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Preface

The pronounced developmental and metabolic capacities of plant cells provide the
base of agriculture and green biotechnology and have been studied very intensively
with respect to its genetic aspects. However, it becomes increasingly clear that the
potential of applied plant science can only be fully exploited when we grasp the
underlying cellular mechanisms such as compartmentalisation, intracellular trans-
port, cell differentiation, and communication. To understand biotechnologically
relevant molecular mechanisms for stress tolerance and accumulation of interesting
compounds, we need a strong background in molecular cell biology.

The so-called Green Revolution has ensured a reliable and cost-efficient supply
of a growing population with food resources. A major part of this success story is
based on three factors: advances in plant nutrition, advances in plant protection, and
advances in plant genetics. The challenge of the coming years will be to reconcile
increased agricultural productivity with sustainability. The potential of plant nutri-
tion and chemical plant protection has been basically exploited; what remains, are
advances in generating new genotypes with improved productivity, tolerance to
biotic and abiotic stresses, and improved or even novel metabolic potential. The
book is therefore divided into four parts that deal with the control of development,
the control of stress tolerance, the control of metabolic activity, and novel additions
to the toolbox of modern plant cell biology.

A general theme subtending all fields of contemporary plant biotechnology,
often in an implicit manner, is the regenerative ability of plant cells, which is
much more pronounced as compared to animals. The book will therefore begin with
a prologue describing how the current concepts on the “totipotency” of plant cells
has evolved in the historical context. Interestingly, already the beginnings of plant
cell biology were linked with application, namely the intention to understand the
pronounced regenerative ability of plants and the mechanisms of their vegetative
propagation. The prologue of this volume will therefore recapitulate this develop-
ment that began in the second half of the nineteenth century in Central Europe and
has been extremely fruitful since. From the plant-specific concepts created at that
time, meanwhile a plant-specific concept of stem cells has emerged that is progres-
sively supported by detailed molecular mechanisms. In the field of application,
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these concepts have helped to lead plant regeneration as central strategy for green
biotechnology from the realm of pure empiry into a technology that can be
controlled and designed on a scientific base. This is of particular importance for
so-called recalcitrant systems such as particular cell strains, organs or organism that
do not respond to conventional techniques of vegetative propagation.

Control of Growth and Development

The first part of the book will address the cellular base of growth and development.
The highly plastic plant cells can respond to biotic and abiotic factors and integrate
information over the state of their environment with developmental programs
through signalling pathways converging at the chromatin level. Signal-dependent
changes of gene expression, in turn, will be expressed as adaptive changes of
growth and morphogenesis that help to cope with environmental challenges.

One of the central players for this adaptive morphogenesis is the plant cytoskel-
eton. A plant-specific theme is the so-called cortical cytoskeleton that, in interphase
cells, is intimately linked to the cell wall, whose physical properties define the
turgor-driven growth of plant cells, providing versatile tools for biotechnological
manipulation of plant architecture. However, during the last years, a novel function
of this cortical cytoskeleton has emerged: it not only acts as downstream effector
for the environmental response, but conveys a second function situated upstream in
the sensory process itself. Cortical microtubules participate in the sensing of abiotic
and biotic stress factors, which opens new possibilities for application, for instance,
in the context of cold tolerance of crop plants.

The plasticity of plant development is organised and balanced by a dynamic
“hormonal status,” which is a process integrating the current cellular content of a
phytohormone (depending on synthesis, transport and metabolic inactivation),
and the activity of perception and signalling in response to this cellular hormonal
content. The central players are auxins and cytokinins, and, for both hormones
there is a long tradition of practical application — it is not exaggerated to say that
green biotechnology would have been impossible without the discovery of auxins
and cytokinins. Two chapters therefore summarize the current state of the art, but
also applications based on new synthetic analogues as well as transgenic
approaches targeting hormonal transport, metabolism, and local maxima/minima
providing a whole plethora of tools and strategies for biotechnological
manipulation.

A further plant-specific target for application is the manipulation of programmed
cell death for development, addressed in the two final chapters of the first part. It
seems that specific cell lineages have to be assigned for cell death in order to
activate the developmental potency of other lineages to turn into stem cells. To get
control of the astounding regenerative capacities of plants will therefore require
cell-type specific manipulation of programmed cell death. The signalling underly-
ing this fatal decision of individual cells between “Life” and “Death” is described in
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one of the two chapters in the context of somatic embryogenesis, a field that
provides the technological choice for industrial propagation of economically
important species, especially conifers. Breeding has been the crucial factor for
the success of the Green Revolution. The final chapter is therefore dedicated to
pollen development as key target for breeders. It is the pollen that, in nature, ensures
the sexual motility required to sustain efficient gene flux supporting the genetic
diversity of a species. Because many crop plants are self-fertile, breeders need to
suppress selfing in order to maintain heterozygosity. Since the days of Gregor
Mendel, this is achieved by manual removal of the stamina in the receiving flower
of a cross — a technique as cumbersome as it is expensive. A comprehensive
overview on the cellular events regulating pollen genesis, maturation and develop-
ment, and their underlying molecular mechanisms has opened numerous venues to
control and manipulate male fertility in numerous important crop plants which are
of high relevance for breeders.

Stress Tolerance

Since plants cannot run away, they have to adapt to environmental challenges to a
much stronger degree as compared to animals. Stress tolerance is progressively
seen as the major factor for the future of agriculture and its sustainability. Desert-
ification, urbanisation and the ongoing increase of the world population require
agriculture to be extended to so-called marginal lands that are often challenged by
undesired chemical elements released from acidic soils. To safeguard yields, at
present, extensive plant protection is required, progressively arising public concern.
Thus, not only the tolerance to abiotic stress, but also cellular mechanisms of innate
immunity have shifted into the focus of application.

The part starts with a chapter on the cellular responses to Zn and Cd as central
heavy metals in polluted soils. Interestingly, the role of Zn is a bit scintillating since
it is also required as trace element, however, in very low concentrations. To assess
the toxicity of these elements, it is relevant to understand, not only on a cellular but
on a systemic level, how Zn and Cd actually enter the root of a plant, and which
barriers have to be crossed on their path from the root to the aerial organs. The
detailed knowledge of the molecular and cellular mechanisms relevant for uptake
have, again, stimulated novel applications to manipulate this uptake, whereby the
aim can be diverse — on the one hand, it is beneficial to prevent these metals from
accumulation in those parts of a crop plant that actually will enter the food chain.
On the other hand, it can also be rewarding to stimulate uptake, when heavily
contaminated soils are to be sanitized by so-called phytoremediation.

Also the second chapter deals with an element that can be either noxious or
beneficial depending on its dose: Uptake and metabolism of selenium is closely
related with the compartmentalisation of sulphur. Again, molecular information on
transporters and the mechanisms of intracellular sequestrations likewise allows to
prevent excessive accumulation of Se in crop plants, or to safeguard a minimal
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daily uptake of Se in regions depleted from this exotic element. The synthesis of
sulphur-rich secondary compounds, which is also reviewed in this chapter, not only
bears on redox homeostasis crucial to control otherwise destructive oxidative burst
triggered in response to abiotic stress, but also connects with the field of secondary
metabolism not only highly relevant for biomedical applications of plant products,
but also for the field of defence against pathogen attack.

