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Background: Plant tissue cultures have the potential to reprogram the development of microspores from normal
gametophytic to sporophytic pathway resulting in the formation of androgenic embryos. The efficiency of this
process depends on the genotype, media composition and external conditions. However, this process
frequently results in the regeneration of albino instead of green plants. Successful regeneration of green plants
is affected by the concentration of copper sulfate (CuSO4) and silver nitrate (AgNO3) and the length of
induction step. In this study, we aimed at concurrent optimization of these three factors in barley (Hordeum
vulgare L.), wheat (Triticum aestivum L.), and triticale (x Triticosecale spp. Wittmack ex A. Camus 1927) using
the Taguchi method. We evaluated uniform donor plants under varying experimental conditions of in vitro
anther culture using the Taguchi approach, and verified the optimized conditions.
Results: Optimization of the regeneration conditions resulted in an increase in the number of green regenerants
compared with the control. Statistic Taguchi method for optimization of the in vitro tissue culture plant
regeneration via anther cultures allowed reduction of the number of experimental designs from 27 needed if
full factorial analysis is used to 9. With the increase in the number of green regenerants, the number of
spontaneous doubled haploids decreased. Moreover, in barley and triticale, the number of albino regenerants
was reduced.
Conclusion: The statistic Taguchi approach could be successfully used for various factors (here components of
induction media, time of incubation on induction media) at a one time, that may impact on cereals anther
cultures to improve the regeneration efficiency.
How to cite: Orłowska R, Pachota KA, Machczyńska J, et al. Improvement of anther cultures conditions using the
Taguchi method in three cereal crops. Electron J Biotechnol 2019;43. https://doi.org/10.1016/j.ejbt.2019.11.001.
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1. Introduction

Different stresses such as heat shock [1], cold treatment [2], osmotic
stress [3] or anti-microtubular agents (colchicine) [4] triggered
microspores develop into androgenic embryos. Regeneration of green
doubled haploid (DH) plants from immature pollen requires
reprogramming of microspores from the gametophytic to the sporophytic
pathway. The efficiency of this process depends on the plant genotype,
media composition, and external conditions used in in vitro trials. Fine-
tuning the experimental conditions induces microspores to undergo cell
division, leading to the formation of embryo-like structures, which
ultimately produce plants. However, instead of green plants, albino plants
).
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are regenerated, possibly because of the inability of proplastids to form
mature functional chloroplasts [5]; albino plants are unable to survive
outside of the in vitro culture conditions.

Several factors control the switch of microspores into the sporophytic
pathway; among these, media composition and environmental stresses,
i.e., inducing sporophytic pathway or tissue culture aging, are the easiest
to control. To date, the effect of many different media components on
plant regeneration has been analyzed, including plant growth regulators
[6], casein hydrolysate [7], carbohydrates (for fine-tuning osmotic
stress) [8,9] and micro- and macroelements [10,11,12,13,14]. However,
cupric (Cu2+) and silver (Ag+) ions seem to be the most important.
Copper plays a central role in photosynthesis, antioxidant reactions,
metabolic respiration and hormone biosynthesis and perception [15,16].
However, the amount of Cu2+ ions in plants must be maintained under
a precise control, as excess copper is toxic. In cereal crops, the benefits
of copper on androgenesis rely on increasing the number of green
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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Table 1
Composition of species-specific media used for plant induction and regeneration from
microspores.

Species Induction mediuma Regeneration mediumb

Barley

N6L medium containing macro- and
microelements [43] supplemented
with 2 mg l-1, 2,4-D, 0.5 mg l-1 NAA
and 0.5 mg l-1 kinetin

K4NB medium [64]
supplemented with 0.225 mg l-1

BAP

Wheat
C17 medium [65] supplemented
with 2 mg l-1 2,4-D and 0.5 mg l-1

kinetin
190–2 medium [66]
supplemented with 0.5 mg l-1

NAA and 1.5 mg l-1 kinetin
Triticale

190–2 medium [66] supplemented
with 2 mg l-1, 2,4-D and 0.5 mg l-1

kinetin

a 2,4-D: 2,4-dichlorophenoxyacetic acid; NAA: napthaleneacetic acid;
b BAP: 6-benzylaminopurine.
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regenerants (GRs), which have better survivability than albino
regenerants (ARs), and the synchronization of first microspore division
[17]. Other favorable effects of copper in the induction media concern
general plant regeneration [10]. Copper sulfate is commonly used
in plant tissue culture media, including the most frequently used
Murashige and Skoog (MS) medium [18]. However, the
concentration of CuSO4 may need optimization for better
performance. In contrast to Cu2+, Ag+ ions do not only directly
influence the number of GRs in tissue culture, but also affect i.e.,
somatic embryogenesis, multiple shoot induction and shoot
regeneration as well as rooting [19,20,21]. Silver nitrate is
commonly used in plant culture media; it is soluble in water and
has no toxic effects under a wide range of concentrations. The
positive impact of Ag+ ions on the production of regenerants is
derived from the ability of Ag+ ions to inhibit ethylene, which
accumulates in culture plates during tissue culture, and influences
the production and growth of regenerants [22]. Adequately
adjusted concentration of silver salts in culture media significantly
modulates organogenesis [23], increases the frequency of shoot
regeneration [24], green plant regeneration [20] and embryo
formation [25], and prevents callus necrosis, thus improving the
frequency of embryogenic callus development and growth [19].

