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Abstract　Objective  Although many improvements in soybean transformation have been made, the efficiency of transformation 

is still low. Thus, a more useful and efficient soybean transformation system required to be established. The objective of this study is 

to develop high frequency induction and transformation of somatic embryos (SEs) using mature seed-derived leaf (MSDL) of 

soybean as target explants. Methods  The leaves detached from 7-d-old germinated seedlings were divided into 1.2 cm×1.2 cm 

sections. These sections were used to induce somatic embryogenesis on the embryo induction medium (EIM) and to infect with 

Agrobacterium EHA105 strain harboring the pCAMBIA1301 for transformation. Results  The MSDL including primary leaf and 

secondary leaf was able to produce SEs. Most of SEs occurred along the incision of leaves. This system was shown to be applicable 

to different genotypes. The highest induction frequency of SEs was 95.0% and the average transformation efficiency based on            

β-glucuronidase (GUS) assay reached to 75.4%. The transgenic events were further confirmed by Southern blot. Conclusion  High 

frequency induction and transformation of somatic embryos using soybean MSDL as target tissue were developed in this study. This 

system can be applied to the development of genome editing technology in soybean.
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Soybean (Glycine max (L.) Merrill) is an 
important crop as a source of both protein and oil, so 
large efforts have been made to develop both efficient 
regeneration and transformation system for genetic 
improvement in traits of soybean. Although many 
improvements in both particle bombardment-mediated 
transformation and Agrobacterium-mediated 
transformation of soybean have been made, the 
transformation efficiency is still low that cannot serve 
functional genomics research in soybean[1]. The main 
reason for low transformation efficiency in soybean is 
the limitation in a high efficient regeneration system 
that can serve for transformation. Thus, a more useful 
and efficient regeneration system that can be used for 
soybean transformation required to be established[2].

Soybean regeneration was achieved through both 
organogenesis and somatic embryogenesis. Soybean 
regeneration through organogenesis was successfully 
obtained using both immature seed-derived tissue 

such as shoot meristems[3], immature cotyledons[4] and 
mature seed-derived tissue such as cotyledonary 
node[5-6], leaf[7], embryonic tip[8], and cotyledonary 
nodal callus[9-10]. Although regeneration via 
organogenesis has been successfully used as a target 
system for soybean transformation, somatic 
embryogenesis is still preferred over organogenesis as 
transformants derived through embryogenesis are of 
single cell origin[11]. Somatic embryogenesis was also 
successfully established by using the explants such as 
embryonic axes[12], embryonic calli[13], epicotyls and 
primary leaves[14], immature cotyledons[15-23], 

                                      
∗ This work was supported by a grant from Natural Science Foundation 

of Shandong Province （ZR2019MC033）.

∗∗ These authors contributed equally to this work.

∗∗∗ Corresponding author.

Tel： 86-532-58957640， E-mail： xuerengao@163.com

Received： November 14， 2022    Accepted： January 30， 2023



·1938· 2023；50（8）生物化学与生物物理进展  Prog. Biochem. Biophys.

immature embryos[24] and embryonic shoot tip[11]. 
However, to date all the explants used to induce 
somatic embryos in soybean were derived from 
immature tissues, it has not been reported that somatic 
embryogenesis was established by using mature seed-
derived tissues as explants.

We report here high frequency induction and 
transformation of soybean somatic embryos from 
mature seed-derived leaf (MSDL). This system has 
three obvious advantages over the established 
immature tissue embryogenesis system: (1) the leaf 
explants are easy to get from germinating soybean 
mature seeds that are not restricted by seasons; (2) 
most of somatic embryos occurred along the incision 
of leaves, so the prepared leaf explants could be 
directly used as target tissues for genetic 
transformation; (3) the explants are easy to prepare. 
The purpose of this study was to develop a new 
method for somatic embryogenesis and 
transformation using MSDL (primary leaf and/or 
secondary leaf) as target tissue in soybean.

