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Abstract. Triticale (x Triticosecale Wittmack) is of great interest as an insurance crop that can ensure the stability of
the gross harvest of feed and food grains at a lower cost. In Western Siberia, only winter triticale varieties are culti-
vated, however, spring triticales are important for cultivation in regions not suitable for winter crops. To create spring
varieties with high yields and good grain quality, it is necessary to study and enrich the gene pool, identify donors
of economically valuable traits. One of the possible ways to solve this problem can be through the production of
secondary hexaploid triticales with the involvement of the tetraploid wild-growing species of emmer wheat Triticum
dicoccum (Schrank) Schuebl. The aim of this work was to create and study hybrids of emmer T. dicoccum (Schrank)
Schuebl. with hexaploid triticale using genomic in situ hybridization for staining of meiotic chromosomes and analy-
sis of plant productivity elements in F,~Fg. DT4, DT5, DT6 plants and the prebreeding F4 forms obtained from them -
DT 4/168, DT 5/176 and DT 6/186 - were selected according to the characteristics of the productivity and the nature
of the grain in the F, hybrid population. The offspring of hybrids DT4 and DT5 and prebreeding forms DT 4/168
and DT 5/176 had an increased grain nature (over 750 g/l), but low productivity. The hybrid DT6 and the breeding
form DT 6/186 obtained from it had high grain productivity (785+41 and 822+ 74 g/m?2, respectively), but, like the
paternal form of triticale UK 30/33, had a reduced nature of the grain. In Fg DT 6/186 plants, 7 homologous pairs of
rye chromosomes and from 27 to 30 wheat chromosomes were found in meiosis, which indicates the presence of
a complete rye genome and two wheat AABB genomes. Rye chromosomes showed stable formation of bivalents in
contrast to wheat chromosomes, which caused the presence of aneuploids in plant populations. Thus, hexaploid
forms DT 4/168 and DT 5/176 with well-made smooth grain and high grain size were obtained, which can be used as
a source of this trait for selection of food-grade triticale. DT 6/186 is a promising form for further breeding in order to
obtain high-yielding forms of triticale.
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AHHoTayus. Tputnkane (x Triticosecale Wittmack) npeactasnaeT 60nblUOM MHTEPEC KaK CTpaxoBas KynbTypa, Cro-
cobHan obecneunTb cTabUNBbHOCTb BaNIoOBOro c6opa dypa)kHOro 1 NPOJOBONbLCTBEHHOIO 3epHa C 6onee HU3KMMU
3aTpatamu. B 3anagHon Cnbupu Bo3aesbiBaloTCA COPTa TONIbKO 03MMbIX TPUTUKAIE, O4HAKO APOBble TPUTKKane sB-
NATCA 3HAYMMbIMU AR BbIPALLVBaHNA B PErMIOHaX, He NPUrOAHbIX ANA 03UMbIX KynbTyp. [na co3gaHna ApoBbIX
COPTOB C BbICOKOI YPOXANHOCTbIO 1 XOPOLLIMM KaueCTBOM 3epHa HeOOX0MMO M3yUeHre 1 oboralleHre reHopoHAa,
BblAeSIEHNE [JOHOPOB XO3ANCTBEHHO LIEHHbIX MPU3HaKoB. OfHUM 13 BO3MOXHbIX MYTel peLIeHUs 3TON 3aaum MOXKeT
ObITb NOMYyYEHNE BTOPUYHbIX FeKCanIoONAHbIX TPUTMKae C NpUBeYeHEM TETPANIONGHOro AMKOPACTyLIero Bmaa
nweHmnubl nonba Triticum dicoccum (Schrank) Schuebl. Lienbto naHHo paboTbl 6bifio co3gaHme v nsyyeHve rmépunos
nono6ol T. dicoccum (Schrank) Schuebl. ¢ rekcannovaHol TpyTKane ¢ MCNONb30BaHNEM FeHOMHOW in situ rMbpugun-
3aUMKM NPY OKPaLLMBaHUN MENOTUYECKMX XPOMOCOM 1 aHan3 3N1eMEeHTOB MPOoAyKTMBHOCTY pacTeHuin B F,—Fg. Mo
npvi3Hakam NPoAyKTUBHOCTW 1 HaTypbl 3epHa B rnbpuaHon nonynauuu F, 6biim otobpaHbl pactenna AT4, AT5, AT6
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1 BbIAIBNIEHHbIE B VX MOTOMCTBe npebpugunHrosble dopmbl Fg — AT 4/168, AT 5/176 n AT 6/186. MNoTtomcTBa rnbpu-
nos T4 v OT5 n dopm AT 4/168 n AT 5/176 umenn NOBbILLEHHYIO HAaTypy 3epHa (cBbiwe 750 r/n), HO HEBbLICOKYIO
npoAyKTUBHOCTL. [Mbpug AT6 1 nonyyeHHas ot Hero ¢opma [T 6/186 oTnMyanncb BbICOKAMM NOKasaTenamm npo-
LOYKTUBHOCTY 3epHa (785141 1 822+ 74 r/mM2 COOTBETCTBEHHO), HO, KaK 1 OTLOBCKaa dpopma Tputukane YK 30/33,
MMeN NMOHKEHHYI0 HaTypy 3epHa. Y pacTeHuii notomcTea Fg [T 6/186 B Melio3e 06HapyeHO 7 rOMONOrMYHbIX Nap
XPOMOCOM pXu 1 OT 27 Ao 30 XPOMOCOM MLUIEHWLbI, YTO CBUAETENbCTBYET O HANMYMM MOJTHOFO FeHOMa PXK1 1 ABYX
reHomoB nieHuLbl AABB. Xpomocombl pxku feMoHCTpupoBanu ctabunbHoe GopmrpoBaHrie 61BaneHTOB B OT/IMYMeE
OT XPOMOCOM MLUEHULIbI, YTO BbI3BaSIO aHEYMIOMANIO B MONYALMAX pacTeHNIA. TakM 06pa3om, NoNyyeHbl rekcanso-
naHble dopmbl AT 4/168 1 T 5/176 ¢ XOPOLUO BbINOIHEHHBIM FMaIKMM 3€PHOM 1 BbICOKOI HaTypoli 3epHa, KoTopble
MOXHO MCMONb30BaTh B KAYeCTBE MCTOYHMKA STOFO MpU3HaKa AnA CeNekunmn TpUTMKane NULEeBOro HanpasieHus.
®opma [T 6/186 nepcneKkTBHa ANA fanbHENLLIEro CeNneKkyMoOHHOro NpoLecca C Lesbio NoNyYeHUn BbICOKOYpOXKali-
HbIX dOpM TpUTKKane.

