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Abstract Haploids and doubled haploids are very impor-

tant tools which shorten the breeding periods and 100%

homozygous lines. Especially in cross-pollinated species, it

is known that it takes a long time to obtain homozygosity,

and these breeding periods can be reduced by haploids

considerably. In this study, appropriate bud stage and the

effects of different growth regulators in Murashige and

Skoog’s nutrient medium (MS) and pre-treatments on

in vitro androgenesis were investigated in Stevia rebaudi-

ana Bertoni which is known as sweet herb. In the first year,

callus, bar-shaped embryo, and embryogenic calli were

obtained. Embryos were obtained from MS 2.0 mg l-1 a-

naphthaleneacetic acid (NAA) ? 0.5 mg l-1 6-benzy-

laminopurine (BAP) medium, MS 1.0 mg l-1

NAA ? 0.5 mg l-1 BAP, and MS 0.5 mg l-1 2,4-

dichlorophenoxyacetic acid (2,4-D) ? 0.5 mg l-1 BAP

callus ratios are 13.33%, 10%, and 3.33%, respectively. No

differentiation was observed from the obtained callus and

embryo. In the second year, high-temperature (? 35 �C)

and cold (? 4 �C) pre-treatments were applied to the

anthers, and no difference was observed between the

applications. MS 2.0 mg l-1 NAA ? 0.5 mg l-1 Kinetin

high-temperature application was observed as the most

successful medium with 37.5% embryo ratio obtained from

two calli. This medium was followed by MS 2.0 mg l-1

NAA ? 0.5 mg l-1 BAP and cold application (MS

1.0 mg l-1 NAA ? 0.5 mg l-1 BAP) with 7.5% callus

formation rates. Only cold application resulted in organo-

genesis through the callus, but the plants obtained were in

diploid structure.
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Introduction

Stevia rebaudiana Bertoni is a herbaceous perennial plant

which belongs to Asteraceae family. Stevia has worldwide

importance because it contains sweet-tasting ent-kaurene

diterpenoid glycosides, in particular, stevioside and

rebaudioside A, currently used as nonnutritive high-po-

tency (300–400 times sweeter than sucrose) sweeteners

(Kinghorn 2002; Anbazhagan et al. 2010; Ruiz-Ruiz et al.

2015; Ucar et al. 2017). Stevioside and rebaudioside are

non-toxic, non-mutagenic, and they have long shelf life.

Also, it has been approved for food supplement by FDA

(US Food and Drug Administration) in different countries

such as Indonesia, Japan, Korea, Canada, Amerika, and the

UK (Aman et al. 2013). Stevia is used in the food and

pharmaceutical industries for the first time in Japan, and its

use is increasing day by day. In 2014, its market value

reached up to 336 million dollars and predicted to reach

553.7 million dollars by 2024 (GRV 2018).

Growing market value of Stevia led to a breeding goal

which is creating a new variety with sweeter glycoside

concentration, but it has some difficulties. Stevia is cross-

pollinated, and conventional breeding technique takes more

than 9 years. In addition, these are self-incompatible, and

its seeds have low germination rate. Stevia seeds are small,

and most of them are infertile. Fertile seeds are darker in

color than infertile seeds (Singh and Rao 2005; Skaria et al.
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2014; Ucar et al. 2016). For these reasons, conventional

stevia-breeding technique has not have bright future, and

generally DH (doubled-haploid) techniques are the best

solution for breeding. It shortens the breeding period, and

100% homozygous lines can be obtained. Haploids

(n) have only one set chromosome number (gametophytic

chromosome number) which is later doubled with some

chemicals or spontaneously (Dunwell 2010; Germanà

2011a). The haploid plant can be obtained by different

techniques such as androgenesis (anther and microspore

culture), gynogenesis (ovary and ovule), wide hybridiza-

tion, and parthenogenesis (Asif 2013). The most preferred

technique for obtaining haploids is anther culture because it

is easier than other techniques. If anther culture is not

capable, other techniques can be studied (Bhojwani and

Razdan 1996; Kasha and Maluszynski 2003). There are

many factors that influence success in anther culture such

as genotype, growing condition of donor plants, various

stress factors, microspore development stage, and media

composition. The most influential factor is genotype. If the

genotype is not capable of embryogenesis, other treatments

have limited effects. After genotype, the most effective

pre-treatment is considered to be temperature shock. Not

only degree and duration of temperature but also applica-

tion type (directly anther or cultured anthers) has effect on

success (Germanà 2011b). Cold pre-treatment has been

used in many plants for inducing androgenesis, and some

of them had positive effect, but some of them did not give a

response. The aim of cold treatment is to induce micro-

spore embryogenesis, nursing effect on microspore, help to

decrease the degradation of microspores, and preserve the

bicellular microspore stage (Duncan and Heberle 1976;

