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Abstract To create a framework for genetic dissection
of hexaploid triticale, six populations of doubled hap-
loid (DH) lines were developed from pairwise hybrids
of high-yielding winter triticale cultivars. The six popu-
lations comprise between 97 and 231 genotyped DH
lines each, totaling 957 DH lines. A consensus genetic
map spans 4593.9 c¢cM is composed of 1576 unique
DATT markers. The maps reveal several structural rear-
rangements in triticale genomes. In preliminary tests of
the populations and maps, markers specific to wheat
segments of the engineered rye chromosome 1R
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(RM1B) were identified. Example QTL mapping of
days to heading in cv. Krakowiak revealed loci on
chromosomes 2BL and 2R responsible for extended
vernalization requirement, and candidate genes were
identified. The material is available to all parties inter-
ested in triticale genetics.
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Introduction

Hexaploid triticale (xTriticosecale Wittm.), a wheat-rye
hybrid with genomic constitution 2n = 6x=42
(AABBRR) is slowly becoming an important cereal,
already cultivated on about 4 million ha worldwide with
over 70% of this area concentrated in the European
Union (FAOSTAT 2014). Commercial importance of
triticale is justified as it combines favorable agronomic
characteristics of both parents, such as high yield poten-
tial and good grain quality of wheat with good adapta-
tion to demanding growing conditions of rye.

In breeding, triticale is treated as a self-pollinating
species even if cross pollination is relatively frequent
(Sowa and Krysiak 1996; Gulmezoglu 2004). Common
breeding approaches include standard or modified tech-
niques for self-pollinators, such as single-seed descend,
the pedigree method, and others. In most cases, selection
is phenotypic, which leaves triticale somewhat behind
modern trends and fashions in major crops, threading
towards DNA-based approaches. Breeding objectives of
triticale focus on grain yield, adaptation towards biotic
and abiotic stresses (Tyrka and Chetkowski 2004;
Niedziela et al. 2012), and development of hybrid cul-
tivars (Goral 2002; Oettler et al. 2003, 2005; Tams et al.
2006; Stojatowski et al. 2013). Recently, triticale has
also been considered as bioenergy crop (Oettler et al.
2003; Pronyk and Mazza 2011) and some consideration
is given to the improvement of the bread-making prop-
erties (Lukaszewski 2006; Wos and Brzezinski 2015).

The practical value of molecular markers for crop
improvement is well-established. In marker-assisted se-
lection, DNA markers are useful for pyramidization of
disease resistance genes, controlling fertility restoration,
and other agronomic traits (Liu et al. 2012; Zuo and Li
2014). The rationale behind the push for the application
of DNA markers in breeding is the expectation that
identification of markers linked or located within genes
affecting agronomic traits will improve selection effi-
ciency and perhaps even move the entire process of
cultivar development from the field to enclosed and
automated spaces. The first and indispensable step to-
wards this goal is the creation of high-density reference
genetic maps of entire genomes. Such maps provide a
useful resource for gene mapping, for linking physical
and genetic maps, comparative genomics, and for
predicting breeding and genetic values for traits of agri-
cultural significance (Crossa et al. 2007; Saintenac et al.
2013; Raman et al. 2014; Ren et al. 2015). High-density
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maps have been created for most crops, as well as many
non-crop species including triticale (Alheit et al. 2011;
Tyrka et al. 2011, 2015). The development of species-
specific microarrays and genotyping by sequencing tech-
nology enabled application of genomic selection in plant
breeding programs (Desta and Ortiz 2014). If triticale is
to benefit from the current trends, a reliable consensus
map has to be created, preferably in stocks that can
readily be used by others for reference, verification,
and further development. This requires sets of mapping
populations.

Dense genetic maps based on DNA markers can be
generated using several different techniques/ap-
proaches, and each one has certain advantages and
problems. The main advantage of the DArT system
(Jaccoud et al. 2001) is that it requires no DNA se-
quence information and can be generated quickly, and
relatively cheaply, for any target. DArT marker sets and
DArT-based genetic maps have been developed for
many crop species (current list at http://www.
diversityarrays.com/) including triticale parents, wheat
(Akbari et al. 2006), and rye (Bolibok-Bragoszewska
et al. 2009). They have also been tested in triticale
(Badea et al. 2011).

The effort described in this article was undertaken to
create a shared resource in the form of a set of mapping
populations of doubled haploids of hexaploid winter
triticale, each one with its DArT-based genetic map,
for general use of all interested parties. Along the way,
an attempt was made to analyze the extent of segrega-
tion distortion and identification of regions with struc-
tural rearrangements in respect to previously published
genetic maps of triticale. It is hoped that a similar group
effort at phenotyping these mapping populations will
bring about a better understanding of the triticale ge-
nome, will localize in the major quantitative trait loci
responsible for its agronomic characteristics, and per-
haps shed some light on the concerted evolution of
parental genomes in a newly formed amphiploid.

Materials and methods

Plant material

The starting materials were four cultivars and one breed-
ing line of hexaploid winter triticale originating from

various breeding programs. All are (or were in their
prime) high yielding under conditions for which they
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were developed. The entries were cv. Presto, obtained as
a breeding line CT775/81 (abbreviated as CT) from the
late Dr. E. Tymieniecka, then Poznanska Hodowla
Roslin (now Hodowla Roslin Danko, Choryn, Poland);
cv. Mungis (MU), obtained from Dr. B. Schinkel, then
Lochow-Petkus GmbH, Bergen, Germany (now KWS);
cv. Krakowiak (KR), contributed by Dr. H. Wos, then at
the Strzelce Plant Breeding, Borowo, Poland; cv. Stan 1
(ST), obtained from the late Dr. S. Nalepa, then at the
Resource Seed Inc., Gilroy, California, USA; and a
breeding line NE422T (NE) contributed by Dr. P.S.
Baenziger, University of Nebraska, Lincoln, NE, USA.
Presto (CT) was one of the early and very successful
winter triticales released all over Europe; it is still grown
on a considerable acreage and is used by Adam
Lukaszewski (AJL) as the repository of all chromosome
constructs; “Mungis” (MU) was selected for its high
and stable falling number in official registration tests in
Poland; “Krakowiak” (KR) was selected for its good
winter hardiness and high falling number, Stan 1 (ST)
for good adaptation in several areas of the USA, and
NE422T (NE) represented a high forage/biomass culti-
var adapted to dryland regions of the Great Plains in the
USA. In crosses with Krakowiak, Mungis, and NE422T,
Presto was represented by two sub-lines: standard Presto
and Presto RMIB. Presto RMI1B carries engineered
chromosome 1R (Lukaszewski, 2006) which is a six-
breakpoint translocation: on the short arm, it has one
segment from chromosome 1BS of cv. Pavon 76 that
introduces loci Gli-B1/Glu-B3 and another segment
which removes rye locus Sec-7; on the long arm, it has
a segment from wheat chromosome 1DL carrying high-
molecular-weight glutenin locus Glu-D1 originating
from cv. Wheaton. This segment replaces a segment of
IR carrying locus Sec-3.

The parental lines were crossed pairwise, and the
resulting F, hybrids were used to generate doubled-
haploid progeny populations via androgenesis. Individ-
ual F; hybrids are designated by the combination of the
parental acronyms, and so the Mungis x Krakowiak F;
is referred to as MUKR and all doubled haploids derived
from it are designated by the same acronym followed by
a number identifying individual lines. The original plan
called for a scheme where each parental line was to be
present in three different cross combinations, but it
quickly turned out too ambitious. Eventually, six popu-
lations of doubled haploids were generated, totaling
1238 lines; after the removal of clones and aneuploids,
the total number of DH lines was reduced to 957, with

population sizes ranging from 97 to 231 (Table 1 and
Online resource 1-6). Respective subpopulations of
MUCT, KRCT, and NECT were screened for high-
molecular-weight glutenins and their corresponding
Sec-3 secalins by SDS-PAGE (Brzezinski and
Lukaszewski 1998).

