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Abstract

The urgent problem of triticale lodging may be reliably overcome by introgression of dwarf-
ing genes into triticale cultivars. Notable, both wheat and rye dwarfing genes can reduce the height
of triticale plants. Therefore, a single contribution of various dwarfing genes and their additive effects
in triticale which is an intergeneric hybrid still remain intriguing in fundamental aspects and im-
portant for breeding practice. In our study, rye dwarfing gene Ddwl has been transferred into spring
triticale. Then we have hybridized winter triticale cv. Avanguard (Ddwl Ddwl Rht-Bla Rht-Bla) with
spring triticale cv. Solovei Kharkovskii (ddwl ddwl Rht-B1b Rht-B1b) and used F, seeds to reveal the
mechanism of inheritance of the studied dwarfing genes Ddwl and Rht-Blb and to determine the
effect of the dwarfing alleles on economically valuable traits in the segregating population of spring
triticale. Under the greenhouse conditions, 273 plants of the spring type of the segregating popula-
tion F, were grown to individually estimate plant height, the number and length of internodes, spike-
let length and number per spike, spike density, grain weight, grain number and 1000-grain weight per
the main spike. Each plant was also genotyped by PCR using the markers of the Ddwl and Rht-Bl
allelic state. To investigate inheritance patterns, the dominant and additive effects of genes were
calculated. The second task was achieved by comparing plants homozygous for wild-type alleles
(ddwl and Rht-Bla) and short-stem alleles (Ddwl and RhAt-B1b) with estimation of both independent
effect of each genes and their interlocus interaction. Using statistical methods (Fisher F-criterion,
Mann-Whitney U-test, and Spearman rank correlation coefficient p), we found the significance of
the differences and associations between phenotypic traits and genotype. Our studies have shown that
the effects of the Ddwl and Rht-BIb are somewhat different from those in wheat. The Ddw] statisti-
cally significant affects plant height (by reducing up to 40 %, p = 0.05), manifesting itself as a par-
tially dominant allele. The RA?-B1b results in a decrease in the spring triticale plant height but less
than the Ddwl gene does (only up to 20 %, p = 0.05). Hence, the Rht-BIb allele is proven to be
partially recessive. In the presence of gene RhA7-Blb a kernel weight increases from 1.4 g to 1.7 g (by
21.4 %) due to higher spike density and fertility. The Ddwl gene introgression leads to a 16.7 %
decrease (p = 0.05) in the total grain weight per spike (from 1.8 g to 1.5 g) due to a 9.6 % decrease
(p = 0.05) in the 1000-grain weight (from 45.7 g mo 41.3 g). In general, the Ddwl and Rht-B1b genes
affect the studied traits as antagonists. In summary, a combination of two dwarfing genes, Ddwl from
rye and Rht-BI1b from wheat, makes it possible to maximize yield of dwarf spring triticale plants and
is promising for breeding.

Keywords: spring triticale, Rht-B1lb, Ddwl, structural analysis, dwarfing genes, DNA mark-
ers, breeding

The main idea behind creation of triticale was to combine positive traits of



rye Secale cereale L. (resistance to hostile conditions) and wheat Triticum aestivum
L. (suitability for diversified use in food industry). The global production of tritica-
le maintains stable growth and reached 15 million tons in 2016 with total crop
acres equal to 4.2 million hectares [1], whereas the culture has both forage and
food value [2, 3]. Lodging is among the drawbacks of triticale, limiting its wider
spread during crop cultivation. Treatment with growth retardants is used to fight
lodging; however, this makes the products more expensive and increases chemical
load on the environment. The other approach to solving this problem is selective
improvement of triticale and creation of varieties resistant to lodging. High cor-
relation between resistance of triticale plants to lodging and plant height has
been observed [4, 5]. Losert et al. [5] analyzed a collection consisting of 199
winter and 2 spring triticale crops and demonstrated that during the last 30 years
a tendency of significant triticale plant height reduction has been observed (by
0.38 cm per year) and reduced lodging tendency as a result of selection, which is
due to close interconnection of these two features (shorter plants, as a rule, are
more resistant to lodging) [4, 6].

Plant height is a complex quantitative trait (7, 8). In hexaploid triticales
(BBAARR) combining wheat (BBAA) and rye (RR) genomes the dwarfing can
be ensured by wheat, rye genes and/or their combination genes.

