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Abstract
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Pouderq. mildew (Blzimeria giyaminis f. sp. tritici) is a prevalent foliar disease in
maritime and semicontinental climates and occurs wherever wheat is grown. The
pathogen is an obligate fungus that seldom kills its host and winters at the asexual
stage. Mildewresistant lines was selected from a broad material derived from
crosses between mildew-susceptible bread wheats and mildew-resistant: (1)
triticale, (2) a double disomic wheat-rye substitution line, and (3) a wheat-Leynzzis
mollis amphidiploid (containing 12 chromosomes from L. mollzs). Mildew tests
\%ereconducted on later generations (BCIF4or F5) in order to increase the
isolation of resistant lines under homozygous conditions. The choice of parents
influenced the results and a large-sized popillation was a prerequisite in order to
succeed in exploiting the full potential of these interspecific crosses.
A combined approach ol'a mildew test and cytogenetics was used to obtain lines
with Irmsferrcd rye chromatin h m ;I double disomic wheat-rye substitution line.
The material showed a fairly high rate of translocations derived froin misdivision
and contric fusions. i.e. linos that arc suitablo for plant brooding. Tho most
prominent result w i i s Ilie isolation ol' ii Robertsonian translocation, 2BS.2RL.
Molecular cytogenetics was used to characterise mildew-resistant lines that
contained the iye chromosomes 1R 1 2R, 1R 1 4R, 1R 1 6R, 1R and an inversion
of 1R, all dcriwd from triticalc x whoat crosscs. C-banding was iisod to idcntifii
the aberrant chromosome 1R and molecular cytogenetics was required to describe
the chromosome as a pericentric inversion. The inverted 1R was characterised
with five different repetitive probes using FISH and the breakpoints were localised
between ( 1 ) the 5s rDNA and the NOR region on the satellite of the short arm,
and (2) between hvo ACC,51sites close to the centromere of the long arm.
We del eloped a strategy for converting a wheat RFLP-based assay into a PCRbased sequence-tagged site (STS). Two RFLP-loci located on 2L were chosen and
STS markers were obtained for the three wheat genomes A, E, D and the rye
eenome R. The PCR markers can be used for marker-assisted selection (MAS) in
the selection of mildewresistant translocation 2BS.2RL.
L
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Introductioa
The Evolutionary History of Wheat
A majority of all plant species in the world is cross-pollinated, while
most cereals are self-pollinated. These are regarded as more suitable
for domestication, because a natural barrier for pollination restricts
the occurrence of introgressions. Selfing makes the crop more suitable for reproduction and it does not risk losing its identity. This in
turn makes it easier to maintain the established character of the cultivar. For instance. an occasional mutant, such as the breakdown of
the mechanism behind germination inhibition, was probably automatically selected and already more or less “fixed” in the same
event. Cross-pollinated crops are less stable and require constant selection against out-crossing in order to maintain valuable characteristics. This is probably the main reason why cross-pollinators entered
agriculture latter and comprise a minority among traditional grain
crops. ‘I’hcmost natural candidates for successful domestication
wcrc thcrclorc scllcrs that had ovcrcomc inbrccding dcprcssion. A
general feature of these crops, including wheat and barley, is the occurrence of occasional cross-pollination as a source of genetic variability for adaptation and crop evolution. The development o l sellpollinators hence opened up for improvements, since they could be
selected for occasional out-crossing events that preserve valuable
characteristics. Desirable adapted traits include the development of
erect plant types, synchronised tillering and ripening, tougher rachis,
the production of additional fertile florets and spikes and the reduction of glume thickness and awns (Harlan et al., 1973).
The most significant development during domestication was
probably the loss of the shattering mechanism. Non-shattering mutants are believed to have replaced the old brittle types over a few
generations, This deficiency would have been lost in wild derivati\Jes,but instead developed to a crop that was totally dependent on
the interaction with man for its survival. Thc wild typc has adaptcd
to disscminatc its sccds at maturity. This mcchanisin dcpcnds on a
fragile rachis. which disarticulates at the internode and shatters into
individual spikelets. The cultivated type has a tougher rachis which
is thicker throughout the length of the ear and the kernels remain on
the spike when mature. Cultivated wheat is classified into two
groups according to threshing response. The primitive types have
hulled grains with tight spikelet gluines and tough palea invested
7

around the kernels. The rachis breaks in fragments at the internodes,
resulting in spikelets and not grains when threshed. ‘I’headvanced
form of cultivated wheat has thinner glumes and palea, which break
and release naked kernels at threshing. The free-threshing feature of
wheat has developed in two different directions. The polygenic system has evolved since the onset of cultivation and is scattered
throughout most of the germplasm. It is most frequent in tetraploid
species and reached completion in advanced ermner wheats (Triticzim tzirgidzim ssp. cnrthlicum). It is a compelling thought by Mac
Key (1 966) that the squarehead factor Q evolved at the hexaploid
level as the addition of new genes for spelting and brittleness from
the D genoine challenged the evolution of a second completion. Although the Q factor can be found in emmer wheats, it is more common in the hexaploid subspecies, namely Ti4iczim aestivum ssp. VZIIgare, ssp. compnctzrm and ssp. sphnerococczim (Table 1). The shift
from hullcd to he-threshing hcxaploid wheat is govcrncd mainly by
one mutation (the q to Q ) . This indicates that naked wheat probably
evolved over a relatively short time span (Zohary and Hopf, 2000).
The Q factor is dominant and located on chromosome 5A,which is a
suppressor gene of the speltoid character. Carriers of the Q factor
have a tougher rachis and the kernels become naked after threshing.
The mutants Trificum vionococcm? ssp. sinskujae and Triticum tiFnopheeii ssp. rnilitinae probably also have the Q factor, due to their
short history and morphology.
A shared feature among other members of the tribe Triticeae is the
polyploidisation in wheat species. Polyploid species have an evolutionarq advantage over diploid species. These species are less isolated and tolerate gene flow and recombination with other species
through introgressions and hybridisations with retained fertility. According to the concept of pivotal genome (Zohary and Feldman,
1962), a shared genome b d k r s other genomes in a polyploid species
during hybridisation. Owing to this constitution, other genetic events
of gene shuffling - such as duplications and translocations - can occur to a greater extent and hence become less vulnerable to point
mutations. All these factors contribute to the genetic flexibility of
wheat and make it suitable for adaptation to different environments
and climates.
In ancient times. before the involvement of man, wild tetraploid
wheat and the goat grass AegiEups sguarrusn were separated geographically since they had adapted to different climates. The tetra8

ploid wheat prefers the Mediterranean climate, while Ae. syuarrosa
thrives in areas with continental climate. ‘I’hehybridisation between
emmer and Ae. Sqziarrosn gave rise to hexaploid wheat. It probably
has its origin in the south-western corner of the Caspian belt, which
is located outside the “Fertile Crescent” of Mesopotamia and Syria.
It is likely that this occurred after cultivated emmer had been domesticated and had expanded to Iran in the north and adjacent
Transcaucasia. Ae. squarrosa has probably never been cultivated as
a crop itself. As an opportunistic coloniser of secondary habitats, it
invaded cereal fields as a weed when land was opened up by agriculture and cross-hybridised with cultivated emmer. This probably
occurred in different habitats between several parent lines through
recurrent hybridisation. After this event, it can be assumed that man
made selections fi-orn alloploids, since there is no evidence of any
hcxaploid whcat in thc wild. Whcn whcat shiftcd from tctraploid to
hcxaploid h n .its ability to adapt was grcatly cxpandcd. Tctraploid
wheats adapted to thrive in the Mediterranean basin with mild winters and diy sunmers. The addition of the D genome made the
hexaploid wheat better adapted to cooler continental winters and
humid summers. ‘l‘hisadaptability also explains the spread and distribution of tetraploid wheat centred around the Mediterranean basin
and in the Near East, while hexaploid wheat spread over the continental plateau of Asia and the temperate areas of Europe.
Wheat has been a major staple crop in many civilisations and the
history of wheat domestication covers almost 20,000 years. The earliest evidence that wheat is used comes from the Ohalo TT site in Tsrael, where the wild tetraploid type T. turgidurn ssp. dicoccoides has
been found and dated back to 17,000 BC. In ancient times it was
most likely a staple crop for hunters and collectors. Cultivated forms
of wheat originate from between 8,000-7,000 BC. Both the diploid
wheat T. munucucczm ssp. munucuccum and the tetraploid T. lurgidum ssp. dicocczim came into cultivation simultaneously around
8.000-7,500 BC and the earliest findings of T. aestivurn is at Can
Hasan in Turkey, dated around 7,000 RC (Feldman e/ al., 1995).
Wheat has been able to hold such a superior position as a staple crop
owing to characteristics that are feasible for cultivation and storage.
These features are shared with other cereals. Tn addition, wheat has
unique baking qualities and a comparatively high nutritive value.
This inaltes it suitable as a staple food resource. The starcl? content is
bctwccn 60 and SO pcrccnt and today, starch constitutcs ovcr 20 pcr9

cent of all calories consumed by man. A normal cultivar has a protein content of at least 10 percent. ‘I’heaverage yield world-wide is
around 2.600 kgiha. a relatively low productivity level. By comparison, most European countries are above this level owing to large
amounts of fertilisers and pesticides, but also because of the predominance of winter wheat grown in some of these countries. In the
current world production, wheats are one of the most important cultivated staple crops beside maize and rice, with an average annual
production between 570-600 x 1O6 MT (metric tons) each (FAO
Yearbook, 1998). Improvements of these crops are of paramount importance since food demands are increasing in the world. The growth
cuilie for the world’s population has historically been defeated by an
increase in a\-erage yield. The most remarkable breakthrough was
the introduction of semi-dwarf varieties by the employment of Rth
gems and thc -'green rcvolution” during the 1960s (Borlaug, 1983;
Fcldman ei ul., 1995). In thc Unitcd States, thcrc was an increase in
productivity by approximately 40 percent for each decade during the
1950s and 1 %OS, to be compared with a stagnation of the total
world-wide production of cereals during the 1990s. Wind and water
erosion with soil loss. saline soils, limited water resources, reduced
microbial activity in the soil and increased urban activity are the
main reasons for the current decrease in agricultural productivity
(Gardner, 1996). Seen from this perspective, it is rather obvious that
agricultural development and productivity have to be taken seriously
as major issues on our agenda for the future.

