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The increasing economic importance of triticale (x Triticosecale Wittm.) makes this syn-
thetic hybrid cereal an interesting object of genetic studies. Genomic regions (QTL) of
morphological winter triticale traits were determined using the mapping population of 89
doubled haploids lines (DHs) developed from F, hybrid of cv. ‘Hewo’ and cv. ‘Magnat’
accompanied with the genetic map consisting of 20 linkage groups assigned to the A (7),
B (7), and R (6) genomes (total of 3539 DArT, SNP-DArT and SSR markers, length of
4997.4 cM). Five independent experiments were performed in the field and greenhouse
controlled conditions. A total of 12 major QTLs located on 2B, 5A, 5R, and 6B chromo-
somes connected to the stem length, the plant height, the spike length, the number of the
productive spikelets per spike, the number of grains per spike, and the thousand kernel
weight were identified by a composite interval mapping (CIM).
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Introduction

Triticale ( x Triticosecale Wittm.) is a synthetic hybrid resulted from the crossing of hexa-
ploid wheat (7riticum aestivum L., AABBDD) with cultivated rye (Secale cereale L., RR)
and the subsequent duplication of chromosome numbers in the F; hybrid. Derived in this
way, octoploid (AABBDDRR) is genetically not stable and D genome chromosomes are
predominantly being lost during the further breeding processes. Thus, a relatively stable
and the most commonly grown triticale is hexaploid with a genomic constitution of
2n = 6x =42 chromosomes (AABBRR) (Ammar 2004). This complex origin results in
frequent homological and homological translocations of chromosomal fragments be-
tween component genomes (Lukaszewski 2003; Tyrka et al. 2011, 2015; Niedziela et al.
2012; Machczynska et al. 2014).

Triticale raises the interest of breeders and farmers, because it can tolerate adverse
environmental conditions while producing a reasonable yield of good quality as reviewed
by Blum (2014). Moreover, its grain is high in essential amino acids (Strang et al. 2016)
and it has capacity to tolerate acidic soils and high aluminium concentration (Niedziela
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et al. 2012). Triticale is not only a promising cereal but a valuable genetic bridge for
transferring desirable genes among rye and wheat (Tyrka and Chetkowski 2004; Badea
etal. 2011). Long lasting efforts to map the wheat genome made possible the localisation
of QTLs of complex traits in its genome (Borner et al. 2002). Earlier maps of the rye ge-
nome (Korzun et al. 1996) have been lately completed with high density DArT maps
(Gawronski et al. 2016). These circumstances helped to assemble triticale maps compil-
ing various markers (Badea et al. 2011; Alheit et al. 2014; Tyrka et al. 2011, 2015, 2018).
Data on triticale QTL analyses are scarce so far (Niedziela et al. 2012; Alheit et al. 2014).
There is a need of an immense effort in this field to fill up the gap in our understanding of
the cooperation of A, B, and R genome components in shaping the triticale phenotype.
The aim of the study was to locate regions of the genome (QTL) associated with the
control of important, polygenic agronomic traits in winter triticale (xT7riticosecale
Wittm.). The newly established DH mapping population (Tyrka et al. 2015) enabled mul-
tiple repeating experiments in various environmental conditions. As a result, we have
located significant QTLs for the stem length and plant height, the spike length, and the
numbers of spikelets per spike and grains per spike as well as the thousand kernel weight.

Materials and Methods
Plant material and experimental design

The mapping population of 89 triticale DH lines derived from F, hybrid of cv. ‘Hewo’
(Strzelce Plant Breeding — IHAR Group Ltd., Poland) as the female parent and cv. ‘Mag-
nat’ (DANKO Plant Breeders Ltd., Poland) as the pollen donor, accompanied by a ge-
netic triticale map consisting of 20 linkage groups assigned to the A (7), B (7), and R (6)
genomes. The total length of the map is 4997.4 cM, and it contains 842 DArT, 2647 SNP-
DATrT and 50 SSR markers (Tyrka et al. 2015). The material was available for the experi-
ments at the Institute of Plant Physiology Polish Academy of Science (IPP PAS) in
Krakoéw, Poland. All experiments were performed in completely randomized block design
(CRBD).

