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Abstract From a preliminary experiment on 98 Chinese
soybean varieties, 12 varieties with somatic embryogenesis
frequency ranging from 0.0% to 85.7% were selected for
further study in order to enhance the efficiency of somatic
embryogenesis and plant regeneration. The effects of different
mannitol concentrations, abscisic acid (ABA) concentrations,
and embryo explant ages (sizes) were investigated. Significant
differences in somatic embryogenesis were found among the
12 soybean varieties, with initiation frequencies varying from
22.1% to 89.0% under suitable mannitol concentration, and
with N25281, N25263, and N06499 having the highest
somatic embryogenic capacity. The results showed that all
three factors were relevant for raising rates of callus initiation
and somatic embryogenesis, but with differential responses
among the genotypes. The treatment of 3.0% (w/v) mannitol,
5 mg l−1 ABA, and a 4- to 5-mm-sized explant was found to
be optimal for somatic embryogenesis, generating the highest
explant-based regeneration rate at 83.0%. The greatest
average number of plantlets regenerated per explant (1.35)
was observed in N25281. The above results provide a basis
for efficient regeneration of soybean and are informative for
the development of genetic transformation systems in
Chinese soybean germplasm.
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Introduction

Cultivated soybean [Glycine max (L.) Merr.] originated
from wild soybean [Glycine soja Sieb. et Zucc.] in China
and has been a major source of protein and oil nutrition for
the Chinese people for several thousand years. The current
cultivated acreage in China is approximately 9.68 million
hectares with a total production of about 15 million tons
annually (Ding 2006). Soybean oil, soymilk, tofu, bean
curd, Sufu (Doufuru, Chinese cheese), soy sauce and other
derivative products are used as cooking oil and food in
daily Chinese life, just as butter, milk, and cheese are used
in western countries (Liu 1999). During the past decade,
modern oil and protein processing industries have devel-
oped rapidly in China, promoting the importation of up to
30.82 million tons of soybeans from North and South
America in 2007 (Han et al. 2008). In addition, soybean has
also become one of the major sources of edible oil and
protein all around the world since the 1970s (Meng et al.
2007). The importance of the crop has led efforts to
improve its production through conventional breeding and,
more recently, through modern genetic engineering tech-
nologies (Amarasinghe and Yang 2005). The release and
broad acceptance of herbicide-resistant soybean is a major
example of the successful utilization of traditional breeding
combined with genetic engineering (Trigo and Cap 2006).

Plant tissue culture systems for soybean have been
developed through exploiting either shoot morphogenesis
(Barwale et al. 1986; Wright et al. 1986, 1987) or somatic
embryogenesis (Christianson et al. 1983; Ranch et al. 1985)
as the route for plant regeneration. For shoot morphogen-
esis, both cotyledonary nodes (Barwale et al. 1986; Wright
et al. 1986), and primary leaf tissue (Wright et al. 1987)
have been used to obtain cultures that form shoots when
placed on a medium-containing benzyladenine. In a
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protocol relying on somatic embryogenesis, the starting
material has been the immature zygotic embryo, i.e., the
intact zygotic embryo (Ranch et al. 1985), the excised
embryo axis (Christianson et al. 1983), or the excised
cotyledons (Lazzeri et al. 1985). Christianson et al. (1983)
were the first to report regeneration of soybean. Since their
first work on somatic embryogenesis, significant progress
has been made, all of which indicates that the most
important step in the regeneration process is the initiation
of the somatic embryo (Santarem et al. 1997; Simmonds
and Donaldson 2000; Meurer et al. 2001; Walker and
Parrott 2001). Even though improvements have been made,
regeneration capacity remains relatively low in comparison
with other crops (Walker and Parrott 2001), such that
soybean is still recognized as one of the recalcitrant crops
for genetic engineering (Hofmann et al. 2004).