Stress conditions are necessary for the regeneration of green plants via
androgenesis [26]. The time of tissue culture is critical for plant
regeneration. The duration of in vitro culture and the number of
subcultures [27] induces changes in plant morphology, DNA sequence
and DNA methylation patterns [28]. Tissue culture over an extended
period of time results in accumulation of mutations [29]. These DNA
mutations/rearrangements may be manifested as deletions in
chloroplast DNA (ctDNA) [30], possibly resulting in the regeneration of
albino plants [31].

The greater the number of factors that need to be optimized, the
larger the experimental design [32]. In a complete factorial analysis
[33], optimization of three factors present at three levels requires 27
experiments. Such an approach is time consuming and expensive, and
thus impractical. Using a proper statistical approach, such as the
Taguchi method, may resolve this problem. The Taguchi approach is
the method of choice for optimizing multiple factors [34], and relies
on regression analysis and orthogonal array. Although the Taguchi
method was primarily developed for technological processes, such as
waste water treatment and bioremediation [35], and has been used in
the healthcare industry [36], it has also proven valuable in
biotechnological approaches such as fermentation for improving
product yields [37], and reaction condition optimization [38]. More
complex optimization problems inspired by nature require more
intelligent tools called nature-inspired algorithms [39,40]. Here, the
Taguchi method is suitable when the starting biological material is
limited, as is the case in tissue culture experiments leading to DH
production. Notably, using the statistic Taguchi method, the number
of needed experiments in case of optimization three factors (AgNO3,
CuSO4, length of induction step) and three levels of each of them, was
trim down from 27 to 9. However, the use of the Taguchi method in
tissue culture experiments needs to be verified.

In this study, we employed the Taguchi method for the simultaneous
optimization of three factors (CuSO4 and AgNO3 concentrations and
length of induction step) in anther cultures of barley, wheat and triticale
for the regeneration of green plants.

2. Material and methods

2.1. Plant material

Spring barley cultivar NAD2was provided by Poznan Plant Breeders
LTD-Nagradowice, Poland. Winter triticale T28/2 was derived from cv.
Mungis × cv. Presto cross [41], and supplied by Sylwia Oleszczuk
IHAR-PIB, Poland. Winter wheat genotype Svilena was provided by
Janos Pauk, Cereal Research Non-profit Limited Company, Szeged,
Hungary.

2.2. Plant growth conditions

Barley, wheat and triticale plants were grown in pots (26 cm
width × 23 cm height) filled with a mixture of soil and sand (soil:
sand = 3:1). A total of 24 plants were used for each species, with
six plants per pot. Plants were grown until the collection of spikes
in a growth chamber maintained under controlled conditions (16 h
light/8 h dark photoperiod, 16°C and 12°C temperature during the
subjective day and night, respectively, and approximately 190
μE m-2 s-1 light intensity using sodium lamps–light intensity was
measured using the GLOptic (Poznan, Poland) spectroradiometer.
During the vegetative stage, plants were fertilized (Florovit) every
2 weeks. Spikes were harvested when the microspores were in the
mid to late uninucleate stage, which was determined using acetic
carmine staining. Suitable spikes of barley, wheat and triticale
plants were incubated in the dark at 4°C in a pot containing water
for 21, 22 and 20 d, respectively. Subsequently, spikes were
sterilized by soaking in 70% ethanol for 1 min, followed by soaking
in 10% sodium hypochlorite for 20 min, and then washed four
times with sterile distilled water [42]. Under sterile conditions,
anthers were placed on species-specific semi-solid induction
medium (Table 1) and incubated in the dark at 26°C until the end
of callus formation. After 2–4 weeks of anther culture, androgenic
embryo-like structures (1.5–3 mm in size) were transferred to the
regeneration medium (Table 1).

