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Genetic mapping of male sterility and pollen fertility QTLs in triticale
with sterilizing Triticum timopheevii cytoplasm
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Abstract
Cytoplasmic male sterility (CMS) phenomenon is widely exploited in commercial hybrid seed production in economically
important crop species, including rye, wheat, maize, rice, sorghum, cotton, sugar beets, and many vegetables. Although some
commercial successes, little is known about QTLs responsible for the trait in case of triticale with sterilizing Triticum timopheevii
(Tt) cytoplasm. Recombinant inbred line (RIL) F6 mapping population encompassing 182 individuals derived from the cross of
individual plants representing the HT352 line and cv Borwo was employed for genetic map construction using SNP markers and
identification of QTLs conferring pollen sterility in triticale with CMS Tt. The phenotypes of the F1 lines resulting from crossing
of the HT352 (Tt) with HT352 (maintainer) × Borwo were determined by assessing the number of the F2 seeds per spike. A
genetic map with 21 linkage groups encompasses 29,737 markers and spanned over the distance of 2549 cM. Composite (CIM)
and multiple (MIM) interval mappings delivered comparable results. Single QTLs mapped to the 1A, 1B, 2A, 2R, 3B, 3R, 4B,
and 5B chromosomes, whereas the 5R and 6B chromosomes shared 3 and 2 QTLs, respectively. The QTLs with the highest LOD
score mapped to the 5R, 3R, 1B, and 4B chromosomes; however, the QRft-5R.3 has the highest explained variance of the trait.
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Introduction

Triticale (x TriticosecaleWittmack) is a relatively young synthet-
ic species created by hybridization of wheat and rye nearly
150 years ago (Wilson 1875), but it took 100 years until the first
variety was released (Kiss 1971). The evolution of triticale as a
commercial crop was slow until the mid-1980s. Since that time,
the production in world area is increasing from 91 ha (1980) to
4.2 million ha (2018) (FAOSTAT 2018). The species combines

grain quality and productivity typical for wheat with vigour,
hardiness, disease resistance and high lysine content specific
for rye (Myer and Barnett 2000). The vigorous root system and
tolerance to abiotic stresses arising from rye (Niedziela et al.
2014) allow it to grow on sandy soils with low fertility.
Triticale is mainly used as animal feed but holds some promise
for human nutrition (Pena 2004). The development of efficient
cytoplasmic male sterility system based on, i.e. CMS Tt, and
introducing new triticale hybrid varieties would further stimulate
the interest in breeding the species. However, many questions
concerning, i.e. the genetic pool of the species, the presence of
heterotic groups that could be exploited in breeding programs,
development of the genetic maps dedicated for dissection of
pollen sterility QTLs in triticale with CMS Tt and evaluation of
markers useful for breeding programs need to be assessed.

The advances in genotyping provide an opportunity to use
genomic tools in understanding the genetic structure of culti-
vated crops, including triticale. There were several attempts to
differentiate triticale materials via DNA-based molecular
markers in combination with cluster analysis (Tams et al.
2005; Kuleung et al. 2006). The analysis of the genetic diver-
sity of 232 triticale breeding lines based on DArT markers
demonstrated that the materials divided into three groups.

Key message Identifying QTLs of male sterility and pollen fertility on a
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The differences between them are not sharp, and most of the
variation (86%) is due to within-population variability
(Niedziela et al. 2016), suggesting that there are enough var-
iances for the development of new varieties. Recently, ad-
vances in genotyping with DArT markers enabled genome-
wide characterization of the population structure and linkage
disequilibrium (LD) in a comprehensive set of 161 winter and
spring triticale lines (Alheit et al. 2012). Winter and spring
growth habits contributed to the population structure in triti-
cale, and a family structure exists in both growth types. Lately,
the analyses of 885 various European triticale lines revealed a
lack of significant population structure but a particular group-
ing of materials according to their origin (Losert et al. 2017).
The available information suggests that in contrast to rye
(Geiger and Miedaner 2009), the distinct triticale heterotic
groups may not exist or are still under development (Geiger
and Miedaner 2009). Thus, the development of genetic maps
based on diverse and well-characterized breeding forms that
may facilitate the identification of markers towards male ste-
rility genes are of importance.

By now, a few genetic maps of triticale are available. The
first one (González et al. 2005) exploited 356 markers with an
average map density of 6.9 cM and evaluated on 73 DH lines.
The primary goal of the map was to study the androgenic
response. The next one based on DArT, SSR, and AFLP
markers in 90 doubled haploid (DH) lines was published in
2011 (Tyrka et al. 2011). Then, Alheit et al. (2011) construct-
ed a consensus genetic map evaluation with six DH mapping
populations using nearly 2000 unique DArT markers span-
ning over 2310 cM. The study was designed to deliver a tool
for genomic approaches in triticale. Niedziela et al. (2014)
constructed the map of a small fragment of the 7R chromo-
some encoding Al-tolerance and using association mapping
suggested markers for MAS (Niedziela et al. 2015). Recently,
Tyrka et al. (2015) published a map saturated with SSR,
DArT, and SNP. Nevertheless, any of the maps used mapping
populations useful for hybrid breeding and dissection of QTLs
conferring pollen sterility trait in CMS Tt. With the develop-
ment of the Next Generation Sequencing technology, genetic
maps based on recombinant inbred lines (RILs) and highly
saturated with molecular markers need to be created, allowing
a search for markers tightly linked to putative pollen sterility
genes or for association mapping and genomic selection pur-
poses (Jannink et al. 2010; Meuwissen et al. 2001; Veyrieras
et al. 2007).

