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embryos were germinated in embryo germination medium 
consisting of WPM with 0.5 μM NAA and 0.5 μM 6-BA, 
resulting in shoot regeneration with a 2.1% conversion 
rate. Additionally, eight embryogenesis-related genes were 
identified, and the expression profiles of these genes dur-
ing embryogenesis were analyzed via quantitative real-time 
RT-PCR (qRT-PCR). The CmSERK, CmLEC1, CmWUS 
and CmAGL15 genes exhibited high expression in the ini-
tial embryo stages, which inferred that these genes played 
key roles during the initiation of embryogenesis. Studies 
on embryogenesis-related genes will provide an insight for 
further elucidating molecular mechanism during somatic 
embryogenesis of Chinese chestnut. Furthermore, the suc-
cessful establishment of a somatic embryo regeneration 
system for Chinese chestnut will lay a significant founda-
tion for a stable genetic transformation system and genetic 
improvement.

Keywords Castanea mollissima · Somatic 
embryogenesis · Regeneration · Embryogenesis-related 
genes · Gene expression

Abstract Somatic embryogenesis is a reliable and impor-
tant tool, and the relevant genes controlling this process act 
as vital roles through the whole development of somatic 
embryos. However, regeneration via somatic embryogene-
sis in Chinese chestnut has been impeded and its molecular 
mechanism is not known. Therefore, firstly we described a 
protocol for somatic embryo initiation, development, matu-
ration and germination. Embryogenic calli were obtained 
in embryo initiation medium containing 1.8 μM 2,4-D and 
1.1 μM 6-BA, and then were transferred to embryo devel-
opment medium without any hormones for at least 4 weeks, 
until cotyledonary embryos appeared. Next, the somatic 
embryos were transferred to embryo maturation medium 
containing Gamborg’s B-5 Basal Salt Mixture with 0.5 μM 
NAA and 0.5 μM 6-BA for 3 weeks. Finally, these mature 
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Abbreviations
WPM  McCown’s Woody Plant Medium salts
2,4-D  2,4-Dichlorophenoxyacetic acid
6-BA  6-Benzyladenine
NAA  α-Naphthaleneacetic acid
IBA  Indole-3-butyric acid
BLAST  Basic local alignment search tool
SEM  Scanning electron microscope
qRT-PCR  Quantitative real-time RT-PCR
E1  Embryo initiation medium
E2  Embryo development medium
E3  Embryo maturation medium
E4  Embryo germination medium
EC  Embryogenic calli
NEC  Non-embryogenic calli
G  Globular embryos
H  Heart embryos
T  Torped embryos
C  Cotyledonary embryos
SERK  Somatic embryogenesis receptor-like kinase
WUS  WUSCHEL
LEC1  Leafy Cotyledon 1
FUS3  FUSCA3
AGL15  AGAMOUS-Like15
ABP1  Auxin binding protein 1
TIR1  Transport inhibitor response 1
CDC48  Cell division cycle 48

Introduction

Castanea plants are members of the Fagaceae family and 
are mainly distributed in eastern and southwestern Asia, 
southern Europe and North America (Li et al. 2016). Chi-
nese chestnut (Castanea mollissima Blume) is an impor-
tant economic species of the Castanea genus and is mainly 
cultivated in China. Chinese chestnut presents the highest 
yield in the context of worldwide chestnut production (Li 
et  al. 2016). Because Chinese chestnut exhibits the ben-
efits of broad adaptability to the environment and inher-
ent resistance to diseases, it is widely used as a parent in 
crosses to breed new cultivars and germplasms with favora-
ble characteristics (Hebard 2006; Miller et al. 2014).

Somatic embryogenesis is defined as an in vitro multiple 
step process involved in initiation, development, maturation 
and germination of somatic embryos. Due to the advan-
tages of high totipotency and genetic stability (Verdeil et al. 
2007; Ikeuchi et al. 2015), somatic embryogenesis is con-
sidered as a vital biotechnological tool that can be reliably 
used for a variety of plants (Sezgin and Dumanoğlu 2014; 
Hu et  al. 2017). To date, it has been broadly utilized for 
early embryo rescue to solve the problem of distant hybrid-
ization incompatibility, for shortening the breeding period 

and speeding up the reproduction process (Giri et al. 2004), 
and for providing a platform for genetically modified breed-
ing (Rugh et al. 1998; Vidal et al. 2010). Although in recent 
years, the studies of somatic embryogenesis have made 
great progress, such as in black alders, Japanese larch, 
strawberry tree and yam (Corredoira et al. 2013; Kim 2015; 
Martins et al. 2016; Manoharan et al. 2016), this effective 
technology in many plant species has been hindered due 
to explant, genotype and plant growth regulators. Within 
the Castanea genus, a reliable somatic embryo regenera-
tion system and a stable genetic transformation system have 
been established for both American chestnut (Merkle et al. 
1991; Carraway et  al. 1994; Xing et  al. 1999; Maynard 
et al. 2015) and European chestnut (Corredoira et al. 2003, 
2015; Sezgin and Dumanoğlu 2014). However, in Chinese 
chestnut, scientists have only acquired embryogenic calli 
from ovules (Zhang et al. 2007) and have not been able to 
obtain mature somatic embryos and regenerated plantlets.

The molecular mechanism of somatic embryogen-
esis has been extensively investigated (Rupps et  al. 2016; 
Orłowska et  al. 2017). The current results reveal that a 
number of embryogenesis-related genes have been iden-
tified, and some of the genes are essential for somatic 
embryogenesis, particularly at the initiation stage, such 
as Somatic Embryogenesis Receptor-like Kinase (SERK; 
Hecht et  al. 2001), WUSCHEL (WUS; Wang et  al. 2009), 
Leafy Cotyledon (LECs, i.e. LEC1, LEC2 and FUS3; 
Gaj et  al. 2005; Rupps et  al. 2016) and Agamous-Like15 
(AGL15; Karlova et  al. 2006). The SERK gene, encoding 
transmembrane kinase, marks the formation of embryo-
genic cells in culture and may be involved in the somatic 
embryogenesis signaling pathway by forming a protein 
complex with AGL15 (Karlova et  al. 2006; Cai 2011). 
AtSERK1 overexpression induces an enhanced capacity for 
somatic embryogenesis (Hecht et al. 2001). The WUS gene, 
belonging to WUSCHEL-related homeobox (WOX) gene 
family, plays a key role in early somatic embryo develop-
ment (Zuo et al. 2002; Wang et al. 2009). Known WOX2, 
as a putative marker, is supposed to be a possible function 
regulating differentiation of embryos (Palovaara and Hak-
man 2008; Klimaszewska et al. 2011). Evidence has indi-
cated that LEC genes appear to act as a pivotal part in the 
early and late stages of embryogenic development (Jia et al. 
2013). LEC1 gene coding a CCAAT-binding (CBF) tran-
scription factor, regulates embryo identity and development 
during embryogenesis (Kwong et al. 2003; Lee et al. 2003), 
and induces the expression of other members of LEC gene 
family, such as LEC2 and FUS3 (Lotan et  al. 1998; Lee 
et al. 2003). However, the studies on embryogenesis-related 
genes have not been carried out in Castanea plants.

