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Regenerating shoot from lateral root primordia in Arabidopsis. Merged confocal micrographs show

the expression pattern of GFP tagged polar auxin efflux carrier PIN-FORMED1 (PIN1) membrane

protein (green) and venus-YFP tagged auxin response sensor DR5 (yellow) in shoot primordia after

inductive cues. In this issue,  Kareem et al.  (Regeneration 2016;  3(4):182–197) review the recent

advances in understanding the molecular mechanism of de novo plant regeneration.  Image by

Abdul Kareem at IISER.
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Abstract
While in the movie Deadpool it is possible for a human to recreate an arm from scratch, in reality

plants caneven surpass that.Not only can they regenerate lost parts, but also thewhole plant body

can be reborn from a few existing cells. Despite the decades old realization that plant cells pos-

sess the ability to regenerate a complete shoot and root system, it is only now that the underlying

mechanisms are being unraveled. De novo plant regeneration involves the initiation of regenera-

tivemass, acquisition of the pluripotent state, reconstitution of stem cells and assembly of regula-

tory interactions. Recent studies have furthered our understanding on the making of a complete

plant system in the absence of embryonic positional cues. We review the recent studies probing

the molecular mechanisms of de novo plant regeneration in response to external inductive cues

and our current knowledge of direct reprogramming of root to shoot and vice versa. We further

discuss how de novo regeneration can be exploited to meet the demands of green culture indus-

tries and to serve as a generalmodel to address the fundamental questions of regeneration across

the plant kingdom.
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1 INTRODUCTION

Wear and tear is an inevitable part of normal growth and development

in all lifeforms. An organism which cannot repair wounds and regen-

erate lost body parts will have compromised survival fitness compared

to its rivals. Across kingdoms, nature has equipped living cells and

tissues of organisms with a remarkable capacity to regenerate in

order to conquer biotic and abiotic threats. Both plants and animals

share this capacity as a common means of tissue repair despite having

independent evolutionary origins (Birnbaum & Sánchez Alvarado,

2008; Sugimoto, Gordon, &Meyerowitz, 2011; Pulianmackal, Kareem,

Durgaprasad, Trivedi, & Prasad, 2014). The underlying mechanism

of regeneration is likely to have adopted similar strategies in both

the kingdoms during evolution in concurrence with other develop-

mental processes (Meyerowitz, 2002). The last decade has witnessed

an extensive interrogation into regeneration in plants and animals

in an attempt to unearth the molecular mechanism and to draw

parallels between the two kingdoms (Takahashi & Yamanaka, 2006;

Xu et al., 2006; Gordon et al., 2007; Birnbaum & Sánchez Alvarado,
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2008; Sena, Wang, Liu, Hofhuis, & Birnbaum, 2009; Sugimoto, Jiao,

& Meyerowitz, 2010; Sanchez Alvarado & Yamanaka, 2014; Kareem

et al., 2015; Efroni et al., 2016; Ikeuchi, Ogawa, Iwase, & Sugimoto,

2016). Regeneration has been a focus of attention to study the basic

principles of cellular plasticity and other developmental processes. In

addition, this knowledge has been exploited in regenerative medicine

and horticulture.

Plants have the remarkable ability to regenerate an entire plant

from a few existing cells and also to regrow lost parts. The regen-

eration potential of plants has been recognized for long but it is a

more recent discovery in animals (Birnbaum & Sánchez Alvarado,

2008). Regeneration has been observed in plants ranging from lower

forms like algae and bryophytes to higher flowering plants (Birnbaum

& Sánchez Alvarado, 2008; Duclercq, Sangwan-Norreel, Catterou,

& Sangwan, 2011; Pulianmackal et al., 2014; Ikeuchi et al., 2016).

Bud formation upon the decortication of elm tree demonstrated by

Duhamel in 1756 is considered to be the pioneering attempt in plant

regeneration (Gautheret, 1985). Experimental approaches to mimic

this natural capacity under in vitro culture conditions became feasible

Regeneration 2016; 3: 182–197 wileyonlinelibrary.com/journal/reg 182
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F IGURE 1 Cartoon showing various modes of regeneration in
plants. (A) Regeneration potential of various plant organs. (B) Indi-
rect regeneration of root and shoot from callus on suitable inductive
medium. (C) Natural regeneration of shoot from root. (D) Direct regen-
eration of root from wounded leaf explants on hormone-free medium.
(E) Direct shoot regeneration from root explants on suitable inductive
medium

after realizing the totipotent nature of plant cells (Haberlandt, 1902).

Thanks to thework of Skoog andMiller on the identification of suitable

hormonal combinations (Skoog & Miller, 1957), in vitro formation of

entire plants or organs is now a simple process which has been widely

exploited in various plant species for the past 60 years (Smith, 2013;

Vasil & Thorpe, 2013). However, unlike in plants, de novo organo-

genesis under simple hormonal combinations is yet to be a reality in

animals.

De novo organogenesis in plants can be achieved either directly

or indirectly (Fig. 1); however, cellular reprogramming is inevitable

in both the modes. During direct regeneration, the cells undergo

transdifferentiation wherein root cells are reprogrammed to shoot

and vice versa (Chatfield et al., 2013; Liu et al., 2014; Kareem et al.,

2016). The indirect mode involves the formation of an intermediate

regenerative mass of cells called callus from adult stem cells that are

distributed throughout the plant body (Sugimoto et al., 2010, 2011;

Duclercq, Sangwan-Norreel, Catterou, & Sangwan, 2011). The callus

in turn produces root or shoot in response to an appropriate ratio of

the key plant hormones auxin and cytokinin (Valvekens, VanMontagu,

& Van Lijsebettens, 1988; Gordon et al., 2007; Atta et al., 2009).

Nevertheless, the primary step towards organ regeneration is the

acquisition of competence. Once cells have acquired the competence,

the dynamic assembly ofmolecular interactions defines the patterning

of new meristem and organ primordia. In this review we discuss de

novo regeneration in plants in response to external inductive cues and

its plausible comparison with animal counterparts. We focus on cell-

type specificity, regulatory modules conferring the competence and

the assembly of regulatory interactions leading to the completion of

regeneration.

2 NATURE OF THE EXPLANT AND DE

NOVO REGENERATION

As per cell theory, new cells arise from pre-existing cells (Virchow,

1859). In plant regeneration, the source of all new tissues is the explant

procured from the mother plant which is to be propagated. The clonal

nature of in vitro culture ensures that both beneficial and disadvanta-

geous characters of the donor plant are transmitted to the newly gen-

erated plants. Therefore, the right choice of explant is the first and

most important step in plant regeneration. An explant denotes any

part of the parental plant such as embryo, root, hypocotyl, cotyledon,

parts of shoot like shoot tip, leaf, petiole, node, internode, inflorescence

and parts of flower (Halperin, 1986; Valvekens et al., 1988; Weigel &

Glazebrook, 2002; George, Hall, & De Klerk, 2007; Sugimoto et al.,

2010). Factors such as availability, age of explants, response rate,

contamination susceptibility, lethality of phenolic exudations, and the

objective of tissue culture govern the suitability of the explant (Smith,

2013).

In vitro plant regeneration may be performed for a variety of pur-

poses and each requires the most suitable explant type. For the gen-

eral purpose of micropropagation, any explant that possesses the

maximum regeneration efficiency can be used. However, the gener-

ation of haploid plants requires the use of haploid explants such as

microspores, egg cells, or tissues bearing the same, such as anther,

ovary, or inflorescence (George et al., 2007; Vasil & Thorpe, 2013).

A commonly used explant for hairy root induction by Agrobacterium

rhizogenes for secondary metabolite production is root tip (Flores,

Hoy, & Pickard, 1987). To generate virus-free plants, shoot api-

cal meristem is the best choice of explant due to the meristem-

atic nature and the lack of connection to differentiated vascular tis-

sue which prevents the spread of viral infection (Slack & Tufford,

1995). The problem of endophytic microbial associations can be over-

come by the use of tissues from plants grown in vitro. This can

also help in the conservation of the natural population of the donor

plant.

Despite the availability of a wide range of explants, the regen-

eration response relies heavily on the nature of the explant. The

response varies between species, genotypes, ecotypes, organs of the

same plant, and even between sections of the same organ (Coleman

& Ernst, 1989; Akama et al., 1992; Siemens, Torres, Morgner, &

Sacristán, 1993; Zhang, Takahata & Xu, 1998; Motte et al., 2014). In

Arabidopsis, root and hypocotyl have been shown to be the explants

with the highest regeneration potential while cotyledon displays

the lowest regeneration potential (Valvekens et al., 1988; Akama

et al., 1992). The underlying cause of differences in regeneration

potential between various explants may be the presence of more

regenerative cells in the explant tissue of higher efficiency. Unlike

in Arabidopsis, cotyledon displays the highest shoot regeneration

potential in Brassica spp. (Tang et al., 2003; Guo, Zhu, Hu, & Zheng,

2005). This implies that the regeneration potential of the same tissue
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can vary in different species. In addition, the extrinsic cues such as

hormones and culture conditions required for organogenesis may

vary for diverse explants (Sugimoto et al., 2010). The endogenous

cues from the donor plant to which the explant has been habituated

may also have a role in in vitro response. For instance, leaf explants

closer to the shoot apex are more responsive in culture (Chaudhuri,

Pal, & Jha, 2008). This enhanced response may be due to the rela-

tively young developmental stage of the explants closer to the shoot

apex.

Age of the explant is an important factor that influences regener-

ation capacity (Sugimoto & Meyerowitz, 2013). It has been observed

that older leaf explants have reduced root and shoot regeneration effi-

ciency compared to younger leaf explants (Chen et al., 2014; Zhang

et al., 2015). The reduced regeneration of root and shoot is partly

attributed to the reduced levels of free endogenous auxin and defec-

tive cytokinin signalingmediated bymicroRNA (miR156), respectively.

In older explants there is a decline in miR156. As a result SQUAMOSA

PROMOTER BINDING PROTEIN LIKE (SPL), which is normally under

the repression of miR156, interferes with the transcriptional activity

of B-type ARABIDOPSIS RESPONSE REGULATORS (ARRs) and impedes

the cytokinin signaling pathway. Thus, the shoot regeneration capac-

ity is adversely effected (Zhang et al., 2015). Providing the required

hormone extrinsically in the culture medium can recover the regener-

ation potential of the older explant to some extent under these con-

ditions. Another hormone that is influenced by the aging of the plant

is abscisic acid (ABA). ABA in combination with cytokinin enhances

shoot regeneration (Paulraj & Yeung, 2012). However, the underly-

ing molecular mechanism is yet to be studied. Age dependence may

also be a contributing factor to the loss of plasticity and competence

to proliferate and the inability to switch fates in more mature tis-

sues compared to the totipotent embryonic status of younger plant

cells.

Regardless of the effort of standardizing the above mentioned fac-

tors, the response of a different genotype or ecotype of a plant may

still show variation in regeneration efficiency (Motte et al., 2014). The

regeneration potential of root explant varies from 0% to 100% in vari-

ous Arabidopsis accessions. Among the commonly used laboratory eco-

types of Arabidopsis, Wassilewskija (Ws) shows higher regeneration

potential than the other popular ecotypesColumbia (Col-0) and Lands-

berg erecta (Ler) (Chaudhury & Signer, 1989; Akama et al., 1992;Motte

et al., 2014). The basic cause of this difference in regeneration capac-

ity is due to the genetic differences that may have arisen as a part of

inbreeding and crossbreeding in the case of genotype and as a result of

prolonged growth and adaptations to a particular environmental con-

dition in the case of ecotypes. The key quantitative trait loci involved in

this variation have been characterized by combined linkage and asso-

ciationmapping (Motte et al., 2014).

