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The biotechnology methods are a major part of the contemporary breeding. The anther culture method plays
a particularly important role for the acceleration of the breeding process in cereals and for achieving fast unifor-
mity of the hybrid material. The double haploid (DH) lines of triticale developed by this method are especially
important in the breeding of triticale, as well, due to the complex genome of the crop and the respective higher
complexity of the breeding process. In order to determine the efficiency of the anther culture method for produc-
tion of high-yielding and stable lines of triticale, 1448 DH lines were tested and evaluated under field conditions
during 2013-2016. Out of this number, 145 lines were investigated in a control nursery, 12 lines — in a preliminary
varietal trial, and 8 — in a competitive varietal trial. The grown DH lines possessed high production potential; DH
line 157T/9-4 yielding more than 800 kg/da during harvest years 2015 and 2016 and exceeding the mean standard
with over 10%. This line was characterized with very high ecological plasticity and stability in comparison to
the contemporary Bulgarian triticale cultivars. Lines 161T/4-2 and 158T/1-1 were also with very high production
potential, their yield exceeding 700 kg/da. Such data are indicative for the high efficiency of the anther culture

method in improving and accelerating the breeding process in winter hexaploid triticale.
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The main task of the breeding of cultural plants
is to improve their traits (Chahal and Gosal, 2000).
In this respect, the yield, which a certain variety,
line or hybrid realizes under specific environments,
is one of the most important features (Tsenov et al.,
2014). High and optimal values of yield are diffi-
cult to achieve; such an undertaking is also time-
consuming, having in mind the long time necessary
for testing of the breeding materials (Stoyanov and
Baychev, 2016a). It is necessary to collect a large
amount of information that would allow proper and
precise evaluation of the productivity potential and
stability of a given genotype with regard to its yield
(Stoyanov et al., 2017).

Triticale, as a product of wide hybridization, has
a number of peculiarities which make the breeding
process very difficult (Baychev, 1990). On the one
hand, there is the extremely complicated genome of
the crop; its expression is significantly influenced

by the conditions of the environment (Stoyanov and
Baychev, 2016b). On the other hand, there are the
peculiarities of the amphidiploid forms related to
some deviations from the meiotic process (Baycheyv,
1996). Such peculiarities increase the time neces-
sary to achieve uniformity of the hybrid materials
according to the desired characters. Such difficul-
ties are related to the search for new breeding ap-
proaches that would give satisfactory results in a
significantly shorter breeding process (Randhawa
et al., 2015).

The use of double haploid lines (DH lines) is an
efficient biotechnology method for shortening of
breeding process (Belchev et al., 2004; Grauda et
al., 2010). Its application to cereals, especially to
wheat, is well investigated, and numerous proto-
cols and methods have been developed (Bos and
Caligari, 2008; Grauda et al., 2010; Hussain et al.,
2012; Plamenov et al., 2013; Wedzony et al., 2015).



A comparatively limited number of protocols re-
lated to development of DH lines in triticale have
been developed during the recent years (Wedzony
et al., 2015). This is due to the fact that the methods
used in winter wheat are often applied to triticale.
Nevertheless, different methods with sufficiently
high efficiently are used in practice (Wedzony et
al., 2015).

However, different researches point out to a
large number of problems related to triticale DH
lines: high percent of albino plants, incomplete uni-
formity of the dihaploid progenies, comparatively
lower yields from the DH lines in comparison to
the conventional investigations. Thus, for example,
Thiemt and Oettler (2008) report DH lines which
follow the tendency of lower yields in comparison
to the SSD lines from the same crosses. Oleszczuk
et al. (2011), on the other hand, point out to the high
occurrence of aneuploidy. Such genetic instability
of the triticale DH lines is strictly specific. There-
fore, in order to achieve higher efficiency, it is nec-
essary to choose properly both the parental forms
and the crosses from which the DH lines will be
developed.

In spite of the above problems, Thiemt and Oet-
tler (2008) expressly underline the fact that the DH
lines allow selecting high-yielding elite genotypes.
Older investigations on dihaploid triticale lines
(Charmet and Branlard, 1985) showed that the yields
from them can be both identical to and higher than
the yields from the conventional lines. Therefore it
is necessary the triticale lines developed in the dif-
ferent breeding programs to be properly evaluated
and selected by both level of yield and by yield sta-
bility to achieve high efficiency and applicability of
the anther culture method.

