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Abstract

Key message The genetic diversity and loci underlying agronomic traits were analysed by the reads coverage and genome-wide
association study based genotyping-by-sequencing in a diverse population consisting of 199 accessions.

Abstract Triticale (x Triticosecale Wittmack) is an economically important grain-forage and energy crop planted worldwide for its
high biomass. Little is known about the genetic diversity and loci underlying agronomic traits in triticale. We performed genotyping-
by-sequencing of 199 cultivars and mapped reads to the A, B, D, and R genomes for karyotype analysis. These cultivars could
mostly be grouped into five types. Some chromosome abnormalities occurred with high frequency, such as 2D (2R) substitution,
deletion of the long arm of chromosome 2D or the short arm of 5R, and translocation of the long arms of 7D/7A, the short arms of
6D/6A, or the long arms of 1D/1A. We chose only widely planted hexaploid triticale cultivars (153) for genome-wide association
study. These cultivars could be divided into nine distinct groups, and the linkage disequilibrium decay was 25.4 kb in this
population. We identified 253 significant marker-trait associations (MTAs) on 20 chromosomes, except 7R. Twenty-one reliable
MTAs were identified repeatedly over two environments. We predicted 16 putative candidate genes involved in plant growth and
development using the genome sequences of wheat and rye. These results provide a basis for understanding the genetic
mechanisms of agronomic traits and will benefit the breeding of improved hexaploid triticale.

Introduction

Triticale (x Triticosecale Wittmack) is a man-made, amphiploid species possessing high yield and abiotic stress resistance
characteristics (Blum 2014). It is usually used for food production and animal feed as a grain-forage crop (McGoverin et al. 2011;
Zhu 2018). High biomass production also makes it a potential energy crop for industrial purposes, as bioenergy and biofuel
(McGoverin et al. 2011). The planting area of triticale has continued to grow as demand increases, with major producers including
Poland, Germany, Belarus, France, Russia, and China (FAOSTAT 2017).

The first triticale was obtained by distant hybridization between common wheat (Triticum aestivum L.) and rye (Secale cereale), and
was octoploid (2n = 8x = 56, AABBDDRR) (Mergoum and Gémez-Macpherson 2004). Hexaploid triticales (2n = 6x = 42, AABBRR)
were also created using tetraploid wheat (7riticum turgidum L.) and rye, and tetraploid (2n = 28 = AARR) and decaploid (2n =70 =
ABBDDRRRR) triticales likewise exist. Although the National Plant Germplasm System of America has 1,971 triticale resources
deposited, the genetic backgrounds of these cultivars remain unknown. Distant hybridization causes unstable ploidy levels resulting
in tetraploid, octoploid, and decaploid triticales because of chromosome incompatibility. Compared with other triticale, hexaploid
triticale show relatively superior vigor and reproductive stability and have become the main plant types in worldwide (Cheng and
Murata 2002; Fox et al. 1990; Lukaszewski and Gustafson 1987). Several genetic maps have been constructed for hexaploid
triticale based on diversity array technology (DArT), single-nucleotide polymorphism (SNP)-DArT, simple sequence repeats (SSR),
and amplified fragment length polymorphism (AFLP) markers in different populations (Alheit et al. 2011; Tyrka et al. 2011; 2015,
2018). These maps have been used to identify loci related to plant height (PH), spike length (SL), spikelet number per spike (SNS),
grain number per spike (GNS), seed setting percentage (SSP), thousand-grain weight (TGW) and other traits in hexaploid triticale
(Alheit et al. 2014; Liu et al. 2014, 2016; Wajdzik et al. 2019; Wiirschum et al. 2014). However, the molecular markers used in these
studies were limited, and the plant materials were restricted to a few samples. Moreover, all previous research was carried out
without reference genome information.