As the saying goes, well begun is half done. Therefore, the wise

choice of the explant is a prerequisite to obtain desired in vitro

response with maximum regeneration capacity. This will require stan-

dardization of a combination of culture parameters, keeping in mind

the dynamics of the endogenous growth hormones and the physiologi-

cal status of the explant.

3 CELL-TYPE SPECIFICITY, CONCEPT

OF ADULT STEM CELLS AND FORMATION

OF REGENERATIVE MASS

When explants are exposed to the phytohormone auxin present in

callus inducing medium, a proliferating regenerative callus forms.

The regenerative callus can further give rise to either root or shoot

depending upon the external inductive stimulus. This is attributed

to plant cell totipotency which confers the ability to elaborate an

entire plant body. For long, it had been thought that all plant cells

are totipotent and can undergo dedifferentiation to generate callus

(Birnbaum & Sánchez Alvarado, 2008). But recent developments

in the understanding about cell-type specificity and differentiation

status during callus formation have redefined the concepts of cellular

potency and reprogramming (Sugimoto et al., 2010, 2011; Ikeuchi,

Sugimoto, & Iwase, 2013). Unlike previously thought, not all somatic

cells can form callus. It is now evident that callus formation is initiated

by the activation of a specialized population of partially differentiated

cells which span throughout the plant body (Fig. 2). These partially

differentiated cells are called adult stem cells (Sugimoto et al., 2011).

In general, adult stem cells are defined as pre-existing stem cells

that can proliferate and differentiate into various cell types upon

appropriate inductive cues. The adult stem cell populations in plants

comprise pericycle and procambium cells (Sugimoto et al., 2010, 2011;

Liu et al., 2014) which have been known to generate post-embryonic

structures such as lateral root and vascular tissue respectively

(Mähönen et al., 2000; De Smet, Vanneste, Inze, & Beeckman, 2006).

However, the concept of adult stem cells has to be better defined in

plants as in animals (Sugimoto et al., 2011; Rezza, Sennett, & Rendl,

2014).

Several studies support the highly versatile nature of pericycle cells

which empower them as adult stem cells. In a post-embryonic root,

pericycle cells remain quiescent all along the root except at the sites

opposite to the xylem poles from where lateral root initiates (Malamy

&Benfey, 1997;DeSmet et al., 2006).Under specific external inductive

cues the xylem pole pericycle cells can also give rise to callus or con-

vert into shoot fate (Atta et al., 2009; Sugimoto et al., 2010; Kareem

et al., 2015, 2016). The flexible nature of pericycle cells is explained

by their partial differentiation status, but the molecular basis for the

partial differentiation status is unknown. However, some studies have

shown that non-pericycle cells can also give rise to callus. During the

protoplast culture of Arabidopsis leaf after the enzymatic removal of

cell wall, mesophyll cells can be reprogrammed into the callus fate

(Chupeau et al, 2013). Similar observations have been reported in sev-

eral Nicotiana spp. (Bourgin, Chupeau, & Missonier, 1979) and also in

green algae Bryopsis plumose (Kim, Klotchkova, & Kang, 2001). More-

over, mutants defective in biosynthesis of cell wall components such

as pectin and cellulose show hormone-independent callus formation

(Frank et al., 2002; Iwai, Masaoka, Ishii, & Satoh, 2002). This opens up

the prospect of reprogramming additional cell types for callus induc-

tion. The removal of cell wall is likely to impact the state of cells by

altering the mechanical properties such as turgor pressure and the

stress experienced by cells thereby triggering callus formation.
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F IGURE 2 Schematic representation of the two stages involved in callus mediated de novo regeneration

It is interesting to examine if cellular reprogrammingduringpluripo-

tent callus formation will lead to embryonic ground state. Callus dis-

plays a gene expression pattern resembling that of the basal half of

the embryo. From this, one may infer that callus has basal embryo-

like features. But several lines of evidence suggest that the formation

of pluripotent callus largely follows the molecular developmental pro-

gram of lateral root initiation (Sugimoto et al., 2010). The strongest

evidence is that aberrant lateral root formation 4 (alf4) mutant which

fails to form lateral root (Celenza, Grisafi, & Fink, 1995) also does not

form callus (Sugimoto et al., 2010). Similarly plethora3 (plt3);plt5;plt7

triplemutantmakes lateral root primordia (LRP) but these cells are not

pluripotent as they fail to develop all cell types of lateral root (Prasad

et al., 2011; Hofhuis et al., 2013). This mutant is able to make callus

but it is not pluripotent as it fails to regenerate organs (Kareem et al.,

2015). But neither alf4 nor plt3;plt5;plt7 mutants show any defects

in embryogenesis (Celenza et al., 1995; Prasad et al., 2011). There-

fore, callus formation from various parts of plants follows a lateral

root development pathway and callus predominantly displays a gene

expression pattern similar to lateral root meristem (Sugimoto et al.,

2010; Kareem et al., 2015). These studies suggest that callus may not

be an undifferentiated tissue; rather it possesses differentiated root-

like features. Further, callus does not go back to the zero point of

embryonic state to achieve the pluripotent state. An intriguing ques-

tion arises why callus derived from various organs should retain root-

specific genes. Insights into the functional significance of root-specific

genes in the callus emerge from recent studies which show that cal-

luses which fail to express root stem cell maintenance regulators are

not pluripotent (Kareem et al., 2015).

4 GENETICS UNDERLYING CALLUS

FORMATION

4.1 Pericycle competence

The formation of callus is under the tight control of the molecular

machinery which determines cellular competence to re-enter the cell

cycle. One of the important factors that provides competence to per-

icycle cells is ALF4 whose loss of function mutant is defective in cal-

lus formation from multiple organs such as root, cotyledon, and petal

(Sugimoto et al., 2010). ALF4 is a transcription factor expressed in

multiple organs to maintain the cells in a mitotically competent state.

Initially alf4 mutant has been described to be deficient in LRP for-

mation due to the absence of cell division in pericycle cells (Celenza

et al., 1995). These studies provide strong evidence for the direct link

between the necessity of pericycle competence for the formation of

LRP and callus (Sugimoto et al., 2010). The necessity of ALF4 for the

division of leaf protoplast suggests its key role inmaking non-pericycle

cells also competent to enter the regeneration program (Chupeau

et al., 2013). In addition, ALF4 is required for the wound healing pro-

cess during grafting (Melnyk, Schuster, Leyser, &Meyerowitz, 2015). A

recent study demonstrates that the cell layer signal of very-long-chain

fatty acids (VLCFAs) restricts the callus forming capacity of pericycle

cells in Arabidopsis partly by inhibiting ALF4 transcription (Shang et al.,

2016). Deficiency in VLCFAs leads to enhanced callus forming capac-

ity of pericycle cells by elevating the ALF4 transcription. Thus VLCFA

mediated ALF4 signaling acts as a stringent control to prevent excess

callus formation from pericycle upon external hormone application. It

also suggests how the differentiated state of a cell is maintained dur-

ing normal plant growth and development. It is interesting to note that

the VLCFAmediated pericycle competence for callus formation can be

uncoupled from the SOLITARY ROOT (SLR) mediated lateral root initi-

ation. The slr mutant is defective in both lateral root formation and

callus initiation. The ectopic expression of ALF4 in slr background can

only rescue the callus formation but not the lateral root development

(Fukaki, Tameda, Masuda, & Tasaka, 2002; Shang et al., 2016). These

studies imply that the developmental programs leading to callus for-

mationmight not be sufficient to trigger lateral root formation.

4.2 Hormonal signaling cascade and induction

of key regulators

While VLCFA regulated ALF4 is the initial trigger, auxin-rich culture

medium induces a cascade of molecular players. For instance, auxin
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activates four LATERAL ORGAN BOUNDARIES DOMAIN (LBD) tran-

scription factors that act downstream to AUXIN RESPONSE FACTOR 7

(ARF7) andARF19 to initiate callus formation (Fan, Xu, Xu, &Hu, 2012).

The ectopic overexpression of these transcription factors, namely

LBD16, LBD17, LBD18, and LBD29, can trigger callus formation with-

out the supply of exogenous auxin. In contrast, suppression of these

transcription factors inhibits callus formation even in the presence

of auxin, suggesting the key role of these genes in callus formation

(Fan et al., 2012). The functional significance of both ARF and LBD

genes in lateral root formation has been identified (Okushima, Fukaki,

Onoda, Theologis, & Tasaka, 2007) which emphasizes the notion that

callus formation largely follows a lateral root development program.

The downstream pathway of LBD mediated callus formation is vague.

However, based on studies on LBDmediated lateral root development

the downstream mechanism of callus formation can be inferred. Dur-

ing lateral root development, LBD18 activates cell wall loosening fac-

tor EXPANSIN (Lee & Kim, 2013; Lee, Kim, Kim, Lee, & Kim, 2013).

Together with LBD33, LBD18 induces the cell cycle regulator E2 PRO-

MOTERBINDING FACTOR a (E2Fa) which dimerizes with DIMERIZA-

TION PARTNER (DP) protein for cell cycle entry (Berckmans et al.,

2011). However, these cell cycle regulators alone are insufficient to

trigger callus compared to LBD genes (Ikeuchi et al., 2013). Additional

cell cycle regulators induced by LBD and other transcription factors

need to be identified to further our understanding of the key transcrip-

tion factormediatedmechanism of callus formation. Nevertheless, cell

cycle activation is a key regulatory checkpoint during callus formation.

A recent study has shown that callus formation is also regulated

by miRNA mediated interplay between auxin and cytokinin signaling

(Liu et al., 2016). miR160 acts as a key repressor of callus formation

by cleaving themRNAof auxin signaling geneARF10 and subsequently

activating cytokinin signaling geneARR15. Thus endogenous hormonal

signaling interactions play a critical role in callus formation despite the

external hormone supplement.

4.3 Establishment of pluripotent state

The sheer formation of callusmaynot determine the ability to regener-

ate. Callus needs to be pluripotent for the subsequent regeneration of

different organs such as shoot and root. The pluripotent state of cal-

lus is established by root stem cell maintenance regulators (Kareem

et al., 2015) such as AP2/ERF transcription factors PLT1 and PLT2

(Aida et al., 2004; Mähönen et al., 2014). The three redundantly act-

ing transcription factors PLT3, PLT5, and PLT7 (Nole-Wilson, Tranby,

& Krizek, 2005; Prasad et al., 2011) regulate the activity of the root

stem cell maintenance regulators PLT1 and PLT2 to establish pluripo-

tency in the callus derived from various organs such as leaf, cotyle-

don, hypocotyl, and root (Kareem et al., 2015). PLT3, PLT5, and PLT7

are rapidly induced upon external auxin application. The cumulative

loss of function of these genes (plt3;plt5;plt7) leads to the formation

of callus lacking the expression of root stem cell maintenance regu-

lators despite the auxin-rich culture medium. The mutant callus com-

pletely loses the potential to regenerate and the reconstitution of root

stem cell maintenance regulators re-establishes the pluripotent state.

