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Abstract
We investigated the anther culture (AC) efficiency of nine genotypes of winter bread wheat (Triticum aestivum L.). The 
genotype dependency was assessed during the induction of the androgenic callus, i.e., embryo-like structures (ELSs), green-, 
albino- and acclimatizated plantlets. The highest level of callus formation were shown for samples 120/20 (114.39 ELS per 
100 anthers—ELS/100A) and 132/20 (16.26 ELS/100A). The number of green plantlets per 100 anthers (GP/100A) varied 
from 0 to 3.05 GP/100A with a mean of 0.71 GP/100A. The acclimatized plantlets (ADPs) per 100 regenerated green plant-
lets ranged in each combination, from 32.00 to 62.50 ADP/100GP with an average value of 35.92. Between 12.50 and 60.00 
doubled haploid (DH) plants per 100 acclimatized plantlets (DH/100ADP), depending on the combination, with a mean of 
29.41% were recovered. Fertile plants in the anthers culture 5 out of 9 studied genotypes were obtained. Seventeen dihaploid 
lines with complex rust resistance and common bunt (8–9 points) were obtained. Two clusters of complex resistance genes 
were identified in the ten studied DH lines: Lr26/Sr31/Pm8/Yr9 and Lr34/Yr18/Sr58/Pm38.
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Introduction

Wheat is one of the leading food crops around the world. 
It provides roughly 20% of calories and protein for human 
nutrition globally. Just like other food crops, wheat can be 
affected by several diseases; and among the most destruc-
tive are the rust diseases. Wheat rust is air-borne and comes 

in three forms: stripe/yellow rust, stem rust and leaf rust. 
When any of these fungi enters the wheat plant through its 
leaves, the fungus takes the nutrients from the plant cells, 
leaving the plant unable to grow or develop grains. This 
puts the farmers’ entire wheat field at risk of infection dur-
ing the whole growing season (https://​www.​isaaa.​org/​resou​
rces/​publi​catio​ns/​pocke​tk/​60/​defau​lt.​asp, Bouvet et al. 2022; 
Martínez-Moreno et al. 2022).

Today, the level of development and technological tech-
niques for obtaining linear wheat material (androgenesis 
in vitro or the haploproducer method) is at a high level, 
which allows using this method as an integral part of the 
selection process of this crop (Testillano 2019; Lantos and 
Pauk 2016). Biotechnological methods are of great impor-
tance for facilitating and accelerating the selection process. 
They make it possible to obtain new forms of wheat, resist-
ant to various adverse factors, in the shortest possible time 
and without the use of large sown areas (Litvynenko 2010; 
Weigt et al. 2019; Dwivedi et al. 2015; Li et al. 2020). The 
production of haploids through anther culture has now 
become an integral part of the breeding programs of several 
agronomically important plants. However, approximately 
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170 species have been studied so far for haploid production 
through anther culture. (Upadhyay Richa 2022).

The strategies of modern selection consist in the need 
to create new varieties adapted to specific agroclimatic 
conditions and those characterized by complex resistance 
to diseases. In Ukraine, crop failure due to a complex of 
diseases is on average 12–18%, and in years of epiphy-
toties—25–50% or more. Resistance is the most sustainable 
method to control plant diseases. Remote hybridization is 
highly effective in the selection of wheat for resistance to 
rust and common bunt. Many of the resistance genes identi-
fied are derived from related species. At the Plant Breeding 
and Genetics Institute–National Center of Seed and Cultivar 
Investigations (PBGI–NCSCI), introgressive lines of bread 
wheat were obtained by crossing varieties of local selection 
with Aegilops cylindrica, Ae. variabilis, Triticum erebuni. 
According to the program of creation of initial breeding 
material of wheat with group resistance to pathogens of 
major diseases (types of rust and sooty, powdery mildew) 
in order to "connected" effective Lr, Yr, Sr, Pm-genes in 
one genotype, hybridization was carried out between lines 
and varieties of wheat, which are in the gene pool of the 
Department of Phytopathology and Entomology. Further, 
phytopathological assessment and selection of pathogen-
resistant samples were carried out in field conditions on an 
artificially created infection environment. Hybrids, lines and 
varieties of wheat resistant to pathogens of brown (Puccinia 
triticina), yellow (Puccinia glumarum Erikss. etHenn.), 
stem rust (Puccinia graminis f. sp. tritici), powdery mildew 
(Blumeria graminis (DC) Speer f. sp. tritici) and hard soot 
(Tilletia caries) were selected (Babayants and Babayants 
2014; Babayants et al. 2015a, b).

