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Origin and Development In Vitro of Shoot Buds and Somatic Embryos from
Intact Roots of Helianthus annuus 3 H. tuberosus
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A variant clone of the tetraploid (2n = 4x = 68) interspeci®c hybrid Helianthus annuus 3 H. tuberosus derived
by in vitro tissue culture showed a deviation from the usual pattern of organization of the plant body. This
variant developed shoot-like structures and somatic embryos from intact adventitious roots of in vitro-grown
plantlets. The morphogenetic structures were not normally able to differentiate complete plants. They did show
cellular proliferation with the inception of additional secondary embryos, leaf-like structures and unorganized
masses of callus. Nevertheless, some ectopic structures isolated from roots and transferred onto fresh basal
medium without growth regulators were able to produce plantlets that exhibited the same phenotype as the
original clone. Histological analyses demonstrate that they originate from cortical cells in association with the
development of lateral root primordia. ã 2003 Annals of Botany Company
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INTRODUCTION

In higher plants, the zygote divides to produce the embryo, a
bipolar structure with one, two or several embryonic leaves
(cotyledons), the shoot apical meristem (plumule) and the
root apical meristem (D'Amato, 1997). Once organized, the
two meristems have very different developmental fates
(Steeves and Sussex, 1989). However, cell derivatives of
each type of meristem can become organized into the other
type, i.e. shoots can be rooted and roots can produce shoots.
In particular, the natural ability of roots of many species to
form buds that develop into new shoots has been long
recognized, and lists of species capable of forming `root
buds' are extensive (Wittrock, 1884; Holm, 1925; Raju
et al., 1966; Donovan, 1976). In some species, shoot buds
occur sporadically on roots only after the root has been
excised, whereas in other species one of the main functions
of the root system appears to be the production of root buds
(reviewed in Peterson, 1975). The formation of buds on
roots enables the propagation of plants by root cuttings and
is an important means of spreading noxious weeds
(Hamdoun, 1970; Horvath, 1998, 1999; Donald, 2000). A
variety of root tissue may be involved in bud differentiation,
and the development pattern therefore varies considerably
depending on the region of the root in which bud initiation
occurs (Bosela and Ewers, 1997). Root buds of herbaceous
species frequently arise endogenously, in a manner similar
to initiation of lateral or adventitious roots (Peterson, 1975).
Therefore, descriptions of buds arising from both the
pericycle and the phellogen or related tissues are frequently

reported (Bonnet and Torrey, 1966; Hamdoun, 1970;
Peterson, 1975).

The production of root buds is an example of the
potentiality (totipotency) of differentiated or partly differ-
entiated plant cells to express a new pattern of differenti-
ation. Likewise, somatic cell totipotency is demonstrated by
the ability of plant cells to develop into a complete and
fertile plant by in vitro somatic embryogenesis and/or
organogenesis. We have previously shown that a high
embryogenic potential can be acquired by cells of regen-
erated plants of the tetraploid (2n = 4x = 68) interspeci®c
hybrid Helianthus annuus 3 H. tuberosus (Fambrini et al.,
1996, 1997, 2001). Despite every clone obtained from these
regenerated plants being characterized by a high morpho-
genetic competence (Fambrini et al., 1997), some pheno-
typic differences were observed in their in vitro and/or
in vivo behaviours, including the ability to form epiphyllous
embryos and/or shoots (Fambrini et al., 2000).

In this work, a variant clone (EMB-9-RAD) of the hybrid
H. annuus 3 H. tuberosus (Fambrini et al., 1997) is
described that develops shoot-like structures and somatic
embryos from intact adventitious roots of in vitro-grown
plantlets. Moreover, by means of histological analysis, it is
demonstrated that these ectopic structures originate from
cortical cells in association with the development of lateral
root primordia.

MATERIALS AND METHODS

Plant material and culture conditions

The variant clone, denominated EMB-9-RAD and char-
acterized by in vitro differentiation of ectopic structures on
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intact roots, was derived from a regenerated plant (R1

generation) of the tetraploid (2n = 4x = 68) interspeci®c
hybrid Helianthus annuus L. (inbred line HA89 cms) 3
Helianthus tuberosus L. (accession S. Pietro 1457 provided
by the Dipartimento di Biologia delle Piante Agrarie,
University of Pisa, Italy). EMB-9-RAD plants were multi-
plied by single-node cuttings on solidi®ed (8 g l±1

Bactoagar; Oxoid Ltd, Basingstoke, UK) MS basal medium
(Murashige and Skoog, 1962) supplemented with 30 g l±1

sucrose and without growth regulators in 150 ml Erlen-
meyer ¯asks (Fambrini et al., 1997). The cultures were
incubated in a controlled environment chamber at 23 6 1 °C
under a 16 h photoperiod and a photosynthetic photon ¯ux
of 30 mmol m±2 s±1 provided by cool-light ¯uorescent lamps.