Doubled haploid production

Individual populations, or parts of some populations,
were created by androgenesis in laboratories of individ-
ual co-authors. The protocols used in different laborato-
ries were similar, with local modifications and adapta-
tions. The general protocol was the same as in
Oleszczuk et al. (2011). Tillers with anthers at about
the late uninucleate stage were cut from greenhouse-
grown F; hybrids and stored in the dark in water at ca.
3—6 °C for 2 to 4 weeks. In an alternative method, used
extensively at UCR, stems were kept in the N6 solution
supplemented with 2,4D (Ryoppy 1997) for 2—4 days,
also at 3—6 °C. AJL often moved collected heads from
water to N6 and vice versa, depending on plating sched-
ule. Immature heads were extracted from such stored
and aged material, surface sterilized in 70% ethanol and
6% sodium hypochlorite, anthers dissected and plated
on the C17 medium (Wang and Chen 1983), and stored
in the dark at room temperature for up to 3 months.
Developed embryogenic structures were transferred on-
to the 190-2 medium (Zhuang and Xu 1983), trans-
ferred to light, and eventually transplanted to soil.

For doubling of the chromosome number, all plants
were treated at the tillering stage with aerated 0.1%
solution of colchicine in water, with 3% DMSO, for
7-8 h, rinsed in water overnight, transplanted to soil
and then vernalized for about 8 weeks at ca. 3—7 °C. All
emerging heads were bagged to avoid cross pollination.
The resulting lines were increased once in the green-
house, again with bagging of all heads, and planted in
the field for a large seed increase. Samples originating
from the greenhouse grown material are available from
AJL; the field-grown material is currently with Dr. J.
Larsen, Agri-Food Canada, Lethbridge, Alberta.

DATrT and data analyses
Total genomic DNA was isolated from fragments of
young leaves from each genotype, frozen at —80 °C

and crushed in liquid nitrogen with the aid of steel
pellets using the Qiagen shaker. DNA extraction and
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Table 1 Description of the mapping populations

Population code Pedigree Effective size® Redundant and aneuploid lines DArT markers
MUKR “Mungis” x “Krakowiak” 144 75 1198
MUST Mungis x “Stan 1” 172 25 1237
MUCT Mungis x “Presto” 231 123 1507
KRST Krakowiak x Stan 1 138 23 996
KRCT Krakowiak x Presto 175 21 1048
NECT “NE422T” % Presto 97 7 2041

#Size of mapping population composed of unique genotypes

® Initial number of markers after quality selection

handling followed the protocol recommended for the
DATrT procedure (see http://www.diversityarrays.
com/submission-sample). DNA integrity was tested on
agarose gels, while its quantity was measured
spectrophotometrically. DNA samples were submitted
to the Diversity Array Technology (Yarralumla,
Australia) for profiling using their triticale high-
resolution array (DArT) with 7296 probes representing
markers from wheat, rye, and triticale (wPt, rPt, and tPt,
respectively). Cluster and principal component analyses
based on Dice similarity indices were applied to study
relationships between the parental lines using PAST
(Hammer et al. 2001).

Construction of genetic linkage maps

De novo mapping approach was used to construct ge-
netic maps for individual segregating populations.
Markers of unknown parental origin and present at
frequency 95% <F <5% were removed from the
dataset. To simplify calculations, DArT markers were
binned with quantitative trait loci (QTL) IciMapping
(Wang et al. 2016) and representative markers with the
lowest number of missing data were left to represent
bins. Segregation data were analyzed with JoinMap 4
(Van Ooijen 2006) to group markers using the logarithm
of odds (LOD) > 3. Markers within these groups were
recurrently ordered using the JoinMap maximum likeli-
hood option and the RECORD program (Van Os et al.
2005). Group length and the maximum expected num-
ber of recombination events per individual were the
criteria for selecting marker order for the next ordering
cycle. Optimal marker order was used to sort markers
within linkage groups, and graphical genotypes were
examined in Excel 2013. At this step, singletons (a
single locus from one parent appearing in a block of
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loci from the other parent) were replaced by missing
values in the dataset and calculations were repeated until
no singletons were found (no more than three rounds).
Consensus genetic map was constructed using the
MergeMap online tool (http://www.mergemap.org/,
Wu et al. 2011). The resulting marker order
corresponding to chromosomes and chromosome
segments was compared with the triticale map
consensus developed for a different set of genotypes
(Alheit et al. 2011) and “Saka3006” x “Modus” (SM,
Tyrka et al. 2011).

QTL analysis

Vernalization requirements were tested for the KRST
population at the University of California, Riverside.
Several seeds from each DH line and the parents were
planted in flats, germinated for 24 h at room tempera-
ture, and transferred to a vernalization chamber for 44,
53, and 61 days. Germination was staggered in such a
way that all material would finish its vernalization on
the same day. At this point, plants were transplanted to
pots with two plants per pot, transferred to the green-
house and grown under long day conditions (16 h day/
8 h night). The number of days to the emergence of the
first head was scored for each line. Both experiments
were terminated after 100 days. The experiment was
repeated twice. Minimal and the mean number of days
to heading after the three periods of vernalization were
used for calculation of QTLs. Lines that failed to head
after 100 days were assigned “100 days to heading.”
Distribution of the traits data was checked and the
normal distribution hypothesis (Shapiro—Wilk test,
P <0.01) was not rejected. Broad-sense heritability
(h?) estimate of vernalization requirements (in days)
calculated from variance components (Czyczyto-
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Mysza et al. 2013) was 92%. Composite interval map-
ping analysis was performed using QTL Cartographer
2.5 software (Wang et al. 2012). After performing a
1000-permutation test, a LOD threshold was set indi-
vidually to 2.9 to declare a QTL as significant. A walk
speed of 1.0 cM was chosen for all QTL detections.
QTL effects were estimated as the proportion of pheno-
typic variance (R?) explained by the QTL.

In silico analysis

Sequences of wheat and rye DArT clones from QTLs
were used to identify homologous or syntenic scaffolds
in wheat genome. The scaffolds were identified using
Basic Local Alignment Search Tool (BLAST) for wheat
sequences stored in EnsemblPlants (http://plants.
ensembl.org, release 36). Protein or nucleotide
sequences corresponding to genes located in scaffolds
were subsequently characterized for homologs using
BLASTP or BLASTX in NCBI database (https://blast.
ncbi.nlm.nih.gov/, update 24 July, 2017, 130,076,561
sequences), and putative functions were identified at
UniProtKB database (http://www.uniprot.org/uniprot/).
Additionally, released and annotated rye draft genome at
the IPK Rye Blast Server was searched for selected rye
DArT clones. Respective contigs were found, used for
identification of transcripts (Bauer et al. 2017), and
functionally annotated using Blast2GO (Conesa et al.
2005). The sequences of triticale DArT markers were
recently released (Gawronski et al. 2016) and are acces-
sible from National Center for Biotechnology
Information.

