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Abstract A simple and efficient system of soybean
regeneration protocol was standardized through direct
somatic embryogenesis by using immature cotyledons as
explant. Three genotypes, namely, DS 2706, Pusa 5 and PS
1477 were selected for the evaluation of their capacity for
in vitro somatic embryogenesis and plantlet regeneration.
The medium MSBS5 (MS macro 4+ micro 4+ B5 organics)
supplemented with different concentrations of plant growth
regulators (2, 4-D, NAA, BAP and ABA) were evaluated
for somatic embryo initiation and subsequent development.
Somatic embryos were initiated in the shortest duration
(25.1 days) with the highest response (86.5 %) on MSBS5
medium supplemented with 40 mg 1 ~' 2, 4-D compared to
lower concentrations or combination treatments with NAA
and BAP. Somatic embryos proliferation was highest
(76.25 %) in the MSBS5 medium supplemented with 20 mg
17! 2,4-D and 13 mg 1" ABA. Somatic embryos and their
morphological development were noted on medium sup-
plemented with 6 % maltose and 0.5 % activated charcoal
(79.47 %) compared to sucrose. Maltose at 6 % gave good
maturation of somatic embryos (92.67 %). The highest
germination (53.03 %) of somatic embryos into plantlets
was achieved in the medium containing 1.5 % sucrose.
Amongst the genotypes screened, DS 2706 was the most
responsive. The protocol developed can be used for direct
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regeneration via somatic embryogenesis in different
genotypes, which could also be used for attempting genetic
transformation.

Keywords Glycine max (L.) Merrill - Immature
cotyledon - Regeneration - Somatic embryogenesis

Introduction

Soybean [Glycine max (L.) Merrill] is one of the world’s
most important leguminous crops, being a major source of
protein and edible oil. Soybean is cultivated for seed,
which contains oil (18-20 %) and protein (38-40 %), pri-
mary ingredients in many processed foods. Several labo-
ratories throughout the world are striving to improve the
nutritional qualities of soybean seed protein and also tol-
erance towards biotic and abiotic stresses. Genetic
improvement of commercially important soybean cultivars
through classical breeding is laborious and time consuming
(Loganathan et al. 2010). Alternatively, biotechnology
offers excellent opportunities for the improvement of
existing soybean cultivars through tissue culture tech-
niques, i.e., somatic embryogenesis. Further, in vitro
techniques offer opportunity for creation of variation in
otherwise self-pollinated crops like soybean, which have a
limited genetic base.

The capacity for somatic embryogenesis is a heritable
trait, a number of genes have been identified that control
different aspects of somatic embryogenesis in soybean and
other plants (Parrott et al. 1991; Tar’an and Bowley 1997).
Moreover, several studies have shown differences among
soybean genotypes for their capacity to respond to the
different steps of somatic embryogenesis (Yang et al. 2009;
Loganathan et al. 2010). Different plant tissues have been
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used as explant for regeneration of somatic embryos in
soybean, i.e., hypocotyl segment (Tripathi and Tiwari
2003), cotyledonary sections (Korbes and Droste 2005),
embryonic axis (Kumari et al. 2006), immature embryo,
immature cotyledon and immature embryogenic axis
(Sharifi et al. 2006; Perez—Perez et al. 2009), and immature
embryonic shoot tip (Loganathan et al. 2010). However,
efficiency of soybean regeneration through somatic
embryogenesis has been limited to a few genotypes that
respond ideally to in vitro culture (Hiraga et al. 2007; Yang
et al. 2009). Somatic embryogenesis is a highly preferred
pathway over organogenesis, as the transformants derived
are more uniform and the chances for the occurrence of
variation among individual clones are lesser (Osuga et al.
1999).

Somatic embryogenesis from excised zygotic embryos
was reported by Christianson et al. (1983). Later, Lazzeri
et al. (1985) reported the use of immature cotyledons and,
since then, immature cotyledons have been used as the sole
explant system capable of regenerating into plantlets via
somatic embryogenesis (Klink et al. 2008). Nevertheless,
somatic embryo derived from immature cotyledons is
highly genotype-dependent (Ko et al. 2004). The potential
for embryogenesis can be improved to a certain extent by
modification of tissue culture protocols for specific geno-
types. The present investigation was undertaken to study
the regeneration from immature cotyledons through
somatic embryogenesis in selected soybean genotypes, so
as to standardize a suitable protocol.

