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In 6itro plant regeneration in Macroptilium atropurpureum, a
legume with a broad symbiont range for nodulation

H. Ezura a,*, N. Nukui b, K.-I. Yuhashi b, K. Minamisawa b

a Plant Biotechnology Institute, Ibaraki Agricultural Center, Iwama, Nishi-ibaraki, 319-0292, Japan
b Institute of Genetic Ecology, Tohoku Uni6ersity, Katahira, Aoba-ku, Sendai, 980-8577, Japan

Received 20 December 1999; received in revised form 12 May 2000; accepted 18 May 2000

Abstract

Macroptilium atropurpureum is a model legume with a broad symbiont range for nodulation. We have achieved the first in vitro
plant regeneration of this species using cv. Siratro. Hypocotyl explants excised from dark-grown seedlings generated slimy, friable
calli after three weeks’ culture on B5 medium containing 1–2 mg/l kinetin and 0.05 mg/l a-naphthaleneacetic acid. This was
followed by the generation of green organogenic callus with shoot buds by subculturing the explants to hormone-free B5 medium
20 days after the start of culture. The green organogenic calli with shoot buds were maintained as organogenic callus by
subculturing on the same medium, and shoots were elongated on hormone-free B5 medium. Elongated shoots were rooted on
half-strength B5 medium. Most regenerated plants were morphologically normal, diploid and fertile, although tetraploid plants
appeared at a low frequency (8%). © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Macroptilium atropurpureum was originated
from wild-type plants collected in Mexico and has
been widely cultivated in tropical to subtropical
areas as a pasture legume [1]. It develops nitrogen-
fixing root nodules as a result of interactions with
rhizobia in soil. The legume is known to have a
broad range of rhizobia that can infect it to de-
velop nitrogen-fixing root nodules [2,3], and is
usually nodulated with Bradyrhizobium sp. isolated
from various legumes, including Vigna, Lupinus,
Ornithopus, Cicer, Sesbania, Leucaena, Mimosa,
Lablab, and Acacia [3], and with Bradyrhizobium
japonicum and B. elkanii from Glycine max [4]. It
can also be nodulated with fast-growing Rhizo-
bium and Sinorhizobium, which are phylogeneti-
cally far from Bradyrhizobium (Sinorhizobium

melitoti [5], Rhizobium leguminosarum biovar tri-
folii, and R. leguminosarum bv. phaseoli [6]). On
the other hand, most legumes, such as G. max,
Medicago sati6a, Lotus, and Trifolium, develop
root nodules with specific rhizobia [7]. Therefore,
M. atropurpureum could become another model
legume with a broad symbiont range for elucidat-
ing the interactions between legumes and rhizobia.

A molecular genetic approach is useful for un-
derstanding the mechanisms underlying the symbi-
otic interaction of legumes with rhizobia. It
involves the isolation of genes involved in the
interaction and the analysis of their functions. For
this approach, the induction and isolation of mu-
tants conferring altered responses to rhizobia are
required. In previous studies of legumes [8–12],
such mutants were obtained by screening popula-
tions treated with ethylene-methane sulphonate
(EMS) or radiation. Through the analysis of these
mutants, symbiotic loci have been isolated and
characterized. However, most of these genes have
to be isolated by map-based cloning, which is
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complicated and time-consuming work. Tagging of
genes by insertional mutagens will make gene isola-
tion simple, as shown in Arabidopsis [13].

Tagged mutants are obtained by screening trans-
genic plants with insertional mutagens such as
T-DNA and transposable elements. Two putative
tagged mutants conferring arrested nodulation in
Lotus have been reported [14]. Recently, a regulator
gene controlling the development of symbiotic root
nodules was isolated [15]. Transgenic plants have
been produced by tissue-culture-mediated transfor-

mation, although in exceptions such as Arabidopsis,
transgenic plants have been produced by in planta
transformation [16]. Therefore, in vitro regenera-
tion is still a prerequisite for the molecular genetic
approach.

