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Abstract

Plants have evolved powerful regeneration abilities to recover from damage. Studies on
plant regeneration are of high significance as the underlying mechanisms of plant
regeneration are not only linking to the fundamental researches in many fields but also
to the development of widely used plant biotechnology. Higher plants show threemain
types of regeneration: tissue regeneration, de novo organogenesis, and somatic
embryogenesis. In this review, we summarize recent research on plant regeneration,
mainly focusing on Arabidopsis thaliana and moss. New data suggest that plant
hormones trigger regeneration and that several key transcription factors respond to
hormone signals to determine cell-fate transition. Cell-fate transition requires
genome-wide changes in gene expression, which are regulated via epigenetic path-
ways. Certain epigenetic factors may be recruited by transcription factors to relocate
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to new loci and regulate gene expression. Cross talk among hormone signaling, tran-
scription factors, and epigenetic factors is involved in different types of plant regener-
ation, suggesting that elegant and complex regulatory mechanisms control which type
of regeneration is triggered in plants under different circumstances. Since regeneration
is initiated by wounding, identification of the wound signal is an important objective for
future research.

ABBREVIATIONS
2,4-D 2,4-dichlorophenoxyacetic acid

2-IP 6-(g,g-dimethylallylamino) purine

ABA abscisic acid

AGL15 AGAMOUS-LIKE15

ALF4 ABERRANT LATERAL ROOT FORMATION 4

AP2 APETALA2

BBM BABY BOOM

CDKA cyclin-dependent kinase A

CIM callus-inducing medium

CLF CURLY LEAF

CUC2 CUP-SHAPED COTYLEDON2

EMF2 EMBRYONIC FLOWER2

EMK EMBRYOMAKER

ES cell embryonic stem cell

ESR1 ENHANCER OF SHOOT REGENERATION1

EZ elongation zone

FUS3 FUSCA3

GA gibberellin

H2Aub histone H2A ubiquitination

H3K27me3 histone H3 lysine 27 trimethylation

iPS cell induced pluripotent stem cell

JA jasmonic acid

KYP KRYPTONITE

LBD LATERAL ORGAN BOUNDARIES DOMAIN

LEC LEAFY COTYLEDON

LHP1 LIKE HETEROCHROMATIN PROTEIN1

MET1 METHYLTRANSFERASE1

NAC NAM, ATAF1,2, and CUC2

NPA naphthylphthalamic acid

OC organizing center

PcG Polycomb group

PIN PIN-FORMED

PKL PICKLE

PKR2 PICKLE-RELATED2

PLT PLETHORA

PRC Polycomb repressive complex

QC quiescent center
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RAM root apical meristem

RGD3 ROOT GROWTH DEFECTIVE3

RID3 ROOT INITIATION DEFECTIVE3

RIM root-inducing medium

RLE Repressive LEC2 Element

ROS reactive oxygen species

SAM shoot apical meristem

SCR SCARECROW

SERK SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE

SHR SHORTROOT

SIM shoot-inducing medium

STM SHOOTMERISTEMLESS

SWN SWINGER

VAL1 VP1/ABI3-LIKE1

WIND1 WOUND INDUCED DEDIFFERENTIATION 1

WOX5 WUSCHEL-RELATED HOMEOBOX 5

WUS WUSCHEL

1. INTRODUCTION

Plants have evolved various kinds of survival strategies to grow under

severe natural conditions. Recovery from damage is an important aspect

of survival. In animals, regeneration is mainly required to repair organs or tis-

sues after injury. In contrast, regeneration in plants is not only related to tissue

and organ repair, but also to the formation of new plants (Birnbaum &

Sanchez Alvarado, 2008; Sugimoto, Gordon, & Meyerowitz, 2011). For

example, if branches are cut from a tree trunk, new buds can regenerate

(Fig. 1.1A). Many species in the Crassulaceae and Cactaceae families are able

to regenerate roots from their detached leaves on the soil (Fig. 1.1B), and sub-

sequently regenerate shoots to form a new plant.

The regenerative abilities of plants have beenwidely exploited inmodern

agriculture (Sussex, 2008). Tissue culture, in which plant tissues are cultured

on medium supplemented with various plant hormones (Fig. 1.1C and D),

exploits the pluripotency and totipotency of plant cells to enable rapid prop-

agationof plant populations. Plant tissue culture has a longhistory (Gautheret,

1983; Thorpe, 2006, 2007) and this technology is now widely used in agri-

culture.However, there is still much to learn about the cellular andmolecular

mechanismsunderlying regeneration. In the past fewyears,molecular genetic

approaches have been used to explore plant regeneration, especially that of
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model plants, leading to significant progress in the field. In this review, we

summarize the recent advances in research on plant regeneration and discuss

several new questions related to the plant regeneration process.

2. TYPES OF REGENERATION IN HIGHER PLANTS

Based on differences in cell-fate transition, regeneration of higher

plants can be classified into three main categories: tissue regeneration, de novo

organogenesis, and somatic embryogenesis.

Figure 1.1 Plant regeneration in nature and in tissue culture. (A) Adventitious shoots
regenerating from a damaged branch of a tree (Prunus�Yedoensis). (B) Leaf of a jade
plant (Crassula ovata) regenerating roots on the soil when detached. (C) Callus
regenerated from Arabidopsis leaf explants on CIM containing 2.2 mM
2,4-dichlorophenoxyacetic acid (2,4-D) and 0.2 mM kinetin. (D) Shoot regeneration from
Arabidopsis root explants on SIM containing 12.5 mM 6-(g,g-dimethylallylamino) purine
(2-IP) and 0.57 mM indole-3-acetic acid (IAA).
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Tissue regeneration (also called tissue repair) refers to the ability to repair

wounded sites on the plant body from which tissues have been removed

(Fig. 1.2A). This usually occurs after damage to young plant tissues, such

as the root or leaf tips. The major function of tissue regeneration is to restore

the damaged or removed part; this is comparable to processes in some ani-

mals, for example, limb regeneration of amphibians or head regeneration of

hydrae and planarians (Sena & Birnbaum, 2010; Sugimoto et al., 2011). In

these animals, however, regeneration requires movement of stem cells,

whereas plant cells are unable to move. Thus, the mechanisms of regener-

ation at least partly differ between animals and plants.