Sato et al. 2002; Zheng 2003). On the other hand, using

heat pre-treatment, with or without sugar starvations, has

been found as an efficient embryogenesis inducer. In con-

ducted research, it is showed that heat pre-treatment

increases the frequency of embryo or embryo-like structure

(ELS) and green plants on some genotypes, but high pre-

treatment applications are more limited than cold applica-

tion (Raina and Irfan 1998; Pechan and Smykal 2001; Asif

2013).

This study aimed to test the effect of pre-treatments and

different growth regulators concentration on androgenic

response of stevia. Especially in plants that are difficult to

breeding (cross-pollinated, infertile seeds, self-incompati-

bility), DH application is very important. To the best of our

knowledge, this study is the first attempt to extensive

anther culture on stevia, and it will be a guide to future

work.

Materials and Methods

Plant Material

S. rebaudiana seedling were taken from Grow Fide (An-

talya, Turkey). Plants were grown in 10-cm-diameter pots

in a peat–perlite mixture (4:1). Plants were fertilized every

2 weeks with nitrogen (N):phosphore (P):potassium

(K) (15:15:15). Plants were grown in greenhouse, and

temperature was fluctuated between 20 and 35 �C in

growing season. All plants grew healthily, and no disease

was seen in experiment area.

Flower buds of S. rebaudiana were collected September

of 2014 and 2015. Plant flower buds showed different

developmental stages for 1 month after flowering.

Pollen development stage was determined with 0.1%

ethidium bromide (EtBr). This solution was diluted 0, 10,

and 50 times. EtBr solution was also mixed by adding two

drops of 0.1% Triton-100 solution to each 50 ml. One

anther per bud size was placed on a microscope slide.

Anther was squashed and microspores were liberated in

1–2 drops EtBr solutions. Pollen development stage was

determined by fluorescence microscope (Fig. 1). Flower

bud size containing the highest percentage of uninucleate

microspores was associated with flower buds opening

(Fig. 2).

Surface Disinfestation of Buds

Collected buds were washed with distilled water three

times to remove dust, sand, and soil on the surface. The

pre-washed buds were kept in 70% ethyl alcohol for 1 min

followed by 10 min in 20% commercial sodium

hypochlorite with 1–2 drops Tween 20 solution to com-

plete surface disinfestation. Surface-disinfestationed buds

were rinsed three times with sterile distilled water.

Anther Culture Technique

Buds were collected in the early morning. Since the stevia

anthers were too small to be seen with eyes, a stereomi-

croscope was placed into the laminar flow cabinet, and the

anthers were dissectioned with the help of a stereomicro-

scope. Anthers were carefully dissected, and filament was

cut to prevent callus formation from somatic cells and

placed on polystyrene sterile petri dishes (150 mm 9 15

mm) containing 20 ml of solid medium. Fifteen anthers

were placed into each petri dish. Petri dishes were sealed

with plastic paraffin film (parafilm) for protecting con-

tamination and incubated at 24 ± 1, �C 4000 lx, 16/8 h

photoperiods in Panasonic MLR-352-PE Climate Chamber.
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Fig. 1 a–c Uninucleate

microspore stage of Stevia

Rebaudiana Bertoni, d,

e bicellular pollen grain,

f matured pollen grain

Fig. 2 Classification of flower

buds at different stages: a,

b early phase in which no anther

is formed; c, d contains highest

percentage of uninucleate

microspores; e, f contains

mostly bicellular pollen grain
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Culture Media

MS (Duchefa-Murashige and Skoog medium including

vitamins) basal medium was used. 30 g l-1 sucrose

(Duchefa-S0809) was used as a carbon source and solidi-

fied with 0.4% gelrite (Duchefa- GELRITE G1101). Plant

growth regulators were added to culture medium, and pH

of the medium was adjusted to 5.7 with 1 normality

(N) sodium hydroxide (NaOH) or 1 N hydrochloric acid

(HCl) before autoclaving. Sterilization was carried out for

20 min in an autoclave having 1 atmosphere (atm) pres-

sures at 121 �C.