Despite breeding efforts resulting in commercial triticale va-
rieties, i.e. Hyt Prime, Hyt Max, and RGT KEAC (Geiger and
Miedaner 2009), little is known on QTLs conferring pollen ste-
rility in the CMS Tt system. There are pieces of evidence that
some of them are present on the 6RL, whereas some are less
effective on the 4RL chromosome (Curtis and Lukaszewski
1993). Some authors (Geiger et al. 1995; Kojima et al. 1997;
Ma and Sorrells 1995) documented the importance of the sixth

chromosomes of Triticum aestivum L., as well as the Rf3 locus
on the 1BS, in the restoration of pollen fertility. The presence of
restoration genes was also evidenced on the 2A, 4B, and 6A
chromosomes (Ahmed et al. 2001) and 1BS, 5AL, 5D, and
6BS using RFLPs (Ma and Sorrells 1995). In parallel to the
limited information on pollen fertility restoration genes in triticale
with CMSTt (Góral 2004), there is no information on howmany
of them participate in male sterility. Finally, their chromosomal
assignment, precise chromosomal location, not to mention puta-
tive function, is also not known (Geiger et al. 1995). All of that
limit the evaluation of valuable maintainer lines in triticale. It is
worth noting that published molecular studies on pollen sterility
genes are usually restricted to the F2 generation (Góral 2013) as
the male sterile genotypes cannot be reproduced by self-pollina-
tion. However, mapping populations on crosses between main-
tainer lines based on non-sterilizing cytoplasm and restorer ones
(on CMS Tt) may solve the problem. Such an approach may
allow evaluation of advance recombinant inbred lines (RILs).
When crossed to the maternal line with sterilizing Tt cytoplasm
(sterile analogue of the maintainer line), the pollen sterility phe-
notypes of the RILs could be assessed by analysing the number
of seeds per spike of the F1 progeny (CMS-Tt). Thus, the eval-
uation of respective RILs required for genetic mapping purposes
as well as the assessment of the phenotypic data for the quanti-
tative trait analysis may allow for the identification of molecular
markers linked to the QTLs and useful for marker-assisted selec-
tion (MAS) (Góral and Spiss 1998) purposes.

The aim of the study was to identify QTLs conferring male
sterility and pollen fertility in triticale with CMS Tt using
dedicated genetic map evaluated on RILs and saturated with
SNP and silicoDArT markers to assess markers linked with
the trait.

Materials and methods

Plant materials

The population of 182 recombinant inbred lines was devel-
oped in Plant Breeding Company-Strzelce (Breeding
Department Borowo, Poland) by single-seed descent method
from a cross between a plant fromHT352maintainer line with
non-sterilizing cytoplasm (N) and cv Borwo recognized as a
good restorer genotype during earlier breeding experiments.
The F1 plant was bag-isolated, and the F2 seeds were ground
planted. Each of the F2 plant was a starting point for the
development of the RILs. The plant materials were
reproduced during six consecutive seasons resulting in the
F6 generation.

The HT352 maternal line with Tt cytoplasm (Tt), the ana-
logue of the HT352 (N), was crossed by common bagging
with spikes of male parents—the individual of RIL F6:
(N) × Borwo. The seeds were planted on the field in two rows
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(10 plants per row) with a 25-cm spacing during the 2016/17
vegetation season. The HT352 (Tt) × RIL F6: (HT352 (N) ×
Borwo) F1 plants were bag-isolated, and the F2 seeds were
collected for counting. The male sterility of maternal line was
tested before crossing in two locations Borowo and Strzelce
(Poland). Phenotyping was performed once in Borowo.

Phenotyping

The number of seeds per each F1 progeny was evaluated
using main spikes collected from four different plants
representing 154 out of 182 RILs. Only the spikes unin-
fected by brown rust were considered; thus, 28 lines
were omitted. The number of spikelets per spike was
nearly constant (15–16 per spike). It was assumed that
the F1 plants (corresponding to the respective RIL F6
line) with the highest average number of seeds per test-
crossed spike was 100% fertile. Thus, the fertility of
each RIL was expressed as a proportion of average seeds
number per spike to the average number of seeds per
spike of the most fertile line. The sterility values were
calculated as the difference: 1 − fertility and transform
using an arcsine square root transformation of sterility
(Sokal and Rohlf 1981). The normal distribution of the
trait was tested using Kolmogorov-Smirnov test with
Lilliefors significance correction implemented in the
XlStat software (XlStat 2019).

DNA isolation

The total genomic DNA was extracted from ca. 100 mg of
fresh leaf tissues of a single plant of each 182 RIL F6: HT352
(N) × Borwo encompassing the mapping population accord-
ing to the manufacturer instruction using DNeasy Plant Mini
Kit 250. DNA integrity and purity was tested via electropho-
resis on 1% agarose gels stained with EtBr (0.1μg/ml) in TBE
buffer, while its quantity was measured spectrophotometrical-
ly on the NanoDrop (ND-1000).

Genotyping

DArTseq genotyping was conducted using PstI and TaqI
digestions, and sequencing was performed with a HiSeq
2000 sequencing system (Illumina Inc., San Diego,
USA) at Diversi ty Arrays Technology Pty Ltd. ,
Australia (Sánchez-Sevilla et al. 2015). The resulting se-
quences were filtered for quality, with a cut-off at 90%
confidence. The generated single nucleotide polymor-
phism (SNP) and silicoDArT markers were encoded to
fulfil the MultiPoint Ultra-Dense software requirements
established for recombinant inbred line mapping popula-
tion (Ronin et al. 2015).

Linkage map

For the construction of the genetic map, all SNP and silico
DArT loci that showed no or limited deviation from the ex-
pected segregation of 1:1 (chi-squared ≤ 19.2) were
employed. Moreover, markers exhibiting more than 15% of
missing data were removed from the analysis. As marker
phases might be assigned incorrectly, both possible phases
were implemented in the MultiPoint Ultra-Dense software
(Ronin et al. 2015).

