic traits is, therefore, urgently required and a chal-
lenge for plant nutritioners. The need for “dialectic” across all
biological levels of organization (Hammer et al., 2004) will
implicate recursive rounds to fine-tune and decompose sys-
tems into smaller parts and consider sections of diverse
robustness at all plant levels (Katagiri, 2003).

3 Adaptive cell reprogramming in rhizodermic
cells as a tool for breeding on nutrient
efficiency

Following Graham (1984), nutrient efficiency in agronomy
refers to the ability of a genotype to achieve high yield pro-
duction under low nutrient supply. The trait NE is complex at
the organism as well as at the molecular level and requires
polygenic control. It depends on plant characteristics for nutri-
ent acquisition as well as for nutrient use. The definition of
NE may strongly depend on the crop of interest and its use
(e.g., root- or seed-producing cultivars of the same crop,
such as in Daucus carota L.), the mineral nutrient and its
chemistry, and the environment considered (see in Sattelma-
cher et al., 1994; Arnholdt-Schmitt, 1999; Arnholdt-Schmitt,
2004).
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Nevertheless, in several important agricultural and horticul-
tural crops, the amount of root hairs is highly adaptive in re-
sponse to nutritional constraints. Under comparable genetic
and environmental conditions, the formation and number of
root hairs may be highly dependent on the availability of
mineral nutrients, such as phosphate, nitrate, and iron. Thus,
adaptive root-hair formation is recognized as one of the most
prominent candidate traits for high nutrient efficiency (Jungk,
2001). Complex interactions between root characteristics, the
availability of water, mineral chemistry, as well as physical
and chemical soil properties determine the potentials for
nutrient acquisition. Root hairs are more efficient than root
cylinders to attract nutrients by diffusion from soil and
improve the transfer of nutrients from soil to plants by diverse
effects. In recent years, great efforts have been made to
increase our understanding of the genetics of root-hair devel-
opment. Screening of ecotypic mutants of Arabidopsis has
been especially helpful to identify genes involved. Several
genes are now known to contribute to cell-fate specification
and initiation of root hairs in the rhizodermis (see Grierson et
al., 2001; Müller and Schmidt, 2004). Nutrient-derived chang-
es in rhizodermis patterning seem to be related primarily to
differential regulation of those genes involved in the first
stages of differentiation. Different environmental factors,
such as depletion of phosphorus or of iron, seem to induce
different activation cascades of genes involved in root-hair
development (Müller and Schmidt, 2004). The effect of nutri-
ent depletion is known to be mediated by hormones, mainly
ethylene and auxin (Dolan, 2001; Michael, 2001; Schmidt,
2001; Shi and Zhu, 2002). Experimental support was cur-
rently provided for the suggestion, that ethylene is mainly
involved in the mediation of environmental effects but may
not have per se an impact on the genetic control of root-hair
formation in development (Cho and Cosgrave, 2002). Endo-
genous ethylene blockage did not affect normal root-hair for-
mation, however, promotor elements of root-hair-specific
expansin genes responded to either ethylene, auxin, and root
separation from the agar medium. Thus, the authors con-
clude that root-hair formation will be determined through two
distinct but interacting signaling pathways, related to the de-
velopmental program in ontogenesis and induction through
environment. These observations are in contrast to earlier
expectations based on mutants and have to be confirmed.
Although it is currently becoming clear that auxin is essential
for the first steps in root-hair development, cross talk between
ethylene and auxin makes it difficult to reveal independent
effects on root-hair initiation. Polar auxin transport is gener-
ally known to be a driving force to mediate the action of auxin
(Goldsmith, 1977; Muday and Murphy, 2002). Rahman et al.
(2002) focused on the interaction between ethylene and
auxin during Arabidopsis root-hair development. They
suggested that, once cell speciation is achieved, auxin acts
as a positive regulator for ethylene-mediated effects and
stressed the significance of the auxin-influx modulator CSI on
root-hair development. Related to cell-fate redetermination
under the influence of environment, Cho and Cosgrove
(2002) suggest a role for ethylene rather downstream of
auxin-mediated effects. In their experiments, blocking of ethy-
lene perception by a specific ethylene antagonist inhibited
auxin-induced root-hair formation. Nevertheless, Zhang et al.
(2003) found that impaired auxin efflux diminished positive