Taxonomy
The characterisation of species has predominantly been made according to morphological traits. This has created a tendency among
taxonomists to exaggerate the classification of cultivated plants.
There is an enormous variation within each species due to extensive
breeding efforts, which ha\ e often been governed by single genes
and do not justify a classification into species. Mac Key’s ( I 966)
c\.alualion of Ihu gcnLis Triliczm7, which was bascd on gcnclic conccpts, has provcd to bc a valid classilication corresponding to crucial
differences between the species. TTe established that Triticzim comprises the five species T. ~ O M U C O C C UT.~ ,limopheevi,T. lurgidum,
Trifimm:hukoi.sbi and T. nestivmm, based on the polyploidisation
and the desynapsis system in timopheevi as the only evolutionary
systems behind the processes of speciation (Table 1). Recently,
10

Triticum urartu, T. monococcum ssp. sinskajae and T. timopheevi
ssp. militinae have been recognised and described. According to
Miller (1987) and Feldman et al. (1995) they should be included in
the genus Triticum (Table 1). If the same approach as practised by
Mac Key (1 966) is used, T. urartu can be classified as a species,
since hybrids between T. urartu and T. monococcum are sterile although they both carry the same A genome. T. urartu is an endemic
wild type with awns, two fertile florets per spikelet and fragile ears.
An analysis of isoenzymes and storage proteins have also established
differences between the species. T. monococcum ssp. sinskajae (AA)
is a free-threshing mutant originating from T. monococcum ssp.
Table 1. Classification of the genus Triticum L. according to genetic conceptions
(based on Mac Key, 1966; Feldman et. al., 1995)

Species

Genomes Wild
Hulled

Hulled

Cultivated
Free-threshing

Diploid (2n = 14)
T. zirartu
T. monococcuni

A
A

All
ssp. boeticuni

T. timopheeri
T. tzirgidiim

AG
AB

ssp. aramticuni
ssp. dicoccoides

Hexaploid (2n = 42)
T.zhukovskyi
T.aestivzim

AAG
ABD

ssp. monococcum

ssp. sinskajae**

ssp. timopheei-i
ssp. dicocciim
ssp. paleocolchicum

ssp. militinae * *
ssp. twgidzim
ssp. durziiiz
ssp. tiiraniciim
ssp. poloniczini
ssp. carthlicum *

Tetraploid (2n = 28)

All
ssp. spelta
ssp. imilovi
SSD. macha

ssp. viilgare*
ssp. compuctiim*
SSD. s~haerococciim*

"Carrier of Q factor; **Presumed carrier of Q factor

monococcum. The mutant resembles the progenitor, but has a shorter
spike. T. timopheevi ssp. militinae (AAGG) is a free-threshing tetraploid, which is derived as a mutant from T. timopheevi. The spike is
short, wide, dense and black, with an extra awn on the outer glume
(Miller, 1987). Feldman et al. (1995), however, have excluded the
species T. zhukovskyi and subspecies T. turgidum ssp. paleocolchicum. T. zhukovskyi is a hexaploid analogue to T. timopheevi, and
T. turgidum ssp. paleocolchicum is a cultivated hulled form, similar
11

to T. twgidzm ssp. dicoccum but with a broader compact ear. Zohary
and Hopf (2000) have reduced the classification even further and
exclude T. urartn as well. The complex of the genera Triticzirn and
Aegilops has been combined into one genus based on their phylogenetic relationships (Bowden, 1959; Morris and Sears, 1967). Although the reclassification, where approximately 20 species from
Aegilops were incorporated into the enlarged genus Triticum, was
considered a valid treatment, it has so far not been accepted (Miller,
1987). Despite the fact that traditional classification holds Aegilops
and Triticurn apai-t. they are practically regarded as the "wheat
group."'
'lhe bread wheat 7riticum aestivum ssp. vulgare (AABBDD) is a
segmental al1ohexaploid (2n=6x=42), which is a hybrid between
einkorn wheat and two species of Aegilops. The basic chromosome
set, ~ 7 i s the
. same in the three hoinoeologous genoimes. 'I'his is a
fcaturc shared with many othcr imonocotylcdoii plant species and of
significance in hybridisations with other grass species. Another
characteristic of polyploid wheats is the diploidising mechanism that
prcvcnls thc pairing oT homocologous chromosorncs by a supprcssor
gene I'M, located on the long arm of'chromosome 5B. The development of this diploid-like behaviour ensures stable segregation, genetic stability and presei-ved fertility. The progenitor of the A genoine is T. monococcum. while the origin of the B genome has
evaded determination and is still unsettled. The ancestor may be extinct, the donor may still be undiscovered, or the genome may be derived and combined from more than one species. The third genome
D, however. originates from Ae. squarrosu. The tetraploid emmer
wheats consist of the two species T. turgidurn (AABB) and T. timoyhee1.i (AAGG). The A genomes are homologous, while the B and G
genomes are closely related but non-homologous. The origin of the
B and G genomes has been difficult to find and obtained results have
given rise to several proposed hypotheses. Aegilops speltoides (SS)
was earlier recognised as the progenitor of the B genome but later
experimental evidence has suggested Acgilops seursii (S'S'), resembling Aegilops h g i s s i m n (S'S'), as a candidate donor of the B geiioine (Feldman, 1978). wliile Ae. .spel/oicl't.,sis a more likely caiididate a9 donor of the G genome (Feldmaii et nl., 1995). However,
both genomes have later been iiiodified and this naturally makes it
harder to identify their origin. In fact, both genoiiies may have been
dcrivcd from thc samc S gcnomc, which aftcrwards may havc undcr12

gone modification into different genomes. An ancestral amphiploid
with the genome formula AASS may have hybridised with similar
polyploid species, which consisted of one common genome (here the
A genome), and a second different genome, such as that of Ae. longissima (S’S’) or Aegilops bicornis (SbSb).The pivotal genome buffers the hybrids, while the second genome can exchange chromosome
segments and develop modified, but convergent genomes. Hexaploid
w-heat (AABBDD) contains two genomes homologous with the A
and B genomes in T. turgidurn. This shows that dinkel wheat is a hybrid between emmer wheat (AABB) and Ae. squarrosa (DD).

The Gene Pool
Thc potcnhl gcnc pool is an available sourcc of rccruitmcnt of
germplasm for crop improvement. The gene pool of’bread wheat
consists of the tribe Triticetre, which comprises around 350 species
(Fig. 1j belonging to the family Porrceue (Grumineue). The tribe has
evolved from a common ancestor since the early Tertiary or late
Cretaceous (Liive, 1982). Cultivated cereals, such as wheat, barley
and rye belong to the gene pool as do inany of the most important
forage and pasture grasses (Dewey, 1984; Bothmer et al., 1992). The
most impoitant genomes with bearing on the wheats belong to the
genera of Triticzrm and Aegilops. Traditionally, scientists and breeders have been of the opinion that the gene pool of each species consists of all other taxonomically related species, which can hybridise
with the species itself. However, hybrids have variable abilities for
chromosome pairing during meioses based on fertility, and some
crosses can result in non-surviving hybrids. These circumstances
have required additional differentiation of the gene pool concept. It
is proposed in order to add a genetic perspective without formal expectations into the field, where practical considerations according to
crossability between species have to be evaluated. The following
definitions are according to Harlan and de Wet’s (I 971) original version “towards a rational classification of cultivated plants” and contains thc primary (I), tlic secondary (11) and the tertiary gcnc pool
(111) (Fig. 1).
The primary gene pool of bread wheat consists of subspecies to
hexaploid wheat and hybrids are easily created. The polyploid level
is Ihc same and thc chrornosornc pairing is homologous. Gcnc
transfers and segregation is almost normal and the hybrids are fully
13

fertile. Most breeding in the field of germplasm enhancement focuses on crosses within the species, between different cultivars and
lines in bread wheat.

The tribe Triticene

/

Fig. 1. The tribe TI-iticeaewith the gene pools I, I1 and 111 for Triticum aestivum
(based on Hadan and de Wet. 1971).