Taken together, the effective protocol of somatic embry-
ogenesis in Chinese chestnut is not available, moreover, 
the molecular mechanism of this process has not been 
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reported. The purpose of this study is to establish a reli-
able somatic embryo regeneration system and to identify 
embryogenesis-related genes during different stages of the 
somatic embryogenesis process in Chinese chestnut. In 
addition, molecular technologies were performed to assess 
somaclonal variation and genetic uniformity of somatic 
embryogenesis. Studies focused on somatic embryo-related 
genes will provide a theoretical basis for further clarifying 
molecular mechanism during somatic embryogenesis, and 
the establishment of a somatic embryo regeneration system 
will supply an efficient platform for genetic improvement 
and germplasm innovation.

Materials and methods

Plant materials

Burs of Castanea mollissima cv. ‘Yanshanhongli’ were col-
lected from the Chestnut Experiment Station in Huairou 
District, Beijing, China, and immature embryos were iso-
lated and sterilized. The tips (Fig. 1b) and ovules (Fig. 1a) 
of the immature embryo were used for the induction of 
somatic embryos. Embryogenic calli, somatic embryos of 
different stages, non-embryogenic calli and regenerated 
shoots  were used for total RNA extraction. All samples 
subjected to RNA extraction were immediately frozen in 
liquid nitrogen and stored at −80 °C until RNA extraction. 
Somatic embryos at different stages were fixed in 3% gluta-
raldehyde for morphological observations under a scanning 
electronic microscope.

Culture procedure

Embryo initiation

For the initial explant preparations, explants were derived 
from immature nuts that were harvested every 3 days for 
39–60 days after the first full-bloom stage. Immature nuts 
were separated from burs, disinfected in 75% ethanol 

for 1  min and 3% NaClO with continuous agitation for 
6 min, and then rinsed three or four times with sterile dis-
tilled water for 30  s each time. The immature embryos 
were isolated from the nuts, and the tips of the immature 
embryos or the ovules were isolated from the immature 
embryos. They were then placed in embryo initiation 
medium (E1) in a 90 × 15-mm Petri dish (40–45 explants 
per dish) and cultivated for at least 8 weeks in continuous 
darkness at approximately 23–25 °C, until embryogenic 
calli were observed.

The embryo initiation medium contained 1.8  μM 
2,4-dichlorophenoxyacetic acid (2,4-D) and 1.1  μM 
6-benzylaminopurine (6-BA), and the other components 
were the same as the initiation medium used for Ameri-
can chestnut (Xing et  al. 1999). The pH of the medium 
was adjusted to 5.5 before autoclaving (121 °C, 25 min).

To maintain continuous embryogenesis, a factorial test 
using different concentrations of 2,4-D and 6-BA in the 
embryo initiation medium was applied to the embryo-
genic calli. The test utilized four concentrations of 2,4-D 
(0, 0.9, 1.8, or 3.6 μM) and four concentrations of 6-BA 
(0, 0.55, 1.1, or 2.2 μM) for a total of 16 possible com-
binations. Three replicates were performed, with 40–45 
embryogenic callus clumps per replication. Since Chinese 
chestnut browned easily in tissue culture, the browning 
rate, proliferation rates and callus status were assessed.

Embryo development

The embryo development medium (E2) of Chinese chest-
nut followed that of Xing et al. (1999). Again, a factorial 
test was performed using 2,4-D and 6-BA. The test uti-
lized nine growth regulator combinations, consisting of 
0, 0.45, or 0.9 μM 2,4-D and 0, 0.275 or 0.55 μM 6-BA. 
Five Petri dishes (50–60 embryo clumps each) were used 
per combination. After 4 weeks of development, the coty-
ledonary stage embryos of each combination were har-
vested for maturation. The embryos that did not reach 
the cotyledonary stage continued to grow in embryo 
development medium (E2) under continuous darkness at 
23–25 °C.

Embryo maturation

After 1–2  months of development, all cotyledonary 
stage embryos were transferred to Petri plates containing 
embryo maturation medium (E3). The E3 medium was 
identical to the embryo maturation medium of American 
chestnut (Xing et al. 1999). The embryos were incubated 
in the dark at 23–25 °C for at least 2 weeks.Fig. 1  Explants were used for the induction of somatic embryos. a 

Ovules; b the tip of immature embryo. Bar 1 mm
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Embryo germination

The resulting embryos were cultured in embryo germi-
nation medium (E4). In reference to American chest-
nut embryo germination medium (Xing et  al. 1999), the 
embryos were incubated under a 16-h photoperiod at 
23–25 °C for at least 8 weeks. To promote embryo germina-
tion, the effects of different concentrations of indole-3-bu-
tyric acid (IBA), 6-BA, and α-naphthylacetic acid (NAA) 
on embryo germination were tested. The test utilized nine 
combinations of growth regulators, consisting of 0, 0.1, or 
0.2 μM of IBA, 0, 0.5, or 1.0 μM of 6-BA, and 0, 0.5 or 
1.0 μM of NAA, according to Orthogonal Design Assistant 
II V3.1.

Morphological observations of somatic embryogenesis

The morphological characteristics of typical somatic 
embryos, involved in globular stage, heart stage, torpedo 
stage and cotyledonary stage, were observed via stereomi-
croscopy (ZEISS SteREO Discovery.V20, Germany) and 
scanning electron microscopy (SEM, JEOL-5600, Japan). 
When performed by SEM, somatic embryos at different 
embryogenic stages were fixed in phosphate buffer (0.2 M, 
pH 6.8) and 3% (v/v) glutaraldehyde. The fixed samples 
were maintained at room temperature for 1 h and then kept 
at 4 °C for at least 24 h. Next, they were washed in the same 
phosphate buffer, placed on ice, and postfixed overnight in 
the mixture with 1% osmium tetroxide and the same phos-
phate buffer (v/v = 1:1) at 0 °C (Fowke et  al. 1994). The 
fixed tissues were washed twice with phosphate buffer 
(0.2 M, pH 6.8) and hydrated twice in a graded series of 
30, 40, 50, 60, 70, 80, 85, 90, and 95% ethanol, then three 
times in 100% ethanol. Subsequently, the samples were 
dried using a Polaron E3000 Critical Point Dryer. After 
drying, the samples were coated with a gold–palladium 
alloy and examined under a scanning electron microscope 
operated at 10 kV.

