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Somatic embryogenesis and plant regeneration of pepper in liquid media

Saadet Buyukalaca'? & Ferda Mavituna!*

! Department of Chemical Engineering, University of Manchester Institute of Science and Technology, P.O. Box
88, Manchester, M60 1QD, UK (*present address: Department of Horticulture, Faculty of Agriculture, University
of Cukurova, Adana 01330, Turkey)(* requests for offprints)

Received 9 December 1994; accepted in revised form 26 August 1996

Key words: Capsicum spp, maturation, zygotic embryo explant

Abstract

A protocol was developed for regeneration of pepper (Capsicum annuum var. Ace) through somatic embryogenesis
in liquid media. For embryogenic callus formation, mature zygotic embryo explants were used on basal Murashige
and Skoog medium with 9.05 uM 2,4-dichlorophenoxyacetic acid and 3% sucrose. Embryogenic callus was
transferred to liquid basal Murashige and Skoog medium with 4.52 uM 2,4-dichlorophenoxyacetic acid and 3%
sucrose in order to increase the mass of the embryogenic culture. After pretreatment with potassium citrate,
cells were placed into embryo initiation medium with 6 g 1=! L-proline and a decreased (10 mM) ammonium
concentration. Embryos were matured in 1.89 uM abscisic acid containing half-strength Murashige and Skoog
medium and converted into plants both in vivo and in vitro at up to a 97% efficiency.

Abbreviations: ABA - abscisic acid; B5 — Gamborg et al. (1968); BA — 6-benzylaminopurine; 2,4-D — 2,4-
dichlorophenoxyacetic acid; IAA — indole 3-acetic acid; MS —~ Murashige and Skoog (1962); NAA - naphthale-

neacetic acid; pcv — packed cell volume; SH — Schenk and Hildebrandt (1972)

Introduction

Peppers (Capsicum annuum L.) are one of the major
vegetable and spice crops grown world-wide. The con-
ventional breeding of pepper hybrids for improved
disease and pest resistance and desirable horticultur-
al characteristics is a long process with problems of
interspecific incompatibility and F1 hybrid sterility.
In vitro somatic embryogenesis can offer solutions to
these problems of conventional breeding. Furthermore,
in vitro regeneration is one of the very few ways of
recovering and propagating plants in large numbers
from genetically transformed plant cells.

According to the literature, somatic embryogenesis
for a variety of plants has been achieved using a variety
of media ranging from relatively dilute White’s medi-
um (White, 1963) to the more concentrated formula-
tions of Gamborg et al. (1968), Schenk and Hildebrandt
(1972) and Murashige and Skoog (1962). Over 70% of
the successful cases used Murashige and Skoog (1962)

salts or its derivatives (Evans et al., 1981). Of the plant
growth regulators, auxin is known to be essential for
the induction of somatic embryogenesis in some plant
species and although 2,4-D is the most commonly used
auxin other auxins may be required for certain species
(Ammirato, 1983). For example, only NAA was found
to induce somatic embryogenesis in Solanum melonge-
na (Gleddie et al., 1983). For the maturation of somat-
ic embryos however, transfer to media containing a
low concentration of or devoid of 2,4-D was essential
(Ammirato, 1983; Cheema, 1989; van der Valk et al.,
1989; Komamine et al., 1990). In some plant species,
a combination of 2,4-D or NAA with cytokinin was
reported to be essential for the induction of somat-
ic embryos (Kao and Michayluk, 1981; Gingas and
Lineberger, 1989; Schuller et al.,, 1989). ABA has
been used successfully in a large number of somatic
embryogenesis studies. It is an inhibitor for precocious
embryo germination, whereby it allows embryo matu-
ration to proceed in a more normal fashion, generally
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increasing the uniformity of produced embryos and
reducing the development of abnormal forms (Ammi-
rato, 1983). Redenbaugh et al., (1991 a,b) suggested
that maturation of alfalfa, carrot and celery somatic
embryos with ABA was also critical for conversion of
somatic embryos into plantlets. The source of nitro-
gen in the medium also affects in vitro embryogene-
sis in ways which depend on the plant species used
(Reinert et al., 1967; Skokut et al., 1985; Rao et al.,
1990; Chee et al., 1992). Ammonium or amino acids
such as proline, alanine, arginine or glutamine stimu-
late prolific somatic embryo formation when supplied
together with nitrate (Redenbaugh et al., 1991b; Stuart
et al., 1985). Organic acids such as citric and malic
acid which were applied during the last subculture of
callus were found to increase the number of embryos
formed, the conversion rates of the embryos and the
amount of seed-specific storage proteins (Redenbaugh
etal., 1991b).