At this time, common wheat bears 24 dwarfing genes [9, 10]. Rht-Blb
(=Rhtl), Rht-DIb (=Rht2), Rht-8c, Rht-Ble (=Rht1l) genes gained the biggest
widespread in commercial wheat varieties. They are also effective at high dosages
of fertilizers and possess pleiotropic effect on many agronomic characters [11-
13]. In wheat, plant height is reduced by 10-15% on the average as compared to
the height of Rht-Bla [14-16] wild type allele carrier when Rht-BIb, Rht-D1Ib,
Rht-Ble dwarfing genes insensitive to gibberellin are present. In terms of impact
on stalk growth these genes manifest themselves as recessive or partially recessive.
The height of rye is also controlled by numerous genetic factors [17, 18]. A total
of 14 different rye dwarfing genes [19-21] are already known, among which three
are dominant genes, and Ddwl is of the highest selective value. In presence of
Ddw]l dominant gene the dwarfing of plants is up to 40%, for diploid rye and up
to 55 % for tetraploid rye [22]. About 80% of rye varicties of Russian selection
were created using Ddwl gene carriers and donors, which on the average allowed
an increase in crop yield of winter rye by 12-15 % [23[. Ddwl gene was success-
fully transferred into winter triticale (Debo and Dalo varieties) [24, 25] and a
number of dwarf varieties of winter triticale [26, 27] were created with this gene
in Poland and Romania.

Various wheat dwarf genes and Ddwl rye dwarf gene are widely spread
among commercial varieties of winter triticale. In spring triticale, dwarf genes
are engaged not so actively. For instance, Korshunova et al. [28] by analyzing 86
samples of spring triticale identified RAt-BIb gene in 76 samples, whereas all of
them belong to commercial varieties. However, Ddwl gene was not found in any
samples of spring triticale. Therefore, at this time, the diversity of dwarf genes in
spring triticale is very limited [28]. The 2R/2D chromosome substitution, which
also dwarfs plants, is not encountered among commercial varieties of spring triti-
cale [29, 30]. It is typical for wheat and winter triticale to have a large diversity
of dwarfing genes, and in various varieties the reduction of plant height is en-
sured by various genes or their combinations. The spring triticale does not dis-
play such diversity, and no focused efforts to introduce other dwarfing genes in
its genome have taken place. The introgressions of additional dwarfing genes
from winter triticale and/or wheat in genomic pool of spring triticale can help
solve the height problem of this culture and give a new impetus to its develop-



ment due to pleiotropic action of dwarfing genes to many agronomic characters.
Furthermore, it has to be taken into account that mechanisms of action of
dwarfing genes of plant height are complex, as a rule, it is implemented via in-
volvement of response to phytohormones in various ways [31] and depends, inter
alia, on gene dosage in the genome. The effects of different dwarfing genes in
triticale genome, where genomes that are far apart are combined as a result of bi-
generic crossing, arouse interest due to knowledge of specifics of interlocus inter-
action of genes and practical selection, and still have not been properly studied.

In this study, we showed that the effects of Ddwl dwarfing genes of rye
origin and Rht-BI1b dwarfing genes of wheat origin in spring triticale vary insignifi-
cantly from those in rye and wheat. The studied genes had different impact on
height of triticale plants and acted as antagonists in terms of impact on productivi-
ty elements.

Our goal was to assess the impact of Ddwl and Rht-B1b genes and their
effect of their interaction on plant height and other agronomic characters in
spring triticale in the context of greenhouse studies in F, segregating population.

Techniques. We selected those varieties that carry contrast combinations
of dwarfing wheat and rye alleles as seed parents, i.e. winter triticale Avanguard
variety (Ddwl Ddwl Rht-Bla Rht-Bla genotype; female parent) and Solovei
Kharkovskii spring triticale variety (ddwl ddwl Rht-B1b Rht-BIb genotype; male
parent). Hybridization of parent plants was performed by substitution method (a
greenhouse of the Center of Molecular Biotechnology, Russian State Agrarian
University—Timiryazev Moscow Agricultural Academy, 2014) to obtain F;
plants. The seeds of Avanguard parent variety were sown, 10 seeds per pot. Dur-
ing the tillering stage the plants were placed in vernalization chamber for 2
months at 5 °C. After vernalization (during the paniculation stage) the plants
were again moved to the greenhouse; during the ligule stage the head was cas-
trated and placed under an isolator made of parchment paper. A head of a cut
male parent plant was placed under the isolator during blooming, whereas the
stalk was placed in a vessel with water to maintain viability.

