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General Introduction

1 GENERAL INTRODUCTION

Triticale (xTriticosecale Wittmack) is a maAmade small grain cereal of thgenus
Triticale within the tribeTriticeaeof the familyPoaceaeThe origins of triticale can be traced to
an 1875 report bgtephan Wilson, who made a generic cross between wheatatum spp.) as
the female parent and ry8dcalespp.) as the male parent, resulting in two stgigats (Wilson,
1876).It took anotheB years until Wilhelm Rimpau was able to create the festle triticale in
1888.In 1935, Lindschau and Oehl€r935)finally confirmed that the "Rimgusche Weizen
Roggenbastafdis a new amphidiploid speciesittv a chromosome set of 2n = Stowadays

referred to asctoploid primary triticale

Besides triticale, early botanists and plant breedftes suffered from sterile offspring
intergeneric crossdsecause they were dependent oonsgneous chromosome doublirighe
natural occurrence aftergeneric hybrids is a rare event and led &eimergence cfomeof the
most important crop species modern agricultureWell-known examples are bread wheat
(Triticum aestivumL.) (Triticum dicoccumSchrank ex Schiblx Aegilops tauschiiCoss),
tobacco WNicotiana tabacumL.) (Nicotiana sylvestris Speg. & Comesx Nicotiana
tomentosiformid..) or rapeseedBrassica napus.) (Brassica rapal. x Brassica oleraced..).

A major breakthrough in the artificigleneration of intergeneric hybrids was the discovery of the
chromosomaloubling effect of colcluine by Blakeslee and Avery (1937)his substance is the
alkaloid of the autumn crocu€dlchicum autumnalé.), which was first discovered and isolated

by the German pharmacist Philipp Lorenz Geiger in 1@8®bler, 1865) This agent is a strong
cytotoxin, but when used for a short time (a few hours) it inhibits the formation of spindle fibres
during mitosis, leading to a doubling of the chromosome Betther researched to the
establishment o$tandard protocols and routine use of colchicmelant breedingintil today

(Bell, 1950; WirschumTucker, Reif & Maurer, 2012)

These advances in science paved the way for the further development of triticale as we
know it today. The majority of moderncultivars are secondary hexaploid triticalegth a
genome constitution of AABBRR, going back to crosses between primary triticale genotypes
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General Introduction

created by hybridization of duruniriticum durumDesf) as donor of the A and §enome and

rye (Secale cerealL.) as donor of the R genom&he basicidea oftriticale breeding was to
combine the positive characteristics of the parental components; the high resistance against biotic
and abiotic stress anthdemanding nature to soil conditions and fertilization of rye as well as the
high yield potential and bakg quality of wheatOut of ths motivation, the firstvinter triticale
cultivars"No. 57"a n d i Nwere re§isteveth 1968 in Hungary and the first spring triticale
cultivara Ar madi | | o0 | Mexicd(©ettlera26D8). year i n

In 2022 the German descriptive variety lisompises 54triticale cultivars of which 45
arewinter types an® are spring typedn 2021 triticale was grown on28.300 hectareswith a
meangrainyield of 581 tons per hectargesulting in a total production afboutl.9 million tons
in Germany(BundessortenamBSA], 202). On a global scale, triticale was grown aipout 4
million hectars in 2021 with a total production of 12 million tons. The main growing area is
Central Europeespecially Poland, Belarusrance and Germargdding up to & % of the total
cultivation area.The highesfgrain yieldswere achieved ilbenmark andBelgium, harvesting
more than 6 tons per hectare on averdgeod and Agriculture Organization of the United
Nations FAO], 2023).

Triticale is mainly used as animal feedspeciallyfor pigs, poultry and cowsAn
advantage of triticale as animal feed compared to wheat and rye is the positive protein
composition with a high content of lysine (Heger & Eggum, 1991; Villegas, McDon&|&s,
1970; Mosse, Huet & Baudet, 1988jiticale is also used in th@roductionof renewable energy,
as a substrate for the production of biogadethanol.For biogas production, the whole plant is
harvested and fermentedto silageunder anaeitmc conditions For ethanol production, the
starch contained in the grain is converted into simple sugars and then fermented by yeast to
alcohol. Triticale has thadvantage of aautoamylolyticalenzyme complex that facilitates the
conversion of starch intaugar(Pejin, et al., 2009)The use of triticale for human consumption is
only of mi nor i mportance due t o -dnlylase dciiviy b a ki 1
due to preharvest sprouting and poor gluten and gliadin strerfijtares & Oettler, 199;
Naeem, Darvey, Gras & MacRitchi, 2002; Martinek, ¥mova,Bur egov 8§ &2088y hn 8 n ek
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Most of the intended uses of tatile are dependenh the graincompaosition, most importantly

the totalstarch angbrotein content as well dse amino acidcompositionof the protein

Grain Yield Formation and its Components

Grain vyield per areacan be regardednathematicallyas the producof three yield
componentsears per square meter, kerngés ear and thousaskernel weight However, as in
most biological systemggrain yield is more thanhe sum of its partsBesides the highly
guantitative genetic basis of grain yield, influencechbpdreds of genes, grain yield formation
is dependent on environmental and climatic condsti@gronomic managemeantd the selection
of an appropriateultivar for the prevailing conditionsThus, grain yieldtself is more difficult
to improve buthe abovementioned yield componeiisld potentialfor an indirecimprovement
by breeders. To improve the number of ears per square meter, the most important trait is tillering.
As an increase in the sowing density results in a reduction in the numbarsper plant, an
agronomic improvement is néasible(Giunta & Motzq 2004. Thereforethe number okars
per square meteat a fixed sowing densitgan only be increased by improving tillering through
breeding.The second yield componeRgrnelsper ear, holds the most potential for breeders as it
is influenced by numeroupathways Wurschum, Leiser, Langer, Tucker & Longin (2018)
investigated ear characteristics in wheat, showing that the number of kernels per ear is
influenced, amongthers by spikelet fertility, spikelets peyar, ear length and eaompactness.
Moreover all of these traits are significantly positive correlated to the number of kernels per ear
The third major yield component thousakelnel weight is negatively correlated withe
number of kernels per eamaking it challengingo improve all yield corponents at a time
( Januga us.Kmm & physiol@gzd @oint of view this is plausible yath the available
resourceshe plant can either produce many small grains or fewer large ones.

To better understand and quantify the accomplished gegegticby plant breeding, it is
important to study longerm trends. This can be done by two methd@gsoy studying historic
data or (ii) bygrowing cultivars released over the last decades together with modern cultivars in
the same experiment (Pieph_aidig, Dorbek & Meyer, 2014 aidig, Piepho, Dorbek & Meyer,
2014; Laidig et al., 2017)'he advantage of such a joint analydisnodern and ancient cultivars

lies in the elimination of disturbance variables as they are all grown under the same conditions
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and advances irrop production, agricultural machinery and plant protection do not blur the
genetic gain. Such analyses revealed a continuous progress in triticale breeding over the last
decades with an annugkld increasef about 50 to 9&ilogram perhectare (Laidig et al., 2014,

Losert Maurer, Marulanda & Wirschum, 2017; Neuweiler, Maurer & Wiuirschum, 2020).
However,it is not only the totagrain yield thatis of importame, the composition of the grain

also plays an important role in its subsequesgt and marketing.

Cereal grains consist of five main components, whichstaech, protein, fat, fibeand
ash(Al'i jogius et al ., 2 0).1A8 of th&se domponents deemide teet  a |
subsequent use of the grain, so the grain compossian inportant characteristic of a cultivar
Since triticale hardly plays a role in human nutrition, the protein content and starch content are of
particular interest for its main uses in animal feeding and renewable energy production. In
animal feedinggespecially for pigsproteinservesas a source for thessentiabmino acids and
starch as a source of enerdy.the production of renewable energy, the starch content is of
primary interest, as it has a higimergy content and can easily be converted into methane or
alcohol by microorganisms.

