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Abstract
The efficiency of embryogenesis of anther culture was compared using four cultivars of oat (Avena sativa L.): ‘Akt’, ‘Bingo’,
‘Bajka’, and ‘Chwat’. Despite the high resistance of oat to the process of androgenesis, all tested cultivars produced embryo-like
structures and only two of them, ‘Akt’ and ‘Chwat’, produced fertile doubled haploid plants. A strong cultivar dependency was
observed during induction of androgenesis. Further, cold pretreatment together with high temperature shock enhanced the
efficiency of this technique. The highest number of embryo-like structures and haploid plants was obtained from cv. ‘Chwat’
(3.6% and 0.8%, respectively). Embryo-like structure formation also depended on the distance from the base of the flag leaf to the
penultimate leaf of the panicle. Most of them were observed on anthers harvested from panicles of which the distance from the
base of the flag leaf to the penultimate leaf was less than 4 cm. The presence of the inductionmedium supplementedwith different
plant growth regulators was essential for the induction of embryo-like structures but did not increase the production of haploid
plants and doubled haploid lines. The highest number of embryo-like structures and plants was obtained on W14 medium with
the addition of 2.0 mg/dm3 2,4-dichlorophenoxyacetic acid and 0.5 mg/dm3 kinetin (2.7%). The low haploid plant regeneration
rate (from 0.03 to 0.05%) still limits the practical application of anther culture for the production of doubled haploid lines in oat.
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Introduction

In vitro production of doubled haploid (DH) plants through
androgenesis induction is a promising and convenient al-
ternative to traditionally used techniques for rapid produc-
tion of fully homozygous plants for breeding programs,
marker identification, and gene mapping. A significant ad-
vantage is that the system not only speeds up the process of
obtaining homozygosity but also increases selection effi-
ciency (Islam and Tuteja 2012). Androgenesis is defined as
a developmental pathway, alternative to zygotic embryo-
genesis, driven by a shift of the normal gametophytic

development of microspore into the sporophytic develop-
ment in which embryos and plants are inherited with the
genetic traits from the male donor plant. There are two
basic methods of androgenesis: anther and isolated micro-
spore cultures. The former involves culturing whole an-
thers, whereas in the latter, microspores are isolated from
anthers prior to in vitro culture (Khound et al. 2013).

In recent years, androgenesis-based methods have been
particularly successful in Solanaceae, Brassicaceae, and
Gramineae. Nevertheless, only a few species, such as barley
(Hordeum vulgare L.), rape (Brassica napus L.), tobacco
(Nicotiana spp.), wheat (Triticum aestivum L.), pepper
(Capsicum annum), and rice (Oryza sativa), found application
in breeding programs due to their high regenerative capacity
and were considered an ideal source of information in micro-
spore embryogenesis research (Forster et al. 2007). There are
many reviews explaining the production and application of
DH plants through androgenesis (Maluszynski et al. 2003;
Forster et al. 2007; Germanà 2011). Nevertheless, scientifical-
ly or economically important species, woody plants or
Leguminosae species, still remain resistant to androgenesis
induction (Skrzypek et al. 2008; Germanà 2009).
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Haploid plants (HPs) of oat (Avena sativa L.) can be pro-
duced by hybridizations either with maize (Sidhu et al. 2006;
Marcińska et al. 2013; Nowakowska et al. 2015; Warchoł
et al. 2016) or with pearl millet (Ishii et al. 2013) and by
androgenesis in microspore/anther culture (Rines et al. 1997;
Kiviharju et al. 2005; Kiviharju et al. 2017). Pioneering work
on oat androgenesis was carried out by Rines (1983), who
obtained the first three plants (one haploid and two diploids)
from 65,000 anthers of the cultivar ‘Stout’. In the 1990s, suc-
cessful plant recovery from oat anthers was reported by Sun
et al. (1991), who recovered 12 green oat plants, including
two haploids and one euploid. Kiviharju and Pehu (1998)
reported many anther-derived embryos without successful
plant regeneration. Later, Kiviharju et al. (2005) improved
the anther culture method by several adjustments to older
methods and reported up to 30 green plants per 100 anthers
cultured for an individual cross. Recently, Ślusarkiewicz-
Jarzina and Ponitka (2007) have described plants derived from
anther culture from Polish oat cultivars.