KnioueBble cnoBa: Tputukane; Triticum dicoccum; oTaaneHHble rmbprabl; FeHOMHas in situ rMbpuansaumns; NprusHakm
NPOAYKTUBHOCTY; MENO3; NPeOPUANHTOBbIE GOPMBI.

Introduction

Triticale (x Triticosecale Wittmack) is a wheat and rye hybrid
of a relatively short evolutionary history as an allopolyploid
species. The first naturally created fertile wheatxrye hybrids
were discovered in the late 1920s at the South-Eastern agri-
cultural experimental station in Saratov (Meister, 1921). The
plants had intermediate traits and were described as a new bo-
tanical species Triticum Secalotriticum saratoviense Meister
by G.K. Meister (Levitsky, 1978). Meister immediately pre-
dicted the practical value of these intergeneric crossings. The
first man-made wheatxrye hybrids (7riticosecale Wittmack)
were obtained in 1888 by the German plant breeder W. Rimpau
(Miintzing, 1974), who described 12 plants descending from
a wheatxrye hybrid generally recognized as the first triticales
(xTriticosecale Wittmack). The cytological analysis of the
first triticales developed in Russia and Germany showed the
somatic chromosome number of 56 (8x) (Miintzing, 1961; Le-
vitsky, Benetzkaja, 1978), which demonstrated the combina-
tion of four genomes as follows: AABBDDRR, AABBDD,
soft wheat, and RR rye.

