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Summary

Durum wheat (Triticum turgidum L. var durum) ismainly produced and
consumed in the Mediterranean region; it is used to produce severa specific
endproducts. Grain qudity isimportant; and Smple, rapid, and rdicble tests are
prerequisite. The am of this study was to construct a genetic linkage map of durum, to
determine QTLs related to grain-qudity, and to sudy ther interaction with
environments. The population congtituted of 114 recombinant inbred lines, derived from
the cross: Omrabi5/ Triticum dicoccoides600545// Omrabi5. Microsatellites, Amplified
Fragment Length Polymorphism (AFLPs), and seed storage proteins (SSP) were used.
Thetraits andyzed over sites x years were protein content (PC), gluten strength (SDS),
farinograph parameters, yellow pigment (Y P), vitreousness (Vit), test weight (TW),
kernd size (TKW), flour yield (FY), and ash content (AC). PC, Vit, and TKW were
affected by environments. Transgressive inheritance was shown for SDS, farinograph
parameters, TKW, and AC. The traits were grouped in 3 clusters representing protein,
gluten srength, and milling. As for the mapping population, ahigh levd of
polymorphism was detected (> 60%). The map was constructed with 124
microsatdlites, 149 AFLPs, and 6 SSPs; its length was 2288.8cM (8.2cM/ marker). It
showed high synteny with previous wheat maps. The microsatdlites and AFLPs
mapped evenly across the genome, with more markersin B. Thirty-three QTLs showed
linkages to different traits, with a least 3 QTLs per trait contributing with more then
30%. Thelargest contributions were for Y P and farinograph stability time (FST); 3
QTLson 7AL and 7BL explained 62% of YP; and 4 QTLson 1BL and 2BS 51% of
FST. All QTLs showed genetic and QTLXE effects, except Vit where only interaction
occurred. Severa QTLs aso showed pletropic effect; Glu-B1 and Xgwm131b on 1BL
affected SDS and farinograph parameters. Smilarly, PC and Vit have 2 QTLsIn
common (XMcaaEacg560 and Xgwm107), with genetic and interaction effects on PC
and only interaction on Vit. Also, Xgwm518 on 6BS has affected SDS, PC, and TKW.
Onmrabi5 Xgwm518-aldes contributed positively to TKW and negatively to PC and
SDS. However, several other TKW-QTLswere not linked to PC and vice versa. Other
major genomic regions were linked to quality traits (6B, 3BS, 4BL). Processing traits
wereon 1AS, 1BL, 2BS, 3AS, 3BS, 4BL, and 6BS. The QTLson 1ASand 1BL
coincided with Glu-A3 and Glu-B1, whereas the other QTLs are new genetic markers.
PC-QTLswere digtributed over the genome (3BS, 3BL, 4BL, 6AS, 6BYS). In contrast,
Y P-QTLs were confined to 7AL and 7BL telomeres. Xgwm344-QTL explained 53% of
Y P. Asfor milling characters their QTLswere limited to few regions (3B, 6B, 7A).
TKW-QTLs mapped closely to AC, FY, and TW-QTLSs. The resuts show the
importance of the introgression of T. dicoccoides nove genes to improve durum grain-
quality. Thisimprovement was particularly portrayed for PC, SDS, and farinograph
parameters. The identified QTLs should be used to enhance selection efficiency for YP,
PC, and SDS. The use of QTLswill undoubtedly permit to overcome the difficultiesin
bresking the negative linkage between TKW and PC. Thus, the outcomes of this study
support strongly the use of marker asssted selection in the breeding programs.
Furthermore, this population will be used to determine other QTLs of interest, asits
parents harbor different genes for diseases and drought tolerance.



Resumen

El trigo duro (Triticum turgidum L. var durum) se produce y se consume
principamente en la region mediterrénes; se utiliza para producir varios productos
findes Lacdidad dd grano esimportante; y encontrar métodos Smples, rgpidosy
fiables es un requisito previo. El objetivo de este estudio era congtruir un mapa genético
dd trigo duro, determinar QTLs rdacionados con lacaidad dd grano, y estudiar sus
interacciones con € ambiente. La poblacion en estudio esta congtituida por 114 liness
recombinadas derivadas del crecimiento: Omrabi5/ Triticum dicoccoi des600545//
Omrabi5 . se han utilizado como marcadores molecuares Microsatellites, AFLPS, y
proteinas de reserva de la semilla (SSP). Los caracteres andizados por locdidad y ano
fueron contenido proteico (PC), fuerzadd gluten (SDS), pardmetros dd farindgrafo,
pigmento amarillo (Y P),vitroddad (Vit), peso hectalitrico (TW), tamafio ddl grano
(TKW), rendimiento de harina (FY) y contenido de ceniza (AC). PC, Vit y TKW fueron
afectados por & ambiente. La herencia transgresiva fue demostrada para SDS,
parametros dd farinografo, TKW y AC. Los caracteres fueron agrupados en 3 grupos
representando proteinas, fuerzadel gluten y molina. En cuanto ala poblacion de mapeo,
fue detectado un dto nive de polimorfismo (>60%). El mapa fue construido con 124
microsatellites, 149 AFLPs, y 6 SSPs; au longitud es de 2288.8cM (8.2cM/ marcador).
El mapa demostro gran syntenia con los mapas de trigo. Microsatellitesy AFLPs
mapean uniformemente en € genoma, con més marcadores en € genomaB. Treintay
tres QTLs tenian asociaciones con diversos caracteres, con por lo menos 3 QTLS por
caracter contribuyendo con més del 30%. Las contribuciones mas dtas fueron paraYPy
estabilidad del farindgrafo (FST); 3QTLsen 7AL y 7BL explicaban 62%dd YP;y 4
QTLsen 1BL y 2BS 51% dd FST. Todos los QTLs demostraron efectos genéticos e
interaccidn, excepto para Vit donde solamente ocurrio lainteraccion. Varios QTLs
demostraron también efectos pleitropicos, Glu-B1 y Xgwm131b en 1BL han afectado €
SDSYy los parametros del farinografo. PCy Vit tienen tambien 2 QTLsen comin
(XMcaaEacg560y Xgwm107), con efectos genéticos y de interaccion sobre PC y
solamente de interaccidn sobre Vit. Tambien, Xgwm518 en 6BS ha afectado SDS, PC, y
TKW. LosdldosOnmrabi5 de Xgwm518 han contribuido positivamented TKW 'y
negativamente d PC y SDS. Pero hay varios otros QTLs de TKW que no estan
asociados con PC y vice-versa. Otras regiones genomicas fueron tambien associadas a
lacaidad (6B, 3BS, 4BL). Caracteres de fabricacion estaban en 1AS, 1BL, 2BS, 3AS,
3BS, 4BL,y 6BS. LosQTLsen 1ASy 1BL coincidieron con Glu-A3 y Glu-Bl1,
mientras que los otros QTLS son nuevos marcadores genéticos. Los QTLsde PC
estuvieron digtribuidos en @ genoma (3BS, 3BL, 4BL, 6AS, 6BS). En contraste, los
QTLsdd YPfueron confinados alostdomerosdd 7AL y 7BL. Xgwm344 explicd 53%
del YP. En cuanto alos caracteres de molina, sus QTLs fueron limitados a pocas
regiones (3B, 6B, 7A). Los QTLs de TKW fueron mapeados cercade los QTLsde AC,
FY,y TW. Los resultados demuestran laimportancia de laintrogresson de los nuevos
genesde T. dicoccoides paramegorar lacadidad dd grano dd trigo duro. Estamejorafue
particularmente evidente para PC, SDS, y los pardmetros dd farindgrafo. Los QTLs
identificados deben ser utilizados para aumentar la eficaciade laseleccion de YP, PC, y
SDS. Lautilizacion de los QTLs permitira sin duda superar |as dificultades en romper €
ligamiento negativo entre TKW y PC. Adi, los resultados de este estudio gpoyan la
seleccion asstida con marcadores en os programas de megiora Ademés, esta poblacion
seria usada para determinar otros QTL S de interés, porque sus padres poseen diversos
genes paralaresstencia aenfermedades y ala sequia.
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| ntroduction

Wheet is one of the most widdy grown food gran crop in the world.
Undergtanding its genetics and genome organization usng molecular markers is of great
scientific vdue, in order to improve further its peformance and quaity. Durum and
bread wheat (Triticum durum and T. aestivum) conditute the base for human food,
epecidly in the Mediterranean basin. In West Asa North Africa WANA region, the
durum wheet production represents 50% of the world praduction and the area covered is
more than 85% of the tota world area in the developing countries (Nachit et al. 1995a).
The annua world durum wheat production was estimated a 33 million tons (CWB
2001).

Durum wheat (Triticum turgidum L. var durum) is a tetraploid condituted of A
and B genomes (AABB) and is the main source of semolina for the production of pasta,
couscous, and grain for burghul. The grain qudity is important for processng of these
end products paticulaly the protein content and the gluten drength. The durum
breeding programs are screening annudly thousands of lines and populaions to identify
gendlic maerid with high gran qudity. For this resson, it is very important to have
smple and ragpid tests to screen for dedrable traits of grain qudity and its end-product.
Screening methods based on  biochemicd andyss have grestly contributed to the
improvement of grain qudity. During the last two decades, the powerful tool techniques
of protein separding in acrylamide gel have allowed to—achieve spectacular progress in
improving tetra and hexa-ploid wheas gran qudity, and dso in dudying the
phylogendtics, taxonomy, and gendtics of severd gpecies The two man  poly-
acrylamide gd dectrophoresis methods used are the A-PAGE (Poly-Acrylamide Ge
Electrophoress a Acidic pH.) for gliadins and, the SDSPAGE andyss for glutenins.
Surely, the dectrophoretic procedures have asssted in sdection for improvement of
some technologicd properties however, there is a requirement for more markers to
cover other aspects of grain qudity.

Becaue of the need for further rgpid methods for exploitation of particular
proteins related to qudity, the devdopment of fadt, reidble, and accurate methods for
gran qudity determination has become of paramount importance. In this context,
molecular markers, in addition to being promisng, they seem to be the gppropriate
choice. Further, because of the need to enhance further the durum grain qudity for
industrid and nutritiond purposes, the durum cultivar Omrabi5 which has reatively
good gran qudity paten, induding high gluten drength and adequete milling
extraction; was crossed to T. dicoccoides600545 which possesses high protein content
and novel gran qudity genes However, in order to mgp Quantitative Trats Loci
(QTL9) linked to the different parameters of grain qudity, a durum genetic linkage map
with T. dicoccoides introgressons is a prerequiste. The plant materid used in this study
was a population of Recombinant Inbred Lnes (RILS) generated from an interspecific
cross between the cultivar Omrabi5 and Triticum dicoccoides 600545 with a backcross
to Omrabi5. The population was condituted of 114 RILs devdoped a
CIMMYT/ICARDA durum breeding program for the Mediterranean dryland (Nachit
pers. com.). The parents were chosen for ther wide polymorphism for severd trats



induding gran qudity, eg, Omrabi5 has an average protein content of 13%, wheress
T. dicoccoides600545 23%.

Theam of this study was 1) to congtruct a genetic linkage map of Omrabi5/ Triticum
dicoccoides600545// Omrabi5 population; and 2) to determine Quantitetive Traits Loci
QTL reated to different grain-qudity traits, ether derived from durum or introgressed
from T. dicoccoidesin the RIL populaion. To accomplish this study the Polymerase
Chain Reaction (PCR) based techniques are mainly used. The markers probed are
Microsatdlites and Amplified Fragment Length Polymorphism, in addition to seed
gorage proteins gliadin and glutenin components. Qudity traits such as gluten strength,
protein content, yelow pigment, farinograph parameters, kernd size, test weight, and
ash content were determined and andyzed over severd Stes and yearsin the
Mediterranean dryland. This study has aso included the andysis and the identification
of QTLsfor grain quality traits.
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- Wild and Cultivated Wheats

1. Origin of Wheats

The principd center of diverdty and origin of the Triticum genus is the south
west region of Asa, particularly the mountain aress of the Fertile Crescent between the
Mediterranean coast a the west and the plan of Tigris and Euphrates at the esst
throughout the Syrian desart (Feldman and Sears 1981). In this region, many species of
Triticum dplads and polyploids, are widespread. They show a lage scde of
morphologicd and ecologicd variaions In many cases, species grew in polymorphic
or mixed populations. This dtuation generdly increases the frequency of Spontaneous
hybridations and fadilitates interspecific mating.  These dynamic-connections lead the
cregtion of genetic richness and have made this region a center of active evolution
(Feldman and Sears 1981).

Archeologicd research shows that the center of domedtication of actud
cultivated wheats coincides with the center of diversty of ther wild ancestors. The
northeast-east of the Fertile Crescent, more precisdy the south-west of Iran, the north
west of Irag and the southreast of Turkey are the center of diversty of the two wild
diplod whesats (Triticum monococcum  sp. boeoticum Boiss. and  Triticum
monococcum ssp. urartu Tumanian ex Gandilyan) and tetraploid wild whesat {riticum
timopheevii ssp. araraticum Jekubz). This region seems dso to be the place of the
domedtication and evolution of the cultivated wheats Triticum monococcum L. ssp.
monococcum and Triticum timopheevii (Zhuk.) Zhuk. ssp. timopheevii. The southwest
of the Fertile Crescent (north-west of Pdesting, south-west of Syria, and the south-east
of Lebanon) ae believed to be the center of diveraty of the tetrgploid wild whed,
Triticum turgidum ssp. dicoccoides Thel., and the place of emergence of the primitive
type Triticum turgidum sgp. dicoccum Schrank ex Schibler.  The spontaneous
hybridization between T.dicoccum “2n=4X" (AABB) and Triticum tauschii Coss.
“2n=2X" (DD) have resulted in the actud Triticum aestivum L. ssp. aestivum. This
hybridization occurred, probably, in the west of Iran 8000 years ago, when the firs
cultivated tetraploid wheats (AABB) were introduced in the areas where the diploids
wild whests, holding D genome, were dready grown (Feldman and Sears 1981). Wheet
was probably domedticated around 10,000-15000 BC, Epipdaedlithic age (Bozzni
1988), thus determining the evolution of humans from the *“shepherdhunter-gatherer”
phase to the “famer” phase. Genetic and cytogenetic andyses conducted mainly a the
hexgploid levd have demondrated that the chromosomes of the three basic genomes in
hexaploids (ABD) or two basic genomes in tergploids (AB) can be grouped into seven
basc types. One pair of chromosomes of the genome A is a least patidly able to
subdtitute for a specific par of the genomes B (in tetrgploids) or B and D in hexaploids.
Very often, smilar mutations (or variations) can be found in dl of the three types of
genomes, in corresponding homoeologous chromosomes. This is eesly explaned by the
fact that the three genomes (A, B, and D) may have had a common ancestor in the past
(Bozzini 1988).



Hg I-1 Didribution of wild wheats diploid wheat T. monococcum, and Aegilops
species that were genetic donors to the present Triticum species.

2. Wild wheats

The narrow genetic basic of durum and common whegt is a mgor condrant for
the improvement of these crops (Fedman and Sears 1981). Therefore, it is of great
importance to widen the genetic variation of dedrable traits, particularly, those affecting
yidd and qudity (Nachit 1998, 2000). Wild reatives of wheat, having a much wider
range of genetic variation, could serve as an excdlent source for improvement of such
desrable trats. In fact, wild rdaives hold rich pools of gendtic varidion and cary
many genes of great economic potentid (Feldman and Sears 1981). For this reason,
many programs are now carying out hybridization programs based on interspecific or
intraspecific crosses between wild species and cultivated wheets. For ingance, the joint
ICARDA\CIMMYT durum-breeding project has manly based its hybridization
program on crosses between improved genotypes, Mediterranean landraces and wild
reldives to improve and broaden the genetic base for resstance to biotic and abiotic
dresses. Thus, landraces and wild relatives from the Middle East have been used to
enhance drought tolerance, from Turkey and Algeria to incorporate cold resstance and
from Morocco-lberia region to improve ressance to root rot and Hessan fly (Nachit
1989, Nachit et al. 1995b).

Wild species, rdaives to actud wheas bedong to Triticeae tribe. The genus
Triticum has three natural groups of species based on chromosome number, namdy,
diploid, tetraploid, and hexgploid. Wild as wedl as domesicaied species occur in both
the diploid and tetrgploid groups Only domedicated species occur in the hexaploid
group, dthough Dekaprdevich (1961) reported hexgploid wheet with fragile rachis
growing wild in Georgia, and Sears (1977) syntheszed such a hexgploid from wild
tetrgploid wheat and T. tauschii (Shama and Waines 1980). At the diploid levd,
bascdly only one gpecies, T. monococcum has been domedicated and possbly has
been used by humens for 8,000 to 10,000 years In generd, diploid species are rather



ressant to disease (paticularly to rusts) and have profuse tillering with narrow leaves,
and good dadiic straw and high resstance to lodging. Wild whests differ from those
domesticated mainly in two charecteristics 1) the spikes of the wild whests disarticulate
a maturity while those of domegticated wheats have a tough rachis and remain intact. 2)
The kernels in wild wheets are enclosed tightly by the pdes, lemma, and glumes,
wheress, in the domegticated wheets the kernels are loosdy held by the glume and are
free-threshing. Triticum monococcum L. is not exactly free-threshing, however. These
differences between wild and domegticated wheats are gpparently caused by gene
mutations accompanied by selection under domestication (Sharma and Waines 1980).

The Tribe of Triticeae forms an important subdivison of the Graminea family.
It holds fourteen genus sharing out, according to ther morphologic characters, in two
sub-clases, the Hordeinae and the Triticinae. The species such as barley (Hordeum
s¥.) of the Hordeinae sub-class differentiates of the others by the presence of two or
three spikelets per rachis. The species as rye (Secale sp.) and wheat (Triticum sp.) of
the Triticinae under-tribe have usudly just one spikeet per rachis (Feddman and Sears
1981). In wheat the inflorescence is a determinate, compodte spike. Sessile spikeets are
dternate on opposite sdes of the rachis of the main axis of the spike, forming a true
Soike.

Fg I-22 A diagrammétic representation of the current theory of the evolution of whesat
(Whesat Genetics Resource Center web siter http://mww.ksu.edwwgrc).
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Even if the wild species have, probably, a common ancedtor, they differentiate
widdy from each other, not only by ther morphology but dso by their geogrgphic and
ecologicd  didributions.  Cytogenetic  andyss has confirmed the  taxonomic
classfication and didinction. Each diplod species has a gpecific genome that is
gendicdly isolaed, in variable degrees from othes species  The polyploid wild
species of Triticum conditute a dasscd example of evolution by amphiploidy
(Feldman and Sears 1981).



- Triticum dicoccoides

Wild emmer or T. dicoccoides (syn. T. turgidum ssp. dicoccoides Thel.) is the
immediate progenitor of dl cultivaled forms of tergoloid and hexgploid wheats
(Fddman and Sears 1981). The wild tetrgploid is endemic primarily to the western arc
of the Fetile Crescent from the upper Jordan valey to southeastern Anatolia (Kimber
and Feldman 1987). It grows on terra rosa or basat soil in the herbaceous cover of the
ok pak forest, dwaf dhrub formations pediures, abandoned fidds and edges of
cultivation.
T. dicoccoides is a tetrgploid carrying two genomes A and B. It seems that its cytoplasm
is dmilar to that of Triticum longissimum Schweinf. & Muschl. Harlan (1987) reported
that T. dicoccoides was formed from T. boeoticum wild einkorn and the little weedy
goat grass Aegilops speltoides Tausch Wild emmer is didsributed over the near East
Fetile Crescent including parts of Pdestine, south Syria, Jordan, southern Iraq and
wegtern Iran (Feldman and Sears 1981). Mogt certainly, wild tetrgploid whests were
dready largdly didributed in the Near East when men darted harvesting its grain and
usng its draw in nature. Ther generd dze and paticulaly the sSze of head and the
kernds made them much more worthwhile for domedtication than diploid wheats. Their
large grans atracted pre-agriculturd  collectors who eventudly domedticaied i,
presumably, in the southern pat of the Fertile Crescent (Kimber and Feldmen 1987),
probably in the Syrian Hauran plain.

Wild rdaives of the cultivated wheats hold rich pools of genetic variaion and
cary many genes of grest economic potentid. T. dicoccoides possesses many useful
characters. Among those desrables charaders, Pagnotta et al. (1995) reported resistance
to ydlow and leaf rud, photosynthetic yield, tolerance agang ecologicd Stresses of
drought, sat and herbicides in addition to high tiller number, earliness, large grains and
dso high gran protein cotent. Avivi (1978) found that severd collections of
T. dicoccoides posess an exceptiondly high percentage of grain protein (24-29%).
Sharma et al. (1981) used five accessons of T. dicoccoides to compare with T.
monococcum and T. araraticum. They aso reported protein contents of up to 339 % in
T. dicoccoides, the highest of the three species. Others dso reported that T. dicoccoides
possesses the higher grain protein content and nutritiond vaue then dl cultivated
whesats (Nachit et al. 1996). An agpproach to improve pesta and breed meking qudities
could possbly be the exploitation of the tremendous variaion for Sorage proteins
exiging in primitive cultivars, landraces and wild redives of Triticum species. A
practicd atempt to introduce these genes into breeding materid has been made. At
ICARDA, advanced populations from crosses with T. dicoccoides showed high leves of
resistance to tan spot Pyronophtora tritici repentis), septoria Septoria tritici Blotch),
leaf blotch, yelow rust (Puccinia striiformis), heet, and cold (Nachit 1990; Nachit et al.
1995h). High proten breeding lines segregeting from these crosses  without
compromising yidd potentid of the parentd varieties have been sdected. Eloudfi et al.
(1998) reported a podtive asociation between a ¢ diadin subunit  bdonging  to
T. dicoccoides and the protein content in a RIL population derived from a backcross
KoriflalT. dicoccoides 600808/ Korifla

The andyds of seed dorage protein of T. dicoccoides has shown that this
gpecies is highly varidde for HMW glutenin subunits (gs) encoded by the Glu-Al and
Glu-B1 HMW loci and for the B-group LMW gs (Damania et al. 1988; Nachit et al.
1995h).



Liu and Shepherd (1996) found 7 different LMW gs patterns in Kushnir's collection and
72 different B subunit patterns in Nevo's collection. These results are in accordance
with those reported by Ciaffi et al. (1993) on T. dicoccoides lines from Jordan and
Turkey. They dso have obsarved enormous vaiation of LMW gs banding patterns
besde the usud w35/A5/LMW?2. The genetic diverdty of these T. dicoccoides lines
aopeared geogrephicaly sructured and partialy predictable by ecology and dloenzyme
markers (Liu and Shepherd 1996). It should be noted that protein bands with smilar
molecular weight could be derived from different protein dleles Neverthdess it
aopeared that the greaster band varidion in the old tetrgploid wheats than in durum
cultivars indicated a gregter vaidion of ther proten dldes. The dectrophoretic
anayss has shown that T. dicoccoides dldes by the Glu-Al, Glu-B1, and GIu-B3 loci
ae uncommon among cultivated durum. Nachit et al. (1995b), by evduding F6
progenies of T.durum x T.dicoccoides, they found that these progenies have dldic
vaiants & the Glu-Al, Glu-Bl, Gli-B1 and Glu-B3 lod, which are not usudly present
in durum. The presence of a wide polymorphism and the detection of unique subunits in
this wild wheat would make worthwhile the assessment of the effect of different gluten
components on technologica properties (Cieffi et al. 1991).