effects of low phosphorus supply on trichoblast cell-file num-
bers as a base for further root-hair initiation. This effect was
independent of ethylene. pH-induced transverse cortical
microtubule randomization in lettuce was shown to be essen-
tial for root-hair initiation and depended on auxin regulation
(Takahashi et al., 2003). Also Webb et al. (2002) suggest that
microtubules play an important role in cell specification. Their
results demonstrate that mutation of a katanin gene changed
specification patterns in the rhizodermis of Arabidopsis. Kata-
nin proteins are expected to disintegrate microtubules. The
results of Knox et al. (2003) revealed control of the timing of
root-hair differentiation by the relative abundance of two
genes in the auxin signalling-cascade, SHY2 and AXR3.
These genes belong to the so-called Aux/IAA family, finally
involved in protein degradation through 26S proteasome.
Interactions between hormone concentration and sensitivity
is still not well understood, but may be elucidated in future ap-
proaches based on simultaneous analysis of differential regu-
lation of molecular factors and pathways involved in these
traits (e.g., Scheible et al., 2004). Recently, Jones and Grier-
son (2003) succeeded in the isolation of root-hair cells and
could obtain cell-specific cDNA libraries. This success points
to rapid future progress in our knowledge on molecular activ-
ities linked to hormone sensitivity and reprogramming of rhi-
zodermic cells.

The capability of plants to adapt to low nutrient availability
through increased root-hair formation is genetically deter-
mined at the species and subspecies level (see in Jungk,
2001; Wissuwa and Ae, 2001). Additionally, basically all rhi-
zodermis cells seem to be inducible to a root-hair fate (Bün-
ning, 1951; Takahashi et al., 2003). This may offer the possi-
bility for breeding on molecular traits related to efficient cell
reprogramming in the rhizodermis. Elucidation of important
positive and negative regulators in rhizodermis cell-fate
determination together with appropriate approaches to calcu-
late the quantitative importance of these factors will be crucial
to advance towards identifying potential FMs for breeding on
NE. Also, differentiation of transfer cells in the rhizodermis
plays an important role in nutrient-stress adaptation and
should be considered as target (see Arnholdt-Schmitt, 2004).

Further efforts are required to define candidate target cells of
complex agronomic traits. This will have to occur mainly at
species-specific levels. For example, carrot plants belong to
a species, where root hairs are less important for nutrient
acquisition (Itoh and Barber, 1983; Dechassa et al., 2003). In
this crop, cytokinin levels in the tap root together with devel-
opmentally determined cytokinin sensitivity of the root cells
are critical components for yield formation. The cytokinin con-
centration varies in response to low phosphate and nitrogen.
Target cells for both yield formation and environmental
responses are the cambial root cells. Strong genetic differ-
ences in cytokinin sensitivity of the secondary root phloem
cells, that originate directly from the small layer of cambial
cells, could be revealed for parental lines and a hybrid of a
heterosis system by help of an in-vitro test system (Arnholdt-
Schmitt, 1999). Recently, microarrays of Arabidopsis seed-
lings revealed differential regulation of genes involved in both
cytokinin synthesis and signaling in response to nitrogen
(Scheible et al., 2004).
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4 Searching for key genes in cell
programming as candidates for FMs