Protein and starch are the main components of tetigedins, summing up to about 82
of its total dry matte(Rodehutscord et al. 20L@oth components argignificantly negatively
correlated(Fossati, Fossati & Feil, 1993; Garcia del Moral, Boujenna, Yafiez & Ramos,. 1995)
There are many reasons for this negative correlation, but the main reasorbke physiological
competition for carbon assimilated pmotosynthesis used either for the production of protein or
starchas well asn the dilution of protein due thigh starch conten{g-ossati et al., 1993riboi
& Triboi-Blondel, 2002. The dilution effect oftenaxurs in highyielding cultivars In thiscase
the amount of protein harvested per area, or also known as proteinsyadparable to less
yielding cultivars but the protein content is significantly lower because the high yield level was
achieved by increasing the starch con{éatssati et la, 1993. Therefore, mcreasing one or the
other component by breedirsgnsequentlyeads to a decreasef the @mpeting componenthe

two majorfactors that have an influence onigraomposition are genetics afedtilization.
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Nitrogen Fertilization and Nitrogen use Efficiency

Theinventionof the HabeiBosch process 1908 by Fritz Haber and the development of
an industrial proces® produce ammonia out of atmospheric nitroggnFritz Haber and Carl
Bosch in 1913led to a new eraof agriculture. For the first time in history, people were
independent of natural nitrogen sources hikkeogen fixation by plantsnanure, slurry or guano
Together with the development of high yielding sewiarf cultivars and advances in crop
production, agriculturamachinery and plant protectidhis inventionpaved the way foa rapid
development in agricultureom the 1950®n, which is today known as the green revolution.

Mineral nitrogen fertilizers are an essential component of modern agriculture. Only
throughtheir use $ it possible to achieve today's grain yields and to feed a growing world
population.In 202Q 1392 million tons of nitrogerfertilizers were appliedon a global scale
whereas58.0 million tons and 49.2million tons ofthe other macronutrients phosphorus and
potassium werappliedin the same yeamrespectivelywhich shows he great importance of
mineral nitrogerfertilizers (FAQ 2023). However, they also haveajor negative impasion the
environment The most critial points are nitrogen leaching caused by strong rainfalls and the
resulting eutophication of aquatic habitats, the entry of nitrates into the groundwater,
evaporation of gaseous nitrogen compounds from agricultural soils and canopies as well as high
energy consumption for the production of mineral nitrogen fertilizers and in result an increased
emission of greenhouse gases (Ceottos520@vid, Gentry, Kovacic & Smith, 1997; Davidson,
2009). This has led to an increasingly restrictive legislationylagigg nitrogen fertilization
(Council Diregive 91/676/EEC of 12 Decembd©Q91 concerning the protection of waters
against pollution caused by nitrates from agricultural sources 1991, 2008; Diingegesetz 2009,
2020; Verordnung zur Neuordnung der guten liabkn Praxis beim Dingen 2017, 2020)
order to resolve this contradiction between the increased need for food and the protection of the
environment, it is necessary to increase the efficiency of our crops in order to produce the
maximum yieldwith optimal qualityfrom the available resources.

The responseo nitrogen fertilization differs to a great extent between genotypes and
therefore it is important to quantify the ability of a genotype to make use of the available
nitrogen. To this end, Moll, Kampita& Jackson (1982) developede sacalled nitrogen use

efficiency (NUE), which simply represents the amount of harvested grain diageuant
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available nitrogenThe NUE can be further subdivided into its two component§) nitrogen
uptake efficiencyi.e. the efficiencyof a genotypéo take upthe available nitrogen from the soil
and (i) nitrogen utilization efficiencyij.e. the ability of a genotypeo translocatethe nitrogen
taken up intothe cerealgrain that is harvestedAmong small grain cereals, triticale has the
highest NUE with 31 kilogram grainper kilogram nitrogen available (Sylves®radley &
Kindred, 2009). However, these are only average values. In wheat, since there are no studies for
triticale, Brasier et al. (2020) investigatetvo biparental populations comprising of 136
recombinant inbred lingRIL) and138double haploidDH) genotypes in four environments for
their NUE. Underlow nitrogenconditions, the genotyp@blUE ranged from 48 kg (kg(N))™ to

82.5 kg(kg(N))™ for the RIL-populationand from 44.3 kdkg(N))™ to 80.2 kg(kg(N))™ for the
DH-population. Undethigh nitrogenconditions, it ranged from 27.9 kgg(N))™ to 46.9 kg
(kg(N))™* for the RIL-populationand from 25.0 kgkg(N))™ to 56.4 kg(kg(N))™ for the DH
population which illustrates the high genotypic effedio make full use of the variation present

in the breeding poadnd to maintain a continuous genetic gain by breeding necessary to
understand the physiological and genetic basisNOfE. Modern molecular markerbased
methods offepowerful took to dissect the genetic architecture of such complex and quantitative

inheritedtraits likeNUE, grain yield angrotein cotent

Triticale Breeding and Marker-Based Methods

Triticale breeding focuses on classical line breeding schengesube of its mainly
autogamous nature with a selbllination rate of 9@%, (Oettler, 2005). This is also reflected by
the Germandescriptive variety list, wher@ 2022 only two out of 54egisteredriticale cultivars
were hybrid cultivars (BSA, 2023. The main reasanfor the underrepresentation of hybrid
cultivarsare (i) the lack of heterotic groups, due to the young history of triticale breeding, (ii)
the complexity of the hybrid breeding method, which requires more resources for the production
of parental lines and hybrid testing, (iii) the complex system of hybrid pesduction, which
requireseither chemical hybridizing agents or a cytoplasmatic male sterility and (iv) in result
higher prices for hybrid seeds what leads to a low willingness of farmers to buy hybrid triticale
cultivars (Bernardo, 2010Fischeret al., 2010; Longin et al., 20LZHowever, hybridcultivars
have many benefits, for farmers as well as for breedars.to thereduction of heterosis with
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selfing breeding companies havareoresecured income, dke problem ofarm-saved seeds
obslete for hybridcultivars For farmersthe benefit lies inhigher grain yieldsdue to the
exploitation of heterosis and in a higher vyield stabititynpared to linecultivars (Losert,
Maurer, Weissmann, & Wirschum, 201&ngin, Reif & Wirschum 2014y1ihleisen, Piepho,
Maurer, Longin & Reif, 201} Despite these advantages, hylridtivarshardly play a role in
triticale today.

In the last decadeshe most important trait breeders were concentrating on was grain
yield. This is still the same todayytthe agricultural markétas changeth the last 15 years and
the demand for triticaleultivars suitedfor different purpose such asvhole plantbiomass as
substrate for biogas production or a specific chemical grain composition is incré&aairigleet
al., 2015;McGoverin et al., 201)1 The more traits are included in the selection prqdessmore
complex the breeding program becom@se solution is the use of indices, which combine the
individual traitswith one another and thus enable severatsto beimprovedat the same time.
This soecalled index selection is easyapplyfor positively correlatedraits such as grain yield
and grain starch conterbut the simultaneous selection of negatively correl&taits requires
special method€One prominent example for all small grain cereals is the negative correlation
between grain yield and grain prota@antent(Rapp et al., 2018; Kuenzel & Frey, 19&®mssati
et al., 1993 Miedaner et al., 20)2To overcome this negative correlation andrtcrease grain
yield and grain protein content at a time, Koekemoer, Labuschagne & Van Deventer (1999)
invented the index protein yield, which is the product of grain yield and grain protein content and
represents the amount of protein harvested per. &#feaever, protein yield is more strongly
influenced by grain yield than by protein content and a balanced selection of both traits is
therefore not possibleézurther research on index selection led to the invention of the grain
protein deviation (GPD) byMonaghan, Snape, Chojecki & Kettlewell (2001). The GPD
represents the residual of the regression of protein content on grain yield and therefore enables
breeders to select genotypes with a higher than expected protein content at a given grain yield
level. Numerous other indices have been proposed to solve this problem, such as the index equal
weights (Indexzw), which represents the sum of the standardized grain yieldstandardized
protein content (Rapp et al. 201&nothe step forward in addition tothe use of purely
phenotypic indicegs the use of molecular markeWith their help,the identification ofgenetic

regiors associatedvith the trait ofinterest also referred t@s quantitative trait loc(QTLS),
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becamepossible. This enabled breedero directly select genotypethat have the desired