Calli and embryo-like structureswere incubated at 26°Cunder a 16h
light/8 h dark photoperiod (50 μE m-2 s-1 light intensity). Green
regenerated plantlets were transferred to glass flasks containing N6I
rooting medium [43] supplemented with 2 mg l-1 indole-3-acetic acid
(IAA). The developed seedlings were transferred to pots and grown in
a greenhouse. The chromosome number doubled spontaneously.
Species that required vernalization were incubated at 4°C under 8 h
light/16 h dark photoperiod for 6 weeks (20 μE m-2 s-1 light intensity).
Spikes from randomly chosen regenerants were self-pollinated.
Progenies derived from DH regenerants served as donors of explants
(anthers) for regenerating plants for the optimization (Experiment 1)
and verification (Experiment 2) of in vitro anther culture conditions.

2.3. Taguchi method

In Experiment 1, the Taguchi methodwas used for the simultaneous
optimization of three factors (CuSO4 and AgNO3 concentrations and
length of induction step) at three levels each, leading to a total of nine
trials (M1–M9). Varying concentrations of CuSO4 and AgNO3 were
added to the induction medium, as shown in Table 2. The length of
the induction step, comprising the time from the plating of anthers on
induction media to the collection of calli and subsequent transfer to



Table 2
Optimisation of factors and levels of each factor for the regeneration of green plants via
androgenesis in barley, wheat and triticale in Experiment 1 in nine trials (M1–M9)
according to the Taguchi method.

Trial Optimisation factors (Taguchi design)

Additional components in
induction medium

Length of induction step (days)

CuSO4 (μM) AgNO3 (μM) Barley/Wheat/Triticale

M1 (control) 0.1 0 21/35/35
M2 0.1 10 28/42/42
M3 0.1 60 35/49/49
M4 5 60 28/42/42
M5 5 0 35/49/49
M6 5 10 21/35/35
M7 10 10 35/49/49
M8 10 60 21/35/35
M9 10 0 28/42/42

Table 4
Number of green regenerants (GRs) obtained in vitro per 100 anthers of barley, wheat and
triticale in Experiment 1.

Trial† Number of GRs per 100 anthers§
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regeneration media, varied with the species (Table 2). A total of nine
trials (M1–M9) were performed; M1 trial served as a control, whereas
trials M2–M9 represented optimization conditions. The results of all
nine trials were compared by calculating the number of GRs and ARs
produced per 100 anthers. Subsequently, the number of regenerants
produced on regeneration media was counted, and the number of GRs
and ARs per 100 anthers was calculated. These data were analyzed
using the QI Macros230T software, and conditions (CuSO4 and AgNO3

concentrations and length of induction step) leading to the maximum
production of GRs were identified. The length of induction step
included time from plating anthers on induction media to the
collection of calli and subsequent transfer to regeneration media.
Thus, in Experiment 1, conditions optimal for green plant regeneration
via androgenesis were determined for all three species. In Experiment
2, optimized conditions were verified by obtaining regenerants from
anther cultures. The composition of regeneration media for each
species was the same in both experiments.

2.4. Optimizing inductionmedia and plant growth hormones— Experiment
1

Anthers from spikes of donor plants (24 plants per species) were
plated on species-specific induction media (Table 1) containing CuSO4

and AgNO3 at varying concentrations; the length of induction step was
carried out for different durations (Table 2). The procedure for plant
regeneration was the same as that described above.

2.5. Verification of induction media — Experiment 2

In Experiment 2, conditions optimized in Experiment 1 were tested
for plant regeneration from anthers obtained from 12 donor plants. The
primary components of each of the induction media for the
regeneration of green plants prepared as indicated in Table 1 contained
extra ingredients as in Table 3. The length of induction step was
adjusted as given in Table 3. A total of two trials were performed: M10
(control) and M11; trial M11 in barley, wheat and triticale has been
Table 3
Array of factors verified in Experiment 2 according to the Taguchi method.

Trial Optimized factors

Additional components in
induction medium

Length of induction step (d)

CuSO4 (μM) AgNO3 (μM)

M10 (control) 0.1 0 21 (barley), 35 (wheat and triticale)
M11B 10 30 21
M11 W 0.1 60 37
M11 T 10 0 49
referred to as M11B, M11W and M11T, respectively (Table 3). The
number of GRs and ARs was calculated as described in Experiment 1.

2.6. Ploidy level

Ploidy of regenerants was analyzed indirectly by comparing plant
morphology (plant height and leaf shape) and fertility (seed number)
between donor and regenerated plants. The rate of spontaneous
diploidization was calculated as follows:

Rate of spontaneous diploidization ¼ Number of DHs
Total number of GRs

� �
� 100

where the total number of GRs includes DH and haploid plants.

2.7. Statistical analysis

The number of GRs and ARs obtained per 100 anthers in Experiments
1 and 2was examined for the presence of outliers using the Grubbs' tests.
Outliers were removed from further analyses, and data were analyzed
using analysis of variance (ANOVA), followed by Tukey's HSD test. The
total number of GRs (DH and haploid) and DH regenerants in
Experiments 1 and 2 were analyzed via linear regression. All
calculations were performed using the XLSTAT 2018.1.49205 software.