It is known that the efficiency of regeneration and
transformation of soybean is genotype-dependent and
remains effective mainly for the variety “Jack” and a few
of other genotypes in the U.S. (Samoylov et al. 1998a,b,
Walker and Parrott 2001, Schmidt et al. 2005). Some
reports exist on screening for varieties with relatively
efficient somatic embryogenesis which are relevant to
Northeast China, the number one soybean-producing area
(Wang et al. 2002), but no such capacity has been reported
for soybean varieties relevant to the Lower and Middle
Changjiang Valleys, which represent the third largest
soybean producing area. Therefore, our goal was to develop
somatic embryo initiation and plant regeneration systems
for varieties relevant to the Changjiang region so that
transgenic technologies can be developed for the integration
of gene(s) imparting herbicide tolerance, disease and insect
resistance, improved oil qualities, and abiotic stress
tolerance into local germplasms. In a preliminary study,
the role of sucrose, maltose, and mannitol as the carbohy-
drate source, the effect of dichlorophenoxyacetic acid (2,
4-D), thidiazuron (TDZ), and abscisic acid (ABA) as
exogenous growth regulator, and the explant type, explant
age, and culture temperature were evaluated. From this
study, three major factors, the concentration of mannitol,
the concentration of ABA, and the zygotic embryo explant
age (size) were identified as significant and chosen for the
further determination of their optimal level(s) and for the
selection of the best treatment combinations for effective
somatic embryo initiation and plant regeneration in Chinese
soybean varieties.

Materials and Methods

Plant materials. Seeds of all varieties used in the experi-
ments were provided by the National Center for Soybean
Improvement, Nanjing Agricultural University and sown at

Jiangpu Experiment Station in Nanjing, China during
2005–2007. About 15 d after flowering, immature pods
containing embryos with cotyledons of 4–5 mm in length
and other sizes required for various experiments were
collected, surface-sterilized in 3% NaClO solution contain-
ing two to three drops of Tween-20 for 20 min, and then
rinsed five times with sterilized water. Immature cotyledon
explants were excised and embryonic axes removed
according to Lazzeri et al. (1985).

Basal medium and culture conditions. Cotyledon halves
were placed with the adaxial surface in contact with the
inducing medium. All media were based on Murashige and
Skoog (Murashige and Skoog 1962) basal salts, B5 vitamins
(Gamborg et al. 1968), 40 mg l−1 2,4-D, and 1 g l−1

L-asparagine (MSD). Phytagel at 0.2% (w/v) was used as the
solidifying agent. The pH was adjusted to 5.8 with 1 N HCl
before autoclaving. Cultures were incubated under an
18-h photoperiod and a light intensity of 10 μmol photons
m−2 s−1 provided by cool-white fluorescent lights and a
temperature of 26±1°C.

Preliminary experiment. To concentrate our study on a
limited number of varieties, 98 soybean varieties sampled
from across China were screened for those with potential
capacity for somatic embryogenesis. The explants of 4–5 mm
in length of the tested varieties were incubated on the MSD
basal medium supplemented with 3% (w/v) sucrose. The
experiment was performed twice, and at least one hundred
explants per replication per genotype were cultured.

Mannitol concentration and experimental design. To eval-
uate the effect of the carbohydrate source on soybean
somatic embryo initiation, explants of 4–5 mm in length of
the 12 varieties screened out from the preliminary exper-
iment were incubated on MSD basal medium supplemented
with mannitol at five concentrations (0%, 1.5%, 3.0%,
4.5%, and 5.5%). Media lacking mannitol was supple-
mented with 3% (w/v) sucrose as a carbohydrate source.
The experiment was performed twice (on two different
dates), both in a randomized complete block design with
two replications. Twenty cotyledon halves (explants) were
placed in each 9-cm Petri dish containing 25 ml medium.
For each treatment, at least five Petri dishes per replication
per genotype were cultured.

ABA concentration and experimental design. To determine
the effect of ABA concentration, explants of 4–5mm in length
were incubated on theMSDmedium supplementedwith ABA
at five different concentrations (0, 1, 5, 10, and 20 mg l−1).
The three varieties with the best somatic embryogenic
capacity from the above mannitol concentration experiment
were used. The experiment was carried out in a randomized
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complete blocks design with three replications and the same
plot setting as in the mannitol concentration test.