Androgenesis, like other haploid-inducing techniques, is
influenced by several endogenous and exogenous factors.
Genotype, physiological state, and growth conditions of donor
plants, stage of male gametes, pretreatment of flower buds or
anthers, in vitro culture medium composition, and physical
factors during tissue culture together with their interactions
are the main factors determining the androgenetic response
in in vitro culture (Islam and Tuteja 2012; Murovec and
Bohanec 2012; Ferrie et al. 2014). The application of suitable
physiochemical factors promotes stress response that arrests
microspores or young pollen grains in their gametophytic
pathway. Temperature pretreatment, sucrose and nitrogen star-
vation, and osmotic stress are the most commonly used trig-
gering factors. Depending on the plant species and genotype,
temperature stress can be applied by subjecting excised flower
buds, whole inflorescences, or excised anthers to low (barley,
wheat, maize, rice, triticale, rye) or high (Brassica species,
tobacco, wheat) temperatures for several hours or days
(Maluszynski et al. 2003; Maraschin et al. 2005).
Ślusarkiewicz-Jarzina and Ponitka (2007) reported harvesting
and cold-treating oat tillers at 4°C for a few days in N6mineral
salt medium (Chu et al. 1975) with 2.0 mg/dm3 2,4-D. Sidhu
and Davies (2009) also used 4°C temperature for oat andro-
genesis induction for 6–9 wk. Temperature pretreatment is
usually conducted at low temperatures, but sometimes, heat
shock conditions of 32°C for hours or days are used in oat
anther cultures (Kiviharju et al. 1998). Anthers were also heat
shocked at 35°C for 24 h immediately after placing them on
induction media (Rines 1983).

The aim of the experiments was the induction of androgen-
esis in anther culture of oat. The effects of cultivar, pretreat-
ment, induction medium, and distance from the base of the
flag leaf to the penultimate leaf of the panicle on the andro-
genesis efficiency were tested.

Materials and methods

Oat (Avena sativa L.) cultivars derived from Strzelce Plant
Breeding Ltd., PBAI Group, Strzelce, Łódź Voivodeship,
Poland were used as sources of anthers for studying andro-
genic abilities. Seeds of each genotype were sown singly into
a mixture of soil with sand (3:1 v/v) in 3 dm3 pots. Donor
plants were grown under controlled conditions at 21/17°C
day/night, 16-h photoperiod, in a greenhouse under natural
(solar) light during the day and sodium lamps (400 W,
Philips SON-T AGRO, Philips Lighting, Eidhoven, the
Netherlands) between 6 and 8 a.m. and additionally between
6 and 10 p.m. on cloudy days. Plants were fertilized with a
liquid medium once a w (Hoagland and Arnon 1938).

In the first experiment, 175 tillers of ‘Akt’, ‘Bingo’,
‘Bajka’, and ‘Chwat’ were cut when the panicle was enclosed
within the leaf sheath (Fig. 1a). At this time, the majority of
microspores were at the late uninucleate (Fig. 1b) to early
binucleate stage (Fig. 1c). To correlate the stage of microspore
development with tiller morphology, microspores were ob-
served under a light microscope (SMZ 1500, Nikon, Tokyo,
Japan) and the distance from the base of the flag leaf to the
penultimate leaf of the panicle was measured and four dis-
tance classes were designated: (A) 0.0–4.0 cm, (B) 4.1–8.0,
(C) 8.1–12.0, and (D) 12.1–16.0.