In vitro plant regeneration in legumes had been
considered difficult. However, during the last few
years, it has been achieved in different kinds
of legumes such as Astragalus adsurgens [17], Vigna
mungo [18], Phaseolus 6ulgaris, P. acutifolius [19],
Cajanus cajan [20], and Psophocarpus tetra-

Fig. 1. Plant regeneration from hypocotyl explants in M. atropurpureum cv. Siratro. (A) Hypocotyl explants generating slimy and
friable callus at both cut ends. (B) Hypocotyl explant generating green organogenic callus from browning friable callus. (C) Shoot
bud regeneration from the green organogenic callus. (D) Developing shoots from green organogenic callus. (E) Rooted plantlet.
(F) Acclimatized plant.
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Table 1
Effect of cytokinins and explants on the induction of green
organogenic callus in M. atropurpureum cv. Siratroa

Cytokinin No. Explant regenerating organogenic
callus per explant(mg/l)

CotyledonEpicotyl Hypocotyl

0/140/23 0/18None
0/12BAP 0.5 0/170/19
0/140/24 0/211.0
0/122.0 0/170/19
0/140/21 0/185.0

0/16Zea 0.5 0/14 0/16
0/140/19 0/181.0

0/192.0 0/14 0/17
0/145.0 0/170/17
0/120/20 0/17Kin 0.5
1/14 (7%)1.0 6/21 (29%)6/21 (29%)
0/141/21 (5%) 3/19 (16%)2.0

5.0 0/22 0/14 0/20

a Explants were cut from dark-grown seedlings one week
after germination. Evaluation was made 60 days after the
start of culture. All media contained 0.05 mg/l NAA.

2. Materials and methods

2.1. Plant growth and explant preparation

Seeds of M. atropurpureum cv. Siratro were
obtained from Yukijirushi Syubyou Co. Ltd.
(Hokkaido, Japan). The seeds were surface-steril-
ized with 70% (v/v) ethanol for five minutes and
1% (v/v) sodium hypochlorite for 15 min, followed
by three rinses in sterile distilled water each five
minutes. They were germinated aseptically in Ma-
genta™ vessels (Magenta Co., Chicago, IL, USA)
containing 40 ml of Murashige–Skoog [22] salts
and vitamins, 3% (w/v) sucrose, and 0.8% (w/v)
agar and incubated at 25°C in the dark. After a
week of incubation, epicotyl, hypocotyl and
cotyledon explants were cut from the dark-grown
seedlings and used for the following experiments.
Explants of ca. 5-mm diameter were cut out from
the epicotyl and hypocotyl.

2.2. Callus induction and plant regeneration

For callus induction, explants were inoculated
onto Petri dishes containing callus induction
medium. The callus induction media were based
on B5 medium [23] and contained 3.2 g/l of B5
basal salts with microorganics (Sigma, cat. no.
G-5893), 2% sucrose, 0.6% Bacto agar (Difco,
Detroit, MI, USA), 0.05 mg/l a-naphthaleneacetic
acid (NAA), and 0, 1, 2 or 5 mg/l of cytokinins
(benzylaminopurine (BAP), zeatin (Zea), or
kinetin (Kin)) at pH 5.5. Petri dishes were incu-
bated in a 16-h light regime (50 mE m−2 s−1) at
25°C. Callus induction was evaluated two months
after the start of culture.

Table 2
Effect of the subculture timing on the induction of
organogenic callus from hypocotyl segments of M. atropur-
pureum cv. Siratro

Av. no. explant differentiatingSubculture
organogenic callus per 12 explantsbtimea (days)

10 0.17b
1.00b15

20 3.17a
25 0.67b
30 0.66b

a Hypocotyl explants were cultured on B5 medium con-
tained 2 mg/l kinetin and 0.05 mg/l NAA, and the explants
with callus were subcultured to hormone-free B5 medium
10–30 days after the start of culture. Twelve explants were
subcultured to a Petri dish, and six repeats were made for
each subculture time.

b Evaluation was made 30 days after subculturing. Values
followed by the same letter are not significantly different from
one another (Duncan’s multiple range test, 5% level).

Table 3
Effect of kinetin concentration on the induction of
organogenic callus from hypocotyl explants of M. atropur-
pureum cv. Siratroa

Kinetin No. explants producing organogenic
(mg/l) callus per explant

0.0 4/72 (6%)
1.0 11/24 (15%)
2.0 19/24 (26%)
5.0 15/24 (21%)

a Explants were cut from dark-grown seedlings one week
after germination. The explants with callus were subcultured
to hormone-free B5 medium 20 days after the start of culture.
Evaluation was made 30 days after subculture.

gonolobus [21]. However, to our knowledge, there
has been no in vitro study of M. atropurpureum.

