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Abstract A simpleand efficient protocol isdescribed for
regeneration of wild sorghum (Sorghum dimidiatum) from
cell suspension cultures. Fast-growing cell suspensions
were established from shoot-meristem-derived callus.
Plating of the suspension on Murashige and Skoog agar
medium supplemented with 2.5 mg I-* 2,4-dichlorophen-
oxyaceticacid (2,4-D) resulted intheformation of embryo-
genic calli. High-frequency (80%) somatic embryogenesis
from small cell clusters (300—400 pm) was observed when
the cultures were initially maintained in liquid medium
with reduced levels of 2,4-D (0.25 mg I™%), followed by
transfer to regeneration medium. Direct plating of these
small clusters on regeneration medium or transfer to
liquid regeneration medium containing kinetin and 6-ben-
zylaminopurine resulted in the development of mature so-
matic embryos and plantlets. The regenerants devel oped
to maturity and were all phenotypically and cytologically
normal.

Key words Sorghum species - Cell suspension -
Somatic embryogenesis - Plant regeneration

Abbreviations BAP 6-Benzylaminopurine - 2,4-D 2,4-
Dichlorophenoxyacetic acid - MS Murashige and Skoog

Introduction

Totipotent embryogenic cell suspension cultures facilitate
the generation of mutant or variant cell lines, isolation of
protoplasts, genetic transformation, and physiological and
biochemical studies. Somatic embryogenesis in suspen-
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sion cultures was first encountered in cultivated carrot,
Daucuscarota (Steward et al. 1958). Sincethen, it hasbeen
observed in many dicotyledons and most gramineous spe-
cies (Vasil 1987).

Sorghum [Sorghum bicolor (L.) Moench] is the fifth
most important cereal crop of arid regionsin theworld and
isused for food, spirits, vinegar, pulp and feed. Asin other
cereal crops, wild species represent an important source of
germplasm, as repositories of genes for conferring resis-
tance to a wide range of pathogens and tolerance to envi-
ronmental stress (Brown 1982). Since wild species of sor-
ghum cannot be readily crossed with cultivated sorghum,
modern biotechnol ogical methods such as somatic hybrid-
ization must be developed for transferring useful genes.

A number of studieshave been carried out on tissue cul-
ture of cultivated sorghum (Gamborg et al. 1977; Brettel
et al. 1980; Wernicke and Brettell 1982; Bhaskaran et al.
1987; Wen et al. 1991; Mythili et al. 1997). Plant regener-
ation from wild species, viz., S. arundinaceaum (Boyes
and Vasil 1984; Guo and Liang 1993), S. almum (George
and Eapen 1988; Guo and Liang 1993), S. versicolor (Ea-
pen and George 1990; Guo and Liang 1993), S. nilolium,
S. miliaceum, S. virgatum, S. plumosum, S. sudanensis and
S. aethiopicum (Guo and Liang 1993), has also been re-
ported. However, there are very few reports on cell sus-
pensions of cultivated and wild sorghums (Chourey and
Sharpe 1985; Wei and Xu 1990). In this communication,
we describe the establishment of cell suspension cultures
and high-frequency somatic embryogenesisin awild spe-
ciesof sorghum, S. dimidiatum, asan initial step in our ef-
forts to develop efficient methods for somatic hybridiza-
tion in this crop plant.

Materials and methods
Establishment of cell suspensions
Three-month-old rapidly growing friable yellowish embryogenic

calli were used toinitiate cell suspension cultures. The calli werein-
itiated from the shoot meristem (0.5-0.8 mminlength) using thepro-



tocol developed by N. Seetharama, R. V. Sairam, and T. Shyamala
(unpublished data). For culture initiation, approximately 1 g of cal-
luswasteased into small piecesand transferred to 100-ml flasks con-
taining 25 ml of the culture medium. Theinitial culture medium was
composed of Murashigae and Skoog (1962) (MS) salts with 2.5 mg
171 2,4-dichlorophenoxyacetic acid (2,4-D). Cultureswere placed on
a gyratory shaker set to 100 rpm in a dark room at 23+2°C. Every
34 days, half of the supernatant was removed and replaced by an
equal volume of fresh medium (Vasil and Vasil 1982). This proce-
dure was repeated twice a week for 3 months. Established suspen-
sionswere maintained by adding 5 ml of the cultureto 25 ml of fresh
medium (MS + 2.5 mg [ 2,4-D) at 5-day intervals.

Growth measurements

A three-month-old embryogenic suspension was used for growth
studies. Freshweight, dry weight and packed cell volume (PCV) were
measured at 2-day intervals from the day of subculture (day 0) to 10
days. The growth rate is represented as the percentage increase in
growth rate. Cell fresh weight was obtained by removing the medi-
um from 5 ml of suspension by passing it through a preweighed fil-
ter paper followed by reweighing. The dry weight was recorded
after drying the sample overnight in an oven at 60°C. PCV was de-
termined by centrifuging 5 ml of suspension at 2000 rpm for 5 min.
Five replicates were used for each experiment. For studying callus
induction, 5 ml of suspension was plated directly onto solid medi-
um supplemented with the same concentration of 2,4-D used for cul-
tureinitiation.