characteristics

Classical phenotypic selection can be very difficult for most of the traits with agronomic
importance suchas grain yieldearliness or disease resistange they are oftequantitativdy
inherited. Especially the selection of parenmtgth which to start a new breeding cycle is
challenging without the knowledge of their genetic constitutibm.order to meet these
challenges, intensiveesearchas been carried out over thasp decades on methods to uncover
the genetic basis dhosetraits All of these methods make use of naturally occurring small
mutationsin the genome. Once such a mutation is identifiedn@ecular marker can be
develged which can besed to check if this specific mutation is present in a genotype or not. If
this mutation isin linkage disequilibrium (LD)and closely linkedwith a genomic region or a
specific gene responsible for the expression of a phenotypi¢itradn be concludithat a
genotypecarryingthis specific mutatiorexpressethe phenotypidrait. With a sufficient marker
density covering the whole genome, it was possible to detect unknown genetic regions
responsible for a specific traity linkage mapping (LM). Thisnethod is based on a segregating
biparental population whose parents diffierthe trait of interestBy genotyping the offspring
mapping population, the segregatintpci can be identified and their contribution to the
expression of the trait can bdetemined (Mackay & Powell, 2006) However, the QTL
identified by this method caanften not be transferred to other populationstias amount of
explained genetic variand@ ) is often overestimated-urther,QTL for which both parents
have the same genetic constitution will remain undetected as they will not segregate in the
mapping population (Melchinger, Utz & Schon, 1998; Korte & Farlow, 2Q01%urthermore,
these QTL can be family specific anare thereforenot transferable to other populations.
Nevertheless, this method is widely used in plant breeding and is used by many companies to
study their breeding pools for the development of diagnostic madsed inmarkerassisted
selection(MAS).

A major step érward was the development of genomigle association studie&WAS)

(Myles et al., 200Q This method made it possible to study the genetic architecture of traits
independently of biparental populatioas it makes usef markertrait associations across a

panel of diverse genotypeshereby the result is nobiasedby the geneticonstitution of the
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parental componentsf a biparental population as is thasein LM, thusthe results are more
representativéor the wholepopulation of the crofHowever, a high marker density is required
to carry out &EGWAS. In recent yearthis was made possibfer many cropsy new genotyping
methods such agenotyping by sequencing (GBSylentifying tens of thousands of single
nucleotide polymorphisms (SNE®vering the whole genon{&lshire et al., 2011

Due tothe more regional importancef triticale in Central Europecomparatively few
studies have been published regardihg genetic basi®f agronomicallyimportant traits
Through avances in technology and further declining prices for genotypimaykerbased
studiesand selection methods will find wider application andl become routinesvenin
smaller breeding companiefogether with classical phenotypic selection and index selection,
even the simultaneous improvement of negatively correlad#td like grain protein content and
grain yield seems to be possibléherefore, in this thesis, the possibilities and benefitsew
breeding methodwvill be discussed, to adapt triticale for future requirements such as limited
nitrogen fertilization and a grain composition adayiteits intendedenduse.



General Introduction

Objectives

The goal of this thesis was tmntribute to the understanding of the genetic architecture
of grain yield and grain quality related traits in European triticale and to assess the potential of
markerbased technics to improweesetraits by plant breeding.

In particulat the objective®f this thesisvere to:

1. evaluate the genetic architecturegoéin yield and grain quality related traits as

well asof traits related tmitrogenuseefficiency of triticale

2. evaluate longerm genetic trends resulting from breeding progresdréots of

agronomic importance in triticale.

3. assess the potential of indsglection to simultaneously improve negatively

correlated grain yield and grain protein content.
4. develop strategies for the identification of nitrogen efficient triticale genotypes.
5. assess thaisefulnes®f markerbased selectiotechniquego improve grain yield

and grain quality related traits as well as traits related to nitrogen use efficiency in

triticale by breeding.

10
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2 PUBLICATION |: LONG-TERM TRENDS AND GENHIC
ARCHITECTURE OF SEEDCHARACTERISTICS, GRAN
YIELD AND CORRELATED AGRONOMIC TRAITS IN
TRITICALE (XTRITICOSECALBNITTMACK)

Jan E. Neuweilér Hans Peter Maur&rTobiaswWiirschuni’
'State Plant Breeding Instituteniversity of Hohenheim, 70599 Stuttgart, Germany
Plant Breeding (2020), Voluni9 Issued, Pages717-729 doi:10.1111/pbr.12821

The original publication is available at
https://onlinelibrary.wiley.com/doi/pdf/10.1111/pbr.12821

Abstract

The aim of this study was to investigate lelegm genetic trends and the genetic architecture of
grainyield, seed characteristics and correlated agronomic traits in triticale. Theeefaneg! of

846 diverse triticale genotypes was assessed for three agronomic and three seethdrsape
related traits. We observed a high genotypic variation and a high heritability for all traits.
Analyzing the development of these traits duringlést decades revealed a continuous increase
for grain yield and thousarckernel weight, and a slight increase in seed width. The seed
characteristics and thousakernel weight formed a complex of highly positive correlated traits.
Genomewide associatiomapping revealed many smalifect and a few moderagdfect QTL.

The allele frequencies of the moderafeect QTL followed the same temporal trends as
observed for the phenotype. In line with the phenotypic correlations, we identified several
pleiotropic QTL for grain yield, thousantlernel weight, seed width and seed area. Our results
illustrate the continuous progress achieved in triticale breeding and suggest that triticale seeds

have been selected to be more spherical in modern cultivars.
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1 | INTRODUCTION
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Abstract

The aim of this study was to investigate long-term genetic trends and the genetic
architecture of grain yield, seed characteristics and correlated agronomic traits in
triticale. Therefore, a panel of 846 diverse triticale genotypes was assessed for three
agronomic and three seed shape- and size-related traits. We observed a high gen-
otypic variation and a high heritability for all traits. Analysing the development of
these traits during the last decades revealed a continuous increase for grain yield
and thousand-kernel weight, and a slight increase in seed width. The seed charac-
teristics and thousand-kernel weight formed a complex of highly positive correlated
traits. Genome-wide association mapping revealed many small-effect QTL and a few
moderate-effect QTL. The allele frequencies of the moderate-effect QTL followed
the same temporal trends as observed for the phenotype. In line with the phenotypic
correlations, we identified several pleiotropic QTL for grain yield, thousand-kernel
weight, seed width and seed area. Our results illustrate the continuous progress
achieved in triticale breeding and suggest that triticale seeds have been selected to

be more spherical in modern cultivars.

KEYWORDS
GWAS, long-term trends, QTL, seed characteristics, triticale, yield components

importance as bioenergy crop (Jargensen, Deleuran, & Wollenweber,
2007; Lewandowski & Schmidt, 2006).

Triticale (xTriticosecale Wittmack) is a man-made small grain cereal,
created by crossing wheat (Triticum durum L. or Triticum aestivum
L.) as female parent and rye (Secale cereale L.) as male parent. The
aim was to combine the advantages of both species, that is the high
yield potential and protein quality of wheat and the resource effi-
ciency and high resistance against biotic and abiotic stress of rye.
Since triticale does not possess the high baking quality of wheat, it is
mainly used for animal feed and more recently has gained increasing

A further improvement of grain yield and quality character-
istics is required in view of the task of feeding a growing world
population under limited arable land and the effects of climate
change. Modern genomic approaches enable us to increase selec-
tion gain through the identification and subsequent utilization of
quantitative trait loci (QTL) (Wirschum, 2012). The targeted use
of QTL through marker-assisted selection in breeding requires the
QTL to explain a sufficiently high proportion of the trait's variance

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
© 2020 The Authors. Plant Breeding published by Blackwell Verlag GmbH
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in order to make the effort worthwhile. Grain yield, however, is a
highly quantitative trait, controlled by many genes with small ef-
fects, which usually escape detection in QTL mapping. An alterna-
tive approach to increase grain yield is therefore the phenotypic or
marker-assisted selection on the less complex yield components
and correlated agronomic traits. A major yield component of small
grain cereals is thousand-kernel weight, which is influenced by the
seed morphological characteristics seed length, seed width and
seed area, which in turn influence test weight. These traits are not
only determinants of grain yield, but they are also related to bio-
energetic properties (Kindred et al., 2008; Swanston et al., 2007),
baking quality and milling quality (Schuler, Bacon, Finney, & Gbur,
1995), as well as seedling vigour and osmotic stress resistance
(Botwright, Condon, Rebetzke, & Richards, 2002; Chastian, Ward,
& Wysocki, 1995; Kaydan & Yagmur, 2008).