The aim of this investigation was to character-
ize dihaploid triticale lines developed at Dobrudzha
Agricultural Institute by their yield and stability at
different stages of the breeding process and to eval-
uate the efficiency of the applied method for breed-
ing of triticale.

MATERIALS AND METHODS

In order to realize the above aim, 1448 DH lines
were investigated; they were tested and evaluated
under field conditions during 2013-2017. The inves-
tigation involved the following:

- 1448 DH lines were evaluated in a breeding
nursery; they were planted in single rows each 2 m
long, with 30 cm interspacing;

- 145 lines were assessed in a control nursery in a
whole-surface crop field in experimental plots each
of 6.25 m?, in one replication;

- 12 DH lines were included in a preliminary va-
rietal trial in a whole-surface crop field in experi-
mental plots each of 10 m?, in one replication;

- 8 DH lines were involved in a competitive va-
rietal trial in experimental plots of 10 m?, in four
replications of a standard block design.

Planting in the experimental plots was done with
agricultural machines within the standard dates for
sowing of triticale (10th — 15th October) at density
550 seeds per square meter.

The lines in the breeding nursery were evaluated
on the basis of morpho-phenotypic expression and
uniformity, without using qualitative traits. The se-
lected lines were subsequently evaluated by grain
quality. The best lines were transferred to a control
nursery. The lines in the control nursery were esti-
mated by their uniformity, and absolute and relative
yield according to an applicable standard variety.
The best lines were further transferred to a prelimi-
nary varietal trial.

In the preliminary varietal trial, the lines were
evaluated in a manner identical to that of the control
nursery. The best lines were transferred to a com-
petitive varietal trial, while some were again grown
at the same breeding stage for additional estimation
during the next year. The evaluation in the competi-
tive varietal trial was identical to that of the prelimi-
nary varietal trial, this time based on 5 replications.
The lines were assessed at this stage for a minimum
of two years. The experimental plots were harvest-
ed at full maturity, recording each individual yield
separately. The data on the absolute yield from each
breeding stage were summarized by calculating the
means for each line and for each year. The relative
yield was calculated according to the applicable
standard for each breeding stage by line and by year.
Based on the selection carried out at the separated
breeding stages and on the end yield, the efficiency
of the used breeding method was estimated.

The effect of the environment and the genotype
on the yield of the promising lines was determined
in a competitive varietal trial by performing two-
factor dispersion analysis. An AMMI analysis was
carried out according to the index yield, analyzing



the specific environment X genotype interaction.
The analysis also involved data from the competi-
tive varietal trials for the respective year of contem-
porary Bulgarian triticale cultivars and the respec-
tive standards (AD-7291, Vihren and Rakita), and of
the world standards Lasko and Presto. Comparative
characterization was done of the cultivars and the
investigated lines by their yield and its stability.

The software Microsoft Excel 2003 was used to
summarize the data and to perform variation analy-
sis, the AMMI analysis was done with IRRISTAT
4.0.2., and the ANOVA was performed applying
IBM SPSS Statistics 19.

RESULTS

The data on the selection carried out and the per-
formance of the DH lines in the individual stages

of the breeding process are shown in Table 1. It can
be seen that out of the large number of lines tested
in the breeding nursery (1448), an average of 10%
passed to the next breeding stage (Table 2); this per-
cent varied from 2 to 19 according to the specific
year and the phenotypic expressions of the respec-
tive investigated lines. The selection was strictly
dependent on the purely morphological expression
and uniformity of the DH lines, and on the physical
properties of the grain: plumpness, presence of ger-
minating seeds. The amount of the grain obtained
was also important due to purely empirical consid-
erations.

