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INTRODUCTION

Wheat was one of the first domesticated food crops, having been cultivated since the
start of settled agriculture about 10,000 years ago and now it is one of the world’s most
important food crops. Wheat provides about 20% of the calories consumed by humans
and covers 15% of the cultivated area of the world (FAOSTAT 2015,
http://faostat.fac.org). Over the last decades the area of wheat cultivation in Estonia
has grown considerably. In 2010-2016, share of cereals in exports of agricultural
products and food preparations from Estonia grew twice, in total up to 10%. More than
half of the growth was due to wheat export (Puura and Silla, 2017).

Fungal pathogens represent the most relevant biotic stresses for wheat. Caused by
Blumeria graminis DC. f. sp. tritici (Bgt), powdery mildew is one of the most devastating
diseases of wheat in areas with maritime or semi-continental climate. Fungal infection
can cause yield losses and, through effects on flour proteins, can also affect the quality
of grain (Bennett 1984; Leath and Bowen, 1989; Griffey et al., 1993; Everts et al.,
2001; Conner et al., 2003; Samobor et al., 2006). In the course of time, severity of
powdery mildew has substantially increased both on the global level and, more
specifically, in Europe (Morgunov et al., 2012). Control of fungal diseases through
the application of fungicide is expensive and has a negative impact on natural eco-
systems. Moreover, the pathogens can develop resistance to chemical fungicides. As
an alternative, growing of cultivars carrying genetically based effective and durable
resistance offers efficient, ecologically sound and economic base for the control of
fungal diseases (Bhullar et al., 2010; Krattinger and Keller, 2015). Breeding for
adequate levels of resistance to pathogens in high yielding wheat genotypes is one
of the principal challenges and the most important goal in modern wheat breeding
2014).

Identification of resistance genes in cultivars currently grown in different countries
has shown that, in most cases, powdery mildew is controlled by the deployment of
genes conferring race-specific hypersensitive response to Bgt (Hsam et al., 2015).
Genetically uniform agricultural ecosystems and widespread deployment of a small
number of race-specific resistance genes in modern wheat cultivars has led to the rapid
evolution of the Bgt and resulted in an increase in virulent strains within Bgt
populations (Svec and Miklovi¢ova, 1998; Hsam and Zeller, 2002; Parks et al., 2008;
Cowger et al., 2009) or, through host jump, has even led to the emergence of new
pathogen species (Wicker et al., 2013). Some genes start to lose effectiveness within
1-3 years of cultivation (Skinnes, 2002) or even before commercial deployment
(Niewoehner and Leath, 1998; Parks et al., 2008). In this way, race-specific resistance
provides only a temporary solution (McDonald and Linde, 2002; Huang and Réder,
2004; Parks et al., 2008). However, some wheat genotypes do not carry any known
race-specific genes, yet they show a stable intermediate resistance to powdery mildew
(Keller et al., 1999). The non-race-specific resistance — which retards infection, growth
and reproduction of the pathogen at the adult plant stage — has been called “slow
mildewing” (Roberts and Caldwell, 1970), “adult plant resistance” (Gustafson and
Shaner, 1982) or “partial resistance” (Hautea et al., 1987). Due to the polygenic
character in its base (Das and Griffey, 1994; Keller et al., 1999) adult plant resistance
(APR) is considered more durable compared to race-specific resistance. However, if
elevated resistance is an additive result of numerous small effects, the trait can hardly
be included in breeding programmes.
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Developments in DNA marker technologies have provided effective systems for
mapping and subsequent incorporation of different resistant genes into wheat genome.
DNA markers have provided a phenotype-neutral selection technology based on
marker-trait associations in the absence of pathogen. The use of markers greatly
facilitates selection of complex traits, such as durable disease resistance, and also can
help to reduce the amount of non-target genetic background and diminish possible
adverse linkage drag when a new gene has been transferred, for example, from wild
relatives of wheat (Gill et al., 2011).

In the course of agricultural development and, specifically, since the start of
intensive breeding at the end of the 19th century, early domesticates were gradually
replaced, first by landraces and traditional varieties, and later on by modern cultivars.
This has resulted in genetic bottlenecks and a loss of genetic diversity in the wheat
gene pool (Christiansen et al., 2002; Raman et al., 2010; Nevo, 2011). Modern wheat
varieties were bred from a limited number of landraces and their genomes are highly
similar (Ravel et al., 2006; Chao et al., 2009). Introgressions from wild related species
can be an attractive source of new resistance genes/alleles, including genes for
resistance to powdery mildew (Warburton et al., 2006; Feuille et al., 2008; Gill et al.,
2011).

The timopheevi group of tetraploid wheats (2n=28, A'A'GG) is a valuable resource for
powdery mildew resistance (Dorofeev et al.,, 1976). Four powdery mildew
resistance genes have been transferred from wheats of the timopheevii group,
including Pm6 (Jorgensen and Jensen, 1973), Pm27 (Jarve et al.,, 2000), Pm37
(Perugini et al., 2008), and MIAG12 (Maxwell et al., 2009). To our knowledge,
no powdery mildew resistance gene originating from T. militinae has been
transferred into the wheat genome up to now (McIntosh et al, 2017;
http://shigen.nig.ac.jp/wheat/komugi/genes/macgene/supplement2017.pdf).

In the laboratory of Dr. T. Enno (Institute of Experimental Biology, Estonia), several
hybrid lines with improved resistance to powdery mildew were selected in the progeny
of crosses between the common wheat cultivars (2n=42, AABBDD) and Triticum
militinae (Peusha et al., 1995; 1996; Jarve et al., 2002). These lines carry T. militinae-
derived powdery mildew resistance genes which could be used in common wheat
breeding.

The main objective of the present study was to localise the genetic factors affecting
resistance to powdery mildew in the progeny of Triticum aestivum / Triticum militinae
crosses.

11



ABBREVIATIONS

add additive regression coefficient for association

APR adult plant resistance

Avr avirulence factors

BAC bacterial artificial chromosome

BC, backcross to the parent of the first generation

Bgt Blumeria graminis f. sp. tritici

BLAST basic local alighnment search tool

CAS CRISPR associated protein

CcC coiled-coil

CIMMYT Centro Internacional de Mejoramiento de Maiz y Trigo (Spanish -
International Maize and Wheat Improvement Center)

cM centimorgan

CRISPR clustered regularly interspaced short palindromic repeats

DAPI 4',6-diamidino-2-phenylindole

DH double haploid

DI disease index

DR defense-responsive

DT ditelosomic

ET ethylene

ETI effector-triggered immunity

F1 first generation of a cross

F, second generation of a cross

FITC fluorescein-5-isothiocyanate

FT flowering time

GISH genomic in situ hybridization

GLP germin-like protein

HMA heavy metal-associated domain

HR hypersensitive response

ID integrated domain

IWGSC International Wheat Genome Sequencing Consortium

JA jasmonic acid

LOD logarithm of the odds ( = LRS divided by 4.61)

LRR leucine-rich repeat

LRS likelihood ratio statistic

MAPK mitogen-activated protein kinase

MARKKK mitogen-activated protein kinase kinase kinase

MAS marker-assisted selection

Milo mildew resistance locus

NB-LRR nucleotide binding leucine-rich repeat

NBS nucleotide-binding site

NIL near isogenic line

NLR-ID nucleotide binding leucine-rich repeat with integrated domain

P level of significancy

PAMP pathogen-associated molecular pattern

PR pathogenesis-related
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PRR

pattern recognition receptor

PTI pattern-triggered immunity

QR quantitative resistance

QTL guantitative trait locus or loci

RFLP restriction fragment length polymorphism
RGA resistance gene analog

R-gene resistance gene

RIL recombinant inbred line

RLK receptor-like kinase

RLP receptor-like protein

SA salicylic acid

SAR systemic acquired resistance

SSR simple sequence repeat

STS sequence-tagged sites

TILLING targeting induced local lesions in genome
TIR Toll/interleukin-1 receptor/resistance protein
WAK wall-associated receptor-like kinase
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1 REVIEW OF THE LITERATURE

1.1 Two-layer defense system in plants

To stand up to the constant attacks of various potentially pathogenic microbes, plants
have developed detection and response systems that identify pathogen signals and
initiate the appropriate defense. A model of plant-pathogen interactions, called the
‘zigzag’ model, which encompasses a two-layer defense of the plant’s immune system,
was proposed by Jones and Dangl (2006). The first layer is a basal immune response
providing broad-spectrum resistance to pathogens, which is mediated by pattern
recognition receptors (PRRs) — located on the plant’s cell surface, which detect
pathogen-associated molecular patterns (PAMPs), such as bacterial flagellin or chitin, a
component of fungal cell walls (Jones and Dangl, 2006; Boller and Felix, 2009; Dodds
and Rathjen, 2010). Sensing of PAMPs initiates cascades of signalling and transcription
events, known as pattern-triggered immunity (PTI), or non-host resistance. Inside the
host cells host-adapted pathogens secrete effector molecules capable of suppressing
the PTI.

The second layer of the defense system recognizes the pathogen-encoded effector
proteins (virulence factors or Avr gene products), largely by intracellular receptors
encoded by resistance genes(R-genes) of NB-LRR family containing nucleotide-binding
domain and leucine-rich repeats (Jones and Dangl, 2006; Dodds and Rathjen, 2010;
Thomma et al., 2011; Cook et al., 2015). Interaction between the product of the host’s
R-gene and the pathogen’s Avr-gene determines whether there will be a compatible
(susceptible) or incompatible (resistant) reaction in the host plant (Heitefuss, 2001).
The incompatible reaction initiates effector-triggered immunity (ETI). Typically, ETI
yields complete disease resistance phenotypes at the site of infection against
pathogens containing the recognized effector, a process designated as race-specific
resistance or host resistance. ETI often leads to the genetically programmed, rapid and
localised death of the host cells, known as the hypersensitive response (HR). This
process prevents further expansion of biotrophic pathogens in the host tissue
(Heitefuss, 2001).

The R-gene products can recognize the products of the Avr genes directly via
physical binding to the effector or indirectly, via a detection of modifications that
effectors cause on a plant’s target proteins (guard model) or via mimics of those targets
(decoys) (Dodds and Rathjen, 2010). In the classical decoy model, the decoy and the
corresponding NB-LRR protein are encoded by two separate genes. Recent reports have
shown that decoy domains can be directly integrated into the corresponding NB-LRR,
resulting in NLR-IDs (Sarris et al., 2016).

Recognition of a pathogen-derived signal triggers a defense reaction as a diverse set
of cellular responses including changes in cellular redox status, generation of signaling
molecules (e.g. salicylic acid (SA), jasmonic acid (JA), ethylene (ET), nitric oxide and
reactive oxygen species), activation of the transcription in defense related genes and
reinforcement of cell walls at the attempted infection sites (Lamb and Dixon, 1997;
Chisholm et al., 2006; Underwood and Somerville, 2008). The SA-mediated signaling
pathway has been associated with resistance to biotrophic pathogens which feed on
living host tissue during their infection cycle. ET and JA-mediated signaling pathways,
on the other hand, often mediate plant defense against necrotrophic pathogens that
promote host cell death in the early stages of infection (Glazebrook, 2005).
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Both defense layers share overlapping signaling pathways and induce similar defense
responses, forming a complex network leading to defense responses (Panstruga et al.,
2009). PTI and ETI responses are linked to the activation of the same set of the cellullar
responses and the same defense-related genes, however, the processes are
quantitatively and kinetically different (Asai et al., 2002, Tao et al., 2003). Recently, an
alternative view of plant’s innate immunity as a system that continually evolves to
detect microbial invasion, was proposed (Cook et al., 2015). In an invasion model, the
PTI and ETI are less viewed as strictly contrasting responses and rather as a continuous
immune output resulting from variations between different invasion patterns that are
derived from PAMPS, effectors or endogenous elicitors resulting from the infection
(Cook et al., 2015).

1.2 Molecular basis of pathogen recognition (R-genes, RGA, RLK, RLP)

At least two classes of genes are involved in plant disease resistance: genes involved in
the recognition process or receptor genes (R- and PRR-type genes) and
pathogen-induced defense-responsive or defense related (DR) genes, functioning
downstream of PTI- and ETl-initiated defense signaling pathways (Hu et al., 2008a; Kou
and Wang, 2010).

Most molecularly studied plant resistance genes encode receptor proteins involved
in host-pathogen recognition. Over 100 resistance genes have been cloned and
characterised from various plant species, and the NB-LRR (Nucleotide binding
Leucine-rich Repeat) proteins, containing a central domain with a nucleotide binding
site (NBS) and a carboxyterminal domain containg multiple degenerate leucine-rich
repeat residues (LRR), are prevailing (Ayliffe and Lagudah, 2004; McHale et al., 2006;
Liu et al., 2007; Li et al., 2015; Sekhwal et al., 2015). In plant genomes, NB-LRRs form
diverse gene families and can be subdivided into coiled-coil NBS-LRRs, which contain an
N-terminal coiled-coil (CC) domain, and TIR-NBS-LRRs, which contain a Toll/interleukin-1
(TIR)-like domain and are absent in monocot genomes (Takken and Goverse, 2012).
Similar receptor proteins, named Toll-like receptors, are involved in innate immunity in
humans (Nirnberger et al.,, 2004). It was reported that usually the LRR domain
recognizes the effectors of pathogens (Jones and Dangl, 2006), inducing structure
changes of the NB-ARC domain and leading to activation of the signal transduction
(Inoue et al., 2013). However, in some cases, the NB-ARC domain could also recognize
the pathogen effector, such as N gene of tobacco could interact with pathogen effector
molecule p50 (Burch-Smith et al., 2007).

The number of NB-LRRs in flowering plants varies across species. Using
bioinformatics approaches, potential R-genes —as a large class of resistance gene
analogs (RGA) — have been identified in sequenced plant genomes (Sekhwal et al.,
2015). For example, in the Arabidopsis Col-0 genome, 149 proteins were predicted to
be encoded by genes carrying NBS-LRR domains (Meyers et al., 2003). Genomes of
model grass species rice and Brachypodium distachyon carry 458 and 212
NB-LRR-genes, respectively (Li et al., 2010). About 2.5% of the total 94,000 annotated
genes in T. gestivum are NBS coding genes (Bouktila et al., 2014).

About 10% of receptors identified by extensive cross-plant-species database
searches have been shown to include novel, highly variable integrated domains capable
of detecting pathogen effectors by direct interaction (Sarris et al., 2016). For example,
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two rice NB-LRR proteins, RGA5 and Pik-1 contain an additional heavy metal-associated
domain (HMA) that is not found in other NB-LRRs. The HMA domains of the two
immune receptors directly recognize several rice blast effectors, triggering a defense
response (Cesari et al., 2014; Zhai et al., 2014; Magbool et al., 2015). Sarris and
co-authors (2016) suggest that NLR-IDs work in pairs of closely linked NB-LRRs, at least
in the cases studied in detail to date.

A novel class of NB-LRR genes has been identified where products of closely linked,
but divergently transcribed genes, are functioning in pairs and where resistance
requires functioning of both genes (Cesari et al., 2014b; Williams et al., 2014).
The protein products interact to form dimers or complexes of higher order. One
member of the pair often carries one of several unique non-NB-LRR pathogen
effector-sensing domains embedded at the C-terminus. The second member of the
NB-LRR pair acts as a signal transducer, signaling the presence of the pathogen and
activating the downstream host’s defense machinery. In rice, these gene duos are
important for blast resistance (Zhai et al., 2014). One pair has been described at the
leaf rust resistance locus Lr10 (Loutre et al., 2009) in wheat, and another in the Rpg5
stem rust resistance locus in barley (Wang et al., 2013).

Following gene duplication and amplification events, numerous in the plant
genome NB-LRR-genes and RGA often occur in clusters of linked paralogs (Hulbert
et al., 2001; Jacob et al., 2013; Sekhwal et al., 2015).

Genome-wide expression profiling and transcriptome sequencing experiments have
shown that the transcript levels of many NB-LRR-genes are significantly changed after
the attack of a given pathogen (Arya et al., 2014; Rodamilans et al., 2014).

In addition to NB-LRRs, there is a second class of of immune receptors in plants,
comprising receptor-like kinases (RLKs) and receptor-like proteins (RLPs) as
cell-surface-localised receptors with an extracellular ligand-binding domain (Jones and
Dangl, 2006; Dodds and Rathjen, 2010; Thomma et al., 2011; Cook et al., 2015). Besides
the extracellular LRRs, other, non-LRR domains which recognize different elicitor classes
have been found in RLKs and RLPs (Kaku et al., 2006). A wall-associated receptor-like
kinase (WAK) has been found to confer resistance against fungal diseases in maize and
rice (Zuo et al.,, 2015; Hurni et al., 2015). ZmWAK has been identified as the causal
resistance protein in the gHSR1 locus in maize, conferring resistance to head smut
(Sporisorium reilianum) (Zuo et al., 2015). Hurni et al., (2015) identified the WAK-
encoding gene Htnl in maize. Htnl and gHSR1 share some structural homology,
however, their extracellular domains have no sequence identity detectable by BLAST
(Zuo et al., 2015). Some RLKs and RLPs recognize highly conserved ligands and can
confer resistance against a broad range of pathogens. One of the first plant RLKs
identified was rice XA21 which confers resistance to most strains of the agronomically
important bacterial blight pathogen Xanthomonas oryzae pv. oryzae (Song et al., 1995).

Wall-associated kinases have been found to play a role not only in disease resistance
(Diener et al., 2005; Li et al., 2009) but also in developmental processes such as root
growth (Kaur et al, 2013) and gametophyte development (Wang et al., 2012).
The number of RLK and RLP genes has incresed throughout the course of plant
evolution (Krattinger and Keller, 2016). Interestingly, only 26 WAK-like genes are found
in the model plant Arabidopsis, but in the rice genome the number of WAK and
WAK-like genes is expanded compared to Arabidopsis and the rice genome contains
more than 120 WAK like genes (Shiu et al., 2004; Zhang et al., 2005).
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R-genes may require additional (supportive) non-NB-LRR-genes for their
functioning. Non-race-specific disease resistance 1 (ndrl), encoding a plasma
membrane-localised protein, is required for R-genes to recognize bacteria and
oomycetes in rice (Century et al.,, 1995). Rarl and Rar2 (syn. Nar-l and Nar-2) are
required for the Milal2-triggered resistance to barley powdery mildew
(Freialdenhoven et al., 1994; Torp and Jgrgensen, 1986). Rarl is required for several,
but not all, Mla resistance genes, whereas Rar2 has later turned out to be a mutated
resistance gene Mla12 (Jgrgensen, 1996; Shen et al., 2003).

1.3 Defense-responsive or defense-related genes

In the downstream defense events, expression of defense-responsive or defense-related
(DR) genes may be induced or suppressed upon pathogen infection or insect attack
(van Loon et al.,, 2006; Hu et al., 2008a). Several types of DR proteins have been
described in plant species and have been classified into 17 families of pathogenesis-
related proteins (van Loon et al., 2006). DR genes were characterised as responding to
a pathogen attack via changes in their expression level or via detection of
posttranslational modifications in proteins encoded (Eulgem, 2005; Benschop et al.,
2007). For example, in rice, a large number of defense-responsive genes has been
identified by differential expression analysis (Vergne et al., 2010). Using transient gene
silencing, a recent study identified 96 genes involved in resistance to the powdery
mildew fungus in barley (Douchkov et al., 2014). In Arabidopsis, approximately 14% of
all annotated genes may be related to pathogen defense (Bevan et al., 1998). Genes
with known functions among the numerous isolated DR-genes encode a diverse array
of enzymes. Map locations indicate that DR gene loci are not randomly distributed
throughout the wheat genome but are rather located in clusters and/or in distal gene-rich
regions of chromosomes (Li et al., 1999a).

However, causal effects of the DR genes are difficult to demonstrate due to the
relatively small effects of individual genes and the presence of multiple gene family
members that may play different roles in defense (van Loon et al., 2006).

Several lines of evidence suggest that germin-like proteins (GLPs) are involved in
general plant defense responses (Lane, 2002; Breen and Bellgard, 2010), including the
observation that the expression of certain GLPs is enhanced after infection with
pathogens, the feeding of insects, or the application of chemicals, such as salicylic acid,
hydrogen peroxide (H202), or ethylene (Zhang et al., 1995; Wei et al., 1998; Zhou et al.,
1998; Federico et al., 2006; Lou and Baldwin, 2006; Zimmermann et al., 2006; Godfrey
et al., 2007). Transient overexpression of certain barley GLP subfamilies resulted in
enhanced resistance to the powdery mildew fungus, and for some subfamilies, silencing
resulted in enhanced susceptibility to the pathogen (Zimmermann et al., 2006).
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1.4 Other resistance-related genes

1.4.1 Resistance mediated by the loss-of-function genes

The MILDEW-RESISTANCE locus (Mlo) is a particular type of resistance gene first
described in barley (Hordeum vulgare L) (Jorgensen JH, 1992).

Monogenic resistance mediated by recessive (mlo) alleles of the Mlo locus in barley
differs from the above-described receptor gene / DR-gene system (Blschges et al.,
1997). The wild-type Mlo gene is a negative regulator of resistance to powdery mildew
in barley. So the presence of the wild-type Mlo gene allele modulates succeptible
responses. Homozygous mlo mutant plants exhibit full broad-spectrum resistance to
almost all known isolates of barley powdery mildew, whereas Mlo overexpression
results in supersusceptibility (Wolter et al., 1993; Kim et al., 2002). The deduced amino
acid sequence of MLO protein reveals no homologies to any other described plant
resistance gene. The barley MLO protein resides in the plasma membrane, with the N
terminus positioned extracellularly and the C terminus intracellularly, and consists of
seven membrane-spanning domains (Blschges et al., 1997; Devoto et al., 1999). Two
genes, Rorl and Ror2, which are required for full mlo-mediated resistance, have been
previously described (Freialdenhoven et al., 1996; Peterhansel et al., 1997).

Mlo-like genes have been described in the following plant species: tomato, pea,
strawberry, pepper, bread wheat, cucumber, rose, tobacco, melon, grapevine, and
apple (reviewed by Kusch and Panstruga, 2017). Wheat Mlo-like genes were first
reported in 2002 and demonstrated to be associated with resistance to Bgt (Elliott
et al., 2002).

A loss of function mutation in the A. thaliana enhanced disease resistance 1 (edrl)

gene resulted in inherited recessive resistance to powdery mildew caused by the
fungus G. olovinomyces (Frye and Innes, 1998; Tang and Innes, 2002). The edrl gene in
A. thaliana was isolated by positional cloning and found to encode a putative MAP
kinase kinase kinase (MAPKKK), a negative regulator of ethylene responses in
A. thaliana (Frye et al., 2001).
Recently it has been shown that the mlo and edrl mutants can be generated by
genome editing (CRISPR/CAS) or TILLING strategies leading to enhanced powdery
mildew resistance in wheat (Wang et al., 2014a; Acevedo-Garcia et al., 2017; Zhang
et al., 2017).

1.4.2 Transmembrane proteins

At least two genes for broad spectrum partial resistance in wheat — Lr34 and Lr67 —
encode transmembrane proteins (Krattinger et al., 2009; Moore et al., 2015).

Cloning of the wheat broad spectrum partial resistance gene Lr34
(Lr34/Yr18/Sr56Pm38) has revealed that the gene encodes a protein with homology to
ATP-binding cassette (ABC) transporters, a transkingdom superfamily of
transmembrane proteins involved in the transport of a wide variety of substrates across
cellular membranes (Krattinger et al., 2009). Sequencing of the genomic region in
resistant and susceptible wheat cultivars identified differences which may lead to
changes in the conformation of the protein and alter substrate specificity of the
transporter (Krattinger et al., 2009).

It was shown that the broad spectrum partial resistance gene
Lr67/Yr46/Sr55/Pm46/Ltn3 encodes a predicted hexose transporter (Moore et al.,
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2015) which facilitates the transport of hexoses across the plasma membrane (Buttner,
2010). The mechanism of disease resistance conferred by this transporter remains
unknown, but alterations in hexose transport in infected leaves may explain for the
influences on the growth of multiple biotrophic pathogen species—Thus, LR67s may
cause reduced hexose transport through a dominant-negative interference mechanism
by forming inactive heteromultimeric protein complexes (Moore et al., 2015).

1.5 Qualitative and quantitative resistance

Based on the phenotype and considering the mode of inheritance, plant resistance to
pathogens was divided into two categories: complete resistance mediated by major
R-gene(s) and incomplete (partial) resistance based on the additive effects of several
genes, each contributing quantitatively to the level of plant defense. The former is
qualitative resistance and the latter quantitative resistance (Poland et al., 2009; Clair,
2010). Thus, both phenotypic phenomenon and mode of inheritance are encompassed
in the definition.

The ‘qualitative’ refers to an inheritance that is based on one or two major genes of
large effect. The major race-specific genes confer very clear phenotypic effect,
producing discrete classes of resistant and susceptible individuals that segregate in
population, according to Mendelian principles (Niks et al., 2015). Thus, race-specific
genes were the first class of resistance genes to be genetically defined and the
molecular basis of the qualitative resistance has been studied widely (Ayliffe and
Lagudah, 2004; McHale et al., 2006; Liu et al., 2007). Most molecularly studied plant
race specific resistance genes encode receptor proteins involved in host-pathogen
recognition.

The quantitative resistance (QR) is defined as a trait of reduced, but not of absent
disease based on multiple genes of small effect (Clair, 2010). Phenotypically, in a
genetically variable population, quantitative plant-pathogen interactions produce a
continuous distribution of phenotypes from susceptible to resistant, so individuals do
not group into discrete classes which fit Mendelian segregation ratios (Clair, 2010; Roux
et al., 2014; Niks et al., 2015). As a rule, statistical approaches and quantitative trait loci
(QTL) analyses are used to dissect the genetic basis of resistance phenotype (Young,
1996; Clair, 2010). A QTL can be defined as a statistically significant association
between allelic variation at a marker-genotype locus and a phenotypic trait that
exhibits continuous variation in a genetically segregating or variable population
(Doerge, 2002; Mackay et al., 2009; Clair, 2010). Separate QR-genes detected as QTL
participating in the joint action can be mendelized, and their effects can be scored as
effects of a single gene.

The QR is also known as a horizontal or field resistance (Nelson, 1978), adult plant
resistance (APR, Gustafson and Shaner, 1982), slow mildewing (Roberts and Caldwell,
1970) or partial resistance (Hautea et al., 1987). Terms as an incomplete, minor-gene,
broadspectrum or basal resistance are sometimes used as synonyms of QR (Niks et al.,
2015). Different terms sometimes add an element of confusion as the phenotypic
phenomenon often prevails without a known genetic basis of the phenomen (Niks
et al.,, 2015). However, resistance that is quantitative, according to its phenotypic
nature, may have a qualitative inheritance — the genes for race-specific resistance may
produce partial disease reactions in the field (Cunfer, 2002), or varying levels of
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resistance within a host population may result from the effects of a single gene with
low heritability or low penetrance (Clair, 2010).

The genetic and molecular basis of the QR is less understood than that of the
qualitative resistance, this is, in part, due to small effects of multiple QTL and, also, due
to the difficulties arising from inconsistent phenotyping across different environments
(Salvi and Tuberosa, 2005). To make genetic analysis of a QR phenotype even more
complicated, genes underlying QTL may interact with each other (epistatic interaction)
and/or with the environment. Sometimes the variation for a trait among plants of a
population is more due to variation in non-genetic factors, such as a small variation in
inoculum deposition, than to variation in genes (Clair, 2010; Niks et al., 2015).

It has been suggested that the same loci could be responsible for qualitative and
guantitative traits (Robertson, 1989), but, also, completely different quantitative
resistance mechanisms have been proposed (Poland et al., 2009; Roux et al., 2014).
Several plausible hypotheses for mechanisms’ underlying QR were proposed: i) QR is
based on regulation of morphology and developmental traits; ii) QR is based on basal
defense or defense signal transduction; iii) weak ETI is triggered by ‘defeated’ R
proteins or the production of components of chemical warfare (review by Poland et al.,
2009). Jones and Dangl (2006) suggested that, in absence of R-genes, PTI also confers a
weak immune response that attenuates pathogen growth and contributes to basal
defense. It has been proposed that poor suppression of PAMP-triggered defense by
effectors, i.e. basal resistance, forms the base for QR for resistance to biotrophic
pathogens (Niks et al., 2015).

Disease resistance QTL to several important rice diseases, such as bacterial blight,
sheath blight, and rice blast were shown to co-localise with candidate DR genes
(Ramalingam et al., 2003; Liu et al., 2004; Wu et al., 2004). The hypothesis that partial
resistance is governed by defense genes is supported by recent experiments showing a
successful use of defense gene-derived markers to improve selection for quantitative
resistance to blast in rice (Liu et al.,, 2004; Wu et al., 2004). Moreover, in several
instances, QTL for QR against pathogens has been shown to be associated with
constitutively expressed pathogenesis-related genes or the products of so-called SAR
genes associated with resistance reactions to pathogens (Pflieger et al., 2001; Liu et al.,
2004; van Loon et al., 2006). Large-scale genetic mapping revealed that functional
groups of barley genes involved in secretory processes and cell-wall reinforcement
were significantly over-represented within QTL for resistance to powdery mildew
(Schweizer and Stein, 2011).

R-gene loci frequently co-localise with resistance QTL. Kang and coworkers (2012)
observed that about 63% of the disease-resistance QTL were located in the 2-Mb
regions that flank the NBS-LRR genes. There are numerous markers that correspond to
NBS-LRR genes positioned under individual QTL or meta QTL (MQTL) for powdery
mildew resistance (Marone et al., 2013) and there are even examples of race-specific
NB-LRR-genes that were identified in QTL studies (Paillard et al., 2012; Zhang et al.,
2015). A few studies support the idea that QR may be contributed by defeated
race-specific genes or by R-genes that have residual effects against virulent pathogens
(Li et al., 1999b). Recently it was shown that Lr22a, which confers broad-spectrum APR
to leaf rust, encodes an NB-LRR-like protein (Feuillet et al., 2003; Thind et al., 2017), as
does the rice NB-LRR family Pb1 gene (Hayashi et al., 2010). In some cases, these are
altered or ‘weak’ forms of the genes (Li et al., 1999; Fukuoka et al., 2009). The rice —
Magnaporthe oryzae pathosystem demonstrates that allelic differences at the same
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locus can be responsible for two different types of resistance phenomena and shows
the close linkage of gene-for-gene and quantitative disease resistance. The difference
between race-specific qualitative resistance and QTL-mediated resistance was due to
differences in two alleles at the same Pi35 locus (Fukuoka et al., 2014).

A strategy of validation and functional analysis of the candidate genes for QTL has
been established to characterize minor resistance QTL in rice (Hu et al.,, 2008a).
The strategy is developed based on candidate gene hypothesis which has been used to
predict the genes underlying QTL in crops (Faris et al., 1999; Liu et al., 2004;
Ramalingam et al., 2003). Using this approach, ten genes (Nrr, Wrky13, Wrky45, Gh3-1,
Gh3-2, Gh3-8, pi21, Osdr8, Mpk6, and Pbl) and one gene family cluster (Glp-s)
contributing to resistance QTL have been reported for rice (Fu et al., 2011; Fukuoka
et al., 2009; Hayashi et al., 2010; Hu et al., 2008a; Kou et al., 2010; Manosalva et al.,
2009). Among the eleven characterised genes affecting quantitative resistance to
different pathogens in rice, at least nine (Wrky13, Wrky45, Gh3-1, Gh3-2, Gh3-8, Nrr,
Osdr8, Mpke6, and Glp-s) belong to the defense-responsive gene class. Functioning as a
positive or negative regulator, each of these genes paticipates in defense response
(reviewed by Kou and Wang, 2012).

Several genes that underlie disease QTL in different plant—pathogen systems have
been identified in recent years, including Lr34 (Krattinger et al., 2009), Lr67 (Moore
et al,, 2015), Fhb1 (Rawat et al., 2016), and Yr36 (Fu et al., 2009) in wheat, ZmWAK in
maize (Zuo et al., 2015), Rhg1 in a soybean (Cook et al., 2012), Rks1 (Huard-Chauveau
et al., 2013). The cloned wheat APR genes include a cytoplasmic protein kinase gene —
Yr36 (Fu et al.,, 2009), an ABC transporter gene — Lr34, (Krattinger et al., 2009),
a non-ABC transporter — Lr67,, (Moore et al., 2015). Fhb1 is a new type of plant durable
resistance genes conferring QR against Fusarium species in wheat. It has been shown
that a pore-forming toxin-like (PFT) gene at Fhb1 locus confers FHB resistance. PFT was
predicted to encode a chimeric lectin with two agglutinin domains and an ETX/MTX2
toxin domain (Ravat et al., 2016). These genes, and the mechanisms by which they
confer resistance, differ from previously cloned R-genes and from each other,
suggesting that mechanisms involved in controlling QR are more diverse than those
controlling qualitative resistance (Niks et al., 2015; French et al., 2016; Krattinger and
Keller, 2016). An important feature of the cloned genes is that their phenotypic effects
are sufficiently large for fine genetic mapping and detection of loss-of-function
mutants.

A few findings support the emerging concept that a QTL may not necessarily resolve
to a single locus but instead may be controlled by several contiguous loci. As was found
by cloning a soybean gene Rhgl for resistance to a cyst nematode (Heterodera
glycines), quantitative resistance may be based on the copy number of a set of three
different genetically linked genes: the genes encode an amino acid transporter, an
a-SNAP protein, and a protein with a WI12 (wound-inducible protein 12) region (Cook
etal., 2012).

Resistance-related Kinase 1 (Rks1), a gene conferring broad-spectrum resistance to
Xanthomonas campestris encodes an atypical kinase that mediates a quantitative
resistance mechanism in plants by restricting bacterial spread from the infection site.
Analysis of Rks1 expression in multiple Arabidopsis accessions showed that resistance
was associated with a higher level of Rks1 expression, suggesting that regulation of
expression is the major component of quantitative resistance to Xanthomonas
campestris (Huard-Chauveau et al., 2013).-In addition, expression levels of genes of the
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Germin-Like Protein (Glp) family may underlie QR to both rice blast (Magnaporthe
oryzae) and sheath blight (Rhizoctonia solani) in rice (Manosalva et al., 2009).

Thus not only defense-responsive genes, receptor genes, genes encoding
transporters or altered NBS-LRRs, but also their copy number variations and different
levels of expression appear to be contributors to quantitative resistance (Kou and
Wang, 2012; Niks et al., 2015; French et al., 2016).

Qualitative resistance is often preferred in breeding programmes because of the
large phenotypic effect, which aids accurate and fast selection of resistant progeny.
The major limitation of race-specific resistance is its lack of durability: R-genes are often
rapidly overcome by new races carrying mutated Avr genes. The breakdown of the
R-gene efficacy leads to the so-called ‘boom and bust cycles’ of plant—pathogen
interactions under field conditions (McDonald and Linde, 2002).

Today breeding of wheat cultivars with partial resistance has been suggested as a
promising and sustainable strategy to control the disease (Gupta et al., 2008; Krattinger
and Keller, 2015), and some cases of MAS for quantitative resistance have been already
reported in the literature (Anderson et al., 2007; Asea et al., 2012; Bai et al., 2012;
Miedaner and Korzun, 2012). Due to a broader specificity and action of multiple loci,
evolutionary pressure on pathogens is significantly decreased and QR tends to be more
durable than race-specific resistance (Poland et al., 2009; Clair, 2010). Recent studies
have shown that the cumulative effect of pyramiding many QTL loci can result in a high
level of resistance (Fukuoka et al., 2015; Das and Rao, 2015; Yasuda et al., 2015; Ellur
et al., 2016). Another way to achieve durable resistance is to pyramide in a cultivar
different genes, including genes for race-specific resistance and genes with a minor or
partial effect to prolong the period before a breakdown in the resistance is observed in
the field (Liu et al., 2000; Singh et al., 2001; Zhao et al., 2003). Furthermore, in some
cases genes for partial resistance may effectively enhance the resistance phenotypes of
the race-specific genes, as was found for the partial resistance genes Sr2 and Lr34
(German and Kolmer, 1992; Vanegas et al.,2008).

1.6 Wheat - powdery mildew pathosystem

1.6.1 Powdery mildew of wheat

Cereal powdery mildew — Blumeria graminis — is an ascomycete fungal species evolved
into at least eight formae speciales each specifically infecting one host species (Inuma
et al., 2007). Blumeria graminis f.sp. tritici (hereafter called Bgt) is the causal agent of
powdery mildew on common wheat (Triticum aestivum L.). However, the modern Bgt
isolates still maintain their ability to infect wild tetraploid wheat, even though globally
their main host is hexaploid wheat (Wicker et al., 2013). Powdery mildew occurs almost
everywhere that wheat is grown. The fungus can infect plants at any time, from the
first leaf stage until senescence. Spores of the fungus germinate on the leaf surface.
Powdery mildew produces greyish, cottony colonies, mostly on the upper leaf surface,
although some pustules may develop on the underside of the leaf or on a stem, heads
and awns (Glawe, 2008; Mwale et al., 2014).

Heavily infected plant seedlings gradually become yellow and dry, losing the
capability of photosynthesis. Infection of seedlings causes a decrease in the number and
survival of tillers, while infection of the penultimate and flag leaves affects the number
of kernels per head, and kernel weight and can cause a yield reduction (Leath and
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Bowen, 1989; Everts and Leath, 1992; Conner et al., 2003). The loss can be as severe as
50% if the flag leaf becomes severely diseased during the stages of heading and filling
(Griffey et al., 1993).

The Bgt is an obligate biotroph that feeds exclusively on living epidermal cells of
wheat. Wheat-Bgt interaction is characterised by the establishment of structures inside
epidermal plant cells called haustoria, which allow the pathogen to take up nutrients
from the host (reviewed by Glawe, 2008). According to the genome analysis of barley
powdery mildew, Blumeria graminis f. sp. hordei, genes coding for enzymes of primary
and secondary metabolism, carbohydrate-active enzymes and transporters are absent
from the fungal genome, indicating an exclusively biotrophic lifestyle (Spanu et al.,
2010).

The Bgt reproduces asexually by wind-dispersed conidia (haploid spores) or sexually
by ascospores. The asexual lifecycle takes 7-10 days under optimal conditions, and this
rapid succession leads to a fast spread of the disease (Glawe, 2008). Cool, humid
weather, with temperatures between 15 °C - 20 °C, form a favorable environment for
fungal invasion, but infection is also possible between 5 °C and 30 °C. In the late
summer, after the crop has reached its maturity, sexual reproduction of isolates of
opposite mating types results in the formation of overwintering chasmothecia.
Ascospores in chasmothecia serve as survival structures, but, in most environments,
their role in initiating the disease is much less important than that of the conidia.
Conidia produced on grasses and volunteer wheat also maintain inoculum until wheat
is planted. In autumn-sown wheat, infections that do not result in visible symptoms can
maintain the fungus on leaves through the winter (Frank and Ayers, 1986).