In vitro studies on pepper aimed at plant regenera-
tion have been reviewed by Fari (1986) and Morrison et
al., (1986). Although some reports have been published
on the morphogenetic response of pepper tissues (Fari
and Czako, 1981; Philips and Hustenberger, 1985)
and some authors have claimed direct or indirect plant
regeneration from cells and tissues of pepper (Gunay
and Rao, 1978; Agrawal and Chandra, 1983; Ge et
al., 1989; Arroya and Revilla, 1991; Valera-Montero
and Ochao-Alejo, 1992), so far there is only one report
in the literature on direct somatic embryogenesis on
solid medium (Harini and Sita, 1993). If most stages
of somatic embryogenesis could be carried out in lig-
uid media, then the process could be scaled-up using
bioreactors which in turn, could reduce labour costs
and space requirements. There is no report in the lit-
erature on the indirect somatic embryogenesis of pep-
per in liquid medium. This article therefore, presents
for the first time a detailed protocol for regenerating
pepper plants from mature-embryo explants through
somatic embryogenesis in liquid culture. In this study,
the effects of explant type, basal media formulation,
growth regulators, various organic and amino acids on
embryogenic callus formation, somatic embryo induc-
tion, frequency of embryogenesis and maturation were
investigated.

Materials and methods
General conditions relevant to all experiments

Unless otherwise indicated, the following conditions
apply to all cultures in this study. Prior to sterilization,
pH was adjusted to 5.8 in all media with 1M NaOH
or 1M HCI. Media were autoclaved for 18 min at 110
KPa at 121 °C in either one litre or 50 ml batches, in
1.51 or 250 ml Erlenmeyer flasks, respectively. When
used, ABA was filter sterilized and added to autoclaved
medium. Liquid cultures were placed on a rotary shak-
er and maintained at 100 rpm. Cultures were kept at 25
°C under continuous illumination provided by white
fluorescent lamps (15 pmol m~2 s~! ). For the calcu-
lation of “% embryogenesis”, 3 ml samples were taken
in triplicate and a drop of the sample was placed on
a microscope slide. The number of cells, cell clusters
and embryos were counted under a light microscope.
This was repeated for five microscope fields for each
drop sample and the average numbers w ve calculated
for three drops from each sample. “% embryogenesis”
- 100 x ( Number of embryos) / (Number of cells+cell
clusters+embryos)

The statistical analysis of the data was based on
Tukey’s test (Compton, 1994; Lentner and Bishop,
1986).

Plant material

Seeds of Capsicum annuum var. Ace (Unwins Seeds
Ltd, UK) were surface sterilized by soaking in 70%
(v/v) ethanol solution for 2 min, then were immersed
in 10% (v/v) sodium hypochlorite for 20 min and final-
ly rinsed three times with sterile distilled water. They
were then soaked in sterile distilled water for 24 h. Ster-
ilized seeds were either aseptically dissected to remove
the embryo explant or germinated on 20 ml solid MS
medium with 2% (w/v) sucrose in presterilized 30x70
mm plastic bottles (Sterilin Ltd, UK) at 25 °C with a
16-h photoperiod. Mature zygotic embryos, hypocotyl
(1 cm in length), cotyledon (fully expanded without
petiole), petiole (0.8-1 cm in length) and root (1-1.2
cm in length) sections from 3 to 4-week-old seedlings
were used as explants.