It should be emphasized that the use of quanti-
tative parameters is inappropriate (Genchev et al.,
1975) since each line was sown in a single row,
without replications. At this stage, the lines were
characterized with good phenotypic uniformity by
height, spike morphology, earliness and phenotypic

Table 1. Number of DH lines in different breeding stages by years

Breeding stage Number of DH lines 2013 2014 2015 2016 2017
Studied 320 358 343 131 296
?é;?)di“g DUISETY  Harvested 104 57 62 7 40
Tranferred to CN 60 51 30 2 29
Studied 20 60 53 30 2
Harvested 4 10 16 11 2
Control nursery (CN)  Grown again in CN 0 2 0 0 0
Transferred to PVT 2 4 2 0 1
Studied 4 2 4 5 3
Preliminary variety Harvested 4 - 4 3 3
trial (PVT) Grown again in PVT 0 0 1 3 2
Transferred to CVT 0 0 1 0 0
Studied 0 0 3 4 7
gg??g{?%’e variety Harvested 0 0 3 4 7
Grown again in CVT 0 0 3 3 5

Table 2. Scheme of the selection process

Grown again in the same breeding stage

Transferred to the next breeding stage



expression of disease resistance. Additionally, only
those lines were transferred to the control nursery
(CN), which possessed plump grain. This is an in-
dication that the average 10% of selected DH lines
have very high complex scores. Therefore, the sub-
sequent selection in the later breeding stages should
be comparatively easier.

At the next stage of the breeding process, the
control nursery (CN), the mean number of lines
transferred to the upper level varied from 4 to 50%
out of all planted lines. The main criterion here was
also phenotypic uniformity, although strictly con-
trolled by phenophases. Especially important was
the uniform occurrence of heading and maturation
of the investigated lines. Speaking from a morpho-
logical point of view, the DH lines should be uni-
form both by height and by phenotypic expression
of the spikes. It should be pointed out that all lines
with biological contamination were discarded.

In 2013, two lines were left in CN for yet another
growth season. This was due to their contradictory
results obtained with regard to the phenotypic ex-
pression of the lines and their phenological char-
acteristics. In 2016, all lines with high scores were
transferred directly to a competitive varietal trial
(CVT). This was due to their exceptional properties
making their evaluation in a preliminary varietal
trial (PVT) practically unnecessary. In 2017, the
high percent of lines transferred to the next breed-
ing stage was due to the fact that out of the two lines
grown, only one passed to PVT. On the other hand,
the number of DH lines in the CN during that pe-
riod was low because the greater part of the lines in
the breeding nursery failed as a result from lodging
in 2016.

The yields in CN registered over years (Table
3) demonstrated a high variety of phenotypic yield
expression. This was due both to the investigated
genotypes and to their expression over the periods
of investigation. The data from harvest year 2013
showed that the DH lines realized rather low yields,
only two out of the four tested lines exceeding
the mean standard. Lines 1481/44-1 and 1511/31-1
passed to PVT although their exceeding of the stan-
dard cultivar Vihren was not significant. In 2014,
the lines exceeding the standard Vihren with 50-
80% passed to PVT. Out of the harvested 10 lines,
3 exceeded the standard even with more than 80%,
the exceeding of line 1611/4-2 amounting to 109%.
In spite of the extremely unfavorable meteorologi-

cal conditions for growing of triticale in 2014, all
10 harvested DH lines (out of 60) had exceptional
values of yield. Worth mentioning is line 1561/7-1,
which realized a very high yield but was neverthe-
less discarded. This was a result from the high lev-
el of lodging registered at harvesting. In 2015, out
of the 16 harvested lines (from a total of 53 tested
lines), only two were transferred to PVT for testing,
the rest were discarded. Although a large number
of lines gave yields exceeding the standard Vihren,
the exceptionally favorable year for development
of triticale required exceptionally strict selection.
Therefore, only the lines with yields at the highest
level of significance of the differences according to
the standard were transferred to the next breeding
stage. Year 2016 was also unfavorable for growing
of triticale. This was the reason why only a small
part of the grown lines managed to realize the prop-
erties necessary to pass to the next breeding stage.
Out of the harvested 11 lines, only 4 realized yields
exceeding the standard Kolorit. Since Kolorit sig-
nificantly exceeds Vihren with regard to the produc-
tivity potential, the 4 selected lines were transferred
directly to CVT. Concerning the two lines tested
during 2017, only the better one (1771/57-1), with a
relative yield of 157%, was transferred to PVT.