Histological analysis

Root and stem segments (1´0±2´0 cm long) of EMB-9-
RAD plants were collected and ®xed for 24 h in FAA
(formalin : glacial acetic acid : ethanol : distilled water,
5 : 10 : 50 : 35 v/v). Material was dehydrated in ethanol,
cleared in xylene and embedded in paraplast (Sigma
Chemical Co., St Louis, MO, USA) (Ruzin, 1999). Serial
sections, 10 mm thick, were cut using a rotary microtome
(Reichert), and transferred onto glass slides. The paraplast
was removed and the material was stained using Dela®eld's
haematoxylin and mounted in DPX (BDH Chemicals Ltd,
Poole, UK). Histological observations were made using a
Wild Makroskop M420 inverted microscope (Leica,
Heerbrugg, Switzerland) and a Leitz microscope MPV3
(Wetzlar, Germany). Micrographs were taken using Wild
MPS 51 equipped with a Wild Photoautomat MPS 45
(Heerbruug, Switzerland).

RESULTS AND DISCUSSION

Morphological characteristics of EMB-9-RAD plants
propagated in vitro

The interspeci®c hybrid H. annuus 3 H. tuberosus is
normally propagated by tubers (Pugliesi et al., 1993), but as
far as we know there are no reports on the development of
root buds and/or somatic embryos on intact roots of in vivo-
or in vitro-grown plants. Moreover, the in vitro occurrence
of root buds or embryogenic structures on intact roots was
never observed in the highly embryogenic clones of this
hybrid selected previously (Fambrini et al., 1996, 1997,
2000). By contrast, after development of numerous
adventitious roots on MS basal medium, the EMB-9-RAD
shoots produced a number of root buds (Fig. 1A) and
somatic embryos (Fig. 1B) arranged in clusters ¯anking
lateral roots. Individual EMB-9-RAD plants differed greatly
in the timing and extent of the expression of this phenotypic
trait. In some cases, only callus proliferation was observed
in association with lateral roots (Fig. 1C). Usually, the
morphogenetic structures of EMB-9-RAD evolved into
additional secondary embryos (Fig. 1D), leaf-like structures
and/or unorganized masses of callus (Fig. 1B and D). It is
likely that cells of early ectopic structures retain a
morphogenetic potential and can themselves become

meristematic growth centres rather than participate in the
coordinated growth of shoots or embryos. In addition, many
adventitious structures displayed cellular enlargement
giving rise to abnormal shoots or somatic embryos
(Fig. 1E). The distinct morphology displayed by ectopic
structures appeared unrelated to their position along the
primary adventitious roots. Some well-shaped ectopic
structures (Fig. 1F), isolated from roots and transferred
onto fresh MS basal medium, were able to produce plantlets
that exhibited ectopic root buds and somatic embryos, like
the original clone (data not shown).

Histological analysis

Root buds often occurred in association with the basal
region of lateral root primordia from various tissues of the
main root, including the phellogen (Emery, 1955), the
cortex (Bakshi and Coupland, 1960; Peterson and Thomas,
1971) or the sub-epidermal layer (Ossenbeck, 1927). In
other cases, the origin of root buds could be traced back to
outer tissues of the lateral root itself when it was still within
the parent root (Charlton, 1965). In EMB-9-RAD buds,
primordia started with active cell division in a cell (or cells)
at the junction of the parent and some of the lateral roots
(Fig. 2A). Two or more bud meristems could be initiated in
the super®cial layer of the lateral root primordium within
the cortex of the parent root (Fig. 2A and B), although
parent and lateral root tissues could often not be distin-
guished in this region. The primordia, initially detected as
clusters of densely staining cells with large nuclei (Fig. 2C),
produced meristematic domes (Fig. 2D). Subsequently,
these young adventitious primordia originated organized
shoot-like structures (Fig. 2E and F) that showed a clear
double-layered tunica, leaf primordia and differentiating
procambial traces. However, the meristematic centres often
produced deformed structures arranged in clusters (Fig. 2G)
or precociously de-differentiated into unorganized callus
aggregates.

Frequently, meristematic primordia developed at the cut
edge of the stem of EMB-9-RAD shoots (Fig. 2H), when
roots were not yet differentiated. Repeated divisions of
parenchyma cells of the pith produced 40- to 50-celled
meristemoids and/or somatic embryos (Fig. 2I). Morpho-
genetic potential is probably not restricted to the cortical
root cells.