3. Results

3.1. Obtaining plants

The regeneration of barley, wheat and triticale plants via in vitro
anther culture resulted in both GRs and ARs. For each species, we
evaluated 24 green, mature and fertile DHs that were phenotypically
identical to the sources of explants in terms of plant height, leaf shape
and fertility. The progeny of regenerants served as donor plants for
the optimization (Experiment 1) as well as verification (Experiment
2) of experimental conditions for maximizing the production of GRs.

3.2. Optimizing induction media — Experiment 1

The first calli from barley, wheat and triticale anther cultures in
Experiments 1 and 2 became visible after 19, 32 and 35 d,
respectively. The embryo-like structures were 2–3 mm in size when
transferred to regeneration media, where light conditions successfully
discriminated between green and albino structures. Despite the
regeneration of albino embryo-like structures, a total of 0.1–14.62 GRs
per 100 anthers were obtained among all nine optimization trials
(M1–M9) (Table 4). The regeneration of green plants was most
difficult in barley, where the number of GRs per trial in Experiment 1
varied from 0.1 (M5) to 2.91 (M7); the corresponding number varied
Barley Wheat Triticale

M1 (control) 0.64bc 5.52ab 0.91b

M2 0.67bc 7.93ab 0.87b

M3 1.09bc 14.62a 1.52b

M4 0.45bc 14.07ab 0.71b

M5 0.10c 5.81ab 2.38ab

M6 2.12ab 4.33b 1.17b

M7 2.91a 4.44ab 3.79ab

M8 1.77abc 10.71ab 4.24ab

M9 0.54bc 5.67ab 6.06a

† Factors analyzed in various trials (M1–M9) are described in Table 1.
§ Different letters indicate statistically significant differences (p b 0.05; Tukey's HSD test).



Table 6
Number of green regenerants (GRs) and albino regenerants (ARs) obtained in vitro per
100 anthers of barley, wheat, and triticale in Experiment 2 according to the Taguchi
method.

Plants Trial† Species§

Barley Wheat Triticale

GRs
M10 0.95a 4.95a 0.55b

M11 1.97a 7.99a 1.61a

ARs
M10 6.45a 2.21a 1.05a

M11 9.10a 3.67a 0.92a

† Factors analyzed in M10 (control) and M11 trials are described in Table 3.
§ Different letters indicate statistically significant differences (p b 0.05; Tukey's HSD

test).
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from 4.33 (M6) to 14.62 (M3) in wheat, and from 0.71 (M4) to 6.06
(M9) in triticale. Statistical analysis of these data using ANOVA
demonstrated that differences among the number of GRs obtained in
Experiment 1 for all three species were significant (Table 5).

According to Tukey's grouping (Table 4), the results of experimental
conditions tested among the nine trials varied for barley, wheat and
triticale. In barley, M6, M7 and M8 trials grouped together and
encompassed the most prospective M7 conditions. The result of M7
trial was several-fold better than that of the M5 trial, which was
different from the M6–M8 group. In wheat and triticale, M3 and M9
trials were the most promising (Table 4). However, in wheat the M3
trial was a member of a larger group of trials with the M6 being
distinct from the M3 one. In triticale the M9 trial was in the group of
encompassing M5, M7 and M8 experimental conditions. In wheat, the
number of GRs in M3 trial was 3-fold higher than that in M6. In
triticale, the M9 trial produced 8-fold more GRs than the weakest trial
(M4). In barley and triticale, the best conditions produced significantly
greater number of GRs than control conditions (M1).
Table 7
Analysis of the number of green regenerants (GRs) and albino regenerants (ARs) obtained
3.3. Verification of induction media — Experiment 2

In barley, the Taguchi approach suggested slightly distinct
conditions in Experiment 2 than those used in Experiment 1. This
difference was because of the addition of AgNO3 (30 μM) and
induction for a minimum time of 21 d (Table 3). In wheat and triticale,
concentrations of CuSO4 and AgNO3 used were the same as those that
produced the highest number of GRs in Experiment 1; however, the
length of induction decreased in wheat and increased in triticale,
compared with the length of induction in Experiment 1 (Table 3). For
all three species, Experiment 2 resulted in a different number of GRs
(0.55–7.99) and ARs (0.92–9.10) compared with Experiment 1 (Table
6). In Experiment 2, the lowest and highest numbers of GRs were
obtained from triticale [0.55 (M10) and 1.61 (M11)] and wheat [4.95
(M10) and 7.99 (M11)], respectively (Table 6). The number of GRs
produced in M11 trial was at least 2-fold higher than that in the M10
(control) for all three species. In parallel to the increase in the number
of GRs in Experiment 2, the number of ARs also increased. However,
this increase was higher in barley and wheat, and remained at the
same level as in triticale compared M10 to M11 in every species.