DNA extraction

Total genomic DNA of the parental embryogenic calli 
and ten germinated shoots was extracted using a modi-
fied cetyl trimethyl ammonium bromide (CTAB) method 
(Cheng et  al. 2005). The quality of purified total DNA 
was observed by 1% agarose gel electrophoresis, and the 
concentration was detected by Nano-volume Spectropho-
tometry (Scan Drop, Germany). The final concentration of 
isolated total DNA was diluted to 50 ng/μL and stored at 
−20 °C for further use.

RNA isolation and cDNA synthesis

The total RNA was extracted using the Plant RNA Kit 
(Omega, America) based on the manufacturer’s recommen-
dations. To remove any remaining DNA, each RNA sample 
was digested with DNase I (Takara, Japan). The cDNA was 
synthesized using M-MLV reverse transcriptase (Invitro-
gen, America).

Cloning and sequence analysis of embryogenesis-related 
genes

Primers for the fragments of CmSERK, CmWUS, CmLEC1, 
CmFUS3, CmAGL15, CmABP1, CmTIR1 and CmCDC48 
genes, which are related to somatic embryogenesis, were 
designed using the software Primer 5.0 (Premier, Canada). 
The primers were listed in Table 1. The cDNA for amplifi-
cation was derived from embryogenic calli. Each amplifica-
tion reaction was carried out in a 20 μL volume, containing 
2 μL 10 × Ex Taq Buffer, 0.8 μL dNTPs (10 mM), 14 μL 
 ddH2O, 0.2 μL Ex Taq (5 U/μL), 1 μL cDNA and 1 μL each 
primer (10 mM). The following program was used for poly-
merase chain reaction (PCR) amplification: 95 °C for 5 min 
followed by 36 cycles at 95 °C for 30 s, 1 min at an anneal-
ing temperature based on each pair of primers and 72 °C 
for 30 s, with a final step of 10 min at 72 °C. Amplification 

Table 1  Primers used to amplify Chinese chestnut gene orthologs related to somatic embryogenesis

Code Gene Amplified frag-
ment size (bp)

Forward primer sequences (5′ → 3′) Reverse primer sequences (5′ → 3′) Annealing 
temperature 
(°C)

1 CmSERK 1001 CAG TGA CCT AGG GAA TCT TAC CCA TAG CCA AAA ACA TCT GTC 55
2 CmWUS 660 ATG GGA AGC ATG AAG GTG CATC TCA TCT GCT TTC CGG ATG TAA TTG 55
3 CmLEC1 601 ATG AGG CAG CTG GCA GAG AT TCA CCA CTG GCC ACA GCA 57
4 CmFUS3 933 ATG AAT ATG ATG GAC CAA CTTC TTA ATA GAA GTC ATC AAG AGA AAA G 53
5 CmAGL15 547 TGA TGC TGA GGT TGC TGT TAT AGG TGG TGT CTG AAT CTT TTTT 54
6 CmABP1 406 CTT GCC TCA CTT TCT TTT TTG TCA TCT TCA TTT GAA TTC CATAC 53
7 CmTIR1 950 GTC GTA TTG GGT TGG AGG A CAT GGT TAC AGG GTC GGG T 55
8 CmCDC48 953 CTG GGA AGA TGT GGG AGG GTG GCA GAG GAA AAT GGG 57
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bands were separated by 1% agarose gel. Gel Extraction kit 
(AXYGEN, America) was used to purify the PCR prod-
ucts, each of which was ligated into the pMD-19 T plasmid 
(Takara, Japan). Then, the constructs were transformed into 
Escherichia coli DH5α (Takara, Japan). After identification 
by colony PCR, the recombinant plasmids were purified 
and sequenced in Shanghai Sangon Biotech Co., Ltd. The 
resulting nucleotide sequences of the eight genes were sub-
sequently aligned using BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) to confirm the orthologs in Chinese chestnut. 
To define the evolutionary relationships of the eight genes, 
phylogenetic trees were constructed using alignments of 
the amino acid sequences encoded by the eight genes from 
Chinese chestnut and other plants using the MEGA 5.0 
software with neighbor-joining algorithms. Furthermore, 
bootstrap analysis was inferred from 1000 replicates.

Quantitative real-time RT-PCR analysis

Quantitative real-time RT-PCR (qRT-PCR) analysis was 
used to assess gene expression patterns during different 
stages of somatic embryogenesis using a Light  Cycler® 
96 SW1.1 Real-Time PCR System (Roche, Germany) 
with SYBR Green (Takara, Japan). The CmACTIN gene 
was employed as the endogenous reference gene for nor-
malization of the threshold value (Ct) of the target genes. 
Gene-specific primers for qRT-PCR analysis (Table  2) 
were designed using Beacon Designer software. These 
sequences were verified with the BLAST tool at NCBI, 
and the dissociation curves were analyzed to confirm 
their specificity after PCR amplification. cDNA of dif-
ferent embryogenic stages were used as templates. We 
defined embryogenic calli (EC) and globular embryos 
(G) as the early stages of somatic embryogenesis, heart 
embryos (H) and torpedo embryos (T) as the middle 
stages of somatic embryogenesis, cotyledonary embryos 

(C) as the late stage of somatic embryogenesis, and non-
embryogenic calli (NEC) as the control.

Each reaction of qRT-PCR was carried out in a 10 μL 
volume containing 5  μL  SYBR® Premix Ex Taq (2×), 
3.5 μL  ddH2O, 1 μL diluted template (30-fold dilution of 
cDNA) and 0.25 μL of each primer. The reaction program 
for qRT-PCR was as follows: 95 °C for 10 min, followed 
by 39 cycles at 95 °C for 20 s, 54 °C for 20 s, and 72 °C 
for 20  s, and finally melting curves were completed by 
increasing the temperature from 65 to 97 °C. Three tech-
nical and biological replicates were carried out by qRT-
PCR and changes in gene expression among different 
stages of somatic embryogenesis were performed using 
the Light  Cycler® 96 software.

Detection of somaclonal variation

Simple sequence repeats (SSR) analysis

Somaclonal variation was analyzed using 24 pairs of 
SSR primers (Fang et al. 2013) (Table 3). Genomic DNA 
derived from embryogenic calli and germinated shoots 
was individually amplified to detect genetic stability. 
Each 20-μL amplification reaction was performed, con-
taining 2 μL 10 × LA Taq Buffer, 0.8 μL dNTPs (10 mM), 
14 μL  ddH2O, 0.2 μL LA Taq (5 U/μL), 1 μL DNA and 
1  μL each primer (10  mM). The PCR profile was car-
ried out by the following conditions: initial denaturation 
step was 5  min at 94 °C, subsequent 35 cycles at 94 °C 
for 30 s, 30 s at annealing temperature (Table 3), 30 s at 
72 °C and final extension cycle at 72 °C for 10 min. The 
PCR products were separated on 8% denaturing poly-
acrylamide gels and observed by silver staining. For SSR 
analysis, a band with the same mobility was considered 
to be an identical band.

