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The role of CK and auxin signalization is central to the entire process of DNSO, whereby the early stages of DNSO are
dominated by auxin and the later stages by CK signaling. Taking into account the early observation by Skoog and Miller
that a high auxin/CK ratio stimulates the development of roots, while a high CK/auxin ratio is favorable to the development
of shoot tissue, the general need for a sequence of two regeneration media can be explained by the differences in
morphogenic requirements between early and late stages of DNSO. In the early stages, a high auxin/CK ratio is required
not only for the development of calli but also of lateral root-like primordia within the calli; later, a high CK/auxin ratio will be
required to convert the developmental fate of these primordia into taking on a shoot identity.
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| 1. Introduction

Thanks to their totipotency, plant cells and tissues cultured in vitro are capable of regenerating into complete, fertile plants
under appropriate cultivation conditions. Thus, in vitro cultures represent one of the most important tools in plant
biotechnology. Plant in vitro culture techniques are rapidly evolving to optimize the efficiency of procedures in order to take
full advantage of plant phenotype plasticity for agricultural, industrial or conservation purposes, as well as for applied and
fundamental research. The regeneration of morphologically and physiologically true-to-type shoots from explants derived
from a variety of tissues—referred to as caulogenesis or de novo shoot organogenesis (DNSO)—is being widely
employed, relying on the addition of appropriate plant hormones, notably cytokinin (CK) and auxin, into the regeneration
media. The amenability of plant species to shoot regeneration varies greatly, with recalcitrance to shoot regeneration in
certain species presenting a major obstacle to genetic modifications for the improvement of yield, nutritional value or
resistance to stress L. It has been reported that the targeted manipulation of CK & or auxin [ signaling pathways can
considerably enhance shoot regeneration, even from recalcitrant tissues.

Extensive knowledge is already available about DNSO and its hormonal regulation, but some of its aspects are constantly
left out of the picture. While, for instance, the complicated signaling events related to the differentiation and spatial
organization of the shoot apical meristem (SAM) have been thoroughly characterized, simple questions, such as the
relationship between exogenous application of growth regulators, their uptake and effect on hormone levels in plant
tissues, have not been adequately addressed. Here we focus on the molecular aspects of the involvement of CK and
auxin in DNSO, with special emphasis on the questions on hormone uptake from the regeneration media and their
crosstalk with sucrose present in the media—questions that have so far remained unanswered or poorly answered.

