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Abstract
Androgenic responsiveness in anther (AC) and isolated microspore cultures (MC) was analysed using 15 lines of Polish 
winter rye (Secale cereale L.). The effect of low temperature (LT) alone or in combination with osmotic stress induced by 
mannitol treatment (MAN) and/or with reduced glutathione (GSH) on the effectiveness of the process was studied. Interest-
ingly, each treatment had a different effect on microspore (mcs) vitality and capability to divide symmetrically. The first 
criterion for successful embryogenesis was to exceed the threshold number of at least 25% dividing microspores, which 
determined ‘embryogenic suspension culture’. In some configurations a spectacular effect was achieved, especially in lines 
highly recalcitrant to androgenesis induction. Relatively high effectiveness of androgenesis induction (up to 4.58 AS per 
 105 mcs per spike in MC and 21.29 AS per spike in AC) showed that the developed protocol with GSH and/or MAN tiller 
pre-treatments overcomes the genotypic barrier for androgenesis initiation in rye. Moreover, relatively high, spontaneous 
genome diploidization (55%) of regenerated plants demonstrated that the described protocols could be effectively integrated 
into conventional rye breeding programmes.

Key message 
Glutathione and mannitol break the barrier of androgenesis initiation by increasing the dividing and vital microspores ratio. 
This marker is useful for screening material in breeding programs utilizing DH technology.

Communicated by Alison M.R. Ferrie.
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Abbreviations
2N SYM  Microspores with nuclei after symmetric 

division
AC  Anther cultures
AS  Androgenic structures
DAPI  4′,6-Diamidino-2-phenylindole
DH  Doubled haploids
DIC  Differential interference contrast system
FDA  Fluorescein diacetate
GSH  Glutathione
H  Haploid plants (1n)
HS  Hoagland solution
LMW  Low molecular weight antioxidants
LT  Low temperature treatment
MAN  Mannitol
MC  Microspore cultures
mcs  Microspores
ME  Microspore embryogenesis
PCD  Programmed cell death
R  Regenerants
RAlbino  Albino plant regeneration
RGreen  Green plant regeneration
ROS  Reactive oxygen species
RTotal  Total plant regeneration
TH  Tetraploid (4n)
UN  Microspores at uninucleate stage

Introduction

Due to low soil and climate requirements as well as low 
sensitivity to unfavourable environmental conditions (e.g. 
low temperatures, salinity, water deficit), rye (Secale cere-
ale L.) currently belongs to the most important crops in the 
EU cereals market. Recently (2018/2019; 22 June 2019), 
the marketing area and usable production of rye in the EU 
has increased by 13.1% and 29.5%, respectively (https ://
ec.europ a.eu/agric ultur e/marke t-obser vator y/crops ). The 
HealthyMinorCereals project, funded by EU FP7, indicated 
that farmers have an interest in growing traditional cereal 
species such as rye because they are well-suited to less inten-
sive cultivation, including organic and conservation farming. 
Moreover, rye is the best crop for healthy human nutrition 
because of much higher levels of total antioxidants, carbo-
hydrates, proteins, vitamins, and especially dietary fibers 
(https ://www.opena ccess gover nment .org/healt hymin orcer 
eals-proje ct/43195 /; Tenhola-Roininen 2009). Because of 
the growing interest in rye cultivation, its production and 
demand in the grain-milling and fuel industries have been 
changing dynamically.

Rye breeding goals are focused on the production of 
improved high-yielding, short-strawed varieties with reduced 
tendency for pre-harvest sprouting. However, gametophytic 
self-incompatibility and cross pollination significantly slow 
down rye breeding progress (Lundqvist 1956). Improvement 
of this crop is possible by conventional population breeding 
or hybrid breeding. In both breeding systems the implemen-
tation of totally homozygous doubled haploids (DHs) can 
shorten the time needed for the production of a new variety 
and increase the efficiency of desired trait selection. Among 
various methods of DH production, induction of andro-
genesis—microspore reprogramming towards sporophytic 
development in in vitro cultured anthers or isolated micro-
spores—is potentially the most effective. However, as the 
process is controlled by a complex network of internal and 
environmental factors, the realisation of this theoretically 
huge embryogenic potential is quite unique in laboratory 
practise (Ferrie and Caswell 2011; Żur et al. 2013).

Research on DH production in rye began in the mid-
1970s without spectacular success. Most of the work focused 
primarily on the efficiency of androgenesis induction in 
anther cultures (AC) on solid media, testing many modifi-
cations of the procedure (Wenzel and Thomas 1974; Thomas 
et al. 1975; Wenzel et al. 1977; Chu 1978; Chuang et al. 
1978; Wang and Hu 1984; Ouyang et al. 1989; Flehinghaus 
et al. 1991; Daniel 1993; Flehinghaus-Roux et al. 1995). 
The turning point came with improved media—containing 
e.g. l-glutamine (500 mg L−1), 2.3 µM kinetin (0.5 mg L−1) 
with 9 µM auxin (2 mg  L−1), 6% maltose (w/v) and 0.3% 
(w/v) Phytagel (3 g  L−1)—which increased both the induc-
tion effectiveness and plant regeneration ability in spring 
ryes (Immonen and Tenhola-Roininen 2003). According to 
these authors, two solid induction media—90-2 (Zhuang and 
Xu 1983) and W-14 (Ouyang et al. 1989)—were found to 
be the best for androgenesis induction in AC of rye. How-
ever, high genotype dependency still limits the possibil-
ity for wider commercial application of the method in rye 
breeding programmes. A similar problem was observed in 
isolated microspore cultures (MC) and despite extensive 
investigations (Wenzel et al. 1976; Deimling et al. 1994; 
Immonen and Anttila 1996a; Rakoczy-Trojanowska et al. 
1997; Immonen 1999; Guo and Pulli 2000; Ma et al. 2004; 
Tenhola-Roininen et al. 2005), the resistance of some geno-
types to androgenesis induction was not overcome. Due to 
low microspore survival and decreased fertility of regener-
ated plants, a limited number of green regenerants (10–40%) 
with spontaneous genome duplication (90%) was obtained, 
which did not meet the requirements of breeding programs. 
Because high microspore viability and their ability to divide 
are the first determinants of ME induction, various physical 
and/or chemical inducers are usually applied to increase the 

