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We have established a reproducible culture system for callus formation and root development from juvenile stem
segments of mung bean (Vigna radiata). In particular, we have studied the influence of plant growth regulators.
Induction of calli from young stem explants was very effective on MS inorganic salts supplemented with 0.5 mg/ 2,4-
D and 1.0 mg/L kinetin. In regenerating adventitious roots from callus tissues, we found that a combination of 0.75
mg/L NAA, 1.5 mg/L kinetin, and MS salts resulted in 20% efficiency. Histological examination showed that callus tis-
sues originated from.out-growths of the cambium rings through de-novo meristematic activity. Those rings were local-
ized outside the vascular cambium. Adventitious roots that developed from root primordia originated from the center
of the Callus masses. These primordia produced tracheid-like cells, which then became meristemoid cells for the
cambium. Newly formed adventitious roots had the typical tetrarche actinostele type.
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Extensive research has been conducted on organo- rather than, the vascular cambium (Atreya et al., 1984).
genesis in plant tissue culture ever since adventitious As evident from these conflicting reports, the origins of
root and shoot inductions were first reported from the adventitious shoots and roots, as well as the develop-
calli of carrot (Nobecourt, 1939) and tobacco (White, mental process for these two organs during organo-
1939). Anatomical and histological studies of organ genesis, have not yet been established. Different explant
differentiation have been reported for many species, types and culture conditions can result in various
using different explant types. During organogenesis, pathways. Although many papers have been published
callus-derived adventitious organs originate from three on cytodifferentiation and root development (Haissig,
regions of the cambium: external phloem, internal 1988; McCown, 1988), the results have been confusing
phloem, and callus tissue (Sterling, 1951). and sometimes contradictory because nearly every study

Adventitious roots develop from inside the callus has dealt with different species at several developmen-
because of the influence of shoots preformed within the tal stages, all tested under widely varying experimental
callus cells (Paterson and Rost, 1981; Gladfelter and Phil- conditions (Haissig, 1986; Gonzalez et al., 1991).
lips, 1987; Wagley et al., 1987). However, it has also The objective in this study was to determjne, the
been reported that independent of those effects from the optimum conditions for callus induction and adventi-
shoots, the meristematic nodules are induced from serial tious root formation from young stem explants of mung
divisions of certain cells within the callus under special bean (Vigna radiata W.). Moreover, we used cytohisto-
culture conditions, and differ from the adventitious roots logical observations to evaluate the callus origin, the
(Steward et al., 1958). Soh et al. (1980) have shown initial cells of the adventitious roots, and the process
that root primordia from the adventitious roots of for their formation.

Phaseolus vulgaris develope from divisions within the
vascular cambial cells and phloem parenchyma. The

derivatives of those primordia then penetrate the MATERIALS AND METHODS
bundle sheath and cortex, finally elongating toward
the epidermis or cork cells. However in peanuts, the Plant Material

adventitious roots arise from the epidermal cells
Seeds of mung bean (Vigna radiata W.) were planted

*Corresponding author; fax +82-51-309-5472 in flats containing commercial potting-mix soil, and
e-mail jbpark@silla.ac.kr germinated in a growth chamber.
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Callus Induction and Organ Development

Seven-day-old stems were surface-sterilized with a
2% sodium hypochlorite solution for 10 min. After rins-
ing three to four times with sterile distilled water, 2-
mm-long segments were placed on Murashige and
Skoog (1962; MS) inorganic salts. Calli were induced
in the dark at 25°C, then subcultured to fresh MS
inorganic salts every four to five weeks. The MS medium
was supplemented with 30 g/L sucrose, 100 mg/L myo-
inositol, 10 g/L agar, and various concentrations and
combinations of 2,4-D, |AA, and NAA (auxins) as well
as kinetin and, BAP (cytokinins). Adventitious roots
were induced later from calli that were maintained in
a root-inducing medium.