1　Materials and methods

1.1　Preparation of MSDL explants
1.1.1　Germination of mature seeds

Seeds of soybean varieties such as Jungery, 
Kennong18, Hefeng25, Hefeng39, K06-82, and 
Jilinxiaoli1, were surface-sterilized for 24 h using 
chlorine gas produced by mixing 4 ml of 12 mol/L 
HCl and 100 ml commercial bleach in a tightly sealed 
desiccator. Sterilized seeds were transferred to MS[25] 
medium for germination. The genotype Jungery was 
tested in all the experiments in the present study 
besides genotype investigation.
1.1.2　Preparation of primary leaf explants

Primary leaves were detached from 1, 3, 5, 7, 10, 
14-d germinated seedlings. The detached primary 
leaves were divided vertically against the vein and 
separated into two sections. Subsequently, we found 
that SEs occurred along the incision and the main 
veins. So in the rest of our tests, bigger leaves were 
divided longitudinally through the midvein, and 
divided into 1.2×1.2 cm2 sections with removing edge 
and the sections were placed into embryo induction 
medium (EIM) under fluorescent illumination (5-    
10 μmol/L photons/m2/s) in 16 h/8 h light/ dark. The 
EIM includes MS salts, B5 vitamins[26], 2 mg/L 2-(N-
morpholino) ethanesulfonic acid (MES), sucrose 

(3%), different concentrations (1, 2, 3, 5, 10, 20 mg/L) 
of 2,4-dichlorophenoxyacetic acid (2,4-D), 0.8% agar 
(Sigma), pH5.8. We also evaluated the effect of leaf 
size on the induction of somatic embryos. The size of 
primary leaves obtained from 5, 7, 10, 14-d 
germinated seedlings was measured. Five ranges of 
leaf size were designed: 2.0-4.0 mm, 4.1-6.0 mm, 
6.1-10.0 mm,10.1-14.0 mm, 14.1-17.0 mm. Smaller 
or larger leaves were discarded. All the explants were 
placed into EIM supplemented with 10 mg/L 2, 4-D 
and 8 g/L agar.
1.1.3　Preparation of other tissue explants

Besides primary leaf, mature cotyledon, petiole, 
hypocotyl from 7-d germinated seedlings and 
secondary leaves from 14-d germinated seedlings 
were also tested. The hypocotyls were cut into           
2-3 mm long sections. The cotyledons were cut into  
1 mm slices. Petioles were detached from leaves. All 
explants were cultured on EIM for 4 weeks.
1.2　Induction and maturation of somatic embryos
1.2.1　Induction of somatic embryos

The explants were placed into 100 ml Erlenmeyer 
flasks or 60 mm (diameter) ×100 mm (height) glass 
tubes containing EIM and incubated under the 
conditions of cool white fluorescent light (5-10 μmol/L 
photons/m2/s) and a light/dark (16 h/8 h) photoperiod 
at 26℃.
1.2.2　Maturation of somatic embryos

One month later, the induced somatic embryos 
were matured in FN Lite liquid medium[27] consisting 
of FN Lite macro salts, MS micro salts, and B5 
vitamins supplemented with 1 g/L asparagine, 2 mg/L 
2, 4-D, 1% sucrose and adjusted to pH 5.8 and 
maintained on a rotary shaker at 130 r/min. 2 d latter, 
leaves without any embryos were discarded and the 
embryos were transferred to the same fresh liquid 
medium. The number of the separated embryos was 
then counted. The embryo germination experiments 
are in progress. All the experiments were carried out 
with three replications.
1.3　Vector and Agrobacterium preparation

The vector pCAMBIA1301 was used in this 
experiment. The T-DNA region of the vector contains 
genes hygromycin phosphotransferase II (hpt II) and 
gus (β-glucuronidase) with a catalase intron. The 
pCAMBIA1301 was introduced into the 
Agrobacterium strain EHA105. The Agrobacterium 
cells harboring pCAMBIA1301 were inoculated into 
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100 ml liquid YEP containing 50 mg/L kanamycin 
and 50 mg/L rifampicin and cultured until A600=1-1.5 
at 28°C. The Agrobacterium cells were collected and 
resuspended in infection medium (MS salts, B5 
vitamins, 10 mg/L 2, 4-D, 2 mg/L MES, 3% sucrose, 
200 µmol/L acetosyringone, 0.02% Silwet L-77, 
pH5.4). The Agrobacterium cell density was adjusted 
to A600=0.5 for infection of MSDL explants.
1.4　Transformation of MSDL explants