In this report, we describe the first in vitro plant
regeneration of M. atropurpureum cv. Siratro, and
features of the regenerated plants.
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Fig. 2. Morphological and histological features of regenerated plants in M. atropurpureum cv. Siratro. (A) Tetraploid plants. (B)
Diploid plants. (C) Chromosomes of tetraploid (4× =44). (D) Chromosome of diploid (2× =22). (E) Leaf of diploid plants. (F)
Leaf of tetraploid plants. (G) Flower of tetraploid plant. (H) Flower of diploid plant.

For induction of organogenic calli and shoots,
explants forming callus were subcultured on shoot
induction medium at 10, 15, 20, 25 and 30 days
after the start of culture. The shoot induction
media were based on B5 medium and contained
B5 basal salts with organic nutrients, 2% sucrose,
and 0.6% Bacto agar at pH 5.5. Petri dishes were
incubated in a 16-h light regime (50 mE m−2·s−1)
at 25°C. Shoot induction was evaluated a month
after subculturing explants with callus.

For root induction, the regenerated shoots were
subcultured on 0.5×B5 medium containing 2%
sucrose and 0.2% gellan gum (Wako Pure Chemi-

cal Ltd., Osaka, Japan) and incubated at the same
light and temperature conditions as above.

2.3. Growth of regenerated plants

Regenerated plants were planted in pots with
horticultural mixture (Takasaki Kasei Ltd.,
Kawachi, Tochigi, Japan) and acclimatized under
high humidity and light (16-h per day at 125 mE
m−2 s−1 from metal halide lamps) for seven days
at 22°C. They were maintained in a greenhouse for
a week and transplanted to 2.5 l of a Wagner pot.
They were maintained until flowering and seed-set.
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2.4. Ploidy analysis of regenerated plants

The relative nuclear DNA content of DAPI-
stained regenerated plants was analyzed by flow
cytometry (Ploidy Analyzer, Partec, Munster, Ger-
many) following the manufacturer’s protocol, using
more than 5000 nuclei per plant. Chromosomes
were also counted [24]: briefly, root tips were
immersed in distilled waster at 4°C for a night and
fixed in acetic acid–ethanol (3:1) for more than 1
h. After washing in distilled water, roots were
incubated in an enzyme solution containing 4%
(w/v) Cellulase RS (Yakult Co., Ltd., Tokyo,
Japan), 1% (w/v) Pectolyase Y23 (Seishin Co., Ltd.,
Tokyo, Japan), 7.5 mM KCl, and 7.5 mM EDTA
(pH 4.0) for 45 min (diploid plants) or 75 min
(tetraploid plants) in darkness at 37°C. After wash-
ing with distilled water, chromosomes were stained
by 20% (v/v) solution of Giemsa’s solution for
microscopy (Merck, Darmstadt, USA) in 0.067 M
sodium phosphate buffer (pH 6.8) for 30 min at
room temperature. The chromosomes were counted
under a light microscope, using at least 20 cells per
rooted shoot.

3. Results and discussion

3.1. Effect of cytokinins on plant regeneration

Epicotyl and hypocotyl explants from dark-
grown seedlings cultured on hormone-free B5

medium containing NAA generated calli and roots
at the basal cut end ten days after the start of
culture. Those on B5 medium containing cytokinins
and NAA generated only calli at both cut ends of
hypocotyl explants (Fig. 1A). Cotyledon explants
on B5 medium containing NAA also generated calli
and roots at the cut end ten days after the start of
culture. Those on B5 medium containing cytokinins
and NAA generated calli at the cut end.

After 2 months of culture, the roots and calli
generated at the cut end of explants became brown.
In contrast, green calli with shoot buds (Fig. 1B, C)
were induced only on the medium containing 1–2
mg/l kinetin while such calli were not induced on
other condition (Table 1). Two sets of experiments
to induce the green organogenic calli were carried
out and gave similar results. When the green
organogenic calli were subcultured on hormone-
free B5 medium, shoot buds started to develop (Fig.
1D), but subculturing on the same medium main-
tained the organogenic callus. The elongated shoots
were rooted on 0.5×B5 medium two weeks after
subculture (Fig. 1E). The rooted plants were suc-
cessfully acclimatized in the soil (Fig. 1F).