In addition toPLT1andPLT2, other root-specific stemcellmaintenance

regulators are also likely to function in a similar fashion under the con-

trol of PLT3, PLT5, and PLT7. Root stem cell maintenance regulators

are predominantly expressed in callus during its induction phase and

reinstate the pluripotent state. These are downregulatedwhen the cal-

lus is shifted to cytokinin medium for shoot induction. When the high

level is sustained even upon shoot induction by forced expression in

a heterologous fashion, a default pathway of root formation is opted

for despite the abundance of cytokinin. This signifies the tight tempo-

ral and spatial control of root stem cell maintenance regulators dur-

ing regeneration. The necessity of root stem cell maintenance regula-

tors to establish the pluripotent state in callus emphasizes the signifi-

cance of the root-like trait of callus derived from any part of the plant

(Sugimoto et al., 2010; Kareem et al., 2015). Intriguingly, some of the

mutant combination of root stem cell maintenance regulators such as

PLT2 and PLT4 are embryonic lethal (the mutant cannot make all the

embryo cell types) (Galinha et al., 2007). This suggests that, in all the

scenarios such as embryogenesis, lateral root formation, and callus for-

mation, the common function of root stem cell maintenance regula-

tors is to establish the pluripotent state. Future studies are required to

understand how root stem cell regulators establish the pluripotency.

4.4 Wound induced callus formation

In addition to auxin induced callus formation, pluripotent callus can

also be formed through other pathways. Wound induced callus forma-

tion is one such pathway (Iwase et al., 2011, 2015).Wound induced cal-

lus formation is regulated by AP2/ERF transcription factor WOUND

INDUCED DEDIFFERENTIATION 1 (WIND1). Ectopic induction of

WIND1 causes hormone-independent callus formation fromepidermal

cells of root, hypocotyl, and cotyledon (Iwase et al., 2011). However,

it is not clear how wounding induces WIND1 expression and further

howWIND1 activates callus formation. Interestinglymanyof the genes

that are expressed in auxin induced callus are also expressed in wound

induced callus. So it is likely that the WIND1 regulated pathway uti-

lizes known auxin induced regulators of callus formation. WIND1 is

shown to activate the cytokinin signaling pathway. Previously, there

have been reports that genes that are activated by auxin are also

induced by cytokinin, for example PLTs (Hofhuis et al., 2013; Kareem

et al., 2015). Therefore, it is possible thatWIND1may work in activat-

ing genes that are also activated by auxin such as PLTs. A detailed anal-

ysis ofWIND1 mediated callus formation can provide deeper insights

into the wound induced signaling pathway.

4.5 Epigenetics of callus formation: discriminating

the tissue specificity

Besides genetic regulators, callus formation is also under the con-

trol of epigenetic regulators. Epigenetic changes involve genome-wide

changes in DNA methylation and histone modifications (Ikeuchi et al.,

2015). Recent studies have shown that tissue-specific callus formation

is regulated by several epigenetic factors. For instance, epigenetic reg-

ulators belonging to Polycomb Repressive Complex 2 (PRC2) play a

pivotal role in callus formation from leaf explants by regulating his-

tone H3 lysine 27 trimethylation (H3K27me3) (He, Chen, Huang, &
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Xu, 2012). Differential epigenetic regulation partly explains the basis

for the distinction between callus forming ability of leaf and root. Leaf

explants but not the root explants of curly leaf; swinger (clf; swn) dou-

ble mutants and embryonic flower 2 (emf-2) are defective in callus for-

mation. Questions remain to be answered whether such differences

are because additional leaf-specific cells other than pericycle-like cells

(adult stem cells) get incorporated in callus formation. Also it needs to

bedeterminedwhether the leaf-specific cells need to lose their identity

by epigenetic remodeling before they behave similarly to adult stem

cells or pericycle-like cells in a distinct organ context. Auxin induced

transcription factor mediated changes in the cell fate can lead to an

altered epigenetic landscape of cells. Moreover, transcription factors

can recruit epigenetic regulators to the target loci (Weiste & Droge-

Laser, 2014). Thus callus formation is a result of the collective efforts

of both genetic and epigenetic regulators.

Taken together callus formation which is an integral phase of indi-

rect regeneration is regulated by a multitude of genetic and epige-

netic factors. So far, only a few such players have been character-

ized. Further studies are required to understand the crosstalk between

the various known molecular players, such as ALF4, LBDs, and PLTs,

that regulate the formation of pluripotent callus. The discovery of

newer factors and investigations of regulatory interactions between

them should generate a larger regulatory network controlling callus

formation.

5 PLAUSIBLE COUNTERPART OF CALLUS

IN OTHER ORGANISMS

The formation of blastema in animals can be considered analogous

to callus formation. Blastema formation is one of the first steps in

epimorphic regeneration predominantly seen in certain lower ani-

mals (McLean & Vickaryous, 2011). Appendage loss causes cells that

are undifferentiated, pluripotent or multipotent, from various ori-

gins to gather at the wound site to form a regenerating blastema.

Thereafter, extensive proliferation occurs and the cells slowly re-

differentiate into the cells required to form tissue for regrowing the

lost appendage (Christen, Robles, Raya, Paramonov, & Izpisua Bel-

monte, 2010). More recently, it has been demonstrated that mature

adult cells can be reprogrammed to resemble embryonic stem cells

using a combination of chemical and genetic cues (transcription

factors). These cells, called induced pluripotent stem cells (iPSCs),

have the capacity to develop into any kind of cells in the body

(Takahashi & Yamanaka, 2006; Takahashi et al., 2007; Lin &Wu, 2015).

Callus and iPSCs are similar in their potency, that is, both cells have the

potency to form cells of almost any type, but they differ in their path

of formation. Blastemas on the other hand undergo lineage restricted

differentiation, with many cells retaining some sort of memory of their

origin (Kragl et al., 2009). iPSC formation is clearly a case of a dediffer-

entiation process. In contrast, it is likely that callus is not a dedifferenti-

ated tissue; rather it forms by the activation of pre-existing adult stem

cells. Further, the source of the callus is normally only a few specific

adult stem cells, unlike iPSCs which can be made from a whole range

of mature cells from all three germ layers, mesoderm, ectoderm, and

endoderm. While both iPSC and blastema formation involve dediffer-

entiation, blastema formation is more similar to callus formation since

it has also been shown to occur at least partially through transdiffer-

entiation, examples being retinal and tail regeneration in newts (Stew-

art & Stankunas, 2012). While it can be argued that a blastema occurs

only in vivo, a recent system in which human mesenchymal cells were

induced to form three-dimensional condensate to mimic a blastema

seems even more analogous to a plant callus formed in vitro. In this

system, too, the cells have moderate levels of pluripotency factors but

higher levels of early developmental stage markers (meso-endoderm),

indicating that they do not revert completely back to the ground state

and can differentiate in vivo into a variety of cell types (Pennock et al.,

2015).

6 DE NOVO ASSEMBLY OF REGULATORY

INTERACTIONS, RECONSTITUTION

OF SHOOT STEM CELLS, AND DE NOVO

ORGANOGENESIS

Following the formation of pluripotent callus, a subsequent hormonal

treatment is required to accomplish de novo organ regeneration

(Fig. 2). Culturing the callus on cytokinin-rich shoot inducing medium

(SIM) favors shoot regeneration, whereas auxin-rich root inducing

medium (RIM) promotes root regeneration (Che et al., 2006; Gordon

et al., 2007). Root regeneration from the callus is a relatively simple

process as callus displays a root-like trait. However, de novo shoot

regeneration from callus is a more complex process.

During de novo shoot formation, culturing on SIM instigates the

callus to create spatial domains of hormone perception that lead

to partitioning of cell identity and re-specification of cell fate from

root-like fate to shoot fate. In concurrence with the assembly of

regulatory molecular interactions, these cells acquire the compe-

tence to regenerate shoot progenitors. Subsequently, formation of

shoot promeristem and functional shoot apical meristem (SAM) with

lateral organ patterning ensues (Gordon et al., 2007; Kareem et al.,

2015) (Fig. 3). Morphologically, this process involves the greening

of callus (also denoted as regenerating green foci) followed by the

initiation of shoot. These sequential developmental events during

de novo organogenesis are discussed in more detail in the following

sections.

6.1 Uncoupling intermediate developmental phases

of shoot regeneration: competence to regenerate

shoot progenitors and completion of shoot formation

De novo shoot organogenesis progresses through several intermedi-

ate developmental phases. Formation of any of these phases such as

green callus, shoot progenitor, or shoot promeristem is not an assur-

ance of complete shoot regeneration. Studies on various Arabidopsis

accessions identified several such instances of naturally occurring

recalcitrance where regeneration is blocked at intermediate develop-

mental phases, suggesting that the process of shoot regeneration can
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F IGURE 3 Schematic representing regeneration of shoot progenitors and assembly of regulatory interactions in the callus. Dome shaped struc-
tures on the leftmark regenerating shoot progenitors at different developmental stages. The structure on the top right denotes shoot promeristem
and the one on the bottom right denotes functional shoot meristemwith organ primordia

be separated into at least several steps (Motte et al., 2014). This study

shows that there is a lack of significant correlation between callus

formation or greening or primordia formation and shoot regeneration.

The quantitative trait locus RECEPTOR-LIKE PROTEIN KINASE 1 (RPK1)

regulates the variation in shoot regeneration capacity of different

accessions. Consistent with this earlier study, the recent study on

PLT mediated shoot regeneration demonstrates that the acquisition

of competence to regenerate shoot progenitors can be uncoupled

from the completion of shoot formation (Kareem et al., 2015). PLT3,

PLT5, and PLT7 collectively regulate root stem cell maintenance

regulators like PLT1 and PLT2 to make callus competent to regenerate

shoot progenitors. The non-competent plt3;plt5;plt7 mutant callus

displays deregulated expression of shoot-specific genes, polar auxin

transporter, and altered auxin response. The reconstitution of PLT1

or PLT2 in its endogenous spatio-temporal domain in plt3;plt5;plt7

callus reinstates the wild-type callus trait and favors the regeneration

of shoot progenitors which are marked with polar auxin transporter

PINFORMED 1 (PIN1). But the green callus having shoot progenitors

cannot proceed towards the completion of organ formation unless and

until the shoot promoting factor like CUP SHAPED COTYLEDON 1

(CUC1) or CUC2 is activated. However, the frequency of shoot regen-

eration upon the activation of CUC is lower, suggesting that additional

shoot promoting factors are required to achieve the optimum levels

of complete shoot formation. Further, the independent activation of

root stem cell maintenance regulators or shoot promoting factors

alone cannot accomplish shoot regeneration in plt3;plt5;plt7. This

suggests a two-step mechanism of shoot regeneration in which PLT3,

PLT5, and PLT7 regulate root stem cell maintenance regulators (PLT1

and PLT2) to establish pluripotency and thus the competence to

regenerate shoot progenitors and further regulate shoot promoting

factors (CUC) for the completion of shoot regeneration. This two-step

mechanism of shoot regeneration operates in all tissues irrespective

of their origin. In parallel, de novo organogenesis from iPSCs in animals

also follows multiple steps. Regeneration of organs such as kidney

(Yokote, Yamanaka, & Yokoo, 2012) and intestine (Spence et al.,

2011) from iPSCs progresses through intermediate developmental

phases when it is exposed to the stepwise application of inductive

cues.