MSDL explants were prepaired from 7-d 
germinated seedlings and infected with 
Agrobacterium EHA105 cells harboring the 
pCAMBIA1301 in the infection medium in Petri 
dishes for 15-30 min at room temperature. During 
this infection, the Petri dishes were shaken every 2-   
3 min to allow good contact of the explants with the 
Agrobacterium cells. After drying the leaves on 
sterilized filter paper, the infected explants were 
transferred to cocultivation medium (MS salts, B5 
vitamins, 10 mg/L 2, 4-D, 2 mg/L MES, 3% sucrose, 
200 µmol/L acetosyringone, 0.8% agar (Sigma), 
pH5.4). The cocultivation was maintained for 3 d at 
25° C in the dark. After co-cultivation, the explants 
were washed in liquid EIM containing 100 mg/L 
Timentin to remove excess A. tumefaciens on the 
explants. The explants were then transferred to 
recovery medium (EIM containing 250 mg/L 
Timentin) to stimulate embryo induction for the first  
7 d under fluorescent illumination (5-10 mol/L 
photons/m2/s) with 16 h light/8 h dark at an average of 
26°C. Then the explants were transferred to the EIM 
containing 8 mg/L hygromycin for 20-30 d to induce 
embryogenesis as well as select for resistant embryos. 
The leaves with SEs and SEs isolated from leaves 
were used for GUS assay and molecular identification.
1.5　Histochemical GUS assay

Histochemical GUS staining of leaves and SEs 
was carried out as described by Jefferson et al.[28]. The 
resistant leaves with SEs and SEs isolated from leaves 
were stained in GUS assay buffer (50 mmol/L 
phosphate buffer at pH7.0, 10 mmol/L EDTA,            
1 mmol/L 5-bromo-4-chloro-3-indolyl-β-glucuronic 
acid (X-Gluc), 5 mmol/L K3Fe(CN)6, 5 mmol/L    
K4Fe(CN)6, and 1.0% Triton X-100) and incubated 
overnight at 37°C. Subsequently, the chlorophyll was 
removed using several applications of 95% ethanol at 
37° C, and kept in 95% ethanol at 4° C before being 
photographed.

1.6　Southern blot analysis
10 μg of genomic DNA was digested with     

Hind III and separated on 0.8% agarose gel and 
transferred onto a nylon Hybond-N+ membrane 
(Roche, Germany). The PCR products of the hpt II 
were used as probes by labelling with digoxigenin 
(DIG) and hybridized to the digested genomic DNA 
on the membrane. All steps of the probe labelling, 
membrane transfer and hybridization were performed 
according to the instructions of the manufacturer 
(Roche, Germany).

2　Results and discussion

2.1　Effect of leaf age and 2,4-D concentration on 
the SEs induction

Both leaf age (germination day) and 2, 4-D 
concentration had a significant effect on induction of 
soybean SEs. When the MSDL was cultured on SEs 
induction medium, the leaf tissue continued to grow 
and expand. During the 3-4 weeks on this medium, 
globular SEs developed from the leaves (Figure 1b). 
After suspension culture of SEs in FN Lite liquid 
medium, some globular embryos (Figure 1d) 
developed into cotyledonary embryos (Figure 1e). The 
MSDL from 1 to 5-d germinated seedlings     
produced SEs at low 2,4-D concentrations, the percent 
induction of SEs reached highest at 2 mg/L 2,4-D and 
then decreased as 2,4-D concentration increased from 
2 to 10 mg/L (Table 1). While the induction frequency 
of the SEs from 7 to 14-d MSDL increased as 2,4-D 
concentration increased from 2 to 10 mg/L (Table 1). 
These results suggest an interaction between leaf age 
and 2, 4-D concentration for SEs induction. A 
synergistic effect of combination of L-cysteine and 
dithiothreitol (DTT) on soybean transformation 
efficiency was reported by Olhoft et al. [1]. The 
transformation efficiency was significantly higher 
when L-cysteine and DTT were combined than either 
L-cysteine or DTT alone. Franklin et al. [4] also 
reported that the regeneration efficiency in soybean 
was significantly higher in the medium supplemented 
with both benzylaminopurine (BAP) and thidiazuron 
(TDZ) than in the medium supplemented with one 
cytokine alone. Similarly, the frequency of soybean 
shoot induction, shoot elongation and transformation 
remarkably enhanced in medium supplemented with 
both L-asparagine and L-glutamine compared with 
medium supplemented with either L-asparagine or    
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L-glutamine alone[29]. In this study, the highest 
frequency (94.1%) of the SEs induction was observed 

when 7-d MSDL cultured on induction medium 
containing 10 mg/L 2,4-D.