Tolerance against biotic stress is in the focus of the third chapter of this part: the
plant flagellin receptor as central player of plant innate immunity has been identi-
fied as crosspoint that allows to tune defence with signalling from hormonal or
developmental signalling. Defence represents a considerable investment that
impinges on the resources available for growth, development and agronomical
yield. As the human immune system must be strictly controlled in time and
amplitude, also plant immunity has to be confined. The flagellin receptor, as worked
out in this chapter, undergoes endocytosis, and this phenomenon emerges as a
switch that not only allows the plant to tune the amplitude of the defence response
with the amplitude of the pathogen challenge, but also to decide which type of
defence response is selected. No wonder that this event is also target for microbial
effectors that have evolved to quell plant immunity. Again, detailed cellular and
molecular insights into defence signalling have allowed to design novel strategies
to manipulate plant defence as central element of more sustainable approaches to
plant protection.

Plant Metabolism

Plants produce a vast array of natural products (primary and secondary metabo-
lites), many of which have evolved to confer adaptive advantages against biotic and
abiotic stresses in natural environments. Often, certain species produce and accu-
mulate particular metabolites. The transcription factors controlling plant metabolic
pathways leading to biosynthesis of flavonoids, glucosinolates, lignins, and of
terpenoid indole alkaloids have been isolated and characterised. This information
can now be used to decipher the molecular mechanisms responsible for coordinate
induction of transcriptional networks in particular cell types. But it can also be used
to engineer plant metabolism. This is exemplarily demonstrated in the three chap-
ters of the third part.

The cytoskeleton represents an attractive target for therapeutical compounds,
because via the cytoskeleton, unregulated cell divisions underlying the growth of
cancer can be controlled. Classical anti-cancer drugs such as colchicines, vinca
alkaloids, taxanes, and podophyllotoxins are of plant origin. Due to their complex
chemical structure, they cannot be synthetised technically, but have to be extracted
directly from plant cells. The market for anti-cancer compounds is tremendous, and
the need for more specific compounds has stimulated high-throughput screening of
secondary plant products based on bioassays with animal cells. The first chapter not
only surveys the fascinating field of biomedically active plant compounds, but also
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describes a very innovative strategy, how new anticytoskeletal plant compounds
can be isolated and identified.

In addition to the search for novel compounds, also the existing knowledge on
the medical effect of traditional plant ailments is progressively mined by compre-
hensive approaches. Especially India and China have established very elaborated
traditional healing systems that are based on the experience from several thousands
of years and await to be merged with contemporary science on molecular modes of
action and cellular responses triggered by specific secondary compounds. In one of
the probably most comprehensive approaches available so far, reviewed in the
second chapter of the third part, the traditional medical plant Ashwagandha
(Withania somnifera) has been thoroughly analysed with respect to the develop-
mental and tissue-dependent profile of medically active metabolites, the chemistry
of the underlying pathways, the enzymes driving the steps of these pathways, the
regulation of the genes coding for these enzymes, and the diversity of chemically
different genotypes (so-called chemovars) within the species.

Wood represents the most important biomaterial on this planet, and this bioma-
terial comes in a huge multitude of versions differing in mechanical, esthetical and
biological properties. In contrast to other plants used by mankind, domestication of
wood plants is still in an early phase. Humans exploit wood as if they still were in
the hunter-gathering phase prior to the neolithic revolution. This cannot go on for
long, since non-sustainable exploitation of wood has wiped out most of the rain
forests on our planet. However, the secondary metabolism of lignin is quite well
understood, and the last chapter of the third part describes novel strategies for
genetical engineering wood with preset properties. It is to be hoped that a smart
biotechnological use of the molecular and cellular mechanisms defining wood
quality will allow for sustainable alternatives to the wild deforestation in develop-
ing countries.

The Cell Biology Toolbox: New Approaches

The last two decades were mainly shaped by breakthrough technologies of molec-
ular biology, often linked to high throughput “-omics” approaches. The renewed
interest in epigenetic phenomena has reconfirmed the importance of spatial orga-
nisation, for instance, when gene activity is linked with the spatial organisation of
chromatin. Stimulated by this shift in concept, several techniques and experimental
models have experienced a renaissance, which is now firmly rooted to the molec-
ular base of epigenesis. It is to be expected that the postgenomic era will see a rising
impact of cell biology. However, the toolbox for cellular manipulation is still to be
developed — here it is not sufficient to make specific molecules appear or disappear
in a global manner. In cell biology, it is space and time that matter. Therefore, the
last part of the book is dedicated to the methodological base of applied plant cell
biology.
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Flow sorting, widely used in medicine, has been successfully transferred to plant
cells and developed into a very powerful approach to collect and purify specific
chromosomes. The success of this technology, as pointed out in the first chapter of
the final part, depends on the methodological details — the secrets behind the success
story of this technology are revealed and discussed as well as the versatile appli-
cation of this tool. By far the most important application in plant science is the
sorting of nuclei to determine nuclear DNA content. The information derived from
this approach is of crucial importance for the design and management of genome
projects, but also has advanced diverse fields of plant research as from understand-
ing regulation of the cell cycle till detection of incipient speciation in evolutionary
studies.

Concepts of the cell have been shaped by the available technologies: the advent
of biochemistry and enzymology in the 1950s and the concept of the cell as a “bag
of enzymes” was followed by a fascination for the internal structure of cells made
visible by the brand-new technology of electron microscopy, and the concerted
effect of green fluorescent proteins and advanced fluorescence microscopy revealed
a surprisingly dynamic cellular structure — the term “cytoskeleton” coined from
(fixed and sectioned) electron microscopical images was replaced by a dynamic
equilibrium of rapidly cycling microtubules and actin filaments. As shown by the
second chapter of the final part, photoconvertible reporters might become the next
methodological advance with prospective conceptual consequences: These
reporters not only allow to see specific molecules in living plant cells, but to
visualise their history and compartment-specific reporters allow to get valuable
insight into the dynamic compartmentalisation characteristic and essential for the
metabolic proficiency of plants.