Callus culture
The factors examined for their effects on the frequency

of embryogenic callus induction and somatic embryo
formation included MS, SH and B5 media containing
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Figure 1. (a) Embryogenic callus of C. annuum var. Ace. (b) Somatic embryo of C. annuum var. Ace.
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Figure I . (c) Gerniration of a somatic embryo on paper bridge. (d) A pepper plant produced from a somatic embryo.

2,4-D (0.45, 4.52, 13.58 uM), IAA (0.57, 5.71, 17.12
1.uM), NAA (0.54, 5.37, 16.11 pM) alone or in com-
bination with Kinetin (4.65 uM) and BA (4.44 uM) as
growth regulators. The first set of experiments consist-
ed of the interaction of the different types of explants on
three basal media with these growth regulators at dif-
ferent concentrations. In order to compare the results,
the size of the explant within a particular type and the
amount of callus on all different media formulations
were kept constant. The effect of medium type was
investigated from the callus induction stage to globu-
lar embryo stage. Further experiments which are not
reported here showed that sucrose at 3% (w/v) was the
best carbohydrate source compared with fructose and
glucose,

For callus initiation, three explants were cultured
in 15 ml medium solidified with 0.8% agar (Sigma,
UK); in a 90x15 mm sterile plastic Petri dish which
was sealed with parafilm and incubated at 25 °C under

continuous illumination. Five replicate Petri dishes
were used for each explant type and, in all cases, the
experiments were repeated at least twice. Once initiat-
ed, embryogenic callus was either transferred to liquid
medium or maintained as stock culture by subcultur-
ing two pieces of 0.5 g callus onto fresh medium every
four weeks.

Suspension culture

After the preliminary investigation of the effects of
different media type on embryogenic callus initiation
and embryo development until the globular stage, the
culture media for the rest of the investigation were
based on MS medium containing 3% sucrose hereafter
referred to as the basal medium. Suspension cultures
were initiated by transferring one-month-old 1-1.2 g
embryogenic callus to 50 ml MS liquid basal medium
containing 4.52 uM 2,4-D in a 250 ml Erlenmeyer



flask. Suspension cultures were subcultured every two
weeks for two months after which unused cultures were
discarded.

Pretreatment

Suspension cultures were transferred to liquid KNO;3-
free MS basal medium containing 9.05 uM 2.4-D and
either K-citrate or K-malate at the concentration of
either 6 or 10 g 1-! and kept in these media for three
weeks.

Embryo initiation

The liquid basal MS medium was modified by reducing
NH4NO; concentration from 20 mM to 10 mM and
was used with one of the four amino acids, L-proline,
L-alanine, L-arginine or L-glutamine at a time at 0, 2,
4,6, 8 and 10 g1~!. The cultures were kept on a rotary
shaker at 70 rpm.

Maturation

Somatic embryos at late torpedo stage (3-5 mm in
length) were transferred to full- and half-strength 50
ml MS liquid basal media containing 1.89, 3.78 and
7.57 uM of cis-trans isomer ABA (Sigma) and placed
on a rotary shaker at 40 rpm in the dark for 20 days.

Conversion into plantlets

Somatic embryos from the maturation medium were
germinated either in vitro or in vivo. The in vitro-
conversion medium consisted of half-strength of MS
major and minor salts and full-strength MS vitamins.
A paper bridge in 15 ml medium was used in a 70x15
mm glass bottle for in vitro germination. After placing
each embryo on the paper bridge, glass bottles were
incubated at 25 °C with a 16-h photoperiod. Sterilized
compost and sand mixture (1:2) in 4-cm pots was used
without any supplement for in vivo germination. Pots
were covered with clear plastic in order to prevent
desiccation.