3. Cultivated wheats

Wheats bdong to Triticum genus and as mentioned above, the basic
chromosome number of this genus is seven (x=7). The cultivated species have different
levels of ploidy asfollows
- diploid (2n=2x=14): T. monococcum
- tetrgploid (2n=4x=28): Triticumturgidum L. ssp. durum (Desf.) Husn, ssp. Turgidum,
ssp. turanicum (Jekubz.) A.Love & D.Love (Khurasan wheet, Iran), ssp carthlicum
(Nevski) A.Léve & D.Léve (Persian wheat), ssp. polonicum L. (Thel)) (Polish whest),
ssp. dicoccum and ssp. T. timopheevii;

- hexgploid (2n=6x=42): T. aestivum L. ssp. aestivum, ssp compactum (Host) MacKey
(Club whest), sp. spelta L. Thell. (Feldman and Sears 1981).

Uptoday, T.monococcum is dill cultivaled as feed for poultry and swine in the
mountains of some Mediterranean countries (Itdy, Spain, Turkey, etc..). Also, until
recently T. dicoccum was cultivated in Ethiopia, Iran, Turkey, Caucasan region, and in
severd Mediterranean countries, in India it is caled Khapli. Nevertheless, T. aestivumis
the mogt widdly cultivated form. Most of the actud varieties are suitable for bread
meking and are adgpted to various environmentd conditions and to a large scde of
latitudes.  T. durum is dso intendvey cultiveted in dry region (Mediterranean Basin,
India, e<URSS) and regions with low rainfal (wide plains of North America).

- Triticum durum

Durum whesat is one of the oldest cultivated plants in the world and is grown
mainly in the middle and near East region and North Africa, which are consdered the
centers of origin and diversficaion of this crop (Vavilov 1951). Based on archeologica
evidence it is generdly accepted that durum wheat was domesticated at least 2000 years
before bread wheet (Morris and Sears 1967) during the lae Mesolithic period and the
ealy Neolithic age (Harlan 1986). The adgptation of durum wheat largely overlaps that
of bread whest, but is less widdy grown (Autrique et al. 1996). On the other hand,
durum whesat is better adgpted to Mediterranean dryland than breed whesat. This is why



over 80 % of the tota world durum wheat area is located in the Mediterranean basin
(Porceddu et al. 1990) and this is why durum has been concentrated in the driest aress
of the West Ada and North Africa (WANA) region. In addition, durum whesat trade
expectations for the coming years show an increase of 21% by 2008 (CWB 2001).

Table I-1. Average durum aes, yidds and production in sdected mgor durum-
producing countries, mean from 1973 to 1996 (Belaid 2000).

NARS Area (000ha) Yield (t/ha) Production (000t)
Algeria 1193 071 835
Morocco 1208 115 1382

Syria 800 159 1252

Tunisa 755 097 742

Turkey 2004 162 4719

WANA 6826 1.20 8917
USA 1421 201 283

Canada 1672 179 3012

Ity 1657 220 3646

Span 238 200 459

Greece 3A 233 a7

World 17800 1.48 26309

Fig 1-3: World durum wheat trade forecast (CWB 2001).
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Durum whest is not only a food crop, but it dso has a broad use in the indudrid
sector and in animd feeding. However, the most peculiar characteristics of the wheet
kend, dadicity and extengbility of the gluten complex, which confers the viscodadtic
properties of the dough, meke durum wheat well suited for pesta, as wel as breed,
couscous, burghul, frike and other loca food products. In fact, those end-products have
vaious priorities according to the country (Table 1-2). Generdly, these endproducts
require large vitreous kernds with high protein content, good ydlow pigment and
srong gluten.




Table 1-22 Durum use and qudity requirements in different part of the world (Nachit et
al. 1992

Country/region Use Requirement
North Africa, Europe, America, Pasta High Vitreousness, medium to
Audrdia srong gluten, high ydlow
pigments
Couscous,
North Africa Bread High Vitreousness, medium to
grong gluten, high yelow
pigments
Middle East Unleavened
bread Medium to strong gluten

Near and Middle East
Burghul High Vitreousness, medium to
srong gluten, yellow pigment.
Andeanregion
Mote Hard grain.

Durum wheat kernd is normdly had and dmilar in proten levd to the
hexeploid hard wheats. Virtudly dl varieties have amber, vitreous, and raher large
kernds. The protein content is usudly about 13%, but may reach 22%. High protein
content, however, does not dways guarantee optimum cooking qudity (Ciaffi et al.
1991; Blanco and Giovanni 1996).

Durum whesat is an dlotetraploid with an extremely large genome of (16 x 10°
bp/genome) (Bennett and Smith 1976) with more than 80% repetitive DNA.
Undearganding its genetic and genome organization usng molecular markers is of great
interest to genetists and plant breeders. It will dlow more efficiency in sdection and in
parenta choices for crossesin the breeding programs.



I11- GENETIC MAPPING

A-WHEAT MAPPING AND MAPS

A primary genetic map, condsting of eadly scored polymorphism marker loc
spaced through a genome, is an essentid prerequiste to detalled genetic sudies in any
organism. Furthermore saturated linkage maps are essentid tools for genetic udies like
podtiond gene doning, quatitative trat mapping, ad maker-asssted sdection.
Classicdly, it has been possble to condruct such linkege maps only in intengvey
dudied organiams, such as bacteria, yeast or fruit flies, in which many visble mutations
were avalable as genetic markers. Since the beginning of the 80s, this limitation has
been overcome because of the devdopment of many molecular marker techniques
dlowing avisudization of exiging polymorphism a DNA levd.

Molecular linkege maps have been condructed for many organisms, including
human (Schumm et al. 1985 White et al. 1985, Cdera Genomics 2000), maze
(Helentjaris et al. 1986), the mustard Arabidopsis thaliana
(http://www.nature.com/genomics/papers/a thdiana 2001), rice (McCouch et al. 1988,
Sato e al. 1991, Causse e a. 1994, Kuaa e al. 194,
http://mww.myriad.com/gdd ricehtml 2001), tomato (Paterson et al. 1988, Tankdey et
al. 1992, de Vicente and Tankdey 1993, Sdiba-Colombani et al. 2000), barley (Heun et
al. 1991, Graner et al. 1991, 1994; Klenhofs et al. 1993), diploid ad hexgploid oa
(O'Donoughue et al. 1992, 1995), T. tauschii (Gill et al. 1991, Boyko et al. 1999),
diploid reaives to wheat (Gill et al. 1991, Lagudah et al. 1991), hexgploid wheat (Chao
et al. 1989, Liu and Tsunewaki 1991, Devos et al. 1992, Devos and Gde 1993; Xie et
al. 1993, Ndson et al. 1995ab,c; van Deynze et al. 1995a Ja et al. 1996, Roder et al.
1998) and more recently durum wheat (Blanco et al. 1998, Korzun et al. 1999, Nechit et
al. 2001). The condruction of genetic linkage maps rdies on the choice of parenta
lines, segregating population, and markers to reved polymorphiam. Ease in saturating a
molecular map is drongly dependent on the polymorphism reveded between the
paentad lines The genetic maps can be condructed bassd on F2, F3 families,
backcrosses or Recombined Inbred Lines (RILS). The utilization of RILs have many
advantages over the other kind of populations (Sdiba-Colombi et al. 2000): i) since
they can be reproduced essly, RILs favor the genetic andyds of quantitative traits
because experiments can be replicated over years and environments; ii) due to their low
levd of heterozygosty, dominant markers can be used with the same efficiency as the
co-dominant ones, and iii) severd generdion of sdfing increeses the probability of
recombination between genes. Maps condructed with such materia could, therefore,
fadilitate the fine mapping of regions around genes of interest.

Physcd maps condructed usng C-bands as genetic makers (Curtis and
Lukazenwski 1991) and deeion socks (Werner et al. 1992, Kota et al. 1993) have
given important ingghts into the reaionship between physcd and genetic digance in
wheat. The ddetion socks are powerful tools for condructing physca maps as they
diminae the reguirement for intragenomic polymorphism and can be used to locdize
agronomicdly important genes to rdaivdy smdl chromosomd regions. On the genetic
wheat maps, the markers largely dugtered around the centromere, indicating thet there
is more recombination in the digd portions of the chromosomes (Delaney et al. 1995).
In addition, physcd mapping have reveded that markers, which geneticaly map near



the centromere are physicdly located a a condgderable distance from it (Dvorak and
Chen 1984). On the physcd maps, in wheat, most makers were tightly clustered in
sndl szed physcd segments. These markers were identified to represent expressed
genes. Gill et al. (1996) compared physcd maps with recombination-based maps and
found that these generich regions undergo recombinaion much more frequently than
do genepoor regions Thurieaux (1977) podulated that recombination is confined to
coding regions because different eukaryotic organisms have essentidly the same
number of genes, and the number of map units per genome is redively condant even
though the physicd szes of the genomes vary. Bread wheat genome is Six times larger
than that of maize and 35 times larger than the rice genome (Bennett and Smith 1976).
Nevertheless, the amount of actively transcribing DNA is probably not much different
among the 3 species, implying that <3% of the wheat genome represent genes. Those
genes in wheat may be present in uninterrupted cduders, individudly interspersed by
repetitive DNA blocks, or in a combingtion of the two arangements (Gill et al. 1996).
An individud chromosome contains a sngle molecule of double sranded DNA. lIts
length is approximatdy ocagtant of any given chromosome in a gpecies but varies
between chromosomes. Typicdly, they esch condst of something of the order of 107 to
10® bp. A typicd sructurd gene, coding for polypeptide chain, is between 1 and 2 Kbp
long and only 10% of the genome is actudly coding, much of the ret beng spacer
DNA, dthough the amount of spacer DNA can vary condderably between species. Thus
a chromosome probably contains something of the orders of 1000 to 10.000 genes.
Therefore Gill and Gill (1994) proposed a mapping drategy to target gene rich regions
of wheet. This technique is cdled a Cytogenetic Ladder Mapping (CLM). The CLM
drategy not only efficiently identifies the gene cuders but dso preferentidly maps
them. The gene rich regions in whest genome may be as amendble to molecular
manipulation as are the smdler genomes of plants such as rice (Gill et al. 1996, Faris et
al. 2000).

Dene genetic maps of related crops species provide breeders with multiple
choices of makes for tagging desred geres Moreover, compaison of the
chromosoma assignments and orders of marker loci common to severd genomic maps
may shed ligt on ancestrd chromosomd rearrangements and on  evolutionary
relationships between different chromosomes. The three species whest, rice and maize
from the grass family Poaceae have smilar gene compostion and colinearity (Ahn and
Tankdey 1993, Ahn et al. 1993). Therefore, information gained in one crop can be
aoplied directly to the other. The condruction of a grassgenome map detaling the gene
and DNA sequence smilarities between the genomes of the many species of the
Graminea will enable gendlic sudies in rdaivdy samdl genomes such as rice, to be
goplied to the much larger wheat genomes, as for indance in identifying and tagging
important pest resstance and dress tolerance genes. Comparative maps alow the
trandfer of information about genetic control of traits from species with smdl diploid
genomes, such as rice (400 millions base parghgploid genome), to species with more
complex genomic dructures, such as durum (tetrgploid) and bread (hexaploid) wheat
(16.000 Mb/haploid genome) (Sorrells et al. 2000). Because of the size and complexity
of the genomes, it may not be appropriate to sequence the entire genomes of whest
(Triticum s.), rye (Secale cereale L.), oat (Avena sativa L.), or barley (Hordeum
vulgare L.). However, dtendtive drategies involving identification of gene-rich
regions of the Triticeae genome and comparison of the genome dructure and genetic
colinearity with rice, maize Zea mays L.), sorghum (Sorghum vulgare L.), and other
soecies provide Triticeae researchers with the knowledge and tools necessary for



genetic parity with smpler genomes. The maps of several members of Graminea family
were compared and the synteny of these genomes was defined (Moore et al. 1995). To
date, most comparative mapping among the grasses has relied on RFLP probes (cDNAs
or genomic clones) to establish gross gene orders and distance in specific chromosome
segments. Only to a limited extent have researchers employed cloned genes, Expressed
Sequence Tagged (ESTS), mutant phenotype loci or QTLS in comparative genomics. In
whedt, the trander of information from mapping reference populations to agronomic
crosses should take into account homoeology relationships.

Maps comparison have been made in maize (Beavis and Grant 1991; Murigneux
et al. 1993), barley (Sherman et al. 1995), T. durum6A and 6B chromosomes (Chen et
al. 1994) and wheet (van Deynze et al. 1995b) in order to andyze colinearity of markers
and to study recombination (Cadden et al. 1997). Comparisons of molecular maps of
whest, barley, T. tauschii and T. monococcum (Devos et al. 1993; Nelson et al. 1995ab;
van Deynze et al. 1995b) indicate that the order of mdecular markers on the linkage
maps of these species detected with the same probes are largely homosequentid. As a
result, consensus maps based on species-specific maps from whesat, T. tauschii, and
barley were developed using wheet as a base for comparism. These consensus maps
efficiently combine genetic information accumulated for related grass species (whedt, T.
tauschii and Hordeum species) for comparisons to more distantly related species (rice,
maize and oat). They hdp to crcumvent problems with low polymorphism between
mapping parents by providing relative marker location information across severd maps.
For example, 116 markers on the consensus map for group 1 chromosomes provide
rdive order information for 288 unigue makers from the individud linkage maps
combined (van Deynze et al. 1995h).

Comparative maps can be used for improvement of Triticeae species by
combining information accumulated in other species. They may be used to saurate
species gpecific maps in a targeted region or smply to develop linkage maps in species
such as wheat that may have a low levd of polymorphisn among parentd lines. To
congruct a new map in durum, for example, both consensus mgps and comparaive
maps can be used to choose the most appropriate probes. Such probes can be chosen to
provide genome coverage a the desred resolution and for close linkage to previoudy
mapped agronomic trait loci.

The information ganed by identifying orthologous loc for the numerous
previoudy characterized mutants and expressed sequence tags in rice (Kinoshita 1993,
Uemda et al. 1994; Kurata et al. 1994) and wheat fittp://wheat.pw.usda.gov/genome)
may advance genetic research in Triticeae species. The rdationships between gene
products and physology of plants for paticular trats must be known to define
orthologous loci between species. Genes affecting what appear to be totaly different
characters may be the result of orthologous gene loci that differ in expresson or
interaction with other genes (Darling and Abbott 1992). This technique become even
dronger since a mgor milesone in biology hes been achieved with the full genome
sequencing of Arabidopsis thaliana
(http:/Amww.nature.com/genomic Spapersda thdiana) and the full genome sequencing of
rice (http://www.myriad.com/gdd rice.html).

B- MOLECULAR MARKER TECHNIQUES
During the firsd hdf of the last century, most genetic andyss of vaiaion
involved looking a farly gross morphologicd, anatomical or behaviorad differences,



maor mutants in other words. Subsequently in the 1950s and 1960s, it was possble to
look a more subtle varigtion in the dructure of polypeptides and, more recently, since
the 1980s it has become posshle to explore vaiaion a the levd of DNA itsdf.
Actudly, the recent advances in techniques for DNA andyss and subsequent data
andyss have greatly increesed our ability to undersand the gendic reationship among
organisms a the molecular levd.

The potentid usefulness of genetic markers as an ingrument for the plant breeder was
recognized dmost 80 years ago (Sex 1923). However, until the past 20 years its
application was largely hindered by the lack of suitable markers. The molecular markers
have severa advantages over morphologica markers (Mechinger et al. 1990):

(1). Numerous markers can be identified in breeding materid.

(2). A rddivey large number of dleles can be found.

(3). Most molecular markers show codominant mode of inheritance.

(4). Molecular markers are generdly slent in their effect on the phenotype.

(5). Genotypes of most molecular markers can be determined a a very ealy
developmentd stage, dlowing early screening methods to be gpplied.

In contrast to hexeploid wheat and to diploid rdatives of durum for which
svad mgps have been deveoped rdativey litle atention was been given to
developing genetic linkage maps for durum wheat (Nachit et al. 2001). It was only
recently that the firgt linkage maps of the chromosomes of durum were published. The
firss map was based on 65 recombinant inbred lines and RFLP markers (Blanco et al.
1998); and later microsatdlites markers from hexaploid breed wheat were integrated
into this gendic linkage mgp (Korzun et al. 1999). The second durum map was
developed a our laboratory based on an intraspecific cross Jennah Khetifa x Chaml
with 110 RILS using RFLPs, SSRs, AFLPs, seed storage proteins, and genes (Nachit et
al. 2001). Furthermore, other Triticeae species genetic linkage maps (T. monococcum,
T. tauschii, rye, barley, etc.) and molecular marker anayses can be of immense help for
durum mapping and QTL research using comparaive mapping techniques. Comparaive
genetics research has the generd god of edimaing Smilaity & some levd of
organization. The discovery of dructure or petterns in the redionships among species
can lead to new knowledge, hypotheses, and predictions about those species The
evolution of compardive genetics research from the whole plant level to the DNA leve
will greetly expand our knowledge of genome dructure and function because of the
diverse gpproaches scientigts take in sudying different species.

There ae many molecular marker techniques that could be used for gendic
linkage mapping. They can eesly being divided as based or not on PCR amplification.
So | will review the RFLP technique, and the based PCR techniques Microsatellites
and AFLPs.

1- Non- PCR Based Techniques
a. Restriction Fragments L ength Polymor phism (RFLP)
One of the techniques derived from the progress in molecular biology research

whose gpplication in crop genetics and breeding has dready produced very interesting
results is the andysis of RFLPs. RFLPs were first proposed by Botsein et al. (1980), to



be used as genetic markers. This technique reflects differences in homologous DNA
sequences that dter the length of restriction fragments obtained by digestion with a type
of redriction enzymes. These differences result from base par changes or other
rearrangements  (frandocations or inversons) a the recognition dSte of redriction
enzyme or from internd ddetionfinsation events The redriction fragments ae
separated according to their Sze by agarose gel dectrophoress .

Furthermore, as genetic markers RFLPs have some convenient properties. They
are codominantly expressed; do not have pleiotropic effects on agronomic traits and the
number of possble markers provided is virtudly infinite (Beckmann and Soller 1986).
Ancther advantage of RFLPs over biochemicd markers such as isozymes, which
require different staining and dectrophoretic techniques for each isozyme, is tha the
same laboratory method can be used to detect the hybridization patterns of dl the
avalable probes. In addition, RFLPs detect much more polymorphism than biochemica
markers because many of the probes are non-coding, i.e, less conserved sequences
(Vaccino et al. 1993).

RFLPs have furnished a very powerful method, which can be used in virtudly

any plant species, to obtain detailed maps of genetic linkage. In fact, this technique was
the most used for genetic mapping. RFLPs have dready dlowed the congruction of
high resolution genetic maps for many crops such as baley, maize, tomao, potato,
soybean, rice, and lettuce. Such RFLP maps can be used to andyze Quantitative Trait
Loci (QTLs) and can increase the sdection efficiency for these traits (Heun et al. 1991).
This technique has dso made possble the dissection of quantitative trats into
Menddian factors (Stiles et al. 1993).
In addition, RFLPs markers have been used for variety identification in potato, beets,
maize, and baley (Vaccino et al. 1993). At ICARDA, in collaboration with Cornel
University, primers were congtricted for many clones, which are available for mapping
and maker-asssed sdection in the durum breeding project. The obtaned cdone
CDO0482, for example, islinked with leaf rust resistance (Nachit et al. 1995h).

The main drawbacks of RFLPs assays are that they require expendve laboratory
upplies and are rather time consuming. Also, they require manipulation of radioactive
isotopes. However, the development of nonradioactive detection methods is reducing
the cod and dmplifying the procedures (D'ovido et al. 1994). But, ill their use
remans laborious and the levd of polymorphism can become limiting, especidly for
crops with a narow genetic base such as cotton, soybean, wheet, and tomato (Grandillo
and Tankdey 1996).

Although the progress in buildng wheat genetic maps has been steady, the use
of RFLP markers in gene mapping has been dow because of the very limited leve of
polymorphism in wheat (Chao et al. 1989; Kam-Morgan et al. 1989; Liu et al. 1990;
Cadden et al. 1997). In cultivated wheats the polymorphism leve of RFLP is low,
ranging from 20 to 38% (Liu et al. 1990, Cheo et al. 1989). Because of this limited
polymorphiam, gene and genome mapping has required the use of populaions derived
from wide crosses. However, mapping many agronomicaly important genes or QTL, a
magor god in plant breeding, requires informative markers in an intraspecific context.
The recently published intraspecific durum mgp from our laboratory meds this
requirement (Nachit et al. 2001). This is particularly true for marker-asssted sdection.
RFLPs detected with single-copy genomic and cDNA clones are extremely powerful for



compardive mapping approaches (Ahn et al. 1993; Moore et al. 1995; Sherman et al.
1995; Yu et al. 1996). They are only of limited use for intragpecific molecular andyss
of agronomic traits.

2- PCR-Based Techniques

A number of methods for the detection of DNA polymorphism have recently

been reported. So far one of the most useful techniques in this respect seems to be PCR
(Benito et al. 1993). This technique is an effective amplification of target known
sequences. PCR has become the standard procedure in plant molecular biology because
of its efficiency, ease, and versdility.
In fact, PCR offers a less technicaly demanding and nore rgpid methodology. Another
paticular advantage of this technique is thet it does dlow for the efficient screening of
large populatiions and in principle, it can be deveoped for any targeted pat of the
genome where nucleotide-sequence information is ether avalable or can be readily
obtained from RFLP probes. The main advantage of PCR is that primer sequences can
be shared and eesly synthesized, obviaing the need of exchange between labs of
biologicd materids as required by clones for RFLP. The direction of genetic mapping
programs is, therefore, tending to be focused on the converson of an RFLP basad to
PCR based assay (Koebner 1995). Those PCR primers are cadled Smple Tagged
Sequences (STS). The STS primer is a short, unique sequence that can be amplified by
PCR and that identifies a known location on a chromosome. The smple interpretation
of the dngle-locus make STS primers superior to multilocus DNA marker types,
epecidly for mgp condruction. PCR technique is ds0 less expensve because there is
no transfer, no hybridization and no radioactive isotopes. The fact that the DNA
sequences are amplified with primers of known sequences, make this technique specific,
reliable, and repeatable (Lashermes et al. 1994).

DNA polymorphism obtained wth the PCR were used as genetic markers to tag
genes, to fingerprinting viruses, fungi, becteria, plants, and humans as wdl as to
determine genetic rdaionships (Yu and Pauls 1993). And more recently, it has been
usd in genomics to gene identification.

While providing a powerful tool in biologica research, PCR has its limitations
For ingance, PCR can only efficiently amplify within a certain sze range of DNA, and
Tag DNA polymerase can introduce errors. The accumulated mutation rate after 20-30
cycles was reported to be as 0,30,8% (He et al. 1992). Also, a frequent observation has
been that results from a paticular primer par may vary between laboratories (Lunz
1990, He et al. 1994). A primer par tha produces a product making a particular
chromosome region in one laboratory may not produce the same product when the
experiment is repegted in ancther laboratory. This limits the utility of sharing primer
sequences among laboratories. Of course, the relaionship of the primer to the target
sequence influences reproducibility of PCR. Therefore, a high specificity of the primer
to the target sequence decreases mispriming and resultant amplification of extraneous
DNA. This is why many gudies were conducted on the definition of the ided STS
primer.
In generd optima PCR-primers should have the following criteria



Specificity:

The primers should be short enough to be specific, preferably between 18 and 22bp.
This length will mantan specificity and provide sufficient base paring for dable
duplex formetion.