| 2. The Course of DNSO: From Pluripotent Primordia to Developing Shoots

Two-step shoot regeneration is subdivided into several stages, depending on the authors’ perspective, but is best
described by a sequence of five main morphogenic processes: (1) founder cell specification (requires CIM); (2) formation
of pluripotent primordia (requires CIM); (3) acquisition of organogenic competence (requires both CIM and SIM); (4)
acquisition of shoot identity (requires SIM); (5) shoot outgrowth (occurs spontaneously after shoot identity is acquired) 4=
[ (Figure 1). The formation of pluripotent primordia may or may not involve the formation of a mass of apparently
disorganized plant tissue—the callus. There are various types of callus tissues in plants, but in general, calli are formed
when intense cell proliferation is not followed by proper tissue patterning associated with normal morphogenic processes
in plants 8, Depending on the presence or absence of callus tissue, shoot organogenesis can be classified as either
indirect (proceeding through the stage of callus formation) or direct (callus-independent).
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Figure 1. An integrative model for the roles of auxin and cytokinin (CK) in de novo shoot organogenesis (DNSO)
in Arabidopsis thaliana. Shoot regeneration is affected by explant characteristics, such as the competence of the
genotype, age of the explant tissue and its endogenous hormones, as well as by environmental conditions. Components
of the regeneration media, such as exogenously added plant growth regulators (PGRs) or a carbon source (e.g., sucrose),
affect regeneration efficiency. The plant hormones auxin (left side of the diagram) and CK (right side) are taken up from
the regeneration medium and transported through plant tissues and into the cells. Auxin transport (upper left cell) relies,
among other molecules, on auxin influx carriers AUXIN-RESISTANT1 (AUX1) and LIKE-AUX1 (LAX), efflux carriers PIN-
FORMED (PIN) and transporters of the ATP-BINDING CASSETTE-B (ABCB) family. The PIN efflux carriers have a polar
distribution on the plasma membrane and undergo endocytic recycling, but they are also present at the ER membrane,
together with the PILS transporters. CK transport (upper right cell) relies on PURINE PERMEASEs (PUPSs),
EQUILIBRATIVE NUCLEOSIDE TRANSPORTERs (ENTs), ATP-BINDING CASSETTE-G (ABCG) and AZA-GUANINE
RESISTANT (AZG) transporters. Once they reach their target cells, plant hormones bind to their respective receptors,
triggering the corresponding signaling cascades. Auxin signalization (bottom left cell) begins when the auxin binds to the
nuclear receptor TRANSPORT INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX (TIR1/AFB). The auxin-TIR1/AFB
complex then releases the transcription factors of the AUXIN RESPONSE FACTOR (ARF) family from the repressive
interaction with the Aux/IAA transcriptional repressors, which are then targeted for ubiquitin degradation. CK signalization
(bottom right cell) starts with CK binding to the receptors of the ARABIDOPSIS HISTIDINE KINASE (AHK) family. The
AHK receptors are present both on the endoplasmic reticulum (ER) and on the plasma membrane (PM). CK molecules
may bind to the PM-located receptors; however, their signaling from the ER is likely more relevant. CK binding activates
the receptor, causing it to dimerize and to autophosphorylate a histidine (H) residue on its protein kinase domain. A
phosphorylation cascade starts, whereby the phosphate is transferred to a conserved aspartate (D) residue on the C-
terminal domain of the receptor, from which it is transferred further to a H residue of ARABIDOPSIS HISTIDINE
PHOSPHOTRANSFER PROTEINs (AHPs), which, upon phosphorylation, migrate into the nucleus where their activated
phosphate is transferred to a D residue on the receiver domain of ARABIDOPSIS RESPONSE REGULATOR (ARR)
proteins. Type-B ARRs are transcription factors that, upon phosphorylation, activate the transcription of CK-responsive
genes, whereas type-A ARRs are attenuators of CK signaling that negatively regulate the upstream signaling events.
Auxin and CK signaling enter into crosstalk with each other, as well as with other signaling pathways. Both signaling
cascades underlie the developmental events comprising the process of DNSO, whereby the early stages of DNSO,
occurring on callus induction media (CIM), are regulated by auxin, and the later ones, occurring on shoot induction media
(SIM), are regulated mainly by CK.

Both direct and indirect shoot organogenesis proceed through a similar series of cellular and genetic events associated
with the corresponding morphogenic stages, regardless of the presence or absence of visible callus tissue AL |n
either case, shoot organogenesis is dependent on the formation of primordia, containing a pre-existing population of stem
cells that never cease to exist even in differentiated tissues 2. Indeed, the long-standing assumption that DNSO requires



tissue dedifferentiation in order to subsequently acquire organogenic competence has been recently disproved—DNSO
has been shown to occur from xylem pole pericycle cells of Arabidopsis root and hypocotyl explants, involving the stage in
which shoot primordia develop from structures present in calli that are similar to lateral root primordia (LRP) 23l. Calli
derived from explants from above-ground organs like cotyledons and petals also regenerate shoots through primordia
resembling LRP; moreover, mutants incapable of developing lateral roots are also unable to form calli on CIM, confirming
that the organogenic primordia present within the calli share both structural and functional homology with LRP 14l The
same LR-like primordia are formed during direct shoot organogenesis without the proliferation of callus tissue [&. These
primordia, which, in the case of ontogenic root development grow to become normal lateral roots 12! can be induced
within a certain developmental window to trans-differentiate into shoot primordia 28! (Figure 1). A population of stem cells
exists within these primordia, ensuring their pluripotency and capability of developing a meristem 12 able to switch
identity through a timely induction of changes in gene expression €. Such degree of developmental plasticity suggests
that the cellular, genetic and developmental organization of LRP still shares considerable commonality with the most
primitive traits of shoot development, which likely predate the modern organ identities of higher plants. Thus, although the
primordia which appear in the early stages of DNSO share all the histological and genetic features of LRP and readily
differentiate into root tissue, referring to them as “pluripotent primordia” or even simply “primordia” instead of “LRP” is
more appropriate in the context of DNSO.

The role of CK and auxin signalization is central to the entire process of DNSO, whereby the early stages of DNSO are
dominated by auxin and the later stages by CK signaling. Taking into account the early observation by Skoog and Miller
17 that a high auxin/CK ratio stimulates the development of roots, while a high CK/auxin ratio is favorable to the
development of shoot tissue, the general need for a sequence of two regeneration media can be explained by the
differences in morphogenic requirements between early and late stages of DNSO. In the early stages, a high auxin/CK
ratio is required not only for the development of calli but also of lateral root-like primordia within the calli; later, a high
CK/auxin ratio will be required to convert the developmental fate of these primordia into taking on a shoot identity I=I[16]
18] The genetic basis of DNSO is extraordinarily complex and involves the participation of a tremendous number of
genes, among which the most prominent include transcription factors, hormonal response regulators, genes involved in
hormonal metabolism and transport, and cell-cycle-related genes.