‘lhe secondary gene pool consists both of species at a lower ploidy
level but with homologous genomes, and of other genera, such as
AcgiEops, Secnlc, Thimpjwm, HnJmddin and Leymus, with homoeologous genomes. Gene transfer is obtained and recombination
occurs in the crosses, altliougli hybrids have reduced ability for
chromosome pairing and dccrcascd f’crtility . Although thc gcnc pool
may be utilised, the gene flow is restricted and certain efforts are required to overcome incompatibility barriers between the species.
Extensive hackcrossing schemes are required to avoid deleterious
traits that may accompany the desirable genes. However, as shown
in a study by Knott (1989) low efficiency has to be expected, espe14

cially with respect to yield and less so for qualitative features (indicating a low level of recombination for polygenic traits).
‘lhe tertiary gene pool consists of the most distantly related species
with non-homologous genomes. Crosses can be done but the hybrids
may be anomalous or lethal and due to a lack of chromosome pairing, there is no spontaneous recombination or seed setting. Nevertheless, recombination can be attained by the use of X-ray in the induction of transfers. This is most conveniently carried out at the seed
stage (Sears, 1993) or circumvented with chromosome doubling,
bridging species and/or embryo culture. Notwithstanding the obstacles in the transfer of germplasm, these species mainly evolved froin
a coinmon ancestor and carry desirable and functional traits, such as
disease resistance and winter hardiness, which could be of interest in
gene transfer and may be considered in the employment of gene
technology.
Kegarding the progress in G M O technology, the quarternary gene
pool may include all other living organisms.

Powdery Mildew
Powdery mildew (Blumeria graminis) is one of the most common
loliar diseases in cereals. The disease is most widespread and severe
at temperate latitudes and in coastal areas with maritime climate, but
occurs wherever host cereals are grown. Powdery mildew, classified
as Higher Fungi of the subdivision Ascomycotina in the order of
Eqxiphcrles, is an obligate parasite, which depends on living tissue
to survive and seldom kills its hosts (Agrios, 1997). The fungus is
host-specific and wheat powdery mildew is classified into formae
specialis tritici. i.e. f.sp. tritici.
The critical period for fungus survival can either be a hot summer
or a cold winter. During a hot and dry summer in areas where host
plants do not survivc, thc only way for thc lungus to survivc is
probably the development of sexual ascospores (Koltin and Kenneth,
1970). The nscospores develop in groups of four or eight per ascus
insidc a closcd ascocarp (clcistothccium), which is thc fruiting body.
The cleistothecia are closed spherical containers that appear as black
pinheads interwoven with the secondary mycelium and develop at
the end of the season after conidinl production has declined (Agrios,
1997). Cleistothecia can winter, but play a minor role in spreading
15

the disease. Winter cereals are the most likely wintering hosts for the
pathogen that survives vegetatively as dormant myceliuin (Jeiikyii
and Bainbridge, 1978).
Any agricultural practises that reduce the primary iiioculuin are
inipoi-tant to the delay of epidemic development, such as ploughing
down crop debris and avoiding green bridges between winter and
spring fornis of the same crop. Early sown autumn crops and late
sown spring crops are more frequently exposed to inoculum during
the early growth stages. This can in turn have severe impact on yield
loss. The crop is especially vulnerable to an infection of the disease
during the seedling stage and results in fewer tillers and ears on the
plant. A later attack affects the grain size and the thousand-kernel
weight. Subsequently, the hormone balance of the plant is altered
after an infection. The nutrient flow is allocated to the infection sites,
creating general water stress. 'I'he physiology of the host is changed
towards rcduccd photosynthcsis, increased respiration and traiispiration. The host responds with decreased growth, accelerated senescence and a lower leaf area index (Jenkyn and Bainbridge, 1978; Agrios, 1997).

Thc discasc is first cstablishcd in cxposcd field patches, whcrc thc
crop is double-sobn, or in areas with nitrogen surplus, because nitrogen fertilisers and a dense canopy increase the susceptibility. The
optimal teniperature for infection is around 15-20' C, but infection
can take place between 5 and 30" C. Spores germinate better at high
humidity, although this factor does not influence the mycelium development. The spores adhere with an appressorium, which is the
absorbing organ of the nutrients, on the surface of the leaf and invade it by sending haustoria into the epidermal cells. The establishment of this organ is then essential for the mycelium on the leaf surface to continue to grow as the colony spreads. Additional epidermal
cells are penetrated, while the mesophyll tissue below escapes intrusion (Jenkyn and Bainbridge, 1978), This primary mycelium produces conidiophores at the end of the hyphae, where small chains of
rectangular or round conidia (the asexual form of the fungus) are developed and discharged passively by the wind (Agrios, 1997). Warin
and sunny days with air currents followed by cold and bright nights
with high humidity are typical weather conditions that accelerate the
cpideniic dcvclopmcnt of thc discasc. The life cycle of conidia is approximately one week during season and two generations can be
sufficient for epidemic development (Benada, 1972). A high pro16

duction of conidia and a short generation time favours a high mutation frequency and the emergence of new virulent races. ‘I’hemutation frequency has been estimated to be as high as 2,000 locus-I ha-’
day-’ (Leijerstam, 1972).

Plant Defence
Different strategies of defence have evolved in the plant kingdom.
They can be classified into three groups, namely avoidance, tolerance and resistance (Parlevliet, 1981). Avoidance and tolerance are
both based on defence systems, while different forms of resistance
have an active plant response mechanism in common, which is triggered after contact with a pathogen. Collinge et al. (200 1) have estimalcd that thc ordcr of 1,000 gcncs arc involved in response to
pathogens. Avoidance is based on a strategy that evades the pathogen and can be regulated through time and space. Plant breeding for
early cultivars o f the crop can reduce the amount of inoculmn during
the critical growth stage, where the seedling stage is most vulnerable
and can be passed during a lower level of primary inoculum. Spatial
variation can also be of significant value, as shown by Gasowski
(1 990), where the deposition of leaf rust inoculum was reduced in
plants with erect compared to horizontal leaf habit in cereals. The
meclianisms of tolerance reduce the extent of damage caused by the
pathogen, while the level of infection is not reduced, as in the case of
avoidance and resistance. The plant has an ability to resist an infection through growth compensation. However, an infection always
leads to a reduced yield due to increased respiration (Mac Key,
1980). This defence system therefore has limited value and active
defence mechanisms are actually more useful in plant breeding.

Gene-@- Gene Interaction
TTost resistance is the plant’s ability to reduce growth and development in the pathogen after contact has been established (Niks et al.,
1993) The host-pathogcn interaction was discovcrcd by Flor (1955,
1956) in genetic studies ofthe flax and flax rust Melun~psortrh i .
According to Flor, the host and the pathogen are interwoven with
coinpleinentay genetic systems, where major resistance genes in the
host interact specifically with so-called ‘avirulence’ genes in the
pathogen. ‘lhis is a paradigm that has influenced research in resis17

tance breeding ever since the 1950s. In general terms, an avirulence
factor has to be recognised by a corresponding resistance factor in
the host to trigger the defence mechanism. There is no reason to assume that an avirulence factor has to be a pathogenicity factor. It can
be anj-thing produced by a pathogen and detected by a plant recognition factor (Brown, 2001). Any mutation or the absence of an
avirulence factor makes the pathogen undetectable to the host and
the pathogen therefore stands a better chance of becoming virulent.
Even if the gene-for-gene system has been proved for some diseases,
there are several examples where no such relationship has been
found (Johnson. 1992). However, advances in molecular biology
have discovered a more complicated background of the gene-forgene model.
A complete model of a typical resistance mechanism consists of a
pathway including several stages such as the detection of the pathogen. a signal transduction pathway and the final disease resistance
response. Song et al. (I 995) revealed all these functions in one resistance gene X d I , a cloned rice gene that gives resistance to a race
o r X . d x m o n a s or-zae pv. or-vzue, while Salmcron el d.(1996)
showed the coinplexity around the Plo gene which gives tomato
plants resistance to the bacterial pathogen Pseudornonas syringae pv.
lomato by contributing genes in the pathway of the defence mechanism.

Vertical i - e m i s Horizontal Resistance
van der Plank (1 963, 1968) proposed two distinct resistance classes.
Vertical resistance (VR) based on major genes, which was effective
against certain races and follows a gene-for-gene relationship, while
horizontal resistance (HR) was equally effective against all races and
therefore beyond a gene-for-gene system. Parlevliet (1 979) stated
that van der Plank (1468) defined the classes in population kinetic
terms. while the interpretation was epidemiological. 'lhe n yriori
definition of host resistance does not concern the spread of the disease and sirnilarlq. these classes are described in terms of the epidemiological parameters x, and r. According to van der Plank, VK was
of a race-specific nature and was supposed to decrease xa,which is
the an-ioimt ofprimary inoculum present at the stai-t of an epidemic.
HR was of a race-nonspecific nature and supposed to reduce r,
which is the infcction rate (van dcr Plank, 1968). Subscqucntly, in
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terms of epidemiology VR and HR are defined as follows: VR reduces the amount of effective initial inoculuim and H K is considered
a rate-reducing resistance. This re-definition would have avoided all
later confusion that arose regarding the original terminology (Nelson, 1978). Parlevliet (1 979) showed that, from an epidemiological
perspective, xo and r were not as independent from each other as van
der Plank presumed. since the infectionfrequency (IF), i.e. the proportion of spores that result in sporulating lesions, influenced them
both. A popular assessment of so-called ‘compound interest diseases‘. i.e. diseases which have many cycles of reproduction per year
(van der Plank. 1963), a category that includes powdery mildews,
has been to measure infection types (IT) that are crucial to the value
x,. Low IT is then often recorded as race-specific resistance with
monogenic inlieritance (Parlevliet, 1978), and r-reduced resistance is
mainly rccordcd as polygcnic, although not always (Nclson, 1978).
Parlevliet (I 979) also stated that both x,-reducing and r-reducing
resistances can be either race-specific or race-nonspecific. Others
havc argucd that thc distinction bctwccn VR and HR may bc artiGcial and fabricated (Johnson, 1978). Nevertheless, none of the critics
have abandoned van der Plank’s general hypothesis, and several
author5 (Parlevliet and Zadoks, 1977; Nelson, 1978) have given hiin
credit for the increased appreciation of epidemiology and the efforts
to explain the dynamics of the host-pathogen relationship. In fact,
there have been several attempts to refine the terminology as research has progressed (Shaner et al., 1992; Bos and Parlevliet,
1995). although the controversies probably still have not been settled.
VR and HR have been presented as two distinct classes of resistance, but the crucial question is if there is any constitutional difference between them. Nelson et al. (1 970) stated very early that there
is no other difrerence between VR and HR than variable effects of
their gene expressions in different genetic backgrounds. This tenturcicu and
dency was observed with isolates of Trichometc~s~htreritr
inbreed lines of maize, where lines with a large number of resistance
genes reacted more uniformly than inbreeds with few genes for resistance. ‘I’hisimp1icates that separate genes function vertically,
while the same genes function uniformly when found together in one
genotype, due to the cumulative effect. Parlevliet and Zadoks (I 977)
also concluded that there are no constitutional differences between
VR and HR and that thc major distinction bctwccn thcm is consid19