The aim of the research is to create homozygous dihap-
loid lines with group resistance, which have a complex of 
effective disease resistance genes, by in vitro androgenesis 
method.

Materials and methods

The study investigated nine selection lines of hybrids 
(F4–F5), provided by the Department of Phytopathology 
and Entomology of PBGI-NCSCI, obtained on the basis 
of donors, the resistance of which comes from wild rela-
tives of wheat (Aegilops cilyndrica, Ae. variabilis, Triticum 
erebuni) (Babayants et al. 2015a, b, 2021). The presented 
lines had group resistance to brown rust, stem rust, yellow 
rust, powdery mildew, common bunt. The presented lines 
were obtained by the method of individual "pedigree" selec-
tion up to the fifth generation, however, most of them are 
heterozygotes.

As a method for obtaining doubled haploids (DH) of 
wheat, in vitro culture of isolated anthers was used.

Anther culture in vitro

Donor plants of winter bread wheat were grown in paddy 
fields at the experimental plots of the PBGI-NCSCI in 
Odesa, Ukraine. The ears were cut when vacuolated micro-
spores of most of the anthers were in the early and mid-
dle–late uninucleate stage. The cytological control of the 
development stage of microspores in anthers was carried out 
by preparing temporary micropreparations of anthers stained 
with acetocarmine (4%) under a light microscope (Axiophot, 
Opton, West Germany). The cut ears in the covering leaf 
were placed in water solution of abscisic acid (ABA) at a 
concentration 0.5 mg L−1, wrapped with film, and placed 
in a climate chamber at the temperature of + 2–4 °C for 
3–5 days.

Sterilization was carried out as follows: spikes were freed 
from the covering leaves, cut off the awns and placed in Petri 
dishes with a diameter of 150 mm; dishes were poured over 
with a solution of the commercial product Bilyzna (includ-
ing sodium hypochlorite (NaOCl), active chlorine and alka-
lis) for 40 min and then drained. Further, the Petri dishes 
with spikes were filled with 0.05 N HCl (hydrogen chloride) 
solution for 10 min, after which they were washed five times 
with sterile distilled water.

Anthers were isolated aseptically in laminar box condi-
tions and were cultured on the hard 190–2 nutrient medium 
(Table 1), which 10 ml mowed in test tube (ø = 15 mm, 
h = 200 mm) and exposed to the dark at + 30 °C first three 
days and further at + 24 °C for callus induction. For each 
combination, 600–700 anthers were explanted in three rep-
licates. The 190–2 nutrient medium was supplemented with 
90 g L−1 of sucrose, 400 mg L−1 l-glutamine, 400 mg L−1 

Table 1   The components of induction, plant regeneration and rooting 
media in winter bread wheat AC

Components of 
media (mg/L)

Induction 
medium

Plant regenera-
tion medium

Rooting medium

Basal medium 190–2 MS1 MS2 1/2 MS
Proline 400 200 – –
l-Glutamine 400 200 – –
Myo-inositol 100 100 100 100
2,4-D 1.5 0.2 – –
Kinetin 0.5 0.5 – –
Gibberellic acid – – 0.5 –
Malic acid – – 25 –
Potato starch – – 1000
Sucrose 90,000 60,000 30,000 30,000
Gelrite 2900 2900 – –
Agar – – 60,000 60,000
pH 5.8 5.8 5.8 5.8
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l-proline, 100 mg L−1 myo-inositol, 3 g L−1 gelrite and dif-
ferent phytohormones: 2,4-D (2,4-dichlorophenoxyacetic 
acid) 1.5 mg L−1 and kinetin 0.5 mg L−1(Zambriborshch 
et al. 2020). Subsequently, after 3–6 weeks of cultivation, 
formed ELS on surface of the anthers (1–2 mm in size) were 
transferred to the proliferation and regeneration Murashige 
and Skoog (MS1) basal medium with addition of 0.2 mg 
L−1 2,4-D, 0.5 mg L−1 kinetin, 200 mg L−1 l-glutamine, 
200 mg L−1 l-proline, 100 mg L−1 myo-inositol, 6 g L−1 agar 
(Agar Plant tissue culture grade, AppliChem) and 60 mg L−1 
sucrose (Litvynenko et al. 2015) and cultivated in the dark 
for 21 days at 24 ± 2 °C before the emergence of regenera-
tion centers. Subsequently, the calli (ELS) were transplanted 
to enhance the regeneration of green plants on MS2 medium 
with the 0.5 mg L−1 gibberellic acid and 25 mg L−1 malic 
acid, 1 g L−1 potato starch (Sigma), 30 mg L−1 sucrose, 6 g 
L−1 agar and were cultivated 2–3 weeks at 10–12 °C, of 16-h 
photoperiod, 2500–3000 lx.