Here, we collected 199 triticale cultivars originating from different countries from the National Plant Germplasm System of America
and our own collections for evaluating the genetic variation of triticale based on genotyping-by-sequencing (GBS) technology
(Akram et al. 2021; Sakiroglu et al. 2017; Torkamaneh et al. 2021). Wheat (Triticum sp.) (v1.0, International Wheat Genome
Sequencing Consortium, IWGSC) and rye (Secale sp.) genome sequences were used as reference genomes (Rabanus-Wallace et al.
2021) for mapping reads and SNP calling. We then carried out genome-wide association study (GWAS) to identify the loci and
candidate genes controlling agronomic traits in hexaploid triticale.

Materials And Methods
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Plant material

Plant material consisted of 199 triticale accessions, of which 191 were obtained from the SDA-ARS National Small Grains
Collection (http://www.ars-grin.gov/) and 19 were provided by the Institute of Crop Sciences, Chinese Academy of Agricultural
Sciences. The 191 triticale accessions were classified as x Triticosecale spp. according to information provided by the USDA-ARS
website. The accessions were derived from China (37), United States (26), Mexico (13), Canada (11), Russia (11), Japan (10),
Sweden (10), Poland (9), South Africa (9), India (8), Bulgaria (8), France (7), Spain (7), Australia (6), Germany (6), Hungary (5), Brazil
(4), Ukraine (4), Azerbaijan (2), Armenia (1), Ecuador (1), England (1), Italy (1), Morocco (1), and Romania (1).

Genotyping by sequencing

Genomic DNA of 199 triticale accessions was extracted from leaves using the cetyltrimethylammonium bromide (CTAB) method
(Yan et al. 2002) and used to construct libraries for genotyping-by-sequencing (GBS) analysis. GBS libraries were prepared using
protocols described by Poland et al. (2012)]. Libraries were sequenced using lllumina paired-end sequencing technology with read
lengths of 150 bp on an Illumina HiSeq X instrument by Novogene Bioinformatics Institute (Beijing, China). Raw reads were
subjected to a set of quality control procedures using FastQC v0.11.5 and Trimmomatic-0.38. The reference genome of the wheat
variety Chinese Spring (RefSeq V1.0) was selected, and publication access to the rye DNA assembly and annotation was kindly
provided by Drs. N. Stein and M. Wallace of the Leibniz Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany
(Rabanus-Wallace et al. 2021). After excluding reads with low quality bases (quality score <20) and length less than 50 bp, clean
reads were mapped against the wheat and rye genomes using the Burrows-Wheeler Aligner (BWA) software with the BWA-MEM
algorithm (Li and Durbin, 2009) and then subjected to single nucleotide polymorphism (SNP) calling using the GATK software. SNP
filtering was performed using the following parameters: reads with minor allele frequency (MAF) less than 5%, missing rate more
than 20%, QualByDepth (QD) less than 2.0, RMSMappingQuality (MQ) <30.0, FisherStrand (FS) >60.0,
MappingQualityRankSumTest (MQRankSum) <-25, ReadPosRankSumTest (ReadPosRankSum) <-8.0, DP less than 150 and more
than 2,000, and Quality (QUAL) less than 30 were filtered out. A total of 434,304 reads were obtained for genetic diversity analysis.
Read coverage on each chromosome was counted, and distribution figures were drawn. These accessions could be divided into five
types according to SNP distribution and fluorescence in situ hybridization (FISH) analysis: octaploid triticale (AABBDDRR),
hexaploid triticale (AABBRR), hexaploid wheat (AABBDD), tetraploid wheat (AABB), and rye (RR). Detailed information for these
accessions is described in Table S1.