6.2 De novo assembly of multiple regulatory

interactions

The most critical part during de novo shoot regeneration is the posi-

tioning of shoot progenitors on the callus surface. Unlike embryonic

SAM development, the positional information required for shoot

progenitor formation followed by functional SAM development is

not predetermined in de novo shoot regeneration. The positional

information is absolutely governed by hormonal signaling mediated

regulatory interactions during regeneration (Fig. 3). These hormonal

signals activate certain key regulators of shoot regeneration. Various

studies have shown that the key shoot stem cell regulator WUSCHEL

(WUS) is one of the earliest shoot determinants induced in cytokinin-

rich medium (Gordon et al., 2007; Chatfield et al., 2013; Kareem

et al., 2015, 2016). Cytokinin induces WUS through the activation of

cytokinin receptors ARABIDOPSIS HISTIDINE KINASE 2 (AHK2) and

AHK4 (Gordon, Chickarmane, Ohno, & Meyerowitz, 2009). Not only
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F IGURE 4 Intermediate developmental phases of de novo shoot regeneration. (A) Initial shoot progenitor cells are labeled with membrane
localized PIN1-GFP (green). Non-progenitor cells are marked with DR5-VENUS (yellow). (B) Developing shoot promeristem showing the con-
fined expression of pWUS-CFP (green). (C) Functional SAM bearing developing organ primordia marked with PIN1-GFP and DR5-VENUS. (D)−(H)
Dynamic expression pattern of PIN1-GFP andDR5-VENUS during LRP to shoot conversion. (I)−(M) Expression pattern of pWUS-erCFP during the
various stages of LRP to shoot conversion. The scale bar represents 50 𝜇m. (Images are reprinted from Kareem et al. (2015) with permission from
Cell Press. License number: 3884940031971.)

does WUS get activated by cytokinin, it can in turn induce cytokinin

responses by directly suppressing the negative regulators of cytokinin

signaling such as type-A ARRs (Leibfried et al., 2005; Buechel et al.,

2009). Thus cytokinin and WUS act in a positive feedback loop. In

addition, ectopic overexpression of WUS is sufficient to make de

novo shoots from callus on cytokinin-free medium (Kareem et al.,

2015). In association with WUS activation on cytokinin-rich SIM,

CUC2 gets restricted into a small population of rapidly dividing cells

(Gordon et al., 2007). These rapidly dividing cells are the future

shoot progenitor cells. Initially, WUS is observed to be expressed

in the periphery of CUC2-expressing cells and thus both of these

regulatory molecules act in mutually exclusive functional domains.

These non-overlapping functional domains ofWUS and CUC2 create a

partition in callus for hormonal response and cellular identity. Similar

to the CUC2 expression pattern, PLT3, PLT5, and PLT7 genes are also

restricted to rapidly dividing shoot forming cells (Kareem et al., 2015).

It has been shown that WUS expression is epigenetically regulated

by both DNA methylation and histone modifications during shoot

regeneration (Li et al., 2011). It is possible that epigenetic regulators

might contribute to the spatial distribution pattern of WUS and help

to position the shoot stem cell niche in callus. Together with CUC2

and other unknown regulators,WUS facilitates the formation of shoot

progenitors. The shoot progenitors are marked with both PIN1 and

CUC2 while WUS labels the cells surrounding the progenitors (Fig.

4A). At this moment a dynamic shift in the expression ofWUS follows.

It gets confined to the center of dome shaped shoot progenitors and

further leads to the formation of shoot promeristem (Fig. 4B). The

CUC2 expression pattern is also changed and it is visualized in the

peripheral zone of shoot promeristem in a radial pattern (Gordon et al.,

2007).
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6.3 Organization of functional shootmeristem and

completion of shoot formation

Subsequent to the formation of shoot promeristem, polar localization

of PIN1 marks the future anlagen of organ initiation. Concomitant

with polarized PIN1 upregulation, the key regulator of shootmeristem

maintenance SHOOT MERISTEMLESS (STM) appears in the promeris-

tem (Gordon et al., 2007). STM prevents the meristematic cells from

differentiating into lateral organs. Simultaneously several other reg-

ulators including auxin signaling molecule MONOPTEROS (MP) are

upregulated in shoot promeristem (Ckurshumova, Smirnova, Marcos,

Zayed, & Berleth, 2014). Also, the stem cells residing at the center of

shootmeristemexpressCLAVATA3 (CLV3) (Gordon et al., 2007). A func-

tional SAM is thus established (Fig. 4C). The subsequent developmen-

tal events for the patterning of lateral organs are a recapitulation of in

planta shoot development.

Several other factors have also been implicated in shoot regenera-

tion such as ENHANCER OF SHOOT REGENERATION 1 (ESR1) and ESR2

which trigger shoot regeneration in a hormone-independent medium

(Banno, Ikeda, Niu, & Chua, 2001; Ikeda, Banno, Niu, Howell, & Chua,

2006). ESR2 activates CUC1 at the transcript level to promote shoot

regeneration (Ikeda et al., 2006). The roles of CUC1 and CUC2 to pro-

mote shoot regeneration have been demonstrated (Daimon, Takabe,

& Tasaka, 2003; Hibara, Takada, & Tasaka, 2003) and CUC genes are

activated by PLT3, PLT5, and PLT7 (Kareem et al., 2015). Various reg-

ulators of de novo shoot regeneration such as homeobox containing

proteins, KNOX proteins, double AP2 containing proteins, and ARFs

are conserved across the plant species. Thus the regulatory actions

of these genes are likely to be conserved. Despite the growing knowl-

edge about the key regulators, regulatory interactions among several

of these are yet to be established to generate the larger regulatory net-

work involved in de novo shoot regeneration.

6.4 Whether or not to remember embryonic

developmental phases

A beautiful work by Efroni et al. (2016) has very recently shown that,

upon severe damage, tissue repair follows an embryo-like sequence to

reconstitute stem cells in regenerating root. Similarly, during de novo

shoot regeneration, the shoot stem cell niche is reconstituted in the

pluripotent callus. A careful follow-up of the temporal sequence of

gene expression in live imaging of a regenerating callus demonstrates

theprogressive assembly of the spatial expressionof a battery of genes

that eventually culminate in the formation of a confined shoot stem

cell niche (Gordon et al., 2007). During very early embryogenesis, key

shoot stem cell regulators confine their expression to a few cells at the

tip of the apical pole of the embryo (Radoeva & Weijers, 2014). CUC

gets localized to the periphery of these cells. In strong wus mutant,

the embryonic SAM cannot be traced. But, post-embryonically, shoot

meristem displays “on” and “off” activity in wus mutant (Laux, Mayer,

Berger, & Jurgens, 1996; Mayer et al., 1998). Mutants like wus and

stm make de novo shoots albeit at a lower frequency (Barton &

Poethig, 1993; Gordon et al., 2007). Based on existing studies on the

spatio-temporal expression pattern of shoot-specific genes and their

mutant phenotype during embryogenesis and de novo shoot regen-

eration, it is difficult to infer that reconstitution of a shoot stem cell

niche during de novo shoot stem cell formation follows an embryo-like

sequence. These differences could be attributed to a differentmode of

regeneration, that is, tissue repair upon disruption of multicellularity

versus assembly of the entire plant system from a regenerativemass.

The future discovery of additional shoot-specific regulators and the

real-time live imaging of the dynamic cellular events during embryo-

genesis and de novo shoot regeneration might reveal if there is any

cellular process during de novo shoot regeneration that follows an

embryo-like sequence.

6.5 De novo regeneration and somatic

embryogenesis: two routes to the same destination

In addition to de novo organogenesis, in vitro regeneration can also

be accomplished by somatic embryogenesis (Zimmerman, 1993;

Pulianmackal et al., 2014). Although both systems are capable of

generating complete plantlets, these methods can be distinguished

from each other. Somatic embryos are formed by the treatment

of somatic cells with high concentration of auxin such as 2,4-D

(Ikeda-Iwai, Satoh, & Kamada, 2002; Su et al., 2009). While somatic

embryogenesis involves the formation of bipolar structures bearing

shoot and root meristem, de novo organogenesis completely bypasses

embryonic developmental phases to produce monopolar structures

of multicellular origin bearing either root or shoot identity (Thorpe

& Stasolla, 2001). Furthermore, somatic embryos do not maintain

any vascular connection with the explant tissue, unlike the shoot or

root formed as a result of de novo organogenesis. Interestingly, a

high level of basic helix−loop−helix transcription factor bHLH109

induces somatic embryogenesis while its low level is associated with

de novo shoot organogenesis (Nowak & Gaj, 2016). Since during

somatic embryogenesis root and shoot pole is pre-specified, it is not

dependent on the assembly of regulatory interactions for positional

information. In contrast, reconstitution of stem cells and assembly of

spatio-temporally controlled regulatory interactions are central to

positional information during de novo organogenesis.

7 DIRECT REPROGRAMMING

Besides callus mediated regeneration, direct reprogramming of root

to shoot and shoot to root occurs in nature as well as under in vitro

conditions. Although the root and shoot of plants arise from dis-

tinct embryonic regions, they can still regenerate organs different

from their own origin, such as root from shoot and vice versa. This

can largely be attributed to common evolutionary origins of root and

shoot. It is believed that roots of modern day plants evolved from the

shoots of primitive plants (Gifford & Foster, 1989; Friedman, Moore, &

Purugganan, 2004). Therefore, these two structures are likely to retain

the potential to get reprogrammed to the other fate. Not surprisingly,

plants such as ferns,manymonocots, dicots such as curry leaves, guava,

and some tree species possess the natural capacity to generate shoot

from root as a part of vegetative propagation (Wittrock, 1884; Holm,
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1925). Such reprogrammingpotential has beenwidely exploited in hor-

ticulture. For instance, a variety of plant parts such as shoot cuttings,

root cuttings, and even leaf cuttings have been used for plant propa-

gation. Stem cuttings have been used for propagating common garden

plants like chrysanthemum, carnation, and rose (Stangler, 1956) while

plants such as raspberry and horseradish can bemultiplied by root cut-

tings (Dore, 1953). Leaves of Bryophyllum, Saintpaulia, and Sansevieria

are capable of forming entire plantlets bearing root and shoot (Goethe,

1820; Broertjes, Haccius, &Weidlich, 1968; Henson&Wareing, 1977).

Direct conversion of root to shoot and vice versa under in vitro

culture conditions can further stretch the limits of plant propagation

to produce a larger number of plantlets in the minimum possible

time. An added advantage of in vitro culture compared to vegetative

propagation is that even the plant parts which are not conventionally

considered as vegetative propagules can be used as explants for

multiplication under appropriate hormone treatment. Unlike indirect

regeneration, direct regeneration bypasses an intervening callus phase

thereby helping to avoid or reduce somaclonal variation associated

with prolonged callus culture (Kareem et al., 2016). Moreover, the

direct regeneration process can serve as a general model to study

the mechanism underlying transdifferentiation (conversion of one

cell type into another). Transdifferentiation is also reported in animal

systems wherein a differentiated cell can be directly converted into a

different lineage without passing through an intermediate pluripotent

state by the forced expression of tissue-specific transcription factors

(Ieda et al., 2010; Vierbuchen et al., 2010; Sekiya & Suzuki, 2011).

7.1 Root to shoot

An ideal example of direct reprogramming is the induction of shoot

from root. Culturing of root explants on cytokinin-rich medium

promotes the direct conversion of LRP into shoot (Atta et al., 2009;

Chatfield et al., 2013; Kareemet al., 2015, 2016). Real-timemonitoring

of dynamic cellular events using live imaging enables us to understand

the early molecular events during LRP to shoot conversion (Fig.

4D−M). High cytokinin induces the expression of shoot-specific genes

such asWUS in LRP which can lead to reprogramming of root cells to

shoot fate. During the early stages of cell fate transition, cells pass

through a transient developmental phase in which both root-specific

and shoot-specific genes are expressed (Kareem et al., 2016). Subse-

quently, there is an elevation in the expression of shoot-specific genes

and disappearance of root-specific genes. The interactions of multiple

shoot-specific regulatory molecules establish the shoot meristem

identity in regenerating structure followed by organ initiation (Chat-

field et al., 2013; Kareem et al., 2016). However, this conversion

process is highly influenced by a number of factors such as stage of

the LRP, ecotype of the plant, cytokinin concentration, and external

conditions such as light and temperature (Kareem et al., 2016).

