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The possibility of regenerating whole plants from somatic
differentiated cells emphasizes the plasticity of plant develop-
ment. Cell-type respecification during regeneration can be
induced in adult tissues as a consequence of injuries, changes in
external or internal stimuli or changes in positional information.
However, in many plant species, switching the developmental
program of adult cells prior to organ regeneration is difficult,
especially in forest species. Besides its impact on forest produc-
tivity, basic information on the flexibility of cell differentiation
is necessary for a comprehensive understanding of the epigenetic
control of cell differentiation and plant development. Studies
of reprogramming adult cells in terms of regulative expression
changes of selected genes will be of great interest to unveil basic
mechanisms regulating cellular plasticity.

In plants, the possibility to regenerate roots, shoots or embryos
directly from cells other than root or shoot meristems, lateral root
initials or zygotes has been known for more than 60 years and has
been exploited in horticulture, agriculture and forestry.! However,
little is known about the mechanisms that enable a somatic
differentiated cell to switch its fate into a multipotent, pluripo-
tent or totipotent cell that can develop a root, shoot or embryo
or repair damaged tissues. Although apparent dedifferentiation
and respecification of cells seems to occur,® whether acquisition
of competence to regenerate organs occurs, as in animal cells,?
through dedifferentiation,* via transdifferentiation® or by the
use of pre-existent totipotent, pluripotent or multipotent cells®
in adult tissues remains unknown. Sena et al.” have described in
Arabidopsis thaliana that a reversion to stem cell niche activity is
not necessary for in vivo early-root tip regeneration from develop-
mentally young cells that have undergone only few divisions after
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the asymmetric division of a stem cell, and a set of markers associ-
ated with the competence of tissues is reported. However, Zhao et
al.3 describe the formation of a stem cell niche from competent
callus cells obtained from young seedlings during in vitro plant
organogenesis. According to Birnbaum and Sinchez-Alvarado,?
there could be many possible pathways and strategies from early to
later stages of regeneration in both animals and plants depending
on the progenitor cells. However, despite the diverse regeneration
mechanisms, almost all phenomena in one kingdom seem to have
a counterpart in the other. Therefore, another interesting point
would be to understand the mechanisms of respecification of fully
differentiated progenitor cells that do not pass through a callus
state to regenerate (direct organogenesis), especially in relation
to the developmental age of cells and tissues. It is well known
that regeneration efficiency is much higher in tissues at earlier
stages of development.”!® Even callus cells from adult tissues of
many species maintain the committed state of the progenitor cells
showing a lower proliferation rate and lower regeneration capacity
than those induced from juvenile tissues.!! This raises the ques-
tion of whether plants maintain certain cells, which have not been
determined to develop a specific organ, outside the meristematic
region in a specific differentiated state that can easily access pluri-
potent or multipotent properties, and whether callus cells loose the
differentiated characteristics of the tissue from which they arose.

In forest species, a decline in the capacity of regenerating
shoots, roots or embryos from somatic differentiated cells is stably
associated with tree age and maturation.!>1% The loss of regenera-
tion capacity associated with the juvenile-adult transition makes
forest species representative and reliable systems to study how cell
fate becomes fixed during development and how plant cells can
manage to retain developmental plasticity.

The decline in the capacity to regenerate roots from cuttings is
one of the most dramatic effects of tree maturation and has been
the subject of investigations on the basic nature of the process.!>
Adventitious root formation is a postembryonic organogenic
process in which roots are induced, in general, from determined
or differentiated cells that have not been specified to develop
a root at positions where they do not normally occur during
development. Adventitious root formation is usually induced in
stem cuttings, which experience a stimulus, such as wounding,
although it can also take place in intact plants in some species.
Using a very simple experimental system based on the different
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rooting capacity of hypocotyl and epicotyl cuttings from young
seedlings of pine, a few clues about the mechanisms underlying
the process have been obtained.!? The system takes advantage of
the different regeneration capacity of similar cell types at different
developmental stages, and the abscence of callus formation during
the regeneration process. Therefore, a direct developmental switch,
without passing through a developmentally non-identified callus
cell, can be studied.

In our system, cells competent to form adventitious roots are
confined to cambial region of the hypocotyl located centrifugal
to the resin canal at the xylem poles. These cells exhibit rapid
cell division and re-orientation of division planes to organize a
root meristem in response to exogenous auxin. The early cellular
responses to auxin are similar in rooting competent and non-
competent cells, which show cell reorganization and mitotic
activity that spreads out into the cortex. However, rapid cell
division and reorientation of division planes preceeding root
meristem organization are observed in a short period of time (6d)
only in competent cells at the mentioned positions. Therefore,
auxin-induced root meristem organization appears to occur inde-
pendently of cell reorganization and division.'® Cell fate switches
are commonly regarded as being associated with the re-entry of
cells into the cell cycle.!” However, from the data obtained it seems
that the capacity to re-enter cell division alone is not sufficient to
reset the previous cellular state in non-competent cells. Because
rooting competent and non-competent cells respond similarly
during the earliest stages of root induction, it was concluded that
cambial cells peripheral to the resin canals might retain an intrinsic
competence to form adventitious roots in response to auxin, and
perhaps maintain or regain their pluripotency/multipotency before
cell division or during the initial cycles of division.!31¢