Different fromtissue regeneration,denovoorganogenesis results in thedevel-

opment of new organs either from detached organs or from the original plant

(Duclercq, Sangwan-Norreel, Catterou, & Sangwan, 2011). “Cuttage” tech-

nology, in which new plants are propagated from cuttings, is an example of

de novo organogenesis for rapid production of new plants in agriculture

(Fig. 1.2B). To propagate a new plant from a cutting, a piece of stem is cut

and inserted into the soil. Adventitious roots form from the bottom wounds

andadventitious shoots formfromtopor sidewounds.Theseprocesses represent

de novo root or shoot organogenesis (also known as de novo root or shoot regen-

eration). In tissue culture, callus formation is also a type of de novo organogenesis

(Fig. 1.2B). Using Arabidopsis thaliana as an example, callus can be induced to

form fromvarious detached explants on callus-inducingmedium (CIM),which

contains a high level of auxin and a low level of cytokinin (Fig. 1.1C and 1.2B).

Adventitious roots or shoots can be induced when callus is placed on root-

inducing medium (RIM) or shoot-inducing medium (SIM) (Fig. 1.1D and

1.2B), respectively.RIMcontains a low level of auxinwithout cytokinin,while

SIM usually contains a high level of cytokinin and a low level of auxin. Since

organ formation fromcallus can be strictly controlled by adding plant hormones

to the medium, calli are used for de novo organogenesis for different purposes.

Somatic embryogenesis refers to the process in which a single somatic

cell dedifferentiates into an embryo cell when cultured under appropriate

conditions. The new embryo is able to further develop to form a whole

plant (Yang & Zhang, 2010; Zimmerman, 1993) (Fig. 1.2C). The regener-

ation of a whole plant via somatic embryogenesis reflects the proposed toti-

potency of plant cells (Verdeil, Alemanno, Niemenak, & Tranbarger, 2007).

This process causes a change in cell fate from a somatic cell back into an

embryo stem cell and appears to resemble the induction of pluripotent stem

(iPS) or embryonic stem (ES) cells from somatic cells in animals (Okita,

Ichisaka, & Yamanaka, 2007; Takahashi & Yamanaka, 2006).
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Figure 1.2 Different types of plant regeneration. (A) Tissue regeneration. Excised tips of
very young leaves (left) and roots (middle) can re-grow via tissue regeneration. Stem tis-
sues can also be repaired after damage (right). (B) De novo organogenesis. Upper panels
show de novo root and shoot organogeneses during the propagation of plant materials
via cuttings. Lower panels show a plant regenerated from leaf explants induced to form
callus, adventitious roots, and adventitious shoots on CIM, RIM, and SIM, respectively, in
tissue culture. (C) Somatic embryogenesis. A single somatic cell can be induced by auxin
to form an embryo, which develops into a whole plant, reflecting the totipotency of plant
cells. Red lines in (A) and (B) indicate wounding sites.



3. TISSUE REGENERATION

Damaged tissues usually undergo tissue regeneration. In Arabidopsis,

studies on tissue regeneration have mainly focused on regeneration of the

root meristem and the cellular repair of stem tissues. In both systems, the

plant hormone auxin plays a central role in the regeneration processes

through regulating key transcription factors.

3.1. Root tip regeneration
The root stem cell niche is at the tip of the root apical meristem (RAM),

which comprises a quiescent center (QC) and surrounding stem cells

(Aichinger, Kornet, Friedrich, & Laux, 2012; Scheres, 2007). The QC

usually has two to four cells that divide very slowly and is marked and con-

trolled by the transcription factor gene WUSCHEL-RELATED

HOMEOBOX 5 (WOX5) (Sarkar et al., 2007). An early study on maize

showed that, after excision of the root meristem zone, the root quickly

regenerated a new QC, leading to subsequent root tip regeneration. These

results suggested that the root tip has competence for tissue repair

(Feldman, 1976).

Recent studies on root tips of Arabidopsis revealed the molecular basis

of root tip regeneration (Sena, Wang, Liu, Hofhuis, & Birnbaum, 2009;

Xu et al., 2006). After laser-induced ablation of the QC cells, there were

dynamic changes in auxin polar transport and in the levels of key tran-

scription factors during the regeneration of the new QC (Xu et al.,

2006) (Fig. 1.3A). Before ablation of its cells, the QC was the site of max-

imum auxin accumulation, as PIN-FORMED (PIN)-mediated polar

transport moved auxin from the proximal region of the root to the

QC cells. When the QC cells were ablated, auxin instead accumulated

in the cells proximally adjacent to the original QC position. The high

auxin level led to upregulation of the PLETHORA (PLT) genes, which

promoted the SHORTROOT (SHR) proteins to localize into the

nucleus to activate the SCARECROW (SCR) gene. PLTs and SCR then

acted together to switch the cell fates of the QC-adjacent cells into new

QC cells through reorganizing PIN proteins and reactivating WOX5

expression in the new QC (Xu et al., 2006). Therefore, it appears that

the whole process of QC formation is mainly controlled by the auxin

level, and a certain high concentration of auxin is the key factor
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determining the QC cell fate. However, it is not yet known whether

PLTs are the direct target of auxin signaling.

Instead of laser ablation, Sena et al. used a RAM-excision approach to

analyze the root regeneration process (Sena et al., 2009) (Fig. 1.3B). The

Figure 1.3 Tissue regeneration in Arabidopsis. (A) Root tip regeneration after ablation of
QC cells (Xu et al., 2006). (B) Root tip regeneration after excision of the root tip (Sena
et al., 2009). (C) Tissue repair in the stem (Asahina et al., 2011; Reid & Ross, 2011). Note
that the basipetal auxin flux is disrupted by wounding. This results in different auxin
levels between upper and lower regions of the wound, triggering the regeneration pro-
cess to repair the wound. EZ, elongation zone.
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difference between QC ablation and RAM excision is that only the QC is

destroyed by ablation (Xu et al., 2006) whereas the entire stem cell niche is

removed by excision (Sena et al., 2009). Therefore, the excision experiment

could determine whether a stem cell niche was required to regenerate a new

QC. Roots with the RAM removed were able to generate a new QC. Sim-

ilar to the QC regeneration in the ablation experiment, the newly

regenerated QC was controlled by accumulation of high levels of auxin.