Free of dimers and hairpins:

The primes should be free of dimers and harpins. Primers should not contain
seguences of nucleotides, especidly complementarity at the 3 end, that would alow
one primer molecule to anned to itsdf or to the other primer used in a PCR reaction
(primer dimer formation). Once the primer dimer product is formed, it is a competing
target for amplification. The primer should not contan complementary (paindromes)
within themsdves, tha is they should not form harpins. If this date exids, a primer
will fold back and can give rise to dable intrastand Sructures on itsdf that limit primer
anneding to the template DNA reaulting in an unproductive priming event, which
decreases the overdl signd obtained.

Form stable duplex:

Both primers in a PCR reection should have smilar mdting temperature to ensure that
they will have the same hybridization kinetics during the template-anneding phase.
Primers with an overdl G+C of 4555% are most desirable and a very high GC content
result in lower repeatability. The 5 and 3 end dability has to be taken in consderation
aso, low 3 gability enhances the repeetability.

The latter drawback may be that PCR require information on DNA sequences, which
are not dways available.

Because of the practicability and the high level of polymorphism found between
the parents Omrabi5 and T. dicoccoides 600545, we have opted for the use of
microsatellites and AFLPs to congruct the map of the population Omrabi5/
T. dicoccoides // Omrabi5. The microsatellites markers are used as anchor probes,
whereas the AFL Ps to saturate the map.

a- Microsatellites (SSR)

Up to 90% of the plant genome condst of repetitive DNA. Tandemly repetitive
DNA is classified into three major classes (Tautz 1993):

(i). stdlite DNA, which shows repeet units with a length of up to 300 base pairs
(bp).

(if). minisatellite comprised between 9 and 100 bp.

iii). microsatellite or smple sequences that exhibit repests unit of 1-4 bp in
length (Haman et al. 1995).

According to Beckmann and Soller (1990), the mogt informative STS marker
aopears to be one that amplifies a DNA region contaning a microsatdlite repest
sequences. Such an STS-based marker has been refered to as a Simple Sequence
Length Polymorphism (SSLP) or Sequence Tagged Microsaelite Ste (STMS).
Microsatdlites condst of a smdl repeat unit, generdly less than four nucleotides, that
generate repeating regions less than 100 bp (Thomas and Scott 1993). Microsadlites
ae dther dinudedtides as (GT); (CT),; (GA), trinuclectides as (CAC), or
tetranucleotides as (GACA), and (GATA),. It was observed that such microsatelites



show a high frequency of variation in the number of repeats in different individuas or
accessons, probably due to slippage during DNA replication (Roder et al. 1994). The
genomes of dl eukaryotes contain microsadlites (Tautz et al. 1986). Microsadlites
with tandem repeats of a basic motif of <6 bp have emerged as an important source of
ubiquitous genetic markers for many eukaryotic genomes (Wang et al. 1994). This kind
of polymorphisn a gpecific lod is esdly deectable usng specific primers in the
flanking regions of such lod and subsequent amplification via PCR. The high levd of
polymorphism, combined with a high intersperson rate, makes microsatdlites an
abundant source of genetic markers. They show, genedly, high levds of genetic
polymorphism (average of 3,5 dldes per locus) (Bryan et al. 1997).

The andyss of microsatdlites is based on PCR, which is as mentioned above

much esser to peform than RFLP andyss and is highly amenable to automation. In
plants, it has been demondrated that microsatelites are highly informetive, locus
specific markers in many species (Condit and Hubbel 1991, Akkaya et al. 1992;
Lagercrantz et al. 1993; Senior and Heun 1993, Wu and Tankdey 1993; Bdl and Ecker
1994; Liu et al. 1996; Morchen et al. 1996; Provan et al. 1996, Szewc-Mcfadden et al.
1996; Taramino and Tingey 1996; Smulders et al. 1997).
So far, extendve gengtic mgps udng microsatdlite markers have been congructed on
this bass for human and various other mammdian species such as mouse, caitle, and
swine (Roder et al. 1994). Microsatellites were adso used as genetic markers in many
other species, such as whedt, rice, barley, maize, arabidopsis, grape, and soybean (Xiao
et al. 1996). Wu and Tankdey (1993) demondrated that in rice the microsatdlites show
much more polymorphism than RFLPs markers. This suggests that such markers would
be idedly suited to dudying genetic diversty in rice (Xiao et al. 1996). Microsadlites
show dso a much higher level of polymorphism and informativness in hexgploid whest
that any other sysem (Plashke et al. 1995, Roder et al. 1995, Ma et al. 1996, Bryan et
al. 1997).

Devey et al. (1996) used microsadlites markers combined with RFLPs and
RAPDs markers to congtruct a genetic linkage map for Pinus radiata. They found that,
& in other gspedes microsadlites are highly polymorphic in pine For example, in
contrast with pine RFLPs microsatdlites only reveded a sngle locus per primer par,
which makes gendtic interpretation much esser (Devey et al. 1996). However
generdly, microsatellites are multidldic, and therefore have high potentid for use in
evolutionary sudies (Schloetterer et al. 1991; Buchanan et al. 1994) and genetic
relationships. Bread wheat microsatellites were dso reported to be successfully used in
durum X durum wheat populdtion -Jennah Khetifa x Chaml (Nachit et al. 2001). The
mgority of microsadlite markers conditute genome-gpecific  markers, with  some
exception, such as Gwme66 thet amplified 5 Stes adl mapping to the A genome in ITMI
(Internationadl  Triticeae Mapping Initidive) population (Roder et al. 1998) and
amplified 3 gtes in T. durumx T. dicoccoides populatiion mapped to the 3A, 5A and 7A
(Korzun et al. 1999). But, according to Roder et al. (1995) these types of PCR markers
may not transfer well to among species as RFLPs do. These findings are confirmed by
Bryan et al. (1997) who showed a low levd of tranderability across the 3 wheat
genomes and to other cered genomes.

As dready mentioned, these regions ae highly interspersed  throughout
eukaryotic genomes. Some of them have a microsadlite sequence once every 10kb
(Thomas and Scott 1993). In plants, the frequency and number of severd microsatellite



types have been esimated for many plant species The results from these Sudies
indicate that (AT), is far more abundant in plants than in mammalian species, where the
dinudectide repeat (AC), is the most aundant microsatellite type followed by (AG)n
(Ma et al. 1991). In whest, the totd number of (GA), blocks was estimated to be
36x10* and the number of (GT), blocks to be 2,3x per haploid wheat genome. It
seems that wheat microsadlites are rdaively long contaning up to 40 dinudectide
repeats (Roder et al. 1994). The smdler insart libraries tended to give higher estimates
of the abundance of (AC) n and (AG) n Stes than libraries with larger inserts (Condit and
Hubbdl 1991, Roder and Sorrdls 1996). In addition, the wheat genome is aso rich in
trinucleotide repeats. For (TCT) ,, and (TTG), together 2.3 x 10% Stes were estimated
while the tetranucleotide repeats gppear to be rare (Roder and Sorrels 1996). The
abundance of trinucleotide repeats should be given specid atention, because it has been
demondraied tha trinucleotide microsaidlites are highly polymorphic and are dably
inherited in human genome (Hearne et al. 1992). Neverthdess most developed
microsatellites 0 far are based on dinucleotide repests.

The mgority of microsadlites are inherited in a codominant manner and, in
most cases, they are chromosome-specific. This mode of inheritance permits an easy
trander of markers between genetic maps of different crosses. In contrast to the
dominant PCR marker type based on arbitrary primers, which requires the generation of
a new map for each cross (Thomas and Scott 1993). Microsadlites besides being
abundant, highly polymorphic are evenly didributed over the genome and require only
sndl amounts of genomic DNA for andyss Therefore they are highly suitable as
genetic markers in wheat for mapping agronomicaly important genes. Furthermore, the
andyds of microsatdlites can eesly be automated and applied to large plant numbers,
as has been shown for microsatellites andlyss in the human genome (Mannfidd et al.
1994).

It seems that microsatdlites in plants can be up to tenfold more variable than other
marker system such as RFLPs. Microsatdlites, therefore, may represent a very useful
genetic marker sysem for the genetic mapping of species with little intraspecific
polymorphism, as it is the case in most of the breeding crops. As mentioned before, in
T.aestivum microsatdlites show a much higher levd of poymorphism and
informativness than any other marker system. However, due to the large genome Sze
the devdopment of microsadlite markers in wheat is extremely time-consuming and
expensve. Only 30% of dl primer pars deveoped from microsaelite sequences are
functiona and suitable for genetic andyss (Roder et al. 1995; Bryan et al. 1997). This
low percentege is currently the mgor limitation on large-scde development of
microsatellite markers for wheat. These problems may be relaed to the complex
genome of whest, which contains a large fraction of repetitive DNA. Obvioudy, with
the high levels of repetitive sequences present in the wheat genome, it is likdy that a
relaive large number of microsadlites will be present in flanking DNA sequences that
ae themsdves repeitive sequences (Bryan et al. 1997). Isolation of microsatelites
from libraries, which are enriched in single copy and low copy number sequences, may
improve the success rate (Roder et al. 1994). The use of mehylaion sengtive
redriction digests for the initid library condruction may reduce the proportion of nort
ussful amplification products (Bryan et al. 1997). Roder et al. (1998) confirmed that an
effective way to increese the efficiency of functiond primer pairs is to use the under-
methylated fraction of the wheat genome as a source for microsadlite isolation. She
reported an increase of the success rate of functiond primers from 31 to 68% by using a
predigestion with Pstl and subsequent isoletion of the fragments in the Sze range of 25



Kb before digestion with a 4bp redriction enzyme (Mbol or Sau3A) and cdoning. Thus,
as has been shown for the isolation of sngle-copy RFLP clones from plants with large
genomes, predigestion with the CNG methylaionsendtive redriction enzyme Pstl
cregtes afraction that is highly enriched for low- and Sngle-copy DNA.

The amplification of microsatelite markers has been dso limited by the high
cods during maker deveopment, manly due to excessve sequencing and primer
andyss (Schonddmaier et al. 1996). So far microsatelites were developed for some
crops such as Olive (Rdlo et al. 2000), barley (Liu et al. 1996) Soybean (Akkaya et al.
1992) and others.

b- Amplified Fragment Length Polymor phism (AFLP)

A more recently devdoped method, which is equdly gpplicable to dl species
and is highly reproducible (Vos et al. 1995), is temed Amplified Fragment Length
Polymorphism (AFLP). AFLP technique has become a synonym for a new powerful
marker technology. This technique is based on the sdective amplification of a limited
number of DNA redriction fragments cut out of complex plant genomic DNA by
restriction enzymes. AFLP andyss involves three steps:

- regtriction of the DNA and ligation of oligonudeotide adapters,

- Hective amplification of sats of restriction fragments, and

- gel andlyss of the amplified fragments.

Then the firs step involves redriction digestion of the genomic DNA with two specific
enzymes, one a rare cutter and the other a frequent cutter. Adaptors are then added to
the ends of the fragments to provide known sequences for PCR amplification. These
adaptors are necessary, because the redriction Ste sequence a the end of the fragments
is insufficient for primer desgn. Short dretches of known sequence are added to the
fragment ends through the use of a ligase (binding) enzyme. If the PCR amplification of
the redricted fragments was then carried out, dl the fragments would not be resolvable
on a sngle gel. Primers are thus designed o that they incorporate the known adaptor
sequence plus 1, 2 or 3 additiond base pars, (any one out of the four possble A, G, C
or T) depending on the genome dsze (Table 1-3). PCR amplification will only occur
where the primers are able to anned to fragments, which have the adaptor sequence plus
the complementary base pars to the additiona nucleotides. The additiond base pars
are thus referred to as sdective nucleotides. If one sdective nucleotide is used, more
fragments will be amplified than if two are used, and even fewer fragments will be
amplified with three sdective nudeotides. For some technologica reesons, addition of
more than three sdective nucleotides result in some nonspecific PCR amplification.
Normdly two separate sdective raunds of PCR are caried out. In the first round only
one sdective nudectide is used, whereas in the second round the same sdective
nucleotide plus one or two additiond ones are used. In practice this results in 50-100
fragments being amplified, which can be sgpaaed on a polyacrylamide gd by
electrophoresis.



Tablel-3: Sdlective nucleotide selection

Type Genome Size  No.of EcoRI/Msel Total n. of Primer pairs
(bp X 109 Fragments selective
nucleotides

Bacteria 5 10°- 10° 2-3 +1/+1
Fungi 15 3x10°-3x10" 34 +1/+2 or

+2/+2
Arabidopsis 100 5x 10°* 56 +2/+3
Crop plants 400-6000 2x10° 6 +3/+3
Largegenome  15000-50000 2x10° 6-7 +3/+3
plants

The amplified products are either visudized dfter exposure to X-ray film, or by
dlver daning procedures. AFLPs provides an effective means of detecting severd
polymorphisms in a dngle assay. All the evidence 0 far indicaies that they are as
reproducible as RFLPs. AFLPs technique require more DNA (0.31.0 ng per reaction)
and ae more technicdly demanding than RAPDs, but ther automatisation and the
recent avalability of kits means that geneticists and breeders can more extensvely use
this technology. A great advantage of AFLP technique is that it permits smultaneous
identification of polymorphisn a a large number of loc. Most AFLP fragments
correspond to unique pogdtions on the genomes, and hence can be exploited as
landmarks in genetic and physcd maps. AFLP technique can, then, bridge the gap
between genetic and physicd maps (Vos et al. 1995). But it is less efficient than RFLP
for synteny studies (Tankdey et al. 1988). Rouppe et al. (1997) reported that AFLPs
markers are locus specific but only a species levd. Since the technique provides
smultaneous coverage of many loc in a sngle assay and can be used to generate DNA
fingerprints of the complexity required by dtering the number of sdective bases
employed, it is proving to be an invduadle tool for dudies of diversty, paticulaly in
species where other generations markers, sich as microsatdlites, are not yet avalable
(Donini et al. 1997). The AFLP markers can be used to detect corresponding genomic
clones, eg. Yeast Artificid Chromosomes (YACs), an AFLP marker will detect a single
corresponding YAC done in pools of as much as 100 YAC clones. Also, this technique
may be used for fingerprinting of cloned DNA segments like cosmids, P1 clones,
Bacteria Artificiad Chromosomes (BACs) or YACs (Voset al. 1995).

Usng gd scanners heterozygotes can be identified. Otherwise AFLPs are
dominant markers. AFLP technique is robust and reiable because dringent reection
conditions are used for primer anneding: the rdigbility of the RFLP technique is
combined with the power of the PCR technique.

AFLPs have proven to be very important in the andyss of crop species and
genetic diversty dudies (Winfidd et al. 1998; Paran et al. 1998). Donini et al. (1997)
suggest the utilization of AFLP technique for the dudies of tempord and spatid
vaiaion in DNA methylation as they show AFLP diginct organ amplification. They
suggest that theses different AFLPs pattern obtained from different organs of the same
plant is likdy due to differences in DNA methylation between organs. So far, AFLP



technique contributed to the condruction of many plant genome maps like mdon
(Wang et al. 1997), potato (Rouppe van der Voort et al. 1997) barley (Becker et al.
1995) eucdyptus (Marques et al. 1998), and durum wheset (Nachit et al. 2001).

[11- Quality QTLsDetermination

Phenotypes of the mgority o traits in nature and agriculture are continuous
varidbles This continuous didribution has been atributed to the collective action of
many genes -termed quantitaive trat loci (QTLs) (Gedermann 1975) interacting with
environment (Johanssen 1909). Therefore quantitative traits are those controlled by
naturaly occurring dldic vaiaion a severd genes, which are influenced varidbly by
environmenta conditions. The wheat grain qudity trats are conddered to be inherited
as quantitative traits as it is known to be controlled by a group of genes and being very
dfected by environmentd variations (Kuspira and Unran 1957, Diehl et al. 1978,
Nachit et al. 19953 Porceddu et al. 1990). The qudity cannot be expressed in terms of a
sngle propety, but depend on severd milling, chemicd, baking, processing, and
physcad dough characterigics; each one of them is important in the production of each
end-product. Pogtioning QTLS on gendtic maps is a powerful technique to portion
quantitative traits on Menddian genes, especidly that more genetic maps are avalable
now (Paterson et al. 1991). Several QTLs associated with important traits have been
identified in many crops induding QTLs rdaed to yidd, Heading date, pollen derility,
and root morphology in rice (Ray et al. 1996, Doi et al. 1998; Lin et al. 1996, Moncada
et al. 2001); QTLs associated with agronomic performance, grain and mdt qudity, and
disease characters in barley (Backes et al. 1995; Tinker et al. 1996; Mather et al. 1997,
Zhu et al. 19%; Igartua et al. 2000); QTls for amylose content, disease resstance, and
gran-yied in wheat (Araki et al. 1999; Wadron et al. 1999; Kato et al. 2000).

Durum whesat is mainly grown in the Mediterranean region for the production of
pasta, couscous, burghul, frike, kichk, and bread (Nachit 1989). Each end-product
requires its own specid qudity parameters. Although the processing of those end
products has been practiced for thousands of years, there is currently an increased need
to undergand the reationship between proten compodtion and gran  flour
functiondity, to define the most critical criteria and their effect on the end-product
quaity. Durum wheet normaly has an amber vitreous kerne that produces a ydlow
milling product (semaling). In contrest to bread wheet, the durum is used mainly for its
semalina production, which is the desred main end-product in durum, not flour. The
mgor milling fractions are bran, embryo, semoling, and flour. Semolina is defined as
the purified middliing of durum whesat that will pass through a N20 US seve, of which
not more than 3% will pass through a N100 US seve. This fraction is used to produce
pasta, couscous, and other locd end-products Wheress, durum flour is the purified
endosperm of durum wheat that is ground fines enough to pass through a N°100 US
sieve (Heyare et al. 1987). The flour is used mainly for noodles and durum-bread. Color
is of prime importance in semalina, snce the consumer generdly expects ydlow pasta
products. The source of color in durum semolina is the xanthophylls especidly lutein
(Nachit et al. 19953). Asfor burghul, whole grain is used after debraning and cracking.



Therefore, the qudity of end product is related to the quality of the durum grain,
which, in turn, is manly determined by the genotype, but dso by the environment
(weether and nutrition) and crop management. For pasta, couscous, and burghul, the
commercid vaue of the end-product depends on the totd amount of Storage proteins
and ther amino acid compostion. Seed storage protein content has an important effect
on these endproducts meking technology characterigics Starch, vitamins and minerd
subgtances, dthough of importance, are less criticad since they are generdly dso found
in other human foods Nevertheless the amyloselamylopectin raio of darch is
extremey important because it affects the qudity of some breed wheat end-uses eg.;
noodles (Araki et al. 1999). Indeed, the starch is the mgor component of the whesat
grain, meking up 65-70% of the dry weight of maure gran and its potentid use is ill
subject to debate (Rahman et al. 1995; Araki et al. 1999).

Table |-4: Wheat Proteins

Content
Groups  Solubility Structure Properties (%)  Origin
Albumins Water Enzymic
@/ 15-20 Cvroplasmic
Globulins Neutral salt Foaming, e

emulsifying

Gliadins 709 ethanol /9 //7 Extensibility 40

Low molecular weight

Glutenins Acids, bases, hydrogen o Elasticity, 40
and hydrophobic @ tenacity

disrupting agents

Storage
proteins

High molecular weight
(= 100,000)

A- Seed Storage Proteins

Functiond properties of durum flour products ae manly determined by ther
compogtion of seed dorage proteins. Seed Storage proteins are accumulated in the
endosperm  of the deveoping grain through compartmentdization within  subcdlular
organdles known as proten bodies (Pernollet 1978). These endosperm proteins
conditute more than 80% of the totd proteins and condg, predominantly, of two
clases tamed gliadins and glutenins 0 dasdfied on the bass of ther solubility in
different solvents and their amino-acid compogtion. The dliadins ae dcoho-solubles
and do not form inteemolecular disulphide bonds (Wadl 1979), whereas glutenins are
dooho-insolubles and are veary aggregated. During the processing these proteins are
converted to gluten.

The two protein groups have very different biophysicad properties the glutenins
ae largdy regponsble for gluten viscodadicity wheress the gliadins act to plagticise
the gluten mass (Shewry et al. 1999). The viscodadicity being the property of a
subgance that enables it to change its length, volume, or shape in direct response to a
force effecting such a change and to recover its origind form upon the removd of the
force, and being pladtic is the cgpability of being moddled. Liu and Shepherd (1996)



reported that the rate of proteins is the mgor contributor to durum dough srength. In
fact, the whest gluten conssts of over 50 individud proteins (Sabelli and Shewry 1991).

Other than the utilization of the solubility criteria to classfy wheat proteins, Shewry
et al. (1986) proposed to dassfy them according to their chemica and therefore genetic
smilarities. So the wheat proteins are divided into two main classes, generdly referred
as monomeric and polymeric proteins, depending on whether they ae conssted of
sngle or multiple-chain polypeptides (MacRitchie and Lafiandra 1997).

A-1- Monomeric Proteins

The monomeric (or dngle) chain protein comprises 2 man groups the gliadins and
the abumingglobulins. The dliadins ae dructurd proteins, wheress adbumins and
globulins are metabolic and indude various enzymes.

A-1-1 Gliadins

The gliadin group has recaived a great ded of atention from scientids in the pas.
This was because of ther technologica importance and the ease of the screening
technique. Gliadins are readily soluble in acohol/water mixtures. They are composed of
monomeric polypeptides  (Table 1-4) dabilized by intrachain disulphide bridges, except
in wgliadins, which have no cyseine in ther primary dructure (Kasarda 1989).
Gliadins are characterized by a high contet of glutamine (30-55% o dl amino-acid
resdue), proine (15-30%), and a andl amount of lysine (Kasarda et al. 1976) (Table }
5).
Electrophoress in acidic buffers separates wheet gliadins into four fractions dpha
(@), beta (b), gamma (g, ard omega (W) gdliadins in order of decreesng mohbility
(Woychik et al. 1961). Molecular weight of gliadins range from 30 to 80 Kiloddton
(Kd), the w gliadins are clearly separated from other wheet polypeptides because ther
molecular weight (70 — 80 Kd) does not overlgp with othes The w gliadins ae
deficient in sulfur, but the other dliadins normdly have an even number of cysene
resdues, which form intramolecular disulphide bonds. The a and b gliadins are grouped
in the same class designated as dphatype because of their dructural amilaities in ther
N-terminad sequences (Kasarda et al. 1987). Synthess of gliadin polypeptides shows
both tempora and tissue specific regulaion. Their synthess begins in the endosperm

10-15 days after anthesis and continues until grain maturity (Reeves and Okita 1987).

In durum wheat mogt atention has been focused on the gliadin proteins. This
follows the discovery by Damidaux et al. (1978) of a rdaionship between cetan
gliadins (g- 42 and g 45) and gluten strength. Gamma 42 is associated with poor eadtic
recovery and g 45 with high dadtic recovery. Usudly, the g-42 component is associated
with w components 33, 35, 38 whereas ¢45 is linked to the w-35. By molecular tools,
the amplification of ggliadin showed the presence of 5 mgor bands, ranging between
750 and 1000 bese pars (bp). Genotypes with 900 bp correspond to gd2-gliadin
genotype (eg. Chaml) and with 950 bp to ¢i5 genotypes (Omrabi5) (Nachit et al.
1995a). Further work had shown tha this very gsrong rdationship is independent of the
gliadin gene pool (Ducros 1982). In fect, there is no functiond corrdation between
gliadin dlees and gran qudity. They could only be consdered as biochemicd markers
while the glutenins play the mgor role for pasta quaity (Damidaux et al. 1978, Payne et
al. 1984). This idea was emphasze by the new combination w 33-35-38A5/LMW1



found in Audrdian poulard landrace (ICDW12060) which has a poor gran qudity even
if it cary a g45 (Table 1-6) (Impiglia et al. 1996). Nevertheless, a - gliadins were dso
found to have different effects on gluten firmness (Pogna et al. 1990).