Results
Doubled haploid line production

Line development was subdivided among all participants
with parts of some populations created in more than one
laboratory. Because of local adaptations of the techniques
and major differences in experience, no direct compari-
sons of efficiencies can be made, and this was never the
intended goal of the exercise. Overall, anthers from about
2300 heads were plated and over 2000 green plants were
recovered (Table 2). Cv. Krakowiak appeared to be the
most recalcitrant while cvs. Mungis and Presto are the
most amenable to androgenesis. Some proportion of
green plants were aneuploids, different in different

Table 2 The efficiency of androgenic progeny production in the
tested F; hybrids

Combination Number of Green plants Ratio, green plants

heads recovered per head
NECT 320 362 1.13
NEST 107 112 1.05
MUST 205 415 2.02
MUKR 179 211 1.18
MUCT 491 428 0.87
KRCT 639 234 0.37
KRST 346 286 0.83
Total 2287 2012 0.88

populations (Oleszczuk et al. 2011), ranging from several
percent to as high as 78% in population NEST, which in
the end was never developed into a mapping population
because the frequency of euploid plants was too low. All
reasonably viable plants were colchicine treated to double
their chromosome number. Complete seed set data were
collected only for one treatment, in the MUST population
where among 254 treated plants, 225 set seed. Among
them, 41 were completely fertile, presumably as a conse-
quence of spontaneous doubling of the chromosome
number. If this criterion is correct, spontaneous doubling
of the chromosome number took place in 18.9% of viable
and vigorous androgenic regenerants observed here; the
actual rate might have been higher but it would be con-
founded by aneuploidy. Some ancuploids were complete-
ly sterile even with their chromosome numbers doubled.
The rate of chromosome doubling by colchicine, and
associated with it the survival rate of treated plants, varied
considerably among participating laboratories, with up to
95% of treated plants dying in one attempt to 100%
survival in another. Again, these proportions are con-
founded by aneuploidy.

The target population sizes for each hybrid were ca.
250 DH lines, but this was achieved only in two com-
binations. Some F; hybrids were recalcitrant, and de-
spite repeated attempts, often by different participants,
fewer progeny lines could be developed. Of two com-
binations involving NE422T, only that with Presto
(NECT) produced a good number of green plants, but
the effective size of the DH populations was reduced to
97 lines by a high frequency of aneuploids and high
mortality after colchicine treatment (Oleszczuk et al.
2011). Hybrid NEST was as amenable to androgenesis
as NECT, but almost all recovered progeny were
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aneuploids and only eight euploid DH lines were ob-
tained. The effective sizes of some populations were
further reduced by the presence of clones, which were
detected after genotyping (Oleszczuk et al. 2014). After
removal of clones and aneuploids, the set mapping
populations consist of the following number of DH
lines: 144 lines in MUKR, 172 lines in MUST, 138 lines
in KRST, 231 lines in MUCT, of which 146 originate
from a cross of Presto RM1B x Mungis and 85 from
Presto x Mungis; 175 in KRCT, of which 72 are from
the cross Presto RM1B x Krakowiak and 103 from
Presto x Krakowiak; and 97 in NECT, for the total of
957 lines (Table 1).

Genetic diversity analysis

The six mapping populations were derived from crosses
involving five parental lines. Crosses of Mungis,
Krakowiak, “Stan,” and “Presto” were in incomplete
diallel design while “NE422T” was used in a single
cross (Table 1). Cluster and principal coordinate
(PCA) analyses based on the Dice similarity coefficients
computed for 1154 loci showed that genetic diversity
was not equally distributed among the components.
Parental lines can be divided into two groups, the first
composed of NE422T and Mungis and the other one
gathering Presto, Krakowiak, and Stan 1 (Online
Resource 7). Genetic relationships between the popula-
tions studied were measured directly as number of
shared bands and Dice similarities (Online resource 8).
Genetically, the most distant populations were NECT
vs. KRCT and KRCT vs MUST with lowest values of
similarities, and the last relationship was also evident by
the number of shared bands.

Linkage maps of biparental populations

As indicated above, the effective sizes of mapping pop-
ulations were reduced by the presence of clones. Clone
frequencies ranged from 6.7% in NECT to 34% in
MUCT and MUKR populations. The effective numbers
of genotypes ranged from 231 (MUCT) to 97 (NECT).
The average number of DArT markers polymorphic in
populations was 1337, and it ranged from 996 in KRST
to 2041 in NECT (Table 1). For all but one mapping
population, linkage groups corresponding to 21 chro-
mosomes were identified (Table 3). Markers located on
chromosome 7R were not detected in population KRCT.
In 34 cases, 2 linkage groups (that could not be linked at
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LOD equal to 3.0) represented a single chromosome.
The most of such split linkage groups were found for the
genome A (23) as compared to B and R genomes with 6
and 5 chromosomes represented with double linkage
groups, respectively. The number of double linkage
groups corresponding to single chromosomes varied
from 9 to 4 in MUKR and KRST populations, respec-
tively (Table 3).

On the average, individual biparental maps were
composed of 491 unique DArT markers with these
ranging from 382 in MUCT to 572 in NECT (Table 3
and Online resources 1-6). The total number of poly-
morphic markers ranged from 921 (KRCT) to 1559
(NECT), but usually, over one half of them (from 63%
for NECT to 46% in KRCT) were redundant. The
average marker saturation calculated for unique DArT
markers in individual genetic maps was 4.2 (cM/DArT
marker), and it ranged from 3.6 (MUCT) to 4.6 (NECT).
Numbers of redundant markers were lower for wheat
genomes (43.3 and 49.6% for genomes A and B, re-
spectively) and the highest for the rye genome (62.2%).
Genome A had the lowest coverage with DArT markers
with an average of 104 markers mapped in individual
populations. The highest marker number per genome
was found for genome R (248 markers), what resulted in
a better saturation of the R genome in individual popu-
lations (3.0) when compared to genomes A and B (5.3
and 5.6, respectively).

The consensus map of triticale

A consensus linkage map based on DArT markers was
created from the six biparental maps by merging infor-
mation on marker positions in individual maps. The
consensus map consists of 3086 markers, of which
1576 are unique, and covers the distance of 4593.9 cM
with the average map density of 2.9 cM (Table 3).
Making use of three parents in three partially diallel
crosses improved marker coverage of the consensus
map with common markers (63.6%). The highest was
the share of markers between populations MUKR vs
MUCT and MUCT vs NECT (523 and 489, respective-
ly). Between populations MUST and KRCT 256, simul-
taneously common markers were present (Table 3). In
the consensus map, four markers showed three different
locations in different biparental populations: two
markers (rPt-506976.1-3, rPt-507094.1-3) on chromo-
somes 1R, 4R, and 5R and two markers (wPt-2632.1-3,
tPt-3786.1-3) on chromosomes 4A, 6A, and 6B. The
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104 markers mapped to two different loci on individual
linkage maps (Online resource 9). The 41 and 22 of such
double locations were within the rye and wheat ge-
nomes, respectively. Generally, markers with multiple
locations were randomly dispersed across the genomes;
however, in some cases, sets of such markers were
identified. A cluster of nine markers spanning ~ 10 cM
located distally on chromosome 6B in KRCT corre-
sponds to the separate linkage group 6A.2 in the three
populations with Mungis. Cluster of 7 rye markers were
mapped on 7B of NECT population and 7R of MUST.
The eight markers with double positions clustered on 1R
chromosome of KRCT and three of them (1Pt-399397,
rPt-505577, rPt-505973) were mapped on SR of MUST
and KRST populations, while the remaining five
markers (rPt-389501, rPt-389670, rPt-400535, rPt-
400883, rPt-402101) were found on 4R chromosome
of NECT.

Three chromosomes of the consensus map were
composed of two separate linkage groups. In chromo-
somes 2A and 3B, groups of unique markers were
derived from population NECT and had no common
markers with the remaining clusters, and so they remain
separated. Two separate linkage groups corresponded to
chromosome 6A in three populations involving Mungis.
In total, 329, 434, and 816 loci were mapped on ge-
nomes A, B, and R. This result corresponds to increas-
ing mean number of unique markers on chromosomes
from these genomes and decreasing average marker
density (3.9, 3.4, and 2.2, for A, B, and R genomes,
Table 3 and Online resource 10).