Despite the differences in numbers of GRs and ARs in Experiment 2,
results of ANOVA showed that the model was significant only for the
number of GRs produced from triticale (Table 7), and non-significant
for ARs from all three species in Experiment 2 (Table 7).

According to the results of Tukey's HSD test, the number of GRs in
wheat and barley showed no significant differences between M10
(control) and M11 trials, although this number was 2-fold higher in
M11 trial compared with M10 (Table 6). In triticale, the number of
GRs in M11 trial was 3-fold higher than that in M10 (Table 6). A
similar analysis of ARs failed to identify any significant differences
between M10 and M11 trials in all three species. Nonetheless, the
number of ARs in M11 trial was increased by ca. 30% in barley and
40% in wheat compared with M10, although no difference was
observed in triticale. Within the M11 trial, the number of ARs was 4-
fold higher in barley and ca. 2-fold lower in wheat and triticale than
the number of GRs. Moreover, analysis of GR/AR ratio under control
(M10) and M11 conditions in Experiment 2 showed that the number
Table 5
Analysis of the number of green regenerants (GRs) obtained from anther culture of barley,
wheat and triticale genotypes in Experiment 1 using ANOVA.

Species F-value p-Value

Barley 5.415 0.0001
Wheat 2.921 0.005
Triticale 3.193 0.002
of ARs in barley and triticale decreased in M11; however, there was
no evident gain in wheat (Table 8).

3.4. Haploids and DHs derived in optimization and verification experiments

Some GRs obtained in Experiments 1 and 2 varied in morphology
compared with donor plants. Such regenerants appeared to be
haploids. The DH regenerants obtained in Experiments 1 and 2 were
identical to donor plants at the morphological level. Based on the
number of GRs that appeared fertile, spontaneous duplication varied
from 0% (triticale; M3, M6 and M8) to 89% (barley; M5) in
Experiment 1, and from 4.65% (wheat; M11) to 50% (barley; M11) in
Experiment 2 (Table 9).

Linear regression analysis of the total number of GRs (DH and
haploid) and DH regenerants revealed a correlation (r) of -0.525;
however, this model was not significant (F = 2.176, p b 0.152). The
coefficient of determination (R2) was 0.28, suggesting that 28% of the
variability among all GRs explained the data for DHs.

4. Discussion

DH plants are a useful tool in plant breeding [44]; these serve as
genetically uniform homozygous lines for genetic analysis and modern
breeding programs [45,46]. Despite the evident utility of DH lines, many
aspects of DH production need improvement. For example, the
efficiency of production of GRs needs to be increased in many plant
species including cereals such as wheat [47,48], and the number of ARs
needs to be reduced [47]. Additionally, the problem of spontaneous
diploidization in DHs needs to be resolved [49]. Adjusting the
concentrations of chemicals in the induction and regeneration media
and fine-tuning the length of induction step have been used for
modifying the efficiency of green plant regeneration [50,51]. However, it
is highly challenging to test multiple factors simultaneously in one
experiment, as this requires several trials. From the experimental point
of view, availability of morphologically and genetically uniform and
stable regenerants as the starting material is of fundamental importance
so that the resulting progeny can serve as a donor of explants.

In this study, carewas taken to assure that the starting plantmaterial
was highly uniform, at least at the morphological level. Thus, donor
plants originated from DH plants. Previous investigations suggest that
from anther culture of barley, wheat and triticale genotypes in Experiment 2 using
ANOVA.

Plants Species F-value p-Value

GRs
Barley 2.256 0.142
Wheat 0.814 0.375
Triticale 12.716 0.001

ARs
Barley 1.357 0.251
Wheat 0.455 0.505
Triticale 0.226 0.636



Table 8
Ratio of green regenerants (GRs) to albino regenerants (ARs) produced via anther culture
of barley, wheat and triticale genotypes under control (M10) and verified conditions
(M11) in Experiment 2.

Experimental conditions GR:AR

Barley Wheat Triticale

M10 1:6 1:0.5 1:2
M11 1:4 1:0.5 1:0.5
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in some cereals, such as barley, the generative progeny of DH plants is a
better choice as a donor of explants, as it is stable both at the genetic and
epigenetic levels [45]. Unfortunately, this is not always the case, as
evidenced in triticale [52]. Nonetheless, morphological differences
among the generative progeny of barley and triticale are not observed
[46,53]. This is consistent with the current study as a single cycle of
self-pollination would suffice for the production of sufficiently
uniform DHs progeny from an individual genotype of barley, wheat
and triticale for further experiments dedicated towards increasing the
recovery of GRs via anther culture. However, optimization of any in
vitro tissue culture technique requires several tests. Generally, if
several factors need to be optimized, an orthogonal array is used [54].
Here, we decided to employ the Taguchi method, which relies on
mathematical regression [34]. The Taguchi method substantially
reduced the number of trials needed, diminishing the total number of
donor plants required. Thus, instead of 27 trials, only nine trials
(including a control) were needed for the simultaneous optimization
of CuSO4 and AgNO3 concentrations in the induction medium and the
length of induction step.