Green organogenic callus was induced only on
the medium containing kinetin as a cytokinin,
indicating that kinetin has a role in inducing green
organogenic calli. In vitro plant regeneration
through either adventitious bud organogenesis or
somatic embryogenesis has been reported in
legumes such as Psophocarpus tetragonolobus [21],
Astragalus adsurgens [17], Cajanus cajan [20], and
Phaseolus 6ulgaris and P. acutifolius [19]. The cy-
tokinins 6-benzylaminopurine and thidiazuron
were used for in vitro regeneration of all of these
species. Kinetin and 6-benzylaminopurine were
equally effective in Vigna mungo [18]. The specific
requirement for kinetin to induce plant regenera-
tion of Siratro is unique among legumes.

Shoot-bud organogenesis was the apparent mode
of in vitro regeneration in this study. Modes of in
vitro regeneration occur through either shoot-bud
organogenesis or embryogenesis [25]. In our case,
shoots were elongated from the green callus only
when transferred to hormone-free medium, and
subsequently developed adventitious roots.

3.2. Effect of subculture on further de6elpoment of
the green organogenic callus

Explants were subcultured to hormone-free B5
medium at different times, 10–30 days, after the

Fig. 3. Steps in plant regeneration from hypocotyl explants of
M. atropurpureum cv. Siratro.



H. Ezura et al. / Plant Science 159 (2000) 21–2726

start of culture, and the induction of green
organogenic calli was evaluated one month after
subculture (Table 2). Green organogenic calli were
induced at all times tested, the efficiency (3·2
shoots/explant) was significantly highest 20 days
after the start of culture. The subculture of
explants to hormone-free medium advanced the
induction of green organogenic calli from explants
as compared with explants without subculture in
both sets of experiments.

Explants were cultured for 20 days on medium
containing different concentrations of kinetin
to determine the optimum concentration of kinetin
for initiation of green organogenic callus were
subcultured on hormone-free B5 medium (Table
3). Green organogenic callus was induced on
0–5 mg/l kinekin, and the highest value (26%)
was obtained from the explants cultured on
medium containing 2 mg/l kinetin in two experi-
ments.

3.3. Features of regenerated plants

Thirty-nine regenerated plants were produced
that were morphologically indistinguishable from
the control. To estimate the variation through this
regeneration system, the ploidy level was observed
by flow cytometry. Three out of 39 regenerated
plants (8%) were at the tetraploid range (Fig. 2A)
and the 92% at the diploid range (Fig. 2B). The
chromosome number of all putative diploid plants
was found to be 2n=22 (Fig. 2D) and that of the
putative tetraploid plants 2n=44 (Fig. 2C). Te-
traploid plants had thick, round leaves (Fig. 2E)
compared with diploid plants (Fig. 2F). Internodes
of tetraploid plants were shorter and thicker than
those of diploid plants. These are characteristic
features reported of other tetraploid plants [26,27].
Both tetraploid (Fig. 2G) and diploid (Fig. 2H)
plants developed flowers and seeds indicating that
they are fertile.

The 8% frequency of tetraploid plants of Siratro
generated by our protocol is relatively high. The
production of polyploid plants through in vitro
regeneration is common depending on the regener-
ation protocol. Higher frequencies of tetraploid
plants among regenerated plants have been re-
ported in melon [24] and eggplant [27]. In the
legume Medicago truncatula [28], 75–89% of more
than 200 primary regenerants obtained in three

separate experiments, remained diploid. Although
polyploidy is considered a problem in the produc-
tion of transgenic plants, tetraploid plants gener-
ated by this protocol are easily identified by flow
cytometry as shown. In addition, regenerated
plants are fertile.