Treatment with the auxin polar transport-inhibitor naphthylphthalamic acid

(NPA) blockedQC regeneration, suggesting that auxin accumulation is piv-

otal for this process. Since all stem cells were removed in the excision exper-

iment, the newly regenerated QC cells were likely derived from partially

differentiated cells. In addition, several stem cell niche-deficient mutants

retained the ability of regeneration, indicating that QC regeneration may

not require a functional stem cell niche (Sena et al., 2009). However, Sena

et al. also found that the QC regeneration capacity was limited to the very

distal region of the root tip (the terminal 130 mm region), and the regener-

ation ability was extremely reduced when a 270-mm portion of the tip was

removed (Sena et al., 2009). These findings indicated that fully differentiated

cells may not readily change back into QC cells in response to high auxin

concentrations, and that cells within the 130 mm of the root tip might retain

partial pluripotency.

3.2. Tissue repair in the stem
Recent studies using incision experiments demonstrated how plant tissues

repair themselves after wounding (Asahina et al., 2011; Reid & Ross, 2011)

(Fig. 1.3C). When the stem is wounded, the basipetal auxin stream is

blocked at the wounded position. This results in accumulation of a high

level of auxin above the wound and a relatively low auxin level below

it. The high auxin level induces expression of the NAC (NAM,

ATAF1,2, and CUC2) family transcription factor gene ANAC071, while

the low auxin level promotes the APETALA2 (AP2)/ERF family tran-

scription factor gene RAP2.6L. Both genes are essential for wound healing;

however, the molecular roles of the two transcription factors are not yet

clear. In addition to the key function of auxin, wound-induced jasmonic

acid (JA) and ethylene are also required to regulate RAP2.6L (Asahina

et al., 2011).

Studies on regeneration in cucumber and tomato revealed that another

plant hormone, gibberellin (GA), is involved in wound healing of
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hypocotyls (Asahina et al., 2002, 2007). Interestingly, when cotyledons of

these plants were removed, the damaged hypocotyls were unable to heal.

This phenomenon was caused by the loss of GA derived from the cotyle-

dons, as treatment with GA could rescue the healing defects. These results

suggested that GA is also an important hormone for tissue repair. However,

theArabidopsisGA-deficient mutant did not show any defects in tissue repair

in the stem (Asahina et al., 2011), suggesting that different tissues may

require different mechanisms for repair.

4. De novo ORGANOGENESIS

De novo organogenesis is a strategy commonly used by plants to survive

damage. In nature, de novo organogenesis usually occurs to form roots and/or

shoots, allowing detached tissues, organs, or wounded plant bodies to

develop into new organs or plants. In tissue culture, detached plant tissues

or organs on CIM usually first form a pluripotent cell mass, a “callus,” from

which roots and shoots may grow. It is possible that de novo organogenesis in

nature also begins with the formation of a tiny pluripotent cell mass, and that

the main difference of callus induced in tissue culture is that it is an extremely

pronounced form of the “natural” pluripotent cell mass.

4.1. Callus formation
In the 1950s, Skoog and Miller formulated a medium that was suitable for

both callus induction and de novo organogenesis, and proposed that shoot or

root initiation in tissue culture mainly relies on different ratios of auxin and

cytokinin in the medium (Skoog &Miller, 1957). After this discovery, callus

induction became a widely used method for plant regeneration. Although

techniques for callus formation have been used for more than 50 years,

the cellular and molecular basis of callus formation was largely unknown

until recently. Many plant biology textbooks define callus as a group of

undifferentiated totipotent cells, because of its ability to regenerate different

types of plant organs. Thus, callus formation from explants was thought to be

a dedifferentiation process. However, recent studies in Arabidopsis have

demonstrated that callus is a mass of root meristem tip cells and that callus

induction resembles lateral root formation (Atta et al., 2009; Che, Lall, &

Howell, 2007; He, Chen, Huang, & Xu, 2012; Sugimoto, Jiao, &

Meyerowitz, 2010) (Fig. 1.4).
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The first indication was from phenotypic studies using root and

hypocotyl explants to generate callus. Callus formation from these root

and hypocotyl explants initiated with divisions of xylem-pole pericycle cells

(Atta et al., 2009; Che et al., 2007). Ablation of xylem-pole pericycle cells

completely blocked callus formation (Che et al., 2007). The xylem-pole

pericycle is the site from which lateral roots form (Benkova & Bielach,

2010; Peret et al., 2009). Therefore, these pericycle cells may serve as plu-

ripotent stem cells that are required for both lateral root initiation and callus

formation. The results also suggested that the two biological processes may

share similar genetic pathways.

Further important evidence supporting this possibility was reported by

Sugimoto et al. (2010). First, a genome-wide gene expression analysis

showed that the transcription profile of callus resembled that of the

Figure 1.4 Cell-fate transition in callus formation. (A) Model of lateral root formation
initiated from xylem-pole pericycle cells. (B) Model of callus formation from a leaf
explant. Callus is a cluster of cells resembling root meristem tip cells, which are initiated
from pericycle-like cells.
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RAM, rather than the shoot apical meristem (SAM) or the embryo,

suggesting that callus is a group of root meristem tip cells. Second, expres-

sions of root meristem genes were induced in callus even when it was

derived from aerial organs such as petals and cotyledons. Third, callus was

shown to be derived from certain cells surrounding the vasculature of aerial

organs. These cells express a root xylem-pole pericycle marker J0121

(Laplaze et al., 2005), and therefore, are known as pericycle-like cells.