Materials and methods
Plant material

Three soybean genotypes, viz., DS 2706, Pusa 5 and PS
1477 were used for the present study. The seeds were
collected from the Soybean Laboratory, Division of
Genetics, IARI, New Delhi. These genotypes were sown in
Polyhouse Facility, IARI, New Delhi. After fruit set, the
immature pods (15 days after of pod set) containing
immature seeds (3.0-4.0 mm) of all the genotypes were
harvested 1-2 weeks after flowering. These immature pods
were collected in polybags and taken to laboratory for
culture.

Pretreatment and surface sterilization

The immature pods were pre-treated by agitation in
fungicide solution containing 0.2 % carbendazim (Bav-
istin®, BASF India), 0.2 % indofil-M® (Rallis India) and
0.002 % 8-hydroxylquinoline citrate (Qualigens Chem.,
Mumbiai) for 1 h, followed by rinsing in sterile water for

three times. Sterilized pods were shifted to laminar air-flow
hood and surface sterilized with HgCl, 0.1 % for 4 min.
followed by three rinsings with sterile double-distilled
water. The immature seeds were separated from the pods
and cotyledon explant (3.0-4.0 mm) was excised after
removing the seed coat. The ends of the embryonic axis
were removed with sterile scalpel and then cultured on
embryo induction medium following the procedures out-
lined by Bailey et al. (1993a, b), Finer and Nagasawa
(1988) and Huynh et al. (2013).

Culture initiation, somatic embryo induction
and germination

All the explants were cultured on embryo induction med-
ium MSB5 (Murashige and Skoog 1962; Gamborg et al.
1968) supplemented with different concentrations of 2,4-D
(10, 20, 40 mg 17", BAP (3.0 mg1™") and NAA (0.5,
10 mg 1™") in combinations with sucrose (3 %), gellan
gum (0.2 %) (Gelrite™, Sigma Chem. Co. St. Louis,
USA), with pH adjusted to 7.0 & 0.01. The cultures were
maintained at 26 £ 1°C with 16/8 h photoperiod
(39 tE m~2s™") and sub-cultured onto the same fresh
medium at 15-days interval until induction of somatic
embryos. The percentage of embryogenesis was calculated
after 4 weeks of culture.

After 30 days in somatic induction media, primary
somatic embryos were transferred to MSB5 medium sup-
plemented with 20 mg 1= 2,4-D alone or in combination
with 13 mg 17! abscisic acid (ABA), 3 % sucrose and
0.2 % gellan gum, and pH adjusted to 5.8. After 20 more
days, the percentage of embryogenic cotyledons, which got
proliferated were scored and number of somatic embryos
per cotyledon recorded. Globular somatic embryos cluster
were then removed from cotyledon and transferred to
MSBS5 medium supplemented with different dosage of
maltose and sucrose (3—-6 %), activated charcoal (0.5 %)
for further differentiation. The percentage of somatic
embryos clusters, which got differentiated, was recorded
after 30 days.

The cotyledonary stage embryos from the preceding step
were separated individually and transferred onto MSBS5
medium supplemented with different concentration of mal-
tose and sucrose (3—6 %) to achieve somatic embryo matu-
ration. The frequency of somatic embryos, which got
maturated were also calculated after 30 days. The maturated
cream-coloured cotyledonary somatic embryos were then
desiccated in sterile disposable empty petridishes. After
7 days of desiccation, the embryos were transferred onto
hormone-free MSB5 medium containing 1.5-3 % sucrose
for germination. At this stage, a 23/1 h light/dark photope-
riod was maintained. The frequency of the germinated
embryos, shoot length and the root length was recorded after
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4 weeks. After embryos converted into complete plant, they
were transplanted into glass jar with PP cap containing peat,
perlite and vermiculite (2:1:1; v/v). The hardened plants
were maintained at 26 + 1 °C with 16/8 h photoperiod
(97 pE m2s” ') and maintained under high relative
humidity condition for 2 weeks. The hardened plantlets were
then transferred to glasshouse under natural light conditions.

Statistical analysis

All the experiments were carried out in completely ran-
domized design with five replications. Each treatment
comprised of 25-30 units. Data analysis was done using
IRRISTAT 5.0 software. The percentage data was sub-
jected to Arc Sine \/ percentage transformation before
calculating ANOVA.

