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Genetic transformation and regeneration of transgenic

plants remains unfeasible for the majority of plant

species. We propose that inducible expression and/or

suppression of the genes that control the cell cycle and

development, by altering chromatin structure and

exerting epigenetic control of gene expression, might

substantially improve competence for transformation

and/or regeneration. Transformation efficiency was

higher in cells with nuclei at the S and G2 phases, and

manipulating the genes whose activation or silencing

promote the G1–S transition has increased both transi-

ent and stable transformation. Controlling the cell cycle

directly, using RBR and VIP1, or indirectly, through

hormone regulation using IPT and ESR1, has improved

rates of stable transformation. Other target genes that

might promote incorporation of DNA and/or pluripo-

tency of cells include HP1, CycD3 and CycD1. The

availability of large EST databanks, complete plant-

genome sequences and/or inducible gene expression

systems create opportunities for testing homologous

genes to increase competence of transformation and

regeneration.
Introduction

Twenty years have passed since the first regeneration of
genetically transformed plants [1]. For most plant species,
however, the process is still unfeasible or highly inefficient
[2], making it unavailable, for practical purposes, as a
routine plant-breeding tool. Furthermore, the rate of
publications on transgenic technology development in
plants has lagged in recent years, threatening to under-
mine progress in both the science and the application [3].
Transformation requires the delivery of DNA into the
nucleus of cells and its insertion into the genome, and
regeneration requires the multiplication and differen-
tiation of transformed cells into organs or embryos.
Several options exist to deliver DNA into plant cells [4]
and although the methods available could be improved,
insertion of DNA into the cell might not be considered the
major obstacle to transformation.

Phytohormones, such as auxins, are powerful tools to
stimulate cell division and modify the competence of cells
[5] but they are often inadequate for promoting efficient
transformation. Zuo et al. [6] summarized the potential
uses of cyclin D3, histone H2A (H2A), cytokinin synthesis
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and receptor genes to improve regeneration and as a
means to generate marker-free transgenic plants: they
identified several opportunities as to how these genes
might be harnessed to improve transformation systems. In
this review, we discuss developmental genes, with a focus
on those regulating the G1–S transition in the cell cycle, as
a means to overcome the limitations in genetic transform-
ation and regeneration.

The processes of plant transformation and regeneration
from a transgenic cell can stall at several key points,
including: (1) the acquisition of a stem-cell-like state in
cells as they re-enter the cell cycle [7]; (2) progression
between the G1 and S phases of the cycle [8,9] (Box 1); and
(3) the differentiation of the transformed cell into a new
embryo or meristem [10–13]. In this manuscript, we
consider transformation to be the recovery of cells
expressing a foreign gene for use as a selectable marker,
and regeneration to be the organogenesis or embryogen-
esis from the genetically transformed cells.

We will first discuss the basic concepts of de- and/or re-
differentiation and the genes that control it. Next, we will
explore genes that either suppress or promote G1–S
transition and, later, those that facilitate gene uptake or
directly influence the regeneration process (Table 1). We
will conclude by discussing strategies to use these genes,
in combination with inducible expression systems, to
improve transformation and regeneration efficiency.
The concept of dedifferentiation: heterochromatin

remodeling

The differentiated cell

A characteristic of multicellular organisms is that most of
their cells are non-proliferating differentiated cells in
which DNA replication factors are absent or functionally
inactive [14]. Differentiated cells at the quiescent phase
(G0) are characterized by DNA compaction: methylation of
cytosine residues in the DNA attracts methyl-CpG-
binding proteins, which associate with histone deacety-
lases, and compact the DNA, thereby facilitating histone
methylation [15]. In addition, methylated histone tails
attract heterochromatin protein 1 (HP1), which causes
further compaction of the DNA or the formation of
heterochromatin [16]. Transcriptionally active genes are
associated with euchromatic areas, whereas heterochro-
matin contains mostly transcriptionally inactive genes
[17,18]. However, even within euchromatic regions,
condensed areas of heterochromatin are common. The
HP1-like genes in plants (LHP1 and TFL2) promote DNA
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Box 1. Summary of phases in the plant cell cycle and their

terminology

Interphase
G0 (Gap0): resting period, non dividing

G1 (Gap1): growth, preparation for DNA synthesis

S DNA synthesis

G2 (Gap2): growth

Mitosis
M Cell division

For an animated summary of the cell cycle see http://www.cellsalive.

com/cell_cycle.htm
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condensation and repression of transcription [16] – a
characteristic of differentiated cells.