ered to be their oligogenic and polygenic nature. Here, they introduced the interaction model to include minor genes in the paradigm
of the gene-for-gene relationship and found support in Nelson et al.
(1970). although they admitted that minor interactions are difficult to
distinguish from the error variance. The results are then measured in
an additive way, in the same manner as the addition model by van
der Plank (1975). The interaction model confirms the proposed idea
that polygenic resistance represents archaic major genes. Although
they have lost their crucial influence during co-evolution, together
with others they contribute to substantial background resistance
(Clifford, 1975; Nelson, 1978).
Plant breeding focused on VK does not exclude breeding efforts on
HR, wliicli can enhance the effect of VR. They can even be coinplementai-y to each other. However, a loss of HR may not be discovered
in the presence of race-specific resistance. 'I'his is an unavoidable
complication owing to thc masking cffcct commonly lmowii as the
Vertifolia effect and caused by genetic erosion (van der Plank,
1968). An apparent procedure to obtain various goals in the breeding
clbrls would thcn bc to introducc racc-spccilic rcsistancc at thc Gnal
breeding stages. Since variation in resistance also can be observed
betu-een different plant stages, and even between different tissues of
the plant (Bennett. 198 l), further consideration and adjustment of
the applied strategies may be needed.

Race -Spec iJ;c Res istunce
Race-specific resistance has been described in terms of vertical, specific. differential and qualitative resistance, as monogenic with major
genes, complete. unstable and non-durable. Race-specific resistance
is effective against certain isolates but ineffective against others. Tts
ability to resist and withstand an attack from the pathogen is decreased during high iiifectioii pressure from the pathogen and increased during lower selection pressure on the pathogen (obtained
via a broader spectrum of resistance genes in the cv.). A common
feature shared among diseases that have many cycles of reproduction
pcr ycar is thc dcvclopmcnt d n c w raccs that may alrcady cxist
within the palhogen population or may be developed de n o w by a
high mutation frequency (Leijerstam, 1972; Parlevliet and Zadoks,
1977). A normal pattern shows either a complete resistance against
all races of the pathogen in the area or a relatively quick turnover
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with multiplication of one single race. Since the cultivars are extremely vulnerable if no other defence mechanisms can be used as
plant protection, fungicide treatment may be used as a last resort.
Disease resistance is a character with high heritability and selection
in an ongoing breeding programme can therefore be made already in
F3 (Mclntosh, 1978). In general, single major genes control resistance to powdery mildew during the seedling stage. Until now, a total number of 25 Pm-loci with four cases of multiple allelism, recognised as race-specific resistance genes in wheat, have been identified
(Keller et al., 1999: Chen and Chelkowski, 1999). However, the introduction of novel mildew resistance genes remains to be extended
as several reports have indicated (Bennett, 1984; Heun and
Fischbeck, 1987a; Huaiig et al., 1997a). The loci that are located in
synteny with genomes of related species (Table 2) are of particular
interest to the identification of novel mildew resistance genes.
A majority of identified race-specific resistance genes against
powdery mildew originate from the 'wheat group', i.e. the genera
Triticzm and Aegilrqis. Other introductions from the secondary gene
pool consist of four resistance genes froin the genus Secale called
Pm7, Pm8, PmI 7 and Py1i20,and onc gcnc from thc gcnus Havnaldia
called Pm21 (Chen et al., 1995). To a cei-tain extent, synteny can be
predicted in accordance with the major re-arrangements between rye
and wheat genomes as studied by Devos et al. (1993). CO-linearity
mainly exists between rye (1R) and the first chromosome group of
wheat, the long arm of the second rye chromosome (2RL) and the
wheat counterparts and the centromeric regions of other chromosomes. Pm7 is located on a translocation between nonhoinoeologous chromosomes. The translocation 4B/2R was made
with X-ray and introduced in the line Transec. The substituted segment of 4B has had little influence on the translocation (Driscoll and
Anderson. 1967; Mclntosh et al., 199%). Pm8 is located either in a
substitution or a translocation 1RS.lBL. Thc ryc chromosomc 1R
has the ability to compensate the loss ofthe wheat chromosome lB,
but the translocation is superior in terms of agronomic qualities.
Kavkaz and Aurora arc two wcll-known 1RS-cultivars, mainly distributed in Eastern Europe (Zeller, 1973). The translocation
1 RS.1 AI. is introduced to the line Ainigo and coiitaiiis Pml7, which
is an allel to Pin8 (Hsatn atid Zeller, 1997). The cultivar was created
using X-ray treatment of FI seeds after a cross between a hexaploid
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‘I’ablc 2. Powdcry mildew rcsistaricc loci and allclcs in wheat (based or1 Chcri arid

Chelkowshi. 1999)
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wheat line and the octaploid triticale cultivar Chuclw ( H e w et al.,
1990). Pn?2(1i s located on the long arm of rye cl~romosome6 K and
translocated as a 6RL.GBS from the rye cultivar Prolific. The transfer
was carried out as a homologous recombination between a mono22

somic, substitution line GRL(6D) and an existing susceptible translocation (Hem and Iiriebe, 1990; 1;riebe et al., 1994).

Race-iVonspeciJic Resistance
Race-nonspecific resistance has such epithets as horizontal, general
and uniform and has been described as polygenic with minor genes,
quantitative. incomplete, stable and durable, as partial resistance and
field resistance. Durable resistance is mostly partial or incomplete
and these terms have therefore been tightly connected with each
other. However, partial resistance itself can not be taken as a criterion for the selection of durable resistance, as e.g. partial resistance
to yellow rust in whcat has somctimcs turncd out to bc non-durable
(Johnson, 1978). In addition, Johnson (1 984) stated that there are
several examples of durable resistance due to single genes.

Racc-nonspccific rcsistancc is, howcvcr, rcgardcd as rcliablc bccausc of the natiirc of thc rcsistancc, which is quantitative and coinplex. i.e. functional in an additive way with separate sets of genes
and contributions fiom several so-called ‘minor genes’. Selective
progress is measured as continuous variation in the level of resistance and results are compared as relative values of different lines
and cultivars. Tn this way, breeders have developed a useful and
standardised strategy to deal with polygenes, which may be scattered
all over the genoine but sometimes also gathered in groups on particular chromosomes (Thoday, 1961; Johnson, 1978), although
Bennett (1984) concluded that the German cv. Diplomat so far is the
only known example in wheat where quantitative resistance to mildew has been shown to be of polygenic character. In addition, two
examples of durable resistance are known, i.e. the cv. Maris Huntsman and cv. Knox fiom the United States.
A significant feature of race-nonspecific resistance is that the discasc duvclops slowcr than with race-spccifk resistance. Parlcvlict
(1979) concluded that reduced inlection frequency (IF), prolonged
latent period (LP) and decreased spore production (SP) are the key
coinponents in the resistance that irifluerice the pathogen’s reproduction rate ( r ) .‘lhe impact of race-nonspecific resistance is more significant when the selection pressure is extended over a longer period
in the season and/or a wider geographical region. The displacement
of a wind-dispersed pathogen population such as powdery mildew is
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on average 1 10 km per year in the predominant wind direction. Basically, successful varieties should therefore be introduced in the opposite wind direction, i.e. from east to west in Europe (Limpert,
1987).

GeiTeraI Pempectitws of Resistance
In the process from natural populations of self-pollinated cereals to
the cultivation of crops, there has been a genetic shift from highly
diversified populations towards genetically uniform varieties grown
over large areas. Naturally, the co-evolutionary change in pathogen
populations has not been less dramatic during this man-made evolution. Thc sclcction prcssurc ravours multiplication or prc-cxisting
virulent races in the pathogen populations, something that makes
cultivated crops far more vulnerable than a natural host population at
genetic equilibrium. All resistance genes in the natural host population, more or less, are presumed to have virulent counterparts in the
pathogen population, at genetic equilibrium, but there are no fidly
developed genotypes that can resist all pathotypes and no virulent
races that are virulent on all host genotypes. ‘lhus, genetic equilibrium is based on different sets of genes operating both on the Imst
and the pathogen populations and the outcome is the combined effect
of these systems.