Highly significant effects for average number of 
SEs per responding explant were observed in different 
age MSDL. The younger MSDL produced a large 
amount of callus, but very small amount of SEs was 
induced from a responding callus. For 1 to 5-d 
MSDL, the average number of SEs per responding 
explant ranged from 1.0 to 6.0 (Table 1).The average 
number of SEs per responding explant was 
significantly greater for 7 to 14-d MSDL than for 1 to 
5-d MSDL at the same concentration of 2, 4-D    
(Table 1). The highest production was 25.5 embryos 
per explant from 7-d MSDL under 10 mg/L 2, 4-D 
(Table 1). Although SEs were also produced from the 
MSDL at 20 mg/L 2, 4-D, the callus induced from 
MSDL became necrotic (Data not shown), indicating 
the concentration of 2, 4-D is too high for MSDL. 
Rajasekaran and Pellow[14] reported similar result that 
high concentration of 2, 4-D inhibited further growth 
of the isolated immature epicotyls and primary leaves. 

Previous reports indicated that somatic embryogenesis 
in soybean was obtained either with low[30-31] or high 
2,4-D concentrations[16,32]. This could be attributed to 
the differences in the explants sensitivity to 2,4-D[20].
2.2　Effect of leaf size on the SEs induction

Size of the MSDL is also very important in 
determining both induction frequency and the number 
of SEs. The optimum size range is 10.1-14.0 mm. 
The MSDL less than 4.0 mm in size produced only 
callus and those range from 4.1 mm to 6.0 mm in size 
produced callus and a small amount of SEs (Table 2). 
Similar results were reported by Wright et al. [7] that 
the size of the explants was very important in 
obtaining shoot formation from immature primary 
leaves of soybean. It has been also reported that the 
optimum size of immature seed-derived cotyledons 
for somatic embryogenesis in soybean was 3–4 mm 
in length[15,33].

Table 1　Effect of leaf age and 2,4-D concentration on SEs induction

Germination/d

1

3

5

7

10

14

Concentration of 2,4-D/(mg·L-1)

Induction frequency of SEs/%1)

1

0

0

0

0

0

0

2

38.5

60.0

57.1

0

0

0

3

26.9

47.6

54.3

35.6

34.5

25.6

5

23.5

24.3

45.7

61.6

60.0

55.2

10

0

5.9

7.9

94.1

80.2

60.0

20

0

0

0

53.7

63.3

86.7

Average No. of SEs per responding explants2)

1

0

0

0

0

0

0

2

1.0

1.5

1.6

0

0

0

3

1.0

1.7

1.6

3.2

6.1

5.4

5

1.0

1.0

2.6

13.3

9.3

7.2

10

0

1.0

6.0

25.5

19.3

12.4

20

0

0

0

3.7

7.3

12.0

1) Induction frequency of SEs (%) = number of explants producing SEs/total number of explants×100%. 2) Average No. of SEs per explant=total 

number of all induced embryos/number of explants producing SEs. The experiment was performed with three replicates, each with 48-60 explants.