Results and discussion

The results showed that immature cotyledons cultured on
MSB5 medium supplemented with different concentration
of 2,4-D, BAP and NAA gave variable responses (Table 1).
The medium containing 40 mg1~' 24-D gave good
embryo induction in the shortest duration (25.07 days),
followed by 20 mg 17" 2, 4-D and 10 mg 1™ 24-D +
10 mg1~' NAA, while medium supplemented with
3mg1~" BAP + 0.5 mg 1”' NAA gave delayed embryo
induction (31.27 days). Among the three genotypes, DS
2706 was the most responsive genotype with the earliest
response (28.56 days), followed by PS 1447 (28.65 days)

and Pusa 5 (28.09 days). The media standardized by
Loganathan et al. (2010) was found efficient for different
stages, i.e., initiation to germination of somatic embryos. It
was found that embryogenic potential was better using
immature stage cotyledon explants and the medium con-
taining 40 mg 17! 2, 4-D was most responsive. Embryo-
genic potential was highest (60-80 %) in the selected
genotypes. This finding was in conformity with those of
Loganathan et al. (2010). Use of auxin (2, 4-D) was found
to have a prominent role in the induction and proliferation
of somatic embryos. Earlier, several workers have advo-
cated the beneficial role of 2, 4-D (Kim et al. 2000; Pon-
appa et al. 1999; Ugandhar et al. 2013). Further, it was
reported that successful embryogenesis in soybean either
takes place with low level of 2, 4-D (Orczyk and Orczyk
1994) or very high level of 2,4-D (Droste et al. 2002). This
differential auxin requirement is attributed to the genotypic
effect (Hiraga et al. 2007).

The frequency of somatic embryo initiation was highest
(86.50 %) in MSB5 medium supplemented with 40 mg 17"
2, 4-D, followed 10 mg1™' 24-D + 10 mg1~' NAA
(59.63 %) and 20 mg 17" 2,4-D. The treatment MSB5 media
supplemented with 3.0 mg 17" BAP + 0.5 mg1™' NAA
gave the lowest frequency (14.60 %). Among three geno-
types, DS 2706 gave the highest response (59.0 %), followed
by Pusa 5, while lowest response was observed in PS 1477.
Genotype dependent response for frequency of somatic
embryogenesis has been documented in soybean (Lo-
ganathan et al. 2010; Yang et al. 2009).

The number of somatic embryo regeneration was highest
in the treatment, where MSB5 medium was supplemented

Table 1 Effect of MSB5 medium supplemented with different hormones on duration and frequency of somatic embryo (SE) induction in

soybean

Treatment Duration of somatic embryo

induction (days)

Frequency of somatic embryogenesis (%)

DS 2706 Pusa5 PS 1477 Mean DS 2706 Pusa 5 PS 1477 Mean

Control (no hormone) - - - - - - - -
2,4-D (20 mg 171 26.80 29.60  28.20 28.20 56.00 (48.45)* 64.40(53.37) 54.50(47.58) 58.30(49.78)
2,4-D (40 mg 171 26.20 2430 24.70 25.07 84.00 (66.42)  88.20(69.91) 87.30(68.28) 86.50 (68.44)
2,4-D (10 mg 1I™") + NAA (10 mg 17" 30.60 31.20  29.80 30.53 70.08 (56.85) 59.10(50.24) 49.00 (44.43) 59.63 (50.53)
BAP (3.0 mg 17") + NAA 30.80 31.20  31.90 31.27 2520 (30.13)  12.04 (20.27) 6.20 (14.42)  14.60 (22.46)

0.5mg17h
Mean 28.58 29.08 28.65 59.00 (50.18)  56.00 (48.45) 49.25 (44.60)
LSD (P < 0.05)

Treatment (T) 1.06 6.53

Genotype (G) 0.92 5.65

Interaction (T x G) 1.84 11.30

CV (%) 7.20 6.20

* Arc Sin \/ % transformed data in parentheses
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with 40 mg 17! 2,4-D (19.33 embryos cotyledon™"), fol-
lowed 20 mg 1”! 2, 4-D (13.27 embryos cotyledon™'),
while the lowest number was in 3.0mgl™"
BAP + 0.5 mg 1" NAA (4.53 embryos cotyledon™ ). The
average number of embryos produced by three genotypes
differed non-significantly. The highest number of embryos
was achieved in genotype DS 2706 (13.25 embryos
cotyledon™"), followed (non-significantly) by Pusa 5 (11.75
embryos cotyledon™') and PS 1477 (11.35 embryos
cotyledon™" (Table 2). In our study too, somatic embryo-
genesis from immature cotyledons was found to be highly
genotype-dependent event as reported earlier (Hiraga et al.
2007; Ko et al. 2004).