Results and discussion

Embryogenic callus formation

As mentioned in the introduction, the most important
factors affecting the induction of embryogenic callus
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and plant regeneration through somatic embryogene-
sis include the explant type, media formulation and
growth regulators. All these factors were investigat-
ed in this study because there is no previous report in
the literature on the somatic embryogenesis of pepper.
Depending on these factors, four different types of cal-
lus were obtained: white-watery, brown-friable which
were both nonembryogenic; green-compact with low
embryogenic frequency and yellowish-nodular-friable
with high embryogenic frequency (Figure 1a).

The results with all the explants and all the growth
regulators on each media are summarized in Table
1; the results indicate that MS basal medium yield-
ed the highest amount of embryogenic callus while BS
induced none. The conversion frequency of embryo-
genic callus to globular-shaped embryos was also the
highest in MS medium. High concentrations of major
salts in MS medium compared with others seem to be
the reason for this result. The most important factor that
affected the callus type was the growth regulator. The
general observation in this study was that IJAA stimu-
lated non-embryogenic callus; NAA, that is, stimulat-
ed the formation of low-frequency embryogenic callus
and 2,4-D stimulated the formation of high-frequency
embryogenic callus formation, Therefore, in the rest
of the experiments, MS medium was used as the basal
medium and 2,4-D as the growth regulator. By this
stage of the investigation, it was also observed that the
root explant did not produce any embryogenic callus
under any condition. Consequently, it was excluded
from the rest of this study.

Since all the results in our study indicated that 2,4-D
was the most effective growth regulator for embryo-
genic callus induction, further experiments were per-
formed in order to determine the optimum 2,4-D con-
centration. Table 2 presents the effect of 2,4-D on the
percentage of number of explants that formed embryo-
genic callus (% C) and the percentage of the number
of cells that differentiated into embryos (% E) calcu-
lated as described above. Depending on the explant
type, percentage of number of explants that formed
embryogenic callus increased 5-6 fold and the per-
centage of the number of cells that differentiated into
embryos increased 7-14 fold when 2,4-D concentration
was increased from 0.45 to 9.05 uM. Although % C
remained constant, % E decreased by as much as 50%
when the concentration of 2,4-D was doubled from 9.05
to 18.1 uM. Results in Table 2 indicated that the best
explant source was the mature zygotic embryo and the
optimum 2,4-D concentration was 9.05 M.
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Table 1. The effect of media formulation on the formation of callus and the frequency of
embryogenesis.

Media Callus fresh weight (g/explant) (%)
formulation Embryogenic = Low-frequency  Non-embryogenic = Embryogenesis
embryogenic
MS 1.89a 1.01a 1.15a Sla
SH 0.76 b 0.82b 1.09a 11b
B5 Oc 03tc 1.11a Oc
D %5 0.317 0.155 0.209 4.5737

Values followed by different letters are significantly different at the 5% level in Tukey’s test.

Table 2. The effect of 2,4-D concentration on the formation of embryogenic callus and the
frequency of embryogenesis.

2,4-D Explant
(M) Hypocotyl Cotyledon Petiole Embryo
%C %E % C % E % C %E % C % E
045 20cd 81 16 cd 5Im 21c¢ 10K 12¢cd 5Im
226 75b  35fg 70b 27h 70b  3lgh 65b  40ef

452 90a 40 ef 90a 30 gh 95a Slbc 95a 55b
905 95a 47 cd 90a 35fg 100a 56b 100a 62a

1358 95a 32gh 90a 201 97a 45de 100 a 35fg
18.1 90a 17ij 90a 14 jk 95a 20i 95a 27h
4525 10d Om 15cd Om 10d Om 20cd Om

D % 5 (for % C data) = 10.13
D % 5 (for % E data) = 5.72

% C: The percentage of number of explants that formed embryogenic callus.