As a quality check, orders of loci in each chromo-
some of individual genetic maps were compared with
respective positions on chromosomes of the consensus
map (Online resource 11). Fractionated chromosomes
are visible as new linear clusters of points starting from
the middle or the end of the consensus map axis. In most
cases, the consensus map presented a good compromise
for individual maps. Despite fragmented linkage groups
for 14 chromosomes, sufficient marker overlap permit-
ted consensus, creating continuous linkage groups for
all but three chromosomes (2A, 6A, and 3B). Minor
disturbances in collinearity were found due to (a) sup-
pressed recombination for fragments of chromosomes
(2A, 4A, 7B in MUCT, 3B in KRCT), (b) rearrange-
ments of chromosome fragments (2A size 20 cM in
KRCT), and (c) transposition of clusters of 2—3 markers
corresponding to single loci (7A, 3B, and 3R in KRCT,
SR in KRST).

@ Springer

Segregation distortion

Markers showing distorted segregation were not elimi-
nated during map construction; in biparental popula-
tions, they accounted on an average for 28.8% of unique
markers, ranging from 21.4% in KRST to 34% in
MUCT and KRCT. Three types of distortion can be
discerned based on the frequencies of loci with alleles
preferring maternal or paternal type. In the neutral type,
similar number of loci with distorted alleles preferring
mother or father pattern can be observed, as in MUKR
(65 and 69 loci with allele preference to Mungis and
Krakowiak, respectively) and NECT (67 and 63 loci
with allele preference to NE422T and Presto, respective-
ly). Preference for transmission of maternal alleles was
observed in populations KRST (69 loci of the maternal
type vs. 31 loci of the paternal type) and KRCT (117 to
52 loci biased towards Krakowiak and Presto, respec-
tively). In the third type, distorted alleles more frequent-
ly inherited from the pollinator were found in MUST
(66 and 113 loci preferring maternal and paternal type,
respectively) and MUCT (56 and 75 loci preferring the
maternal vs. the paternal type, respectively) populations.

Segregation distorted regions (SDRs) were identified
based on five consecutive markers with distorted segre-
gation, what corresponds to 1% of average number of
non-redundant markers in the six mapping populations
(mean of 491 markers) (Online resource 12). Markers
with distorted segregation were mapped predominantly
on chromosomes from the rye genome, although in
MUST, most chromosomes of the B genome also
contained SDRs. For the rye genome, there appeared
no rule determining preferences for chromosomes with
marker distortion but chromosomes 5R and 7R ap-
peared to be involved more often than the remaining
five rye chromosomes.

Recombination of RM1B chromosome

Chromosome RM1B was introduced in DH lines de-
rived from hybrids with “Presto RM1B.” In the three
populations MUCT, KRCT, and NECT, a number of
unique markers mapped to 1R chromosome amounted
to 12, 43, and 28, respectively. Populations MUCT and
KRCT were tested for the presence of storage proteins
(Gli-B1, Sec-1, and Glu-D1I), and lines with chromo-
somes 1R, IRM1B, and recombinants were identified.
PCA analysis of Manhattan distances for segregations
of unique loci mapped to 1R showed no subpopulations
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corresponding to progeny obtained with Presto-RM 1B,
and Presto in MUCT and KRCT populations (Online
resource 13a,b). However, within a subpopulation of
MUCT (Online resource 13c), genotypes were divided
into a group carrying 1R and the second group carrying
RMI1B. In a subpopulation of KRCT, lines with RM1B
chromosome were separated from the remaining geno-
types (Online resource 13d).

In a subpopulation of MUCT, DH lines with intact
RMIB (no recombination, all three wheat segments
present) are expected to carry solely paternal alleles,
and 20 out of 44 lines typed with PAGE as carrying
RMI1B followed this pattern. Another 20 RM1B PAGE-
predicted lines carried evidence of recombination out-
side of the block of 7 markers marked with a shadowed
bar (Fig. 1, IR-MUCT). Therefore, the region of 1R
chromosome with the complete of the three wheat seg-
ments corresponds to the discerned part of IR MUCT
chromosome. The pattern of 7 paternal alleles was found
in 40 lines (91%) with RMI1B predicted by PAGE
analysis. Moreover, for 19 lines, recombination between
the Glu-D1 and Gli-B1 loci was demonstrated by PAGE
and this corresponds to the breakpoint between markers
rPt-509009 and wPt-6852 present in 17 of the
recombined RM1B lines. Thus, the region of loci wPt-
6852 and rPt-390355 is associated with Glu-D1.

A subpopulation of 72 KRCT DH lines was ob-
tained from crosses with Presto RM1B. PAGE has
shown that 18 of these 72 lines carry RMIB and 3
lines showed evidence of recombination between the
Glu-D1 and Gli-B1 loci. The region composed of 23
markers (flanked by rPt-401899 and rPt-389911),
and a set of two markers (rpt-505873 and rpt-
390364) was present in 16 and 18 RMIB lines,
respectively. Taking into account the collinearity of
maps, the region corresponding to the G/u-DI locus
in KRCT subpopulation should be expected below
marker rPt-509009. Within the RMIB carrying
lines, no line was composed exclusively of paternal
alleles, and in all these lines, group of 5 loci flanked
by markers rPt-509009 and wPt-4129 was of mater-
nal type.

Comparative maps of RM1B chromosomes from
MUCT and KRCT allows proposing the set of 20 unique
DArT markers (from tPt-5249 to rPt-506135) as associ-
ated with the presence of RM1B chromosome in the
NECT population. Fifteen NECT lines with this set of
paternal allele were identified (NECT 1001,
NECT 1002, NECT 1014, NECT 1017, NECT 1018,

NECT_1021,NECT 1023, NECT 1030, NECT_1041,
NECT_1049, NECT 1051, NECT_1055, NECT_1056,
NECT 1096, and NECT_1062).

QTL analysis of the vernalization requirement

An analysis of the minimal vernalization requirement trig-
gering the generative stage and the average number of days
to heading revealed two QLTs on chromosomes 7B and
2R (Table 4). These QTLs explained 5.6-8.2% of varia-
tion. Sequence analysis was performed to identify candi-
date genes in the identified regions. Sequence data for
clone wPt-3873 was not available so two adjacent DArT
markers with available sequences (WPt-6372, co-localized,
and wPt-6498, + 0.52 ¢cM upstream) were selected based
on wheat map of Huang et al. (2012). Sequences of wPt-
6372 and wPt-6498 were blasted in EnsemblPlants data-
base (http://plants.ensembl.org), and respective scaffolds
578086 (7BL:6343-6703) and 579015 (7BL:1516-2035)
were identified. In the first scaffold, three genes were
found but the corresponding proteins (UniProt: AOA1D6
SDL6, AOA1D6SDL7, and AOA1ID6SDLS) were not
related with vernalization requirements. The second
scaffold contained a single gene (UniProt: AOA1D6
CAES) coding an ALP1-like protein that is an element of
the POLYCOMB REPRESSIVE COMPLEX2. ALP1
protein is needed for full reactivation of several floral
homeotic genes that are repressed by genes of the
Polycomb group (Liang et al. 2015). Analysis of genes
predicted based on homology in locus QVm.2R revealed
15 genes (Online materials 14). Two of them (transcription
initiation factor TFIID subunit 9-like and AP2/ERF and
B3 domain-containing protein) are involved in the regula-
tion of gene expression. However, more evidence is need-
ed to connect the action of these genes with the regulation
of the vernalization process. DArT sequences from region
of QVm.2R were mapped to nine contigs (60,155, 292,872
, 76,764, 59,900, 2929, 1,354,753, 289,064, 127,588,
2,872,817) of Lo7 rye draft genome (Bauer et al. 2017).
In total, five genes were annotated functionally in the
selected contigs (citron Rho-interacting kinase-like,
calcium-dependent kinase 7, 3-isopropylmalate
dehydratase large subunit, guanosine-3,5-bis(diphosphate)
3-pyrophosphohydrolase, and transcription factor RF2b-
like isoform X1). According to GO annotation, these
transcripts were not directly involved in vernalization pro-
cess. This should be also underlined that phenotyping in
multiple environments is necessary to precisely localize
QTLs (Melchinger et al. 1998).