Somatic embryos after formation were transferred onto
MSBS5 medium supplemented with different concentrations of
2, 4-D and ABA for proliferation. The result showed that the
treatment supplemented with 20 mg 17'2,4-D + 13 mg ™'
ABA gave significantly higher response (76.25 %) compared
to treatment having 20 mg1™' 24-D alone (57.52 %).
Genotype DS 2706 gave the highest somatic embryo

proliferation (71.79 %), followed significant by PS 1477
(65.47 %). Abscisic acid is known to promote embryo growth,
development, maturation, and improved embryo germination,
when used at the globular stage (Tian and Brown 2000), while
ABA supplied during advanced maturation did not give
increment in conversion frequencies (Schmidt et al. 2005).
However, Weber et al. (2007) reported an increment in plant
conversion when ABA was employed at both proliferation
and maturation stages. Earlier, Droste et al. (2010) also
reported that 50 pM ABA was optimum for somatic embryo
proliferation in soybean genotypes (Table 3).

The globular embryos after proliferation were trans-
ferred to MSB5 medium supplemented with different
concentrations of sucrose and maltose, along with 0.5 %
activated charcoal. The results showed that after 3 weeks
of incubation treatment supplemented with 6 % maltose
gave highest differentiation (79.47 %), followed non-sig-
nificantly by treatment containing 3 % of maltose
(72.80 %), while 3 % sucrose gave the lowest differentia-
tion frequency (Table 4). At this stage, genotype Pusa 5

Table 2 Effect of MSB5

. . Treatment
medium supplemented with

Number of somatic embryos per explant

different hormones on number DS 2706 Pusa 5 PS 1477 Mean
of somatic embryos per explant
initiation in soybean Control (no hormone) - - - -
2,4-D (20 mg 171 14.40 12.20 13.20 13.27
2,4-D (40 mg 17" 21.80 18.60 17.60 19.33
24-D (10 mg 17") + NAA (10 mg 17") 12.40 10.40 11.20 11.33
BAP 3.0 mg1™') + N AA (0.5 mg 17" 4.40 5.80 3.40 4.53
Mean 13.25 11.75 11.35
LSD (P < 0.05)
Treatment (T) 5.16
Genotype (G) 4.47
Interaction (T x G) 8.94
CV (%) 58.00
Tab!e 3 Effect of MSB5. Treatment Somatic embryo proliferation (%)
medium supplemented with
different hormones on somatic DS 2706 Pusa 5 PS 1477 Mean

embryo proliferation in soybean
Control (no hormone)

2,4-D (20 mg 171

2,4-D (20 mg 1" + ABA (13 mg 17"

Mean

LSD (P < 0.05)
Treatment (T)
Genotype (G)
Interaction (T x G)

CV (%)

57.52 (49.31)
76.25 (60.87)

55.12 (47.93) 61.33 (51.53)
71.69 (57.86) 69.60 (56.54)
63.40 (52.77) 65.47 (54.03)

56.11 (48.50)*
87.48 (69.30)
71.79 (57.92)

3.29
4.03
5.69
6.50

* Arc Sin /% transformed data in parentheses
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Table 4 Effect of MSB5
medium supplemented with
different sugar levels on somatic
embryo differentiation

Treatment

Somatic embryo differentiation (%)

DS 2706 Pusa 5

PS 1477

Mean

Control (no sugar)
Sucrose (3 %)
Sucrose (6 %)
Maltose (3 %)

36.00 (36.87)
54.00 (47.29)
85.00 (67.21)

25.00 (30.00)*
62.00 (51.94)
65.40 (53.97)

35.00 (36.27)
52.00 (46.15)
68.00 (55.55)

32.00 (34.45)
56.00 (48.45)
72.80 (58.56)

Maltose (6 %) 70.40 (57.04) 89.00 (70.63) 79.00 (62.72) 79.47(63.08)
Mean 55.70 (48.27) 66.00 (54.33) 58.50 (49.89)
LSD (P < 0.05)
Treatment (T) 8.20
Genotype (G) 7.10
Interaction (T x G) 14.20
CV (%) 8.60
* Arc Sin /% transformed data in parentheses
Table 5 Effect of MSB5 medium supplemented with different sugar levels on somatic embryo maturation in soybean
Treatment Somatic embryo maturation (%)
DS 2706 Pusa 5 PS 1477 Mean

Control (no sugar)