A number of cDNA or genomic clones coding for a-type gdliadins from
T. aestivumand in one case from T. urartu have been cloned and sequenced (Okita et al.
1985, Reeves and Okita 1987; Anderson 1991; Anderson et al. 1997). D’Ovidio et al.
(1992), based on PCR amplification, reported a very high levd of dructurd
differentiation of the genes coding for a-type dliadins Although a high levd of
consarvation of the coding regions of the a-type gliadins in T. durum T. aestivumand
T.urartu was found. Smilar results have dready been obtained for w and ggliadins
sequences (D’Ovidio et al. 1990). In dl genotypes containing the A genome, a high
level of sequence conservaion has been shown in the 5 and 3 flanking regions of a a-
type gliadin gene locaed on chromosome 6A. Usng Ncol digesion the same
consarvation in the 5 and 3' region was shown in genotypes containing D (T. tauschii)
and S (T. speltoides) genomes (D’ Ovidio et al. 1992).

Although the genetic control of seed Storage proteins involves limited number of
loci, which consequently cover only a smdl pat of genome, a compadive andyss of
glutenins and gliadins could provide additiond informetion aout the phylogendic
relaionship among the threeTriticum diploid species and between them and the
polyploid wheets. Ciaffi et al. (1997) reported that the gliadin compodtion of T. urartu
resembled more that of A genome of polyploid whests more than did T. boeoticum or T.
monococcum, supporting the hypothesis that T. urartu, rather that T. boeoticum, is the
donor of the A genome in cultivated whests.

The fird dudies on the chromosomd location of genes coding for gliadin
components in wheet were conducted mainly in hexaploid wheet because the tetrgploid
have only two pars of homoeologous chromosomes, and it was, therefore, more
difficult to produce aneuploids from them. Gliadin proteins are controlled by complex
gene families located on the short ams of chromosomes of the homoeologous group 1
and 6 of A and B genomes (Payne et al. 1984). The genes coding for a and b gliadins
ae named Gli-A2 and Gli-B2 on chromosomes group 6 and most of the genes coding
for gand w dliadins (named Gli-Al1 and Gli-B1) on chromosomes 1A and 1B (La&fiandra
et al. 1989). Gli-Al and Gli-B1 loci are closdy linked (about 2 cMs) to genes for glume
hairiness (Hgl) and glume color (Rgl), respectively, permitting sdection for high
gluten grength, which is rdaed to LMW-GS, whose coding loc ae geneticdly linked
to Gli-1, on the basis of head phenotype in segregating populations (Leideet al. 1981).



Table I-5: Comparison of amino-acid andyses for glutenin, gliadins, and monomeric
abumins (MacRitchie and Lafiandra 1997).

Amino- Glutenin Gliadin (mol%) Albumin, monomeric
acid (mol%) (mol%)
Cyghaf) 2.6 33 8.1
Met 14 12 2.6
Asp 3.7 28 76
Thr 34 24 24
Ser 6.9 6.1 6.4
Glu 18.9 34.6 10.8
Pro 119 16.2 75
Gly 75 31 8.3
Ala 4.4 33 84
vd 4.8 4.8 11.3
lle 3.7 4.3 17
Leu 6.5 6.9 7.6
Tyr 25 18 34
Phe 3.6 4.3 0.1
Lys 20 06 50
His 19 19 0.02
Arg 30 20 5.7
Trp 13 04 3.0

A-1-2- Monomeric Albuming/Globulins:

Albumins (soluble in water) and globulins (soluble in dilute sdt solution) ae a
mixture of low molecular weight compounds. Albumins and globulins are cytoplasmic
proteins with enzymatic activities with foaming and emulsfying propeties (Teble 1-4).
They are mainly located in the germ and deurone layers and amount to 20% of the ot
proteins in the caryopss, but the higher the protein content; the lower is the percentage
(Felllet 1976). They ae modly of lower molecular weight than the gliadins (20000
30000 ddtons). Ther amino-acdd compogtion is didincly different from gluten
proteins (gliadins and glutenins) (Table 1-5).

Gluten proteins are characterized by unusudly high contents of glutamic acid
and proline, whereas the dbumins and globulins have much lower glutamic acid content
but a higher content in the essentid amino acid lysine.

A-2- Polymeric proteins
Three man groups of protein conditute the multi-chain or polymeric protens
glutenins, high molecular weight abumins and triticins.

A-2-1- Glutenins

Glutenins form the mgor portions (80%) of the polymeric proteins. Glutenins are
gmilar to gliadins in ther chemicd compogtion (Table I-5), indicaing smilaities in
genetic ancestry (MacRitchie and Lafiandra 1997). They represent about 30-40% of
totd flour proteins and ae conddered the most important cattributors to the



viscodadtic properties of dough. The glutenins contain different polypeptides connected
by inteemolecular disulphide bonds The polypeptides are cdled subunits and ae
subdivided into low molecular weight LMW (4251 Kd) and high molecular weight
HMW (95-136 Kd) according to ther molecular weight when separsted on sodium
dodecyl sulphate polyacrylamide gd (SDS- PAGE) (Payne 1987). Glutenin is conssted
of gpproximately 20% HMW glutenin subunits (gs) and 80% LMW gs.

a- High Molecular Weight Glutenins (HMW)

The HMW subunits of glutenin are one of the most widdy studied groups of wheat
prolamins, mainly because of ther role on determining the breadmeking qudity of
bread wheat (Payne et al. 1984). The HMW gs can easly be diginguished fram other
dorage proteins by their low mobility in sodium dodecyl sulphate polyacrylamide ge
electrophoresis, SDS-PAGE, (Miflin et al. 1983).

The HMW gs are coded by the complex Glu-1 loci present on the long am of the
group 1 homoeologous chromosomes Bietz et al. 1975, Lawrence and Shepherd 1981).
Molecular andyses have indicated that each locus comprises two tightly linked genes
encoding a lower y-type subunit and a higher x-type subunit (Harberd et al. 1986).
Therefore bread wheat could in theory contan Sx different subunits. In fact only 3, 4, or
5 subunits are present in bread whesat cultivars. There are 2 coded by GluD1, ether 1 or
2 by GluB1 and ether 1 or none coded by GIUAL (Payne et al. 1981). In durum whest,
each genotype can cary from one to three HMW gs, only. There are severd sructura
changes, such as point mutations, deetions, and duplicaions in HMW (Reddy and
Appels 1993). Reddy and Appds (1993) dso have reported that 1Ay dSlent gene
exhibited maximum change in its amino-acid compaostion then other y genes Mutations
were locdized mainly in the centrd repetitive region. Branlard et al. (1989) studied 502
varigties of durum wheat from 23 countries and found that mogt of them do not have
HMW gs coded by locus Glu-Al, and that maore than 83% of them cary the null dlde
(Glu-Ala). Vdlega and Wanes (1987) reported many dicoccum accessons carrying
both null A and null B dldes, which indicates that the HMW gs, or a least those
detected by SDS-PAGE, are not critica for the survival of cultivated tetrgploid whedts.
They reported adso that dicoccums were found to be makedly different from both
common and durum wheats in the frequency of each Glu-1 dlde (Vdlega and Waines
1987). In durum the variation a the Glu-B1 locus was found to be more extensive than
that obsarved & GI-Al (13 Glu-B1l and 6 Glu-Al dldes), and the same held true for
T.dicoccum (14 Glu-Bl ad 6 Gln-Al dldes) (Valega 1988). And dso for durum
wheat landraces, five dldic variants a the Glu-Al locus and 9 a the Glu-B1 locus, with
19 possble Glu-Al/Glu-B1 combingtions were reported in a durum whest world
collection composed by 81 landraces (Impiglia et al. 1996). This phenomenon, which
was dso noticed amongst hexaploid cultivars, has been interpreted as supportive
evidence to the hypothess of a polyphyletic origin of the B genome of polyploid whests
(Vdlega 1988). For a long time durum whest has been regarded as unsuitable for bread
meking largey due to its poor gluten drength, dtributed ether to the absence of the D-
genome chromosomes (Morris et al. 1966) or to the dmost complete absence of Glu-Al
dldes (Ducros 1987, Boggini and Pogna 1989).

Amino acid sequences deduced from genomic dones for subunits Ax2*, Bx7, Dx5,
Dyl10, Dx2, and Dyl12 have shown tha the typicd x-type and y-type are made up of a
large centrd domain, composed of repeated amino-acid sequences, which is flanked by



unigue N- and Gtermind regions. A centra repested domain adopts a b-spird structure
(Fig I-4) (Reddy and Appds 1993).

FHg I-4 Schemaic sequences of the five HMW subunits present in the good qudity
bread wheat cv. Cheyenne, deduced from the nucleotide sequences of cloned genes.
Cydeine resdues are indicated by SH (Shewry et al. 1995).
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The differences in HMW subunit sze result mainly from variaion in the repesat
dructure, and in particular from differences in the number of hexapeptide and tripeptide
moatifs (Shewry et al. 1992). At GluB1, two dldes (7 and 20) were reported to possess
only the x-type subunit, but the reversed phase high peformance liquid chromaography
technique (RP-HPLC) reveded that the subunit 20 is actudly composed by two
fragments. 20x and 20y (Magiottaet al. 1993).

The didribution of cydene reddues is of paticular interest in rdation to
potentid covdent cross-linking gluten. All subunits have a sngle cysene in ther C-
termind domain, while the x-type and the y-type subunits have 3 and 5 cydenes



respectively in ther N-termind domains. This is due to a ddetion of two adjacent
cysene resdues in the x-type subunits Furthemore, severd subunits have an
additiond cydeine resdue in their repditive doman (Shewry et al. 1992). Kasarda
(1989) reported that for dongation of glutenin polymers the presence of a least 2
cyseine resdues avalable is necessary to form intermolecular disulphide bonds. A
compardive dudy between subunit 20y and subunit 17 showed a lack of 2 cydene
resdues, the second and third cyseine in the N-termind region, in 20y (Buonocore et
al. 1996). These results are confirming Kohler et al. (1993) findings related to the fact
that the fird and second cyseine in the x-type subunits are involved in an intra
molecular disulphide bond, meaning no effect on glutenin polymer formation, while the
third and the fourth cysteines, present in the N and Gtermind regions, respectively, are
avalable to form intermolecular disulphide linkages.

The most common HMW gs in durum whesat are coded by Glu-B1, they are 7+8,
2, 6+8 Autran and Fellet (1987) found that the HMWgs a the GluBl locus ae
corrdated with dough drength in the order 6+8 > 20 > 13+16. Boggini and Pogna
(1989) reported another order (7+8 >> 20 > 6+8). In contrat, Liu and Shepherd (1996),
reported that the corrdation with dough strength fdlows rather an order similar to that
of bread wheet's order: 13+16 > 7+8 > 6+8 > 20. In fact, severa recent studies have
shown that band 20 is associated with the lowest drength; this finding was confirmed
by our analyss on the durum cultivar “Korifld’ (data not published). Pogna et al. (1990)
found tha genotypes containing LMW-2 and HMW gs 7+8 had the best gluten
properties. These finding are in accordance with those of Payne (1987) who showed the
additive effects of dldic variaion a the Glu-Al and Glu-A3 loc on dough qudity, and
with those of Liu and Shepherd (1996) who emphasize this results. “The protein genes
a Glul and Glu3 lod influence qudity characterigics predominantly in  linear,
cumulative fashion”.

An increese in the number of HMW gs in durum wheat might produce an
increese in gluten drength (Ciaffi et al. 1991, Nachit pers. com.). It has been reported
that the introduction, in hexaploid wheats of a Glu-Al locus encoding two subunits
from the A genome diploid rdaive Triticum thaoudar, increases gluten drength
(Rogers et al. 1989 by Ciaffi et al. 1991). Ciaffi et al. (1995) reported a 4% increase in
the glutenin due to an introgresson of a Glu-Al y-type from T. dicoccoides. Thus, the
increase in gluten srength and bread making properties associated with the presence of
both 1Ax and 1Ay subunits may results from an increese of polymeric proteins due to
the grester amount of the HMW subunits. But in fact, the association between HMW gs
and qudity characteridics of durum wheeat has not been shown to be as dose as tha in
the bread whest, athough certain HMW dldes can influence the viscodadtic properties
of durum wheat dough (Autran and Fellet 1987). One gpproach to developing new
cutivars of durum wheat with improved pasta-meking qudity would be to introduce
one of the GluAl alees which codes for a HMW gs and to transfer from bread whest
one of the Glu-B1 dlees shown to promote gluten strength, eg. GluBli or GluBl1c (Ng

et al. 1989.

b- Low Molecular Weight Glutenins (LM W)

The LMW dlutenins differ from HMW in molecular weight and chromosoma
location of genes. The LMW gs are subdivided into B, C, and D subunits based on their
SDS page mobility (C being faster, B intermediate, and D sower). The LMW gs are
more difficult to detect because of ther smilaity in molecular weight to some gliadins,



dbumin, and globulins. Some LMWgs, especidly C and D-type, ae smilar to dliadins
in their biochemica characteristics and even their amino-acid sequences. The B and C
subunits are encoded mainly & the Glu-3 lod on the short am of the group 1
chromosomes (Payne 1987), but some are encoded by the Gli-1 lod (Lafiandra et al.
1984), both loci being located on the short am (SA) of the groyp 1 chromosomes. The
D subunits are encoded by genes on the SA of chromosomes 1B (Lafiandra et al. 1984)
and 1D (Jackson et al. 1983). Metakovsky et al. (1997) suggested that only B-type
LMW(gs are encoded by Glu3 loci while other glutenins are in fact, former gliadins and
ae controlled by Gli-1 and Gli-2 complex loci. The D subunits appear to be derived
from wegliadins snce they have dmilar dectrophoretic properties and have w-giadins
type N-temind amino acid sequences but with an additiond cydeine resdue, acquired
presumably by mutation (Lafiandra et al. 1984). Those dliadintype glutenin  subunits
have an odd number of cyseines resdues and furthermore, have one cysteine resdue
that is likdy to be involved in intermolecular disulphide banding. They may act as chain
terminator to prevent dongation of developing glutenin polymers. This would result in a
decrease in the average molecular weight of the gluten fraction and negative effects on
dough srength and on viscodagtic propeties (Masci et al. 1999). Consequently, the D
subunits dthough they may only be present in smdl amounts compared with ather
gluten subunits, they may contribute negaively to gluten drength. Smilaly, some C
subunits show amino-acid sequence homology with a and g dliadin and could deive
from spontaneous mutetions, which affect the numbers and postion of cydeine resdues
(Lafiandraet al. 1984, Shewry et al. 1994).

In durum whest, DNA sequence anadlyss of PCR fragments corresponding to
LMW showed that the coding regions ae uninterrupted by introns and possess a
praine- and glutamine rich domain. Those two las domans are encoded by a tandem
aray of irregular repeets followed by a unique sequence (C domain) often interspersed
with severd dretches of glutamine codons (van Campenhout et al. 1995). The 3
termind podtion ought to be unique among the known Glu-3 loci Isolation,
characterization, and sequencing of some LMWgs genes indicate that the repetitive
domain is the mog variable region and that the repeat matif is the mgor unit leading to
vaiaion in  LMWgs genes (D'Ovidio et al. 1997, 1999). The basc motif was
suggested to be 1827 bp, which went through severd mutationd events such as
deletion, duplications, and subgtitutions (D’ Ovidio et al. 1999).

In durum, two mgor types of LMW glutenin patterns known as LMW-1 and
LMW-2 were firs reported by Payne et al. (1984) with some new paiterns observed by
Margiotta et al. (1987). Usng a smple one-dimensond twostep SDS page procedure
devdoped by Singh and Shepherd (1988), Carrillo et al. (1990) described 3 other types
of LMW glutenin patterns dong with the two mgor patterns reported previoudy among
139 durum landraces of Spain and other 38 durum cultivars. Gupta and Shepherd (1988)
dso obsaved two possble vaiants coded by Glu-A3 and three variants coded by Glu-
B3 in a survey of only 11 durum wheat cultivars. Generdly the new genotypes occurred
more frequently in the North Africa and Mediterranean region. However, because of the
known difficulties of resolving these patterns, there has been no systemetic sudy on the
extent of genetic variation of LMWgs in durum wheet. Recently, a totd of 27 different
LMW gs banding patterns were reported in a durum wheet world collection composed
by 81 landraces (Impiglia et al. 1996) showing different association with gluten
srength. Each banding pettern appear to hold three to sx subunits showing differences
in the rdative mobility of the bands and in the daning intensty of the subunits If



conddering the old dasdfication, the autthors defined having 2327% LMW1 and
76.73% LMW2. Liu and Shepherd (1996) found that the Pattern LMW IIt was
associated with the higher specific SDS.

The Glu-A3 and Glu-B3 loc are tightly linked with the Gli-1 lod of w and g
gliadins, especidly, the Glu-B3 locus that is tightly linked to Gli-B1. The map distance
is estimated about 2 cM (Pogna et al. 1990). More amply, 45 are usudly asociated
with a subunit termed LMW2 and they confer a good qudity wheress g42 are usudly
linked to LMW1 and confer a bad qudity. The amplification of LMW glutenin
sequences showed the presence of 3 bands, ranging between 900 and 1200 bp. The two
sndler fragments were present in al genotypes. The sze of the long fragment differed
between genotypes possessng LMW1 or LMW2 gs The amplification product of
LMW?2 genotypes (Omrabi5) was aout 50 bp longer then tha obtained in LMW1
genotypes (Chaml) (Nachit et al. 1995a).

Table 1-6; Different recombination of associations between Glu-B3 and Gli-Bl lod in
different varieties (Nachit et al. 1992).

Glu-B3 Gli-B1
Quality

LMW w-Gli g-Gli

1 B-H-38 42

bad (Waha)

2 35 45

good (Korifla)
2

good (Berillo)
2
good (ICD12060)

3H 42

3B-H-38 45

Ruiz and Carrillo (1993) reported a new gene coding for a LMW gs cdled
LMW9 (later on redesignated as Glu-B2), this gene was found to be tightly linked to
two w-gliadin genes stuaed a the Gli-B3 locus, showing that Gli-B3 is a complex
locus, as is Gli-J/Gu-3 with tightly linked genes coding for gliadins and LMW
glutenins. A further sudy of the effect of the Glu-B2 on durum whesat qudity showed
that the Gli-B3/Glu-B2 dldes had no effects on the grain qudity (Ruiz and Carillo
1996).

Recently, the inadequacy of the associdion between glutenin qudity and LMW
patterns has been shown largdly, because durum wheat quality seems to depend on
soecific LMW gs encoded a the Glu-A3;, Glu-B3 and Glu-B2 loci. So, what was
consdered as LMW-models are actudly a mixture of subunits controlled by different
dldesa Glu-A3; Glu-B3 and Glu-B2 loci (Table I-7).

Table |-7. Equivdence between LMW modds and ther dleic compostion (b) and
diagram showing the Glu-A3-, Glu-B3- and Glu-B2-encoded B-LMW gs (@) (Nieto-
Tdadriz et al. 1997)
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As it was demondrate thet the glutenin subunits encoded & the Glu-B3 were
responsble for the differences in qudity, Nieto-Tdadriz et al. (1997) edablished a rank
of dldes based on ther effect on gluten srength: Glu-B3a = Glu-B3f > Glu-B3g > Glu-
B3b = Glu-B3i. So the wheats carrying g#5 can exhibit sx different dldes a the Glu-
B3 locus (a ¢, d, e f, g) and this vaiahility can exdan why cultivars with gi5 have
pada qudity ranging from medium to high depending on the dlde present a the Glu-
B3 locus



A-2-2- High Molecular Weight (HMW) Albumins

The polymeric proteins next in abundance are the HMW dbumins. These are
manly b-amylase and do not occur in the protein bodies. It seems probable, therefore,
that their subunits form polymers with themselves and not with the glutenins.

A-2-3-Triticins

The third group of polymeric proteins is the triticins which are globulin-type
proteins. They adso gopear to condst of polymers among their own subunits (Singh and
Shepherd 1983).

B- Protein content (PC)

Durum wheat is generdly used to produce pasta products that include various
shagpes and Szes of macaroni, spaghetti, flat or corugated sheets used in lasagna and
noodles, and other pasta shgpes developed from extrusion of dough through a die. Other
products produced from durum wheat incdude leavened and unleavened breed,
couscous, burghul  and frike These diverse products require different qudity
characteridics, however, dl require minimum levd of protein, high milling yidd,
ydlow flour color and moderady strong gluten. Durum technologica properties are
determined on the bass of cooking characterigics of the pasta it produces, where
cooking qudity is the cgpacity of the cooked product to maintain good texture and not
become mush or a gsicky mass, and to mantan a correct firmness after some
overcooking. So, in generd good cooking qudity is rdaed to a high levd of proten
and gluten contet or an intermediagte content of protein but high gluten qudity
(D’Egidio et al. 1990). Wheat protein content higher than 13% was reported to yidd a
satisfactory fina product, wheress protein content lower than 11% gave a very poor
product. Congdering the different pasta drying systems gpplied, D’Egidio et al. (1994)
indicate that a a low drying temperature, protein content and gluten qudity were both
of importance in determining pasta-cooking qudity whereas a high temperaure only
protein content was essentid. The tota protein content of durum wheat may be as high
a 22% (dry weight bass) or more, but the average levd is around 12-14%. From
andyss by dectron microscopy, Banask et al. (1976) concluded that most of the
protein in durum wheats could be found within the cdl dructure, surrounding the starch
granules as enveoping proteins, with less amounts found as fibril proteins or deposited
as protein mass, proteins are deposited in the matrix differently in different varieties.

Findings on the naure of gendtic control are rather controversd, dthough dl
scientists agree that this is undoubtedly a complex subject and one that is difficult to
dudy, due to the grong influence of the environment upon its expresson. Protein
content is a typicd quantitetive trait controlled by a complex genetic sysem and highly
influenced by environmental factors. Nachit et al. (19958 showed that environmentd
effects overide the effects of genotype for protein content and that GXE interaction
aopears negligible. Those finding ae in agreement with Mariani et al. (1995).
Therefore, the mgor influences on grain crude protein concentraion are environmentd,
paticularly dimae and nitrogen (Nachit et al. 1995a Trocoli et al. 2000). Gran yidd
is dso afected by nitrogen fertilizetion (Langer and Liew 1973). However a negdive
corrddion has been found between yidd and gran protein concentration in wheet
(Stenram et al. 1990) and in T. dicoccoides derived crosses (Madi 1991). This may be



because more energy is required to produce protein than carbohydrate (Penning de vries
et al. 1994). Thus in the sdection of higher yidding genotypes, it is esser to increase
carbohydrates than proteins. However, the seed protein percentage may be increased by
gendtic manipulation without concurrent reduction in  productivity (Day et al. 1985,
Nachit et al. 1995b). Mog information concerning grain nitrogen relaions in cereds are
obtained from fidd, where the dgnificance is imprecise because of vaiaions in
environmentd  conditions, including nitrogen avalability. A rdigble comparison of the
protein concentretion and compodtion in devedoping wheast grains during  different
nitrogen regimes accordingly requires a precise control of the nutrient input during
vegetative and generative growth (Johanson and Lundborg 1994).