In addition to root buds, embryo-like structures associ-
ated with lateral roots were regularly recognizable (Fig. 2J±
N), which indicates that some cells of EMB-9-RAD roots
could acquire different patterns of competence. It has
previously been shown that adventitious organogenesis and
embryogenesis could occur in parallel from in vitro-cultured
tissues of Helianthus (Bronner et al., 1993; Laparra et al.,
1997; CharrieÁre et al., 1999; Fambrini et al., 2000).
Induction of both shoots and somatic embryos from the
same cell type was often dependent on the endogenous
hormonal auxin : cytokinin ratio and/or on the sugar
concentration of the induction medium (Bronner et al.,
1993; CharrieÁre et al., 1999; Thomas et al., 2002). In
contrast, in EMB-9-RAD, exogenous hormonal treatments
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were unnecessary to allow the expression of both morpho-
genetic responses.

Although some of these ectopic structures developed
through typical embryogenic stages (Fig. 2J and N),
abnormal patterns of development were frequently observed
(e.g. callus-like proliferation, polyembryony). Moreover,
the internal cellular differentiation was lacking or quickly
lost in most of these embryo-like structures (Fig. 2L and M),
and their ability to evolve into complete plants (data not
shown) was reduced in comparison with somatic embryo-
genesis induced from other type of organs, e.g. cotyledons,
leaves or immature zygotic embryos (Fambrini et al., 1996,
1997; Fiore et al., 1997; Laparra et al., 1997; Sujatha and
Prabakaran, 2001). Generally, a prolonged dark treatment

and/or a high sugar content in the medium was required to
induce somatic embryogenesis in Helianthus (Bronner et al.,
1993; Fiore et al., 1997; Laparra et al., 1997; CharrieÁre et al.,
1999; Sujatha and Prabakaran, 2001; Vasic et al., 2001). In
contrast, EMB-9-RAD, like other highly morphogenic
clones of H. annuus 3 H. tuberosus (Fambrini et al.,
1997), produced numerous ectopic structures on roots under
a 16 h photoperiod in a medium with a moderate sucrose
content (30 g l±1).

Somatic embryos are obtained from in vitro-cultured root
explants in many species (Litz and Gray, 1995), but
formation of embryo-like structures from intact roots is an
astounding result. Roots of the pickle (pkl) mutant of
arabidopsis retained embryogenic characteristics, such as

F I G . 1. Development of ectopic structures from roots of EMB-9-RAD plants of the interspeci®c hybrid H. annuus 3 H. tuberosus. A, Root bud
primordia (arrow) ¯anking a lateral root. B, Embryogenic structures (arrows) and unorganized aggregates of callus (arrowheads) initiate on intact
roots. C, Callus proliferation (arrows) at the site of lateral root initiation. D, Mass of embryogenic callus with polyembryonic structures (arrows).
E, Teratological structure developed on a lateral root. F, Shoot with normal appearance (arrow). Bars = 3 mm (A and B), 2´5 mm (C and D), 2 mm

(E) and 1 mm (F).
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the synthesis of particular seed-type fatty acids, the presence
of densely packed oil bodies and the expression of other
embryo-speci®c markers (Ogas et al., 1997). However,
globular- and torpedo-stage embryo-like structures were
produced in the pkl mutant on growth regulator-free
medium only after dissection of roots (Ogas et al., 1997).
The EMB-9-RAD clone had some features in common with
plants overexpressing a homeodomain protein WUSCHEL
(WUS; Mayer et al., 1998). In arabidopsis, WUS transient
overexpression caused high embryogenic callus formation
in the presence of auxin, whereas it directly induced somatic
embryo formation from root tips of intact root systems in the
absence of any exogenous auxin. Therefore, besides of the
direct role of WUS in maintaining the central pool of stem
cells in both shoot and ¯oral meristems, this homeotic gene
plays a predominant role by promoting the vegetative-to-

embryogenic transition and/or maintaining the identity of
embryonic stem cells (Zuo et al., 2002). In fact, ectopic
expression of genes essential for meristem formation and/or
maintenance is a key event to ensure adventitious
morphogenesis too (Fambrini et al., 2001). Up-regulation
of SHOOTMERISTEMLESS (STM), WUS and CLAVATA1
(CLV1) was demonstrated at the time of adventitious shoot
commitment during in vitro culture of arabidopsis root
explants on a medium with a hormonal composition suitable
for regeneration (Cary et al., 2002). In addition, constitutive
expression of class I of KNOTTED homeobox genes
(KNOX) induced the adventitious differentiation of ectopic
meristems in leaves of transgenic plants (Reiser et al.,
2000). This class of genes is implicated in maintaining
indeterminancy in meristems and/or repressing differenti-
ation. There is evidence to support the hypothesis of a link
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between KNOX overexpression and endogenous hormonal
balance, which is a key factor in determining in vitro
morphogenetic competence (Fambrini et al., 2001). In
particular, Frugis et al. (2001) showed that the dramatic
alteration of leaf shape in lettuce, induced by the ectopic
expression of a KNOX gene, was associated with accumu-
lation of cytokinins. Similarly, mutant tissue lines of
arabidopsis forming shoot-like structures and capable of
hormone autotrophic growth were characterized by an
increased level of KNOX genes (Frank et al., 2000). More
recently, Scanlon et al. (2002) suggested that the strong
reduction of polar auxin transport is a downstream effect of
ectopic expression of this class of genes.