From the seeds of F, generation sown in pots, 10 psc. per each, plants
were grown at identical lighting conditions with dosed irrigation and equal fertiliz-
er dosages (a greenhouse of the Center of Molecular Biotechnology, Russian State
Agrarian University—Timiryazev Moscow Agricultural Academy). A total of 273
F, plants were obtained. Because of a winter parent variety, F, segregating popula-
tion had several winter forms, which were rejected based on phenotype.

Height, number of joints, length of each joint, main head length (MHL),
number of seeds per the main head (SNH), number of ears per the main head
(ENH), main head seed weight (SWH) were analyzed individually in each plant.
Furthermore, head density (HD) and 1000-seed weight (Wgo0) were calculated
as per [1] and [2], respectively:

ENH
HD = %10, (1)
Wigoo = SNH 1000. (2)

Molecular markers were used to determine Ddwl and Rht-BI allele pro-
files in each F, plant individually.

CTAB (cetyltrimethylammonium bromide) method was used for genome
DNA extraction from each F; and F, plants to further evaluate the hybridity and
the combinations of analyzed alleles [32].

The alleles of Rht-Bl and Ddwl genes in F; and F, plants were deter-
mined in polymerase chain reaction (PCR) using molecular markers (primer
synthesis was performed at Syntol LLC, Russia). Primers BF, MR1 and WRI1In
were used to identify Rhz-Bla alleles (wild type) and Rhr-Blb;, PCR was per-



formed as recommended [33]. PCR products were separated in a 2 % agarose
gel electrophoresis (TBE buffer; molecular weight marker GeneRuler 100 bp
DNA Ladder, Thermo Fisher Scientific, USA) and stained with ethidium bro-
mide for UV-visualization. Presence of Ddwl gene was determined with the
primers for amplification of REMS1218 microsatellite loci sequence closely
linked to this gene [34] as per the PCR protocol described by the authors of
the molecular marker with fragment analysis (3130xl Genetic Analyzer, Ap-
plied Biosystems, USA). Dominant Ddwl Ddwl homozygote produces two
fragments of 317 bps and 321 bps with identical peak height, whereas
Ddwl ddwl heterozygote has two fragments with different peak height, of 317
bps (high) and 321 bps (low). One 317 bps fragment is detected in ddwl ddwl
recessive homozygote.

The pattern of allele inheritance was assessed based on genetic effects
according to Smiryaev and Kilchevsky [35]. The additive (a) and dominant (d)
effects were calculated regarding the average for the entire population. If d = 0
the inheritance is additive; if d = a, the allele is dominant, if d = —a, the allele is
recessive; if 0 < |d| < |al, the allele is partially dominant (for identical, positive or
negative, sings of d and a) or partially recessive (for different sings of d and a); if
|d| > |a], heterozygote displays overdominance for the analyzed trait (heterosis).

The impact of dwarf alleles on traits in question was determined in two
ways based on comparison of their manifestation in dwarf and wild type allele
homozygotes. To evaluate the effects of each gene separately (independent anal-
ysis), the average population values were compared for homozygotes with wheat
genes (Rht-Bla or Rht-BIb) only, i.e. without the impact of rye genotype, or for
homozygotes with rye gene (Ddwl or ddwl) only, i.e. without the impact of
wheat genotype. To evaluate the combined effect of rye (Ddwl) and wheat (RhAt-
BI) genotypes, the impact of wheat gene was estimated depending on the rye
gene allele status, and vice versa (interlocus interaction).

Distribution of quantitative parameters was tested for normality by
Shapiro-Wilk W test. The arithmetical mean (M) and standard deviation (xSD)
were determined. The significance of variance between homozygotes with wild
type alleles (ddwl or Rht-Bla) and dwarf alleles (Ddwl or Rht-BIb) was deter-
mined as follows. Nonparametric Mann-Whitney U-test was used to evaluate the
differences between the two groups. Analysis of Spearman’s rank correlation co-
efficient (Spearman’s p) was used to summarize the strength and direction (nega-
tive or positive) of a relationship between compared values. Differences were con-
sidered statistically significant at p < 0.05. To reveal reliable differences between
the means, dispersion analysis and the least significant differences at the 5% level
of significance (p = 0.05; LSDgs) were used. Statistical analysis was performed
with Statistica 10.0 software (StatSoft Inc., USA).