Bgt possesses an expanded genome of atleast 174 Mb, much larger than is
commonly observed for fungal genomes (Gregory et al., 2007). About 6,540 genes
were annotated in the Bgt genome and over 85-90% of the genome was
classified as transposable element sequences, making it the most repetitive
fungal genome sequenced so far (Parlange et al.,, 2011; Wicker et al., 2013). Bgt
populations evolve quickly, showing a high rate of variation. Multiple races of the
fungus exist at the same time and new ones continue to be produced as a result of
mutations as well as genetic recombination due to sexual reproduction. Transposable
elements can generate high levels of genetic variation, independent of sexual
recombination, and contribute to genome flexibility responsible for rapid
adaptation of fungal populations to environmental conditions (Parlange et al.,
2011).

The ability for fast adaptation of Bgt is demonstrated by its recent host range
expansion to the hybrid cereal triticale. In several European countries, a ‘'new’ powdery
mildew on triticale has emerged through a host range expansion of wheat powdery
mildew during the last ten years (Troch et al., 2013).

1.6.2 Race-specific resistance to powdery mildew in wheat

In terms of disease phenotype, resistance to the infection of powdery mildew in wheat
may be race-specific or non-race-specific (Hsam and Zeller, 2002; Huang and Roder,
2004; Cowger et al., 2012). Race-specific resistance is a complete resistance that is
effective only to a specific set of powdery mildew isolates. Usually, this type of
resistance is associated with a rapid hypersensitive response. According to a simple
gene-for-gene hypothesis (Flor, 1971), this type of plant-pathogen interaction is based
on the race-specific interaction of the resistance gene (R-gene) product in wheat and
the avirulence (Avr) gene product in the infecting Bgt isolate. However, new data
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suggest that the control of avirulence in Bgt is more complex than a canonical
gene-for-gene interaction model suggests. Genetic analysis and functional studies have
identified several Bgt genes involved in the determination of pathogen avirulence
against the Pm3 allelic series in wheat (Bourras et al., 2015; Bourras et al., 2016). A new
model proposed for race-specificity of the Pm3 gene involves at least three
components: a resistance gene (R-gene) allele in wheat, an allele-specific avirulence
effector (Avr) in patogen and a pathogen-encoded suppressor of avirulence (Svr)
(Bourras et al., 2015; 2016). The final outcome will depend on the combination of
avirulence genes and avirulence gene suppressors in the pathogen. Resistance is
mediated only by an Avr/R/svr combination where the resistance gene recognizes its
cognate avirulence effector in absence of the suppressor. In absence of the cognate Avr
or in presence of the Svr suppressor, the interaction results in susceptibility.

Race-specific resistance is typically tested at the seedling stage of the host plant, but
it is expected that resistance is expressed throughout the lifecycle of the host (Hsam
and Zeller, 2002; Huang and Roder, 2004). Estimations of the effectiveness of major
powdery mildew resistance genes at the adult plant stage are usually obtained from
field observations of donor lines, and genetic analysis as the basis for assessing their
effects under field conditions is not the rule (Mohler et al., 2011). The true portion of
seedling resistance genes contribution to field resistance is yet to be determined.
However, the resistant Pm3a allele in line 2174 plays a critical role in the resistance
expressed not only in seedlings but also in adult plants (Chen et al., 2009). Wheat
resistance genes Pm50, Pm53, Pm54 and Pm58 were at first detected as major QTL in
the field trials and later were designated as Pm genes (Mohler et al., 2013; Hao et al.,
2015; Petersen et al., 2015; Wiersma et al., 2017).

1.6.3 Partial or quantitative resistance to powdery mildew in wheat

Some wheat cultivars/landraces are resistant to a broad spectrum of powdery mildew
isolates at the adult stage and have, for years, maintained their resistance to infection
while in commercial cultivation. Providing effective resistance against powdery mildew
in the south-eastern United States for half a century, winter wheat cultivar Knox, and
its derivative cv. Massey are the best-known examples (Griffey and Das, 1994; Liu et al.,
2001). Chinese wheat landrace Pingyuan 50 has shown adult-plant resistance to
powdery mildew in the field for over 60 years (Asad et al., 2014). Resistance to
powdery mildew in line 2174 has remained effective since its release in 1997 (Chen et
al., 2009). Wheats with adult plant resistance (APR) to powdery mildew generally
exhibit low to intermediate resistance at the seedling stage (Gustafson and Shaner,
1982). The APR resistance tends to be non-race-specific and is usually not associated
with a rapid hypersensitive response. Usually APR resistance is not complete, i.e. to a
small extent, all stages of the infection process including sporulation, may be found in
plants. Early in the season, pustules may develop on the lower leaves of resistant
cultivars, but not on upper leaves later in the season. The frequency of infection,
the number of spores that successfully infect the plant, the size of pustules and the
production of spores are reduced (Cunfer, 2002).

It has been possible to dissect the genetic basis of the partial resistance or APR to
Bgt in a number of wheat genotypes (Keller et al., 1999; Chantret et al., 2000; Chantret
et al., 2001; Tucker et al., 2007; Lillemo et al., 2008; Muranty et al., 2008; Lan et al.,
2009; 2010; Asad et al., 2012; 2013; 2014). The number of QTL for Bgt resistance
detected in mapping populations at the adult stage of plant growth is extremely

24



variable, from one in cv. Atlantis / cv. Cortez mapping population (Mohler et al., 2011)
to 18 in cv. Forno / cv. Oberkilmer mapping population (Keller et al., 1999). Mapping of
quantitative resistance loci typically yields multiple QTL of small to moderate effect and
the additive effects of the detected QTL prevail in the inheritance of adult plant
powdery mildew resistance phenotype.

As wheat race-specific genes in the background can mask the effect of
non-race-specific resistance, the presence of R-genes should be tested at first, if
identification of genes responsible for true partial resistance is planned (Keller et al.,
1999; Wang et al., 2005; Lillemo et al., 2010).

1.7 Powdery mildew resistance genes and QTL detected in wheat

All detected powdery mildew resistance genes in wheat were formally named
‘Pm-genes’ (Powdery mildew) and, to date, more than 62 designated Pm genes
(Pm1-Pm62, Pm18 = Pmic, Pm22 = Pmle, Pm23 = Pm4c, Pm31 = Pm21) and about 60
temporarily named loci/alleles have been detected in wheat and assigned to specific
chromosomes (Mclintosh et al, 2011, 2012, 2013, 2014, 2017; Li et al., 2017; Liu et al.,
2017; Wiersma et al., 2017; Tan et al., 2018; Sun et al., 2018; Zhang et al., 2018; Zou
et al., 2018).

Some wheat Pm genes occur as multiple allele series in a chromosome locus, with
each member conferring specific resistance against a subset of pathogen races.
Multiallelic genes include Pm1 (Pmla—Pm1le) on chromosome 7A (Hsam et al., 1998;
Singriin et al., 2003), Pm2 (Pm2a—Pm2c) on chromosome 5D (Briggle 1969; Mcintosh
and Baker, 1970; Ma et al., 2015; Xu et al., 2015), Pm3 (Pm3a—Pm3t) on chromosome
1A (Srichumpa et al.,, 2005; Yahiaoui et al., 2006; Bhullar et al., 2010), Pm4
(Pm4a—-Pm4e ) on chromosome 2A (Singriin et al., 2003; Hao et al., 2008; Schmolke
et al., 2012; Li et al., 2017), Pm5 (Pm5a—Pmb5e) on chromosome 7B (Hsam et al., 2001;
Huang et al.,, 2000a, 2003) and Pm24 (Pm24a—Pm24b) on chromosome 1D (Huang
et al., 2000b; Xue et al., 2012).

Most of the known powdery mildew resistance genes are dominant race-specific
genes, although some recessive race-specific genes in wheat have been identified. With
the exception of PmTm4 (Hu et al., 2008a), all powdery mildew resistance genes which
were detected in the distal bin on the long arm of the chromosome 7B are recessive.
The cluster of the recessive genes includes Pm5 (5 alleles detected, Hsam et al., 2001;
Huang et al., 2003) and four temporarily named genes PmH (Zhou et al., 2005), mljy,
mlisy (Huang et al., 2002), mixbd (Huang et al., 2000a; Xue et al., 2009), which are
closely linked to Pm5. Two recessive genes — Pm9 and mIRD30 — were detected on the
long arm of the chromosome 7AL close to the dominant Pm1 locus (Schneider et al.,
1991; Singrin et al., 2004). Other examples of recessive genes include recessive
PmLK906 and pmX, both located on chromosome 2AL close to the dominant multiallelic
Pm4 (Niu et al., 2010; Fu et al., 2013), Pm26 and Pm42 on chromosome 2BS (Rong
et al., 2000; Hua et al., 2009), MIHubel and PmSE5785 on chromosome 2D (Peng et al.,
2014; Wang et al., 2016), pm2026 on chromosome 5A™L (Xu et al., 2008 ), PmY212 on
chromosome 5DL (Sun et al., 2006), pmCH89 on chromosome arm 4BL (Hou, et al.,
2015), Pm47 (PmHYLZ) on the short art of chromosome 7B (Xiao et al., 2013) and Pmé61
on chromosome arm 4AL (Sun et al., 2018).
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Three wheat Pm genes, namely Pm38 — on chromosome 7DS (Lillemo et al., 2008),
Pm39 — on chromosome 1BL (Lillemo et al., 2008) and Pm 46 — on chromosome 4DL
(Herrera-Fossel et al., 2014) confer partial resistance to powdery mildew in the adult
plant stage. These broad-spectrum genes not only provide resistance to Bgt, but
resistance to all races of leaf rust (Puccinia triticina), stripe rust (Puccinia striiformis f.
sp. tritici), and stem rust (Puccinia graminis f. sp. tritici) (Lillemo et al., 2008
Herrera-Fossel et al., 2014).

Over the past two decades, successful applications of quantitative-genetic
methodology have facilitated identification of numerous QTL conferring quantitative
resistance to powdery mildew. To date, more than 100 quantitative trait loci (QTL) have
been reported in different wheat cultivars and lines, including the Swiss winter wheat
cv. Forno (Keller et al., 2009), French winter wheat lines RE714, Festin, Courtot, and
RE9001 (Chantret et al., 2000, 2001; Mingeot et al., 2002; Bougot et al., 2006), North
American winter wheats Massey and USG3209 (Liu et al., 2001; Tucker et al., 2007),
Japanese wheat cultivar Fukuho-komugi and Israeli wheat cultivar Oligoculm (Liang
et al., 2006), CIMMYT wheat lines Opata 85, W7984 (Borner et al.,, 2002) and Saar
(Lillemo et al., 2008), Australian wheat cultivar Avocet (Lillemo et al., 2008), Chinese
wheat cultivars Bainong 64 (Lan et al., 2009), Lumai 21 (Lan et al., 2010) and landrace
Pingyuan 50 (Asad et al., 2014), German spring wheat cv. ‘Naxos (Lu et al., 2012) and
Italian cv. Strampelli (Asad et al., 2013). The QTL for powdery mildew resistance have
been mapped on all wheat chromomes and some of the detected QTL for adult plant
resistance have been mapped in the genome regions where major Pm gene/s was/were
previously detected (e.g. Pm3, Liang et al., 2006; Xu et al., 2006; Pm4b, Mingeot et al.,
2002 and Pm5, Keller et al., 1999; Marone et al., 2013). A meta-analysis of resistance to
powdery mildew QTL yielded 24 regions on 18 wheat chromosomes which were found
to be common among at least two independent studies (Marone et al., 2013; Lillemo
and Lu, 2015).

1.8 Powdery mildew resistance genes and QTL cloned/sequenced in
wheat

There is a significant gap between the number of genetically detected wheat resistance
genes/QTL and the number of cloned or sequenced genes. Due to the large size of
wheat genome (17 Gb), its allohexaploid nature (AABBDD), and high content of
repetitive DNA (more than 85%; IWGSC, 2018), fine mapping and map-based cloning
are laborious in common wheat (Gupta et al., 2008; Shewry, 2009; Uauy, 2017). Using
different approaches, five dominant Bgt race-specific wheat resistance genes — Pm2,
Pm3, Pm8, Pm21 , Pm60 - , two genes for partial resistance - Pm38 and Pm46 — and
TaMlo have been cloned or sequenced (Yahiaoui et al., 2004; Krattinger et al., 2009;
Hurni et al., 2013; Moore et al., 2015; Sanchez-Martin et al., 2016; Xing et al., 2017; He
et al., 2018; Zou et al., 2018; Yu et al., 2005). All cloned race-specific Pm genes belong
to the NBS-LRR resistance gene family and encode a typical intracellular coiled-coil
nucleotide-binding site and leucine-rich repeat domain protein (Yahiaoui et al., 2004;
Hurni et al., 2013; Sanchez-Martin et al., 2016; Xing et al., 2017; Zou et al., 2018).

Pm3 is the best characterised race-specific powdery mildew resistance gene. The
Pm3b was identified by map-based cloning as a member of a cluster of genes encoding
CC-NBS-LRR proteins (Yahiaoui et al., 2004). Seventeen functional alleles of the Pm3
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sharing high sequence identity (> 97%) have been found (Srichumpa et al., 2005;
Yahiaoui et al., 2006; Bhullar et al., 2009; Brunner et al., 2010). Resistance specificity of
Pm3 is based on change of one or a few amino acids. Change of a single amino acid
converts the susceptible Pm3CS protein into the protein of the resistant phenotype.
Thus, the recognition specificity of Pm3 is controlled by a very limited amount of amino
acids in the LRR domain (Yahiaoui et al., 2004; Yahiaoui et al., 2006).

Originating from rye (Secale cereale L.) Pm8 gene is an ortholog of Pm3 (Hurni et al.,
2013). A BLAST search revealed that Pm8 is similar to the Pm3 alleles showing 87%
identity at the DNA level and 80% at the protein level to the Pm3 allele Pm3CS.
The product of the Pm3 was identified as a dominant suppressor of Pm8 and the
suppression most likely involves post-translational processes such as the formation of
non-functional protein complexes (Hurni et al., 2014).

Sequence comparison of multiple flow-sorted independently derived mutant
chromosomes (MutChromSeq) of six mutants has been used to analyse the Pm2 gene
(Sdnchez-Martin et al., 2016). The approach unambiguously identified a NB-LRR type
gene encoding domains with homology to a coiled coil, a nucleotide binding site and
leucine-rich repeats on chromosome 5D as a single candidate gene that was verified by
sequencing additional mutants.

Pm60, a powdery mildew resistance gene derived from T. urartu, was cloned by
combining genetic mapping and RNA-sequencing. Two linked genes of 70% similarity
encoding NB-containing proteins were mapped in the resistance locus. Virus-induced
gene silencing, single-cell transient expression and stable transformation assays
demonstrated that one of the two genes - designated Pm60 - confers resistance to
powdery mildew (Zou et al.,, 2018). However, yeast two-hybrid, bimolecular
fluorescence complementation and luciferase complementation imaging assays showed
that Pm60 protein interacts with its neighboring NB-containing protein, suggesting that
they might be functionally related (Zou et al., 2018).

The Pm21, transferred from the wild Haynaldia villosa, confers durable broad
spectrum resistance to Bgt throughout all stages of plant growth (Chen et al., 1995).
Resently, two groups have reported cloning Pm21 as a gene encoding a typical
CC-NBS-LRR protein of 909 amino acids named DvRga2 (Xing et al., 2017 and NLR1-V
(He et al., 2018). The genes encode identical proteins with minor indel polymorphisms in
the second intron. Thus He et al., (2018) speculate that DvRga2 and NLR1-V may be allelic.

Distinct of the above mentioned proteins structures were revealed when two wheat
genes - Pm38 and Pm46 - for partial resistance to Bgt were cloned, suggesting that the
formally designed Pm genes, likely comprise a heterogeneous group of functionally
diverse genes.

Both Pm38 (synonym  Lr34/Yr18/Sr57/Pm38) and Pm46  (synonym
Lr67/Yr46/Sr55/Pm46 Ltn3) are genes for resistance with pleiotropic effect. Pm38 and
Pm46 have been cloned as leaf rust genes Lr34 and Lr67, respectively (Krattinger et al.,
2009; Moore et al., 2015) and both encode transmembrane proteins.

The Pm38 encodes a protein with homology to ATP-binding cassette (ABC)
transporters, a transkingdom superfamily of transmembrane proteins involved in the
transport across cellular membranes of a wide variety of substrates (Krattinger et al.,
2009). The Pm46 gene encodes a predicted hexose transporter (Moore et al, 2015)
which facilitates the transport of hexoses across the plasma membrane (Blttner 2010).
It has been suggested that small sequence differences between the resistant and
susceptible alleles may lead to changes in the conformation of the protein and alter
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substrate specificity of the transporter. In both cases — Pm38 and Pm46 — the
mechanism of disease resistance conferred by these transporters remains unknown
(Krattinger et al., 2009; Moore et al., 2015).

Wheat Mlo-like genes were first reported in 2002 and demonstrated to be
associated with resistance to Bgt (Elliott et al.,, 2002). TaMLO protein is a
membrane-bound protein and its molecular weight is about 60 kD (Biischges et al.,
1997; Yu et al., 2005). The full-length cDNA of wheat TaMlo gene is 89% identical to
barley Mlo, and the main domains of barley and wheat Mlo are highly conserved (Yu et al.,
2005). TaMlo was localised on 2AL, 2BL and 2DL wheat chromosomes (Chen et al., 1995).

A full-length cDNA sequence of Edrl-like gene in wheat, TaEdrl, has been cloned
(Niu et al., 2005). High similarity in structure of TaEdr1, Edrl and HvEdrl allowed to
suggest that an Edrl pathway is functioning in wheat, and the pathway might play a
role in regulation of defense responses (Tang et al., 2005; Xiao et al., 2005).
The expression of TaEdrl was enhanced by Bgt infection in leaves, stems, spikes, and in
roots. (Niu et al., 2005).

It has been demonstrated that Talrk (T. aestivum leaf rust kinase), Ta-Ja2
(T. aestivum jasmonate-regulated protein gene), TaPr-1 (T. aestivum pathogenesis related
protein), TaPr-2 and TaPr-5 proteins play a positive role in powdery mildew resistance
in wheat. However, neither map positions nor systemic signal pathways of powdery
mildew resistance have been reported in wheat genome as yet (Niu et al., 2009).

1.9 Wide crosses for the improvement of wheat powdery mildew
resistance

For more than 60 years, the search for new resistance genes in progenies of distant
hybridization events has been an effective way to increase diversity of resistance to
pathogens, inter alia, to the causal agent of powdery mildew in wheat (Pridham, 1939;
Shands, 1941; Allard, 1949; Mujeeb-Kazi and Kimber, 1985; Warburton et al., 2006;
Haijar and Hodgkin, 2007; Gill et al., 2008; Feuillet et al., 2008; Kaur et al., 2018). More
than half of the registered major powdery mildew resistance genes (Pm genes) listed in
the wheat gene catalogue (McIntosh et al., 2008-2017), are derived by wide
hybridization from related species belonging to the primary (such as T. monococcum,
T. turgidum, Aegilops tauschii), secondary (T. timopheevii, T. araraticum, T. carthlicum,
Aegilops speltoides, Aegilops longissima) or tertiary gene pools (Ae. ovata,
Ae. umbellulata, Secale cereale, Haynaldia villosa (syn. Dasypyrum villosum), Elytrigia
intermedium, Thinopyrum ponticum) (Mclntosh et al., 2008-2017; Alam et al., 2011;
Shah et al., 2018).

The Triticeae tribe contains more than 500 species (Feuillet et al., 2008;
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi,), and on the basis of
genomic constitution, wild relatives of common wheat can be classified into primary,
secondary and tertiary gene pools (Feuillet et al., 2008). Hexaploid landraces (AABBDD),
cultivated and wild tetraploids with the AABB genome (T. turgidum, T. dicoccum and
T. dicoccoides) and diploid species with the AA (T. monococcum, including var. boeticum
and var. urartu) and DD (Aegilops tauschii) genomes belong to the primary gene pool
species. In general, genetic transfers from the abovementioned genomes can be
generated by direct hybridization and homologous recombination.The polyploid
Triticum and Aegilops species — which share at least one homologous genome with
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common wheat — such as T. timopheevii (A'A'GG) and also the diploid S-genome of
Aegilops species that are closely related to the B genome of wheat (Kilian et al., 2007),
form the secondary gene pool. Here, gene transfer also takes place in the process of
direct crosses, however, reduced chromosome pairing and suppressed recombination
between the non-homologous genomes are common problems for these crosses. The
tertiary gene pool contains diploid and polyploid species with genomes not
homologous to cultivated wheat genomes. Gene transfer from these species can only
be achieved by special techniques that assist homoeologous exchange, like using the
ph1 allele of common wheat, the facilitation of chromosome breaking and exchange by
irradiation, or callus culture mediated induction of translocations (Mujeeb-Kazi and
Rajaram, 2002; Qi et al., 2007; Feuillet et al., 2008). Different sophisticated strategies,
generally referred to as chromosome engineering (Qi et al., 2007), are used to facilitate
the transfer from diploid and tetraploid donors. Intermediary hybrids (synthetic wheats
or wheat-alien amphiploids) are first developed, followed by the cytological detection
of wheat-alien chromosomal additions, substitutions and translocations (Zeller and
Hsam, 1983).

Reduced or supressed recombination may be considered a general drawback in the
reduction of the size of introgressions from species within the secondary or tertiary
gene pools (Qi et al., 2007; Li et al., 2008). If the introgression originates from species of
the secondary or tertiary gene pool, the rate of decline of linkage disequilibrium (LD)
between closely linked genes is slow (Summers and Brown, 2013; Feuillet et al., 2008).
This means that additional crosses and special methods are needed to select the new
resistance gene within a genetic background that meets requirements for both
agronomic traits and for resistance to diseases. The delay in the introduction of a useful
gene can be described as ‘competition drag’, characterizing the additional time needed
to raise both the yield and quality to the standard of the current market-leading
cultivars (Summers and Brown, 2013).

Only a handful of introduced powdery mildew resistance genes, such as Pm2a,
Pmda, Pm4b, Pm6, Pm8 and Pm21, are actually used in commercial wheat breeding
(Friebe et al., 1996; Olson et al., 2010). Yield reduction — often associated with disease
resistance genes reported in wheat and other cereals — is the most common cause of
the limited use of transferred resistance genes (Worland et al., 1989; Singh and
Huerta-Espino, 1997; Ortelli et al., 1996; Brown, 2002). The reason for yield reduction
may lie in the large chromosomal fragments that are transferred, carrying additional
genes that confer undesirable traits, such as poor agricultural, yield or quality
performances (a phenomenon known as ‘linkage drag’ (Young and Tanksley, 1989).
For example, a large yield penalty is associated with Pm16, a gene for resistance to
powdery mildew introgressed from wild emmer wheat (Triticum dicoccoides) and
located on the translocated 5B chromosome (Chen et al., 2005). Advanced breeding
lines carrying Pm16 had on average about 15% lower yield than those without the gene
(Summers and Brown, 2013). Up to now it is not clear whether this yield loss is a direct
effect of the Pm16 gene itself or an indirect cost of genes linked to Pm16.

However, transfer of a large chromosomal fragment may, in some cases, have a
positive effect on the yield. The positive influence of T. timopheevii 2G chromosome
fragments on number of grains in an ear has been shown (Timonova et al., 2012).

In some cases, chromosomal fragments with desirable genes may be too small to be
detected by standard cytological methods (Luo et al., 2009; He et al., 2009; Lu et al.,
2016), as for example, in the case of alien introgressions carrying Pm40 and Pm43
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powdery mildew resistance genes, both originating from Thinopyrum intermedium (Luo
et al., 2009; He et al., 2009), and both located by the laborious whole-genome mapping
process. Another example is line ‘Pubing 74’, obtained from distant hybridization
between the common wheat cv. Fukuho and A. cristatum, displaying a high resistance
to powdery mildew, both at the seedling and adult stages. The new powdery mildew
resistance gene PmPb74 was mapped on chromosome 5D, while no cytologically
detectable signals were observed by genomic in situ hybridization techniques (Lu et al.,
2016).

Another factor complicating the use of wild relatives for resistance breeding in bread
wheat is the possible suppression of resistance. Lutz et al., (1994) showed that
synthetic amphiploids generally express lower levels of resistance to powdery mildew
than the respective diploid parental lines. It was proposed that, due to the action of
suppressor genes localised in the A and/or B genome(s) of the T. durum parents, the
T. tauschii-derived resistance genes might not be expressed in the genetic background
of syntetic hexaploid genotypes (Assefa and Fehrman, 2000). The suppression of
resistance to leaf rust, stripe rust and tan spot in the synthetic hexaploids has also been
observed (Chevre et al., 1989; Innes and Kerber, 1994; Siedler et al., 1994; Ma et al.,
1995). The studied suppressor genes were found to be specific to particular resistance
genes and their genetic locations were found differing (Kema et al., 1995; Ma et al.,
1995; Assefa and Fehrmann, 2004). For example, suppression of Pm8-mediated
resistance was detected in some wheat lines with the Secale cereale-derived 1BL.1RS
translocation (Hanusova et al., 1996; McIntosh et al.,, 2011) and correlated with the
presence of the Pm3 locus on the wheat chromosome 1AS (Mclntosh et al., 2011).
Later, it was shown that the absence of the Pm8 function in certain 1BL.1RS-containing
wheat lines is not caused by gene loss or mutation but is based on suppression by the
wheat gene Pm3, an ortholog of rye Pm8 (Hurni et al., 2013). This result was confirmed
in a transient single-cell expression assay and in transgenic lines with combined Pm8
and Pm3 transgenes. An expression analysis revealed that suppression is not a result of
gene silencing, and it has been suggested that a post-translational mechanism is
involved in the suppression of Pm8. The formation of a heteromeric protein complex
might result in inefficient or absent signal transmission for the defense reaction (Hurni
etal., 2014).

1.10 Wheats of the timopheevii group in common wheat improvement

1.10.1 Wheats of the timopheevii group — a description

With reference to a set of morphological traits, genetic compatibility during
hybridization, and natural habitat, timopheevii wheats form a separate group within
the tetraploid wheats (2n = 4x = 28). The group includes wild form of the timopheevii
wheat known as Triticum timopheevii (Zhuk.) Zhuk. var. araraticum (Jakubz.) (syn.
T. timopheevii subsp. armeniacum) (Jakubz.) MacKey) (further abbreviated as
T. araraticum), the domesticated form Triticum timopheevii (Zhuk.) Zhuk. var.
timopheevii (further abbreviated as T. timopheevii), and a third form of wheat,
discovered by P.M.Zhukovsky in 1950, Triticum militinae Zhuk. et Migusch. (further
abbreviated as T. militinae) (Zhukovsky and Migushova, 1969; Goncharov, 2002).

The wild form of timopheevii wheat, T. araraticum, is found throughout the Middle
East and surrounding areas (southeastern Turkey, northern Iraqg, western Iran, Armenia,
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and Azerbaijan) (Dorofeev et al., 1976). The T. araraticum is morphologically very
similar to Emmer wheat and their areas of distribution overlap in Turkey, Irag, and Iran
(Zohary and Hopf, 2000). However, the two species are genetically isolated (Wagenaar,
1961; Feldman, 1966) and are cytogenetically clearly distinct (Badaeva et al., 1994a, b;
Jiang and Gill, 1994; Kilian et al., 2009; Mori et al., 2009; Badaeva et al., 2016).

T. timopheevii is a domesticated form which was cultivated as a population mixed
with T. monococcum (Chelta-Zanduri population) in western Georgia, where it was
discovered by P.M. Zhukovsky in 1922. According to Dekaprelevich (1954), the total
area of T. timopheevii cultivation did not exceed 300-400 ha in the 1930s. At present,
the species is not cultivated anymore, and is maintained ex situ in seed banks and
special collections (Dorofeev et al., 1979; Knlpffer, 2009).The domesticated form is
described by Zhukovsky (1928) as follows: characteristic to the species, the plants have
thick pubescence consisting of long white tough hairs on the leaf sheats, a thinner
pubescence is found on leaf-blades. Ears are compact (40-45 spikelets /10 cm of spike
rachis, broad, pyramidal, flattened, the width considerably exceeds the thickness. Only
forms with pubescent ears are known. Ears brittle at maturity; segments of the rachis
are pubescent with comparatively thin short hairs. Awns are soft, thin, 4-7 cm in length.
Glumes are thin and membraneous. Empty glumes are much shorter than the lower
flowering ones (Zhukovsky, 1928).

Both T. araraticum and T. timopheeviii have non-free-threshing hulled ears.
Ecologically, T. timopheevii is a species of a cool moist alpine climate, being
undemanding for warmth and resistant to excess of humidity. As well as T. araraticum,
the T. timopheevii grain has high bread-making quality (Zhukovsky, 1971; Dorofeev
et al., 1976). Even in the northern region of Russia (district Leningrad) the protein
content has been found to be 19.4% in T. timopheevii and up to 30% in T. araraticum.

Although the wild timopheevii wheat, T. araraticum, is considered to be the
progenitor of the domesticated T. timopheevii (Feldman, 1977), the T. araraticum has
not been found in western Georgia, where the domesticated timopheevii wheat has
been grown. Armenia and Azerbaijan are the only parts of Transcaucasia where
T. araraticum has been found. To clarify history of the domestication of timopheevii
wheats, Mori et al. (2009) analysed the molecular variation at 23 microsatellite loci in
the chloroplast genome of 57 accessions representing wild timopheevii wheat
(T. araraticum Jakubz.) and six accessions representing domesticated timopheevii
wheat (T. timopheevii (Zhuk.) Zhuk.). None of the T. araraticum plastotypes collected in
Transcaucasia were closely related to the T. timopheevii plastotype. On the other hand,
the plastotypes found in northern Syria and southern Turkey showed closer
relationships with T. timopheevii. These results indicate that the domestication of
timopheevii wheat might have occurred not in Transcaucasia, but in a region of
southern Turkey and northern Syria, and the already domesticated timopheevii wheat
might have been introduced into Georgia (Mori et al., 2009).

Wide intraspecific diversity accompanied by chromosomal aberrations — mainly
translocations — has been found in T. araraticum (Kawahara and Tanaka, 1981, Badaeva
et al., 1994a; 1995a). On the contrary, T. timopheeviii is characterised by high karyotype
stability with respect to chromosomal aberrations, having significantly lower variability
than its wild relative, T. araraticum. Nine accessions of T. timopheevii have been found
to be karyotypically identical according to C-banding (Badaeva et al., 1994b). This high
karyotypic stability has been considered to be caused by the relatively young age of the
domesticated timopheevii wheat. Supporting the hypothesis of a monophyletic origin
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of domesticated timopheevii wheat, Moori and co-authors (2009) have demonstrated a
limited cpDNA variation in domesticated timopheevii wheat accessions. However,
hybridization patterns of tested in T. araraticum DNA probes differs from those found
in T. timopheevii, as shown for Spelt-1 and Spelt-52 (Salina et al., 2006b; Zoshchuk
et al., 2007; Badaeva et al., 2016).

The third member of the timopheevii group of wheats, T. militinae, was found
among the plants of a T. timopheevii collection plot by Zhukovsky in 1950 (Jakubziner,
1969, Zhukovsky and Migushova, 1969). T. militinae differs from T. timopheevii in a
number of morphological characters. The plants are 100-120 cm in height, a little lower
than T. timopheevii plants. Morphologically, vegetative organs of T. militinae resemble
those of T. timopheevii with the exception of the awn-pointed slightly carinate empty
glume which has been considered to be similar to that of T. persicum var. fuliginosum
(Zhukovsky and Migushova, 1969). Ears are dark, short (3.5-4.5 cm), wide and even
more compact than than those of T.timopheevii (50-70 spikelets /10 cm of spike rachis,
Dorofeev, 1976), differing from the latter by naked grains and black awns. T. militinae is
the only free-threshing tetraploid species in the Boeoticum subgenus. The leaves of
both T. militinae and T. araraticum are covered with a sparse, rigid pubescence,
different from the specific long ciliate pubescence (rare, but very long trichomes) on
T. timopheevii leaves.

T. militinae is considered to be a spontaneous mutant of T. timopheevii (Dorofeev
et al.,, 1976), but it has also been supposed to originate from an introgressive
hybridization between T. timopheevii and T. persicum (Navruzbekov, 1981) or to be a
result of an unknown hybridization of T. timopheevii (Gocharov, 2002).

The analysis of meiosis in T. timopheevii/T. aestivum and T.militinae/T. aestivum
hybrids indicates differences between T. timopheevii and T.militinae genomes resulting
in pairing incompatibility of one of the T. militinae chromosomes, compared to the
affinity of T. timopheevii /T. aestivum chromosome sets (Shnaider, 1986; 1988; Jarve et
al., 2002).

Cytologically, the 1A chromosome of T. militinae is slightly longer compared to the
same chromosome of T. timopheevii, and has therefore a more submetacentrical
character (Badaeva et al., 1988). In C-banding pattern, T. militinae has been found to be
similar to T. timopheevii, with the differences in T. militinae karyotype not exceeding
the intraspecific variability of T. timopheevii (Badaeva et al., 1994b). The genomic
organization of T. timopheevii and T. militinae has been compared (Salina et al., 2006a).
According to this study, polymorphism between T. militinae (accession No K-46007;
N.I. Vavilov Institute of Plant Industry) and T. timopheevii (K-38555) was approximately
at the same level as polymorphism between the two accessions of T. timopheevii
(T. timopheevii var. timopheevii and T. timopheevii var. typica).

1.10.2 Crossability of timopheevii wheats and other wheat species

The timopheevii group species are geneticaly isolated from other wheat species.
All three timopheevii wheats cause cytoplasmic male sterility when crossed with
T. aestivum (Wilson and Ross, 1962; Kobylyanskyi and Fadeeva, 1986; Brown-Guedira
et al., 1997). Thus the recipient wheat cultivar (T. aestivum) is generally used as the
female parent in wide hybridization programmes. F1 hybrids between common wheat
and T. timopheevii or T. militinae are self-sterile and can be maintained by backcrossing
them as females with T. aestivum. Self-fertility is usually fully restored after 2-3
backcrosses. A series of subsequent self-pollinations are carried out to stabilize hybrid
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forms and recover the original wheat genome. However, persistence of cytological
instability and aberrance of morphological traits from these in the parental common
wheat cultivar are possible even at BC1F18-BC1F20 generations (Badaeva et al., 1991;
Leonova et al., 2002; Gordeeva et al., 2009; Timonova et al., 2013).

Due to the genetic incompatibility and differences in genomic structures, yield of
hybrid grains in crosses of T. aestivum with T. timopheevii and T. militinae is extremely
low (1-5 % of pollinated florets) (Shands, 1941; Allard and Shands, 1954; Peusha and
Shnaider, 1983;-Kobylyanskyi and Fadeeva, 1986).

To facilitate the introgression of desirable genes from related diploid and tetraploid
species, the synthetic hexaploid wheat (artificial amphiploids) may be used and forms
developed with patricipation of timopheevii wheats have been generated (Friebe et al.,
1996; Goncharov et al., 2007; Miko et al.; 2015). The production of wheat amphiploids
is often a laborious task, in some cases, even 20 generations were insufficient to obtain
cytogenetically stable plant material (reviewed by Goncharov et al., 2007). However,
T. kiharae accessions have been produced from crosses of T. timopheevii (A'A'GG) and
T. tauschii (DD), and these forms have been used for the development of immune
wheat lines, characterised by their complex resistance to fungal pathogens
(Maystrenko et al., 1996; Motsny et al., 2000 Laikova et al., 2004; Laikova et al., 2013).

1.10.3 Genome analyses and chromosome substitutions in crosses of timopheevii
wheats and T. aestivum

Tetraploid wheats, emmer (genomic formula AABB) and timopheevii (genomic formula
A'A'GG) originate from common diploid progenitors - Aegilops speltoides and Triticum
urartu; however, they evolved from two independent hybridization events and
represent two evolutionarily divergent lineages of polyploid wheats (Dvorak et al.,
1993; Mori et al., 1995; Brown-Guedira et al., 1996; Rodriguez et al., 2000a; Kilian et al.,
2007).

From their diploid ancestor T. urartu, both lineages inherited a 4AL.5AL reciprocal
translocation on chromosomes 4A and 4A' (Naranjo et al., 1987; Jiang and Gill, 1994;
Devos et al.,, 1995). Chromosome 4A of emmer wheats underwent three more
rearrangements in its evolution: a distal 4AL.7BS translocation, a pericentric inversion
and a paracentric inversion in the region of 4AL.5AL.7BS translocations (Naranjo et al.,
1987; Devos et al., 1995). There is no evidence suggesting the presence or absence of
inversions on chromosome 4A! of the timopheevii wheat. The genome of timopheevi
wheats is characterised by four species-specific translocations (6A'S/1GS, 1GS/4GS,
4GS/4AA', 4A'L/3A'L) and paracentric inversion in the long arm of chromosome 6A
(Jiang and Gill, 1994; Rodriguezet al., 2000; Salina et al., 2006).

Wheats of the timopheevi group were not involved in the formation of the genome
of common wheat (T. aestivum, genomic formula AABBDD) and their genomes are only
partially homologous to the common wheat genome (Dvorak et al., 1993; Mori et al.,
1995; Rodriguez et al., 2000b; Kilian et al., 2007; Dvorak et al., 2017).

Despite absence of full homology, chromosomes of the At and G genomes pair with
A- and B-genome chromosomes, respectively, in the presence of the Ph gene which
suppresses homoeologous pairing (Feldman, 1966; Dvorak, 1983; Gill and Chen, 1987).
In F1 hybrids from the cross between T. timopheevii and T. aestivum, chromosomes of
B and G genomes conjugated in 30% of the cases, and chromosomes of A and A'
genomes, in 70% of the cases (Feldman, 1966). Thus exchanges occurred
predominantly between the homoeologous chromosomes of related genomes (A and

33



A%, B and G), however, in some crosses the G/D genome chromosome substitutions
were also detected (Badaeva et al., 1991, 2000, Gordeeva et al., 2009; Timonova et al.,
2013). Spontaneous substitutions involving all A- and G- genome chromosomes have
been identified (Brown-Guedira et al., 1996b). with high frequency of introgressions in
chromosomes 1A, 2A, 2B, 5A, 5B, and 6B (Badaeva et al., 1991, 2000; Gordeeva et al.,
2009). Introgressions in 7A were characterised by medium frequencies, while
introgressions in 4A, 3A and 3B were rarely found (Badaeva et al., 1991, 2000;
Gordeeva et al., 2009; Timonova et al., 2013). Low substitution frequencies are usually
characteristic of the chromosomes modified by the species-specific translocations that
arose during the formation and evolution of T. aestivum and T. timopheevii, probably
decreasing their compensation ability (Rodriguez et al., 2000; Badaeva et al., 2000).
Considering the differences between chromosomes 4A and 4A! (Jiang and Gill, 1994;
Rodriguez et al., 2000), it is not surprising that 4A'/4A substitutions or T. timopheevii
translocations involving chromosome 4A are rarely detected in T. aestivum x
T. timopheevii hybrids (Gordeeva et al., 2009; Badaeva et al., 2010).