https://ec.europa.eu/agriculture/market-observatory/crops
https://ec.europa.eu/agriculture/market-observatory/crops
https://www.openaccessgovernment.org/healthyminorcereals-project/43195/
https://www.openaccessgovernment.org/healthyminorcereals-project/43195/
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resistance of microspores to stress associated with the isola-
tion and transfer to in vitro conditions. For rye, low tempera-
ture (LT) tillers pre-treatment (4 °C) and isolated anthers 
incubation in 0.3 M mannitol were found to have a positive 
effect on ME effectiveness (Tenhola-Roininen et al. 2005). 
Furthermore, the use of enhanced stress combination of cold 
pre-treatment of spikes (4 °C) and heat treatment of anthers 
(32 °C) with in vitro culture on 190-2 medium (Zhuang and 
Xu 1983) had beneficial impact on green plant regenera-
tion in AC (Tenhola-Roininen et al. 2005). From studies on 
triticale (genetically related to rye; Żur et al. 2014, 2019), 
it is known that genetically controlled but environmentally 
modified microspore tolerance to oxidative stress determines 
androgenesis effectiveness (Żur et al. 2014). Imbalance 
between the production of reactive oxygen species (ROS) 
and the efficiency of the antioxidative system leads to oxida-
tive stress causing disturbances in many important cellular 
processes. The transduction of ROS-induced signal initiates 
microspore reprogramming and simultaneously protects the 
cells from the toxic effects of ROS production. Although the 
protective role of antioxidative enzymes cannot be replaced 
even by high activity of non-enzymatic antioxidants, the 
use of substances which reduce oxidative stress (e.g. low 
molecular weight (LMW) antioxidants) could stimulate 
androgenesis induction and improve regeneration of green 
plants (Stasolla et al. 2008; Cistué et al. 2009; Asif et al. 
2013; Zeng et al. 2017; Żur et al. 2019). Among LMW 
antioxidants, the reduced form of glutathione (GSH) is one 
of the most important ROS scavengers and plays a signifi-
cant role in maintaining the cellular redox potential, which 
determines proper cell growth and differentiation, and in the 
control over programmed cell death (PCD) initiation. It has 
been recently shown that exogenous GSH applied during 
low temperature tiller pre-treatment (short and long-lasting) 
stimulated ME in triticale (Żur et al. 2019).

Taking all this information into account, in the present 
work, tillers of rye were exposed to stress of different, 
chemically-modulated intensities. The effect of LT alone 
or in combination with MAN and/or GSH on the effective-
ness of androgenesis was studied in AC and MC of several 
Polish breeding lines of winter rye (S. cereale L.). For the 
first time, prolonged low temperature pre-treatment of till-
ers (LT; Control) was paired with various combinations of 
GSH and MAN applications and examined in the context of 
cytological characteristics of microspores and androgenesis 
induction effectiveness on different media and under differ-
ent temperature regimes.

Material and methods

Plant material and growth conditions

Polish winter rye (S. cereale L.) lines (no. 1–15) of various 
origin and pollination system were used in this study (details 
in Table 1).

Germinating kernels were placed in perlite pre-soaked 
with Hoagland solution (HS) and vernalized for 9 weeks at 
2 °C with light intensity 100 μmol m−2 s−1 (PAR) and short-
day induction (8 h/16 h; light/dark). Vernalized seedlings, 
twenty per line, were planted individually into 3  dm3 pots 
containing a mixture of soil and sand (3/1; v/v). Rye plants 
(a total of 4 500 plants) were grown in a greenhouse (April/
May), under controlled conditions, at 25/17 °C (day/night), 
800 μmol m−2 s−1 PAR and long day (16 h/8 h light/dark). 
Photoperiod and light intensity were maintained using high 
pressure sodium lamps (400 W; Philips SON-T AGRO, Bel-
gium) between 6–8 a.m., 6–10 p.m. and on cloudy days. 
Plants were watered twice a week with N:P:K = 15:15:18 
soluble fertilizer.

Tiller pre‑treatment protocol for anther (AC) 
and microspore cultures (MC)

Tillers were ready to harvest in 6–10 weeks after plant-
ing into the pot. Tillers were harvested when the distance 
between the flag leaf and the leaves below it was 10–14 cm, 

Table 1  Origin and type of pollination for winter rye (Secale cereale 
L.) line

Origin: DANKO—DANKO Plant Breeding Ltd, Choryń, Poland; 
PHR—Poznań Plant Breeding Sp. z o. o.; IHAR—Plant Breeding 
and Acclimatization Institute, National Research Institute, Radzików, 
Poland

Line label Hybrid line Origin Pollination type

1 SOA 2550/2014 DANKO Self-pollinating
2 94 (PHR2/15) PHR Cross-pollinating
3 41 (PHR 4/15) PHR
4 31 (PHR 5/15) PHR
5 61 (PHR 3/15) PHR
6 F1S 1123/14 DANKO Self-pollinating
7 F1S 1138/14 DANKO
8 HRSM 127-2R IHAR Cross-pollinating with 

self-compatibility 
gene

9 HRSM 186-R IHAR
10 HRSM 131-R IHAR
11 HRSM 135-2R IHAR
12 HRSM 143-3R IHAR
13 F1S 1131/14 DANKO Self-pollinating
14 SOA 2545/2014 DANKO
15 36 (PHR 1/15) PHR Cross-pollinating
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between the flag leaf and ears—3 cm and the majority of 
microspores were at the late uni-nucleate stage. Tillers 
collected daily were randomly selected for proposed pre-
treatments, wrapped in plastic bags and stored for 3 weeks 
at 4 °C in the dark in jars containing (i) Hoagland solution 
(HS) (Control; LT 21d), (ii) HS with 0.3 mmol l−1 reduced 
glutathione (GSH; 21d) or (iii) HS with 0.7 mol l−1 mannitol 
(MAN; 21d) for AC and MC.

Additionally, only for MC, two other pre-treatments 
were applied: (iv) GSH/MAN and (v) MAN/GSH. In 
both procedures, tillers were treated with 0.3 mmol  l−1 
reduced glutathione and 0.7 mol l−1 mannitol but in a dif-
ferent sequence. In GSH/MAN, tillers were treated with 
0.3 mmol l−1 reduced glutathione for the first 14 days, then 
transferred to 0.7 mol l−1 mannitol for the last 7 days of LT 
treatment; whereas in MAN/GSH tillers were treated with 
0.7 mol l−1 mannitol for the first 14 days and then transferred 
to 0.3 mmol l−1 reduced glutathione (Fig. 1a). The experi-
ment was carried out in three independent replications. For 
one replicate 12 spikes per one line were used.

Cell viability and phenotyping

For microscopic analyses, the collected microspores were 
sampled on the isolation day. For microspore culture, each 
sample was taken from a pellet of isolated microspores 
(from 42 spikes) resuspended in 1 ml medium, before it was 
divided between the in vitro treatments. At least three sam-
ples per each line and tiller pre-treatment were processed.