Under severe drought conditions the grain tends to be shriveed with low garch
accumulation and therefore a rdaively high content of bran and nitrogen are obtained.
Udng 171 Mediteranean landraces, Nachit et al. (19958 reported a protein content
mean of 109 under irrigated conditions and 124 under dryland conditions. An incresse
in grain nitrogen concentration would normaly be expected to result in incresses in the
proportion of vitreous grains sedimentation volumes gluten concentration and dough
srength (Blumenthd et al. 1993). In addition, severd dudies reported that excessvely
high temperatures and low rdative humudities during grain filling resulted in increased
gran nitrogen concentration, but in reduced dough drength and gluten qudity (Borghi
et al. 1995, Blumenthd et al. 1993). Johansson and Lundborg (1994) showed that
nitrogen addition over time decided the find protein concentretion in the gran, and that
thisfinad concentration was established rather early during grain development.

Semolina protein content generdly is about 1% less than the whole-wheat
protein (Nachit et al. 1995g). Therefore, they suggest that the actud grain protein
concentration is the result of two parameters Frd, gran growth, which manly is
controlled by the genotype, and secondly, nitrogen transport and accumulaion, which is
mainly controlled by the applied nitrogen regime. Protein content was completely
independent of LMW gs (Impiglia et al. 1996). This finding was expected, as factors
other than storage proteins are the cause of high protein content.

Therefore, kernd protein is controlled by a complex genetic sysem and is
grongly influenced by severd environmental factors. Some results (Kuspira and Unran
1957, Dienl et al. 1978) indicate that protein content is a quantitative trait governed by
severd genes digributed throughout the genome Hdloran (1975) and Konzak (1977),
on the other hand, damed that the character is governed by a few mgor genes, without
however excluding the action of many other genes of minor effect. These different
results are dso reflected in heitability estimation, which was reported to be ranging
from 0.15-0.26 (Sunderman et al. 1965) to 0.49-0.72 (Nachit et al. 19953) to 0.90 (Kaul
and Susulki 1965). In generd, genes for low gran protein content show wesk
dominance over those for high protein content (Haloran 1981), though in some cases
the direction is the opposite (Cowley and Wdls 1980). Millet and Pinthus (1980) found
that the genes for low protein of the cultivated parents showed a wesk dominance over
the high protein of the wild parents, and that the protein content in wheat is manly
determined by the mother plant. It seems there is no cytoplasmic effect on the gran
protein content (Millet and Rinthus 1980; Levy and Fedmen 1989). Other findings
reported a tranggressve segregation for PC, indicating the presence of different genes
contralling this complex trait (Levy and Feldman 1989, Madi 1991). More recent



dudies reported a control of two partidly dominant genes with additive effect (Dhdiwa
et al. 1994) wheress other studies suggested 4 major genes (Levy et al. 1988).

In bread whesat, genes for protein content have been located on chromosomes
3D, 4D, 5A, 5B, and 7B by Kuspira and Unran (1957) and on chromosome 5A and 5D
by Morris et al. (1973); and on 5D by Law et al. (1978). A gene was d<o identified by
Stein et al. (19920 on 5B on the vaiety “Wichitd® and on 1B, 1A, and 7A on
“Pansman”. Levy and Feldman (1989) suggested that chromosomes 1AS, 1BS, 5A,
5B, 7A, and 7B of T.dicoccoides cary a least 4 genes associated with grain protein
content linked to 27 morphologicad and biochemicd makers. The gene on 1AS was
indirectly confirmed by Eloudfi et al. (1998) who reported a dicoccoides omega gliadin
subunit (Rm = 44) highly associated with protein content.  Joppa and Cantrdl (1990)
usng T.durum cv. Langdon-T. dicoccoides chromosome subgitution lines, reported
that chromosomes 2A, 3A, 6A, 3B, 4B, 6B, and 7B dl affect protein content. Steiger et
al. (199) crossed these subdiitution lines with a durum variety and reported thet lines
with chromosome 5B and 6B explaned over 70% of the tota genotypic variaion of
grain protein content. In durum whest, Blanco et al. (1996) reported that 20 sgnificant
marker loci were detected, which identified a least 6 QTLs for protein content on the
chromosome arms 4AS, 5AL, 6BS, 7BS, and 6AS. Joppa et al. (1997) identified a
magor QTL accounting for 66% varidion in gran protein content on chromosome 6B.
This locus is located on the short am of chromosome 6B near the centromere, flanked
by Xmwg79 and Xabg387. Chee et al. (1998), reported a grain protein content QTL on
the 6BS, and suggested it to be the same as the one reported by Joppa et al. (1997).
They dso advanced that the protein content trait is controlled by a single genetic factor.
More recently, a microsatellite was reported to be relaied to gran protein content.
Prasad et al. (1999) used a bulk segregant andyds on a population presenting high
variation on protein content and identified WMCAL on the 2DL as being linked to grain
protein content and explaining 18.73% of the totd varition between the two parents.
Therefore, it is obvious that severd QTLs control grain protein content in wheat and
that is controlled by fertilizer, environment, and genotype.

Severd works suggested the utilization of T. dicoccoides as source for high
protein content genes (Feldman and Sears 1981, Nachit et al. 1990). In fact, high
protein content in dicoccoides derived crosses in comparison with cultivated whest

derived crosses was reported by many studies (Feldman and Sears 1981, Nachit et al.
1990, Madi 1991; Nachit and Mad 1997).

C- Kerne Quality Characteristics

Yellow Pigment (YP)

Durum wheat normdly has an amber vitreous kerne that produces a yelow
milling product. Color is of prime importance in semolina Therefore many gudies were
conducted to define their biochemicd pathways and genetic control. This color is the
result of the naturd carotenoid pigments present in the seed and of their residud
contents after the sorage of the grain or semolina and after milling. The oxidetive effect
of the lipoxygenase enzymes during pasta processng (McDondd 1979) and the
conditions of the processng itsdf affect dso the durum endproduct color. The
caotenoid pigments ae dasdfied into carotenes, unsaurated hydrocarbons, and



xanthophylls  Xanthophylls being the most &bundant, which possess one or more
oxygen-bearing functiond groups Lepage and Sms (1968) usng chromatography
methods reported that the pigments in durum variety were composed of 84.8% free
luein (a xanthophylls), 9.8% Iutein monoester, and 53% Iutein diester. Other
xanthophylls have been reported such as triticoxanthin, taraxanthin, flavoxanthin, and
canthaxanthin (Laignelet 1983). Carotenoids are antioxidant compounds that reduce the
oxidative damege to hiologicd membranes by scavenging peroxyradicds, such as those
involved in cetain human disease and in the aging process and in the degradation of
food quaity. These criteria contribute to an increase in the nutritiond vaue of durum
products. The carotenoids are mainly located in the outer layers of the kernd, with the
embryo, bran, and endosperm containing smdler amounts (Trocoli et al. 2000). The
caotene content trait is manly affected by genotypic effect (heritability ranging from
0.90-0.97) and therefore easy to sdect for (Nachit et al. 19959). In contrast, in bread
wheat cultivars the flour color was reported to be difficult to manipulate as it is
expressed as a quantitative character (Moss 1967). In tritordeums, the high carotene
content is under the control of the Hordeum chilense genome (chromosome 7H %) and is
not dependent on tritordeum yied or grains Sze (Alvarez et al. 1998). While in durum
wheset, the color is highly heritable and is controlled by additive gene effects. Some
dudies suggest that the mgor genes are probably on chromosomes 2A and 2B (Joppa
and Williams 1988). Others reported the BCD1 on chromosome 6D and BCD828 on
chromosome 3B as being linked to breed wheat flour color (Parker et al. 1996),
whereas, more recently Parker et al. (1998) reported a mgor locus on 7A in bread whesat
explaining 60% of the gendtic varidion.

Nevethdess a high levd of caotenoid pigments in semolina does not
guarantee a high color pada as the color is dso affected by the levd of lipoxygenase
(LOX) activity (McDonad 1979) and polyphenol oxidase activity (Dexter et al. 1984).

Lipoxygenase (L OX)

Lipoxygenase enzymes are a family of enzymes tha catalyze the breskdown of
lipids, polyunssturated faity acids contaning a ds-dsl4 pentadiene sysem,
producing firdgly free radicds and subsequently, after oxygenation, conjugate cis, trans
diene hydroperoxides. Radicd forms produced during the intermediate steps of poly-
unsturated fatty acid peroxidation by LOX ae regponsble for the oxidaive
degradation of pigments such as b-carotene, xanthophylls, and chlorophylls (Trocoli et
al. 2000). The formed hydroperoxides are deaved by the hydroperoxidase lyase to form
adehydes, causes of the off-flavor.

Lipoxygenase enzymes are found in plants, animas and microorganisms. In plant, they
are found in seed, seedling and leaves (Prigge et al. 1996). In higher plants, LOX reect
with the subdrate linoleic acid or linolenic acid, and form hydroperoxides. The product
is though to be involved in plant defense, wound response, senescence and development
(Shibata 1996). Neverthdess, they are responsble for ydlow color dedruction of pasa
by oxiddion. Indeed, some of ther volaile compounds, such as nhexand, ae
implicated in the production of aroma or undesrable flavors and odors. The reaction can
be inhibited by processng in a vacuum or by adding oxidation inhibitors such as L-
ascorbic acid. Barone et al. (1999) reported a monomeric structure of wheat LOX
(95000 + 5000). They dso confirmed its affinity with linoleic acid as subdtrate and with
optima pH vaues. Therefore, b-carotene bleaching occurred only in presence of



linolec acid, confirming the cooxidative nature of enzymatic pigment degradation. b-
cactene dso acts as an inhibitor of LOX activity preventing semolina bleeching and
improving pesta qudity (Trono et al. 1999). The combined mechanism of oxidation
favorizes a loss of semolina sulphydryl groups (Tsen and Hlynka 1963). This is the
cause of an increase in the amount of free lipids in dough and an increese in the mixing
tolerance and relaxation times of dough itsdf (Hosoney et al. 1980). Furthermore,
lipoxygenase ectivity is directly affected by Sorage conditions (Kankovirta et al. 1998).
Borrdli et al. (1999) showed a genotypic and environmental control of the LOX levels
in durum wheet. Many genes were isolated, and some molecular andyss showed that
the genotypic vaiaion is due to different transcriptiond leves of the rddive genes
(Manna et al. 1998). The isoenzyme LOX1 in baley for example is excusvdy
responsble for the lipoxygenase activity in seeds (Hotlman et al. 1996). Some LOX-
free mutations have been developed in soybean and could be of great hdp to promote
soybean human consumption.

Polyphenol oxidase (PPO) and peroxidase

Undesrable dough and product discoloration that may be caused by enzymatic
browning was reported (Dexter et al. 1984). Hatcher and Kruger (1993) showed that
polyphenol oxidase (PPO) didribution in millsreams closdy pardlds the efficency of
the milling process Milling to eevated extrection yidd (>70%) causes the enzyme
levels to rise dramdicdly. Phendlic acids potentid substrates of this enzyme, ae
endogenous to the wheat plant (Bose 1972) and flour (Sosulski 1982). PPO is beieved
to be invoved in the oxidaion of such endogenous wheat phenolics, resulting in the
production of labile quinones The quinones produced can react with a number of
compounds, amines and thiols or undergo sdf-polymerization to produce highly colored
products (Pierpoint 1969). The close rdaionship between the enzyme ectivity and its
potentid subgtrates suggests a role for such smple phendlic acids in the complex
process of enzymatic darkening in end-products (Hatcher et al. 1997). Durum wheats
have lower polyphenoloxidase ectivity than other classes of wheat. Further, the
peroxidase activity is much higher in low-grade flour then in purified semolina (Feillet
1988). Some dudies showed that peroxidase activity is affected by the drying conditions
of pasta (Kobrehel and Abecassis 1985).

D- Milling Quality Characteristics

Test Weight (TW)

Another aspect of milling that is conddeed as an important qudity
Characteridic is test weight, which is known to be highly rdaed to semolina yied. Test
weight is the weight of grain, which fills a specified volume under standard packing
conditions Treditiondly, low-test weight (TW) in wheat has been associated with low
flour yidd. Severd works have reported a high and postive corrdation between high
TW and high flour yidd (Marshd et al. 1986; Barmore and Begquette 1965). A high TW
is commonly associated with sound plump kernds. TW is dfected by the genotype
(seed shape and dze) and various environmentad factors such as dissase and lodging,
which can cause driveing of gran (Roth et al. 1984; Blum et al. 1991; Sseddla et al.
1990).



Test weight is highly heritable. Ghaderi and Everson (1971) estimated its broad
sense heritability in winter wheet to be 0.48, while Teich (1984) edimated it to be 0.98
+ 0.08 and Jddudin and Harrison (1989) edtimated to 0.78. In durum wheet, Nachit et
al. (19959 reported a heitability of be 0.94-0.97 showing a very high genotypic control
(explaining up to 80% of the totd variation). In contrast, Schuler et al. (1994) reported a
mgor contribution of environmenta conditions to TW variaion (»70%) and a moderate
GxE interaction (»20%). Because, cultivar differences in TW are likely due to the effect
of many characters of the kernd, severd sudies have been conducted, mainly on soft
bread whest, to find smple factors that corrdated with TW and can be used in the early
generation of breeding programs.

Yamazaki and Briggle (1969) described the components of TW as kernd

volume (Sze and shgpe) and kernd weght. Kend volume dffects the packing
efficiency or the percent volume of a given container thet is occupied by gran. Kernd
weight affects the totd weght of gran within that volume Packing efficiency is
conddered to be a cultivar characteridtic while kernd dengty, which influences kernd
weight, is conddered to be more environmentdly influenced. Ghederi and Everson
(1971) concluded that differences in TW among cultivars were related to cultivar
differences in pecking effidency and influenced very little by dendty, variaion in
derdity being due, a least in part, to arspace within the kernd (Yamazeki and Briggle
1969). Ghaderi and Everson (1971) determined dso that kernd width and thickness
were rlated to TW. They dso found that width and length were corrdated to kernel
vdume but that width was more highly corrdated. Therefore, the spike characteristics
of a wheat cultivar may be important to TW due to possble effects on kernd shape.
Ghaderi and Everson (1971) noted thet shriveing reduced TW by introducing plane and
concave surfaces to the otherwise norma contours of the grain and decressing packing
efficency. It is ds0 likdy that environment is cgpable of dtering wheat kernds in ways
not esdly detected by visud ingpection (Schuler et al. 1994). On the other hand,
Yamazaki and Briggle (1969) did not find any rddionship between grain dimensions,
gze, or dze didribution and TW. More recently, Trocoli and DiFonzo (1999) showed
that TW isrelated more to kernd shape than to kernel size,
Flour protein was reported to be sgnificantly corrdated to TW but not to TKW and
kernd dendty (Schuler et al. 1994). As flour protein increased, TW tended to incresse.
Yamazaki and Briggle (1969) hypotheszed that as protein content increesed more
proten would be avalable to fill voids among the large darch paticdes of the
endosperm, increesng kernd weght by increesng dendty and ultimady incressing
TW. While a dgnificant negative corrdation between protein content and TW was
reported by Matsuo and Dexter (1980). Concerning grain yied, other studies suggested
thaa TW and grain yidd ae not geneticdly corrdated (Jddudin and Harison 1989). In
practice, the milling industry prefers large kernds because of the drong reaionship
with milling yidd.

Thousand-K ernel Weight (TKW)

Durum wheeats vary greatly in TKW from 20 to over 60 grams. High 1000-
kernd weight is dedrable for easy processng, milling, and semolina trats. Kernd
weight is afected by the environment during grain filling and by the number of heacs
and number of fetile florets per spike. The genetic of kernd weight is unknown, but



estimates of gene number vary from 1 to 4 or more genes in different crosses (Joppa and
Williams 1988). Sun et al. (1972) and Ketata et al. (1976) estimates of TKW heritability
in the broad sense were rddively intermediate to high. This indicates the involvement
of high genetic effect and suggested that sdlection will be vauable in early generations.
Theses finding were confirmed by (Madi 1991). They reported a high heitability
coupled with high gendiic advance in crosses with T. dicoccoides, confirming a high
additive effect. Usng durum varieties crosses, they aso suggested a cytoplasmic effect
on TKW.

In T. dicoccoides, a sgnificant podtive corrdaion between seed weight and
protein content was reported (Madi 1991). Significant corrdations between semolina
yidd and TW and semalina yied and kernd sze were reported (Ghaderi and Everson
1971, Masuo and Dexter 1980). They reported a highly sgnificant overdl corrdation
(r=0.75) between TW and TKW, suggesting that the 2 traits were affected by
environment factors in a smilar manner. However severd other researchers faled to
find any correlation between TW and TKW (Schuler et al. 1994; Trocoli and Di Fawzo
1999; Yamazaki and Briggle 1969). Consequently, dthough these 2 parameters affect
the same character they seem to behave differently with respect to milling yied.
Actudly, TW and TKW measure different festures of the grain. While the former can
be areflection of the soundness of grain, and therefore high TW may be expected when
the gran is undamaged by unfavorable weether conditions, kernd weight will be a
measure of average kernd sSze and thus larger kernds, resulting from unredtricted grain
ripening are expected to have a grester endosgperm to bran ratio (Trocoli et al. 2000).
TKW was drongly corrdated with kernel length, width and volume (Schuler et al.
1994). And as the TW, the TKW is highly heritable (0.94-0.97) and therefore, is more
influenced by genotypes than by environments (Nachit et al. 19953).

Vitreousness (Vit)

The vitreousness measurement is used only for durum wheat. The vitreousness
of the kernd is often congdered to be important in milling. Actudly, a high percentage
of vitreous kernds is required for dl products (Williams et al. 1984). A vitreous gran
implies that the endosperm has a glassy tranducent gppearance rather than a mealy or
garchy nature. Nonvitreous kernd is dso designed as starchy kerndl.

Vitreousness gives diginct physca properties to the whole kernes and the best
qudity durum wheat has high proportions (90-100%) of vitreousness. The darchy or
non-vitreous kerne has a negdaive effect on semolina yied. As the proportion of darchy
grains increases, the proportion of semolina decreases, the proportion of flour increases,
and the protein content decreases (Matsuo and Dexter 1980). In fact, vitreous aress of
the endosperm ae known to be higher in protein than medy aess When milled,
nonvitreous kernds produce totd milling yiedd smilar to tha of vitreous kernds but
less semolina and more flour is produced. Vitreousness was significantly associated
with protein content of gran paticulaly under zeronitrogen application (Nachit and
Asbati 1987). They reported that zero-nitrogen environment wes the best environment
for high sdection efficency for vitreousness The incidence of darchy grain in durum
wheat can increese when normaly vitreous grain vaidies are grown in low protein
environments (Trocoli et al. 2000). Vitreousness does not afect the milling yied, but
raher the semolina yidd. Some heritebility dudies suggest that sdection  for



vitreousness in early segregating populations is possble and the most successful crosses
are made when the femae parent has highly vitreous kernels (Nachit and Asbati 1987).
The broad sense heritability of vitreousness was edimated to 059 under irrigated
conditions and 0.79 under dry conditions (Nechit et al. 199538). The environmenta and
GE interaction effects were respectively of 58.1% and 23% under irrigated conditions
and 70.0% and 16.9% under dry conditions (Nachit et al. 1995a).

Ash Content (AC)

The qudity for milling is manly represented by high extraction rate Many
dudies are conducted on ash content in order to maximize the samadlina yidd and to
minimize the flour yield, because ssmolina has a higher price

The ash content is conddered as the most important aspect of durum whest
qudity for semadlina milling (Trocoli et al. 2000). Severd reports have dready pointed
out the environmenta effects (Cubadda et al. 1969), while Peterson et al. (1986) noted a
high genotypic influence. Other sudies proved that there is a strong genotype-by-
environment interaction on the ash content (Fares et al. 1996). Therefore, favorable
growing conditions result in higher ash content in whole grain due to increesed uptake
of minerds from the soil. A lower semolina yield can therefore be expected, because the
ash content of semolina is corrdated wih both ash content of the whole kernd and the
extraction rae (Dexter and Masuo 1978). High semolina ash content is normadly
asociaed with a longer extraction time, which can produce a duller semolina color
because of the presence of high ash outer endogperm particles giving a brown hue to
pasta products (Kobrehel et al. 1974), Borrdli et al. 1999). Borrdli et al. (1999) showed
dso an indirect effect of semolina ash content on pigment degradation during pasta
processing. Furthermore, this parameter is especidly important in severd European
countries where the ash content of durum wheat for human consumption is regulated by
law.

Morris et al. (1945 usng a micro dissection technique on wheat kends,
obtaining 4 endosperm and 2 bran fractions reported an ash gradient in the kernd. Using
other techniques, theses finding were confirmed by Masuo and Dexter (1980), Dexter
et al. (1994) and latdy by Fares et al. (1996) usng a successve debraning levels. Fares
et al. (1996) reported thet a high vaue of removed ash level (RAL), sarting from level
1 could prove the presence of lower ash content in the inner layers of endosperm.
Therefore, with the same ash content, an outer ash concentration is more desirable and
dlows alower ash content in semolina
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Plant material and experimental design and sites

1- Plant Material

The plant materid used is the population semming from the cross between
“Omrabi5/ T. dicoccoides600545// Omrabi5” with the pedigree ICDMN9LX MP
(Nechit pers. com). The population is condituted of 114 backcrossed Recombinant
Inbred Lines (bc-RIL) developed & CIMMYT/ICARDA durum breeding program for
the Mediterranean dryland from a cross between the durum cultivar Omrabi5 and the
T. dicoccoides accesson number: 600545. The Flcross was backcrossed to the
maternd parent Omrabi5. The Onrabi5 cultivar is a cross between Haurani x Jori-C,
bred for Mediterranean dryland conditions by CIMMYT/ICARDA durum program
(Nachit pers. com.). It is released in Turkey, Algeria, Iran, and Irak for commercid
production in dry aress It combines drought tolerance with yidd and yidd dability. As
for Triticumdicoccoides600545, it was collected from Jordan a 25 km west of Amman
on the AmmanDead See highway; it shows resstance to ydlow rust and tolerance to
drought. Our populaion was advanced up to F8 generaion. This population was
devdloped by usng single seed descent method (SSD) up-to F6 generation. Afterward,
the seeds of the BC-RILs were bulked in order to produce F7-seed and the same to have
the actud population, F8 BC-RILs condituted of 114 lines These recombinant
backcrossed inbred lines (bc-RILs) present a vauable and Sgnificant polymorphism for
most of the qudity trats protein content, cardene (yellow pigment) content,
vitreousness, ash content, kernel weight, hectoliter weight, sedimentation tedt, and
farinograph parameters. The T. dicoccoides appears to be a potentid donor for qudity
genes dnce it holds a vduable polymorphism for gliadins and glutenin subunits and it
has a very high protein content.

Omrabi5 X T.dicoccoides 600545

Fi1 X Omrahbi5

BCiF2

Sdfing
usng SSD
duing

6 generdions

BCiFs RILS (114 Progenies)

Pedigree of Omrabi5/ T. dicoccoides600545// Omrabi5 mapping population.



2- Sitesdescription

The bc-RILs trid was grown in three locations for the 4 consecutive seesons
1996/97; 1997/98; 1998/99, and 1999/2000. The man locations ae Td Hadya Breda,
and Terbal.

