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Abstract
Globular androgenic haploid embryos of TV21 and TV19 cultivars of Camellia ssp., obtained on embryo induction medium 
(EIM), Murashige and Skoog medium with 10 µM 6-benzylaminopurine (BAP), 3 µM gibberellic acid (GA3), 800 mg l−1 
L-glutamine and 200 mg l−1 L-serine, were pretreated with 18 µM abscisic acid (ABA) and 25 g l−1 mannitol for 20 days in 
liquid medium to attain maturation. The pre-treatment favoured the primary globular embryos to grow and pass through all 
the developmental stages from globular, heart-shape, torpedo shape to fully matured docotyledonous embryos. Fivefold and 
threefold increase in secondary embryogenesis (SE) was attained in Camellia assamica ssp. assamica (TV21; Assam Type) 
and Camellia assamica ssp. lasiocaylx (TV19; Cambod Type), respectively, when pre-treated primary embryos were trans-
ferred to the liquid embryo development (ED) medium, supplemented with tenfold reduced concentration of growth regulators 
that were present in EIM. Embryos were germinated well on 10 µM BAP, 0.5 µM GA3, 1 µM indole-3-butyric acid (IBA), 
80 mg l−1 L-glutamine and 20 mgl−1 L-serine, following liquid-to-semi-solid transition method. Well developed shoots and 
roots were formed when embryos were initially kept for four weeks in liquid germination medium, followed by their transfer 
to semi-solid medium on similar medium composition. The method promoted recurrent secondary embryogenesis in lesser 
time with highest germination rate, 66.6% and 30.3% in TV21 and TV19 cultivars, respectively. Histology and field emis-
sion scanning electron microscopy (FESEM) were performed to determine ontological events during embryo development. 
Clonal fidelity of haploid plantlets was assessed using random amplified polymorphic DNA (RAPD) to ensure no somaclonal 
variations occurred during the multistep process of secondary embryogenesis, embryo maturation and germination.

Key message 
A two-step transition protocol from liquid-semi-solid medium is beneficial for embryos to overcome hyperhydricity. Second-
ary embryogenesis is the best mode to obtain genetically uniform true-to-type haploid plantlets.

Keywords  Recurrent secondary embryogenesis · ABA · Two-step-protocol · FESEM · Histology · RAPD

Abbreviations
ABA	� Abscisic acid
BAP	� 6-Benzylaminopurine
GA3	� Gibberellic acid
IBA	� Indol-3-butyric acid

MS	� Murashige and Skoog (1962) medium
NAA	� 1-Naphthaleneacetic acid
PEG	� Polyethylene glycol
TV	� Tocklai vegetative

Introduction

Camellia sinensis (L.) commonly known as tea, is a member 
of Theacea family. It is a commercially cultivated bever-
age crop with potential therapeutic applications (Mondal 
et al. 2004; Chan et al. 2007). Even though its a tree crop 
with huge economic significance, varietal improvement in 
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tea is hampered due to its inborn traits, like intense cross-
pollination and long juvenile phase (Mukhopadhyay et al. 
2016; Mishra et al. 2017). Predominant cross pollination 
coupled with frequent spontaneous hybridization causing 
continuous variation in the genus Camellia has resulted in 
highly heterogeneous hybrid plants constituting more than 
325 species and 600 different genotypes cultivated globally 
(Mondal et al. 2004; Orel and Wilson 2012). However, the 
most admissible explanation classifies cultivable tea taxa 
into three natural hybrids: C. assamica (Masters) or Assam 
type, with the largest leaf size, followed by C. assamica sub 
ssp. lasiocalyx (Planchon ex Watt.), or Cambod tea with 
intermediate size of leaves and C. sinensis (L.) O. Kuntze 
or China type with the smallest sized leaves (Mondal et al. 
2004; Mondal 2014). The natural tea hybrids are known 
based on their close morphological proximity to either of 
these three taxa. Conventional propagation of tea by seed 
propagation and vegetative cuttings have been practiced for 
years to obtain genetically stable tea plantations. But, these 
methods are impeded due to the long reproductive cycle, 
seed-borne variability and poor survivability of the cuttings 
(Mondal et al. 2004). Further, various diseases and abiotic 
stress conditions have caused a significant decline in tea pro-
duction within the last 40 years (Sivapalan and Jain 1999; 
Akula and Dodd 1998). Thus, it becomes extremely difficult 
to fulfill the global requirement of elite tea clones using con-
ventional methods of propagation. Furthermore, none of the 
conventional methods are able to overcome the long existing 
heterozygosity in the Camellia ssp.

In vitro embryogenesis obtained either directly on an 
explant or indirectly via an intervening callus phase, is con-
sidered to be the most efficient micropropagation protocols 
for large-scale production of genetically uniform plantlets in 
difficult-to-propagate plants (Jain and Newton 1990; Bano 
et al. 1991). Embryogenesis offers several advantages over 
an organogenic system, such as single-cell origin render-
ing high genetic fidelity, resemblance to zygotic embryos 
facilitating the study of developmental and regulatory 
embryogenic pathways and genetic transformation study 
(Zimmerman 1993). Additionally, the bipolar germination 
of embryos reduces the cost incurred on rooting of micro 
shoots by favouring complete plantlet development in a sin-
gle step (Bhojwani and Razdan 1996). High regeneration 
ability with independent origin makes embryos an excel-
lent explant for genetic transformation studies (Zimmerman 
1993; Guan et al. 2016). Recurrent secondary embryogen-
esis involves development of multiple fresh embryos on 
top of the pre-existing primary embryos; and this system 
is highly beneficial for woody tree species, because it can 
restore the embryogenic competence of in vitro cultures for 
years through repeated cycles ensuring high genetic uni-
formity (Nair and Gupta 2006; Shi et al. 2010; Martinez 
et al. 2015). Recurrent secondary embryogenesis in liquid 

medium is advantageous over semi-solid medium provid-
ing faster growth, more synchronous development, and easy 
automation (Burns and Wetzstein 1997; Guan et al. 2016). 
Although, a highly proficient method for plant regenera-
tion, attaining embryogenesis is crucial and is governed by 
various factors, such as genotype, age of explant, disease-
free explant as well as the medium combination and growth 
regulators (Pais 2019). Successful plantlet regeneration via 
somatic embryogenesis has been achieved in tea using vari-
ous explants (Paratasilpin 1990; Jha et al. 1992; Kato 1996; 
Ponsamuel et al. 1996; Akula and Akula 1999; Mondal et al. 
2002; Sharma et al. 2004 and Seran et al. 2006; Suganthi 
et al. 2012).