Explant age and endogenous ABA determination. To
investigate the effect of explant age, explants of <3, 4–5,
6–8, and >8 mm in length were collected in the field and
incubated on the basal medium MSD40 [MS macro-salts,
MS micro-salts, B5 vitamins, 40 mg l−1 2,4-D, 1 g l−1 L-
asparagine, and 3% (w/v) sucrose]. The content of
endogenous hormone (ABA) in the explants was deter-
mined by enzyme-linked immunosorbent assay (ELISA)
according to Yang et al. (2001). The ELISA hormone kit
was obtained from the Center of Crop Chemical Control,
China Agricultural University. The same set of varieties as
in the ABA concentration experiment was tested. The
experiment was also carried out in a randomized complete
block design with three replications and the same plot (Petri
dish) settings as in the mannitol concentration test.

Data analysis. The number of explants that produced callus
and somatic embryos was recorded after 1 mo incubation in
all the above experiments. The analysis of variance and

significant test among means were carried out for the
obtained data using PC-SAS, version 9.0.

Verification of the optimal combination of mannitol
concentration, ABA concentration, and explant age in somatic
embryogenesis and its utilization in plant regeneration. To
verify the utility and effectiveness of the optimal combina-
tion of the three factors (mannitol concentration, ABA
concentration, and explant age) on somatic embryogenesis
and plant regeneration of soybean, explants of 4–5 mm in
length of three high responding varieties, N25281, N25263,
and N06499, were incubated on MSD medium supple-
mented with 5 mg l−1 ABA and 3.0% (w/v) mannitol.
Globular-stage embryo clusters were obtained after 1 mo,
and the frequency of somatic embryo initiation was
calculated.

These globular-stage embryos were used in a proliferation
experiment to develop capacity for better development and
plant regeneration from the somatic embryos. Some globular-
stage embryo clusters were directly transferred to the differen-
tiation medium MS0M6AC [MS basal salts, B5 vitamins, 6%
maltose, 0.5% AC, 0.3% (w/v) phytagel], while others were

Table 1. Embryogenic response from ninety eight Chinese soybean varieties

Origin (province) Variety (frequency of somatic embryo initiation, %)

Anhui N21478 (66.5), N06144 (65.4), N06499 (73.3), N25132 (67.7), N25134 (57.4)

Beijing N25136 (55.9), N04989 (60.5), N23716 (62.4), N23704 (55.0), N25442 (56.8)

Fujian N05156 (67.7), N09955 (63.3), N25511 (64.7)

Guizhou N23683 (64.8), N08539 (44.8), N20646 (50.4), N23682 (43.0), N25404 (69.1)

Hebei N25459 (47.4), N23563 (46.3), N25158 (47.5)

Henan N23699 (55.4), N05146 (67.7), N25172 (64.7), N25508 (46.7), N23970 (41.8), N25274 (52.5)

Heilongjiang N23790 (15.8), N25191 (48.3), N25201 (36.5), N25389 (53.6), N25481 (57.4)

Hubei N25223 (54.6), N25227 (20.8), N04180 (51.5), N25450 (46.7)

Hunan N01599 (45.6), N23617 (43.9), N24454 (53.9)

Jilin N24428 (55.0), N24415 (44.3), N23808 (13.6), N23727 (45.7), N25239 (35.2), N25240 (57.7), N23794 (46.6)

Jiangsu N05461 (44.3), N22503 (43.3), N23139 (47.8), N22308 (48.7), N23835 (56.6), N25263 (74.5), N01010 (35.4),
N23676 (67.5), N25282 (65.6), N05458 (67.1), N25277 (73.6), N25281 (85.7), N25292 (10.5), N25264 (50.3),
N10080 (0.5), N25378 (13.6)

Jiangxi N06227 (18.7)

Liaoning N24475 (69.1), N01141 (74.8), N23721 (64.4), N25307 (46.7), N25313 (36.7), N25317 (66.8)

Neimenggu N25323 (24.5), N25331 (23.5), N25332 (14.8), N25333 (20.6)

Shandong N11440 (66.5), N5011–1 (46.1), N20827 (61.5), N24450 (36.7), N04986 (46.7), N25338 (42.6), N25387 (50.6),
N25467 (62.3)

Shanxi N23568 (23.7), N23569 (37.6), N25344 (35.7)

Shanghai N03548 (73.5), N03542 (63.0)

Sichuan N23787 (13.1), N23759 (23.3), N06296 (0.0), N25354 (45.3), N25430 (45.2)

Xinjiang N25356 (33.6), N25357 (37.0), N25358 (23.2), N25359 (24.2)