Regenerants of green plantlets formed on ELS were trans-
planted into glass jars (200 ml) to the ½ MS hormone-free 
basal medium for rooting. The developed plantlets were 
acclimatized and transplanted into a greenhouse for further 
vernalization (45 days), growth to seed and evaluation. The 
ploidy level of the regenerated doubled haploid (DH) plants 
was also evaluated by fertilization analysis.

For each genotype, the following parameters of in vitro 
androgenesis were determined: the number of induction 
ELS (ELS/100A), green plantlets (GP/100A), albino plant-
lets (AP/100A) per 100 anthers. Also, we were determinated 
the acclimatized plantlets per 100 regenerated green plant-
lets—ADP/100GP, and the doubled haploid plants per 100 
acclimatized plantlets (DH/100ADP) (Zambriborshch et al. 
2020),

Phytopathological assessment

In 2022, field evaluation of dihaploid lines of genotypes 
2/20, 3/20, 120/20, 132/20, 352/20 obtained in 2021 was 
carried out. This material was tested for resistance to brown, 
stem, yellow rust, powdery mildew, common bunt on an 
artificial complex infectious background of these diseases 
in a field nursery (Babayants and Babayants 2014).

The seeds were divided into half. One part was material 
for the study of resistance at the juvenile stage of plants 
(only brown rust and powdery mildew), and the second 
part—on adult plants (stem, brown rust, powdery mildew, 
common bund). One half of the seeds were germinated in a 
greenhouse, the sprouts at the 3-leaf stage (BBCH 12–13) 
were infected with (1) uredospores of brown rust and, sepa-
rately, (2) conidia of powdery mildew. Previously, before 
infection, the sprouts were sprayed with water with the addi-
tion of Tween. The ones were used for better adhesion of 
the agents. Inoculation was carried out: (1) with a mixture 

of uredospores (10 mg/m2) and talc (in a ratio of 1:100); 
(2) powdery mildew conidia, previously propagated on the 
storage variety—Odeska napivkarlikova. After processing, 
plants were placed under PVC film to create a wet chamber. 
The type of lesions and its intensity were evaluated for the 
maximum development of the disease according to generally 
accepted scales (Table 2).

Phytopathological evaluation at the level of an adult 
plant was carried out in the field conditions of an artificial 
of leaf–stem diseases infectious nursery. For the organiza-
tion of the latter, the composition of bread wheat varieties: 
Michigan, Odeska 26 and Odeska napivkarlikova was used 
as a reservoir of rust diseases (Babayants and Babayants 
2014).

In the spring, inoculation with brown rust at the flag leaf 
phase (BBCH 60–63) at temperatures optimal for infection 
(18–20 °C) was carried out. Stem rust was infected in the 
earing phase (BBCH 63–65) at an air temperature of 20–22 
°C. To create an artificial infectious background, a popu-
lation of the pathogen collected in the fields of Southern 
Ukraine in the summer of last year and strengthened by the 
most virulent and aggressive races of the pathogen were 
used. Uredospores were stored at a temperature of 5 °C in 
sealed ampoules with nitrogen. Spores were activated by 
heating to 50 °C for 20 min. Inoculation with a mixture of 
uredospores and talc using a similar method as when inocu-
lating juvenile plants was carried out.

The provocative background of yellow rust was created 
by sowing the absolutely susceptible line Erythrospermum 
194/06, which acted as a reservoir of infection. In recent 
years, the disease has manifested itself every year with an 
intensity sufficient to conduct assessments. In 2022, the 
manifestations of the disease were at the level of mediocre 
epiphytotia.