7.2 Shoot to root

Similar to the conversion of root to shoot, direct conversion of shoot

to root is also possible under in vitro culture conditions. This approach

is of significance when not all propagules used in vegetative propa-

gation undergo rooting as is the case during hardening of plants in

micropropagation. Therefore understanding the factors that affect

root formation from the shoot explant can help to overcome the

recalcitrance to form root in the plant species of interest. Root for-

mation from the shoot explants requires external auxin supplements.

Auxin initiates the reprogramming of procambium or pericycle-like

cells of shoot explant into root fate (Greenwood, Cui, & Xu, 2001;

Ahkami et al., 2009; Da Rocha Correa, Troleis, Mastroberti, Mariath,

& Fett-Neto, 2012; De Almeida, De Almeida, Graner, Brondani, &

De Abreu-Tarazi, 2012). In addition to auxin a number of other phy-

tohormones such as ethylene, giberrelin, ABA, and extrinsic culture

parameters such as nutrition, light, temperature, and the ecotype of

the explants are also important during root organogenesis (Coleman,

Huxter, Reid, & Thorpe, 1980; Verstraeten, Beeckman, & Geelen,

2013; Su & Zhang, 2014; Welander et al., 2014). Interestingly, studies

have shown that rooting can be induced from detached leaf without

external auxin treatment (Liu et al., 2014). Upon wounding, YUCCA

(YUC) gene mediated auxin biosynthesis occurs at the site of injury

which is essential for the de novo root regeneration (Chen, Tong

et al., 2016). The WUSCHEL-RELATED HOMEOBOX 11 (WOX11)

and WOX12 transcription factors respond to this auxin maximum by

upregulating LBD16 and LBD29 resulting in a switch from procam-

bium and nearby parenchyma cell fate to root founder cell fate (Liu

et al., 2014). LBDs may also be involved in the consequent transition

to root primordia. So the wound induced adventitious root formation

in the absence of external hormone application highlights that the

default pathway adopted is of root fate. Wounding induces the NAC

pathway that is independent of the auxin maxima mediated cell fate

switching (Chen, Cheng et al., 2016). Therefore, similar to wound

induced callus formation and subsequent regeneration, the wound

response pathway can also initiate direct root organogenesis.

In addition to the external inductive cues, cell fate transition can

also occur by the ectopic activation of intrinsic genetic factors. For

instance, inducible ectopic overexpressionWUS can trigger shoot from

root on hormone-free medium (Gallois, Nora, Mizukami, & Sablowski,

2004; Kareem et al., 2015). Similarly ectopic induction of PLT2 can

activate root formation from shoot apex (Galinha et al., 2007). Taken

together, it can be comprehended that direct shoot and root organo-

genesis are under the control of extrinsic as well as intrinsic factors.

The molecular dissection of massive cellular reprogramming during

cell fate transition can be instrumental in understanding the mecha-

nismunderlying transdifferentiation. Furthermore, this knowledge can

be used to enhance the direct regeneration capacity of recalcitrant

species by adopting a combinatorial approach of standardization.

8 PERSPECTIVE

Most organisms are born with the gift of regeneration that has been

tested time and again, over the course of evolution. However, the

extent of this capability varies, perhaps to suit the adversities posed

by their natural habitats. While some organisms like axolotl can

regenerate a lost body part like the Deadpool superhero, plants are

much ahead of the animal kingdom in their regeneration capability.
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F IGURE 5 Larger regulatory network involved in two-step mechanism of shoot regeneration. A detailed description of the regulatory interac-
tions is given in the text. Auxin requires the activity of ALF4 to induce the callus (Sugimoto et al., 2010). WUS activates the expression of TOPLESS
(TPL) (Busch et al., 2010) and TPL represses PLT1 and PLT2 (Smith & Long, 2010 during embryogenesis). MP (Ckurshumova et al., 2014) and CUC
(Daimon et al., 2003) induce STM expression during regeneration. STM in turn activate CUC during in-planta shoot development (Spinelli, Martin,
Viola, Gonzalez & Palatnik, 2011).

Provided that the ideal inductive cues are given, plants have the unique

ability to be reborn from a handful of cells or even a single somatic

cell (Vasil & Vasil, 1980) which houses the blueprint and the formula

necessary to recreate a complete plant. In a very recent study, an

externally imposed electric field influences plant regeneration in addi-

tion to other external inductive cues like hormones and injury (Kral,

Ougolnikova, & Sena, 2016). The underlying molecular basis is yet to

be revealed.

Despite the distinctions, it is interesting to note the convergence

in the mechanisms underlying regeneration in both plant and animal

kingdoms. A common challenge that both the systems face is themain-

tenance of the spatio-temporal balance between self-renewal and

differentiation. While the finer details are different, a common theme

emerges that master transcription factors (genetic control) are neces-

sary and sufficient to recreate this process in both plants and animals

(Gallois et al., 2004; Takahashi & Yamanaka, 2006; Smith et al., 2013;

Kareem et al., 2015). However, epigenetic regulation is critical for fine-

tuning this process and has a major role to play in vivo as well (Lafos

et al., 2011; Li et al., 2011; Lee et al., 2014). There have been instances

of epigenetic regulation of transcription factors in both plants and

animals (Farthing et al., 2008; Luo et al., 2012). However, the reverse

is poorly understood in the plant system compared to animals (Liang &

Zhang, 2013). Studiesmay uncover similar homologousmechanisms in

the plant system (Weiste & Droge-Laser, 2014; De Lucas et al., 2016).

This crosstalk between genetic and epigenetic regulators occurs in a

bi-directional manner. The signaling pathways acting in concert with

transcription factors can control cell fate decisions via epigenetic

modifications such as DNA methylation, and histone acetylation and

methylation (Anzola et al., 2010; Fagnocchi, Mazzoleni, & Zippo,

2016). The interplay between genetic and epigenetic factors may be

responsible for making cells containing the same genetic information

differentiate into diverse kinds of cells with varying levels of potency.

However, among the two modes of regulation, epigenetics may be

more easily influenced by ameremodification of extrinsic culture con-

ditions (Moussaieff et al., 2015) compared to modulating the genetic

regulators.

These studies, however, have only scratched the tip of the iceberg.

There is a long way to go before we acquire a better understanding
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of the galaxy of genetic and epigenetic players involved in regenera-

tion. The next step then would be to unravel the mechanism by which

the crosstalk occurs between these regulators. Although plants have

been hailed for their higher regeneration potential, we are yet to nail

down all the factors responsible for this cellular plasticity. In addition,

although the signature factors of embryonic, root, and shoot develop-

ment and de novo regeneration have been elucidated, the larger regu-

latory network involving these players is still being described (Fig. 5).

It is interesting to note that similar or the same set of factors in dif-

ferent contexts can regulate distinct modes of regeneration. Ectopic

overexpression ofWUS or PLT5 can induce de novo shoot regeneration

(Gallois et al., 2004; Kareem et al., 2015) and somatic embryogenesis

(Zuo, Niu, Frugis, & Chua, 2002; Tsuwamoto, Yokoi, & Takahata, 2010;

Siligato et al., 2016). Similarly, ALF4 plays significant role in callus for-

mation (Sugimoto et al., 2010) as well as wound healing during graft-

ing (Melnyk et al. 2015). Furthermore, a careful analysis at high cellu-

lar resolution and an interpretation of regulatory interactions during

de novo regeneration are required to identify whether these reflect

embryonic or post-embryonic developmental programs in a scenario

where organisms utilize the very same set of regulators in two differ-

ent developmental contexts.

In the long run, the lessons learnt in regeneration from the dynamic

array of species can be applied to enhance the regeneration capacity

of the recalcitrant species which are of relevance in agricultural sci-

ences and forestry. Besides thehuge application in green culture indus-

tries for food plants, de novo regeneration offers a beautiful system to

address a number of fundamental questions pertaining to acquisition

of the pluripotent state, reconstitution of stem cells, and the dynamics

of assembly of regulatory interactions leading to the culmination of de

novo organogenesis. Furthermore, plants can serve as a general model

to study the conservednature of the factors,whichwould also pave the

way for the discovery of similar regulatory interactions in other king-

doms which may have a direct impact on human welfare. Human civi-

lization began in close connection with simple domestication of plants

and animals. In today’s era, it has become important to understand

the biological processes similar among these organisms to meet the

demandsof anever expandingpopulationand the challengesof disease

and degeneration.

ACKNOWLEDGMENTS

K.P. acknowledges a grant from the Department of Biotechnology

(DBT), Government of India, and the infrastructures and financial sup-

port from IISER-TVM.A.K. is supportedbya IISER-TVMfellowship.D.R.

acknowledges a UGC fellowship. M.A. acknowledges DBT for financial

support. The authors acknowledge Kavya Durgaprasad for Fig. 1A.

REFERENCES

Ahkami, A. H., Lischewski, S., Haensch, K. T., Porfirova, S., Hofmann, J.,

Rolletschek, H., …, & Hajirezaei, M. R. (2009). Molecular physiology

of adventitious root formation in Petunia hybrida cuttings: involvement

of wound response and primary metabolism. New Phytologist, 181(3),
613–625.

Aida, M., Beis, D., Heidstra, R., Willemsen, V., Blilou, I., Galinha, C., …,

& Scheres, B. (2004). The PLETHORA genes mediate patterning

of the Arabidopsis root stem cell niche. Cell, 119(1), 109–120.

doi:10.1016/j.cell.2004.09.018

Akama, K., Shiraishi, H., Ohta, S., Nakamura, K., Okada, K., & Shimura, Y.

(1992). Efficient transformation of Arabidopsis thaliana: comparison of

the efficiencies with various organs, plant ecotypes and Agrobacterium

strains. Plant Cell Reports, 12, 7–11. doi:10.1007/BF00232413

Anzola, J. M., Sieberer, T., Ortbauer, M., Butt, H., Korbei, B., Weinhofer, I.,

…, & Luschnig, C. (2010). Putative Arabidopsis transcriptional adap-

tor protein (PROPORZ1) is required to modulate histone acetylation in

response to auxin. Proceedings of the National Academy of Sciences USA,
107(22), 10308–10313. doi:10.1073/pnas.0913918107

Atta, R., Laurens, L., Boucheron-Dubuisson, E., Guivarc’h, A., Carnero, E.,

Giraudat-Pautot, V., …, & Chriqui, D. (2009). Pluripotency of Ara-

bidopsis xylem pericycle underlies shoot regeneration from root and

hypocotyl explants grown in vitro. The Plant Journal, 57(4), 626–644.
doi:10.1111/j.1365-313X.2008.03715.x

Banno, H., Ikeda, Y., Niu, Q. W., & Chua, N. H. (2001). Overexpression of

Arabidopsis ESR1 induces initiation of shoot regeneration. Plant Cell,
13(12), 2609–2618.

Barton, M. K., & Poethig, R. S. (1993). Formation of the shoot apical

meristem in Arabidopsis thaliana − an analysis of development in the

wild-type and in the shoot meristemless mutant. Development, 119,
823–831.