Despite all these reports on in vitro plant regeneration in 
tea, the major problem on genetic variation remains persis-
tent since the initial explants to raise in vitro cultures were 
taken from somatic tissues of field grown natural hybrids 
(parent plant) and, consequently have diluted the quality of 
the product. Owing to long reproductive cycle and extereme 
hetrozygosity due to outbreeding nature of tea, the pure 
breeding lines can only be achieved by developing haploid 
plants in vitro using gametic tissues and then diploidiza-
tion of these haploids. Our laboratory was the first to report 
successful embryogenesis from gametic explants to raise 
haploids (Mishra et al. 2017). The present investigation is 
the extension of that work and involves recurrent secondary 
embryogenesis from the gametic embryos obtained in two 
cultivars of tea, Camellia assamica ssp. lasiocalyx (TV19) 
and Camellia assamica ssp. assamica (TV21).

Tea has a high potential for developing secondary 
embryos. But, the phenomenon was not highlighted till 
Akula et al. (2000b) reported regeneration via recurrent sec-
ondary embryogenesis in TRI 2025 clone using temporary 
immersion system. Recurrent secondary embryogenesis is 
beneficial as it yields unrestricted induction of secondary 
embryos. Modified MS medium with reduced concentra-
tion of nitrate, sulfate and ammonium salts, and addition of 
L-glutamine in the medium was recommended for enhanced 
secondary embryogenesis (Mondal et al. 2002). Effect of 
ABA in combination with osmoticum, like polyethylene 
glycol (PEG-400), mannitol and betaine, on inducing direct 
embryo regeneration and maturation has been reported in 
Camellia sinensis L (Akula et al. 2000a; Ozudogru et al. 
2004) and UPASI tea (Suganthi et al. 2012). ABA facilitates 
the accumulation of food reserves (proteins, lipids, and car-
bohydrates) in embryos, prevents precocious germination 
and, thereby promoting normal germination of embryos. 
Its role in enhanced embryo production and embryo matu-
ration has been reported in many plant species (Guttman 
et al. 1996; Langhansova et al. 2004). Osmoticum, on the 
other hand, creates desiccation like condition and stimulates 
embryogenesis (Ozudogru et al. 2004). Although there are 
a few reports on somatic embryogenesis in tea, none of the 



129Plant Cell, Tissue and Organ Culture (PCTOC) (2021) 145:127–141	

1 3

existing literature reveals recurrent haploid embryogenesis 
in tea using a combination of ABA and osmoticum in the 
liquid culture medium.

The present study aims at enhanced secondary embry-
ogenesis and efficient germination of haploid embryos of 
TV21 and TV19 cultivars of tea. A two-step sequential 
protocol, involving semi-solid and liquid medium transition 
under the combined influence of ABA and osmoticum, has 
been optimized. The objective of this present research was 
to establish a faster method for large-scale production of 
haploid plants by recurrent gametic embryogenesis in liq-
uid medium. Enhanced haploid embryogenesis will serve as 
potential and continuous explant source for diploidization, 
and, thereby, facilitating the production of genetically stable 
homozygous lines in tea. Additionally, it could be a source 
for easy automation and multiplication of elite clones of tea 
to fulfill the globally rising demand for high quality planting 
materials of tea.

Materials and methods

Embryo induction, maturation, development 
and recurrent secondary embryogenesis

The in vitro haploid embryos of the two cultivars Camel-
lia assamica ssp. assamica (TV21) and Camellia assamica 
ssp. lasiocaylx (TV19) of tea were routinely induced from 
callus, obtained within anther locules bearing uni-nucleate 
microspores (Mishra et al. 2017). Briefly, the nodulated calli 
from multiplication medium were cultured for 10 weeks on 
semi-solid MS (Murashige and Skoog 1962) medium sup-
plemented with BAP, GA3, L-glutamine and L-serine to 
induce embryogenesis. Individual globular stage embryos 
from the embryo induction medium were pre-treated on liq-
uid MS medium consisting of abscisic acid (ABA), alone or 
in combination with any one of the three osmotica, PEG-
400, glycine betaine or mannitol for 20 days to pass the 
embryos through maturation phase. The embryos in liquid 
medium were incubated in an incubator shaker and agitated 
at 120 rpm at 25 ± 2 °C with 16 h photoperiod irradiance 
100–200 μmol m−2 s−1. After pre-treatment, the embryos 
were transferred to the embryo development medium, MS 
fortified with tenfold reduced concentration of BAP, GA3, 
L-glutamine and L-serine in both liquid and semi-solid state. 
MS medium in combination of different growth regulators 
and other adjuvants was used throughout the study. Medium 
was supplemented with 3% sucrose unless mentioned differ-
ently. The pH of the medium was maintained at 5.8 using 
1 N HCl and 1 N NaOH. The medium was sterilized by 
autoclaving at 121 °C for 20 min at 100 kPa. All the cultures 
were kept in culture room conditions at 25 ± 2 °C tempera-
ture with 50–60% relative humidity and 16 h photoperiod 

of irradiance 100–200 μmol m−2 s−1 provided by cool day-
light fluorescent tubes (Philips TL 40 W, Philips, New Delhi, 
India).