Mapping consisted of the following steps: (1) Grouping of
markers with zero distance and selecting a “delegate” from
each group (no fewer twins than the predefined threshold were
selected). (2) Except for twins of the candidates, all remaining
markers were removed to the Heap. (3) Clustering the delegate
markers and ordering the obtained linkage groups (LG) were
performed. (4) Filling gaps and extending LG ends using
markers from Heap. (5) Removal of markers violating map
stability and monotonic growth of distance from a marker and
its subsequent neighbours.

Chromosomal assignment and arm orientation

The wheat LG groups were assigned to triticale chromosomes
and oriented in S-L direction based on known wheat genome
location of SNP and silicoDArT markers (WCM) (DArT-P/L
DAT 201 6 ) , p h y s i c a l m a p o f wh e a t (WPM)
(www.wheatgenome.org 2018), the genetic map or rye
(RM) (Bauer et al. 2017) and triticale (DH-T) (Tyrka et al.
2015). The synteny data were applied to verify both the S-L
orientation the LGs representing rye chromosomes and the
assignment of the LGs to the rye genome (Martis et al. 2013).

Genetic map comparison

The genetic map of triticale saturated with SNP and
silicoDArT markers (Tyrka et al. 2015) was used for the com-
parison. Similarly, the genetic map of rye (Bauer et al. 2017),
the wheat consensus map V4.0 (DArT-P/L DAT 2016) and
physical map of wheat (www.wheatgenome.org 2018) were
applied. The order of common markers was tested by Pearson
correlation in the XlStat software (XlStat 2019).

Composite and multiple interval mapping

Composite interval mapping (CIM) and multiple interval
mapping (MIM) were performed in the WinQTL
Cartographer software (Silva Lda et al. 2012) following sug-
gestions presented elsewhere. In the case of CIM, the window
size was set to 1 cM and walk speed, to 1 cM, while the
number of control, markers to 25. Backward regression meth-
od was applied. The significance of the QTLs was tested using
1000 permutation test.
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Multiple interval mapping (MIM) was also conducted in
Win QTL Cartographer (Luciano Da Costa et al. 2012). The
following settings were applied in the MIM model: MIM for-
ward search method. MIM forward regression approach was
used with the following MIM selection criteria: Bayesian in-
formation criterion (BIC)→ c(n) = ln(n); MIM search walk
speed in cM: 10. The position of the QTLs was optimized,
and additional QTLs were searched and epistatic effects test-
ed. Heritability, in a narrow sense, was calculated as the addi-
tive genetic portion of the phenotypic variance available as the
output from the WinQTL Cartographer.

Results

Phenotyping

Parental forms of the RIL F6: HT325(N) × Borwo were fully
fertile. The maternal line HT352(Tt) was sterile; however, in
the case of bag-isolated spikes, marginal seed setting (one to
two seeds) could be sporadically present. Phenotyping of the
F1 progeny of the HT352 (Tt) × RIL F6: (HT352 (N) ×
Borwo) showed that varying numbers of seeds were present
in each of the lines (Supplementary File 1). The highest aver-
age number of seeds per spike equalled to 74. The phenotypic
data concerning 28 lines infected and damaged by brown rust
were assigned as missing for analysis.

The Kolmogorov-Smirnov normality tests with Lilliefors
significance correction based on transformed phenotype
values obtained for seeds of F1 progeny of the HT352
(Tt) × RIL F6: (HT352 (N) × Borwo) crosses indicated that
pollen sterility trait showed a normal distribution (D = 0.07,
p value (two-tailed) = 0.385 at α = 0.05). Graphical represen-
tation of the trait distribution and results of the Kolmogorov-
Smirnov test are given in Supplementary File 1.

Genetic map

The RIL F6: HT352 (N) × Borwo mapping population
encompassing 182 individuals genotyped with SNP and
silicoDArT markers resulted in 29,671 SNP and 92,255
silicoDArT markers implemented for the construction of a
genetic map. The markers with segregation distortion (chi-
squared ≤ 19.2) and missing data (≥ 15% of missing data)
were removed from the analysis. Assuming all markers (skel-
eton, redundant and added: markers with lower reliability re-
moved duringmapping steps due to segregation distortion or a
large number of missing data), the map encompasses 29,737
markers. In total, 1700 skeleton and 15,568 redundant
markers were mapped on 21 linkage groups (Table 1,
Fig. 1). Most of the markers were silicoDArTs (23,923); the
remaining were SNP (5814). The fewest number of skeleton
markers mapped to 1A while the largest to 3B chromosomes.

The map spanned over the distance of 2549 cM with a skele-
ton marker per 1.7 cM on average. The longest LG (6A) cov-
ered 183.5 cM, while the shortest (4R) 65.7 cM. Despite the
high saturation of the map with molecular markers, gaps be-
tween skeleton markers were still present (Fig. 1) with the
biggest spanning over 30.6 cM (6A). Eight LGs have gaps
over 20 cM in length (Table 1), resulting in a lack of random
distribution of markers along linkage groups (Supplementary
Fig. 1). Analysis of marker density revealed that the 2R, 1A,
and 6R chromosomes had the most uneven distribution,
whereas the others more or less even distribution (Fig. 1).