Berckmans, B., Vassileva, V., Schmid, S. P., Maes, S., Parizot, B., Naramoto,

S., …, & De Veylder, L. (2011). Auxin-dependent cell cycle reacti-

vation through transcriptional regulation of Arabidopsis E2Fa by

lateral organ boundary proteins. Plant Cell, 23(10), 3671–3683.

doi:10.1105/tpc.111.088377

Birnbaum, K. D., & Sánchez Alvarado, A. (2008). Slicing across king-

doms: regeneration in plants and animals. Cell, 132, 697–710.

doi:http://dx.doi.org/10.1016/j.cell.2008.01.040

Bourgin, J. P., Chupeau, Y., & Missonier, C. (1979). Plant regeneration from

mesophyll protoplasts of several Nicotiana species. Physiologia Plan-
tarum, 45, 288–292. doi:10.1111/j.1399-3054.1979.tb01702.x

Broertjes, C., Haccius, B., &Weidlich, S. (1968). Adventitious bud formation

on isolated leaves and its significance for mutation breeding. Euphytica,
17, 321–344. doi:10.1007/bf00056233

Buechel, S., Leibfried, A., To, J. P. C., Zhao, Z., Andersen, S. U., Kieber, J. J.,

Lohmann, J. U. (2009). Role of A-type Arabidopsis Response Regulators

in meristemmaintenance and regeneration. European journal of cell biol-
ogy, 89(2–3), 279–284. doi:10.1016/j.ejcb.2009.11.016

Busch,W.,Miotk, A., Ariel, F.D., Zhao, Z., Forner, J., Daum,G.,…, & Lohmann,

J. U. (2010). Transcriptional control of a plant stem cell niche. Devlop-
mental Cell, 18(5), 849–861. doi:10.1016/j.devcel.2010.03.012

Celenza, J. L., Grisafi, P. L., & Fink, G. R. (1995). A pathway for lat-

eral root formation in Arabidopsis thaliana. Genes and Development, 9,
2131–2142.

Chatfield, S. P., Capron, R., Severino, A., Penttila, P. A., Alfred, S., Nahal, H.

& Provart, N. J. (2013). Incipient stem cell niche conversion in tissue

culture: using a systems approach to probe early events in Wuschel-

dependent conversion of lateral root primordia into shoot meristems.

The Plant Journal, 73(5), 798–813. doi:10.1111/tpj.12085

Chaudhuri, R. K., Pal, A., & Jha, T. B. (2008). Conservation of Swertia chirata
through direct shoot multiplication from leaf explants. Plant Biotechnol-
ogy Reports, 2, 213–218.

Chaudhury, A. M., & Signer, E. R. (1989). Relative regeneration profi-

ciency of Arabidopsis thaliana ecotypes. Plant Cell Reports, 8, 368–369.
doi:10.1007/bf00716676

Che, P., Lall, S., Nettleton, D., & Howell, S. H. (2006). Gene expression pro-

grams during shoot, root, and callus development in Arabidopsis tissue

culture. Plant Physiology, 141, 620–637. doi:10.1104/pp.106.081240



194 KAREEM ET AL.

Chen, X., Qu, Y., Sheng, L., Liu, J., Huang, H., & Xu, L. (2014). A simplemethod

suitable to study de novo root organogenesis. Frontiers in Plant Science,
5. doi:10.3389/fpls.2014.00208

Chen, X., Cheng, J., Chen, L., Zhang, G., Huang, H., Zhang, Y., & Xu, L.

(2016). Auxin-independent NAC pathway acts in response to explant-

specific wounding and promotes root tip emergence during de novo

root organogenesis inArabidopsis.Plant Physiology,170(4), 2136–2145.
doi:10.1104/pp.15.01733

Chen, L., Tong, J., Xiao, L., Ruan, Y., Liu, J., Zeng, M., …, & Xu, L. (2016).

YUCCA-mediated auxin biogenesis is required for cell fate transition

occurring during de novo root organogenesis in Arabidopsis. Journal of
Experimental Botany, 67, 4273–4284. doi:10.1093/jxb/erw213

Christen, B., Robles, V., Raya, M., Paramonov, I., & Izpisua Belmonte, J. C.

(2010). Regeneration and reprogramming compared. BMC Biology, 8, 5.
doi:10.1186/1741-7007-8-5

Chupeau, M. C., Granier, F., Pichon, O., Renou, J. P., Gaudin, V., & Chu-

peau, Y. (2013). Characterization of the early events leading to totipo-

tency in an Arabidopsis protoplast liquid culture by temporal tran-

script profiling. The Plant Cell, 25(7), 2444–2463. doi:10.1105/tpc.113.
109538

Ckurshumova, W., Smirnova, T., Marcos, D., Zayed, Y., & Berleth, T. (2014).

IrrepressibleMonopteros/Arf5 promotes denovo shoot formation.New
Phytologist, 204, 556–566. doi:10.1111/nph.13014

Coleman, G. D., & Ernst, S. G. (1989). In vitro shoot regeneration of Popu-
lus deltoides: effect of cytokinin and genotype. Plant Cell Reports, 8, 459–
462. doi:10.1007/bf00269048

Coleman,W. K., Huxter, T. J., Reid, D. M., & Thorpe, T. A. (1980). Ethylene as

an endogenous inhibitor of root regeneration in tomato leaf discs cul-

tured in vitro. Physiologia Plantarum, 48, 519–525.

Daimon, Y., Takabe, K., & Tasaka, M. (2003). The cup-shaped cotyledon

genes promote adventitious shoot formation on calli. Plant & Cell Physi-
ology, 44, 113–121. doi:10.1093/pcp/pcg038

Da Rocha Correa, L., Troleis, J., Mastroberti, A., Mariath, J., & Fett-Neto, A.

(2012). Distinct modes of adventitious rooting in Arabidopsis thaliana.
Plant Biology, 14, 100–109.

DeAlmeida,M., DeAlmeida, C.V., Graner, E.M., Brondani, G. E., &DeAbreu-

Tarazi, M. F. (2012). Pre-procambial cells are niches for pluripotent

and totipotent stem-like cells for organogenesis and somatic embryo-

genesis in the peach palm: a histological study. Plant Cell Reports, 31,
1495–1515.

De Lucas, M., Pu, L., Turco, G. M., Gaudinier, A., Marao, A. K., Harashima,

H., ..., & Brady, S. M. (2016). Transcriptional Regulation of Ara-

bidopsis Polycomb Repressive Complex 2 Coordinates Cell

Type Proliferation and Differentiation. The Plant Cell, doi: http://

dx.doi.org/10.1105/tpc.15.00744

De Smet, I., Vanneste, S., Inze, D., & Beeckman, T. (2006). Lateral root initi-

ation or the birth of a new meristem. Plant Molecular Biology, 60(6), 60,
871–887. doi:10.1007/s11103-005-4547-2

Dore, J. (1953). Seasonal variation in the regeneration of root-cuttings.

Nature, 172, 1189–1189.

Duclercq, J., Sangwan-Norreel, B., Catterou,M., & Sangwan, R. S. (2011). De

novo shoot organogenesis: from art to science. Trends in Plant Science,
16(11). 16. doi:10.1016/j.tplants.2011.08.004

Efroni, I., Mello, A., Nawy, T., Ip, P. L., Rahni, R., Delrose, N., …, &

Birnbaum, K. D. (2016). Root regeneration triggers an embryo-like

sequence guided by hormonal interactions. Cell, 165(7), 1721–1733.
doi:10.1016/j.cell.2016.04.046

Fagnocchi, L., Mazzoleni, S., & Zippo, A. (2016). Integration of sig-

naling pathways with the epigenetic machinery in the mainte-

nance of stem cells. Stem Cells International, 2016(2016), 8652748.
doi:10.1155/2016/8652748

Fan, M., Xu, C., Xu, K., & Hu, Y. (2012). Lateral organ boundaries domain

Transcription factors direct callus formation in Arabidopsis regenera-

tion. Cell Research, 22, 1169–1180. doi:10.1038/cr.2012.63

Farthing,C.R., Ficz,G.,Ng,R.K., Chan,C. F., Andrews, S.,Dean,W.,…, &Reik,

W. (2008). Global mapping of DNA methylation in mouse promoters

reveals epigenetic reprogramming of pluripotency genes. PLoS Genetics,
4, e1000116. doi:10.1371/journal.pgen.1000116

Flores, H. E., Hoy, M. W., & Pickard, J. J. (1987). Secondary metabo-

lites from root cultures. Trends in Biotechnology, 5, 64–69.

doi:http://dx.doi.org/10.1016/S0167-7799(87)80013-6

Frank, M., Guivarc’h, A., Krupková, E., Lorenz-Meyer, I., Chriqui, D., &

Schmülling, T. (2002). Tumorous shoot development (TSD) genes are

required for coordinatedplant shoot development.ThePlant Journal,29,
73–85. doi:10.1046/j.1365-313x.2002.01197.x

Friedman,W. E., Moore, R. C., & Purugganan, M. D. (2004). The evolution of

plant development. American Journal of Botany, 91, 1726–1741. doi:10.
3732/ajb.91.10.1726

Fukaki, H., Tameda, S., Masuda, H., & Tasaka, M. (2002). Lateral root

formation is blocked by a gain-of-function mutation in the solitary-

root/IAA14 gene of Arabidopsis. The Plant Journal, 29, 153–168.

Galinha, C., Hofhuis, H., Luijten, M., Willemsen, V., Blilou, I., Heidstra, R.,

& Scheres, B. (2007). PLETHORA proteins as dose-dependent master

regulators of Arabidopsis root development. Nature, 449, 1053–1057.
doi:10.1038/nature06206

Gallois, J. L., Nora, F. R., Mizukami, Y., & Sablowski, R. (2004). WUSCHEL

induces shoot stem cell activity and developmental plasticity in the root

meristem.Genes & Development, 18, 375–380.

Gautheret, R. J. (1985). History of plant tissue and cell culture: a personal

account. In: I.K. Vasil (Ed), Cell culture and somatic cell genetics of plants
(pp. 1–59), vol 2. New York: Academic Press.

George, E. F., Hall, M. A., & De Klerk, G. J. (2007). Plant propagation by tis-
sue culture: volume 1. the background. vol 1. Springer Science & Business

Media

Gifford, E. M., & Foster, A. S. (1989). Morphology and evolution of vascular
plants. vol 626. New York:W. Freeman

Goethe, J. (1820). Goethe and Schiller archive.Weimar, Documents: Signatur
GSA, 25

Gordon, S. P., Chickarmane, V. S., Ohno, C., & Meyerowitz, E. M.

(2009). Multiple feedback loops through cytokinin signaling con-

trol stem cell number within the Arabidopsis shoot meristem. Pro-
ceedings of the National Academy of Sciences, 106, 16529–16534.

doi:10.1073/pnas.0908122106

Gordon, S. P., Heisler, M. G., Reddy, V. G., Ohno, C., Das, P., & Meyerowitz,

E. M. (2007). Pattern formation during de novo assembly of

the Arabidopsis shoot meristem. Development, 134, 3539–3548.

doi:10.1242/dev.010298

Greenwood, M. S., Cui, X., & Xu, F. (2001). Response to auxin changes

during maturation-related loss of adventitious rooting competence in

loblolly pine (Pinus taeda) stem cuttings. Physiologia Plantarum, 111,
373–380.

Guo, D. P., Zhu, Z. J., Hu, X. X., & Zheng, S. J. (2005). Effect of cytokinins on

shoot regeneration from cotyledon and leaf segment of stem mustard

(Brassica juncea var. tsatsai). Plant Cell, Tissue and Organ Culture, 83, 123–
127. doi:10.1007/s11240-005-3799-5

Haberlandt, G. (1902). Culturversuche mit isolierten Pflanzenzellen.

Sitzungsber AkadWissWien.Math. Nat., 111, 69–91.

Halperin, W. (1986). Attainment and retention of morphogenetic capac-

ity in vitro A2 − VASIL. In: K. Indra (Ed.), Plant regeneration and
genetic variability (pp. 3–47). New York: Academic Press. doi:http://dx.

doi.org/10.1016/B978-0-12-715003-1.50007-1



KAREEM ET AL. 195

He, C., Chen, X., Huang, H., & Xu, L. (2012). Reprogramming of H3K27me3

is critical for acquisition of pluripotency from cultured Arabidopsis tis-

sues. PLoS Genetics, 8, e1002911. doi:10.1371/journal.pgen.1002911

Henson, I., & Wareing, P. (1977). Changes in the levels of endogenous

cytokinins and indole-3-acetic acid during epiphyllous bud formation in

Bryophyllum daigremontianum.New Phytologist, 79, 225–232.