3.4. A protocol for plant regeneration from
hypocotyl explants in M. atropurpureum c6. Siratro

In vitro plant regeneration from hypocotyl
explants of M. atropurpureum cv. Siratro is sum-
marized in Fig. 3. Seeds are germinated in vitro
on MS medium in the dark. After a week,
hypocotyl explants are excised from the dark-
grown seedlings and cultured on B5 medium con-
taining 1–2 mg/l kinetin and 0.05 mg/l in the light.
Explants develop a moist, slimy callus at both
cut ends. After 20 days, the explants are trans-
ferred to hormone-free B5 medium for shoot in-
duction. Shoots form and elongate on this medium
and can be transferred to hormone-free one-half
B5 rooting medium after approximately four
weeks. Rooting is completed within two weeks. By
this regeneration protocol, fertile plants are ob-
tained 10 weeks from the start of seed germina-
tion.

We have achieved the first in vitro plant regen-
eration of M. atropurpureum cv. Siratro and exper-
iments are in progress to this protocol for
producing transgenic plants.

As M. atropurpureum sets seeds by cleistogamy,
it is likely that the genetic variability is small.
Therefore, mutation breeding is a possible strategy
for improving Siratro. In general, mutants have
been produced by chemical mutagenesis and irra-
diation. However, the production of mutants by in
vitro regeneration could be an alternative for pro-
ducing mutants, because we observed polyploidy
at a relatively high frequency among the regener-
ated plants.

Acknowledgements

We thank Professor H. Kamada for his critical
comments regarding these experiments. This work
was supported in part by a grant from the Joint
Research Program of the Institute of Genetic
Ecology, Tohoku University (981002).



H. Ezura et al. / Plant Science 159 (2000) 21–27 27

References

[1] P.J.. Skerman, Macroptilium spp, in: Tropical Forage
Legumes, FAO, Rome, 1977, pp. 331–340.

[2] W.R. Ridge, R. Kim, F. Yoshida, The diversity of
lectin-detectable sugar residues on root hair tips of se-
lected legumes correlates with the diversity of their host
ranges for rhizobia, Protoplasma 202 (1998) 84–90.

[3] D.C. Jordan, Bradyrhizobium, in: N.R. Krieg, J.G. Holt
(Eds.), Bergey’s Manual of Systematic Bacteriology, vol.
1, Williams & Wilkins, Baltimore, MD, 1984, pp. 242–
244.

[4] K. Minamisawa, S. Onodera, Y. Tanimura, N.
Kobayashi, K. Yuhashi, M. Kubota, Preferential nodu-
lation of Glycine max, Glycine soja and Macroptilium
atropurpureum by two Bradyrhizobium species japonicum
and elkanii, FEMS Microbiol. Ecol. 24 (1997) 49–56.

[5] E.S.P. Bromfield, L.R. Barran, Promiscuous nodulation
of Phaseolus 6ulgaris, Macroptilium atropurpureum, and
Leucaena leucocephala by indigenous Rhizobium meliloti,
Can. J. Microbiol. 36 (1990) 369–372.

[6] M.J. Trinick, C. Miller, P.A. Hadobas, Formation and
structure of root nodules induced on Macroptilium at-
ropurpureum inoculated with various species of Rhizo-
bium, Can. J. Bot. 69 (1991) 1520–1532.

[7] A.E. Hadri, H.P. Spaink, T. Bisseling, N.J. Brewin,
Diversity of root nodulation and rhizobial infection
processes, in: H. Spaink, A. Kondrosi, P.J.J. Hooykaas
(Eds.), The Rhizobiaceae, Kluwer Academic, Dordrecht,
1998, pp. 347–360.

[8] S.J. Park, B.R. Buttery, Ethylene-methane sulphonate
(EMS) induced mutants of common bean (Phaseolus
6ulgaris L.) lacking effective nodules, Plant Soil 139
(1992) 295–298.

[9] L.J. Utrup, A.J. Cary, J.H. Norris, Five nodulation
mutants of white sweetclover (Melilotus alba Desr.) ex-
hibit distinct phenotypes blocked at root hair curling,
infection thread development, and nodule organogenesis,
Plant Physiol. 103 (1993) 925–932.

[10] V. Benaben, G. Duc, V. Lefebvre, T. Huguet, TE7, an
inefficient symbiotic mutant of Medicago truncatula
Gaertn. cv. Jemalong, Plant Physiol. 107 (1995) 53–62.