Experiment 1 (2010/2011) was performed in controlled conditions. Grain of DH and
the parental lines of the population were planted and vernalized in multi-pots according
to Golgbiowska and Wedzony (2009). The vernalized plants were transplanted to
Mitscherlich pots (5 seedlings per pot 20 J cm) with a mixture of soil/turf substrate/sand
(2/3/1, v/v/v) and grown in greenhouse conditions: 20-25 °C, 8 h/16 h (day/night) photo-
period. Plants were watered daily and supplemented with Hoagland and Arnon’s (1938)
sterile medium twice-a-week until harvesting.

Experiments: 2, 3 and 4 (2010/11, 2011/12, 2012/13, accordingly) were carried out
in the experimental plots of IPP PAS. Kernels were sown by 7 (Experiment 2) and 10
(Experiments 3 and 4) per row with 20 cm plants spacing. Rows were ordered in a ran-
dom design and spaced by 40 cm. Both parental lines were sown every ten rows. Experi-
mental plots were protected with netting against birds.
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Experiment 5 (2013/2014) was conducted in the experimental plots in Choryn (Danko
Breeding Ltd.). Seeds were provided by IPP PAS. Three rows per DH, 20 kernels per row,
1 m in length with 25 cm distance, were sown in a randomized design. Both parental lines
were sown in one row each every twenty rows.

Phenotyping

All measurements were made at the time when plants achieved harvest maturity. In Ex-
periments 1-4 (under controlled conditions), the three highest shoots were evaluated for
the stem length (STL) of each plant separately. The stem length (STL) was measured
from the crown to the base of the spike (Experiments 1-4). The spike length (SL) was
measured from the base of the spike to the base of the highest spikelet. All fertile spikelets
contributed to the number of spikelets per spike (NSS), and all grains in a spike contrib-
uted to the calculation of the number of grains per spike (GS) and the thousand kernel
weight (TKW).

In Experiment 5 (in field conditions), plant height (PH) was measured with a scaled
rod in two random places in each row of every DH and the parental lines. The measure-
ments were taken from the soil level to the top of the spike. NSS was made for three
shoots selected randomly in each row. Remaining parameters were not evaluated in
Experiment 5.

Data obtained from measurements all traits per each genotype were used to calculate
the mean value, which the mean value (shown in Table 1) was taken for QTL analysis.

Statistical analysis and QTL mapping

For mean values of all measured traits, Shapiro—Wilk test was performed to verify normal
distribution of data as well as analysis of skewness and kurtosis. ANOVA for a single
experiment and Pearson’s correlation were calculated for phenotypic data by using Statis-
tica software v.12.0 (StatSoft, Inc. USA). A post-hoc comparison was conducted by Dun-
can’s multiple range tests (p < 0.05). QTLs were identified using Windows QTLCartog-
rapher 2.5 software (Wang et al. 2007) by a Single Marker Analysis (SMA) and Compos-
ite Interval Mapping (CIM). The SMA analysis was used to detect the chromosome loca-
tion in which QTLs were included. The CIM analysis was performed to confirm the
chromosome region associated with the morphological traits evaluated. Significance at
the p = 0.05 level was determined from 1000 permutations and LOD threshold > 3.0 to
detect QTL regions described as a result of the present work. The QTLs for a particular
trait with identical, overlapping, or adjacent marker intervals in a linkage group were
treated as the same and given a common name as described by Ramya et al. (2010). The
percentage of the phenotypic variation covered by QTL was estimated with the coeffi-
cient of determination (R?) and for each QTL region were selected, was calculated the
additive effect (Add). The effect of negative additive effect refers to cv. ‘Magnat” while
the positive effect to cv. ‘Hewo’.
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Results

All traits had a normal distribution; the Shapiro—Wilk test as well as skewness and kurto-
sis analysis confirmed the proper distribution of all values for every experiment and each
trait (Table 1). The ANOVA analysis showed that existed the significant differences
among the genotypes (p <0.001) (Table 2).

QTL analyses revealed 12 Joci identified by a CIM, which appeared in at least two
independent experiments and had LOD value > 3.0. These included: 3 stem length (STL),
2 plant high (PH), 1 spike length (SL), 2 number of spikelets per spike (NSS), 3 number
of grains per spike (GS) and 1 thousand kernel weight (TKW) loci (Table 3).