Acquiring pluripotentiality

For a transgenic, differentiated cell to attain competence
for regeneration it must adopt a ‘stem-cell-like’ state,
which confers pluripotentiality, and then re-enter the S
phase of the cell cycle. Both of these steps involve
chromatin remodeling [7], although the G0–G1 transition
involves chromatin relaxation rather than DNA synthesis
[19]. In general, the competence of a cell to switch fate or
acquire pluripotentiality [7] is accompanied by post-
translational modifications of histone H3, redistribution
of heterochromatin protein 1 (HP1), changes in DNA-
methylation patterns and activation of silent genes such
as VIP1 and no apical meristem (NAM)-like genes [17].

Cell phases – genes that regulate the G1–S transition

The control of the G1–S transition is crucial to the
commitment to further cell division or differentiation in
eukaryotic cells [20]. G1–S transition is driven by the
E2F–RBR pathway, where E2F is a family of transcription
activators that are normally repressed in differentiated
cells by retinoblastoma-related protein (RBR) [20,21] and
are up-regulated before entering S phase [22]. Upon
phosphorylation by D- and A-type cyclins, in association
Table 1. Examples of genes known to facilitate T-DNA integra

plant regeneration

Gene Name Function

Acquisition of pluripotency and G1–S transition

RBR1 Retinoblastoma-related protein Negatively regulat

RBR1 results in ex

CycD3 Cyclin D3 Up-regulated by n

acquisition of com

the cell cycle.

E2Fa Transcription factor In association with

involved in DNA re

cycle.

H2A Histone 2A Facilitates the integ

in chromatin remo

LHP1 Like-heterochromatin protein 1 Promotes DNA con

Organogenesis and somatic embryogenesis (hormone receptors and respo

PID Pinoid A serine–threonine

transport.

CUC Cup-shaped cotyledon CUC1 and CUC2 ar

the formation of a

ESR1 Enhancer of shoot regeneration Increased efficienc

of cytokinin.

IPT Isopentenyl–transferase Bacterial gene that

from transformed
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with their cyclin kinase partners, RBR releases the E2F
factors, enabling the G1–S transition to occur [20,21,23].
The transcription activation factor E2Fa acts in combi-
nation with its dimerization partner DPa, and among the
hundreds of genes targeted by E2Fa–DPa [24] are D-type
cyclins (CycD), which provide feedback to the release of
E2F factors in the E2F–RBR pathway [20,21]. It has been
shown that Cyclin D3 (CycD3) expression is modulated in
plant cells by the hormone cytokinin [25]. Furthermore,
overexpression of CycD3 can eliminate the requirement
for exogenous cytokinin in the induction and proliferation
of callus cells, and shows increased transcription of the
S-phase-associated histone H4 (H4) [25]. Cyclin D1
(CycD1) can also accelerate the cell cycle in tobacco cells
by enhancing both G1–S entry and progression through S
and G2 phases [26].
E2Fa activates and E2Fc represses progression

through G1–S phase

Transgenic plants co-overexpressing E2Fa and its dimeri-
zation partner DPa showed increased cell proliferation;
their cotyledons contained approximately twice the
number of cells as wild type. This phenotype was
accompanied by a significantly higher proportion of 2C
and 4C nuclei and two additional endocycles compared
with the control [27]. Transcriptome analysis of E2Fa–
DPa-overexpressing plants showed the up-regulation of 14
genes that are involved in DNA replication (and/or
modification) and S phase onset, including histone
acetylase B (HAT B), topoisomerase 6, DNA gyrase,
CDKB1, and histones H1, H2A, H2B and H4 [24].
However, not all E2F factors positively regulate the
G1–S transition. E2Fc, another member of theE2F family,
is a negative regulator of the E2F–RBR pathway. E2Fc
represses the entry of cells into S phase by competitive
inhibition for the DPa subunit of the E2Fa–DPa tran-
scription factor complex [23,28]. In summary, either
overexpression of E2Fa or silencing of E2Fc could be
potentially used to induce pluripotency.
tion or that control developmental processes required for
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Figure 1. Enhanced transformation using VIP1. (a) and (b) Leaf disks of two