Octoploid triticales were of great interest for plant breeders
due to high seed set per spike, increased plant pathogen resis-
tance, and resistance to environmental stresses. However, the
primary triticale lines suffered from meiotic errors (Miintzing,
1961; Shkutina, Khvostova, 1971; Lukaszewski, Gustafson,
1987) and high frequency of aneuploidy in earlier generations
(Krolow, 1962; Stepochkin, Vladimirov, 1978; Silkova et al.,
2021), which caused reduced fertility. Grain shriveling and
lateness of maturity in octoploid forms were also considered
as limitations for their introduction as cultivars. As a result,
there have been global efforts to develop the technology for
obtaining more promising lines with various valuable breed-
ing traits, which eventually produced hexaploid triticales
(Shulyndin, 1975).

Primary hexaploid triticales of the AABBRR genome type
were obtained as crossings of tetraploid wheats (7. turgidum,
T durum) and S. cereale rye (Miintzing, 1974). However, un-
desirable traits were not completely eliminated. Agronomi-
cally valuable traits were improved by enriching the triticale
gene pool with crossing experiments involving octoploid
lines and commercial soft wheat varieties, as well as hexa-
ploid triticales with full rye genome and two wheat genomes
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identified in the progeny of octoploid triticales as a result
of D-genome chromosome elimination (Stepochkin, 1978;
Dou et al., 2006; Zhou et al., 2012; Hao et al., 2013; Li et al.,
2015; Evtushenko et al., 2019). The crossing of two primary
octoploid triticales produced hexaploid offspring, and breed-
ing programs were focused on hybridization of these octo-
ploids with the hexaploids identified in the progeny (Pisarev,
1964; Jenkins, 1969; Ammar et al., 2004; Oettler, 2005).
Hexaploid triticales were more stable in terms of productivity
(Miintzing, 1974; Oettler, 2005). As a result, various recom-
binant forms of secondary triticales were derived and karyo-
typed (Merker, 1975; Gustafson, Bennett, 1976; Lukaszewski,
Gustafson, 1983; Badaev et al., 1985; Cheng, Murata, 2002;
Mergoum et al., 2009; Shishkina et al., 2009; Fu et al., 2014),
and some of them having combined wheat-rye genomes
showed commercial value (Merker, 1975; Oettler, 2005; Zhou
etal., 2012).

Agronomic traits of triticales were further improved by
intergeneric and interspecific crossings. Aegilops crassa (2n =
4x = 28; DDMcrMcr), Ae. juvenalis (2n = 6x = 42; DDCuCu
MjMj), Ae. squarrosa (syn. Ae. tauschii; 2n = 2x = 14; DD)
and Ae. triaristata (2n = 6x = 42; CaCuMtMtMt2Mt2) (Gru-
szecka et., 1996), Agropyron intermedium ssp. trichophorum
(2n = 42) (Gupta, Fedak, 1986a), Hordeum parodii Covas
(Gupta, Fedak, 1986b), H. vulgare L. (Balyan, Fedak, 1989)
and 7. monococcum L. (Neumann, Kison, 1992) plants were
used in hybridization experiments with hexaploid triticales.
Intergeneric polyploid triticales were also bred through hy-
bridization with intermediate forms sharing at least one set
of chromosomes (genome) with the triticale genome. These
hybridization efforts produced plants with resistance genes
against diseases. Lines isolated in the progeny of triticale hy-
brids (AABBRR) and amphidiploids (wheat x Psathyrostachys
huashanica, 2n = 8x = 56, AABBDDNSsNs) were resistant to
yellow rust (Kang et al., 2016). Hybridization of a hexaploid
triticale and an amphiploid intermediate form (4e. variabilis x
S. cereale, 2n = 6x = 42; UUSvSVRR) produced addition and
substitution lines with the 3Sv Ae. variabilis chromosome car-
rying the powdery mildew resistance gene Pm/3 (Kwiatek et
al., 2016). Addition and substitution lines for chromosome 2D
with the leaf-rust resistance gene Lr39 and semidwarf gene
Rht8, as well as chromosome 3D (or 3D/3B) with the Lr32
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gene were isolated in the progeny of triticale X amphiploid hy-
brids (de. tauschii X S. cereale, 2n=4x=28; DDRR) (Kwiatek
etal., 2015).