Provocative infectious background for assessing resist-
ance to powdery mildew was created by spreading last 

Table 2   Unified scale for evaluating the resistance of wheat geno-
types to pathogens according to plant damage (according to Babay-
ants and Babayants 2014)

S susceptible (intensity of damage—40–65%); MS weak susceptibil-
ity (intensity of damage—up to 25%); MR moderate resistance (inten-
sity of damage—up to 15%); R resistant (dintensity of damage—up to 
10%); VR high resistance (intensity of damage—from 0 to 5%)

Scale of damage Resistance score, degree of resistance

0 9 High resistant VR
 ≤ 5% 8 high resistant R
 ≤ 10% 7 resistant R
 ≤ 15% 6 medium resistant MR
 ≤ 25% 5 moderate susceptible MS
40–65% 4 susceptible S
 ≥ 90% 0 high susceptible VS
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year's straw with cleistothecia (stored in PVC bags at 2–4 
°C). In addition, vases with a fresh infection propagated 
on the accumulator variety were placed next to the experi-
mental plants.

Phytopathological assessment of the resistance of the 
obtained DH lines of wheat to hard soot was carried out 
in a field infectious nursery under artificial infection of 
seeds. Inoculation by means of mechanical mixing of teli-
ospores of the fungus and seeds before sowing was car-
ried out (using 100 mg of spores per 10 g of seed).

The assessment was carried out according to generally 
accepted methods in points.

PCR analysis

Dihaploid lines of winter wheat selection of Department 
of Phytopathology and Entomology PBGI-NCSCI 2/20 (1 
pc.), 3/20 (4 pc.), 120/20 (1 pc.), 132/20 (8 pc.), 352/20 
(3 pcs.). PC).

DNA was isolated from green leaves using STAV 
buffer (Sivolap  1998). The Lr genes (Lr21, Lr24, Lr26, 
Lr34, LrAmigo), Sr genes (Sr24, Sr31, Sr58, SrAmigo), Pm 
genes (Pm8, Pm17, Pm38), Yr genes (Yr9, Yr18) in lines 
were detected by molecular-genetic markers (Table 3).

The conditions of PCR analysis with molecular mark-
ers of Lr genes was given in works (Spielmeyer et al. 
2000; Mago et al. 2005; Lagudah et al. 2006; Gorash et al. 
2014; Galaev and Sivolap 2015; Galaev 2016).

Statistical analysis

To evaluate effect of the genotype, the data of the andro-
genic parameters (number of ELS, regenerated-, green-, 
albino-, acclimatized plantlets) were analyzed by a one-
way ANOVA (analysis of variance) using software Excel.

Results

In 2020  year, wheat genotypes resistant to brown rust, 
stem rust, yellow rust, powdery mildew and hard soot were 
homozygized. The given experimental material was first 
involved in the culture of anthers, that is, it had an unknown 
sensitivity to androgenesis in vitro. The results of studies of 
this material are shown in Table 4.

It was shown that at the first stage of in vitro androgenesis 
under the given experimental conditions, all studied geno-
types formed calluses (ELS) (Fig. 1a). The percentage of 
induction of the latter from planted anthers ranged from 0.99 
to 16.26 depending on the genotype, while the overall mean 
was 6.63 ELS/100A (Table 4).

At the next stage, plant regeneration (Fig.  1b) was 
obtained only in anther culture of seven out of nine geno-
types. Genotypes No. 120/20 and 132/20 and at the stage 
of regeneration were characterized by the greatest regen-
eration potential (1.36 and 3.05%, respectively). Two other 
genotypes that showed a high level of ELS formation (No. 
10/20 and No. 352/20) at the second stage of androgenesis 
according to the indicator "regeneration of green plantlets" 
did not stand out among this set of genotypes. The number 
of albino plantlets (Fig. 1c) was not high: from 0 to 0.57% 
depending on the genotype, while the overall mean was 
0.18 AP/100A. Only in genotype No. 132/20 the number of 
albino regenerant plantless exceeded that of green plants. 
The albino plantlets were counted and discarded. After about 
2–3 weeks, the plantlets were transplanted into glass jars on 
a hormone-free ½ MC medium for good rooting (Fig. 1c,d).