The selection carried out in the preliminary vari-
etal trial differed from the previous breeding stage
by its relatively lower intensity. This was so because
the lines with poor productivity and properties were
discarded in the previous breeding stages. There-
fore, at this higher breeding level, the lines were
evaluated by a large number of qualitative traits as
well, yield being of high importance. Only one line
- 1591/109-1 passed to a higher breeding stage dur-
ing the entire investigated period. The rest of the
lines which reached this breeding stage were either
discarded or left for additional investigations dur-
ing the next growth season. Out of the total of 12
lines tested within the three years of PVT, 9 were
discarded and 2 repeated their tests in the same
breeding stage. This was an indication that the test-
ing of the promising lines on a larger area, taking
into account the overall complex evaluation and the
yield according to a standard cultivar, did not give
unambiguous results during the individual growth
seasons.

The tested lines did not demonstrate the neces-
sary properties to pass to the next level. This is very
important from a breeding point of view, because



Table 3. Absolute and relative yield of DH lines in control nursery

Harvest year DH line Yield, kg/da Relative yield, %

1591/22-2

1591/74-3




the results have to be duly verified and not taken as
absolutely valid. The DH lines, although possess-
ing comparatively high theoretical uniformity and
stability (Belchev et al., 2004), showed in practice
contradictory results during the separate periods of
growing. This requires conducting further investi-
gations until registering a certain tendency. Thus,
the tested DH lines will be able to unfold their prop-
erties under contrasting periods and would allow
the evaluation of their efficiency and suitability as
potential candidate-varieties.

The results on the yield from the DH lines in
the preliminary varietal trial were also extremely
variable with regard to the investigated genotypes
and the harvest years (Table 4). The conditions of
2013 were highly favorable for growing of triticale.
Therefore a great part of the lines realized high ab-
solute yields above 900 kg/da. However, their abso-
lute yields were comparatively low compared to the
standard Vihren, exceeding it only slightly. There-
fore all grown DH lines were discarded. In 2014,
both lines tested in PVT gave extremely low abso-
lute yields, lower than 400 kg/da. They were dis-
carded as not promising. In 2015, line 1591/109-1
realized a yield of over 1200 kg/da and exceeded the
standard with 160%. It was transferred to CVT for

further testing. Line 1591/21-3, due to the high yield
it realized, was left for additional investigation in
PVT for another growing season.

In harvest year 2016, the lines grown in PVT
demonstrated variable reaction. Their yields signifi-
cantly exceeded the standard with 20-50%. Never-
theless, they were not transferred to the next breed-
ing level but were left for additional observations
in the next harvest year. In 2017, out of the three
investigated lines, line 1591/74-3 did not confirm
the high productivity demonstrated in the previ-
ous period; the realized yield was only 18% above
the standard, as compared to more than 25% in the
other two lines. Therefore this line was discarded.
The other two were transferred to PVT for further
testing.

Out of the 8 tested lines, which reached the
competitive varietal trial, 3 were discarded during
the period of investigation. The selection carried
out at the CVT level is very strict and is based on
all data collected up to this moment on the particu-
lar line. At this breeding stage, the yield, which is
realized in at least two successive years, is high-
ly important, and in case of high results it is be-
ing checked in the next growth seasons, too. The
DH lines selected for further testing at the same

Table 4. Absolute and relative yield of DH lines in preliminary variety trial

Harvest year DH line

Yield, kg/da

Relative yield, %

2013
2014
1591/109-1 1248.00 262.18
2015
1591/21-3 663.00 157.11
1591/21-3 620.00 137.78
2016 1681/57-2 676.00 159.06
1591/74-3 513.00 120.71
1591/21-3 785.00 126.21
2017 1681/57-2 781.00 138.97




breeding stage, had high complex score and real-
ized yields which significantly exceeded the mean
standard used in the particular trial. The data on
the grown lines unequivocally demonstrated that
4 out of the total of 8 lines possessed exceptional
properties. This was the reason for their long test-
ing at this breeding level.