Table 2　Effect of leaf size on SEs induction

Germination/d

5

7

10

14

Leaf size/mm

2.0-4.0

4.1-6.0

6.1-10.0

10.1-14.0

14.1-17.0

10.1-14.0

14.1-17.0

10.1-14.0

14.1-17.0

No. of explants

132

132

126

141

120

120

132

135

135

Induction frequency of SEs/%1)

0f

7.2e

72.5b

93.4a

83.1a

85.0a

81.0a

60.4b

43.0c

Average No. of SEs per explants1)

0e

2.2e

4.5d

24.7a

17.2b

24.0a

14.6b

13.0b

9.6c

1) Values with different small letter superscripts mean significant difference (P<0.05), while with the same or no letter superscripts mean no 

significant difference (P>0.05).
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2.3　 Effect of the culture vessel on the SEs 
induction

Culture vessel is crucial for induction of SEs in 
this study. MSDL cultured in different culture vessels 
gave different responses for induction of SEs. The 
MSDL cultured in petri dishes gave the poor 
responses with induction frequency of 1.3% whereas 
the explants cultured in flasks or glass tubes both with 
vent-containing closure produced high frequency of 
SEs induction (Table 3). The similar results were also 
reported by Wright et al. [7]. Although the reasons for 
the difference in response are not exactly known, the 
difference in ventilation could be one of the most 
important factors because the induction frequency of 
SEs significantly reduced from 89.3% to 15.1% when 
the MSDL was cultured in the glass tubes with no 
vent closure under otherwise same culture conditions 
(Table 3).

2.4　Effect of explants on the SEs induction
In recent work, a wide range of mature and 

immature seed-derived explants of soybean cv. K10 

were used to evaluate the responses for SEs induction. 
Unfortunately, all mature seed-derived explants 
(shoot, leaf, root, cotyledon and embryonic tip) did 
not induce SEs[11]. In the present study, we also 
evaluated the effect of mature seed-derived explants 
(primary leaf, secondary leaf, petiole, cotyledon and 
hypocotyl) of soybean cv. Junsery on the SEs 
induction. The explants such as petiole, cotyledon and 
hypocotyl did not produce SEs at any of the 
concentrations of 2, 4-D tested, but both the primary 
leaf and secondary leaf were able to produce SEs 
(Table 4).

2.5　Effect of genotype on the SEs induction
The six genotypes Kennong18, Hefeng25, 

Henfeng39, K06-82, Junsery and Jilinxiaoli1 were 
used to study the effects on SEs induction. Although 
the six genotypes gave the different responses for the 
SEs induction, high frequency (>80%) of SEs 
induction was observed in all genotypes tested   
(Table 5). MSDL of genotype Junsery gave the 
highest induction frequency (95.0%) of SEs and the 
greatest average number (28.5) of embryos per 
explant.

Table 3　Effect of the culture vessel on the SEs induction

Culture vessel

Petri dish (100 mm×15 mm)

100 ml Erlenmeyer flasks (the 

closure with vent1))

Glass tube2) (closure with vent1))

Glass tube2) (closure with no 

vent)

No. of explants

225

156

168

159

Induction frequency 

of SEs/%3)

1.3c

88.5a

89.3a

15.1b

1) Two cm vent with polypropylene membrane, 0.22- μm pore size;     
2) Glass tube: 6 cm in diameter and 10 cm in height. 3) Values with 

different small letter superscripts mean significant difference (P<

0.05), while with the same or no letter superscripts mean no 

significant difference (P>0.05).

Table 4　Effect of explants on the SEs induction

Explants from 

mature seed

Petiole

Cotyledon

Hypocotyl

Primary leaf

Secondary leaf

Concentration of 

2,4-D/(mg·L-1)

2

5

10

2

5

10

10

10

10

No. of 

explants

50

44

56

72

88

108

55

50

44

Induction frequency 

of SEs/%

0

0

0

0

0

0

0

92.0

90.9

Table 5　Effect of genotype on the SEs induction

Genotypes1)

Kennong18

Hefeng25

Hefeng39

K06-82

Junsery

Jilinxiaoli1

No. of explants

114

30

34

45

43

62

Induction frequency of SEs/%2)

90.3b

82.0c

83.3c

81.7c

95.0ab

93.4a

Average No. of SEs per responding explants

20.7b

6.0d

2.3e

6.3cd

28.5a

8.7c

1) Kennong18, Hefeng25 and Hefeng39 are early maturing varieties; K06-82 is a medium maturing variety; Junsery and Jilinxiaoli1 are late maturing 

varieties. 2) Values with different small letter superscripts mean significant difference (P<0.05), while with the same or no letter superscripts mean 

no significant difference (P>0.05).
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2.6　High efficient transformation of MSDL
In order to verify whether the SEs system can be 

applied to soybean transformation, the Agrobacterium-
mediated soybean transformation was carried out 
using leaves of cv. Junsery as target tissue. Four 
weeks after culturing infected leaves, somatic 
embryos were induced from leaves on selective 
medium (Figure 1f).