FISH analyses

Seed germination and root tip collection and processing were as described by Zhao et al. (2018). Slides were prepared as described
by Komuro et al. (2013). Two oligonucleotide (oligo) probes with 6-FAM or Tamra label at the 5-end, oligo-pSc119.2 and oligo-
pTa535 (Tang et al.,, 2014), were synthesized by the TsingKe Biological Technology Company (Chengdu, China) and used to identify
chromosome constitution. oligo-pSc119.2 was used to detect B- and R-genome chromosomes, and oligo-pTa535 was used to
detect A- and D-genome chromosomes. The FISH procedure was conducted according to methods described by Zhao et al. (2018).
Photomicrographs of chromosome observations were created and documented using an Olympus BX-63 microscope (Tokyo,
Japan) coupled to a Photometric SenSys Olympus DP80 CCD camera. Karyotype analysis was carried out on 5 accessions selected
according to read coverage of GBS results.

Field trial and phenotyping

A bulk of 153 accessions was planted using a randomized complete block design with three replicates at two sites in Qinghai,
China, namely Chengbei (CB) and Huang zhong (HZ), over 2 years (2019-2020). Ten agronomic traits of 153 accessions were
measured in three environments: E1 (CB/2019), E2 (CB/2020), and E3 (HZ/2020). Plant height (PH), uppermost internode length
(UIL), spike length (SL), and spikelet number per spike (SNS) were measured at the maturity stage, and grain number per spike
(GNS), seed setting percentage (SSP), thousand-grain weight (TGW), grain length (GL), grain width (GW), and grain area (GA) were
measured after harvesting. GL, GW, and GA were measured directly using a high-flux Marvin seed analyzer (GTA Sensorik GmbH,
Neubrandenburg, Germany). Phenotypic data for the 10 agronomic traits were analyzed using Microsoft Excel 2010 and SPSS 11.5
software. Broad-sense heritability (H%) per trait was estimated by analysis of variance (ANOVA) using the R software package
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“Ime4” (Bates et al. 2015; Singh et al. 1993). Pearson’s correlation coefficients between pairs of agronomic traits were determined
using the R software package “corrplot.”

Population genetic analyses

SNPs for distances less than 10 bp were filtered out, and 392,915 SNPs from 153 hexaploid triticale accessions were used for
further GWAS analysis. SNP distribution, principal component analysis (PCA), reconstruction of a neighbor-joining tree, linkage
disequilibrium (LD) decay, and population structure analysis were carried out using the valid SNPs. SNP density distribution was
depicted using the R package with CMplotmodule (http://ftp.hu.debian.org/pub/CRAN/web/packages/ CMplot/index.html).
Pairwise LD and r? between SNPs were calculated using PLINK v1.07 software (Purcell et al. 2007). Population structure analysis
was performed on 153 hexaploid triticale accessions using ADMIXTURE software (Alexander et al. 2009). The ADMIXTURE program
was run with K values ranging from 2 to 20. The best K value was estimated to confirm the number of groups based on cross-
validation (CV) and log-likelihood estimates. MEGA5 software with the neighbor-joining method was used to reconstruct the
phylogenetic tree (Tamura et al. 2011).

GWAS

The R package of the Genome Association and Prediction Integrated Tool (GAPIT) was employed for GWAS using the Fixed and
random model Circulating Probability Unification (FarmCPU) model. SNPs and traits were significantly linked if the P-value
threshold was less than 0.05/N, where N was the total number of SNP markers used for association analysis (Duggal et al. 2008; Li
etal. 2012; Yang et al. 2014). The significant P value threshold was 1.27E%7 (-log10(p) = 6.90) for screening the valid SNPs.

Putative candidate gene analysis

Genes significantly associated with MTAs were predicted according to a previously described method (Rahimi et al. 2019). The
functions of the predicted genes were annotated using BLASTALL search.