Seed shape- and size-related traits have already been in-
vestigated in wheat. For example, Sun et al. (2009) analysed 131
recombinant inbred lines (RILs) for seed length, seed width, thou-
sand-kernel weight and test weight, and identified 20 putative QTL
on 12 chromosomes, explaining 5.9 to 26.4% of the phenotypic
variance. Furthermore, they reported three co-located QTL for seed
width, thousand-kernel weight and test weight, suggesting these
QTL as possible candidates for marker-assisted selection. Several
other publications on seed shape and size characteristics are avail-
able for wheat that identified additional marker-trait associations
(Dholakia et al., 2003; Liu et al., 2018; Zanke et al., 2015). In addi-
tion, for rye several QTL associated with thousand-kernel weight
and test weight were reported. For example, Miedaner et al. (2012)
identified several large-effect QTL for these traits in two biparental
populations that showed a high stability across environments. These
results are supported by findings of Myskéw, Hanek, Banek-Tabor,
Maciorowski, and Stojatowski (2014) who tested two RIL popula-
tions for marker-trait associations of several agronomic traits. They
identified the same chromosomal regions as significantly associated
with thousand-kernel weight as Miedaner et al. (2012). Collectively,
these findings substantiate the potential of seed characteristics as
selection targets for grain yield improvement by plant breeding.

Different studies showed that thousand-kernel weight did not
increase in European wheat cultivars since 1950 (Acreche, Bricefio-
Félix, Sanchez, & Slafer, 2008; Brancourt-Hulmel et al., 2003).
Recent results from Wirschum, Leiser, Langer, Tucker, and Longin
(2018), who analysed a panel comprising 407 winter wheat culti-
vars, supported these findings. They analysed the panel for tem-
poral trends by grouping the cultivars by their date of release, but
for thousand-kernel weight no temporal trend was recognizable.
For German rye, by contrast, Laidig et al. (2017) showed that thou-
sand-kernel weight increased since 1980. For triticale, no research
on the variation, temporal trends and the genetic architecture of
seed morphological characteristics is available so far.

The aim of this study was therefore to investigate these traits in
triticale and to assess their potential to assist grain yield improve-
ment. To this end, we evaluated 846 diverse triticale genotypes
including 129 registered cultivars in multi-environment field trials

to (a) assess the genotypic variation present for grain yield, two
yield-related traits and three seed characteristics; (b) evaluate the
traits for long-term genetic trends resulting from breeding progress;
and (c) dissect the genetic basis of these traits.

2 | MATERIALS AND METHODS

2.1 | Plant material and experimental design

In this study, a total of 846 diverse triticale (xTriticosecale Wittmack)
genotypes of European origin were used, consisting of registered
129) (Table S1) and advanced breeding material
(n = 717). All lines were provided by public institutions and private

cultivars (n =

breeding companies.

The phenotypic data for the genotypes in this study were col-
lected in two large separate field trials, which comprised a total of
1.280 genotypes (Trial 1, 800 genotypes, and Trial 2, 500 geno-
types). In both trials, 20 common check genotypes were included,
which are also part of this study. For all trials, we used a partially
replicated incomplete block design with 1.3 and 1.2 replications
for Trial 1 and Trial 2, respectively. At each location, the field plot
size varied between 5 and 10.5 m% As not all genotypes in the
field trials had molecular marker data available, the phenotypic
data for 786 and 80 genotypes of the 846 triticale genotypes in
this study were obtained from Trial 1 and Trial 2, respectively. Trial
1 was evaluated at five locations in 2014 and 2015, and Trial 2
at the same five locations in 2015 (Table S2). Tillage and appli-
cation of fertilizers, fungicides and growth regulators were done
according to locally adapted practices for field trials with intensive
management. The weather data (monthly average temperatures
and monthly precipitation during the growing season) are shown
in Figure S1 and were provided by the German Weather Service
from a nearby weather station and by the Center for Agricultural
Technology Augustenberg.

To determine the grain yield (GY in t/ha), the whole plots
were harvested and the grain yield was calculated at a moisture
content of 14%. After harvesting, seed samples were cleaned
and sieved to remove broken and shrivelled kernels from the
samples. For the determination of test weight (TW in kg/ma),
an internally modified measurement protocol was used with a
significantly reduced sample volume compared with interna-
tional standards (Canadian Grain Commission, 2019). The mod-
ified measurement protocol has the advantage that it can be
quickly and easily integrated into the workflow of the MARVIN
instrument and the correlation of the obtained values to the
measured values with a sample volume corresponding to the
measurement standard is very good (r > 0.95) (H. P. Maurer, per-
sonal communication, 27 January 2020). Subsequently, with the
25 ml sample thousand-kernel weight (TKW in g), seed length
(SL in mm), seed width (SW in mm) and seed area (SA in mm?)
were determined using a MARVIN Seed analyzer device (GTA
Sensorik GmbH).
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2.2 | Phenotypic data

Phenotypic data were analysed using a one-step procedure as sug-
gested by Ogutu, Schulz-Streeck, and Piepho (2011) applying the fol-
lowing linear mixed model:

Yikim = H+G; + €+ by +(ge); + (t€)y + g + By + Eijigm (1)

where Yijkim Was the phenotypic performance of the ith genotype at
the jth environment within the kth trial, u the intercept, g, the ef-
fect of the ith genotype, € the effect of the jth environment, t, the
effect of the kth trial, (ge)ij the genotype-by-environment interac-
tion effect of the ith genotype and jth environment, (te)k}. the trial-
by-environment interaction effect of the kth trial and jth environ-
ment, r,; represents the Ith replication within the kth trial and jth

environment and b_, . is the mth incomplete block within the Ith

mikj
replication, kth trial and jth environment. &5,
sociated with y;,,,. Heterogeneous error variances were assumed

was the residual as-

for single-field trials. All effects were assumed as random. Variance
components were estimated using restricted maximum likelihood
(REML), and significance of variance components was determined by
likelihood-ratio tests (Stram & Lee, 1994). Heritability was estimated
as suggested by Cullis, Smith, and Coombes (2006) and summarized
by Piepho and Méhring (2007) as follows:

0,
h2=1- % 2)
a’s

where g p is the mean variance of a difference of two BLUPs
(best linear unbiased predictors) and agz is the genotypic variance.
Covariance between traits was calculated based on the bivariate
model:

Y (XY ikt = H +8i €+ (3 + I + Buiig + Eijim (3

where y;,,., was the covariance of traits x and y, and the other
factors are as described. All effects were assumed as random.
Genotypic correlations were calculated based on the following
formula:

.= Tagxy

a (4)
fo2 502
o2 %02,

where o, is the covariance between traits x and y of the geno-
typic effect, zr;’x is the variance component of the genotypic effect
for trait x, and o'gzy is the variance component of the genotypic ef-
fect for trait y (Wilson et al., 2010). Phenotypic correlations were
calculated as Pearson's correlation coefficients between each pair
of traits. For the calculation of the best linear unbiased estima-
tors (BLUEs), the same model (1) was applied, but with genotype
modelled as fixed effect. Outlier detection was performed using
the Bonferroni-Holm test to judge studentized residuals as outli-
ers (Bernal-Vasquez, Utz, & Piepho, 2016). All statistical analyses

N L Planiteans—WiLEY-L 72

were performed with the software package ASRemi-R 3.0 (Gilmour,
Gogel, Cullis, & Thompson, 2009) in the statistical software r 3.4.4
(R Core Team, 2017).

2.3 | Genotypic data analyses

All genotypes were genotyped by a genotyping-by-sequencing
(GBS) approach (DArTseq) at Diversity Arrays Technology Pty. Ltd.
Quality checks were performed, removing markers that showed
more than 13% missing values or had a minor allele frequency
smaller than 5%. In the first step, the analysis was performed
with all mapped and unmapped markers. To determine the most
likely chromosomal positions of significantly associated unmapped
markers, we evaluated their linkage disequilibrium (LD) with the
mapped markers and placed them at the most probable position in
asecond step. For 9.853 of the markers, a map position was known
on the A genome and for 14.001 markers on the B genome (Li
et al., 2015). In addition, a map position on the R genome was de-
termined based on two segregating populations using the MSTmap
algorithm of the r package ASmap (Taylor & Butler, 2017) resulting
in 5.026 markers. Consequently, a map position was available for
28.880 markers (23.063 dominant silico-DArTs and 5.817 SNPs).
The ClonelDs of the silico DArT markers were given a “D” and the
SNP markers a “S” prefix.