Cytohistological Observations

Young stem explants and calli grown for 12, 24, 36,
48, 60 or 72 h, or for 5 or 7 d following subculture,
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Figure 1. Effects of various auxin and cytokinin combina-
tions on callus and root formation from the young stem of V.
radiata after four weeks of culture.

were histologically examined. The adventitious roots
that differentiated from the callus tissue at two, three,
and four weeks after culture were fixed in a formalin-
acetic acid-alcohol (FAA) solution at room temperature
for 12 h. After dehydration in an alcohol series, they
were transferred to xylene and embedded in pure
paraffin. The paraffin blocks were sectioned using a
rotary microtome set at 10 um thick. After being double-
stained with hemalum and safranin, the sections were
observed and photographed using light microscopy.

RESULTS

Optimized Media for Callus Induction and Organ
Development

The most effective combination of growth regulator
concentrations for callus induction was 0.5 mg/L 2,4-
D and 1.0 mg/L kinetin in an MS medium (Fig. 1).
However, media supplemented with 0.75 mg/L NAA
and 1.50 mg/L kinetin produced better results for root
regeneration from callus (Fig. 2).
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Figure 2. Effects of various concentrations of NAA and kine-

tin on root formation from the young stem of V. radiata after
four weeks of culture.
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Origin of Callus Formation time, the parenchyma cells from the cortical tissue
located in the outer phloem were enlarged and elon-

Calli were induced from young stems 4 to 5 d after gated more than those in control stems (Fig. 3, B and C).

culturing in an MS medium containing 0.75 mg/L After 24 h of culture, a few cells along these elongated
NAA and 1.50 mg/L kinetin (Fig. 3A). The explants were cortical parenchyma and epidermal cells had initiated
fixed and sectioned every 12 h after culture. By that periclinal and anticlinal divisions, thereby forming a

Figure 3. Transverse sections of cultured stem and calli in various developmental stages. A. Callus produced from young stem of
V. radiata after four weeks of culture. B. Internal structure of control stem. C. Enlarged cortex parenchyma after 12 h of culture.
D. Cambium-like structure (arrow) formed after 24 h of culture. E. Callus cambium ring (arrow) formed after 36 h of culture. F.
Meristematic nodules (arrow) initiated from vascular parenchyma cells. G. Meristematic nodule (M) formed after 48 h of culture.
H. Callus (Ca) tissue formed after 72 h of culture. C, cortex; E, epidermis; P phloem; Pi, pith; X, xylem. Scale bar = 100 um.
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Figure 4. Transverse and longitudinal sections of adventitious roots from V. radiata in various developmental stages. A. Adventi-
tious roots produced from callus after six weeks of culture. B. Adventitious root primordia initiated from meristematic nodule. C.
Root primordium formed after two weeks of culture. D, Apical meristem of adventitious root. Scale bar = 100 um.

cambium-like structure (Fig. 3D). After 36 h, phloem
parenchyma cells of the vascular bundle, vascular bun-
dle cells, and pith cells were elongated and starting to
divide. By then, most of the stem-tissue cells had con-
verted to cambial cells. The pre-existing vascular bundles
disappeared at this stage, and meristematic cells formed
on the outside of the vascular bundle. These bundles
were connected to each other by the formation of a
cambium-like zone (e.g., interfascicular or cork cam-
biums), which developed during secondary growth
(Fig. 3E). After 48 h, a newly-formed cambium-like
zone from the perivascular tissue had divided anticlinally
and periclinally, so that calli originated from these
derivatives of the cambial cells. In addition, meristematic
nodules initiated from the vascular parenchyma cells
(Fig. 3F). These nodules were observed at various
places in the newly formed callus, and de-novo tracheal
elements were found at their centers (Fig. 3G). After
72 h, vigorous outgrowths were observed from the
callus mass (Fig. 3H).

Origin of Adventitious Roots

White celis protruded from the surface of the callus
tissue two weeks after culture, when the young stems
were placed on MS media supplemented with 0.75

mg/L NAA and 1.50 mg/L kinetin. After six weeks of
culture, these protuberances developed into adventi-
tious roots (Fig. 4A). We used light microscopy to
investigate this process of development. In the calli
that were cultured for two weeks, the initial cells of the
adventitious-root primordia arose from a meristematic
nodule (Fig. 4B). Roots then developed from those
primordia that had differentiated from the nodules
{Fig. 4C). Origins of the root primordia were scattered in
the callus cells. The interal structures of the adventitious
roots were actinostele (very similar to a normal root
stele), and were also clearly visible in the apical mer-
istems of the root tips (Fig. 4D).