Table 2  Primers used for qRT-PCR gene expression analysis during the somatic embryogenesis of Chinese chestnut

Code Gene Forward primer sequences (5′ → 3′) Reverse primer sequences (5′ → 3′) Annealing 
temperature 
(°C)

1 CmSERK TCA GTT GGA GTC ATA CAG AA TCA CTA CGA GAA TTA CAA GTTG 54
2 CmWUS GAA TGC GAA CTC CTA ATG C ACA ATG ACT AAG ACC AAG ACT 54
3 CmLEC1 GCA ACG CAA GAC TAT CAC CGA CAC TAC CGC TAC TAC 54
4 CmFUS3 AAC TAT GTC ATT CAA GCA AGAA ATC AAG CGG TGA GTC ATT 54
5 CmAGL15 TTA ACT GCT GCT CAA TGT G AGG TTG CTG TTA TTA TCT TCTC 54
6 CmABP1 CTG GTG AGC ATC ATT AAC A CCG ATT CAT AGG CAT TCC 54
7 CmTIR1 TCT CCT AAT CGT CTT GTT GT TTG GTT CTT CAC ATT GTT CAT 54
8 CmCDC48 GGC AAC CAT TCT GAA GTG CCT TGT CTC CAA TAT AAT CCAA 54
9 CmACTIN TTG ACT ATG AGC AGG AAC TT TTG TAG GTG GTC TCG TGA AT 54

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Gene sequencing

cDNA of embryogenic calli in embryo initiation medium 
and ten regenerated shoots by random selection were 
used as templates to amplify the fragments of CmSERK 
and CmWUS. Gene-specific primers were designed with 
Primer 5.0: CmSERK: 5′-GGT GTA GTT CCA GAC AAT 
G and 5′-AAC AAG TAA CCG CTC AGT , CmWUS: 5′-ATG 
GGA AGC ATG AAG GTG CATC and 5′-TCA TCT GCT TTC 
CGG ATG TAA TTG . Amplification reaction, plasmid con-
struction and sequencing analysis were identical methods 
as mentioned above. The gene sequences of CmSERK and 
CmWUS from different individuals were aligned to detect 
the base variations, respectively.

Statistical analysis

The data obtained from the somatic embryo initiation, 
development, and germination experiments were recorded 
using Excel 2013. All of the trials were conducted with at 
least three replicates. Statistical analysis were performed 
using analysis of variance (ANOVA) and expressed as the 

mean ± standard error (SE). The significant differences 
were determined at 5% level with Duncan’s multiple range 
tests using SPSS 17.0.

Results and discussion

Establishment of a somatic embryo regeneration system 
for Chinese chestnut

Initiation and maintenance of embryogenic cultures

The selection of explant tissue played a key role in the 
successful induction of somatic embryogenesis (Lincy 
et  al. 2009; Manoharan et  al. 2016). Calli from the tips 
and ovules of the immature embryo used as explants in 
Chinese chestnut occurred after 10 days. Formation of a 
dense cellular clump, referred to as the proembryogenic 
mass, was observed after 20 and 30  days of induction. 
In this culturing phase, we recorded embryogenic and 
non-embryogenic calli, as shown in Figs.  2a, b and 3a, 
b. Among the 2092 tips of immature embryos that were 

Table 3  Primers used for SSR analysis

Code Marker name Forward primer sequences (5′ → 3′) Reverse primer sequences (5′ → 3′) Annealing 
temperature 
(°C)

1 CmSI0003 TCA TCC CTG ATC CGT TCT TC TCA AAG GTG GGT CTT TGA GG 56
2 CmSI0007 AAT GTC CAT GAC CTC CAC CT CAT CAG CAG CAG GGT CAT AA 56
3 CmSI0009 CCT CAA CGC ACA CTT CTC AC CAC GGC AGG TGT CAC AGT A 56
4 CmSI0013 TTT AGC ACC CCT AAA AAC CC GGT GAG GTT CCA GAG GAT GA 56
5 CmSI0033 GAA CCA ACT GTA GTG CGT GCT GAA CCA ACT GTA GTG CGT GCT 56
6 CmSI0045 TTT GTT ACG GCT CCT CCA TC CCT TCT GCA AAT CCT TGA GC 56
7 CmSI0051 CGA TCA TAT CCC ATA CCC ACA GCG GAG ACC ACT AAG AGA CG 56
8 CmSI0069 GCA ACC GAT ACG CTA TCT CC TGA TGA TGG TCC AGC AAA AA 56
9 CmSI0249 TCT GCT TCC CAA TGC TAC AA ACA AGG AGC TCC AAG TCG AA 56
10 CmSI0550 ACG AAG ATG GAG AGA AGG CA TTT GGT TGA CAA CTG GGT CA 56
11 CmSI0561 CGT ATA GGG TGG AAA CGG AA GGA CAA GCA AAT CAC GGA AT 56
12 CmSI0569 ATG CCT TGC TTC TCA GCA TT CCA ACA ATA ATG CCC CAT TC 56
13 CmSI0574 TGG CTA CTA GGG TTT GGG TG TGA GAT CCA AAA GGC ACA AA 56
14 CmSI0603 ACT CCA TGG GAA TGA TGA GC TGT GTG TGT GTG TTT CTC TGTGA 56
15 CmSI0611 GCT GAC CCT GTC AAC AAC AA CAG AAC TAG ACA AGG ATC ACA AGA 56
16 CmSI0630 CGA TCT GCT CTC TTC CCA TC TCG TCG TCA TCC TCA TCA TC 56
17 CmSI0643 GTC GTG GTC GTG GTT CAA G TGC CCC AAA GTC TCA AAA AC 56
18 CmSI0689 TCC CAA ATG AAA TGA AAT GAAA TGA AAA TCC CTC CAT CAT CA 54
19 CmSI0702 GAA ACA CAC CAG AGA GAT GCAG TTT TAT ACA GAG ACA TAC TAT CCT ACA CAG 56
20 CmSI0704 TTC GAG CTG AAA CGG AGT CT AAA TTA CGC AAA CCC ACC AC 58
21 CmSI0707 ACT TTC TCG GCC GCT TTA TT CGA TCC AGA TCC GAA CAA CT 58
22 CmSI0725 CGC GGA AGC TCT GAA ACT AA CAT CAT AAT CTC CCT CAA CTC TCA 64
23 CmSI0763 CTC GAA CCC GGA TTT CAA C CAT TTG ATC GTT TCG GGT TT 58
24 CmSI0908 GCC CTG AAT TCC AAC TCA AA GAT AAT GCT GCT GAC GAT GG 60
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incubated, 1952 tips were induced to calli, with 910 
embryogenic callus clumps and 1042 non-embryogenic 
callus clumps, representing an embryogenic callus induc-
tion rate of 43.5%. However, among the 3257 cultured 
ovules, 1227 were induced to calli, with 919 embryo-
genic callus clumps and 308 non-embryogenic callus 
clumps, representing an embryogenic callus induction 
rate of 28.22% (Table 4). We found that the embryogenic 
callus induction rate for the tips of immature embryos 
was higher than that for the ovules for each replication. 
The embryogenic callus induction rates for the tips of 
immature embryos were relatively high between 45 and 
54  days after the first flowering (ranged from 44.01 to 
46.98%). Therefore, we selected the tips of immature 
embryos from 45 to 54  days after first flowering as the 
explants for embryogenic callus induction. Somatic 
embryos of European chestnut can be induced from leaf, 
shoot apex and zygotic embryos, while ovules were suc-
cessfully used to induce somatic embryos of American 
chestnut (Corredoira et al. 2015; Maynard et al. 2015).