Thanks to breeding achievements, triticale has become
a new economically significant cereal species characterized
by high grain and vegetative mass productivity, that could be
used as forage and green feed (McGoverin et al., 2011; Ayalew
etal., 2018). In the last three decades, its products have become
increasingly significant, which is demonstrated by increasing
crop acreage across the world, from 1,453,269 ha in 1994 to
4,157,018 ha in 2016. Triticale grains are used to produce
bioethanol and food wrap, as well as various food products
(bread, biscuits, pastas, flatbreads, and malt) (Zhu, 2018), and
bran is used as the source of prebiotics and antioxidants for
yoghurts. Food-grade triticale grains are comparable to wheat
in macro- and micronutrient contents (Zhu, 2018). Protein
content in triticale grains is 1-1.5 % higher than in wheat and
3—4 % higher than in rye, gluten content matches that in wheat
or is 2-4 % higher (Meleshkina et al., 2015). However, triticale
underperforms in test weight. This parameter is closely related
to the plumpness and hardness of grains, as well as to their
size and shape. Average test weight for wheat is 700-810 g/l1.
At test weights below 740 g/, flour yield tends to decrease
rapidly as test weight goes down. Most spring triticales have
shriveling grains and low flour yields, which limits their use
in bread making (Rakha et al., 2011).

Development of domestic high-productivity triticale varie-
ties with high grain quality requires further study and enrich-
ment of the gene pool, as well as identification of donors for
economically valuable traits. One way to solve this problem
is to obtain secondary hexaploid triticales using emmer wheat
T dicoccum (Schrank) Schuebl., a tetraploid wild-growing
wheat with long, large, and plump grains.

The goal of the present study was to breed new forms of
hexaploid triticales (AABBRR genome type) with improved
test weights by crossing emmer (7. dicoccum Schrank, AABB
genome) with triticale and study their productivity and meiotic
stability with chromosome staining using genomic in situ
hybridization.

Material and methods

Plant material. New forms of hexaploid triticale were ob-
tained by hybridization of emmer (7. dicoccum (Schrank)
Schuebl.) and triticale (x Triticosecale Wittmack). Intergene-
ric F, hybrid of emmer lines (L133 x PKK) xk-25516 (AABB
genome) was used as maternal plants. Awned semi-hulless
emmer (L133 xPKK) created by VIR researchers is charac-
terized by brittle spikes and low productivity, and awnless
emmer k-25516 was obtained at Siberian Research Insti-
tute of Plant Production and Breeding (SRI PPB), ICG SB
RAS from the population of awned emmer wheat from the
VIR collection. The paternal plants were represented by a se-
lection form of hexaploid triticale UK 30/33 selected from
the population of cytogenetically unstable octoploid triticale
UK30 (AABBDDRR genome) developed at the SRI PPB by
crossing the Ulyanovka soft wheat variety with the Korot-
kostebelnaya 69 short stem rye with subsequent doubling of
chromosome number induced by colchicine water solution.
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The progeny of three F, hybrids DT4, DTS5, and DT6, and
three selection forms DT 4/168, DT 5/176, and DT 6/186 iso-
lated in F5 from hybrid populations DT4, DTS5, and DT6 re-
spectively was selected for the study. In 2020, their F progeny
was seeded for research purposes along with F, hybrids at
the nursery for distant wheat hybrids in the field of SRI PPB.

Fluorescence in situ hybridization of meiotic chromo-
somes. To evaluate the meiotic stability in the selection forms,
two most productive plants DT 6/186/156 and DT 6/186/165
were selected in the F, progeny of plant DT 6/186, and their
Fq seeds were seeded in the hydroponic greenhouse of the
ICG SB RAS in spring 2021. The chromosomal behavior of
the progeny was studied using routine acetocarmine staining
protocol and FISH staining (fluorescence in situ hybridiza-
tion) following the technique described earlier (Ivanova et
al., 2019).