Results

Assessment of genetic diversity by GBS

We genotyped 199 Triticosecale spp. cultivars from the National Plant Germplasm System of America and our own collections
using the GBS method. Triticale usually has an unstable ploidy. We therefore developed a method to analyze ploidy levels using
reads mapped to chromosomes A, B, D, and R. The 199 accessions could be easily classified into five ploidy species based on reads
coverage: 22 octaploid triticale (AABBDDRR), 153 hexaploid triticale (AABBRR), 20 hexaploid wheat (AABBDD), three tetraploid
wheat (AABB), and one rye (RR) (Fig. 1a-e; Supplementary Table S1). Cytological analyses further supported the results (Fig. S1).
The read mapping also revealed the deletion and addition of whole chromosomes or chromosome segments. The whole 2R
chromosome was frequently lost, which we found in eight cultivars of octaploid triticale and 38 cultivars of hexaploid triticale
(Supplementary Table S1). Chromosome 2D was added in 38 hexaploid triticales, with deletion of the 2R chromosome except in
one cultivar (Supplementary Table S1). The 2D chromosome was also added in five hexaploid triticale cultivars, without deletion of
chromosome 2R (Supplementary Table S1). Chromosome 6A was replaced by chromosome 6D in two hexaploid triticales
(Supplementary Table S1). Although 20 cultivars were annotated as hexaploid wheat, one cultivar carried an additional
chromosome 2R and one cultivar had chromosomes 6D and 1D replaced by 6R and 1R, indicating that these two cultivars were
derived from octaploid triticale (Supplementary Table S1).

Some chromosome segments were also abnormal in these cultivars. For example, the short arm of 5R was partially lost in seven
cultivars of octaploid triticale, with a similar segment length in all cultivars (Fig. S2). Fourteen cultivars lost part of the long arm of
chromosome 2D, and the lost segment was shorter than the 5RS chromosome (Fig. 1f). The length of the deleted segments was
different in the 14 cultivars, which could be divided into six types: two octaploid triticale, seven hexaploid triticale, and five
hexaploid wheat (Fig. 1f; Supplementary Table S1). Obvious chromosomal translocations were observed on the long arm of 7D/7A,
the short arm of 6D/6A, and the long arm of 1D/1A in three, two, and two cultivars, respectively (Fig. S3). Moreover, four events of
segment insertion, and three events of segment deletion occurred in only one cultivar (Fig. S4). The location of the segment
insertion remains unknown.
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Single nucleotide polymorphism and phenotypic variation of hexaploid triticales

Because hexaploid triticale is also the main cultivated type (Lukaszewski and Gustafson 1987; Cheng and Murata 2002; Fox et al.
1990), we chose 153 hexaploid triticale cultivars for further SNP calling, phenotype evaluation, and GWAS analysis. A total of
434,304 reliable SNP markers were obtained in 153 hexaploid triticale cultivars. These SNPs were not evenly distributed among sub-
genomes A, B, and R and 28.13 SNPs/Mb were detected for the entire genome (Fig. S5; Supplementary Table S2). Sub-genome B
harbored the most SNPs (212,218) with the highest SNP density (24.56 kb/SNP), followed by A (187,518, 27.92 kb/SNP) and R
(34,568, 3001.60 kb/SNP) (Supplementary Table S2). The ratio of the number of SNPs in the B or A genome to those in the R
genome was 6.14 and 5.42, respectively. Sub-genome R harbored the least SNPs and the lowest SNP density compared with A and
B, and the number of SNPs in the A genome was only slightly lower than that in the B genome. Chromosome 7A had the most SNPs
(36,228) with the highest SNP density (20.32 kb/SNP), and 2R had the least SNPs (44) with the lowest SNP density (20015.53
kb/SNP) (Supplementary Table S2). To further reveal the genetic relationships of the genotypes, we estimated the optimal number
of genetic clusters determined (K), ranging from one to 20 (Fig. 2a). The cross-validation (CV) error was minimized at k = 9 (Fig. 2a).
Consistent with the neighbor-joining clustering result (Fig. 2b), the 153 hexaploid triticale genotypes could be classified into nine
genetically distinct population groups (POP I-1V) (Fig. 2b, 3c). The average decay distance of linkage disequilibrium (LD) was
about 25.4 kb at the threshold of r2 = 0.45 across all chromosomes (Fig. 2d).