Maltose (3 %)

Maltose (6 %)

Sucrose (3 %)

Maltose (6 %) + ABA (13 mg 17")

Maltose (6 %) + ABA (13 mg 1™") + AC (0.5 %)

72.00 (58.05)*
92.00 (73.57)
83.00 (65.65)
85.00 (67.21)
53.00 (46.72)

73.00 (58.69)
93.00 (74.66)
83.00 (65.65))
87.00 (68.87)
64.00 (53.13)
80.00 (63.44)

81.00 (64.16)
93.00 (74.66)
79.00 (62.72)
88.00 (69.73)
62.00 (51.94)
80.60 (63.87)

75.33 (60.20)
92.67 (74.32)
81.67 (64.67)
86.67 (68.61))
59.67 (50.59)

Mean 77.00 (81.34)

LSD (P < 0.05)
Treatment (T) 9.35
Genotype (G) 7.24
Interaction (T x G) 16.20

CV (%) 6.20

* Arc Sin \/ % transformed data in parentheses

was most responsive, which gave the highest differentia-
tion (66.00 %), followed by (non-significantly) PS 1477
(58.50 %) and DS 2706 (55.70 %). Medium supplemented
with activated charcoal presumably adsorbs auxin, auxin-
derivatives and several phenols released from developing
tissues and may promote a more normal morphology and
increased germination ability (Merkle et al. 1995). Com-
bination of ABA and activated charcoal has been observed
to be beneficial for the development of Picea abies somatic
embryos (Pullman et al. 2005) (Table 4).

Somatic embryo maturation was achieved upon transfer to
MSB5 medium supplemented with different concentration of
maltose, sucrose, ABA and 0.5 % activated charcoal. The
medium supplemented with 6 % maltose gave the highest
response frequency for somatic embryo maturation (92.67 %),
followed by 6 % maltose + 13 mg 1"! ABA (81.67 %) and

@ Springer

3 % sucrose (81.67 %), while the lowest response was noted in
treatment with 6 % maltose + 13 mg 17" ABA + 0.5 % AC
(59.67 %). Among three genotypes, PS 1477 was most
responsive (80.6 %), followed by (non-significant) Pusa 5
(80.0 %) and DS 2706 (77.0 %). It has been shown that ABA
used at advanced maturation stage of SE has negative effects
(Schmidt et al. 2005) (Table 5).

After maturation the somatic embryos were individually
transferred to hormone-free MSBS5S medium supplement
with different concentrations of sucrose for germination.
The highest percentage of normal plantlet germination was
noted in the media supplemented with 1.5 % sucrose
(53.03 %), followed by 3 % sucrose (43.87 %). However,
when no sugar source was added in the medium, the per-
centage of germinated plantlets was lowest (5.27 %).
Among three genotypes, PS 1477 gave the highest
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Tab!e 6 Effect of MSBS. Treatment Normal plantlet germination (%)
medium supplemented with
sucrose levels on somatic DS 2706 Pusa 5 PS 1477 Mean
embryo germination in soybean

Control (no sugar) 8.40 (16.85)* 4.80 (12.66) 2.60 (9.28) 5.27 (13.31)

Sucrose (1.5 %)
Sucrose (3 %)
Mean

LSD (P < 0.05)

Treatment (T) 5.25

Genotype (G) 5.25

Interaction (T x G) 9.09
CV (%) 20.8

47.00 (43.28)
33.20 (35.18)
29.53 (31.90)

49.00 (44.43)
41.10 (39.87)
32.63 (34.82)

63.10 (52.59)
54.30 (47.47)
40.00 (39.23)

53.03 (46.72)
43.87 (41.50)

* Arc Sin \/ % transformed data in parentheses

germination (40.0 %) of somatic embryos, followed by
Pusa 5 (32.63 %), while lowest germination was observed
in DS 2706 (29.53 %) (Table 6). Efficacy of carbon sour-
ces on somatic embryogenesis has been well documented.
The carbohydrates are not only the carbon source but they
also act as an osmotic regulator in the tissue culture med-
ium. Jain et al. (1997) have shown that osmotic stress can
promote somatic embryogenesis and plant regeneration.
Accordingly, high sucrose level has been advocated for
somatic embryogenesis in soybean (Jang et al. 2001;
Walker and Parrott 2001). Embryo maturation was suc-
cessfully achieved by Bailey et al. (1993a), after 1 month
on 0.5 % AC supplemented medium. It was observed that
the germination frequency of soybean embryos was quite
low (Jang et al. 2001), and accordingly short period des-
iccation treatment was found effective for improving the
germination frequency in soybean (Mariashibu et al. 2013).
Kermode (1990) observed positive relationship between
water loss and seed germination in monocot and dicot
plants. The carbon source also played critical role in
somatic embryos germination. In this study, we found that
the medium containing 1.5 % sucrose was most effective in
enhancing the germination of embryos into plantlets com-
pared to higher dose (3 %) or no sucrose source (control).