@ Springer
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Fig.1 Chromosome RM1B with three segments originating from
wheat (marked with dashes) from wheat (Lukaszewski 2006) and
genetic linkage groups corresponding to 1R chromosomes in
populations MUCT, KRCT, and NECT. Blocks of markers present

Discussion

Hexaploid triticale is a relatively new human-made crop
that slowly but consistently grows in acreage in many areas
of the world. As a new crop, it offers unique opportunities
to study evolution of allopolyploids and the effects of

@ Springer
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selection for agronomic performance. Even cursory obser-
vation of triticale over its brief history clearly illustrates
interactions among constituent genomes and their re-
sponses to selection pressure. Early triticales suffered from
considerable meiotic instability and hence high aneuploid
rate, kernel shriveling, and pre-harvest sprouting. Strong
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Table4 QTLs of vernalization requirements in KRST population
measured as number of days to heading (DTH) after minimal
vernalization time (MinDTH) sufficient for meristem transition

from vegetative to generative stage and average (AvDTH) for three
vernalization periods (44, 53, and 61 days)

Locus Region (cM) Trait Flanking markers LOD  R?[%] Additive effect ~ Additional markers
QVm.7B 0-1.7 MinDTH  wPt-3873 224 6.4 16.4 wpt-6372
0-3.1 AvDTH wPt-3873 2.36 6.8 17.3
QVm.2R  57.6-59.8 MinDTH  rPt-507782, rPt-398678  2.02 5.6 15.9 rPt-509138, rpt-402364
61.7-59.0 AvDTH rPt-506855, rPt-399333  2.60 8.2 19.5 pt-506926, tpt-513861

breeders’ selection reduced these problems to some extent
but did not eliminate them completely. While present day
commercial triticale cultivars are meiotically quite stable,
occasionally, aneuploidy creates registration problems as
aneuploids deviate morphologically from euploids
(Oleszczuk and Banaszak 2016). Poor chromosome
pairing is quite common in hybrids. Here, poor pairing
and resulting aneuploidy were a problem in the creation of
the current set of lines, with NEST being completely
rejected. Similarly, kernel shriveling is no longer a major
problem in breeding as most advanced breeding materials
have acceptable grain volume weights. Pre-harvest
sprouting remains a serious problem, only partially
inherited from rye. All these characteristics, as well as
many others, are represented among the parents chosen
for the creation of the set of mapping populations and can
be studied in detail. Crosses were designed in such a way
so that each parent in present in at least two combination;
unfortunately, NE422T x Stan 1 was not only recalcitrant
to androgenesis but its extreme aneuploid rate (93%) made
the task of developing a full mapping population impossi-
ble. The authors believe that by using each parent in at least
two cross combination and instant verification of mapping
effort can be obtained for characteristics differentiating the
parental lines.

At present, triticale is not viewed as a bread-making
crop. However, good-quality bread can be baked with
somewhat modified technology; for strictly wheat-like
bread-making technology, a set of engineered chromo-
somes was created that restore in triticale almost wheat-
like gluten composition (Lukaszewski, 2006). One of
these chromosomes, RM1B, was incorporated in por-
tions of two mapping populations, its presence detected
electrophoretically and a set of identifying DNA
markers selected. At the distal end of 1RS, the MUCT
population shows a cluster of markers wPt-11939.1,
wPt-2859.1, wPt-7905.1, and wPt-8261.1 that also to
map to the region of 48-62 c¢cM on the consensus of

wheat chromosome 1B. These markers likely represent
two small introgressions from 1BS into 1RS that intro-
duce Gli-B1/Glu-B3 and eliminate Sec-/. DNA se-
quence of wPt-8261 was available (http://www.
diversityarrays.com/dart-map-sequences) and showed
77% identity to prolamin gene locus of Aegilops
tauschii (JX299977.2). Also, in the MUCT population,
a wheat-derived marker normally mapping to the distal
end of 1DL (wPt-4180, Marone et al. 2013) appears on
chromosome 1RL. This marker very likely represents a
1DL segment replacing the Sec-3-carrying segment of
1R with a corresponding segment of 1D with Glu-D1.

An additional population of doubled haploids
from Presto FC2 X Mungis has been developed
but not genotyped and hence not included in the
present set. Chromosome FC2 is an engineered 1R
with all storage protein loci from wheat chromo-
some 1D (Lukaszewski 2006); the population is
available from AJL.

An interesting elongation of the vernalization require-
ment has been observed among winter triticales emerging
from Polish breeding programs in the last ca. 20 years.
Cvs. Presto and Krakowiak are good examples of this
change (A. Lukaszewski, personal communication). The
standard vernalization treatment of Presto as applied in
Riverside CA is 42-45 days under short days and tem-
peratures between 4 and 7 °C. After transfer to the
greenhouse and grown under long days (16 h day/§ h
night), Presto heads within 6 to 7 weeks, depending on
ambient temperature. Cvs Mungis, Stan 1, and NE422T
behave in a very similar manner. Krakowiak, and many
more recent cultivars from Polish breeding programs,
requires at least 5660 days of vernalization under the
same conditions, if they are to head within 7 weeks of
removal to standard greenhouse conditions. A simple test
performed on the KRST population suggests that it is not
a different allele at known vernalization loci that is re-
sponsible for the extended vernalization requirement of

@ Springer
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Krakowiak but rather a different regulatory element lo-
cated elsewhere in the genome. At this point, it is not
clear if this change represents a reaction of triticale to
strong selection pressure for winter survival or if perhaps
the character was transferred from winter bread wheat.
The overall level of map saturation was somewhat
disappointing. It might have been greater with more
distant crosses, but the guiding principle here was mak-
ing use of crosses commonly made in breeding pro-
grams. It is believed that in collaborative efforts and
additional genotyping, maps will become more saturat-
ed and gaps closed. Also, the total length of maps (ca.
4600 cM) is about twice as long as expected based on
chromosome pairing frequencies and cytologically pre-
dicted chiasma frequencies. Rye chromosomes 4R and
6R produced particularly long maps (Online resource
10), for unclear reasons. Map inflation is most likely
generated by mis-scored markers (Cartwright et al.
2007). While a majority of so-called singletons were
eliminated, any further manual editing of marker score
would only introduce an additional error of unknown
magnitude and direction. The highest percentage of
missing values was found in populations MUKR,
MUCT, and NECT (11.8, 10.5, and 10.2%, respective-
ly). Number of missing data in populations KRCT,
MUST, and KRST was below 10% (8.0, 5.6, and
5.0%, respectively). To verify robustness of mapping,
distances were recalculated after removal of individuals
with number of missing data exceeding 10% (ESM 1-6).
Reduction of mapping populations resulted in elimina-
tion of individuals with unique recombination events,
overall reduction of map lengths by 7%, and decreased
number of unique markers (reduction by 17%).
Chromosome maps generated here show a general-
ly good agreement with published maps of wheat, rye,
and triticale, with notable exceptions. Inverted orien-
tation or rye chromosomes 2R, 4R, and 5R was pre-
viously reported (Kalih et al. 2014, Hackauf et al.
2017) in genetic maps of rye and triticale (Miedaner
et al. 2012, Alheit et al. 2011). Comparative analysis
inrespect to rye draft genome extends this observation
also to other maps of rye and triticale (Online resource
15). Major inconsistencies relative to published maps
are on chromosomes 1A, 5A, 6A, 2R, and 3R. The
comparative analysis of genetic maps indicates that
the chromosomes 5A and putatively 6A in the
consensus map published by Alheit et al. (2011) are
inverted relative to previously published genetic link-
age map of wheat and triticale. Using the DArT map of

@ Springer

rye as a reference (Bolibok-Bragoszewska et al.
2009), we found high agreement of the proposed order
of loci (correlations 0.93 and 0.87, respectively, for
chromosomes 2R and 3R, Online resource 15). Dif-
ferences in order of loci between our maps relative to
the consensus map of Alheit et al. (2011) may result
from better marker saturation and more even distribu-
tion of markers along these two chromosomes perhaps
because of our retention of markers with distorted
segregation. As for chromosomes 2A, 3A, and 3B,
low correlation coefficients with wheat and high with
triticale may indicate that in triticale, these chromo-
somes have undergone substantial and stable rear-
rangements. Only repeated mapping efforts in various
populations may confirm such chromosomal rear-
rangements. The order of loci on chromosome 6A is
different in wheat and triticale and perhaps the level of
variation in triticale in this linkage group is too high to
establish a robust consensus.