Somatic embryogenesis and plant regeneration

The regeneration capacity of suspension cultures was studied after
transfer to solid or liquid regeneration medium. Three methods were
used to initiate somatic embryosin suspension cultures (1) Transfer
of 4-week-old callus produced from suspension plated on callusin-
duction medium to regeneration medium [MS + 0.5 mg I~ kinetin +
0.5 mg I 6-benzylaminopurine (BAP)]. (2) Direct dispensing of
suspension on regeneration medium. (3) Regeneration completely in
liguid medium. For the second and third methods, subculture of sus-
pensions was continued with medium containing three different re-
duced concentrations of 2,4-D (1.0, 0.5, 0.25 mg |™%) for 2-3 weeks.
At the end of the 3rd week, suspension was directly plated on regen-
eration medium for method 2, and subculture was continued with lig-
uid regeneration medium for method 3. At this stage, the liquid cul-
tures were maintained on a gyratory shaker at 25 rpm in a culture
room (23°C day/night with 16-h photoperiod at 2000 lux). For re-
generation studies using methods 2 and 3, MS medium supplement-
ed with two different concentrations (0.5 and 0.25 mq I™) of kine-
tin and BAP separately, or both together at 0.25 mg |, were used.
For mitotic analysis, root tips of regenerated plantswere pretreat-
ed with cold water (04°C) for 24 h, fixed in 3:1 (wt/vol) solution
of methanol and glacial acetic acid and stored in 70% methanol un-
til further use. Prior to cytological analysis, material was hydrolyzed
in1 NnHCI at 60°Cfor 10 min, washed thoroughly, blotted and stained
with 1% Feulgen prepared following the method of Simpson (1982).

Results

A fine cell suspension was established after 3 months of
repeated subculture. Thecell suspensionsat thisstagewere
well dispersed and contained small groups of embryogenic
cells (Fig. 1A) which were small, actively dividing, and
richly cytoplasmic. Changesin the PCV, fresh weight, and
dry weight are shown in Fig. 2. There was no marked lag
phaseafter transfer of cellsto fresh medium. Growth meas-
urements showed arapidincreasein PCV after 6 days. The
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maximum PCV was achieved on the 8th day after subcul -
ture. By the end of the subculture period, the cell fresh
weight had nearly tripled. Very little increase in cell dry
weight was observed between day 6 and 8. The suspension
showed no change in growth rate during weekly subcul-
tures for 6 months. Suspensions plated on MS medium
solidified with 0.8% agar and 2.5 mg 17X 2,4-D formed fri-
able, yellowish embryogeniccalli within4 weeks(Fig. 1B).
The callusing ability of the small clusters was much lower
than that of larger clusters measuring 0.5-1.0 mmin diam-
eter (Table 1). Plants could be directly regenerated from
these small clusters without plating them on callus induc-
tion medium.

Four-week-old calli from plated suspension, when
transferred to solid regeneration medium, became nodular
and formed somatic embryos in 34 weeks (Table 1,
Fig. 1D). Plantlets with green shoots and roots were de-
veloped from the embryos after 2—-3 weeks. The percent
somatic embryogenesisin the small clusters was very low
(Table 1). When the suspension containing small clusters
was maintained in liquid medium containing reduced lev-
els of 2,4-D, the percent embryogenesis increased. In the
medium containing 0.25 mg |7 2,4-D, the frequency of
embryogenesis was 60% (Table 2). Development of many
organized structures (proembryos) with a distinct epider-
mis was observed in the liquid medium. They showed no
further growth when maintained in the same medium.
However, if they were directly plated on M'S regeneration

Table1l Effectof cell cluster size on embryogenic callus formation
and regeneration in Sorghum dimidiatum

Cluster size Number of calli Embryogenesis
developed (%)

0.5-1.0 mm 139.4+12.91 86.02+2.01

300400 pm 67.0£8.36 44.50+1.58

Table2 Effect of 2,4-D concentration on embryogenesis of small
clustersin S. dimidiatum

2,4-D Number of Embryogenesis
mg It clustered observed %
g
1.0 250 45.60+3.78
0.5 300 51.66+5.47
0.25 240 60.00+£9.35

Table3 Effect of kinetin and BAP on somatic embryogenesis in
small clustersin S. dimidiatum