At the later stages of adaptation to ex vitro conditions, 
vernalization and growing of regenerants (Fig. 2), many 
plants die due to various reasons: sharp physiological stress 
associated with a change in water balance after transfer 
from in vitro conditions, chromosomal instability of some 
regenerants, etc. (Tripathy 2018). According to the results 
of our research, at the stages of adaptation to soil condi-
tions and vernalization, from 32 (No. 120/20) to 62 (No. 
352/20) regenerants (ADP) per 100 received green plants 

Table 3   PCR primers used to identify resistance genes in breeding material and breeding lines (according to Gorash et al. 2014)

Gene, arm of wheat and 
rye chromosomes

Pairs of markers Sequence of primers 5’–3’ Annealing 
temperature

Fragment 
size, bp

References

Lr21 Xgdm33F
Xgdm33R

ggc tca aat tca acc gtt ctt
tac gtt ctg gtg gct gct c

60 128 Spielmeyer et al. (2000)

Lr24 Sr24/Lr24.1
Sr24/Lr24.2

cac ccg tga cat gct cgt a
aac agg aaa tga gca acg atg t

60 500 Mago et al. (2005)

Lr34 csLV34F
csLV34R

gtt ggt taa gac tgg tga tgg
gtt ggt taa gac tgg tga tgg

55 150 Lagudah et al. (2006)

1RS Xscm9F
Xscm9R

tga caa ccc cct ttc cct cgt
tca tcg acg cta agg agg accc

60 220 http://​wheat.​pw.​usda.​gov

http://wheat.pw.usda.gov
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were survived. On average, 35.92 ADP/100GP survived 
(Table 4). We obtained 51 plantlets from 6 of the 9 pro-
vided genotypes. The largest number of plants—25 ps. was 
regenerated in anther culture No. 132/20.

The rate of DH/100ADP varied from 12.50 to 60.00% 
across the combinations. The highest values of the DH 
plants were present in the genotypes №352/20 (Table 4).

The effect of the genotype on the ELS per 100 anthers 
(ELS/100A), the green plantlets per 100 anthers (GP/100A), 
the albino plantlets per 100 anthers (AP/100A), the acclima-
tized plantlets per 100 regenerated plantlets (GP/100RP) and 
DH plantlets per 100 acclimatized plantlets (DH/100ADP) 
was significant at P < 0.001 (Table 5).

Next, the obtained lines (propagated in the field in 2021) 
were evaluated in 2022 for resistance to various pathogens 

in the field conditions of an artificial infectious nursery 
(Table 6).

It was shown that all lines of the same genotype did 
not differ among themselves in qualitative and quantita-
tive characteristics of resistance to the studied pathogens. 
Therefore, Table 6 shows general data on the stability of DH 
lines for individual hybrid combinations. It was established 
that only dihaploid lines of genotype 120/20 are susceptible 
to powdery mildew and yellow rust. However, all obtained 
dihaploid lines have been showed high (8–9 points) complex 
resistance to leaf, stem, yellow rust and common bunt.

In order to identify genes for resistance to brown leaf, 
stem and yellow rust, powdery mildew in the obtained 
dihaploid lines of bread wheat, PLR-analysis was performed 
using molecular markers of genes Lr, Sr, Pm, Yr (Table 7).

Table 4   Efficiency of the 
haploproduction process in the 
culture of anthers in vitro of 
different genotypes of winter 
bread wheat

ELS/100A embryo-like structures per 100 anthers; GP/100A green plantlets per 100 anthers; AP/100A 
albino plantlets per100 anthers; ADP/GP acclimatized plantlets per 100 green plantlets DH/100ADP dihap-
loid plants per 100 acclimatized plantlets

Genotype, no Planted anthers ELS/100A GP/100A AP/100A ADP/100GP DH/100ADP

ps % ps % ps % ps % ps %

2/20 2114 91 4.30 7 0.33 1 0.05 4 57.14 1 25.00
3/20 2574 100 3.89 15 0.58 3 0.12 9 60,00 4 44.44
10/20 1897 144 7.59 9 0.47 6 0.32 0 0 0
120/20 1835 264 14.39 25 1.36 5 0.27 8 32.00 1 12.50
114/20 2423 24 0.99 0 0 0 0 0 0 0
132/20 2460 400 16.26 75 3.05 6 0.24 25 33,33 8 32.00
155/20 1799 61 3.39 0 0 0 0.00 0 0 0
352/20 1938 109 5.62 8 0.41 11 0.57 5 62,50 3 60.00
385/20 1900 62 3.26 3 0.16 1 0.05 0 0 0
Total/average 50,770 1255 6.63 142 0.71 33 0.18 51 35.92 17 29.41
LSD0,05 1.30 0.88 0.33 40.25 61.10