Microspore viability was determined on the isolation day 
through fluorochromatic reaction to fluorescein diacetate 
(FDA; 0.01%; λEx = 465 nm, λEm = 515 nm, green fluores-
cence; Heslop-Harrison and Heslop-Harrison 1970).

For cell phenotyping (assessment of cell divisions), chro-
matin was stained with 4′0.6-diamidino-2-phenylindole 
*2HCl (DAPI; 0.0001%; λEx = 365 nm, λEm = 420 nm, blue 
fluorescence; Custers et al. 1994).

Samples of suspension (100 μl) containing microspores 
at uninucleate stage (UN) or after symmetric division (2N 
SYM) were collected in Eppendorf tubes and incubated in 
FDA or DAPI. Then, a drop of suspension was placed on a 
slide and analyzed.

The samples were examined under Nikon Eclipse-E600 
equipped with a differential interference contrast (DIC) sys-
tem. Fluorescence was examined under filters EX 365/DM 
400/BA 420 EF (DAPI); EX 470–490/DM 510 BA/515 EF 
(FDA). Images were collected with Zyla 4.2 (Andor) digital 
camera and processed with NIS-Elements AR 4.00 Imag-
ing Analysis, Microsoft PowerPoint and Corel PhotoPaint 
X5 programs.

The final frequency of AS (AS per  105 mcs) in MC was 
assessed after 6 weeks of in vitro culture with an inverted 
light microscope (NIKON TS-100/100F). Additional micro-
scopic observations of microspore suspensions were per-
formed at certain points of in vitro culture: on the isolation 
day (0d), after 7 days (7d), after 14 days (14d), after 28 days 
(28d) and after 42 days (42d).

Microspore isolation and culture

Microspore culture response of the 15 lines was evaluated 
using five pre-treatments, two induction media and three 
temperature regimes. At least 630 tillers were harvested 
from each line (20 plants per line) over a four-week period. 
In total, 210 tillers were divided between tillers pre-treat-
ment procedures (Control, GSH, MAN, GSH/MAN, MAN/
GSH) described above. One batch (42 spikes) was used for 
one treatment.

Following pre-treatment, spikes were sprayed with 96% 
(v/v) ethanol, surface-sterilised in 20% (v/v) commercial 
bleach (‘Domestos’) for 15 min and rinsed 4–5 times with 
sterile deionised water. Then, the spikes were cut into ca. 
2 cm long segments and blended in 0.3 mol l−1 mannitol 
with the use of Waring blender (Fisher Scientific Inc.). The 
resulting slurry was filtrated through a  74 μm metal sieve 
(200 mesh; CD-1, Sigma-Aldrich) and pelleted (100×g, 
5 min). After removing the supernatant, the microspores 
were resuspended in 0.3 mol l−1 mannitol and gently lay-
ered onto 21% (w/v) maltose solution for density gradient 
centrifugation (80 × g, 5 min). Viable microspores settled at 
the interface between mannitol and maltose were collected, 
washed in 0.3 mol l−1 mannitol and pelleted (100×g, 5 min). 

Fig. 1  The effect of glutathione and mannitol tiller pre-treatments on 
androgenesis efficiency in anther and isolated microspore cultures 
of rye (Secale cereale L.). a The scheme of the experiment. Repre-
sentations of tiller pre-treatments (low temperature (4  °C) Control, 
glutathione GSH, mannitol MAN and combined treatments with LT, 
reduced glutathione and mannitol GSH/MAN and MAN/GSH) at 
4 °C for 21 days and in vitro culture conditions on 190-2 and W-14 
media. This description also applies in further Figures of this paper. 
Left: the phenotype of tillers/microspores when collected. UN—uni-
nucleate microspore, 2N SYM—microspores with nuclei after sym-
metric division. Right: Parameters of the efficiency of androgen-
esis process (induction expressed as AS per spike and regeneration 
expressed as  RTotal per spike) in anther (AC) and microspore (MC) 
cultures. The mean total numbers ± SE. b The effect of rye tiller 
pre-treatments (Control, GSH, MAN, GSH/MAN or MAN/GSH) 
on microspore vitality (a–j) and microspore competence to enter 
symmetric divisions (k–u). Means for all 15 lines (a–e and k–o). 
Means for lines characterised as recalcitrant to androgenesis induc-
tion (f–j and p–u). Microspores stained with FDA (fluorescence of 
vital cells intensely green) (a–j). Nuclei counterstained with DAPI 
(intensely blue) (k–u). Bar = 20 µm. c The influence of the genotype 
of donor plants on the frequency of viable microspores. The 15 tested 
lines of rye are grouped into three categories: recalcitrant, moderate 
and responsive to androgenesis induction. Error bars denote stand-
ard deviation of the mean (SD) between three biological replicates. 
Experimental points marked with the same letter do not differ accord-
ing to Duncan’s multiple range test (P ≤ 0.05)

◂
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Then, the pelleted microspores were divided between the 
two media and three incubation temperature treatments. 
Microspores were resuspended in 1 ml modified induction 
medium 190-2 (Zhuang and Xu 1983) or W-14 (Ouyang 
et al. 1989). The modifications were similar to those for 
AC, with the exception for maltose being in concentration 
of 63 g l−1. Microspore suspensions with the final density of 
approximately 70 × 103 microspores per ml (mcs/ml) were 
transferred to 15 × 60 mm Petri dishes and co-cultured with 
immature ovaries (10 per 1 ml of suspension) which had 
been dissected simultaneously with microspore isolation. 
The cultures were kept under different temperature condi-
tions: (1) at 4 °C for 7d, then transferred to 26 °C for the 
next 35d or (2) at 26 °C for 42d or (3) at 32 °C for 2d, then 
transferred to 26 °C for the next 40d in the dark (Fig. 1a). 
Microspore suspension obtained from 42 spikes was consid-
ered a replicate and 126 spikes were processed for each line/
pre-treatment/medium/incubation temperature combination.

The number of AS was determined microscopically (see 
“Cell viability and phenotyping” section) prior to transfer 
to regeneration medium. The subsequent transfer of AS 
to regeneration medium (6 weeks), green plants rooting 
(2 weeks) and vernalization (9 weeks) were the same as in 
the anther culture protocol.