Results. In order to determine the mode of inheritance and impact of
dwarfing genes on spring triticale agronomic characters in the greenhouse we
used seeds of F, generation from crossing Avanguard winter triticale variety
(Ddwl Ddwl Rht-Bla Rht-Bla genotype) and Solovei Kharkovskii spring triticale
variety (ddwl ddwl Rht-BIb Rht-Bl1b genotype). Avanguard combines high crop
productivity with resistance to lodging, high winter- and cold resistance and
good bread-baking qualities [36-38]. The second parent form, Solovei Khar-
kovskii, is grown for bread, technical and feed grain, possesses good bread-
baking qualities, optimal height of culm (95-110 cm) which is robust and re-
sistant to lodging [39].

The genotype of each F, plant was determined in terms of dwarfing gene
allele profiles (Fig.) and main agronomic characters.



Identification of alleles of Ddwl genes (A and B) and Rht-B1 genes (C and D) in plants of spring
triticale F, (Avanguard X Solovei Kharkovskii). Electropherogram of PCR products amplified with
the primers to REMS1218 microsatellite locus (fragment analysis): A — homozygote for ddwl allele,
317 bps; B — homozygote for Ddwl allele, 317 bps and 321 bps. Electropherogram of PCR products
amplified with BF + WRI primers (C, Rht-Bla identification, 237 bps) and BF + MR1 (D, Rht-
BIb identification, 237 bps): 1, 2, 5 — Rht-Bla Rht-Bla homozygotes; 6, 7, 8 — Rht-Blb Rht-Blb
homozygotes; 3, 4 —Rht-Bla Rht-BIb heterozygotes; M — molecular weight markers (GeneRuler
100 bp DNA Ladder (Thermo Fisher Scientific, USA).

Plant height. Statistical analysis revealed that Ddwl shows incomplete
dominance in triticale, Rht-BIb allele is a partially recessive, and both genes sig-
nificantly affect plant height in greenhouse conditions (Table 1).

Identification of Ddwl and Rht-B1b gene effects showed that in the result-
ing spring triticale segregating population of F, Ddwl dwarf allele has additive ef-
fect in case of height reduction by 20.9 cm on average and dominant effect when
height is reduced by 11.7 cm (d < a). The Ddwl homozygotes and heterozy-
gotes varied statistically significantly (p = 0.05). Thence, in terms of general
impact on plant height this allele displays incomplete dominance. RhAz-BlIb allele
turned out to be partially recessive, its additive effect amounted to 7.1 cm with
dominant effect of +2.3 cm (0 < [d| < [a]) (homozygotes and heterozygotes Rhi-
BIb without Ddwl vary significantly, p = 0.05). Other authors also described
Rht-B1b allele as a partially recessive [40-43].

1. Statistical analysis of Rht-BI and Ddwl genes impact on plant height in F, seg-
regating population of spring triticale hybrid (Avanguard X Solovei Kharkovskii;
a greenhouse study)

Genotype for Rht-Bl Difference
Genotype for Hei Rht-BIb Rhi-B1bRhi-Bla Rhi-B1bRhi-Bla Rhi-Blabetween homo-
eight, cm
Ddwl alleles height zygotes Rht-Blb
ght, cm and Rht-Bla, cm
88.4+22.22 8 92.6+23.62 § 97.5£30.9b § -9.1* (-9.3 %)

Ddwl Ddwl 76.3+13.82 8§ 74.7£13.7 77.9114.2 75.3£13.9 -0.6 (-0.8 %)
Ddwl ddwl 84.3+18.72 § 84.5+19.6 84.31+16.1 84.01£22.0

ddwl ddwl 116.3123.5b§ 102.8+23.0 118.6£19.4 130.8%20.1 -28.0% (-21.4 %)

Difference be-

tween homozy-

gotes Ddwl and

ddwl, cm —40.0% (-34.4 %) -28.1* (-27.3 %) —55.5% (-42.4%)

N ote. The table shows mean values with standard deviation (M+SD); § — the results of independent analysis of
allele effect; F(Ddwl) = 111.2 > Fy o5 = 3.0; (Rht-BI) = 5.0 > Fy 5 = 3.0; F{(Ddwl x Rht-BI) = 5.2 > Fy5=2.4.

* The differences between homozygotes are essential at the 95% level of confidence probability (p = 0.05). Identi-
cal letters designate mean values identified in independent analysis for each gene, which did and differ statistically
significantly at 95% level of confidence probability (p = 0.05).