Finally, the lateral-root-initiation deficient mutant aberrant lateral root forma-

tion 4-1 (alf4-1) was unable to form callus, suggesting that regulation of callus

and lateral root formation at least partially share the same underlying mech-

anism. All of the results mentioned earlier show that callus formation from

aerial organs is not via a dedifferentiation process as previously thought, but

forms via a transdifferentiation process. Consequently, callus is no longer

considered to be a population of totipotent cells, but rather a pluripotent cell

mass (Sugimoto et al., 2010, 2011).

To investigate genetic regulation during callus formation, the gene

expression profiles of leaf explants and callus were analyzed (He et al.,

2012). The results showed that the leaf-to-callus process comprised at

least three stages, each of which was characterized by altered gene expres-

sions. In stage 1, auxin response genes were upregulated; in stage 2, leaf

genes were downregulated; and in stage 3, root genes were upregulated

(He et al., 2012). These changes in gene expression profiles are consistent

with the current hypothesis that callus is a group of root meristem tip

cells. Since epigenetic regulation is usually involved in genome-wide reg-

ulation of gene expression, He et al. analyzed several mutants

corresponding to different histone methylation pathways during callus

formation from leaf and cotyledon explants (He et al., 2012). The plant

materials in those experiments included the Polycomb group (PcG)

mutants curly leaf-50 swinger-1 (clf-50 swn-1) and embryonic flower2

(emf2), both of which are defective in callus formation from leaf explants.

CLF, SWN, and EMF2 are components of the Polycomb repressive com-

plex 2 (PRC2) (Chanvivattana et al., 2004; Goodrich et al., 1997; Yang,

Chen, & Sung, 1995; Yoshida et al., 2001), which represses gene expres-

sion via trimethylation of histone H3 at lysine 27 (H3K27me3) at the tar-

get loci (Schubert et al., 2006). In the clf-50 swn-1 and emf2 mutants, the

levels of H3K27me3 were reduced at the loci of many auxin-response

genes and root genes, whereas those at many leaf gene loci were elevated.

The proposed role of PcG in the leaf-to-callus transition is to repress leaf

genes by depositing H3K27me3 on their loci, because many leaf genes
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cannot be silenced during callus formation from leaf explants in the PcG

mutants (He et al., 2012). However, it is not clear whether demethylation

of H3K27me3 also plays a role in derepressing the auxin-response genes

and root genes. It is possible that in addition to the PcG pathway, many

other epigenetic pathways are also involved in gene regulation during cal-

lus formation. Furthermore, in future research, it will be important to

determine how epigenetic pathways specifically regulate their targets.

An important finding about gene regulation during callus formation was

that several LATERALORGANBOUNDARIESDOMAIN (LBD) family

genes play roles in the process, providing a molecular link between auxin

signaling and the establishment of root-cell fate (Fan, Xu, Xu, & Hu,

2012). LBD16, 17, 18, and 29 are key genes in lateral root formation

(Berckmans et al., 2011; Feng, Sun, Wang, Liu, & Zhu, 2012; Feng,

Zhu, Du, & Cui, 2012; Lee, Kim, Kim, Lee, & Kim, 2013; Okushima,

Fukaki, Onoda, Theologis, & Tasaka, 2007), and recent research showed

that they are also critical in callus formation (Fan et al., 2012). Over-

expression of LBD genes resulted in spontaneous callus formation without

an increase in exogenous auxin levels, suggesting that LBDs act downstream

of auxin signaling (Fan et al., 2012). Previous studies showed that these LBD

genes are the direct targets of auxin signaling, and that LBD proteins control

cell proliferation and cell wall loosening during lateral root initiation

(Berckmans et al., 2011; Lee et al., 2013; Okushima et al., 2007). Therefore,

it is possible that during callus formation, the LBD genes in explant tissues

respond to high auxin levels in the CIM and initiate cell division to form

callus (Fan et al., 2012).

Another interesting discovery was that in rice, genome-wide DNA

methylation patterns always change during callus formation (Stroud et al.,

2013). These changes are inherited across generations after the callus regen-

erates into whole plants. Therefore, it seems that the plants regenerated from

callus may harbor epigenetic information different from that of the original

(preculture) plant (Stroud et al., 2013). It is still unknown whether other

epigenetic regulation mechanisms such as histone modifications and chro-

matin remodeling coordinate with DNA methylation during rice callus

formation.

The process of callus formation from explants is correlated with cell-fate

transition, accompanied by large-scale changes in gene expression (Che,

Lall, Nettleton, & Howell, 2006; He et al., 2012; Pischke, Huttlin,

Hegeman, & Sussman, 2006; Sugimoto et al., 2010; Xu et al., 2012).

Although it has been established that the cell-fate transition during callus
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formation resembles that during lateral root formation and several key factors

in this process have been identified, the mechanisms by which these pro-

cesses are precisely and gradually programmed still need to be investigated

in the future.

4.2. De novo root organogenesis
De novo root organogenesis occurs commonly in many plant species when

detached organs meet suitable conditions, for example, when organs fall on

wet and nutrient-rich soil. Some plants, such as those in the Crassulaceae and

Cactaceae families, use de novo root organogenesis to proliferate their

populations (Fig. 1.1B). However, the molecular mechanism directing this

rooting process is unclear. In recent studies on Arabidopsis, various systems

have been established to study de novo root organogenesis from excised leaves

and hypocotyls (Correa Lda, Troleis, Mastroberti, Mariath, & Fett-Neto,

2012). Interestingly, adventitious roots originate from the vascular procam-

bium or cambium in Arabidopsis, suggesting that the procambium or cam-

bium cells may serve as potential pluripotent stem cells for regeneration

(Ahkami et al., 2009; Correa Lda et al., 2012; Greenwood, Cui, & Xu,

2001). In addition, inhibition of auxin polar transport completely blocked

the rooting process of leaf explants, suggesting that auxin biology must be

involved in de novo root organogenesis (our unpublished data). It is possible

that de novo root organogenesis is similar to lateral or adventitious root for-

mation from hypocotyls. However, de novo root organogenesis from

detached organs is triggered by the wound signal, which is absent during lat-

eral or adventitious root formation from hypocotyls. The molecular nature

of the wound signal has not yet been defined. Also, it is still unknown how

the wounding signal controls auxin biology and cell-fate transition in the

procambium or cambium. Understanding these processes is crucial to

unraveling the molecular mechanisms of de novo root organogenesis.