The meiocytes were analyzed at the diakinesis stage, me-
taphase I (MI), anaphase I (Al), and telophase II (TII). The
probes used in the analysis were as follows: Aegilops taus-
chii pAet6-09 specific for centromere repeats in rice, wheat,
rye, and barley chromosomes (Zhang et al., 2004); pAWRc
specific for centromere repeats in rye chromosomes (Fran-
cki, 2001), and rye genomic DNA. DNA repeat samples of
pAet6-09 and pAWRc were the courtesy of Dr. A. Lukaszew-
cki (University of California, Riverside, the United States).
Centromere-specific probes were labeled with biotin 16-dUTP
or digoxigenin 11-dUTP by means of polymerase chain reac-
tion (PCR). The total rye DNA was labeled by Nick translation
with digoxigenin 11-dUTP. The probes were combined in
different proportions and mixed with blocking wheat DNA.
The preparations were mounted in Vectashield antifade solu-
tion (Vector Laboratories) slowing down fluorescence fading
and including 1 pg/ml DAPI (4',6-diamidino-2-phenylindol,
Sigma-Aldrich, the United States) for chromatin staining. All
preparations were analyzed using an Axio Imager M1 micro-
scope (Karl Zeiss, Germany), the images were recorded using
a ProgRes MF camera (Meta Systems, Jenoptic) at the Center
of Microscopic Analysis of Biological Objects, SB RAS and
processed using Adobe Photoshop CS2 software.

Analysis of economically valuable traits. Structural
analysis of the plants was performed at the facility equipped
for metric measurements, threshing, and seed weighting. As
a result, the following data on productivity elements were
obtained: spike length; spike density; grain weight per spike;
thousand kernel weight; grain number per spikelet; test
weight measured using a microchondrometer (Stepochkina,
Stepochkin, 2015); and grain productivity per 1 m?2. Statisti-
cal processing of the results was carried out following the
standard technique (Dospekhov, 1985). Significance of dif-
ferences between mean values of two samples was estimated
using Student’s #-test.

Results

The parental-line plants had different spike and grain mor-
phology. The emmer plants (L133 x PKK) had short, awned,
brittle spikes and smooth, long grains (Fig. 1, ). The k-25516
emmer sample was an awnless plant with thin, long grains (see
Fig. 1, b). Triticale UK 30/33 had a dense, awned spike and
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Fig. 1. Spikes and seeds: a, emmer wheat (L133 x PKK); b, emmer wheat k-25516; , triticale UK 30/33; F, hybrids: d, DT4; e, DT6; f, DT5.

Table 1. Results of structural analysis of triticale plants and emmer X triticale hybrids

Name of triticale line  Spike length,  Spike density ~ Grain weight
or emmer X triticale cm per spike, g
hybrid

UK 30/33 8.3+0.3 2.89+0.08 2.6+0.2

DT4 11.0+£0.4%* 2.10£0.06 2.1£0.2

DT6 10.2+0.2%* 3.14£0.07* 3.7£0.2%*
DT5 83+£0.1 2.64+0.12*% 1.3+0.2%

DT 4/168 10.8+0.8%* 2.31+£0.08** 25+04

DT 6/186 10.8+0.5%* 2.38+£0.14** 3.9+0.3**
DT 5/176 9.6+0.7* 2.28+0.11**  2.0+0.3

Thousand Grain number  Test weight, Productivity,
kernel per spikelet g/l g/m?2
weight, g

47+2 248+0.10 706+8 584+33
50+2 1.78+0.10%* 806+ 14%** 435 +34*%
48+1 243+0.09 749 £16** 785+41%*
39+3* 1.56£0.11%*% 789+ 7%** 280+ 44**
47£2 2.15+0.26 760+ 20* 531+£92
48+5 3.20£0.18** 706+25 822+ 74**
47+3 1.95+0.13** 772+48* 423 +67*

*p <0.05;** p <0.01; *** p < 0.001 - significant differences between the hybrid and 6x triticale UK 30/33.

grains similar to those of soft wheat in shape but shriveling
(see Fig. 1, ¢).

Plants of three emmerxtriticale F, hybrids had different
spike morphology (Table 1, see Fig. 1, d—f). The DT6 hybrid
had a dense, awned spike. The plants of the remaining two
hybrids had looser spikes. The spikes were sterile at the ends
and therefore often susceptible to ergot.

All hybrids had a hair neck similar to the paternal triticale
UK 30/33. This means that these genotypes have a gene re-
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sponsible for manifestation of this trait localized in the long
arm of chromosome 5R.