2-1- Tel Hadya station:

Td Hadya is the main research dation a the head quarters of the Internationa
Center of Agricultura research in the Dray Areas (ICARDA). It is a 35 Km south west
of Aleppo city/Syria and located & 36°01' N latitude, 36°56 E longitude, and a 284 m
above the sea level. The soil a Td Hadya is fine to very fine day, montmorillonitic (the
dominant clay minerd), themic (mean annua temperature & 5cm of 15 to 22°C),
Cdcixerdllic Xerochrept or Chromic Cacixerert. In older soil science dasdfication, the
il was classfied as Tera Rosa (USA) or Red Mediterranean soils (France). This
deion is characterized by the following climatic conditions: wet and cold in winter and
wam and dry summer, a typicd Mediterranean cimate. The average annuad
precipitation is 335 mm. During the fiddtesting seasons of Omrabi5/
T. dicoccoides600545// Omrabi5 population the precipitation amounts were as follows:
427mm in 1996/97; 411mm in 1997/98, 309mm in 1998/99, and 261mm 1999/2000
(Fig 11-1). More detals on precipitation, evgpotrangpiration, and average, minimum, and
maximum temperatures are reported in Fig 11-1.



m TH96/97 T45¢C
150
35
125
——— Min.temp
100 A 25|—e— Av.temp
75 ——&— Precipitation
15 —a—Evap.
50
—&— Max.temp
4s
25
0 -5
mm TH 97/98 T45¢
150
125 35
100 4 1.5 ——&— Min.temp.
—e— Avtemp.
75
15 —— Precipitation
50 ——— Evap.
5 | Maxtemp.
25
0 -5
mm TH 98/99 T4%¢
150
125 35
—4— Min.temp.
100 25
—e— Av.temp.
75 ——— Precipitation
15| e _Evap
50
—— Max.temp.
5
25
0 -5
m TH 99/0 r45C
150
125 35
—&— Min.temp.
100 )
[ 25 |—e— Av.temp.
75 —&— Precipitation
15| e Evap.
50
——— Max.temp.
5
25
0 5
oct Nov  Dec  Jan  Feb  Mar  Apr  May Jun  Jul Aug  Sep

Fg II-1. Meteorologicd data of Td Hadya daion for: 1996/97; 1997/98; 1998/99 and
1999/2000. Min. temp = minimum temperature; Av. temp. = Average temperature; Evap. = evaporation;

Max. temp = maximum temperature.

To cregte different environmenta conditions, the double gradient screening
technique (Nachit et al. 1995b) was used for dl testing seasons. These environments are
described below:



Early Planting (EP):
This environment is characterized by very ealy plating time (mid
October). This environment is used manly for ressance screening to
cold and ydlow rust. The amounts of fertilizers are added & sowing date
as follows 60Kg/ha nitrogen unit (NHsNO3) and 40 Kgha of POs
Irrigation (40mm) is gpplied after sowing to dlow germination.

RainFed (Rf):

The ranfed environment is used a tet for the Mediterranean
continental dryland. In addition to screening for adaptation, screening is
adso made for drought and the other associated biotic and abiotic Stresses
prevdent in this environment. The date of sowing is usudly mid
November and of harvesting is around mid-June. As in the case of Early
Planting a Td Hadya, smilar amounts of nitrogen and phosphorus
fertilization are gpplied.

Irrigated (Ir):
The sowing date is dso conducted mid-November and the harvest mid-
June. In this environment, additiond 30 Kg of N-fetilization ae
upplemented, and dso supplementary irrigation 3040 mm is gpplied.
This environment is aso used for yield potentia testing.

Late Planting (LP):

The sowing date is beginning of April while the date of harves around mid-
June. This environment is useful for screening to termind sress (hest and  drought)
tolerance.

Summer planting (Sum):
The summer planting is characterized by sowing in mid-duy and
harvesting in mid-October. This specid environment is used for heat
tolerance screening  during the vegetative stage and  for  identifying
population carying vernd genes, in addition, it is used to Seed the
breeding cydle.

Sowing after legume crop (Inc):
This environment is used to grow the durum crop after a legume crop

and to sudy the effect of dow release of nitrogen on grain qudity. The
dates of sowing and haveding ae dmilar to those of the normd
planting at Td Hadya Sation.

2-2- Breda station:

Breda dation is located 30 Km east of Tel Hadya, 85 Km south east of Aleppo
city. It is a 35°56 N latitude, 37°10 E longitude, and 300 m above the sea levd. The
il of Breda is classfied as a dayey (high cday content), montmorillonitic, thermic,
Cdcixerollic Xerochrept. In the older classfication sysem it was cdassfied as reddish
brown soils (USA) or a Brown Steppe Soils or Serozems (France). Breda has an
aveage annud precipitation of 260mm, the precipitation was230mm in  1996/97,
229mm in 1997/98, 198mm in 1998/99, and 229 mm in 19992000 (Fg 1l1-2). Nitrogen
and phosphorous were added a sowing date (mid of November) as follows 50Kg/ha



nitrogen unit (NHsNOs) and 40 Kg/ha of P20s This dation is aso characterized by
harsh continentd climatic conditions. It is used for screening to drought, cold, and

termina hesat resstance.
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Fig 11-2 Meeorologicd data of Breda daion in: 1996/97; 1997/98;, 1998/99, ad
1999/2000. Min. temp = minimum temperature; Av. temp. = Average temperature; Evap. = evaporation;

Max. temp = maximum temperature.



2-3- Terbol station:

Terbol detion is located in Lebanon in the Bekaa vdley. It is & 10Km south
eest of Riyak, 33°33' N latitude, 35°59 E longitude, and 890 m above the sea levd. This
dation is characterized with cold winters, favorable seesons, and high soil fetility. The
s0il is a fine clay, montmorillonitic, thermic, Chromic Haploxerert. The average annud
precipitation is aound 524mm and was 501mm in 199697, 526mm in 1997-98,
292mm in 1998-99, and 339mm in 1999-2000 (Fig 11-3).
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Fig 11-33 Meeorologicd daa of Tebol dation in: 1996/97;, 1997/98; 1998/99, and
1999/2000. Min. temp = minimum temperature; Av. temp. = Average temperature; Evap. = evaporation;

Max. temp = maxi mum temper ature.

3- Experimental Design
For collection of phenotypic data for grain qudity trats, the 114 BC-RILs were
divided over 6 blocks where 19-test BC-RILs were included in each block, with 5



commercid and wel-known durum genotypes as checks Omrabi5, Haurani, Korifla,
Chaml, and Gidara2). Thus each block was congtituted of 24 entries (19 test BC-RILs
and 5 Checks). The fidd desgn used was the augmented design (Federer 1956;
Peterson 1985). The tald number of entries of the whole trid was 144 (114 BC-RILs +
5 checks repeated in each block). The 114 BC-RILs were tested over severd stes (Td
Hadya, Breda, Terbol) and seasons (1996/97, 1997/98, 1998/99, 1999/2000).

The trial was sown in 2 rows of 2,5m long spaced by 30cm & Terbol dtation (Tr)
in 1996/97 and 1998/99; in 8 rows of 25 m long spaced by 225cm a rainfed (Rf)
1908/99; lae planting (LP) 1997/98 and 1998/99; early planting (EP) 1997/98 and
1998/99; Breda dation (Br) 1997/98 and 1998/99; Te Hadya after Vetch rotation (Inc)
1997/98 and 1998/99; and Terbol 1997/98. The sowing in Ted Hadyalae planting, after
Veich rotation, and Breda 1996/97 was in 6 rows of 2.5m long spaced by 30cm and in
Irow in irrigated (Ir) 1998/99 and Te Had/a Summer Panting (Sum) 1998/99. In early
planting 1996/97, the sowing wasin 2 rows of 2.5m long spaced by 30cm.

B- Biochemical analysis
B-1- Quality traits assessment

The conducted grain quality andyses are related to technologica end-products
milling, processing, and nutritiond qudities. The qudity traits probed on the 114
inbred linesof Omrabi5/ T. dicoccoides600545// Omrabi5 areasfollows.

- Protein content (PC):

Gengdly, high protein content is associaed with good pesta, burghul, and
couscous meking vaues The protein content was conveniently determined in dl
cereals by Near-InfraRed (NIR) of the reflectance spectrometry, due to its rapidness
and accurateness. Further, it was monitored by the standard Kjeldahl test (AACC
1976) to ensure continued accurecy. Therefore, we adjust our data by testing
randomly 20% of our population using Kjeldahl method.

- Sodium-Dodecyl-Sulfate (SDS) or Sedimentation Test:

Sedimentation test is a method to edimate the drength of wheat gluten, it is

based on the hydratation capacity of a flour in a low acidity media Grains from each
line are tempered a 16% moisure and milled usng Udy Cydone mill equipped
with a 100-mesh seve. Three grams of the wheat med sample are then used for
SDStes (Zdeny 197). The durum flour is suspended with bromophenol blue
lution (1%). The proten hydration is fadlitated by the addition of sodium dodecyl
aulfate, which is a mild detergent, and lactic acid with a determined sheking and
inversons. Results are expressed in milliliters of the inteface line between solid
(ground sample) and liquid (solution) into a measuring cylinder. The gluten drength
is measured for dl environments and years.
The SDS measurements of the season 1996/97 (irrigated and rainfed) were
peformed usng the NIRs procedure, wheress for remaining environments/sites,
during 1997/98, 1998/99, and 1999/2000, the messurements was peformed using
the above described chemica procedure.

- Firmness ( SDSni):




Firmness is the force required to cut cooked pasta Good qudity pasta and
couscous should have the correct firmness or chewiness after cooking or steaming,
respectively. The SDS index is used as surrogate for firmness test. The SDS index is
measured as follows (Nachit et al. 1992):

SDSni = (SDS x Protein content) / 100

Before, the used SDS index was asfollow: SDS = (SDS/ Protein content) * 100

But, in that way the SDS index vaue is affected by protein content and protein qudity,
and sometimes wesk whest with high protein content can give a farly high
sedimentation index vaue just because of its high protein content. This can be
mideading, and can be overcome by SDShi.

- Earinograph:

Farinogrgph is one of the most widdy used physicd dough testing instruments
in the world. It measures pladicity ard mobility of dough that is subjected to
prolonged reldively gentle mixing a condant temperature Resstance offered by
the dough to mixing blades is tranamitted trough a dynamometer to a pen that traces
a curve on a kymograph chart (Brabender 1965). The resgtance to mixing could dso
be measured with mixograph or ressogram. The farinograph used in this Sudy is a
Brabender OHG Duisburg/Germany with two mixing ams (Brabender 1965).
Grains from each line were tempered a 17% moisture and milled usng Udy
Cydone mill equipped with a 100-mesh Seve. The flour humidity is determined by
weight before and after incubation for one hour a 130°C. Depending on the flour
humidity, forty five to fifty grams of flour is used for farinograph test. The
farinograph test indicates bascdly two important physcd dough characterigtics 1)
the absorption or amount of waer (ml) required for a dough to have definite
condgency (FAB); and 2) the behavior of the dough during mixing in grgphica
form, showing Farinograph Stability Time (FST), Farinograph Development Time
(FDT), and Farinograph Mixing Time (FMT) (Fig 1l-4). For FMT, it measured usng
Brabender Units (BU), the highest BU vaues are rdlated with weak dough strength,
wheress amdl vadues are associated with srong dough. For corrdation, dustering,
and QTL andyss the obtaned data from Brabender grgph were inversed by
multiplying by “—1", asthe small vaues are the desirable ones.
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- Yelow Pigment (YP):
The color of durum whesat is more or less yellow or amber; and is caused by the
presence of carotenoid pigments, mainly xanthophylls and Iutein. Color can be




edimated visudly in the semoling, or indrumentdly by reflectance gpectroscopy
(NIR). However, under our conditions, we find out that the more accurate measure
remain the pigment chemica extraction. Yelow pigment contents were determined
on 8 gran of samdlina extracted overnight with 40 ml of weater-saturated n-butyl
dcohal. After filtering the extract through a whatman No.1, light transmisson was
determined in a spectrophotometer a a wavelength of 440 nanometers (nm). The
determined vaues were cdculated according to the concentration scde based on b-
carotene (AACC 1976).

The ydlow pigment meesurements done for the season 199697 (irrigaed and
rainfed) were performed using the NIRS procedure.

- Vitreousness (Vit):

A high vaue for vitreousness is rdaed to high semolina extraction. The
vitreousness is expressed as percentage of vitreousness and it is determined visudly.
The vitreous kernd has to be 100% free of yellow berry sections.

- Test Weight (TW):

The tes weight or the weight per hectoliter reflects the dendty and the volume
occupied by the grans (packing efficiency), it was determined with a Schopper
Chondrometer, usng a 500-mL container. The grain weight of the 500-mL container
was mulltiplied by 2, in order to have the weight of 1 liter.

- Thousand-Kernel Weight (TKW):

The high weight of 1000-kernd and test weight are conddered to be reaed to
semolina yidd, while the smdl kernds are linked to higher bran percentage, i.e low
endosperm: bran ratio. The weight per thousands was determined with an dectronic
seed counter (Numigrd Chopin SA.) usng 200 kernds, broken kernds and foreign
materid had been removed previoudy by handpicking. The weight of 200 kernels
was multiplied by 5, in order to have the 1000 kernds weight.

- Milling extraction:

The durum gran milling output is suitable for semoling, pesta, and couscous
processng. Because durum grans have grester hardness, its endosperm is less
frigble and produces a higher yied of coarse ground stock (semoling). From the
durum grain about 75% of the kernd becomes milled product and the remaning
25% is conddered feed. Of the milled product, 80 to 85% is semolina The milling
process is a sgies of phydcd manipulaions involving essentidly, deaning,
grinding grain, separaing the bran and germ from the endosperm, and reducing the
maximum amount of endosperm to flour fineness One kilogram of each progeny
was milled in a Buhler mill mechine This automatic mill grinds smdl quantities of
wheat and generates flour test samples very smilar to the ones used in industry. The
Buhler mill has three bresk and three reduction passages that give a totd of sx
passages of flour samples. The six obtained flours are mixed and weighted.

- Ash content (AC):

Ash cattent is important in the assessment of semolina qudity. It is chemicdly
determined using the ignition method where 4-g sample are overnight incinerated at
585°C in a dlica dish. After cooling, the dish and ash are weighed and the ash is
brushed out, the dish reweighed, and the weight of the ash determined by difference.




In this study the ash content was measured using the Near InfraRed (NIRS)
procedure.

B-2- Protein electrophoretic analysis

The method of separating seed storage protein in acrylamide gd proved to be a
poweful tool for seed dorage protein characterization. This biochemicd andyds
technique is based on reaive mohbility of the proten fractions (bands), through an
dectricd fidd. This reative mobility depends on severd factors induding the strength
of the fidd, the net charge the Sze of the molecules the ionic Srength, the viscosty
and the temperature of the medium in which the molecules are moving. Electrophoresis
isasmple, rgpid and sengtive andyticd toal.

Up to day the most common andytical procedures for seed Storage proteins are
A-PAGE (Acid Poly-Acrylamide Ge Electrophoress) for gliadins and, the SDSPAGE
andyssfor glutenins.

a- Gliadin assay

Single seeds were crushed in mortar. Gliadin proteins were extracted from single
seeds with 1.5 M dimethylformamide (100 ml per 20 mg of seed), and the mix was
sheken by vortex. After an incubdtion for one hour a room temperaiure, and
centrifugation for 15 min a 8000 tr/min, the supernatant (5vl) were fractionated on
polyacrylamide-gel  dectrophoresis @ 85% (C = 2.7) in duminum lactate buffer at pH
3.1 (A-PAGE), amodified procedure of Tkachuk and Metlish (1980) was used.

b- Glutenin assay

To obtan good sgparation of Low Molecular Weight glutenin subunits (LMW)
in a background free from dliadins dbuming and globuling an extraction with
dkylation and a smple one sep one-dmensond (1-D SDS-PAGE) procedure were
adopted (Alvarez et al. 19994). The resdue from the samples used for gliadin extraction
was ceaned 3 times with 50% propanol-1 & 60°C to remove monomeric proteins
overlapping in SDSPAGE with LMW glutenins subunits. Then the resdue was
reduced in 50% propanol-1, 80mM TrisHCl pH: 85, 2% DL-dithiothreitol (DTT);
incubated for 30min a 60°C, and centrifuged for 10min a maximum speed. 2.81 of 4
vinylpiridine was added to the supernatant and incubated for 30min & 60°C. Findly the
glutenins were precipitated with 1 ml of cold acetone €20°C), dried under a fume hood
and findly stored at —20°C till use.

In contrast with the gliadins A-PAGE, the SDSPAGE procedure uses a
discontinuous buffer sysem. In this sysem two different gels are used, a non-redtrictive
large pore gd (10%), cdled stacking gel, which is layered on top of the sgparaing or
main gd. While in continuous system, we usad just a Sngle separeting gl and the same
buffer in the chambersand inthe gd.

The extracted glutenins were separated in a 814% gradient gd a C=128% in Tris
Glycine buffer (Alvarez et al. 199%), and dained with a solution of Coomasie Brilliant
Blue R250 in 1% ethanal, 12% trichloroacetic acid (TCA).



C- Molecular Analysis
C-1- DNA extraction

The method used is a SDS (Sodium-Dodecyl-Sulfate) procedure published in
International  Triticeee Mapping Inititive (ITMI) Wheat mapping workshop (1994).
Young leaves were collected from young plants (20 to 30 days old), quick-frozen in
liquid nitrogen and ground. The powdered leaves were trandferred to tubes and 20-25 ml
of heated extraction buffer (65°C) (500mM NaCl; 100mM Tris-HCI pH 8.0; 50mM
EDTA; 0:84 SDS; sodium bisulfite) at pH 8.0 was added to each tube. This mix was
incubated 30 min a 65°C, with a shacking after each 5 min. Twenty ml of chloroform-
isoamyl dcohol (24:1) was added and the whole content was shaken vigoroudy to
produce an emulsion. After the centrifugation for 15 min a 2800 rpm, the supernaant
was recuperated, and 2 volumes of cold 95% EtOH (-20°C) was added. The DNA was
precipitated and kept a -20°C for 30-60 min or for overnight. The precipitated DNA
was afterward recuperated, and washed twice with cold 70% ethanol and dissolved in
500mM of TE (10mM Tris pH.8; 1ImM EDTA pH.8). Afterward, the DNA was treated by
2ng/ml stock solution of RNAse for 30min a 37°C and stored at -20°C until used. The
concentration of the extract DNA was determined by spectrophotometer.

C-2- Microsatellites (SSR)

The Gaterdeben wheat microsatellites @wm) were used Roder et al. 1998). The
Gwm-PCR amplifications were peformed in 10m 10mM TrisHCl (pH 9.0), 50mM
KCl, 25 mM MgClz, 0.2mM dNTPs, 5% glycerol, 0.25nM primer, 05 unit of Taq
DNA polymerase (Boehringer, Inc) and 25ng of durum genomic-DNA. Tag DNA
polymerase is a themodable polymerase enzyme isolated from the thermophilic
eubacterium Thermus aquaticus BM. It has a gdable activity under high temperature
(95°C) and can therefore be used for DNA-fragment amplification by PCR. For most of
the primers, the PCR cyding program used was a touchdown from 63°C to 56°C (-
1°Cleyde) or from 64°C to 57°C (-1°Clcycle), except for some microsatellites that
required amplification under specific fixed temperatures (Table [1-1).

The population parents were screened using 195 gwm microsatdlites. Sixty Six
pecent of the streened microsatdlites were polymorphic. Therefore, the 129
polymorphic microsaidlites were probed on the whole 114 recombined inbred lines and
170 polymorphic scored bands were generated.

Table 11-1: Probed Microsatellites sequences and their optimal amplification program in
“Omrabi5/ T. dicoccoides600545//Omrabi5” .

SSR Sequence (53) PCR- Program
Left Right
Gam 2 CIGCAAGCCTGTGATCAACT CATTCTCAAATGATCGAACA TD:64-5
Gwm 5 GCCAGCTACCTCGATACAACTC AGAAAGGGCCAGGCTAGTAGT fix55
Gam 11 GGATAGTCAGACAATTCTTGTG GTGAATTGTGTCTTGTATGCTTCC TD:63-5
Gwm 18 TGGCGCCATGATTGCATTATCTTC GGTTGCTGAAGAACCTTATTTAGG ix50
Gam D ATCTTAGCATAGAAGGGAGT GGG TTCTGCACCCTGGGTGAT ix55
Gwm 3B GGAGTCACACTTGTTTGTGCA CACTGCACACCTAACTACCTGC ix55
Gwm 43 CACCGACGGTTTCCCTAGAGT GGTGAGTGCAAATGTCATGTG TD:63-5
Gwm 46 GCACGTGAATGGATTGGAC TGACCCAATAGTGGTGGTCA TD:64-56
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TTGCTACCATGCATGACCAT
TCTGATCCCGTGAGTGTAACA
TGTCCTACACGGACCACGT
TCGACCTGATCGCCCCTA
CCAAAGACTGCCATCTTTCA
AGGCCAGAATCTGGGAATG
GGCAGAGCAGCGAGACTC
TCCATTGGCTTCTCTCTCAA
GATCAAACACACACCCCTCC
GCCATATTTGATGACGCATA
GGTCTCAGGAGCAAGAACAC
CGACAATGGGGTCTTAGCAT
TCTGTAGGCTCTCTCCGACT G
GAGGGTCGGCCTATAAGACC
ATCCATCGCCATTGGAGTG
GATGTTGCCACTTGAGCATG
GATCCACCTTCCT CTCTCTC
GGGTGGGAGAAAGGAGATG
GCCATGGCTATCACCCAG
TCAGTGGGCAAGCTACACAG
AATCCCCACCGATTCTTCTC
GACAGCACCTTGCCCTTTG
ATGGAGATATTTGGCCTACAAC
TTTGCTGTGGTACGAAACAT AC
GTGAGGCAGCAAGAGAGAAA
CATTGTTTTCTGCCTCTAGCC
TGGTAGAGAAGGACGGAGAG
TCACAGAGAGAGAGGGAGGG
CAATCATTTCCCCCTCCC
CCAACCGTGCTATTAGTCATTC
ACATTTCTCCCCCATCGTC
TGCAGTGGTCAGATGTTTCC
ACCACTGCAGAGAACACATACG
TCATTGGTAATGAGGAGAGA
GCAGAGCCTGGTTCAAAAAG
TAGCACGACAGTTGTATGCATG
CTTTGTGCACCTCTCTCTCC
CGACCCGGTTCACTTCAG
TGCCTGGCTCGTTCTATCTC
CGGCAAACGGATATCGAC
GGGGTCCGAGTCCACAAC
GAGTCCTGATGTGAAGCTGT TG
GCAATCTTTTTTCTGACCACG
CTGCCATTTTTCTGGATCTACC
GGGATGTCTGTTCCATCTTAG
CGACCGACTTCGGGTTC
GCCCCCTTGCACAAATC
GCATGCATGAGAATAGGAACTG
TGTTGCGGATGGTCACTATT
AGGGGATATGTTGTCACTCCA
TTTGAGCTCCAAAGTGAGTTAGC
ATTGGACGGACAGATGCTTT
TATTTGAAGCGGTTTGATTT
AATTTTCTTCCTCACTTATTCT
ATTTGCCTGAAGAAAATATT
TTGGCCGTGTAAGGCAG
ATCGTCACGTATTTTGCAAT G
ACTACTTAGGCCTCCCGCC
GCAAGAAGCAACAGCAGTAAC
TCACGTGGAAGACGCTCC
GGTTGCTGTACAAGTGTTCACG
AGCCAGCAAGTCACCAAAAC
AATTTCAAAAAGGAGAGAGA
CGTACTCCACTCCACACGG
AATTTTCTTCCTCACTTATT
GCAATCTTTTTTCTGACCACG
CAAGGAAATAGGCGGTAACT
AGCGTTCTTGGGAATTAGAGA
TATGGTCAAAGTTGGACCTCG
CCATTTCACCTAATGCCTGC