Cell biology has profited tremendously from cellular models. As pointed out in
the prologue chapter, the race for immortal cell lines was initially won by the
animal field. However, after auxins and cytokinins had been identified as
reprogramming factors for the developmental potency of plant cells, the plant fields
caught up immediately. Plant cell strains, reviewed in the final chapter, have
become a unique experimental model to study the cellular aspects of cell division,
cell expansion, cell morphogenesis, senescence and cell death, which are often not
experimentally accessible in the context of an organ composed of complex tissues.
Especially for the widespread tobacco cell line BY-2, fluorescently tagged markers
for different organelles and proteins have been established such that non-invasive
life-cell imaging has been thoroughly integrated providing powerful tools for
molecular cell biology. However, against the conventional prejudice that cell
lines are just chaotic masses of rapidly dividing cells, a closer look reveals that
these cell strains undergo a defined, albeit strongly reduced, developmental
programme. By this property they turn into unique experimental models for plant
cell phenomics allowing integrated molecular, biochemical, cytological and mor-
phological analysis in living, intact plant cells in the absence of the correlative
(especially mechanical) constraints of the complex organism, such that the primor-
dial, basal morphogenetic potential of individual plant cells becomes accessible to
analysis. Thanks to their enormous reproductive ability, some cell strains (with



Preface xi

tobacco BY-2 being the most prominent example) have been successfully adapted
to molecular farming. Especially for products tailored to specific medical applica-
tions, where diversity and versatility of molecular farming is more relevant as
compared to large yield, plant molecular farming is economically superior as
compared to animal or bacterial models. The considerable potential of this acces-
sion to the cell biology toolbox still provides space for exploitation.

Cell biology has been traditionally perceived as a “pure”, “fundamental” field of
science striving to understand, the building blocks of all living beings. It has been
overlooked that cell biology, by its very essence, subtends and supports all bio-
technological applications. This is prominently true for plants, where organisation
is much deeper routed in the versatility of individual cells. The mission of this book
is to show that plant cell biology evolved from the continuous and intensive
dialogue between fundamental research and application — a non-interrupted line
of tradition that has been successfully pursued over almost more than 150 years.
The next step for this fruitful liaison will be to integrate the challenge to develop
sustainable solutions for the agriculture of the twenty-first century.

Karlsruhe, September 2013 Peter Nick
Prague, September 2013 Zdenék Opatrny
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From Némec and Haberlandt to Plant
Molecular Biology

Zdenék Opatrny

Abstract The high regenerative capacity of plants is a crucial feature of their life
strategy. It is an essential part of the mechanisms that both allow these sessile
organisms to repair injury caused by pathogens, herbivores and abiotic factors and
to undergo rapid vegetative reproduction, so allowing them to dominate in partic-
ular environmental niches. Furthermore, various forms of natural regeneration
contribute to techniques that are widely used in plant propagation and plant
breeding. The biological nature of plant regeneration has been studied since the
very beginnings of plant physiology as a science. Research on regeneration of intact
plants in vivo was conducted by Bohumil Némec, and early studies of in vitro
regeneration in plant tissue cultures were carried out by Gottlieb Haberlandt. At this
stage, however, suggestions that somatic plant cells possessed a regeneration
“totipotency” were in practice often not acknowledged. Nevertheless, real experi-
ments demonstrated that the regenerative ability of particular cells and tissues is
clearly determined by the specific interplay of both genetic (or epigenetic) and
physiological factors. This makes some systems “nonresponsive” to the standard
regeneration procedures. This regenerative recalcitrancy hampers both the routine
vegetative propagation of various plant species and the construction of genetically
modified crops. This chapter addresses the basic historical background of studies on
plant regeneration and discusses both the results and ideas acquired by means of
classical anatomical and morphological studies in the light of our current state of
information obtained using modern molecular techniques. The present knowledge
of plant regeneration is also viewed in the light of studies of structure and function
of the “stem cell niches” of multicellular organisms, examining their role in the
ontogenesis of intact plants and in the processes of embryogenesis and organogen-
esis in vitro. With reference to other chapters in this book, the role of genetics for
the realisation of these processes as well as the role of various regulatory factors, of
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2 Z. Opatrny

both exogenous and endogenous nature — especially phytohormones — is also
examined. The importance to classify regenerative processes unambiguously
using exact terminology (in the context of the allied field of regenerative medicine)
as a prerequisite for the formation and validation of appropriate working hypoth-
eses is discussed. Finally, this chapter summarises the main problems of current
research on regenerative processes in plants and outlines possible directions for
solving problems of recalcitrant materials in the context of their use for application.

1 Cell Biology in Plant Propagation and Breeding

1.1 Nemec and Haberlandt: Early Contributions

Self-repair of individual somatic cells is an almost universal property of
multicellular organisms, both plants and animals. This ability is necessary to
allow continuous replacement of cells lost through senescence or damaged by
wounding. In both lower animals and most plants, the regeneration process can
lead to the formation of new organs. In plants particularly, various regeneration
strategies have culminated in mechanisms of vegetative propagation that either
complement or even entirely substitute sexual propagation.

Empirical knowledge of regeneration in various plant species had accumulated
over thousands of years of practical gardening and agriculture. However, the
knowledge of the cellular and physiological mechanisms underlying these pro-
cesses is relatively recent and directly linked to the recognition of plant physiology
as a new research discipline in the mid-nineteenth century, in the development of
which Central European scientists played a prominent role.

From this group of scientists, at least the name of Julius von Sachs (1832-1897)
is probably familiar to most recent plant physiologists. “At an early age he showed a
taste for natural history, becoming acquainted with the Breslau physiologist Jan
Evangelista Purkyné. ..” to quote the recent Wikipedia page. But the role of Jan
Evangelista Purkyné (1787-1869), both in the life and education of young Julius
Sachs and in the establishment of cellular physiology as a new science, was much
more pronounced (see Zérsk}'/ 2012 for details). In general, Purkyné is best known
for his discovery of Purkinje cells in 1837, the large neurons with many branching
dendrites found in the cerebellum; for the discovery of Purkinje fibres, the fibrous
tissue that conducts electrical impulses from the atrioventricular node to all parts of
the heart ventricles in 1839; and for his discoveries of Purkinje images, reflections
of objects from structures of the eye, and the Purkinje shift, the change in the
brightness of red and blue colours as light intensity decreases gradually at dusk. He
introduced the scientific term plasma for the component of blood left when
suspended cells have been removed and protoplasma — the substance found inside
the cells. Purkyné was the first to use a microtome to make wafer-thin slices of a
tissue for microscopic examination and was among the first to use an improved
version of the compound microscope.
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Purkyné was born in Bohemia, then part of the Austrian monarchy, now Czech
Republic. In 1818, he graduated from the Charles University in Prague with a
degree in medicine and was appointed there as professor of physiology. In 1839, he
established the world’s first department of physiology at the University of Breslau
in Prussia (now Wroctaw, Poland) and in 1842 the world’s first official animal
physiology laboratory.

He returned to Prague in 1849 to become professor at the Charles-Ferdinand
University, where he personally continued mainly his animal studies. However,
through his students and assistants, he also investigated the structure and function of
both anthers and pollen grains and strongly promoted plant physiology as a research
discipline.

In 1851, Purkyné’s family living in Prague took care of a 19-year-old student
from Breslau, Julius von Sachs (1832-1897), whose parents had recently died.
Sachs entered the Charles-Ferdinand University, became Purkyné’s assistant, and
in 1856 received a degree of Doctor of Philosophy. He established himself as
“Privatdozent” of plant physiology at the same university, where he remained for
3 years, carrying out research and lecturing to students. Here, and in the following
years in Germany at the Agricultural Academy at Poppelsdorf, now part of the
University of Bonn, he wrote the first world textbook of experimental plant
physiology, published in 1865.