Optimization of conditions in Experiment 1 demonstrated that all
tested factors (CuSO4 and AgNO3 concentrations and the length of
induction step) were essential for the regeneration of green plants.
Moreover, each of the three species tested (barley, wheat and
triticale) exhibited different requirements for different levels of each
factor used in Experiment 1.

Among the nine trials performed, conditions used in M7 trial
appeared to be the most promising for the production of GRs in
barley, while those used in the M5 trial were the worst. In the M7
trial, 10 μM each of CuSO4 and AgNO3 was added to the induction
medium, whereas in the M5 trial, which produced the lowest number
of GRs, only 5 μM CuSO4 was added to the induction medium
(without AgNO3); the length of induction step was the same in M5
and M7 trials. Comparison of the number of GRs suggests the
beneficial effect of CuSO4 and adverse influence of AgNO3 on green
plant regeneration. The effect of the addition of CuSO4 (10–80 μM) to
liquid pre-treatment medium or culture medium on green plant
regeneration from barley anther culture has been examined
previously [12]. Although the number of GRs in our study (0.1–2.91)
Table 9
Percentage of spontaneous diploidization among green regenerants (GRs) derived from
anther culture of barley, wheat and triticale genotypes in Experiments 1 and 2.

Triala Spontaneous diploidization (%)

Barley Wheat Triticale

Experiment 1

M1 (control) 56.82 12.82 5.88
M2 64.29 16.67 27.27
M3 42.86 2.94 0.00
M4 50.00 3.03 33.33
M5 88.89 6.45 44.00
M6 53.33 2.00 0.00
M7 45.45 15.15 20.00
M8 55.00 25.71 0.00
M9 85.71 16.67 10.00

Experiment 2
M10 (control) 56.82 11.39 64.29
M11 50 4.65 40

a Factors analyzed in various trials performed in experiment 1 (M1–M9) and
experiment 2 (M10–M11) are described in Tables 2 and 3, respectively.
was lower than that in the study of Jacquard et al. [12] (0–106.6), the
increase in the number of regenerated plants was observed. It should
be stressed that the concentration of CuSO4 in culture medium cannot
be increased endlessly; at concentrations N80 μM, microspore
embryogenesis is completely inhibited [12]. Additionally, Makowska
et al. [10] reported an increase in the number of GRs in barley via
isolated microspore culture in the presence of 10 μM CuSO4. These
data are congruent with the results of Experiment 1 in this study,
suggesting that 10 μM CuSO4 is ideal for maximizing the production of
GRs. Nevertheless, there are discrepancies in the number of GRs
between our results and those of others. We obtained fewer GRs (0.1–
2.91) than Jacquard and co-workers (0–106.6) [12]. This incongruity
could be due to the difference in genotypes used, as the genotype
affects the ability of androgenesis [55]. Additionally, differences could
have originated from poor reproducibility under in vitro culture
conditions. This possibility is supported by the presence of outliers in
our experiments that were removed from data analysis to avoid
misinterpretations. The highest number of GRs was obtained in the
presence of 10 μM each of CuSO4 and AgNO3. Thus, the highest
supplementation of AgNO3 (60 μM) alone did not guarantee the best
production of GRs (M3). Notably, none of the AgNO3 concentrations
(0–60 μM; M1, M2 and M3) in the presence of lowest CuSO4

concentration led to an increase in the number of GRs. In barley, the
highest number of GRs was obtained at the maximum concentration
of CuSO4 (10 μM) and moderate concentration of AgNO3 (10 μM)
examined. Interestingly, the barley genotype used in this study seems
to prefer an average length of induction compared with the control.
Although the reason for this observation is not apparent, we speculate
that very short duration of induction is not sufficient for the
regeneration of a high number of green plants, whereas prolonged
induction may be toxic to barley anther cultures or may make the
medium toxic.