Zhejiang N23754 (72.8), N25363 (63.9), N23748 (73.8)

Immature embryo explants were incubated on the MSD (MS basal salts, B5 vitamins, 40 mg l−1 2,4-D, and 1 g l−1 L-asparagine) basal medium
supplemented with 3% (w/v) sucrose. After 1 mo, the frequencies of somatic embryo initiation were recorded. Each value represents an average
number of two replications each with at least 100 explants
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cultured first on a solidified proliferation medium, MSD20
[MS macro salts, MS micro salts, B5 Vitamins, 20 mg l−1

2,4-D, 1 g l−1 L-asparagine, 3% (w/v) sucrose, and 0.2% (w/v)
phytagel) for 1 mo before being transferred to MS0M6AC.
The experiment was conducted in triplicate, with four to five

Petri dishes for each treatment and with each Petri dish
containing eight to ten globular-stage embryo clusters. After
3 wk on MSD20, the resulting cotyledon-stage embryos were
transferred to MS0M6 (MS basal salts, B5 vitamins, 6% (w/v)
maltose, 0.3% (w/v) phytagel) for maturation. After 1 mo on

Figure 1. Embryogenesis and plant regeneration via somatic em-
bryogenesis of soybean. (a) Somatic embryos (arrow) arising from the
median section of the explant; (b) Somatic embryos (arrow) arising
from the marginal section of the explant; (c) Globular somatic

embryos proliferating on MSD20; (d) Cotyledon-stage embryos
forming on MS0M6AC; (e) A single cotyledon-stage embryo cluster;
(f) The rooting plantlet grown on B5 medium; (g) The regenerated
plant grown in soil; (h) the flower bud (arrow) of a regenerated plant.

Table 2. The effect of mannitol concentration on initiating both callus and somatic embryos in different Chinese soybean genotypes

Variety Mannitol concentration (%)

0 1.5 3.0 4.5 5.5 0 1.5 3.0 4.5 5.5

Frequency of callus initiation (%) Frequency of somatic embryo initiation (%)

N06227 96.67 a 76.45 c 84.52 b 35.13 d 19.29 e 18.66 b 11.97 c 22.13 a 17.70 b 0.74 d

N25281 100.00 a 76.33 b 71.76 c 41.09 d 10.86 e 40.90 d 44.64 c 89.01 a 73.77 b 16.65 e

N25263 92.23 a 92.47 a 87.47 b 76.17 c 26.35 d 73.48 c 82.00 a 79.96 b 49.14 d 9.14 e

N06499 83.67 b 92.85 a 77.82 c 44.42 d 13.25 e 75.54 c 77.65 b 80.41 a 35.82 d 5.23 e

N25282 100.00 a 85.52 b 68.97 c 46.21 d 24.69 e 66.05 b 66.55 b 79.11 a 44.18 c 6.06 d

N25264 96.67 a 73.89 b 17.03 c 7.58 d 0.00e 56.11 b 49.88 c 71.39 a 16.91 d 0.00 e

N22308 99.73 a 64.25 b 20.06 c 17.50 d 0.00 e 5.04 d 22.00 c 75.81 a 45.66 b 0.71 e

N25277 99.75 a 77.09 b 44.75 c 17.71 d 5.00 e 72.23 a 60.23 b 57.29 c 30.46 d 27.60 e

N05461 99.81 a 94.86 b 84.71 c 60.58 d 3.85 e 43.23 a 23.64 b 5.23 d 13.62 c 0.00 e

N01010 100.00 a 86.68 b 63.28 c 20.88 d 16.89 e 39.01 a 23.39 b 8.98 d 18.75 c 0.87 e

N05458 97.37 a 82.17 b 47.28 c 21.03 d 3.45 e 64.46 c 67.98 b 74.83 a 32.74 d 4.30 e

N23835 98.61 a 94.25 b 81.93 c 75.17 d 10.40 e 61.29 a 56.02 b 53.93 c 20.05 d 5.33 e

Average 97.03 a 83.04 b 62.46 c 38.62 d 11.17 e 51.34 b 48.83 c 58.17 a 33.19 d 6.38 e