Resistance durability is not solely a question of its sovereignty, but
also a reflection of genetic homeostasis acting in the pathogen
population. Genetic homeostasis restricts genetic changes due to the
already attained maximum fitness regarding the differentiation of the
genotypes and their respective frequencies in the population. The
number of loci involved and the recombination frequency govern the
efficiency of genetic homeostasis (Lerner, 1954). For practical reasons, it is therefore beneficial to explore genetic homeostasis in
pathogen populations. It has been suggested that genetic equilibrium
similar to that which prevailed between natural populations of hosts
and pathogens also can be obtained with race-nonspecific resistance
in modern crops (Nelson, 1978). Alternatively, it is possible to use
an approach where a differential set of race-specific resistance genes
arc dcploj cd in thc conccpt of gcnc pyramiding (Hittalmani, 2000).
In addition to the polygenic and the pyraniiding approach, the same
result can be obtained with a multiline approach (Wolfe and Barrett,
1980).
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Wi d c Hybridisation
Thc introduction ol'alicn germplasm into whcat by mcans 01 widc
hybridisation has mainly been attribiited to three different methods
re\-iewed by Sharnia and tiill (1984): (i) The use of ionising radiations (recommended l'or use on seeds by Sears, 1993). which causes
breakage 'and a subsequent fusion of chromosomal segments. Sears
(1 956) successfully applied this method as early as the 1950s uith
irradiation applied to pollen mother cells. (ii) The induction o f honioeologous chromosome pairing according to one of the follon ing
two methods: (1) using a Phl mutant ( p h l b ) (Sears, 1977) that normally supprcsscs tlic mcchanisin. or. (2) the method iiscd by Rilcj ~ I
rrl. (I 96&),where the same effect was obtained through a cross with
Triticiirn speltoides (Tausch), which contains genetic factors that inactivate thc suppressor gcnc Phi.Fricbc e! nl. (1996) sumniariscd
that 10 of 57 spontaneous and induced wheat-alien translocations
had their breakage-fusion in the centromeric region. A majority of
the transfers (45) were tenninal translocations, u-ith an alien segment
translocated to the wheat chromosome arm, and two were intercalary
transfers. 'lranslocations caused by induced homoeologous pairing
generally hake the ability to compensate for the lost (substituted)
segment, whereas radiation treatments cause random chroniosome
breakage, which means that transfer5 normally occur as noncompensating translocations m ith the implement of genetic inibalance. The latter method is seldom used, although it has been employed successfully by several researchers (Sears, 1983). However.
it is not recoinmended except when the target gene is located in the
centromeric region beyond the range of recombination (Jiang et a/.,
1994). (iii) Exploiting the tendency of univalents to misdivide and
reunite. For example in F1 hybrids between hexaploid triticale and
hexaploid wheat, there is one set of the R and the D genonie forming
h70 sets of univalents. These univalents are under pressure from the
centric breakage-fusion mechanism during meiosis and can be selected as homozy gous translocations and substitutions after some
generations (Sears. 1952; Merker, 1984). Studies on the recoxrery
~ FAgeneration have shown that
rate of rye chromosomes at B C I F and
the chromosome 1R was recovered most frequently. 2R and 3R to
some extent. while 3R and 7R were most likely transmitted together
due to chromosomal rearrangements in the rye genome compared to
the wheat homoeologous (Merker, 1984; Gustafson et al.: 1985; Devos et U / . . 1993). Several agronomic traits have been successfully
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transferred to wheat from alien germplasm, such as disease resistancc, wintcr hardincss, strcss and salt tolcrancc from Aegilups spccies, T. liniopheevi, Huynrxlch villostx, Thinopjvwm species and Secrxle cerecnle (for review see Friebe ci nt,, 1996; Jiang e / nl,, 1993),
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Aims and Design of this Study
The overall aini of this study was to broaden mildew resistance in
bread wheat. Novel sources from alien germplasm, i.e. triticale and
Leymus moZEis, were used for the introgression and stabilised wheat
lines were obtained for investigation and are now available for
breeding programmes. The specific aims were:
To select mildew-resistant wheat lines from advanced generations of crosses between sources of novel resistance and susceptible wheat cvs. (Paper I).
To characterise obtained mildew-resistant lines with different
cytogenetic methods (Pnpers II rxnd HI).
To develop chromosome-specific PCR markers located on chromosonic 2L, including 2RL as a carricr of mildcw resistancc
(Pcper r q .

Our study was based on an extensive amount of pre-breeding material, including interspecific crosses between mildew-susceptible
whcal cvs. and mildcw-rcsistant triticalcs, a wheat-rye substitution
line and a wheat-leymus mollis hybrid (Forsstrom and Merker,
2001 : Merker and Rogalska, 1984; Anamthawat-Jonsson, 1999).
These were assumed to contain novel sources of mildew resistance.
It mras assunied that chroniosome substitution and meiotic misdivision and reunion would occur when the material was developed.
This is especially feasible when specific alien traits can be selected
and traditional breeding methods are used without any need for
complicated laboratory techniques. Introgressions in plant material
from crosses were hence achieved without any particular technique
such as induced homoeologous pairing or irradiation treatment. The
material was propagated through self-pollination and investigated in
advanced generations.

(1) Isuluhn of alien yernzplus~~z.
In the Grst papcr of the study, we
made a selection of powdery mildew-resistant genotypes. IIeun and
Fischbeck (1 987a) were first to use a differential set of isolates of the
pathogen to differentiate between coimnercial cvs. and afterwards it
has been widely used (Hem and Fischbeck, 1987b; Hovmraller,
198Y; I,eath and Hew, lYY0; IJutlt7e / U/., lYY2; Huang elul., 1997a;
Huang et al.. 199717). A small set of particularly virulent isolates was
used in our study in order to reduce our material into a sensible
number of mildew-resistaiit genotypes. We used the same isolates
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that are applied by commercial breeders in Sweden and the results of
using these isolates are compiled in Paper /.

( 2 ) C'huractwisation ofalien germplcism. In the second paper of the
study, we characterised resistant genotypes derived from a double
wheat-rye substitution line. Available methods for characterisation
can be biochemical. molecular or cytogenetic technologies, recently
reviewed by Berzonskj and Francki (1999). Wang et al. (1998)
showed a conibination of the used methods Southern hybridisation,
PAGE of storage proteins, C-banding and in situ hybridisation
(ISH). A standard kai-yotype for wheat (Endo and Gill, 1984; Gill et
al.. 1991) and rye (Gill and Kimber, 1974; Sybenga, 1983) enables
the use of the Giemsa C-banding method to identify transferred
chroinosoines in wheat-rye hybrids. The rye chroimosoimes are predominantly recognised by their large heterochromatic regions of the
telomeres. Our results are assembled in Paper //.
( 3 ) ('hrnmnsnme painting qf alim germplasm. In the tliird paper of
the study, we characterised resistant genotypes derived from interspecific crosses between resistant triticale and susceptible bread
wlieats. According to Islam-Faridi and Mujeeb-Kazi ( I 995) and
Lavania (1 9981, rnolccular cytogcnctics is the most appropriate
method for characterisation of alien chromosome introgressions. The
advantage of genomic in situ hybridisation (GTSH) compared to
other methods is the "painting" of all alien germplasm located in the
nucleus. The method has been widely used to investigate the origin
of genomes, chromosomes and parental genomes in hybrids
(Schwarzacher et al., 1989) and to analyse derived introgressed lines
from interspecific crosses (Murata et al., 1992; Schwarzacher et al.,
1992: Taketa et al., 1997). Fluorescent in situ hybridisation (FISH)
combined w-ith GTSH enables the detection of translocations and
other aberrations, including particular breakpoints, by the use of specific repetitive DNA probes, as in our study Paper 111.

(4)Develnpmenf qf'PCR Fnarkers. In the fourth paper of our study,
we developed sequence-tagged sites (STS) markers. The aim was to
develop chromosome-specific PCR markers located on the long arm
of chromosonic group 2, dcsigiicd for the traiislocatioii T2BS.2RL,
which is a carricr 01 mildcw rcsislancc (sec I'cper 10.Hcrc a novcl
method is applied for the development of PCR-based markers that
takes advantage of exploring already mapped and sequenced RFLPs.
Our study revealed that internal sequences of the RFLP probes offer
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a sufficient degree of polymorphism that even allele-specific STS
markers could be obtained. ‘I’heresults are presented iii Paper / V .
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Results and Discussion
Isolation of Alien Germplasm (Paper 1)
Since the early 1980s it has been known that interspecific crosses
between triticale and bread wheat can conduct transfers of rye chromatin. Lukaszewski and Apolinarska (1 98 1) have shoivn that Miinter
triticale has the benefit of being able to maintain the complete R genomc, while spring triticalc can be inclined to lose rye chrornosomcs
and replace them by their D-homoeologous chromosomes In secondary triticales (crosses between triticale and wheat). Merker (1984)
suggested that triticale used as a feinale in the cross with wheat produces viable seeds, while in the reciprocal cross, the endosperm development is disturbed and the embryos have to be rescued by an
embryo culture. Lukaszewslti (1982) also showed that it would be
preferable to use wheat pollen in crosses with F1 hybrids in order to
facilitate thc traiisinissioii of ryc chroinosoincs in thc cgg cclls. This
was the method uscd to develop the matcrial uscd in our study. The
crosses and hybrids in our study have been designed in accordance
with these findings, Furthermore, a delay in the isolation of resistant
lines to later generations (BClF4 or F5) increased the possibility of
isolating genetic transfers in a hoinozygous state.
The overall aim was to isolate a feasible number of mildewresistant genotypes using a robust and reliable test method. According to Hovindler (1989) there were no detected differences between
the use of intact seedlings or detached leaf segments when the scale
0 to 4 was used in the mildew test. However, intermediate infection
types had a tendency to be exaggerated when leaf segments were
used instead of intact seedlings. Intermediate infection types were
also more scnsitivc to tcmpcraturc. Wc had no statistical aims and
hence a 0 to 9 scale was unnecessary. The scale 0 to 4 was chosen
and the experiment was conducted on intact seedlings, We used
three of tlie most virulent isolates found in Sweden, currently used
by coimnercial plant breeders. Previously, another mildew isolate
(less virulent) was used for pre-selection. Moreover, the technique
used to infect intact seedling? in tlie greenhouse i5 less \ulnerable to
fluctuations in drought and temperature. We reduced an extensive
amount of gcnotypcs (approximatcly 13,000 lines) to a handful valuable resistant wheat lines. By comparison, the linc Ricbcscl47-5 1,
which is the main source for the currently most used wheat cvs. that
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carry the translocation lBL/lRS, was based on the selection of more
than 10,000 spikes (Kabinovicli, 1998).