Sachs played a leading role in the development of plant physiology in the second
half of the nineteenth century. He was an extraordinary teacher and scientist and
greatly influenced the progress of botany and horticulture, not only in Central
Europe but also in Britain and America. Among other achievements, he is noted
for laying the foundation of microchemical methods. He proposed numerous
methods for plant culture and research, including hydroponics as a tool to study
plant nutrition. He described the morphological and physiological details of seed
germination. In connection with his photosynthetic studies, he described the
appearance of starch grains in plants as the first visible product of this process,
and during work on plant flowering, he indicated the role of plant growth substances
in its regulation — until then unknown. In this way, he further elaborated the
pioneering discovery of Charles Darwin (Darwin 1880) on the “influences capable
of regulating phototropic plant growth” (see also chapter by Skupa et al., this
volume).

The pioneering work of Sachs on the study of plant growth and development was
carried forward by two other well-known Central European scientists: Gottlieb
Haberlandt (1854—1945) and Bohumil Némec (1873-1966).

To students of plant physiology, their names are mainly known from basic
textbooks which describe the starch-statolith hypothesis of gravity perception by
columella cells of plant root apices. The authorship of this hypothesis can be
assigned to either of them — or to both — since they published it independently in
two separate communications not only in the same year (1900) but even in the same
issue of Berichte der Deutschen Botanischen Gesellschaft (Némec 1900;
Haberlandt 1900). With exception of this coincidence, their earlier and later careers
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differed not only in their research priorities but also in the methodology they
applied to study the processes of plant growth and development.

Haberlandt, later denominated worldwide mainly as the “father of plant tissue
culture” for his ideas summarised in his publication “Kulturversuche mit isolierten
Pflanzenzellen” (1902 — see also the compendium published by Laimer and Rucker
2003), was better known in his time as a plant physiological anatomist — the first
edition of his “Physiologische Pflanzenanatomie” appeared in 1884, followed by
six further editions.

Némec was 20 years younger than Haberlandt and is generally less well known.
Between 1892 and 1896, he studied both zoology and botany at the Charles-
Ferdinand University in Prague. In 1899, he defended his habilitation thesis titled
“Contributions to Plant Cell Physiology and Morphology”. In 1901, Némec laid the
foundation for the new university Institute of Plant Physiology which has, in
various forms, under different names and with only a small interruption during
World War II, existed till now. He was appointed its leader and later, in 1907,
became full professor in plant anatomy and physiology (1907).

Némec is one of the founders of experimental plant cytology. Much of his work
was devoted to the influence of various factors on cell division. He also studied
polyploidy, plant fertilisation, physiology of growth and irritability, tropisms,
regeneration, mycology, phytopathology, the role of trace elements and the history
of botany. Both his name and experimental work, characterised by his perfection-
ism, enjoyed high esteem in the research community of the last century. After Jan
Evangelista Purkyné, he was the only other Czech scientist to become an honorary
member of the Linnean Society of London.

1.2 Haberlandt’s Dogmatic Dream and Its First Realisation

As vividly described in the review by Vasil (2008), the alleged friendship between
the botanist Matthias Jakob Schleiden (1804—1881) and the animal physiologist
Theodor Schwann (1810-1882) stimulated, among others, the formation of the
“cell theory”. Schleiden (1838) was the first to formulate the hypothesis that all
plant or animal structures are composed of cells (or their derivatives) that preserve
the complete functional potential of the organism.

Half a century after the cell theory had been formulated, both plant and animal
biologists started to verify it experimentally. Initially, attempts were made to
demonstrate the “immortality” of animal and plant somatic cells by means of
their in vitro culture. The next challenge — only successful for plants — was to
regenerate functionally complete organisms from these cultured tissues.

Against the preconceived expectation that the high functional autonomy of
autotrophic plant cells would make it easier to cultivate them in vitro, it was an
“animal” researcher who won the first round of this race when Ross Granville
Harrison, working at Johns Hopkins Medical School and later at Yale University,
published his results of experiments from 1907 to 1910, which established the
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methodology of animal tissue culture (Harrison 1907). It took a further quarter of a
century before comparable results were achieved for plants, by the independent
work of White (1939), Nobecourt (1939) and Gautheret (1939).

The possible reasons for Haberlandt’s persistent failure to persuade isolated
plant cells to divide in vitro have been extensively discussed in various critical
reviews. Maybe the most objective conclusion is that reached by Gautheret (1985):

Unfortunately, he (Haberlandt) was influenced by Schleiden and Schwann’s cell theory
rather than by experimental expectation. And he neglected both Duhamel’s results as well
as Vochting’s and Rechinger’s experiments (Note: experiments with plant parts containing
various meristematic tissues, thus generating calli or regenerating buds; cf. Gautheret). His
dogmatic attitude and the ignorance of the past explain the failure of his own attempts. But
he appreciated very clearly that, when the technical difficulties were removed, the method
of cultivating isolated cells in nutrient solution should make possible the experimental
study of many outstanding problems from a new point of view. He, therefore, chose to work
with single cells. Appreciating the importance of photosynthesis he presumed that green
cells would be the best material. However, he neglected the fact that green cells of
phanerogams are relatively differentiated and cannot recover meristematic competence
without stimulating substances which were unknown at the time. He worked with palisade
cells of Lamium purpureum, pith cells from petioles of Eichhornia crassipes, glandular
hairs of Pulmonaria and Urtica, stamen hairs of Tradescantia, stomatal guard cells of
Ornithogalum, and many other materials.

At this time it was recognized that asepsis was absolutely necessary when culture media
were enriched in organic substances metabolized by microorganisms. Haberlandt’s media
contained glucose and peptone, he carefully avoided contamination and his cultures
remained free of microorganisms. The results, however, were disappointing. The cells
survived for several weeks. They were capable of synthesizing starch and enlarging, but
they were never dividing. Fifty six years passed before the realization of Haberlandt’s
dogmatic dream. . ..

Undoubtedly, it was mainly thanks to the use of these phytohormones that Muir
et al. (1954, 1958) succeeded in obtaining new cell colonies from isolated cells of
Nicotiana tabacum and Tagetes erecta. Application of a synthetic auxin,
2,4-dichlorophenoxyacetic acid (2,4-D), in the culture medium allowed Steward
et al. (1966) not only to obtain a well-growing suspension culture of carrot callus
cells and their aggregates but also to regenerate from them somatic embryos of
potentially unicellular origin. Eventually, as a result of the long-term competition
between the Skoog and Steward teams to isolate and identify the active compound
in the plant “fetal serum”, i.e. coconut milk (for a review, see Amasino 2005),
cytokinins were first isolated and became a universal component of the plant tissue
culture media. Vimla Vasil and Hildebrandt (1965a, b) convincingly documented
the whole procedure “from a somatic cell to a regenerated plant” by means of time-
lapse photography of individual cells of the hybrid Nicotiana glutinosa x Nicotiana
tabacum. From a recovered single-cell-based colony, they regenerated the entire
flowering plants, exploiting the results by Skoog and Miller (1957) on the influence
of auxin to cytokinin ratio on regeneration.