TTCACCTCGATTGAGGTCCT
GAAAAAAATTGCATATGAGCCC
GCATTGACAGATGCACACG
OCCCCTGGGTGATGAATAGT
CATGACTAGCTAGGGTGTGACA
CTCCCTAGATGGGAGAAGGG
CAAGTGGAGCATTAGGTACACG
CACTACAACTATGCGCTCGC
AATGCAAAGTGAAAAACCCG
AAGATGGACGTATGCATCACA
ATTAATACCTGAGGGAGGTQC
TGCACACTTAAATTACATCQOGC
ACCTGATCAGATCCCACTCG
ATTCGAGGTTAGGAGGAAGAGG
ACAAACAGAAAATCAAAACCCG
GATTAGTCAAATGGAACACCCC
GATTATACTGGTGCCGAAAC
AAACCATCCTCCATCCTGG
ACTGTTCGGTGCAATTTGAG
AAAACTTAGTAGCCGCGT
AGTTCGTGGGTCTCTGATGG
CATCGGCAACATGCTCATC
CTTGACTTCAAGGCGTGACA
ACTCACAAATGTCTAATAAAAC
CAAAGCTTGACTCAGACCAAA
CTAGCATCGAACCTGACCAAG
GATCTCGTCACCCGGAATTC
ATGTGTACATGTTGCCTGCA
AATCATTGGAAATCCATATGCC
CAATGCAGGCCCTCCTAAC
TTGTAAACAAATCGCATGCG
CTTTTCTTTCAGATTGCGCC
GTGCTCTGCTCTAAGTGTGGG
GAACCATTCATGTGCATGTC
CGCCTCTAGCGAGAGCTATG
AGACTGTTGTTTGCGGGC
AATTGTGTTGATGATTTGGGG
AGTCGCCGTTGTATAGTGCC
CTAGCTTAGCACTGTCGCCC
AACAGTAACTCTCGCCATAGCC
GATGAGCGACACCTAGCCTC
CTCATTGGGGTGTGTACGTG
ATGTGCATGTCGGACGC
CAAATGGATCGAGAAAGGGA
CAACTGGTTGCTACACAAGCA
AGGGAAAAGACATCTTTITITTC
CGCAGCTACAGGAGGCC
GAGAAACATGCCGAACAACA
GAGTACACATTTGGCCTCTQC
TTATGTGATTGCGTACGTACCC
TGCAT ATAAACAGTCACACACCC
AGCAGTGAGGAAGGGGATC
AACTTGCAAAACTGTTCTGA
AACAAAAAATTAGGGCC
AATTTCACTGCATACACAAG
TCTCATTCACACACAACACTAGC
TGCGTAAGTCTAGCATTTTCT
TGACCCACTTGCAATTCATC
CAGATGCTCTTCTCTGCTGG
CTACGTGCACCACCATTTTG
CGGGTGCTGTGTGTAATGAC
AGTGCTGGAAAGAGTAGTGAAGC
AACATGTGTTTTTAGCTATC
CGGTCCAAGTGCTACCTTTC
AAACGAACAACCACTCAATC
ACGAGGCAAGAACACACATG
ATTTGAGTCTGAAGTTTGCA
CCAATCAGCCTGCAACAAC
AGGCTGCAGCTCTTCTTCAG
AATAAAACCATGAGCTCACTTGC
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Gwm 369 CTGCAGGCCATGATGATG ACCGTGGGTGTTGTGAGC TD:64-56
Gwm 371 GACCAAGATATTCAAACTGGCC AGCTCAGCTTGCTTGGTACC TD:65-5%6
Gwm 372 AATAGAGCCCTGGGACTGGG GAAGGACGACATTCCACCTG TD:63-56
Gwm 374 ATAGTGTGTTGCATGCTGTGTG TCTAATTAGCGTTGGCTGCC TD:63-5%6
Gwm 375 ATTGGCGACTCTAGCATATACG GGGATGTCTGTTCCATCTTAGC TD:63-56
Gwm 376 GGGCTAGAAAACAGGAAGGC TCTCCCGGAGGGTAGGAG TD:63-5%
Gwm 382 GTCAGATAACGCCGTCCAAT CTACGTGCACCACCATTTTG TD:63-5%6
Gwm 391 ATGTGCATGTCGGACGC ATAGCGAAGTCTCCCTACTCCA TD:65-57
Gwm 400 TGTAGGCACTGCTTGGGAG GTGCTGCCACCACTTGC TD:64-5%6
Gwm 403 CGACATTGGCTTCGGTG ATAAAACAGTGCGGTCCAGG Fix50

Gwm 408 TCGATTTATTTGGGCCACTG GTATAAT TCGTTCACAGCACGC TD:63-5%6
Gwm 410 GCTTGAGACCGGCACAGT CGAGACCTTGAGGGTCTAGA Fix:55

Gwm 413 TGCTTGTCTAGATTGCTTGGG GATCGTCTCGTCCTTGGCA TD:63-5%
Gwm 415 GATCTCCCATGTCCGCC CGACAGTCGTCACTTGCCTA TD:64-56
Gwm 427 AGTGTGTTCATTTGACAGTT AAACTTAGAACTGTAATTTGAGA TD:63-5%
Gwm 443 GGGTCTTCATCCGGAACTCT CCATGATTTATAAATTCCACC Fix55

Gwm 448 CACATGGCATCACATTTGTG AAACCATATTGGGAGGAAAGG TD:65-57
Gwm 480 TGCTGCTACTTGTACAGAGGAC CCGAATTGTCCGCCATAG TD:63-5%6
Gwm 493 TTCCCATAACTAAAACCGCG GGAACATCATTTCTGGACTTTG TD:63-56
Gwm 49 ATTGAACAGGAAGACATCAGGG TTCCTGGAGCTGTCTGGC TD:64-5%6
Gwm 497 GTAGTGAAGACAAGGGCATT CCGAAAGTTGGGTGATATAC TD:63-56
Gwm 498 TTTGCATGGAGGCACATACT GGTGGTATGGACTATGGACACT Fix55

Gwm 49 ACTTGTATGCTCCATTGATTGG GGGGAGTGGAAACTGCATAA TD:63-5%6
Gwm 508 GTTATAGTAGCATAT AATGGCC GTGCTGCCATGATATTT TD:64-5%
Gwm 512 AGCCACCATCAGCAAAAATT GAACATGAGCAGTTTGGCAC Fix60

Gwm 513 GGTCTGTTCATGCCACATTG ATCCGTAGCACCTACTGGTQA TD:64-56
Gwm 518 CAGGGTGGTGCATGCAT AATCACAACAAGGCGTGACA TD:64-5%6
Gwm 526 CAATAGTTCTGTGAGAGCTGCG CCAACCCAAATACACATTCTCA Fix50

Gwm 537 GCCACTTTTGTGTCGTTCCT ACATAATGCTTCCTGTGCACC TD:64-5%6
Gwm 538 GTTGCATGTATACGTTAAGCGG GCATTTCGGGTGAACCC TD:64-56
Gwm 540 TCTCGCTGTGAAATCCTATTTC AGGCATGGATAGAGGGGC TD:63-5%6
Gwm 550 CCCACAAGAACCTTTGAAGA CATTGTGTGTGCAAGGCAC TD:63-5%6
Gvm 554 TGCCCACAACGGAACTTG GCAACCACCAAGCACAAAGT TD:64-5%
Gwm 558 GGGATTGCATATGAGACAACG TGCCATGGTTGTAGTAGCCA TD:63-5%6
Gwm 570 TCGCCTTTTACAGTCGGC ATGGGTAGCTGAGAGCCAAA TD:63-56
Gwm 573 TTCAAATATGTGGGAACTAC AAGAGATAACATGCAAGAAA TD:63-5%6
Gwm 582 TCTTAAGGGGTGITATCATA AAGCACTACGAAAATATGAC Fix48

Gwm 601 TTAAGTTGCTGCCAATGTTCC ATCGAGGACGACATGAAGGT TD:63-5%
Gwm 604 TATATAGTTCAATATGACCCG ATCTTTTGAACCAAATGTG Fix50

Gwm 610 CTGCCTTCTCCATGGTTTGT AATGGCCAAAGGTTATGAAGG TD:63-5%6
Gwm 611 CGTGCAAATCATGTGGTAGG CATGGAAACACCTACCGAAA TD:63-5%6
Gwm 613 CCGACCCGACCTACTTCTCT TTGCCGTCGTAGACTGG TD:63-56
Gwm 614 TTTTACCGTTCCGGCCTT GATCACATGCATGCGTCATG TD:64-5%6
Gwm 617 GATCTTGGCGCTGAGAGAGA CTCCGATGGATTACTCGCAC TD:65-57
Gwm 626 GATCTAAAATGTTATTTTCT CTC TGACTATCAGCTAAACGTGT TD:63-5%6
Gwm GTGCCTGTGCCATCGTC CGAAAGTAACAGCGCAGTGA TD:63-57
Gwm 63 TTCCTCACTGTAAGGGCGTT CAGCCTTAGCCTTGGCG TD:63-5%
Gwm 636 CGGTAGTTTTTAGCAAAGAG CCTTACAGTTCTTGGCAGAA Fix48

Gwm CTCTCTCCATTCGGTTTTCC CATGCCCCCCTTTTCTG TD:64-5%6
Gwm 644 GTGGGTCAAGGCCAAGG AGGAGTAGCGTGAGGGGC TD:63-5%6
Gwm 674 TGACCGAGTTGACCAAAACA TCGAGCGATTTTTCCTGC TD:63-56

The PCR was carried out in Perkin-Elmer 9700 Therma Cycle. The PCR

amplified fragments were dther separated in 12% acrylamide gd (39:1) or a 6%
denaturing-acrylamide gd (19:1) depending on the number of base pars differentiating
the two parents Omrabi5 and T. dicoccoides600545. The fragments were visudized by
dlver ganing.

C-3- Amplified Fragment Length Polymorphism Anaysis (AFLPs)
The AFLP method used was as described by Vos @ al. (1995). The Life

Technology Kit with EcoRI as rare cutter and Msel as frequent cutter was used. The
DNA (80ng) was first digested in 2 units of Msal and 2 units of EcoRI in 50mM NaCl



a 37°C for 2 hr. The enzyme was after on inactivated by incubation a& 70°C for 15 min
and cooled down inice. The digestion step was checked in 1% agarose gd.

The Digested DNA was ligated to the EcoRI adapter:
5-CTCGTAGACTGCGTACC
CATCTGACGCATGGTTAA-5
And the Msel adapter:
5-GACGATGAGTCCTGAG
TACTCAGGACTCAT-5
a 20°Cfor 2 hr. Theresulting ligated product was therefore diluted 5 times with TE.

The ligated DNA was preamplified in 20m 10mM TrisHClI (pH 9.0), 50mM
KCl, 1.5 mM MgCl, 0.8mM dNTPs, 0.56nM pre-amp primer Msel, 0.56mM pre-amp
primer EcoRI, 1 unit of Taqg DNA polymerase (Boehringer, Inc.), and 21 of the diluted
ligated DNA. The PCR cycling program used was 20 cycles. 95°C for 30 seconds, 56°C
for 1 minute, and 72°C for 1min. The preamplified product was aso diluted 5 times and
checked in 1% agarose gdl.

A find sdective amplification was caried out in 10m of 10mM Tris-HCI (pH
9.0), 50mM KCI, 1.5 mM MgCl,, 0.8mM dNTPs, 0.25nM sdective primer Msdl,
025mM sHective primer EcoRI, 0.75 unit of Tag DNA pdymerase (Boehringer, Inc.),
and 2.5m of the preamplified DNA. The PCR cycling program used was a touchdown
from 65°C to 56°C (-0.77C each cyde) and it was caried out in Perkin-Elmer 9700
Thermd Cycle. The PCR amplified fragments were separaied in 6% denauring
acrylamide gd (19:1) and the fragments were visudized by Slver ganing. The gds
were dried and scanned.
The combinations used were asfollow:

- Msel+cag and EcoRI+agc (McagEago);

- Msel+cag and EcoRI+agg (McagEagg);

- Msel+ctaand EcoRI+acg (MctaEacg);

- Msel+ctc and EcoRI+agg (MctcEagq);

- Msel+ctg and EcoRl+aca (MctgEaca);

- Msel+ctg and EcoRl+acc (MctgEacc);

- Msel+ctg and EcoRI+acg (MctgEacq);

- Msel+ctg and EcoRI+agg (MctgEaqgq);

- Msal+ctt and EcoRI+agg (McttEagg);

- Msel+caaand EcoRI+aca (McaaEaca);

- Msel+caa and EcoRl+acc (McaaEacc);

- Msel+caaand EcoRl+acg (McaaEacq);

- Msel+caaand EcoRI+agg (McaaEagg);

- Msel+cac and EcoRI+aag (McacEaag);

- Msel+cat and EcoRI+act (McatEact);

- Msel+ctc and EcoRI+aag (MctcEaag);

- Msel+ctg and EcoRI+aag (MctgEaaqg);

- Msel+ctg and EcoRI+agc (MctgEagc);

- Msel+ctt and EcoRI+aag (McttEaag); and

- Msal+ctc and EcoRI+act (MctcEact).



The 20 AFLPs combinations used generated 279 polymorphic bands These
polymorphic bands were scored as present / absent (1/0) using the Crosscheker program
(Buntjer, Wageningen Universty, 1999).

D- Statistical Analysis

The fidd dedgn used was an augmented design (Federer 1956). The design
divides the experimentd area into a number of blocks of test plots, and three or more
check varigties are chosen to be used as checks indgde each block. The checks were
replicated but not the experimenta tet lines. Measurements of the experimentd lines
were adjusted for block differences, which were measured by the check varieties, which
wereincluded in every block.

For the mapping population, the 114 BC-RILs were divided over 6 blocks where
19 BC-RILs with 5 commercid checks were included in each block. Thus each block
was condtituted of 24 entries (19 test BG-RILs + 5 Checks). The total number of entries
of the whole trid was 144 (114 + 5 checks repeated in each block). To adjust data and

to peform andyss of variance (ANOVA) a software developed at our program was
used (Nachit, unpublished).

The heitability a broad sense for the BC-RIL populaion was cdculated as
follows
h? = [(VRIL — &VP1 x VP2)) / VRIL] x 100

VRIL = variance of the RIL population

VP1 = variance of thefirst parent

VP2 = variance of the second parent

The heritability estimation was performed only for the environments where the checks
were included in planting and gran qudity assessment. Therefore, the environments
97Ir and O0Ir were excluded from heritability andyss as the grain qudity data of the
checks were not available. When the parents showed low environmenta interaction, the
mean of the variances of the 5 checks used in the RIL trids (Omrabi5, Haurani,
Korifla, Chaml, and Gidara2) was used to estimate the environmenta variance.

The SYSTAT program verson 7.0 was used to peform generd steigtics
paamaers including: mean, sandard eror, range, and coefficient of variability for the
populaion Omrabi5/ T. dicoccoides600545// Omrabi5. SYSTAT was also used to
determine didribution, Pearson corrdation matrix, and dudering between traits over
years and over Sites.

E- Map Construction

The map was constructedusng MAPMAKER version 2.0 (Lander et al. 1987) based
on the method of maximum likdihood and the Lander-Green dgorithm to caculate the best
map of any given order of loci. Likeihood of the map is the probability that the congructed
map (consging of an order for the loci and recombination fractions between them) would
give rise to the observed data. This method is widdy favored because it can be gpplied even
if the modes of inheritance and amounts of daia vay among lod. Kosambi function



(Kosambi, 1944) was used to convert the recombination frequency to genetic distances in
centimorgams (cM). The map was constructed a LOD of 3.0 (Logarithm of the odds rétio),
except for some segment fragments that were joined & LOD 2.5. Comparison was made to
earlier published Triticeae maps.

Twopoint andyss was fird aoplied to get groups of rdated markers a maximum
LOD score of a leest 3.0 and the minimum recombination ratio a more 40%. Those formed
groups were afterward ordered using “First Order” command whenever it was possible
(usudly the “fird order” command was found to cause the computer to crush especidly
when it is usad to andyze large number of markers). Usudly, the first order was aided with
LOD table corrdaions between markers to figure out the most linked markers. The obtained
order is then fine-tuned usng a Three-Point linkage andyds “Ripple’ command. Other
makers ae added usng “Placg’ command and fine-tuned usng agan the “Ripple’
command.

Both chromosome assgnment and centromere locdization were determined by
comparing the Omrabi5/ T. dicoccoides600545// Omrabi5 mep to the previoudy published
wheat maps, especidly to Roder et al. (1998) whest microsatdlites map.

F- Multiple Quantitative Trait Loci Analysis(MQTL)

The QTLs andyss was peformed with the software package Multiple
Quantitative Trait Loci (MQTL) (Tinker and Mather 1995). MQTL program consist
of 4 deps.

0] Performing interva mapping to find evidence of QTL,

(i) Egtimating thresholds for inferring QTL presence,

(iif)  Inferring the presence of QTL and estimating their positions, and
(iv)  Egimating the additive dldlic effects a putetive QTL.

(i) Interva Mapping:

Genomewide QTL searches were performed by Smple Interva Mapping (SIM)
and Simplified Composte Intervd Mapping (SCIM) (Tinker and Mather 1995), each
with a test for QTL man effects and a test for QTL x Environment interaction.
Therefore, for each trat we got four scans (plots of the test datistic against map
position). Environments were assumed to have fixed effects. The difference between the
two interva mapping methods is that SIM uses genotype information only for markers
in the region beng tesed, wherees SCIM ds0 includes genotype information for
background markers esewhere in the genome. Therefore, SCIM andlyss adjudts for the
possble effects of QTL esawhere in the genome and then improves the QTL precison
(Mather et al. 1997). However, if we are dedling with more than one environment, there
is no religble threshold that can be used for SCIM (Tinker and Mather 1995).

(ii) Estimating Thresholds:

All four scans were based on atest gaidtic for linear models described by Hadey and
knott (1992). Although this test statigtic is an gpproximation of the likdihood
ratio, no assumptions were made about its distribution. Instead, significance
thresholds were estimated separately for each trait by permutation (Churchill
and Doerge 1994) asfollows. Phenotypic vaues were assigned randomly to bc-
Recombinant Imbred lines, and then SIM was applied to the permuted data to
determine the maximum vaues of the test gatistics for QTL main effect and



QTLXE interaction. This procedure was repested 5000 times to gpproximate the
digributions of the maximum test statistics under the null hypothesis (no QTL).
These digtributions were then used to estimate thresholds to maintain the
genome-wise type-aror rate below 5%. In smulation studies, Tinker and
Mather (1995) found this procedure provided good contral of type-| error rate

for M, even when environments had different amounts of resdud variance.
Thresholds for SCIM could not be estimated because it is not clear how to
control the Type | error rate when SCIM is gpplied to multiple environments deta
(Tinker and Mather 1995).

(iii) Making Inferences and Estimating QTL positions:

Two levels of QTL inference were made. Primary QTL were declared at
positions where SIM pesks were dgnificant for either QTL main effects or QTLXE
interaction and where sCIM peeks were dso strong. Secondary QTL were declared
where ether SIM or sCIM, but not both, gave evidence for a QTL. Estimates of the
positions of primary and secondary QTL corresponded to the pesks of the sCIM scans.
When evidence for a QTL main effect and a QTLXE interaction were found near the
same position, asingle QTL was inferred based on the effect that seemed strongest.

(iv) Estimating Allelic Effects:

Main effects and QTLXE interactions were estimated in multi-locus linear models. Each
estimated main effect corresponded to the average difference between
homozygous classes for agiven QTL. Estimates were made for amodd that
included only primary QTL, aswdl asfor amodd that included both primary
and secondary QTL. Estimates were aso made for each elected QTL to
determine his effect on the trait.

Reduction in variance (R?), relative to amode that induded only the environmental
main effects, was estimated for models with four levels of complexity: modd 1,
primary QTL main effects, mode 2, primary QTL main effects and primary
QTLXE interactions, Modd 3, main effects and QTLXE interactions for both
primary and secondary QTL , and Modd 4 effectsfor dl background markers
esimated separately by environment. The modd with al background markers
did not contain terms for specific QTL. For Omrabi5/ T. dicoccoides600545//
Onrabi5 map the forth modd is excluded as the background markers did not
cover the whole genome and therefore did not represent the whole genetic
variance

Inthe MQTL manud, the background markers should be sdlected in away to cover the
whole genome with two conditions, the total background marker number should
be lower than the population size and the distance between each twe background
marker should be around 25 cM. Buit in the present sudy, the SCIM andysisrun
based on such background markers have mostly resulted in an interminable and
uninterpretable scan. Therefore, the CIM program approach (Yiang pers.com.)
using few background markers corresponding to the significant SIM peaks was
adopted.
The population was grown in severd locaions and years and the qudity traits were
determined for al those environments.
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Onmrabi5/ T. dicoccoides600545// Omrabi5 population consged of 114 BC-
RILs a F8. The condruction of genetic linkage maps rdies mainly on the choice of
parentd lines, segregating population, and markers to reved polymorphism populaions
(Sdiba-Cdombi et al. 2000). Moreover, the utilization of RILs is known to be more
auitable for genetic andyss of quantitative trats In addition, single seed descent
populations gave a predominantly fixed genetic dructure, which make the populaion
vauable for assessing the environmenta impact on trait expresson. Maps congtructed
with such populations could, aterward, facilitate the fine mapping of regions around
genes of interest. The two parents Omrabi5 and T. dicoccoides600545 are very distant
geneticdly (Pool 1) and the population was developed usng SSD method. The genetic
map of Omrabi5/ T. dicoccoides600545// Omrabi5 population was congructed based on
microsatellites (SSR), amplified fragment length polymorphism markers (AFLP), and
seed dorage proteins.  The microsatellite markers were used as milestones or anchor
primers for chromosomad, am, and centromere assignments. They dlow the
condruction of a high-confidence framework map. Whereas, AFLPs were used for map
saturdion as they are supposed to amplify fragment dl over the wheat genomes. The
seed dorage proteins are thigthly related to wheat grain qudity and therefore are of
great importance in the present study.

A- Microsatellites

It is widely accepted that microsatdlites are one of the most informative markers
(Tautz et al. 1986, Beckmann and Soller 1990; Condit and Hubbdl 1991; Akkaya et al.
1992; Lagercrantz et al. 1993; Senior and Heun 1993; Thomas and Scott, 1993, Roder et
al. 1994, Wang et al. 1994, Bl and Ecker 1994; Liu et al. 1996; Morchen et al. 1996;
Provan et al. 1996; Szewc-McFadden et al. 1996; Taramino and Tingey 1996, Smulders
et al. 1997). Ther high levd of polymorphiam, combined with their high intersperson
rate, makes them an abundant saurce of genetic markers (Wu and Tankdey 1993;
Plashke et al. 1995; Roder et al. 1995, Ma et al. 1996, Bryan et al. 1997). They are
highly suitable as genetic markers in wheat for mapping agronomic important genes.
The microsatellites used (Gwm = Gaterdeten wheat microsatdlites) have known
chromosoma assgnments and were previoudy mapped in many mapping populations
induding the Internationd Triticeee Mapping Initiaive populaion (ITMI) (Roder et al.
1995, Roder et al. 1998); and the durum populations: Messapia X T. dicoccoides



MG4343 populdion (Korzun et al. 1999) and Jennah Khetifa x Chaml population
(Nachit et al. 2001). Therefore, it was decided to use these codominant and very
informative markers as a main framework for our genetic map (see resolution in Hg.
[1-1).