In our study, we tested 16 combinations of embryo ini-
tiation medium to maintain continuous embryogenesis 
(Table  5). The results showed that callus morphologies 
observed in treatments E1-1 to E1-5 were compact, and the 
calli were milk white. The morphologies recorded in the 
E1-6 to E1-8 treatments appeared loose, with a brownish 
yellow coloration. Although the callus status of E1-9 and 
E1-10 was loose, milky white and light yellow, the brown-
ing rate was higher than in the other treatments. Not only 
was the callus browning rates of E1-13 to E1-16 particu-
larly high, their callus was brownish yellow with poor sta-
tus. The combinations consisting of 1.1 μM 6-BA and 1.8 
or 3.6 μM 2,4-D were the two best treatments (E1-11 and 
E1-12). Despite that these two treatments did not show the 
greatest proliferation rates, their browning rates were lower, 
and the appearance of their calli was appropriate, with a 
loose morphology and light yellow coloration. It was con-
sidered that 2,4-D played a crucial role on the regulation 
and balance of endogenous auxin (Li et  al. 2011). Many 
studies indicated that 2,4-D together with cytokinin was 

Fig. 2  The different developmental stages of somatic embryos 
observed using stereomicroscopy (a–f) and regenerated shoots (g–i). 
a Non-embryogenic callus; b embryogenic callus; c globular stage 

embryos; d heart stage embryo; e torpedo stage embryo; f cotyledon-
ary stage. Bar 500 μm; g–i regenerating shoots growing in germina-
tion medium. Bar 5 mm
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sufficient to initiate somatic embryogenesis in a number of 
plant species, such as Norway spruce, black alders, Ameri-
can chestnut and European chestnut (Hakman et al. 1985; 
Xing et  al. 1999; Corredoira et  al. 2003, 2015). Our data 
also showed that 2,4-D and 6-BA used together exhibited 
higher efficiency for the induction and maintenance of 
embryogenic competency in Chinese chestnut.

Development of somatic embryos

After four weeks, the embryogenic calli were transferred 
to embryo development medium (E2), the calli exhibited 
a number of somatic embryos at various developmental 
stages, including globular, heart, torpedo, and cotyle-
donary stage embryos (Fig.  2c–f). According to previ-
ous reports addressing several other plant species (Lai 
et  al. 1998; Xing et  al. 1999), increasing the sucrose 
concentration and reducing hormone levels in the induc-
tion medium can promote the development of somatic 
embryos. Thus, we tested nine growth regulator com-
binations of 2,4-D and 6-BA with a sucrose concentra-
tion of 60  g  L−1, similar to the embryo development 

medium used for American chestnut (Xing et  al. 1999). 
The results showed that the number of globular embryos 
in every treatment was almost the same. Heart stage, tor-
pedo stage, and cotyledon stage embryos were observed 
when E2-1 medium was used,  while they were rarely 
observed or not observed in all of the other treatments. A 
total of 30 globular, 2 heart, 6 torpedo, and 8 cotyledon-
ary stage embryos per gram were obtained under these 
treatment conditions without 2,4-D and 6-BA (Table 6).

In general, hormone-free medium contributed to the 
development of somatic embryos (Li et  al. 2011). This 
may be due to somatic embryos in high hormone concen-
tration conditions having tissue differentiation suppressed 
and apical meristems that develop abnormally (Halperin 
and Wetherell 1964). In the present study, it was also 
found that the complete removal of hormones from the 
E2 medium was beneficial for promoting the develop-
ment of somatic embryos, which was agreement with the 
results obtained for numerous relevant studies on somatic 
embryogenesis (Karami et al. 2007; Sugiura et al. 2008; 
Corredoira et al. 2015; Maynard et al. 2015).

Fig. 3  The different developmental stages of somatic embryos observed via scanning electron microscopy (a–f). a Non-embryogenic callus; b 
embryogenic callus; c globular embryo; d heart embryo; e torpedo embryo; f cotyledonary embryo. Bar 500 μm
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Table 4  Results of embryogenic callus induction at different sampling times

“–” means without samplings in the table

Code Sampling time 
(after first flower-
ing)

Explant types Number of 
explants 
cultured

Number of cal-
lus clumps

Number of 
embryogenic 
callus clumps

Embryogenic 
callus induction 
rate (%)

1 39 days Tips of immature embryo – – – –
Ovules 900 280 205 22.78

2 42 days Tips of immature embryo – – – –
Ovules 605 245 198 32.73

3 45 days Tips of immature embryo 398 388 187 46.98
Ovules 540 210 165 30.56

4 48 days Tips of immature embryo 337 316 156 46.29
Ovules 267 71 50 18.73

5 51 days Tips of immature embryo 359 299 158 44.01
Ovules 450 210 156 34.67

6 54 days Tips of immature embryo 420 391 191 45.48
Ovules 495 211 145 29.29

7 57 days Tips of immature embryo 352 333 125 35.51
Ovules – – – –

8 60 days Tips of immature embryo 226 225 93 41.15
Ovules – – – –

Total Tips of immature embryo 2092 1952 910 43.50
Ovules 3257 1227 919 28.22

Table 5  Results of combined treatments with 6-BA and 2,4-D in E1 medium based on the factorial treatment of Chinese chestnut

a Proliferation rates are the ratios of the final callus weight to the original callus weight after 45 days of culture in E1 medium

Treatment 6-BA (μM) 2,4-D (μM) Browning rate (%) Proliferation  ratesa 
after 45 days in 
culture