Further insights into the control of adventitious root meristem
formation in pine have been obtained by studying the pattern of
induction of potential regulatory genes. Cell fate switches both
in plants and animals are characterized by remarkable changes in
the pattern of gene expression, as cells switch from an expression
pattern typical of a somatic cell to a new one directing a new
developmental pathway.!®!” Thus, determining the way by which
cells reset their gene expression pattern, especially for the timetable
and repertoire of gene expression characteristic of the earliest
stages of normal development, is crucial to understand cellular
plasticity.”?%2! Therefore, in the case of rooting, regulatory genes
underlying root meristematic pluripotent stem cell initiation
and maintenance during development might be candidate genes
involved in the step of determination towards root meristem
from progenitor adult cells. A group of such genes encode GRAS
proteins, transcription factors involved not only in root patterning
but also in the establishment of the quiescent centre identity and
in the maintenance of the stem cell status of the surrounding initial
cells during the embryonic pattern formation and postembryonary
development.?>?3 An experimental design based on the analysis of
temporal and spatial expression of two pine genes encoding GRAS
proteins in rooting competent and non-competent cuttings of
pine provided additional clues to the process.22> Low but detect-
able levels of mRNA were detected for both genes in competent
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and non-competent tissues indicating that there is no parallelism
between the levels of mRNA and the decrease in rooting potential.
However, a transient increase of mRNA levels asymmetrically
localized to the cambial area and rooting competent cells was only
observed in rooting competent cuttings during the earliest stages
of adventitious root induction, before the resumption of cell divi-
sion leading to the root formation pathway. In addition, there
was an overlap in the temporal and spatial expression domain
of both genes in competent cuttings indicating possible func-
tions in the same tissues at the same time, in agreement with the
cascade of GRAS genes involved in root meristem specification
and maintenance that has been described in model plant species.?
Furthermore, differential responses to exogenous auxin suggest
that both auxin-dependent and independent pathways could be
involved in the root induction process. However, mRNA levels
asymmetrically increased in the cambial region and rooting compe-
tent cells were not detected in non-competent cuttings. In these
cuttings, expression spread out into the cortex and dividing cells.

Based on these results, it seems that pathways involving GRAS
proteins, which can interact or work independently, can be induced
in tissues involved in rooting during the earliest stages of adventi-
tious root formation. In addition, the difference in competence to
increase mRNA levels asymmetrically during the earliest stages of
adventitious root formation in similar cell types at different devel-
opmental stages suggests the presence of specific cellular signalling
pathways or specific factors, perhaps distributed in a localized- or
developmental-specific manner, in the tissues involved in rooting
that could be crucial for rooting capacity. The nature of these
signalling pathways or factors is unknown. Since auxin transport,
accumulation and metabolism do not account for the difference
in the rooting capacity of pine cuttings,'? other factors such as the
chromatin status and epigenetic mechanisms resulting in a specific
nuclear architecture could be involved in the control of age-
dependent cellular plasticity.?”-*® Chromatin remodelling factors
possibly required for the removal of epigenetic markings could be
crucial for genome resetting and reprogramming during cell fate
switch resulting in the increased mRNA levels of tissue-specific
genes in a position-dependent manner.??

Changes in cellular plasticity in plants may occur both with and
without cell division, in the same way as in animals.!” Localized
changes of GRAS gene expression in competent cells during the
earliest stages of adventitious root formation, when cell reorganiza-
tion occurs but before the resumption of cell division, indicates
differential cellular responses between competent and non-compe-
tent tissues before cellular division. This suggests that these cells
have the capacity to reset their expression pattern, at least for
specific genes, and, perhaps, to make developmental decisions,
before cell division. It is not clear whether this response represents
a nuclear reprogramming toward the formation of a root cell or a
dedifferentiation process, either of them required for re-entering
a formative cellular division pathway in competent tissues, as
opposed to the proliferative cellular division pathway in non-
competent tissues.3” Perhaps non-competent tissues require more
rounds of cell division or changes in the duration of the cell cycle
progression phases to reset epigenetic marks or other determination
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factors leading to switches in cell fate, as described in Drosophila.?!
In this case, numerous cycles of cell division could be necessary to
reset the previous cellular commitment.

Unveiling the early events leading to the acquisition of cell
pluripotency/multipotency is a fundamental issue to understand
cellular plasticity. Searching for master regulatory genes is essential
in the future of adult cell fate switch studies. These genes would
control the step of determination towards organ formation of
progenitor adult cells. But equally important is to search for master
rechanneling genes which could be acting at the earliest events of
fate switching. Their function could be related to the cancellation
of pre-existing expression pathways, which would be followed by
the activation of master regulatory genes for the expression of new
specifities channeling the direction of destabilized differentiated
cells. Genes such as Oct4, Sox2 or Nanog that encode transcrip-
tion factors specifying embryonic stem cell identity in animals,
could fall in this category.3? Overexpression of some of these genes
has been used to reprogramme adult somatic cells to pluripotent
embryonic stem-like cells.?” Understanding the mechanisms
regulating how plant cells can switch fate and the possibility to
compare the mechanisms regulating cellular plasticity between
plants and animals could help to find new strategies to improve
animal and plant regenerative capacity, which could have a great
impact on medicine, agriculture and forestry.
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