Triticale UK 30/33 had a short spike, low test weight, and
medium grain productivity (see Table 1). Selection forms and
hybrids, except for DTS5, had a longer spike than the paternal
form UK 30/33. Hybrid DTS5 had low productivity due to
flower sterility in the upper part of the spike and low thou-
sand kernel weight. Hybrid DT4 had a high thousand kernel
weight of 50£2 g, and the highest test weight of 806+ 14 g/1.
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Fig. 2. Diakinesis (a—c) and metaphase | (d) meiotic stages in the progeny of DT 6/186/156 plant (a, b) and DT 6/186/165 plant (c, d).
a, b, 21 bivalents, a, 7 rye bivalents; ¢, 21 bivalents and one univalent; d, univalents in metaphase I. a, genomic in situ hybridization, rye

chromosomes stained red; b-d, acetocarmine staining.

However, its grain productivity, although higher than that of
DTS5, was still not too high due to low seed set of spikes and
spikelets. Flowers at the top of the spike were often sterile as
well. Hybrid DT6 was characterized by dense spikes and high
grain productivity (785+41 g/m?), as well as seed set of spikes
and spikelets. The spikes were fertile along their full length.

Selection forms DT 4/168, DT 5/176, and DT 6/186 had
different grain weights per spike, grain numbers per spike,
test weights, and productivities. DT 4/168 had denser spikes
and slightly higher seed sets of spikes and spikelets compared
to the DT4 hybrid it was obtained from. Breeding sample
DT 5/176 was more productive than the initial DTS5 hybrid,
but it had the lowest productivity among the three breeding
samples studied. Small spike size and sterility of 3—7 spike-
lets in the upper part of the spike resulted in low productivity
of hybrids DTS5 and DT 5/176. The DT 6/186 line had the
highest seed set and productivity among the studied lines.
Despite the lowest test weight values similar to triticale
UK 30/33 (706+25 g/l), grain productivity per plot reached
82274 g/m2. DT 6/186 had a smoother overall morphology
than the initial hybrid DT6, but higher breeding value due to
its higher grain productivity.
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Cytological analysis of the progeny of two plants (DT 6/186/
156 and DT 6/186/165) from the highly productive DT 6/186
line revealed instability in chromosome number and errors in
chromosomal behavior in the first and second meiotic divi-
sions. Chromosome staining using genomic in situ hybridi-
zation in these plants showed 14 rye chromosomes forming
bivalents, which implied the presence of seven homologous
pairs (Fig. 2, a). However, the bivalent chromosomes demon-
strated premature separation in some meiocytes (desynapsis),
with rye chromosomes becoming univalent and distributing
anomalously between the poles (Fig. 3, a).

Chromosome number in the discovered aneuploid plants
varied from 2n = 41 to 2n = 44. Among the ten plants from the
DT 6/186/156 progeny, only one plant had chromosome num-
ber 2n = 42 (see Fig. 2, b), while there were no plants with
euploid chromosome numbers in the progeny of DT 6/186/165.

Univalents were discovered in the metaphase I (see
Fig. 2, d), which were lagging at the equator during chro-
mosome separation in anaphase I in 86.75+4.56 and
61.32+2.81 % of cells in DT 6/186/156 and DT 6/186/165
respectively (Table 2, see Fig. 3, ¢, d). The lagging chromo-
somes were divided into sister chromatids (see Fig. 3, a, c, d)
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Fig. 3. Chromosome separation anomalies in meiotic anaphase | in the progeny of DT 6/186/165: a, unequal separation of
wheat and rye chromosomes, the rye chromosome is divided into sister chromatids (arrows); b, unequal chromosome separa-
tion; ¢, d, lagging chromosomes at the equator and univalent division into sister chromatids.

a, genomic in situ hybridization, rye chromosomes stained red; b-d, acetocarmine staining.

Fig. 4. Tetrads with (a) and without (b) micronuclei.

or broken at the centromere. Instability of chromosome separa-
tion during the division resulted in micronuclei formation at
the tetrad stage (Fig. 4, a).

Micronuclei were observed in 60.29+3.14 and 72.16+
+2.29 % tetrads in DT 6/186/156 and DT 6/186/165, re-
spectively (see Table 2). Even the euploid plant with 2n =42
(DT 6/186/156) had micronuclei in 51.48 % tetrads, which
prevented us from considering this plant fully cytogenetically
stable.
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Plants with the minimum number of anomalous meiocytes
in anaphase I and telophase II were selected from populations
DT 6/186/156 and DT 6/186/165 based on the results of the
analysis.