Stem length and plant height

DH plants stem length (STL) observed in Experiments 1-4 ranged from 30.5 cm to 122.4
cm; both extremes were noted in Experiment 4. The average STL of Experiment | carried
out in the greenhouse was significantly lower than obtained in Experiments 2—4 con-
ducted in the experimental plots (Table 1). The values of the plant height (PH) determined
in Experiment 5 (STL and SL measured together) varied from 75 to 150 cm. The Pear-
son’s correlation showed high positive effect between within STL (0.46, 0.48 and 0.53) as
well as between STL and SL (0.52, 0.55, 0.65 and 0.72; Table S1) values of each experi-
ment. Furthermore, statistically significant high positive correlation was found between
STL and/or PH and other measured traits within all experiments (Table S1).

Three STL QTLs and two PH QTLs were found on rye chromosome 5R (Table 3, Fig.
S1, Fig. S2 — A). The most interesting locus, Ostl.hm.5R.1 detected in Experiments 1, 3,
and 4, entirely overlaps Oph.hm.5R. 1 from Experiment 5. Positive allele effect of both of
those QTL regions referred to cv. ‘Hewo’ (Table 3). Regardless the experiments, the CIM
analysis showed that those QTLs cover the same region of the 5R linkage group from 0
to 97.1 cM position. That large QTL region might be resulted by the marker density of
chromosome 5R as well as types of molecular markers used to develop the genetic map
and length of that chromosome (247.1 cM; see Tyrka et at. 2015). It may indicate that SR
chromosome can be associated with controlling morphological traits. STL LOD valued
reached over 20 (Table 3), and it explained from 56.5 to 60.4% of STL phenotypic varia-
tion, but Oph.hm.5R.1 was responsible only for 7.3% of PH variation. In each of the five
experiments, the LOD peak was positioned at the same DArT marker rPt-390294-5R
(Table 3).

The remaining STL QTLs were less expressed: Ostl.hm.5R.2 repeated in two experi-
ments explained from 4.3 to 5.9% of the trait variation, respectively. It distinguished dif-
ferent, although nearly positioned markers in each of the experiments. The third STL
QTL, Ostl.hm.5R.3, was found once in Experiment 4; however, interestingly, it entirely
overlapped PH QTL Oph.hm.5R.2 from Experiment 5, having also the same LOD maxi-
mum and the same distinctive marker: »Pt-508323-5R (Table 3). Negative allele effect of
those QTL regions referred to cv. ‘Magnat’ (Table 3).
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Spike length

SL ranged from 4.3 cm (Experiment 1) to 13.8 cm (Experiments 1 and 2) (Table 1). The
shortest spikes were found under greenhouse conditions. Statistically significant high
positive Pearson’s correlation was found between SL within all four Experiments and
NSS (0.82, 0.88, 092 and 0.95 at 0.001P), GS (0.72, 0.82 and 0.90 at 0.001P) and TKW
(0.69, 0.87 and 0.93 at 0.01P) values (Table S1).

One SL QTL, Osl.hm.6B. 1, was identified on chromosome 6B and explained from 7.0
to 60.5 of the trait variability, depending on the experiment (Table 3, Fig. S1, Fig. S2 —B).
That QTL in Experiments 1 and 2 was detected with LODs values 3.0 and 4.0 with the
same distinctive marker: 3040572-6B (Table 3). It is worth to noting that the spike length
QTLs had an independent location from the stem length and the plant height QTLs. Neg-
ative allele effect of those QTL regions referred to cv. ‘Magnat’ (Table 3).

Number of fertile spikelets per spike

The NSS varied from 15 to 38, with both extremes found in Experiment 1. Averages are
presented in Table 2. High positive Pearson’s correlation, statistically significant was
found between NSS within four out of five Experiments and GS (0.70, 0.78, 0.87 and
0.89) and TKW (0.67, 0.86 and 0.88) values (Table S1).

Two NSS QTLs were identified on chromosome 5R, with the LOD value varying be-
tween 5.6 and 11.3 (Table 3, Fig. S1, Fig. S2 — C). The average NNS was significant
among 5 independent experiments (Table 1); however, QTLs were detected in Experi-
ments 2, 4, and 5 exclusively. The NSS QTL QOnss.hm.5R. I was identified twice (Experi-
ments 2 and 4) and explained from 17.5 to 40.7% of the trait variation. It distinguished
single e-SNP marker — 367/2979. The second NSS QTL — Onss.hm.5R.2, identified in
Experiments 2 and 5, explained from 17.5 to 29.2% of the trait variation. It was only 3.5
cM in length, pointed to the same SNP marker (3604115) in both experiments and partly
overlapped with Os#l.hm.5R.2 detected in Experiment 1, pointing to the same marker.
Negative allele effect of those QTL regions referred to cv. ‘Magnat’ (Table 3).