The leaves with somatic embryos (Figure 1g) 

and somatic embryos (Figure 1h) were tested for GUS 
expression. The results showed that the average 
transformation efficiency was 75.4%, and reached a 
maximum of 80.6% (Table 6), indicating that leaves 
were excellent target tissues for soybean 
transformation. The results of Southern blot 
confirmed that the T-DNA was integrated into the 
genome, and the copy number of hptII ranged from 
one to three (Figure 1i).

Fig. 1　Somatic embryogenesis and Agrobacterium-mediated transformation of MSDL explants in soybean
(a) 7-d MSDL was cultured on SEs induction medium containing 10 mg/L 2, 4-D. (b) SEs was induced from MSDL on SEs induction medium.         

(c) SEs occurred along the incision. (d) Suspension culture of SEs in FN Lite liquid medium supplemented with 1 g/L asparagine, 2 mg/L 2,4-D, 1% 

sucrose. (e) Continuously suspension culture in FN Lite liquid medium supplemented with 1 g/L asparagine, 3% sucrose. (f) SEs was induced from 

inoculated MSDL explants 30 d after culture on SEs induction medium containing 8 mg/L hygromycin. (g) GUS assay of T0 SEs induced from 

untransgenic control MSDL explants (Up) and transformed MSDL explants (Down). The experiment was performed with five repetitions (line 1-5). 

(h) GUS assay of T0 transformed leaves with SEs. (i) Southern hybridization of T0 transgenic SEs. Genomic DNA was digested with Hind III and 

hybridized with the hpt II probe labeled with DIG. line 1-5: DNA from transgenic events, WT: DNA from untransgenic control event.
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Knowledge of the origin and timing of embryo 
induction could help to target the proper tissue at the 
proper time[2]. Earlier studies reported that soybean 
SEs originated from epidermal and subepidermal 
cells[2,34]. Because the target tissue used for 
transformation in this system was cells that lie below 
the surface, so proper wounding of the tissue was 
needed. In the present study, a majority of SEs was 
induced along the cut edges of the MSDL (Figure 1c). 
This origin of SEs induction could make our tissue 
culture system suitable for Agrobacterium-mediated 
transformation in soybean.

3　Conclusion

High frequency induction and transformation of 
somatic embryos using mature seed-derived leaf of 
soybean as target tissue were developed in this study. 
The highest induction frequency of SEs was 95.0% 
and the average transformation efficiency based on 
GUS assay reached up to 75.4%. This system can be 
applied to the development of soybean genome 
editing technology.
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摘要 目的　虽然大豆遗传转化取得了较大进展，但其转化效率仍然偏低。因此，有必要建立一个更加简单和高效的大豆

转化系统。本研究的目的是以大豆成熟种子萌发产生的叶片 （MSDL） 为靶外植体，高频诱导和转化大豆体细胞胚

（somatic embryos，SEs）。方法　萌发7 d的大豆幼苗上摘取叶片，并将其切成1.2 cm×1.2 cm的外植体。将叶片外植体置于

胚胎诱导培养基（EIM）上诱导体细胞胚发生。将叶片外植体浸入携带pCAMBIA1301植物表达载体的农杆菌EHA105菌液

进行遗传转化。结果　MSDL（包括初生叶和次生叶）均能被诱导产生SEs。大多数SE发生在叶片切口处。所试的不同基

因型均能诱导SEs。SEs的最高诱导率为95.0%。β葡糖醛酸糖苷酶（GUS）染色结果表明，平均转化效率达到75.4%。DNA

印迹（Southern blot）结果表明，目的基因稳定整合在大豆基因组中，拷贝数为1~3个。结论　本研究建立了以大豆MSDL

为靶组织的体细胞胚高频诱导和遗传转化。该系统有望在大豆基因组编辑技术的开发上得到应用。  

关键词 胚胎发生，成熟叶片，体细胞胚，大豆，转化   
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