Immature embryo explants were incubated on the basal medium supplemented with different mannitol concentrations. After 1 mo, the frequencies
of callus initiation and somatic embryo initiation were recorded. Each value represents an average number of two replications. Values followed by
different letters within a column are significantly different at the 5% probability level. For frequency of callus initiation, the SE of each variety is
1.06% and that of the average over 12 varieties is 0.31%, while for frequency of somatic embryo initiation, that of each variety is 0.78% and that
of the overall average is 0.22%, where the SE are estimated from the error mean squares in Table 3
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MS0M6, mature embryos were placed in a sealed dish with a
small piece of MS0M6 medium to allow gradual desiccation
of the embryos for 1 wk. Desiccated mature embryos were
then transferred to fresh B5 medium (Gamborg et al. 1968)
for plantlet initiation. Regenerated plantlets with well-
established roots were washed carefully with tap water to
remove gellan gum and transferred to pots containing moist
vermiculite. Finally, the acclimatized plants were moved to
the greenhouse for flowering and seed set.

Results and Discussion

In a preliminary experiment, 98 soybean varieties sampled
from across China were tested for their capacity for somatic
embryogenesis (Table 1). MS macro-salts, MS micro-salts,
and B5 vitamins, supplemented with 40 mg l−1 2,4-D, 1 g l−1

L-asparagine and 3% (w/v) sucrose was used as the medium
for this screening process. It was found that different
varieties showed a significant variation in response to
somatic embryogenesis when cultured on this medium.
Indeed, the embryogenic responses varied from 0.0% in
N06296 (Sichuan Province) to as high as 85.7% in N25281
(Jiangsu Province). From the tested materials, 12 varieties,
which included both landraces and released cultivars, were
chosen for the present experiments based on their agronomic
traits, potential as parental materials in breeding programs,
and relatively good performance with respect to somatic
embryogenesis. These varieties are adapted to the Lower and
Middle Changjiang River Valleys in China and thought to be
potential agronomic targets for genetic transformation.

Effect of mannitol concentration. Immature embryo explants
from the 12 selected varieties were cultured on MSD medium
supplemented with various concentrations of mannitol up to
5.5% (w/v). Figure 1a,b illustrates that somatic embryogen-
esis occurred on the immature embryo explant and shows
multiple somatic embryos forming from the same explant.
Significant differences existed among varieties, mannitol

concentrations, and variety by mannitol concentration inter-
actions for both callus initiation and somatic embryo
initiation (Tables 2 and 3). Inclusion of mannitol in the
induction medium was detrimental to callus formation, with
frequencies of callus induction from explants cultured on
medium containing mannitol decreasing with increasing
concentrations of this osmoticum. The highest frequency of
callus induction averaged 97.0% across the 12 varieties
studied when explants were cultured on MSD medium
devoid of mannitol (Tables 2 and 3).

Conversely, inclusion of mannitol in the culture medium
did have a beneficial effect on induction of somatic
embryogenesis from callus tissues. In the majority of varieties,
supplementation with 3.0% (w/v) mannitol increased the
frequency of embryogenesis compared to the controls.
Levels of this osmoticum above 3% were supraoptimal,
leading to suppression of somatic embryogenesis. The results
in Table 2 show that among the 12 varieties, N25281
performed the best, with a somatic embryo initiation

Source of variation DF Callus initiation Somatic embryo initiation

MS F Pr>F MS F Pr>F

Experiment 1 0.07 0.02 0.91 0.05 0.03 0.89

Replication within exp. 2 1.13 0.25 0.78 0.81 0.34 0.71

Variety 11 2723.76 606.56* <0.0001 5126.49 2133.54* <0.0001

Mannitol concentration 4 56809.33 12651.00* <0.0001 20546.96 8551.20* <0.0001

Exp. × Conc. 4 0.11 0.03 0.99 0.06 0.02 0.99

Exp. × Var. 11 0.19 0.05 0.99 0.16 0.06 1.00

Var. × Conc. 44 648.96 144.53* <0.0001 1036.16 431.23* <0.0001

Exp. × Var. × Conc. 44 0.29 0.07 1.00 0.15 0.06 1.00

Error 118 4.49 2.41

Table 3. Analysis of variance
of initiation frequency of callus
and somatic embryo of soybean
on media with different manni-
tol concentrations