The SNP and silicoDArT markers, with the known chro-
mosomal location on wheat consensus genetic (WCM)
(DArT-P/L DAT 2016) , whea t phys ica l (WPM)
(www.wheatgenome.org 2018), and triticale map (DH-T)
(Tyrka et al. 2015), allowed the univocal assignment of 14
LGs to the respective chromosomes. Knowing the chromo-
somal assignment of some markers to either short (S) or long
(L) arms of the wheat genome, it was possible to orient linkage
groups in the S to L direction (Supplementary Fig. 2 a, b, c).
However, using DH-T (Tyrka et al. 2015), the S-L orientation
of the LG representing 5B chromosome of our map was dif-
ferent from the one suggested byWCM andWPM. In the case
of the rye genome, the marker pattern reflecting synteny was
recognized (Martis et al. 2013). For example, the linkage
group encompassing markers mapped to 5A, 5B, and 5D
followed by those from 4A, 4B, and 4D ones were typical
for 5R chromosome allowing for the proper S-L orientation
of the LGs. Similar reasoning allowed the assignment of the
other rye LGs. The S-L orientation was estimated based on the
current marker density reflecting putative synteny or based on
orientation on the other maps, including rye (RM) (Bauer et al.
2017) and DH-T (Tyrka et al. 2015) ones (Supplementary
Fig. 2a). It should be stressed that the S-L orientation of the
21 linkage groups encompassing RIL F6: HT352 (N) ×
Borwo genetic map with WCM, WPM, RM, and DH-T (ex-
cept but 5B) maps coincided. In all cases, the good collinearity
of marker was observed (Supplementary Fig. 2a, b, c). The
collinearity of the RIL F6: HT352 (N) × Borwo map and RM,
DH-T, WCM, and WPM ones revealed no evident transposi-
tions or translocations between the respective chromosomes
(Supplementary Fig. 2a, b, c). Comparison of the correlation
coefficients of the RIL F6: HT352 (N) × Borwo and WCM
showed that the coefficients varied between 0.790 (5A) and
0.997 (5B) (Supplementary Table 1). In the case of the wheat
physical map (WPM), the respective figures ranged from
0.686 (1A) to 0.976 (1B) for the wheat genome. A similar
analysis for the rye genome, when RIL F6: HT352 (N) ×
Borwo was compared with the rye genetic map (RM) resulted
in the range of 0.84(4R)–0.96(6R). The broadest range of
correlations (0.57(2A)–1.0 (6A, 7A)) was observed when
our genetic map was aligned with the triticale one. While the
RIL F6: HT352 (N) × Borwo linkage groups aligned mostly in
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a linear way with WCM, RM, and DH-T maps, nearly in all
cases, the “S” shape was observed when compared with the
WPM.

Composite and multiple interval mapping of pollen
sterility

Composite interval mapping showed the presence of at least
13 QTLs conferring male sterility and pollen fertility in triti-
cale with CMS Tt identified based on the RIL F6: HT352
(N) × Borwo mapping population (Fig. 2) and shared among
ten chromosomes (Table 2) withmaximum log of odds (LOD)
score higher than the permutation test threshold (3.7). Single
QTLs were mapped to the 1A, 1B, 2A, 2R, 3B, 3R, 4B, and
5B chromosomes, whereas the 5R and 6B chromosomes have
3 and 2 QTLs, respectively. The QTLs mapped on 1A, 1B,
3B, 3R, and 4B originated from HT352 genotype, while the
others from Borwo. The LOD score of the QTLs ranges from
4.23 (2R) to 16.28 (5R). The QTLs with the highest LOD

score were identified on the 5R, 3R, 1B, and 4B chromo-
somes; however, the QRf-5R.3 has the highest explained var-
iance of the trait (R2 = 15.1%). Out of the QTLs with the
highest LOD score, four (QRft-1B, QRft-3R QRft-4B, and
QRft-5R.2) have a negative additive effect. The QTLs cover
from 0.5 to 11.2 cM and are bounded by tightly linked mo-
lecular markers as indicated by recombination frequency
(Rec-L and Rec-R) of the LOD maximum and the nearest
marker from its both sides (Table 2, Fig. 2). Markers
4253609, 10597858, 4342600, 3605423, 2359223,
4220579, and 5619416 were located exactly at the LOD max-
imum of the QRft-1B, QRft-2R, QRft-3R, QRft-5R.1, QRft-
5R.2, QRft-5R.3, and QRft-6B.1, respectively. The most
tightly linked markers are marked in red on Fig. 2.

Multiple interval mapping (Table 3) confirmed the pres-
ence of ten QTLs (except but QRft-1A, QRft-3B, and QRft-
5R.1) with the same or nearly the same chromosomal posi-
tions as those detected by CIM. In all cases additive effects
were observed. Two epistatic effects (QRft-3R ×QRft-4B and
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Fig. 1 The schematic illustration of the RIL F6: HT352 (N) × Borwo genetic map. The QTLs identified by CIM are indicated by red bars (in red are the
most tightly linked markers)
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QRft-3R ×QRft-5R.3) were identified. Heritability (in a nar-
row sense) varied from 0.6 (QRft-5R.2) to 16% (QRft-6B.2).
Additive-by-additive effects were identified for the QTLs with
epistasis. In total, the heritability of all QTLs, including epi-
static effects, was 68.83%.

Based on the origin of markers conferring QTL regions,
five QTLs originated from the maternal line, whereas the
others were due to the parental form (Table 2). Four QTLs
explained more than 0.1 of the phenotypic variance of pollen
fertility restoration. Male sterility QTLs were assigned to
wheat genome 1A, 1B, 3B, and 4B chromosomes, except on
one localized on 3R. Male sterility QTLs explained less than
0.1 of phenotypic variance each.

CIM and MIM analysis identified ten common QTLs,
namely, QRft-1B, QRft-2A, QRft-2R, QRft-3R, QRft-4B,

QRft-5B, QRft-5R.2, QRft-5R.3, QRft-6B.1, QRft-6B.2,
QRft-3R, and QRft-3R. Both methods indicated exactly the
same chromosome positions for six QTLs located on 2A, 3R,
5R, and 6B chromosomes.