After 30 days of germination, the average shoot length
was highest in the treatment having 1.5 % sucrose
(5.34 cm), followed by 3 % sucrose (4.11 cm). The shortest
shoot length was noted in control treatment devoid of
sucrose (3.43 cm), however, it was non-significantly dif-
ferent from treatment 3 % of sucrose. The genotype Pusa 5
gave the highest shoot length (4.90 cm), followed by (non-
significantly) PS 1477 (4.47 cm), while shortest shoots
(3.51 cm) were recorded in genotype DS 2706 (Fig. 1A).
Similarly, the medium supplemented with 1.5 % sucrose
also gave the longest roots (4.41 cm), followed by (non-
significantly) medium supplemented with 3 % sucrose
(3.65 cm), while shortest roots were noted in control

8
ENo sugar (control) A
7r H1.5% sucrose
6 W 3% sucrose
£
)
; 4
g 3
=
»n
2
1
0
6
HNo sugar (control) B
5} ®1.5% sucrose
_ H3% sucrose
£
L
=
)
=
=
S
=]
-4

DS 2706

Pusa$ PS 1477

Fig. 1 Effect of different sucrose levels on A shoot length and B root
length of germinated plantlets. Vertical bars represent + standard
deviations of mean

treatment (2.48 cm). However, there were non-significant
differences among the three genotypes with regard to root
length (>3.0 cm) (Fig. 1B).

Rooted plantlets (after 4 weeks) were dipped in sterile
double-distilled water to wash-off the agar—agar, followed
by two rinsings in sterile double-distilled water and a final
dip in 0.2 % carbendazim. The plantlets were then, trans-
planted into potting medium comprising peat, perlite and
vermiculite (2:1:1) filled in glass jar with polypropylene
(PP) cap and moistened with 1/4th MS salt solution. The
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Fig. 2 Somatic embryo induction, proliferation, differentiation, mat-
uration and plantlet regeneration in soybean cultivar DS 2706: A 10-
day-old pod, B induction of embryogenenic calli, C multiplication of
somatic embryo (SE), D differentiation of SE on callus mass, E macro
view of the SE, F maturation of SE, G desiccations of SE,
H germination of SE, I plantlet conversion, and J hardening of
plantlet

plantlets were maintained at 26 + 1 °C with 16/8 h pho-
toperiod (150 Epm~2s™") for 4 weeks. The hardened
plantlets were then successfully transferred to glasshouse
(27 £ 2 °C; 85 % RH), which gave over 80 % survival
after 3 weeks of ex vitro transfer (Fig. 2).

It can thus be concluded that efficient in vitro regener-
ation in soybean could be achieved using immature
cotyledon segments (Fig. 2). The carbon source and plant
growth regulator played important roles in somatic
embryos induction, proliferation, differentiation, matura-
tion and germination into plantlets. There were slight
genotypic variations in the frequency of response, which
confirms the variability in soybean genotypes for in vitro
regeneration via direct somatic embryogenesis. The pro-
tocol reported here could be successfully used for devel-
oping transgenic plants and seems rapid and also less
labour intensive then other regeneration pathways.

Acknowledgments Hai Ngoc Huynh acknowledges the financial
grant in the form of fellowship under Indian Council for Cultural
Relations (ICCR)—Indo-Vietnam Cultural Exchange Programme
(CEP). She also acknowledges support received from Dr Nguyen
Minh Chau, Director of Southern Horticultural Research Institute,
Chau Thanh District, Tien Giang Province, Vietnam for granting
study leave.

@ Springer

References

Bailey, M. A., Boerma, H. R., & Parrott, W. A. (1993a). Genotype
effects on proliferative embryogenesis and plant regeneration of
soybean. In Vitro Cellular and Developmental Biology-Plant,
29, 102-108.

Bailey, M. A., Boerma, H. R., & Parrott, W. A. (1993b). Genotype-
specific optimization of plant regeneration from somatic
embryos of soybean. Plant Science, 93, 117-120.