% E: Percent embryogenesis.

Values followed by different letters are significantly different at the 5% level in Tukey’s test.

Suspension culture

After embryogenic callus induction, the proliferation
of cells were carried out on both solid and liquid MS
basal medium containing 9.05 uM 2,4-D. Liquid medi-
um yielded almost double the cells compared to the sol-
id medium over the sample growth period. After two
months of subculturing the viability, dry weight and
embryogenic frequency of the suspension culture start-
ed to decrease. The experiments performed to remedy
this deterioration indicated that a decrease in the 2,4-D
concentration to 4.52 uM was satisfactory to obtain
healthy growth with unaffected embryogenic capacity
for more than 6 months.

Pretreatment medium

Prior to transfer into embryogenesis medium, sus-
pension cultures were treated with organic acids as

shown in Table 3. Without this treatment, even with
L-proline in the embryogenesis medium as explained
below, it was not possible to obtain mature embryos.
Although cultures grew only slightly during the three-
week pretreatment in liquid media, packed cell densi-
ty increased, especially with the inclusion of 6 g 17!
potassium citrate in the medium; it also had the most
pronounced effect on the concentration of heart-shaped
embryos in the medium. There are few reports in the
literature on the need of a pretreatment as a prerequi-
site for somatic embryogenesis (Nichol et al., 1991).
Such pretreatment may be a selection for more embryo-
genic cells or cause an alteration in cellular metabolism
towards cell differentiation and away from cell prolif-
eration (Redenbaugh et al., 1991b). The pretreatment
agents in our study were citric and malic acids. Since
potassium salts of these acids were used there could
have been an effect of the potassium ion as it is the
major and the most common cation involved in main-



taining the ionic balance of the medium and the osmotic
potential of the cytoplasm. The effect of potassium in
sweetpotato somatic embryogenesis is studied by Chee
et al. (1992).

Embryo initiation

In the preliminary attempts of embryo initiation,
embryogenic suspension cultures were transferred to
liquid growth regulator free MS basal medium after
pretreatment. In this medium, cell clusters developed
through globular-shaped into heart-shaped embryos
but no further. Since the amino acids are reported
to be effective on embryo development (Stuart and
Strickland, 1984; Redenbaugh et al., 1991; Shetty and
McKersie, 1993; Nichol et al., 1991), L-proline, L-
alanine, L-arginine and L-glutamine were tested after
a three-week period at all the stages of embryogenesis
at various concentrations in liquid MS basal medium
containing 10 mM NH4NO;.

In addition to the standard MS medium which con-
tains nitrate and ammonium ions at the molar ratio of
40:20, modified MS media with other ratios of nitrate
to ammonium at 40:0, 20:20, and 20:40 were tested.
Although the basal MS medium gave the best resulits,
when the level of NH;" was high, somatic embryo
formation was reduced and severe tissue browning
occurred. On media without or with a very low level of
NH, the number of embryos produced decreased con-
siderably. Therefore, liquid MS basal medium contain-
ing 10 mM NH4NQO; was chosen for embryo initiation.
The same concentration of NH4NO; was found to be
the best in a detailed study of the media optimization
for sweetpotato embryogenesis by Chee et al., (1992).

As shown in Figure 2, L-proline at 6 g 17! was
the most effective amino acid and it yielded the high-
est number of torpedo-shaped embryos. This result is
in agreement with that of Stuart and Strickland (1984)
who tested nine amino acids in alfalfa somatic embryo-
genesis and found that L-proline was the most effec-
tive one. Kamada and Harada (1979) and Wetherell
and Dougall (1976) did not find L-proline effective
in carrot somatic embryogenesis. They had howev-
er, excluded NHI from their medium thinking that L-
proline, being an amino acid, could be used as the sole
nitrogen source. In the work reported here, NH4NO;
was not excluded from the medium but only reduced
in concentration.
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Table 3. The effect of organic acids during pretreatment stage on cell
fresh weight per cm® packed cell volume and subsequent embryoge-
nesis.