Already in the seventies, the concept of single rate-limiting
enzymes for metabolic control was substituted by a more
quantitative theory (see Morandini and Salamini, 2003).
Nevertheless, hampered by the enthusiasm for the promising
power of gene technology only late in the nineties, insight
finally developed that single genes from distinct pathways
could not account as unique “bottle-necks” for quantitative
traits (e.g., Stitt, 1997; Morandini and Salamini, 2003). Also,
in various reverse genetic approaches, plant metabolism
demonstrated high flexibility through alternative pathways.
Large-scale experiments reveal the high complexity in
response to environment through down- and up-regulation of
large numbers of genes measured at the whole-organ or
plant level. These cover genes of various functions. Besides
genes of proteins which are directly involved in metabolism,
energy supply, and cell structure, differential expression was
also shown for regulatory proteins, such as transcription fac-
tors, and genes involved in signal-transduction cascades like
the mitogen-activated protein-kinase system (MAPK), and
genes involved in hormone synthesis or sensitivity, as well as
genes related to protein modification and degradation. Addi-
tionally, recent technological progress is supposed to enable
multi-element analyses at the tissue or cell-type levels (Salt,
2004). A simultaneous flux of all these components charac-

terizes cell programs. It seems to be obvious, that directed
reprogramming of cells in adaptation to environments needs
coordinative regulation. Factors involved in program deci-
sions for cell fate and global coordination are thus especially
hot candidates for FMs.

Candidate key genes for agronomic traits may serve as FMs,
only if polymorphic motifs will be discovered within the gene
sequences and if this polymorphism is related to substantial
phenotypic variation. To identify such kind of allelic sequence
polymorphisms, extensive candidate gene-based association
studies and/or the establishment of isogenic lines are
required (Andersen and Lübberstedt, 2003). A scheme of the
general steps in FM development can be found in Fig. 1. De-
velopment of FMs is highly laborious and time-consuming.
Focusing on a lower number of functional genes that have
large effects on a quantitative trait of interest will substantially
increase the efficiency of marker development and marker-
assisted selection, reducing overall costs at the same time.
This makes the definition of appropriate key genes related to
cell programming the most critical task for future success and
acceptance of this breeding strategy.

Knowledge about global genome regulation related to
environmental plasticity of plants is in its very infancy. Gen-
eral mechanisms and a discussion on its potential role in
coordinating stress-induced cell reprogramming can be found
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    Figure 1: Scheme on general steps in functional-
marker development (based on Andersen and
Lübberstedt, 2003).
Abbildung 1: Schema der generellen Vorgehens-
weise zur Entwicklung funktionaler Marker (nach
Andersen und Lübberstedt, 2003).
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in a recent update (Arnholdt-Schmitt, 2004). Factors involved
in global genome regulation are related to chromatin organi-
zation and gene positioning at the nucleus level. Crucial com-
ponents for the flexibility in genome organization, that should
be critically considered in view of environmental plasticity, are
chromatin remodeling, the looping and differential attachment
of binding sites of chromosomes, DNA methylation as well as
DNA arrangements. In Fig. 2, these components are shown
in their relationship to the hierarchy of structural genome
organization. DNA arrangements change the basic linear
organization of the genome and are involved in the second
and third higher level of genome organization (see in Arn-
holdt-Schmitt, 2004). This makes DNA rearrangements espe-
cially interesting for research on environmentally induced
plasticity in genome coordination. Epigenetic regulation of
genes by RNA interference (RNAi) through posttranscrip-
tional gene silencing is a hot topic in recent medicinal and
biological research. Current results point to a pivotal role of
RNAi also for gene silencing through targeted methylation or
formation and maintenance of heterochromatin structures
(see Volpe et al., 2002). Small RNAs and heterochromatin
may also be involved in programmed elimination of DNA, as
could be demonstrated in the ciliate Tetrahymena (Mochizuki
et al., 2002; Taverna et al., 2002). Nonrandom and reversible
loss of repetitive DNA was suggested to be involved in deter-
mining the growth potential of cultured carrot-root explants (Arn-
holdt-Schmitt, 1995). Especially interesting in view of hormone-
mediated induction of cell reprogramming is the recent observa-
tion that a dsRNA-binding protein, HYL1 of Arabidopsis, is
involved in the sensitivity to auxin, cytokinin, and abscisic
acid (Han et al., 2004). miRNAs were shown to regulate
genes involved in the promotion of adaxial identity and meris-
tem maintenance in Arabidopsis (Engstrom et al., 2004).