Grains per spike

GS numbers ranged from 20.6 (Experiment 1) to 99.7 (Experiment 2). The average GS
number differed significantly among experiments, with the distinctly lower number in the
greenhouse conditions (Table 1). Statistically significant high positive Pearson’s correla-
tion was found between GS within all four Experiments and GS (0.70, 0.78, 0.87 and
0.89) and TKW (0.67, 0.86 and 0.88) values (Table S1).

The QTLs of GS were identified on wheat chromosomes 5A, 2B, and rye chromosome
5R (Table 3, Fig. S1, Fig. S2 — D, E, F). The Ogs.hm.5A. 1, was located close to the DArT
marker wPt-1052-54 in two out of five experiments and explained 11.66—16.80% of the
phenotypic variation. Positive allele effect of this QTL region referred to cv. ‘Hewo’
(Table 3). The, Ogs.hm.5R.1, was identified close to DArT marker rPt-402162-5R
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(Experiment 2) as well as near e-SNP 4346981 and DArT 4346026-5R markers in the 4t
experiment and explained 7.0-44.83% of the phenotypic variation. Negative allele effect
of this QTL referred to cv. “Magnat’ (Table 3).

Average spikelet fertility, i.e. the average number of grains produced by a single spike-
let, was the lowest in the Experiment 1, and was equal to 1.1, while, in further experi-
ments, it reached 2.2 in Experiments 2 and 4, and 2.3 in Experiment 3. QTLs for this trait
were not detected.

Thousand kernel weight

The TKW value ranged from 15.7 g to 68.8 g, and both extremes were noted in Experi-
ment 1 (Table 1). The average TKW had the lowest value in the greenhouse conditions
(Table 1). High positive Pearson’s correlation, statistically significant was found between
TKW within all four experiments and all measured traits (Table S1).

One locus associated with TKW was detected on rye chromosome SR (Table 3, Fig.
S1, Fig. S2 — G). Loci Qtkw.hm.5R.1 (maximum LOD 5.1 and 8.6 in Experiments 3 and 4,

Table 2. ANOVA of stem length (STL), spike length (SL), number of spikelets per spike (NSS),
number of grains per spike (GS) and the thousand kernel weight (TKW) in a DH mapping population
of triticale derived from F, hybrid of cultivar ‘Hewo’ and ‘Magnat’ evaluated in five experiments.
All values significant at p <0.001

Experiment | fsv‘:r‘;cgon df STL SL NSS GS TKW
Genotypes 88 777.042 16.783 80.277 553.568 447.199
1 Block 1 47.673 1.115 6.056 37.663 70.718
Error 88 255 255 252 252 252
Genotypes 88 1068.583 6.188 33.241 941.003 477.164
2 Block 1 68.9256 0.478 4.143 79.674 34.109
Error 88 216 219 225 228 222
Genotypes 88 1056.919 7.124 43.639 698.112 210.725
3 Block 1 25.779 0.696 2.975 87.008 17.626
Error 88 234 231 228 231 231
Genotypes 88 1383.950 9.756 57.244 1097.161 3.585
4 Blocks 1 18.039 0.222 0.731 27.306 0.071
Error 88 258 216 246 249 249
Genotypes 88 1096.854 n/a 2.135 n/a n/a
5 Block 1 103.056 n/a 1.271 n/a n/a
Error 88 225 n/a 267 n/a n/a

*n/a — Not applicable.
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accordingly) had 0.0 to 7.9 cM position, thus covered the first section of Qstl.hm.5R.1
and Oph.hm.5R1, having also the same peak position and pointing to the same marker
rPt-390294-5R. Positive allele effect of this locus refers to cv. “Magnat’ (Table 3).

Discussion

Phenotypic features recorded during present experiments showed large variation among
lines and among experiments. Particularly, data from the Experiment 1, which was con-
ducted in glasshouse conditions, revealed the presence of environmental stress, since the
average STL, SL, GS, and TKW values were firmly below the data from Experiments
2-4. They were also significantly lower in comparison to multi-year average values of
these traits recorded in a gene bank between 1982 and 2008 years for Polish winter triti-
cale (Banaszak 2011). Nevertheless, several QTLs identified in Experiment overlapped
with QTL of the same features determined in other experiments, which point to strong
genotypic control.