Ethylene is released from cultured plants, tissues, and

organs, and all kinds of cells and the amount of secretion

can be changed when stress conditions are increased

(Garcia and Einset 1983). It is known that silver ions

control the ethylene mechanism in plants, but at the same

time, it can prevent copper uptake (Beyer 1976a, b). For

this purpose, 5 mg l-1 silver nitrate (AgNO3) was initially

used as a silver ion source in the media to control the

amount of ethylene released, and this rate was reduced to

2 mg l-1 in the second year.

First-Year Experiment

Cultured anthers were kept in the dark for 1 week in first-

year experiments and then incubated at 25 �C, 4000 lx

light intensity, and 16/8 h photoperiod. The first year

experiment was started with 11 media with different

growth regulators (Table 1). AgNO3 which is known to

have a positive effect on the viability of the anthers was

added at 5 mg l-1. The first-year experiment aimed to

promote embryo formation both directly from the anthers

and through callus formation.

Second-Year Experiment

AgNO3 was optimized to be 2 mg l-1 on medium. In order

to initiate androgenesis, high-temperature (35 �C) and cold

(? 4 �C) shocks have also been applied to encourage

embryogenesis directly or indirectly from anthers. Pre-

treatments were applied directly to the anthers in culture

condition. All pre-treatments were applied in dark condi-

tion with 2 days later anthers stayed on 25 �C ± 1 5 days

dark, and finally anthers were incubated in normal

25 �C ± 1, 4000 lx light intensity, and 16/8-h photoperiod.

Culture medium and replicates of all experiments are given

in Table 1.

Results and Discussion

Anther culture is regarded as a potential technique for

production of 100% homozygous lines. However, the

underlying mechanisms of the androgenesis have not been

fully exploited, and there are no preliminary studies on

stevia. One of the most important factors in pollen

embryogenesis, which is under the influence of many

factors, is the genotype. In studies conducted within the

same species, one genotype gives response to androgen-

esis and the other genotype does not, and some species

are known to be recalcitrant (Heberle-Bors 1982; Bajaj

1990; Chupeau et al. 1998; Pechan and Smykal 2001;

Germanà 2007). Our study suggests that stevia is a

recalcitrant species on the basis of anther culture in the

present study and further studies are required to confirm

the results.

Optimum temperature and duration of application in

anther culture vary from species to species, and application

Table 1 Culture medium and various hormone concentrations used in first and second years

Application First-year experiment Second-year experiment

1 3 replicates MS0 (Control) 4 replicates MS0 (Control)

2 MS 0.5 mg l-1 NAA ? 0.5 mg l-1 BAP MS 0.5 mg l-1 NAA ? 0.5 mg l-1 BAP

3 MS 1.0 mg l-1 NAA ? 0.5 mg l-1 BAP MS 1.0 mg l-1 NAA ? 0.5 mg l-1 BAP

4 MS 2.0 mg l-1 NAA ? 0.5 mg l-1 BAP MS 2.0 mg l-1 NAA ? 0.5 mg l-1 BAP

5 MS 4.0 mg l-1 NAA ? 0.5 mg l-1 BAP MS 0.5 mg l-1 NAA ? 0.5 mg l-1 Kinetin

6 MS 0.5 mg l-1 2,4-D ? 0.5 mg l-1 BAP MS 1.0 mg l-1 NAA ? 0.5 mg l-1 Kinetin

7 MS 1.0 mg l-1 2,4-D ? 0.5 mg l-1 BAP MS 2.0 mg l-1 NAA ? 0.5 mg l-1 Kinetin

8 MS 2.0 mg l-1 2,4-D ? 0.5 mg l-1 BAP MS 0.5 mg l-1 2,4-D ?0.5 mg l-1 BAP

9 MS 0.5 mg l-1 NAA ? 0.5 mg l-1 Kinetin MS 1.0 mg l-1 2,4-D ?0.5 mg l-1 BAP

10 MS 1.0 mg l-1 NAA ? 0.5 mg l-1 Kinetin MS 2.0 mg l-1 2,4-D ?0.5 mg l-1 BAP

11 MS 2.0 mg l-1 NAA ? 0.5 mg l-1 Kinetin MS 0.5 mg l-1 2,4-D ? 0.5 mg l-1 Kinetin

12 – MS 1.0 mg l-1 2,4-D ? 0.5 mg l-1 Kinetin

13 – MS 2.0 mg l-1 2,4-D ? 0.5 mg l-1 Kinetin
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times vary according to the source of the explant (all

flowers, only buds or isolated anthers) to be used at the

same time (Dunwell 1981). In our preliminary studies, buds

were subjected to cold pre-treatment at different times (2,

4, 6, 8 days) but were found to have no effect on andro-

genesis. Therefore, in this study, pre-treatment was applied

directly on anthers in culture medium. It is aimed that all

microspores stay in the same stage and shift the develop-

ment of microspores from the gametophyte direction to the

sporophyte direction. Indeed, the underlying reason for the

hot pre-treatment is to direct the development of unre-

sponsive anthers.