Callus status

E1-1 0 0 30.00 ± 0.10 17.61 ± 5.95 Compact, milky white
E1-2 0 0.9 28.33 ± 0.13 18.29 ± 2.12 Compact, milky white
E1-3 0 1.8 30.00 ± 0.05 24.75 ± 1.95 Compact, milky white
E1-4 0 3.6 45.00 ± 0.05 13.96 ± 5.80 Compact, milky white
E1-5 0.55 0 15.00 ± 0.08 12.77 ± 6.06 Compact, milky white
E1-6 0.55 0.9 41.67 ± 0.08 14.75 ± 8.64 Compact, milky white, light yellow and brownish yellow
E1-7 0.55 1.8 48.33 ± 0.08 12.52 ± 2.85 Loose, milky white, light yellow and brownish yellow
E1-8 0.55 3.6 45.00 ± 0.37 13.93 ± 3.90 Loose, milky white, light yellow and brownish yellow
E1-9 1.1 0 40.00 ± 0.18 14.19 ± 5.45 Loose, milky white and light yellow
E1-10 1.1 0.9 40.00 ± 0.10 15.27 ± 1.55 Loose, milky white and light yellow
E1-11 1.1 1.8 26.67 ± 0.38 18.62 ± 1.49 Loose, milky white and light yellow
E1-12 1.1 3.6 31.67 ± 0.10 15.34 ± 0.62 Loose, milky white and light yellow
E1-13 2.2 0 60.0 ± 0.23 19.75 ± 3.18 Loose, light yellow and brownish yellow
E1-14 2.2 0.9 35.00 ± 0.09 19.16 ± 6.77 Loose, light yellow and brownish yellow
E1-15 2.2 1.8 65.00 ± 0.26 17.54 ± 3.22 Loose, light yellow and brownish yellow
E1-16 2.2 3.6 48.33 ± 0.19 11.69 ± 5.21 Loose, light yellow and brownish yellow
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Maturation of somatic embryos

Once the embryos reached the cotyledonary stage in E2 
medium after 3–4 weeks, they were transferred to embryo 
maturation medium (E3 medium). The cotyledon embryos 
were matured in E3 medium for 2–4  weeks, and during 
this time, they became white and non-transparent (Fig. 2f), 
rather than light yellow and transparent. In our study, 
0.5 μM NAA and 0.5 μM 6-BA were applied to the matura-
tion of somatic embryos at the same level used for Ameri-
can chestnut (Xing et  al. 1999). Combined with above 
development results of the somatic embryos, it indicated 
that the development and maturation of somatic embryos of 
Chinese chestnut had two different stages, similar to Amer-
ican chestnut, whereas these two stages of European chest-
nut somatic embryos were integrated together (Corredoira 
et al. 2015).

Germination of mature embryos

To germinate somatic embryos, the effects of different con-
centrations of IBA, 6-BA and NAA in the embryo germina-
tion medium (E4 medium) were examined. Somatic embryo 

germination was observed when the matured embryos were 
transferred to E4 medium for at least 8 weeks. The matured 
embryos turned from white to green after treatment under 
a 16-h photoperiod for 2  weeks. Germinated shoots and 
roots in Chinese chestnut were evaluated with references 
to American chestnut and European chestnut (Xing et  al. 
1999; Corredoira et  al. 2003). Performing embryo germi-
nation in E4-2 with 0.5 μM 6-BA, and 0.5 μM NAA or in 
E4-5 with 0.5  μM 6-BA, 0.5  μM IBA and 1.0  μM NAA 
resulted in shoot regeneration. The results showed that the 
shoot conversion rate was higher in E4-2 (2.1%) than E4-5 
(1.1%) after 8 weeks (Table 7). However, we did not obtain 
any regenerated shoots with the other E4 treatments. Addi-
tionally, germinated roots were also observed after 8 weeks 
of culture. The root conversion rate of E4-2 (13.6%) was 
significantly higher than that of other treatments (Table 7).

Germination difficulty of the embryos was a main limi-
tation during somatic embryogenesis regeneration, and 
germination rates vary considerably in many plant spe-
cies (Xing et  al. 1999; Odutayo et  al. 2005; Sezgin and 
Dumanoğlu 2014; Manoharan et  al. 2016). Some spe-
cies expressed relatively high germination rates (>50%), 
such as Pinus densiflora, Lilium ledebourii and Turkish 

Table 6  Results of the 
combined treatments with 
6-BA and 2,4-D in embryo 
development medium in 
Chinese chestnut

Treatment 6-BA (μM) 2,4-D (μM) Number of 
globular 
embryos

Number 
of heart 
embryos

Number of tor-
pedo embryos

Number of 
cotyledonary 
embryos

E2-1 0 0 30 2 6 8
E2-2 0 0.45 28 1 2 0
E2-3 0 0.9 27 0 0 0
E2-4 0.275 0 25 0 3 0
E2-5 0.275 0.45 25 0 2 2
E2-6 0.275 0.9 28 0 0 0
E2-7 0.55 0 28 0 0 0
E2-8 0.55 0.45 26 0 0 0
E2-9 0.55 0.9 27 0 0 0

Table 7  Results of combined 
treatment with IBA, 6-BA and 
NAA in embryo germination 
medium in Chinese chestnut 
(p = 0.05)

Different lowercase letters indicate significant differences between treatments

Treatment IBA (μM) 6-BA (μM) NAA (μM) % of germi-
nated shoots

% of germinated roots

E4-1 0 0 0 0.0 ± 0.0 c 7.5 ± 1.6 bc
E4-2 0 0.5 0.5 2.1 ± 0.6 a 13.6 ± 1.8 a
E4-3 0 1.0 1.0 0.0 ± 0.0 c 5.4 ± 1.8 bcde
E4-4 0.5 0 0.5 0.0 ± 0.0 c 6.0 ± 2.8 bcd
E4-5 0.5 0.5 1.0 1.1 ± 0.3 b 8.6 ± 1.7 b
E4-6 0.5 1.0 0 0.0 ± 0.0 c 2.0 ± 1.8 e
E4-7 1.0 0 1.0 0.0 ± 0.0 c 4.0 ± 3.4 cde
E4-8 1.0 0.5 0 0.0 ± 0.0 c 4.1 ± 1.5 cde
E4-9 1.0 1.0 0.5 0.0 ± 0.0 c 3.3 ± 0.1 de
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Crocus species (Bakhshaie et  al. 2010; Kim and Moon 
2014; Verma et  al. 2016). However the germination rates 
of other genotypes like American chestnut (3.3%), Euro-
pean chestnut (27.5%), as well as Chinese chestnuts, as 
seen from the result in this study (2.1%) were rather low 
(Xing et al. 1999; Sezgin and Dumanoğlu 2014). This may 
be due to different hormone ratios and genotypes resulting 
in the changes of regeneration rates (Verma et al. 2016). In 
addition, germinated shoots or roots were obtained from 
somatic embryos of Chinese chestnut, but whole plantlets 
directly conversed by somatic embryos was not observed. 
Possibly it was that the somatic embryos were not suf-
ficiently mature or that the dormancy was not completely 
broken, leading to shoots and roots not being capable to 
develop synchronously (Merkle et  al. 1995). Considering 
the relatively low regeneration rates of Chinese chestnut, 
the regeneration system needs to be optimized in the future.