[11] M. Sagan, D. Morandi, E. Tarenghi, G. Duc, Selection
of nodulation and mycorrhizal mutants in the model
plant Medicago truncatula (Gaertn.) after g-ray mutage-
nesis, Plant Sci. 111 (1995) 63–71.

[12] R.V. Penmetsa, D.R. Cook, A legume ethylene-insensi-
tive mutant hyperinfected by its rhizobial symbiont,
Science 275 (1997) 527–530.

[13] R. Azpiroz-leehan, K.A. Feldmann, T-DAN insertion
mutagenesis in Arabidopsis : going back and forth,
Trends Genet. 13 (1997) 152–156.

[14] L. Schauser, K. Handberg, N. Sandal, J. Stiller, T.
Thykjaer, E. Pajuelo, et al., Symbiotic mutants deficient

in nodule establishment identified after T-DNA transfor-
mation of Lotus, Mol. Gen. Genet. 259 (1998) 414–423.

[15] L. Schauser, A. Roussls, J. Stiller, J. Stougaard, A plant
regulator controlling development of symbiotic root
nodules, Nature 402 (1999) 191–195.

[16] N. Bechtold, J. Ellis, G. Pelletier, In planta Agrobac-
terium mediated gene transfer by infiltration of adult
Arabidopsis thaliana plants, C.R. Acad. Sci. Paris, Sci./
Life Sci. 316 (1993) 1194–1199.

[17] J.P. Luo, J.F. Jia, Callus induction and plant regenera-
tion from hypocotyl explants of the forage legume As-
tragalus adsurgens, Plant Cell Rep. 17 (1998) 567–570.

[18] D.K. Das, N. Shiva-Prakash, N. Bhalla-Sarin, An effi-
cient regeneration system of black gram (Vigna mungo
L.) through organogenesis, Plant Sci. 134 (1998) 199–
206.

[19] M.A. Zambre, J. De Clercq, E. Vranova, M. VanMon-
tagu, G. Angenon, W. Dillen, Plant regeneration from
embryo-derived callus in Phaseolus 6ulgaris L. (common
bean) and P. acutifolius A. Gray (tepary bean), Plant
Cell Rep. 17 (1998) 626–630.

[20] K. Sreenivasu, S.K. Malik, A.P. Kumar, R.P. Sharma,
Plant regeneration via somatic embryogenesis in pigeon-
pea (Cajanus cajan L. Millsp), Plant Cell Rep. 17 (1998)
294–297.

[21] R. Ahmed, S.D. Gupta, D.N. De, Somatic embryogene-
sis and plant regeneration from leaf derived callus of
winged bean [Psophocarpus tetragonolobus (L.) DC.],
Plant Cell Rep. 15 (1996) 531–535.

[22] T. Murashige, F. Skoog, A revised medium for rapid
growth and bioassay with tobacco tissue cultures, Phys-
iol. Plant. 15 (1962) 473–497.

[23] O.L. Gamborg, The effects of amino acids and ammo-
nium on the growth of plant cells in suspension culture,
Plant Physiol. 45 (1970) 372–375.

[24] H. Ezura, H. Amagai, K. Yoshioka, K. Oosawa, Highly
frequent appearance of tetraploidy in regenerated plants,
a universal phenomenon, in tissue culture of melon
(Cucumis melo L.), Plant Sci. 85 (1992) 209–213.

[25] B. Haccius, Question of unicellular origin of non-zygotic
embryos in callus cultures, Phytomorphology 28 (1978)
74–81.

[26] H. Ezura, H. Amagai, K. Yoshioka, K. Oosawa, Effi-
cient production of tetraploid melon (Cucumis melo L.)
by somatic embryogenesis, Japan. J. Breed. 42 (1992)
137–144.

[27] A. Hitomi, H. Amagai, H. Ezura, Auxin-type influences
the array of somaclonal variation generated from so-
matic embryogenesis of eggplant (Solanum melongena
L.), Plant Breed. 117 (1998) 379–383.

[28] B. Hoffmann, T.H. Trinh, J. Leung, A. Kondorosi, E.
Kondorosi, A new Medicago truncatula line with supe-
rior in vitro regeneration, transformation, and symbiotic
properties isolated through cell culture selection, Mol.
Plant–Microbe Interactions 10 (1999) 307–315.

.