3. Sucrose Interferes with Auxin and Cytokinin Signaling in the Regulation
of Shoot Organogenesis

During their in vitro development, plant shoots express a low capability for photosynthesis; hence, the presence of a
carbon foundation is necessary in the growth media to compensate for the reduced carbon fixation 2. Sucrose is most
commonly used as carbon source in plant regeneration systems, being taken up from the growth medium by explants and
hydrolyzed into glucose and fructose that further enter plant metabolism 22211,

Numerous reports have demonstrated the existence of crosstalk between phytohormone signaling and sugar sensing in
higher plants, regulating developmental processes on transcriptional, posttranscriptional and posttranslational levels.

Sugars can affect phytohormone response by altering the levels, localization and/or transport of different phytohormones
[22][23][24]

Further indication of crosstalk between sugar and phytohormones in DNSO recently came from our research group 231,
Significant influence of both CK and sucrose treatment, as well as their interaction, was observed during various stages of
DNSO from kohlrabi seedlings. Results demonstrated a remarkable increase in endogenous CK levels when 2 mg L -1
CK trans -zeatin ('t Z) and high sucrose concentration (9%) were applied together, suggesting that sucrose may interact
with CK uptake and/or homeostasis. In addition, higher concentration of sucrose significantly affected organogenesis-
related genes involved in auxin transport, CK response, SAM formation and cell division, while correlation analysis
suggested that sucrose could affect endogenous CK levels and their impact on the transcriptional activity of analyzed
genes during callus and shoot formation in kohlrabi shoot organogenesis 22,

Taken together, these reports offer only partial insight into a highly complex network of phytohormone and sugar signaling,
which underlies the balanced regulation of callus formation and shoot regeneration. The case of sucrose, which is
routinely added to the regeneration media as a carbon source and was never intended to interfere with shoot
regeneration, suggests that any component of nutrient media, just like any factor in general present in the environment of
a cultured plant, can interact with the signaling pathways that regulate shoot regeneration or any other process being
studied in cultured plants.



4. Hormone Uptake: The Missing Link for the Integrative Interpretation of
DNSO

Ever since the first protocols for shoot regeneration were developed, their efficiency in inducing callus formation and shoot
regeneration were interpreted in relation to the composition of plant growth regulators. However, in an in vitro shoot
organogenesis system, the hormonal composition of CIM and SIM represents only the first input parameter in the complex
regeneration process. The output, in terms of shoot regeneration efficiency, is the resultant of hormone uptake by the
explants, transport to target tissues, alterations in hormonal homeostasis, and downstream signaling processes leading to
shoot regeneration. Thus, interpreting shoot regeneration efficiency as a simple output of the media composition
represents a rough, albeit often practical, simplification.

Of the several steps linking the hormonal composition of the media to the final shoot regeneration output, the first one—
hormone uptake—is the most neglected and the least studied. DNSO occurs from a callus mass and/or a starting tissue
explant of various origin (root, hypocotyl, cotyledon, etc.) that is in contact with the regeneration medium. The
mechanisms of hormone uptake from the regeneration medium have not been studied sufficiently, and nothing is known
about the differences in the mechanisms of uptake between tissues of various origin. However, it is conceivable that these
mechanisms are “borrowed” from other developmental programs; thus, the uptake of growth regulators from the nutrient
media is presumably carried out similarly to the hormone uptake from the intercellular spaces within an intact plant. For
auxin, uptake likely relies on hormone transporters, membrane-associated proteins responsible for phytohormone
transport and uptake within the plant body. For CK, the term “uptake” has a broader meaning. If CK signaling occurred
entirely from the plasma membrane, CK molecules would not need to be taken up by the cells; however, they would still
need to join the pool of apoplastic CK to be available to their target cells for signalization. Hence, CK “uptake” by the
explant in the broader sense can be considered as the moment when an exogenous growth regulator becomes
indistinguishable from the endogenous phytohormone. Additionally, recent research has suggested the importance of ER-
located CK signalization, implying that the intracellular uptake of CK is also an essential step in CK perception 28127,
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