Anther culture protocol

Anther culture response of the 15 lines was evaluated using 
three pre-treatments and two induction media. At least 36 
tillers were harvested from each line (20 plants per line) over 
a four-week period. 12 tillers were allocated to each of the 
three low temperature pre-treatments (Control, GSH, MAN) 
lasting 21 days, which were described earlier. Following pre-
treatment, spikes were surface-sterilised and 100 anthers 
were aseptically excised from each spike and transferred to 
either 190-2 (Zhuang and Xu 1983) or W-14 (Ouyang et al. 
1989) induction medium in 55 mm Petri dishes. Each spike 
was considered a replicate and six spikes were processed for 
each line/pre-treatment/medium combination. To evaluate 
the effect of various pre-treatments, anthers excised from 
low temperature pre-treated (Control) tillers were used as 
the control.

The protocol was as described by Immonen and Tenhola-
Roininen (2003) with minor modifications. For surface steri-
lisation, 96% ethanol and comercial bleach (1:5 ‘Domestos’ 
dilluted in water) were used instead of sodium hypochlo-
rite solution with Tween 80. Other modifications included 
changes to both media with additional 238 mg dm−3 l-glu-
tamine, and growth regulators supplemented with 1.0 mg l−1 
Dicamba, 1.0 mg l−1 Picloram, 0.5 mg l−1 NAA and 90 g l−1 
maltose, pH 5.8.

Some supplements or their concentration in the 
tested media differed from the protocol by Immonen and 

Tenhola-Roininen (2003)—e.g. l-glutamine was decreased 
from 500 mg  l−1 to 438 mg  l−1, 2,4-D was replaced by 
1.0 mg l−1 Dicamba, 1.0 mg l−1 Picloram, 0.5 mg l−1 NAA, 
Kinetin was omitted and maltose was increased from 60 to 
90 g l−1.

The cultures were stored in the dark at 26 ± 1 °C. Andro-
genic structures (AS ≥ 5 mm) were transferred successively 
starting from the sixth week of culture, in three-week inter-
vals. The structures (30 AS per a 90 mm Petri dish) were 
transferred onto the regeneration medium 190-2r (Zhuang 
and Xu 1983) containing 30 mg·l−1 sucrose, 0.5 mg l−1 
Kinetin, 0.5 mg·l−1 NAA and 0.6% (w/v) agar, pH 6.0. The 
regeneration phase took place at 26 °C, in the light—at about 
30 µmol (hν)  m−2 s−1 for the first week, then increased to 
80–100 µmol (hν)  m−2 s−1 (PAR)—with a photoperiod of 
16 h/8 h (day/night) (Fig. 1a).

After 6 weeks of regeneration, green plants were trans-
ferred to Magenta boxes with perlite soaked with half-
strength Hoagland’s nutrient solution for better rooting. 
Later, plants were potted into containers filled with a soil-
peat mixture and grown in a greenhouse until the 4th leaf 
was fully formed. Next, seedlings were vernalized at 2 °C for 
9 weeks. Finally, plants developed in similar growth condi-
tions as described above for donor plants.

The number of AS as well as green and albino regener-
ants per spike was estimated and mean values for each line/
pre-treatment/medium combination was calculated from at 
least six replicates.

Determination of ploidy level

At least three samples consisting of approximately 1 cm3 of 
fresh leaf tissue were collected from each green regenerant 
and transferred to a glass Petri dish (on ice) for flow cytom-
etry analysis. The same volume of fresh (2n = 2X = 14) leaf 
tissue served as an external reference standard. Tissues were 
finely chopped with a razor blade in 500 µl of Otto I solution 
(0.1 M citric acid, 0.5% Tween 20). Next, the suspension 
was filtered through a 42 µm nylon mesh (Miltenyi Biotec 
GmbH, Germany) into 5 ml Eppendorf tubes and stained 
with 1 ml of Otto II buffer (0.4 M  Na2HPO4·12H2O) contain-
ing 2 mg ml−1 β-mercaptoethanol and 2 μg ml−1 DAPI and 
incubated on ice in darkness for 15 min prior to analysis. 
Aliquots of stained nuclei (50 µl) were mixed gently and 
ploidy was performed with a CyFlow Space flow cytometer 
(Sysmex Partec GmbH, Görlitz, Germany) equipped with 
a UV-led diode array. At least 5000 events measured per 
sample were considered a replicate.

Statistical analyses

The distribution of almost all analysed parameters was near 
to normal, skewed slightly towards the lower part of the 
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frequency scale. However, as no procedure of data transfor-
mation resulted in a more normal distribution, the original 
data was used for further analysis. All data were examined 
by two-way analysis of variance (ANOVA), after which post 
hoc comparison was conducted using Duncan’s multiple 
range test (P ≤ 0.05). All statistical analyses were performed 
using STATISTICA version 13.1 package (Stat Soft Inc., 
USA, 2016). Raw data and detailed results of the statistical 
analyses will be provided on request.

Results

Effect of tiller pre‑treatments on microspore vitality 
and symmetric divisions

Based on microspores response, the rye lines were ranked 
into three categories: recalcitrant, moderate and responsive. 
When plotted against microspore viability, it can be seen that 
the moderate and responsive lines have significantly higher 
viability than the recalcitrant lines (Fig. 1b, c, S1). Micro-
spores isolated from control tillers of the recalcitrant lines 
(lines 1, 2, 6, 9, 11, 12, 13, 15) had 3.5- and 3.9-fold lower 
vitality in comparison with responsive and moderate lines 
(lines 3, 4, 5, 7, 8, 10, 14), respectively (S1, S2).

Although microspore viability was significantly influ-
enced by the genotype of donor plants (Table 2; Fig. 1b, c, 
S1, S2), tiller pre-treatments (Control, GSH, MAN, GSH/
MAN, MAN/GSH) had a significant effect on the mean 
microspore vitality and the frequency of symmetric divi-
sions leading to androgenic structure (AS) formation under 
in vitro conditions in all categories (Fig. 1, S3, S4). Glu-
tathione had an effect on each genotype, but not to the same 
degree, or in the same way. Pre-treatments with glutathione 
alone (GSH) or in combination with mannitol (GSH/MAN 
and MAN/GSH) enhanced microspore viability up to the 
level of ca. 50% viable microspores (S2) whereas MAN 
and its combination with GSH (MAN/GSH) increased the 
frequency of dividing microspores up to 12–14% for the 
moderate and responsive categories (S4). GSH/MAN and 
MAN/GSH tillers treatment usually increased (ca. 1.20-fold) 
microspore survivability after the isolation procedure and 
during the first days of in vitro culture (Fig. 1b). Combi-
nation of GSH and MAN improved microspore vitality in 
comparison with MAN on its own. Too high stress intensity 
(MAN) had a negative effect on microspore viability (S2) 
but simultaneously stimulated embryogenesis initiation (S4).