DISCUSSION

The efficiency of adventitious-shoot or root devel-
opment from callus varies according to the combination
of auxin and cytokinin applied to the media (Flick et
al., 1983). Although cytokinins stimulate cell division,
if the optimal ratio of auxin to cytokinin is supplied,
this combination enhances not only division but also
cell differentiation (Boulter and Crocomo, 1979). In
general, organogenesis in higher plants is controlled by
manipulating that balance of growth hormones (Skoog
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and Miller, 1957). However, in some leguminous crops,
such as cowpea, shoot morphogenesis is not often so
easily regulated (Gill et al., 1987).

For our mung bean, the MS medium supplemented
with 0.75 mg/L NAA and 1.50 mg/L kinetin was the best
for promoting organ differentiation from the induced
calli. Crocomo et al. (1976a) studied a kidney bean
tissue-culture system, and found that, although 2,4-D
was very effective for inducing callus growth, it was not
beneficial in adventitious-root regeneration. However,
further experimentation showed that if, instead of using
2,4-D, the culture medium was supplemented with
10 mg/L. NAA and 10 mg/L kinetin, adventitious root
regeneration was much more successful (Crocomo et
al., 1976b). Evans at al. (1976) also reported that an
MS medium supplemented with 10.75 M NAA and
2.33 M kinetin was very effective in promoting root
formation from the calli of Glycine max.

Adventitious roots did not develop from calli placed
in media without sugar and auxin. The efficiency of
root formation also is significantly decreased when the
cultures are grown in the light (Liau and Boll, 1970;
Olieman-van der Merr et al., 1971). Peters et al. (1976)
have reported that regeneration efficiencies are very
low in a kinetin-free medium, and that root formation
is significantly enhanced in media supplemented with
IAA, kinétin, and 50 mg/mL. nicotine as alkaloids.

Figure 5 provides a summary diagram for the vari-
ous stages observed during the regeneration process.
I our study, calli developed from the excised stem
fragments, originating from the cambium cells that
were formed from the connections of actively dividing

Explants of Shoots

Differentiation Cell elongation & enlargement
NAA (1.0 mg/L) Transformation to meristernatic cell
Kinetin (1.0 mg/L)} Callus cambium ring formation

Callus Formation

Differentiation Tracheid cambium formation
NAA (0.75 mg/l.) | Meristemoid formation
Kinetin (1.5 mg/L)| Root primordia induction

Adventitious Root Development

Figure 5. Simplified scheme illustrating the essential features
of serial differentiation during callus induction and root
development from shoot explants of V. radiata.
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meristematic cells. These meristematic cells were con-
verted from elongated and enlarged cortical paren-
chyma and epidermal cells of the excised explants.
Concurrently, most of the explant cells, inciuding the
vascular bundle and pith, became meristematic and
started to divide. Adventitious roots that formed from
the callus developed from root primordia that were
derived from cambium-tracheid cells. The latter region
had arisen from the meristemoids, including the trac-
heids and scattered cambium, on the inside of the
callus. We also noted that the root primordia devel-
oped from the tracheid-cambium formed on the
inside of the callus tissue, and that the adventitious
roots originated from the peripheral regions of the tra-
cheid elements. These developmental steps have also
been reported by Halperin (1966), Nuti Ronchi (1981),
Davies et al. (1982), Howarth et al. (1983), and Anzidei
et al. (1996).

The stages of adventitious root development from
the excised young stem fragments of mung bean can
be subdivided into two steps: 1) dedifferentiation
(explants to callus), and 2) redifferentiation (callus to
root primordia via calius cambium-ring formation) (see
Esau, 1977). Our schematic is very similar to that
described for the cotyledon fragrhents of Corylus avel-
lana. There, Gonzalez et al. (1991) found that some
of the parenchyma cells divided actively, producing
meristematic centers that later developed intb root
primordia and adventitious roots. Likewise, Gautheret
(1969) showed that the &xcised rhizome fragments of
Helianthus tuberosus produced roots in vitro through a
sequence of morphogenetic phenomena: 1) praolifer-
ation and differentiation of phloem and tracheids, 2)
organization of the cambium, and 3) formation of root
primordia from the cambium. This process is similar
to that for shoot development from calli.