Effect of carbohydrate source on secondary 
embryogenesis

Two carbohydrate sources, glucose and sucrose in range of 
1% to 3% concentrations were added in the liquid embryo 
development medium, MS consisting of BAP, GA3, L-glu-
tamine and L-serine, to determine its effect on rate of sec-
ondary embryogenesis. The embryos from the embryo 
development medium were further transferred to the liquid 
germination medium. All the cultures were incubated in an 
incubator shaker and agitated at 120 rpm at 25 ± 2 °C and 
with 16 h photoperiod. All experiments were repeated three 
independent times, each with 50 replicates and data were 
analyzed statistically.

Embryo germination and plantlet development

Cluster of fully developed mature haploid embryos from the 
liquid embryo development medium were transferred to the 
germination medium, MS supplemented with BAP, GA3, 
IBA, L-glutamine and L-serine, in both liquid and semi-
solid state for 4 weeks. Cultures were monitored regularly, 
and the germination % in each physical state was deter-
mined. The plantlets were eventually transfered to the pot-
ting mixtures and maintained under greenhouse conditions 
for 8 weeks with controlled temperature and humidity for 
acclimatization.

Histology and field emission scanning electron 
microscopic (FESEM) analysis

Histology and FESEM analysis were performed to study ana-
tomical and morphological growth of embryos and to deter-
mine if any abnormality was induced with change in physical 
state of medium. For histological analysis, the embryos were 
fixed in FAA (5:5:90 v/v/v formaldehyde: acetic acid: 70% 
ethanol) for 48 h, followed by storage in 70% alcohol until 
use. Sample preparation involved dehydration of the preserved 
material by passing it through the series of tertiary-butyl-alco-
hol (TBA). After dehydration, the sample was infiltrated with 
paraffin wax (melting point 60 °C, Merck, Germany) and, 
eventually embedded in pure paraffin wax. Paraffin blocks 
were prepared and mounted on top of the wooden stubs. 
The 10 μm-thick sections were made using a manual rotary 
microtome (Leica, Germany) equipped with a stainless steel 
knife. Series of sections obtained were mounted on slides, 
dewaxed with xylene and double-stained with safranin (1%) 
and astrablue (1%). The sections were photographed (× 20) 
using a Nikon light microscope.
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The morphology of the embryos in suspension culture 
was examined through FESEM analysis. Samples were 
fixed in 2.5% glutaraldehyde solution for 24 h, followed by 
dehydration with a graded alcohol series (30%, 50%, 70%, 
90%, and pure alcohol). After passing through the dehydra-
tion series, samples were dried to remove any trace of water 
by vacuum drying in desiccators. The dried samples were 
eventually sputter-coated with gold and observed under an 
FESEM (Carl Zeiss, Germany).

Ploidy determination

Flow cytometric analysis

Fresh, young leaves from the germinating embryos of 
TV21 and TV19 cultivars, as well as the leaves from field 
grown parent plants (control) were utilized for flow cyto-
metric analysis. The collected leaves (~ 50 mg) were finely 
chopped in 1 ml of woody plant buffer in 90 mm petri dish 
(Borosil, India) kept on ice. Composition of the buffer used 
in the experiment is adopted from the established protocol 
of Loureiro et al. (2007) with little modification. A nuclear 
suspension was prepared by chopping each of the leaf sam-
ples with the help of a scalpel in the buffer and was filtered 
through 30 µm nylon net filter (Merck Millipore, Ireland). 
After this, 50 µg/ml propidium iodide (PI; Fluka) and 50 µg/
ml RNase A (Sigma, India) was added to the filtered sus-
pension. The suspension was incubated for 15–20 min in 
the dark and eventually analyzed using BD accurie C6 flow 
cytometer (Beckton–Dickinson, USA), equipped with an 
argon laser (15 mV) at 488 nm and encompassing emissions 
range greater than 590 nm (Mishra et al. 2017).

Chromosome count

Actively growing, 0.5 cm—1 cm long root-tips from in vitro 
developed haploid as well as from field-grown parent plants 
(control) of the two cultivars, TV21 and TV19, of tea were 
excised between 10 AM to 10:30 AM. After washing the 
excised root-tip samples with distilled water, the materials 
were pre-treated with 0.02% 8-hydroxyquinoline for 4 h at 
4 °C. This was followed by fixation in modified Carnoy’s 
fluid containing absolute alcohol: chloroform: methanol: 
glacial acetic acid (7:3:3:1 v/v/v/v) for 48 h at 4 °C. After 
that, the root-tips were stored until use in 70% ethanol 
(Chaturvedi et al. 2003). For chromosomal count, excised 
root-tips were placed in 3 N HCl for hydrolysis at 60 ºC for 
15 min, followed by washing and drying on filter paper. The 
dried root-tips were placed in a leucobasic-fuschin solution 
(Hi-media, India) for 45 min at room temperature (Lamo and 
Rao 2016). The root-tips were washed and finally squashed 
in 2% aceto-carmine (Sigma, India). The number of chro-
mosomes per cell in the root-tip squash preparations were 

counted under the × 100 objective lens of a Zeiss photomi-
croscope (Carl Zeiss, Germany).