In the first year experiments, callus was obtained from

three different mediums, and no differentiation from

anthers occurred in other culture media. The best response

at the end of the first year was obtained with an embryo

rate of 13.33% from the MS 2.0 mg l-1 -

NAA ? 0.5 mg l-1 BAP medium, followed by MS

0.5 mg l-1 2,4-D ? 0.5 mg l-1 BAP and MS 1.0 mg l-1

NAA ? 0.5 mg l-1 BAP with callus formation rates of

10% and 3.33%, respectively (Table 2). Both the

embryogenic calli and the non-embryogenic calli in the

yellow watery crisp structure did not come to a differen-

tiation afterward, and these structures slowly turned brown

and lost their vitality.

In the results of the second year, although there was no

significant difference between the applications, organo-

genesis occurred through the callus from the cold pre-

treatment, and a large number of bar-shaped embryos were

obtained from the hot pre-treatment. Embryogenic callus

was obtained in 7.5% each of MS 0.5 mg l-1

NAA ? 0.5 mg l-1 BAP and MS 1.0 mg l-1

NAA ? 0.5 mg l-1 BAP media that were not applied to

pre-treatment. In hot pre-treatment, MS 1.0 mg l-1

NAA ? 0.5 mg l-1 Kinetin media produced 2.5%

embryogenic callus and MS 2.0 mg l-1

NAA ? 0.5 mg l-1 Kinetin media produced 37.5% bar-

shaped embryo. In the cold pre-treatment, MS 1.0 mg l-1

NAA ? 0.5 mg l-1 BAP medium had organogenesis

through callus at a rate of 7.5% (Table 3).

In this study, the anthers were cultured in combination

with NAA, 2,4-D, BAP, Kinetin, and their different doses

in order to find optimum conditions in the stevia. Maximal

callus was taken from medium containing MS 1.0 mg l-1

and 2.0 mg l-1 NAA ? 0.5 mg l-1 BAP. Plant growth

Table 2 Effect of various anther culture media on the efficiency of

androgenesis in first-year experiment

Culture medium Callus (number/%)

1. MS0 (Control) 0/0

2. MS 0.5 mg l-1 NAA ? 0.5 mg l-1 BAP 0/0

3. MS 1.0 mg l-1 NAA ? 0.5 mg l-1 BAP 1/3,33

4. MS 2.0 mg l-1 NAA ? 0.5 mg l-1 BAP 4/13,33 (emb)

5. MS 4.0 mg l-1 NAA ? 0.5 mg l-1 BAP 0/0

6. MS 0.5 mg l-1 2,4-D ? 0.5 mg l-1 BAP 3/10

7. MS 1.0 mg l-1 2,4-D ? 0.5 mg l-1 BAP 0/0

8. MS 2.0 mg l-1 2,4-D ? 0.5 mg l-1 BAP 0/0

9. MS 0.5 mg l-1 NAA ? 0.5 mg l-1 Kinetin 0/0

10)MS 1.0 mg l-1 NAA ? 0.5 mg l-1 Kinetin 0/0

11. MS 2.0 mg l-1 NAA ? 0.5 mg l-1 Kinetin 0/0

Table 3 Effect of different anther culture media with different pre-treatment on the efficiency of androgenesis in second-year experiment

Culture medium Callus (%)

Applications Control High Pre. (35 �C) Cold Pre. (4 �C)