*Indicates significantly different
at P=0.01. There are significant
differences in both frequency of
callus initiation and frequency
of somatic embryo initiation
among varieties, mannitol
concentrations, and variety ×
mannitol concentration
interactions

Table 4. The effect of ABA concentration on initiation of somatic
embryo for different genotypes

ABA concentration
(mg l−1)

Average frequency
of somatic embryo
initiation (%)

Frequency of somatic
embryo initiation (%)

N25281 N25263 N06499

0 64.88 c 42.67 d 75.89 b 75.81 b

1 74.49 b 71.32 b 76.17 b 75.97 b

5 80.88 a 80.06 a 80.47 a 82.11 a

10 44.67 d 45.19 c 52.14 c 36.68 c

20 6.88 e 1.05 e 13.21 d 6.38 d

Immature embryo explants were incubated on the basal medium
supplemented with different ABA concentrations. After 1 mo, the
frequencies of somatic embryo initiation were recorded. Each value
represents an average number of three replications. Values followed by
different letters within a column are significantly different at the 5%
probability level. The SE of each variety is 0.66% and that of the
average over three varieties is 0.38%, where the SE are estimated from
the error mean squares in Table 6
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frequency of 89.0% with 3.0% mannitol included in the
MSD medium, N25263 the second most responsive at 82.0%
in the presence of 1.5% mannitol, and N06227 the worst
responsive at 22.1% under 3.0% mannitol concentration. In
addition to increasing induction frequencies, inclusion of
mannitol resulted in somatic embryos morphologically larger
and stronger than those induced on the basal medium
without this supplement (results not shown). Therefore, in
spite of the negative relationship between callus initiation
and somatic embryogenesis in the presence of mannitol, it is
beneficial to include a moderate amount of mannitol (1.5–
3.0% in the present study) as a compromise between callus
initiation and the induction of somatic embryogenesis.

Samoylov et al. (1998a) reported that the carbohydrate
source served both as a nutrient and as a source of osmotic
pressure in soybean tissue culture. Thompson et al. (1986),
on the other hand, considered mannitol to act as a non-
plasmolyzing osmoticum with plant cells having a limited
capacity to metabolize it. Here our data indicated that

mannitol does perform as a carbohydrate source for the
initiation of somatic embryos, since this was the only
carbohydrate source included in the MSD medium. As high
concentrations of mannitol were found to be detrimental to
somatic embryogenesis, and since from a nutritional point of
view excess carbohydrate availability should not be harmful,
we postulate that the effect of mannitol on osmotic pressure
in the embryo is likely the cause of the observed decrease in
somatic embryogenesis.

All the somatic embryos obtained from the different
mannitol concentrations in Table 2 were further cultured for
plant regeneration. Of around 300 somatic embryo clusters
(200 cultured with mannitol and 100 without), approximately
80 plants regenerated. The cluster-based regeneration rate of
“with mannitol” was approximately 32.5% (65 out of 200)
and that of “without mannitol” was 15.0% (15 out of 100),
suggesting that mannitol promotes the development of
somatic embryos with better capacity of plant regeneration
due to its function on some morphological and physiological
properties of the induced somatic embryos.

Effect of ABA concentration. The role of exogenously
applied ABA has been studied on somatic embryo initiation
and development in several plant species (Tian and Brown
2000). According to the results in Table 2, N25281, N25263,
and N06499 exhibited the best somatic embryogenesis
frequencies and therefore were used in the ABA concentration
experiment. The results show that there were significant
differences among genotypes, ABA concentrations, and
genotype by ABA concentration interactions in soybean
(Tables 4 and 6). All three genotypes in Table 4 showed
increasing formation of somatic embryos as the ABA
concentration was increased to 5 mg l−1 (80.1–82.1%), while
ABA concentrations at and above 10 mg l−1 suppressed
embryo formation compared to that at 5 mg l−1. Our result is
consistent with some of the studies on other plant species,
such as Nakagawa et al. (2001) in melon and Gawronska
et al. (2000) in cucumber.