These experiments, however, failed to prove the validity of Haberlandt’s vision
“from individual somatic cells to complete plants”; the problem was that the
primary explants used were multicellular and thus the original callus colonies
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from which the so-called single-cell clones were derived. Later technology, how-
ever, finally confirmed Haberlandt’s original dream in all its details. It was shown
that when single cells were stripped of their cell walls to produce the so-called
protoplasts (Cocking 1960, 1972, 2000; Takebe et al. 1971), these protoplasts were
able to regenerate not only into walled cells (Nagata and Takebe 1970; Opatrny
et al. 1975, 1980) but also into complete plants (Takebe et al. 1971; Schumann
et al. 1980). Isolated protoplasts, cultured separately in microchambers, could
regenerate real “protoclonal plants”.

Through the alternative methodology of pollen culture, developed in the late
1970s, new (even haploid) plant organisms can be generated directly from plant
spores.

But, in spite of these discoveries, experimental knowledge remained limited by
the mostly empirical approach to regeneration. Moreover, the use of regenerative
techniques in both fundamental research and practical applications repeatedly
encountered the problem of “recalcitrance” of a particular model material. This
recalcitrance depended either on species, variety or genotype; the origin of cuttings
or explants used; the age or composition of the material; and a variety of other
features. As a rule, further detailed studies on the factors affecting plant develop-
mental and regenerative abilities and mechanisms were — and still are — necessary to
solve such problems.

1.3 Nemec’s Studies on Regeneration Processes in Plants

In contrast to Haberlandt, Némec did not focus his experiments on the cultivation of
isolated somatic cells or tissues but concentrated mainly on the studies of their
regenerative abilities in vivo and in planta. His research strategy made use of the
broad empirical experience of practical gardeners, farmers and foresters. Their
experience encompassed information on plant growth and development, plant
nutrition and, of course, plant propagation, both generative and vegetative. For
vegetative propagation, based on the observations of plant life under natural
conditions, various techniques of cultivation of the isolated plant parts were applied
— either with the desire to root shoot or leaf segments or in effort to induce de novo
regeneration of complete plant bodies.

The formation of the key, now almost universally accepted rules for “plant
clonal propagation”, is, among others, closely associated with the foundation of
the American Society for Horticultural Science in 1903. Its members proposed
various strategies of plant propagation for typical groups of plant cuttings including
“(stem) hardwood, softwood, semi hardwood, herbaceous and leaf and root”. The
following “century of progress in vegetative plant propagation” comprised a series
of methodological and thematic phases which paid attention either to the effects of
culture conditions (type of substrate, moisture, temperature, light) or to the biolog-
ical characteristics of the primary cuttings, including their age and the appropriate
strategies for their rejuvenation (for a review, see Preece 2003).
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The broad and diverse field of plant regeneration abilities and various strategies
for their vegetative propagation became also one of the favourite research territories
of Bohumil Némec. In his Memories (2002) (p. 184), he made the following
statement (translated from Czech): “The work of the American biologist Jennings
on the recovery of Turbellarias gave me the impetus to attempt the regeneration of
root apices. I did a lot of experiments on this subject as well. Out of them grew a
great work called Studien iiber Regeneration which was published in 1905 by
Dr. R. Horst, the owner of Gebriider Borntraeger, a renowned publishing house in
Berlin. The book was beautifully presented on excellent paper, with 387 pages and
180 pictures in the text. But this book was not sufficiently appreciated in the plant
physiology field. ..”.

What a pity that professor Némec died many years before the Internet boom
provided a real globalisation of science. Today, he could find his book digitalised
by Google in the library of University of Michigan — see http://archive.org/details/
studienberdiere0Onmgoog. Readers fluent in German can enjoy Némec’s results
and comments and also the numerous drawings illustrating the responses of plant
objects, cultured hydroponically or in wet sand — from his favourite horse bean to
conifers and ferns towards microsurgical injuries of their roots (either as single cuts
or in combination in various parts of their root apex). Returning to Némec’s
statement above, it is difficult to determine how well this book has really been
assessed. But in any case, it is known in the recent Anglo-Saxon research commu-
nity and now freely accessible worldwide.

A complex categorisation of the regeneration mechanisms in plants was, unfor-
tunately, only published by him almost 40 years later and then only in Czech
(Némec 1943). “Jak rostou rostliny (How plants grow)” is the title of the fourth
volume of the so-called Aventine Botany (Aventinsky rostlinopis), a cult compen-
dium systematically issued in Czechoslovakia since 1930.

Némec distinguished three main mechanisms for the regeneration of new organs
(or individuals) from the plant body.

The first, called restitution, was based on the results of the above-mentioned
experiments with injured root apices. New functional organs recover or regenerate
as a result of the continued activity of the pre-existing, partially injured meristem —
consequently at the same place, without any developmental or differential change
of the preprogrammed local cell population (Fig. 1).

Where total loss or damage of the apical meristem (either shoot apical meristem
(SAM) or root apical meristem (RAM)) occurs, a second alternative mechanism is
initiated, termed reproduction by Némec. Again, the process is based on the
function of the pre-existing meristems but is localised outside of the injured area.
Dormant meristems of axial stem buds or silent plant root primordia are, in
accordance with the model of “apical dominance”, automatically activated, and
their “products” — i.e. new branches and roots — substitute for the previous main
stem or root.

Of course, under natural conditions, plants are often not only injured but
fragmented into pieces lacking SAM or RAM tissues. Therefore, to survive, plants
need to regenerate a new body not only from shoot but also from leaf or root
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Fig. 1 Restitution of a new root apex from a pre-existing apex by mechanical injury (transverse or
longitudinal razor incisions) in seedlings of Vicia faba (From Némec 1943). (a) Transversal
incision in 1 mm distance from the root tip, response of 24 h after treatment. (b) Dto., situation
3 days after treatment. A new apical meristem has partially regenerated from the upper side of the
incision. (¢) Schematic illustration of statolithic starch grains occurring both in columella cell of
the original root apex and in differentiated tissue of the restituted apex. (d) After median,
longitudinal razor incision, two new root tips restituted. (e) Transversal incision in 3 mm distance
from the root tip, 3 days after treatment. No new apex has restituted

segments. For this specific situation, plants have developed a mechanism termed
regeneration de novo (Rdn). Némec studied the various forms of Rdn on a broad
spectrum of plant cuttings, including herbaceous (like chicory, carrot and dandelion
root segments) and woody (like chestnut tree) objects, and described both the
morphological and anatomical characteristics of this process.