1. MS0 (Control) 0/0 0/0 0/0

2. MS 0.5 mg l-1 NAA ? 0.5 mg l-1 BAP 3/7.5c 0/0 0/0

3. MS 1.0 mg l-1 NAA ? 0.5 mg l-1 BAP 3/7.5c 0/0 3/7.5b

4. MS 2.0 mg l-1 NAA ? 0.5 mg l-1 BAP 0/0 0/0 0/0

5. MS 0.5 mg l-1 NAA ? 0.5 mg l-1 KINETIN 0/0 0/0 0/0

6. MS 1.0 mg l-1 NAA ? 0.5 mg l-1 KINETIN 0/0 1/2.5c 0/0

7. MS 2.0 mg l-1 NAA ? 0.5 mg l-1 KINETIN 0/0 15/37.5a (emb) 0/0

8. MS 0.5 mg l-1 2,4-D ?0.5 mg l-1 BAP 0/0 0/0 0/0

9. MS 1.0 mg l-1 2,4-D ?0.5 mg l-1 BAP 0/0 0/0 0/0

10. MS 2.0 mg l-1 2,4-D ?0.5 mg l-1 BAP 0/0 0/0 0/0

11. MS 0.5 mg l-1 2,4-D ? 0.5 mg l-1 Kinetin 0/0 0/0 0/0

12. MS 1.0 mg l-1 2,4-D ? 0.5 mg l-1 Kinetin 0/0 0/0 0/0

13. MS 2.0 mg l-1 2,4-D ? 0.5 mg l-1 Kinetin 0/0 0/0 0/0

a15 bar-shaped embryo formation with two callus
bOrganogenesis from callus and callus
cEmbryogenic green and yellow structures, globular and torpedo embryos
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regulators, especially auxins, are widely used to initiate

androgenesis from plants, and necessary growth regulators

concentrations vary from plant to plant (Kasha et al. 1990).

Stress treatments (cold pre-treatment, heat pre-treatment,

starvation) applied to plants are known to stimulate

androgenesis in different species and to increase the rate of

androgenic callus obtained (Touraev et al. 1997; Immonen

and Robinson 2000; Pechan and Smykal 2001). Particu-

larly, cold and hot pre-treatment are known to direct plant

growth when applied in the first stage of the microsporal

development and affects positively but the applications to

be made and the duration of these applications vary in

every species and there are also differences in the plant

organ to be treated (isolated anther, whole plant or just

bud) (Ferrie et al. 1995). Two days of temperature shocks

(? 4 �C and 35 �C) were tried because there was no study

made in stevia. According to Badigannavar (1996) and Saji

and Sujatha (1998), cold pre-treatment positively affects

androgenesis in sunflower, but in our study, it was found

that temperature shocks did not affect callus formation. On

the contrary, organogenesis via callus has come to the end

of the cold pre-treatment. It can be said that cold pre-

treatment promotes organogenesis from callus while not

affecting callus formation. On the other hand, while kinetin

hormones application increases the formation of bar-

shaped embryos, unfortunately, the transformation from

embryos to plantlets is not achieved.

The whole progress started from the inoculation of

anther to obtained plantlet which is shown in Fig. 3. The

plantlet obtained from cold pre-treatment (MS 1.0 mg l-1

Fig. 3 a Stevia rebaudiana Bertoni plant, whose filaments are cut

and cultured on MS, b callus with yellow-green and dark yellow areas

obtained from MS 1.0 mg l-1 NAA ? 0.5 mg l-1 BAP medium,

c embryogenic callus containing dark green-colored bar-shaped

embryo and anthocyanin structures developed in MS 2.0 mg l-1

NAA ? 0.5 mg l-1 BAP medium, d green embryogenic callus and

hairy anthocyanin structures observed in MS 2.0 mg l-1

NAA ? 0.5 mg l-1 BAP medium, e embryogenic callus obtained

in MS 1.0 mg l-1 NAA ? 0.5 mg l-1 BAP medium, f embryogenic

callus developing three different anthers in the MS 1.0 mg l-1

NAA ? 0.5 mg l-1 BAP media g a single piece of callus obtained by

warm application from a large number of bar-shaped embryo

formation in MS 2.0 mg l-1 NAA ? 0.5 mg l-1 KINETIN, h organo-

genesis via callus by cold application of MS 1.0 NAA ? 0.5 BAP

medium, i clonal propagation using axillary buds from sufficiently

developed plants, j as a result of the cold application, the plantlets

from the MS 1.0 mg l-1 NAA ? 0.5 mg l-1 BAP medium were

transferred to the soil (15 plants were clonally propagated in vitro

conditions)
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NAA ? 0.5 mg l-1 BAP) was understood in the light of

observations that they are diploid structure. One of the

widespread problems in anther culture is the plant devel-

opment origin from somatic tissues (anther wall). In further

studies, microspore cultures can be performed to prevent

plant growth from somatic tissue. On the other hand, the

anthers of stevia are too small to see in naked eyes, and all

operations are performed under a stereomicroscope, which

makes anther culture very difficult in stevia. Also, anthers

are too fragile. DH technique is very important on cross-

pollinated species for shortening the breeding period. This

study showed that stevia anther culture performance is

promising, but more extensive studies with different stress

factors are needed to obtain haploid plants.
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