Relative to the consensus triticale map of Alheit et al.
(2011), our map shows an introgression of a cluster of
markers from chromosome 2B into the 58—72 ¢cM region
of chromosome 2A. Similarly, a set of nine markers
located on chromosome 6A by Alheit et al. (2011),
consensus-6A 98.5-109.2 cM, in our KRCT popula-
tion, was linked to chromosome 6B. These nine markers
also showed alternative positions on chromosomes 4A
and 6A. Putative rearrangements involving chromo-
somes 2A, 2B, and 6A in triticale have already been
suggested (Tyrka et al. 2011) and may represent a form
of adaptive genome rearrangements in an amphiploid.
Inconsistencies in position of genetic markers may in-
fluence detection and localization of effects contributing
to plant height and biomass yield in a triticale
(Busemeyer et al. 2013, Alheit et al. 2014, Liu et al.
2014, Wiirschum et al. 2014a, b, Liu et al. 2017).

The authors of this article treat this joint effort as one
of the first steps to genetic dissection of triticale, a new
human-made crop. With additional efforts, some dis-
crepancies between different genetic maps will likely
be removed; additional mapping efforts will likely in-
crease map saturation and lead to identification of ge-
netic loci critical for specific agronomic traits of triticale,
and perhaps intergenomic interactions affecting agro-
nomic traits. Small seed samples of all materials de-
scribed here are freely available from AJL; larger sam-
ples can be requested form Dr. Jamie Larsen, Lethbridge
Research and Development, Agriculture and Agri-Food
Canada, 5403—-1 Ave. South, P.O. Box 3000,
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Lethbridge, AB T1J 4B1. All genotype information for
all lines can be obtained from MT and AJL.

Authors’ contributions The project was conceived by AJL,
RIM, and PSB; AJL coordinated the effort. MT and AJL per-
formed the genetic, bioinformatics, and molecular analyses. SO,
JRS, HW, MW, JZ, AP, ASJ, and AJL contributed to the develop-
ment of DH lines and collected phenotypic data. MT and AJL
wrote the manuscript; SO, JZ, and PSB revised it. All the authors
read and approved the final manuscript.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.

References

Akbari M, Wenzl P, Caig V, Carling J, Xia L, Yang S, Uszynski G,
Mohler V, Lehmensiek A, Kuchel H, Hayden MJ, Howes N,
Sharp P, Vaughan P, Rathmell B, Huttner E, Kilian A (2006)
Diversity arrays technology (DArT) for high-throughput pro-
filing of the hexaploid wheat genome. Theor Appl Genet
113:1409-1420. https://doi.org/10.1007/s00122-006-0365-4

Alheit KV, Reif JC, Maurer HP, Hahn V, Weissmann EA, Miedaner
T, Wiirschum T (2011) Detection of segregation distortion loci
in triticale (x Triticosecale Wittmack) based on a high-density
DATrT marker consensus genetic linkage map. BMC Genomics
12:380. https://doi.org/10.1186/1471-2164-12-380

Alheit KV, Busemeyer L, Liu W, Maurer HP, Gowda M,
Hahn V, Weissmann S, Ruckelshausen A, Reif JC,
Wiirschum T (2014) Multiple-line cross QTL mapping
for biomass yield and plant height in triticale (X
Triticosecale Wittmack). Theor Appl Genet 127(1):
251-260. https://doi.org/10.1007/s00122-013-2214-6

Badea A, Eudes F, Salmon D, Tuvesson S, Vrolijk A, Larsson CT,
Caig V, Huttner E, Kilian A, Laroche A (2011) Development
and assessment of DArT markers in triticale. Theor Appl Genet
122:1547-1560. https://doi.org/10.1007/s00122-011-1554-3

Bauer E, Schmutzer T, Barilar I, Mascher M, Gundlach H, Martis
MM, Twardziok SO, Hackauf B, Gordillo A, Wilde P, Schmidt
M, Korzun V, Mayer KF, Schmid K, Schén C-C, Scholz U
(2017) Towards a whole-genome sequence for rye (Secale
cereale L.) Plant J 89:853-869. https:/doi.org/10.1111/tp;j.13436

Bolibok-Bragoszewska H, Heller-Uszynska K, Wenzl P, Uszynski
G, Kilian A, Rakoczy-Trojanowska M (2009) DArT markers
for the rye genome—genetic diversity and mapping. BMC
Genomics 10:578. https://doi.org/10.1186/1471-2164-10-578

Brzezinski W, Lukaszewski AJ (1998) Allelic variation at the Glu-
1, Sec-2 and Sec-3 loci in winter triticale p. 6—12. In: Juskiw P
(ed) Proc 4th Int Triticale Symp, Red Deer, Alberta, Canada,
July 26-31, vol 2 pp 6-12

Busemeyer L, Ruckelshausen A, Moller K, Melchinger AE, Alheit
KV, Maurer HP, Hahn V, Weissmann EA, Reif JC, Wiirschum T

(2013) Precision phenotyping of biomass accumulation in triti-
cale reveals temporal genetic patterns of regulation. Sci Rep 3:
2442, https:/doi.org/10.1038/srep02442

Cartwright DA, Troggio M, Velasco R, Gutin A (2007) Genetic
mapping in the presence of genotyping errors. Genetics 176:
2521-2527

Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M
(2005) Blast2GO: a universal tool for annotation, visualiza-
tion and analysis in functional genomics research.
Bioinformatics 21:3674-3676

Crossa J, Burguefio J, Dreisigacker S et al (2007) Association

analysis of historical bread wheat germplasm using additive ge-

netic covariance of relatives and population structure. Genetics

177:1889-1913. https://doi.org/10.1534/genetics.107.078659

Czyczylo-Mysza 1, Tyrka M, Marcinska I, Skrzypek E, Karbarz
M, Dziurka M, Hura T, Dziurka K, Quarrie SA (2013)
Quantitative trait loci for leaf chlorophyll fluorescence pa-
rameters, chlorophyll and carotenoid contents in relation to
biomass and yield in bread wheat and their chromosome
deletion bin assignments. Mol Breed 32(1):189-210.
https://doi.org/10.1007/s11032-013-9862-8

Desta ZA, Ortiz R (2014) Genomic selection: genome-wide pre-
diction in plant improvement. Trends Plant Sci 19:592-601.
https://doi.org/10.1016/j.tplants.2014.05.006

FAOSTAT (2014) [database] Available: http:/faostat.fao.org

Gawronski P, Pawetkowicz M, Tofil K, Uszynski G, Sharifova S,
Ahluwalia S, Tyrka M, Wedzony M, Kilian A, Bolibok-
Bragoszewska H (2016) DArT markers effectively target
gene space in the rye genome. Front Plant Sci 7:1600.
https://doi.org/10.3389/fpls.2016.01600