Table 6. Analysis of variance of somatic embryo initiation frequency of soybean under different ABA concentrations and different immature
embryo sizes (explant ages)

ANOVA of ABA concentration test ANOVA of explant age test

Source of variation DF Mean square F Source of variation DF Mean square F

Replication 2 1.92 1.46* Replication 2 0.83 0.58*

Variety 2 504.49 384.85* Variety 2 1,139.29 797.74*

ABA concentration 4 8026.72 6123.13** Explant age 3 8,908.52 6237.80*

Variety × ABA conc. 8 223.71 170.66* Variety × Explant age 6 388.73 272.19*

Error 28 1.31 Error 22 1.43

Total 44 Total 35

*Indicates significantly different at P=0.01. There are very significant differences in both ABA concentration test and explant age test among
varieties, ABA concentrations, explant ages, variety × ABA concentration interactions and variety × explant ages

Table 5. The effect of explant age (size) on initiating somatic
embryos in different genotypes

Length of
explants (mm)

Average frequency
of somatic embryo
initiation (%)

Frequency of somatic
embryo initiation (%)

N25281 N25263 N06499

<3 22.77 b 21.06 b 32.58 b 14.68 b

4–5 64.89 a 43.47 a 74.96 a 76.24 a

6–8 64.77 a 42.46 a 74.33 a 75.51 a

>8 1.25 c 1.37 c 0.75 c 1.62 c

Different sizes of immature embryo explants were incubated on the
basal medium MSD40. After 1 mo, the frequencies of somatic embryo
initiation were recorded. Each value represents an average number of
three replications. Values followed by different letters in a same
column are significantly different at the 5% probability level. The SE
of each variety is 0.69% and that of the average over three varieties is
0.40%, where the SE are estimated from the error mean square in
Table 6
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Effect of explant age. Cotyledons from immature zygotic
embryos (3–4 mm in length) have been reported to be capable
of somatic embryogenesis in soybean (Lazzeri et al. 1985;
Finer 1988; Parrott et al. 1988). The three varieties N25281,
N25263, and N06499, chosen for the results in the ABA
concentration test, were also used in the explant age
experiment. Here, four sizes of immature zygotic embryos
from the three soybean varieties were used to investigate the
effects of explant age. The results show that significant
differences existed among genotypes, explant ages, and
genotype by age interactions (Tables 5 and 6). Explants
derived from immature zygotic embryos of <3 mm in length
exhibited relatively low somatic embryo initiation on the
basal medium. The highest frequency of somatic embryo-
genesis was obtained from the explants derived from
immature embryos of 4–5 mm in length for the all three
varieties (43.5% for N25281, 75.0% for N25263, and 76.2%
for N06499), although not significantly different from 6–
8 mm immature embryos. For explants of >8 mm in length,
the frequency of somatic embryo initiation was the lowest, at
an average of 1.3% over the three varieties (Table 5).

From the results of previous reports, the physiological
condition and developmental stage of explants play an
important role in somatic embryogenesis (Tae-Seok and
Korban 2004). In the present study, the concentration of
endogenous ABA in different sizes of explants was
measured using ELISA. Figure 2 shows that there was a
similar tendency among varieties: the endogenous ABA
content increased along with the increase of explant size,
with the >8 mm explant having the highest content,
although the actual levels in different-sized explants varied
between the varieties. Since the 4–5 mm explants provided
the best somatic embryogenesis frequency, their endoge-
nous ABA content might be at a physiologically optimal
level for somatic embryogenesis. In relation to the result
that the best exogenous ABA concentration was 5 mg l−1, it
may be postulated that the endogenous ABA content in 4–
5 mm explants and the exogenous ABA content of 5 mg l−1

might be a best combination, or in other words, the
endogenous hormone might play its best role under a
proper amount of exogenous hormone.

Verification of the optimal combination of treatment
parameters in somatic embryogenesis and its utilization in
plant regeneration. The three varieties N25281, N25263, and
N06499 were used to verify the effectiveness of the optimized
treatment combination of the three factors [3.0% (w/v)
mannitol, 5 mg l−1 ABA, and 4–5 mm explant] on somatic
embryogenesis and plant regeneration of soybean. The mean
frequencies of somatic embryo initiation for the three varieties
were 86.8% for N25281, 82.1% for N25263, and 79.2% for
N06499, which did demonstrate the effectiveness of the
selected treatment combination on somatic embryogenesis.