Genes actively controlling examined phenotypic features of DH population (STL, PH,
SL, and NSS), were located mainly on chromosome 5R with the exception of SL, which
was located on 5A and 6B chromosomes. The SL had no overlapping QTL, neither with
STL nor with PH, although the latter included the sum of STL and SL values. This could
indicate that the length of spike is regulated independently from the length of stem and
could make possible independent breeding for the two features. The genetic control of
morphological traits in small grain cereals has been studied by other authors, e.g., in
maize (Peng et al. 2011), rice (Gao et al. 2016), barley (Mora et al. 2016), wheat (Ramya
et al. 2010; Kumar et al. 2006, 2007; Li et al. 2002; Zhang et al. 2018) and rye (Miedaner
et al. 2012).

Stem length in small grain cereals is an important and complex trait controlled by
many genes (Miedaner et al. 2012; Wiirschum et al. 2014). In our study, three QTLs as-
sociated with STL were detected on rye chromosome 5R (Table 3, Fig. S1). The locus
Ostl.hm.5R.1 detected nearby the marker »Pt-390294-5R on the distal part of chromo-
some 5R in Experiments 1, 3, and 4, was a major QTL for this trait. It was stable and less
affected by the environment, and explained 56.5 to 60.4% of phenotypic variation. This
is in agreement with earlier results of Wiirschum et al. (2014), showing the QTL with the
highest contribution to the genotypic variance on triticale chromosome SR. Moreover, in
our research, two QTLs associated with plant height (PH) in Experiment 5 were also de-
tected on chromosome SR and explained 5.8 to 7.3% of phenotypic variation. This result
is comparable with the Alheit et al. (2014) report, which determined the major QTL for
plant height on chromosome SR as well. Furthermore, in rye, a major QTL of plant height
was identified at the relative position on the chromosome comparable to the QTL identi-
fied in our research (Korzun et al. 1996; Borner et al. 1999). Additionally, dwarfing dom-
inant gene Ddwl located on rye chromosome SR was successfully introduced into sev-
eral triticale cultivars, including cv. ‘Magnat’ (Banaszak 2011), which considerably re-
duced plant height. Kalih et al. (2014) detected QTL associated with plant height at a
similar position to Oph.hm.5R.1 identified in our experiments. Two remaining QTLs
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associated with STL (Ostl.hm.5R.2 and QOstl.hm.5R.3) on chromosome 5R individually
explained less than 7% of the variation (Table 1). These results suggest that STL in triti-
cale is a complex trait controlled by several major effect QTLs in addition to a few small
effects QTLs. The molecular studies of other authors demonstrated that changes of
genomic sequence, consisting of sequence elimination or the loss of the gene expression
from the rye genome are common in triticale (Khalil et al. 2015).

In cereals, spike morphology is primarily determined by length, spikelet density, and
the number of fertile floret, which are all controlled by polygenes. Spike length is an
important component of spike morphology, which together with spikelet density can af-
fect yield. In our study, one QTL region associated with SL was identified on wheat
chromosome 6B (Table 3, Fig. S1). Locus Qsl.hm.6B. 1, detected on chromosome 6B with
closely located marker 3040572-6B, was significant for this trait with phenotypic varia-
tion up to 60.5 and LOD value 4.0 in Experiment 2 (Table 1). It indicates that this region
on chromosome 6B play an important role in determining spike length in triticale. In
wheat, QTLs for this trait were also detected on chromosome 6B (Borner et al. 2002;
Wang et al. 2011). However, Borner et al. (1999) documented QTL for SL on the long arm
of chromosome 5R in rye.

Other traits important for yield are the number of spikelets per spike (NSS) and grain
number per spike (GS), which is a complex trait, usually controlled by a number of QTLs
with minor effects. There are no previous studies documenting QTL regions in triticale
related to this trait. Only a few regions have been detected in wheat and rye (Kumar et al.
2007; Cui et al. 2012; Zhou et al. 2017). In our study, two QTLs associated with NSS
were located on rye chromosome SR (Table 3, Fig. S1). The QTLs were repeatedly iden-
tified in different experiments and found to be significant with a range of the phenotypic
variation from 17.5% to 40.7%. In rye, Borner et al. (1999) identified region on chromo-
some SR Jocus, which could be related to morphological traits, including spike morphol-
ogy, such as the length of the spike and number of spikelets per spike. In wheat, major
NSS QTLs were identified on chromosomes 1A, 5A, and 7A (Kato et al. 2000; Zhou et
al. 2017). On wheat chromosome 5A, Kato et al. (2000) identified QTL for yield traits,
including spikelet number.