The lines tested in CVT can be described as
high-yielding regardless of the period of their test-
ing (Table 5). This is so because these lines dem-
onstrated high values at both CVT and at the previ-
ous breeding stage (CN or PVT). In 2015, all three
tested lines gave yields above 800 kg/da, exceed-
ing the mean standard with more than 15%. The
next harvest year, characterized as unfavorable
for growing of triticale, differentiated these lines.
Line 1581/1-1 realized yield at the level of the mean
standard. Its absolute yield outlined it as unprom-
ising and therefore it was discarded. The other two
lines, 1611/4-2 and 1571/9-4, confirmed their high
productivity and were left for further testing dur-
ing the next harvest year. In 2017, five of the test-
ed seven lines demonstrated high absolute yields,
about and exceeding 650 kg/da, and relative yields
with 6% above the mean standard. Lines 1571/9-4,
1611/4-2 and 1581/109-1 gave yields above 680 kg/
da. This makes them very promising for further
testing as potential candidate-varieties.

DISCUSSION

The breeding process with regard to the DH lines
can be clearly determined as efficient. Evidence for
this is the data obtained from the testing in CVT.
Obtaining of promising lines with high complex
score from such amount of initial breeding mate-
rial (only 1448 progenies) is practically impossible
in conventional breeding (Genchev and Vazvazov,
1968). The data of Chahal and Gosal (2000) are a
confirmation of this in different plant species using
different breeding approaches. The rather high vari-
ation in conventional breeding, especially in triti-
cale, does not allow for selection in the early gen-
erations, according to Lelley (2006). This is due to
the serious variation in F, and F,, regardless of the
used triticale cross (Stoyanov and Baychev, 2017).
It should be emphasized that the complex selection
under contrasting conditions of the environment al-
lowed for more adequate evaluation.

The DH lines tested in the separate breeding stag-
es unequivocally confirmed that the use of anther
culture is highly important for obtaining of genetic
variability. Evidence for this is the great number of
investigations in the initial stages of development of
DH lines (Tuvesson et al., 2000; Eudes and Chugh,
2009; Lantos, 2009; Slusarkiewicz-Jarzina et al.,
2017). The data obtained on the yield, especially in

Table 5. Absolute and relative yield of DH lines in competitive variety trial

Harvest year DH-line Yield, kg/da Relative yield, %
1581/1-1 802.00 115.73
2015 1611/4-2 914.50 139.41
1571/9-4 873.75 133.19

S ess0 s

2016 1611/4-2 781.50 125.85
1571/9-4 828.50 133.41
1591/109-1 639.25 119.93
1571/9-4 680.00 106.92
1611/4-2 750.75 121.68
1591/109-1 681.50 108.17

. _

1771/12-2

645.25 105.78

1731/52-2

644.75 105.70

o ‘



the CN, prior to the strict complex selection in the
later breeding stages, are an indication that the DH
lines are capable of generating sufficient variabi-
lity from a breeding point of view. The respective
long-term testing of the same materials in PVT and
CVT confirmed the hypothesis that genotypes with
equal score in one period of investigation may differ
in another. The early studies on DH triticale lines
(Charmet and Branlard, 1985) reached in practice to
similar conclusions, namely that the realized varia-
tion leads to both highly productive genotypes and
to genotypes with insignificant productivity.

The insufficient number of field studies on tri-
ticale DH lines does not allow proving in practice
that many of the reported problems are not in fact a
serious impediment in breeding of triticale. The ob-
tained high-yielding lines did not have high occur-
rence of aneuploid plants, as pointed out by Oleszc-
zuk et al. (2011). This is due to the extremely strict
selection for uniformity carried out as early as the
breeding nursery stage. In selection at the breeding
nursery, the practical observations reveal that aneu-
ploidy occurred both in the conventional lines and
in the DH lines. Therefore it can be assumed that
within this investigation aneuploidy should not be
considered a big problem which decreases the ef-
ficiency of the breeding process.

Concerning the stability of the DH lines, it
should be pointed out that in literature results have
often been reported, which underlined the pheno-
typic instability of the triticale DH lines (Wedzony
et al., 2015). The results from the three-year testing
of promising lines at CVT undoubtedly confirmed
their high productivity. The results from the ANO-
VA performed on the DH lines in CVT emphasized
the extreme differences between the genotypes and
their different response to the conditions of the en-
vironment (Table 6). They also differed in stability.
The data from the AMMI analysis highlighted the

differences between the tested genotypes and the
registered triticale cultivars during the period of in-
vestigation.