independent tobacco lines previously transformed with VIP1, and (c) non-

transgenic wild-type submitted to a second transformation with the HPTII antibiotic

resistance gene, followed by regeneration in the presence of hygromycin. Left to

right, disks treated with Agrobacterium cultures at 0.1, 0.5 and 1.0 OD (optical

density), respectively. Lines harbouring VIP1 showed higher transformation

efficiency. Reprinted from Tzfira et al. reference [34].
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Links between G1–S transition and regeneration of

transgenic plants

Differentiated plant cells are normally at the quiescent G0
phase, and to insert foreign DNA into their genome they
need to re-enter the cell cycle. Several studies have shown
that the phase of the plant cell cycle at the time of
transformation is a major determinant of transformation
and regeneration efficiency. Transformation frequency is
positively associated with cell division or dedifferentia-
tion, with higher transformation observed in cells with
nuclei at the S and G2 phases of the cycle [8,9,29]. Using
flow cytometry, Villemont et al. [29] found that the highest
stable transgene expression in Petunia hybrida takes
place when cells are at S phase during transformation
with Agrobacterium. No transformation occurred if cells
were at G0–G1 (quiescent phase), and only transient
transgene expression occurred when cells were atM phase
[29]. Flow cytometric studies in citrus showed that a high
frequency of actively dividing cells in S phase resulted in
high rates of stable integration of DNAwhen co-cultivated
with Agrobacterium in a medium rich in auxins [9].

The regeneration frequency of transgenic explants has
also been linked to the cell cycle phase at the time of
transformation. There was a strong positive correlation
observed between the frequency of S and G2 nuclei and
regeneration ability in Petunia hybrida, and a strong
negative correlation between frequency of G0 and G1
nuclei and percent of regeneration after using Agrobacter-
ium transformation [8]. A similar phenomenon was
observed in Brassica oleracea, with the highest trans-
formation efficiencies and regeneration rates observed in
explants with higher proportions of 4C nuclei [30].
Histone H2A and VIP1 facilitate the insertion of foreign

DNA into the plant genome

Histone H2A is part of the ATP-dependent machinery of
histone variant exchange, which occurs during chromatin
remodeling and epigenetic control of transcription [31].
AH2A-like protein was also one of the genes up-regulated
by the co-expression of E2Fa–DPa and S phase onset [24].
A mutation in H2A-1 rendered plants resistant to genetic
transformation with Agrobacterium, whereas its over-
expression in wild-type plants increased transformation
efficiency by twofold [32]. Transient expression of H2A
also improved the rate of stable transformation [32].

VIP1 (VirE2 interacting protein 1) is a gene present in
Arabidopsis; it is normally silent in differentiated cells but
was up-regulated during the acquisition of pluripotenti-
ality [17]. Further research determined that VIP1
interacts with VirE2 from Agrobacterium and with several
histones, facilitating the integration of the foreign DNA
into the plant genome [33,34]. Although the regeneration
capacity of explants overexpressing VIP1 is not increased
[34], its overexpression increased the rate of transient and
stable plant transformation [35] (Figure 1). VIP1 has a
nuclear localization signal, and interacts not only with
VirE2 but also with the plant H2A [34], H2B, H3 and H4
[33]. It has been proposed that the VIP1–histone
association might trigger the proteolytic uncoating of the
T-DNA, enabling its integration [33].
www.sciencedirect.com
Relieving the blockage on regeneration