Goral H (2002) Production of triticale (xTriticosecale Wittm.)
hybrid seeds using the sterilizing cytoplasm of Triticum
timopheevi. Cereal Res Commun 30:31-38

Gulmezoglu N (2004) Spontaneous cross pollination studies on
triticale (x Triticosecale wittmack) genotypes. Pak J Biol Sci
7:1164-1167. https://doi.org/10.3923/pjbs.2004.1164.1167

Hackauf B, Haffke S, Fromme FJ, Roux SR, Kusterer B,
Musmann D, Kilian A, Miedaner T (2017) QTL mapping
and comparative genome analysis of agronomic traits includ-
ing grain yield in winter rye. Theor Appl Genet 130:1801—
1817. https://doi.org/10.1007/s00122-017-2926-0

Hammer @, Harper DAT, Ryan PD (2001) PAST: Paleontological
Statistics Software Package for Education and Data Analysis.
Palaeontol Electron 4(1):1-9

Huang BE, George AW, Forrest KL, Kilian A, Hayden MJ, Morell
MK, Cavanagh CR (2012) A multiparent advanced genera-
tion inter-cross population for genetic analysis in wheat. Plant
Biotechnol J 10:826—839. https://doi.org/10.1111/j.1467-
7652.2012.00702.x

Jaccoud D, Peng K, Feinstein D, Kilian A (2001) Diversity
arrays: a solid state technology for sequence information
independent genotyping. Nucleic Acids Res 29(4):e25.
https://doi.org/10.1093/nar/29.4.e25

Kalih R, Maurer HP, Hackauf B, Miedaner T (2014) Effect
of a rye dwarfing gene on plant height, heading stage,
and Fusarium head blight in triticale (xTriticosecale
Wittmack). Theor Appl Genet 127:1527-1536.
https://doi.org/10.1007/s00122-014-2316-9

Liang SC, Hartwig B, Perera P, Mora-Garcia S, de Leau E,
Thornton H, de Alves FL, Rapsilber J, Yang S, James
GV, Schneeberger K, Finnegan EJ, Turck F, Goodrich J

@ Springer


https://doi.org/10.1007/s00122-006-0365-4
https://doi.org/10.1186/1471-2164-12-380
https://doi.org/10.1007/s00122-013-2214-6
https://doi.org/10.1007/s00122-011-1554-3
https://doi.org/10.1111/tpj.13436
https://doi.org/10.1186/1471-2164-10-578
https://doi.org/10.1038/srep02442
https://doi.org/10.1534/genetics.107.078659
https://doi.org/10.1007/s11032-013-9862-8
https://doi.org/10.1016/j.tplants.2014.05.006
http://faostat.fao.org
https://doi.org/10.3389/fpls.2016.01600
https://doi.org/10.3923/pjbs.2004.1164.1167
https://doi.org/10.1007/s00122-017-2926-0
https://doi.org/10.1111/j.1467-7652.2012.00702.x
https://doi.org/10.1111/j.1467-7652.2012.00702.x
https://doi.org/10.1093/nar/29.4.e25
https://doi.org/10.1007/s00122-014-2316-9

46 Page 14 of 15

Mol Breeding (2018) 38: 46

(2015) Kicking against the PRCs—a domesticated
transposase antagonises silencing mediated by polycomb
group proteins and is an accessory component of
polycomb repressive complex 2. PLoS Genet 11(12):
€1005660. https://doi.org/10.1371/journal.pgen.1005660

LiuY, He Z, Appels R, Xia X (2012) Functional markers in wheat:
current status and future prospects. Theor Appl Genet 125:1—
10. https://doi.org/10.1007/s00122-012-1829-3

Liu W, Gowda M, Reif JC, Hahn V, Ruckelshausen A, Weissmann
EA, Maurer HP, Wiirschum T (2014) Genetic dynamics
underlying phenotypic development of biomass yield in trit-
icale. BMC Genomics 15:458. https://doi.org/10.1186/1471-
2164-15-458

Liu W, Maurer HP, Leiser WL, Tucker MR, Weissmann S, Hahn V,
Wiirschum T (2017) Potential for marker-assisted simultaneous
improvement of grain and biomass yield in triticale. Bioenerg
Res 10:449-455. https://doi.org/10.1007/s12155-016-9809-0

Lukaszewski AJ (2006) Cytogenetically engineered rye chromo-
somes 1R to improve bread-making quality of hexaploid
triticale. Crop Sci 46:2183-2194

Marone D, Russo MA, Laido G, de Vita P, Papa R, Blanco A,
Gadaleta A, Rubiales D, Mastrangelo AM (2013) Genetic basis
of qualitative and quantitative resistance to powdery mildew in
wheat: from consensus regions to candidate genes. BMC
Genomics 14:562. https://doi.org/10.1186/1471-2164-14-562

Melchinger AE, Utz HF, Schon CC (1998) Quantitative
trait locus (QTL) mapping using different testers and
independent population samples in maize reveals low
power of QTL detection and large bias in estimates of
QTL effects. Genetics 149:383-403

Miedaner T, Hiibner M, Korzun V, Schmiedchen B, Bauer E,
Haseneyer G, Wilde P, Reif JC (2012) Genetic architecture
of complex agronomic traits examined in two testcross pop-
ulations of rye (Secale cereale L.) BMC Genomics 13:706.
https://doi.org/10.1186/1471-2164-13-706

Niedziela A, Bednarek PT, Cichy H, Budzianowski G,
Kilian A, Aniot A (2012) Aluminum tolerance associ-
ation mapping in triticale. BMC Genomics 13:67.
https://doi.org/10.1186/1471-2164-13-67

Oettler G, Burger H, Melchinger AE (2003) Heterosis and
combining ability for grain yield and other agronomic
traits in winter triticale. Plant Breed 122:318-321.
https://doi.org/10.1046/j.1439-0523.2003.00877.x

Oettler G, Tams SH, Utz HF, Bauer E, Melchinger AE
(2005) Prospects for hybrid breeding in winter triticale.
I Heterosis and combining ability for agronomic traits
in European elite germplasm.Crop Sci 45:1476-1482.
https://doi.org/10.2135/cropsci2004.0462

Oleszczuk S, Banaszak Z (2016) Triticale. In: Mason AS (ed)
Polyploidy and hybridization for crop improvement. Taylor
& Francis Group, Boca Raton, pp 281-317. https://doi.
org/10.1201/9781315369259-12 Print ISBN: 978-1-4987-
4066-1, eBook ISBN: 978—1-4987-4068-5

Oleszczuk S, Rabiza-Swider J, Zimny J, Lukaszewski AJ (2011)
Aneuploidy among androgenic progeny of hexaploid triticale
(XTriticosecale Wittmack). Plant Cell Rep 30:575-586.
https://doi.org/10.1007/500299-010-0971-0

Oleszczuk S, Tyrka M, Zimny J (2014) The origin of clones among
androgenic regenerants of hexaploid triticale. Euphytica 198:
325-336. https://doi.org/10.1007/s10681-014-1109-1

@ Springer

Pronyk C, Mazza G (2011) Optimization of processing conditions
for the fractionation of triticale straw using pressurized low
polarity water. Bioresour Technol 102:2016-2025.
https://doi.org/10.1016/j.biortech.2010.09.064

Raman H, Raman R, Kilian A, Detering F, Carling J, Coombes
N, Diffey S, Kadkol G, Edwards D, McCully M, Ruperao
P, Parkin IAP, Batley J, Luckett DJ, Wratten N (2014)
Genome-wide delineation of natural variation for pod
shatter resistance in Brassica napus. PLoS One 9(7):
el01673. https://doi.org/10.1371/journal.pone.0101673