4.3. De novo shoot organogenesis
In nature, de novo shoot organogenesis usually occurs on wounded plant

stems (see example in Fig. 1.1A). In tissue culture, callus can also be induced

to undergo shoot organogenesis (see example in Fig. 1.1D). Histological

studies using different explants showed that two types of cells give rise to

regenerated shoots. In Arabidopsis root explants, adventitious shoots

emerged from the xylem-pole pericycle cells on SIM (Atta et al., 2009;

Che et al., 2007). In peach palm shoot apex explants, adventitious shoots

were initiated from the preprocambium (de Almeida, de Almeida,
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Mendes Graner, Ebling Brondani, & Fiori de Abreu-Tarazi, 2012). These

results suggest that xylem-pole pericycle cells in roots and preprocambium

cells in aerial organs contain pluripotent stem cells for de novo shoot regen-

eration. Their origin in the xylem-pole pericycle and the preprocambium

might be important for the newly formed shoots to capture water and nutri-

ents from the explants via the vascular system.

In fact, xylem-pole pericycle, preprocambium, procambium, and cam-

bium cells all have stem cell features. Procambium and cambium are plurip-

otent vascularmeristem in primary development and secondary development

of vascular tissues, respectively (Elo, Immanen, Nieminen, & Helariutta,

2009). Preprocambium is the progenitor of procambium (Elo et al., 2009).

As well, in terms of cell lineage, the cambium in roots develops partly from

xylem-pole pericycle cells (Rost, Barbour, Stocking, & Murphy, 1997). It

is possible that only stem cells are competent to regenerate roots or shoots

in de novo organogenesis. Since de novo shoot organogenesis is initiated

from the preprocambium or xylem-pole pericycle cells, it seems that this

regeneration process shares some similarities with that of lateral root forma-

tion, rather than lateral shoot formation. Lateral shoots originate from exter-

nal cells on the adaxial side of leaf axils, while adventitious shoots formed via

de novo shoot organogenesis initiate from internal xylem-pole pericycle or

preprocambium cells.

In tissue culture, callus can be easily induced to undergo de novo shoot

organogenesis on SIM containing a high level of cytokinin, suggesting that

cytokinin is the key hormone for shoot induction, just like auxin is the key

hormone for root induction (Duclercq, Sangwan-Norreel, et al., 2011;

Skoog & Miller, 1957). This is consistent with several features of SAM

and RAM development in Arabidopsis. In the RAM, the highest level of

auxin is in the QC region, suggesting a role of auxin in controlling or

maintaining the QC (Sabatini et al., 1999). Similarly, in the SAM, cytokinin

has an essential role to control the organizing center (OC) (Bartrina, Otto,

Strnad, Werner, & Schmulling, 2011; Gordon, Chickarmane, Ohno, &

Meyerowitz, 2009; Leibfried et al., 2005; Rupp, Frank, Werner,

Strnad, & Schmulling, 1999; Sablowski, 2009; Yanai et al., 2005; Zhao

et al., 2010). On the other hand, auxin could be an assistant factor in shoot

regeneration, just like cytokinins can be an assistant factor in rooting (Cheng

et al., 2013; Skoog & Miller, 1957).

SeveralArabidopsismutants that are defective in de novo shoot organogen-

esis are also defective in their cytokinin or auxin pathways (Che, Gingerich,

Lall, & Howell, 2002; Che, Lall, & Howell, 2008; Che et al., 2006;
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Hwang & Sheen, 2001; Inoue et al., 2001; Pernisova et al., 2009; Sakai et al.,

2001). However, the mechanism by which hormone signaling controls the

shooting process is unclear. One possibility is that these hormones

upregulate key SAM-related genes, such as CUP-SHAPED COTYLE-

DON2 (CUC2), WUSCHEL (WUS), and SHOOTMERISTEMLESS

(STM). A detailed analysis of gene expression using real-time fluorescence

techniques revealed expression patterns of several key genes during shooting

from callus on SIM (Gordon et al., 2007). Correct distributions ofWUS and

CUC2 appeared to be essential for the shoot progenitor cells, becauseCUC2

was expressed in the shoot progenitor that was surrounded by cells

expressingWUS. The proliferation of the shoot progenitor led to the radial

patterning of the newly formed shoot promeristem, accompanied by STM

expression in the region surrounding it. At this stage, PIN1 was also distrib-

uted in the surface of the shoot promeristem, suggesting that polar auxin

transport is also required for the organization of the SAM (Gordon

et al., 2007).

Upregulations of WUS and STM are important for shooting on SIM

(Chatfield et al., 2013; Cheng, Zhu, Gao, & Zhang, 2010; Gordon et al.,

2007; Tamaki et al., 2009). Interestingly, upregulation ofWUS requires epi-

genetic regulation, as mutations in the DNAmethyltransferase geneMETH-

YLTRANSFERASE1 (MET1), the histone H3K9 methyltransferase gene

KRYPTONITE (KYP), the H3K4 demethylase JMJ14, and the histone

acetyltransferase HAC1 all resulted in altered WUS expression and affected

the shooting rate (Li et al., 2011). It was proposed that DNA methylation

and H3K9me2 function to repressWUS expression in callus. Thus, removal

of these two epigenetic modifications resulted inWUS derepression, which

facilitated shooting (Li et al., 2011).

Several other genes are also involved in regulating de novo shoot organ-

ogenesis in tissue culture. ENHANCER OF SHOOT REGENERA-

TION1 (ESR1) and ESR2 both encode AP2/ERF domain transcription

factors that control shooting (Banno, Ikeda, Niu, & Chua, 2001; Matsuo,

Makino, & Banno, 2011). ESR2 promotes shooting via upregulation of

CUC1 expression (Ikeda, Banno, Niu, Howell, & Chua, 2006). The hoc

mutant, which is defective in the class III HD-ZIP family gene

ATHB15/CORONA/INCURVATA4, overproduces cytokinin, facilitat-

ing shoot regeneration from root explants (Catterou et al., 2002;

Duclercq, Assoumou Ndong, Guerineau, Sangwan, & Catterou, 2011).