Protocol for somatic embryo regeneration system 
in Chinese chestnut

According to the results of the above analysis, we devel-
oped a protocol for somatic embryo initiation, develop-
ment, maturation, and germination. A summary of the 

procedure is shown in Fig.  4. Briefly, explants were cul-
tured in E1 medium for approximately 2  months. Dur-
ing this time, both embryogenic and non-embryogenic 
calli were observed (Figs.  2, 3). The embryogenic calli 
were transferred to E2 medium, and after 7 days, globular 
embryos emerged (Figs. 2c, 3c). After another 1–3 weeks 
in development medium, the typical morphological stages 
of somatic embryos, such as the heart stage, the torpedo 
stage, and the cotyledonary stage, were also observed 
(Figs. 2d–f, 3d–f). Subsequently, the somatic embryos were 
transferred to E3 medium for 3 or 4 weeks and developed 
into mature embryos. Finally, the mature embryos were 
transferred to E4 medium for at least 8  weeks for further 
germination. We observed regenerated shoots (Fig.  2g–i) 
growing in the germination medium after 2 months.

The developmental stage of somatic embryo regenera-
tion differs in various species. Among Castanea species, 
Chinese chestnut and American chestnut (Xing et al. 1999; 
Maynard et al. 2015) both exhibit four stages including ini-
tiation, development, maturation, and germination, while 
European chestnut has three stages involved in induction, 
maturation, and germination (Corredoira et  al. 2015). 
For other woody plants, such as Dimocarpus longan, the 
somatic embryo regeneration system consisted of three 

Fig. 4  Flowchart for the 
somatic embryo regeneration 
system for Chinese chestnut
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stages: induction, maturation, and regeneration (Lai et  al. 
1998), while that of Carya cathayensis only required two 
stages: induction and regeneration (Zhang et al. 2011).

Morphological characteristics of somatic embryos

Embryogenic calli and non-embryogenic calli were 
obtained through induction of the tips of immature 
embryos. The non-embryogenic calli were white in color 
in both the induction and differentiation media (Fig.  2a). 
Using SEM, the non-embryogenic calli (Fig.  3a) was 
found to be more compact and irregular in shape than the 
embryogenic calli (Figs.  2b, 3b). The embryogenic calli 
underwent significant changes in induction and differentia-
tion media. In the induction medium, they appeared to be 
yellow and granular (Fig. 2b) and contained many embry-
onic cells as well as embryonic cell groups and globular 
embryos. The SEM results showed that the surfaces of the 
embryogenic calli contained many tightly packed globular 
embryos (Fig.  3b). Embryogenic competence remained 
under E1 medium treatment. Various developmental stages 
of embryos, including the globular stage, heart stage, tor-
pedo stage and cotyledonary stage, were also observed 
(Figs. 2c–f, 3c–f) in E2 and E3 media.

Assessment of somaclonal variation

SSR markers were successfully used to detect somaclonal 
variations in many plants (Smýkal et al. 2007; Pandey et al. 
2012). In our study, SSR technology was also applied to 
examine the genetic variation during the germination pro-
cess of somatic embryos in Chinese chestnut. The results 
showed that the size of amplified DNA fragments pro-
duced by 24 pairs of primers ranged from 100 bp to 500 bp. 
Twenty-four pairs of primers generated 45 bands with an 
average of 1.8 bands per primer. The amplified profiles 
generated among embryogenic calli and ten shoots were 
completely uniform, indicating a high level of genetic fidel-
ity (additionally data are given in Online Resource 1).

The sequences of CmSERK or CmWUS gene fragments 
among embryogenic calli and ten individually regenerated 
shoots were amplified, and the results showed that these 
sequences were identical. It indicated that base mutations 
in these two genes did not occur during the germination 
process of somatic embryos in Chinese chestnut (addition-
ally data are given in Online Resource 2, 3).

In the present study, somaclonal variation based on 
molecular analysis was not found in Chinese chestnut, 
which was consistent with the results reported for pea and 
bamboo (Smýkal et al. 2007; Singh et al. 2013). However, 
it did not mean that any mutation of the somatic embryo 
regeneration system in Chinese chestnut did not occur. 
Many studies indicated that somaclonal variation occurred 

during plant regeneration, such as coffee and sugarcane 
(Landey et al. 2015; Thorat et al. 2017). No variations were 
observed during somatic embryogenesis and regeneration 
in Chinese chestnut, which may be due to a very limited 
population detected or that the loci identified of genetic 
fidelity were not sufficient, as only 24 pairs of SSR primers 
and two gene fragment sequences were identified. However, 
the results based on current data showed that this regenera-
tion system was with high genetic fidelity, and regenerated 
shoots had identical genetic backgrounds. We can draw a 
careful conclusion that this somatic embryo regeneration 
system in Chinese chestnut is reliable, and suitable for fur-
ther genetic manipulation.

Expression analysis of somatic embryogenesis-related 
genes in Chinese chestnut

Identification and cluster analysis of embryogenesis-related 
genes

Coding fragments of eight embryogenesis-related genes 
related to morphogenesis, cell signalization, cell prolif-
eration and auxins  were detected, including the Somatic 
Embryogenesis Receptor-like Kinase gene (CmSERK), 
the WUSCHEL gene (CmWUS), the Leafy Cotyledon 
1 gene (CmLEC1), the FUSCA3 gene (CmFUS3), the 
AGAMOUS-Like15 (CmAGL15), the Auxin Binding Pro-
tein 1 gene (CmABP1), the Transport Inhibitor Response 
1 gene (CmTIR1), and the Cell Division Cycle 48 gene 
(CmCDC48).

The fragments of the eight embryogenesis-related 
genes of Chinese chestnut showed high similarity to genes 
of other  species such as Citrus sinensis, Populus tomen-
tosa, and Theobroma cacao (Table  8). For instance, the 
CmSERK gene shared a high degree of sequence similarity 
with C. sinensis (88%, NM_001288871.1) and Rosa canina 
(88%, HM802242.1). The CmWUS gene showed the high-
est similarity to P. tomentosa WOX4b (82%, KF982704.1) 
and T. cacao (83%, XM_007017115.2). The results of phy-
logenetic trees showed that CmSERK, CmLEC1, CmWUS, 
CmABP1, CmAGL15, CmFUS3, CmTIR1 and CmCDC48 
presented the closest genetic relationships with McSERK, 
PtWOX4b, BoLEC1, BnABP1, CiMADS9, RcFUS3, 
MtTIR1 and DhCDC48, respectively (additionally data are 
given in Online Resource 4a-h).