Silencing of retinoblastoma-related protein (RBR) leads

to increased transformation and regeneration

The activation of the mitotic cell cycle and entry into S
phase is controlled by a pathway that involves the
activation of E2F through the hyperphosphorylation and
inactivation of RBR [23]: the abundance of RBR protein is
highest in differentiated tissues (23). Plant geminiviruses
normally invade differentiated cells with no active DNA
replication; therefore, they have developed strategies to
reactivate DNA synthesis. At least two of their proteins,
Rep and RepA, repress the plant cell RBR and, thus,
activate the replication machinery required to amplify the
viral genome [14]. In tobacco cells, constitutive expression
of the viral RepA protein induced cell division and
conferred a high-competence transformation phenotype,
whereas RepA expression in maize resulted in calli that
remained embryogenic and were readily regenerable,
suggesting that RepA was able to overcome the G0–G1
blockage [36].

The phosphorylation of RBR by complexes of D-type
cyclins and cyclin kinases (CycD–CDKs) resulted in its
dissociation from E2F transcription factors, and enabled
activation of the E2F target genes needed for entry into S
phase [37]. Experimentally, virus-induced gene silencing
(VIGS) of RBR in tobacco resulted in the up-regulated
transcription of E2F and S phase active genes, such as
ribonucleotide reductase (RNR), proliferating cell nuclear
antigen (PCNA), minichromosome maintenance (MCM),
histone H1 and replication origin protein (CDC6), in
addition to an increased proportion of 4C nuclei [38].
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Calreticulins and calpains can regulate regeneration

Fluctuations of Ca2C concentration in subcellular com-
partments can act as a signal of cell stress, in communi-
cation between the plasma membrane and organelles, and
in the control of the cell cycle [39]. Phytocalpains and
calreticulins are examples of calcium-binding proteins
that have shown association with the plant cell cycle and
regeneration and, therefore, might facilitate transform-
ation. Calpains are cytoplasmic, calcium-dependent
cysteine proteases that differ in their Ca2C requirements,
whereas calreticulins reside in the lumen of the endo-
plasmic reticulum, where they bind Ca2C with high
capacity [40].

Rice suspension cultures loose their regenerability
during time, a phenomenon that has been associated
with an increased expression of calreticulin phosphopro-
tein pp56 (pp56). Rice suspension cultures tested for the
abundance of phosphoprotein pp56 showed increased
expression from between one and twenty-four-months,
an increase that was associated with the loss of the ability
of the cells to regenerate [41]. By contrast, constitutive
expression of another calreticulin-encoding gene,
BrCRT1, was shown to be a positive regulator of plant
regeneration in Brassica rapa [42].

Calpains appear to have an important role in the cell
cycle: defective kernel 1 (DEK1) encodes a calcium-
activated protease in maize; silencing of the Nicotiana
DEK1 homolog NbDEK resulted in high transcript levels
of the S-phase genes (PCNA, RNR, CDC6), CycD2, CycD3,
RBR, E2F, E2F-regulated genes andKNOX (knotted 1-like
homeobox); and silencing of NbDEK caused hyperproli-
feration of epidermal cells and produced stems with
ectopic division of epidermal cells [43].

Auxin receptors and/or transporters affect the G1–S

transition

Plant tissues have the potential to regenerate through
organogenesis or somatic embryogenesis, depending on
the type and proportion of auxins and cytokinins present
in culture media; these same two hormones control the cell
cycle [5]. In tobacco cells, the ubiquitin proteolytic system
(SCF) is required for chromatin decondensation and
reactivation of S phase [19] – in these cells auxin appears
to trigger E2Fc degradation through the AXR1–SCF
pathway [5], where AXR1 encodes a protein involved in
RUB (Ub-related) modification of CUL1 and, therefore, is
a regulator of the E3 ligase–SCF activity. As discussed
above, E2Fc prevents the progression through G1–S;
therefore, its degradation facilitates G1–S transition [5].
SCF complex also catalyzes the destruction of Aux–IAA
transcription factors, triggered by the interaction of auxin
with the transport-inhibitor response protein 1 (TIR1)
[44]. Aux–IAA proteins actually suppress auxin-induced
gene expression, and high auxin levels accelerate their
destruction [44].