Table 2  The sources of variance for mean microspore viability

The sources of variance for viability were as follows: 15 lines and 
four spike treatments and interaction between line and treatment
*** Significant at P ≤ 0.001

Source of variation Mean squares P

Line 3051 ***
Treatment 4891 ***
Line × Treatment 3107 ***

Table 3  The sources of variance for microspore viability and fre-
quency of symmetric divisions in recalcitrant genotypes

The sources of variance for microspore viability and frequency of 
symmetric divisions were as follows: 5 lines and four spike treat-
ments and interaction between line and treatment
*** Significant at P ≤ 0.001

Source of variation Mean squares/P

Vitality 2N Sym

Treatment 5186/*** 521.6/***

Table 4  The sources of variance for induction potential in microspore suspensions

The sources of variance for induction potential were as follows: 15 lines, four treatments, two types of induction media and interaction between 
line and medium, line and treatment, medium and treatment, line and medium and treatment. AS per  105 mcs—effectiveness of androgenesis 
induction per one spike
ns not significant
*, **, ***Significant at P ≤ 0.05, P ≤ 0.005 and P ≤ 0.001, respectively

Source of variation Mean squares/P as per 105 mcs

Line 27.65/***
Treatment 49.63/**
Medium 40.58/*
Line × Medium 16.62/*
Line × Treatment 22.13/***
Medium × Treatment 5.02/ns
Line × Medium × Treatment 17.83/**
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In the recalcitrant lines, microspore viability and fre-
quency of symmetric divisions was significantly influenced 
by the tillers treatments (Table 3). Pre-treatments with 
glutathione alone (GSH) or in combination with mannitol 
(GSH/MAN and MAN/GSH) stimulated microspore viabil-
ity 1.8-, 2.3- and 2.6-fold for GSH, GSH/MAN and MAN/

GSH, respectively (Fig. 1b). The order of treatments was 
crucial for the resistant lines. MAN/GSH was the only treat-
ment able to increase microspore viability up to ca. 50% 
viable cells (S2). Moreover, mannitol alone (MAN) or in 
combination with glutathione was the most effective in trig-
gering symmetrical divisions. As a result, the frequency of 
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embryogenic divisions was 4.6–5.3-fold higher (up to the 
level of ca. 20%) in comparison with the control (Fig. 1b, 
S4).

Androgenesis induction efficiency in isolated 
microspore cultures

Androgenic responsiveness of microspore suspensions var-
ied significantly among the 15 studied rye lines (S5), which 
were arranged by the level of susceptibility to embryo for-
mation within three categories (responsive, moderate and 
recalcitrant) after 8 weeks of culture. The androgenic capac-
ity was significantly influenced by the genotype of donor 
plants, tiller pre-treatment, type of medium and interac-
tions between Line × Medium, Treatment × Medium and 
Line × Treatment × Medium (Table 4; Fig. 2a).

The studied rye lines presented a wide spectrum of 
responses regardless of medium type—the mean AS pro-
duction per spike ranged from 0 to 4.6 AS per  105 mcs. 
The majority (11 lines) responded to the applied treatments 
and formed AS (eight lines under control, five under GSH, 
two under MAN and five under MAN/GSH; S5). The most 
effective among the tested treatments was MAN/GSH, where 
mean AS formation was almost twofold or 15-fold higher in 
comparison with control and MAN, respectively (Fig. 2c). 
190-2 induction medium was significantly better than W-14 
and yielded 2.5-fold higher effectiveness of AS formation 
(Fig. 2d). Embryogenesis efficiency on the tested media 
was genotype-specific and related to different responses to 
the type of medium—e.g. for lines 14 and 8, the number 
of developed embryos increased 2.78-fold or 43.90-fold on 

190-2 and W-14 medium, respectively (S5). Although such 
an impressive effect was observed for W-14 medium, the 
highest number of embryos was obtained on 190-2 medium 
(16.38 AS per  105 mcs per spike; S5). Furthermore, on the 
190-2 medium, under control, GSH and MAN/GSH pre-
treatments, all genotype categories produced AS (with the 
highest effectiveness obtained at 26 °C for the responsive 
lines; S6). Therefore, from the applied temperature regimes, 
culture incubation at 26 °C was chosen as optimal (Fig. 2e).

Microscopic observations (conducted on 0, 7, 14, 28 and 
42d of in vitro culture) of microspore suspensions obtained 
from control spikes revealed that AS (at least to the stage 
of multicellular structures released from the exine) were 
derived only for responsive and moderately susceptible 
genotypes. However, properly developed AS around 5 mm 
in diameter were obtained only in the case of responsive 
lines. For moderately responsive genotypes, AS develop-
ment was inhibited already after 4 weeks of culture at the 
stage of few-celled structure (Fig. 2a).

All applied combinations of spike treatments improved 
the process of androgenic embryo formation. Glutathione 
alone (GSH) or in combination with mannitol (GSH/MAN, 
MAN/GSH) was the most effective. Globular AS of respon-
sive lines were formed after 28 days of culture in all variants 
of tiller pre-treatments. However, well-developed AS (bigger 
than 5 mm in diameter) were obtained only after three treat-
ments: control, GSH and MAN/GSH. MAN in combina-
tion with GSH (MAN/GSH) accelerated embryo formation 
as multicellular globular structures were formed after just 
14 days of in vitro culture in comparison with control, GSH, 
MAN and GSH/MAN (Fig. 2a).

Interestingly, in the case of recalcitrant lines, combined 
MAN and GSH treatment (in both variants) was the only one 
where AS were formed. The positive effect of GSH/MAN 
and MAN/GSH on globular embryo formation was observ-
able after four weeks of culture. The effect persisted till the 
42nd day of culture, but only when MAN was applied for 
the first 14 days of the treatment. In these cultures, good-
quality AS at the coleoptilar stage, able to germinate, were 
formed (Fig. 2a). However, green haploid/DHs regeneration 
was not observed.

Androgenesis efficiency in anther cultures

Androgenic responsiveness of the studied rye lines estimated 
by anther culture method varied significantly (at P ≤ 0.05) 
in respect of androgenic structure induction (AS per spike), 
total plant regeneration  (RTotal per spike and  RTotal 100  AS−1) 
and green plant regeneration ability  (RGreen per spike and 
 RGreen 100  AS−1).