Expression of embryogenesis-related genes during somatic 
embryogenesis process

The relative expression levels of the CmSERK, CmLEC1, 
CmWUS, CmABP1, CmAGL15, CmFUS3, CmTIR1, and 
CmCDC48 genes during embryogenesis were analyzed 
via quantitative real-time RT-PCR (qRT-PCR). Because 
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expression of CmTIR1 and CmCDC48 was not detected at 
all stages of somatic embryogenesis, subsequent analysis 
did not include these two genes.

Expression profiles of CmSERK showed higher expres-
sion in all five somatic stages than in non-embryogenic 
stage (Fig. 5a). CmSERK expression reached a peak in EC 
stage and then decreased gradually, while increased expres-
sion of LdSERK in Larix decidua was observed (Rupps 
et  al. 2016). The expression levels of CmSERK were 
detected in embryogenic and non-embryogenic calli, which 
was similar to the results reported for L. decidua, Secale 
cereale, as well as Medicago truncatula (Nolan et  al. 
2003; Gurszczyńska and; Rakoczy-Trojanowska 2011; 
Rupps et  al. 2016). As a specific marker of embryogenic 
cells (Schmidt et al. 1997), combined with a high expres-
sion level at an early stage of this study, we propose that 
CmSERK plays a crucial role in the initiation of embryo-
genesis in Chinese chestnut.

In Fig. 5b, CmWUS was found to highly express in the 
early stage (EC), but maintain a rather low expression 
level at the middle and late stages of somatic embryogen-
esis. The expression pattern of CmWUS during embryo-
genesis was in agreement with that of orthologous genes 
in Coffea canephora and L. decidua (Nic-Can et al. 2013; 
Rupps et al. 2016). The WUS gene contributed to promot-
ing the transformation of somatic cells into embryogenic 
cells and the maintenance of embryogenesis, and might 
be considered as a putative embryo marker to predict the 

embryogenic potential (Zuo et  al. 2002; Klimaszewska 
et al. 2011). Therefore, taken with the high expression dur-
ing the early stage, it is believed that the role of CmWUS 
is to perform a function of maintaining competency of 
embryogenesis.

In our study, CmLEC1 expressed in all stages of embry-
ogenesis and reached its maximum at the early stage (EC). 
Subsequently, CmLEC1 gene expression declined remark-
ably, and kept stable at the H, T and C stages (Fig.  5c). 
The CmLEC1 gene showed very low transcript at the NEC 
stage. Similar results were also obtained for D. longan and 
L. decidua (Cai 2011; Rupps et  al. 2016) indicating that 
LEC1 mainly accumulated during early embryogenesis. 
Because the LEC1 gene was crucial for somatic embryo-
genic induction, LEC1 was also considered as a somatic 
embryogenesis marker gene (Gaj et al. 2005; Rupps et al. 
2016). Based on the high expression in the early stage 
embryos, the role of CmLEC1 was inferred as an important 
regulating marker gene during Chinese chestnut embryo-
genesis. Previous studies demonstrated that the expression 
of FUS3 was activated by LEC1 transcription factor and 
its role was to control embryo mature genes (Braybrook 
and Harada 2008). In the present study, the expression of 
CmFUS3 was detected in all stages of embryogenesis and 
it achieved a higher level compared to NEC stage (Fig. 5d).

Former studies have shown that ABP1 was involved in 
the cell cycle and cell proliferation (Li et al. 2012). It was 
found that CmABP1 was expressed at a higher level at the 

Table 8  Sequence similarity 
of eight embryogenesis-related 
genes of Chinese chestnut with 
other plants

Gene Fragment 
size (bp)

Orthologous genes from other plants Identity (%) Query 
cover (%)

E value

CmSERK 1001 Citrus sinensis SERK 88 100 0.0
Rosa canina SERK1 88 100 0.0
Momordica charantia SERK 85 100 0.0

CmWUS 660 Theobroma cacao WOX4 83 100 7e-164
Vitis vinifera WOX4 83 100 7e-159
Populus tomentosa WOX4b 82 100 7e-149

CmLEC1 601 Bixa orellana LEC1 87 51 4e-91
Theobroma cacao LEC1 84 71 5e-110
Kalanchoe daigremontiana LEC1 83 42 1e-66

CmFUS3 933 Theobroma cacao FUS3 78 82 4e-118
Prunus mume FUS3 77 79 2e-105

CmAGL15 547 Carya illinoinensis MADS9 86 92 6e-149
Pera bumeliifolia AGL15 79 90 8e-88

CmABP1 406 Boehmeria nivea ABP1 83 90 2e-88
Malus domestica ABP1 82 91 1e-84
Populus tomentosa ABP1 82 85 2e-77

CmTIR1 950 Dimocarpus longan TIR1 80 99 3e-177
Medicago truncatula TIR1 78 99 3e-167

CmCDC48 953 Morus notabilis CDC48 86 99 0.0
Vitis vinifera CDC48 88 94 0.0
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early stage than the other stages because the cells prolif-
erated rapidly at this stage (Fig. 5e). The results showed 
that CmAGL15 exhibited higher expression at the early 
stage, while it decreased significantly after the EC stage 
(Fig.  5f). The AGL15 gene was preferentially expressed 
during the early stage of somatic embryogenesis (Wang 
et  al. 2002), which was similar to our data. Although 
some gene expression results related to embryogenesis of 
Chinese chestnut have been obtained, further studies are 
required to precisely identify their function.

In summary, CmSERK, CmLEC1, CmWUS and 
CmAGL15 showed a high level of expression in early 
embryonic stages. Moreover, these embryogenesis-
related genes, except for CmWUS, presented relatively 
high expression levels at most of the middle and late 
stages during embryogenesis. Our results indicated that 
the CmSERK and CmLEC1 genes were marker genes of 
the early developmental stage associated with initiation 
of embryogenesis.
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Fig. 5  Expression analysis of 
somatic embryogenesis-related 
genes during the develop-
ment of Chinese chestnut. 
a–f The relative expression 
of the CmSERK (a), CmWUS 
(b), CmLEC1 (c), CmFUS3 
(d), CmABP1 (e) and CmAGL15 
(f) genes during embryogenesis 
was analyzed through quantita-
tive real-time RT-PCR. Values 
represent the means ± SE (n = 3)
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