It has been proven that wheat-rye translocations can increase the
yield. especially in lower-yielding environments and under dry conditions (Moreno-Sevilla et al., 1995a; Villareal et al. , 1998). Tn addition to disease resistance (Zeller and Hsam, 1983; Rajaram et al.,
1983) and other traits such as winter hardiness (Moreno-Sevilla et
al.. 1995b), earliness, tolerance to low pH and drought tolerance
(Merker. 1984: Plaha and Sethi, 1993; Schlegel et al., 1998), they
also contain genes for adaptability (Plaha and Sethi, 1993). They are
therefore considered the most important alien sources of enhancing
wheat germplasm (BartoS, 1993; Jiang et al., 1994; Friebe et al.,
1996).
1,iries with a mildew reaction similar to the formerly known PmN
and P m l 7 represent the highest scores of resistant genotypes from
the iiiterspecific crosses between mildew-resistant triticale and susceptible bread wheat. Tt indicates the presence of 1RS in these lines,
i.e. RSS. as shown in Table 3 and Tables 1 and 2 of Pcper I.
Tahlc 3. Highcst scorc(s) of rcsistant gcnotypos in tho diffcront intcrspocific
crosses between mildewresistant triticale and susceptible bread wheat

Triticale x wheat"
TCl x H
(TCl x H) x K
(TC2 x H) x K
(TC3 x H) x K
(TC2 x H', x G

Highest score(s) **
SRS
RSS
RSS and RRS
RSS
RSS

* TC1-3 = Triticale 1-3; H = cv. Holme; K = cv. Kraka (contains recessive resistant gene pm5: G = wheat line Goerzen
* * M i l d e reaction:
~
R = Resistant; S = Susceptible; Order of isolates: MD,,,Egtl
and MIIu:See Table 1 in Paper I f o r a characterisation of these isolates.
1,iries resistant to the isolate Egtl in the cross TCl x H and (TC2 x
H) x K presumably contains an additional source of resistance. This
is in accordance with the hypothesis we used in Paper / and we
could analyse these categories to examine if they really contain alien
germplasm from the rye genonie. TTowever, at this stage we are also
concerned about the hidden formulas beliiiid some of the other categorics and this rcquircs furthcr examination.
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Why does the population TC 1 x H contain a negligible number of
lines resistant to the isolate MU;? Is it because of a suppression of
1RS or because of the absence of 1RS and lR? A reasonable explanation could be that the population is still segregating. Other categories from this cross must therefore be examined before a final
coiiclusion can be drawn. Whatever the reason, we can expect the
same pattern in the cross (TC1 x H) x K if it is due to the origin of
the TC parent. Two dominant categories have been scored in the
cross (TC2 x H)x K, while the other crosses lack a second category.
There is no association with either TC or wheat backgrounds and
this distribution of lines can therefore not solely be explained by either the origin of triticale or the used bread wheats in the crosses. It
would therefore, for instance, be necessary to bulk different categories of genotypes in the above populations and score the differences
in a bulk scgrcgant analysis (BSA)(Michclmorc et al., 1991). BSA
would bc suilablc ior usc in conjunction with thc AFLP markcr system (Vos et nl., 1995) to rec eal the complexity of interactions between different used combinations of bread wheats and triticale. Since we7obviously, did not isolate any novel resistance located at the
Y1?28/Ptnl7locus (Hsam and Zeller, 1997) there is no need to exploit
mildew resistance in these categories. However, it has been shown
before that the yield and end use quality of 1RS cvs. may depend on
the interaction between the rye genes and the wheat backgrounds
(Schlegel and Meinel, 1994; Moreno-Sevilla et al., 1995a; MorenoSei;illa et al., 1995b; Lee et al. , 1995; Villareal et al., 1998). This
emphasises the importance of a broader genetic diversity of 1RS
sources in different wheat backgrounds. Further examinations of the
parameters yield and baking properties could therefore be made in
order to investigate the value of these categories and perhaps affirm
a combined BSA/AFLP analysis. The broader resistance shown in
the eight RRR-resistant genotypes in the triticale x wheat material
are likely to be far more important than the genotypes above and the
use of these lines is discussed extensively in Paper III.
The absence of category RSS in the cross SUB x G (Table 2 in Puper s) can be explained by the presence of a suppressor gene in the
line Goerzen similar to the suppressor gene located on 7D and described by Haiiugova et n/. (1 996). Tt was probably selected against
already in the test n i t h the isolate MU. This hypothesis could be examined by a cross with Goerzen and representatives froin RSS in the
crosscs SUB x H and SUB x K and a study of thc modc of inhcri32

tance. It would be of minor importance except that these results
show the beneficial value of making crosses with wlieats of different
backgrounds. Similarly, the RRR category is probably influenced by
the wheat background, both in the crosses TC x wheat, (TC x wheat)
x wheat and (AD99 x wheat) x wheat, whereas SUB x wheat seems
more independent of such interactions.

Characterisation of Alien Germplasm (Paper 11)
The aim was to evaluate the efficiency of methods used to make a
selection based on mildew resistance and fertility in combination
with the C-banding method used to isolate translocations from a mildew-resistant double disoniic (1 R+2R) wheat-rye substitution line,
crossed with susceptible brcad whcats. The most promincnt result o r
this investigation was the isolation of the translocation 2BS.2RL,
which showed a broader resistance than put.17, i.e. the previous ryederived resistance gene fioin this particular chromosome arm, which
is transferred to the line Transec. In pup^ /Vwe report the development of PCK markers for ‘12BS.2KL that can distinguish between
2 K L and 2BL.
When alien introgression is used, there is always concern about
detrimental effects. It is well-known that the 1RS cultivars provide
increased yield and decreased bread-making qualities, i.e. dough
weakness and stickiness, poor extensibility and sensitivity to overmixing (Martin and Stewart, 1986; Koebner and Shephard, 1988;
Fenn et al., 1994). The Hamlet translocation T2BS.2RL was developed and derived from a cross with ”Chaupon” rye at Kansas State
Universitj (Lapitan et al., 1984; Friebe et al., 1990). It is a carrier of
Hessian fly [ikfayetioludestructor (Say)] resistance. In a study intended to clarify the quality of the Hamlet translocation T2BSS2RL,
different parameters such as test weight, flour yield, kernel hardness,
mixograph mixing time and bake-mixing time were used. It was established that differences in milling and baking properties were so
minor that they could be overcome by breeding efforts and the line is
currently used in wheat breeding programmes in Kansas (Knackstedt
et al., 1993). Thcrc arc no major storage protciiis located oil 2BL and
this is probably why the baking properties in the T2BS.2RL translocation could be retained. The rye chromatin of 2RL shows homoeology with 2BL and thcrcforc compcnsatcs thc substitutcd scgmcnt, as
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there are no chroniosome rearrangements in 2RL compared to chromosome group 2L in wheat (Devos et aE., 1993).
Weniersson (2001) has analysed several agronomic characters,
such as resistance to lodging, straw length, heading date, fertility,
hectolitre weight, 1000-kernel weight, yield and amylase activity on
our traiislocation T2BS.2RL. Two days later heading date of translocation carriers was the on14 significant difference compared to noncarriers. The later heading is similar to the IRS-cvs. Another character of 1RS-cvs. is a higher kernel weight, but our 2BS.2RL carriers
were closer to the non-carriers. Results showed that the yield was
higher although it should not be considered as reliable since the experiment was conducted in small ”hills.” Kye has in general a lower
hectolitre weight aiid a weaker straw compared to wheat and results
indicate that these characters have other chromosome locations than
2KL. Rye also has a taller straw than wheat, and here in the study it
was slightly taller but still within the limits of selection. Both catcgories showed the same fertility, which indicates that the translocation is able to compensate for the lost segment 2BL. Sprouting in the
car can dccrcasc thc quality. cspccially during periods 01humidity.
Results showed that this characler was not allected and may even
enhance the product, because a formerly known alpha-amylase inhibitor is located on 2RL (Sadowski et al., 1988). However, further
examinations must be done regarding quality and yield, especially as
it can be used directly in wheat breeding and contains other important traits (Schlegel et al.. 1998). For instance, leaf rust resistance
could be scored since 2RL is a formerly known carrier of leaf rust
resistance (Mchitosh et aE., 1995b).