Christianson, M. L., Warnick, D. A., & Carlson, P. S. (1983). A
morphogenetically competent soybean suspension culture.
Science, 222, 632-634.

Droste, A., Pasquali, G., & Zanettini, M. H. B. (2002). Transgenic
fertile plants of soybean [Glycine max (L.) Merrill] obtained
from bombarded embryogenic tissue. Euphytica, 127, 367-376.

Droste, A., Machado da Silva, A., Freitas de Souza, 1., Wiebke-
Strohm, B., Biicker-Neto, L., Bencke, M., et al. (2010).
Screening of Brazilian soybean genotypes with high potential
for somatic embryogenesis and plant regeneration. Pesquisa
Agropecudria Brasileira, 45, 715-720.

Finer, J. J., & Nagasawa, A. (1988). Development of an embryogenic
suspension culture of soybean [Glycine max (L.) Merrill]. Plant
Cell, Tissue and Organ Culture, 15, 125-136.

Gamborg, O. L., Miller, R. A., & Ojiama, K. (1968). Nutrient
requirements of suspension cultures of soybean root cells.
Experimental Cell Research, 50, 151-158.

Hiraga, S., Minakawa, H., Takahashi, K., Takahashi, R., Hajika, M.,
Harad, K., & Ohtsubo, N. (2007). Evaluation of somatic
embryogenesis from immature cotyledons of Japanese soybean
cultivars. Plant Biotechnology, 24, 435-4180.

Huynh, H. N., Lal, S. K., Singh, S. K., & Talukdar, A. (2013). In vitro
screening for NaCl tolerance of some soybean genotypes. Indian
Journal of Plant Physiology, 18, 367-371.

Jain, R. K., Davey, M. R., Cocking, E. C., & Wu, R. (1997).
Carbohydrate and osmotic requirements for high-frequency plant
regeneration from protoplast-derived colonies of indica and
japonica rice var. IESTies. Journal of Experimental Botany, 48,
751-758.

Jang, G. W., Park, R. D., & Kim, K. S. (2001). Plant regeneration
from embryogenic suspension cultures of soybean (Glycine max
L. Merrill). Journal of Plant Biotechnology, 3, 101-106.

Kermode, A. R. (1990). Regulatory mechanisms involved in the
transition from the seed development to germination. Critical
Reviews in Plant Sciences, 9, 155-195.

Kim, K. H., Kim, H. S., Oh, Y. J., & Suh, S. K. (2000). The factors on
somatic embryogenesis of soybean (Glycine max L. Merrill).
Journal of Plant Biotechnology, 2, 123—128.

Klink, V. P., MacDonald, M. H., Martins, V. E., Park, S. C., Kim, K.
H., Baek, S. H., & Matthews, B. F. (2008). Mini Max, a new
diminutive Glycine max genotype with a rapid life cycle,
embryogenic potential and transformation capabilities. Plant
Cell, Tissue and Organ Culture, 92, 183-195.

Ko, T. S., Nelson, R. L., & Korban, S. S. (2004). Screening multiple
soybean cultivars (MG 00 to MG VIII) for somatic embryoge-
nesis following Agrobacterium-mediated transformation of
immature cotyledons. Crop Science, 44, 1825-1831.

Korbes, A. P., & Droste, A. (2005). Carbon sources and polyethylene
glycol on soybean somatic embryo conversion. Pesquisa
Agropecudria Brasileira, 180, 211-216.

Kumari, B. D. R., Settu, A., & Sujatha, G. (2006). Somatic
embryogenesis and plant regeneration in soybean [Glycine max
(L.) Merr.]. Indian Journal of Biotechnology, 5, 243-245.

Lazzeri, P. A., Hildebrand, D. F., & Collins, G. B. (1985). A
procedure for plant regeneration from immature cotyledon tissue
of soybean. Plant Molecular Biology Reporter, 3, 160-167.



Ind J Plant Physiol. (July—September 2015) 20(3):232-239

239

Loganathan, M., Maruthasalam, S., Shiu, L. Y., Lien, W. C., Hsu, W.
H., Lee, P. F,, et al. (2010). Regeneration of soybean (Glycine
max L. Merrill) through direct somatic embryogenesis from the
immature embryonic shoot tip. In Vitro Cellular and Develop-
mental Biology-Plant, 46, 265-273.