In the plant regeneration experiment using three geno-
types, Table 7 shows that globular-stage embryo clusters
incubated first on MSD20 medium, when compared to
those not incubated on MSD20, yielded higher germination
frequencies (77.2–84.6% vs. 35.1–68.7%) and average
numbers of plantlets per explant (1.21–1.35 vs. 0.86–

Figure 2. Endogenous ABA content in different sized explants of
three soybean genotypes. The content of endogenous ABA in different
sizes of explants of three varieties was measured by using ELISA.
Experiments were performed in triplicate. Each error bar represents
the SE of endogenous ABA content.

Table 7. The effect on somatic embryo germination and plant regeneration of proliferating globular embryos on MSD20 medium

Treatment Germination frequency of somatic embryo
(mean±SE, %)

Number of regenerated plantlet per
explant (mean±SE)

Explant-based regeneration rate
(mean±SE, %)

N25281 N25263 N06499 N25281 N25263 N06499 N25281 N25263 N06499

Without 68.66±1.09 48.14±2.02 35.05±2.55 0.88±0.02 0.93±0.04 0.86±0.01 65.22±0.66 57.01±0.45 37.19±0.76

With 84.60±0.91 80.48±1.16 77.21±1.04 1.35±0.02 1.21±0.01 1.22±0.04 82.95±0.78 78.45±0.41 76.24±1.15

Globular-stage embryo clusters were cultured on MS0M6AC medium and the germination rates were observed after 3 wk of culture. The explant-
based regeneration rate was recorded after regenerated plants were normally growing in the soil. Values are the mean±SE of three replications. In
the first column. Germination frequency of somatic embryo (%)=(the total number of germinated somatic embryos/the number of globular-stage
embryos)×100, number of regenerated plantlet per explant = the average number of regenerated plantlets per immature embryo explant, explant-
based regeneration rate (%) = (the total number of plants normally growing in the soil/the number of immature embryo explants)×100. All the
nine values of “with MSD20 treatment” are significantly larger than those “without MSD20 treatment” counterparts at 0.05 probability level

Without without proliferation on MSD20 medium, With with proliferation on MSD20 medium

186 YANG ET AL.



0.93). The highest regeneration rate (83.0%) and highest
average number of plantlets per explant (1.35) were
observed on N25281 with incubation on solid MSD20
medium (Fig. 1c). This frequency was of practical meaning
for utilization of the best treatment combination in plant
regeneration and was similar to that reported in soybean by
Samoylov et al. (1998b). These authors showed that
somatic embryos proliferated on solid MSD20 medium
without liquid suspension resulted in superior conversion
rates. To our understanding, the use of solidified MSD20
not only provides a means of proliferation of somatic
embryos, but also for screening for potential somatic
embryos. In our experiment, well-developed, cotyledon-
stage embryos were obtained after histo-differentiation
(Fig. 1d and e). We noted from the observations in the
plant regeneration process that the desiccation treatment
with MS0M6 is possibly also important for plantlet
initiation of the mature cotyledon-stage embryos.

After the plantlets reached a height of 10–15 cm, they were
transferred to soil (Fig. 1f ). The regenerated plants rooted,
flowered (Fig. 1g and h) and matured, with the exception of
only a few, which were weak and thus failed to reach
maturity. The explant-based plant regeneration rate was about
76.2–83.0%, and varied somewhat among the varieties.

In conclusion, for raising the success rate in genetic
transformation through somatic embryogenesis, the first step
is to enhance the initiation rate of somatic embryogenesis. All
three factors examined in this study—mannitol concentration,
ABA concentration, and explant size—were relevant for
raising initiation rates of callus and somatic embryogenesis,
but with differential responses among the soybean genotypes.
The three soybean varieties N25281, N25263, andN06499, all
agronomically important to the Lower andMiddle Changjiang
Valleys, were found to have a high somatic embryogenic
capacity and are therefore recommended in cultivar develop-
ment through genetic engineering. The treatment parameters
of 3.0% (w/v) mannitol, 5 mg l−1 ABA, and 4–5 mm explant
represented the best treatment combination for somatic
embryogenesis, with which the highest explant-based plant
regeneration rate (83.0%) and mean number of plantlets per
explant (1.35) were observed in N25281. The solidified
proliferation process is important for somatic embryos to
differentiate and mature, while a desiccation treatment of
mature cotyledon-stage embryos is possibly also necessary
for a high plantlet initiation frequency.
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