In addition, the temperature-sensitive mutants srds, root initiation defective3

(rid3) and root growth defective3 (rgd3) were shown to be defective in de novo
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shoot organogenesis (Ohtani, Demura, & Sugiyama, 2008; Ohtani &

Sugiyama, 2005; Ozawa, Yasutani, Fukuda, Komamine, & Sugiyama,

1998; Tamaki et al., 2009; Yasutani, Ozawa, Nishida, Sugiyama, &

Komamine, 1994). Although genes that regulate de novo shoot organogenesis

have been identified, the network from hormones to key genes, including

epigenetic regulations, has not yet been established. Evidence for direct

molecular interactions is also lacking.

5. SOMATIC EMBRYOGENESIS

In theory, somatic embryogenesis is a typical dedifferentiation process

that returns a differentiated somatic cell back to a totipotent embryo stem

cell state. The early experiments in which carrot cells were induced to

undergo somatic embryogenesis (Steward, Mapbs, &Mears, 1958) provided

strong evidence for the plant totipotency theory in early plant cell biology

studies. Recent studies suggest that somatic embryogenesis is a complex

process involving hormone actions, transcription factors, and epigenetic

regulations (Yang & Zhang, 2010).

5.1. Altered hormone balance in somatic embryogenesis
The balance between two plant hormones, GA and abscisic acid (ABA), is

pivotal in controlling cells in the embryo or the postembryo state (de

Castro & Hilhorst, 2006; Hays, Mandel, & Pharis, 2001; Hu et al., 2008;

Ogawa et al., 2003; Phillips et al., 1997; Vahdati, Bayat, Ebrahimzadeh,

Jariteh, & Mirmasoumi, 2008; White, Proebsting, Hedden, & Rivin,

2000; Yamaguchi, Kamiya, & Nambara, 2007) (Fig. 1.5). Embryo cells usu-

ally have a low ratio of GA to ABA, while this ratio is higher in somatic cells

(Braybrook & Harada, 2008). These findings suggested that the cell-fate

transition from somatic cells to embryo cells requires an increased ABA level

and a decreased GA level.

Auxin, especially the synthetic auxin 2,4-D, is commonly used in cul-

ture medium to trigger somatic embryogenesis (Bai, Su, Yuan, & Zhang,

2013; Elhiti et al., 2013; Gaj, 2004; Ikeda-Iwai, Satoh, & Kamada, 2002;

Jimenez, 2005; Luo & Koop, 1997; Michalczuk, Ribnicky, Cooke, &

Cohen, 1992; Raghavan, 2004; Su & Zhang, 2009; Su et al., 2009). It

was proposed that auxin might induce and initiate somatic embryogenesis,

whereas changes in the GA/ABA ratio could provide a suitable environ-

ment for cells to become competent to form a somatic embryo

(Braybrook & Harada, 2008). In addition, ethylene was also shown to
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be involved in the somatic cell-to-embryonic cell transition (Bai et al.,

2013; Piyatrakul et al., 2012; Zheng, Zheng, & Perry, 2013).

5.2. Key transcription factors in somatic embryogenesis
Two types of transcription factors play essential roles in somatic embryo for-

mation in Arabidopsis: LEAFY COTYLEDON (LEC) genes and the

AGAMOUS-LIKE15 (AGL15) gene (Braybrook & Harada, 2008;

Harding, Tang, Nichols, Fernandez, & Perry, 2003) (Fig. 1.5). The LEC

genes include LEC1, which encodes the HAP3 subunit of the CCAAT-

binding transcription factor (Kwong et al., 2003; Lotan et al., 1998), and

LEC2 and FUSCA3 (FUS3), which encode B3-domain proteins

(Luerssen, Kirik, Herrmann, & Misera, 1998; Stone et al., 2001). AGL15

encodes a MADS-box transcription factor (Harding et al., 2003; Heck,

Perry, Nichols, & Fernandez, 1995; Rounsley, Ditta, & Yanofsky, 1995).

Figure 1.5 Regulation of somatic embryogenesis. Epigenetic and transcription factors
and plant hormones are involved in somatic embryogenesis. Embryo and somatic cells
are characterized by different GA/ABA ratios, and auxin triggers the induction of somatic
embryogenesis. Plant hormones and transcription factors form a network with cross
talk, and epigenetic pathways involving PcG and PKL repress expression of embryo
genes to prevent somatic cells from bearing embryo traits.
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These genes are expressed exclusively in embryos. Ectopic overexpression of

each of these genes resulted in embryonic traits in somatic tissues or the for-

mation of somatic embryos (Harding et al., 2003; Lotan et al., 1998; Stone

et al., 2001). These properties are reminiscent of those of Yamanaka factors,

which induce adult cells to become iPS cells or ES cells in animals (Okita

et al., 2007; Takahashi & Yamanaka, 2006).

LEC andAGL15 genes can promote expression of each other and deter-

mine embryo cell fate by cross talk among hormone pathways (Braybrook &

Harada, 2008; Braybrook et al., 2006; Zheng, Ren, Wang, Stromberg, &

Perry, 2009). Molecular analyses suggested that AGL15 inhibits the GA

pathway via promotingGA2ox6 expression and repressingGA3ox2 expres-

sion (Wang, Caruso, Downie, & Perry, 2004; Zheng et al., 2009), and

upregulates the auxin signaling gene IAA30 (Zheng et al., 2009). FUS3

inhibits the GA pathway via repressing the GA biosynthesis genes GA3ox1

and GA3ox2 (Curaba et al., 2004; Gazzarrini, Tsuchiya, Lumba,

Okamoto, & McCourt, 2004). In addition, the FUS3 pathway and the

ABA action pathway positively regulate each other, although the molecular

mechanism remains unclear (Gazzarrini et al., 2004; Kagaya, Okuda, et al.,

2005; Kagaya, Toyoshima, et al., 2005). LEC2 promotes the auxin pathway

by upregulating the auxin biosynthesis genes YUC2 and YUC4 and

the IAA30 gene (Braybrook et al., 2006; Stone et al., 2008). All of the

transcription factors described earlier make up a genetic network that

promotes the ABA and auxin pathways but inhibits the GA pathway. On

the other hand, their expressions also respond to changes in the levels of

these hormones. Therefore, somatic embryogenesis requires this highly

complex network.