Némec noted a pronounced variability of the regenerative responses of various
experimental objects and effects of both internal (“phylogenetic” origin, physio-
logical and developmental state of a particular organ or its explant) and external
(humidity, temperature) factors on these processes. Stimulated by the global devel-
opment of plant physiology, he started to experiment with predicted, but still
unidentified, hormonal compounds. His photographic documentation from the
late 1920s to 1930s depicts various forms of Rdn in calli, roots or shoots from the
surface of the explant, covered by either living or dead microorganisms. Indeed,
half a century before the development of the Agrobacterium-based plant transfor-
mation, Némec studied various forms of neoplasia and/or organogenesis induced in
plants by Agrobacterium (Bacillus) rhizogenes (Némec 1943; Fig. 2).
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Fig.2 Morphogenetic effect of treating root or shoot cuttings with living bacterial cultures (From
Némec 1943). (a) Root cutting of Cichorium intybus. Buds and shoots regenerated from upper cut
surface after cultivation in wet sand (right half). On the contrary, regeneration of roots or
formation of tumours from the left half treated by Pseudomonas (Agrobacterium) rhizogenes
culture was observed. (b) Shoot (hypocotyl) cuttings of Aesculus hippocastanum. From left to
right: control, untreated, shoot/bud regeneration from the entire cut surface; shoot regenerates
from untreated half, roots from the half treated by bacterial culture; only tumours and root
primordia were formed from the cut surface completely covered by bacterial culture

All three of these basic mechanisms of regeneration, especially reproduction and
de novo regeneration, have been broadly applied and are still in use today in
practical gardening, agriculture and forestry. Since the 1960s, these mechanisms
have provided the biological foundation for the technology of in vitro
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“micropropagation” for a wide spectrum of cultured plants. However, for an
extended period, the biological mechanisms underlying these technologies were
only poorly known and understood.

Systematic studies of these mechanisms were reinitiated in the 1970s and 1980s
using two model systems: either intact plants grown in vivo or cells, tissues and
organs cultured in vitro. In both cases, scientists repeatedly were faced with the
phenomenon of regenerative nonresponsiveness of plant segments, cuttings and
explants. In vivo, the high regenerating ability of roots and shoot buds of some
species (both herbaceous species such as various weeds and ornamental plants and
woody plant species such as willow) contrasted markedly with that of others (not
only woody such as oak, pine or walnut but also herbaceous models). In vitro, this
responsiveness differed both between species and even between varieties and
cultivars.

Apart from the convincing genotype-specific “determination” of the actual
regeneration ability of either cutting or explants, we should answer following set
of key questions:

¢ To what extent do cells of the adult plant body really remain “totipotent”,
preserving the morphogenetic competency of the zygote, and to what extent
are they able to express it?

e What other cells are able to revert to this stage, through the processes of
“dedifferentiation and re-differentiation”?

*  What genes and transcripts underlie these processes?

¢ What hormonal or nonhormonal factors regulate them?

 To what extent are we able to use and apply this knowledge in practical
situations, in, for example, agriculture, horticulture and forestry?

2 Plant Developmental and Regenerative Potency: Recent
Classification

Before we can assess either the Schleiden-Schwann cell theory or Haberlandt’s
belief in the massive totipotency of somatic plant cells, it is necessary to define
“totipotency”. In the literature relevant to plant tissue culture, a variety of terms
appear, including omnipotency, multipotency or pluripotency, sometimes wrongly
regarded as synonyms. Consequently, as a first step of a complicated discussion on
the mechanisms of regeneration in multicellular organisms, a clear definition of the
key terms is necessary.
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2.1 Terminology of the Levels of Plant and Animal
Regenerative Abilities

As it is generally accepted, the developmental and regenerative ability of both
animal and plant multicellular organisms is based on the existence of “stem cells”.
Stem cells originate, as a rule, during early zygotic embryogenesis and are thought
to maintain an initial state whereas their neighbours undergo a sequence of cell and
tissue differentiation, histogenesis and organogenesis. Mostly, stem cells are not
isolated, but located in particular territories called “stem cell niches” with various
functions and functional potency. What are the recent, relatively universally
accepted characteristics of stem cell behaviour in the animal field?

2.1.1 Totipotency

Wikipedia and the Regenerative Medicine Glossary 2009 (Mitalipov and Wolf
2009) define totipotency as “[...the ability of a single cell to divide and produce
all the differentiated cells in an organism, including extra embryonic tissues.
Totipotent cells include spores and zygotes. . .]”. Consequently, the human zygote
is totipotent, and its totipotency is preserved also in all daughter cells of the morula.
However, after having reached the 16-cell stage, the morula cell clones differentiate
into two “subpopulations”. One will become the inner mass of the blastocyst, the
prospective source of “stem cells”, which will later develop into any of the three
human germ layers (endoderm, mesoderm and ectoderm). The second subpopula-
tion will develop into the trophoblast — and later into the tissues of the placenta.

2.1.2 Pluripotency

These subpopulations — both inner cell mass and trophoblast cells — are no longer
totipotent but remain pluripotent only. They are able to differentiate further into the
relevant specialised tissues, but they are no longer able to regenerate a new
individual by themselves.

2.1.3 Multipotency

During further natural histogenesis and ontogenesis, the regenerative potency of
human cells decreases even further. Thus, various progenitor cells can develop into
several cell types but only into those of a similar fate — e.g. hematopoietic cells can
generate various blood cells, but not neural cells. These cells are no longer
pluripotent but remain multipotent only.

Even in humans, some of these processes seem to be not irreversible, since
modern medicine is starting to use various techniques of “transdifferentiation” by
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means of somatic expression of combined transcription factors, a discovery
awarded by the Nobel Prize in Medicine for 2012 jointly to Sir John B. Gurdon
and Shinya Yamanaka for ‘“the discovery that the mature cells can be
reprogrammed to become pluripotent”. But how realistic is such “regenerative
comeback™ of totipotency? Undoubtedly, regenerative totipotency is preserved in
various adult somatic cells of some lower animals (like Hydra spp.) and also in both
lower and higher plants. Shall we also become able to clone higher mammalians or
even primates via transdifferentiation from “post-totipotent” stem cells? Will the
limits of these technologies be set by biological constraints or by ethical limitations
only?

In plants, the regeneration of a new individual can be achieved by two alternative
routes — either through organogenesis or through embryogenesis. Traditionally,
both routes are thought to begin with the activation of particular totipotent cells.
In the framework of the terminology defined above, the term totipotency should
remain confined to specific forms of in vitro embryogenesis (zygotic, somatic and
pollen derived) that would meet the criteria of “real” cellular totipotency. In
contrast, any regeneration de novo via organogenesis should be classified simply
as the expression of regeneration ability of originally “only” pluripotent cells,
although “transdifferentiated” under various conditions and by means of various
factors.

2.2 Where Are You from and What Is Your Regenerative
Potency? Evolution and Function of Plant Stem Cell
Niches

Not surprisingly, research on animal or plant stem cell niches has been mutually
inspiring, and, because of this, recent original papers and reviews try to confront
plant and animal stem cell characteristics from traditional model organisms, such as
Arabidopsis, Drosophila and mouse (Sablowski 2004; Somorjai et al. 2012).