Discussion

The RIL F6: HT352 (N) × Borwo map presented in the given
study is in concordance with either wheat consensus (DArT-P/
L DAT 2016), physical (www.wheatgenome.org 2018), rye
(Bauer et al. 2017), and triticale genetic (Tyrka et al. 2015)
maps. However, some discrepancies concerning linkage
group length, the extent of gaps, or number of markers
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4219305|F|0--11:A>G
3616067
8534322
4361828
3604877

4217231

8522125

3615427

4557015
4203284
4347233
3047932
16329670
4216989
10517668
8522421
4352709
4554881
4212841

6A

10500455
10501297
16329710
3608981
4201151
8536534
11912913|F|0--8:A>G
3609402|F|0--15:G>C
16328117
4214990
4371576|F|0--56:G>A
14476410
3623999
10524699
4341857
4219855
8518934
3612019
4570238
3610981
3614349|F|0--6:A>T
4561621
11907378
8535698
4340456
3612329
11912805
4205204
10513450
5619416
5040595|F|0--6:T>G
4339573
8512087
8533732
8516633
8539151
4363559|F|0--42:G>T
8516787
10517268|F|0--5:A>G
8519304
10497962
16329004
4204258
4221123
10502935
3616348
4563065
3618810
8510601
8512473|F|0--43:C>T
4211154|F|0--68:C>T
8510630
3615750|F|0--19:A>G
3617898|F|0--14:T>C
4359486
4359033
4343939
3621400
4339736
4552510
4372618
3616238|F|0--20:T>C
10518593
4210067|F|0--29:A>G
8513916
10519425
3607345
4568394
4566290
4215078
10511650
4346775
8536345
3203353
3032339|F|0--8:A>G
8525333
16329045
16328371
4550503
8514809
10497319
3609552

Q
R
ft-6B

.1
Q
R
ft-6B

.2

6B
10517863
4213914
16328304
8514836
10516248
14471356
3046122|F|0--53:C>T
4348142
14476872
4354150
4202548
8518666
3622036
14480001
4351552
4344613
4220335
4552367
4220583
15998193
3611301|F|0--9:G>T
4365530
10520918
4361696
3604483
8518754
4211363|F|0--23:G>C
4221215
4570063
8536118
4356634
8538735
8536126
11912225
4572956
11912291
4369146|F|0--42:T>C
15996313
10522024
10501236
8513286
4552563
8533237
8537784
3612894
8516028
4346131
8538124
4562467
8534965|F|0--12:C>T
3610776
4546105
4349936
8515608
10516169
8514812
3606916
3622350
8517311
8537185
3620273
15996360
10524944
15998354
3047858
10498424
16354259
4339456
4220372
100142111|F|0--8:T>C
4221093
4339870
4215209
4220182
8519711
4218259
4348251
4200592
4342618
4208932|F|0--26:T>C
4202374
4365616
3611330
4341243
8536332
4341407
8519713
3614914
16354292
100146558|F|0--61:A>G
16329037
10521658
8531336
4556884
3603875
4210613|F|0--14:A>G
8522717
4204839
3614553
10515227
3619508
8511137
8538394
4569219
8513056
8520232
4220915
8539699
3605287

6R

16353754
3610770
4573491
4356498
3606502
4202652
10520530
3043275|F|0--11:T>C
4216768
4216463|F|0--11:G>A
10525403|F|0--18:A>G
8533893
4349817
16356127
3614798
10502778
4368468|F|0--50:T>G
4557804|F|0--40:A>G
4551844
3622597
4211622|F|0--65:G>A
16311916
3613630
16328089
4218936
4365550
4340101
4546167
4567747|F|0--5:C>T
4347752
8534076
14479628
10501689
8519632
10512357
3045048|F|0--63:C>T
3041172|F|0--52:T>A
4355985
8510968
16329185
4573864
10512780
8519100
3042384|F|0--16:C>A
8510543
16328359
4356683
10497919
8518875
3042017|F|0--36:T>C
4552629
4355227
3045708|F|0--28:G>A
8537515
4354745
10497655
10502049
4339246
3045479
4349323
3047282|F|0--49:T>C
8533306
3619224|F|0--27:G>A
4345868
3612962
3614345
3613750
8512804|F|0--8:T>C
4342590
3622191
3610571|F|0--47:T>C
3603787
4354785
100176966|F|0--11:T>A
4364165
3603736
3604487
100111956|F|0--14:G>T
4342542
4343835
3603271
4355243
8525969
8531775
4219961
4571054
3613404
4370638|F|0--53:C>G
4344662|F|0--27:C>T
3610619
3603382
3609769
4215410
3606617|F|0--28:A>C
3047817|F|0--15:A>T
3047784|F|0--33:T>C
3615524
4351524
4357022
3043726|F|0--35:G>A
4215468
4566068
4340076
8534324
10497533
4351847
3604988

7A

8514598
4344890
3615837
3613477
3621489|F|0--54:A>C
8511215|F|0--6:T>C
8537884|F|0--36:T>C
10498234
4347642
4343139
8516373
4212474|F|0--35:C>G
10516838|F|0--30:C>A
11908327
4215020
4220525
4552657
4219959|F|0--27:G>A
4212625|F|0--33:T>C
10522929
8521605
4213709
4358464
3045476|F|0--40:T>G
3611036
4221244
3045485|F|0--49:C>T
4568796
3047729|F|0--41:C>A
4214000|F|0--56:A>G
8517864
4345336
4213183
4552329
4572812
8539510
4203174
4572478
4212151|F|0--44:G>A
4210740
8510689|F|0--8:C>T
4360363
4206568|F|0--23:A>G
4363750
8536533
10512720
3616131
11911992
3607847
16354456
4356977
4221773
4220377
8520661
8522628
4205675
4215152
8533407
4364920
4213613
4345950