Hormones are essential for the induction of adventitious
buds and somatic embryos from roots (Peterson, 1975; Ogas
et al., 1997). In particular, auxins are inhibitory to bud
initiation, whereas cytokinins are stimulatory in several
species (Peterson, 1975). The role played by other growth
regulators, such as gibberellic acid, ethylene and abscisic
acid, are even less clear. For example, gibberellic acid
induced growth of root buds in Euphorbia esula (Horvath,
1999); by contrast, the penetrance of the pkl phenotype was
increased by gibberellic acid inhibitors (Ogas et al., 1997).
The EMB-9-RAD clone, which is derived from a single
somatic embryo induced in a medium with a low cytokinin
concentration (Fambrini et al., 1997), was maintained by

F I G . 2. Origin and development of root buds and somatic embryos in EMB-9-RAD plants of the interspeci®c hybrid H. annuus 3 H. tuberosus, as
indicated by root and stem sections stained with haematoxylin. A and B, Bud primordia (arrows) at different stages of development ¯anking lateral
roots (lr). C, Initial stage of a bud meristem (arrow) in the cortex adjacent to a lateral root. D, Meristematic dome (arrow). E, Root bud with leaf
primordia (lp) and differentiating procambial strands (arrows). F, Root bud showing a double strati®ed tunica (arrow) and leaf primordia (lp).
G, Cluster of abnormal morphogenetic structures. H, Longitudinal section of stem showing meristematic primordia (arrows) initiated at the cut edge.
I, Magni®cation of H. Parenchyma cells after repeated divisions (arrows). J, Torpedo-stage of a somatic embryo. K, Late globular-stage of a somatic
embryo (arrow). L and M, Abnormal embryo-like structures. N, Late torpedo-stage of a somatic embryo with procambial strands evident (arrowheads).

Bars = 120 mm (A), 70 mm (B, C, E, F, J, M), 40 mm (D, K, L), 300 mm (G), 500 mm (H), 50 mm (I) and 200 mm (N).
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single-node cutting for more than 3 years in MS basal
medium without growth regulators. It appears that the cell
fate of some root cells of EMB-9-RAD can be repro-
grammed, bypassing the requirement for exogenous hor-
monal treatments, as demonstrated by the profuse
regeneration of intact roots in MS basal medium.
Nevertheless, since hormones are very often key inducers
of adventitious morphogenesis, the EMB-9-RAD phenotype
could be the result of an altered endogenous hormonal level
or, conversely, an increased sensitivity to growth regulators
due to genetic or epigenetic variations induced throughout
the in vitro regeneration process. Moreover, the hybrid
nature of EMB-9-RAD means that it is also possible that
genomic imbalance is involved in the ectopic proliferation
on the root system of this variant. It has often been observed
that interspeci®c hybridization, such as that between
Nicotiana glauca 3 N. langsdorf®i, is accompanied by
tumour formation on leaves or stems (Bayer, 1982). Tumour
formation has been related to an altered gene expression due
to the combination of genes from different species inter-
acting to induce greater than normal phytohormone pro-
duction. Recently, it has also been demonstrated that
members of class I of KNOX genes were speci®cally
expressed in genetic tumours with `shooty' phenotype of
Nicotiana hybrids (Matveeva et al., 2001). The altered
activity of regulatory gene(s) involved in the switch from
indeterminate to determinate cell fate (e.g. KNOX, WUS and
PKL) may be responsible for the phenotype expressed by
EMB-9-RAD plants.

Further studies will be performed to identify the
biochemical basis of this phenomenon through a detailed
physiological characterization, i.e. endogenous hormonal
levels or hormonal sensitivity. Moreover, crosses between
the interspeci®c hybrid and H. annuus could help elucidate
the nature (genetic or epigenetic) of the phenotype
expressed by EMB-9-RAD plants. In our opinion, the
EMB-9-RAD variant may be a valuable tool in the study of
the physiological and molecular basis of cell totipotency.
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