On the other hand, the pattern and frequency of chromosomal substitutions
depends on the genotype of the parental common wheat cultivar (Badaeva et al., 1991;
2000; Brown-Guedira et al., 1996b; Gorgeeva et al., 2009). The effect of the parental
wheat genotype on the formation of individual chromosome substitutions may be
illustrated by the surprisingly great differences detected in the occurrence and
frequency of G/D genome chromosome substitutions in different crosses (Badaeva
et al., 1991, 2000).

The data on the karyotypical analysis of chromosome substitutions in T. aestivum x
T. militinae hybrids is limited (Badaeva et al., 2000). The pattern of chromosome
substitutions appears similar to that of T. timopheevii crosses.

1.10.4 Genetic maps of timopheevii wheats

To explore genetic relationships in the Triticeae and to facilitate transfer of
agronomically important genes, genetic maps have been developed for di-, tetra-, and
hexaploid wheat species (GrainGenes 2.0; https://wheat.pw.usda.gov/GG3/maps).
In contrast to other wheat species, mapping of timopheevii wheats has received
relatively little attention. The first full genome linkage maps of timopheevii wheats,
based on two mapping populations (7. timopheevii var. timopheevii x T. timopheevii
var. typica and T. timopheevii K-38555 x T. militinae) — containing 121 and 103
hexaploid wheat SSR markers, respectively — were reported by Salina and co-authors
(2006a). Later, additional markers have been integrated into the maps. Dobrovolskaja
and co-authors (2009. 2011) tested 767 genomic SSRs and EST-derived SSR markers of
the bread wheat genome and/or S genome of the Ae. speltoides. 59.5% of tested
markers were amplified in the genomes of four accessions of the timopheevii wheat
and 23% of tested markers detected polymorphism (Dobrovolskaa et al., 2009).
Transferability of common wheat markers to T. timopheevii was generally better for
the A genome-specific markers than for B genome-specific markers. Markers specific
for the D genome of T. aestivum have been mapped both to At and G genomes of
T. timopheevii (Salina et al., 2006a; Dobrovolskaja et al., 2009). Comparative mapping
has shown that most of the S genome SSR markers of the Ae. speltoides have been
located on the G genome chromosomes of T. timopheevii (Dobrovolskaya et al., 2011).
The order of common wheat markers involved has generally shown high co-linearity
between the chromosomes of T. timopheevii and T. aestivum. However, discrepancies
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between T. timopheevii and T. aestivum genetic maps were noticed (Salina et al.,
2006a; Dobrovolskaya et al., 2009). The T. timopheevii maps constructed revealed at
least two so far unknown rearrangements on chromosomes 4A' and 6A%: an
introgression from chromosome 4A into the short arm of 6AY, and an inversion of the
major part of the long arm of chromosome 6A" (Salina et al., 2006a; Dobrovolskaya et
al., 2009).

In attempts to map more precisely T. timopheevii-derived resistance genes and to
find closely linked markers for MAS, partial genetic linkage maps for regions
introgressed from chromosome 2G (Brown-Guedira et al., 2003; Tsilo et al., 2008; Wu
et al., 2009), 4G (Zhang et al., 2012), 2A* and 5G (Leonova et al., 2008), 5A* (Malihipour
et al.,, 2017), 6G (Jarve et al., 2000), 6A* (Leonova, 2015) and 7A! (Perugini et al., 2008;
Maxwell et al., 2009) have been constructed. Partial genetic linkage maps for regions of
a chromosome arm 3A'S were created in an attempt to locate a wedge-type (W-type)
spikelet disarticulation gene in T. timopheevii (Li and Gill, 2006).

Suppression of recombination may be the determinant obstacle in mapping
translocated T. timopheevii chromosome segments in crosses with hexaploid wheat
(Devos et al., 1993; Jarve et al., 2000; Kammbholz et al., 2001; Tsilo et al., 2008).
For example, depending on the mapping population, genetic distance between two
stem rust resistance genes (5r36 and Sr40) on chromosome 2G in T. timopheevii
accessions has been estimated as 21.9 ¢cM (Dyck, 1992) and 3 cM, respectively (Tsilo
et al., 2008).

1.10.5 Genes for resistance to fungal diseases transferred from wheats of the
timopheevii group

Since the middle of the last century, genes conferring resistance to different
pathogenes have been successfully transferred from timopheevii wheats to bread
wheat via sexual hybridization (Pridham, 1939; Shands, 1941; Allard, 1949; Allard and
Shands, 1954; Nyquist, 1957, 1963; Atkins, 1967; Maan and McCracken, 1969; McIntosh
and Gyarfas, 1971). The domesticated T. timopheevii is considered to have a complex
resistance to powdery mildew, stem, leaf and yellow rusts, Fusarium head blight, dwarf
and loose smut (Dorofeev et al., 1976). Genes conferring resistance to stem rust (Sr36
and Sr37), leaf rust (Lr18, LrTt1 and LrTt2) and resistance to powdery mildew (Pmé6 and
Pm27) were transferred from domesticated T. timopheevii (Mclntosh et al., 2008; 2011;
http://www.shigen.nig.ac.jp/wheat/komugi/genes/symbolClassList.jsp).

Incorporation of of two T. timopheevii-derived resistance genes, Sr36 and Pm6, into
common wheat was a result of recombination between related 2B and 2G
chromosomes (Allard and Shands, 1954; Nyquist, 1957; 1963; Gyarfas, 1978; Jorgensen
and Jensen, 1973). The stem rust resistance gene Sr36 was transferred to the short arm
of the wheat chromosome 2B (Allard and Shands, 1954; Nyquist, 1957; Gyarfas, 1978),
with powdery mildew resistance gene Pmé6 linked to the stem rust resistance gene.
However, genetic analysis has shown that Pmé6 is located on the long arm of the
common wheat chromosome 2B (Nyquist, 1957; Mclintosh and Gyarfas, 1971;
Jorgensen and Jensen, 1973). It has been reported that the T. timopheevii translocation
carrying Sr36 in cv. Cook is large and spans across both arms of 2B, covering — according
to GISH analysis - about 80% of chromosome 2B (Chemayek et al., 2017). Bariana et al.
(2001) and Tsilo et al. (2008) have reported microsatellite markers closely linked to the
Sr36 locus. Markers suitable for MAS have also been developed for Pmé (Liu et al.,
1998; Tao et al., 2000; Wang et al., 2000; Ji et al., 2007).
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The T. timopheevii—derived 2G/2B introgression carrying Sr36/Pmé6 genes has been
widely used in germplasms in North America, Europe, Australia, South Africa and in
Kenya and Ethiopia (McIntosh et al., 1995, 2011). Sr36 has been characterised as a gene
of durable resistance, which remains effective in cultivars that are grown for a long
period of time in large-area fields, and expresses a near-immune level of resistance
(although some Sr36-virulent fungal races are now known) (Knott, 1989). Pmé is still
one of the most effective resistance genes in China, where it is especially effective as a
gene for adult resistance for powdery mildew in the field, though lines carrying Pmé6
may be susceptible at the seedling stage (Ji et al., 2008). In some commercial wheat
varieties, Sr36 and Pm6 have been pyramided with other Sr/Pm genes (Jorgensen and
Jensen, 1973; Huang and Roder, 2004; Olson et al., 2010). In Estonia, the combination
of Pm6 and Pm2 is not effective (our unpublished data).

Pm27, another powdery mildew resistance gene derived from domesticated
T. timopheevii, was identified in the hybrid line 146-155-T. According to the results of
monosomic analysis, powdery mildew resistance in the line 146-155-T is conferred by a
single dominant gene located on chromosome 6B (Enno et al., 1998; Jarve et al., 2000).
Using RFLP and microsatellite markers, a T. timopheevii translocation was confirmed on
chromosome 6B of the hybrid line 146-155-T. Translocaton breakpoints were located,
showing that the introgression region originates from the chromosome 6G of
T. timopheevii and was transferred into the 146-155-T by homeologous recombination
(Jarve et al., 2000). By now, Pm27 has lost its effectiveness in Estonia.

A T. timopheevii-derived QTL for resistance to powdery mildew (QPm.icg-6D) was
detected in an introgressive hexaploid wheat line. It has been concluded that
QPm.icg-6D is located in the region of a 6DS.6DL-6A'L translocation (Leonova, 2015).

The stem rust resistance gene Sr37 was transferred to the short arm of wheat
chromosome 4B from the short arm of chromosome 4G (MclIntosh and Gyarfas, 1971).
So far, Sr37 has not contributed to wheat improvement (Mclntosh et al., 1995, 2011),
as the transferred 4G chromosomal segment is associated with undesirable agronomic
traits (linkage drag). However, the Sr37 has proven effective against the newly emerged
Ug99 races of Puccinia graminis f. sp. tritici and successful attempts to reduce the size
of the 4G chromosome segment carrying Sr37 have been made (Zhang et al., 2012).

In close proximity to each other, three T. timopheevii-derived resistance genes/QTL
have been located on chromosome 5BL: Lr18, LrTt2 and Qlr.icg-5B. The gene for
resistance to leaf rust Lr18 has been transferred from T. timopheevii to chromosome 5B
of common wheat as a specific terminal segment derived from chromosome 5G
(MclIntosh et al., 1983; Yamamori, 1994; Friebe et al., 1996). The Lr18 was characterised
as an effective in all growth stages gene for resistance to leaf rust and has been used in
several cultivars. The recessive mode of the gene action adds to the complexity of
selection for Lr18, but markers which can be effectively utilized for MAS have recently
been reported (Sadeghabad et al., 2017).

The dominant leaf rust resistance gene LrTt2 was transferred to the long arm of
chromosome 5B into the background of cv. Saratovskaya 29 from the 5G chromosome
of the T. timopheevii ssp. viticulosum (Leonova et al., 2004). Authors considered it
unlikely that LrTt2 is an allele of the Lr18 locus (Leonova et al., 2010; 2011). A major
T. timopheevii derived QTL, QLr.icg-5B, was detected in same region of introgression on
chromosome 5BL (Leonova et al., 2011; Timonova et al., 2013).
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A recessive gene for resistance to leaf rust at the seedling stage, temporarily
designated as LrTt1, was mapped in a T. timopheevii-original introgression region on
chromosome 2A in a line 842 (Leonova et al., 2004).

Two T. timopheevii-originated minor QTL for partial resistance to leaf rust, QLr.icg-2A
and Qlr.icg-1A, were detected on chromosomes 2A and 1A, respectively (Leonova et
al., 2010; 2011; Timonova et al., 2013).

A wheat line derived from Triticum timopheevii Zhuk, ‘TC 67° — with a high level of
resistance to Fusarium head blight — has been described (Cao et al., 2009). Two
T. timopheevii-derived QTL for FHB resistance were detected at intervals cfd6.1-barc48
and cfd39-cfa2185 on chromosome 5AL, explaining up to 10% and up to 21% of
phenotypic variation for disease (type 1 resistance) and Fusarium-damaged kernel
(FDK) (type IV resistance) under field conditions, respectively (Malihipour et al., 2017).

A leaf rust resistance gene (Bai et al., 1998) and a gene for seedling resistance to
Septoria nodorum blotch, SnbTM (Ma and Hughes, 1995; Cao et al., 2001) were
transfed from domesticated T. timopheevii to durum wheat chromosomes 1A and 3A,
respectively.

According to Dorofeev (1976), poor yields and hulled brittle ears make it difficult to
use the wild form of timopheevii wheat, T. araraticum, in wheat breeding. However,
T. araraticum plants are characterised by a high content of grain protein (up to 30%)
and accessions resistant to powdery mildew and loose smut have been found
(Dorofeev et al., 1976). With a wide range of reaction types to powdery mildew and
rust pathogens, resistance to foliar diseases (leaf, stem and stripe rust, powdery
mildew) was noticed in a collection of 301 T. araraticum accessions from Armenia,
Azerbaijan, Irag and Turkey (Brown-Guedira et al.,, 1996a). No powdery mildew
resistance was detected in the accessions from Iran. All tested T. araraticum accessions
were resistant to Septoria blotch (caused by Septoria tritici Roberge in Desmasz.) and a
high percentage of them were resistant to tan spot (caused by Pyrenophora
tritici-repentis (Died.) Drechs.) (Brown-Guedira et al., 1996a). Up to now, genes for
resistance to leaf rust — Lr50, stem rust — 5r40, powdery mildew — Pm37 and MIAG12,
have been transferred from the wild form of the T. araraticum (Mcintosh et al., 2008;
2011; http://www.shigen.nig.ac.jp/wheat/komugi/genes/symbolClassList.jsp).

The gene Lr50 — conferring resistance to leaf rust — is located on the long arm of the
wheat chromosome 2B (Brown-Guedira et al., 2003). Lr50 has not been deployed in
wheat improvement, as North American races of P. triticina are virulent to this
resistance gene.

The stem rust resistance gene — Sr40 — was transferred to the short arm the 2B
chromosome of hexaploid wheat from the Turkish accession of Triticum timopheevii
ssp. armeniacum (PGR6195) (Dyck, 1992; Friebe et al., 1996). The location of 5r40 on
chromosome 2BS was validated through molecular mapping (Wu et al., 2009). So far,
Sr40 has not been deployed in commercial cultivars (Mclntosh et al., 1995), however, it
was shown that the 5r40 provides effective level of seedling and adult plant resistance
against the new virulent race of stem rust, Ug99 (Wu et al., 2009).

The dominant powdery mildew resistance genes Pm37 and MIAG12 from two
different accessions of wild T. timopheevii subsp. armeniacum (araraticum), both from
Irag, were transferred into hexaploid wheat onto the long arm of chromosome 7A
(Srnic’et al., 2005; Perugini et al., 2008; Maxwell et al., 2009).

Pm37 has shown itself to be highly effective in the field in southeastern U.S. and
confers resistance to more than 60 different isolates of Bgt. So far, no virulence to
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Pm37 has been detected. The gene was mapped on the long arm of chromosome 7A.
According to the authors, Pm37 is linked to the Pm1 locus, but the gene is not an allele
of Pm1. Pm37 was located about 16.2 cM proximal to Pm1 (Perugini et al., 2008).

The temporary designed gene MIAG12 (Maxwell et al., 2009) was introgressed into
the background of soft red winter wheat cv. Saluda. The gene provided consistent
resistance over six seasons of field evaluations in North Carolina and secured resistance
at the 2-3 leaf stage in greenhouse. The introgression carrying the resistance gene was
mapped to the chomosome arm 7AL. Linkage analysis showed that MIAG12 was flanked
by markers Xwmc346 and Xwmc273 at distances of 6.6 cM and 8.3 cM, respectively.
According to the map, MIAG12 is allelic, or in close linkage with the Pm1 locus.
Nevertheless, a detached leaf test with ten differential powdery mildew isolates
indicated that the resistance pattern of MIAG12 was different from all designated
alleles at the Pm1 locus. The authors also presume that MIAG12 is not an allele of the
Pm37 locus as, according to marker analysis, the introgression is distal to the
introgession for Pm37 (Maxwell et al., 2009).

Immunity to powdery mildew, leaf and yellow rusts, a high resistance to stem rust,
loose and dwarf smuts have been reported as the useful traits of T.militinae (Dorofeev
et al.,, 1979). In three different climatic regions, T. militinae was found to be
unsusceptible to fungal diseases; only traces of stem rust were detected
(Dekaprelevich, 1954; Jakubziner, 1969; Migushova, 1975). T. militinae has rarely been
used to improve disease resistance in common wheat (Peusha and Shnaider, 1983;
Jarve et al.,, 2002). No resistance genes originating from T. militinae have been
identified in common wheat (MclIntosh et al., 2017).
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2 AIMS OF THE STUDY

The main objectives of the present study were to map the genetic factors behind the
resistance to powdery mildew (Bgt) in a common wheat introgression line and,
exploring potential negative associations with other agronomically important traits, to
evaluate usefulness of detected factors in breeding.

To this end, the following objectives were set:

e to estimate the number and chromosome locations of Triticum
militinae-derived introgressions in the genomes of resistant to Bgt
introgression lines selected from the progeny of crosses between hexaploid
wheat Triticum aestivum and tetraploid wheat Triticum militinae;

e to select a resistant to powdery mildew introgression line for further genetic
analysis and to develop a map of the T. militinae introgressions in the genome
of the selected resistant hybrid line (line 8.1);

e to estimate the number and genomic positions of the QTL for powdery mildew
resistance at the seedling and adult stages of plant growth in F2 and F3
mapping populations from the cross of line 8.1 to cv. Tahti;

e to confirm the involvement of QTL for resistance in a doubled haploid (DH)
mapping population derived from the cross of line 8.1 to cv. Tahti;

e to precisely locate the QPm.tut-4A locus, the main QTL for T. militinae-derived
powdery mildew resistance in the common wheat introgression line 8.1;

e to confirm the efficacy of the detected T. militinae-derived QPm.tut-4A for
resistance to Bgt in different genetic backgrounds;

e to evaluate the possible effect of the T. militinae derived introgressions in line
8.1 on flowering time and other yield-related morphological traits.

39



3 MATERIALS AND METHODS

3.1 Plant material used in the study:

Triticum militinae Zhuk. et Migush. (accession No K-46007; N. . Vavilov
Institute of Plant Industry, St.Petersbourg, Russia),

T. aestivum: spring wheat cvs. Tahti, Mooni, Opata and landrace Chinise
Spring (CS),

BC:F4 population (cv. Tahti x T. militinae) x cv. Tahti,

CS N4AT4B and CS N4AT4D nullisomic—tetrasomic lines (provided by Dr.
S. M. Reader (John Innes Centre, Norwich, UK.),

CS 4AL ditelosomic line (2n = 40 + tt), (provided by Dr. S. M. Reader),

CS N5BT5D and CS N5BT5A nullisomic lines, (provided by Dr. S. M.
Reader),

CS ph1b mutant line (provided by Dr. S. M. Reader).

3.2 Lines and mapping populations developed in this work:

Single seed descendant introgression lines 8.1, 8.5, 8.7 and 8.9 resistant to
Bgt (Publ. 1).

F, and F,.3 mapping population (134 F; plants and 122 F; families) obtained
from the cross (line 8.1 x cv. Tahti) (Publ. 1).

Double haploid (DH) mapping population of 350 DH lines developed from
the cross (line 8.1 x cv. Tahti) (Publ. 11).

F, mapping population (98 lines) obtained from a cross between
susceptible cv. CS and resistant introgression line 8.1 (Publ.11). The Fs-F¢
progeny (8425 hybrid plants) was analysed to verify the phenotypic effect
of the QPm.tut-4A locus and to search plants recombinant in chromosome
arm 4AL (Publ. IV).

F, and F3 mapping population (94 plants/families) created from cross (cv.
Mooni x DH81) (Publ. III).

F, mapping population (140 plants) created from the cross (cv. Opata x
DH81).

Ditelosomic introgression line CS 4AL+QPm.tut-4A (2n=40+tt) for
constructing a chromosome-specific BAC library (Publ. I1).

phl mapping population of 1225 BC;F, plants homozygous for the phil
locus and heterozygous for the QPm.tut-4A locus (Publ. IV).

a derivative of cv. Tahti carrying singly the 4AL translocation with QPm.tut-
4A from T. militinae — near-isogenic line T312.30.38.16 (F3BCs (DH312 x
Tahti) x Tahti),

derivatives of cv. Mooni carrying singly the 4AL translocation with
QPm.tut-4A locus from T. militinae - near isogenic lines MooniR (F3BC;.9
(DH303 x cv. Mooni) xcv. Mooni).
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3.3 Experimental schema (Fig. 1)
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Figure 1. Experimental schema.

3.4 Fungal material and resistance tests

A detailed description of fungal material and the tests for seedling resistance as well as
field experiments for the evaluation of adult plant resistance are provided in the
publications Publ. I and Publ. Il. Powdery mildew disease on detached seedling leaves
was scored on a 0 — 9 scale (0 - no visible symptoms, 9 — heavy sporulation, Lutz et al.,
1992). Disease severity on adult plants was expressed as disease index (DI) ona 0 -9

scale (Yu et al., 2001).
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3.5 Evaluation of flowering time (FT) and morphological traits

The method and populations for evaluation of FT is described in Publ. IlI.

113 DH lines (6 plants per line), grown in a controlled environment, were evaluated for
plant height, spike length, spikelet number and spike density (spikelet number per
10 cm of spike), and 1000 kernel weight (unpublished data).

3.6 Marker analysis

The methods for extraction of genomic DNA, amplification of molecular markers (SSR
and STS markers, markers derived from BAC contigs), conditions of PCR amplification
and analysis of the DNA fragments are described in Publ. I, 11, Il and IV.

3.7 QTL and statistical analysis

Linkage group creation, QTL mapping and statistical analysis are described in Publ. I,
Publ. Il and Publ. I1I.

QTL is designated according to the guidelines for nomenclature of QTL in wheat
(MclIntosh et al., 2008).
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4 RESULTS AND DISCUSSION

4.1 Marker analysis of T. militinae-derived introgression lines (Publ. I)

The tetraploid wheat species T. militinae (2n=28) was used as a source of resistance to
powdery mildew for common wheat (7. aestivum, 2n=42). Four single seed descendant
introgression lines were advanced from a heterogeneous BC,F, population, produced
from direct hybridization between a hexaploid wheat genotype, Finnish cultivar Tahti,
and the tetraploid species of the timopheevii group, T. militinae, followed by one
generation of backcrossing.

129 wheat SSR markers from the published maps of T. aestivum (Publ. I) were used
to detect T. militinae-derived introgressions in genomes of four hybrid lines (8.1, 8.5,
8.7 and 8.9). 93% of the used microsatellite markers showed polymorphism between
T. militinae and cv. Tahti genomes, while 40% of markers were scored as codominant
and 45% as null alleles in T. militinae. In the four introgression lines analysed,
T. militinae / T. aestivum replacements were detected in 73 loci which according to the
published wheat maps (Gale et al., 1995; Roder et al., 1998; Sommers et al., 2004;
Sourdille et al., 2004) could be aligned to chromosomes. The number of chromosomes
with detected introgressions varied from 6 to 8 per line. The replacements in
chromosomes 4A, 5A and 7A were detected in all four lines. Altogether, six
chromosomes of the A genome and four chromosomes of the B genome were involved
in T. militinae translocations, while no introgressions were found in the D genome.

Although timopheevii wheats in general are hardly crossable with hexaploid wheat
(Dorofeev et al., 1976), a few interspecific hybrids have been described (Skurygina,
1984; Brown-Guerdila et al., 2003; Badaeva et al.,, 1995b; 2000; Budashkina and
Kalinina, 2001). As might be expected, the G/D chromosome substitutions in
T. aestivum x T. timopheevii hybrids are rare (Badaeva et al., 1991, 2000; Timonova et
al., 2013), but even less frequently, introgressions in chromosome 4A have been
detected (Badaeva et al., 1991, 2000; Gordeeva et al., 2009; Badaeva et al., 2010).
It has been concluded that the spectra of substitutions and rearrangements depend on
the genotype of parental forms (Badaeva et al., 2010).

One possible reason for the lack of introgressions on chromosome 4A could be
incompatibility between the parental chromosomes 4A and 4A! explained by the fact
that timopheevii wheats do not carry the 4A'L.7GS translocation characteristic of the
chromosome 4A in hexaploid wheat, but carry a distal 4A'L.3A'L translocation. This
modification results in the absence of collinearity between the distal regions of
chromosomes 4AL and 4AL (Jiang and Gill, 1994; Maestra and Naranjo, 1999; Rodriguez
et al., 2000; Salina et al., 2006; Dobrovolskaya et al., 2009).

In addition, it was recently demonstrated that some northern European cultivars of
common wheat, including cv. Tahti, have a specific haplotype’A’ of the distal region of
chromosome 4A (TsGmbalova et al., 2017). The haplotype is characterised by a deletion
which may affect the A' / A pairing in meiosis. Two tetraploid timopheevii wheats,
T. timopheevii (hulled) and T. militinae (free-threshing), both A'A'GG, carry in the distal
region of chromosome arm 4AL a haplotype similar to specific haplotype ‘A’. It is
possible that success in obtaining a 4AL introgression in our case was due to the fact
that both parents of the hybrid lines (cv. Tahti and T. militinae) carry the haplotype,
increasing the compatibility between the distal regions of 4AL in cv.Tahti and the
corresponding region of T. militinae on chromosome 7G.
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4.2 Resistant to powdery mildew hybrid line 8.1 (Publ. I)

The introgression lines 8.1, 8.5, 8.7 and 8.9 were evaluated for their resistance to Bgt at
the seedling stage by the detached-leaf assay and were tested over 3 years in field trials
at the adult plant stage. Line 8.1, which showed a high and stable level of APR in all
field trials, was chosen for further genetic analysis. The line exhibited not only effective
APR in field tests but was fully resistant to a mix of Bgt isolates (races) at the seedling
stage. Resistance at the seedling stage correlated with the adult resistance, which
allowed us to suggest that the same genetic system is involved in the formation of
powdery mildew resistance in the line in both stages of the growth.

Plants of the resistant introgression line 8.1 are higher than those of the original
spring wheat cv Tahti, the spike is longer and of low compactness (speltoid type).
Compared to cv. Tahti, spring line 8.1 is characterised by a slower rate of development.

4.3 The genetic map of the T. militinae-derived introgression regions in
line 8.1 (Publ. I, 11, 1)

According to primary analysis, the resistant to powdery mildew line 8.1 carried
T. militinae-derived introgressions in seven chromosomes (1A, 1B, 2A, 4A, 5B, 5A and
7A) (Publ. 1). However, on the basis of the markers’ segregation in the F, mapping
population (line 8.1 x cv.Tahti), nine linkage groups (LOD >3) were created (Publ. I).
By comparing with the published hexaploid wheat SSR maps (Roder et al., 1998; Somers
et al., 2004; Sourdille et al., 2004; GrainGenes 2.0), the introgressions were assigned to
seven chromosomes, and two linkage groups were assigned to chromosome 2A and 5A.
At this stage of work, the genetic map of the introgressive part of the genome of line
8.1 comprised 42 loci spanning 251 cM (Publ. I).

Considering the density of molecular markers and the number of available
recombination events as key factors affecting the mapping of QTL (Yang et al., 2012),
about a hundred additional markers were tested for polymorphism and 40 new loci
were added to the genetic map of line 8.1 (Publ. Il; Publ. lll). No additional
chromosomes carrying introgressions were detected by the additional screening.

The size of introgressions in the genome of line 8.1 ranged from a few centimorgans
on the chromosome arm 2AL to the almost complete substitution of chromosome 5A.
Two linked markers, originating from the genome of T. militinae remained unlinked to
any linkage group in line 8.1.

The order of SSR markers in linkage groups of introgressions on chromosomes 1A,
2A, 5A, 7A and 5B was in good agreement with the published linkage maps of common
wheat. However, by comparison with the published maps (Gale et al., 1995; Réder et
al., 1998; Somers et al., 2004; Sourdille et al., 2004), the genetic distance between the
markers in the detected translocations was significantly reduced on some
chromosomes. Markers assigned to the chromosome 5B showed a distorted
segregation, favoring the cv. Tahti allele. Segregation distortion favoring the T. militinae
alleles was observed for some markers on the chromosome arm 5AL and for all markers
on chromosome 4A.

Recombination was fully supressed in the T. militinae-origin introgression segment
on the chromosome arm 4AL. In the F, (8.1 x Tahti) mapping population, no
recombination in the introgressed segment was detected between the 14 markers
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mapped to the region. Hovewer, according to the published genetic maps, the region of
introgression on chromosome arm 4AL covered a distance of 10-26 cM.

In F3-F4-Fs progenies of the cross (8.1 x Tahti) and in the DH population additional
markers allowed us to detect a few auxiliary recombinants (between the two groups of
loci Xwmc232-Xgwm160 and Xrga3.1-Xpsr119 (Fig. 1; Publ. 1l) in the region of the
T. militinae introgression on chromosome 4AL.

By analysis of DAPI vs GAA (FITC) bivariate flow karyotype, the chromosomal origin
of the T. militinae introgression on 4AL was identified as a result of homeologous
recombination with T. militinae chromosome 7G (Abrouk et al., 2017). The 4AL
introgression overlaps almost the entire segment of the 4A.7B translocation
characteristic of the chromosome 4A in hexaploid wheat (Jiang and Gill 1994; Devos et
al., 1995; Maestra and Naranjo, 1999; Rodriguez et al., 2000b). Recently, high degree of
divergence with respect to both their gene content and nucleotide sequence has been
revealed by a comparison of chromosome 4A segment’s sequence in the native (CS)
and introgressive forms (line 8.1) (Janakova et al.,, 2018). Apparently the lack of
chromosome pairing prevented recombination between the chromosomal segment of
T. militinae and the corresponding chromosomal region in cv. Tahti or CS.

Examples of translocations introgressed from T. timopheevii showing no or an
extremely low level of recombination in crosses with hexaploid wheat have been
referred to earlier (Devos et al., 1993; Jarve et al., 2000; Kammholz et al., 2001; Bariana
et al., 2001; Jia et al., 1996; Lukaszewski, 2015). Depending on the size and structure of
the introgression or substitution, the recombination frequency can be reduced to 0%
(Canady et al.,, 2006). Factors suggested to be responsible for recombination
suppression include genetic background, a high level of sequence diversity,
chromosomal rearrangements, hemizygous state (Lukaszewski et al 2015).

4.4 Mapping and verification of the QTL for resistance to powdery
mildew in line 8.1

4.4.1 An analysis of the F, and F3; mapping population from the cross of line 8.1 and
cv. Tahti (Publ. 1)

Preliminary data indicated that APR to Bgt in line 8.1 may be determined by a polygenic
system. QTL analysis in F, and F5 (line 8.1 x cv. Tahti) mapping populations confirmed
this assumption. At the adult plant stage, two QTL for APR, located on chromosomes 4A
and 5A, were considered significant in F, and F3 mapping populations. On a suggestive
level, minor QTL on chromosomes 2A, 5B, 1B were detected. If the suggestive QTL were
taken into account, up to 69% of the total trait variance was explained.

The QTL on chromosome 4A was located between loci Xgwm160 and Xwmc232 and
explained up to 35% of the APR variance in 2002, and up to 54% in 2004, in F, and F3
mapping populations, respectively. Despite the differences in environmental
conditions, the results of the QTL mapping were remarkably consistent for F, plants and
F; families in field trials of 2002 and 2004 (Publ. 1). A major QTL for powdery mildew
resistance at the seedling stage was mapped in the same introgression region on the
distal part of chromosome 4A, between loci Xgwm160 and Xwmc232, as the QTL for
APR. The whole QTL region was designated as QPm.tut-4A. It remained unclear
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whether the seedling resistance and the adult plant resistance were evoked by the
same or different loci in the QTL region.

Minor QTL for APR and seedling resistance were detected on a suggestive level (LOD
<2.0) also on chromosomes 1A, 2A, 1B, and 5B.

4.4.2 Validation of the QTL for non-race-specific resistance to powdery mildew using
a DH mapping population (Publ. 11)

Analysis of a low share of a minor QTL in the summary trait variance is complicated in
several aspects, such as number of replications used to generate phenotypic data,
population size and marker density (Young, 1996; Asins, 2002; Collard et al., 2005). For
a correct evaluation of its effect, low-share QTL requires repeated tests in controlled
conditions to minimize random effects. Accurate QTL analysis also relies on precise
phenotyping. 350 double haploid (DH) lines generated in this study allowed repetitive
characterisation and validatation of QTL in tests with different pathogen isolates. In
order to evaluate random variation in test results, two single-conidium-derived
subisolates (pairs: 2.1 and 2.7 or 9.8 and 9.21) were selected from the progeny of
single-conidium-derived powdery mildew isolates — No. 2 and No. 9 — and tested in the
DH population. The results of these tests allowed us to conclude that detected small
differences between two isolates in seedling resistance were on the same level as
differences in results of testing twice the same fungus isolate.

In the DH population generated from the cross (line 8.1 x cv.Tahti), five
chromosomal regions (on chromosomes 1A, 4A, 5A, 5B and 7A) were found to carry
significant and/or highly significant T. militinae-origin QTL for seedling resistance, and
three of the QTL (on chromosomes 4A, 7A and 5A) were also detected in APR
assessments (Publ. 11). With the exception of the newly detected in the DH population
minor QTL on chromosome 7A, the remaining QTL were earier found as suggestive in
the F, (8.1 x Tahti) mapping population (Publ. 1). The newly detected QTL on
chromosome 7AS was identified in the region of microcollinearity with the QTL region
on chromosome 4AL (Devos et al., 1995; Khlestkina et al., 2010).

The main QTL on 4A (QPm.tut-4A) was found to account, on average, for 35-49% of
seedling resistance variance and for 33-52% of APR variance. Each of the detected
minor QTL was responsible for 10-17% of the resistance variance.

4.4.3 Analysis of the effect of the QPm.tut-4A (Publ. 11)

For the analysis, the DH population was divided into two subpopulations consisting of
genotypes carrying different alleles of QPm.tut-4A: the subpopulation 4A-A carrying the
cv. Tahti allele and the subpopulation 4A-B carrying the T. militinae allele. Resistance
scores for the seedlings inoculated with a set of different Bgt isolates/mixtures in the
two subpopulations were compared, and, in average, the difference between the two
subpopulations was 2.8 *+ 0.15, varying in different tests from 1.7 to 3.8 (Fig. 2). In both
subpopulations, the pattern of average response at the seedling stage to different Bgt
isolates/mixtures was similar to that of the cv. Tahti, with the Bgt mixture 'Vaana’ being
the most aggressive (Fig. 2). However, for the genotype carrying all five QTL, the mean
scores of seedling resistance still remained higher than the scores for the original
introgression line 8.1.
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Figure 2. Mean of seedling resistance scores upon inoculation of DH lines with and
without QPm.tut-4A, DH plants carrying all detected QTL for Bgt resistance, cv Téhti and
line 8.1 with different subisolates, isolates and mixtures of Bgt

In the three APR experiments performed, the protective effect of QPm.tut-4A varied
with an average of 2.3 + 0.2 for the DI difference between the 4A-A and 4A-B
genotypes. Under conditions of an extremely high level of powdery mildew density
(growth chamber experiment in 2009), when the infection level in cv. Tahti and the
4A-A subpopulation was high (DI = 9.0 and 7.0, respectively), the average DI in the 4A-B
subpopulation remained at 4.6 + 0.8, (two time lower) indicating that QPm.tut-4A has a
limited ‘capacity’ and accounts for partial resistance, a feature usual for APR.

Although minor QTL effectively improve the resistance, if present along with
QPm.tut-4A, they do not significantly improve resistance if they are, either alone or all
together, present in the absence of QPm.tut-4A. DH134, for example, carries all four
minor QTL (on chromosomes 1A, 1B, 5B, 7A), but not the QPm.tut-4A, and its resistance
score in different tests at the seedling stage varies widely from intermediate /
moderately susceptible to highly susceptible (data not shown).

4.4.4 Efficiency of the QPm.tut-4A in different genetic backgrounds (Publ. II;
unpublished data)

It has been observed that the quantitative trait loci responsible for phenotypic trait
variance in a primary mapping population may not operate in the same manner in a
different genetic background (Collard et al., 2005). Due to interactions with alleles in
other loci or epistasis, the effect of a QTL may differ or the QTL may not be effective in
different genetic backgrounds (Holland, 2001; Liao et al., 2001).
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To test whether QPm.tut-4A itself leads to enhanced powdery mildew resistance, we
introduced the translocation on chromosome 4A into a susceptible wheat background.
Effectiveness of the major QPm.tut-4A was verified in genetic backgrounds of
susceptible to powdery mildew landraces/culltivars CS, Opata and Mooni. Ninety eight
F, plants from the cross (CS x line 8.1) were tested for alleles of 25 markers mapped on
the 4AL chromosome arm, as well as for alleles of 11 markers mapped in the regions of
minor QTL detected in this study, and for the alleles of 5 markers mapped on
chromosome 7DS including makers for Lr34 (Lagudah et al., 2009).

The T. militinae-origin main QTL on chromosome 4AL were confirmed in a QTL
analysis of the F, (CS x 8.1) population. The QPm.tut-4A generated 35-38% of the
seedling resistance variance, and 52% of the APR variance (Publ. IlI). However,
previously detected minor QTL were not confirmed in this mapping population. One
possible reason for that might be a relatively small mapping population. Simulation and
experimental studies have shown that the power of minor QTL detection is low when
populations of less than 200 plants are analysed (Beavis, 1998).

Analysis of the QPm.tut-4A locus in the progeny of crosses (cv. Opata x DH81) and
(cv. Mooni x DH81) confirmed transferability of the QPm.tut-4A to a new genetic
background (unpublish data). Detached-leaf Bgt assay was used to screen for seedling
resistance to four Bgt isolates in one hundred and forty F, plants from a cross between
cv. Opata and DH81 and ninety four F, plants from a cross between cv. Mooni and
DH81. Plants were genotyped with two markers flanking the QPm.tut-4A (Xwmc232
and Xgwm160). Fig. 3 represents the average scores for seedling resistance to four
different Bgt isolates in F, populations, divided into groups according to the
presence/absence of T. militinae alleles in the region of the QPm.tut-4A. As well as in
the genetic background of cv. Tahti, where it was originally introgressed, the
QPm.tut-4A remained effective in three different T. aestivum backgrounds (cvs. CS,
Opata, Mooni). In all cases (3 populations and 4 isolates), the average resistance score
for F, plants homozygous for T. militinae allele in QP.tut-4A locus was higher than
resistance score for plants of line 8.1 (Fig. 3).
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Figure 3. The effect of alternative alleles in the QPm.tut-4A region of the 4AL chromosome arm
on seedling resistance to four Bgt isolates in different F2 populations. AA — homozygous CS, Opata
or Mooni allele, AB — heterozygous, BB — homozygous T. militinae allele.

Creating near-isogenic lines (NILs) by marker-assisted backcrossing (MAB) is another
way to confirm the efficacy of the new QTL in different genetic backgrounds
(Collard and Mackill, 2008). MAS for quantitative resistance has been reported in the
literature (Salameh et al., 2010; Asea et al., 2012; Bai et al., 2012). Here, by means of
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marker-assisted backcrosses and selection, near isogenic (NI) introgression lines
carrying QPm.tut-4A as the single introgression, were generated from crosses (DH312 x
Tahti) and (DH303 x Mooni). Two microsatellite markers located on the
T. militinae-origin introgression on chromosome 4A, Xgwm160 and Xgwm832, were
used to control the transfer of the introgression. Markers linked to introgressions on
chromosomes 5A, 2A and 5B were used to select plants which had lost these
introgressions in the course of backcrossing. Detached-leaf Bgt assay was used to
control resistance to powdery mildew throughout different steps of backcrossing. Field
trials (2017-2018) were used to control APR for powdery mildew in BC;F,-BCsF; inbred
lines. The BCqF; plants that carried the T. militinae origin introgression and, accordingly,
the QPm.tut-4A, showed a substantial improvement in resistance to powdery mildew,
while morphological traits, in large, remained unchanged (data not shown). Results
confirm the effectiveness of QPm.tut-4A in controlling resistance to powdery mildew.
Thus, QPm.tut-4A is a novel source of powdery mildew resistance and has a good
prospect to be used in breeding. Markers Xgwm832 and Xgwm160 located in the
region of the introgression on 4A can be used in MAS.