Ren R, Ray R, Li P, Xu J, Zhang M, Liu G, Yao X, Kilian
A, Yang X (2015) Construction of a high-density
DArTseq SNP-based genetic map and identification of
genomic regions with segregation distortion in a genet-
ic population derived from a cross between feral and
cultivated-type watermelon. Mol Gen Genomics 290:
1457-1470. https://doi.org/10.1007/s00438-015-0997-7

Ryo6ppy PH (1997) Haploidy in triticale. In: Jain SM, Sopory SK,
Veilleus RE (eds) In vitro haploid production in higher plants,
vol 4. Kluwer, Dordrecht, pp 117-131

Saintenac C, Jiang D, Wang S, Akhunov E (2013)
Sequence-based mapping of the polyploid wheat
genome.G3:genes|genomes|. Genetics 3(7):1105-1114.
https://doi.org/10.1534/g3.113.005819

Sowa W, Krysiak H (1996) Outcrossing in winter triticale, mea-
sured by occurrence of tall plants. In: Guedes-Pinto H,
Darvey N, Carnide VP (eds) Triticale: today and tomorrow.
Developments in Plant Breeding, vol 5. Kluwer Academic
Publishers, Dordrecht, pp 593-596

Stojatowski S, Bobrowska A, Hanek M, Myskow B (2013) The
importance of chromosomes from the sixth homeologic
group in the restoration of male fertility in winter triticale
with Triticum timopheevii cytoplasm. J Appl Genet 54:179—
184. https://doi.org/10.1007/s13353-013-0144-2

Tams SH, Bauer E, Oettler G, Melchinger AE, Schén CC (2006)
Prospects for hybrid breeding in winter triticale. II.
Relationship between parental genetic distance and specific
combining ability. Plant Breed 125:331-336. https://doi.
org/10.1111/5.1439-0523.2006.01218.x

Tyrka M, Chetkowski J (2004) Enhancing the resistance of triticale
by using genes from wheat and rye. J Appl Genet 45:283—
295

Tyrka M, Bednarek PT, Kilian A, Wedzony M, Hura T, Bauer E (2011)
Genetic map of triticale compiling DArT, SSR, and AFLP
markers. Genome 401:391-401. https://doi.org/10.1139/G11-009

Tyrka M, Tyrka D, Wedzony M (2015) Genetic map of
triticale integrating microsatellite, DArT and SNP
markers. PLoS One 10(12):e0145714. https://doi.
org/10.1371/journal.pone.0145714

Van Ooijen JW (2006) JoinMap ® 4. Software for the calculation
of genetic linkage maps in experimental populations.
Kyazma BV, Wageningen, Netherlands. Available from
www.kyazma.nl [accessed 29 Sept 2010]

Van Os H, Stam P, Visser RGF, van Eck HJ (2005)
RECORD: a novel method for ordering loci on a
genetic linkage map. Theor Appl Genet 112:30—40.
https://doi.org/10.1007/s00122-005-0097-x

Wang P, Chen Y (1983) Preliminary study on prediction of height
of pollen H2 generation in winter wheat growth in the field.
Acta Agron Sin 9:283-284


https://doi.org/10.1371/journal.pgen.1005660
https://doi.org/10.1007/s00122-012-1829-3
https://doi.org/10.1186/1471-2164-15-458
https://doi.org/10.1186/1471-2164-15-458
https://doi.org/10.1007/s12155-016-9809-0
https://doi.org/10.1186/1471-2164-14-562
https://doi.org/10.1186/1471-2164-13-706
https://doi.org/10.1186/1471-2164-13-67
https://doi.org/10.1046/j.1439-0523.2003.00877.x
https://doi.org/10.2135/cropsci2004.0462
https://doi.org/10.1201/9781315369259-12
https://doi.org/10.1201/9781315369259-12
https://doi.org/10.1007/s00299-010-0971-0
https://doi.org/10.1007/s10681-014-1109-1
https://doi.org/10.1016/j.biortech.2010.09.064
https://doi.org/10.1371/journal.pone.0101673
https://doi.org/10.1007/s00438-015-0997-7
https://doi.org/10.1534/g3.113.005819
https://doi.org/10.1007/s13353-013-0144-2
https://doi.org/10.1111/j.1439-0523.2006.01218.x
https://doi.org/10.1111/j.1439-0523.2006.01218.x
https://doi.org/10.1139/G11-009
https://doi.org/10.1371/journal.pone.0145714
https://doi.org/10.1371/journal.pone.0145714
http://www.kyazma.nl
https://doi.org/10.1007/s00122-005-0097-x

Mol Breeding (2018) 38: 46

Page 15 of 15 46

Wang S, Basten CJ, Zeng ZB (2012) Windows QTL Cartographer
2.5. Department of Statistics, North Carolina State
University, Raleigh

Wang J, Li H, Zhang L, Meng L (2016) Users’ manual of QTL
IciMapping. The Quantitative Genetics Group, Institute of Crop
Science, Chinese Academy of Agricultural Sciences (CAAS),
Beijing 100081, China, and Genetic Resources Program,
International Maize and Wheat Improvement Center
(CIMMYT), Apdo. Postal 6641, 06600 Mexico, D.F., Mexico

Wos H, Brzezinski W (2015) Triticale for food—the quality driver.
In: Eudes F (ed) Triticale. Springer Int. publishing,
Switzerland, pp 213-232. https://doi.org/10.1007/978-3-
319-22551-7 11

Wu Y, Close T, Lonardi S (2011) Accurate construction of con-
sensus genetic maps via integer linear programming. IEEE/
ACM Trans Comput Biol Bioinform 8(2):381-394.
https://doi.org/10.1109/TCBB.2010.35

Wiirschum T, Liu W, Busemeyer L, Tucker MR, Reif JC,
Weissmann EA, Hahn V, Ruckelshausen A, Maurer HP
(2014a) Mapping dynamic QTL for plant height in triticale.
BMC Genet 15:59. https://doi.org/10.1186/1471-2156-15-59

Wiirschum T, Liu W, Alheit KV, Tucker MR, Gowda M,
Weissmann EA, Hahn V, Maurer HP (2014b) Adult plant
development in triticale (x triticosecale wittmack) is controlled
by dynamic genetic patterns of regulation. G3 (Bethesda) 4:
1585-1591. https://doi.org/10.1534/g3.114.012989

Zhuang J, Xu J (1983) Increasing differentiation frequencies in
wheat pollen callus. In: Hu H, Vega MR (eds) Cell and tissue
culture techniques for cereal crop improvement. Science
Press, Beijing, p 431

Zuo J, Li J (2014) Molecular dissection of complex agro-
nomic traits of rice: a team effort by Chinese scien-
tists in recent years. Natl Sci Rev 1:253-276.
https://doi.org/10.1093/nsr/nwt004

@ Springer


https://doi.org/10.1007/978-3-319-22551-7_11
https://doi.org/10.1007/978-3-319-22551-7_11
https://doi.org/10.1109/TCBB.2010.35
https://doi.org/10.1186/1471-2156-15-59
https://doi.org/10.1534/g3.114.012989
https://doi.org/10.1093/nsr/nwt004

	Populations of doubled haploids for genetic mapping in hexaploid winter triticale
	Abstract
	Introduction
	Materials and methods
	Plant material
	Doubled haploid production
	DArT and data analyses
	Construction of genetic linkage maps
	QTL analysis
	In silico analysis

	Results
	Doubled haploid line production
	Genetic diversity analysis
	Linkage maps of biparental populations
	The consensus map of triticale
	Segregation distortion
	Recombination of RM1B chromosome
	QTL analysis of the vernalization requirement

	Discussion
	References