Clonal fidelity assessment

Genomic DNA extraction

The young leaf samples from in vitro haploid shoots as 
well as the leaves from the parental heterozygous (in vivo) 
mother plants of both TV21 and TV19 cultivars were uti-
lized. The leaves were collected in zip lock bags and stored 
overnight at − 80 °C, followed by lyophilization in freeze 
dryer alfa 1–4 model (Chaist Osterode am Harz, Germany). 
The lyophilized leaf material (400 mg) was finely grounded 
in sterilized mortar and pestle with the addition of silica 
powder (SRL, India) and immediately transferred to the pre-
heated extraction buffer incubated at 60 °C in the hot water 
bath (Julabo, Germany) with gentle shaking at 10 min inter-
val for 1 h. DNA isolation was performed using the CTAB 
(Cetyl trimethyl ammonium bromide) protocol (Doyle 
and Doyle 1990). The composition of the buffer used was 
adopted from (Bhau et al. 2015) with slight modification; 
(2.5% CTAB, 3% PVP-4000, 2 M NaCl, 20 mM EDTA, 
100 mM Tris–HCl, 0.2% β-Mercaptoethanol; pH 8.0). All 
the components of the buffer were procured from (Himedia, 
India). Concentration and purity of the DNA were deter-
mined using bio-spectrophotometer (Eppendorf, Germany) 
at (260/280 nm), and also confirmed by 0.8% agarose gel 
electrophoresis. The gel was observed under Geldoc system 
(G: BOX, Syngene, and U.K). The final volume of DNA 
was made to 10 ng.

Polymerase chain reaction (PCR) analysis

PCR amplification was performed using a final reaction vol-
ume of 20 µl. The reaction mixture was prepared by addition 
of 10X PCR buffer consisting of 15 mM MgCl2 (Thermo 
Fisher Scientific, US), 2.5 mM dNTP Mix (Thermo Scien-
tific, US), (1 unit/µl) Taq DNA polymerase, 1 µl of RAPD 
primer (Operon Technologies, USA). A total of 20, 10-mer 
primers were used for this study in TV21 (Table 1) and TV19 
(Table 2) cultivars, respectively. Amplification of DNA was 
carried out on a 96 well Master cycler Pro S (Eppendorf, 
Germany) using following cycling program, Initial denatura-
tion at 94 °C for 5 min followed by 40 cycles each at 94 °C 
for 1 min, extension at 72 °C for 2 min and final extension 
at 72 °C for 7 min. All other conditions were maintained as 
such during PCR reaction, except for the annealing tempera-
ture, which varied between 45–55 °C depending on the Tm 
(melting temperature) of the primer. The amplified prod-
ucts were electrophoresed on 1.2% (w/v) agarose gel in 1X 
TBE buffer and stained with ethidium bromide. The gel was 
visualized under UV light and documented using (G: BOX, 
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Syngene, U.K.) imaging system. The fragmentation pattern 
of the bands was studied using a 100 bp ladder (Thermo 
Fisher Scientific, USA). 

Data analysis

All the data obtained were analyzed using Graph Pad 
Prism 6 software (Graph Pad, California, US). The sig-
nificant difference between mean values was found via 
Tukey’s multiple comparison test at a 95% confidence 
level (P ˂ 0.05).

Results

Embryo induction, maturation, development 
and recurrent secondary embryogenesis

The in vitro haploid embryos of the two cultivars, TV21 
and TV19, of tea were routinely induced from the callus, 
obtained from inside anther locules bearing uni-nucleate 
microspores, on MS medium supplemented with 10 µM 
BAP + 3 µM GA3 + 800 mg l−1 L-glutamine + 200 mg l−1 
L-serine, within 4 weeks of culture (Embryo induction 
medium) (Fig. 1A). Single globular stage embryos from 

Table 1   List of primers, their 
sequences and total number of 
bands and % monomorphism in 
TV21 cultivar of tea

Primer Primer sequence (5′-3′) Total number of 
bands amplified

Number of mono-
morphic bands

Mono-
morphism 
%

OPA-01 CAG​GCC​CTTC​ 8 8 100
OPA-02 TGC​CGA​GCTG​ 6 6 100
OPA-03 AGT​CAG​CCAC​ 9 9 100
OPA-04 AAT​CGG​GCTG​ 4 4 100
OPA-05 AGG​GGT​CTTG​ 5 5 100
OPA-06 GGT​CCC​TGAC​ 4 4 100
OPA-07 GAA​ACG​GGTG​ 3 3 100
OPA-08 GTG​ACG​TAGG​ 1 1 100
OPA-09 GGG​TAA​CGCC​ 6 6 100
OPA-10 GTG​ATC​GCAG​ 10 10 90
OPA-13 CAG​CAC​CCAC​ 8 8 100
OPH-02 TCG​GAC​GTGA​ 10 10 100
OPV-06 ACG​CCC​AGGT​ 5 5 100
Total number of bands 79 79 100

Table 2   List of primers, their 
sequences and total number of 
bands and % monomorphism in 
TV 19 cultivar of tea

Primer Primer sequence (5′-3′) Total number of 
bands amplified

Number of mono-
morphic bands

Mono-
morphism 
%

OPA-01 CAG​GCC​CTTC​ 4 4 100
OPA-02 TGC​CGA​GCTG​ 8 8 100
OPA-03 AGT​CAG​CCAC​ 6 6 100
OPA-04 AAT​CGG​GCTG​ 3 3 100
OPA-05 AGG​GGT​CTTG​ 7 7 100
OPA-06 GGT​CCC​TGAC​ 5 5 100
OPA-07 GAA​ACG​GGTG​ 8 8 100
OPA-08 GTG​ACG​TAGG​ 2 2 100
OPA-09 GGG​TAA​CGCC​ 6 6 100
OPA-10 GTG​ATC​GCAG​ 5 5 100
OPA-13 CAG​CAC​CCAC​ 4 4 100
OPH-02 TCG​GAC​GTGA​ 1 1 1
OPV-06 ACG​CCC​AGGT​ 3 3 100
Total number of bands 62 62 100
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the embryo induction medium were pre-treated with 
ABA (18 µM) alone or in combination with one of the 
three osmotica, namely, 30 g l−1 PEG-400, 1 g l−1 gly-
cine betaine or 25 g l−1mannitol, for 20 days, to pass the 
embryos through maturation phase (Fig. 1B). Following 
the treatment, the primary embryos initiated secondary 
embryogenesis on embryo maturation medium, 18 µM 
ABA + 25 g l−1 mannitol (Fig. 1C). This is followed by 
transfer of embryos on to the development medium con-
sisting of ten times reduced concentration of growth regu-
lators present on embryo induction medium. An increase 
in cluster size with a simultaneous rise in the number of 
secondary embryos was found on embryo development 
medium when embryos were pre-treated with MS + 18 µM 

ABA + 25 g l−1 mannitol, for 20 days (Fig. 1D). The pre-
treatment also favoured the primary globular embryos to 
grow and pass through all the developmental stages from 
globular, heart-shape, torpedo shape to fully matured doc-
otyledonous embryos on embryo development medium 
consisting of MS + 1 µM BAP + 0.3 µM GA3 + 80 mg l−1 
L-glutamine + 20 mg l−1 L-serine (Fig. 1E).