A comparative analysis of DH lines showed that QPm.tut-4A does not require any
other QTL for its activity. Resistance to powdery mildew in near isogenic lines of Tahti
and Moon background confirmed this conclusion.

4.4.5 Line 8.1 carries a non-race-specific resistance

At the seedling stage (Feeke’s stage 1), introgression line 8.1 was resistant to all tested
Bgt isolates, subisolates and mixtures thereof (Publ. I and Publ. Il). With the exception
of the minor QTL on chromosome 5B, QPm.tut-4A and all minor QTL were detected in
all tests of inoculation with 16 different Bgt isolates and mixtures.

Observed in line 8.1 non-race-specific resistance might be evoked by a set of
pyramided race-specific Pm genes, or by a single Pm gene with appropriate specificity
or by gene(s) of unknown type. For example, the region of the minor QTL on
chromosome 1A for seedling resistance to powdery mildew involves the Pm3 gene
locus. However, functional markers for this gene (Yahiaoui et al., 2004; Tommasini et
al., 2006) were used here to analyse cv. Tahti and line 8.1, and no functional allele of
Pm3 was detected (Publ. II).

The minor QTL on chromosome 5B (Xgwm205-Xgwm213) was revealed at the
seedling stage only in a subset of Bgt tests (Publ. Il, Table 2), indicating that the QTL
may act in a race-specific manner. Advanced studies are needed to clarify the identity
of the detected minor QTL and Pm loci.

4.5 Towards the precise mapping of the QPm.tut-4A region

4.5.1 Ditelosomic line ‘CS DT4AL+QPm.tut-4A’ (Publ. Il and IV)

With the objective to create chromosome arm 4AL specific BAC library, the QPm.tut-4A
region was transferred to the chromosome arm 4AL of the susceptible CS 4AL
ditelosomic line (2n = 40 + tt). For this purpose, the ditelosomic line was crossed with
the resistant line 8.1, followed by flow-sorting of the chromosome arms 4AL carrying the
introgression from T. militinae. A single recombinant ditelosomic plant was identified and
selfed, generating the ditelosomic introgressin line CS DT4AL+QPm.tut-4A. Transfer of the
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QPm.tut-4A locus was verified by gaining resistance to Bgt, by cytological analysis and
by testing with molecular markers (Publ. I1).

The flow karyotype derived from the DAPI-stained chromosomes of the
DT4AL+QPm.tut-4A line included a distinct peak corresponding to the 4AL telosome
(4AL+QPm.tut-4A) (Abrouk et al., 2017), which enabled it to be sorted. The flow-sorted
chromosome arms 4AL with the QPm.tut-4A region were used for:

i) preparation of chromosome-specific DNA CS 4AL+QPm.tut-4A , which was used to
verify the physical location of new markers generated for the introgression region
(Janakova et al., 2018);

ii) construction of a 4AL-7G-specific BAC library in order to acquire sequences of the
QPm. tut-4A region of line 8.1. The 43,008 clones generated provided a 6.8-fold
coverage of the 4AL-7G chromosome arm carrying the QPm.tut-4A locus
(www.olomouc.ueb.cas.cz/dnalib/taapmt4alha).

However, it should be noted that now the status of chromosome flow sorting is such
that almost any wheat chromosome and also chromosomes in many crops can be
isolated to a reasonable purity (Dolezel et al., 2014; Tsombalova et al., 2016; Abrouk
et al., 2017). Sequencing libraries of DNA amplified from the T. militinae chromosome
7G, which was the original location of the QPm.tut-4A locus in T. militinae genome,
have been constructed (Abrouk et al., 2017).

4.5.2 Fine mapping of the QPm.tut-4A locus (Publ. 1V)

Unfortunately, the T. militinae-derived introgression on chromosome 4A has shown a
highly reduced level of recombination, hampering the precise mapping of the QPm.tut-4A
locus (Publ. II). It is still possible that the QPm.tut-4A locus includes not a single gene
for resistance, but a cluster of T. militinae-derived genes responsible for non-race-specific
powdery mildew resistance at the seedling and adult plant stages of plant growth.
Further attempts to generate new plants recombinant in the region of the QPm.tut-4A
locus were taken.

In wheat, the frequency of recombination can be increased through selection of
appropriate parents or by manipulating Ph1, the major locus controlling chromosome
pairing in the polyploid species (Griffiths et al., 2006; Qi et al., 2007). Both possibilities
were used in this work.

In the population obtained after crossing the susceptible cv. Chinese Spring (CS) with
the resistant line 8.1, the first observed recombination event was found in the set of 98
F2 plants and the QPm.4A-tut was linked to the upper (proximal) part of the
translocation. The QPm.tut-4A locus was delimited to a narrow region (Xwmc232 /
Xgpw3079 / Xbarc70 / Xgwm832 / Xgpw356 / Xgpw7051; with an estimated size of
2.5 cM (Publ. Il). Genotyping of the extended mapping population of 8425 F3-F6
individuals with respect to markers owm82 and Xgwm160 revealed 30 new
recombination events. Testing these recombinant individuals for their reaction to the
four powdery mildew isolates showed that the resistance phenotype was fully
correlated with the presence of the T. militinae segment between markers owm202
and owm223 (Fig. 4(A)).The net effect of the mapping reduced genetic length of the
segment harboring QPm.tut-4A to 0.012 cM. Segregation of 102 new developed
markers observed in the extended CS x 8.1 mapping population was used to improve
the genetic map of the QPm.tut-4A region (Publ. IV).

In hexaploid wheat, the pairing of homoeologs is strongly restricted by the action of
the Ph1 locus (Riley and Chapman, 1958; Sears, 1977; Gill et al., 1993). A “phi
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population” was created to induce a higher rate of recombination between the
introgression containing QPm.tut-4A and its presumed homoeologous segment on CS
4AL. The “ph1 population” was derived by self-pollination of 22 (out of 107 screened)
BC1F;1 ([line 8.1 x phlb] x phlb) plants simultaneously homozygous for the ph1b allele
and heterozygous for the QPm.tut-4A segment. Genotyping of the resulting 1255 BC;1F;
progeny revealed 155 recombination events between loci owm82 and Xgwm160,
equivalent to a 33-fold increase in recombination, as compared to the rate observed in
the presence of Ph1. The 0.012 cM QPm.tut-4A region was split into eight subregions

Testing these recombinant individuals for their reaction to the four powdery mildew
isolates allowed to reduce the length of the region containing the QPm.tut-4A and
restricted it by markers owm169 and owm228 (Fig. 4(B)).The newly available genomic
sequence of CS (IWGSC, 2018) made it possible to determine the length of the 4AL
segment flanked by these markers in CS genome as 640 kbp. The original CS segment
replaced by QPm.tut-4A locus in line 8.1 harbors 16 predicted genes (Janakova et al.,
2018).

The physical length of the corresponding sequence in T. militinae genome was
evaluated by a chromosome walking approach which was initiated by Dr M. Valarik
(Olomouc, Czech Republic) (Abrouk et al., 2017; Janakova et al., 2018). In total, 26 BAC
clones were sequenced to provide a complete sequence of 480.2 kbp segment of the
QPm.tut-4A region in line 8.1 bounded by markers owm169 and owm228. Sequence
comparison revealed that the corresponding segment (owml169-owm228) in
T. militinae genome harbored 12 predicted genes, eight of which lacked a homolog in
the CS segment. Thus the introgression T. militinae region was 25% shorter than the
corresponding region in CS. A comparison of the segments sequences revealed a high
degree of divergence with respect to both their gene content and nucleotide sequence.
Apparently, the absence of homology between the original wheat and the introgressive
locus QPm.tut-4A was the main reason for the suppression of recombination.
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Figure 4. Fine mapping of the QPm.tut-4A region in the recombinant progeny of the cross
(line 8.1 x CS) (A) and progeny of the cross (line 8.1 x ph1 CS) (B).
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4.1 QPm.tut-4A is a new a source of resistance to powdery mildew in
wheat

A comparison with the published QTL for powdery mildew, resistance located on
chromosome 4A confirmed the uniqueness of QPm.tut-4A. So far, several QTL for adult
plant resistance to powdery mildew have been reported on chromosome 4A, however,
most of them are of minor effect and can be detected only in specific environments.
Two QTL mapped on chromosome 4AS in the regions Xgwm111 — Xpsp934 and Xglk128
— Xcdo475 in a segregating wheat/spelt population, explained for 7-14% of the
phenotypic variance (Keller et al., 1999). One QTL for adult plant powdery mildew
resistance in the winter wheat line RE174 was detected on chromosome 4A
(XgbxG036- XgbxG542) in the study carried out by Chantret and co-authors (2001).
Over two years, the QTL explained for 5-6% of the genetic variability. A minor QTL has
been detected in the French wheat cultivar Courtot, between markers Xgdmé61 and
Xgwm397 (Bougot et al., 2006). In southeastern USA, in the soft red winter wheat
germplasm AGS 2000, a major QPm.uga-4A was mapped in the interval of markers
tPt-4753—wPt-3515, near the centromere region of chromosome 4A (Hao et al., 2015).
The position of the T. militinae derived QPm.tut-4A does not co-locate with the
abovementioned QTL. Only a minor QTL — QPm.osu-4A, which was identified in the US
hard winter wheat line 2174, was linked to the Xgwm160 marker, but this QTL was
assigned to the most distal part of 4AL (Chen et al.,, 2009). All QTL detected on
chromosome 4A affect adult plant resistance to powdery mildew (Keller et al., 1999;
Chantret et al., 2001; Mingeot et al., 2002; Bougot et al., 2006; Chen et al., 2009).

Close to the Xbarc78 locus, association mapping of historical wheat germplasm in
different environments has detected a linkage disequilibrium cluster bearing powdery
mildew resistance genes (Crossa et al., 2007). Xbarc78 is located in the T. militinae
introgression region of QPm.tut-4A on chromosome 4AL.

Two race-specific genes have been mapped in the terminal chromosomal bin
4AL-0.8-1.00 (Geng et al., 2016; Sun et al., 2018). Pm61, a recessive gene for resistance
to powdery mildew, was detected in the Chinese wheat landrace — Xuxusanyuehuang
and was mapped within a 0.46 cM genetic interval between markers Xgwm160 and
Xicsx79 (Sun et al., 2018). The second Pm gene was dominant, and was temporarily
designated MLIW30. Its location was flanked by SSR markers XB1g2000.2 and
XB1g2020.2 on a 0.1 cM interval (Geng et al., 2016). MLIW30 was effective both at
seedling and adult plant stages and was derived from a T. turgidum ssp. dicoccoides
accession IW30 (Isreal).

As well as QPm.tut-4A, MLIW30 confers incomplete resistance rather than immunity
to powdery mildew at the seedling and adult plant stages. Both genes originate from
the tetraploid wheat species, T. militinae (A'A'GG) and T. diccoides (AABB), respectively.
However, wild emmer wheat is the tetraploid ancestor of common wheat (Nevo et al.,
2013), while timopheevii wheats originate from an evolutionarily divergent lineage
(Dvorak and Zhang, 1990; Dvorak et al., 1993).

The Pm61, MLIW30, QPm.osu-4A and QPm.tut-4A have been mapped to the same
region of chromosome arm 4AL, with Xgwm160 being a shared common marker.
However the QPm.tut-4A has been located to a loci proximal to Xgwm160, whereas
MLIW30, Pm61 and QPm.osu-4A are located distal to Xgwm160.
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Thus, QPm.tut-4A is a new source of resistance to powdery mildew which shows
stable effects across all tested environments, its utilization in resistance breeding
should be highly valuable.

4.2 The effect of T. militinae introgressions in line 8.1 on flowering time
and yield-related traits (Publ. lll, unpublished data)

Transfer of resistance genes from relative wheat species into cultivated wheat generally
involves unpredictable effects on agronomic and quality performance (Buerstmayer
et al., 2011; Summers annd Brown, 2013). The introgressed alien fragments often come
as large linkage blocks that may carry genes with a potentially negative impact on the
traits selected for in the elite varieties.

Plants of the introgression line 8.1 are higher than those of the original spring wheat
cv. Tahti. The spike of the 8.1 plants is longer and of lower compactness (speltoid type).
Development of 8.1 plants is slower compared to cv. Tahti plants (Publ. 1l1).

One of the objectives of the present study was to detect potential associations
between the resistance to powdery mildew and agronomically important traits, such as
flowering time (FT) and yield-related traits.

4.2.1 Flowering time

FT is an important trait that plays a major role in regional and seasonal adaptation of
wheat. FT affects the reproductive success of wheat, and in elite breeding material, it
strongly affects yield components (Zhang et al., 2008). Late maturity plants generally
have a greater grain yield than early maturity plants, however the late-maturing lines
can be adversely affected by biotic and abiotic stresses. Allelic variation of vernalisation
(Vrn) and photoperiod (Ppd) genes is considered to be the main source of flowering
time plasticity which enables wheat to grow and successfully flower in different climate
zones (Distelfeld et al., 2009).

Using gene-specific primers and genotyping-by-sequencing, Vrn-A1l, Vrn-A3 and
Ppd-A1 genes were mapped in line 8.1 within the regions of T. militinae introgressions
on chromosomes 5A, 7A and 2A, respectively (Publ. lll). In addition, the introgression
region on chromosome 5A includes the region in which the Vrn2 gene has been located
(Dubcovsky et al., 1998; Yan et al., 2004).

In at least one experiment, QTL analysis detected in the regions of T. militinae
introgressions significant QTL for FT, indicating that the T. militinae alleles of Vrn-Al,
Vrn3, Ppd-A1 and possibly also of Vrn-A2 may affect flowering time in T. aestivum
(Publ. 1N).

In the DH mapping population, the major QTL for FT was located on chromosome 5A
in the region delimited by markers Xgwm666-Xgwm982, with a peak in the position of
the Vrn-Al1 gene. Vrn-Al, a gene determining the spring/winter growth habit or
vernalization response, has been earlier shown to have a primary effect in controlling
ear-emergence time (Kato et al., 1999). The major QTL was responsible for 38-70% of
FT variation in different trials. The effect of the major QTL in the region of Vrn-A1 locus
on chromosome 5A was confirmed in two additional mapping populations (Publ. liI).
The T. militinae allele of Vrn-A1 was designated Vrn-Alf-like, as its promoter region
resembles the Vrn-Alf allele from T. timopheevii (Golovnina et al.,, 2010). In field
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conditions the replacement of the Vrn-A1 allele with the VRN-A1f-like allele causes a FT
delay of 3 to18 days, depending on the genetic background.

Besides the main QTL on chromosome 5A, a significant QTL flanking the major QTL of
Vn-A1l on chromosome 5A and minor significant QTL for FT were identified on four
chromosomes: 1A, 2A, 4A and 7A (Publ. I1). Despite the fact that the introgression line
8.1 flowered later than cvs. Tahti and Mooni in all experiments, not all T. militinae
alleles in the detected QTL increased the flowering time. While the Vrn-A1f-like allele,
as well as (to a lesser extent) the T. militinae allele of Vrn3 delayed flowering in the
common wheat background, the T. militinae alleles of Ppd-A1, as well as the significant
QTL flanking the major QTL of Vn-A1 on chromosome 5A, showed an opposite effect,
accelerating flowering by 1-2 days each (Publ. lll). However, the minor QTL accelerating
the flowering were only detected in the DH population. Further investigations involving
larger populations and/or additional genetic backgrounds are needed to prove these
QTL, which, if verified, could find an application in wheat breeding.

4.2.2 Yield-related traits

Yield-related traits such as plant height and spike morphology are important traits
not only of the plant architecture but also of the wheat crop performance (Flintham
et al.,, 1997; Wang and Li, 2008; Youssefian et al., 1992; Liu et al., 2018). Spike
morphology has direct impacts on grain number and grain size, two main components
of grain yield (Jantasuriyarat et al., 2004). There is a negative correlation between
plant height and yield (Law et al., 1973). Shorter plants exhibit improved assimilate
partitioning to developing spikes, resulting in a higher rate of floret survival,
increased grain number per spike, and improved harvest index (Flintham et al., 1997;
Youssefian et al., 1992). In common wheat, plant height is associated with lodging,
tall plants being much more susceptible to lodging, particularly when plants are grown
under high fertilizer regimes (Hedden, 2003).

In order to evaluate the possible impact of T. militinae introgressions on
agronomically impotant traits, a preliminary QTL analysis of a selection of
morphological traits was carried out in the mapping population of 113 DH lines tested
for FT in Estonia in 2009 (Publ. ). It was shown that all T. militinae-origin
introgressions in line 8.1 are involved in modification of some morphological trait
(Posti, 2008; unpublished), altogether 18 significant and highly significant QTL for
morphological traits were detected (Tabl. 1). Plant morphology was most affected by
the large T. militinae-origin introgression on chromosome 5A, with both negative and
positive effects on wheat crop performance. The introgression region where the main
QTL for powdery mildew resistance on chromosome 4A (QPm.tut-4A) was detected had
a relatively low influence on spike length. The detected QTL explained about 6% of trait
variation, however, the recombination in the region was suppressed, and additional
efforts are needed to evaluate the possible link between the resistance locus
QPm.tut-4A and the crop performance.
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Table 1. QTL for yield-related traits detected in the DH mapping population

Allele
Trait chr Closest . marker/or | R? p Additive increa:c)in

marker interval (%) effect g trait

score
Plant 5A Xgwm415-Xgwm639 9 Ak 5,5 mil
height 5A i;{f/f:(f;éz xefoz1ss | B3| 7| 792 mil
2AS PpdA 4 * 2,5 mil
7A Xpsp3050-Xwmc96 10 Rk -4,83 Ta
Spike 5A Xgwm415-Xgwm639 10 | *** 0,72 mil
length 5A VrnAl 12 | *** -0,74 Ta
5A XgwmO0982/Xcfa2155 24 Rk 0,91 mil
5A Xgwm6-Xgwm410 24 | **x 1,02 mil
4A Xgwm160 6 *k -0,61 Ta
7A Xpsp3050-Xwmc96 7 wk -0,57 Ta
5B Xgwm213 5 * -0,33 Ta
unknown Xgwm610 8 *k -0,56 Ta
spikelet | 5A j((gnggg'z xcfazzss | 11| 0,7 mil
No/ear 1B Xpsp3000 * -0,42 Ta
1A Xgwm33 * -0,47 Ta
Spike 5AL Xgwm6-Xgwm126 15 | *** -1,57 Ta
density 5B Xgwm358-Xgwm213 7 *k 0,95 mil
unknown Xgwm610 10 *k 1,15 mil
1000 5A Xgwm415-Xbarc180 12 HkE 2,44 mil
kernel | 5A j((gzz ‘1)332/ Xfa2155- | g7 | s | 307 Ta
weight 1A Xpsp2999 11 ok -2,2 Ta
2AL Xgwm382 6 * 1,56 mil
5B Xgwm213 wk -1,9 Ta

R2 - percentage of variance explained by individual QTL;

add. - additive effect due to a substitution of a Tahti (Ta) allele by the corresponding
T. militinae (mil) allele in the line 8/1;

P - level of significancy: * P<0.05; ** P<0.01; *** P<0.0001
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CONCLUSIONS

The study revealed the polygenic nature of Bgt (Blumeria graminis tritici) resistance in
the common wheat line 8.1 derived from a cross between tetraploid species Triticum
militinae and common wheat cultivar Tahti. Underlying the resistance phenotype in line
8.1 in the seedling stage of plant growth, quantitative trait loci (QTL) for resistance
were identified as introgessions from T. militinae on chromosomes 1A, 4A, 5A, 5B, and
7A. Three of the introgressions (on chromosomes 4A, 5A and 7A) also carry a QTL for
adult plant resistance to powdery mildew.

Both in seedlings and in adult plants, the QPm.tut-4A, located in the distal part of
chromosome arm 4AL, was identified as the locus most effectively improving resistance
to powdery mildew. QPm.tut-4A explained 35-49% and 33-52% of resistance variance in
seedlings and adult plants, respectively.

QPm.tut-4A is effective upon inoculation with all tested Bgt isolates and mixtures
and very likely confers race-non-specific resistance.

The T. militinae-origin QPm.tut-4A provides partial resistance to Bgt. The detected
minor QTL additionally improve the resistance, but their presence is not required for
the activity of QPm.tut-4A. Transferability of the QPm.tut-4A to different genetic
backgrounds was confirmed in the study.

In introgressive wheat line 8.1, the QPm.tut-4A locus was mapped to a 480 kbp
region of the segment between markers owm169 and owm228 introgressed into
chromosome 4A from T. militinae. The SSR markers Xgwm160 and Xgwm&832 flank the
region and should provide a useful tool for marker-assisted selection (MAS).

QTL analysis of flowering time (FT) in a DH mapping population generated from the
cross (line 8.1 x cv. Tahti) led to the identification of five loci originating from
T. militinae and affecting the plants’ flowering time. The QTL of the most significant
effect was located on chromosome 5A in the region of Vrn-A1 gene where the
T. militinae-origin Vrn-A1f-like allele significantly delayed flowering.

QTL for morphological traits (plant height, spike length and density, and 1000-kernel-
weight) were detected in regions of the T. militinae introgressions in line 8.1. A QTL for
a spike length was detected in the region of QP.tut-4A on chromosome 4A. T. militinae
introgressions that can positively affect wheat yield were detected in line 8.1.
Additional analysis is needed to better evaluate the effect of the introgressed regions
on wheat performance.

The results obtained in this work make it feasible to use QPm.tut-4A in resistance
breeding and provide a solid basis for positional cloning of the QTL.

QPm.tut-4A is now included in resistance breeding of spring wheat in Estonia.
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ABSTRACT

Genetic Analysis of Powdery Mildew Resistance in an
Introgression Line of Wheat

The common wheat line 8.1 (AABBDD, 2n=42) resistant to powdery mildew (Blumeria
graminis DC. f. sp. tritici) was obtained from a cross of the spring wheat cv. Tahti and
tetraploid wheat Triticum militinae (A'A'GG, 2n=28). The genome of the line was
screened with 220 microsatellite markers, and nine introgressions from Triticum
militinae were detected (on chromosomes 1A, 1B, 2A, 4A, 5B, 5A and 7A).

QTL analysis of F, and DH (doubled haploid) mapping populations of the cross (line
8.1 x cv. Tahti) revealed five T. militinae-origin regions (on chromosomes 1A, 4A, 5A, 5B,
and 7A affecting seedling resistance to powdery mildew, three of them (on
chromosomes 4A, 5A and 7A) also carried a QTL for adult plant resistance (APR). The
main QTL for both seedling and adult plant resistance, QPm.tut-4A, was located on
chromosome 4A and was found to account for on average 35-49% of seedling
resistance variance and 33-52% of APR variance. Each of the detected minor QTL was
responsible for 10-17% of the resistance variance. With the exception of the minor QTL
on chromosome 5B, QPm.tut-4A and all minor QTL acted in a non-race-specific manner.

It was shown that the QPm.tut-4A locus does not require any other QTL for its
activity and is effective in different genetic backgrounds. Near-isogenic lines resistant to
powdery mildew carrying the single introgression on chromosome arm 4AL in the
background of cvs. Tahti and Mooni were developed.

A highly reduced level of recombination in the region of the QPm.tut-4A in line 8.1
hampered precise mapping of the locus, and different approaches to map QPm.tut-4A
more precisely were applied. A new mapping population was created from crossing the
cv. CS and line 8.1, and screening of 8425 Fs-F¢ plants yielded 30 lines with a
recombination in the QPm.tut-4A region, delimiting the QPm-tut.4A locus to 0.012 cM,
flanked by markers owm202 and owm223. An additional mapping population of 1225
BC,F, was developed from the cross of the line 8.1 and line CS ph1b carrying a deletion
in the region of the Ph1 gene. Inactivation of the Ph1 gene removes the restriction of
homoeolog pairing of hexaploid wheat chromosomes. In plants homozygous for phib
and heterozygous in the region of the QPm.tut-4A, recombination level was increased
33-fold, resulting in 155 additional recombinations, four of them within the 0.012 cM
QPm-tut.4A locus. Genotyping of the recombinant line allowed us to split the 0.012 cM
QPm.tut-4A region into eight subregions. Phenotyping allowed to map the QPm-tut.4A
to a limited region flanked by markers owm169 and owm228.

Yield-related agronomic traits were evaluated in a DH mapping population and
T. militinae—origin QTL affecting flowering time, plant height, spike length and density,
and 1000-kernel-weight were detected. A minor QTL responsible for 6% of the spike
length variation was detected on chromosome 4A in line 8.1 As recombination was
suppressed in the region, additional efforts will be needed to evaluate the possible link
between the resistance locus QPm.tut-4A and crop performance. T. militinae regions
that can positively affect wheat yield were also detected in line 8.1

The results obtained in this work make it feasible to use QPm.tut-4A in resistance
breeding and provide a basis for cloning of the major QTL for powdery mildew
resistance in line 8.1 - QPm.tut-4A.
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KOKKUVOTE

Jahukastekindla introgressiivse suvenisuliini geneetiline
analiiis

Hariliku nisu (AABBDD, 2n=42) jahukastele (tekitaja Blumeria graminis DC. f. sp. tritici )
vastupidav liin 8.1 oli varem saadud suvinisusordi ‘Tahti’ ja tetraploidse nisu Triticum
militinae (A'A'GG, 2n=28) ristamise jarglasena. Kdesolevat t66d alustati liini 8.1
genoomi skriinimisega 220 mikrosateliitmarkeri abil, liini genoomis tuvastati tGheksa
Triticum militinae genoomist parinevat introgressiooni (kromosoomidel 1A, 1B, 2A, 4A,
5B, 5A ja 7A).

Liini 8.1 tagasiristamisest sordiga ‘Tahti’ saadud F, ja DH (topelthaploidide)
kaardistamispopulatsioonides leiti viis T. militinae paritoluga idandite jahukastekindlust
suurendavat kvantitatiivset lookust (QTL, kromosoomidel 1A, 4A, 5A, 5B ja 7A), kolm
neist (kromosoomidel 4A, 5A ja 7A) kandsid ka tdiskasvanud taime resistentsuse (APR)
kvantitatiivset lookust (QTL).

Nii idandite kui ka tdiskasvanud taimede resistentsuse puhul oli peamiseks tunnuse
varieeruvuse eest vastutavaks lookuseks 4A kromosoomil paiknev QPm.tut-4A lookus,
mis vastutas keskmiselt 35-49% idandite haiguskindluse ja 33-52% APR varieeruvuse
eest. Leiti ka minoorsed QTLd, millest igaliks vastutas 10-17% haiguskindluse
varieeruvuse eest.

Vilja arvatud minoorne QTL 5B kromosoomil, ei sGltunud QPm.tut-4A ega ka teiste
minoorsete QTLde efektiivsus patogeeni rassist.

Nadidati, et lookus QPm.tut-4A ei vaja toimimiseks teisi tuvatatud QTLe ja on
efektiivne erineva geneetilise tausta korral. Ristamiste teel saadi peaaegu isogeensed
haiguskindlad nisuliinid (NIL), mis sortide ‘Tahti’ ja ‘Mooni’ geneetilisel taustal kandsid
ainult QPm.tut-4A lookust.

Liini 8.1 QPm.tut-4A lookuse tapset kaardistamist pidurdas &armisel madal
rekombinatsioonisagedus lookuse piirkonnas ning selle takistuse tletamiseks rakendati
erinevaid meetmeid. Hiina rahvaselektsioonisordi Chinese Spring ja liini 8.1 ristamise
teel loodi esmalt uus kaardistamispopulatsioon, mille 8425 Fs-Fs taime testimise
tulemusena leiti QPm.tut-4A piirkonnas 30 rekombinanti, mis piirasid QPm.tut-4A
lookuse markeritega owm202 and owm223 (0.012 cM).

Liini 8.1 ja deleteeritud Ph1 geeni kandva CSph1b ristamisest saadi 1225 BC,F; taime
populatsioon. Phl geeni inaktiveerimisega vOetakse heksaploidses nisus maha
kromosoomide homeoloogilise paardumise keeld. Rekombinatsioonide arvukus phlb
suhtes homostiigootsetes ja QPm.tut-4A piirkonna suhtes heterosiigootsetes taimede
populatsioonis oli ligikaudu 33 korda suurem kui (CSPh1 x liin 8.1) populatsioonis ning
QPm.tut-4A piirkonnas tuvastati veel 115 rekombinantset taime, millest neljas oli
rekombinatsioon QPm.tut-4A lookuse 0.012 cM pikkuses segmendis. Leitud
rekombinandid véimaldasid jagada 0.012 cM pikkuse segmendi kaheksaks osaks.
Fenotiiubi hindamine kaardistas QPm.tut-4A markeritega owm169 ja owm228 piiratud
segmendile (480 kbp).

DH kaardistamise populatsioonis hinnati saagiga seotud agronoomilisi tunnuseid
ning leiti Gitsemise aega (FT), taime k&rgust, viljapea pikkust ja tihedust ning 1000 tera
massi mojutavaid T. militinae pdritoluga QTLe. Liini 8.1 4A kromosoomil leiti 6%
ulatuses viljapea pikkuse varieeruvust mojutav QTL. Kuna rekombinatsioon selles
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kromosoomipiirkonnas on alla surutud, siis tuleb teha taiendavaid uurimisi QPm.tut-4A
ja viljapea pikkust méjutava QTL aheldatuse kohta.

Too tulemuseks on uudne jahukastekindel doonorliin, milles on markeeritud
haiguskindlust tagav kromosoomil8ik. Doonorliin on kasutatav aretuses ja sellega ei
kaasne saaki vahendavat ebasoovitavat mgju.
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Abstract In the progeny of a cross between the common
wheat cultivar Tédhti and Triticum militinae, a member of
the timopheevii group of tetraploid wheats, several hy-
brid lines were selected that are characterized by im-
proved seedling and adult plant resistance (APR) to
powdery mildew. An F, single-seed descendant mapping
population segregating for seedling resistance and APR
to powdery mildew was analysed for the identification of
quantitative trait loci (QTL). The main QTL responsible
for APR was detected on the long arm of chromosome
4A tightly linked to the Xgwm 160 locus on a T. militinae
translocation explaining up to 54% of phenotypic vari-
ance. The same translocation influenced seedling resis-
tance to powdery mildew upon inoculation of plants
with a synthetic population of Blumeria graminis DC. f.
sp. tritici, and explained 28-33% of the phenotypic
variance.

Introduction

The obligate fungus Blumeria graminis DC. f. sp. tritici
can infect plants from the first leaf stage until senes-
cence. Resistance to the infection of powdery mildew
fungus may be based on a race-specific gene-for-gene
interaction of resistance gene(s) (Pm-genes) in wheat and
avirulence gene(s) in the infecting fungus isolate. This
type of plant—pathogen interaction is associated with the
hypersensitive response and may not be durable. Most
of the powdery mildew resistance genes identified in
different wheat genotypes (Pml — Pm31, Mclntosh et al.
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2003) confer complete resistance to different sets of
fungus isolates in the seedling stage of the host plant
(Hsam and Zeller 2002).

Some wheat genotypes exhibit a different type of
resistance, which is non-isolate-specific and partial,
retarding infection, growth and reproduction of the
powdery mildew fungus. This resistance is generally
observed in adult plants. Adult plant or durable resis-
tance (APR) is a quantitative trait and can be resolved
into discrete genetic loci (quantitative trait loci, QTL;
Paterson et al. 1988).

Several sets of QTLs for adult plant powdery mildew
resistance have been detected and mapped in different
segregating wheat populations (Huang and Réder 2004).
In the heritance of adult plant powdery mildew resis-
tance, the additive effects of the detected QTLs prevail
(Griffey and Das 1994; Keller et al. 1999; Chantret et al.
2001; Mingeot et al. 2002; Liu et al. 2001).

Pm-genes conferring powdery mildew resistance have
been transferred to Triticum aestivum (2n=42,
AABBDD) from different species of the genus Triticum,
including the timopheevii group of wheats (Pm6, Pm27
from Triticum timopheevii (Zhuk.) Zhuk. ssp. timophe-
evii) (Shands 1941; Allard and Shands 1954; Jarve et al.
2000). To our knowledge, APR to powdery mildew has
not been transferred into 7. aestivum from the tim-
opheevii group of wheats.

The timopheevi group of tetraploid wheats (2n=28)
with the genome formula A'A'GG includes the wild
form of timopheevi wheat known as T. timopheevii
(Zhuk.) Zhuk. ssp. armeniacum (Jakubz.) van Slageren,
the domesticated form T. timopheevii (Zhuk.) Zhuk. ssp.
timopheevii (later abbreviated as T. timopheevii), and
also a third, free-threshing form of wheat discovered by
Zhukovsky in 1950, Triticum militinae Zhuk. et Mi-
gusch. (Zhukovsky and Migushova 1969). T. militinae is
considered to be a spontaneous mutant of 7. timopheevii
(Dorofeev 1987); however, it has also been supposed to
originate from an introgressive hybridization between
T. timopheevii and T. persicum (Navruzbekov 1981;
Jarve et al. 2002).



Using microsatellites derived from bread wheat, the
genomic organization of 7. timopheevii and T. militinae
has been compared in a comparative mapping with that
of hexaploid wheat (Salina et al. 2005). According to the
results of this study, polymorphism between T. militinae
and T. timopheevii (accession no. K-38555) is approxi-
mately at the same level as polymorphism between two
accessions of T. timopheevii (T. timopheevii var. tim-
opheevii and T. timopheevii var. typica).

Immunity to powdery mildew, leaf and yellow rusts,
as well as high resistance to stem rust, loose and dwarf
smuts have been reported as useful traits of 7. militinae
(Dorofeev et al. 1987). In three different climatic regions,
T. militinae has been found to be unsusceptible to fungal
diseases; mere traces of stem rust were detected (Mi-
gushova 1975). No resistance genes originating from
T. militinae have been identified in common wheat.

The aims of this study were to evaluate powdery
mildew resistance of hybrid wheat lines selected from the
progeny of a cross between 7. aestivum and T. militinae,
and to estimate the number and genomic positions of the
QTLs with significant effects on seedling resistance and
APR.

Materials and methods
Plant material

As the female parent, the Finnish wheat cultivar Tdhti
was crossed with T. militinae Zhuk. et Migush. (acces-
sion no. K-46007 from the N.I.Vavilov Institute of Plant
Industry, St.Petersburg, Russia). The self-sterile F,
plants were backcrossed to Tdhti once. BCF, plants
were self-pollinated and hybrid population was ad-
vanced to BCF,,

Random seeds from the hybrid population were
planted. The somatic chromosome numbers of the se-
lected plants were determined in root-tip cells using
standard Feulgen staining procedures. One ear of each
plant was pollinated with the pollen of the susceptible
mother cultivar, the others were self-fertilized. Self-pol-
linated F; plants were advanced as hybrid lines.

From an F, plant of a backcross (hybrid plant 8§/
1 x Tdhti), an F, population was derived and further
used for microsatellite screening and QTL mapping. F,
plants were selfed to produce F,-derived F; families. The
mapping population consisted of 134 F, plants and 130
F>-derived F; families.

Parental plants of the studied hybrid lines were
resistant to the synthetic population of B. graminis at the
seedling stage (score 0-2).

Disease resistance
During the first 15 days, the plants were grown in the

greenhouse. On the tenth day of growth, the reaction to
11 test-isolates of B. graminis (DC. et Marat) speer f. sp.
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tritici (kindly provided by Dr. F. Felsenstein, Freising-
Weihenstephan, Germany) and to a synthetic popula-
tion of mixed test-isolates was estimated on detached
leaves and scored (0, no visible symptoms; 9, heavy
sporulation, Lutz et al. 1992). Five days later, the plants
were planted in the field in a completely randomized
design, ten plants in a 1 m row. Strips of plants of the
susceptible cultivar Saratovskaya-29 surrounded every
fifth row.

For the estimation of APR under natural infection
with the native population of the pathogen, the mildew
was assessed on the upper two leaves as a visually esti-
mated percentage of leaves covered with mildew. If the
leaves became senescent, the previous score for that leaf
was used in calculating the cumulative mildew cover for
the upper two leaves. Disease severity was expressed as a
disease index (DI) on a 0-9 scale (Yu et al. 2001). The
plants were scored twice, at first in the ear emergence
stage (DI 1) and the second time 14 days later (DI 2) in
the milky ripe stage.

In the mapping population, APR was tested in
2 years (in 2002 and 2004). In 2004, F,-derived F;
families were grown in two replications (five plants in a
block) using a completely randomized block design. In
all the 130 F; families, adult resistance was scored for
four individual F; plants per replication (1,040 F; plants
were tested altogether).

The parental lines were included as controls in all
experiments.

Microsatellite marker analysis

A total of 129 simple sequence repeats (SSR) were used
to screen the parental lines: gwm markers (Roder et al.
1998), psp markers, kindly provided by Dr. P. Ste-
phenson (Norwich, UK), wme markers (Gupta et al.
2002), and BARC marker, developed by P. Cregan, Q.
Song and associates (http://www.wheat.pw.usda.gov/)
(Table 1).

Total genomic DNA was extracted from young leaf
tissue (approximately 300 mg) frozen in liquid nitrogen,
according to the method described by Huang et al.
(2000) with minor modifications. Radioactive PCR
amplifications of microsatellite fragments were per-
formed as described by Roder et al. (1998) or Bryan
et al. (1997), the annealing temperature depending on
the type of the primer. Amplified DNA fragments were
separated on a 5 or 6% polyacrylamide denaturing gel
and autoradiographed.