Girke et al (2003) stressed the importance of in-vitro cultures
for basic studies applying cellular and tissue arrays and sys-
tems analysis. They proposed the development of plant-cell
cultures that could maintain tissue identity. Additionally, rapid
and reproducible reprogramming of differentiated cells can

be studied through primary cultures of defined tissue
explants. In this way, DNA analysis of the secondary carrot
root phloem could reveal physiologically dependent changes
in DNA organization through different mechanisms involved
in global genome regulation (Arnholdt-Schmitt, 1995; Arn-
holdt-Schmitt et al., 1995; Schaefer et al., 2000; Schaffer and
Arnholdt-Schmitt, 2001). The role of differential attachment
binding sites of chromosomes (Nickerson, 2001) in plant de-
velopment and plasticity has still to be confirmed. Matrix
attachment regions (MAR) are thought to be importantly
involved in structural gene regulation through formation of
independent transcription units (see Arnholdt-Schmitt, 2004;
Rudd et al., 2004). A MAR-binding protein (MFP1) has been
associated with development and organ-specificity in plants
(Harder et al., 2000). Interestingly, differential expression of a
MAR-binding protein (NtMARBP61) was observed in growth-
induced tobacco cells (Fujiwara et al., 2002). Rudd et al. (2004)
performed a bioinformatic-based study of MAR sequences
across the Arabidopsis genome. The results revealed a positive
correlation between intragenic MARs and transcriptional down-
regulation of respective genes. As could be expected from the
stabilizing effect of surrounding MARs on transgene expression,
the bulk of MARs was found in intergenic positions. Fojtová
et al. (2002) proposed an important structural role of MARs
also for the early recovering from transient cadmium stress.

5 Concluding remarks

Functional marker-based strategies in plant breeding now
offer highly promising perspectives through combining the
competencies from plant genetics, plant nutrition/physiology,
and molecular biology in favor of crop improvement. Figure 3
summarizes important strategic steps to elucidate molecular-
physiological key parameters and components for quantita-
tive agronomic traits, such as abiotic-stress tolerance. The
most important bottle-neck for the linkage of whole-plant-
based systems analysis and molecular approaches will be
the identification of prominent target cells in plant responses
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Figure 2: Hierarchical levels of structural genome
organization and allocation of mechanisms
involved in flexible genome organization during
ontogenesis (based on Arnholdt-Schmitt, 2004).
Abbildung 2: Hierarchische Ebenen der struk-
turellen Genomorganisation und die Zuordnung
von Mechanismen, die an der flexiblen Genomor-
ganisation während der Ontogenese beteiligt sind
(nach Arnholdt-Schmitt, 2004).
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to the environment. Whereas the first three tasks in the
scheme of Fig. 3, including definition of agronomic traits, eco-
physiological modeling, and the identification of target cells,
will typically be the responsibilities of plant nutritioners or phy-
siologists, the molecular analyses at plant-cell level and cell
modeling is more related to molecular biologists together with
systems biologists. Adequate approaches for systems biol-
ogy at cell level will depend on further progress in plant-cell
technologies, mathematics, and bioinformatics. Concerted
actions are needed to integrate differential gene expression
in ecophysiological models and to select candidate genes.
Genetic analyses to predict phenotypes demand cooperative
working of plant geneticists and plant nutritioners/physiolo-
gists (see in Tardieu, 2003; Reymond et al., 2003) and may
directly initiate functional-marker development by revealing
polymorphic sequence motifs within candidate genes (see
Fig. 1). Overall, a better understanding of the molecular clues
of efficient reprogramming in target cells during stress adap-
tation will bring research in plant nutrition and molecular biol-
ogy a significant step forward towards application in breeding
strategies.
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