Genome-wide association mapping was performed with the r
package GenABEL (Aulchenko, Ripke, Isaacs, & van Duijn, 2007),
using a linear mixed model that integrates a kinship matrix to cor-
rect for population stratification (Langer, Longin, & Wiirschum, 2014;
Wiirschum & Kraft, 2014; Yu et al., 2006). As significance threshold,
we chose a Bonferroni-corrected significance level of p < .05. For the
calculation of the proportion of explained genotypic variance, marker
data were imputed using BeacLe 5.0 (Browning, Zhou, & Browning,
2018). After correction for collinearity by a joint fit in a linear model
in the order of the strength of the association, significant QTL were
labelled as “qTrait” followed by consecutive alphabetic letters, which
were assigned to the QTL in the order of their proportion of ex-
plained genotypic variance, i.e. the QTL with the highest proportion
of explained genotypic variance for grain yield (GY) was designated
qGy.A. All QTL were simultaneously fitted in a linear model in the
order of the strength of the association to obtain the adjusted R?
values. The total proportion of the genotypic variance (p;) explained
by all detected QTL was calculated from the ratio p = Rzadl./hz. where
h? refers to the heritability of the trait (Utz, Melchinger, & Schon,
2000). Estimates of individual QTL were derived from the sums of
squares of the QTL (SSQTL) in this linear model. In general, the a allele
substitution effect can be expressed as follows:

a=a[1+k(p;-ps)] (5)

where a is the genotypic value of a locus, k is the degree of domi-
nance and p, and p, are the allele frequencies. For an inbred line, the
« allele substitution effect corresponds to the half of the genotypic
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value between the two genotypic classes of a QTL and was obtained
by fitting the diagnostic marker of a QTL (coded as 0, 1 and 2) against
the respective trait in a linear model, and the resulting regression co-
efficient represents the a allele substitution effect (Lynch & Walsh,
1998).

3 | RESULTS

This study was based on a panel of 846 triticale lines, comprising reg-
istered cultivars (n = 129) and advanced breeding material (n = 717),
that were evaluated for agronomic traits and the seed characteris-
tics seed length, seed width and seed area in multi-environment field
trials. We observed a considerable variation for all investigated traits
(Figure 1). Consequently, the genotypic variance was highly signifi-
cant for all traits as was the genotype-by-environment interaction
variance (Table 1). The highest ratio between the genotypic and the
genotype-by-environment interaction variance was found for seed
length with 10.5 and lowest for grain yield with 2.5. Heritability es-
timates were relatively high for all traits, ranging from 0.79 for grain
yield to 0.94 for test weight.

The phenotypic correlations among the six traits were signifi-
cant for all trait combinations (Figure 2a). All traits were positively
correlated, except test weight, which was negatively correlated
with all traits but grain yield. All seed characteristic traits formed
a complex with highly positive correlations, as illustrated by the
network analysis (Figure 2b). Thousand-kernel weight was highly
positive correlated with seed length, seed width and seed area

(r=0.61""",r = 0.83""" and r = 0.92**", respectively). Seed length
and seed width were highly correlated with seed area (r = 0.79"**,
r=0.77"""), whereas the correlation among them was considerably
lower (r = 0.25***). Analysis of genotypic correlations yielded similar
results (Table S3).

To investigate triticale breeding for possible long-term genetic
trends, we used the date of registration provided by the Community
Plant Variety Office (n.d.) of all cultivars included in the panel
(Figure 3). The strongest increase was found for grain yield, with a
gain of 1.7 t/ha since 1982. A similar trend was observed for thou-
sand-kernel weight. While seed length remained rather constant or
may have decreased slightly, seed width and along with it seed area
and test weight appear to have slightly increased over time.

To uncover the genetic basis of the evaluated seed charac-
teristics and agronomic traits, we performed genome-wide as-
sociation mapping. This identified QTL for all six traits (Table 2,
Table S4). Most of the putative QTL were identified for seed
width, with 17 QTL, while for thousand-kernel weight only two
QTL were detected. However, most of them can be classified as
minor QTL, explaining only a small proportion of the genotypic
variance (pG) present for the respective trait. This is also evident
when looking at the total proportion of genotypic variance ex-
plained by the identified QTL. The total p; amounted to 43.31%
for grain yield, 17.02% for thousand-kernel weight, 19.06% for
test weight, 13.50% for seed length, 41.69% for seed width and
25.41% for seed area. In total, ten QTL explaining more than 5%
of the genotypic variance (p;) were detected. We identified four
pleiotropic QTL that showed a significant association with several
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FIGURE 1 (a)Histogram of three seed shape- and size-related traits, grain yield and two agronomic traits. The vertical lines indicate the

mean and the horizontal bar represents the mean least significant difference with a = 5% (LSDS%). indicating the minimum distance on the
x-axis to have a statistically significant difference between genotypes. (b) Variation of seed length and seed width present in triticale. The
genotypes were sorted by size and selected at regular intervals. The bar represents 1 cm
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TABLE 1 Overall mean, range and

. 3 Gyt
variance components of the genotypic (a_g),
genotype x environment ("gzxe) and error (t/ha)

(62) variances and heritabilities (h? for

six agronomic traits evaluated at multiple Min 6.5
environments in 2014 and 2015 Mean 9.0
Max 10.6
aj 0.38***
o2, 0.15**
o2 0.32
h? 0.79

W L. Plantercedns—W1 LEy-L2

TKWH# TWS st swi SAt

(8 (kg/m®) (mm) (mm) (mm?)

363 616.5 7.0 3.1 161

48.4 690.3 8.0 3.5 20.3

61.0 768.6 9.0 3.8 24.2

13.20%** 46.00***  0.10*** 0.01°** 1.40%**
292%* 10.39**  0.01*** 2.4e-3** 0.24**
2.27 7.84 0.01 2.1e-3 0.24
0.83 0.94 0.85 0.85 0.84

Note: Traits: GY, grain yield; SA, seed area; SL, seed length; SW, seed width; TKW, thousand-kernel

weight; TW, test weight.

T % and ® Evaluated at 10, 7 and 5 environments, respectively (Table S5).
***Significant at the 0.001 probability level.

traits (Figure 4, Figure S2). For example, qGyTkwSwSa.A, located
on chromosome 5B, explained 6.69%, 9.88%, 15.95% and 7.53%
of the genotypic variance of grain yield, thousand-kernel weight,
seed width and seed area, respectively. Furthermore, this QTL had
a positive a-effect for all four traits.

We further investigated the effects and the allele frequencies
of the QTL explaining the highest proportion of genotypic variance
for each trait (Figure 5). No temporal trend was observed for the
QTL for test weight, as its allele frequency remained on a stable
level of around 0.50 over the last decades. By contrast, the major
QTL for thousand-kernel weight, seed width and seed area showed
an increasing frequency of the trait-increasing allele over time. The
major QTL promoting grain yield is close to fixation, whereas the
QTL allele increasing seed length is almost expunged from the triti-
cale germplasm.

4 | DISCUSSION

Triticale is an interesting crop to enrich crop rotation and to meet
the future challenges of agriculture. Triticale serves several pur-
poses, and therefore, a targeted selection on seed size character-
istics may not only assist in increasing grain yield, but also assist in
improving aspects related to plant production, industrial purposes
and nutritional value (Feil & Fossati, 1995; Obuchowski, Banaszak,
Makowska, & tuczak, 2010). Furthermore, uncovering the genetic
architecture of seed characteristics enables a targeted utilization of
favourable variation. In this study, we therefore evaluated a large
panel of triticale genotypes for seed characteristics and agronomic
traits and assessed their relevance for grain yield.