QTL mapping

The linkage groups were established with the Map
Manager QTX Version bl6 software for genetic map-
ping of Mendelian markers and QTLs (Meer et al. 2002;
Chmielewicz and Manly 2002) with a minimal LOD
score of 3 and a maximum genetic distance of 30 cM.
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Table 1 List of microsatellite markers used in the screening of hybrid lines

Chromosome Markers
1A Xpsp2999, Xpsp3027, Xpsp3151, Xgwm33, Xgwm99, Xgwm136
2A Xpsp3029, Xpsp3039, Xpsp3088, Xpsp3142, Xpsp3153, Xgwm47,

Xgwm71, Xgwm294, Xgwm296, Xgwm311, Xgwm356, Xgwm359,

Xgwm372, Xgwm382, Xgwm512
3A Xpsp3047, Xgwm2, Xgwml155, Xgwm162, Xgwm369, Xgwm480, Xgwm666
4A Xpsp3028, Xpsp3058, Xpsp3119, Xpsp3142, Xgwm160, Xgwm610,

Xgwm637, Xbars153, Xbarc52, Xbarc184, Xwme219, Xwmc232,

Xwmc283, Xwme313, Xwmc497
SA Xgwm126, Xgwm156, Xgwm186, Xgwm205, Xgwm293, Xgwm304,

Xgwm410, Xgwm415, Xgwm595, Xgwm617, Xgwm639, Xgwm666, Xwmc415, Xwmc492
6A Xpsp3029, Xpsp3071, Xpsp3152, Xgwm427, Xgwm459, Xgwm570, Xgwm617
TA Xpsp3050, Xpsp3094, Xpsp3114, Xgwmo60, Xgwm130, Xgwm260, Xgwm276,

Xgwm350, Xgwm573, Xgwm635, Xgwm666
1B Xpsp3000, Xpsp3100, Xgwm33, Xgwm153, Xgwm264, Xgwm274, Xgwm550
2B Xpsp3030, Xgwm16, Xgwm47, Xgwm71, Xgwm210, Xgwm382, Xgwm410, Xgwm501, Xgwm526
3B Xpsp3003, Xpsp3030, Xpsp3035, Xpsp3078, Xpsp3081, Xpsp3112, Xpsp3144,

Xgwml12, Xgwm?247, Xgwm?264, Xgwm?285, Xgwm493
4B Xpsp3030, Xpsp3078, Xgwmo66, Xgwm368
5B Xpsp3037, Xpsp3065, Xgwm66, Xgwmo68, Xgwm604, Xgwm639, Xgwm?213, Xgwm159
6B Xpsp3009, Xpsp3079, Xpsp3112, Xpsp3131, Xpsp3139, Xgwm132, Xgwm133,

Xgwm508, Xgwm518, Xgwm613, Xgwm626, Xgwm921
7B Xpsp3033, Xpsp3081, Xgwm16, Xgwm46, Xgwm68, Xgwm112, Xgwm?274,

Xgwm302, Xgwm333, Xgwm573, Xgwmo611
1D Xpsp3037, Xpsp3137, Xgwm33, Xgwm147, Xgwm232, Xgwm337, Xgwm458
2D Xpsp3058, Xgwm71, Xgwm311, Xgwm210, Xgwm296, Xgwm382
3D Xpsp3019, Xgwm2, Xgwm71, Xgwm383
4D Xpsp3007, Xpsp3079, Xpsp3103, Xpsp3112, Xgwm624
5D Xgwml6, Xgwm174, Xgwm192, Xgwm?205, Xgwm358, Xgwm565, Xgwm639
6D Xpsp3058, Xpsp3200
7D Xpsp3035, Xpsp3079, Xpsp3094, Xpsp3113, Xpsp3123, Xgwm350, Xgwm635

The primers printed in bold were not polymorphic between Tahti and Triticum militinae

Genetic distances between markers were estimated using
the mapping function of Kosambi (1944). The chromo-
somal alignment of linkage groups was deduced from
the published wheat maps (Roder et al. 1998; Gale et al.
1995; Somers et al. 2004) and from the GrainGenes
database (http://www.wheat.pw.usda.gov).

The association between phenotype and marker
genotype was investigated using single marker regres-
sion. The positions of the detected QTLs were deter-
mined using simple interval mapping (SIM) and
composite interval mapping (CIM). The free-regression
model was applied. The likelihood ratio statistic (LRS)
threshold for declaring the statistical significance of
association was calculated empirically for each experi-
ment using the permutation test, at 1,000 iterations.
Confidence interval was estimated by bootstrap analysis
using the same software.

QTL effects were estimated as the percentage of
phenotypic variation explained by QTL.

Statistical analysis

Logo-transformed data was used in all statistical and
QTL analyses. Chi-square analyses were performed to
test the significance of deviations of observed segrega-
tion ratio from theoretical expectations. The ANOVA
(analysis of variance) was performed to determine the

significance of differences between the genotypes. Com-
ponents of variance were computed considering the ef-
fects of the environment (year) and the genotype as
random. Estimates of variance components d (genetic
variance), 5% (environmental variance), Otk (geno-

type X environment interaction variance) and &%, (error
variance) were calculated.

As the ANOVA showed no significant effect of rep-
lications (blocks) for the disease resistance in F;, we
have further used the mean of the data from two blocks
(eight plants) for each family to search for the QTLs.
The phenotypic correlation coefficient of adult plant
powdery mildew resistance between F, and F; progenies
was calculated.

Results
Hybrid lines

In 1995, the Finnish cultivar of spring wheat Tdhti was
crossed as a female parent with 7. militinae; approxi-
mately 5% of pollinated florets gave a seed. The F,
hybrids between the common wheat and T. militinae are
self-sterile and, usually, two to three backcrosses are
needed to fully restore the self-fertility. In this study, the
F| hybrids were maintained by backcrossing them once
as females with 7. aestivum. The fertile F, hybrids were



grown as a population without isolating the ears. The
derived F4 hybrid population consisted of phenotypi-
cally heterogeneous but cytogenetically stable plant
material and showed improved resistance to powdery
mildew in field tests (data not shown). The four hybrid
lines (8/1, 8/4, 8/7 and 8/9) derived in this study were
single-seed descendant lines advanced from plants ran-
domly selected from the hybrid population.

Disease resistance in hybrid lines

The self-pollinated F, families were divided into three
groups and tested for APR in the field conditions during
3 years (2002-2004). In general, hybrid lines expressed
higher levels of APR than the parent cultivar Tdhti
(Fig. 1), the average DI of lines derived from the hybrid
population 4.8+1.8 being significantly lower as com-
pared to the DI of Tédhti 11.9+0.1.

Significant differences both between the lines and
between the years (P <0.0001), as well as a highly sig-
nificant line-by-year (genotype X environment) interac-
tion were detected (P <0.0001) by ANOVA. Genotypic
differences between the lines explained 32% of the
phenotypic variation for APR in the hybrid lines and the
line-by-year interaction explained 29% of the variance.

APR in the mapping population

Hybrid line 8/1 showed a high and stable level of APR
and for further marker analysis and QTL detection, a
single-plant descendant F, mapping population was
derived from a cross of this line with Tadhti.

Two adult plant disease assessments corresponding to
the beginning of ear emergence (DI 1) and milky ripe
(DI 2) development stages were carried out in the
mapping population, both in 2002 and in 2004. The
distribution of the DI assessments is presented in Fig. 2.
For all four assessments, DIs showed a continuous
variation with one peak and with a distribution slightly
deviated from normal. Transgressive segregation to-
wards the susceptible parent was observed. The average
of DI of F, plants and F3 families from the cross (8/
1 x Téhti) was approximately the same as the mean of
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100
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40
2,0 1
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a8 a7 &3 B84
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Fig. 1 Phenotypic distribution of four hybrid lines from the cross
Téhti x T. militinae for APR across 3 years
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Fig. 2 Distribution of the adult plant powdery mildew DI of F,
plants (2002) and F,; families (2004) derived from the cross 8/
1 x Téhti in the first and second assessment. The adult plant
powdery mildew DI of two parents (8/1 and Tihti) is indicated

parental DIs, indicating an additive inheritance for APR
in the line 8/1.

The contribution of the two variance components
(genotype of the F, plant or F; family and time of the
assessment) to the DI variability was calculated from
ANOVA, separately for either of the years. Both vari-
ance components were found to be significant
(P <0.0001). The genotype effect explained about 43 and
47% of the total trait variance in 2002 and 2004,
respectively. As the effect of the time of assessment ex-
plained about 30% of the phenotypic variance, both DI
1 and DI 2 scorings were further separately used for
QTL mapping.

Both the genotype and the year had a significant ef-
fect on the total DI variance over 2 years (P <0.0001),
the effect of genotype x environment (year) interactions
was not significant (P=0.138). The significant correla-
tion of the corresponding DIs estimated in different
years (r=0.46 and 0.49 for DI | and DI 2, respectively;
P<0.001) indicated that the same genetic factor was
acting in different environments.

Microsatellite marker analysis in hybrid lines

Totally, 93% of the 129 microsatellite markers analysed
showed a polymorphism between the 7. militinae and
Téhti genotypes. The 120 polymorphic microsatellites
revealed 174 loci in the genome of hybrid wheat, on
average 1, 45 loci per marker.



764

Table 2 Translocations in the hybrid lines

Chromosome 8/1 8/7 8/9 8/4
1A + + —

2A + — - _
3A - + /= + +
4A + +/— +/- + /-
5A + + +/— + /-
TA +/- +/— + /= +—
1B +/— +/- -

3B - + + +
5B + — — —
6B — + /= +/— +/-

+ T. militinae translocation; — no translocation; +/— heterozy-
gote

In the four hybrid lines, T. militinae/T. aestivum
replacements were detected in 73 loci (42%). The num-
ber of translocations per hybrid line varied from 6 to 8
(Table 2). According to the C-banding data, in 7. tim-
opheevii- and T. militinae-derived introgressive lines,
substitutions of the whole chromosome were far more
frequent than translocations (Badaeva et al. 1991, 2000).
On the contrary, our molecular study identified
intercalary translocations while no whole chromosome
substitutions were detected. The translocations ranged

from a few centimorgans to the almost complete chro-
mosome arm substitutions. In our hybrid lines, alto-
gether six chromosomes of the A genome and four
chromosomes of the B genome were involved in trans-
locations (Table 2), while no translocations were found
in the D genome. However, according to Badaeva et al.
(1991, 2000), the G/D chromosome substitutions have
been detected in 7. timopheevii- and T. militinae-derived
introgressive lines.

Microsatellite marker analysis in the mapping
population

A total of 37 markers showing polymorphism between
8/1 and Téhti produced 42 segregating fragments in the
mapping population derived from the cross 8/1 x Téhti.
40% of markers were scored as codominant, 45% as null
alleles in 7. militinae and 15% amplified independently
segregating fragments from Téahti and 7. militinae ge-
nomes.

The mapping of 42 loci resulted in 9 linkage groups
(LOD >3). Colinearity of markers with the published
maps was observed and seven linkage groups could be
assigned to a chromosome of hexaploid wheat (Fig. 3).
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Fig. 3 The map of 7. militinae-derived translocations and powdery
mildew resistance QTLs in the mapping population derived from a
cross between the hybrid line 8/1 and cultivar Téhti. Only
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chromosomes with 7. militinae translocations are represented.
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The genetic map covered the introgressive part of the
genome of line §/1, comprising 38 loci and spanning
251 ¢cM. Four amplification products remained un-
linked, three of them originated from the genome of
T. militinae. Four markers showed a distorted segrega-
tion favouring the Téhti allele, three of them were
clustered in a tightly linked group (LOD > 15) assigned
to chromosome 5B; one marker with distorted segrega-
tion remained unlinked to any other marker.

Compared to the published genetic maps of wheat
(Roéder et al 1998; Gale et al. 1995), the genetic distance
of the detected translocations was significantly reduced
on some chromosomes (chromosome 7A). This may
indicate regions with reduced recombination in some of
the translocated segments. T. timopheevii translocations
showing no or extremely low levels of recombination in
crosses with hexaploid wheat have been referred to
earlier (Devos et al. 1993; Jarve et al. 2000; Kammbholz
et al. 2001).

QTL analysis

The microsatellite map and DI assessments were used to
identify the genetic associations. The data of two
assessments in different years were used separately for
QTL mapping.

A QTL with a LRS score greater than the threshold
required for declaring a highly significant QTL linkage
to a locus was detected by SIM and CIM analyses
(Table 3). The highly significant QTL for powdery mil-
dew resistance on chromosome 4A had the highest LRS
score (P <0.0001) both in 2002 and in 2004. The QTL
peaked at the microsatellite marker Xgwml60 in an
Xwme232 — Xpsp3119 introgressive translocation inter-
val (Fig. 5).

Four LRS curves (DIl and DI2 in 2002 and in 2004)
for chromosome 4A showed identical peaks despite the
marked difference in the distribution of the two DI
scores in a year and the differences between the results
obtained for F, and F; progenies, indicating that the
genetic factors contributing to APR are not environ-
mentally sensitive. The major QTL explained up to 35%
of the variance in 2002, and up to 54% in 2004. The
allele for improved resistance originated from 7. militi-
nae and acted in a nearly additive fashion (Table 3). The
additivity of the main QTL is consistent with the results
from the field studies based on classical quantitative
genetic analysis.

An additional QTL with significant LRS score was
detected by CIM analysis (considering XgwmlI60 as a
cofactor; Table 3). The QTL was located on chromo-
some 5A; however, its precise location depended on the
year of the experiment. The minor QTL explained 4-6%
of trait phenotypic variance.

On chromosomes 1B, 2A, 5A and 5B, suggestive
minor QTLs for APR were detected, either in 2002 or in
2004 (Table 3). The non-reproducible QTL effect on
these chromosomes may be a false positive effect rather

than that of an environment-specific gene. However,
reporting suggestive linkages may be useful, taking into
account that non-significance in statistical terms might
not denote insignificance in biological terms (Freymark
et al. 1993).

Thus, two QTLs located on two different chromo-
somes (4A and 5A) control the quantitative resistance to
powdery mildew in the mapping population at the adult
plant stage and explain up to 38 and 55% of total trait
variance in F, and Fj, respectively. If the suggestive
QTLs on 5B, 1B, 2A and 5A are included, up to 69% of
total trait variance can be explained.

To demonstrate the selective power of Xgwml60 in
the selection for APR to powdery mildew, F, plants
and F; families were grouped according to the geno-
types in this locus (Fig. 4). At the adult plant stage,
the average disease severity in plants with the Téhti
alleles was twice as high as in plants with the
T. militinae alleles. However, the DI score for plants
with homozygous T. militinae alleles in Xgwm160 locus
remained higher than the score for line 8/1, indicating,
that not only the main QTL on chromosome 4A is
responsible for the high and stable level of APR in this
hybrid line.
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Fig. 4 The effect of alternative alleles in the QTL region of
chromosome 4A (Xgwmli60) on APR in the mapping population
for the two assessments, in 2002 and in 2004. A4 homozygous
Téhti allele, AB heterozygous, BB homozygous 7. militinae-
derived allele
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Fig. 5 Distribution of the seedling plant powdery mildew DI for F,
plants in the mapping population (0 no visible symptoms; 9 heavy
sporulation). The scores for the parents are indicated by arrows
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Seedling resistance

Hybrid line 8/1 was resistant to the synthetic population
of B. graminis DC. f. sp. tritici at the seedling stage
(score 0-2).

The seedling resistance score in the mapping popu-
lation showed a continuous distribution (Fig. 5). To
avoid the necessity for a qualitative distinction between
the resistant/susceptible plants, a quantitative interpre-
tation of the seedling tests of F, plants was conducted
(Chantret et al. 2000).

A QTL with a significant effect on the seedling
resistance to powdery mildew was detected on chromo-
some 4A by both SIM and CIM analyses. LRS values
above the highly significant threshold (Table 3) were
registered over the entire translocation on this chromo-
some. The peak for the LRS score was 9-12 cM away
from the Xgwm232 locus, between loci Xgwm232 and
Xgwml60 (Fig. 6). The allele conferring resistance
originated from T. militinae.

Suggestive QTLs for seedling resistance were detected
on chromosomes 1A, 1B, SA (all of them in Téhti al-
leles) and 2A (T. militinae allele) (Table 3). A suggestive

767

QTL for seedling resistance originating from the Téhti
genome may explain the transgressive segregation of
seedling resistance in the mapping population (Fig. 5).

The main QTL for seedling resistance explained
about 33% of phenotypic variance for the trait, each of
the suggestive QTLs added about 4-6% (Table 3). Thus,
up to 53% of total trait variance could be explained by
the QTLs.

Discussion

The objective of this study was to elucidate the genetic
basis of adult plant powdery mildew resistance trans-
ferred from T. militinae into the Finnish spring wheat
cultivar Tdhti. Simultaneously, hybrid lines were ad-
vanced from seeds randomly selected from a heteroge-
neous hybrid population, powdery mildew resistance
levels were assessed and chromosomal segments intro-
gressed from 7. militinae were mapped in the selected
hybrid lines.

In the F, backcross-mapping population derived
from the hybrid plant 8/1, a T. militinae-origin genomic
region on chromosome 4A was responsible for up to
54% of the APR variance. Despite the differences in
environmental conditions, the results of the QTL map-
ping were remarkably consistent for F, plants and F3
families in 2002 and 2004, respectively.

Thus far, three QTLs for adult plant resistance
(APR) to powdery mildew have been mapped on
chromosome 4A (Huang XQ, Rdéder MS 2004). Two
QTLs mapped on chromosome 4AS in the regions
Xgwmll1-Xpsp934 and Xglk128—-Xcdo475 in a segre-
gating wheat/spelt population explained 7-14% of the
phenotypic variance (Keller et al. 1999). One QTL for
adult powdery mildew resistance in the winter wheat line
RE174 was detected on chromosome 4A (XgbxG036—
XgbxG542) in the study by Chantret et al. (2001). This
QTL explained 5-6% of the genetic variability over
2 years. However, the position of the QTL for APR in
the line 8/1 does not coincide with the abovementioned
QTLs.

The QTL for powdery mildew resistance at the
seedling stage shows a highly significant LRS score at
the same introgressive translocational region on the
chromosome 4A (Xwmc232-Xgwml160, Table 3). This
chromosomal region is probably responsible for the
correlation found between the DIs for resistance at the
seedling and adult plant stages (0.29 and 0.38, for adult
plant data set in 2002 and 2004, P<0.001). The exact
positions of the highest LRS values for the adult and
seedling stage resistance differ somewhat, although the
confidence intervals for both peaks overlap (Fig. 0),
permitting either a single gene or a cluster of genes to be
involved in the resistance at different stages of plant
growth. A cluster of genes related to resistance seems to
be the case, taking into account that the resistance allele
for APR on chromosome 4A acted in a near additive
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fashion and the QTL for seedling resistance was inher-
ited as a recessive locus (Table 3).

It has been repeatedly observed that disease resis-
tance genes may be located in a complex region con-
taining different race specifics (Hammond-Kosack and
Jones 1997; Hsam and Zeller 2002). A number of loci for
resistance to different pathogens (H25, Lr28 and Lr30,
Sr7, YrMin and YrND, Stb7) have been located on
chromosome 4A (Mclntosh et al. 2003). The gene for
race-specific resistance to Mycosphaerella graminicola in
the spring wheat, Sth7, has been mapped precisely at the
distal end of chromosome 4AL in a region closely linked
to Xgwm160 (McCartney et al. 2003). Since homologous
relationships have been found between disease resistance
loci (Hammond-Kosack and Jones 1997), it is possible
that the genome of the line 8/1 includes a cluster of 7.
militinae-derived genes on chromosome 4A, responsible
for the non-race-specific powdery mildew resistance in
the seedling and adult plant stages of plant growth.
Further analysis of recombinant plants will allow us to
map this region precisely.

It has been suggested that the same loci could be
responsible for qualitative and quantitative traits
(Robertson 1985). A race-specific gene for resistance to
powdery mildew, Pm 16, derived from wild emmer
(Triticum dicoccoides) has been mapped on chromosome
4AL (Reader and Miller 1991; Mclntosh et al. 2003).
However, Chen et al. (2005) showed that a SSR marker
located on the short arm of chromosome 5B, Xgwm159,
is closely linked to Pml6 (genetic distance 5.3 cM), and
suggested that Pml6 might be located on a translocated
4A.5BS chromosome. In our mapping population, the
amplification product of Xgwmli59 primers was not
segregating, however, the hybrid line 8/1 carries a 7.
militinae translocation in the region of Xgwm2I3-
Xgwm68—-Xgwm66 close to the marker Xgwml59 on
chromosome 5B. Markers Xgwm66, Xgwm68 and
Xgwm213 have been mapped on chromosome 5B in the
ITMI mapping population (Réder et al. 1998), and, in
our mapping population, they form a linkage group with
no linkage to the XgwmlI60—Xwmc232 translocation on
chromosome 4A. Therefore we suggest that rather than
Pm1i6, some unknown gene(s) located on the XgwmlI60-
Xwme232 translocation on chromosome 4A is involved
in the detected QTL for APR in the line 8/1.

In 8/1, the suggestive QTLs (P <0.05) were detected
for APR and for seedling resistance, all of them
explaining 4-6% of the respective phenotypic variance.
It has been indicated that the minor QTLs for non-race-
specific powdery mildew resistance could be less effective
or “defeated” alleles of Pm genes (Nass et al. 1981;
Chantret et al. 1999). For some of the minor QTLs de-
tected in the line 8/1, this may be the case. A residual
effect on APR has been demonstrated for the resistance
gene allele Pm4b (Chantret et al. 1999). Pm4b originates
from T. carthlicum (synonym Triticum persicum)
(Mclntosh et al. 2003). Since it has been assumed that 7.
militinae has arisen as a result of an introgressive
hybridization between T. timopheevii and T. persicum

(Navruzbekov 1981), the introgressed into 8/1 chromo-
somal segment on chromosome 2A with minor QTLs for
APR and seedling resistance may include a homologous
to resistance gene Pm4 region. Further analysis is re-
quired to prove this suggestion.

In the hybrid line 8/1, 54% of APR and 33% of
variance in seedling resistance can be explained by the
major QTLs detected on chromosome 4A. Suggestive
QTLs on different chromosomes add up to 69 and 53%,
respectively, of the phenotypic variance, which is a
slightly higher percentage than Kearsey and Farquhar
(1998) have found to be an average (46%). Even if the
detected effect of the 7. militinae translocation on
chromosome 4A is one of several clustered genes, it may
be considered as a new genetic factor for marker-assisted
selection for T. militinae-derived resistance to powdery
mildew (Fig. 4).
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Abstract Introgression of several genomic loci from
tetraploid Triticum militinae into bread wheat cv. Téhti has
increased resistance of introgression line 8.1 to powdery
mildew in seedlings and adult plants. In our previous work,
only a major quantitative trait locus (QTL) on chromosome
4AL of the line 8.1 contributed significantly to resistance,
whereas QTL on chromosomes 1A, 1B, 2A, 5A and 5B
were detected merely on a suggestive level. To verify and
characterize all QTLs in the line 8.1, a mapping population
of double haploid lines was established. Testing for seed-
ling resistance to 16 different races/mixtures of Blumeria
graminis f. sp. tritici revealed four highly significant non-
race-specific resistance QTL including the main QTL on
chromosome 4AL, and a race-specific QTL on chromo-
some 5B. The major QTL on chromosome 4AL (QPm.tut-
4A) as well as QTL on chromosome SAL and a newly
detected QTL on 7AL were highly effective at the adult
stage. The QPm.tut-4A QTL accounts on average for
33-49 % of the variation in resistance in the double hap-
loid population. Interactions between the main QTL
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QPm.tut-4A and the minor QTL were evaluated and dis-
cussed. A population of 98 F, plants from a cross of sus-
ceptible cv. Chinese Spring and the line 8.1 was created
that allowed mapping the QPm.tut-4A locus to the proximal
2.5-cM region of the introgressed segment on chromosome
4AL. The results obtained in this work make it feasible to
use QPm.tut-4A in resistance breeding and provide a solid
basis for positional cloning of the major QTL.

Introduction

The obligate fungus Blumeria graminis DC. f. sp. tritici
(Bgt), causal agent of powdery mildew disease, can infect
bread wheat (Triticum aestivum L.) at any time from the
first leaf stage until senescence. Two types of resistance to
Bgt have been described. In a majority of wheat genotypes
for which the genetic basis of the resistance has been
studied, resistance is based on one or several Bgt-race-
specific qualitative resistance gene(s) (PmI—Pm36, Pm40—
Pm43), which match fungal factor(s) involved in the
mediation of the host—pathogen interaction (avirulence
gene) and induce incompatibility in the interaction between
the host and the pathogen (reviewed by Bent and Mackey
2007; Huang and Roder 2004). Resistance to different sets
of fungal isolates conferred by qualitative resistance genes
is typically tested on leaf samples (on the primary leaf) at
the seedling stage of the host plant, but the resistance may
be expressed throughout the life cycle of the host (Hsam
and Zeller 2002). This type of race-specific resistance is
overcome when the pathogen population changes, and thus
may not be durable.

A non-race-specific partial resistance to Bgt, which has
been less frequently analyzed in wheat, retards the infec-
tion, growth and reproduction of the fungus. Partial
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resistance or slow mildewing is usually observed in
adult plants (also known as adult plant resistance—APR,
Gustafson and Shaner 1982), and wheats with APR gen-
erally exhibit low to intermediate resistance at the seedling
stage (Bougot et al. 2006; Lan et al. 2010). However, to
identify true partial resistance, the presence of race-specific
resistance genes should be tested for, as some of the APR
genotypes may carry (defeated) race-specific Pm gene(s)
(Robe et al. 1996; Mingeot et al. 2002; Tucker et al. 2007;
Lillemo et al. 2010).

Partial resistance is presumed to be a quantitative trait,
which can be resolved into discrete genomic loci (quanti-
tative trait loci (QTL), Keller et al. 1999; Chantret et al.
2001; Muranty et al. 2009; Tucker et al. 2006; Lan et al.
2009). If the trait is a result of numerous small additive
effects, the resistance can hardly be included in breeding
programs. However, partial resistance has been found to
cosegregate even with a single locus, as shown for the Lr34
(Yr18/Pm38) locus carrying resistance to several fungal
pathogens (Spielmeyer et al. 2005). The Lr34 gene has
recently been predicted to encode an ABC transporter-like
protein responsible for the pleiotropic disease resistance
(PDR, Krattinger et al. 2009).

At the phenotypic level, differences between the quali-
tative race-specific and quantitative non-race-specific resis-
tance may not be clear, one possible reason being that the
results of tests strongly depend on the plant growth stage. For
example, one of the resistance genes (Pm37) transferred into
bread wheat from timopheevii wheats was first shown to
exhibit a qualitative non-race-specific resistance to powdery
mildew, while conferring full resistance to over 60 Bgt iso-
lates in plants inoculated at Feeke’s growth stage 2-3 (Large
1954; Srni¢ et al. 2005). Later it was shown to carry resis-
tance to at least 14 Bgt isolates after testing leaf segments
inoculated at the primary leaf stage (Perugini et al. 2008).
Considering race specificity as the main characteristic of Pm-
(seedling) resistance, this result is clearly uncommon. The
Pm37 line was fully resistant in the field when evaluated at
Feeke’s growth stages 8 and 10.1 (Srnic et al. 2005); how-
ever, no data are available on the level of resistance at later
stages of plant growth. Thus, the question is whether the
Pm37 line carries atypically non-race-specific qualitative
seedling resistance effective also at later stages of plant
development, or the resistance is generated at an atypically
early stage of plant development by a single gene responsible
for APR—if a low level of infection (slow mildewing) is
detected at the following growth stages.

Wheats of the timopheevii group are considered to be a
useful source of disease resistance genes, from which, in
addition to Pm37, several powdery mildew resistance
genes (Pm6, Pm27, MIAGI12) have been introduced into
bread wheat (Jorgensen and Jensen 1973; Jarve et al. 2000;
Maxwell et al. 2009). Immunity to powdery mildew, leaf
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and yellow rusts, high resistance to stem rust, loose and
dwarf smuts have also been reported as useful traits of
T. militinae, a tetraploid wheat (A'A'GG) of the timophe-
evii group (Dorofeyev et al. 1976).

In our previous study, we described APR to powdery
mildew transferred into bread wheat from 7. militinae
(Jakobson et al. 2006). The resistant introgression line 8.1
derived from a cross between 7. aestivum and T. militinae
exhibited effective APR in field tests and showed full
resistance to a mix of B. graminis test isolates (races) at the
seedling stage. The main 7. militinae-origin QTL effective
for APR and seedling resistance were both mapped to the
distal part of wheat chromosome arm 4AL, between loci
Xgwm160 and Xwmc232, in a region estimated to be 20 cM
in a mapping population derived from a cross between the
introgression line 8.1 and cv. Téhti. The whole QTL region
was designated QPm.tut-4A; however, it remained unclear
whether seedling and adult plant resistance were due to the
same or different loci of the region. Unfortunately, the
QOPm.tut-4A region showed a highly reduced level of
recombination in the original mapping population, which
hampered precise mapping of the locus.

In addition to the QPm.tut-4A QTL, minor QTLs for
seedling resistance and/or APR were located on chromo-
somes 1A, 2A, 5A, 1B and 5B on a suggestive level (LOD
<1.0-1.5) (Jakobson et al. 2006). As qualitative resistance
genes Pm3, Pm4 and Pml6 were mapped in the regions of
suggestive minor QTL on chromosomes 1A, 2A and 5B,
respectively (Huang and Roder 2004; Chen et al. 2005), the
observed seedling resistance might have been a result of
pyramidizing of a set of race-specific Pm genes in the line
8.1, with each of the QTL being responsible for resistance
to a subset of Bgt isolates in the tested artificial mix.

In this work, we developed two new mapping popula-
tions and used them for detailed phenotypic characteriza-
tion and verification of loci contributing to powdery
mildew resistance of the wheat—T.militinae introgression
line 8.1 and for fine mapping of the major QTL.

Materials and methods
Plant material

The line 8.1 resistant to powdery mildew was obtained
from a cross of spring wheat cv. Téahti with tetraploid
Triticum militinae and was found to carry nine introgres-
sions from T. militinae in seven chromosomes altogether
(Jakobson et al. 2006). Via microspore culture (Touraev
et al. 1996; A. Touraev, personal communication), 1-20
DH plants were generated from each F3 or F, plant het-
erozygous in at least three regions of the T. militinae int-
rogressions. Altogether, 350 double haploid (DH) plants
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were generated from 79 F; and 17 F4 plants from the
progeny of the original cross 8.1 x Téhti (Jakobson et al.
2006). The DH plants were genotyped, and plants carrying
different combinations of the introgressions from 7. milit-
inae and/or fragments of the original introgressions were
identified. All T. militinae introgressions detected earlier in
line 8.1 were represented in the set of derived DH plants,
including the genotype carrying all the introgressions. The
criteria employed to select the DH lines used in the resis-
tance analysis of this study were to balance the distribution
of parental alleles in all loci analyzed (1:1).

A new F, mapping population (98 plants) was obtained
from a cross between susceptible cv. Chinese Spring (CS)
and the resistant introgression line 8.1. F; and F, families
of the CS x 8.1 cross were analyzed to verify the pheno-
typic effect in lines recombinant in the 7. militinae intro-
gression on chromosome arm 4AL.

To verify the physical location of markers for the
QPm.tut-4A region, the region was transferred to chromo-
some arm 4AL of the susceptible CS 4AL ditelosomic line
(2n = 40 + tt) by crossing the ditelosomic line with the
resistant line 8.1 and generating the introgression ditelo-
somic line CS 4AL + QPm.tut-4A. The transfer of the
QOPm.tut-4A locus was verified by the ditelosomic line
gaining resistance to Bgt, and by molecular markers.

In addition, wheat nullisomic—tetrasomic lines N4AT4B
and N4AT4D were used to verify the physical location of
markers. Seeds of the ditelo-4AL line as well as N4AT4B
and N4AT4D lines were kindly provided by Dr. S. M
Reader (John Innes Centre, Norwich, UK) and Prof. T. R.
Endo (Kyoto University, Japan), respectively.

4AL chromosome-specific DNA

Chromosome-specific  DNA from CS 4AL and CS
4AL + QPm.tut-4A introgression line were prepared by
amplifying DNA of flow-sorted chromosome arms 4AL.
Briefly, chromosomes 4AL, representing 50,000 CS 4AL and
50,000 CS 4AL + QPm.tut-4A telosomes, were sorted using
a FACSVantage SE flow cytometer (Becton—Dickinson, San
José, USA). Liquid suspensions of mitotic chromosomes
were prepared according to Vrana et al. (2000). The identity
of sorted chromosomes and presence of contaminating
chromosomes in sorted fractions were determined by fluo-
rescence in situ hybridization (FISH) with probes for telo-
meric repeat, Afa and GAA microsatellite according to
Kubalakova et al. (2003). Purity of sorted fractions reached
89 and 87.5 %, respectively, as estimated by FISH. Con-
tamination was represented by a mixture of chromosomes,
with chromosome 1D being the major component (50 % of
the contaminated chromosomes).

DNA of flow-sorted chromosomes was amplified by
multiple displacement amplification (MDA) using illustra

GenomiPhi V2 DNA Amplification Kit (GE Healthcare Bio-
Sciences Corp., Piscataway, USA) as described in Simkov4
etal. (2008). The 50,000 CS 4AL telosomes yielded 29.5 ng
purified DNA, which was split into three independent MDA
reactions providing 5.7, 5.1 and 5.2 pg amplified DNA,
respectively. Similarly, the 50,000 4AL + QPm.tut-4A
telosomes provided 44.6 ng DNA, which was used as a
template for three MDA reactions yielding 5.8,4.9 and 6 pg
amplified DNA, respectively. The individual samples were
combined to reduce a possible bias introduced by the MDA.

Fungal material

A total of 13 characterized Bgt isolates, 4 natural Bgt
mixtures and 1 artificial Bgt mixture were used to analyze
seedling resistance. Nine of the characterized Bgt isolates
(no. 2.1,2.7,9.8,9.21, 10, 12, 15, 16, and 17) were derived
via single-conidium propagation from the Bgt test isolates,
kindly provided by Dr. F. Felsenstein and Dr. S. L. K.
Hsam (Technical University of Munich, Germany). This
set included two pairs of single-conidium-derived subiso-
lates (2.1 and 2.7; 9.8 and 9.21) which were derived from
test isolates nos. 2 and 9. The remaining four characterized
Bgt isolates (v5, v11, v13, v17) were purified from a local
Estonian Bgt mixture Viidna 2007. The Bgt isolates were
maintained on common wheat cv. Kanzler and were
characterized by repeated tests on differentiating wheat
lines possessing known resistance genes (Lutz et al. 1992;
Huang and Roder 2004). With the exception of the two
pairs of subisolates (2.1 and 2.7; 9.8 and 9.21), each of the
Bgt isolates had a specific pattern of virulence response
(Online Resource 1B). The four natural Bgt mixtures
included powdery mildew populations Dacke and Revelj
kindly provided by Dr. Tuvesson (Lantménnen SW Seed,
Sweden) representing local natural powdery mildew pop-
ulation in Svalof, Sweden. The remaining two natural
mixtures Jogeva and Viina represented local Bgt popula-
tions from southern and northern Estonia in 2007, respec-
tively (Online Resource 1C). Artificial mixture of the
analyzed test isolates (TTU) was used to test both seedling
resistance on detached leaf segments, and adult plant
resistance on whole plants in the growth chamber.

Marker analysis

Total genomic DNA was extracted from young leaf tissues
(approximately 300 mg) according to the method described
by Huang et al. (2000), with minor modifications.
Radioactive PCR amplifications of microsatellite (SSR)
fragments were performed as described by Roder et al.
(1998) and Bryan et al. (1997). Amplified DNA fragments
were separated on 5 or 6 % polyacrylamide denaturing gel
and autoradiographed. SSR markers were selected from
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the GrainGenes 2.0 database (http://wheat.pw.usda.gov).
Microsatellite markers gwm0832, gwmO0855 and gwm0982
were kindly provided by Dr. M. Roder (Leibniz Institute of
Plant Genetics and Crop Plant Research, Gatersleben,
Germany). In addition, markers designed for the coding
sequences of Pm3 and waxy genes (Yahiaoui et al. 2004;
Tommasini et al. 2006; http://maswheat.ucdavis.edu/
protocols/Waxy/), PCR markers derived for the RFLP
marker psrl19 (http://wheat.pw.usda.gov/GG2/) and the
RGA fragment rga3.1 amplified from 7. militinae cDNA
were mapped in the F, 8.1 x Tihti population. Primers for
rga3.1 were: forward: GCAAGTATGAGAAAGTTAATG
GCT, reverse: ATCAGGGCATGATTTATTGTCCAT.
Primers for the marker psr119 were: forward: TGGGAA
GATGAAGGCGAAG; GCTCGGACTTCTTC
AGTTGC.

A codominant CAP marker was derived for the region
homologous to the rice PDR23-like gene (NM_001073407)
identified in the survey sequence of chromosome arm CS
4AL (Mayer et al., unpublished). Primers for the promoter
region (forward: ATTGTTGGCATCGTCTCCAC) and the
first exon of the gene (reverse: CACAGCTGTTTTCTCAG
GTACAA) with estimated product size of 984 bp were
designed using Primer3 software (http://frodo.wi.mit.
edu/primer3/). The primers were used to amplify the
OsPDR?23-like fragment from chromosome-specific DNAs
of CS 4AL and CS 4AL + QOPm.tut-4A. Amplification of
chromosome-specific DNAs allowed a direct PCR product
sequencing without interference of homeologous genomes,
and a detected SNP affecting the FispBI restriction site was
used to map the fragment in the CS x 8.1 population. STS
marker csLV34 developed for the Lr34/Yri8/Pm38 locus on
chromosome 7DS (Lagudah et al. 2006) was used to map
Lr34 in the CS x 8.1 population.

A total of 92 microsatellite markers polymorphic
between cv. Tdhti and 7. militinae were tested in the F,
8.1 x Tihti population; 30 of them were segregating in the
population and were mapped to 34 loci in addition to the
preexisting F, 8.1 x Téhti map of 42 loci (Jakobson et al.
2006). A total of 350 DH plants were tested for the alleles
of all markers mapped in the F, 8.1 x Tihti population.
Ninety eight plants from the CS x 8.1 cross were tested for
alleles of 25 markers mapped on the chromosome arm 4AL
as well as for alleles of a total of 11 markers in the regions
of detected minor QTL, and for alleles of 5 markers
mapped on chromosome 7DS in the region where the CS
resistance gene Lr34 is located (http://maswheat.ucdavis.
edu/protocols/Lr34/index.htm).

reverse:

Seedling resistance

For the seedling resistance tests, plants were grown in a
growth chamber under controlled environmental conditions
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(16/8 h  day/night, temperature 22-23 °C, humidity
50-70 %, light irradiance 150 pEm™> s~!). A leaf of a
10-day-seedling (Feeke’s stage 1; Large 1954) was cut into
four segments; the segments were cultured separately on
benzimidazole agar in plastic boxes (Hsam and Zeller
1997) and inoculated with four different Bgt isolates/su-
bisolates or Bgt mixtures. Seedling resistance was scored
10 days after inoculation according to Lutz et al. (1992) (0,
no visible symptoms; 1-9, increasing amount, size and
density of mycelium and conidia, Online Resource 1A). In
each experiment, the response of a DH line to a Bgt isolate/
subisolate/mixture was tested using leaf segments of four
different plants of the same genotype. In 90-97 % of
assessments, the scores for four plants of a DH line were
identical and/or differed by not more than for one point of
the score. The average of scores for four plants was used in
the QTL analysis.