Oat tillers were covered with aluminum bags (Fig. 1d),
dipped in Hoagland and Arnon (1938) liquid medium for 2
and 3 wk at 4°C. Next panicles were disinfected in 70% (v/v)
ethanol (1 min), then in a 2.5% (w/v) solution of calcium
hypochlorite (65% Ca(OCl)2 commercial product, Sigma-
Aldrich®, Darmstadt, Germany) (7 min), and subsequently
washed three times with sterile water. For embryo-like struc-
tures (ELS) induction, anthers were aseptically isolated on
C17 medium (Wang and Hu 1984) with the addition of 4-
amino-3,5,6-trichloropicolinic acid (picloram), 2-methoxy-
3,6-dichlorobenzoic acid (dicamba), and kinetin. All growth
regulators were added to the medium at a concentration of
0.5 mg/dm3. For each oat cultivar, 20 replicate Petri plates
(6 cm), each containing 70–120 anthers, were cultured.

The cultivars ‘Bingo’ and ‘Chwat’, which produced the
highest number of ELS, were selected for the second experi-
ment. Donor plants were grown in a greenhouse (conditions as
above). The stage of microspore development was determined
using the same approach used in the first experiment. Tillers of
the donor plants (119 of ‘Bingo’ and 114 of ‘Chwat’) were
placed in Hoagland liquidmedium and cooled at 4°C for 2 and
3 wk, and then half of them were kept at 32°C for 24 h.
Panicles were disinfected as in the first experiment. Then,
anthers were aseptically isolated and placed on C17 medium
(Wang and Hu 1984) containing: 0.5 mg/dm3 picloram,
0.5 mg/dm3 dicamba, 0.5 mg/dm3 kinetin (C17-1), or
0.5 mg/dm3 picloram, 0.5 mg/dm3 dicamba, 0.5 mg/dm3

BAP (C17-2) and W14 medium (Ouyang et al. 1989)
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Figure 1. Androgenesis in oat
(Avena sativa L.) anther culture:
(a) tiller of ‘Chwat’ with the
panicle enclosed within leaf
sheath (NPL—node of the
penultimate leaf, NFL—node of
the flag leaf, ID—internode
distance); (b) microspore in the
uninucleated stage; (c)
microspore in the binucleated
stage; (d) tillers of ‘Chwat’
covered with an aluminum bag
prepared for pretreatment; (e)
dehisced anther releasing
microspores; ( f ) anthers with
ELS developed indicated by
arrows; (g–i) anthers with ELS;
regenerated HP: (j) on W14-5
medium, (k) on MS medium, (l)
in perlite, (m) in soil, and (n–o)
DH plants maturing into
greenhouse conditions.
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containing: 5.0 mg/dm3 2,4-dichlorophenoxyacetic acid (2,4-
D), 2.0 mg/dm3 naphthyl-1-acetic acid (NAA), 0.5 mg/dm3

kinetin (W14-1), 5.0 mg/dm3 2,4-D, 2.0 mg/dm3 NAA,
0.5 mg/dm3 6-benzylaminopurine (BAP) (W14-2), 5.0 mg/
dm3 2,4-D, 0.5 mg/dm3 kinetin (W14-3), 5.0 mg/dm3 2,4-D,
0.5 mg/dm3 BAP (W14-4), 2.0 mg/dm3 2,4-D, 0.5 mg/dm3

kinetin (W14-5), and 2.0 mg/dm3 2,4-D, 0.5 mg/dm3 BAP
(W14-6). For each oat cultivar, ten replicate Petri plates
(6 cm), each containing 70 anthers, were cultured.

Media in both experiments were enriched with 9%
maltose, solidified with 0.6% agar, and the pH was ad-
justed to 6.0. Anther cultures were incubated in the dark
at 28 ± 1°C. Embryogenic structures were observed after
about 6–8 wk under a light microscope (SMZ 1500,
Nikon, Tokyo, Japan) and using a scanning electron mi-
croscope (Jeol model JSM 5410, Tokyo, Japan). The effi-
ciency of androgenesis was determined as the number of
ELS obtained from 100 anthers. Regenerated HPs were
transferred into Magenta boxes containing solidified
(0.6% agar) MS medium with half the original concentra-
tions (Murashige and Skoog 1962) and without growth
regulators. They were maintained at 21 ± 2°C and light
intensity of 60 μmol m−2 s−1 (16/8 h light/dark).
Subsequently, HPs were acclimated to ex vitro conditions
by transferring them to moist perlite (Zakłady Górniczo-
Metalowe Zębiec S.A., Zębiec, Poland) and then to the
soil (Ziemia uniwersalna, Ekoziem, Jurków, Poland).