2.2.1 What Are the Historical Roots of This Research in Plants?

Our current knowledge of molecular aspects of the function of stem cell niches was
preceded by some key cytological and histological studies conducted more than
half a century ago. Let us briefly review some of them.

Satina et al. (1940) treated Datura seedlings with colchicine and traced the
localisation of daughter clones from individual polyploid cells in the shoot apex.
Based on their observations, the behaviour of the shoot meristem mimics that of the
human zygote: “[. . .] shoot meristem consists of clonally separate layers of cells: an
outer L1 layer, from which the epidermis is derived, a sub epidermal L2 layer, and
an internal L3 layer. This three-layer organization is typical of the shoot meristems
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of dicotyledonous seed plants, but varies in monocotyledons (two layers), gymno-
sperms (one layer) and more basal species (mosses, ferns) where all cells originate
from a single apical cell...” (quoted from Aichinger et al. 2012).

But to what extent — and by what mechanisms — is the subsequent morphogenetic
programme of the individual layers fixed and progressively put into reality?

The morphological and histological studies of Stewart and Dermen (1970)
documented, in mericlinal chimeras of various plant species, the phenotypical
homogeneity of the cells for a given shoot cell layer. The cells in approximately
one-third of the shoot circumference originated from a single stem cell in the shoot
meristem. These descendants of the original stem cell can be viewed as pluripotent.
As the authors say: “Importantly, marked sectors occasionally broadened from one
third to two-thirds and even to the entire circumference at the expense of the
progeny of non-marked stem cells and vice versa, indicating that stems cells can
be replaced and act as stem cells only as long as they are in a specialized
environment. Finally, when an L1 stem cell was displaced into the sub epidermal
layer by an occasional periclinal division, it gave rise to L2 cell types, suggesting,
that the fate of its progeny is not determined by the stem cell’s history but rather by
the position of the differentiating offspring. ..”.

This clear statement can be verified using recent technical innovations such as
laser ablation microscopy, allowing us to follow the behaviour of particular somatic
cells intentionally transferred to a different environment.

Combining the knowledge gained from the plant and animal models, we arrive at
a general concept of the stem cell niche for multicellular organisms (Aichinger
et al. 2012, based on van den Berg et al. 1997):

(a) Cells that are protected from differentiation by signals from neighbouring cells in
specific niches can divide and thus function as stem cells,

(b) Cells that leave the niche are bound to differentiate. Differentiation of the daughter cell
leaving a niche appears to be dictated by the environment rather than by cell origin.

In this context, the term “environment” means the “internal environment” of a
particular organ or tissue, the complex of surrounding cells in a particular place and
time and their interactive communications. This environment is defined by a broad
spectrum of both physical and chemical factors (nonhormonal and hormonal),
which affect or tentatively determine local gene expression and modify gene
activity, transcription or even translation profiles by means of various epigenetic
tools such as gene methylation/demethylation and acetylation, via changing struc-
ture and function of nuclear histones or through several types of iRNAs.

2.2.2 Formation of Embryonal Stem Cell Niches

In both animals and plants, the formation of stem cells niches is connected with the
first developmental activity of the zygote and therefore takes place in early
embryogenesis. General features of this process in plants are known basically
from the studies of Arabidopsis thaliana models.
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Fig. 3 Zygotic embryogenesis of Arabidopsis thaliana, successive differentiation of future SAM
and RAM stem cell niches (Modified from Taiz and Zeiger (2002))

The formation of the stem cell niche is linked to the asymmetry — and polarity —
of both the division of the first zygote and the differentiation of the daughter cells
(Somorjai et al. 2012; Hu et al. 2011; Xiang et al. 2011; see also the chapter by
Smertenko and Bozhkov, this volume, for some details). The small, cytoplasmically
dense apical daughter cell gives rise to the embryo itself, and the shoot apical
meristem, cotyledons and hypocotyl are specified during its subsequent divisions
(Weigel and Jiirgens 2002; Fig. 3).

In contrast, the larger, vacuolated basal daughter cell gives rise to the suspensor,
the extra embryonic tissue that connects the embryo with maternal tissue. Also, the
suspensor progenitor cell originates the cell lineage leading to the hypophysis, the
initial cell of the primary root meristem. The hypophysis later divides asymmetri-
cally to generate a lens-like structure that will become the quiescent centre (QC),
the prospective organising centre for root stem cells (see Mayer et al. 1993; De
Smet et al. 2010 and the chapter by Skupa et al., this volume, for details).

Asymmetry of cell divisions in the prospective RAM gives rise to the complex
differentiation of the root tissues. Again, the role of phytohormones (in particular
auxin) in these processes is convincing, especially for both division and specifica-
tion of the hypophysis via the auxin response factor MONOPTEROS, and the
transcription factor TARGET OF MONOPTEROS 7 (TMO7). In response to
auxin, MONOPTEROS activates the transcription of TMO7 in cells adjacent to
the hypophysis. TMO7 then diffuses into the root stem cells, underlining the
importance of auxin responses for asymmetric cell division (Schlereth et al. 2010;
Weijers et al. 2006).

A second organisation centre (OC) is differentiated stepwise in the future SAM —
it maintains local stem cells in their niche and under control of numerous factors
(including phytohormones, mainly auxins and cytokinins; see the chapter by Skupa
et al.) coordinates the activities in the various zones of the SAM.
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2.2.3 In Plants, Four Key Stem Cell Territories Exist

In plants, four stem cell niche territories exist. The shoot apical meristem (SAM)
and the root apical meristem (RAM) function as the key producers of indispensable
new cells and tissues (Fig. 4). Moreover, two additional meristems are involved in
stem thickening (radial growth), both in trees and herbaceous plants: the cambium
of the vasculature, responsible mainly for the transport and mechanical support of
the stem, and the phellogen (cork cambium), producing new tissues for the outer
layer (bark).

The germ lines of these meristems can work for hundreds to thousands of years
in extreme cases. During this enormous time, they have to preserve their morpho-
genetic potency and also genotypic stability without accumulating mutations which
otherwise could stepwise disturb their original biological identity.

2.2.3.1 The Positioning of SAM and RAM Stem Cell Niches

It is generally accepted that the identity of the SAM stem cell niche is maintained
by a signal conveyed by the WUSCHEL gene product (a homeodomain transcrip-
tion factor, TF) produced by the cells subtending the SAM. The descendants of the
stem cells are displaced to the periphery of the meristem and therefore no longer a
target of this signal, such that they can be recruited into new organs. The innermost
region of the SAM, called the “rib” meristem, produces the internal tissues of the
stem. WUSCHEL (WUS, from the curly appearance of the meristem in the wuschel
mutant of Arabidopsis which lacks a shoot meristem; Laux et al. 1996; Mayer
et al. 1998) encodes a plant-specific homeodomain protein and is the founding
member of the WUSCHEL-RELATED HOMEOBOX (WOX) gene family, which
regulates diverse aspects of plant development (van den Graaf et al. 2009). WUS
expression in the SAM defines the OC and maintains the “undifferentiated” nature
of the stem cells.