Phenotypes of 153 hexaploid triticale were investigated in three environments to analyze the distribution, variation, and correlation
of 10 agronomic traits. All agronomic traits showed a normal distribution (Fig. S6). The maximum values of PH, SL, uppermost
internode length (UIL), SNS, GNS, SSP, TGW, grain area (GA), grain width (GW), and grain length (GL) were 200.60 cm, 15.72 cm,
45.50 cm, 31.52, 86.82, 82.47%, 57.95 g, 28.87 mm?, 3.70 mm, and 9.58 cm, respectively, while the minimum values were 95.97 cm,
8.43 cm, 16.10 cm, 16.32, 25.05, 46.68%, 27.27 g, 17.70 mm?, 2.66 mm, and 6.86 cm, respectively (Supplementary Table S3). The
maximum values of all agronomic traits except for GA, GW, and GL were more than twice those of the matching minimum values
(Supplementary Table S3). The GNS showed the highest coefficient of variation (CV) (20.02%), while GW had the lowest CV (5.80%)
(Supplementary Table S3). Broad-sense heritability (H2) was calculated for the 10 agronomic traits, all traits showed high H? except
for SSP (H? = 0.37) and UIL (H? = 0.47) (Supplementary Table S3). This suggested that genetic components caused the variation in
these accessions.

GWAS of agronomic traits in hexaploid triticale

GWAS is an effective method that uses natural populations to identify loci controlling complex traits. Grain yield is the most
important index for triticale breeding, and the 10 agronomic traits observed in this research are closely associated with grain yield.
In association analysis, we detected 253 marker-trait associations (MTAs) in three environments using the FarmCPU model at a
significance value of -logo(P) > 6.90 (Supplementary Table S4). The number of MTAs for PH, SL, UIL, SNS, GNS, SSP, TGW, GA, GW,
and GL were 85, 26,9, 52, 6, 8, 16, 2, 2, and 47, respectively. The number of MTAs reflects the complexity of the traits to a certain
extent. These MTAs were distributed across 20 chromosomes, except for 7R, and explained 0.09%-31.46% of the phenotypic
variance. Of the MTAs, 105 were located on sub-genome A, 93 on sub-genome B, and 55 on sub-genome R. Chromosome 2A had
the most MTAs (30 MTAs), while the least MTAs were present on chromosome 5R (five MTAs). We identified 21 reliable MTAs over
two environments and three reliable MTAs over three environments (Fig. 3). Three loci were pleiotropic. 3Brs508522077 was
associated with SL and SNS, 6Ars3762529 was associated with PH and UIL, and 1rs122212247 was associated with SNS and PH
(Supplementary Table S4).

High quality wheat and rye references are useful resources for identification of candidate genes that underlie marker loci associated
with agronomic traits in hexaploid triticale. We predicted genes associated significantly with MTAs for the annotation of these
MTAs, and the functions of the predicted genes were annotated using a BLASTALL search. A total of 205 genes associated with 94
significant markers were predicted in the wheat and rye genomes (Supplementary Table S4). The functions of 16 genes were
associated with the related traits (Table 1). Five genes were related to PH, and these encoded CASP-like protein, methyl jasmonate-
inducible lipoxygenase 2, sugar transporter SWEET 14-like, class | glutamine amidotransferase, and auxin transport protein BIG. The
sugar transporter SWEET 14-like was also associated with UIL. One stable MTA controlling SL was linked to transcripts
TraesCS7A02G058900.1 and TraesCS7A02G059000.1, which were annotated as brassinosteroid LRR receptor kinase (Chono et al.
2003; Dockter et al. 2014) and DELLA protein DWARF8-like (Cassani et al. 2009), respectively. Two stable MTAs for SSP
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corresponded to transcripts TraesCS3B02G286500.1 and TraesCS7A02G301900.1, annotated as myb-related protein Hv33-like and
DNA-directed RNA polymerase Il subunit RPB1, respectively (Li et al. 2019; Li et al. 2020). The gene encoding GS3/putative
transmembrane protein is a major gene for grain length and weight in rice (Fan et al. 2006). TraesCS4B02G196100.1 associated
with TGW was annotated as a transmembrane protein and was homologous to the gene responsible for grain length and weight in
rice (Fan et al. 2006). Ribosomal protein S6 kinase S6K plays an important role in cell proliferation (Henriques et al. 2013), and
genes underlying cell proliferation can effectively increase grain size and yield (Brinton et al. 2017; Wang et al. 2012).
TraesCS3A02G162200.1 and TraesCS3A02G162300.1 associated with GA encode ribosomal protein S6 kinase, which can promote
cell proliferation and increase grain size and yield effectively. Two markers associated with GL were predicted as
TraesCS1B02G285400.1, TraesCS1B02G285700.1, and TraesCS6A02G243900, which encode glucan endo-1,3-beta-glucosidase,
GTPase, and xylan 1,4-beta-xylosidase, respectively.