Ploidy level of plants was evaluated before and after col-
chicine treatment using a MACSQuant flow cytometer
(MACSQuant, Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany), equipped with air-cooled laser (488 nm) and
MACSQuantifyTM software, as described by Warchoł et al.
(2016). After colchicine treatment, all plants were grown in
3 dm3 pots with the mixture of soil with sand (3:1 v/v) to
maturity in a greenhouse (conditions as above) and bagged
individually to ensure self-fertilization.

All reagents used in the experiment were obtained from
Sigma-Aldrich®, Poznań, Poland.

Statistical analysis Data of ELS, HPs, and DHs were analyzed
using analysis of variance (ANOVA) with STATISTICA 10.0
(Stat-Soft, Inc., Tulsa, OK). Mean comparisons were carried
out using Duncan’s multiple range test.

Results

Pretreatment conditions, distance from the base of the flag leaf
to the penultimate leaf of the panicle, and induction media
were tested to produce oat DH lines using anther culture of
four cultivars. In the first experiment, over 8000 anthers were
isolated on the induction medium (Table 1). About 4 to 6 wk
after culturing, anthers dehisced (Fig. 1e) and ELS started to
emerge (Fig. 1f). In total, 92 ELS were obtained in all tested
oat cultivars (Table 1; Fig. 1g–i). The highest number of ELS
was obtained from ‘Chwat’ and ‘Bingo’ (3.6% and 1.6%,
respectively), and only two cultivars, ‘Akt’ and ‘Chwat’, pro-
duced HPs (0.5% and 0.8%, respectively). All HPs were green
(Fig. 1j–m). The ploidy of the control diploid oat plants
(Supplementary Fig. 1a) was compared with plants before
(Supplementary Fig. 1b) and after colchicine treatment
(Supplementary Fig. 1c). Cytometric analysis confirmed that
the colchicine treatment doubled chromosomes of all tested
plants. Six of 14 plants produced 1537 seeds and were con-
sidered to be DH lines (Fig. 1n, o). The analysis of variance
presented in Table 2 showed that ELS development depended
significantly on the cultivar and distance from the base of the
flag leaf to the penultimate leaf of the panicle.

Of all tested cultivars, ‘Chwat’ developed the highest num-
ber of ELS irrespective of the tested distances of the panicle
which were measured from the base of the flag leaf to the
penultimate leaf. However, the majority of ELS formation
was observed on anthers derived from the youngest panicles
(A 0.0–4.0 cm) (Fig. 2a). This stage of plant development was
also favorable for ELS formation in all tested cultivars, espe-
cially for cv. ‘Akt’, which produced ELS only at this stage of
development. The number of ELS was not statistically depen-
dent on the distance from the base of the flag leaf to the
penultimate leaf of the panicle in cvs. ‘Bajka’ and ‘Bingo’.
Cvs. ‘Akt’, ‘Bajka’, and ‘Bingo’ did not form ELS when an-
thers were isolated at distance C (8.1–12.0). HPs and DHs
were favorably induced in anthers cultured from the youngest
panicles collected at the measured distance A (0.0–4.0 cm) of
the panicles (Fig. 2b).

Cvs. ‘Bingo’ and ‘Chwat’ were selected for the second
experiment due to their high efficiency in ELS produc-
tion. Pretreatment conditions (time of cooling together
with temperature shock) as well as induction media were

Table 1. The effect of the genotype on the production efficiency of ELS, HP, and DH lines in oat anther cultures

Cultivar Number of
panicles

Number of
anthers

Number
of ELS

ELS/anthers (% ± SE) HP HP/anthers (% ± SE) DH plants DH plants/anthers (% ± SE) Number
of seeds