4.1 | Seed characteristics and their association with
grain yield

Grain vyield is the major trait of interest for most breeding pro-
grammes; unfortunately, it is also one of the most complex ones. For

small grain cereals, grain yield can be regarded as a function of the
number of ears per square meter, grains per ear and thousand-kernel
weight. This relationship can be expressed as follows:

Grainyield (t/ha)

_ Earsper square meter « Grains per ear = Thousand ker nel weight (g)
100.000

It is known that focusing only on the number of ears per square
meter and grains per ear will consequently lead to smaller and lighter
kernels (Carr, Horsley, & Poland, 2003; Nerson, 1980; Whaley et al.,
2000). Moreover, it is necessary to improve all yield components and
seed characteristics simultaneously in order to increase grain yield
as well as to meet farmers’ and industry's expectations.

Our results revealed significant genotypic variation and high
heritabilities for all seed characteristics, illustrating the potential
to further improve these traits in breeding programmes (Figure 1,
Table 1). A possible explanation for the high estimates of heritabil-
ity could be the selection of genotypes. The material used consists
of advanced breeding lines and registered cultivars of European
origin, and this causes a low variation of the genotypes' perfor-
mance across locations, as they are adapted to the present en-
vironmental conditions. Furthermore, we included material from
different decades, which leads to a high variation between gen-
otypes within environments. Consequently, the high stability of
the genotypes across environments relative to the high variation
between genotypes within environments results in the high es-
timates of heritability. Interestingly, seed length and seed width
were only weakly correlated, indicating both traits to be largely
independent from each other. Nevertheless, both are important
determinants of seed area, which in turn was found to be highly
positively correlated with the yield component thousand-ker-
nel weight. All traits were positively correlated with grain yield,
which is in line with findings from wheat (Breseghello & Sorrells,
2007; Dholakia et al., 2003; Ramya et al., 2010). This indicates
that selection on the seed characteristics might be a means to
select for higher grain yield in early generations, when yield tri-
als are not yet possible. Selection on seed length, seed width and
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FIGURE 2 (a) Phenotypic correlations and scatterplots of three
seed shape- and size-related traits, grain yield and two agronomic
traits. (b) Network analysis of all investigated traits. Traits are grain
yield (GY), thousand-kernel weight (TKW), test weight (TW), seed
length (SL), seed width (SW) and seed area (SA)

thousand-kernel weight might somewhat improve the accuracy of
indirect selection for grain yield as compared to the selection on
thousand-kernel weight only, and in addition, allows a targeted
design of the kernels. Test weight, by contrast, was negatively cor-
related with the seed characteristics and was separated from the
other traits in the network analysis (Figure 2). These findings are in
line with those of Troccoli and Di Fonzo (1999), who investigated

seed characteristics and test weight in durum wheat. Taken to-
gether, the observed variation, heritabilities and the correlations
make the seed morphological characteristics interesting targets
for triticale research and breeding.

4.2 | Long-term genetic trends in triticale

The aim of plant breeding is to continuously improve the traits under
selection. The genetic component of this selection can be analysed
with historic data, for example from registration trials, or better yet
by growing cultivars from different registration periods in joint field
trials (Piepho, Laidig, Drobek, & Meyer, 2014). While genetic trends
have been reported for grain yield in wheat and rye (e.g., Ahlemeyer
& Friedt, 2010; Laidig, Piepho, Drobek, & Meyer, 2014; Laidig et al.,
2017; Piepho et al., 2014; Wirschum et al., 2018), comparably little
is known in triticale, particularly regarding temporal trends of yield
components and agronomic traits (Laidig et al., 2014; Losert, Maurer,
Marulanda, & Wiirschum, 2017).

Our results revealed a temporal genetic trend for some of the
evaluated traits (Figure 3). In the last 34 years, grain yield has seen
a continuous increase by around 1.7 t/ha, which corresponds to ap-
proximately 50 kg per year (~0.05 t/ha). This is in line with previously
reported results in a joint trial for winter triticale (0.053 t/ha) but
slightly less than the analysis of data from German official variety
trials (0.092 t/ha) (Laidig et al., 2014; Losert et al., 2017). This illus-
trates the effect of the approach to analyse genetic trends, as well
as the effect of the environmental conditions on the results of such
field trials. Nevertheless, our results corroborate the general con-
clusion of a continuous increase in grain yield in triticale breeding.
Likewise, thousand-kernel weight increased, indicating that selec-
tion for this yield component contributed to the increase in grain
yield. However, the relative increase in thousand-kernel weight was
much less than that observed for grain yield, illustrating that traits
besides thousand-kernel weight were exploited to achieve the selec-
tion gain in grain yield.

While seed length remained rather constant, seed width in-
creased over time, likely resulting in the slight increase in seed area.
This suggests that triticale seeds have been selected to become
more spherical in modern cultivars. Possible reasons for this de-
velopment could be an indirect selection on a specific seed shape.
Longer seeds tend to break more easily during harvest than shorter
ones, resulting in a lower germination rate and higher losses during
seed cleaning. On the other hand, seeds that are more spherical have
benefits in seed processing, storage and sowing as they have a bet-
ter flow property. Additionally, the closer the shape of a seed comes
to a sphere, the higher is the relative proportion of the endosperm
in relation to the seed coat, which leads to higher flour yields. For a
practical breeder, these are reasons to reject genotypes with long
and thin seeds from the breeding program. Notably, however, the
changes observed for the seed morphological characteristics were
minor. Collectively, these findings corroborate previous research
suggesting that the seed morphology in small grain cereals is much
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FIGURE 3 Scatterplots visualizing the variation of three seed shape- and size-related traits, grain yield and two agronomic traits in
triticale cultivars registered in the last decades. The regression line indicates the trend over the last 34 years. Pearson coefficient of

correlation (r), formula of the regression and R? values are given

less plastic than the number of grains, which appears to be a more
important driver of yield gains (Fischer, 2011; Sadras & Slafer, 2012;
Wirschum et al., 2018).

4.3 | Genetic architecture of seed shape- and size-
related traits

Genome-wide association mapping revealed a complex genetic archi-
tecture for all six investigated traits. Only two QTL were identified that
explained more than 10% of the genotypic variance, the grain yield
QTL on chromosome 1A and the pleiotropic QTL affecting grain yield,
thousand-kernel weight, seed width and seed area on chromosome 5B.
Yield promoting QTL qGy.A is located at the start of chromosome 1A
and explains 16.7% of the genotypic variance. These results are sup-
ported by Gao et al. (2015), who reported a QTL in wheat in the same
chromosomal region explaining up to 17.2% of the variation for ears

per square meter, that also had a high influence on grain yield. A recent
study of Tura et al. (2019) also revealed a QTL at the same chromo-
somal region in wheat, which had a positive effect of 15.3 kg/ha on
grain yield. A potential candidate for qGy.A is Eps-A™1. This locus has
a high influence on earliness and spikelet number and was first identi-
fied in Triticum monococcum L. (Bullrich, Appendino, Tranquilli, Lewis, &
Dubcovsky, 2002) but also found in hexaploid wheat (Lewis, Faricelli,
Appendino, Valérik, & Dubcovsky, 2008), which might suggest that this
locus is also present in modern triticale.

For each trait, the total proportion of explained genotypic vari-
ance was less than 50%, indicating that additional, non-detected
small-effect additive genetic QTL contribute to the expression of the
traits, or potentially also epistasis. Regarding seed length and width,
17 QTL were identified for seed width explaining ~42% of the geno-
typic variance, compared with three QTL for seed length explaining
~14%. This may indicate an even more complex genetic architecture
underlying the control of the length of the seeds compared with
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TABLE 2 Summary of the results from genome-wide association mapping

QTL Marker
Grain yield (43.31% py, total)
qGy.A D4215680
qGy.C D4547529
qGy.F D10495365
qGySw D4203146
qGyTkwSwSa.A D3620324°
qGySwSa.A D10500535
qGy.D D4213834
qGy.B D10499070
qGy.E D4344897
Thousand-kernel weight (17.02% p total)
qTkwSwSa.A D10517850
qGyTkwSwSa.A D8512046
Test weight (19.06% p; total)
qTw.G D3615774
qTw.A $3047604
qTw.B D4219566
qtw.C D3610345
qTw.E D10517856
qTw.D 54216997
qTw.F 53044752
Seed length (13.50% p; total)
qSIL.A D4362501
qSI.B D4220718
qsSI.C D4573623
Seed width (41.69% pg, total)
gSw.l D4201474
qSw.B D4214393
qSw.H D4345746
qGySw D3044764
qSw.C D4218401
qSw.A D3609717
qSw.L $3612367°
qTkwSwSa. A D10517850
qGyTkwSwSa.A D8512046¢
qGySwSa.A $4345770
qSw.M 53615183
qSw.D D8521069
qSw.F D4339912¢
qSw.E D8539529
qSw.K D3041650
qsw.G D3619625
qSw.J D4217539

Seed area (25.41% p; total)

qSa.B

D10494732

Chr.