Treatment Fresh cell density Number of heart shaped
(gfwt/cm® pcv) embryos/
ml of media

(Control)! 0.406 d 61b
6 g1~ ! K-citrate? 0.728 a 74a
10 g 1= ! K-citrate? 0.630b 54b
6 g1~ ! K-malate? 0.520¢c 24¢
10 g I~! K-malate? 0.542 ¢ 21c¢
D%5 0.078 9.15

1: MS + 30% (w/v) Sucrose + 9.05 uM 2,4-D

2: MS - KNO;3 + 30% (w/v) Sucrose + 9.05 uM 2,4-D + organic acid.
Values followed by different letters are significantly different at the
5% level in Tukey’s test.

60 —
iDalaninc

50 - iBarginine

a0/ |l pmlinc.
lD glutamine

(]
2

=)

Number of torpedo shaped embryos/ml
w .

(=]

0o 2 4 6 8 .10
Amino acid concentrations (g I')

Figure 2. The effect of the types and concentration of amino acids
on the number of torpedo shaped embryos. For all the values SD =
11.12.

Maturation of somatic embryos

Embryos from the embryo initiation medium were
transferred to conversion medium as explained below
but they did not convert into plantlets. Since ABA is
well known as a growth regulator of many develop-
mental stages in zygotic embryos and similarly found
to favourably affect maturation of somatic embryos
(Fuji et al,, 1990), embryos of pepper were placed
in full- and half-strength MS basal medium contain-
ing various concentrations of ABA (Table 4). Embryo
maturation was observed under a light microscope (x
10 magnification) as somatic embryos became firmer,
larger and smoother (Figure 1b). In all the media test-
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Table 4. Effect of ABA concentration on maturation and conversion
of somatic embryos.

Medium Maturation (%)  Conversion (%)
MS 0d 0d
MS+1.89 uM ABA od 0d
MS+3.78 uM ABA 0d 0d
MS+7.57 uM ABA 0d 0d
172 MS 0d od
1/2 MS+1.89 uM ABA SS5a 97 a
172 MS+3.78 uM ABA 39b 71b
172 MS+7.57 uM ABA 25¢ 58¢

D % 5 (Maturation) : 5.41

D % 5 (Conversion) : 7.45

Values followed by different letters are significantly different at the
5% level in Tukey’s test.

Segds

Mature zygotic embryo

Embryogenic callus initiation
MS$+9.05uM 2,4-D+3% Sucrose+0.8% Agar

Y

Suspension culture
MS+4.52 uM 2,4-D+3% Sucrose
i

Y

Pretreatment
MS(KNO; freeyt6 g1-! K-cilr‘?te+9.()5 uM 2,4-D+3% Sucrose

Embryo initiation
MS with 104M NH4NO3+6 g 1-!L-proline+3% Sucrose
H

\

Maturation
1/2 MS§+1.89 uM ABA+3% Sucrose

Y

Conversion into plant

Figure 3. Procedure developed for the regeneration of pepper plants
through somatic embryogenesis.

ed in continuous light and full-strength MS medium in
dark, embryos became brown and eventually died. The
highest maturation and conversion frequencies were
obtained in darkness in half-strength MS medium with
a concentration of 1.89 uM ABA.

Conversion into plantlets

On germination media, the somatic embryos enlarged
slightly before a gradual greening of the entire embryo.
Germination (Figure 1¢) generally occurred 10-15 days
after transfer. Figure 1d is the photograph of a pepper
plant produced from a somatic embryo. The conver-
sion frequency was 97% for in vitro germination and
48% for in vivo germination. In conclusion, this study
investigated various factors effecting the pepper plant
regeneration through somatic embryogenesis. The best
procedure based on the results obtained is given in Fig-
ure 3.