Fig. 1   Androgenesis in in vitro anther culture of winter bread wheat: 
a formation of callus on the surface of anthers, medium 190–2; b 
regeneration of green plantlets after transplantation ELS on MS 

medium; c green and albino regenerated plantlets; d rooting of regen-
erants on a hormone-free MS nutrient medium with a filling-salt 
composition
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5 Lr genes, 4 Sr genes, 3 Pm genes and 2 Yr genes were 
tested in 18 dihaploid wheat lines. The LrAmigo/SrAmigo/Pm17 
genes localized in the 1BL.1BS-3Ae#1L translocation of 
the Amigo type and the Lr21 resistance gene to brown leaf 
rust were not detected in the studied lines. In the DH 2/20 
line, no loci associated with identification genes were found.

Two genotypes were detected in line 3/20: (1) DH1 
− Lr26, Sr31, Pm3, Yr9 (frequency 17%) and (2) DH2, DH3, 
DH4, DH5, DH6 − Lr26 + Lr34, Sr31 + Sr58, Pm3 + Pm38, 
Yr9 + Yr18 (frequency 83%). In line 132/20, two genotypes 
were also found among the dihaploids: (1) DH1, DH2, DH3, 
DH4 − Lr26, Sr31, Pm3, Yr9 (frequency 50%); (2) DH5, 

Fig. 2   Regenerate plants at different stages of cultivation and field trials: a, b, c growing in a greenhouse (artificial climate); d, e field tests

Table 5   Statistical analysis of the androgenic parameters for 19 wheat genotypes by the one-way ANOVA

***The values significantly differ at P < 0.001; ELS/100A embryo-like structures/100 anthers; GP/100A green plantlets per 100 anthers; 
AP/100A albino plantlets per 100 anthers; ADP/100GR acclimatized plantlets per 100 regenerated plantlets

Source of Variation df Mean squares df Mean squares

No of ELS/100A No of GR/100A No of AR/100A No of ADP/100GR No of DH/100ADP

Combination 8 83.08*** 2.81*** 0.11*** 6 2166.67*** 1305.28***
Error 18 0.40 0.19 0.03 14 73.15 44.47

Table 6   Phytopathological assessment of the resistance of DH lines of different wheat genotypes

*Compatible evaluation data at the juvenile stage of development and the phase of an adult plant
S susceptible (intensity of damage—40–65%); MS weak susceptibility (intensity of damage—up to 25%); MR moderate resistance (intensity of 
damage—up to 15%); R resistant (dintensity of damage—up to 10%); VR – high resistance (intensity of damage—from 0 to 5%) (according to 
Babayants and Babayants 2014)

Genotype Rust Powdery mildew Common bunt

Leaf Stem Yellow

Point Degree of stability Point Degree of 
stability

Point Degree of 
stability

Point Degree of stability Point Degree 
of stabil-
ity

DH 2/20 8 R 8 R 8 R 8 MR-MS 9 VR
DH 3/20 7 MR-MS 9 VR 8 R 8 MR-MS 8 R
DH 120/20 8 R 8 R 5 S 4 S 8 R
DH 132/20 8 R 8 R 8 R 8 R 8 R
DH 352/20 8 R 8 R 8 R 8 R 9 VR
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DH6,DH7, DH8 − Lr26 + Lr34, Sr31 + Sr58, Pm3 + Pm38, 
Yr9 + Yr18 (frequency 50%).

The DH line of genotype 120/20 had genes Lr26, 
Sr31, Pm3, Yr9 in the genome, and the DH line 352/20—
Lr26 + Lr34, Sr31 + Sr58, Pm3 + Pm38, Yr9 + Yr18.

Discussion

Availability of novel technologies has further enabled reduc-
tion in the breeding time, or an improved genetic gain using 
DHs in a breeding program. For example, through the devel-
opment of DH wheat lines containing rust resistance genes, 
Wessels and Botes (2014) showed that integration of MAS 
and DH technology into conventional breeding processes 
could increase the speed of cultivar development. Large 
numbers of finished inbred lines are attained at once in a 
DH-based breeding pipeline compared to multiple years and 
stages in a conventional method (Hale et al. 2021).

The dependence of haploproduction efficiency in the cul-
ture of soft wheat anthers on the genotype does not make it 
possible to ensure predictability of results when working 
with any genotype and prompts researchers to search for 
possible activation of morphogenetic competence in vitro.