7B

5A
5B

28
2R
4A
48
5A
SR
5R

1A
S5A
5A

1B
1B
2A
2B
3A
3B
4A
S5A
5B
5R
SR
6A
6A
6B
6R
6R
7A

1A

Pos. (cM)

21.0
81.6
48.8
107.5
114.9
278.0
63.8
153.0
104.5

58.4
106.0

779
317
25.9
70.6

148.9
24.4

320.6

71.9
34.8
57.2

513
194.1
28.5
107.0
121.9
17.5
118.2
58.4
106.0
87.6
420.7
28.3
74.3
40.9
90.4
428.2
114.9

94.4

p value

3.1e-11

5.0e-07
9.8e-09
1.4e-08
1.0e-09
6.9e-07
1.2e-06
3.2e-10
1.4e-07

9.2e-07
9.5e-08

9.5e-08
3.3e-07
9.6e-07
3.5e-11
1.2e-07
1.1e-07
5.2e-07

6.3e-07
1.5e-06
8.2e-07

1.3e-06
9.6e-08
5.8e-07
9.7e-08
2.2e-08
1.2e-08
3.5e-07
5.4e-07
5.9e-11

9.0e-07
9.6e-07
7.5e-07
2.9e-08
2.1e-07
5.6e-07
1.2e-06
1.3e-06

4.4e-07

pgjoint®

16.73
5.35
0.22
1.88
6.69
0.06
2.59
8.15
1.27

4.10
9.88

0.07
8.81
3.98
2.36
1AF
1.85
0.46

6.47
4.43
2.50

0.42
2.60
0.58
1.39
1.86
295
0.15
1.88
1595
0.24
0.08
1.10
0.95
1.08
0.16
0.60
0.17

3.97

pg single

16.73
11.26
17.00
12.27
17.77
15.02

8.77
17.32
13.57

6.60
9.88

1.97
9.06
4.81
2.36
3.35
2.01
279

6.47
3.97
2.80

1.52
3.52
0.01
8.35
10.32
4.32
15.88
7.90
15.95
20.68
16.06
7.63
5.87
5.62
3.77
6.21
0.51

3.77

Effect

0.80
-0.39
1.04
0.59
0.77
-0.54
-0.40
-0.82
0.87

2.33
290

-6.08
-17.67
-15.56

-6.62

9.17
3.31
-5.36

-0.18
0.12
0.12

0.05
-0.06
0.00
0.11
0.12
-0.06
-0.11
0.09
0.12
-0.12
0.11
0.07
-0.08
0.07
0.07
0.06
-0.02

0.48

91
.57
94
.89
.89
.80
.20
92
.94

.83
.85

.45
.21
.08
.50
T
.60
.64

16
.70
.20

.07
.10
.69
e
.90
.18
.81
.83
.85
.73
75
.24
A2
.78
.89
.32
.22

.25

(Continues)
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TABLE 2 (Continued)

QTL Marker Chr. Pos. (cM)
qTkwSwSa.A D10517850 5A 58.4
qGyTkwSwSa.A D3605673¢ 5B 108.4
qGySwSa.A D10500535 5R 278.0
gSa.A D4573171 6B 31.0

?Frequency of the allele increasing the trait value.

N L Plartrea—WiLEY-7

p value Pg joint® pg single® Effect p?

1.1e-07 5.28 5.28 0.68 71
2.1e-07 7.53 10.07 0.80 77
1.2e-06 1.28 8.57 -0.78 .80
2.3e-07 4.91 1:51 0.30 .68

pr values were obtained by a joint fit of all significant makers for the respective trait in a linear model.
CpG values were obtained by fitting each single significant marker for the respective trait in a linear model.
9Unmapped marker that was placed on the map based on its LD with mapped markers.

their width. In general, our results are in line with previous findings
from Dholakia et al. (2003) who also detected only minor QTL for
seed width and seed length in wheat.

The results of the genome-wide association mapping also pro-
vided evidence for a molecular-genetic relationship between some
of the investigated traits, observed already on the genotypic level.
We identified several pleiotropic QTL that were associated with two
or even more of the traits (Figure 4). Bai et al. (2010) also reported
a genetic architecture with pleiotropic QTL effects for seed length,
seed width, seed thickness and thousand-kernel weight in rice, sub-
stantiating our finding of a common inheritance of seed characteris-
tic traits in triticale. For example, seed width and seed area had three
QTL in common, two of which were also shared with thousand-ker-
nel weight. These QTL are located on chromosomes 5A, 5B and 5R.
Seed length is the only seed characteristic that has no QTL in com-
mon with the other traits, but two of its three QTL are also located
on chromosome 5A. This suggests that chromosomes 5A, 5B and 5R
harbour important loci controlling seed characteristics in triticale.
These findings are in line with previous reports on the identification
of QTL for seed size and shape characteristics in wheat, located on
chromosomes 5A, 5B and 5D (Breseghello & Sorrells, 2006, 2007;
Dholakia et al., 2003; Gegas et al., 2010; Ramya et al., 2010).

In addition, we found that the allele frequencies of the identified
QTL mirrored the observed long-term genetic trends (Figure 5). For
example, the frequency of the positive allele of the pleiotropic QTL
qGyTkwSwSa.A (D8512046) on chromosome 5B, promoting grain

9 I GY

QTL per combination

yield, thousand-kernel weight, seed width and seed area, strongly
increased over the last decades and is almost fixed in modern cul-
tivars. By contrast, the seed length promoting allele of the QTL on
chromosome 1A (D4362501) is almost expunged from the popula-
tion. Interestingly, the frequency of the allele promoting seed area
increased steadily over the last decades, whereas there was almost
no change in the trait itself. Taken together, the seed characteristics
are highly quantitative traits controlled by many small-effect QTL
and few medium-effect QTL, but with an in part shared genetic ar-
chitecture with QTL acting pleiotropically on several traits.

4.4 | To use or not to use: marker-assisted selection
for seed shape- and size-related traits

Marker-assisted selection (MAS) has become a routine method for se-
lection and trait introgression in modern plant breeding. However, this
holds true mostly for mono- or oligogenic traits, for which major QTL
can be targeted (Jefferies et al., 2003; Schmierer et al., 2004). Seed
characteristics are comparably difficult, time-consuming and expen-
sive to measure, and therefore would be ideal to exploit the benefits
of MAS (Collard & Mackill, 2008). However, our results revealed a
quantitative inheritance of all traits under investigation, which limits
the potential of MAS for their improvement. We identified four me-
dium-effect pleiotropic QTL, as well as two additional medium-effect
QTL for grain yield and test weight as potential candidates for MAS

2 TKW
7 TW °
3 SL
17 I SV °

5 SA

FIGURE 4 Number of QTL per trait 1% 10 5
and trait combinations of pleiotropic QTL QTL per trait
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FIGURE 5 Boxplots showing the effect of the major QTL of three seed shape- and size-related traits, grain yield and two agronomic
traits, and barplots showing the frequency of the QTL alleles during the last decades. Yellow bars represent the frequency of the trait-
increasing allele, and blue bars represent the frequency of the trait-decreasing allele. *Unmapped marker that was placed on the map based
on its LD with mapped markers [Colour figure can be viewed at wileyonlinelibrary.com]

(Table 2). However, the allele frequencies of the positive allele of these
QTL were mostly high, indicating the already high level of fixation in
the triticale population. The observed temporal trends of the allele
frequencies within elite triticale material support the conclusion of
an increase in these alleles through phenotypic selection (Figure 5).
In conclusion, our results suggest that the seed morphological traits
can better be targeted by improving the efficiency of the phenotypic
analysis than by marker-assisted selection.