The highest mean number of secondary embryos with 
fivefold and threefold increase was attained in TV21 
(Fig. 2A) and TV19 (Fig. 2B) cultivars, respectively, on 
maturation medium when primary globular embryos were 
pre-treated with 18 µM ABA + 25 g l−1 mannitol. An average 
of 59.6 ± 4.1 and 45.3 ± 3.0 embryos were produced in TV21 
and TV19 cultivars, respectively. Pre-treatment with glycine 

Fig. 1   Induction, maturation and germination in in  vitro obtained 
haploid embryos and confirmation via histological analysis. A Induc-
tion of embryos on MS + 10  µM BAP + 3  µM GA3 + 800  mg  l−1 
L-glutamine + 200  mg  l−1 L-serine (× 1.4X). B  Initial stage single 
globular embryos with a notch inoculated on embryo maturation 
medium, MS + 18  µM ABA + 25  g  l−1 mannitol (× 1.7X). C  Sec-
ondary embryos formation from primary embryos on same media 
as in B, (× 1.4). D  Embryo development on liquid MS + 1  µM 
BAP + 0.3  µM GA3 + 80  mg  l−1 L-glutamine + 20  mg  l−1 L-serine 
after pre-treatment with ABA and osmoticum. (x 1.2X). E Same as 
D, Secondary embryogenesis from primary embryos on transfer 
into semi-solid embryo development medium showing all the devel-
opmental stages from globular, heart-shape, topedo shape to fully 
mature embryos on (× 1 X). F Germination of embryos into cluster 
of shoots on prologed exposure to liquid MS + 10 µM BAP + 0.5 µM 
GA3 + 1  µM IBA + 80  mg  l−1 L-glutamine + 20  mg  l−1 L—serine 
showing multiple short shoots (Sh) with leaves that did not unfold 
fully and with small roots (RT) (× 0.6X). G Germination of embryos 
on liquid-to-semi-solid transition whereby embryos were inoculated 

on liquid MS + 10  µM BAP + 0.5  µM GA3 + 1  µM IBA + 80  mg  l−1 
L-glutamine + 20  mg  l−1 L—serine medium for first 4  weeks and 
then shifted to semi-solid medium of same composition. Embryos 
showing normal pattern of leaf development (× 0.8X). H Same as G, 
where embryos germinated by giving rise to distinct well devloped 
cluster of green shoots (Sh)  and prominent hairy white roots  (RT) 
(× 0.5X). I  Individual germinated embryo from (H) showing com-
plete well developed plantlet. J  Hardening of plantlet into potting 
mixture consisting of soil and sand in 1:2 ratio (x 1X). K Histologi-
cal section of initial stage single globular embryo (× 50). L Histologi-
cal section of a heart shaped embryo (× 50). M  Cotyledonary stage 
embryo with arrow marked at cotyledons  (C) (× 50). N Histological 
section of shoot proliferation from embryo showing arrows indicating 
shoot apical meristem (SAM) and root pole (RP) shoot with an arrow 
(× 50). O  Secondary embryos budding on the top of the primary 
embryos with large cluster of embryos upon transfer into semi-solid 
maturation medium. The globular embryos marked as (G), Heart (H) 
and secondary embryos are marked as (SE) (× 50)
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betaine or PEG in combination with ABA also enhanced 
secondary embryogenesis as compared to the development 
medium without pre-treatment (control) but overall response 
was inferior to ABA + mannitol treatment. The least num-
ber of secondary embryos were attained in medium supple-
mented with ABA alone.

Effect of carbohydrate source on secondary 
embryogenesis

The effect of two carbohydrate sources, glucose and sucrose, 
in the range of 1% to 3% concentrations were tested to pro-
mote secondary embryogenesis in liquid embryo develop-
ment medium on MS + 1 µM BAP + 0.3 µM GA3 + 80 mg l−1 
L-glutamine + 20 mg l−1 L-serine. The highest multiplica-
tion rate with the maximum number of secondary embryos, 
36 ± 2.6 in TV21 (Fig. 3A) and 34 ± 3.4 in TV19 (Fig. 3B) 
were obtained within 4 weeks when liquid medium was sup-
plemented with 3% glucose. However, the number of mature 
embryos and the embryos showing germination was highest 
in the medium supplemented with 3% sucrose. This could be 

due to the slow hydrolysis of sucrose in the medium provid-
ing effective source of carbon for longer duration, thereby 
promoting maturation and germination. The average number 
of secondary embryos produced on sucrose supplemented 
media are 13.3 ± 1.5 in TV21 and 13.7 ± 2.0 in TV19.