Table 1 Potential candidate genes linked to significant MTAs
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Trait  Environment SNP Chromosome  Candidate genes Annotation References
PH E1/E3 4Brs411827353 4B TraesCS4B02G189300.1  CASP-like protein Bai et al.
2013; Li et
al. 2011,
Yang et al.
2015
PH E1/E2/E3 5Ars29954289 5A TraesCS5A02G032800.1  methyljasmonate-  Huber et
inducible al. 2005; Li
lipoxygenase 2 etal. 2018
PH/ E1/E2/E3 6Ars3762529 6A TraesCS6A02G009000.1  sugar transporter Kanno et
SWEET14-like al. 2016;
UIL TraesCS6A02G009100.1 Sun 2008;
Wu et al.
2018
PH E2/E3 NewChr1rs122212247 1R Sc1Loc01952146.8 class | glutamine Lou et al.
amidotransferase 2021
PH E1/E2/E3 NewChr5rs148736541  5R Sc5Loc01715798.1 auxin transport Alheit et al.
protein BIG 2014,
Borner et
al. 1999;
Wirschum
etal. 2014,
Korzun et
al. 1996
SL E1/E2 7Ars28502318 7A TraesCS7A02G058900.1  brassinosteroid Chono et
LRR receptor al. 2003;
kinase BRI1 Dockter et
al. 2014
TraesCS7A02G059000.1 DELLA protein Cassani et
DWARF8-like al. 2009
SSP  E1/E2 3Brs458306736 3B TraesCS3B02G286500.1  myb-related Li et al.
protein Hv33-like 2020
SSP  E1/E3 7Ars421807529 7A TraesCS7A02G301900.1 DNA-directed RNA  Li et al.
polymerase I| 2019
subunit RPB1
TGW ET1/E2 4Brs422552894 4B TraesCS4B02G196100.1  transmembrane Fan et al.
protein 2006
GA E1/E2 3Ars164571570 3A TraesCS3A02G162200.1 ribosomal protein  Brinton et
S6 kinase al. 2017,
TraesCS3A02G162300.1 Wang et
al. 2012
GL E2/E3 1Brs496533861 1B TraesCS1B02G285400.1  glucan endo-1,3- Ayaad et
beta-glucosidase al. 2021
TraesCS1B02G285700.1 GTPase Zhang et
al. 2019
GL E2/E3 6Ars455341188 6A TraesCS6A02G243900.1  xylan 1,4-beta- Yang et al.
xylosidase 2016
Discussion

Read mapping is a good method for karyotype analysis. Cytological analysis based on microscopy has been used to evaluate
chromosome karyotypes for hundreds of years. It requires special cells with mitochysis and special skills to crush cells without
destroying the chromosomes. Small chromosomes are difficult to observe and analyze. In this study, we developed a new method

to evaluate chromosome morphology based on read mapping without a microscope. It is very convenient to know which
chromosomes exist in a sample and to accurately know the length of segments deleted or retained in the chromosomes. Based on