Seedling resistance to Bgt isolates and/or Bgt mixtures
was analyzed in the DH population of 120 lines (480 plants
altogether), while the response to the two pairs of subiso-
lates (9.8/9.21 and 2.1/2.7) was analyzed in a population
expanded to 222 DH lines (888 plants altogether). The
whole population was tested simultaneously.

Furthermore, F, plants and F3 and F, families from the
(CS x 8.1) cross were tested with subisolates 9.21, 9.8, 2.7
and 2.1.

Adult plant resistance

Adult plant resistance of the DH population was tested in
the field in Jogeva in 2006 (71 DH lines) and 2007 (123
DH lines including the lines tested in 2006). Plants were
sown in a completely randomized design, ten plants of one
genotype in a 1-m row. To provoke natural infection, rows
of plants of the susceptible cultivars Luja and Tjalve sur-
rounded each block of five rows. In 2009, 139 DH lines
(including the lines tested in 2006 and 2007) and 98 F,
plants from the CS x 8.1 cross were tested for APR in a
growth chamber (16/8 h day/night, temperature 22-23 °C,
humidity 50-70 %, light irradiance 150 pEm_2 s7h,
where in all stages of growth the tested plants were sur-
rounded by susceptible plants (cv. Opata and cv. Kanzler)
heavily infected with the artificial Bgt mixture (TTU). The
parental lines were included as controls in all experiments.
Disease severity in adult plants was visually estimated as
percentage of leaf surface covered with mildew, expressed
as a disease index (DI) on a 0-9 scale according to Yu et al.
(2001) (0: 0 % of leaf coverage; 1: <5 %; 3: <15 %; 5:
<25 %; 7: <50 % and 9: 50 % of leaf coverage or more).
The average value for APR was based on scores of ten, five
and four plants per tested DH line in seasons 2006, 2007
and 2009, respectively. Plants were scored twice, in the ear
emergence stage (Feeke’s stage 10.5) and, 2 weeks later,



Theor Appl Genet (2012) 125:609-623

613

in the milky ripe stage (Feeke’ stage 11.1). In 2006 and
2007, mildew was separately assessed on the upper two
leaves, the flag leaf and the penultimate leaf (F-1). In 2009,
only the flag leaf was assessed.

QTL mapping and statistical analysis

Map Manager QTX Version QTXb16 (Meer et al. 2002;
Chmielewicz and Manly 2002) was used (minimal LOD
score of 3.5 and maximum genetic distance of 30 cM) to
add the new markers to the preexisting F, map and to
establish linkage groups in the DH population. Genetic
distances between markers were estimated using the map-
ping function of Kosambi. The association between phe-
notype and marker genotype was investigated using single
marker regression. The positions of the QTL were deter-
mined by simple interval mapping (SIM) and multiple trait
interval mapping using the same software. The likelihood
ratio statistic (LRS) threshold for declaring the statistical
significance of association was calculated empirically for
each experiment using the permutation test at 1,000 itera-
tions. QTL effects were estimated as the percentage of
phenotypic variation explained by the QTL. QTL detected
only on a suggestive level in all tests were not included in
the further analysis.

Statistical analysis was performed with the SAS Version
9.3 software (SAS Institute Inc., North Carolina, USA,
2011). Single-factor and multi-factor analyses of variance
(ANOVA) were performed using the general linear model
(PROC GLM) to assess the effect of markers located
closest to the corresponding QTL as factors. Type III sum
of squares and adjusted least square means were used.
Logl0-transformed data were used in all statistical and
QTL analyses.

Results
Phenotypic analysis of powdery mildew resistance

At the seedling stage (Feeke’s stage 1), the introgression
line 8.1 was resistant to all tested Bgt isolates, subisolates
and mixtures (score 0—1.1, Table 1). The scores of seedling
resistance for cv. Téhti varied between 3.6 and 5.2 in tests
with Bgt isolates/subisolates/mixtures, with the exception
of the reaction to the Bgt mixture Viina, to which the
response in cv. Tdhti was scored as high as 8.2 + 0.18
(Table 1). For all Bgt races tested, seedling resistance
showed a continuous one-peak distribution both in the DH
population and in the F, CS x 8.1 population. However,
the distributions were skewed and deviated slightly from a
normal distribution (Online Resource 2). The deviating
distribution of resistance scores may be explained by the

fact that the major QTL counted for approximately 50 % of
the total effect on resistance (Jakobson et al. 2006). In most
experiments, a transgressive segregation toward the sus-
ceptible parent was detected, illustrating the fact that the
susceptible parent carries an unidentified locus (loci)
responsible for a low level of resistance. The population
mean did not always correspond to the parental mean
(Table 1). Powdery mildew resistance scores were highly
significantly correlated with each other upon infection of
the DH population with different powdery mildew isolates/
subisolates/mixtures at the seedling stage (r = 0.57-0.90;
P < 0.001, Online Resource 3). Correlation between the
scores of seedling resistance to two subisolates derived
from the same test isolate (Bgt subisolate pairs 2.1/2.7 and
9.8/9.21) was not higher than the correlation between the
scores after inoculation with different Bgt test isolates in
the DH population. In the F, progeny of the cross CS x
8.1, the correlation between the seedling resistance scores
was lower than in the DH population (r = 0.33-0.64;
P < 0.01-0.001).

The scores for the seedling stage resistance correlated
significantly with the results of APR tests for the DH
population (r = 0.35-0.84; P < 0.01, Online Resource 3).
In the APR tests, the infection level in the field tests (2006
and 2007) was much lower than that in the growth chamber
in 2009 where DH plants were grown on a high background
of the Bgt mixture TTU (Table 1). According to the field
assessments of powdery mildew on the Estonian Variety
List cultivars, carried out at the Jogeva Plant Breeding
Institute in 1998-2010, the spectrum of virulence of the
local natural powdery mildew population changed in
2006-2007 when several wheat cultivars lost their high
level of resistance (Peusha et al. 2008, A. Ingver, personal
communication). The line 8.1 still remained highly resis-
tant in 2007; however, the mean value for APR rose from
almost full immunity in 2006 to DI = 1.5 on the penulti-
mate leaf in 2007, while still no mildew was detected on
the flag leaf (Table 1).

In the DH population, APR estimations at the ear
emergence stage and at the milky ripe stage were highly
correlated in the field experiments [correlation rate 0.93,
(P < 0.001) in 2006 and 0.96 (P < 0.001) in 2007] and had
a lower, but still highly significant correlation rate
(r=0.77; P < 0.001) in the growth chamber experiment.
Therefore, only the value of the milky ripe stage score is
presented in this study.

QTL mapping
Five chromosome regions on chromosomes 1A, 4A, 5A,
5B and 7A were found to carry significant and/or highly

significant 7. militinae-origin QTL for seedling resistance
in the DH population, and three of them (on chromosomes
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Table 1 Mean of scores for seedling resistance to powdery mildew of
the cv. Kanzler, CS, parental lines cv. Téhti and line 8.1, DH and F,
CS x 8.1 plants derived from their cross, plus standard errors,

minimum (Min.) and maximum (Max.) scores for resistance to Bgt
subisolates, isolates and mixtures and the same values for the APR
scores

cv. Kanz- CS  cw. Line 8.1 DH lines (8.1 x Téhti) F, CS x 8.1
ler Tihti
Parental Number Mean Stand. Min. Max. Parental Number Mean Stand. Min. Max.
mean of plants err. mean of plants err.
Seedling resistance
Bgt subisolates
2.1 6.1 49 40 0.3 22 215 2.7 0.08 0.5 53 2.6 98 1.1 0.13 00 5.0
2.7 6.5 53 45 0.5 2.5 222 2.8 0.09 00 58 29 98 1.7 0.15 00 6.0
9.8 53 44 42 0.1 22 222 1.9 0.11 00 6.0 2.3 98 12 0.14 00 6.0
9.21 6.4 48 5.0 0.8 29 222 3.4 0.10 0.5 7.0 2.8 98 1.5 0.15 00 6.0
Bgt isolates
10 59 42 41 0.4 23 120 34 0.09 1.0 6.0
12 59 52 44 0.3 2.4 120 1.8 0.12 00 5.0
15 6.0 3.0 39 0.1 2.0 116 3.0 0.14 0.8 6.3
16 6.1 50 50 0.2 2.6 120 23 0.15 00 58
17 6.7 65 52 0.8 3.0 120 2.5 0.15 00 6.0
V5 53 48 0.0 24 114 22 0.15 00 6.0
Vil 6.8 5.1 0.6 29 120 23 0.15 00 58
Vi3 54 48 0.0 24 114 2.0 0.15 00 6.0
V17 53 43 0.1 22 114 1.6 0.13 00 53
Bgt mixtures
Dacke 6.3 43 1.1 2.7 117 23 0.14 00 6.0
Revelj 55 3.6 0.4 2.0 117 12 0.11 00 48
Jogeva 53 49 45 0.1 2.3 116 1.5 0.16 00 6.0
Viina 8.3 8.1 82 1.1 4.6 116 45 0.18 1.0 8.8
TTU 6.4 49 0.1 2.5 116 1.8 0.17 00 6.8
Adult plant resistance
2006 (flag) - 34 0.0 1.7 71 1.2 0.15 00 40
(F-1) - 6.4 0.0 3.7 71 2.0 0.21 00 70
2007 (flag) - 44 0.0 2.7 123 13 0.12 00 50
(F-1) - 6.0 1.5 4.0 123 33 0.15 00 72
2009 (flag) - 9.0 9.0 3.0 6.0 139 5.2 0.2 30 9.0 6.0 98 53 0.16 30 9.0

4A, 7A and 5A) were also detected in APR assessments
(Table 2, Online Resource 4). The T. militinae-origin main
QTLs on chromosome 4AL were also detected in the QTL
analysis of the F, CS x 8.1 population.

The main QTL

The T. militinae introgressed segment on chromosome 4AL
includes 14 loci mapped on the chromosome arm (Fig. 1)
and, according to different published maps, covers a dis-
tance of 10-26 cM (GrainGenes 2.0).

On the published maps (GrainGenes 2.0), the locus
Xbarc153 has been mapped to the distal part of chromosome
arm 4AL, and based on the fact that no segregation of a Tdhti
allele of barc153 was detected in the F, 8.1 x Téhti popu-
lation (Jakobson et al. 2006), we suggested that the 7. mi-
litinae introgression on chromosome 4A is an internal
introgression resulting from two independent recombination

@ Springer

events in the original T. aestivum x T. militinae cross.
However, analyzing the distal part of the chromosome using
the chromosome arm 4AL-specific DNA (both from CS and
CS 4AL + QPm.tut-4A), DNA from N4AT4B and
N4AT4D, and the segregation data for the F, CS x 8.1
population, we now conclude that cv. Téhti and line 8.1 carry
anull allele not only for the locus Xbarc153-4AL, but also for
loci Xbarc52-4AL, Xwmc497-4AL, Xgwm350-4AL and
Xwmc219-4AL (Fig. 1), all located on the distal end of the
chromosome arm 4AL (GrainGenes 2.0). The findings
indicate that the distal end of 4AL has undergone additional
rearrangements in cv. Tihti or its progenitor.

Markers barc153, barc52, wmc497 and wmc219 were
not amplified from the 7. militinae genome, while the
T. militinae allele for the marker gwm350 was not ampli-
fied in line 8.1.

In the F, 8.1 x Tiahti mapping population, the main
QTLs for seedling resistance and APR were located on the
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——  Xgwm637

11.4

—— PDR-like
6.7
Xwmc262
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Xgwm832 Xgpw356 Xgpw7051
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0.5
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_[ Xpsrll9
Xrga3.1 Xwmc313

Xbarc52
Xwmc497
Xgwm350
Xwmc219
Xbarcl53

no PCR products
on chromosome 4A
in line 8.1

Fig. 1 Genetic map of the region introgressed from 7. militinae
(bold) on chromosome 4A of the line 8.1. QPm.tut-4A region is
marked by a vertical bar. Distances of the map are calculated on the
basis of segregation in F, CS x 8.1 population with the exception of
the 3.1 cM distance between the loci Xrga3.1/Xpsri19/Xwmc313 and
Xgwml160/Xgpw4238/Xpsp3119/Xgwm855 which is calculated
according to the segregation in 8.1 x Tihti population

T. militinae introgression on 4AL; however, no recombi-
nation in the introgressed segment was detected (Jakobson
et al. 2006). In F3-F4-F5 progenies of the cross 8.1 x Téhti
and in the DH populations, the addition of new markers
allowed us to detect a few recombinants (between the two
groups of loci Xwmc232-Xgwml160 and Xrga3.1-Xpsrl19;
Fig. 1) in the region of the 7. militinae introgression (2,508
haplotypes were analyzed in total). Major QTLs both for
seedling resistance and for APR still covered almost the
whole 7. militinae introgression on chromosome arm 4AL
with the exception of the region of Xrga3.land Xpsri19
loci (Online Resource 4). Subsequently, a recombinant
genotype (plant no. 88) carrying the proximal part of the
original 7. militinae introgression was detected in the F,
progeny from the CS x 8.1 cross. Analysis of seedling
resistance and APR in the F,, F3 and F, progenies of the
recombinant plant diminished the QTL responsible for
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g § 5 :é 4 § g § i powdery mildew resistance both at the seedling and adult
% H HH HHH HHA plant stage to the loci Xwmc232/Xgpw3079/Xbarc70/
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In the DH population, four 7. militinae-derived significant
QTLs with minor effects were identified on chromosomes
1A, 5A, 5B and 7A (Table 2). With the exception of the
<ITE < <<< << minor QTL on chromosome 7A, the presence of the
remaining QTLs was suggested earlier in the F, 8.1 x
Tahti mapping population (Jakobson et al. 2006).

«<EZ R < < << << The new QTL was identified on chromosome 7AS in the
region between loci Xgwm635 and waxy with the peak on
the Xbarc70 locus (Table 2; Fig. 2; Online Resource 4).
<ITmm< o <<< < << SIM analysis revealed the QTL in all seedling resistance
tests, and, on average, it was found to be responsible for
10 % of the trait variance (Table 2). In the field tests for
C« T me < ww o< APR, the QTL was statistically (highly) significant and
was responsible for 9-28 % of the APR variance. How-
ever, in the growth chamber test for APR, the QTL on
chromosome 7A was detected only on a suggestive level.
In multiple trait analysis, where a higher threshold was
selected for highly significant LRS, the QTL was highly
significant only in seedling tests with Bgt isolate no. 10 and
Bgt mixture Revelj. The QTL on chromosome 7AS is
located in a region which shows microcollinearity to the
QTL region on chromosome 4AL (Khlestkina et al. 2010;
Figs. 1, 2).

A 185 cM map (27 loci) covering almost the entire
length of the T. militinae-substituted chromosome 5A was
created for the line 8.1, and a highly significant powdery
mildew QTL was mapped between loci Xgwm666 and
Xbarc319 with the peak on the Xcfd30 locus (Table 2;
Fig. 2; Online Resource 4). The QTL was detected in all
seedling and APR assessments and was on average
responsible for 16 % of seedling resistance variance.

Xgpw4238  Xgwm855 Xpsp3119 Xgwml60

Xwme232  Xgpw3079 Xgwm832 Xbarc70 Xgpw356 Xgpw7051

T.militinae introgression on chromosome 4A

Table 3 Effect of alternative alleles in loci of the 7. militinae 4A introgression on seedling and adult plant resistance to powdery mildew in the progenies of the CS x 8.1 cross

A homozygous CS allele, H heterozygous locus, B homozygous 1. militinae-derived allele

* Tested in growth chamber after inoculation with the Bgt mixture TTU

# Standard errors are attached

== : ©=a == The 95 % confidence interval of the QTL on chromo-
- § BLe¢ BEd some 1A covered the whole 18-cM T. militinae intro-
x Tig 5§ ég 5§ :iﬁ gression (Xgwm2999-Xwmc24) in the SIM analysis of the
$ 5y FOR S DH population of 120 lines, with peaks of the LRS curves
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Fig. 2 Genetic maps of the 1 AS
regions introgressed from 7.
militinae (bold) on
chromosomes 1A, 5A, 7A and [— Xpsp2999
5B. QTL regions are marked by 57
vertical bars. Markers are
ordered according to the data of — Xgwm33
the DH population, and 3.3 QTL-1A
distances of the map are | Xwmc818
calculated on the basis of 3.7 Xwmc95
segregation in the F, 8.1 x 12
Téhti population and in the DH “ F— Xpsp3151
population. Markers flanking 3.8
the introgression and loci not — xwmc24
segregating in the F, 8.1 x
Tihti population are given in (Xbarc148)
parentheses. In comparison to 24
this study, the suggestive QTLs -
(Jakobson et al. 2006) were
earlier located in the regions 16
Xpsp2999-Xpsp3151 (on
chromosome 1A), Xgwmi133— 1.3
Xgwm205 (on chromosome 5B),
Xgwmi86—Xgwm415 and
Xgwm666-Xgwm126 (both on
chromosome 5A) 29
0.8
7AS
(Xgwm350)
Xgwm635
8.8
Xbarc70 QTL-7A
9.8
waxy
ol % 60
30 o
Xwmc283
24.7
1.6 l— Xwmc96
~ Xpsp3050
(Xgwm276)

varying in their positions in tests with different Bgt isolates
(Table 2; Fig. 2; Online Resource 4). However, in experi-
ments with subisolates 9.8 and 9.21, an expanded popula-
tion of 222 DH lines was tested, and the QTL was localized
in the Xgwm33-Xwmc818 region. As the region of the
T. militinae introgression on chromosome 1A involves the
Pm3 gene locus, functional markers developed for this
gene (Yahiaoui et al. 2004; Tommasini et al. 2006) were
used to analyze cv. Tahti and the line 8.1, and no functional
allele of Pm3 was detected. The QTL on chromosome 1A
explained about 10 % of seedling resistance variance.

@ Springer

-Xgwm443
84
Xgwm205
17.7
—— Xwmc96
28 [ Xgwm293
21 Xwmc492
5BS 71 Xgwm415
Xbarc180
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— Xgwm443
16.6
—  Xgwm234 Xedf2
Xgwm112 140
— xgwm Xgwm639
Xwmc415
Xqwm205 Xgwm617
21.0
/ngm133 QTL-5B
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Xqwm68 " Xbarc151
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Xgwm213 57 f~ _ Xwmc386
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(Xcfd2)
234 QTL-5A
27 Xbarc319
: Xcfa2185
35 K~ Xcraz155
10.6 Xcfa2163
—— Xgwm982
20.3
™ Xgwm6
4'7 F—— Xgwm126
’ Xgwm179
Xgwm410
While the minor QTL on chromosome 1A was

detected on at least a suggestive level in all seedling
resistance tests, the minor QTL on chromosome 5B
(Xgwm205-Xgwm213) was revealed only in a subset of
tests (Table 2; Online Resource 4). No LSR peaks
indicating a QTL on chromosome 5B were detected after
inoculation with Bgt isolates/mixtures 12, 16, 17, V5,
V17 and Dacke, indicating that the QTL acts in a race-
specific manner. Race-specific resistance gene Pml6
derived from T. dicoccoides has been located in the same
region on chromosome 5B (Chen et al. 2005); however,
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Pml6 confers resistance to Bgt test isolates 12, 16 and
17 (Huang and Roder 2004).

Two minor QTLs, located on chromosomes 2A and 1B,
were detected only on a suggestive level (LRS <9.8) in
seedling resistance analysis and, for both of them, the
favorable allele improving resistance originated from the
common wheat parent Tdhti. The QTLs on 2A and 1B were
not included in further analyses.

Being clearly more effective at the seedling stage of plant
growth, each of the T. militinae-derived minor QTL detected
in the analysis of seedling resistance still affected APR on at
least a suggestive level and/or in at least one of the years of
testing. On a significant or highly significant level, only the
minor QTL located on chromosome SA was stably involved
in APR variance (Table 2; Online Resource 4).

Markers linked to the minor QTL in the DH population
were tested for linkage to powdery mildew resistance in the
F, CS x 8.1 population, and no significant 7. militinae-
derived QTL was detected. However, in the CS x 8.1
population, an additional QTL originating from CS was
detected using the STS marker csLV34 for the Lr34/Yr18/
Pm38 locus on chromosome 7DS. The QTL was respon-
sible for 10 % of APR in the F, CS x 8.1 population and it
was not detected in the seedling tests.

Considering the well-known homology of distal ends of
chromosome arms 4AL, 7AS and 7DS, and the location of
the pleiotropic disease resistance gene Lr34/Yrl8/Pm38 on
7DS, we generated primers for a 4AL-specific PDR-like
fragment identified in the 454 survey sequence of the CS
4AL chromosome arm (Mayer et al. unpublished).
The fragment was amplified in CS and cv. Téhti, but not in
T. militinae, placing the gene out of the T. militinae
introgression. The PDR-like gene was mapped in the F, CS
x 8.1 population, approximately 7.5 ¢cM proximal to the
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Fig. 3 Mean of seedling resistance scores upon inoculation with
different subisolates, isolates and mixtures of Blumeria graminis DC.
f. sp. tritici (Bgt). Data for the parental cv. Tihti, the resistant
introgression line 8.1 together with data for the DH subpopulations
carrying T. militinae allele (4A-B) in the region of QPm.tut-4A and
carrying the homologous Téhti region (4A-A). B/B/B/B/B represents
the mean for DH plants carrying all detected QTLs

OPm.tut-4A region on chromosome 4AL (Fig. 1). The
locus was not linked to powdery mildew resistance in the
analyzed population.

Analysis of the effect of detected QTL

For the analysis, the DH population was divided into two
subpopulations consisting of genotypes carrying different
alleles of QPm.tut-4A: subpopulation 4A-A carrying the
cv. Tihti allele and subpopulation 4A-B carrying the
T. militinae allele. The alleles of the remaining QTL were
distributed evenly between the two subpopulations. With
an average value of 2.8 £ 0.15, the difference in seedling
responses of the two subpopulations 4A-A and 4A-B after
inoculation with different Bgt isolates/mixtures varied
from 1.7 to 3.8 (Fig. 3). In both subpopulations, the pattern
of average response at the seedling stage to different Bgt
isolates/mixtures was similar to that of the cv. Tahti, with
the Bgt mixture Viidna again being the most aggressive
(Fig. 3). However, for all Bgt isolates/mixtures, the mean
scores of seedling resistance and APR for the genotype
carrying all five QTL still remained higher than the scores
for the original introgression line 8.1 (P < 0.01). In
the three APR experiments, the protective effect of
QPm.tut-4A varied with an average of 2.3 £ 0.2 for the DI
differences between 4A-A and 4A-B genotypes. Under
conditions of extremely high level of powdery mildew
background (growth chamber experiment in 2009), when
the infection level in cv. Tdhti and the 4A-A subpopulation
was very high (DI = 9.0 and 7.0, respectively), DI in the
4A-B subpopulation remained at 4.6 £ 0.8, indicating that
OPm.tut-4A has a limited ‘capacity’ and accounts for
partial resistance, a feature usual for APR.

For each of the detected QTLs, separate single-way
ANOVAs revealed highly significant (P < 0.0001) differ-
ences in seedling resistance (data not shown), and the
combined effect of all detected QTLs on the phenotypic
variation, computed by summarizing the R values for the
individual QTL, was 0,98. This result does not explain the
difference in resistance scores between the original line 8.1
genotype and the genotype carrying five detected QTL, and
indicates on an overestimation of the effect of individual
QTL.

To compute the effect of the QTL taking into account
the other four QTLs, multifactorial ANOVA was per-
formed on a model of the five QTLs and their pairwise
interactions. The proportion of resistance variation (R?) for
the model was 0.79, which is in agreement with the results
graphically presented in Fig. 3. Multifactorial ANOVA
revealed highly significant effects of the main QTL
(QPm.tut-4A) and the QTL on chromosome 7A
(P < 0.0001), while QTL on chromosomes 1A and 5B as
factors showed significant differences in resistance

@ Springer



620

Theor Appl Genet (2012) 125:609-623

(P < 0.05) (Online Resource 5). The effect of the QTL on
chromosome 5A was detected only as a significant inter-
action (P < 0.05) between the QTL on chromosomes 4A
and 5A. The second significant interaction was revealed
between the main QTL and the QTL on chromosome 7A
(P < 0.05), showing that the resistance to powdery mildew
in DH plants carrying the main QTL responded differently
to the presence of the QTL on chromosome 7A compared
to the resistance of DH plants lacking QPm.tut-4A.

Discussion

Introgressions from wild related species are an attractive
source of important genes (gene alleles) for the wheat gene
pool narrowed down by domestication and breeding
(Feuillet et al. 2008). Introgression of genome segments
from tetraploid 7. militinae into the bread wheat cv. Tihti
resulted in a genotype (line 8.1) with a high level of
resistance to powdery mildew. In our previous work, we
have detected several QTLs for powdery mildew resistance
in line 8.1; however, only one of them showed a reliable
and reproducible effect (Jakobson et al. 2006). An intro-
gression on chromosome arm 4AL involving the main
QPm.tut-4A locus was found to be responsible for at least
half of the resistance variance in the wheat line and
improved the resistance of the “mildly susceptible” cv.
Tahti to an agronomically sufficient level.

The introgressed segment on chromosome 4AL showed
no recombination in the original F, mapping population 8.1
x Téhti of 134 plants, and only a few recombinants were
detected in the enlarged F3-F5 population. Inhibition of
recombination of introgressed segments in plants has been
reported before and, depending on the size and structure of
the introgression or substitution, the recombination fre-
quency can be reduced to 0 % (Canady et al. 2006). In
wheat, frequency of recombination can be increased by
selection of appropriate parents or by manipulating Phl,
the major locus controlling chromosome pairing in poly-
ploid wheat (Griffiths et al. 2006). To verify the previously
suggested minor QTL, to characterize the QTLs and their
interaction and to overcome mapping problems due to the
reduced/altered recombination frequency, we created two
new mapping populations (a DH population generated from
the cross 8.1 x Téhti and a population generated from the
cross CS x 8.1).

Analysis of a quantitative trait, i.e., a total effect of
multiple genes, is complicated in several aspects (Asins
2002). Above all, low share of a QTL in the summary trait
variance requires repeated tests for correct evaluation of its
effect. If, as in this study, an agronomically useful source
of non-race-specific resistance is sought, race specificity
has to be analyzed after inoculation of stable (homozygous)
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plant material with a representative set of characterized
pathogen races. A total of 350 double haploid plants gen-
erated in this study allowed us to select representative
populations of stable genotypes to characterize and validate
the QTL independently and in combinations. As the DH
plants of this study were generated from the heterozygous
F3-F4 plants of the original 8.1 x Tihti cross, the DH
populations to be analyzed for resistance could be selected
from plants carrying new combinations of alleles in the
chromosome regions of interest.

To demonstrate the reliability of the QTL analysis of
this study, two single-conidium-derived subisolates (pairs:
2.1 and 2.7 or 9.8 and 9.21) were selected from the progeny
of single-conidium-derived powdery mildew isolates nos. 2
and 9 and tested in a DH population expanded from 120
lines (i.e., 4 x 120 = 480 plants) to 222 lines (888 plants).
The results of these tests allowed us to conclude that the
small differences in seedling resistance we detected while
testing different powdery mildew genotypes (isolates) were
on the same level as differences between the results of
testing the effect of the same fungus genotype twice as a
pair of Bgt subisolates. In addition, these tests showed that
although the significance level of the detected QTL was in
general higher in the enlarged population (Table 2), no
additional QTLs were detected.

Besides verifying and validating the non-race-specific
character of the QPm.tut-4A locus, we have identified and
characterized four minor QTLs for powdery mildew
resistance in the DH population, three of which were
suggested earlier (Jakobson et al. 2006). With the excep-
tion of the minor QTL on chromosome 5B, all minor QTLs
also acted in a non-race-specific manner and contributed to
the total resistance score after inoculation with all tested
Bgt isolates and mixtures. Our work showed that in the DH
population (cv. Tahti background), QPm.tut-4A effectively
improved resistance both in the presence and absence of
minor QTLs. Also, the analysis of the QPm.tut-4A locus in
a CS x 8.1 progeny confirmed the transferability of the
QPm.tut-4A effect to a different genetic background. Over
the past 10 years, the line 8.1 has exhibited improved
resistance in field tests and thus QPm.tut-4A is now
included in resistance breeding of spring wheat in Estonia.

However, the final effect of QPm.tut-4A is not a full
immunity, but partial resistance to powdery mildew.
Although QPm.tut-4A was found to be effective in resis-
tance tests with 13 different single-conidium-derived Bgt
isolates, one cannot exclude the possible existence of a Bgt
isolate to which QPm.tut-4A is not effective.

The second mapping population of the present work was
obtained after crossing the susceptible cv. Chinese Spring
(CS) with the resistant line 8.1. In this population,
recombination was at least partially restored in the intro-
gressed region of QPm.tut-4A on chromosome 4AL. In F,
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(CS x 8.1), the QPm.tut-4A locus was delimited to a nar-
row region (Xwmc232/Xgpw3079/Xbarc70/Xgwm832/
Xgpw356/Xgpw7051; Fig. 1) with an estimated size of 2.5
cM. In addition to QTL for powdery mildew resistance
originating from T. militinae, an additional QTL originat-
ing from CS and cosegregating with the pleiotropic resis-
tance gene Lr34/Yri8/Pm38 (a PDR-like gene) was
detected in the F, CS x 8.1 population on chromosome
7DS. Recently, Krattinger et al. (2011) have found an
expressed and putatively functional Lr34 homologs located
on chromosome 4A, designated Lr34-B. In the Arina x -
Forno population, Lr34-B cosegregated with the locus
Xcdo475, which is located on the Synthetic x Opata-4A
map at a distance of 12.1 cM from the Xwmc232 locus. We
have mapped a PDR-like gene approximately 7.5 cM
proximal to the QPm.tut-4A region on chromosome 4AL
(Fig. 1), and the locus was not linked to powdery mildew
resistance in our F, CS x 8.1 population. We conclude that
QPm.tut-4A is not a homolog of the Lr34/Yr18/Pm38 gene.
Krattinger et al. (2011) considered it likely that the QTLs
reported earlier on chromosome 4A mapped to different
positions from Lr34-B, and concluded that the Lr34-B
transporter may have a function other than durable disease
resistance.

Association mapping of historical wheat germplasm in
multienvironment trials has detected a linkage disequilib-
rium cluster bearing powdery mildew resistance genes
close to the Xbarc78 locus on chromosome 4AL (Crossa
et al. 2007). However, no major powdery mildew gene (Pm
gene) has been mapped at or near the position of QPm.tut-
4A. On the other hand, two non-race-specific powdery
mildew resistance genes (Pm37 and MIAGI2) have been
transferred into bread wheat from timopheevii wheats, both
showing full resistance to powdery mildew at the seedling
stage and in adult plants (Srni¢ et al. 2005; Perugini et al.
2008; Maxwell et al. 2009). The line carrying Pm37
remained fully resistant when tested at the Feeke’s growth
stage 8—10. In our study, adult plant resistance was eval-
uated later, at the Feeke’s growth stage 10.5-11 when low
levels of Bgt fungus were detected on lower leaves and
stem of 8.1 plants. Although the origin and non-race-spe-
cific character of QPm.tut-4A are similar to those of Pm37
and MIAGI2, the chromosomal location of the genes is
different, as both Pm37 and MIAGI2 are located on the
long arm of chromosome 7A. Nevertheless, considering the
fact that the three genes were introduced into hexaploid
bread wheat (AABBDD) via wide hybridization with a
tetraploid species (A'A'GG) where homologous pairing
between chromosomes might be disturbed, different loca-
tion in the genome does not exclude the possibility that
QPm.tut-4A is closely related to Pm37 and MIAGI2.

Evolutionarily, timopheevii wheats and emmer wheat
originate from common diploid progenitors—Aegilops

speltoides and T. urartu; however, they evolved from two
independent hybridization events (Jiang and Gill 1994a)
and represent two evolutionarily divergent lineages of
polyploid wheats (Dvorak and Zhang 1990; Dvorik et al.
1993). Both lineages inherited a 4AL.5AL reciprocal
translocation on chromosomes 4A and 4A', from their
diploid ancestor (Naranjo et al. 1987; Jiang and Gill 1994b;
Devos et al. 1995). Chromosome 4A of emmer wheats
underwent three more rearrangements in its evolution: a
distal 4AL.7BS translocation, a pericentric inversion and a
paracentric inversion in the region of 4AL.SAL.7BS
translocations (Naranjo et al. 1987; Devos et al. 1995). No
4A'L.7GS translocation has been found in timopheevii
wheats. As an alternative, a distal 4A"L.3A'L translocation
was identified, resulting in the absence of collinearity
between the distal regions of chromosomes 4AL and 4A'L
(Jiang and Gill 1994b; Maestra and Naranjo 1999; Rodri-
guez et al. 2000; Salina et al. 2006; Dobrovolskaya et al.
2009). There is no evidence of the presence or absence of
inversions on chromosome 4A'. Considering the differ-
ences between chromosomes 4A and 4A', it is not sur-
prising that 4AY4A substitutions or T. timopheevii
translocations involving chromosome 4A are rarely detec-
ted in 7. aestivum X T. timopheevii hybrids (Gordeeva et al.
2009; Badaeva et al. 2010).

The main QTL for powdery mildew resistance
(QPm.tut-4A) in the introgression line 8.1 analyzed in the
present work is located in the distal region of chromosome
arm 4AL. During the evolution of wheat, this region was
translocated from chromosome arm 7BS and covered at
least 34 % of the physical length of 4AL (Hossain et al.
2004; Ishikawa et al. 2009). In the original cross of cv.
Tahti with 7. militinae, a considerable part of wheat 4AL
was not homologous and even not homeologous with the
T. militinae counterpart. In the course of stabilization of the
8.1 genome, a distal part of wheat chromosome 4AL may
have recombined with the homeologous distal region of
chromosome 7GS. This hypothesis is supported by the
localization of a homeologous minor QTL for powdery
mildew in a collinear region of chromosome arm 7AS in
the line 8.1. However, the published 7. militinae (T. tim-
opheevii) maps do not cover the distal part of chromosome
arm 7GS (Salina et al. 2006; Dobrovolskaya et al. 2009)
and no additional markers specific for the QPm.tut-4A
region are available. Thus, the exact origin of the 4A
introgression cannot be resolved at present.

In conclusion, the major QTL QPm.tut-4A improves
resistance to powdery mildew at the seedling stage and in
adult plants, but it does not provide full immunity.
QOPm.tut-4A is effective upon inoculation with all tested
Bgt isolates and mixtures at both evaluated stages of plant
growth. Partial response and the lack of race specificity are
common characteristics of APR; however, the
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characteristics are exceptional for seedling resistance. The
detected minor QTLs additionally improve the resistance,
but their presence is not required for the activity of
QOPm.tut-4A. Work is in progress to show how effective
QPm.tut-4A is on different genetic backgrounds. In paral-
lel, efforts to develop markers for marker-assisted selection
and cloning of the QTL are ongoing. Induction of chro-
mosome breaks using ionizing radiation and stimulation of
homeologous pairing using phl/ mutants will be used to
improve mapping resolution in the region carrying the
main QTL for powdery mildew resistance.
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Characterization of new allele influencing
flowering time in bread wheat
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Flowering time variation was identified within a mapping population of doubled haploid lines
developed from a cross between the introgressive line 8.1 and spring bread wheat cv. Tahti. The line 8.1
carried introgressions from tetraploid Triticum militinae in the cv. Tahti genetic background on
chromosomes 1A, 2A, 4A, 5A, 7A, 1B and 5B. The most significant QTL for the flowering time variation
was identified within the introgressed region on chromosome SA and its largest effect was associated
with the VRN-A1 locus, accounting for up to 70% of phenotypic variance. The allele of T. militinae origin
was designated as VRN-A If-like. The effect of the VRN-A 1f-like allele was verified in two other mapping
populations. QTL analysis identified that in cv. Tahti and cv. Mooni genetic background, VRN-A 1f-like
allele incurred a delay of 1.9-18.6 days in flowering time, depending on growing conditions. Sequence
comparison of the VRN-A1f-like and VRN-A1a alleles from the parental lines of the mapping populations
revealed major mutations in the promoter region as well as in the first intron, including insertion of a
MITE element and a large deletion. The sequence variation allowed construction of specific diagnostic
PCR markers for VRN-A1f-like allele determination. Identification and quantification of the effect of the
VRN-A1If-like allele offers a useful tool for wheat breeding and for studying fine-scale regulation of
flowering pathways in wheat.

Introduction

Bread wheat (Triticum aestivum L.) is a staple food for 40% of the
human population [1] and is one of the three most important crops
worldwide. It is an allohexaploid species with a large and complex
genome (1C=17 Gb, 2n=6x=42, AABBDD genome) which is

estimated that the annual yield increase should reach about 1.7%
to satisfy the needs. However, the current increase is only about
1% a year [3].

Changing environmental conditions pose a challenge to breed
varieties with high and stable yield under the pressure of biotic and

composed of more than 80% of repetitive elements [2]. It is a
relatively young species and its emergence, spread and adaptation
to a wide range of environmental conditions are closely connected
to the development of settled human society. The fast growth of the
human population and changes in diet preferences have signifi-
cantly increased demands for higher wheat production. It was

Corresponding author: Valarik, M. (valarik@ueb.cas.cz)

abiotic stress. Furthermore, intensive breeding has led to a nar-
rowed gene pool in current elite wheat cultivars [4]. An attractive
source of new genes and alleles for wheat improvement are related
species, wild wheat ancestors and landraces which have not expe-
rienced bottlenecks connected to the emergence of modern culti-
vars [5]. One of the most important traits affecting yield is
flowering time. Optimal timing of flowering is critical not only
for successful flower development, but also for grain filling and for
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GLOSSARY

Vernalization The original term ‘jarovizacia’ by Lysenko was
replaced by the currently used term
‘vernalization’ by Chouard [47]. Vernalization is
defined as the importance of prolonged cold
exposure for initiating the flowering process.
On the basis of their vernalization
requirement, bread wheat varieties are
classified as winter, spring and facultative
varieties. Winter wheat is sown in winter and
needs cold exposure for flowering, spring
wheat (sown in spring) will flower without any
cold period. Facultative wheat varieties can be
sown either in autumn or in spring with a safe
transition to generative stage.

MITE

transposable

element Miniature inverted-repeat transposable
elements (MITEs) are non-autonomous
transposable elements often associated with
genes. Unlike autonomous DNA transposons,
the internal sequences of MITEs are short and
devoid of coding sequences. MITE sequences
are frequently transcribed with plant genes.