When analyzing the effect of Rhz-BIb allele without consideration of Ddwl
gene (see Table 1) the difference between homozygotes Rht-BIb Rht-B1b and Rht-
Bla Rht-Bla was statistically significant and constituted 9 cm or 9.1 % (p = 0.05).
Furthermore, independent analysis of Ddwl effect identified that Ddwl Ddwl
and ddwl ddwl homozygotes varied statistically significantly in terms of
plant height (by an average of 40 cm or 34.4 %, p = 0.05).

When studying the interlocus interaction, the difference between Rht-
BIb Rht-BIb and Rht-Bla Rht-Bla homozygotes in absence of Ddwl allele also
turned out significant and constituted 28 cm or 21.0 % (p = 0.05) (see Table 1).
The reduction of soft wheat plant height with RAz-B1b allele as compared to car-
riers of wild type Rht-Bla allele can be up to 17 % [42, 44]. In presence of Ddwl
allele the differences between homozygotes and heterozygotes for Rhz-BIb allele
were statistically insignificant, which, possibly, can be explained by the masking
effect of Ddwl gene, i.e. the reduction of height on account of Ddwl significantly
exceeds such reduction due to presence of Rht-Blb.

The height difference between Ddwl Ddwl and ddwlddwl homozygote
plants that do not carry wheat Rht-B1b was significant (p = 0.05) and consti-
tuted -55.5 cm (-42.4 %), and with those carrying Rht-Blb allele the differ-
ence amounted to 28.1 cm (-27.3 %) (see Table 1). Lower difference between
homozygotes for Ddwl depending on presence of Rht-Blb can be explained by
the fact that the Ddwl gene reduces the height of plants for which the height
has already been reduced due to RAt-BIb. The differences between Ddwl Ddwl
homozygotes with and without RhAt-B1b allele are statistically insignificant. Re-
portedly [22], the reduction of height of rye plants on account of Ddwl allele
amounts to 40-55%.

According to the data that we obtained in the greenhouse study, during
statistical analysis of spring triticale for each of the analyzed dwarfing genes their
effects are similar to those in wheat and rye. In spring triticale genome the effect
of Ddwl rye dwarf gene significantly exceeds the effect of RAr-BIb wheat dwarf
gene. However, there is no cumulative effect of reducing plant height when both
genes are present. In contrast [45, 46], when Rht-Blb and Rht-DIb or Rht-
BIb/Rht-Ble/Rht-D1b and Rht-8 dwarfing genes are simultaneously present in
wheat, plant height is reduced much more significantly than under the effect of
only one gene. Therefore, if the goal of the selection process consists of reducing
the height of triticale plants, the combination of two dwarfing genes (Ddw/ and
Rht-B1b) will hardly prove more effective than introgression of one of the genes.
Furthermore, it has to be taken into account that introduction of Ddwl gene in
spring triticale genome will allow reducing the height of plants to a larger extent
than using RhAz-BIb gene which is currently prevalent in commercial varieties of
this culture.

Joint quantity and length. In the course of independent analysis we
observed no impact of RAr-B1b wheat gene on the number and length of joints in
spring triticale population. The presence of Ddwl rye allele regardless of the Rht-
B1I wheat gene alleles reduces the number of joints on the average by 0.2 joints
(p = 0.05); the reliable reduction of length on account of DdwlI was observed for
all joints, whereas reduction was the highest for the upper 15t and 219 joints (by
32.7 and 37.5 %, respectively, p = 0.05, Table 2).

During analysis of interlocus interaction in F, segregating population we
failed to observe Rht-Bl1b allele effect with regard to the number of joints both in
the presence and absence of Ddwl allele. Whereas Ddw] allele masks the effect
of Rht-BIb on plant height in spring triticale, we have studied the consequences
of presence of Rht-BlIb allele on change of interlocus length only in plants that



2. Rht-BI and Ddwl gene effects on plant joint length in F, spring triticale segregating population (Avanguard x Solovei

Kharkovskii; a greenhouse

study)
Genotvpe Rhi-B1 without Ddwl Ddw IS Ddw1 without Rhi-Blb Ddwl with Rht-BIb