Embryo germination and plantlet development

The cluster of fully developed mature embryos with 
small shoots (~ 1 cm) from embryo development medium 
were transferred to germination medium consisting of 
MS medium supplemented with 10 µM BAP + 0.5 µM 
GA3 + 1 µM IBA + 80 mg l− 1 L-glutamine + 20 mg l−1 
L-serine, following liquid-to-semi-solid transition method 
(Germination medium). The method promoted highest 
percentage of embryo germination, 66.6% and 30.3% in 
TV21 and TV19 cultivars, respectively, with well devel-
oped shoots and roots when embryos were initially kept 
for four weeks in liquid germination medium, followed 
by their transfer to semi-solid medium on similar medium 
composition (Fig. 4). Liquid medium alone supported 

Fig. 2   Effect of different media combinations on secondary embryo-
genesis in TV21 and TV19 cultivars of tea. (Values are mean of three 
independent experiments. Mean values sharing the same letter in dif-

ferent media combination do not differ significantly (p < 0.05) accord-
ing to Tukey’s multiple range test

Fig. 3   Effect of carbohydrate source on secondary embryogenesis in 
TV21 and TV19 cultivars, where 1%, 2% and 3% are concentrations 
of glucose and sucrose utilized. (Values are mean of three independ-

ent experiments. Mean values sharing the same letter in media with 
different combinations of carbon source do not differ significantly 
(p < 0.05) according to Tukey’s multiple range test)
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44.4% and 20.4% germination in TV21 and TV19 culti-
vars, respectively, where majority of embryos exhibiting 
bipolar germination. However, prolonged exposure in the 
liquid medium produced short shoots with leaves that did 
not unfold fully due to hyperhydricity (Fig. 1F). Continu-
ous culture of secondary embryos in semi-solid medium 
yielded lowest germination percentage, 25% in TV21 and 
12% in TV19 cultivars and slow growth. Moreso, it nearly 
took ten days extra germination time when compared to 
liquid-to-semi-solid transition method. In liquid-to-semi-
solid transition method, higher rate of embryo germination 
with normal pattern of leaf development was found when 
the germinating embryos were shifted after four weeks 
from liquid medium to semi-solid medium with similar 
medium composition (Fig. 1G). The embryos germinated 
by giving rise to well developed shoots and roots (Fig. 1H, 
I). The individual plantlets were hardened successfully on 
potting mixture consisting of soil and sand in 1:2 ratio and 
acclimatized (Fig. 1J).

Histological and FESEM analyses

Histological sections at different developmental stages 
of embryos, globular, heart-shaped, and cotyledonary 
stage and those showing apical meristem can be seen in 
(Fig.  1K–N). Figure 1O, on the other hand, represents 
secondary embryos on the top of the pre-existing primary 
embryos. Sections of embryos were cut to know, if there are 
any anatomical abnormalities with the change in the physi-
cal state of the medium. The embryos were normal show-
ing apical meristem and closed vascular strand with bipolar 
axes. In addition to the anatomical studies, the morphology 
of the somatic embryos was studied through FESEM analy-
sis where each embryo showed secondary embryogenesis 
on top of the primary embryos (Fig. 5A–D).

Ploidy determination

Flow cytometry was used for rapid determination of ploidy 
level of a large number of plant samples. The results 
obtained from flow cytometric analysis of leaves from 
in vitro haploid plants, and field grown parent (control) 
plants of TV21 and TV19 cultivars are represented in Fig. 6 
and Fig. 7, respectively. The leaves from haploid plants of 
TV21 cultivar showed G1 peak at channel position 353 and 
G2 peak at 770 channel (Fig. 6A). In contrast to this, the 
G1 peak from the leaves of field grown parent plants of 
TV21 was detected at channel position 732 and G2 peak 
at 1514 (Fig. 6B), which was approximately double that 
in haploid plants. A similar data plot was found in TV19 
cultivar, where, the leaves of in vitro regenerated haploid 
plants showed G1 peak at channel position 365 and G2 at 
756 (Fig. 7A). The data plot of the leaves from TV19 parent 
plant (control) showed G1 peak at channel position 716 and 
G2 at 1389 channel position (Fig. 7B). 

Similarly, as an independent verification of ploidy, the 
chromosome number per cell in the root-tips from the 
in vitro rooted haploid plantlets and the parent (control) 
plants were determined. The root-tips of haploid plantlets of 
TV21 (Fig. 6C) and TV19 (Fig. 7C) revealed a chromosomal 
count 2n = X = 15. While the root-tips squash preparations 
from the parent (control) TV21 (Fig. 6D) and TV19 cultivars 
(Fig. 7D), exhibited a chromosome count 2n = 2X = 30.

Clonal fidelity assessment

Clonal fidelity assessment was performed to ensure the 
genetic stability among 11 in vitro regenerated haploid 
plant lines of TV21 cultivar and 10 in vitro regenerated 
haploid plant lines of TV19 cultivar. DNA samples from 
in vivo donor plant (control) of both the varieties were also 
analyzed to confirm its similarity with regenerants. A total 

Fig. 4   Effect of physical state 
of medium on % germination 
in TV21 and TV19 culti-
vars of tea. S–S = semi-solid 
medium, L-Q = liquid medium, 
L-S = Liquid to semi solid 
medium transition. (Values 
are mean of three independ-
ent experiments. Mean values 
sharing the same character do 
not differ significantly (p < 0.05) 
according to Tukey’s multiple 
range test)
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of 20 RAPD primers were initially screened, among which 
only 13 primers gave clear scorable bands. The number 
of clearly amplified bands varied from one to ten with 
different primers in TV21 cultivar. Total 79 bands were 
obtained with an average number of about 6 bands per 
primer (Table 1). The number of scorable bands in TV19 
varied from one to eight depending on the primer. Total 
62 bands were obtained in total from 13 primers, with an 
average number of 4.8 bands per primer (Table 2). Distinct 
banding pattern in both the cultivars in a range of 100 bp 
to 2500 bp was obtained. The maximum number of bands 
(10) was attained in TV21 variety with OPA-10 and OPH-
02 primer. While maximum 8 bands were found in TV19 
with OPA-07 and OPA-02. No polymorphism was detected 
with any of the primers, ensuring genetically uniform 
lines of in vitro haploid plants in both TV21 (Fig. 8A) 
and TV19 (Fig. 8B). The pattern of bands obtained in con-
trol (donor) in vivo plant samples of bothTV21 and TV19 
resembled the banding pattern of their respective in vitro 
regenerated plants confirming lack of variation between 
the androgenic haploid plantlets and their parental lines. 
The feature of achieving plantlets via secondary embryo-
genesis, which is reported to generate true-to-type plants 
could be the reason for zero polymorphism.