Several other transcription factors also play roles in regulating somatic

embryogenesis. PGA37/MYB118 and MYB115 positively regulate LEC1

expression (Wang et al., 2009). Overexpression of BABY BOOM (BBM)

and EMBRYOMAKER (EMK), both of which encode AP2-domain tran-

scription factors, caused somatic embryogenesis (Boutilier et al., 2002;

Tsuwamoto, Yokoi, & Takahata, 2010).ABI3, which encodes a B3 domain

transcription factor, was positively regulated by LECs andAGL15 (Giraudat

et al., 1992; Kagaya, Toyoshima, et al., 2005; Zheng et al., 2009). A double

mutation of the B3 domain genes VP1/ABI3-LIKE1 (VAL1) and VAL2

resulted in somatic embryogenesis with ectopic expressions of LEC1,

ABI3, and FUS3, suggesting that VAL1 and VAL2 are negative regulators

of somatic embryogenesis (Suzuki, Wang, & McCarty, 2007). WUS and

other SAM-related genes were also shown to play roles in promoting
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somatic embryogenesis (Bouchabke-Coussa et al., 2013; Elhiti, Tahir,

Gulden, Khamiss, & Stasolla, 2010; Mordhorst, Hartog, El Tamer,

Laux, & de Vries, 2002; Su et al., 2009; Zuo, Niu, Frugis, & Chua,

2002). In addition, SOMATIC EMBRYOGENESIS RECEPTOR-LIKE

KINASEs (SERKs) might be involved in a signaling pathway in somatic

embryogenesis via forming a protein complex with AGL15 (Hecht et al.,

2001; Karlova et al., 2006).

5.3. Epigenetic regulation of somatic embryogenesis
Epigenetic pathways are critical to retain somatic features during post-

embryonic development of Arabidopsis via repressing embryo-specific

genes. There are two major epigenetic pathways that prevent ectopic

expression of embryo genes in somatic cells: the PcG and PICKLE

(PKL) pathways (Fig. 1.5). Mutations in these pathways can result in

somatic embryogenesis.

The PcG pathway is important to retain somatic cell identity. Two PcG

complexes, PRC1 and PRC2, have been identified from Arabidopsis.

Genome-wide reprogramming of PRC2-mediated H3K27me3 is not only

involved in leaf-to-callus formation as mentioned earlier (He et al., 2012),

but also in repressing embryonic genes during the embryo-to-seedling phase

transition (Bouyer et al., 2011). Mutations in PRC2 components resulted in

an incomplete transition from embryo to seedling, and the aberrant mutant

seedling exhibited disorganized cell divisions and callus-like tissues with

embryo traits (Bouyer et al., 2011; Chanvivattana et al., 2004). LEC1,

LEC2, and FUS3were ectopically expressed in the PRC2 component dou-

ble mutant clf swn (Makarevich et al., 2006). Genome-wide analysis of

H3K27me3 distribution suggested that these embryo-specific genes are

highly trimethylated in somatic cells (Zhang, Clarenz, et al., 2007).

Recently, a cis element, named Repressive LEC2 Element (RLE), was iden-

tified in the LEC2 promoter; the function of RLE is to recruit PRC2 for

trimethylation at the LEC2 locus (Berger, Dubreucq, Roudier, Dubos, &

Lepiniec, 2011).

PRC1 is currently thought to contain four major proteins in Arabidopsis:

LIKE HETEROCHROMATIN PROTEIN1 (LHP1, also called TER-

MINAL FLOWER2) (Gaudin et al., 2001; Kotake, Takada, Nakahigashi,

Ohto, & Goto, 2003), AtRING1a/b (Xu & Shen, 2008), AtBMI1a/b

(Bratzel, Lopez-Torrejon, Koch, Del Pozo, & Calonje, 2010; Chen,
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Molitor, Liu, & Shen, 2010), and EMF1 (Aubert et al., 2001; Bratzel et al.,

2010). LHP1 serves as a reader to recognize H3K27me3 (Turck et al., 2007;

Zhang, Germann, et al., 2007), and the RING-domain proteins

AtRING1a/b and AtBMI1a/b are responsible for H2A ubiquitination

(H2Aub) after PRC1 binds to its targets (Bratzel et al., 2010). Mutations

in AtRING1a/b and AtBMI1a/b resulted in strongly ectopic embryo traits

in somatic tissues and ectopic expression of LECs, FUS3, AGL15, and

ABI3 (Bratzel et al., 2010; Chen et al., 2010). A recent study showed that

VAL proteins might recruit PRC1-mediatedH2Aub to initiate repression of

the embryo genes, and the repression state is then maintained by PRC2-

mediated H3K27me3 (Yang et al., 2013). These results suggested that

PRC1 and PRC2 may function together to control the same embryonic

genes.

PKL is another epigenetic factor that plays a critical role in preventing

somatic cells from bearing embryonic traits. PKL encodes a CHD-type

ATP-dependent chromatin remodeling factor, and loss of function in

PKL was first identified as a GA-deficient mutant (Ogas, Cheng, Sung, &

Somerville, 1997; Ogas, Kaufmann, Henderson, & Somerville, 1999).