QTLs for GS have been previously reported on almost all wheat chromosomes, but the
majority effects were only detected in single environments (Borner et al. 2002; Malyshev
et al. 2003; Wang et al. 2011; Golba et al. 2013; Marcotuli et al. 2017; Zhou et al. 2017;
Zhang et al. 2018). This trait also determines yield variability (Golba et al. 2013). In this
study, three QTLs for GS were detected on chromosomes 5A, 2B, and 5R (Table 3, Fig.
S1) with a range of phenotypic variation from 7.01 to 44.8%. Identified Locus Qgs.hm.2B
corresponded with the results of Marcotuli et al. (2017), where QTL for grain yield per
spike was identified on chromosome 2B candidate genes for this trait. Additionally, Ku-
mar et al. (2007) detected two QTL regions associated with this trait on the short arm of
chromosome 2B in bread wheat. Mangini et al. (2018) detect three QTLs for GS on chro-
mosome SA with significant effects on TKW suggesting that these QTL could represent
genes involved in carbohydrate and/or storage protein synthesis with direct consequences
on grain weight.
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Thousand kernel weight (TKW) is an important component of grain yield (Kumar et
al. 2006; Mangini et al. 2018; Zhang et al. 2018). In wheat and rye, it is a trait controlled
by a large number of QTL; however, little is known about the genetic control of this trait
in triticale. In this study, one /ocus associated with TKW was detected on chromosome 5R
(Table 3, Fig. S1) with the range of phenotypic variation from 17.3 to 27.9%, depending
on the experiment. Similarly, Liu et al. (2016) detected several QTLs associated with this
trait, including loci on chromosome SR with more than 5% of the phenotypic variation.
Similarly, a QTL for TKW in rye was detected on the long arm of chromosome 5R by
Malyshev et al. (2003). In contrast, QTL associated with this trait in triticale have been
previously reported by Wang et al. (2009) and Wang et al. (2011) on wheat chromosomes.

Interestingly, in this study, several QTLs for more than one trait were detected at the
same position. Marker rPt-390294-5R was one of the associated markers flanking QTLs
for STL and TKW traits with high LOD score (7.6-25.3 and 5.1-8.6, accordingly). The
Pearson’s correlation showed high positive effect for QTLs containing above marker
(0.53, 0.56 and 0.81; Table S1). Additionally, the 3604115 marker was detected for STL
and NSS traits with high LOD score (3.4 and 5.6—11.3, accordingly).

In conclusion, four different chromosomes from all of three triticale homologous ge-
nomes — wheat (5A, 2B, 6B) and rye (5R), were involved in determining the selected
yield components. Detected major QTLs associated with traits that determine triticale
grain yield, might be useful for the identification of triticale genotypes in the process of
breeding new varieties. The knowledge concerning the number and effects of QTLs
would simplify marker-assisted selection and the development of cultivars with desirable
characteristics.
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Electronic Supplementary 7able S1. Correlation coefficients between stem length (STL) and plant height (PH),

spike length (SL), number of the fertile spikelets per spike (NSS), grains per spike (GS) and thousand kernel

weight (TKW) in a DH mapping population of triticale derived from F, hybrid of cultivar ‘Hewo’ and “Magnat’

evaluated in five experiments. Positive correlations are displayed in green and negative correlations in red color.
The color intensity is proportional to the correlation coefficients
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Electronic Supplementary Figure SI. Interval map (cM) of chromosomes 2B, SA, 5R and 6B of ‘Hewo’x

‘Magnat’ DH population of triticale (x Triticosecale) with QTLs identified for morphological traits: stem length

(STL), spike length (SL), number of spikelets per spike (NSS), grains per spike (GS) and thousand kernel

weight (TKW). All QTLs were identified by SMA method. Additionally, black lines show markers identified
by CIM method. The marks: 1%, 2, 31 4t and 5% correspond with the year of each experiment

Electronic Supplementary Figure S2. Results of the composite interval mapping (CIM) analysis performed for:

A —stem length (STL), B — spike length (SL), C — number of spikelets per spike (NSS), D, F — grains per spike
(GS) and G — thousand kernel weight (TKW). CIM profiles are presented on chromosomes 5SA, 2B, 5B and 5R
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