Discussion

Recurrent secondary embryogenesis is an efficient method 
for regeneration in difficult-to-propagate plant species, 
specifically trees. The technique is not only useful for the 
production of a large number of plants in a relatively short 
time, but also is highly advantageous providing benefits 
of independent cell origin, maintaining genetic integrity 
within micropropagated lines and facilitating easy auto-
mation (Burns and Wetzstein, 1997; Guan et al. 2016). 
Development of genetically stable, pure breeding lines 
in perennial trees, such as tea, through traditional meth-
ods is impractical (Mishra et al. 2017). In vitro haploid 
plant production in such plants, serves as the only fea-
sible option for generation of homozygous elite clones 
(Germana 2011). Strenuous efforts have been going on 
for obtaining haploid plants in tea for years, but, almost 
all of them remained confined to the generation of hap-
loid callus (Seran et al. 1999). Mishra et al. (2017), for 
the very first time, reported the development of complete 
haploid plantlets. Initial attempts of establishing embryo-
genic lines from androgenic cultures in tea was taxing and 
time-consuming. Thus, we aimed to maintain and preserve 

Fig. 5   Field Emission Scanning Electron Microscopic Analysis. A  Initial stage single globular embryo (× 234). B A torpedo-shaped embryo 
(× 123). C Cluster of embryos with a globular and a heart shaped embryo (× 200). D Secondary embryogenesis (× 104)
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these precious resources via regular subculture of primary 
embryos to produce secondary embryogenesis in both 
TV21 and TV19 cultivars. The haploid embryogenic cul-
tures were multiplied using liquid-to-semi-solid transition 
method, and they underwent complete bipolar germina-
tion, and formed cluster of shoots. Haploid embryos of tea 
demonstrated a high potential for plant regeneration via 
secondary embryogenesis. However, the number of sec-
ondary embryos produced was very less. A pre-treatment 
of initial globular stage embryos with ABA and osmoti-
cum for 20 days in liquid medium followed by transfer to 
embryo development medium, effectively increased the 
rate of secondary embryo formation by fivefold in TV21 
cultivar and a threefold in TV19, respectively.

ABA is one of the five essential growth regulators that 
promote somatic embryo induction (Balasubramanium et al. 
2000). It causes accumulation of food reserves and promotes 
embryo maturation and germination (Guttman et al. 1996; 

Langhansova et al. 2004) Osmoticum, on the other hand, 
creates desiccation like condition that promotes embryogen-
esis (Ozudogru et al. 2004). It has a tendency of creating 
water stress, thereby enhancing embryo maturation (Sug-
anthi et al. 2012). ABA alone in majority of reports includ-
ing tea, has been found to cause no positive effect (Roberts 
1991; Akula et al. 2000a, b). Nevertheless, when added in 
combination with osmoticum like PEG, mannitol, sorbitol, 
betaine, stimulates both embryogenesis and embryo matura-
tion (Suganthi et al. 2012). The results of our study also fall 
in line with these reports. In the current study, ABA alone 
did not cause any rise in number of secondary embryos, 
however, when added in combination with either of the three 
osmotica; mannitol, PEG and glycine betaine caused a rapid 
increase in the number of secondary embryo formation with 
simultaneous maturation. The best response among the three 
osmotica, however, was attained on MS media supplemented 
with ABA in combination with mannitol. Besides acting as 

Fig. 6   Ploidy Determination 
in vitro regenearted haploid and 
parent (control) plants of TV21 
cultivar. A Flow cytometric data 
from in vitro regenerated hap-
loid shoots showing G1 peak at 
353 and G2 peak at 770 channel 
positions. B Flow cytometric 
data from parent plant (control) 
showing G1 peak at 732 and G2 
peak at 1514 channel positions 
respectively. C Cytological 
squash preparation from root-tip 
of in vitro regenerated haploid 
palntlets showing chromosome 
number 2n = X = 15 (× 100). 
D Cytological squash prepara-
tion from field grown parent 
plant showing chromosome 
number 2n = 2X = 30 (× 100)
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Fig. 7   Ploidy Determination 
of in vitro regenearted haploid 
and parent (control) plants of 
TV19 cultivar.A Flow cytomet-
ric data from in vitro regener-
ated haploid shoots showing 
G1 peak at 365 and G2 peak at 
756 channel positions. B Flow 
cytometric data from parent 
plant (control) showing G1 peak 
at 716 and G2 peak at 1389 
channel position. C Cytological 
squash preparation from root-tip 
of in vitro regenerated haploid 
palntlets showing chromosome 
number 2n = X = 15 (× 100). D 
Cytological squash preparation 
from field grown parent plant 
showing chromosome number 
2n = 2X = 30 (× 100)

Fig. 8   Clonal fidelity assessment in in vitro regenerated haploid lines 
and parent plant of TV21 and TV19 cultivars of tea. A RAPD ampli-
fication profile with primers OPA-13. Lane 1 represents the 100  bp 
ladder (M) followed by the in vivo parent plant (P) in lane 2. Lane 
3–13 labelled H1-H11 are the in  vitro regenerated haploid plants 