P 1LJ | 3UL | 2uJ | 1UJ 1LJS | 3ULS | 2ULS | 1ULS 1LJ | 3UL | 2UL | 1UL 1LJ | 3UL | 2UL | 1UL
2 53388 1764423 27.4+573 3474878 48+2.60 1251350 17.846.4° 2684630 54433 126442 18.0£5.0 25.946.4 4.0+1.93 12.58%3.80 16.244.30 24.4+50P
1 554320 19.244.67 28.8+6.00 40.649.3> 474245 1314330 [9.9£5.8b 28.047.4b 43+2.0 12.6432 21.5t7.8 29.147.8 524281 13.36+3.4> 18.8+5.0% 26.1+8.4b
0 7.043.80 18.243.68 32.626.58 44.2410.08 59+3.68 17.84+4.38 28.5+6.32 39.849.92 7.0+3.8 18.2%3.7 31.046.5 44.4+10.0 53+3.82 16.30+4.2226.0£5.72 35.1+48.7

Difference

between homozy- 1.7 2.0 =52 -9.5% 1.1* 5.3 10.7 13.0¢ 1.6 56+ -13.0¢  -185*  -13 _3.7% 9.8 -10.6*

gotes, cm (%) (-23.0 %) (-1

0‘(‘) %) (—]6‘(‘) %) (-22.0 %) (18.6 %) (29.6 %) (37.5%) (327 %) (23.0%) (31.0%) (42.0%) (42.0%) (25.0%) (23.0%) (38.0%) (30.0%)

Note. The table shows mean values with standard deviation (MxSD); 0 — homozygote for wild type allele (Rht-Bla Rht-Bla or ddwl ddwl), 1 — heterozygote (Rht-Bla Rht-Blb or
Ddwl ddwl), 2 — homozygote for dwarf allele (Rht-BIb Rht-B1b or Ddwl Ddwl); 1L — 15t lower joint, 1UJ —Ist upper joint, 2UJ — 2nd Jower joint, 3UJ — 3td upper joint; § — the results of

independent Ddw] effect analysis.

* The differences between homozygotes are statistically significant at 95% level of confidence probability (p = 0.05). Identical letters designate mean values identified in independent analysis for each

gene (or gene combinations) which did not differ at 95% level of confidence probability (p = 0.05).




do not carry Ddwl allele (see Table 2). The statistically significant reduction of
length on account of RAt-B1b occurred for the 15t upper joint and amounted to
9.5 cm (-22.0%, p = 0.05). An overall dwarfing tendency was observed for all
joints on account of RhAz-Blb. According to the published data, joint height is
reduced unevenly in various wheat populations due to presence of Rhs-BIb. For
instance, Liu et al. [4] report 17, 21 and 24% distribution by joints (the Ist, 2nd
and 3" joint from the top, respectively); whereas Hu [47] reports joint distribution
of 23, 14 and 28%. According to other papers [4, 47] and results we obtained, the
biggest contribution to plant height reduction in the presence of Rht-BlIb is en-
sured specifically on account of length reduction of the 1t joint.

The analysis of the first interlocus interaction showed that in presence of
Rht-BI1b wheat dwarf allele the 15t upper joint is shortened under the impact
of Ddwl allele on the average by 18.5 cm (42.0 %), and due to Rht-B1b allele
by 10.6 cm (30.0%); in both cases the statistically significant height reduction
(p = 0.05) was in three upper joints (see Table 2). The Ddwl impact on joint
length depending on presence/absence of Rht-BIb is due to the fact that in ab-
sence of Rht-BIb the 1% joint is already dwarfed due to wheat dwarf gene effect.

Head length. RAt-BIb allele did not display sufficient impact on head
length. Statistically significant differences (at p = 0.04) were identified in inde-
pendent analysis of impact of Ddwl rye dwarf gene on head length using non-
parametric Mann-Whitney U-test (distribution deviated from normal). Further-
more, statistically significant correlation between head length and Ddw/ in plant
genome (p = —0.15; p = 0.05) was identified using Spearman rank correlation
test. Therefore, greenhouse study showed that Ddwl rye gene statistically signifi-
cantly reduced head length by 1 cm on the average.

We have not observed any statistically significant effect of interlocus in-
teraction of two genes on main head length in spring triticale in F, segregating
population in question. The average head length of plants was 10.3 cm without
dwarfing genes, 9.3 cm with Ddwl gene, 8.9 cm with Rht-BlIb gene and 9.5 cm
with two genes (Table 3).

Number of ears. We have not observed statistically significant impact
of two analyzed genes on the number of ears of main head in spring triticale in
F, segregating population in question either in the course of independent analy-
sis or during analysis of interlocus interaction (see Table 3); however, we can
identify certain tendency in this trait change. For instance, in the presence of
Ddwl rye dwarf gene Rht-B1b wheat dwarf gene increased the number of ears
on the main head and a reverse effect was observed in absence of the rye gene
(see Table 3).