7B

16328694
16353756
10511440
4370127|F|0--60:T>C
10501939
4547174
8536064
3609899
11912262
3607697
3624646
8510196
3614300
4347167
4373777
8516784
3623613
3620086
8533785
3622594
3610908
4340147
4555990
4343807
4346017
4340353
11909372
11909201
8512119
4330103|F|0--38:C>G
3623727
3617502|F|0--64:A>G
3619504
8515649
10519455
14470680
4554910
4347829
4369413|F|0--68:C>T
3616045
3622316
3610244|F|0--14:A>G
3609883
3615267
4351813
3617729|F|0--21:C>T
3611681
16330051
4364681|F|0--64:C>G
4571493
3607853
8514918
4554744
4373531|F|0--14:G>A
4345978
4344594
3622957
3622971
4349154
4574121
3623128
14475854
14471278
3044680|F|0--13:C>T
4353907
4363747
4551447
3616322
3612863
4213687
4575477
4218828
8537305
3606045
4344200
4546907
4207929
8511824
16328195
16352478
4217354
10503985
14478934
16329175
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Fig. 1 continued.
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encompassing the map even if maps of the same species based
on the same marker types were considered are still present.

Our mapping procedure assumed the selection of markers
with limited segregation distortion (chi-squared ≤ 19.2) and
elimination of markers with missing data (more than 15% of
missing data). The restrictive limitations on markers used for
the construction of our genetic map resulted in exclusion from
mapping procedures of nearly 75% of markers forming initial
set (initial set. 121,926 markers; selected for mapping,
29,737). The successive mapping steps reduced the figure to
17,268 (1700 skeleton) markers (ca. 14% of the initial set)
what might have reduced the overall map length. The shorter
length of the RIL F6: HT352 (N) × Borwo genetic map
(2649 cM) than the one based on DH-T lines (4910 cM)
(Tyrka et al. 2015) might be the result of many recombination

events (ca. 80 based on skeleton markers) and the restricted
number of chromosomal changes not so frequent during gen-
erative propagation and rigorous marker selection assay. It is
not without significance that our mapping population is based
on 182 individuals in contrast to 92 used in the case of the DH-
T genetic map (Tyrka et al. 2015), which may impact on map
resolution and its size. Alternatively, the reduced size of the
RIL F6 genetic map in contrast to the DH-T one (Tyrka et al.
2015) might be the result of mapping procedure implemented
in the MultiPoint Ultra-Dense software which prefers inser-
tion of markers between adjustment markers, leading to the
reduction of genetic map distances.

Furthermore, the reduced size of the wheat and rye ge-
nomes of the RIL F6: HT352 (N) × Borwo mapping popula-
tion was observed, due to the lack of some chromosomal parts

Table 2 The arrangement of the composite interval mapping data of
pollen sterility in triticale with CMS Tt for the RIL F6: HT352 (N) ×
Borwo mapping population. Rec-L and Rec-R states for the recombina-
tion frequency of themarker nearest to the QTL LOD functionmaximum.

LOD score describes the LOD function maximum value. R2 is the pro-
portion of variance explained by a QTL at a test site with the estimated
parameters. Marker position reflects the number of the marker on the
genetic map, whereas “Position” is its position in cM

No. QTL
name

QTL
origin

Chromosome Marker code Position max
LOD (cM)

LOD
score

Additive R2

(%)
Rec-L Rec-R Range between

adjustment markers
bounding QTL
(from R to L)

1 QRft-1A ♀ 1A 4544759 15 4.2935 − 0.0899 8.8 0.1296 0.0438 11.2

2 QRft-1B ♀ 1B 4253609 47.4 8.2271 − 0.0778 6.6 0 0.0089 3.3

3 QRft-2A ♂ 2A 5041728|F|0--50:G >A 94.9 6.5434 − 0.0740 5.5 0.0003 0.0056 1.5

4 QRft-2R ♂ 2R 10597858 0 4.2268 0.0531 3.2 0 0.0119 1.4

5 QRft-3B ♀ 3B 8550565 148.7 4.9121 0.0976 3.8 0.0003 0.0171 1.2

6 QRft-3R ♀ 3R 4342600 48.2 10.5793 − 0.1439 8.8 0 0.0059 4.4

7 QRft-4B ♀ 4B 33907924 8.2 7.3656 −0.1572 6.7 0.0003 0.0081 3.6

8 QRft-5B ♂ 5B 5,607,554 1 5.0853 0.1387 17.8 0.0099 0.0152 0.5

9 QRft-5R.1 ♂ 5R 3605423 32.8 8.3856 0.1502 6.8 0 0.0094 2.9

10 QRft-5R.2 ♂ 5R 2359223 37.9 13.2053 − 0.2164 11.6 0 0.0033 3.8

11 QRft-5R.3 ♂ 5R 4220579 50.8 16.2823 0.1377 15.1 0 0.0157 3.4

12 QRft-6B.1 ♂ 6B 5619416 53.8 4.8811 0.0634 4.2 0 0.0034 4.5

13 QRft-6B.2 ♂ 6B 3203353 110.8 5.256 0.1004 11.7 0.0294 0.0137 2.5

1A   1B    1R     2A      2B    2R      3A     3B      3R    4A   4B   4R    5A        5B    5R     6A       6B   6R     7A      7B    7R