Page 7/15




read mapping, 199 accessions from various countries were evaluated for their cytological characters. This should represent the
relative genetic variation in triticales across the world. We identified five types of materials among these accessions: octaploid
triticale (AABBDDRR), hexaploid triticale (AABBRR), hexaploid wheat (AABBDD), tetraploid wheat (AABB), and rye (RR), although all
of these materials were labeled as triticale in the National Plant Germplasm System of America. Most (153) were hexaploid triticale.
Read mapping could also be used to identify the abnormal behaviors of some chromosomes. For example, chromosome 2R was
deleted, and chromosome 2D was retained in hexaploid triticale, which was also observed in previous research (Dou et al. 2006;
Hao et al. 2013). Small segment changes could also be identified using this method. Six types of deleted segments were found in
the lost segment on the long arm of chromosome 2D. Because the lost segments were very short, it was very hard to identify the
differences between them in previous studies. Read mapping also allowed us to easily obtain the exact length of the deletions.
Read mapping represents a convenient and fast method for analyzing chromosome karyotypes.

Previous researchers thought that the chaos of remote hybridization and the incompatibility of the D and R chromosomes caused
abnormal chromosome behavior (Dou et al. 2006). This included chromosome 2D being replaced by 2R, and partial deletion of the
short arm of chromosome 5R. Partial chromosomal translocations were also observed on the long arm of 7D/7A, the short arm of
6D/6A, and the long arm of 1D/1A, which was not reported in previous studies. The biological functions of these abnormal
chromosome behaviors should be studied further. The 199 accessions could be grouped into five types based on the numbers of A,
B, D, and R chromosomes. Additional chromosomes revealed the origin of the materials. The sample numbers of tetraploid wheat
(AABB) and rye (RR) were small, and the chromosome behaviors were simple. Abnormal chromosome behavior existed in octaploid
triticale (AABBDDRR), hexaploid triticale (AABBRR), and hexaploid wheat (AABBDD). Two hexaploid wheat accessions contained an
additional chromosome R, which meant these two cultivars were most likely derived from the octaploid triticale. The 52 hexaploid
triticale with a D chromosome or segment should also be derived from the octaploid triticale. Although there were only 22 octaploid
triticale, 77 of the 199 cultivars were derived from the octaploid triticales. Because both D and R chromosomes could be lost in
future generations of octaploid triticale, it is hard to determine the origin of the other cultivars that do not carry a D genome or R
genome. Five hexaploid wheat accessions did not carry any R genome, but these cultivars lost a segment on the long arm of
chromosome 2D. It is highly possible that these cultivars were derived from the octaploid triticale. This kind of hexaploid wheat
should carry a different structure, which could be used to improve the genetic variation of common wheat.

Karyotype analysis based on read mapping gave us a chance to choose hexaploid triticale for further the population structure and
GWAS analysis, which should improve the specificity of the results without the interference of other species. Based on GBS
technology, we obtained 434,304 reliable SNPs, far more than in previous studies (Alheit et al. 2011; Tyrka et al. 2011; 2015, 2018).
The SNP density of sub-genome R was only 1/6 that of the A or B sub-genomes, implying that fewer rye cultivars were involved in
triticale formation. Correspondingly, 55 MTAs were in sub-genome R, while 105 and 93 were located in the sub-genomes A and B. Of
253 marker-trait associations (MTAs), only 21 reliable MTAs could be identified over two environments, and three reliable MTAs over
three environments; these should be derived from the complex climate in Qinghai-Tibet Plateau. The release of common wheat and
rye genome sequences helped us to annotate the MTAs and compare our results with previous research precisely. We predicted 205
genes associated with 94 significant markers based on the wheat and rye genomes. Some annotations had been reported
previously. For example, 4Brs411827353 on 4B appeared to represent one of the known major Rht-B17 loci (Wilhelm et al. 2012). The
6Ars3762529 on chromosome 6A and NewChr5rs148736541 on chromosome 5R have been also detected previously (Alheit et al.
2014; Wiirschum et al. 2014; Wajdzik et al. 2019). MTAs identified in hexaploid triticale not only further verified previous loci
mapping results in wheat and rye, but also revealed new loci involved in shaping the important agronomic traits of triticale. This
provided a basis for gene cloning of agronomic traits and molecular breeding by design of improved hexaploid triticale cultivars.