Head density. In independent gene analysis (see Table 3) we identified
statistically significant impact of Rht-B1b gene (Mann-Whitney U-test, p = 0.02)
on head density increase. When using Spearman rank correlation analysis we
also observed statistically significant correlation (p = 0.19, p = 0.05). The higher
head density in this case was due to an increase in ears. In the course of inde-
pendent analysis Ddwl allele did not display any statistically reliable impact on
head density of spring triticale. This is presumably connected with unidirectional
nature of head length reduction tendencies and with the number of ears. Fur-
thermore, we have not observed any statistically significant impact of genes in
terms of this criterion in spring triticale in F, segregating population.

Number of grains in the main head. Analysis of the RhAr-BI gene
inheritance showed its reliable additive impact on the number of grains in the
main head (+3.3 grains or 9.2 %, p = 0.05); furthermore, Rht-BIb allele mani-
fested itself as dominant, i.e. Rh?-BIb heterozygotes and homozygotes did not



vary significantly (see Table 3). These data are comparable with the impact of
Rht-B1b gene on the number of grains in soft wheat. As reported [42, 44, 48,
49], this gene increases the number of ears, their fertility, and, consequently, the
number of grains in soft wheat.

We have not identified the impact of Ddwl gene on the number of grains
per main head, although we observed the tendency to reduction of this parame-
ter in absence of Rht-BIb dwarf allele. Furthermore, we have not observed any
statistically significant impact of these two genes on the number of grains per main
head in spring triticale in F, segregating population in question (see Table 3).

Grain weight per main head. In independent analysis of each gene
individual effect under greenhouse conditions we identified the following patterns
(see Table 3). The presence of Rhr-Blb wheat dwarf allele resulted in statistically
significant increase of main head grain weight (Mann-Whitney U-test p = 0.04)
from 1.4 to 1.7 g (by 21.4 %). Furthermore, these parameters reliable correlate
(r=0.15; p = 0.05). The presence of Ddwl rye dwarf gene statistically significantly
reduced the grain weight per main head (Mann-Whitney U-test p = 0.02) from 1.8
to 1.5 g (by 16.7 %) where r = -0.18 (p = 0.05).

3. Rht-BI and Ddwl gene effects on head and grain parameters in F, spring triticale

segregating population (M+SD; Avanguard X Solovei Kharkovskii; a greenhouse
study)

Genotype for Rht-Bl
Rht-BIb Rht-B1b | Rht-Bla Rht-BIb | Rht-Bla Rht-Bla
Main head length
F(Ddwl) = 0.8 < Fyos=3.1; F(Rht-BI) = 0.1 < Fy 5= 3.1; KDdwl X Rht-BI) = 0.7 < Fyos = 2.4
Ddwl Ddwl 9.5t3.4 8.5+1.8 9.3£2.9
Ddwl ddwl 10.1£2.5 9.8t1.5 10.0£2.0
ddwl ddwl 8.9+2.1 10.2+2.1 10.3=1.8
Number of ears per main head
F(Ddwl) = 2.0 < Fyos = 3.1; F(Rht-BI) = 2.0 < Fy 5= 3.1; KDdwl X Rht-BI) = 1.8 < Fy 5= 2.4

Genotype for Ddwl

Ddwl Ddwl 24.0£5.5 23.4%3.5 21.1£5.2
Ddwl ddwl 25.4+4.2 23.7+3.4 22.1+4.1
ddwl ddw1 23.514.1 25.2+3.6 25.1£3.2

Main head density
F(Ddwl) = 2.0 < Fyo5= 3.1; F(Rht-BI) = 0.5 < Fy 5= 3.1; F(Ddwl X Rht-BI) = 1.2 < Fyg5=2.4

Ddwl Ddwl 25.1£7.0 26.6+3.2 23.244.5
Ddwl ddwl 25.5+4.7 24.6+4.0 22.6+4.1
ddwl ddw1 27.4%£5.3 25.5+5.6 25.4+6.1

Grain number per main head
F(Ddwl) = 0.7 < Fy 5= 3.0; F(Rht-Bl) = 2.5 < Fyo5=3.0; F(Ddwl X Rht-BI) = 0.9 < Fyo5=2.4