Chromatin remodeling factors function to regulate gene expression via

rearranging nucleosome positions (Clapier & Cairns, 2009). Mutations

in PKL resulted in ectopic expression of LEC1, LEC2, and FUS3 in

the root tip, and therefore, caused the formation of a pickle-like root phe-

notype (Dean Rider et al., 2003). A recent study showed that PICKLE-

RELATED2 (PKR2), a PKL homolog in Arabidopsis, plays redundant

roles with PKL in repressing embryonic traits in the root. A mutation

in PKR2 in the pkl mutant background enhanced the pickle-like root

phenotype (Aichinger et al., 2009). However, the molecular mechanism

by which PKL represses LEC genes is still arguable. It was proposed that

PKL might repress these embryonic genes via promoting H3K27me3

(Zhang, Bishop, Ringenberg, Muir, & Ogas, 2012; Zhang et al.,

2008), whereas other data suggested that PKL promotes expression of

PRC2 genes to indirectly repress LEC1 and FUS3 (Aichinger et al.,

2009). In future research, it will be important to clarify the molecular role

of PKL in somatic embryogenesis. A genome-wide ChIP-seq analysis to

determine the localization of PKL may be a useful strategy toward this

goal. On the other hand, PKL also negatively regulates cytokinin

responses in callus formation (Furuta et al., 2011), suggesting its multiple

roles in plant regeneration.
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6. WOUND SIGNAL IN PLANT REGENERATION

All three types of plant regeneration are triggered by wounding, indi-

cating that this is the original signal(s). This wound signal causes changes in

hormone biology, leading to changes in gene expression. However, the

molecular nature of the wound signal remains unclear. It is possible that

it is a complex mixture of different chemicals and that the signal varies

among different tissues/organs or under different wounding conditions.

This is because wounding can induce different types of regeneration when

different kinds or portions of tissues/organs are damaged or detached. Stud-

ies on wounding have suggested several possible candidates, such as plasma

transmembrane potential, Ca2þ, reactive oxygen species (ROS), plant

hormones, and changes in various metabolic processes (Leon, Rojo, &

Sanchez-Serrano, 2001; Maffei, Mithofer, & Boland, 2007). The wound

signal triggers not only regeneration but also the defense response; therefore,

its signal transduction pathway could be very complex.

Recent studies have focused on the Arabidopsis wound-responsive gene,

WOUND INDUCEDDEDIFFERENTIATION 1 (WIND1) (Iwase et al.,

2011; Iwase, Ohme-Takagi, & Sugimoto, 2011). WIND1 encodes an

AP2/ERF domain transcription factor, and expression of WIND1 is

induced at the wounded region. Ectopic expression of WIND1 promotes

cell proliferation and callus formation from somatic cells.WIND1 appeared

to function in regulating plant regeneration via the cytokinin pathway

(Iwase, Mitsuda, et al., 2011; Iwase, Ohme-Takagi, & Sugimoto, 2011).

However, it is still not clear howwounding inducesWIND1.Detailed anal-

ysis of the WIND1 promoter may reveal aspects of its upstream signaling

pathway.

7. REGENERATION IN MOSS

Themoss Physcomitrella patens is an ideal model plant for studying plant

regeneration because many different types of tissues or cells are easily trig-

gered to undergo cell-fate transition and regeneration. For example, a single

protoplast from moss can regenerate into the protonema apical cell. This

phenomenon was proposed to be the result of a reprogramming process

from differentiated cells into stem cells with expressional changes of thou-

sands of genes (Xiao, Zhang, Yang, Zhu, & He, 2012).
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Another example of moss regeneration is the de novo regeneration of

chloronema apical cells from excised gametophyte leaf cells (Ishikawa

et al., 2011). Regeneration occurred rapidly without addition of any exog-

enous hormones; thus, the cell-fate transition probably depends on its own

endogenous hormones. Ishikawa et al. used different cell proliferation inhib-

itors to test the relationship between cell division and cell-fate transition dur-

ing moss regeneration. An interesting discovery was that expression of the

cyclin-dependent kinase A (CDKA) gene was induced prior to cell-fate tran-

sition and cell division. Furthermore, addition of the DNA synthesis inhib-

itor aphidicolin to stop the cell cycle neither prevented the cell-fate

transition from leaf cell to chloronema apical cell, nor blocked the induction

of protonema-specific genes. This suggested that cell-fate transition occurs

before, and is independent of, cell division during moss regeneration. How-

ever, addition of the CDKA-inhibitor roscovitine to the medium blocked

both cell-fate transition and cell division, suggesting that CDKA has dual

roles in controlling cell-fate transition and cell division during regeneration

(Ishikawa et al., 2011). It is not known whether these separate cell-fate tran-

sition and cell division processes that occur during moss regeneration com-

monly occur in other types of plant regeneration. It is possible that the

initiation of cell-fate transition is first triggered by plant hormones and

key transcription factor genes, and then cell division proceeds to form

new tissues and organs.

8. CONCLUDING REMARKS AND PERSPECTIVES

The underlying theme of regeneration is cell-fate transition (cell-fate

reprogramming), and different types of regeneration involve different kinds

of cell-fate transition. For example, root QC regeneration involves cell-fate

transition from the root meristem or partially differentiated cell into the QC

cell; callus regeneration involves cell-fate transition from pericycle-like cells

into root meristem cells; and somatic embryogenesis involves cell-fate tran-

sition from somatic cells into embryo cells. Not all of these fate transitions

represent a dedifferentiation process; in fact, callus formation from aerial

organs is a transdifferentiation process. Cell-fate transitions are usually

accompanied by the actions of plant hormones, which trigger transcription

factors and epigenetic factors to reprogram the genome-wide gene expres-

sion profile. Transcription factors and epigenetic factors also regulate hor-

mone actions via effects on their biosyntheses and signaling, forming

feedback networks. Therefore, plant regeneration could be a good platform
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to study molecular mechanisms of cell-fate transition in plants. It is interest-

ing that some regeneration processes share similar regulatory mechanisms

with those of developmental processes. For example, callus formation

resembles lateral root formation. Therefore, studies on regeneration may

also provide clues about plant developmental biology.

Although recent studies on plant regeneration have greatly increased our

understanding of the plasticity of plant cells, many questions remain unan-

swered. What is the wound signal that triggers the regeneration process?

Which gene(s) is the direct target of plant hormones for cell-fate transition?

How do transcription and epigenetic factors corporately act to regulate their

downstream events? In addition, Sugimoto et al. provided important find-

ings about callus formation from aerial organs, but the callus initiators, the

so-called pericycle-like cells, have not been identified. All these points

should be explored in future research.
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