Akt 60 2367 11 0.7 ± 0.3 4 0.5 ± 0.4 4 0.5 ± 0.4 1175

Bajka 54 2856 12 0.5 ± 0.1 0 0 0 0 0

Bingo 37 1578 21 1.6 ± 0.4 0 0 0 0 0

Chwat 24 1475 49 3.6 ± 0.7 10 0.8 ± 0.4 2 0.4 ± 0.2 362
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Table 2. Analysis of variance of
the effect of cultivar, distance
from the base of the flag leaf to
the penultimate leaf of the
panicle, and pretreatment on the
percentage of ELS, HP, and DH

Dependent variable Independent variable SS df F p

ELS Cultivar 192.525 3 14.161 0.000***

Distance from the base of the flag leaf to
the penultimate leaf of the panicle

51.261 3 3.198 0.025*

Pretreatment 7.321 1 1.307 0.254 ns

HP Cultivar 16.759 3 1.826 0.144 ns

Distance from the base of the flag leaf to
the penultimate leaf of the panicle

11.854 3 1.280 0.283 ns

Pretreatment 0.056 1 0.017 0.892 ns

DH lines Cultivar 8.347 3 0.935 0.425 ns

Distance from the base of the flag leaf to
the penultimate leaf of the panicle

10.859 3 1.222 0.303 ns

Pretreatment 0.056 1 0.018 0.892 ns

SS sum of squares, df degrees of freedom, MS mean squares, ns not significant

*Significant at p ≤ 0.05; ***significant at p ≤ 0.001
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Figure 2. The regeneration
response of oat (Avena sativa L.)
depending on the panicle maturity
determined by the internode
distance: number of (a) ELS and
(b) HP and DH lines. Bars
represent mean values ± SE.
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tested to increase androgenesis efficiency. Both cultivars
produced ELS in this experiment (cv. ‘Bingo’—0.5%, cv.
‘Chwat’—1.1%). Green HPs were obtained only from cv.
‘Chwat’ (0.1%) and 2 DHs produced 46 seeds (Table 3).
Albino plants were absent as similar to the observations of
the first experiment.

The analysis of variance presented in Table 4 showed sig-
nificant differences between the cultivars, pretreatment, and
induction medium only in the case of ELS production. Anther
response to pretreatment was observed in both cultivars
(Fig. 3a). The highest number of ELS (1.7%) was produced
when the panicles of cv. ‘Chwat’were cooled 2 wk at 4°C and
then kept 24 h at 32°C. Pretreatment was not statistically sig-
nificant for ELS formation by cv. ‘Bingo’; however, the ma-
jority of ELS formed (0.7%) after cooling for 3 wk only at
4°C. Pretreatment was not statistically significant for HPs and
DH line formation; however, the majority of HPs formed after
cooling for 2 wk only at 4°C or when after 2 wk of cooling
anthers were kept 24 h at 32°C (0.21%, 0.19%, respectively).
DH lines (0.14%) developed only after cooling donor plants at
4°C for 2 wk (Fig. 3b).

The effect of the induction medium on androgenesis effi-
ciency is shown in Fig. 4a. ELS formation was observed on all
tested media, except for cv. ‘Bingo’ on W14-3 medium, al-
though not all of the variables were significantly affected.
Anthers of cv. ‘Chwat’ developed the highest number of
ELS (2.7%) on W14-5 medium, whereas W14-1 was more
appropriate for androgenesis induction of cv. ‘Bingo’ (1.4%).
HPs formation was observed on three tested media (C17-2,
W14-1, W14-5) from ELS cv. ‘Chwat’, whereas DH lines
were obtained only on medium W14-1 (0.27%) (Fig. 4b).

Discussion

Anther culture has considerable value in shortening the time
required to develop homozygous lines, which efficiency is
sufficient for breeding purposes for many major crops, e.g.,
tobacco, brassica, and rice; however, most of the plant spe-
cies are still recalcitrant to this process. Literature data in-
dicate that oat belongs to the species resistant to androgen-
esis and strongly dependent on the genotype (Kiviharju et al.
2005, 2017; Ponitka and Ślusarkiewicz-Jarzina 2009).
Moreover, low rates of oat DHs production have limited
the use of them in various research areas.