The capacity for androgenesis induction (AS per spike) 
among the 15 studied rye lines was influenced by the 

Fig. 2  The effect of tiller pre-treatments on androgenesis induc-
tion (on 0, 7, 14, 28 and 42d) in isolated microspore cultures of rye 
(Secale cereale L.). a Top board: The time course of microspore 
cultures with respect to the type of genotype. The 15 tested lines of 
rye are grouped into three categories of responsiveness: recalcitrant, 
moderate and responsive to androgenesis induction. Middle board: 
The time course of microspore cultures from responsive lines with 
respect to the tiller pre-treatment (Control, GSH, MAN, GSH/MAN 
or MAN/GSH). Bottom board: The time course of microspore cul-
tures from recalcitrant lines with respect to the tiller pre-treatment 
(Control, GSH, MAN, GSH/MAN or MAN/GSH). Aborted—
describes suspension with embryos inhibited in development. No—
describes non-embryogenic suspension. b Variation among 15 stud-
ied rye lines with respect to androgenesis induction response (AS per 
 105 mcs  ml−1 per spike) in microspore suspensions. c The effect of 
rye tiller pre-treatments (Control, GSH, MAN, GSH/MAN or MAN/
GSH) on the final effectiveness of androgenesis induction expressed 
as AS per  105 mcs  ml−1 per spike. d The effect of the induction 
medium on the final effectiveness of androgenesis induction (AS 
per  105 mcs  ml−1 per spike). e The effect of the temperature regime 
for culture incubation during induction on the final effectiveness of 
androgenesis induction (AS per  105 mcs  ml−1 per spike). Error bars 
b–e denote standard deviation of the mean (SD) between three bio-
logical replicates. Experimental points marked with the same letter do 
not differ according to Duncan’s multiple range test (P ≤ 0.05)

◂
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genotype of donor plants, type of medium and interactions 
between Line × Treatment (Table 5; Fig. 3a–c, S7).

The positive effect of exogenously applied GSH on its 
effectiveness was observed only at the induction phase and 
depended on the genotype (Fig. 3b, S7, S8) and on the type 
of induction medium—e.g. for line 8, mean AS per spike 
increased 2.08-fold on W-14 medium when tillers were 
GSH-treated (S8).

The final androgenesis induction effectiveness aver-
aged for the 15 lines of rye presented a wide spectrum of 
responses—with the mean number of AS per spike rang-
ing from 0 to 21.3 (Fig. 3c) and the mean total regenera-
tion ability from 4 to 30  RTotal per spike. Although the 
type of tiller pre-treatment and the induction medium 
did not significantly influence the regeneration, inter-
actions between Line × Medium, Line × Treatment and 
Line × Medium × Treatment significantly influenced four 
regeneration parameters:  RTotal per spike,  RTotal 100  AS−1, 
 RGreen per spike and  RGreen 100  AS−1 (Table 5).

The average androgenesis induction efficiency for the 
most responsive lines (7, 8, 12, 14) was almost threefold 
higher in comparison to the moderately responsive lines (1, 
4, 10, 11) and 14-fold higher in comparison to the recalci-
trant ones (2, 3, 5, 6, 9, 13, 15). The mean parameter AS per 
spike for those groups was 11, 3 and 0.7, respectively. For 
all three groups, the most important was the effect of the 
interaction between Line × Treatment.

Plant regeneration was achieved for four rye lines (4, 11, 
12, 14) with the effectiveness ranging from 0.3 to 3.2  RGreen 
per spike and from 0.3 to 6.0  RTotal per spike (S7). In total, 
12 green plants were obtained, with the highest number of 
regenerants obtained for line 11 (Fig. 3d; S7). In the case 
of this line, MAN was the only treatment which resulted in 
5.60  RGreen per spike regenerated from AS induced on 190-2 
medium (S7). The majority (55%) of regenerants of line 11 
(three plants), line 12 (one plant) and line 14 (three plants) 
had diploid (2n) number of chromosomes, which character-
izes double haploids (DHs). The remaining 45% of green 
regenerants represented haploids (three plants obtained from 
lines no. 11, 12 and 14) and tetraploids (18%, two plants 
obtained from line 11). Exemplary cytograms and pheno-
types of regenerants are shown in Fig. 3e.

Androgenesis efficiency: anther cultures vs 
microspore cultures

Androgenic responsiveness varied significantly among 
the 15 studied rye lines (S5–S8) in both types of cultures: 
anther cultures (AC) and microspore suspensions (MC). The 
genotype of donor plants, type of medium and interactions 
between Line × Treatment × Medium significantly influenced 
the androgenic capacity in AC and MC.
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In general, higher mean effectiveness of androgenesis 
induction was obtained in anther cultures in all categories 
of genotypes with different responsiveness to that process. 
Low temperature (control) and GSH were the most effective 
for both AC and MC (Table 6). The observed tendency to 
increase the final effectiveness in MC of recalcitrant lines 
(2.4-fold on W-14 medium; S7) resulted from GSH effect 
on microspores viability (ca. twofold; S7), whereas MAN 
seemed to stimulate regeneration ability  (RTotal per spike and 
 RGreen per spike) in recalcitrant lines (S7, S8).

Discussion

Research focused on optimization of rye (S. cereale L.) 
DH production protocols was performed in several national 
research centers without spectacular success (Zimny 1993; 
Immonen and Anttila 1996a, b; Szarejko 2003). The major 
problem lies in genotype dependence of cross-pollinated 
rye with regard to tissue culture response. However, in vitro 
biotechnological methods improving the regeneration phase 
could accelerate the breeding of rye (Targońska et al. 2013). 
The use of self-pollinated rye, although troublesome, could 
be more beneficial for tissue culture being a part of DH 
technology (Immonen and Tenhola-Roininen 2003). As self-
pollination leads to independent homozygous lines, variation 
is structured in the form of numerous true breeding culti-
vars handled by the farmer. Therefore, in our research we 
used both cross-pollinated lines and lines expressing self-
compatibility genes (no. 8, 9, 10, 11, 12). A universal rye 
anther/isolated microspore culture protocol for self- or cross-
pollinated rye will be valuable in hybrid rye production of 
homozygous DH lines facilitating the traditional breeding 
process. The DH method will make rye breeding economi-
cal and efficient, and the restrictions of self-incompatibility 
will be overcome.

As ROS generation, cell tolerance to ROS accumulation 
and antioxidative defence efficiency influence the effective-
ness of in vitro anther cultures of triticale (Żur et al. 2014), 
the stress intensity has to be balanced. The ability to sus-
tain antioxidative activity (enzymatic and non-enzymatic) 
under cold stress in the dark was proposed as one of the most 
important conditions/requirements for high effectiveness of 
androgenesis induction in triticale. Genetic control of cell 
tolerance to oxidative stress could be environmentally modi-
fied e.g. by a glutathione treatment of tillers. Enhanced by 
exogenously applied GSH, antioxidative defence promotes 
androgenic embryo development (Żur et al, 2019).