Ddwl Ddwl 38.3+£10.7 38.3t11.3 28.5£13.7
Ddwl ddwl 36.4+17.8 36.2+12.5 32.2£15.8
ddwl ddw1 34.2+18.0 42.1+15.6 37.4+£7.9

Grain weight per main head
F(Ddwl) = 1.9 < Fy 5= 3.1; F(Rht-BI) = 3.5 > Fy 5= 3.1; F(Ddwl X Rht-BI) = 0.5 < Fy5=2.4

Ddwl Ddwl 1.70£0.45 1.67+0.66 1.27+0.69
Ddwl ddwl 1.56+0.87 1.64+0.72 1.27£0.77
ddwl ddw1 1.61+0.92 2.01£0.80 1.66+0.40

1000-grain weight
F(Ddwl) = 1.6 < Fy 5= 3.1; F(Rht-BI) = 1.9 < Fy 5= 3.1; F(Ddwl X Rht-BI) = 0.5 < Fy5=2.4

Ddwl Ddwl 45.6+9.7 42.849.0 40.7£14.2
Ddwl ddwl 41.6+9.5 45.6+17.1 37.5%£12.9
ddwl ddw1 45.0£11.5 48.1£7.8 44.519.2

When studying the interlocus interaction in the population, the statisti-
cally significant dominant effect of Rhz-BIb allele with regard to main head grain
weight was +0.28 g (16.0 %), i.e. this allele increases main head grain weight in
heterozygotes (see Table 3). There were no statistically significant differences
during interaction of two genes; however, a tendency for head grain weight in-
crease was observed in presence of Rht-Bl1b and for head grain weight reduction
in presence of Ddwl. Generally speaking, we can assume there is a tendency of
mutual compensation of gene effects in the studied segregating population of
spring triticales for the analyzed trait (reduction of head grain weight under the



influence of Ddwl gene and increase of head grain weight under the influence of
Rht-B1b gene).

1000-grain weight. When analyzing F, segregating population for
each gene individually (see Table 3) it turned out that presence of Rht-Blb
wheat dwarf allele does not have any statistically significant impact on the weight
of 1000 grains. The presence of Ddwl rye dwarf gene statistically significantly
reduced the 1000-grain weight for main head (Mann-Whitney U-test p = 0.02)
from 45.7 to 41.3 g (by 9.6 %) under greenhouse comditions. Furthermore,
there was a statistically significant correlation between the analyzed parameters
r = -0.17 (p = 0.05). Consequently, the overall reduction of main head grain
weight in presence of Ddwl rye dwarf gene is primarily attributable to the reduc-
tion of caryopsis weight and not reduction of their quantity. When analyzing the
mode of inheritance, we observed an insignificant dominant effect of Rht-BIb
gene with regard to the 1000-grain weight, which is expressed in the increase of
this characteristic in heterozygotes on the average by 4.2 g (10.1%). The insignifi-
cant additive effect of Ddw/ allele consisted in the 1000-grains weight reduction
on the average by 2.0 g (4.5 %), whereas Ddwl manifested itself as dominant allele
by revealing itself in homozygotes and heterozygotes.

This and the other patterns we identified require additional study on other
populations of spring triticale and in field conditions.

To summarize, a greenhouse study we conducted on F, spring triticale
hybrid segregating population showed that effects of Ddwl dwarfing genes of rye
origin and RhAt-BIb of wheat origin are slightly different from the effects on rye
and wheat. Ddwl gene has statistically significant impact on plant height (its re-
duction reached 40%). However, potentially negative effects are observed in ad-
dition to that, which can backfire on crop yield of spring triticale. The pres-
ence of Ddwl gene resultes in reduction of overall head grain weight due to a
decrease in 1000-grais weight. Furthermore, Ddw1 gene, which in rye increases
head size and grains per head, did not have this effect in our test on spring
triticale. Rht-B1b gene also reduces plant height of spring triticale plant, but to
a much smaller degree than Ddwl gene (to 20%), and does not affect this trait
at all in presence of Ddwl gene. At the same time presence of Rht-Blb gene
increased grain weight per head due to increase in head density, number of
ears and fertility. In general, the dwarf genes in question (Ddwl of rye origin
and Rht-B1b of wheat origin) were antagonists in terms of their impact on
grain productivity parameters. However, their combination in spring triticale,
although it does not result in additional reduction of plant height relative to
Ddwl homozygotes, is promising for breeding due to potential of increasing
crop yield on account of creation of dwarf forms.
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