Discussion

Triticale (x Triticosecale Wittmack) as an agricultural crop
combines wheat’s high yield potential with rye’s resistance
to biotic and abiotic stresses, which increases its adaptability
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Co3paHue 1 n3yyeHrie rmbpraos
non6a (Triticum dicoccum) X TpuTUKane

Selection form Total analyzed

Number of meiocytes

Total analyzed Number of tetrads

in anaphase | with anomalous chromosome by tetrads with micronuclei, %
............................................. separation in anaphase |, %
plants cells plants cells
DT 6/186/156 10 534 86.75 +4.56 8 1830 60.29 +3.14
DT 6/186/165 9 698 61.32+2.81 8 2866 7216 +2.29

to cultivation conditions in salty or highly acidic soils and in
presence of toxic heavy metals. Thanks to these traits, triticale
is of great interest as an emergency crop ensuring stable gross
harvest of forage and food grains at lower costs (McGoverin
et al., 2011). Despite today’s applications of triticale grains
being mostly restricted to forage in animal husbandry and pro-
duction of feed and bioethanol, there is a rising interest in the
use of triticale grains in human food products. Triticale grains
have proven nutritional and dietary value (Meleshkina et al.,
2015; Zhu, 2018), since they include not only proteins, car-
bohydrates, and fats, but also vitamins, minerals, and dietary
fibres (14—18 %) (Rakha et al., 2011; Zhu, 2018). Compared
to that of wheat, the protein from its grains has a richer amino
acid profile, particularly in indispensable amino acids, such
as lysine, threonine, and leucine (Meleshkina et al., 2015;
Torikov et al., 2019). Triticale starch amounting to 3/4 of the
kernel weight has a significantly lower amylose content com-
pared to rye and wheat (Zhu, 2018), which ensures its better
digestion by humans (Meleshkina et al., 2015).

To increase the share of triticales in production of breads
and pastries, in recent decades breeding efforts have been
aimed at increasing the quality of grains and finished products,
which has resulted in development of triticale bread-making
varieties (Grabovets et al., 2013), so State standards for triti-
cale flour have been developed (State Standard 34142-2017).
The characteristics of winter triticale varieties also include
applicability for bread making. Triticale breeding efforts in
Russia and other countries are primarily aimed at developing
winter varieties (State Register..., 2022). However, grain
quality assessment of the samples from the spring triticale
collection showed that spring triticales have good potential
for creating bread-making varieties (Krokhmal, Grabovets,
2015; Bocharnikova et al., 2017; Abdelkawy et al., 2020;
Yerzhebayeva et al., 2020). The samples with such improved
parameters as protein content, test weight, falling number,
vitreousness, gluten quantity and quality, etc., are used in
breeding for improved grain quality (Krokhmal, Grabovets,
2015; Bocharnikova et al., 2017; Turbayev et al., 2019; Ab-
delkawy et al., 2020; Yerzhebayeva et al., 2020).

A trait such as high test weight can be transferred by distant
hybridization. This parameter is closely related to genetically
determined parameters such as grain plumpness, hardness, and
shape. In the present paper, tetraploid emmer wheat 7. dicoc-
cum (Schrank) Schuebl. with long, large, and plump grains
was used as the maternal line for hybridization with hexaploid
triticale (X Triticosecale Wittmack). As a result, new hexaploid
forms of triticale with AABBRR genome types were created,
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which is confirmed by the analysis of meiotic chromosomal
behavior using genomic in situ hybridization. Seven pairs of
rye chromosomes and 27 to 30 wheat chromosomes were ob-
served in the plants, which implies the presence of a complete
rye genome and two wheat genomes. Three plants, DT4, DTS,
and DT6, were isolated in the F, population, the progeny of
which demonstrated test weight values significantly exceeding
those of the initial triticale line, and test weights in the progeny
of DT 4/168, DT 5/176, and DT 6/186 forms from F; were
higher or on par with those of the initial triticale line. These
plants had different productivity values, with the highest ones
in F, recorded in the DT6 line (785+41 g/m?). The respec-
tive value for DT 6/186, i.¢., the progeny of the latter in F,
reached 822+74 g/m?. The DT 4/168 and DT 5/176 lines are
of moderate interest for further research into improvement of
bread-making properties of triticale grains.