Conclusions

In summary, we conducted GBS analysis of 199 triticale cultivars and mapped reads to the A, B, D, and R genomes for karyotype
analysis. Material types, abnormal behaviors, and small segment changes of some chromosomes were identified in these
accessions using the read mapping method, demonstrating that this method is convenient and fast for analyzing chromosome
karyotypes. The biological functions affected by abnormal chromosome behaviors need be studied further. We performed GWAS to
identify significant MTAs and candidate genes. A total of 16 putative candidate genes involved in plant growth and development
were acquired from the genome sequences of wheat and rye. These results provide a basis for molecular breeding by design of
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improved hexaploid triticale cultivars. Future studies involving gene cloning and function identification are needed to identify the
relevant candidate genes controlling these traits.
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Figure 1

Read coverage in five ploidy species. (a) Octaploid triticale (AABBDDRR), (b) hexaploid triticale (AABBRR), (c) hexaploid wheat
(AABBDD), (d) tetraploid wheat (AABB), (e) rye (RR). (f) Partial deletion of the long arm of chromosome 2D in 14 accessions based
on read coverage. Deleted segments are divided into type | to VI based on length.

Page 13/15



(©)

_—
-]
—
=
<

CV error
g &

el
n

0.7

(b) / “ @ o
Q

L 0 100 200 300
\ %
Distance (Kb)

w
vin

Figure 2

Population structure of 153 hexaploid triticale accessions. (a) Estimation of population using CV error with K ranging from one to
20. (b) Neighbor-joining tree analysis of 153 hexaploid triticale accessions. (c) Population structure based on k = 9. (d) Decay of

linkage disequilibrium (LD) in genomes of 153 hexaploid triticale accessions.

Page 14/15



(@) (b)

14 PH SL
GANITHISIO L
12 ARTA11827388 —p l TARIESIIE —p
SARI9954280 " ' &
in NewChrir 122212247 l £ 6 1
£ g
3 =4
£e H
4 2 -
2
1] 0
1A IBIR2ZA 2B IR3A 3B 3R4A 4B4R 5SA SBSR6A 6B6RTA TB
© (@)
10 TARAISI7519 — - 8 ewW
ABrA21552594 —p
8 IBrsASEMGTIG m— ' 6
ol g
B ‘
4 s
¥4 ¥
3 z
= - = : 0 ;
1A IBIRIA 2B IR3A 3B 3R4A 4B 4R 5A SBSRO6A 6B6RTA TB 1A IBIR2ZA 2B ZR3A 3B 3R4A 4B 4R 5A SBSR6A 6BGRTA TH
e
8 A AR IESTIST i
12
'] 10 1BrsdhES1 3861 GArs435541 188
]
4 5 .
£ 6 5 -
z 4
2
1] ' ' " ]
1A IBIR2A 2B 2R3A 3B 3R4A 4B 4R 5A SBSR6A 6B6RTA TB 1A IBIR2A 2B IR3A 3B 3JR4A 4B 4R 5A SBSR6A 6BORTA TB
Figure 3

Manhattan plots of MTAs for (a) PH, (b) SL, (c) SSP, (d) TGW, (e) GA, and (f) GL. The red line indicates the significance threshold (-
log10 P = 6.90). Stable MTAs are labeled, and putative candidate genes corresponding to these stable MTAs are listed in Table 1.
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