Figure 1 presents a biplot of AMMI 1 model of
the main effects and interactions. The main assump-
tion here is that the genotypes or environments po-
sitioned at a greater distance from the center are
characterized with higher interaction (Kempton,
1984; Kroonenberg, 1995; Akter et al., 2014; Anisu-
zzaman et al., 2014; Farshadfar and Farhadi, 2014).
According to this model, the genotypes with values
of the yield above the average and IPCA values ap-
proximating zero are better adapted to all growing
conditions. On the other hand, the genotypes with
high yield values and also with high IPCA values
are adapted to specific growing conditions. Lines
1571/9-4 and 1611/4-2 gave yields exceeding 800
kg/da within a 3-year period. Simultaneously, they
demonstrated comparatively high stability as well.
The analysis carried out emphasized their consider-
able difference from the rest of the genotypes. Such
results have not been observed in none of the in-
vestigated genotypes, either in short-term investi-
gations (Stoyanov and Baychev, 2016b), or in long-
term ones (Stoyanov and Baychev, 2016a). Figure
1 shows also a biplot of AMMI II model, which
presents the combined interactions of the environ-
ment with the genotype. The environmental con-
ditions are presented by vectors from the center of
the graph. The longer vectors are usually related to
a higher level of interaction (Anisuzzaman et al.,
2014). During the investigated periods, the lengths
of the three of them were approximately equal, but
they were not unidirectional. This shows the rather
contrasting conditions of growing. Respectively, the
genotypes and the environmental conditions within
the same sector indicated positive interaction.

It is worth mentioning that lines 1571/9-4 and
1611/4-2 were positioned in different sectors ac-

Table 6. ANOVA of the studied DH lines in CVT along with registered triticale cultivars

Source of variation Sum of Squares df Mean square F Sig.
Genotype 1166017,083 19 61369,320 12,872 ,000
Environment 1614152,125 2 807076,062 169,287 ,000
Genotype x environment 815120,750 36 22642,243 4,749 ,000
Error 829543,875 174 4767,494

Total 4397690,155 231
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Figure 1. AMMII and AMMI2 biplots of studied DH lines and varieties
1) AD-7291, 2) Vihren, 3) Rakita, 4) Lasko, 5) Presto, 6) Kolorit, 7) Atila, 8) Akord, 9) Respekt,
10) Bumerang, 11) Irnik, 12) Dobrudzhanets, 13) Lovchanets, 14) Doni 52, 15) Blagovest, 16) Borislav,
17) 1581/1-1, 18) 1571/9-4, 19) 1611/4-2, 20) 1591/109-1

cording to each period of growing. This is related to
highly complex interactions of the genotypes with
the growing environment. Similar complex inter-
actions are shown in the investigation of Lozano
del Rio et al. (2009) and Goyal et al. (2011). Such
characteristics make the investigated DH lines ex-
tremely valuable genotypes which can be success-
fully tested as candidate-varieties under the various
soil and climatic conditions of Bulgaria. This shows
that the DH lines also possess high productivity and
their use in the breeding of triticale is highly effi-
cient as a technological process.

CONCLUSIONS

Based on the above results, the following conclu-
sions can be drawn:

1. Out of the 1448 DH lines investigated in the
breeding nursery, only 8 reached CVT level, which
indicated the comparatively low efficiency of the
breeding process, regardless of their theoretical uni-
formity.

2. The data from the testing of the DH lines in
CN, PVT and CVT pointed out that the DH lines

realized diverse variation according to their pro-
perties and yield dependent both on the investigated
genotype and on the year.

3. A part of the investigated lines realized yields
exceeding the mean standard with 20-100% un-
der the conditions of the different breeding stages,
which is an exceptional achievement in the breed-
ing of triticale.

4. Lines 1571/9-4 and 1611/4-2 realized yields of
over 800 kg/da within a three-year testing, which
make them highly suitable for testing within the
system of the national Executive Agency of Variety
Testing, Field Inspection and Seed Control.

5. The results from the DH lines investigated un-
der filed conditions undoubtedly show that dihap-
loidy is an important tool of contemporary breeding
for production of high-yielding triticale genotypes.
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