Fig. 2 Results of composite
interval mapping (CIM) of male
sterility and pollen fertility in the
RIL F6: HT352 (N) × Borwo.
Horizontal and vertical axes rep-
resent triticale chromosomes and
the log of odds (LOD) value of
the tested trait, respectively. The
red line indicates the level of the
critical value (threshold). Black
bars indicate the QTL region
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of some rye (1R, 2R, and 7R) and wheat (2A, 3A, 6A, 7A, 4B,
and 6B) genomes, compared with the maps of respective spe-
cies used in the study. The observed reduction could be evi-
denced based on Durum wheat consensus map (Maccaferri
et al. 2015) covering over 2631 cM or wheat consensus map
covering 2173.82 cM (DArT-P/L DAT 2016), whereas all
linkage groups representing the wheat genome of the RIL
F6: HT352 (N) × Borwo genetic map of triticale cover
1987.8 cM. In the case of the rye genome, the genetic map
of the RIL F6: HT352 (N) × Borwo population covers
561.2 cM, whereas the consensus map of rye (Milczarski
et al. 2011), 1593 cM. The observed phenomenon may reflect
genome changes during the establishment of triticale (Wilson
1875). Remarkably, the reduction of the rye genome size in
triticale was evidenced by Tyrka et al. (2015). The rye genome
equalled to 1084.5 cM (the 7R chromosome was missing),
coinciding with the data demonstrating that some rye chromo-
somes in triticale showed an apparent reduction in the size of
C-bands at one or more telomeres, compared with normal rye
(Seal and Bennet 2011). Thus, the shorter gaps and the elim-
ination of some genomic regions in triticale due to, i.e. the
formation of a new species, may also explain why the rye
genome of the RIL F6: HT352 (N) × Borwo population was
shorter than in the case of respective rye (Bolibok-
Brągoszewska et al. 2009).

One of the aspects of our study was the comparative anal-
ysis of the RIL F6: HT352 (N) × Borwo genetic map with the
consensus (DArT-P/L DAT 2016; Marone et al. 2012) and
physical map of wheat (www.wheatgenome.org 2018), the
genetic map of rye (Bauer et al. 2017; Milczarski et al.
2016), and the triticale (Tyrka et al. 2015). The consensus
map of wheat (DArT-P/L DAT 2016) (DArT-P/L DAT
2016) and the map of triticale (Tyrka et al. 2015) resulted in
the sufficient number of shared markers allowing linkage
group orientation assessment based on the known location
of SNP and silicoDArT markers on short (S) and long (L)
arms of wheat genome as well as the S-L orientation of rye
chromosomes. Comparison of wheat consensus (DArT-P/L
DAT 2016), as well as physical (www.wheatgenome.org
2018) maps and our triticale (Tyrka et al. 2015) one, showed
that the respective wheat chromosomes were most highly cor-
related. The only exception was the 5B linkage group as it
exhibited a negative correlation with the respective LG on
DH-T triticale map (Tyrka et al. 2015). As we have observed,
the positive marker order correlation of our linkage group with
the 5B chromosomes of wheat consensus (DArT-P/L DAT
2016) and physical (www.wheatgenome.org 2018) map and
the S-L orientation of the 5B group remained unchanged.
Similarly, the RIL F6: HT352 (N) × Borwo–based triticale
rye genome map correlated well with rye (Bauer et al. 2017)
and DH-T (Tyrka et al. 2015) maps.

At last, the RIL F6: HT352 (N) × Borwo genetic map of
triticale is well saturated with molecular markers of low

heterozygosity, indicating that the lines are quite uniform.
Assuming that 10 cM marker density (in our case, it is
1.7 cM) allows an accurate estimation of QTL positions in
the case of a population size between 100 and 200 (Li et al.
2010), the RIL F6: HT352 (N) × Borwo genetic map based on
SNP and silicoDArT markers distributed among 21 linkage
groups assigned to triticale chromosomes fulfils the require-
ments for QTL analysis.

By now, most of the materials used for molecular studies of
pollen fertility restoration QTLs in rye (Stojałowski et al.
2004) and triticale (Stojałowski et al. 2013) are based on the
F2 progeny of biparental mapping populations (Miedaner
et al. 2000; Stojałowski et al. 2004). Such an approach limits
the number of putative crossing-overs leading to the necessity
of using large mapping populations if a high resolution of
genetic maps is required (Stojałowski et al. 2013). To avoid
genotyping expenses and to accumulate recombination
events, recombinant inbred lines could be exploited
(Stojałowski et al. 2011). In our study, the F6 progeny of the
biparental mapping population based on maintainer on non-
sterilizing (N) cytoplasm and restorer line on CMS Tt was
util ized. As the F1 plants of the RIL population
HT352(N) × Borwo were on normal cytoplasm, further gen-
erations were easily evaluated via SSD approach without loss
of QTLs responsible for male sterility and pollen fertility trait
in triticale with CMS Tt. Although RILs are often used in
studies on quantitative traits, to our best knowledge, in the
case of CMS Tt, they were employed for the first time.

The evaluation of male sterility and pollen fertility trait via
visual pollen fertility scale proposed by Geiger and
Morgenstern (1975) or Góral (2002) seems to be hardly pos-
sible in triticale as plant materials based on CMS Tt are easy
for restoration, and the visual scale is often binary. The alter-
native option is to score the number of seeds per spike. Such
an approach is also supported by the fact that in contrast to rye,
triticale is self-compatible, reducing the possibility of overes-
timation of sterile plants. It should be noted that the number of
seeds per spike may depend on the number of spikelets.
However, this is not the case in our study as the number of
spikelets varied from 15 to 16, and the normalization for
spikelets was omitted. Finally, we observed that male sterility
of maternal line (HT352 cms Tt) was preserved with minor
fluctuations in different environments (from time to time, two
to three seeds were observed in the case of some spikes of
plants) which is in agreement with results presented by Góral
et al. (2006). All phenotypic data were evaluated from a single
environment without repetition in successive years but is no-
ticeable that the variation within most hybrid combinations is
moderate, which suggests that results are trustworthy.
Nevertheless, the interpretation of the data in terms of QTL
analysis must be treated with caution.