Hormone Concentration ~ Embryogenesis  Number of
(mg 1™ (%) plantlets/
aggregate
Kinetin 0.5 32.1+5.0 18
0.25 55.0+7.90 3.2
BAP 0.5 40.0£3.53 2.0
0.25 45.2+9.75 28
Kinetin + 0.25 80.0+7.90 3.4
BAP 0.25
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Fig. LA-F Regeneration of fertile plants from suspension cultures
of Sorghumdimidiatum. A Established cell suspension showing clus-
ters of cells. B Cell suspension plated showing devel opment of em-
bryogenic calli. C Suspension directly plated on solid regeneration

medium showing differentiation. D Suspension-derived calli show-
ing embryo formation. E Rooted regenerated plantlets. F Regener-

ated plantsin glasshouse



Growth measurements of suspensions
during a 10 day culture period
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Fig. 2 Growth curve of cell suspension cultures of S. dimidiatum
(PCV packed cell volume, F.Wt fresh weight, D.Wt dry weight)

medium containing kinetin and BAP, further differentia-
tiontook placein 2-3weeksand plantletswith green shoots
and roots were observed gFig. 1C). Kinetin and BAP in
combination (at 0.25 mg|™) promoted greater somatic em-
bryogenesis (Table 3) than when each was added separ-
ately to the culture medium. Under these optimal condi-
tions, each aggregate produced three to four plantlets. The
plantlets were transferred to M S basal medium for further
growth and establishment (Fig. 1LE). The plants were fi-
nally transferred to soil, moved to agreenhouse (Fig. 1F),
and grown to maturity.

Theregeneration potential of thesmall clusterswasalso
studied by retaining them in liquid regeneration medium.
In thefirst step, when the suspensions were maintained in
liquid medium with 0.25 mg I 2,4-D, a number of em-
bryos developed from the peripheral regions of the small
clusters. Various embryo developmental stages were seen
610 days after resuspending the suspensionsin liquid re-
generation medium containing 0.25 mg |~ kinetinand 0.25
mg I™* BAP (Fig. 3A). The embryoids (50-60%) germi-
nated whilestill intheliquid medium (Fig. 3B) and devel-
oped into plantlets, which appeared phenotypically nor-
mal. Budding from the developing embryoids and secon-
dary proliferation of embryoids was commonly observed.
However, further studies are needed on the conditions re-
sponsible for this type of proliferation and plantlet recov-
ery fromtheseembryoids. Theregenerated plantsflowered
and were fertile. Karyotypes from a minimum of 50 root
meristems of the regenerated plants showed a normal so-
matic chromosome number of 2n = 10.

Discussion

Theavailability of cell suspensionswith high regeneration
capacity is crucial for successful isolation of protoplasts,
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Fig. 3A, B Different developmental stagesof somatic embryosand
regeneration from small clusters of suspensions of S. dimidiatum A
Different stages of somatic embryo development. B Germination of
somatic embryos in liquid medium

and for transformation experiments in monocotyledonous
species (Vasil 1987). As with the successful reports of re-
generation from embryogenic suspensions of other cereal
crops(LuandVasil 1981; Vasil and Vasil 1981, 1982, 1986;
Green et al. 1983; Ho and Vasil 1983; Wang and Nguyen
1990; Jahne et al. 1991), the protocol described here will
facilitate the application of advanced technol ogiesfor sor-
ghum. Embryogenic suspensions were friable and fast
growing without any marked lag phase, which is essential
for the maintenance of embryogenic capacity. Similar re-
sults have been reported for Panicum and Pennisetum pur-
pureum (Vasil and Vasil 1984; Karlsson and Vasil 1986).
In the present study, both the establishment of suspensions
aswell asembryogenesis was obtained in asingle medium
(MS) with varying concentrations of a single auxin (2,4-
D). Thus, it seems that complex media combinations and
supplements are not necessary for the system described
here. 2,4-D is the most commonly used growth regulator
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in cereal tissue culture, and embryogenic callus induction
in the presence of 2,4-D alone has also been reported in
sorghum (for review see Bhaskaran and Smith 1990). So-
matic embryogenesisincreased markedly when the suspen-
sion was cultured with reduced 2,4-D (0.25 mg 1Y), fol-
lowed by kinetin and BAP (0.25 mg I™%). The concentra-
tion of 2,4-D had asignificant effect on cell differentiation
in the suspensions, as has been reported earlier (Vasil and
Vasil 1982). High-frequency embryogenesis (80%) of
small clusters in regeneration method 2 is more efficient
asit doesnot involve callusing. Regenerationinliquid me-
dium is simple and if synchronized will be useful in bio-
chemical studies. The ability of small cell clustersto re-
generate both on solid and liquid medium is important as
reported inrice (Ozawaand Komamine 1989; Ozawaet al.
1996). Finally, it can be concluded that establishment of
suspension cultures needed a high concentration of 2,4-D
(2.5mg I, while MS with 0.25mg |7 kinetin and
0.25 mg I"* BAP greatly enhanced the regeneration capac-
ity. The same combination was found suitable for regener-
ationin liguid medium. The uniformity of the regenerated
plants in the present study can be attributed to the devel -
opment of somatic embryos from the finer cell clusters
(Swedlund and Vasil 1985).
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