MADS box The name refers to four of the originally

identified members: MCM1, AG, DEFA and SRF
of the MADS box proteins. MADS box is a
conserved motif found within DNA binding
protein domains. It consists of 56 amino acids,
9 of which are identical in all MADS box family
members described so far. The N-terminal part
is the major determinant of DNA-binding
specificity whilst the C-terminal half is
necessary for dimerisation. The majority of
MADS-box proteins bind similar sites based on
the consensus sequence CC(A/T)sGG,
although each protein apparently possesses a
distinct binding specificity. Moreover, several
MADS-box proteins specifically recruit other
transcription factors into multi-component
regulatory complexes. Such interactions with
other proteins appear to be a common theme
within this family and play a pivotal role in the
regulation of target genes.

survival of plants sensu lato, especially for annual species. The
importance of this trait is expressed in the large number of genes
involved in its regulation. However, only some of these genes
have been cloned, well characterized and used in breeding
(reviewed in [6]).

A complex genome and wide range of environmental condi-
tions affecting wheat during its evolution have led to the devel-
opment of a robust flowering regulation which allows adaptation
to various macro- and micro-environmental conditions. Many
genes working in a redundant manner are involved in the regula-
tion of flowering and, at present, three key pathways are consid-
ered |7]. The vernalization pathway is responsible for avoiding
flowering before or during the cold period (VRN genes). The
photoperiodic pathway is responsible for perception of day length
(PPD genes) and the earliness per se (EPS) genes are responsible for
fine tuning of flowering time in reaction to specific climatic
conditions. Even a minor variation in major photoperiod and

vernalization genes is connected to large differences in flowering
time and thus fast adaptability of wheat to diverse locations [8].
Currently, the vernalization pathway is the most characterized
and its three major genes VRN1, VRN2, and VRN3 have been
cloned [9-11]. The VRN3 gene is orthologous to Arabidopsis thali-
ana FLOWERING LOCUS T (FT) [11] and seems to be the major
integrator of environmental signals from cold, photoperiod, and
EPS genes in leaves [12]. The VRN3 protein is transported through
phloem to apical meristem where it triggers transition from vege-
tative to generative stage by inducing the expression of the VRN1
gene [13]. The VRN2 gene, originally believed to be the vernaliza-
tion gene [9], is the most likely mediator between vernalization
and photoperiodic pathways and is involved in the repression of
the VRN3 gene [14]. The VRNI gene is homologous to A. thaliana
flower meristem identity gene APETALAI (API) [15]. It seems that
VRN1 has pleiotropic function and besides affecting the floral
meristem identity in apex, it is involved in the integration of cold
signals in leaves. Cold treatment leads to VRNI upregulation
which inhibits expression of VRN2 and releases expression of
VRN3 [14]. Additionally, VRN1 expression has been linked to
altered frost tolerance [16] and yield traits regulation [17]. VRN1
belongs to the family of MADS box transcription factors [14,18,19]
with a CArG regulatory box in promoter region [10] and an
additional regulatory region in the first intron [20]. Even though
it has been determined that VRNI is not absolutely essential for
flowering in polyploids [14], its altered expression can significant-
ly affect the flowering pathway. The significance of this gene was
demonstrated by the discovery that a mutation in the first intron
or promoter of the gene leads to spring growth habit [19,20].
Flowering time modulation through allelic variation of the
VRN1 gene [10,13,19-22] is a promising tool for breeding new
varieties better adapted to local environmental conditions.

Attractive sources of genetic variability are wild wheat ancestors
and landraces. One of them is Triticum militinae (Zhuk. &Migush)
(2n = 4x = 28, A'A'GG genome) which originated from a hybridiza-
tion event separate from emmer wheats and belongs to the T.
timopheevii (Zhuk.) Zhuk. group. Timopheevii wheats have been
used as a source of new resistance genes: four genes for resistance to
leaf rust (LrTt1, LrTt2, Lr18 and Lr50), three genes for resistance to
stem rust (5r36, Sr37, and Sr40) and four genes for resistance to
powdery mildew (Pm6, Pm27, and Pm37) 23] have been introduced
into common wheat. Recently, an introgression line 8.1 was created
from a cross of T. militinae and elite Finnish cv. Tahti [24]. In the line,
T. militinae introgressions were identified on seven chromosomes
(1AS, 2AS, 2AL, 4AL, 5AL, 7AS, 1BS, and 5BS), and improved resis-
tance to powdery mildew in seedlings and adult plants was found to
cosegregate with the locus QPm-tut-4A on chromosome 4A [25]. The
QPm-tut-4A gene is a subject of cloning, however, the analyzed
mapping population showed a significant variability in flowering
time. In this study, we report identification, quantitative trait loci
(QTL) mapping, verification and sequence characterization of a
VRN-A1 allele introgressed into bread wheat from T. militinae that
affects flowering time of elite spring bread wheat varieties.

Material and methods

Plant material

A mapping population of 314 doubled haploid (DH) lines was
developed from a cross between introgression spring line 8.1 and
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spring T. aestivum cv. Téahti as described by Jakobson et al. [24,25].
The line 8.1 contains T. militinae introgressions on seven chromo-
somes (1AS, 2AS, 2AL, 4AL, 5AL, 7AS, 1BS, and 5BS). Thus, the DH
lines vary in the presence of different T. militinae segments. Seeds
of spring wheat T. militinae (accession no. K-46007) were obtained
from the N.I. Vavilov Institute of Plant Industry (St. Petersburg,
Russia). Two verification mapping populations (VMP1 and VMP2)
were developed to estimate and confirm the influence of T. mili-
tinae introgressions on flowering time in different genetic back-
grounds. To simplify T. militinae based traits segregation analysis,
the DH81 line was derived by dihaploidization of the original
introgression line 8.1. The DH81 line contains all the introgression
segments except the 2AL and 1BS introgressions and introgression
on 5A was slightly shortened. To specifically address the effect of
VRN1-VRN3 genes, the DH397 line was selected from the DH
mapping population described above. In the DH397 line, intro-
gressions on 1A, 2AL, and 7A chromosomes are not present and
introgressions on 5A and 5B were shorter as compared to DH81.
The introgression loss or shortening included loci of the VRNI-
VRN3 genes (data not shown). VMP1 comprises 194 F, lines
derived from a cross of the doubled haploid lines DH81 and
DH397 (98 F, plants with DH397 as the female parent, 96 F,
plants with DH81 as the female parent). VMP2 was developed
by crossing of the DH81 line with T. aestivum cv. Mooni as female
and comprises 94 F; lines. Seeds of spring bread wheat cv. Mooni
were provided by Estonian Crop Research Institute (Jogeva,
Estonia).

DNA extraction and PCR amplification

Genomic DNA was extracted from 100 mg of lyophilized and
homogenized leaf tissue. Homogenization was done using Tissue
Lyser (Qiagen, Germany) in 96-well deep well plates with two glass
beads (5 mm) in each well for 4 min at 27 Hz. DNA was purified
either using the NucleoSpin® 96 Plant II kit (Macherey-Nagel,
Germany) according to manufacturer’s instructions, or with a
modified Agencourt® Genefind v2 kit (Beckman Coulter, USA).
The Genefind v2 kit was used in 96-well plate format and pipetting
was done by automatic pipetting workstations Biomek NX” (Beck-
man Coulter, USA). Homogenized leaf tissue was incubated in 1 ml
of Lysis Buffer [0.5% sodium bisulfite; 0.1% ascorbic acid; 1% B-
mercaptoethanol; 0.5 M NaCl; 0.1 M Tris-HCI; 0.05 M EDTA, pH
7.2; and 2.1 U of RNase A (Sigma-Aldrich, USA)] at 65°C for
45 min. 10 pl of Genefind v2 magnetic beads (Beckman Coulter,
Beverley, USA) was mixed with 100 pl of lysate and 80 pl of
isopropanol and incubated for 10 min at room temperature to
bind DNA to the beads. The mixture was incubated on 96 S Super
Magnet Plate (Alpaqua, USA) for 3 min to settle the beads. Super-
natant was removed and the beads were washed four times with
100 pl of 70% ethanol. DNA was diluted in 50 pl of redistilled
water after evaporation of the residual ethanol. PCR consisted of
template DNA (~10 ng), 1x PCR buffer (10 mwm Tris-HCI, pH 8.8 at
25°C; 1.5 mm MgCly; SO mMm KCI; 0.1% Triton X-100); 200 mm
dNTPs; 0.5 pm of each primer; 0.5 U of HOT FIREPol® DNA Poly-
merase (Solis BioDyne, Estonia). PCRs were performed in the
C1000 Touch™ Thermal cycler (BIO-RAD, USA). Annealing tem-
peratures of SSR markers followed information published at Grain-
genes 2.0 (http://wheat.pw.usda.gov/). Amplicons were separated
either on 3.5%/6% non-denaturing polyacrylamide gel using

Mega-gel apparatus (C.B.S. SCIENTIFIC, USA) or on 1.5% agarose
gel stained with ethidium bromide or as described by Jakobson
et al. [22] and visualized under UV light using the InGenius
imaging system (Syngene, UK).

Genotyping and sequencing
Individual plants of mapping populations were genotyped using a
set of 57 polymorphic markers (Supplementary file 1, Tab. S1).
Since the original mapping population (line 8.1 x Tdhti) was
created as near-isogenic lines (NILs), the markers used were chosen
with a focus on the introgressed regions, only. In addition, markers
for major flowering time genes (VRN1, VRN3 and PPD-Al) were
added. VRN-A1 was mapped with publicly available markers [26]
and with VRN-1A_F4 and VRN-1A_R4 primers developed in this
study (Supplementary file 1, Tab. S2). PPD-A1 and VRN3 were
mapped by genotyping-by-sequencing with markers developed in
this study (Supplementary file 1, Tab. S1 and S2). A subset of
markers specific for introgressions were used to determine the
genomic composition of VMP lines (Supplementary file 1, Tab.
S1). To identify sequence variation of the VRN-A1 gene, a set of 25
primer pairs (Supplementary file 1, Tab. S2) covering the whole
length of the VRN-A1 gene locus (~13,000 bp) and ~ 600 bp of the
promoter sequence were designed and used for amplification in all
three parental lines (cv. Tdhti, cv. Mooni and DH81). VRN-A1
specific primers were designed manually using publicly available
sequences of the VRNI gene for wheat A, B, D genome and A
genome of T. timopheevi (GenBank accession nos. AY747601.1,
AY747604.1, AY747606.1, GQ451751). Additionally, cv. Chinese
Spring chromosome-derived survey sequences were used [27]. All
sequences were aligned using the Geneious 5.6.4 software (http://
www.geneious.com) [28]. The designed primer pairs were consid-
ered specific when at least one primer had two or more genome
specific SNPs/indels in its sequence. Melting temperature was
determined by Primer-BLAST [29]. DNA amplification was carried
out by touchdown PCR: initial denaturation for 15 min at 95°C
followed by 14 cycles at 95°C for 40s, 65°C for 40 s (increment
—0.7°C/per cycle) and 72°C for 2 min. Twenty six more cycles were
performed at 95°C for 40s, 55°C for 40s and 72°C for 2 min.
Amplicons were separated as described above. Before sequencing,
5-20 ng of PCR products were purified in a mixture of 1 U Exonu-
clease 1/0.5 U FastAP™ Thermosensitive Alkaline Phosphatase
(Thermoscientific, USA) in 7 pl of 1x PCR buffer for 20 min at
37°C. Enzymes were inactivated by incubation for 30 min at 95°C.
The sequencing reactions were performed using the BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
USA) and purified using the Agencourt Clean SEQ kit (Beck-
mann Coulter, USA). The reactions were analyzed on the ABI
3730x1 DNA analyzer (Applied Biosystems, USA). The resultant
sequences were trimmed and assembled using Geneious 5.6.4
(http://www.geneious.com) [28]. Assemblies were verified by
alignment with the reference sequence of Triple Ditk D VRN-
Al gene (AY747601.1). Regulatory elements were delimited
according to publicly available sequences [30]. Transposable
elements were identified using the TriAnnot pipeline [31]. Poly-
morphisms in the VRN-AI gene between parental lines of map-
ping populations used (cv. Tédhti, cv. Mooni, and DH81) were
identified by alignment using the Geneious 5.6.4 software
(http://www.geneious.com) [28].
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Phenotyping of developed mapping populations

Phenotyping experiments were performed during three seasons
(2009/2010, 2013 and 2014) in three different locations (Jogeva
and Tallinn — Estonia, and Olomouc - the Czech Republic) in the
field as well as under controlled environmental conditions. Each
phenotype experiment was designed as follows:

Experiment 1: evaluation of the effect of T. militinae
introgressions on flowering time variation in the DH mapping
population (cv. Tahti genetic background)

To confirm the effect of the introgressions on flowering time,
experiments were established in two different environmental
conditions. Experiment 1la: the full mapping population of 314
DH lines was tested in the Czech Republic. Experiment 1b: a
random subset of 113 DH lines was tested in Estonia. Each plant
in the experiments was genotyped using the set of 55 markers
(Supplementary file 1, Tab. S1).

1a. Olomouc, the Czech Republic, season 2013

Seed germination of 314 DH lines was synchronized by soaking the
seeds in tap water for 24 hours at room temperature, followed by
incubation of the seeds on wet filter paper for two days at 4°C and
one day at 25°C in plastic Petri dishes. Four seedlings per line were
planted in jiffy pots (6 cm x 6 cm) and grown in a greenhouse at
20°C under natural light. Seedlings at the stage of three leaves were
transplanted to the field in a randomized manner. Flowering time
(days to emergence of half of the spike on the main stem) of each
individual plant was recorded daily at the same time of a day.
Mean flowering time of individual lines was used for QTL map-
ping.

1b. Jogeva, Estonia, winter 2009/2010

Six seeds per line of 113 DH lines, cv. Tdhti and line 8.1 were
planted directly into the soil in a plastic container (35 cm x 65 cm)
and grown under controlled environmental conditions (16/8
hours day/night, light intensity 168 pEm ?s~!, high pressure
sodium lamps, temperature 20-23°C) in a greenhouse. The day
when at least half of spike of at least half of plants of every line
emerged was considered to be the flowering time.

Experiment 2: assignment of the flowering time variation to
particular introgressions (Olomouc, 2014)

Verification of introgression effect on flowering time was done
using 194 F, plants of VMP1 derived from reciprocal crosses of
lines DH397 and DH81. Seeds were germinated, plants were grown
and flowering time was recorded as described in Experiment 1la.
The presence of T. militinae introgressions was verified by geno-
typing using at least one marker per introgression (Supplementary
file 1, Tab. S1).

Experiment 3: verification of the effect of T. militinae
introgressions on flowering time variation in cv. Mooni genetic
background

F3 plants from cross of DH81 x Mooni (VMP2, 94 lines), developed
in previous experiments (Jakobson and Jdrve, unpublished data),
were employed using F,.3 approach described at Austin and Lee
[32]. F5 plants from the VMP2 lines were screened for flowering
time in two different locations. Experiments 3a and 3b were

performed in Olomouc, the Czech Republic and Tallinn, Estonia,
respectively. Mean flowering time of each line was used to recon-
struct the phenotype of F, lines. A subset of 24 markers (Supple-
mentary file 1, Tab. S1) was used for introgression segments
mapping.

3a. Olomouc, the Czech Republic, season 2014

Ten F; plants from 80 lines of the VMP2 were evaluated for
flowering time in field conditions in Olomouc. Seeds were germi-
nated and grown as described in Experiment la. Flowering time
data of 80 F3 lines was collected. Every individual F; plant was
genotyped for 14 markers (one to five markers for every introgres-
sion (Supplementary file 1, Tab. S1) to confirm identity to the
original F, plant.

3b. Tallinn, Estonia, season 2014

Four F; plants from 94 families of the VMP2 were grown in a room
with controlled environmental conditions at 22-23°C, 16/8 hours
day/night, humidity 50-70%, fluorescent light with intensity
150 uE m~2s~". The seeds were sown directly into 13 cm x 13 cm
cm pots. Plants were not ordered, but grown in a randomized
manner. For each of the F; plants, flowering time was recorded as
described in Exp. 1b.

QTL mapping and statistical analysis

QTL analysis was performed using the statistic software Map
Manager QTX Version b16 [33]. Genetic distances were established
using the Kosambi mapping function. The threshold value for
Likelihood ratio statistic (LRS) for suggestive (P < 0.05), significant
(P < 0.001) and highly significant (P < 0.0001) loci was calculated
for each experiment using permutation test at 1000 iterations.
Single marker regression was used to associate phenotype with
marker in each experiment. The position of detected QTLs was
determined using simple interval mapping. The confidence inter-
val was established by bootstrap analysis with 1000 iterations
using the same software. Statistical significance was determined
using single factor analysis of variance (ANOVA).

Results

Identification of QTLs controlling flowering time

Using gene-specific primers (Supplementary file 1, Tab. S2) and
genotyping-by-sequencing, VRN-AI1, VRN3 and PPD-Al1 genes
were mapped within the T. militinae introgressions in line 8.1.
VRN-A1 was located 16.2 cM distal to Xcfd30 and 26 cM proximal to
Xpsp3001 on chromosome 5A (Fig. 1). VRN3 was positioned 8.8 cm
distal to Xwmc283 on chromosome 7A. PPD-AI was mapped in
close proximity to Xgwm?71.1 loci (4.1 cM distant) on chromosome
2A (data not shown). In total, 314 and 113 DH lines generated
from the progeny of the cross between line 8.1 and cv. Tahti were
screened for flowering time in Olomouc (Experiment la) and
Jogeva (Experiment 1b). The core population analyzed in Jogeva
was included in the population tested in Olomouc. A moderate
phenotypic correlation (r=0.46, P <0.001) between the two
experiments was observed. Flowering time of line 8.1 and cv. Tahti
differed by 3.5 days (89.3 versus 92.8) in Olomouc and by 5 days in
Jogeva (72 versus 77 days). In both experiments, line 8.1 flowered
later than cv. Tahti. Flowering time of individual plants in map-
ping populations ranged from 81 to 98 and from 65 to 87 days in
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FIGURE 1

Location of the flowering time QTL on chromosome 5A. Simple interval mapping analyses of the DH mapping population based on heading time data from
Experiment 1a (introgression line 8.1 x cv. Téhti, Olomouc, solid line) and Experiment 1b (introgression line 8.1 x cv. Téhti, J6geva, dashed line) localised the
flowering time QTL in the region between markers Xbarc151 and Xcfa2155, with the peak at the Xgwmé666/VRN-AT locus. The suggestive threshold line (likelihood
ratio statistic LRS: 4.7/4.4), the significant threshold line (LRS: 10.4/10.4) and highly significant threshold line (LRS: 20.5/19.1) are displayed for Experiments 1a/1b,
respectively. Threshold values are shown on the left (Experiment 1a) and on the right side (Experiment 1b) of the graph. The threshold lines of respective QTL lines
are marked with the same colour. The distance in cM between markers is shown on x axis.

Experiment 1a and Experiment 1b, respectively (Table 1). Marker the number of significant QTLs and flowering time suggested
regression analysis showed that at least 29 markers were associated additional environmental and genetic influences in Experiments
with phenotypic variation on a suggestive level in at least one la and 1b, which necessitated further verification.

experiment (Supplementary file 1, Tab. S3). Significant QTLs were

identified on five chromosomes: 1A, 2A, 4A, 5A and 7A; however, Confirmation of flowering time difference using verification
highly significant loci responsible for variation in at least one  mapping populations (VMPs)

experiment were determined only on chromosomes 5A and 7A. Quantitative trait loci responsible for phenotypic variance in the
The QTL localised on 7A, delimited by the Xbarc70-Xpsp3050 primary mapping population often do not operate in the same
markers and peaking at Xwmc283 was associated with VRN3 manner in a different genetic background [36]. To verify loci
[34,35] and was significant only in Olomouc (Supplementary file identified in previous experiments, VMP1 and VMP2 were created
1, Tab. S3). The QTL localised on 5A detected in both experiments and used. A difference of 6.5 days (P < 0.001) was identified
was delimited by the Xbarc151-Xcfa2155 markers and overlapped between the parental lines of VMP1 (DH397 x DH81) in Experi-
with the VRN-A1 gene locus (Fig. 1). The T. militinae allele of the ment 2 (Tab. 1). Marker regression analysis showed highly signifi-
VRN-A1 gene accounted for 1.9 and 5.8 days delay in flowering cant contribution of the VRN-AI locus on chromosome S5A
time in Experiment 1a and 1b, respectively. Large differences in (Supplementary file 1, Tab. S4) to flowering time variation.

TABLE 1

Statistical analysis of phenotyping data.Phenotyping experiments were performed under controlled environmental conditions
(greenhouse; 1b, 3b), or in field conditions (1a, 2, 3a). The experiment 1 was conducted on the DH mapping population generated from
the cross between the introgression line 8.1 and cv. Téhti; the experiment 2 was performed on VMP1 population (DH397 x DH81) and
experiment 3 was performed on VMP2 population (Mooni x DH81). Data are given for all lines of the mapping populations. FT - mean
heading time in days. MIN - minimum value; MAX - maximum value; SD - standard deviation, VRN1-A1f-like contribution - contribution of
the VRN1-A1f-like allele to the phenotype variation, FT difference between parental lines. Note that in all experiments the T. militinae
allele caused a delay in flowering time. All parameters are in days.

Experiment Parental Background Location Greenhouse/ FT MIN MAX sD VRN1-A1f-like FT difference
lines field contribution between parents

1a 8.1/Tahti Tahti o f 90 81 98 3 +1.9 +3.5

1b 8.1/Téhti Tahti J [o] 76 65 87 5 +5.8 +5.5

2 DH397/DH81 Tahti o f 86 82 94 2 +1.7 +6.5

3a DH81/Mooni Mooni o f 84 78 90 2 +33 +9.8

3b DH81/Mooni Mooni T g 66 52 89 9 +18.6 +29.9

g-greenhouse; f - field; O — Olomouc; T - Tallinn; J - Jégeva
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The locus was delimited by markers Xgwm639-Xcfd2155 (Supple-
mentary file 2, Fig. $1) and responsible for 9% of the trait variation.
The effect of replacing the Tdhti allele with the T. militinae allele in
the VRN-A1 locus was almost the same as in Experiment la. The
phenotypic analysis of the parental genotypes of VMP2
(DH81 x cv. Mooni) revealed an approximately 10 days and 30
days difference in flowering time in Experiment 3a and Experi-
ment 3b, respectively (Tab.1). A moderate phenotypic correlation
(r=0.63, P < 0.001) was detected between these two experiments.
Flowering time analysis of the F3; generation was used for recon-
struction of the F, phenotype followed by QTL analysis. The
analysis identified the same loci for both experimental locations
(Supplementary file 1, Tab. S5; Supplementary file 2, Fig. S5). The
QTL with highest significance was located on chromosome 5A in
the region delimited by markers Xgwm666-Xgwm982, with the
peakin the position of the VRN-A1 gene (Supplementary file 2, Fig.
S2). The VRN-A1 locus was responsible for 38% and 70% of flower-
ing time variation in Experiment 3a and Experiment 3b, respec-
tively (Supplementary file 1, Tab. S5; Supplementary file 2, Fig. S5).
In different locations, the T. militinae VRN-A1 allele caused a
significant delay in flowering time in both backgrounds. However,
the trait variance in tested populations was highly affected by
growth conditions (greenhouse/field), and to a lesser extent, by
the background of the VRN-AT allele.

Sequence analysis of VRN-A1 alleles

QTL analyses of the DH mapping population as well as VMPs
indicated that different VRN-A1 alleles were responsible for the
major part of flowering time variation, and therefore the variabili-
ty of the gene sequence in the parental lines (cv. Tahti, DH81 and
cv. Mooni) was examined. The gene was amplified using 25 primer
pairs (Supplementary file 1, Tab. S2) that cover the whole length of
the VRN-A1 gene (~13,000 bp), including approximately 600 bp of
the promoter sequence. Comparison of the obtained sequences
with the sequence of VRN-AI allele of the Triple Drk D (TDD)
(GenBank accession no. AY747601.1), which was taken as refer-
ence, confirmed the completeness of the gene sequences. The

sequences of VRN-A1 alleles (cv. Mooni, cv. Tahti and DH81) have
been deposited in the NCBI database (as KT696535, KT696536,
KT696537, respectively) and contain the whole gene sequence,
including the 340 bp and 625 bp segments of the promoter region
in line DH81 and cvs. Téhti and Mooni, respectively, and a 276 bp
segment downstream of the stop codon. The acquired sequences
were aligned with the sequence of TDD and three types of muta-
tions were identified which could be classified as small indels (1-
10 bp), large indels (>10 bp), and SNPs. The promoter region of the
T. militinae VRN-A1 gene (from line DH81) was highly similar to
the previously published VRN-AIf promoter (GQ451751) from
Triticum timopheevii [37]. Only one 1 bp indel difference was iden-
tified (Supplementary file 2, Fig. S3) between these sequences in
the HDD region as defined in [19] and hence the T. militinae VRN1
allele from line DH81 was named VRN-AlIf-like. No sequence
variation in the VRN-A1 locus was identified between the wheat
cultivars Tahti and Mooni and they differ from TDD only by two
single-base indels in the first intron and one SNP in intron 2
(Supplementary file 2, Fig. S4). On the other hand, VRN-AIf-like
showed 38 SNPs, 6 small indels and 3 large indels as compared to
TDD. In the promoter region, 5 SNPs were identified accompanied
by a small (8 bp) deletion in the position —128 bp, and a large
(50 bp) deletion in the position —63 bp, both from the start codon,
compared to TDD (Fig. 2; Supplementary file 2, Fig. S3). In contrast
to TDD, the Spring foldback transposable element (SFE) insertion
[19] is absent in the T. militinae VRN-A1f-like allele (Fig. 2; Supple-
mentary file 2, Fig. S3). None of these mutations is present in the
known regulatory regions (CArG box, TATA box) of the VRN-A1
alleles.

A majority of remaining mutations were identified in the first
intron. The mutations included 24 SNPs, 2 small indels, a large
deletion (2753 bp) and a large insertion (433 bp) of the miniature
inverted-repeats transposable element (MITE) (Fig. 3; Supplemen-
tary file 2, Fig. S4). The newly identified MITE consisted of 424 bp
including 53 bp inverted repeats at the ends and 9 bp host dupli-
cation (TAAAAAATA). The sequence was found to be 98% identical
to DXX-MITE_3bSeqlt2-B-G2821-Map7. Six insertions of MITE

Spring foldback element

CArG box ATG

[ )

[ Y

[ I,

] Tiple Dirk D

I Twhi

I Mooni

-113  -62
v

A
-430

DH 81

20 s |

—
-203  -136-127

FIGURE 2

Comparison of the variation in VRN-A1 promoter region among parental lines. Sequencing the promoter region in parental lines of mapping populations showed
sequence variation of T. militinae VRN-A1f-like allele from DH81 line in comparison with reference sequence of VRN-ATa promotor of Triple dirk D (GenBank accession
no. AY747601.1). The differences comprised the absence of Spring fold element (SFE) insertion and two deletions (8 bp and 50 bp) located downstream of the CArG
box. The exact position of indels is marked by white triangles and numbers represent flanking bases counted upstream from the START codon. Light grey boxes
represent deletions, and the box with diagonal stripes represents the insertion of SFE. For sequence details see alignment (Supplementary file 2, Fig S3).
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EXON 1 INTRON 1 o , VMITE,  retrotr sukkula EXON 2 EXON 7 EXON 8
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FIGURE 3

Comparison of the variation in VRN-AT allele among parental lines. Sequencing the VRN-AT gene from parental lines of mapping populations, and comparisons
with the reference sequence of the VRN-ATa gene of Triple dirk D (AY747601.1) revealed insertion of MITE transposon (424 bp) with (9 bp) host duplication and
large deletion (2753 bp) within the first intron of the VRN-AT1f-like allele from DH81 line. Moreover, two synonymous SNPs were found in exon 7 and exon 8. The
positions of indels are marked by white inverted triangles. Light grey box represents deletion; black boxes represent exons; the box with diagonal stripes

represents MITE insertion and white boxes represent known retroelement insertions. Dashed vertical line shows single nucleotide substitution in exons only.

were identified on wheat chromosome 3B using the TRIANNOT
pipeline [31]. In all six cases, the host duplications resemble TATA-
box sequence. The identified MITE is homologous to four
sequences in barley deposited at NCBI (www.ncbi.nlm.nih.gov)
where it has been detected in close proximity to or directly
associated with genes (either promoters or introns, data not
shown).

In addition, six and one SNPs were identified in introns 2 and 4,
respectively. In introns 4 and 8, the remaining 2 and 1 small indels
were found, respectively. Of all the exons, only exons 7 and 8 had
one SNP each. The SNP in exon 7 causes no amino acid change.
The SNP in exon 8 causes a neutral amino acid substitution
(AAC—AGC; ASN—SER; Fig. 3; Supplementary file 2, Fig. S4).
Besides sequence polymorphisms, differences in amplicon size
can be used as markers. Ten of the 25 primer pairs can be used
as markers without sequencing (Supplementary file 1, Tab. S2).
Three of them (VRN1AF/VRN_R1_2a, VRN1A_F3/R3 and F4/R4)
are codominant markers showing size difference between the VRN-
Ala and VRN-Alf-like alleles. Another five markers (VRN1_F2a/R2,
F6/R6, F7/R7, F8/R8, and F9/R9a) are dominant for cvs. Tahti and
Mooni, and two (VRN1_F2/R2 and F6/R9a) are dominant for T.
militinae. The VRNI1A_primer pairs F3/R3 and F4/R4 detect a
433 bp size variation caused by insertion of the MITE to the first
intron of the VRN-A1f-like allele. VRN1 markers _F2a/R2 and F2/R2
detect the presence/absence of the 50 bp deletion in the promoter
of the VRN-A1f-like allele. The remaining dominant markers detect
the 2753 bp deletion in the first intron of the VRN-AIf-like allele
(Supplementary file 1, Tab. S2).

Discussion

Allelic variation of vernalization (VRN) and photoperiod (PPD)
genes is considered to be the main source of flowering time
plasticity which enables wheat to grow and successfully flower
at different altitudes and latitudes. The variability in flowering
time is of high economic importance as it affects wheat reproduc-
tive success and in elite breeding material strongly affects yield
components. Variability in the VRN and PPD genes can be defined
either as copy number variation [38,39] or mutations in coding

regions, promoters, or regulatory elements [19,20]. Extensive
studies in cultivated and wild wheats were performed to charac-
terize mutations in the promoter region or the first intron of the
VRN1 gene and to identify new VRNI alleles [13,19,30,37,40].
Moreover, the contribution of VRNI homoeologous alleles in
hexaploid wheat and their effect on vigor and yield components
has been estimated.

Tetraploid spring wheat T. militinae belongs to the Timopheevi
group of wheat originating from a hybridization event separate
from emmer wheats [41]. T. militinae is a promising source of new
alleles useful in breeding [24], including new functional alleles of
genes affecting flowering time. Diagnostic markers specific for
these alleles are a valuable addition to the toolkit available for
optimizing flowering time. Here we report interspecific introgres-
sion of T. militinae alleles of vernalization genes VRN1, VRN3 and
possibly VRN2, as well as the photoperiod-related gene PPD1, into
the genome of spring wheat cv. Tahti (line 8.1). Using gene-
specific primers and genotyping-by-sequencing, VRN-A1, VRN-
A3 and PPD-A1 genes were mapped in the line 8.1 within the
regions of T. militinae introgressions on chromosomes 5A, 7A and
2A, respectively. Furthermore, in at least one experiment, QTL
analysis detected significant QTLs in the regions of these genes,
indicating that the T. militinae alleles of VRN-A1, VRN3, PPD-A1,
and possibly also VRN-A2 may affect flowering time in T. aestivum.

Flowering time QTL analysis identified several minor QTLs at a
significant level. A highly significant major QTL was identified in
the locus of VRN-A1 gene on chromosome SA. The effect of the
major QTL was confirmed in two additional mapping populations
and, depending on genetic background and environmental con-
ditions, it explained 5-70% of phenotype variability (Fig. 1, Sup-
plementary file 1, Tab. S3-5). The T. militinae VRN-A1 allele was
designated VRN-A1f-like as its promoter region resembles the VRN-
Alf allele from T. timopheevii [37]. The replacement of the Tdhti
VRN-A1 allele with the VRN-AIf-like allele in the DH mapping
population delayed flowering time by 5.8 and 1.9 days under
controlled and field conditions, respectively. A similar effect
was observed during subsequent verification of the effect (Experi-
ment 2), where sister doubled haploid introgression lines DH81
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and DH397 (VMP1) differed in flowering time by 6.5 days
(P <0.001) (Tab. 1). Line DH81 carries the VRN-AlIf-like allele
while DH397 does not, and the allele contributed to flowering
time delay by 1.7 days (Tab. 1; Supplementary file 1, Tab. S4).
Replacement of the allele in cv. Mooni caused an 18.6 and a 3.3 day
flowering time delay under controlled and field conditions, re-
spectively. Thus, the VRN-Alf-like allele can cause a delay of
approximately 3 days in flowering time in field conditions. The
approximately 3-6 fold increase in flowering time delay in con-
trolled environmental conditions as compared to the field condi-
tions could be explained by the effect of lower light quality and
quantity, and/or limited root space. The controlled environmental
conditions also caused slight alteration from normal distribution
of flowering time within lines of mapping populations as com-
pared to field conditions (Supplementary file 2, Fig. S5). Significant
alteration of phenotype between field and greenhouse conditions
has been described before, but the causes of this phenomenon
remain largely unknown [42-44].

Nevertheless, a stable difference in flowering time due to the
VRN-A1 allele in spring wheat cultivars was not described before.
The fact that no recombination suppression in the VRN-Alf-like
locus was observed and that the VRN-Alf-like allele provides
difference in flowering time in different genetic backgrounds of
spring wheat, could be used as additional source of flowering time
variation in breeding with negligible linkage drag. Such pheno-
typic variability is often associated with alteration in gene se-
quence, which facilitates development of markers tightly linked
with to the trait and suitable for marker assisted selection.

To identify the possible causes of phenotypic variation on DNA
sequence level, VRN-A1 genes of T. militinae (in DH81), cv. Tahti
and Mooni were sequenced. The promoter region of T. militinae
VRN-Alf-like allele was found almost identical to the previously
described VRN-AIf allele from T. timopheevii [37]. The only differ-
ence between the two sequences was one 1 bp indel in the HDD
region of the VRN-AI promoter (Supplementary file 2, Fig. S3).
However, the incomplete sequence of the VRN-AIf allele did not
permit precise sequence comparison to confirm that these two
alleles were the same. Comparison of the VRN-A1 promoter region
from spring wheat cvs. Mooni and Tahti using TDD as a reference
revealed that cvs. Tahti and Mooni carry a VRN-Ala promoter
region identical to that of the reference sequence. The T. militinae
VRN-Alf-like allele differed mainly by three indels, one small and
two large (Fig. 2). The main difference in the VRN-AIf-like allele
was an absence of a Spring foldback element (SFE) insertion, which
was observed in the promoter of VRN-A1a in spring wheat cultivars
[19]. The element was also not found in the VRN-A1b-VRN-Alh
alleles of hexaploid wheat [19,37]. A similar situation was also
observed in related species T. monococcum, T. boeticum, and T.
urartu [13] and T. dicoccoides [21]. In the VRN-Ala allele, the SFE
insertion is often accompanied by promoter duplication [19].
Additionally, duplication of the whole VRN1I gene causing a delay
in flowering has been reported [30,39], however, no obvious
duplication in the VRN-AIf-like allele was observed in the present
study. The second large indel was a 50 bp deletion close to the start
codon (Fig. 2). The deletion was reported only in the promoter of
the VRN-Alfallele [37]. The small indel of 8 bp found between this
deletion and the CArG-box (Fig. 2, Supplementary file 2, Fig. S3)
is more frequent and common for the promoters of the VRN-AIf,

& h, VRN-Bla and VRN-G1a alleles [37]. On the basis of currently
available data, it seems that the 50 bp deletion is only found in T.
timopheevii group.

Comparison of the VRN-A1 exon and intron regions from
spring wheat cvs. Mooni and Tédhti to TDD as the reference
revealed that cvs. Tdahti and Mooni are highly similar to the
reference and the only differences in intronic regions involved
two single base indels and one SNP. These mutations are outside
the known regulatory regions and probably have no effect on the
VRN-Ala gene expression. The VRN-AIf-like sequence differs from
cvs. Mooni, Téahti, and TDD more significantly. The majority of
the variability comprising 24 SNPs, 2 small indels, one large
deletion (2753 bp) and one large insertion (433 bp) located in
the first intron. This observation is not surprising since the first
intron represents 64.4% of the gene. Only two SNPs were found in
exon sequence: one causing no amino acid change and one
causing a neutral amino acid change. The major mutation of
the first intron comprised a 2753 bp deletion (Fig. 3, Supplemen-
tary file 2, Fig. S4). The second large indel was insertion of a MITE
transposon in 5’ direction from the deletion (Fig. 3, Supplemen-
tary file 2, Fig. S4). The MITE has not been described before,
however its homologue (98% identical) was identified on wheat
chromosome 3B and designated as DXX-MITE_3bSeqlt2-B-
G2821-Map7 [45]. The insertion of a repetitive element close to
the 5" end of the first intron was described in the VRN-D1a allele
[46]. However, the effect of such an insertion on gene expression
is unknown and requires further examination.

Despite the fact that the introgression line 8.1 flowered later
than cvs. Tdhti and Mooni in all experiments, not all T. militinae
alleles in the detected QTLs increased flowering time. While the
VRN-Alf-like allele as well as (to a lesser extent) the T. militinae
allele of VRN3 delayed flowering in the common wheat back-
ground, the T. militinae alleles of PPD-A1 as well as the significant
QTLs flanking the major QTL of VRN-A1 on chromosome S5A
(Fig. 1), showed an opposite effect, accelerating flowering by 1-2
days each (Supplementary file 1, Tab. S3). However, the minor
QTLs accelerating flowering were only detected in the DH popu-
lation. Further investigations involving larger populations and/or
other genetic backgrounds are needed to prove these QTLs which,
if verified, could find application in wheat breeding.