We proposed a modified 3-week pre-treatment of till-
ers—a combination of low temperature (Control), osmotic 

stress (MAN) and/or GSH. The effect of those treatments on 
microspore vitality and their ability to divide symmetrically 
(as evidence of androgenesis initiation) was analysed in 15 
Polish rye lines. Cytological studies in the earliest stages 
of androgenesis induction on such a broad spectrum of rye 
genotypes and treatment modifications have not been per-
formed or published so far.

Prolonged spike pre-treatments with MAN and GSH 
applied independently or in different configurations affected 
microspore vitality and the frequency of symmetrical divi-
sions. Pre-treatments with glutathione alone (GSH) or in 
combination with mannitol (GSH/MAN and MAN/GSH) 
enhanced microspore viability up to the level of ca. 50% 
viable and up to 12–14% dividing microspores for the 
moderate and responsive categories. For recalcitrant lines, 
MAN/GSH was the only treatment able to increase micro-
spore viability up to ca. 50% viable cells. The efficacy of 
GSH is enhanced probably by its intrinsic acidity (pH 5.4 
in HS) at 0.30 mM GSH. Low pH probably influences the 
relatively high activity of invertase—over a broad range of 
pH (3.5–5.5)—catalyses the hydrolysis of sucrose, which 
triggers rye microspore viability and development towards 
embryogenesis for both AC and MC cultures. Carbohydrate 
starvation with MAN treatment at 4 °C enhanced cell cycle 
progression to a symmetric division and finally to DH plants 
regeneration, especially in recalcitrant lines.

We found that the balance between divided and vital 
microspores is of high importance. Moreover, an oppo-
site effect among those two cytological parameters was 
observed. In the case of recalcitrant lines, the best effi-
ciency of ME was obtained in suspensions with ca. 0.43 
ratio between dividing and vital microspores. Microspore 
suspensions with too high (0.57 or 0.85 for GSH/MAN and 
MAN, respectively) or too low (0.15 or 0.24 for GSH and 
Control, respectively) proportion of dividing microspores 
failed to enter embryogenesis. It could be supposed that the 
optimal frequency of dividing microspores is between 25 
and 50%. When normal cells grown in a dish are crowded by 
neighbours on all sides, they will no longer divide and will 
undergo programmed cell death (e.g. due to DNA damage).

The role of proper pre-treatments in androgenesis was 
often emphasized as a prerequisite for embryogenesis initia-
tion. Effective induction of androgenesis in response to low 
temperature was observed in barley (Huang and Sunderland 
1982; Devaux et al. 1993), rice (Genovesi and Magill 1979; 
Chen et al. 1991), wheat (Gustafson et al. 1995; Hu and 
Kasha 1999), corn (Genovesi 1990; Pescitelli et al. 1994), 
oats, triticale, flax, and tobacco (citations from Shariatpanahi 
et al. 2006). The positive effect of low temperature is prob-
ably based on the slowing down of degradation processes 
and microspore protection from the effects of toxic com-
pounds released from dying cells (Duncan and Heberle-Bors 
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1976). Low temperature synchronizes microspore develop-
ment and breaks cytoplasmic connections between micro-
spores and tapetum. Disconnected from anther sporophytic 

tissue, isolated microspores could immediately receive sig-
nals to change their developmental pathway. Low tempera-
ture also causes ‘starvation stress’, which is another factor 
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for initiating androgenesis (Sunderland and Xu 1982). It is 
known that spike treatment with low temperature (4 °C) may 
increase microspore resistance to stress associated with iso-
lation and transfer to in vitro conditions (Żur et al. 2014, 
2019) and also improve the ability of cells to divide in some 
cereals.

In our work, the effect of tiller pre-treatments with low 
temperature (Control, 4 °C) and MAN and/or GSH in rela-
tion to androgenesis induction was more prominent in micro-
spore than in anther cultures.

The positive effect of mannitol (as a substance not metab-
olized by plant cells and triggering microspores to divide) 
on rye androgenesis effectiveness was partially confirmed by 
Rakoczy-Trojanowska et al. (1996), Guo and Pulli (2000), 
Ma et al. (2004) and Tenhola-Roininen et al. (2005). How-
ever, low temperature spike pre-treatment (4 °C) and osmotic 

stress (anther pre-culture with 0.3 M mannitol for 24 h), 
reported as the most promising, did not work in our study. 
Therefore, mannitol in the concentration of 0.7 mol  l−1 
resulting in high osmotic potential (ca. 70 mOsm l−1) and 
starvation stress were used for at least 7-day-long tiller pre-
treatment. The applied MAN treatment reduced microspore 
viability, but enhanced their symmetrical divisions, espe-
cially in the group of recalcitrant lines (> fivefold). Although 
the final induction effectiveness was 71-fold lower than for 
spring rye Florida 401 described by Guo and Pulli (2000), 
the beneficial effect of MAN in our conditions and with the 
tested Polish winter rye lines was optimistic. It was probably 
the effect of MAN-dependent enhanced generation of ROS, 
molecules involved in signal transduction and initiation of 
defense response.

The positive effect of GSH on rye microspore embryo-
genesis could be explained by enhanced microspore vitality 
observed on the isolation day. This tripeptide (γ-glutamyl-
cysteinyl-glycine) is the major low molecular weight anti-
oxidant which regulates redox signalling, controls gene 
expression and contributes to plant cell survival under stress 
conditions (Foyer et al. 2001; Maughan and Foyer 2006; 
Zaffagnini et al. 2012a, b). The reduced form of glutathione 
(GSH), which detoxifies ROS through the ascorbate–glu-
tathione cycle, protects plant cells from oxidative damage 
(Foyer and Noctor 2009, 2011; Noctor et al. 2012; Zech-
mann 2014). Exogenously applied GSH plays an important 
role in protecting microspores from harmful effects of stress 
e.g. low temperature (Payton et al. 2001; Żur et al. 2019). 
We suppose that an external source of the high level of GSH 
allows for its rapid accumulation within nuclei, which pro-
tects DNA and redox-sensitive nuclear proteins from oxida-
tion. On the other hand, if the redox balance of nuclei is 
altered, DNA damage could induce cell death (Diaz-Vivan-
cos et al. 2010). High GSH level in the nucleus also allows 
the G1 to S phase transition in the plant cell cycle (Vernoux 
et al. 2000) and finally cell proliferation (Menon et al. 2003).