Hibara, K. I., Takada, S., & Tasaka, M. (2003). CUC1 gene activates the

expression of SAM-related genes to induce adventitious shoot

formation. The Plant Journal, 36, 687–696. doi:10.1046/j.1365-

313X.2003.01911.x

Hofhuis, H., Laskowski, M., Du, Y., Prasad, K., Grigg, S., Pinon, V., & Scheres,

B. (2013). Phyllotaxis and rhizotaxis in Arabidopsis are modified by

three PLETHORA transcription factors. Current Biology, 23, 956–962.
doi:10.1016/j.cub.2013.04.048

Holm, T. (1925). On the development of buds upon roots and leaves. Annals
of Botany, 867–881.

Ieda, M., Fu, J. D., Delgado-Olguin, P., Vedantham, V., Hayashi, Y., Bruneau,

B. G., & Srivastava, D. (2010). Direct reprogramming of fibroblasts into

functional cardiomyocytes by defined factors. Cell, 142, 375–386.

Ikeda, Y., Banno, H., Niu, Q. W., Howell, S. H., & Chua, N. H. (2006). The

ENHANCER OF SHOOT REGENERATION 2 gene in Arabidopsis regu-

latesCUP-SHAPEDCOTYLEDON1at the transcriptional level and con-

trols cotyledon development. Plant and Cell Physiology, 47, 1443–1456.
doi:10.1093/pcp/pcl023

Ikeda-Iwai, M., Satoh, S., & Kamada, H. (2002). Establishment of a repro-

ducible tissue culture system for the induction of Arabidopsis somatic

embryos. Journal of Experimental Botany, 53, 1575–1580.

Ikeuchi, M., Iwase, A., & Sugimoto, K. (2015). Control of plant cell

differentiation by histone modification and DNA methylation. Current
Opinion in Plant Biology, 28, 60–67. doi:http://dx.doi.org/10.1016/

j.pbi.2015.09.004

Ikeuchi, M., Ogawa, Y., Iwase, A., & Sugimoto, K. (2016). Plant regeneration:

cellular origins and molecular mechanisms. Development, 143, 1442–
1451. doi:10.1242/dev.134668

Ikeuchi, M., Sugimoto, K., & Iwase, A. (2013). Plant callus: mecha-

nisms of induction and repression. Plant Cell, 25, 3159–3173.

doi:10.1105/tpc.113.116053

Iwai, H., Masaoka, N., Ishii, T., & Satoh, S. (2002). A pectin glucuronyltrans-

ferase gene is essential for intercellular attachment in the plant meris-

tem. Proceedings of the National Academy of Sciences, 99, 16319–16324.
doi:10.1073/pnas.252530499

Iwase, A., Mitsuda, N., Koyama, T., Hiratsu, K., Kojima, M., Arai, T., …, &

Ohme-Takagi,M. (2011). TheAP2/ERF transcription factorWIND1con-

trols cell dedifferentiation in Arabidopsis. Current Biology, 21, 508–514.
doi:10.1016/j.cub.2011.02.020

Iwase, A., Mita, K., Nonaka, S., Ikeuchi, M., Koizuka, C., Ohnuma, M., …, &

Sugimoto, K. (2015). WIND1-based acquisition of regeneration com-

petency in Arabidopsis and rapeseed. Journal of Plant Research, 128,
389–397. doi:10.1007/s10265-015-0714-y

Kareem, A., Durgaprasad, K., Sugimoto, K., Du, Y., Pulianmackal, A. J.,

Trivedi, Z. B.,…, & Prasad, K. (2015). PLETHORA genes control regen-

eration by a two-step mechanism. Current Biology, 25, 1017–1030.
doi:10.1016/j.cub.2015.02.022

Kareem, A., Radhakrishnan, D., Wang, X., Bagavathiappan, S., Trivedi, Z. B.,

Sugimoto, K., …, & Prasad, K. (2016). Protocol: a method to study the

direct reprogramming of lateral root primordia to fertile shoots. Plant
Methods, 12, 1–14. doi:10.1186/s13007-016-0127-5

Kim, G. H., Klotchkova, T. A., & Kang, Y. M. (2001). Life without a cell

membrane: regeneration of protoplasts from disintegrated cells of the

marine green alga Bryopsis plumosa. Journal of Cell Science, 114, 2009–
2014.

Kragl, M., Knapp, D., Nacu, E., Khattak, S., Maden, M., Epperlein, H.

H., & Tanaka, E. M. (2009). Cells keep a memory of their tis-

sue origin during axolotl limb regeneration. Nature, 460, 60–65.

doi:10.1038/nature08152

Kral, N., Ougolnikova, A. H., & Sena, G. (2016). Externally imposed

electric field enhances plant root tip regeneration. Regeneration.
doi:10.1002/reg2.59

Lafos, M., Kroll, P., Hohenstatt, M. L., Thorpe, F. L., Clarenz, O., & Schu-

bert, D. (2011). Dynamic regulation of H3K27 trimethylation

during Arabidopsis differentiation. PLoS Genetics, 7, e1002040.

doi:10.1371/journal.pgen.1002040

Laux, T., Mayer, K. F., Berger, J., & Jurgens, G. (1996). TheWUSCHEL gene is

required for shoot and floralmeristem integrity in Arabidopsis.Develop-
ment, 122, 87–96.

Lee, H. W., & Kim, J. (2013). EXPANSINA17 up-regulated by LBD18/ASL20

promotes lateral root formation during the auxin response. Plant and
Cell Physiology, 54, 1600–1611. doi:10.1093/pcp/pct105

Lee, H. W., Kim, M. J., Kim, N. Y., Lee, S. H., & Kim, J. (2013). LBD18 acts

as a transcriptional activator that directly binds to the EXPANSIN14

promoter in promoting lateral root emergence of Arabidopsis. The Plant
Journal, 73, 212–224. doi:10.1111/tpj.12013

Lee, D. S., Shin, J. Y., Tonge, P. D., Puri, M. C., Lee, S., Park, H.,…, & Seo, J. -S.

(2014). An epigenomic roadmap to induced pluripotency reveals DNA

methylation as a reprogramming modulator. Nature Communications, 5,
5619. doi:10.1038/ncomms6619

Leibfried, A., To, J. P. C., Busch, W., Stehling, S., Kehle, A., Demar, M. et al.
(2005). WUSCHEL controls meristem function by direct regulation

of cytokinin-inducible response regulators. Nature, 438, 1172–1175.
doi:10.1038/nature04270

Li, W., Liu, H., Cheng, Z. J., Su, Y. H., Han, H. N., Zhang, Y. et al. (2011).
DNA methylation and histone modifications regulate de novo shoot

regeneration in Arabidopsis by modulating WUSCHEL expression and

auxin signaling. PLoS Genetics, 7, e1002243. doi:10.1371/journal.pgen.
1002243

Liang, G., & Zhang, Y. (2013). Embryonic stem cell and induced pluripo-

tent stem cell: an epigenetic perspective. Cell Research, 23, 49–69.
doi:10.1038/cr.2012.175

Lin, T., & Wu, S. (2015). Reprogramming with small molecules instead

of exogenous transcription factors. Sstem Cells International, 2015,
794632. doi:10.1155/2015/794632

Liu, J., Sheng, L., Xu, Y., Li, J., Yang, Z., Huang, H. et al. (2014). WOX11

and 12 are involved in the first-step cell fate transition during de

novo root organogenesis in Arabidopsis. The Plant Cell, 26, 1081–1093.
doi:10.1105/tpc.114.122887

Liu, Z., Li, J., Wang, L., Li, Q., Lu, Q., Yu, Y. et al. (2016). Repression of callus

initiation by the miRNA-directed interaction of auxin-cytokinin in Ara-
bidopsis thaliana. The Plant Journal, 87, 391–402.

Luo, M., Yu, C. W., Chen, F. F., Zhao, L., Tian, G., Liu, X. et al. (2012).
Histone deacetylase HDA6 is functionally associated with AS1 in

repression of KNOX genes in arabidopsis. PLoS Genetics, 8, e1003114.
doi:10.1371/journal.pgen.1003114

Mähönen, A. P., Bonke, M., Kauppinen, L., Riikonen, M., Benfey, P. N., &

Helariutta, Y. (2000). Anovel two-component hybridmolecule regulates

vascular morphogenesis of the Arabidopsis root. Genes & Development,
14, 2938–2943

Mähönen, A. P., ten Tusscher, K., Siligato, R., Smetana, O., Díaz-Triviño,

S., Salojärvi, J., …, & Scheres, B. (2014). PLETHORA gradient for-

mation mechanism separates auxin responses. Nature, 515, 125–129.
doi:10.1038/nature13663

Malamy, J. E., & Benfey, P. N. (1997). Organization and cell differentiation in

lateral roots of Arabidopsis thaliana.Development, 124, 33–44.



196 KAREEM ET AL.

Mayer, K. F., Schoof, H., Haecker, A., Lenhard, M., Jurgens, G., & Laux, T.

(1998). Role ofWUSCHEL in regulating stem cell fate in theArabidopsis

shoot meristem. Cell, 95, 805–815

Mclean, K. E., & Vickaryous,M. K. (2011). A novel amniotemodel of epimor-

phic regeneration: the leopard gecko, Eublepharis macularius. BMC Devl-
opmental Biology, 11, 50. doi:10.1186/1471-213X-11-50

Melnyk, C. W., Schuster, C., Leyser, O., & Meyerowitz, E. M. (2015). A

developmental framework for graft formation and vascular recon-

nection in Arabidopsis thaliana. Current Biology, 25, 1306–1318.

doi:10.1016/j.cub.2015.03.032

Meyerowitz, E. M. (2002). Plants compared to animals: the broad-

est comparative study of development. Science, 295, 1482–1485.

doi:10.1126/science.1066609

Motte, H., Vercauteren, A., Depuydt, S., Landschoot, S., Geelen, D.,

Werbrouck, S., …, & Vereeckea, D. (2014). Combining linkage

and association mapping identifies RECEPTOR-LIKE PROTEIN

KINASE1 as an essential Arabidopsis shoot regeneration gene.

Proceedings of the National Academy of Sciences, 111, 8305–8310.
doi:10.1073/pnas.1404978111

Moussaieff, A., Rouleau, M., Kitsberg, D., Cohen, M., Levy, G., Barasch,

D., …, & Nahmias, Y. (2015). Glycolysis-mediated changes in acetyl-

CoA and histone acetylation control the early differentiation of embry-

onic stem cells. Cell Metabolism, 21, 392–402. doi:http://dx.doi.org/
10.1016/j.cmet.2015.02.002

Nole-Wilson, S., Tranby, T. L., & Krizek, B. A. (2005). AINTEGUMENTA-like

(AIL) genes are expressed in young tissues and may specify meristem-

atic or division-competent states. Plant Molecular Biology, 57, 613–628.
doi:10.1007/s11103-005-0955-6

Nowak, K. & Gaj, M. D. (2016). Stress-related function of bHLH109 in

somatic embryo induction in Arabidopsis. Journal of Plant Physiology,
193, 119–126.

Okushima, Y., Fukaki, H., Onoda, M., Theologis, A., & Tasaka, M. (2007).