The study of the meiotic behavior of rye and wheat chro-
mosomes in the progeny of Fg plants DT 6/186/156 and
DT 6/186/165 showed that they had not yet achieved cytoge-
netic stability, which was indicated by the discovered chromo-
some separation errors and the presence of aneuploids in the
populations. Chromosome separation errors mostly occurred
in wheat chromosomes due to their monosomy. Cytological
instability and aneuploidy in octoploid and hexaploid wheat-
rye allopolyploids have been an issue from the start (Shkutina,
Khvostova, 1971; Kaltsikes, 1974; Weimarck, 1974; Luka-
szewski, Gustafson, 1987), but secondary triticales turned out
to be more cytogenetically stable than primary ones (Kaltsikes,
1974). Cytological study of triticales showed that the interac-
tion between wheat and rye genomes in the cells of the same
plant resulted in physiological defects in cells persisting for
decades at least. Meiotic and mitotic errors were found both
in the triticale obtained by Rimpau in 1888 (Levitsky, 1978;
Miintzing, 1974) and in the triticales obtained later. Despite the
complete set of chromosomes, meiotic univalents were found
in triticales with different ploidy levels (Shkutina, Khvostova,
1971; Kaltsikes, 1974; Lukaszewski, Gustafson, 1987; Ole-
sczuk, Lukaszewski, 2014; Orlovskaya et al., 2015). The study
into meiotic chromosomal behavior in triticales in the present
and earlier papers demonstrated that while only bivalents
were present at the diakinesis stage, univalents appeared in
metaphase I as a result of to produce lagging chromosomes at
the equator (Shkutina, Khvostova, 1971). Presumably, aneu-
ploid cells in triticales may emerge as a result of asynchronous
separation of rye and wheat chromosomes and their lagging
in anaphase and telophase (Shkutina, Khvostova, 1971). The
presumed cause of meiotic instability in the obtained am-
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phidiploids is an imbalance in the genetic system of meiotic
pairing and the differences in cell cycles between wheat and
rye (Miintzing, 1974).

It is known for a fact that chromosome separation depends
on kinetochore function (Sanei et al., 2011). It was found that
kinetochore protein CENH3 produced by one of the parents
maintained the function of other parental kinetochores in stable
hybrids, despite the differences between DNA sequences of
centromere regions in parental lines (Ishii et al., 2016). It was
also shown that cytogenetic stability in triticales could also be
linked to increased expression of rye-specific CENH3 forms
in a hybrid genome (Evtushenko et al., 2019).

Another possible cause of cytogenetic instability of the
obtained triticales could be a nuclear-cytoplasmic incompati-
bility, because the hybrids are bred using an intergeneric
F, hybrid of emmer lines (7. dicoccum (Schrank) Schuebl.)
(L133 xPKK)*k-25516 (genome AABB) as the maternal form.
The AABB genomes in paternal triticale forms originate from
soft wheat, while the rye genome is used as the base. Selection
of genotypes of wheat varieties during triticale backcrossing
may lead to recovery of fertility and cytogenetic stability in
new forms, as exemplified by alloplasmic soft wheat lines
(H. vulgare)-T. aestivum (Pershina et al., 1999, 2018; Tru-
bacheeva et al., 2021).

Conclusion

The result of this work was to create and study hybrids of
emmer 7. dicoccum (Schrank) Schuebl. with hexaploid triti-
cale. According to the characteristics of productivity and test
weight values of the grain, hexaploid prebreeding forms Fg
were isolated — DT 4/168, DT 5/176 and DT 6/186. Thus,
hexaploid forms DT 4/168 and DT 5/176 with well-filled,
smooth grains and high test weights that can be used as the
source of said traits in food-grade triticale breeding have
been obtained. The DT 6/186 line shows promise in terms of
breeding for high yields. As a result of the analysis of meio-
tic division in DT 6/186 plants, this sample is unstable for
wheat chromosomes, therefore, aneuploids will occur in the
offspring. To restore fertility and cytogenetic stability of new
forms of triticale with emmer cytoplasm and chromosomes, it
is necessary to select the genotypes of wheat varieties during
backcrossing.
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