Chromosome Painting of Alien Germplasm (Paper TIT)
Molecular cytogenetics can be used to determine the physical location of specific DNA sequences on the chromosomes. A simultaneous multicolour approach first applied by I,eitcli et al. (1 991), and
Mukai ( 1996) succeeded in using seven different probes in one experiment by coinbining three fluorocliromes. ‘I’headvantage of siinultaiieous FTSH is that specific DNA sequences can be placed in
order. The physical distance in the hybridisation of different probes
can have major impact on the results. Conventional FTSTT techniques
have a lowcr limit for rcsolution (approximately 1-10 kb) (Mukai
aiid Yamamoto. 1998; Schubert et al.. 1998) and two hybridised se34

quences must be separated by a distance of at least 1Mbp. A shorter
distance between the hybridisation sites results in a single intermixed
signal. The mapping resolution on metaphase chromosomes is usually restricted to 2 Mbp in plants and the relatively low resolution
compared to human chromosomes is partly due to the plant cell construction and particularly to a higher degree of condensation of the
chromosomes at this stage. However, the digestion by enzymes can
break down the cell wall barrier and cell debris can be wiped away
with a pectinase treatment. An examination of interphase chromosomes may otherwise be an alternative due to the decondensed nature of the chromosomes at this stage (Jiang and Gill, 1994; Lavania,
1998).
Physical mapping of repetitive DNA sequences by FTSH can be
obtained using cloned probes from both wheat and rye. The chrornosonies in those genomes can hence be identified (Cuadrado et al..
1995). The Ae,oiEops squavvosrr clonc pAsl and the lmmologous
clone dpTal can both be used to identify the D-genome chromosomes (Rayburn and Gill, 1987; Pedersen and Langridge, 1997; Vershinin el d . ,1994). The rye clonc pScll9.2 can be used to identify
the R-genome and B-genome chroinosoines (Mclntyre e/ d . ,1990;
Mukai et al., 1993; Cuadrado et al., 1995). Simple sequence repeats
(SSRs), in particular the motifs GACA, AAC and AAG, can identify
R-genome and B-genome chroinosoines (Pedersen and Langridge,
1997; Cuadrado and Schwarzacher, 1998; Cuadrado et al., 2000).
The clone pTa71 can identify major NORs in lR, 1B and 6B and
minor NORs in 1A and 5D (Gerlach and Bedbrock, 1979; Mukai et
al.. 1991). The clone pTa794 can be used to identify the 5s rDNA
(Castillio and Heslop-Harrison, 1995) (see Table 1 in Paper 114.
We were able to determine the breakpoints of an inverted 1R
chrornasome (rye genorne) at metaphase 1 by using five of those
different repetitive DNA probes combined with GISH. We showed
that the brcakpoints wcrc bctwccn (1) the 5s rDNA site and the
NOR region on the satellite of the short arm, and (2) between two
AACtjl sites closc to the ccntroincrc on the long a m , i.e. a pcriccntric invcrsion. A incasiircincnt of the physical length of the chromosome and GISH revealed no indication of any other rearrangement of
the chromosome. I.ines with an inverted 1 R are difficult to maintain
in crosses with other lines carrying IR. The aberrant structure of 1R
in these lines could instead be explored in the development of recoinbinant wheat-rye lines, in order to minimise alien chromatin or
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to create a dosage effect through deletions or duplications of the rye
c 11 roni ati n .
Five other mildew-resistant lines were also analysed at metaphase 1
by C-banding, GISH and FISH. They were found to be either addition or substitution lines and rye chromosome 1R was present in all
lines. This indicates that the mildew resistance is located on 1R. Rye
chromosome 1R and pre-dominantly Pm8 has been regarded as the
main source of mildew resistance derived from rye (Zeller, 1973j.
However, the breakdown of Pm8 in Europe and in China may have
changed the genetic equilibrium between the host and the pathogen.
This implicates that breeding must consider resistance from other
sources. a fact that may still be used or investigated. For instance,
P m l 7 still resists the pressure in Europe due to the fact that it is currently mainly used in the United States. Tt has already been concluded by Heun and ischbeck ( I 9X7a and 19X7b) that extended effoi-ts arc nccdcd to broaden thc gcnctic basis for wlicat. The limited
number of currently used major resistance geneslalleles in wheat cvs.
in China (6j and Europe (9). reminds us that the level of protection
h m rcsislaiil soiirccs must bc cnhanccd (Huang el U / . , 1997aj.
Rabinovich (1998) summarised that 330 cullivars and wheat lines
bred in 35 different countries on five continents contained either the
substitution 1R or the translocation 1RS, while this rye germplasm
originated froin four different rye sources. Evidently, the main reason why 1RS cvs. are consistently so popular can be attributed to its
higher yield. Our triticale-derived lines that contain 1R may, if they
hold further examination. be a welcome contribution to the genetic
diversity in the stream of released 1RS cvs. This refers both to mildew resistance and the constitution of the derived rye chromosome,
and its interactions with different wheat backgrounds. As far as we
can see: it can be assumed that 1R is the most likely carrier of mildew resistance derived rrom the interspecific crosses with triticale.
I d

Formcrly dcrivcd inildcw resistance gcncs rrom ryc havc bccn
transferred fi-om four chromosomes ofthe genome, i.e. lR, 2R, 4R
and 6R (Zeller. 1973: H e m el id., 1990; Driscoll and Jensen, 1965;
Lind, 1982: Fricbc e/ U / . , 1994). Thcir prcscncc in our inatcrial is
probably the result o f a selection for broad mildew resistance during
the development of these lines. Subsequent crosses with the addition/
substitutioii lines ( 1 R + 2R: 1 R + 4R; 1 R + 6Rj and susceptible
bread wheats could reveal if the rye chromosomes 2K, 4K and 6K are
involved in the defence mechanisms of these lines, and to what ex36

tent. It may not be a coincidence that these chromosomes are formerly kiiown carriers of mildew resistance. In order to elucidate the
precise effects on resistance in the different rye chromosomes, COsegregation between resistance and rye chromosomes could be studied in populations from crosses between the different resistant lines
and susceptible bread wheat cultivars.

Development of PCR Markers (Paper IV)
DNA markers have several advantages over biochemical and phenotypic markers. e.g. a higher degree of polymorphism and independence of gene expression. They are not environmentally influenced and can basically be extracted fioni all living tissues at all
plant stages (Gale and Sharp, 1988). Howcvcr, a suitable DNA
marker system inust be used according to the aim and specifk objectives ofeach study. RFLPs has been the most extensively used
marker system in coinparative mapping and the study of synteny,
since it can be utilised to detect lioinoeologous loci. PCR marker
systems are more feasible in studies of genetic diversity and practical
breeding. ‘I’hecurrent map of SSKs in wheat has approximately
1.000 mapped loci with a high degree of polymorphism. It is hence
the most common method for marker-assisted selection (MAS) in
practical wheat breeding. Multiplexed methods such as AFLPs and
1SSRs are more suitable for studies of genetic diversity (Gupta et al.,
1999). S N P s and other non-gel-based technologies like microarrays
and pyrosequencing are attractive alternatives to the above methods.
although it has currently not been established that they could replace
the current technologies for financial reasons (Qi et al., 200 1; Koebner et al., 2001).
Molecular marker technology has generally been restricted to use
with specific traits that would otherwise be difficult to tag, such as
particular pathogen diseases and quality characters (Mohan et al.,
1997). Another approach to tagging has been to conduct selection iii
early generations (Ribaut and Hoisington, 1998). Evidently, selection could be made more efficient if additional efforts were made to
dcvclop tightly linkcd DNA markers to scveral traits for thc subsequent development of elite lines from large populations. In the case
of disease resistance genes, selection can be made without subjecting
plants to lhc pathogcn and scvcral dcsirablc traits could bc controlled
simultaneously. In a polyploid species such as wheat it is possible
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that effective genes in other genomes epistatically mask the effect of
recessive genes. Masking effects imay therefore be held in order by
means of markers and gene pyramiding of such genes has been a
successfid way to increase the durability of resistance against severe
diseases in the crop (Yoshimura et al., 1995; Ogbannaya et al., 1998;
Hittalmani et al., 2000).
The conversion of RFLP probes into STS markers in a diploid species such as barley is a straightforward process, involving two major
steps: the sequencing of the RFLP probe and the design of convenient primer pairs for the PCR reaction (Blake et al., 1996). In wheat,
however, we have to consider the hexaploid nature of this species
and conduct the sanie process siinultaneously for the homoeoloci in
the wheat A, R and T l genomes. The aim of our study was to perform
STS assays for the translocation T2BS.2RL. In order to do this, we
had to consider the rye genome, something which could of course
not be acconiplishcd without discrimiiiating bctwccn the products
derived from these homoeoalleles. We applied a method based on
single-stranded conformation polymorphism (SSCP), a sensitive
tcchniquc lhat cxploits thc conIonnationa1 mobility 01 singlcstranded DNA separated on polyacrylainide gels under nondenaturing conditions and allows for the detection of singlenucleotide polymorphism (SNP). This is a high-resolution and userfriendly technique, which only requires basic equipment available in
small laboratories. SSCP is known to be most effective for DNA
with high GC contents and smaller DNA fragments give higher sensitivity. In our design of primer pairs, derived from the sequence of
the RFLP probe. we used different combinations in the range between 200-300 bp and obtained stringent results. These primers amplified all the homoealleles at the specific RFLP locus that were present in the templates we used. The gel matrix differentiates the templates depending on the secondary structure or the DNA. Selected
ditelosomic and nullisoinic lines were applied in the separate lanes
and thus used to reveal the origin of the homoealleles. Specific bands
were excised directly froin the gel and used for sequencing. We
could hence identify sequences that were used for the design of
chromosome-specific primer pairs. ‘I’heresults were validated with a
set of F3 families of mildewresistant and susceptible genotypes (derived from a cross between ‘1’2US.2KL and a susceptible bread
wheat), which were correlated with RFLP profiles and mildew resistancc and showed thc prcscncc and abscncc of 2RL and 2BL, rc38