Cytokinin synthesis and receptors contribute to

regeneration

Overexpression of cytokinin synthesis and signaling genes
(IPT, ESR1 and CKI1) have been shown to improve the
efficiency of regeneration [6]. Using microarray analysis,
www.sciencedirect.com
Rap2.6L, a gene related to shoot regeneration from root
explants, was identified in Arabidopsis. Rap2.6L is a
member of the AP2–ERBP transcription-factor gene
family and is up-regulated in the presence of
cytokinin [45].

The root or shoot decision: PIN polarization precludes

organ formation

Although usually not reported, for some plant species, it
is common to obtain genetically transformed calli that
never regenerate into new plants, for example, Phaseolus
coccineus [46]. We propose the use of genes involved in
cell polarization and early meristem formation to over-
come this type of limitation. Polar auxin transport
generates gradients that underlie the tropic growth
response, leading to apical–basal patterning [11].
PINOID (PID) is a serine–threonine kinase that regu-
lates auxin transport and is the major determinant of
PINFORMED (PIN) protein localization (i.e. PIN1, PIN2
and PIN4) [11]. In shoot cells, where PID is normally
expressed, PIN1 is located on the apical membranes,
whereas in pid mutants, PIN1 is mistargetted to basal
membranes [11]: constitutive expression of PID causes
loss of meristem identity in the primary root. PIN
proteins focus and stabilize auxin effects in both
proximo–distal and lateral dimensions. Hence, PIN
proteins direct the expression of the auxin-inducible
PLETHORA (PLT) genes, which specify the positions of
the quiescent centre and stem cells in the root [10]. PIN
proteins were proposed to restrict PLT expression in the
basal embryo region to initiate root primordium for-
mation, whereas PLT genes maintain PIN transcription
to stabilize the position of the distal-stem cell niche [10].
In laser-ablated Arabidopsis roots, a concerted change in
expression domains of PLT, SHORTROOT (SHR) and
SCARECROW (SCR) signal the new PIN polarity, which
re-establishes auxin transport and facilitates the regen-
eration process [47].

Making the aerial part starting from meristems

Most of the aerial parts of the plant are derived from the
shoot apical meristem (SAM). Cup-shaped cotyledon
(CUC) proteins are transcription factors that regulate
the expression of target genes involved in meristem
formation, through specific recognition by NAC domains
(Petunia NAM and Arabidopsis ATAF1, ATAF2, and
CUC2) [48]. In Arabidopsis, the CUC genes CUC1 and
CUC2 act upstream of the STM (SHOOTMERISTEM-
LESS) gene, whereas the double mutant cuc1 cuc2 results
in an absence of meristem [49]. CUC proteins transacti-
vate genes involved in SAM formation and organ
separation, where CUC3 encodes a major determinant of
boundary specification, and CUC2 is essential for shoot
apical meristem initiation [12]. Both CUC1 and CUC2 are
post-translationally regulated by micro RNA miR164
[50,51]. Phylogenetic analysis and expression patterns of
members of the NAC family showed that the paralogs
ZmNAM1 and ZmNAM2 in maize, NAM in Petunia
hybrida, CUC2 in Arabidopsis and CUP in Antirrhinum
majus contribute to SAM establishment [13]. The
C-terminal domain (CTD) of CUC genes has
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Table 2. Examples of plant genes that should be useful for overcoming blockages on transformation or regeneration

Acquisition of pluripotentiality and hetero-

chromatin remodeling

Drive G1 to S transition to make cells

transformable

Regeneration

HP1 Y [16–19] E2Fa–DPa [ [20,21,23,24,27] PID [ (shoot formation) [10,11]

RBR Y [7,14,20,21,36] CycD3 [ [25] PID Y (root formation) [10,11]

VIP1 [ [17,34,35] BrCRT1 [ [42] CUC1 and CUC2 [ [12,48,49]