5 | CONCLUSIONS

In order to further increase grain yield in triticale by breeding, it is es-
sential to determine the variation and the genetic control of its yield
components and the factors determining grain quality. Our results
show the relevance of seed shape and size traits for grain yield, and
an in part shared genetic control. For the near future, the identified
variation for seed characteristics present in the triticale germplasm is
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sufficient for further improvement by breeding, even if some of the
main QTL are close to fixation in current elite material. In the further
future, continued improvement may necessitate the introduction of
new variation into established material. This may be accomplished by
crosses with wheat, making use of the breeding progress achieved in
this major crop. Regarding genomics-assisted breeding, the genetic
architecture of these traits with many small-effect QTL shows the
limited potential of marker-assisted selection and suggests that they
might better be improved by genomic selection, which warrants fur-
ther research. In summary, our results highlight the importance of a
better understanding of the variation and the genetic control of seed
characteristics for future triticale breeding.
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Supplementary Table 1 Year of release and breeder name according to the Community Plant
Variety Office of 129 triticale cultivars included in this study.

Cultivar Breeder Release
Adverdo Lantméinnen SW Seed B. V. 2013
Agostino Lantménnen SW Seed B. V. 2009
Agrano SaKa Pflanzenzucht GmbH & Co KG 2001
Alamo DANKO Hodowla Roslin Sp. z 0.0. 1989
Amarillo 105  Saatzucht Dr. Hege GbRmbH (DE) 2007
Ampiac RAGT SA (FR) 1995
Angus Dr. Peter Franck Pflanzenzucht Oberlimpurg 1993
Arc en Ciel Lemaire Deffontaines (FR) 1997
Atletico DANKO Hodowla Roslin sp. z 0.0. 2009
Babor SAATZUCHT DR.,H,C, HANS HEGE 1998
Balu PZO Pflanzenzucht Oberlimpurg Herrn Dr. Peter Franck 2012
Bellac RAGT SA (FR) 2000
Benetto DANKO Hodowla Roslin sp. z 0.0. 2002
Bienvenu Lemaire Deffontaines (FR) 2001
Bilbao Saaten Union Recherche (FR) 2002
Binova I.G.PFLANZENZUCHT GMBH 1995
Blenio RAC Station federale de recherches agronomiques de Changins (CH) 2002
Boreas Marietta Krafft / Dr. Kartz von Kameke / Dr. Gerhard Wahle / Dr. 1993
Ludwig Krafft
Caio Svalof Weibull B.V. 1999
Calao Institut National de la Recherche Agronomique (FR) 1995
California Lochow-Petkus GmbH (DE) 2002
Calorius Saatzucht Donau GmbH & Co. KG 2011
Cando Lantmédnnen SW Seed B.V. 2006
Capital Institut National de la Recherche Agronomique (FR) 1998
Cedro Svalof Weibull B.V. (NL) 2000
Clercal Institut National de la Recherche Agronomique (FR) 1984
Colossal Institut National de la Recherche Agronomique (FR) 1994
Cortino Saatzucht Dr. Hege GBR 2012
Cosinus KWS Lochow GmbH 2009
Cultivo Lantminnen SW Seed B.V. 2007
Dinaro Czerwinska Ewa, Miroslav S. Pojmaj 2004
Disco DANKO Hodowla Roslin Sp. z.0.0. (PL) 1997
Donatus BORRIES| W. von Borries-Eckendorf GmbH & Co. 1998
Kommanditgesellschaft
Dorena Agroscope 2007
Dublet DANKO Hodowla Roslin Sp. z 0.0. 2006
Ego Svalof Weibull AB (SE) 1995
Falko Svalof Weibull AB (SE) 1996
Fidelio DANKO Hodowla Roslin Sp. z o.0. 1996
Filius Nordsaat Saatzuchtgesellschaft mbH 1998
Focus NORDSAAT Saatzuchtgesellschaft mbH Herrn Dr. Ralf Schachschneider 1997
Fredro DANKO Hodowla Roslin sp. z 0.0. 2010
Gabo Hodowla Roslin Strzelce sp. z 0.0. Grupa IHAR 1996
Grandval Institut National de la Recherche Agronomique (FR) 2005
Grenado DANKO Hodowla Roslin Sp. z.0.0. (PL) 2004
Gringo DANKO Hodowla Roslin Sp. z.0.0. (PL) 2007
Imperial FREIHERR VON MOREAU SAATZUCHT GMBH 1997
Inpetto Suijs Loek 2004
Kitaro DANKO Hodowla Roslin Sp. z o.0. 1999
Korpus NORDSAAT Saatzuchtgesellschaft mbH 2007
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Cultivar Breeder Release
Kortego Svalof Weibull B.V. 2001
KWS Aveo KWS Lochow GmbH 2012
Lamberto DANKO Hodowla Roslin sp. z 0.0. 1998
Lasko KRUSE & CO| Kruse & Co (Kommanditgesellschaft) Inh. Peter Kruse 1982
Local - 1988
Logo Dr. Walenty Mackowiak c/o Hodowla Roslin Strzelce 1999
Lufsen Diplomlandwirt Hans-Ulrich Hege / Dr. Elmar A. Weissmann 2010
Lupus NORDSAAT Saatzuchtgesellschaft mbH Herrn Dr. Ralf Schachschneider 1999
Madilo DANKO Hodowla Roslin Sp. z 0.0. 2006
Magnat DANKO Hodowla Roslin Sp. z o.0. 2000
Malno Instytut Hodowli i Aklimatyzacji Roslin Panstwowy Instytut Badawczy 1987
Massimo Diplomlandwirt Hans-Ulrich Hege / Dr. Elmar A. Weissmann 2006
Mikado DANKO Hodowla Roslin sp. z 0.0. 2011
Moderato DANKO Hodowla Roslin sp. z 0.0. 2004
Modus Hodowla Roslin Strzelce sp. z 0.0. Grupa IHAR 1988
Moreno DANKO Hodowla Roslin sp. z 0.0. 1992
Mostral Institut National de la Recherche Agronomique (FR) 1996
Mundo DANKO Hodowla Roslin sp. z 0.0. 1998
Mungis KWS Lochow GmbH 2008
Nagano DANKO Hodowla Roslin sp. z 0.0. 2008
Nemo DANKO Hodowla Roslin sp. z 0.0. 1995
Origo Svalof Weibull AB (SE) 1995
Orval Agri Obtentions SA (FR)/Institut National de la Recherche Agronomique 2010
(FR)
Osorno Lochow-Petkus GmbH (DE) 2000
Partout Saatzucht Dr. Hege GbR 1999
Pawo Hodowla Roslin Strzelce sp. z 0.0. Grupa IHAR 2002
Piano DANKO Hodowla Roslin sp. z 0.0. 1998
Pigmej Hodowla Roslin Strzelce sp. z 0.0. Grupa [HAR 2008
Pinokio DANKO Hodowla Roslin sp. z 0.0. 1995
Plai - 1992
Polego SW Seed BV 2000
Prego DANKO Hodowla Roslin sp. z 0.0. 1992
Printus NORDSAAT Agrargesellschaft mbH 2003
Purdy Dr.Tadeusz Wolski c/o SHR Laski / SUIJS| Loek W. Suijs c/o SW Seed 1991
B.V.
Remiko DANKO Hodowla Roslin Sp. z 0.0. 2010
Rhenio KWS Lochow GmbH 2014
Rotego Svalof Weibull AB (SE) 1998
Santop Hans-Ulrich Hege / Dr. Elmar A. Weissmann 1998
Securo Dr. Kartz von Kameke / Dr. Gerhard Wahle 2013
Sequenz Saatzucht Josef Breun GmbH & Co. KG 2008
Silver - 1992
Silverado DANKO Hodowla Roslin Sp. z 0.0. 2013
SU Agendus  NORDSAAT Saatzuchtgesellschaft mbH 2013
Subito DANKO Hodowla Roslin Sp. z 0.0. 2012
SW Falmoro  Suijs, Loek 2001
SW Talentro  Lantméinnen SW Seed B.V. 2002
Tantris (new) Pflanzenzucht Oberlimpurg Herrn Dr. Peter Franck 2016
Tantris (old)  Pflanzenzucht Oberlimpurg Herrn Dr. Peter Franck 2014
Tarzan Pflanzenzucht Oberlimpurg Herrn Dr. Peter Franck 2009
Ticino Dr. Kartz von Kameke / Dr. Ludwig Krafft 1997
Timbo RAC Station federale de recherches agronomiques de Changins (CH) 2000
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