spectively. The mildew resistance was confirmed to correlate with
2KL. Iqurther examinations were made using an array of substitution
lines and one 2RL allele-specific primer combination could be identified. In the future, it would be fruitful to examine whether RFLPderived STS markers can be more polymorphic than the RFLP
probes themselves. A broader screen of a set of rye and wheat cvs.
could in fact reveal whether our allele-specific STS marker is an indication or an exception of polymorphism between different cvs.
Chromosome-specific markers developed in this study are based on
the amplification of one single fragment, something which makes
them suitable for stained PCR assays where the DNA double helix is
visualised directly in the plate by ethidium bromide (Gu et al.,
1995). The development of STS markers designed to select the powdery mildew-resistant wheat-rye translocation 2RL.2BS could
therefore be even more accelerated if this method was adopted in
MAS. Thc rcquircmcnts for MAS in brccding programmcs arc as
follows: ( I ) a co-segregation between the marker and the trait, (2)
efficient technology for high-throughput adapted to screening of
largc populatioiis of brccding matcrial, (3) markcr validation to conGrin the overall usefulness in crosses with dirrerent genotypes, and
(4) a reliable and robust screening technique with reproducibility
across different laboratories. In a review by Gupta et ul. (1 999), a
total number of 36 agronomic traits in wheat have so far been recorded and tagged with different molecular marker systems, such as
RFLP, RAPD, SCAR, AFLP, SSR and STS. RFLP belongs to the
first generation of DNA markers, which is based on a hybridisation
between a RFLP probe and digested templates of DNA, while the
others are PCR-based. The most eminent application of RFLP has
been the construction of linkage maps. The RFLP mapping in wheat
has identified more than 1,000 markers. It is thus the most explored
and used DNA marker system in this crop. However, RFLP analysis
has not been integrated into the application of breeding programmes
to any great extent, since it is time-consuming, labour-intensive and
has a low level of detected polymorpliisin between adapted wheat
varieties. Bryan et al. (1999) estimated the variation at DNA level to
be approximately 1 :1000 basepairs ainong adapted genotypes of
wheat, Tt is hence ineffective when used for intervarietal detection of
polymorphism. On the other hand, it has a co-dominant character
and can be used to detect homoeologous loci suitable for comparative mapping and to study syntcny bctwccn closcly rclatcd spccics as
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in the case of the grass family. Gale and Devos (1 998) stated, in fact,
that if I’CK had been discovered five years earlier, we might have
been unaware of the conserved gene order among plant species.
However. introgressions of alien germplasm into wheat have in general been restricted to the tribe Triticeae. something which is comprehensible in the context of synteny with substituting ability from
adaptive linkage blocks (Sharma and Gill 1983; Jiang et al., 1994).
Due to homoeology and suppressed chromosome pairing, these introgressions are inherited as completely linked blocks. This means
that a DNA marker located on the introgressed segment always is
linked not only to the trait but also to the entire segment. It can
therefore be useful for MAS aimed at transferring the alien segment
in breeding programmes (Cenci et al., 1999).
Genetic factors required to express the trait in gene transfers are
more likely to be linked in a Kobertsonian translocation. By contrast,
a GMO approach would havc scvcrc problcins to ovcrcomc, cvcn if
progress is foreseen in monocots as well, where biolistics seems to
be replaced by the Agrohacterizim approach as the method of choice.
Thc T-casscltc is normally cquippcd with a singlc gcnc (without gcnetic hclors) in addition to other coinponents necessary [or its
transfer. Apparently, GMO technology does not have the advantage
of linked beneficial gene complexes that can be transferred in translocations. Although the transformation efficiency in cereals has been
improved during the past decade. other problems have to be resolved
in the development of GMO, such as integration control and expression failures (Cheng et al., 1997; Rasco-Gaunt et al., 2000). In the
currentlj used technology. there is no control of the integration event
and the transgene insert is integrated randomly over the genome. At
transgene inserts, transgene expression is hampered by structural
defects in the T-cassettes and has to be monitored and designed in a
inore robust lashion. Methylation is another problem shown as an
effect in progressive silencing over the generations. It indicates that
the entire transgene insert has been “marked” in the act of host surveillance systems.
Our choicc of’RFLP-loci was govcrncd by thc dccision that it
should be within the linkage block, i.e. the chromosome arm 2RL,
where no recombination could occur due to the cliroinosoine pairing
suppressor gene Pb I located on 5 R . Normally, the introgressioiis
from other species are seldom accepted and introduced into plant
breeding programmes, but no negative effects are expected froin the

conipensating translocation T2RL (Knackstedt et al., 1994). In addition. the introduction of 2KL cultivars offers an opportunity to build
up a new gene complex of valuable traits. Desirable and adaptive
traits are to be expected in the linkage block (Jiang et al., 1994) and
it can be assumed that the translocation 2BS.2RL contains other
beneficial traits besides mildew resistance and hence is an attractive
approach in the gene transfer of mildew resistance. The effect of a
linkage drag can either be beneficial or deleterious to the line, and
these effects should not be under-estimated. In the scenario of negative linkages in the 2BS.2RL line, it should be possible to choose a
linked RFLP-locus for conversion into STS markers in accordance
with our developed method, that is co-segregating with the character
in question. Further crosses can then be conducted in order to minimise the size of the introgression and thus avoid unwanted deleterious traits in thc linkagc block.
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Conclusions
Wide hybridisation between triticale and bread wheat has been
known since the early 1980s. Earlier studies have shown that winter
triticale is preferable to spring triticale. Higher transmission rates of
rye chromosomes are expected if bread wheat is used as a pollinator.
These procedures were used to develop the pre-breeding material
that was screened for mildew resistance in this study. According to
our findings. wide hybridisation using methods that promote transfer
of alien gerniplasni into the wheat genome gives a sufficient number
of lines with alien introgressions in advanced generations of prebreeding material.

The mildew isolatcs uscd in thc study wcrc convcnicnt for selection
of brccding inatcrial in thc northcrn part of Europe and Swcdcn in
particular. ITowever. it would be interesting to investigate if the material contains a broader resistance towards continental mildew races
in Eitrope, as mildew has been adapted to hotter and drier climate
with the spread of semi-dwarf cultivars and increased use of nitrogen
fertilisers, Further screening of the material with a broader set of
mildew isolates has therefore been discuqsed with Dr Hsain and colleagues in German). More coniplex traits such as yield and drought
tolerance may require the identification of QTLs and advanced
crossing procedures using the induction of chromosome pairing and
marker technology. In our study, it was sufficient to select lines for
mildew resistance as presumed carriers of rye chromatin. Our study
has shown the preferential selection of lines carrying the rye chromosomes 1R. 2R, 4R and 6R.
Alien introgressions in a plant material must be developed and selected, but also characterised in an appropriate way. Characterisation
of introgressions has been made with different methods, such as Cbanding, FISH, GISH, RFLP and PCR markers, where the purpose
of the investigations has determined the choice of method. Cytogenetics and preferably C-banding is a well-documented method used
to identify chromosomes by their karyotype. ‘I’heC-banding method
combined with a selectioii of mildew resistance lias proven an efficient approach to obtain and characterise wheat lines with incorporated genetic transfers in the form of substitutions and translocations
from thc ryc gcnnplasm.

Molecular cytogenetics can be used to detect and describe alien introgressions exclusively and is therefore useful in the characterisation of plant material in plant breeding. However, the method is most
usefd if the alien species does not belong to the primary gene pool
of the species, because of cross-hybridisation of total genomic
probes between closely related species. GISH was an efficient and
accurate technique to estimate the amount of rye chromatin in a set
of triticale-derived wheat-rye substitution/ addition lines. ISH applications showed a sufficient degree of resolution to characterise and
localise the breakpoints of a pericentric inversion (1R) contained in
two similar wheat-rye substitution lines.
M L P technology has been successful in characterising alien introgressions in wheat due to the synteny among other species in the
grass family. although RFLP is not feasible for the purpose of practical breeding. Considerable efforts have instead been made to devclop PCR marltcrs. while non-gcl-bascd approachcs arc still too cxpensive to pay dividends for the application breeding programmes.
In this perspective it is an attractive approach to convei-t RFLPs into
PCR markcrs. Thc convcrsion 01whcat RFLP probcs into STS
markers has proven a robust and Gnancially leasible inethod to develop PCR assays and it makes use of already mapped low copy
RFLP probes. STS markers could be an alternative to the currently
used microsatellites for minor crops such as rye and millet and may
also be used to characterise sources of wild relatives stored in gene
banks all over the world.
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