The microspore development stage is one of the most im-
portant factors affecting the success of ELS formation. In most
cases, the uninucleate stage of the microspore or just after the
first pollen mitosis, i.e., the early binucleate stage, is the most
suitable for androgenic response in cereal crops. The most
appropriate developmental stage of microspores can be iden-
tified by the size of anthers or by staining anthers with
acetocarmine to observe the nuclei under a light microscope
(De Cesaro et al. 2009; Sood and Dwivedi 2015). Also, the
degree of starch deposition in the microspores was identified
as an efficient cytological indicator to determine the micro-
spore maturity (Mayakaduwa and Silva 2017).

In our study, we used a morphometric pretest which is a
standardized distance measurement of the panicle to corre-
late with the microspore development stage. The panicle
development stage at the measured distance A (0.0–
4.0 cm) proved to be the best for all tested cultivars that
responded to induction treatment and formed ELS. Such
pretests are useful to establish a correlation between easily
observable morphological traits and the microspore matu-
rity within the anthers, e.g., if the tip of the panicle is inside
the leaf sheath at the level of the second leaf base, as re-
ported by Kiviharju et al. (1998), it means that floret buds
contain anthers or microspores suitable for androgenesis.
The androgenesis competence of the microspore develop-
ment stage varies with the species or cultivars but is rela-
tively limited and was named by Smykal and Pechan

Table 3. The effect of the genotype on the production efficiency of ELS, HP, and DH lines in oat anther cultures

Cultivar Number
of panicles

Number
of anthers

ELS ELS/anthers (% ± SE) HP HP /anthers (% ± SE) DH plants DH plants/anthers (% ± SE) Number
of seeds

Bingo 119 5548 29 0.5 ± 0.1 0 0 0 0 0

Chwat 114 5674 77 1.1 ± 0.2 7 0.1 ± 0.05 2 0.03 ± 0.03 46

Table 4. Analysis of variance of the effect of cultivar, pretreatment, and
induction medium on the percentage of ELS, HP, and DH lines

Dependent variable Independent
variable

SS df F p

ELS Cultivar 22.904 1 8.781 0.003**

Pretreatment 21.940 3 2.774 0.042*

Induction medium 38.482 7 2.107 0.044*

HP Cultivar 0.537 1 3.667 0.057 ns

Pretreatment 0.612 3 1.382 0.249 ns

Induction medium 1.340 7 1.303 0.250 ns

DH lines Cultivar 0.062 1 0.957 0.329 ns

Pretreatment 0.225 3 1.153 0.329 ns

Induction medium 0.445 7 0.975 0.451 ns

SS sum of squares, df degrees of freedom, MS mean squares, ns not
significant

*Significant at p ≤ 0.05; **significant at p ≤ 0.01
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(2000) as the Bdevelopment window.^ In this restricted
period, the switch from gametophytic to sporophytic routes
happens only between the mononucleate and median binu-
cleate stages of microspores (De Cesaro et al. 2009).

The structural variation of oat panicle shape and morphol-
ogy accompanied by non-linear microsporogenesis matura-
tion in the panicles makes it difficult to identify anther size
with microspores at the appropriate stage. Even the micro-
spores within one anther will vary in their embryogenic com-
petency due to slight differences in the developmental stage
(Sood and Dwivedi 2015). Therefore, cytological screening
before culture is critical in identifying microspores exactly at
the appropriate stage for oat androgenesis.