H2A [ [24,31,32] CycD1 [ [26] ZmNAM1 or ZmNAM2 [ [13]

Histone deacetylases Y [16,17] CycD and CycB Kinases [ [20,21,23,24,37] IPT [ [6]

Histone acetylase HAT B [ [24] DEK1 Y [43] ESR1 [ [6]

E2Fc Y [5,23,28] RBR [ [20,21]

RBR Y [22]

[: induced or transient up-regulation required; Y: induced or transient down-regulation required. See text for abbreviations.
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transactivation activity but the functional specificity of
CUC in promoting adventitious shoot formation resides in
their NAC domain. Ectopic expression of CUC1 and CUC2
increases the frequency of adventitious shoot
formation [48].
Inducible Promoters

The evidence presented above suggests that genes that
affect chromatin remodeling or the cell cycle might be
important tools for improving transformation or regen-
eration efficiency. However, it is also abundantly clear
that their constitutive activation or silencing would
prevent normal development. Published examples
include suppression of the RBR protein by VIGS (leading
to ectopic cell division and a lack of differentiation) [38],
suppression of phytocalpain NbDEK1 (inhibiting cell
differentiation) [43] and overexpression of the calreticulin
BrCRT1 (retarding plant growth) [42]. There are several
inducible systems available for the spatial and temporal
control of gene expression. These can minimize the
detrimental effects of developmental genes when used
to promote transformation: they can directly induce or
suppress gene expression or cause DNA rearrangements
that cause permanent gain or loss of expression.
Inducible systems include those regulated by tetra-
cycline, steroids, insecticides, ethanol and copper [52].
Precise control of transcription is achievable using
inducible promoters in combination with microinduction,
where the chemical inducer is embedded in a paste and
applied under the microscope [53]. Microinduction has
been used in combination with a tetracycline-inducible
promoter driving expression of expansin and phragmo-
plastin, enabling control of gene expression in small
areas within the meristem [53,54]. Among the inducible
systems, the alcohol-inducible switch – based on com-
ponents of the alc regulon, including AlcR transcriptional
activator and alcA promoter of Aspergillus nidulans [55]
– has been considered as one of the most promising in a
wide range of model and crop plants. It is particularly
suitable for functional genomics studies because of its
high specificity and efficiency [56,57]. The alc switch
enables temporal and spatial regulation of gene
expression, and it has been successfully used for efficient
induced expression and reliable RNA silencing of
developmental genes such as STM, CycD1 and CycD3
[26,57].
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Conclusion

The process of making a transgenic plant can stall at
various points, including acquisition of pluripotentiality,
progress into the S phase of the cycle – which makes cells
competent for transformation – and differentiation of
transformed cells into new embryos or meristems. Many of
the genes that have major roles in these processes have
been identified, and the manipulation of several of them
has been shown to affect the rate of transformation and/or
regeneration. Depending on the point at which a blockage
appears to occur, different strategies for the temporal and
spatial induction of gene expression or repression are
needed. Several options for selectively up- or down-
regulating key genes are briefly outlined in Table 2.

The effectiveness of induced cell cycle-related genes
in causing cell nuclei to enter S phase can be assessed
by several methods, including the study of simple
phenotypes such as rate of shoot meristem production.
To aid recognition of meristemoids at early stages in
development, the use of transgenic marker genotypes,
such as those containing a WUSCHEL–reporter or
STM–reporter construct [58,59], would be useful. In
addition, monitoring of S-phase-specific genes, such as
RNR, MCM, CDC6, PCNA, H2A, H4 and E2Fa [23–
25,38], might give detailed insights into the mechan-
isms of cell cycle modulation: using microarray analysis,
O100 genes related to S phase have been identified in
Arabidopsis after overexpression of E2Fa–DPa [24]. In
addition, changes in heterochromatin remodeling, DNA
or histone methylation and histone acetylation and
deacetylation can be directly monitored by a variety of
methods [17–19,60]. With the diversity of genomic
databases, regeneration systems and developmental
obstacles in various species, we anticipate a rich variety
of approaches and successes in upcoming years.
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