It was shown that under these experimental conditions, 
all studied genotypes were sensitive to the first stage of 
in vitro androgenesis. The percentage of ELS formation 
from planted anthers ranged from 0.99 ± 0.20 (No. 114/20) 

to 16.26 ± 0.74 (No. 132/20), with an average of 6.63%. It 
should be noted that this indicator in the culture of anthers 
of all studied samples had rather high values for the genetic 
material of the South of Ukraine. Hungarian research-
ers have achieved higher results in the formation of ESL. 
The number of embryo-like structures per 100 anthers 
(ELS/100A) ranged from 6.00 to 74.53 depending on the 
combination (genotype), while the overall mean was 35.84 
ELS/100A (Kanbar et al. 2020). The maximum value of 
this index was relatively higher than that obtained by our 
research: 18% (El-Hennawy et al. 2011); and 14.7% (Grauda 
et al. 2014) The highest ELS/100A exceeding 100% was 
found in these studies: 119% (Kondic-Spika et al. 2008); 
and 169.40%, 190.40% in 2010, 2011 (Lantos et al. 2013).

Regarding our long-term in vitro studies of winter soft 
wheat androgenesis, the highest rate of ELS/100A was 
observed in the Kavkaz variety—38% (Zambriborshch et al. 
2018). And on average, this indicator was at the level of 
15%, which is high for our genotypes. Thus, the two geno-
types in terms of the number of ELS per 100 anthers for No. 
120/20 (14.4%) and No. 132/20 (16.3%) were at the level of 
winter wheat genotypes, which are haploproduction donors 
for the conditions of who are haploproduct donors for the 
conditions of Southern Ukraine.

Plant regeneration is a complex process that depends on 
many factors, the main of which is the genotype (Upad-
hyay Richa 2022). The ability of individual genotypes to 
regenerate green plantlets is different. Thus, in our studies, 

Table 7   PCR-detection of loci 
linked to genes for resistance 
to brown leaf and stem rust, 
powdery mildew in dihaploid 
lines of bread winter wheat

Note: " − "—the gene is absent; " + "—the presence of a gene

Genotype DH, no Gene

Lr21 Lr26/Sr31/Pm8/
Yr9 (1BL.1RS)

LrAmigo/SrAmigo/
Pm17 (1AL.1RS)

Lr24/Sr24 Lr34/
Yr18/Sr58/ 
Pm38

2/20 1 − − − − −
3/20 1 −  +  − − −

2 −  +  − −  + 
3 −  +  − −  + 
4 −  +  − −  + 

120/20 1 −  +  − − −
132/20 1 −  +  − − −

2 −  +  − − −
3 −  +  − − −
4 −  +  − − −
5 −  +  − −  + 
6 −  +  − −  + 
7 −  +  − −  + 
8 −  +  − −  + 

352/20 1 −  +  − −  + 
2 −  +  − −  + 
3 −  +  − −  + 
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the GP/100A index ranged from 0 to 3.05%. A total of 142 
green plantlets were obtained, of which more than half (75 
pcs.) were from genotype 132/20.

The next stages of the biotechnology of obtaining linear 
wheat material by androgenesis—adaptation to ex vitro 
conditions, vernalization and growing of regenerants—are 
among the most critical. This is due to a high percentage 
of plantlets dying at these stages due to various reasons: 
severe water deficit in tissues after transfer from in vitro 
conditions, chromosomal imbalance of regenerants, etc. 
(Tripathy 2018).

According to the results of the current research, at the 
stage of adaptation to the soil, survived from 30 to 60% 
of green regenerants. A total of 51 plantlets were accli-
matized, which is 35.92 of the green plantlets obtained. 
However, not all these plants had the genetic determi-
nants that allowed the plant to undergo further stages of 
growth differentiation and seeds production. Normally, 
plants obtained in anther culture can be considered hap-
loids because they have arisen from haploid microspores. 
However, the actual plants produced during regeneration 
might be a mixture of haploids, diploids or mixoploids, 
which can be explained by the defects in the development 
of microspores or callus tissue (Tripathy et al. 2019). The 
fusion or unequal division of nuclei, endomitosis inside 
the pollen grain, and disruption of meiosis could also lead 
to the development of plants other than haploids.