As mentioned above, the role of the custodian for stem cell identity in the RAM
is played by the cells of the quiescent centre (QC). The QC has been known for a
long time both as the cell reservoir necessary for the repair of injured RAM and as
the main local producer of cytokinins. The positioning of the QC is affected by the
complex interaction of overlapping transcription factors: SCARECROW (SCR)
and SHORT ROOT (SHR) on one side and PLETHORA (PLE) on the other.
Expression of the PLE transcription factor is, in turn, controlled by the apical-
basal gradient of auxin maintained by PIN transporters. Stem cell maintenance in
the RAM is, similarly to SAM, controlled by the WUS homologue WOXS, which is
required to prevent QC stem cells from differentiation into columella cells. All
these regulatory genes respond to either near-range or far-range intercellular sig-
nalling. Together, these genes control the rate of cell growth and division, thus
establishing the size of SAM/RAM territories and also controlling the entry of the
meristem descendants into the typical differentiation pathways. However, the
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Fig. 4 Plant stem cell niches: histological zonation and mutual cell communication in shoot
apical meristem (SAM) and root apical meristem (RAM) territories of Arabidopsis thaliana during
vegetative growth:

Model for SAM positioning:

LP leaf primordium, OC organising centre, PZ peripheral zone, RZ rib zone, L1,2 cell layers. Blue
regions of CLAVATA 3 expression; red regions of WUS/AHK4 expression. Auxin and AS1
(ASYMMETRIC LEAVES]) repress the meristem-promoting activities of KNOX genes and cyto-
kinin (CK) in the leaf primordium, cooperating STM (SHOOTMERISTEMLOSS), and KNOX
genes repress AS/ in the meristem, activate CK biosynthesis and repress biosynthesis of
gibberellic acid (GA). A pool of pluripotent stem cells (blue) is maintained by a WUS/CLV3
negative feedback loop. STM activates IPT7 enzyme, which catalyses cytokinin biosynthesis.
Alternatively or in parallel, the gene product of LOG (LONELY GUY) gene product, detected in the
L1 of rice, might convert cytokinin riboside 5’-monophosphates into free, active cytokinins.
Higher sensitivity to CK in the OC is achieved by localised expression of AHK4 (cytokinin
receptor ARABIDOPSIS HISTIDINE KINASE 4) and repression of the cytokinin signalling
inhibitors ARR7 and ARRI5

Model for SHR/SCR and CLE40/ACR4 action in RAM positioning:

SHR expressed in the stele moves to the surrounding endodermis and quiescent centre. There, SCR
(SCARECROW, a transcription factor) is required for nuclear localisation of SHR (SHORT
ROOT, transcription factor), and, vice versa, SHR activates SCR expression. CLE40 peptide is
expressed in columella cells, and counteracting stem cell-promoting QC signals allow distant
columella cells to differentiate. Its activity is mediated by the interaction with the receptor-like
kinase ARABIDOPSIS CRINKLY 4 (ACR4) (Adapted from Aichinger et al. (2012) and Taiz and
Zeiger (2002))
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molecular details of how cells are channelled from a stem cell fate to differentiation
are still only partially understood.

A variety of hormonal or nonhormonal signals are known to participate in the
regulation of SAM or RAM function. Among the hormonal signals, auxin and
cytokinins are the most important. Within the group of nonhormonal signals, the
“best understood intercellular signal used in meristem maintenance” (Ito
et al. 2006) is the glycosylated dodecapeptide CLAVATA 3 (CVL3), produced
by shoot stem cells and interacting with the above-mentioned transcription factor
WUS. CLV3 belongs to a family of 32 small proteins called CLV3/EMBRYO
SURROUNDING REGION (CLE) named after mutants in Arabidopsis, where both
vegetative and floral meristems progressively enlarge (Cock and McCornick 2001;
Ito et al. 2006). Consequently, these mutants produce more organs than wild-type
plants (Clark et al. 1993, 1995). The phenotype of c/v mutants is to some extent
under the control of WUS expression. This control is bidirectional — overexpression
of CLV3 results in repression of WUS transcription and phenocopies wus mutants
(for a review, see Aichinger et al. 2012; Brand et al. 2002; Lenhardt and Laux
2003).

In the SAM, cytokinin and WUS activity reinforce each other through multiple
feedback loops which is reflected in the localised expression pattern of cytokinin
receptors (ARABIDOPSIS HISTIDINE KINASE 2 and 4) in the rib meristem. We
know that not only auxin but also cytokinin is produced in the apical region of the
SAM. The WUS expression domain might be continuously specified in the position,
where a sufficient amount of apically produced cytokinin reaches its receptors in the
rib meristem.

2.2.3.2 RAM and SAM Maintenance and Differentiation

Apart from their role in the original positioning and subsequent maintenance of the
stem cell niches, auxin and cytokinin are necessary to regulate the balance between
cell division and differentiation. Their synergistic effect in SAM differentiation is
illustrated by auxin activation of MONOPTEROS (MP), which directly represses
ARR7/15, negative regulators of cytokinin response (for details, see Sktpa et al.,
this volume), that, in turn, inhibit meristem functions at least partly by activating
CLV3 (Zhao et al. 2010).

In case of the RAM, auxin and cytokinin traditionally exhibit antagonistic effects.
Here, auxin flow promotes cell division, whereas cytokinin promotes cell differenti-
ation. Molecular studies have revealed the regulatory base for this antagonism: the
cytokinin response regulator ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1)
activates expression of SHORT HYPOCOTYL 2 (SHY2), which represses auxin
signalling, and the expression of the PIN auxin transporters. Conversely, auxin causes
the degradation of SHY2, allowing PIN expression and recovery of the auxin flow
required to maintain the RAM (Dello Ioio et al. 2008a, b).
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2.2.3.3 The Vascular Stem Cell Niche

In addition to SAM and RAM, all cormophytic plants possess vascular systems
composed of xylem and phloem. In gymnosperms and dicotyledonous angio-
sperms, this vascular system is endowed with a cambium, which is absent in
monocotyledonous angiosperms that are therefore not capable of secondary lateral
growth. Although the participating cell types are shared, the details of vascular
architecture are very variable. Despite this variability, the current opinion is that the
cambium contains stem cells with phloem mother cells on one side and xylem
mother cells on the other (reviewed in Elo et al. 2009), a concept that is supported
by transcriptional profiling in Populus (Schrader et al. 2004, see Aichinger
et al. 2012 for details).

To determine the regulatory factors of xylem tracheal differentiation, in vitro
models, in particular the system of direct differentiation of trachear cells from
palisade parenchyma in Zinnia elegans, have been used. In this system, Ito
et al. (2006) purified the CLE peptide TDIF (tracheary element differentiation
inhibitory factor), which simultaneously inhibits xylem differentiation and pro-
motes cell proliferation. The Arabidopsis TDIF homologues, called CLE41 and
CLE44, are expressed in the phloem and are able to induce stem cell proliferation in
the neighbouring procambium of hypocotyls and mature shoot (see Aichinger
et al. 2012 for details). The differentiating phloem daughter cells th