It should be stressed that under bag-isolators, brown rust
may infect spikes, reducing or blocking seed setting. Special
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care needs to be taken to avoid or minimize the extent of such
infections. In the case of the F1 progeny of the HT352
(Tt) × (RIL F6: HT352 (N) × Borwo), some spikes were se-
verely damaged by brown rust, resulting in lack of or small
degenerated seeds with a wrinkled surface. Seeds of such
spikes or infected spikes with missing seeds were treated as
missing data. To have phenotypic data corresponding to as
many as possible RIL F6: HT352 (N) × Borwo lines, the data
from moderately and partly infected materials with normal
seeds were scored. Thus, due to brown rust infection, we have
lost about 15% of phenotypic data which should not be a
problem assuming that our mapping population consisted of
182 RILs.

In order to make our results comparable with other data, we
have performed normalization expressing male sterility rela-
tive to the number of seeds of the most successful line.
Furthermore, raw data were Bliss-transformed to fulfil re-
quirements of normal distribution of the trait (Broman
2001). The transformed phenotypic data followed normal dis-
tribution based on Kolmogorov-Smirnov test (Supplementary
File 1).

By now, the QTLs responsible for pollen fertility resto-
ration in triticale with CMS Tt were mapped to 6RL and
4RL chromosomes (Curtis and Lukaszewski 1993). The
importance of the 6R chromosome was suggested by
Stojałowski (Stojałowski et al. 2013). The same authors
indicated that the trait is covered by the remaining chro-
mosomes of the sixth homology group (6A and 6B). It is
noteworthy, that we did not identify a QTL for 6R that is
supposed to be a good restorer for the Tt cytoplasm. Most
probably, this QTL was eliminated during breeding pro-
grams since we did not identify it using distinct parental
lines in other currently running projects. The other putative
QTLs were also suggested on the 1B and 3A (3B) chromo-
somes (Stojałowski et al. 2013). Interestingly, the presence
of effective restorer gene on 1BS (as well as those on 2A
and 4B) described in wheat with CMS Tt (Ahmed et al.
2001; Kojima et al. 1997; Ma and Sorrells 1995) was not
univocally confirmed in triticale (Stojałowski et al. 2013).
In our materials, the 1B QTL confers male sterility rather
than pollen fertility and was detected only by CIM. The
lack of the 1BS pollen fertility QTL might be the effect of
parental forms that missed the QTL, or it was eliminated
during selection programs. Not surprisingly, our results
comprising composite and multiple interval mapping dem-
onstrated that the trait is determined by numerous QTLs
located on both wheat and rye chromosomes. Moreover,
one cannot exclude that some of the Rf genes may not
restore fertility on their own and that at least some of the
QTLs on subgenomes A and B are modifiers as suggested
in common wheat (Würschum et al. 2017). All of the QTLs
explain limited percentages of phenotypic variance with
the highest values of the LOD function for the QRft-5R.2

(13.2) and QRft-5R.3 (16.2) ones. Interestingly, the QRft-
5R.3 (identified both by CIM and MIM), in contrast to the
QRft-5.2 (CIM and MIM), had a relatively high value of
the heritability (h2, 11.5 vs 0.6). Moreover, the QRft-5R.3
covers only 3.4 cM and has tightly linked markers, which
may suggest this chromosome region as a putative QTL for
MAS purposes. Interestingly, our analysis showed that the
trait is expressed by some QTLs located on rye genome not
identified earlier (Curtis and Lukaszewski 1993), namely,
those on the 2R, 3R, and 5R chromosomes. On the other
hand, our results are congruent with previous studies
(Ahmed et al. 2001; Curtis and Lukaszewski 1993;
Kojima et al. 1997; Ma and Sorrells 1995; Stojałowski
et al. 2013), indicating the multigenic nature of male ste-
rility and pollen fertility trait in triticale with CMS Tt. They
also support the notion that individual QTLs conferring the
trait explain a small fraction of phenotypic variance
(Stojałowski et al. 2013). However, this may not always
be the case as the QRft-5B and QRft-5R.3 explained ca
15.1 and 17.8 of variance based on R2 values, respectively.
It should be stressed that our study confirmed the role of
the QTLs located on the sixth homology group as two of
them (QRft-6B.1 and QRft-6B.2) were identified. The
QRft-6B.2 was the one with the highest heritability value
(h2 = 16) but with low level of the LOD score (4.8) as
indicated by MIM and CIM, respectively. Both QTLs cov-
ered a small genome. Multiple interval mapping method
has also demonstrated the presence of epistasis between
the QRft-3R and QRft-4B and the QRft-3R and QRft-
5R.3, but the effects were weak. QTL analyses are congru-
ent with phenotypic data indicating multigenic nature of a
trait.

In the given study, the RIL F6: HT352 (N) × Borwo–
based genetic map dedicated to the identification of pollen
sterility QTLs in the CMS Tt system of triticale was con-
structed. The map is saturated with numerous SNP and
silicoDArT markers, and the evaluated linkage groups
have acceptable linkage disequilibrium values, which
maps the map useful for the QTL mapping purposes. A
set of male sterility and pollen fertility QTLs was evaluated
by CIM and MIM procedures indicating the prevailing role
of the 5R (QRft-5R.2) and 6B (QRft-6.1) chromosomes in
the trait expression in triticale with CMS Tt. Moreover,
some of the QTLs might be considered as the candidates
for the MAS if SNP markers are converted to the specific
PCR conditions and work on a wide range of materials.
Our study is the first one to demonstrate not only that the
trait may be expressed by numerous QTLs explaining a
small fraction of the phenotypic variance of the trait but
also that some QTLs might be relatively robust. We cannot
exclude, however, that the identification of such QTLs is
the kind of bias reflecting parental effect. Thus, this hy-
pothesis needs to be tested on other materials.
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