Acknowledgements

The authors are grateful to Dr PD Williams for his help
during the initial stages of the work. SB is thankful
to the University of Cukurova, Turkey for financial
assistance.

References

Agrawal § & Chandra N (1983) Differentiation of multiple shoot
buds and plantlets in cultured embryos of C. annuum var. Math-
ania. Curr. Sci. 52: 645-646

Ammirato PV (1983) Embryogenesis. In: Evans DA, Sharp WR,
Ammirato PV & Yamada Y (eds) Handbook of Plant Cell Cul-
ture, Vol 1 (pp 82-123). Macmillan, New York

Arroya R & Revilla MA (1991) In vitro plant regeneration from
cotyledon and hypocotyl segments in two bell pepper cultivars.
Plant Cell Rep. 10: 414416

Chee RP, Leskovar DI & Cantliffe DJ (1992) Optimizing embryo-
genic callus and embryo growth of a synthetic seed system for
sweetpotato by varying media nutrient concentrations. J. Amer.
Soc. Hort. Sci. 117 (4): 663-667

Cheema GS (1989) Somatic embryogenesis and plant regeneration
in Carica papaya L. tissue culture derived from root explants.
Plant Cell Rep. 6: 348-351

Compton ME (1994) Statistical methods suitable for the analysis of
plant tissue culture data. Plant Cell Tiss. Org. Cult. 37: 217-242

Evans DA, Sharp WR & Flick CE (1981) Growth and behaviour of
cell cultures: embryogenesis and organogenesis. In: Thorpe TA
(ed) Plant Tissue Culture (pp 45-113), Academic Press

Fari M (1986) Pepper. In: Bajaj YPS (ed) Biotechnology in Agricul-
ture and Forestry, Vol 2 (pp 345-362). Springer-Verlag, Berlin

Fari M & Czako M (1981) Relationships between position and mor-
phogenetic response of pepper hypocotyl explant culture in vitro.
Sci. Hort. 15: 207-213

Fuji J, Slade D, Olsen R, Ruzin SE & Redenbaugh K (1990) Alfalfa
somatic embryo maturation and conversion into plants. Plant
Sci. 72: 93-100

Gamborg OL, Miller RA & Ojima K (1968) Nutrient requirements
of suspension cultures of soybean root cells. Exp. Cell Res. 50:
151-158



Ge KL, Sasakuma T & Tanaka M (1989) Callus induction and plant
regeneration in Capsicum. Acta Bot. Sinica 31: 962-965

Gingas VM & Lineberger RD (1989) Asexual embryogenesis and
plant regeneration in Quercus. Plant Cell Tiss. Org. Cult. 17:
191-203

Gleddie S, Keller W & Setterfield G (1983) Somatic embryogenesis
and plant regeneration from leaf explants and cell suspensions
of Solanum melongena. Can. J. Bot. 61: 656666

Gunay AL & Rao PS (1978) In vitro plant regeneration from
hypocotyl and cotyledon explants of red pepper (Capsicun).
Plant Sci. Lett. 11: 365-372

Harini I & Sita GL (1993) Direct somatic embryogenesis and plant
regeneration from immature embryos of chilli (Capsicum annu-
um L.). Plant Sci. 89: 107-112

Kamada H & Harada H (1979) Studies on the organogenesis in
carrot tissue cultures: 1. Effects of growth regulators on somatic
embryogenesis and root formation. Z. Pflanzenphysiol. 91: 225-
266

Kao AN & Michayluk MR (1981) Embryoid formation in alfalfa cell
suspension cultures from different plants. In Vitro 17: 645-648

Komamine A, Matsumota M, Tsukahara M, Fujiwara A, Kawahara
A, Ito M, Smith J, Nomura K & Fujimura T (1990) Mech-
anism of somatic embryogenesis in cell cultures- Physiology,
biochemistry and molecular biology. In: Nijkamp HJJ, van der
Plas LHW & van Aartrijk J (eds) Progress in Plant Cellular
and Molecular Biology (pp 307-313). Kluwer Academic Publ,,
Dordrecht, the Netherlands