lines. B RAPD amplification profile with primers OPA-09. Lane 1 
represents the 100 bp ladder (M) followed by the in vivo parent plant 
(P) in lane 2. Lane 3–12 labelled H1-H10 are the in vitro regenerated 
haploid plants lines
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a source osmoticum, mannitol is also a source of carbohy-
drate. Therefore, when added in medium, it plays a dual 
role of acting as a carbon source and an osmoticum result-
ing in increased secondary embryogenesis (Roberts 1991; 
Ozudogru et al. 2004). The combination of ABA and man-
nitol has also been reported to increase the rate of embryo 
formation and maturation to cotyledonary stage embryos in 
Picea glauca engelmanni complex (Roberts 1991) and in 
Cucumis sativus L. cv. ‘Shimoshirazu’(Lou and Kako 1995) 
and has also been reported to increase somatic embryogen-
esis in tea (Ozudogru et al. 2004; Aoshima 2005). None of 
the previous reports on Tea received secondary embryogen-
esis in haploid embryos of Camellia assamica ssp. assa-
mica (TV21) and Camellia assamica ssp. lasiocalyx (TV19). 
Akula et al. (2000a, b), reported embryogenesis on media 
containing ABA with glycine betaine while inducing direct 
somatic embryogenesis from mature seeds in Camellia 
sinensis (L) O. Kuntze. Suganthi et al. (2012) on the other 
hand reported direct somatic embryogenesis using cotyle-
donary explant from seeds of UPASI-9, UPASI-10, ATK-1, 
and UPASI-17 cultivars of tea on a medium consisting of 
ABA in combination with all three osmoticum mannitol, 
PEG and glycine betaine. The authors, however, found less 
response in medium with ABA alone as compared to that 
with osmoticum. The response varied with variety but in 
general maximum response was reported in medium consist-
ing of PEG followed by medium containing with mannitol. 
In our findings on tea, ABA alone did not give a promis-
ing result, but an increment secondary embryogeneis was 
obtained on media having ABA with at least one osmoticum. 
However, maximum number of secondary embryos in our 
case was obtained in media containing ABA with manni-
tol. Better maturation with early germination of embryos 
was found after pre-treatment with ABA and osmoticum in 
liquid medium followed by transfer into medium contain-
ing BAP and GA3. It could be because BAP is a cytokinin 
that promotes cell division and is known to overcome any 
dormancy induced by ABA (Guan et al. 2014). GA3 also 
breaks ABA-induced dormancy in cultures and promotes 
germination (Dunwell 1986).

Sandal et al. (2001) reported abnormality in liquid cul-
tures while performing shoot proliferation in tea. In the 
current investigation, we studied the effect of the physical 
state of the medium on embryo germination in both TV21 
and TV19 cultivars. Three different states of medium semi-
solid, liquid–liquid, and a liquid-semi-solid transition were 
tried. Maximum germination with 66.6% and 30.3% were 
found respectively in TV21 and TV19 cultivars, in liquid-to-
semi-solid medium transition. Liquid medium was equally 

good, but continuous immersion in liquid caused abnormal 
foliature in leaves. The lowest yield was found in semi-solid 
medium alone. The liquid medium is always chosen over 
semi-solid medium due to uniform nutrient distribution, 
better uptake of media components by explants and dilu-
tion of the phenolic exudates, which reduce growth (Akula 
et al. 2000a, b). But, its utility is limited due to the physi-
ological abnormality such as swollen leaves or anatomical 
defects observed in the plants during continuous immersion 
(Sandal et al. 2001). A liquid-to-semi-solid medium transi-
tion is, therefore, a better alternative of attaining a higher 
multiplication with no abnormality in plants. We report 
successful plant regeneration following liquid-semi-solid 
medium transition with no anatomical and morphological 
defect in regenerated plants. Techniques such as histology 
and FESEM were tried to elucidate any morphological or 
anatomical abnormality.

Clonal fidelity of the plants was accessed to rule out any 
somaclonal variation induced during repeated cycles of 
subculture. Twenty different RAPD primers were used to 
check the genetic stability within in vitro cultures and their 
similarity with their respective in vivo parental (control) 
plants. Zero polymorphism was found among the in vitro 
haploid plants in both cultivars. The banding pattern of 
the in vitro lines were highly resembled with their respec-
tive parental plants representing that the androgenic plants 
have been originated from the parental plants with no vari-
ation. Secondary embryogenesis is reported as one of the 
best modes for true-to-type plant regeneration (Bano et al. 
1991; Akula et al. 2000a, b). Thus the haploid plantlets 
obtained in the present study were genetically uniform.

Conclusion

It is concluded that ABA alone did not promote embryo-
genesis in tea. However, when added with an osmoticum, 
it promoted recurrent repetitive secondary embryogenesis. 
Among all the osmotica tried, ABA in combination with 
mannitol was the best to facilitate maximum secondary 
embryogenesis. Complete plants with intact anatomical 
and morphological development was achieved, follow-
ing liquid-semi-solid medium transition strategy. Clonal 
fidelity of the plants was assessed to ruled out any soma-
clonal variation induced during repeated cycles of embryo 
subculture. The banding pattern of the in  vitro lines 
were highly resembled with their respective parental plants 
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suggesting that the androgenic plants originated from the 
parental plants with no variation. Secondary embryogen-
esis is reported as one of the best modes for true-to-type 
plant regeneration. The haploid plantlets obtained in the 
present study via recurrent secondary emnbryogenesis 
were genetically uniform. The protocol for the recurrent 
embryogeneis established in this research (see Flow Chart) 
could be used for easy scale-up using photobiorecator for 
large scale production of true-to-type haploid plantlets. 
Schematic representation of recurrent secondary embryo-
genesis from androgenic haploid embryos, ploidy deter-
mination and clonal fidelity assessment of haploid plants 
using RAPD marker is presented in Scheme 1. The pro-
tocol established would also serve as an excellent explant 
source for chromosome duplication to generate planting 
material with novel genetic constitution, attaining which 
otherwise would not be fessible.

Flow Chart   Recurrent embryogenesis in Tea

Scheme 1   Schematic represen-
tation of recurrent secondary 
embryogenesis from androgenic 
haploid embryos and clonal 
fidelity assessment of haploid 
plants using RAPD marker. 
Pictures labelled as A-H in the 
figure, indicates the step-wise 
methods involved in develop-
ment of haploid plants, ploidy 
determination and clonal 
fidelity assessment. The arrows 
in red highlight initiation of 
haploid callus
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