In wheat, M3 and M4 trials produced a greater number of GRs than
M6 and M7 trials, suggesting that wheat prefers the lowest CuSO4 (0.1
μM) concentration and the highest AgNO3 (60 μM) concentration, in
conjunction with extended length of induction step. If the
concentrations of CuSO4 were increased and AgNO3 were decreased,
the quantity of regenerants was reduced. Similarly the higher
concentration of AgNO3 (15–30 μM) in tested variant than in control
increased the frequency of embryoid formation in three out of four
genotypes studied [25]. In light of the known effects of Cu2+ ions, it is
unclear why wheat prefers low rather than high CuSO4 concentration
in the induction medium. It is possible that anther cultures of wheat,
or specifically of the winter wheat genotype Svilena, are more
sensitive to Cu2+ ion toxicity. Different reactions of other wheat
genotypes towards the presence of Cu2+ ions have been observed in
in vitro cultures, supporting the latter hypothesis [56,57]. The
androgenic response of wheat genotypes to CuSO4 appears to be
broad (0.1–100 μM). Purnhauser and Gyulai [58] reported that in the
presence of 100 μM CuSO4, the mean shoot number per regenerating
callus was the same as that in the presence of 10 μM CuSO4. In wheat
regeneration in Experiment 1, intermediate (and extended) length of
induction step produced better results than that used in the control
trial (M1), similar to that in barley. Thus, extended length of induction
step strengthens the action of components in the induction medium.

In triticale, conditions of the M9 trial favored the production of GRs,
whereas those of theM4 trial did not. Thus, the highest concentration of
CuSO4 and absence of AgNO3 in anther culture induction medium
promotes the production of GRs from triticale, whereas intermediate
CuSO4 and high AgNO3 concentrations reduce the number of GRs. The
length of induction step seemed to have no significant effect on the
production of GRs. However, Purnhauser and Gyulai [58] reported that
concentrations of CuSO4 (0–100 μM) and AgNO3 (1–100 μM) affect
the number of regenerated shoots and roots in triticale. The authors
showed that CuSO4 enhances shoot regeneration, with the highest
regeneration within the 0.1–1 μM range. At a concentration of 10 μM
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CuSO4, the average number of shoots regenerated per callus decreased.
Further increase in CuSO4 concentration (up to 100 μM) resulted in a
further decrease in the number of regenerated shoots. These results
on triticale shoot regeneration are consistent with the production of
green plants from triticale anther culture. Interestingly, a wide range
of AgNO3 concentrations (1–100 μM) has been shown to improve
shoot regeneration in triticale compared with the control lacking Ag+

ions and containing Cu2+ ions at a low concentration [58]. However,
better shoot producing calli are observed in triticale at 1–10 μM
AgNO3 than at 100 μM AgNO3. In our experiments, the presence of
AgNO3 reduced the number of green plants, when the concentration
of CuSO4 was 0.1–5 μM. By contrast, AgNO3 slightly affected green
plant regeneration if the concentration of CuSO4 was high (M7, M8
trials). These results suggest that at least at high CuSO4

concentrations, AgNO3 has limited effects on green plant and shoot
regeneration in triticale. The effect of the length of induction step on
green plant regeneration from triticale anther culture was similar to
that in other crop species.

Our results suggest that triticale and barley have similar
requirements for CuSO4 but different preferences for AgNO3 in the
induction media. The requirement of wheat for CuSO4 and AgNO3 was
different from that of barley and triticale. We suggest that the distinct
preferences of the three species for CuSO4 and AgNO3 concentrations
stem from different mechanisms of induction of plant regeneration in
in vitro anther cultures among these species. However, these
mechanisms remain unclear and need further investigation. Moreover,
it is not clear why, in all three species, longer induction resulted in a
higher number of GRs than shorter induction. While it was not the
goal of the present study, it would be of value to better understand
the action of the studied factors on biochemical processes involved in
green plant regeneration in the three species.

The Taguchi approach allowed the identification of optimized
conditions necessary for increasing the production of GRs. However,
the number of GRs obtained in Experiment 2 was suboptimal
compared with that those in Experiment 1 for all three species. This
difference may be due to uncontrollable factors that affect in vitro
tissue culture [59,60]. To avoid this problem, biological replicates are
performed. However, because of the shortage of donor plants and for
reducing the experiment size, we could not perform biological
replicates. Instead, we removed outliers and used statistics to predict
in vitro culture conditions optimal for the generation of GRs.

Using the Taguchi method, the same induction media composition
was identified as optimum for producing GRs from wheat and triticale
in Experiment 1, although there were differences in the length of
induction step between the two species. The verification conditions
used for barley in Experiment 2 indicated that higher AgNO3