Regeneration of adventitious shoots was promoted
by differentiation of the meristemoids that had origi-
nated on the surface of the calli. In contrast, primordial
root formation is induced by differentiation from the
meristemoid formed on the inside of the callus (Villa-
lobos et al., 1985; Gladfelter and Phillips, 1987; Wagley
et al.,, 1987). The pattem of meristemoid formation from
callus varies case by case in shoots and roots (Torrey,
1966), and little is known about the processes of
physiological and biochemical differentiation. More-
over, investigations are necessary to determine which
meristemoids differentiate into shoots or into roots,
and under what specific culture conditions.

Because knowledge is limited about the organogen-
esis process, researchers are challenged in trying to
identify the few cells that are involved in callus organ-
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ogenesis, as well as separating them from cells that are
non-embryogenic or non-meristemoid cells. Another
problem is that calli may lose their potential for orga-
nogenesis because the processes of adventitious shoot
and root development are not induced simultaneously.
Finally, one must test which factors are affected by the
differentiation of the meristemoid for shoot or root
regeneration.

Received june 24, 2002; accepted August 5, 2002.

LITERATURE CITED

Anzidei M, Vivona L, Schiff S, Bennici A (1996) In vitro cul-
ture of Foeniculum vulgara: Callus characteristics in
relation to morphogenesis. Plant Cell Tiss Org Cult 45:
263-268

Atreya CD, Papa Rao J, Subrahmanyam NC (1984) In vitro
regeneration of peanut (Arachis hypogaea L.) plantlets
from embryo axes and cotyledon segments, Plant Sci
Lett 34: 379-383

Boulter D, Crocomo O) (1979) Plant cell culture implica-
tions: Legumes, In WR Sharp, PO Larsen, EF Paddock,
V Raghavan, eds, Plant Cell and Tissue Culture, Ohio
State University Press, Columbus, pp 614-631

Crocomo O}, Peters JE, Sharp WR (1976a) Plantlet mor-
phogenesis and the control extract. Z Pflanzenphysiol
785: 456-460

Crocomo O), Peter JE, Sharp WR (1976b) Interactions of
phytohormones on the control of growth and root mor-
phogenesis in cultured Phaseolus vulgaris leaf explants.
Turrialba 26: 232-236

Davies FT, Lazarte JE, Joiner JN (1982) Initiation and devel-
opment of adventitious roots in stem cuttings in juve-
nile and mature leaf bud of Ficus pumila L. Amer ] Bot
69: 804-811

Esau K {1977) Anatomy of Seed Plants. john Wiley and
Sons, New York

Evans DA, Sharp WR, Paddock EF (1976) Variations in cal-
lus proliferation in leaf tissue cultures of Glycine max
strain T219. Phytomorphology 26: 379-381

Flick CE, Evans DA, Sharp WR (1983) Organogenesis, in
DA Evans, WR Sharp, PV Ammirato, Y Yamada, eds,
Handbook of Plant Cell Culture, Vol 1. Techniques for
Propagation and Breeding, Macmillan Publishing Co,
New York, pp 13-81

Gautheret R] (1969) Investigations on the root formation in
the tissues of Helianthus tuberosus cultured in vitro.
Amer | Bot 56: 702-717

Gill R, Eapen S, Rao PS (1987) Callus induction from proto-
plasts of V. unguiculata, V. sublobata and V. mungo.
Theor Appl Genet 74: 100-103

Gladfeiter HJ, Phillips GC (1987) De novo shoot organo-
genesis of Pinus eldarica Medw. in vitro. |. Reproductive
regeneration from long-term callus cultures. Plant Cell
Rep 6: 163-166