The change in the developmental pathway of microspores
from the normal gametophytic to the sporophytic one is stim-
ulated by physical or chemical preculture treatment applied to
whole panicles, single florets, or isolated anthers before
in vitro cultures (Hosp et al. 2007). The androgenetic response
in crop plants depends on many stress factors, e.g., tempera-
ture shock, carbohydrate/nitrogen starvation, or high osmotic
pressure. However, it was found that application of these pre-
treatments might vary depending on the species or even the
cultivar (Shariatpanahi et al. 2006). In oat (Avena sativa L.),
cut panicles were subjected to cold pretreatment at 4°C in the
dark for 0, 7, 14, 21, or 28 d and heat pretreatment at 32°C
applied to isolated anthers for 0, 1, 3, 5, or 7 d (Kiviharju et al.
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Figure 3. The regeneration
response of oat (Avena sativa L.)
depending on pretreatment:
number of (a) ELS and (b) HP
and DH lines. Bars represent
mean values ± SE.
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1998). In our study, cold pretreatment combined with thermal
shock at 32°C for 24 h was more efficient in reprogramming
the gametophytic pathway and inducing androgenesis than
cooling alone. Rines (1983) and Kiviharju and Pehu (1998)
reported that cold pretreatment did not have a positive impact
on the effectiveness of oat anther culture. Furthermore, long
cold pretreatment (6–8 wk) may cause high frequency of al-
bino regenerates (Sidhu and Davies 2009). In the study of
Kiviharju et al. (1998), heat pretreatment (32°C) seemed to
affect the type of anther response. Five days of heat stress
proved to be optimal for Avena sativa L. anther cultures, as
they responded with embryogenesis, whereas cultures not
treated with heat produced only callus. Some reports de-
scribed that stress pretreatment was not only needed for
switching microspore development, but it could also influence
microspore divisions, ELS, and green plant production as well
as spontaneous chromosome doubling efficiency (Kasha et al.

2001; Oleszczuk et al. 2006). However, in our study, pretreat-
ment affected only ELS formation.

The composition of the culture media plays a major role in
induction of ELS. Numerous studies were evaluating the dif-
ferent components of media, e.g., source of carbon, macronu-
trients, and micronutrients as well as the type and concentra-
tion of growth regulators which could be a decisive factor that
stimulated pollen embryogenesis (Ślusarkiewicz-Jarzina and
Ponitka 2007; Ferrie et al. 2014; Sood and Dwivedi 2015;
Kiviharju et al. 2017). In our experiment, the effect of C17
(Wang and Hu 1984) andW14 (Ouyang et al. 1989) induction
media was observed. The same medium compositions were
used previously by Ponitka and Ślusarkiewicz-Jarzina (2009),
who studied androgenesis of nine oat genotypes and reported
that ELS induction efficiency was higher on C17 medium for
all genotypes. In contrast to Ponitka and Ślusarkiewicz-
Jarzina (2009), our experiments showed that more ELS and
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Figure 4. The regeneration
response of oat (Avena sativa L.)
depending on the induction
medium: number of (a) ELS and
(b) HP and DH lines. Bars
represent mean values ± SE.
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plants regenerated on W14 than on C17 medium. Kiviharju
et al. (2000) indicated that lower concentrations of 2,4-D (2–
3 mg/dm3) and kinetin (0.2–0.5 mg/dm3) in the induction
media were sufficient for embryo induction. Moreover, kine-
tin seemed to affect the quality of the induced ELS, promoting
formation of regenerable structures, although higher concen-
trations of cytokinins often caused browning of the anthers.

In the Rines (1983) study, only anthers initially placed on a
modified potato extract medium containing 2 mg/dm3 2,4-D
and 0.5 mg/dm3 kinetin produced plants. The above results are
consistent with our observations that the largest number of
ELS was formed on W14 medium enriched with 2.0 mg/
dm3 2,4-D and 0.5 mg/dm3 of kinetin. In addition, all plants
on this medium were green, as opposed to the results of
Kiviharju et al. (2000), who indicated that the W14 medium
favored albino plant production.

Conclusions

We demonstrated that cold pretreatment in combination with
heat treatment for cut oat tillers before anther isolation, the
distance from the base of the flag leaf to the penultimate leaf
of the panicle, as well as induction mediumW14 with 2.0 mg/
dm3 2,4-D and 0.5 mg/dm3 kinetin improved androgenic re-
sponse. Although the application of anther culture is frequent-
ly used in breeding studies, the processes involved in andro-
genesis are still poorly understood. There is a need to study,
understand, and manipulate microspore embryogenesis to de-
velop genotype-independent methods.
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