ARF7 and ARF19 regulate lateral root formation via direct activa-

tion of LBD/ASL genes in Arabidopsis. The Plant Cell, 19, 118–130.
doi:10.1105/tpc.106.047761

Paulraj, S., & Yeung, E. C. (2012). Improved shoot regeneration from root

explants using an abscisic acid-containingmedium.Methods inMolecular
Biology, 877, 183–189. doi:10.1007/978-1-61779-818-4_15

Pennock, R., Bray, E., Pryor, P., James, S., Mckeegan, P., Sturmey, R., &

Genever, P. (2015). Human cell dedifferentiation in mesenchymal con-

densates through controlled autophagy. Scientific Reports, 5, 13113.
doi:10.1038/srep13113

Prasad, K., Grigg, S. P., Barkoulas, M., Yadav, R., Sanchez-Perez, G. F.,

Pinon, V., …, & Scheres, B. (2011). Arabidopsis PLETHORA tran-

scription factors control phyllotaxis. Current Biology, 21, 1123–1128.
doi:10.1016/j.cub.2011.05.009

Pulianmackal, A. J., Kareem, A. V., Durgaprasad, K., Trivedi, Z. B., & Prasad,

K. (2014). Competence and regulatory interactions during regeneration

in plants. Frontier in Plant Science, 5, 142. doi:10.3389/fpls.2014.00142

Radoeva, T., & Weijers, D. (2014). A roadmap to embryo identity in plants.

Trends in Plant Science, 19, 709–716. doi:10.1016/j.tplants.2014.06.009

Rezza, A., Sennett, R., & Rendl, M. (2014). Adult stem cell niches: cellular

andmolecular components.Current Topics in Developmental Biology, 107,
333–372. doi:10.1016/B978-0-12-416022-4.00012-3

Sanchez Alvarado, A., & Yamanaka, S. (2014). Rethinking differentia-

tion: stem cells, regeneration, and plasticity. Cell, 157, 110–119.

doi:10.1016/j.cell.2014.02.041

Sekiya, S., & Suzuki, A. (2011). Direct conversion of mouse fibroblasts to

hepatocyte-like cells by defined factors.Nature, 475, 390–393.

Sena, G., Wang, X., Liu, H. Y., Hofhuis, H., & Birnbaum, K. D. (2009). Organ

regeneration does not require a functional stem cell niche in plants.

Nature, 457, 1150–1153. doi:10.1038/nature07597

Shang, B., Xu, C., Zhang, X., Cao, H., Xin, W., & Hu, Y. (2016). Very-

long-chain fatty acids restrict regeneration capacity by confining per-

icycle competence for callus formation in Arabidopsis. Proceedings
of the National Academy of Sciences of the United States of America.
doi:10.1073/pnas.1522466113

Siemens, J., Torres, M., Morgner, M., & Sacristán, M. D. (1993). Plant regen-

eration from mesophyll-protoplasts of four different ecotypes and two

marker lines fromArabidopsis thaliana using a unique protocol. Plant Cell
Reports, 12, 569–572.

Siligato, R., Wang, X., Yadav, S. R., Lehesranta, S., Ma, G., Ursache,

R.,…, &Mähönen, A. P. (2016).MultiSiteGateway-compatible cell type-

specific gene-inducible system for plants. Plant Physiology Preview, 170,
627–641. doi:10.1104/pp.15.01246

Skoog, F., & Miller, C. O. (1957). Chemical regulation of growth and organ

formation in plant tissues cultured in vitro. Symposia of the Society for
Experimental Biology, 11, 118–130.

Slack, S. A., & Tufford, L. A. (1995). Meristem culture for virus elimination.

In: O.L. Gamborg & G.C. Phillips (Eds), Plant cell, tissue and organ culture:
Fundamental methods (pp. 117–128). Berlin, Heidelberg: Springer Berlin
Heidelberg. doi:10.1007/978-3-642-79048-5_10

Smith, R. H. (2013). Plant tissue culture: techniques and experiments. Califor-
nia, USA: Academic Press

Smith, Z. R., & Long, J. A. (2010). Control of Arabidopsis apical-basal embryo

polarity by antagonistic transcription factors. Nature, 464, 423–426.
doi:10.1038/nature08843

Smith, A. W., Hoyne, J. D., Nguyen, P. K., Mccreedy, D. A., Aly, H.,

Efimov, I. R., …, & Elbert D. L. (2013). Direct reprogramming of

mouse fibroblasts to cardiomyocyte-like cells using Yamanaka factors

on engineered poly(ethylene glycol) (PEG) hydrogels. Biomaterials, 34,
6559–6571. doi:10.1016/j.biomaterials.2013.05.050

Spence, J. R., Mayhew, C. N., Rankin, S. A., Kuhar, M. F., Vallance, J.

E., Tolle, K., …, & Wells, J. M. (2011). Directed differentiation of

human pluripotent stem cells into intestinal tissue in vitro. Nature, 470,
105–109.

Spinelli, S. V., Martin, A. P., Viola, I. L., Gonzalez, D. H., & Palatnik,

J. F. (2011). A mechanistic link between STM and CUC1 dur-

ing Arabidopsis development. Plant Physiology, 156, 1894–1904.

doi:10.1104/pp.111.177709

Stangler, B. B., (1956).Origin anddevelopment of adventitious roots in stem

cuttings of chrysanthemum, carnation and rose. Cornell University Agri-
cultural Experiment StationMemoir, 342, 1–24.

Stewart, S., & Stankunas, K. (2012). Limited dedifferentiation provides

replacement tissue during zebrafish fin regeneration. Developmental
Biology, 365, 339–349. doi:10.1016/j.ydbio.2012.02.031

Su, Y. H., & Zhang, X. S. (2014). The hormonal control of regenera-

tion in plants. Current Topics in Developmental Biology, 108, 35–69.
doi:10.1016/b978-0-12-391498-9.00010-3

Su, Y. H., Zhao, X. Y., Liu, Y. B., Zhang, C. L., O’neill, S. D., & Zhang, X. S.

(2009). Auxin-inducedWUS expression is essential for embryonic stem

cell renewal during somatic embryogenesis in Arabidopsis. The Plant
Journal, 59, 448–460. doi:10.1111/j.1365-313X.2009.03880.x

Sugimoto, K., & Meyerowitz, E. M. (2013). Regeneration in Arabidop-

sis tissue culture. Methods in Molecular Biology, 959, 265–275.

doi:10.1007/978-1-62703-221-6_18

Sugimoto, K., Gordon, S. P., & Meyerowitz, E. M. (2011). Regenera-

tion in plants and animals: dedifferentiation, transdifferentiation, or



KAREEM ET AL. 197

just differentiation? Trends in Cell Biology, 21, 212–218. doi:10.1016/
j.tcb.2010.12.004

Sugimoto, K., Jiao, Y., &Meyerowitz, E. M. (2010). Arabidopsis regeneration

from multiple tissues occurs via a root development pathway. Develop-
mental Cell, 18, 463–471. doi:10.1016/j.devcel.2010.02.004

Takahashi, K., & Yamanaka, S. (2006). Induction of pluripotent stem cells

frommouse embryonic and adult fibroblast cultures by defined factors.

Cell, 126, 663–676. doi:10.1016/j.cell.2006.07.024

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda,

K., & Yamanaka, S. (2007). Induction of pluripotent stem cells from

adult human fibroblasts by defined factors. Cell, 131, 861–872.

doi:10.1016/j.cell.2007.11.019

Tang, G. X., Zhou,W. J., Li, H. Z., Mao, B. Z., He, Z. H., & Yoneyama, K. (2003).

Medium, explant and genotype factors influencing shoot regeneration

in oilseed Brassica spp. Journal of Agronomy and Crop Science, 189, 351–
358. doi:10.1046/j.1439-037X.2003.00060.x

Thorpe, T. A., & Stasolla, C. (2001). Somatic embryogenesis. In: S.S. Bho-

jwani & W. Y. Soh (Eds), Current trends in the embryology of angiosperms
(pp. 279–336). Dordrecht: Springer Netherlands. doi:10.1007/978-94-

017-1203-3_12

Tsuwamoto, R., Yokoi, S., & Takahata, Y. (2010). Arabidopsis EMBRY-

OMAKER encoding an AP2 domain transcription factor plays a key role

in developmental change from vegetative to embryonic phase. Plant
Molecular Biology, 73, 481–492. doi:10.1007/s11103-010-9634-3

Valvekens, D., Van Montagu, M., & Van Lijsebettens, M. (1988). Agrobac-
terium tumefaciens-mediated transformation of Arabidopsis thaliana
root explants by using kanamycin selection. Proceedings of the
National Academy of Sciences of the United States of America, 85,
5536–5540.

Vasil, I. K., &Thorpe, T.A. (2013).Plant cell and tissue culture. Springer Science
& BusinessMedia Dordrecht.

Vasil, V., & Vasil, I. (1980). Isolation and culture of cereal protoplasts. Theo-
retical and Applied Genetics, 56, 97–99.

Verstraeten, I., Beeckman, T., & Geelen, D. (2013). Adventitious root induc-

tion in Arabidopsis thaliana as a model for in vitro root organogenesis.

Methods inMolecular Biology,959, 159–175. doi:10.1007/978-1-62703-
221-6_10

Vierbuchen, T.,Ostermeier,A., Pang, Z. P., Kokubu,Y., Südhof, T.C.,&Wernig,

M. (2010). Direct conversion of fibroblasts to functional neurons by

defined factors.Nature, 463, 1035–1041.

Virchow, R. L. K. (1859). Cellular pathology. London: John Churchill

Weigel, D., & Glazebrook, J. (2002). Arabidopsis: a laboratory manual.
vol 165. New York: Cold Spring Harbor

Weiste, C., & Droge-Laser, W. (2014). The Arabidopsis transcription

factor bZIP11 activates auxin-mediated transcription by recruiting

the histone acetylation machinery. Nature Communications, 5, 3883.
doi:10.1038/ncomms4883

Welander, M., Geier, T., Smolka, A., Ahlman, A., Fan, J., & Zhu, L. H.

(2014). Origin, timing, and gene expression profile of adventitious

rooting in Arabidopsis hypocotyls and stems. American Journal of
Botany, 101, 255–266. doi:10.3732/ajb.1300258

Wittrock, V. (1884). Ueber Wurzelsprossen bei krautigarten Gewächsen.

mit besondererRücksicht auf ihre verschiedenebiologischeBedeutung.

Botanisches Centralblatt, 17, 227–232.

Xu, J., Hofhuis, H., Heidstra, R., Sauer, M., Friml, J., & Scheres, B. (2006).

A molecular framework for plant regeneration. Science, 311, 385–388.
doi:10.1126/science.1121790

Yokote, S., Yamanaka, S., & Yokoo, T. (2012). De novo kidney regeneration

with stem cells. Journal of Biomedicine and Biotechnology, 2012, 453519.
doi:10.1155/2012/453519

Zhang, F. L., Takahata, Y., & Xu, J. B. (1998). Medium and genotype factors

influencing shoot regeneration from cotyledonary explants of Chinese

cabbage (Brassica campestris L. ssp. pekinensis). Plant Cell Reports, 17,
780–786. doi:10.1007/s002990050482

Zhang, T. Q., Lian, H., Tang, H., Dolezal, K., Zhou, C. M., Yu, S., …, &

Wang, J. -W. (2015). An intrinsic microRNA timer regulates progressive

decline in shoot regenerative capacity in plants. Plant Cell, 27, 349–360.
doi:10.1105/tpc.114.135186

Zimmerman, J. L. (1993). Somatic embryogenesis: a model for

early development in higher plants. Plant Cell, 5, 1411–1423.

doi:10.1105/tpc.5.10.1411

Zuo, J., Niu, Q. W., Frugis, G., & Chua, N. H. (2002). The WUSCHEL gene

promotes vegetative-to-embryonic transition in Arabidopsis. The Plant
Journal, 30, 349–359.