Cereals are characterized by the spontaneous doubling 
of chromosomes in haploid callus cells, which leads to the 
formation of numerous doubled haploids: depending on the 
type of crop and cultivation conditions, for example, for rice 
from 30 to 87% (Mishra and Rao 2016). During our study of 
androgenesis of winter wheat, we did not use diploidizers, 
that is, all 17 fertile plants obtained are the result of spon-
taneous diploidization. The frequency of the latter averaged 
29.41%, which corresponds to similar results of 32.72% in 
Lantos and Pauk (2016). The values of DH/100ADP ranged 
from 12.50 to 44.44% depending on the genotype. The aver-
age value of spontaneous diploidization (DH/100ADP) was 
28.40% (Lantos et al. 2019).

The aim of the work was to create homozygous lines of 
winter wheat with complex resistance to a number of dis-
eases. It should be noted that conditions were created in the 
infectious nursery that contributed to the intensive develop-
ment of various pathogens. All obtained DH lines were char-
acterized by a high level of resistance to pathogens Puccinia 
triticina Eriks., Puccinia graminis Pers. f. Tritici Erikss. et 
Heen., Puccinia striiformis West., Blumeria graminis (DC) 
Speer f. sp. tritici., Tilletia caries (D.C.) Tul. Only DH lines 
of genotype 120/20 were susceptible to powdery mildew 
and yellow rust, while all other 16 lines showed high (8–9 
points) complex resistance to brown, stem, yellow rust and 
hard soot.

In order to identify genes for resistance to brown leaf, 
stem and yellow rust, powdery mildew and hard soot in 
dihaploid lines of soft winter wheat, PLR analysis was per-
formed using molecular markers for up to 5 Lr genes, 4 Sr 
genes, 3 Pm genes, 2 Yr genes. 10 years ago, plant material 
that had wheat–rye translocations 1BL.1RS and 1AL.1RS 
was actively involved in the wheat selection process at 
PBGI-NCSCI (Galaev and Sivolap 2015). Therefore, in the 
panel for the detection of resistance genes, among others, the 
primers for the markers of these DNA regions were selected. 
As a result, only two genes Lr26, Lr34 were found in the 
genome of DH lines, and the genes Lr21, Lr24, LrAmigo were 
not found. Among the Sr genes, only the Sr31 and Sr58 
genes were detected, while the SrAmigo and Sr24 genes were 
not. Accordingly, the gene responsible for resistance to pow-
dery mildew Pm17, which is also localized in the Amigo-
type translocation 1BL.1BS-3Ae#1L, was not detected.

Two clusters of complex resistance genes were identi-
fied in the ten studied DH lines: Lr26/Sr31/Pm8/Yr9 and 
Lr34/Yr18/Sr58/Pm38. That is, these lines had at least 
two genes for resistance to brown (Lr26 + Lr34), leaf 
(Sr31 + Sr58), yellow (Yr9 + Yr18) rust and powdery mil-
dew (Pm8 + Pm38). Six dihaploids were characterized by 
a genotype with a complex of different resistance genes 
Lr26, Sr31, Pm8, Yr9. So, the high level of resistance of 
DH to the disease complex shown in field tests was proved 
by molecular genetic analysis. Only in the genome of DH 
2/20 no gene was detected. However, this line was character-
ized by resistance both in the juvenile and in the phase of 
an adult plant. This indicates the presence of oligogenes in 
its genome, which cause high resistance. Unfortunately, the 
limited set of markers did not allow them to be detected. It 
is obvious that this line carries other (undetected) resistance 
genes and needs further research.

As a result of the research, a linear homozygous mate-
rial with complex resistance to various types of rust and 
common bunt have been obtained. These DH lines are an 
innovative starting material for wheat breeding and can be 
additionally involved in research on the genetic basis of this 
resistance.

Conclusion

By the method of in vitro anther culture, 17 homozygous 
dihaploid lines of different genotypes of winter bread wheat 
with complex resistance to various types of rust and com-
mon bunt were obtained. Genotypes No. 120/20 and 132/20 
were characterized by the highest indicators of haploproduc-
tion: the percentage of callus formation (ELS/100A) was 
14.39% and 16.26%, the percentage of formation of green 
plantlets (GP/100A) was 1.36 and 3.05%, respectively. The 
frequency of spontaneous diploidization (DH/100ADP) 
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averaged 29.41%. All obtained dihaploid lines showed high 
(8–9 points) complex resistance to brown, stem, yellow rust 
and common bunt. PCR analysis was proved the presence 
of resistance genes Lr, Yr, Sr in DH lines, and they are a 
valuable starting material by wheat selection for immunity 
to group of pathogens.
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