concentration and shorter induction than that determined in
Experiment 1 resulted in a suboptimal number of GRs. Such outcomes
are not expected using the Taguchi approach. This cannot be
attributed to poor reproducibility of in vitro culture trials, as we
excluded outliers from data analysis. Moreover, control conditions in
the Experiments 1 and 2 used for barley, wheat and triticale were
identical. Notably, most of the changes in investigated factors
suggested by the Taguchi approach affected the length of induction
step in all three species and resulted in a suboptimal number of green
plants, compared with the optimisation conditions in Experiment 1.
Thus, either the method failed to optimize time, or we did not choose
the correct length of induction step in Experiment 1. Alternatively, the
length of induction step might be the most problematic issue itself,
and needs further investigation. Nonetheless, in all three species,
verification conditions resulted in 2–3-fold higher number of GRs than
the respective control conditions (Table 6). Others have also reported
a difference in the number of GRs between optimized and control
conditions, although this difference is not always significant [10]. This
is consistent with our data obtained in M10 and M11 trials
(Experiment 2) for barley and wheat but not for triticale, as indicated
by ANOVA (Table 8). Therefore, removing outliers from data analyses
may not lead to the evaluation of the best results during verification
using the Taguchi method. Nevertheless, this approach proved to be
useful and should be the method of choice in multifactorial
optimization experiments, with limited availability of experimental
material.

Optimization of conditions for maximizing the production of GRs
reduced the number of ARs in barley and triticale, but not in wheat.
The obtained data, at least in barley and triticale, could be explained
by the action of CuSO4. A positive effect on the production on GRs vs
ARs was observed in barley when added CuSO4 to the regeneration
media [61] and to pre-treatment solutions [17]. Such supplementation
seems to be a general rule when regeneration is performed via
androgenesis [58]. Additionally, in wheat, CuSO4 has been reported to
increase the number of GRs and reduce the number of ARs [62], but
this was not observed in our experiments. Since the only difference
between control trial (M10) and other trials in Experiment 2 for
wheat was related to the length of induction, we speculate that
prolonged induction does not affect the GR/AR ratio. The lack of
evident reduction in the number of ARs may be due to poor
reproducibility of in vitro tissue cultures or the lack of a sufficient
number of biological repeats.

In all three species, spontaneous diploidization observed in
Experiment 2 was lower than that observed in the respective controls
(M10) (Table 9). In Experiment 1, the best results for barley were
obtained at low CuSO4 concentration, no AgNO3 and 35 days of
induction step. However, the Taguchi approach suggested that
increasing the concentrations of both CuSO4 and AgNO3 (Table 3) and
shortening the induction period to 21 days would lead to suboptimal
results. Thus, modifications suggested by the method negatively
influenced spontaneous diploidization. The same was true in wheat,
where optimization conditions were comparable with the best
verification conditions for media composition but were different for
the length of induction and resulted in a low rate of spontaneous
diploidization (Table 9). In triticale, spontaneous diploidization was
lower in Experiment 2 compared with Experiment 1, although AgNO3

and CuSO4 concentrations in the induction medium in both
experiments were the same. The difference between the experiments
for triticale reflected the prolonged induction step in Experiment 2.
Thus, in our study, conditions for reducing spontaneous diploidization
were incongruent with those for increasing the production of GRs.
This is consistent with the study of Mirzaei et al. [63] in wheat; the
authors reported a negative relationship between embryogenesis and
spontaneous diploidization. It should be stressed, however, that our
aim was not to increase the number of DHs but to generate more
green plants, as spontaneous genome duplication is not a problem in
barley and triticale.

An encouraging highlight of our studywas the relationship between
the total number of GRs (DH and haploid) and DHs. Based on optimized
conditions and linear regression data, we noted that the total number of
GRs contrasted the number of spontaneously originated DHs. Our
results suggest that this phenomenon is unique to cereals, which to
the best of our knowledge has not been reported previously. Possibly,
the presence of CuSO4 or AgNO3 influences spontaneous chromosome
doubling. Regardless, an increase in the number of GRs is preferred, as
DH plants may be easily generated using antimitotic agents; the
greater the number of GRs, the higher the number of potential DHs.

5. Conclusion

Optimization of in vitro anther cultures of barley, wheat and triticale
using the Taguchi approach enabled the identification of regeneration
conditions that favor an increase in the number of GRs compared with
control conditions. The Taguchi method reduced the number of
experiments needed from 27 to 9, even though three factors were
tested at three levels each. Since our goal was to obtain green plants
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from in vitro anther culture, we tested the effect of CuSO4 and AgNO3

concentrations and the length of induction. All three species showed
distinct responses towards the concentration of salts in the induction
medium and length of induction step. The optimized regeneration
conditions showed that with an increase in the number of GRs, the
number of DHs decreased. Moreover, under optimized conditions, the
GR/AR ratio decrease in barley and triticale. Optimized conditions
appeared to be the best compared with those used for the optimization;
this difference could be the result of changes in the length of induction,
as it was the most discriminating factor between controls and
optimized conditions. Alternatively, differences could be attributed to
unknown factors in tissue culture. Overall, we conclude that the Taguchi
approach could be successfully used for the simultaneous optimisation
of multiple factors affecting in vitro anther culture.
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