Taking this into account, we suppose that the protec-
tion by GSH allows genes responsible for embryogenesis 
to be expressed and androgenic embryos of rye to finally 
be formed.

Fig. 3  The effect of tiller pre-treatments on androgenesis induction 
(0d, after 8 weeks) and regeneration (after 10 weeks) in anther cul-
tures of rye (Secale cereale L.). a The time course of anther cultures 
with respect to the type of genotype. The 15 tested lines of rye are 
grouped into three categories of responsiveness: recalcitrant, mod-
erate and responsive to androgenesis induction. Right corner of the 
photo: means ± SD between three biological replicates. Experimental 
points marked with the same letter do not differ according to Dun-
can’s multiple range test (P ≤ 0.05). b The effect of tiller pre-treat-
ments (Control, GSH, MAN) on the time course of anther cultures 
after 10 weeks. c Variation among 15 studied rye lines with respect 
to androgenesis induction response (AS per spike) in anther cultures. 
Error bars denote SD between three biological replicates. Experimen-
tal points marked with the same letter do not differ according to Dun-
can’s multiple range test (P ≤ 0.05). d Variation among 15 studied rye 
lines with respect to regeneration (per spike) of androgenic structures 
in anther cultures. Average regeneration ability. Presented data for 
each genotype are the means of seven replicates ± SD.  RGreen—total 
number of green plants per spike.  RAlbino—total number of albino 
plants per spike. e Flow cytometer results from green regenerated 
plants. Reprehensive histograms of nuclear DNA contents (relative 
fluorescence intensities of DAPI) obtained from the analysis of dip-
loid plant serving as a control and dihaploid (DH), haploid (H) and 
tetraploid plants; x-axis shows DNA content (relative fluorescence 
on log3 scale) and y-axis—the number of measured particles. Peaks 
correspond to nuclei in G1 and G2 stages. C-value is indicated for 
each peak. The space between both peaks is considered to represent S 
phase nuclei. Control (diploid; 2n; number of chromosomes), haploid 
(H, 1n), doubled haploid (DH, 2n), tetraploid (TH, 4n). Exemplary 
cytograms and phenotypes of regenerants

◂

Table 6  The influence of 
spike pre-treatment on mean 
androgenesis induction 
effectiveness in anther (AS per 
spike) and microspore (AS per 
 105 mcs  ml−1 per spike) cultures

Control low temperature spike treatment in Hoagland medium, GSH low temperature spike treatment in 
solution with GSH, MAN low temperature spike treatment in mannitol, AS androgenic structures, AC anther 
cultures, MC microspore cultures

Type of responsiveness Spike pre-treatment

Control GSH MAN

AC MC AC MC AC MC

Responsive 12.2 4.8 12.7 0.5 8.1 0.6
Moderate 3.6 2.7 10.1 3.0 3.7 1.0
Recalcitrant 2.7 0.3 0.9 0.4 1.2 –
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Despite increased cell viability and the number of embry-
ogenic microspores caused by exogenously applied GSH, the 
final effectiveness of haploid/DH plant production was insuf-
ficient. The lack of coincidence between those parameters 
resulted from a stable increase in LMW antioxidant activity. 
Only rapid endogenous GSH elevation, caused by the inter-
action between the genotype and tiller pre-treatment with 
exogenous GSH, could induce and sustain microspore via-
bility associated with an increased number of embryogenic 
microspores in responsive lines. In the case of recalcitrant 
lines, the long-term application of GSH is the most effective, 
at least at the induction phase. The supplied GSH supports 
inefficient antioxidative system. However, excessive ROS 
elimination can suppress the signal necessary for microspore 
reprogramming, and reduced environment during in vitro 
culture can inhibit ELS development or impair their ability 
to regenerate into plants (Żur et al. 2019). Therefore, the bal-
ance between oxidative stress and antioxidants is the first—
although not the only—prerequisite for effective microspore 
embryogenesis initiation.

High level of exogenous GSH triggered rye embryogen-
esis and green plant regeneration in our research. However, 
the effect of GSH depended on the presence of MAN. Inter-
estingly, the type of combination and the order of stress type 
were important for proper AS formation (in MC and AC) 
and plant regeneration (in AC). The treatment with MAN/
GSH was the only one which resulted in AS germination in 
MC. The mean AS formation was almost twofold or 15-fold 
higher in comparison with the control and MAN, respec-
tively. GSH together with MAN (MAN/GSH) accelerated 
globular structure formation in comparison with other treat-
ments. Finally, after 14 days of in vitro culture, multicellular 
structures were formed, then after 42 days transited into AS 
at the coleoptilar stage.

Although spike pre-treatment determined the effective-
ness of androgenesis, the genotype of donor plants and type 
of medium could cause some limitations. Despite this, 13 
lines (from all 15 lines studied) responded positively and 
formed AS. The impact of GSH on androgenesis effective-
ness was observed only at the induction phase and depended 
on the genotype and the type of induction medium within the 
responsive category. In general, cultures on 190-2 induction 
medium at 26 °C were significantly better than on W-14. 
The interaction between some variables such as line and/or 
medium and/or treatment was important in anther cultures 
for the effectiveness of ME induction and plant regeneration. 
The impact of genotype on androgenesis induction and plant 
regeneration effectiveness was often described (Sozinov 
et al. 1981; Rogalska and Mikulski 1995; Immonen and Ant-
tila 1996a; Rakoczy-Trojanowska et al. 1997; Ślusarkiewicz-
Jarzina and Ponitka 1997; Marciniak 1998; Wędzony et al. 
1999).

Similarly, the process of nuclear DNA duplication (cor-
related with the ploidy level; Ochatt 2008) without colchi-
cine treatment is also known in rye regenerants (Immonen 
and Tenhola-Roininen 2003). Low temperature together 
with GSH or MAN seems to increase the proportion of 
DH plants. Although in the present work, flow cytome-
try showed that spontaneously formed diploids (doubled 
haploids, DHs) were present at a relatively high percent-
age of 55%, the mechanism of diploidization in the case 
of rye microspores was not studied and needs further 
examination.

The present study is the first report evaluating a wide range 
of rye genotypes in both AC and MC techniques. Relatively 
high effectiveness of androgenesis induction shows that the 
developed protocol with GSH and/or MAN tiller pre-treat-
ments overcomes genotypic variation. We could also pro-
pose the proportion between dividing and vital microspores 
as a possible cytological marker of plant responsiveness to 
androgenesis induction treatment. Moreover, high frequency 
of spontaneous diploidization suggests that optimized pro-
tocols for AC and MC could be effectively integrated into 
conventional rye breeding programmes in the coming future.
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