Gonzalez A, Casares A, Sanchez TR, Rodriguez R (1991)
Adventitious root induction in Corylus avellana L. coty-
ledon slices. In Vitro Cell Dev Biol 27: 125-131

Haissig BE (1986) Metabalic processes in adventitious root-
ing of cuttings, fn MB Jackson, ed, New Root Formation
in Plant and Cuttings, Martinus Nijhoff Publishers, Bos-
ton, pp 142-189

Haissig BE (1988) Future directions in adventitious rooting
research, /n TD Davis, BE Haissig, N Sankhla, eds,
Adventitious Root Formation in Cutting, Dioscorides
Press, Portland, Oregon, USA, pp 302-310

Halperin W (1966) Alternative morphogenetic events in
cell suspensions, Amer | Bot 53: 443-452,

Howarth M}, Peterson RL, Tomes DT (1983) Cellular dif-
ferentiation in small clumps of Lotus corniculatus callus.
Can ) Bot 61: 507-517

Liau OF, Boll WG (1970) Callus and cell suspension culture
of bush bean {Phaseolus vuigaris). Can J Bot 48: 1119-
1130

McCown BH (1988) Adventitious rooting of tissue cul-
tured plants, In TD Davis, BE Haissig, N Sankhla, eds,
Adventitious Root Formation in Cutting, Dioscorides
Press, Portland, Oregon, USA, pp 289-302

Murashige T, Skoog F {1962) A revised medium for rapid
growth and bioassays with tobacco tissue cultures.
Physiol Plant 15: 473-497

Nobecourt P (1939) Sur les radicelles naissant des cultures
de tissue du tubercule de carotte. C R Seances Soc Biol
Ses Fil 130: 1271-1272

Nuti Ronchi V (1981) Histological study of organogenesis in
vitro from callus culture of two Nicotiana species. Can |
Bot 59: 1969-1977

Olieman-van der Merr AW, Pierik RLM, Ruest S (1971)
Effects of sugar, auxin, and light on adventitious root
formation in isolated stem explants of Phaseolus and
Rhododendron. Meded Fac Landbonwwet Rijksunic
Genet 36: 511-518

Paterson KE, Rost TL (1981) Callus formation and organo-
genesis from cultured leaf segments of Crassula argentea:
Cytokinin-induced developmental pattern changes. Amer
) Bot 68: 965-972

Peters JE, Crocomo O}, Sharp WR (19786) Effects of caf-
feine and nicotine on the callus growth and root mor-
phogenesis of Phaseolus vulgaris tissue cultures. Turrialba
86: 337-341

Skoog F, Miller W (1957) Chemical regulation of growth
and organ formation in plant tissues cultured in vitro.
Symp Soc Exp Biol 11: 118

Soh WY, jeon KB, Cho DY (1980) The effect of cadmium
and auxin on the adventitious root formation in hypo-
cotyl segments of Phaseolus vulgaris L. Kor J Plant Tiss
Cult 7: 43-48

Sterling C (1951) Origin of buds in tobacco stem segments
cultured in vitro. Amer J Bot 38: 761-767

Steward FC, Mapes MO, Mears K (1958) Growth and
organized development of cultured cells. 1l. Organiza-
tion in cultures grown from freely suspended cells.
Amer ] Bot 45: 705-708



176 Park et al.

Torrey JG (1966} The initiation of organized development
in plants, In M Abercrombie, J Brachet, eds, Advances
in Morphogenesis, Vol 5. Academic Press, New York,
pp 39-91

Villalobos VM, Yeung EC, Thorpe TA (1985) Origin of
adventitious shoots in excised Radiiata pine cotyledons
cultured in vitro. Can } Bot 63: 2172-2176

J. Plant Biol. Vol. 45, No. 3, 2002

Wagley LM, Gladfelter HJ, Phillips GC (1987) De novo
shoot organogenesis of Pinus eldarica Medw. in vitro. l.
Macro- and micro-photographic evidence of de novo
regeneration. Plant Cell Rep 6: 167-171

White PR (1939) Controlled differentiation in plant tissue
and organs. Annu Rev Plant Physiol 2: 231-244