Lentner M & Bishop T (1986) Experimental Design and Analysis.
Valley Book Company, Blackburg, VA

Momson RA, Koning RE & Evans DA (1986) Pepper. In: Evans
DA, Sharp VR & Ammirato PR (eds) Handbook of Plant Cell
Culture, Vol 4 (pp 552-573). Macmillan, New York, NY

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

Nichol JW, Slade D, Viss P & Stuart DA (1991) Effect of organic acid
pretreatment on the regeneration and development (conversion)
of whole plant from callus cultures of alfalfa, Medicago sativa
L. Plant Sci. 79: 181-192

Philips GC & Hustenberger JF (1985) Organogenesis in pepper tissue
cultures. Plant Cell Tiss. Org. Cult. 4: 261-269

Rao KV, Suprasanna P & Reddy GM (1990) Somatic embryogenesis
from immature glume calli of Zea mays L. Ind. J. Exp. Biol. 28:
531-533

235

Redenbaugh K, Fujit J, Slade D, Viss P & Kossler M (1991a) Arti-
ficial seeds-Encapsulated somatic embryos. In: Bajaj YPS (ed)
Biotechnology in Agriculture and Forestry, Vol 17 (pp 395-
416). Springer-Verlag, Berlin

Redenbaugh K, Fujii J & Slade D (1991b) Synthetic seed technology.
In: Vasil IK (ed) Scale-up and Automation in Plant Propagation
{pp 36-74). Academic Press Inc. Orlando

Reinert J, Tazawa M & Semenoff S {1967) Nitrogen compounds as
factors of somatic embryogenesis in vitro. Nature 216: 1215-
1216

Schenk H & Hildebrandt A (1972) Medium and techniques for induc-
tion and growth of monocotyledonous and dicotyledonous cell
cultures. Can J. Bot. 50: 199-204

Schuller A, Reuther G & Geiger T (1989) Somatic embryogenesis
for seeds explant of Abies alba. Plant Cell Tiss. Org. Cult. 17:
53-58

Shetty K & McKersie BD (1993) Proline, thioproline and potassi-
um mediated stimulation of somatic embryogenesis in alfalfa
(Medicago sativa L.) Plant Sci. 88: 185-193

Skokut TA, Manchester J & Shaefer J (1985) Regeneration in alfal-
fa tissue culture - Stimulation of somatic embryo production
by amino acids and N-15 and NMR determination of nitrogen
utilisation. Plant Physiol. 79: 579-583

Stuart D & Strickland S (1984) Somatic embryogenesis from cell
cultures of Medicago sativa L. 1. The role of amino acid addi-
tions to the regeneration medium. Plant Sci. Lett. 34: 165-174

Stuart D, Nelsen J, Strickland S & Nichol J (1985) Factors affecting
developmental processes in alfalfa cell culture. In: Henke R,
Hughes K, Constantin M & Hollaender A (eds) Tissue Culture
in Forestry and Agriculture (pp 59-73). Plenum, New York

Valera-Montero LL & Ochao-Alejo N (1992) A novel approach for
chilli peper (Capsicum annuum L.) plant regeneration : shoot
induction in rooted hypocotyls. Plant Sci. 84: 215-219

van der Valk P, Zaal MACM & Creemers-Molanaar J (1989) Somatic
embryogenesis and plant regeneration in inflorescence and seed
derived callus cultures of Poa pratensis L. (Kentucky blue-
grass). Plant Cell Rep. 7: 644647

Wetherell DF & Dougall DK (1976) Sources of nitrogen support-
ing growth and embryogenesis in cultured wild carrot tissue.
Physiol. Plant. 37: 97-103

White PR (1963) The Cultivation of Animal and Plant Cells. 2nd
edition, Ronald Press, New York