Conclusions

QTL analysis of a doubled haploid mapping population led to the
identification of five loci originating from T. militinae and affecting
flowering time variation. The QTL with the most significant effect
was located on chromosome 5A in the region of VRN-AI gene.
Sequence analysis of the T. militinae VRN-A1 allele (designated as
VRN-A1f-like) revealed significant variation in the promoter and
regulatory regions of the first intron. Moreover, a new insertion of
a transposable element MITE to the first intron was identified. The
phenotypic effect of the allele was tested and verified in two elite
spring cultivars of bread wheat, and in both backgrounds, the
VRN-A1f-like allele significantly delayed flowering. Moreover, sig-
nificant variation in flowering time of spring cultivars caused by
VRN-A1 allele has not been reported before. This new finding
opens additional way to manipulate flowering time and breed
cultivars better adapted to specific environmental niches. Identi-
fication of the novel VRN-AIf-like allele with the MITE insertion
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will allow future studies to quantify its effect on fine tuning of the
flowering time. The specific set of eleven PCR markers developed
here for the VRN-Alf-like allele will enable its tracking in future
studies and broadens the toolkit of diagnostic molecular assays
available for VRNTI alleles in temperate cereal species. Characteri-
zation of the variation in flowering time loci together with im-
proved knowledge of molecular mechanisms controlling
flowering time will facilitate breeding improved varieties better
adapted to changing environmental conditions and human needs.
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Abstract

A segment of Triticum militinae chromosome 7G harbors a gene(s) conferring powdery mildew resistance which is effective
at both the seedling and the adult plant stages when transferred into bread wheat (7. aestivum). The introgressed segment
replaces a piece of wheat chromosome arm 4AL. An analysis of segregating materials generated to positionally clone the
gene highlighted that in a plant heterozygous for the introgression segment, only limited recombination occurs between
the introgressed region and bread wheat 4A. Nevertheless, 75 genetic markers were successfully placed within the region,
thereby confining the gene to a 0.012 ¢cM window along the 4AL arm. In a background lacking the Ph/ locus, the localized
rate of recombination was raised 33-fold, enabling the reduction in the length of the region containing the resistance gene
to a 480 kbp stretch harboring 12 predicted genes. The substituted segment in the reference sequence of bread wheat cv.
Chinese Spring is longer (640 kbp) and harbors 16 genes. A comparison of the segments’ sequences revealed a high degree
of divergence with respect to both their gene content and nucleotide sequence. Of the 12 T. militinae genes, only four have a
homolog in cv. Chinese Spring. Possible candidate genes for the resistance have been identified based on function predicted
from their sequence.

Introduction

Disease imposes an important constraint on crop produc-
Communicated by Hermann Buerstmayr. tivity and is most effectively and sustainably managed by
breeding cultivars harboring genetic resistance. The ability
of many pathogens to overcome host resistance means that
the discovery of additional sources of resistance is a must
for any crop improvement program. Since the gene pool of
>4 Miroslav Valdrik bread wheat (Triticum aestivum) has been so extensively nar-
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A number of introgressed genes conferring resistance to a
fungal pathogen have been successfully isolated in hexaploid
wheat: these currently comprise two conferring resistance
to Puccinia triticina (Huang et al. 2003; Thind et al. 2017),
five to P. graminis (Mago et al. 2015; Periyannan et al. 2013;
Saintenac et al. 2013; Steuernagel et al. 2016) and one to
Blumeria graminis (Hurni et al. 2013). B. graminis (com-
monly referred to as powdery mildew) epiphytotics can
induce significant yield losses (Conner et al. 2003; Leath
and Bowen 1989). A number of major resistance genes (Pm
genes) have been identified (www.wheat.pw.usda.gov/cgi-
bin/GG3/browse.cgi’class=gene); as most of these confer
race-specific resistance, they are prone to being overcome by
the rapidly evolving pathogen. Often durable form of resist-
ance, referred to as adult plant resistance (APR), is typically
conditioned by multiple genes, each conferring a small, but
cumulative effect. As a result, uncovering its genetic basis
normally requires quantitative trait locus (QTL) analysis. A
meta-analysis (Lillemo and Lu 2015) has revealed that such
genes are dispersed over 24 QTL-harboring regions, located
on 18 of the 21 wheat chromosomes.

The tetraploid bread wheat relative 7. militinae (genome
formula A'G) is generally considered to be a spontaneous
mutant of 7. timopheevii (Dorofeyev et al. 1976), although it
has also been suggested to have arisen from an introgressive
hybridization between T. timopheevii and the BA" tetraploid
T. carthlicum (Jérve et al. 2002). Derivatives of a wide cross
between the bread wheat cultivar (cv.) Téhti (genome for-
mula BA"D) and T. militinae include a selection (line 8.1)
which harbors 7. militinae segments incorporated within
chromosomes 1A, 1B, 2A, 4A, 5A, 5B and 7A (Jakobson
et al. 2006). Among other traits introduced from 7. mili-
tinae, line 8.1 exhibits a marked improvement in the level
of powdery mildew resistance expressed at both the seedling
and adult plant stages. According to a QTL analysis, the
genetic basis of this resistance is dominated (respectively,
33% and 54% of the variance shown by seedlings and adult
plants) by a genes within a segment located near the distal
end of chromosome arm 4AL, referred to as QPm.tut-4A
(Jakobson et al. 2006). When present in a cv. Téhti back-
ground, the resistance decreases the number of secondary
haustoria formed by the pathogen and enhances host cell
apoptosis (Islamov et al. 2015). The gene (or genes) pre-
sent within QPm.tut-4A, which acts in a race non-specific
manner (Jakobson et al. 2012), is located in 7. militinae
itself on chromosome 7G (Abrouk et al. 2017). In a hybrid
between wild-type bread wheat and the introgression line,
little recombination occurs between the 7. militinae seg-
ment and the segment of chromosome 4AL which has been
replaced in line 8.1. However, it has been possible to define
the genetic length and position of the segment to a 2.5 cM
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interval (Jakobson et al. 2012). Here, the focus was to iso-
late the gene(s) which determine the QPm.tut-4A resistance.
By deploying a range of genetic and genomic strategies, it
has proved possible to identify a small number of candi-
date genes and to characterize and contrast the sequences
which originated from chromosome 7G with those which
they replaced on 4A.

Materials and methods
Plant materials and mapping populations

The Jakobson et al. (2012) mapping population comprised
98 F, progeny bred from the cross cv. Chinese Spring (CS)
X line 8.1; this was extended for the purpose of increas-
ing the level of resolution by self-pollinating F, individuals
which were heterozygous for QPm.tut-4A through to the Fs.
In addition, a second mapping population (hereafter referred
to as the “phl population”) was created by crossing the CS
phlb mutant (Sears 1977) with T312.30.38.16, a derivative
of introgressive line 8.1 in which the only 7. militinae seg-
ment present was the one harboring QPm.tut-4A. In order
to derive a parental plant which was both homozygous for
the phlb allele and heterozygous for the segment harboring
QPm.tut-4A, the resulting F| hybrid was back-crossed to the
phlb mutant. Marker-assisted selected BC,F, individuals
were then allowed to self-pollinate. Selection for the phlb
allele was performed using a multiplex PCR assay involving
the markers AWJL3, PSR128, PSR2120 and PSR574 (Rob-
erts et al. 1999), while the QPm.tut-4A harboring segment
was marked by owm?76 and owm96. The subsequent genera-
tions (BC,F; and further) were not employed for this study
due to their low viability and fertility presumably caused
by extensive chromosomal rearrangements associated with
the action of phl. Doubled haploid line DH397 containing
the T. militinae resistance locus only on 4AL was derived
from cross Tzhti X 8.1 (Jakobson et al. 2012). A bacterial
artificial chromosome (BAC) library was constructed from
the DNA of 4AL telosomic chromosome flow sorted from
4AL ditelosomic line carrying the 4A T. militinae introgres-
sion (Jakobson et al. 2012). Grain of the CS aneuploid stocks
nullisomic 4A-tetrasomic 4B and nullisomic 4A-tetrasomic
4D, required to validate the chromosome specificity of
newly developed markers, was provided by the National
BioResource Centre (Kyoto, Japan). A doubled haploid
line (DH81) carrying the same T. militinae translocations
which determined the powdery mildew resistance as line 8.1
(Jakobson et al. 2012) served as a further control. Finally,
the bread wheat cv. Kanzler was used a susceptible host in
experiments involving powdery mildew inoculations.
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Phenotyping for powdery mildew resistance

Seedling resistance to powdery mildew was scored using
an assay based on detached first seedling leaves of 10-day-
old plants. Each leaf was cut into four segments, each of
which was then laid in a Petri dish containing 0.6% agar
supplemented with 0.35% w/v benzimidazol. The leaf seg-
ments were inoculated with four different isolates (2.1, 9.8,
13 and 14), as described by Jakobson et al. (2012). The Petri
dishes were held at 17.5°C, and the response was evalu-
ated after 10 days using the 0-9 scale devised by Lutz et al.
(1992). For each self-pollinated recombinant line selected
from F,-derived F;_s families, up to 30 progeny homozygous
in the QPm.tut-4A region were phenotyped. The resistance
status of each recombinant line was verified by comparing
its progeny scores with scores of 12—16 progeny of homozy-
gous nonrecombinant sister line selected from the same
self-pollination.

The development of markers used for high-density
genetic mapping

The informativeness of a potential marker was first
assessed via an in silico inspection of the chromosome-
specific survey sequences of 4AL-7G (Abrouk et al. 2017)
and the chromosome survey sequences (CSS) of 4ALSS
generated by IWGSC (2014). The choice of sequences
was governed by the need to saturate the genetic map of
the QPm.tut-4A region, so it was based on a virtual gene
order of the chromosome 4A represented by GenomeZip-
pers (Abrouk et al. 2017, Hernandez et al. 2012). 4AL
CSS scaffolds obtained from the GenomeZipper delim-
ited by the markers flanking the QPm.tut-4A segment
were aligned with 4AL-7G sequence scaffolds using the
BlastN algorithm (Altschul et al. 1990). Only low-copy
sequences associated with a nucleotide identity of >95%
were considered for marker development, and those con-
taining short indels were preferred. Where no indel was
identifiable, markers were based on single-nucleotide
polymorphisms using the cleaved amplified polymorphic
sequence approach (Michaels and Amasino 1999). PCR
primers were designed using Primer3 software (Untergas-
ser et al. 2012). To ensure specificity for 4AL, given the
presence of homoeologous sequence on 7AS and 7DS,
primers were positioned to ensure the presence of a variant
nucleotide close to 3’ end in the homoeologous sequences.
Finally, the specificity of the putative amplicons was veri-
fied by a BlastN search against the whole wheat genome
CSS (IWGSC 2014). A second marker discovery strat-
egy profited from a BAC library-based, established CS
4AL-specific physical map (IWGSC 2018, URGI; urgi.
versailles.inra.fr/). BAC clones making up the set of con-
tigs which covered the QPm.tut-4A region were selected

from the minimal tiling path and sequenced. Subsequently,
sequence scaffolds positioned at the target location were
employed for marker development based on the first strat-
egy. A final strategy designed to extend the saturated por-
tion of the QPm.tut-4A region beyond what was achievable
using the first two strategies was based on the sequence of
the T. dicoccoides 7AS region (Avni et al. 2017) and on
the CS reference sequence WGA v0.4 (www.wheatgenom
e.org); this also was informative for identifying additional
4ALSS scaffolds for targeted marker development. All
primer pairs were tested on a template of CS, DHS81, a
CS/line 8.1 derivative heterozygous for QPm.tut-4A, nul-
lisomic 4A-tetrasomic 4B and nullisomic 4A-tetrasomic
4D and DNA from flow-sorted chromosome arms 4AL®S
and 4AL-7G amplified according to Simkova et al. (2008).
The methods used for PCR amplification and electropho-
retic separation are given in the following section, and the
primer sequences and associated information are summa-
rized in Table S1. Where the physical position of a marker
was uncertain, it was determined by screening 62 three-
dimensional pools prepared from the minimal tiling path
of the CS 4AL-specific physical map.

Genetic mapping

DNA was extracted using Agencourt® Genfind® v2 mag-
netic beads (Beckman Coulter Life Sciences, Indianapolis,
IN, USA) on a Beckman Coulter® Biomek® NX® work-
station, as described by Ivanicova et al. (2016). Markers
owm82 and Xgwml160 (Roder et al. 1998) were used to
select lines in which a recombination event had occurred
in the region of the introgression segment in the map-
ping populations. The full set of markers was applied to
genotype those arising from the CS X line 8.1 population,
while a subset of 19 selected markers was applied to those
arising from the phl population. Each 15 pL PCR con-
tained 0.01% (w/v) o-cresolsulphonephtalein, 1.5% (w/v)
sucrose, 0.2 mM of each dNTP, 0.6 U Taq DNA polymer-
ase, 1 uM of each primer, 10 mM Tris-HCl, 50 mM KCl,
1.5 mM MgCl, and 0.1% (v/v) Triton X-100. The template
comprised either 10-20 ng genomic DNA or 5 ng DNA
amplified from 4ALS or 4AL-7G. The reaction conditions
consisted of an initial denaturation step of 95 °C/5 min,
followed by 40 cycles of 95 °C/30 s, an optimized anneal-
ing temperature (Table S1) for 30 s and 72 °C for 30 s
per 500 bp amplicon length; the reactions were completed
with an elongation step of 72 °C/5 min. Cleaved ampli-
fied polymorphic sequence assays were completed with a
digestion using the appropriate restriction endonuclease.
The amplicons were electrophoretically separated through
4% non-denaturing polyacrylamide gels and visualized by
ethidium bromide staining.
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Construction of the physical map

Sequence scaffolds taken from IWGSC RefSeq v1.0
(IWGSC 2018) were used to span the genomic region
of CS 4AL replaced by the QPm.tut-4A segment in line
8.1. To obtain the corresponding sequence from 7. mili-
tinae, a chromosome walking approach was initiated.
A chromosome-specific BAC library designated TaaP-
mt4ALhA (www.olomouc.ueb.cas.cz/dna-libraries/cere-
als) was constructed from flow-sorted 4AL-7G chro-
mosome arms according to the Simkova et al. (2011)
protocol. BAC library plate pools were generated by mix-
ing 40 pL of the bacterial culture from each well of a
given plate, centrifuging (10 min at 2700 g), suspending
the precipitate in 0.5 mL TE and boiling for 30 min. The
suspension was then re-centrifuged (60 min at 2700 g),
and a 450-pL aliquot of the supernatant was diluted 100-
fold. The subsequent PCRs used as template a 1.5-uL
aliquot of the diluted plate pool DNA. The plate pools
were screened with the markers owm169 and owm228,
together with other codominant markers located within
the CS 4AL segment replaced by QPm.tut-4A (owm156,
owml36, owm221, owm209, owm227, owm236, owml39
and owm235). Row and column pools of positive plates
were prepared and used in the same way as plate pools.
Selected BAC clones were sequenced on a MiSeq instru-
ment (Illumina Inc., San Diego, CA, USA) using a Nextera
DNA Library Prep Kit (Illumina) according to the manu-
facturer’s protocol. Paired-end reads were assembled by
Ray software (Boisvert et al. 2010). Insertion site-based
polymorphism or site-specific presence/absence variation
markers were developed from the ends of sequenced BAC
clones and used for a further round of BAC library screen-
ing. The procedure was iterated until the physical map had
been assembled.

The identification and sequence analysis
of candidate genes

The gene content along the QPm.tut-4A segment on 4AL-
7G was annotated using the TriAnnot pipeline (Leroy
et al. 2011, wwwé.inra.fr/decodage/TriAnnot). Predicted
genes were subjected to a BlastP search against the set of
non-redundant protein sequences (www.ncbi.nlm.nih.gov/
BLAST), and conserved domains of putative proteins were
annotated using the NCBI Conserved Domain Database
(Marchler-Bauer et al. 2017) and the MOTIF search tool
(www.genome.jp/tools/motif/) based on the Pfam database
(Finn et al. 2016). Searches for homologs and the compari-
son of candidate gene sequences were based on the BlastN
algorithm, applying a threshold of 90% identity and 60%
coverage.
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Reverse transcription PCR

Segments of the first leaf of 10-day-old seedlings of the dou-
bled haploid line DH397 and line T312.30.38.16 were col-
lected 0-, 24- and 48-h post-inoculation with powdery mil-
dew and snap frozen in liquid nitrogen. Leaf segments from
three independent inoculations were bulked for the purpose
of RNA extraction, and negative control samples were for-
mulated from non-inoculated leaf segments. The leaf tissue
was homogenized using ball mill MM 301 (Retsch, Haan,
Germany) with three 3 mm tungsten beads at 30 Hz for 45 s,
and total RNA was extracted using a miRNeasy Mini Kit
(Qiagen Inc., Hilden, Germany) according to the manufac-
turer’s protocol. The synthesis of the first cDNA strand was
achieved using a Transcriptor High Fidelity cDNA Synthesis
Kit (Roche Life Sciences, Indianapolis, IN, USA) based on
an anchored-oligo(dT) 4 primer. Gene-specific primers were
designed for all 12 candidate genes such that the amplicons
derived from gDNA differed in length from those derived
from cDNA (Table S2). A portion of the Actin gene (Gen-
Bank accession number AB181991.1) was used as the refer-
ence sequence. The procedures used for PCR and electro-
phoretic separation were as described above.

Results

High-resolution genetic mapping around QPm.
tut-4A

A set of 102 new genetic markers was developed to satu-
rate the genetic map in the region of QPm.rut-4A (Figs. 1,
2, Table S1). Majority of these were developed using
GenomeZipper and 4AL-specific BAC clones. Besides
markers owml6 and owm39, polymorphism was inferred
using the 4AL-7G and 4AL°S survey sequences (Abrouk
et al. 2017, IWGSC 2014). Segregation patterns observed
in the extended CS X 8.1 mapping population were used to
establish marker order. The genotyping of 8425 individu-
als with respect to owm82 and Xgwm 160 revealed 30 new
recombination events. Testing these recombinant individu-
als for their reaction to the four powdery mildew isolates
showed that the resistance phenotype was fully correlated
with the presence of the 7. militinae segment—the disease
scores for the four isolates were, respectively, 0.5, 0.4, 0.1,
1.1 in the presence of the segment, and 3.3, 2.5, 2.6, 3.8
in its absence. The net effect of the mapping was reducing
the genetic length of the segment harboring QPm.tut-4A to
0.012 cM (Fig. 1). The phl population was derived from
the self-pollination of 22 (out of 107 screened) BC,F, ([line
8.1 X phl1b] X phlb) selections which were simultaneously
homozygous for the phlb allele and heterozygous for the
QPm.tut-4A segment. The genotyping of the resulting 1255
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Fig. 1 A high-density genetic map of the region harboring QPm.tut-
4A. a Marker segregation displayed by 8519 progeny bred from the
CS x 8.1 mapping population (including the F, generation described
at Jakobson et al. 2012) defines the genetic length of the QPm.tut-4A
segment (marked in red) to 0.012 c¢M, lying within a 0.18 cM win-
dow within chromosome 4AL. The flanking markers used for identi-
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owm169

e

QPm.tut-4A

owm136
owm139

owm158

fication of recombination events within the segment are highlighted
in yellow. b The level of mapping resolution achieved was enhanced
through the use of the phl mapping population, which provided an
additional 30 new recombination events, thereby splitting the QPm.
tut-4A region into eight subregions

4AL CENTROMERE <«——— > 4AL TELOMERE

---- owm169
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---- OWM240

--e OWM219
---- OWM222
-eee OWM221
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50 kb
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Fig.2 Physical maps showing the gene content of the 480.2 kbp
OPm.tut-4A segment inherited from 7. militinae and the 640.8 kbp
segment of chromosome 4AL replaced by the introgression in line
8.1. The predicted genes (ImI-Tmi2 and CSI-CS16) are depicted
by arrowheads indicating their orientation. The size of the arrow-
heads is proportional to the length of the gene, and their color reports
the presence of conserved domains: green: CC-(LRR)-NB-ARC;
yellow: PGG; orange: ANK and PGG; blue: LRR/MAL/PK; red:
patatin-like; black: PMEI-like; and gray: uncharacterized protein.
Tm and CS genes linked by gray lines share sequence identity in

OWM221 ===
owm235 -
wm136-B -
OWM228 =--==--

|

their coding region of at least 90% at a coverage of >60% (a cover-
age <80% applied only to the putative pseudogene CS15). Tm genes
which produced a detectable transcript are indicated by a red aster-
isk. Shared markers are linked by a blue dashed line, those marking
T. militinae but not CS genomic sequence, or vice versa, are high-
lighted in, respectively, light green and light red. The 7. militinae
region bounded by owm227 and owm228 was present in CS as two
tandemly arranged, tail-to-tail orientated copies, as indicated by the
green arrows
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BC,F, progeny revealed 155 recombination events between
owm82 and Xgwml160, equivalent to a 33-fold increase in
recombination as compared to the rate observed in the pres-
ence of Phil. The 0.012 cM QPm.tut-4A region was thereby
split into eight subregions (Fig. 1b).

The physical map of the QPm.tut-4A segment

Six additional markers for the QPm.tur-4A region were
developed by inspection of the three CS reference sequence
IWGSC WGA v0.4 scaffolds (134864, 108602 and 47761)
(www.wheatgenome.org) selected on the basis of mark-
ers lying within the owm169-owm158 interval (Table S1).
The owm228 marker was derived from same scaffold
(134864) which contained the QPm.rut-4A flanking marker
owml169. The application of these markers to the set of
recombinant segregants defined the physical length of the
CS sequence replaced by the QPm.tut-4A introgression to
640.8 kbp (Fig. 2). A 4AL-7G-specific BAC library was
constructed in an effort to acquire sequences in the QPm.
tut-4A region of line 8.1; the mean insert size harbored by
the 43,008 clones generated provided a 6.8-fold coverage
of the 4AL-7G chromosome arm (www.olomouc.ueb.cas.
cz/dnalib/taapmt4alha). Pools of the set of 112 plates were
assembled to perform a PCR screen based on the flanking
markers owm169 and owm228, along with eight codominant

markers (owml156, owm136, owm221, owm209, owm227,
owm236, owm139 and owm235) mapping within the region
(Fig. 2). One to seven positive BAC clones per marker were
sequenced so that their end sequences could be used for the
next round of chromosome walking-based marker develop-
ment: 17 new markers were designed in this way (Table S1).
In total, 26 BAC clones were sequenced to provide a com-
plete sequence of the QPm.tut-4A region in line 8.1: The
physical length of the segment bounded by owm169 and
owm?228 was 480.2 kbp.

Annotation and comparative analysis of the QPm.
tut-4A segment

The T. militinae region was 25% shorter than the CS one
(480.2 vs. 640.8 kbp). Gene annotation suggested that the
QPm.tut-4A segment harbored 12 high-confidence (HC)
protein-encoding genes (denominated 7mI-Tmi2, Fig. 2,
Table 1), while the 4AL region of CS harbored 16 HC genes
(CS1-CS16, Table 2). The intergenic regions displayed no
sequence similarity. A comparison of the 7. militinae and
CS genes based on a threshold of 90% identity and 60%
coverage implied that only four of the T. militinae genes
(Tm7, Tm8, Tm10 and Tm12) shared an appreciable level
of homology with members of the CS set (CSS, CS9, CS11,
CS§13, CS15 and CS16) (Table 1, Fig. 2). The sequence of

Table 1 Predicted candidate genes present in the QPm.tut-4A segment introgressed from 7. militinae into line 8.1

No.  Putative conserved protein No. of exons Length of pro- CS homologous genes in the  Identity (%) Coverage (%) RNA
domains tein sequence  QPm.tut-4A region® expression”
(aa)
Tml CC; NB-ARC 2 225 - - - +
Tm2 CC; LRR; NB-ARC 2 753 - - - +
Tm3 - 3 253 - - - -
Tm4 CC; LRR; NB-ARC 7 894 - - - -
Tm5 CC; LRR; NB-ARC 2 557 - - - +
Tm6 CC; LRR; NB-ARC 2 1017 - - - -
Tm7 5% PGG 2 963 TraesCS4A01G450100.2 97 99 +
(CS13)
Tm8 5% PGG 3 764 TraesCS4A01G449900 90 98 -
(CS11)
Tm9 4x PGG 2 849 - - - -
Tml0 LRR;Malectin; Pkinase 23 913 TraesCS4A01G449700 (CS9) 97 84 -
TraesCS4A01G450300 98 60
(CS15)
Tmll Ankyrin repeats; PGG 4 636 - - - -
TmlI2 Patatin-like phospholipase 5 424 TraesCS4A01G449600 (CS8) 98 100 -
TraesCS4A01G450400 97 100
(CS16)

CC coiled coil, NB-ARC nucleotide-binding adaptor shared by APAF-1, certain R gene products and CED4, LRR leucine-rich repeat, PGG
proline-glycine-glycine (domain named for this highly conserved sequence motif found at its start), Pkinase protein kinase

#Acronym for each gene used in the body of this manuscript and Fig. 2 is provided in the parentheses

Detected in first leaves of DH397 and T312.30.38.16 seedlings
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Table 2 Gene content of the segment of CS chromosome arm 4AL replaced by the QPm.tut-4A segment introgressed from 7. militinae into line

8.1
No. Official designation® Putative conserved protein domains No. of exons Length of
protein sequence
(aa)

CcS1 TraesCS4A01G448900 cCc 3 313

CS2 TraesCS4A01G449000 Transferase 1 472
CcS3 TraesCS4A01G449100 CC; NB-ARC 2 353

CS4 TraesCS4A01G449200 NB-ARC; LRR 2 838

CS5 TraesCS4A01G449300 CC; LRR; NB-ARC 3 1008

CS6 TraesCS4A01G449400 Plant invertase/pectin methylesterase inhibitor 1 203
Ccs7 TraesCS4A01G449500 Plant invertase/pectin methylesterase inhibitor 1 206

CS8 TraesCS4A01G449600 Patatin-like phospholipase 5 424

CS9 TraesCS4A01G449700 LRR; Malectin; Pkinase 21 867
CS10 TraesCS4A01G449800 5% PGG 2 993
CS11 TraesCS4A01G449900 5% PGG 2 1020
CSI2 TraesCS4A01G450000 4x PGG 3 761
CS13 TraesCS4A01G450100.2 5% PGG 3 984
CS14 TraesCS4A01G450200 5x PGG 2 1024
CSI15 TraesCS4A01G450300 LRR; Malectin 15 549
CS16 TraesCS4A01G450400 Patatin-like phospholipase 5 424

“The International Wheat Genome Sequencing Consortium RefSeq v1.0 annotation IWGSC 2018)

the proximal ends of the CS and line 8.1 regions (beyond
owml169) were quite distinct with respect to both their
sequence and gene content: The segment from owm169 to
owm220 was 228 kbp in line 8.1, but only 19 kbp in CS, and
they contained, respectively, six (7m/-Tm6) and one (CSI)
genes. The central part of the segment (owm220-owm227
in line 8.1 and owm220-owm216 in CS) was longer in CS
(322 vs. 51 kbp) and contained no predicted gene in line 8.1
and CS2-CS7 in CS. The distal region (owm227-owm228 in
line 8.1 and owm216-owm228 in CS) was, respectively, of
length 200 kbp (genes Tm7-Tm12) and 299 kbp (CS8-CS16)
(Fig. 2). The proximal segment harboring 7m/—Tm6 was not
represented on CS chromosome 4A. However, four of these
genes (Tml, Tm2, Tm5 and Tm6) each have a strong homoe-
olog (Table 3) lying in reverse orientation within a ~410 kbp
region of chromosome arm 7AS situated about 17.4 Mbp
from the telomere. The position of the QPm.tut-4A region

is 41.05 Mbp distant from the 4AL telomere. The distal part
of the region (owm227-owm228) has been duplicated in CS,
and the gene content has been differentiated. The two copies
are arranged tandemly in a tail-to-tail orientation, resulting
in the non-syntenic location of the owm227 marker (Fig. 2).

Functional characterization of the candidate genes
for powdery mildew resistance

The five genes Tml, Tm2 and Tm4-Tm6 each encoded a
coiled-coil (CC) domain and a nucleotide-binding (NB)
domain, thereby being members of the NB-ARC family
(van der Biezen and Jones 1998). Tm2, Tm4 and Tm6 also
encode a leucine-rich repeat (LRR) domain, indicating
them as members of the disease resistance-associated NLR
gene family (Ye and Ting 2008). The shorter length of both
Tml and Tm5 (Table 1) implies that both are incomplete

Table 3 Homoeologs on CS chromosome arm 7AS of the NLR family genes present in the QPm.tut-4A segment introgressed from 7. militinae

into line 8.1

No.  CShomoeolog on 7AS  Identity (%) Coverage (%) Putative conserved protein Length of protein Length difference relative to
domains of homoeologs sequence (aa) T. militinae homoeolog (aa)

Tml  TraesCSTA01G038800 95 100 CC; NB-ARC 452 +227

Tm2  TraesCS7TA01G039300 97 100 CC; LRR; NB-ARC 972 +219

Tm4 - - - - - -

Tm5  TraesCS7TA01G03910 98 100 CC; LRR; NB-ARC 1074 +517

Tm6  TraesCS7TA01G039400 93 79 CC; LRR; NB-ARC 875 —142
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genes. Tm10 is predicted to encode a protein harboring an
LRR/malectin/protein kinase (LRR/MAL/PK) domain, also
shared by a number of plant disease resistance gene products
(Sekhwal et al. 2015); this gene lies in the distal part of the
introgression segment and shares homology with both CS9
and the truncated CS15 (Fig. 2). The sequences of the other
six Tm genes have little or no connection with disease resist-
ance: Tm7-Tm9 each encode multiple PGG domains, 7m!1
features ankyrin repeats, while 7m/2 encodes a protein
belonging to the patatin-like phospholipase family (Table 1).
Four of the 12 Tm genes (Tml, Tm2, Tm5 and Tm?7) pro-
duced a detectable level of mRNA, and three of them (Tm1,
Tm2 and Tm5) encode NLR proteins: 7m2 appears to be the
only one of these which is intact.

Discussion

The introduction into the bread wheat gene pool of genes
harbored by species belonging to its secondary and tertiary
gene pools represents an attractive strategy for broadening
the genetic diversity of a crop which has been intensively
bred for over a century. However, the success of the strat-
egy has been not infrequently limited by the simultaneous
introgression of linked genes which are deleterious to either
productivity and/or product quality. This phenomenon of
linkage drag results from the suppression of recombina-
tion around an introgressed segment, a phenomenon which
also hampers positional cloning, since it magnifies the ratio
between physical (in bp) and genetic (in cM) distance and
prevents efficient high-density mapping. The 7. militinae
segment harboring QPm.tut-4A suffers from exactly this
problem. Recent significant progress in the next-generation
sequencing technologies allowed development of two new
gene cloning approaches called MutRenSeq (Steuernagel
et al. 2016) and MutChromSeq (Sénchez-Martin et al.
2016) which can bypass the high-density map construction
in gene cloning process. The MutRenSeq approach employ-
ing exome capture and sequencing focusses on identification
of simultaneous deleterious mutations in single NB-LRR-
like gene within mutants with lost resistance. The MutCh-
romSeq uses similar approach consisting in identification
of knockout mutations in single gene within mutant lines,
but it requires flow sorting of respective chromosomes from
all mutant lines and their sequencing. This means that only
single dominant major-effect genes can be identified by these
approaches. However, the QPm.tut-4A locus is associated
with race non-specificity and incomplete resistance which
suggests the resistance may be encoded by gene different
from major-effect R genes (predominantly NB-LRR-like
genes) or by more than one gene (Jakobson et al. 2006,
2012). The MutRenSeq and MutChromSeq approaches
are therefore not feasible for the QPm.tut-4A gene/genes

@ Springer

cloning. Fortunately, recent advances in DNA technology
and the development of sophisticated genomic resources
have substantially eased the processes of constructing a
high-density map and of acquiring relevant sequence from
both the donor and the recipient genomes.

High-density mapping

According to the Wheat-Composite2004-4A map (wheat.
pw.usda.gov/GG3), the markers flanking QPm.tut-4A
(Xwmc232 and Xgwm160) are separated by ~9 c¢cM, which
led Jakobson et al. (2012) to suggest that a plant heterozy-
gous for the introgression experiences suppression of recom-
bination in the region, as has been documented for a num-
ber of other bread wheat introgression segments (Bariana
et al. 2001; Jarve et al. 2000; Jia et al. 1996; Lukaszewski
2015). Several genomic resources developed in CS were
exploited here to saturate the region with markers in order
to fine map the resistance locus, and these greatly enhanced
the efficiency with which such markers could be elabo-
rated, especially compared to conventional approaches to
marker discovery such as microsatellite screening (Roder
et al. 1998) or searching for sequence polymorphism in
expressed sequence (e.g. Valarik et al. 2006). The Genom-
eZipper and chromosome-specific survey sequences (Abrouk
etal. 2017, Hernandez et al. 2012, IWGSC 2014) were par-
ticularly effective in this context, but use was also made
of sequence scaffolds developed in the tetraploid wheat 7.
dicoccoides (Avni et al. 2017) and the BAC contigs defining
the chromosome 4AL physical map IWGSC 2018). Initially,
these resources allowed the genetic length of the target to
be narrowed to just 0.012 cM (Fig. 1). In a fully homolo-
gous situation, such as occurs on wheat chromosome 3B,
the mean ratio between ¢cM and Mbp in distal regions varies
from 0.60 to 0.96 (Choulet et al. 2014). If the recombination
between the introgressed segment and the unaltered bread
wheat region was unimpeded, the physical length of the seg-
ment would have been estimated to be no longer than 20 kbp.
The fact that the segment’s length was measured in hundreds
of kbp demonstrated that there was a substantial localized
suppression of recombination.

Structural divergence and recombination
in the QPm.tut-4A segment

The pairing of homoeologs in hexaploid wheat is strongly
restricted by the action of the PiI locus (Riley and Chap-
man 1958). The intention of creating the phl population
was to induce a higher rate of recombination between
the introgression containing QPm.tut-4A and its pre-
sumed homoeologous segment of CS 4AL, since the rate
of recombination achieved in the presence of Phl was
<0.4% (31 out of 8519) within the owm82-Xgwm160
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region (Fig. 1): Although this represented a very small
genetic distance (0.18 cM), the suppression of pairing/
recombination meant that the physical distance involved
was potentially rather large. The effect was enhancing the
rate of recombination by 33-fold. A comparable elevation
in the recombination rate induced by removal of the Phl
locus has been reported in a variety of interspecific hybrids
(Lukaszewski 1995, Luo et al. 2000). The availability of
the genomic sequence of CS (IWGSC 2018) made it pos-
sible to identify that the length of the 4AL segment (0.012
cM) replaced by the owm169-owm228 QPm.tut-4A locus
in line 8.1 was 640 kbp (Figs. 1, 2) and that it harbors
16 predicted genes (Table 2). The inferred relationship
between genetic and physical distance in the segment was
therefore only 0.019 cM per Mbp, which is much lower
than the ratio (0.60-0.96 cM per Mbp) obtained in the
distal region of chromosome 3B and is even below the
ratio associated with the 3B centromeric region (0.05 cM
per Mbp) in which recombination is known to be repressed
(Choulet et al. 2014). This major suppression of recom-
bination reflects the lack of homology between the native
wheat and the introgressed QPm.tut-4A locus. The length
of the introgressed QPm.tut-4A locus (owml69—owm?228)
was 480 kbp (Fig. 2), and it harbored 12 predicted genes
(Table 1), eight of which lacked a homolog in the CS seg-
ment (Table 1, Fig. 2). The CS homologs of the other four
genes (Tm7, Tm8, Tm10 and Tm12) lay in a duplicated
segment, and one of the duplicated copies was present
in inverted orientation. The region was further disrupted
by a number of indels, and all these changes suggest a
high level of evolutionary dynamics of the wheat genome.
While loss of synteny and sequence divergence are com-
monplace between homoeologous genomes (Saintenac
et al. 2013; Wicker et al. 2003), they can also feature in
comparisons made between homologous genomes of dif-
ferent hexaploid wheat cultivars (Mago et al. 2014; Tsdm-
balova et al. 2016).

The introgressed QPm.tut-4A locus included three full-
length and two truncated NLR family genes (Table 1). This
class of genes is frequently arranged in clusters, which is
thought to reflect the outcome of duplication events followed
by sequence divergence (Michelmore and Meyers 1998).
The coding sequences of the T. militinae NLR-like genes
shared only a moderate to a high (73-89%) level of identity
at the nucleotide level. Their putative homoeologs present
on chromosome arm 7AS of CS displayed a similar level of
sequence relatedness (71-85%). This chromosomal location
confirms the conclusion of Abrouk et al. (2017) that in T.
militinae itself, the QPm.tut-4A segment is present on chro-
mosome 7G. The G genome donor is thought to be a member
of the Sitopsis section of the genus Aegilops, as is also the
donor of the bread wheat B genome (Gornicki et al. 2014).
The bread wheat chromosome 4A itself is a restructured

chromosome composed of a mosaic of segments derived
from 4AL, SAL and 7BS (Devos et al. 1995, Hernandez
et al. 2012), and the QPm.tut-4A introgression appears to
lie within a part of this region which originated from 7BS,
consistent with its transfer following meiotic pairing.

The potential function of the QPm.tut-4A
candidates

The resistance to powdery mildew associated with the pres-
ence of the QPm.tut-4A segment was race non-specific and
in a cv. T#hti background, accounted for 40% of the variation
in resistance (Jakobson et al. 2012). To date, only few wheat
genes associated with APR have been isolated, so unlike
the case for race-specific seedling resistance genes, many of
which belong to the NLR family, it is not clear what func-
tionality the product of such a gene might have. The Lr34/
Yr18/Pm38 gene, which provides protection against three
distinct foliar pathogens, has been shown to encode an ABC
transporter (Krattinger et al. 2009), while Lr22a, which con-
fers broad-spectrum APR to leaf rust, encodes an NLR-like
protein (Thind et al. 2017), as does the rice NLR family
Pb1 gene against panicle blast (Hayashi et al. 2010). Assum-
ing that one of the three NLR family genes 7m2, Tm4 and
Tm6 represents the most likely candidate for the QPm.tut-4A
resistance, the possible basis of its resistance being race non-
specific needs to be explored. In one scenario, it may be that
either two or even all three of the 7Tm genes, which are each
individually race-specific, act together to confer apparent
race non-specificity. Alternatively, it is possible that one of
the three genes is a “defeated” major resistance gene which
has retained some residual broad-spectrum effect, as has
been demonstrated for some other defeated major resistance
genes (Li et al. 1999). The latter hypothesis is probably the
more plausible, given that the only gene for which a mRNA
was detected was Tm2, although surprisingly it was pos-
sible to detect transcript of the two NLR-like pseudogenes
Tml and Tm5. However, the lack of an LRR domain in the
Tm2-encoded protein implies that it would be difficult for its
product to recognize the pathogen’s avirulence signal. An
additional candidate is represented by 7m0 which encodes
a protein containing an LRR, a MAL and a PK domain.
A barley protein of this domain composition (HVLEMK1)
is known to mediate non-host resistance to powdery mil-
dew, while its wheat ortholog acts to enhance the level of
wheat host resistance to powdery mildew (Rajaraman et al.
2016). A comparison of the TALEMKI1 and the 7m0 pro-
tein sequences showed that they share only a 34% level of
identity; this rather low level of homology, combined with
the observations that the wheat LEMKI homoeologs map
to the group 5 chromosomes and that no 7m0 transcript
was detected, rules out the possibility that the QPm.tut-4A
resistance is conferred by 7m/0. None of the other 7m genes
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encode a product which has been directly associated with
disease resistance to date. However, Tm12—which encodes
a protein belonging to the patatin-like phospholipase fam-
ily—remains a candidate since the patatin-like protein
AtPLP2 has been shown to represent a component of the
cell machinery delivering apoptosis, and therefore makes a
contribution toward resistance against an obligate biotroph
(La Camera et al. 2009).
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