Mariashibu, T. S., Sunramanyam, K., Arun, M., Theboral, J., Rajesh,
M., Rengan, S. K., et al. (2013). Assessment of somatic
embryogenesis potency in Indian soybean [Glycine max
(L) Merr.] cultivars. Indian Journal of Experimental Biology,
51, 849-859.

Merkle, S. A., Parrott, W. A., & Flinn, B. S. (1995). Morphogenic
aspects of somatic embryogenesis. In T. A. Thorpe (Ed.), In vitro
embryogenesis in plants (pp. 155-203). Dordrecht: Kluwer
Academic.

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

Orczyk, A. N., & Orczyk, W. (1994). New aspects of soybean somatic
embryogenesis. Euphytica, 80, 137-143.

Osuga, K., Masuda, H., & Komamine, A. (1999). Synchronization of
somatic embryogenesis at high frequency using carrot suspen-
sion cultures: model systems and application in plant develop-
ment. Methods in Cell Science, 21, 129-1180.

Parrott, W. A., Merkle, S. A., & Williams, E. G. (1991). Somatic
embryogenesis: potential for use in propagation and gene
transfer systems. In D. R. Murray (Ed.), Advanced methods in
plant breeding (pp. 249-262). Wallingford: CAB International.

Perez-Perez, J. L., Garcia, L. R., Veitia, N., Bermudez-Carballoso, 1.,
& Collado, R. (2009). Somatic embryos formation in Glycine
max, Incasoy-27 variety. Biotecnologia Vegetal, 9, 227-233.

Ponappa, T., Brzozowski, A. E., & Finer, J. J. (1999). Transient
expression and stable transformation of soybean using the jellyfish
green fluorescent protein (GFP). Plant Cell Reports, 19, 6-12.

Pullman, G. S., Gupta, P. K., Timmis, R., Carpenter, C., Kreitinger,
M., & Welty, E. (2005). Improved Norway spruce somatic

embryo development through the use of abscisic acid combined
with activated carbon. Plant Cell Reports, 24, 271-279.

Schmidt, M. A., Tucker, D. M., Cahoon, E. B., & Parrott, W. A.
(2005). Towards normalization of soybean somatic embryo
maturation. Plant Cell Reports, 24, 383-391.

Sharifi, A., Bagheri, A., & Vessal, S. (2006). Optimizing of critical
factors on callus and somatic embryogenesis in soybean (Glycine
max L.). Agricultural Science and Technology, 20, 149-155.

Tar’an, B., & Bowley, S. R. (1997). Inheritance of somatic
embryogenesis in orchardgrass. Crop Science, 37, 1497-1502.

Tian, L. N., & Brown, D. C. W. (2000). Improvement of soybean
somatic embryo development and maturation by abscisic acid
treatment. Canadian Journal of Plant Science, 80, 271-276.

Tripathi, M., & Tiwari, S. (2003). Epigenesis and high frequency
plant regeneration from soybean (Glycine max (L.) Merr.)
hypocotyls. Plant Tissue Culture, 13, 61-73.

Ugandhar, M. V., Parvathi, D., Shekar, G. P. V., Srilatha, T., &
Reddy, K. J. (2013). High frequency somatic embryogenesis and
plantlet regeneration from shoot tip explants of soybean. Science
Research Reporter, 1, 146-150.

Walker, D. R. & Parrott, W. A. (2001). Effect of polyethylene glycol
and sugar alcohols on soybean somatic embryo germination and
conversion. Plant Cell, Tissue and Organ Culture, 64, 55-62.

Weber, R. L. M., Korbes, A. P., Baldasso, D. A., Callegari-Jacques, S.
M., Bodanese-Zanettini, M. H., & Droste, A. (2007). Beneficial
effect of abscisic acid on soybean somatic embryo maturation
and conversion into plants. Plant Cell Culture and Microprop-
agation, 3, 1-9.

Yang, C., Zhao, T. J, Yu, D. Y., & Gai, J. (2009). Somatic
embryogenesis and plant regeneration in Chinese soybean
(Glycine max (L.) Merr.): Impacts of mannitol, abscisic acid,
and explant age. In Vitro Cellular and Developmental Biology-
Plant, 45, 180-188.

@ Springer



	High frequency regeneration in soybean [Glycine max (L.) Merrill.] through direct somatic embryogenesis from immature cotyledons
	Abstract
	Introduction
	Materials and methods
	Plant material
	Pretreatment and surface sterilization
	Culture initiation, somatic embryo induction and germination
	Statistical analysis

	Results and discussion
	Acknowledgments
	References