Fig. I11-1: Probing of Omrabi5/ T. dicoccoidest00545// Omrabi5 with Gwm344
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In this study, the parents Omrabi5 and T. dicoccoides600545 were first screened
usng 192 gwm microsatelites, out of which 122 were polymorphic and were applied to
the whole mapping populaion (114 RILs). Thus 635% of the microsadlites used
show polymorphisn beween Omrabi5 and T. dicoccoides600545. These results
confirm the transferability of microsatdlites between bread and durum wheet. The same
result was reported in @ T. durum x T. dicoccoides cross (Korzun et al. 1999) and in
durum x durum wheet cross (Nachit et al. 2001). Whereas, other findings suggested that
microsatellites may not trandfer well among species and showed a low levd of
transportability across the 3 wheat genomes and to other cered genomes (Roder et al.
1995, Bryan et al. 1997). Twenty-one microsadlites showed a dgnificant skewness
from the expected heritability ratio (or didribution) and therefore were diminaed from
the mapping andysis. Molecular markers representing skewed segregation have aready



been reported in other Triticeae species (Heun et al. 1991; Liu and Tsunewaki 1991,
Blanco et al. 1998; Nachit et al. 2001). Chromosomad rearrangements (Tankdey 1984),
dldes inducing gametic or zygotic sdection (Nakagarha 1986), parentd reproductive
differences (Foolad et al. 1995), presence of lethd genes (Blanco et al. 1998), wide
genetic background of the parents and the sngle seed descend method (Nacht et al.
2001) have been suggested as potentid causes of digortion. The mapping andyss was
made based on the nonskewed 101 polymorphic microsatdlites. Seventy eight percent
of the scored microsatelite fragments were mapped (Table 111-3 & Fig. 111-5): 45
fragments on the A genome and 79 on the B genome (Table 111-4). They generated 161
polymorphic fragments, i.e. 1.59 fragment per each microsatellite.

Mogt microsatellites generated one polymorphic fragment (Table I11-1). These
findings confirm ealier results showing that the mgority of microsatellite markers are
genome-specific and usudly amplify only a dngle locus (Roder et al. 1998, Korzun et
al. 1999). Nevethdess, some of them did generate 2 to 3 fragments. Some
microsatdlites amplified orthologous lod (Fg. 111-5), for ingance, Gwml65 and
Gwm234 amplified two fragments where each mapped to the two homoeologous Stes
on A and B genome The result for Gwml165 fragments confirmed earlier findings
(ROder et al. 1998); while Gwm234 was reported to amplify only one fragment and to
be mapped on chromosome 5B (Roder et al. 1998). In other cases, microsadlites
amplified non-homoeologous regions (Table 1lI-1); such as Gwmbs4, Gwm264,
Gwm13l, and Gwm537 (Table 111-1, Fg. 111-5). Gwm154 produces the highest number
of polymorphic fragments (4). Two out of these fragments were mapped in the
Omrabi5/ T. dicoccoides600545// Omrabi5 map, one on 3BL and one on 7AS, whereas
the two other fragments did not fit in any linkage group. This chromosomad locdization
is in dissgreement with ITMI map where Gwm154 amplified just one fragment mapped
to the short arm of 5A (Roder et al. 1998).

Most microsatellites mapping was in agreement with earlier publications.
Therefore, ninety percent of mapped microsadlites did map as expected, wheress, only
twelve microsadlites were found to map in other locdization (Table I11-1). Some of
these microsatdlites were mapped on the homoeologous chromosome such as Gwm122
(2B ingead of 2A), Gwml156 (5B ingead of 5A), Gwm4l5 (5B ingead of 5A),
Gwm443 (5A ingead of 5B), and Gwm635 (7B ingtead of 7A), while Gwm265 was



mapped in 4A ingead of 2A; Gwm299 in 2B indead of 3B; Gwmb513 in 7B ingead of
4B, and Gwmb582 in 6B ingead of 1B. This could be explaned by the presence of
additiond lod in the whest genome In addition, cetan microsadlites generate
fragments that were mapped in different chromosomes. For instance, Gwmb54a, b, and
c fragments were mapped in 2A, 1B, and 5B, respectivdy. Gwm264 generaied 3
fragments that mapped to 1A, 1B, and 7B. The same was aso observed for Gwm13l,
Gwmb37, and Gwm644 (Table II1-1). The same behavior was reported for Gwm666
that amplified 5 gtes dl mapping to the A genome in ITMI population (Roder et al.
1998) and 3 gtes in Messapia x MG4343 population mapped to the 3A, 5A and 7A
(Korzun et al. 1999). As mentioned in the materid and methods mogt of the linkage
groups were formed a a maximum LOD score of a leet 3.0 and the minimum
recombination ratio at more 40%. Therefore, the locdization of these microsadlites is
quitereliable.

Table 111-1: Number of generated fragments per polymorph microsatdlite and their chromosomal
assignment in Omrabi5/ T. dicoccoides600545/ Omrabi5 population in comparison with wheat

published maps.
Microsatellites  Nr. of fragments Nr of map. fragments Ch. assignin MDM known Chr. Assign

Gwm 154 4 2 3BL, 7AS 5AS
Gam 311 3 1 2AL 2A
Gum 63 3 1 TAL A
Gam 88 3 2 6BS 6BL
Gmm 276 3 2 TAL A

Gwm 554 3 3 1BL, 2AL, 5BL 5B
Gam 630 3 2 2BS 2B
Gam 335 3 1 5B 5B
Gavm 124 3 2 1BL 1B
Gam 149 3 2 4BL 4B

Gwm 264 3 3 1AL, 1BS, 7BS 1B, 3B
Gam 448 3 1 2AS 2A
Gam 493 3 2 3BS 3B
Gum 408 2 2 5BL 5B
Gnm 639 2 1 5BL 5A,5B

Gwm 131 2 2 1BL, 7BL 7BL, 1B, 3B
Ganm 249 2 2 2AS 2A
Ganm 282 2 2 TAL A
Gum 371 2 2 5BL 5B
Gam 570 2 1 6AL 6A
Gavm 219 2 1 6BL 6B
Gwvm 2 2 1 3AS 3AS(2A9)
Gam 60 2 2 7AS 7AS
Gam 205 2 2 5AS 5A
Gam 33 2 2 1AS 1BL, 1AS

Gwm 43 2 1 4AL 7BL
Gam 95 2 1 2AS 2AS
Gum 113 2 1 4BS 4B
Gam 114 2 2 3BL 3B
Gmvm 136 2 1 1AS 1A



Gam 148
Gam 155
Gwm 165
Gam 213
Gwm 234

Gam 251
Gam 259
Gnm 268
Gam 319
Gam 340
Gnvm 368
Gnvm 376
Gam 403
Gavm 494
Gwm 537

Gwm 644
Gnm 558
Gam 118
Gnm 260
Gnvm 626
Gnvm 674
Gwm 11
Gam 30
Gavm 46
Gavm 58
Gnm 66
Gmm 71
Gam 99
Ganm 107
Gam 129

Gwm 122
Gam 140
Gam 144

Gwm 156
Gam 181
Gam 186
Gavm 191
Gam 193

Gwm 265
Gnm 269
Gam 273
Gnm 274

Gwm 299
Gum 302
Gam 332
Gam 344
Gavm 369
Ganm 372
Gavm 374
Gnm 375
Gam 382
Gam 400
Gvm 413

Gwm 415

Gwm 443
Gam 497
Gam 498
Gam 499
Gam 508
Gavm 512

Gwm 513
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2BS
3AL

4AS, 4BL
5BS

5AS, 5BS
4BL

1BL
1BL
2BS
3BL
4BS
3BS
1BL
6A

5BL, 7BS
1BL, 3BS

2AL

5BS

7AS

6BL

3AL

1B

3AL

6BS
2AS
1AL
4BL

2BS
2BS
1BL

3BS
5BS
3BL

5AL
2BL

6BS
4AL

1BL
2BS

TAL
7BL
3AS

2BS
4BL
2AL
7BS

5BS
5AS
1AL
1BL

5BL

6BS
2AS
7BS

2BS
3AL

4BS, 4A
5B

5BS

1B
1B
2B
3BL

3B
1B

B
6B, 7B

5BL
7AS
6B

1BL
1AS, 3A

7BS

6BL
4B, 5B

&5

2B, 5AS

3B
5AL
2B,5B,6B
6BS
2A
5D
1B
1B, 7B
3B
B
A

B
3A
2A
2B

4BL
2A,2B
B
1B

5A
5B
1A, 2A
1B
58

6B
2A
4B



Gam 518 1 1 6BS 6B
Gam 538 1 1 4BL 4B
Gwm 573 1 1 78BS 7A,7B

Gwm 582 1 1 6BL 1B
Gwm 601 1 1 4AS A
Gwm 604 1 1 5BL 58
Gwm 610 1 1 4AS A
Gwm 613 1 1 6BS 6B
Gwm 614 1 1 2AS 2A

Gwm 635 1 1 7BS 7A

Total 161 124
B- AFLPs

AFLP technique is a new powerful marker technology. It is highly reproducible
and can be applicdble to dl species (Vos et al. 1995). It is a robust and rdicble
technique, snce dgringent reaction conditions are used for primer anneding. In this
study, AFLP markers were used for magp saturation. Twenty AFLP combinations were
used with EcoRI as the rare cutter and Msel as the frequent cutter (Msel+cxx and
EcoRI+axx with “X” being one of the four possble nudectides A, C, G, or T). The 20
used AFLP combinations generated 279 polymorphic fragments (see resolution in FHg.
[11-2). These results confirm that AFLPs provides an effective means of detecting
amultaneous polymorphism a a large number of loc in a sngle assay (Vos et al.
1995). Fifty four percent of these polymorphic fragments were mapped in Omrabi5/
T. dicoccoides600545// Omrabi5 populaion, of which 34.7% were mapped in the A
genome and 61% in the B genome (Table Il1-4). Therefore, as for the microsatellites,
more AFLP markers were mapped in the B genome than in the A genome. More
markers mapped to the B genome in comparison to the other wheat genomes have been
obsarved in T. durum and T. aestivum (Chao et al. 1989, Xie et al. 1993, Nelson et al.
1995b,c; van Deynze et al. 19958, Roder et al. 1998, Nachit et al. 2001). Chao et al.
(1989) suggested that the reasons are ether the high mutation rate in the B genome or
the high genetic variability of the B genome progenitor species The fird hypothess is
supported by the fact that B genome chromosomes contain more heterochromatin and
repeated sequences than the A and D genomes, whereas the second one is supported by
the fact that the B genome donor was an outbreeding species. In addition, another
potentid cause of polymorphism leve differences between wheat genomes could be
that the A genome daonor was domesticated very early whereas the B donor was never
domesticated as separate species (Nachit pers.com.).



Fig. 1llI-2 Probing of Omrabi5/ T.dicoccoides500545/ Onrabi5 with the combination
Msel+cag & EcoRI+agc.
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The AFLP combinations used showed different behavior in both number of
generated polymorphic fragments and percentage of mapped fragments (Table I1I-2).
MctgEagc and MctcEact generated the highest number of polymorphic fragments, 31 and
25 respectively, followed by MctgEacc with 20 polymorphic fragments, wheress,
MctgEagg generated only 5 polymorphic fragments. Nevertheless, only 3 fragments were
mapped from the 20 generated ones by the primer MctgEacc combination (13.6%), whereas
2 fragments were also mapped from the 5 generated by MctgEagg combination (40%).

Table 111-2 shows the chromosomal locaization of different AFLP fragments
derived either from the same combination or from different combinaions. The mgjority of
AFLP fragments were mapped in severd chromosomes. These mapping findings
consolidated earlier suggestions for usng AFLP technigue as DNA fingerprints or for
studies of diversity since this technique provides smultaneous coverage of many loci in a
sngle assay (Donini et al. 1997, Winfidd e al. 1998, Paran et al. 1998). Sixteen
combinations out of the 20 used were mapped in both A and B genomes. Only 3
combinations were showed to be specific to the B genome (Table 111-2). It was reported that
AFLPs markers are locus specific a the species levd (Rouppe et al. 1997) and that they
correspond to unique positions on the genomes (Vos et al. 1995). For instance, MctgEagc
combination generated 31 polymorphic fragments. Nineteen were mapped in different
chromosomes. 4 in chromosome 1A, one in 1B, three in 2A, two in 2B, one in 3A, three in
3B, one in 4A, one in 5A, one in 5B, one in 6B, and one in groupl5. Therefore, the AFLP
technique proved to be a very good technique for a random amplification across the whole
genome and aso for map saturation (Becker et al. 1995; Rouppe van der Voort et al. 1997,
Wang et al. 1997; Marqueset al. 1998; Nachit et al. 2001).



Table 111-2: Scored polymorphic fragments generated by the used AFLP combingions
and their mapping in Omrabi5/ T. dicoccoides600545// Omr abi5 map.

Combination  Poly. fragments  Map. fragments Chromosomal location % Mapped
MctgEage 31 19 1A (4), 1B, 2A (3), 2B (2), 3A, 3B (3), 4A, 5A, 613
5B, 6B, g15
MctcEact 25 18 1A (2), 2A, 2B, 3B (4), 4A (2), 5B, 6B (4), 7A 72
2,78

McaaEacy 15 12 1B (2), 3A, 3B (2), 5B (3), 6B (2), 7A (2) 80
MctaEacg 19 1 1A, 1B (2), 2A (2), 4A, 4B (2), 6A, 6B, g15 579
MctcEagg 13 10 1B (2), 2B, 3B, 4B, 5A, 5B (3), 6B 769
McttEagg 16 9 1B, 2B, 3B, 4B, 5B, 6B (2), 7B (2) 56.3
McaaEagg 15 9 1B, 2A (2), 2B (2), 3B (2), 6A, 7B 60
McaaEaca 16 8 1A (2),3B (3), 7A,015(2) 50
MctcEaag 17 8 2A, 3B (3), 6A, 6B, 7A, g15 471
McagEagg 18 6 3A,5A,5B, 6A,6B, 7B 333
McaaEacc 7 6 1B, 2B, 3B, 5B, 6B (2) 857
McagEage 9 5 1B, 3A, 6A, 7A, g15 556
McacEaag 7 5 2A (2), 5B (2), 6B 714
MctgEaag 9 5 1A, 1B, 2B, 4B (2), 556
McttEaag 13 5 2A,3B(3), 7B 46.2
MctgEacy 5 4 1B, 2A, 3B, 5A 80
MctgEaca 9 3 1B, 6A, 7B 333
MctgEacc 20 3 3A (2),5B 15
MctgEagg 5 2 6B, 7B 60
McatEact 10 1 2A 10
Total 279 149 511

M = Msel and E = EcoRl



C- Seed Storage Proteins
Fig. 111-3: A-PAGE gel of Omrabi5/ T. dicoccoides600545// Omrabi5 dliadin subunits

separated on 10% acrylamide
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The two parents of the RIL populaion have different paterns for the four fractions
of gliadin protens a, b, g axd w subunits (Fig. 1lI-3). For the w-gliadins three
polymorphic fragments were scored in the mapping population: a null form with a
reldive mobility of 20; a medium sze w-gliadin with a rdaive mobility of 29, and a
gndl dze wgliadin with a relaive mobility of 38. The second and third scored w-
giadin were skewed, and therefore were not consdered in our mapping andyss,
whereas the first null form was mapped on the short arm of chromosome 1A Gli-Al),
concording with previous mgpping of Gli-Al loci (Payne et al. 1984, Lafiandra et al.
1989). For g gliadins, however Omrabi5 and T. dicoccoides600545 showed different
paterns, they were monomorphic for the g45 reported to be tightly and pogtivey
linked to gluten grength (Damidaux et al. 1978; Ducros 1982; Pogna et al. 1990). They
showed two polymorphic g gliadin subunits with reaive mobility of 47 and 51. g47
and g51 were cosegregaing and mapped a the same location as w20 on 1AS (Gli-



Al). For b-subunits, two polymorphic fragments were scored, the firs with a reative
mobility of 57 and the second a 69. Both were skewed but did mep very wdl on the
short am of chromosome 6A (Gli-A2) a 3.9 cM from each other. For a- dliadin
subunits, out of the seven reveded subunits, only one subunit (73) was polymorphic. It
was reported that there is high level of conservation of the coding regions of the a- type
gliadin gene locaed on chromosome 6A in T.durum T.aestivum and T. urartu
(D’Ovidio et al. 1992). This a-gliadin subunit was farly digributed in the mgpping
populaion but did not map. The a- gliadins were reported to have different effects on
gluten firmness (Pogna et al. 1990; Elouafi et al. 1998).

Fig. 1lI-4: SDSPAGE ge of Omrabi5/ T. dicoccoides600545// Omrabi5 gutenin
subunits separated on gradient acrylamide (14 to 8%).
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The two parents Omrabi5 and T. dicoccoides600545 presented different peatterns for
both LMW and HMW glutenin subunits (Fig. 111-4). For HMW subunits, both parents
showed null dlde & GlurAlx and Glu-Aly lod, wheress for Glu-Blx and Glu-Bly loci
they were polymorphic. Earlier sudies showed a high frequency of the null dlde at
Glu-Al lod, expeddly the Glu-Alx locus, in both durum varigies and dicoccum
accessons (Ducros 1987, Boggini and Pogna, 1989, Branlad e d. 1989, Vdlega and
Waines 1987). In contragt, T.dicoccoides has displayed high vaiability for HMW
glutenin subunits encoded by the Glu-Al (Damania e d. 1988; Nachit et a. 1995h).



Omrabi5 carries HMW-20 while T.dicoccoidest00545 HMW-6+8. In generd, HMW
subunits were extensvely sudied because of ther corrdation with bresdmaking qudity
of bread wheat (Payne et d. 1984). Neverthdess, in durum wheset this corrdation is less
srong dthough certain HMW dldes dfect the viscodadtic properties of durum wheat
dough (Autran and Feillet, 1987, Rogers et d. 1989, Ciafi e d. 1991, Cidffi et 4.

1995).

For LMW, the known LMW-modds ae lady recognized to be a mixture of
subunits controlled by different dldes (Payne et al. 1984, Magiotta et al. 1987, Gupta
and Shepherd 1988, Carillo et al. 1990, Ruiz and Carillo 1993, Impglia et al. 199,
Ruiz ad Carillo 1996, Nigo-Tdadriz 1997). Therefore, ingead of scoring the B-
LMW as a petern, it was preferred to score them as separate fragments. Two
polymorphic fragments cdled a and b were scored (Fig. 111-4). The didribution of the
LMWa (Glu-A3) subunit in the RILs showed an expected Mendeian behavior and
mapped to the short arm of chromosome 1A a 0.9 cM from the Gli-Al locus 20 and
g47/51). Glu-3 lod coding for B-LMW subunits are dso known to be locaized on the
short arm of the group 1 chromosomes (Payne 1987, Lafiandra et al. 1984, Jackson et
al. 1983, Metakovky et al. 1997, Nachit et al. 2001). In the mapping population, the
genetic distance (0.9 cM) between Glu-A3 and Gli-Al was closer than the estimated
distance between Glu-B3 and Gli-B1 (2 cM) reported by Pogna et al. (1990). The
second scored subunit, LMWb was skewed and it has not been assgned to any linkage

group.

D- Genetic Map Construction

A primary gengtic map is an essatid prerequiste to detalled genetic gudies in
any organism. Furthermore dense and saturated genetic maps provide scientists with
essentiad  tools for gendtic dudies like pogdtiond gene doning, quattitetive trait
mapping, and marker-asssted sdection. Omrabi5 and T. dicoccoides600545 showed a
high levd of polymorphism (63.5% of microsadlites). This can be explaned by the
genetic difference between T. durumand T. dicoccoides that has been used for mapping.
The Omrabi5/ T. dicoccoides600545// Omrabi5 map was congtructed using 478 markers
(192 microsatellites, 279 AFLPs, and 7 SSP). Two hundred seventy nine markers (124
microsatdlites, 149 AFLPs, and 6 SSP) were mapped and formed 15 linkage groups 14



durum chromosomes plus one unknown group caled g15 that is not yet assgned to any
chromosome (Fig. 111-5). This group 15 is composed by only 6 AFLPs fragments. In the
Onmrabi5/ T. dicoccoides600545// Omrabi5 map, the mapped markers were evenly
digributed with no dgnificant clugtering except in the centromeric regions of some
chromosomes, such as 1B, 2A, 3B, 5B and 6B (Fig. I1I-5). The length of the map was
2288.8cM, i.e; an average of a marker per each 8.2cM. The longest chromosomes were
3B, 5B, 1B, and 6B with 2394, 2094, 208.6, and 180.2cM, respectively, whereas the
gndlest chromosome was 5A with 90cM (Table 111-3). The centromeres were
postioned a the midpoint between the mogt proxima microsatdlites on the short and
long am according to previoudy published mgps ITMI populaion microsatelite map
(ROder et al. 1998), Messapia x MG4343 map (Korzun et al. 1999), and Jenneh Khetifa
x Chaml map (Nachit et al. 2001).

Table I11-3: Distribution of molecular markers,
assignment, and cM coverage across the 14-durum

chromosomesin the A and B genomes

Chromosome SSR AFLPs Genes Markers Size(cM) cM/Marker
Nbre %
1A 6 10 3 19 6.8 1478 78
1B 16 14 1 3 111 2086 6.7
2A 11 15 0 2% 9.3 1539 59
2B 9 8 0 17 6.1 167.3 9.8
3A 5 6 0 u 39 1374 125
3B 11 24 0 b 125 2304 6.8
4A 5 4 0 9 32 1186 132
4B 9 6 0 15 54 1801 12.0
5A 5 4 0 9 32 90.0 10.0
5B 16 14 0 0 10.8 2094 7.0
6A 3 6 2 n 39 1117 102
6B 10 17 0 7 9.7 1802 6.7
7A 10 7 0 17 6.1 1365 80
7B 8 8 0 16 57 1565 9.8
g15 0 6 0 6 22 514 86
Total 124 149 6 279 100 2288.8 82

Table 11I-3 shows the didribution of mapped molecular markers, their

assgnment, and their cM coverage across the 15 formed linkage groups. Chromosome
3B, 1B, and 5B show ed the highest number of mapped markers 35, 31, and 30 markers



respectively. Indeed, chromosome 5B and 1B showed the highest number of mapped
microsatellites, 16 Gwm each. For chromosome 3B, it showed the highest number of
mapped AFLPs (Table 111-3). The lowest number of mapped markers was noted in
chromosomes 4A, 5A, 6A, and 3A. Chromosomes 6A, 4A, and 5A showed the lowest
mapped microsadlites, only 3, 5 and 5 Gwm fragments, respectively. In addition,
chromosomes 4A and 5A showed the lowest mapped AFLPs (Table 111-3).

Furthermore, chromosome 2A showed the highest leved of saturation. It did have
one marker for each 59cM. Neverthdess, this mean coverage is biased as chromosome
2A showed 3 gaps that need to be saturated with other markers. The centromere and
long am regions of chromosome 2A showed a good agreement with ITMI
microsatdllite map, whereas for the short arm many rearrangements were noticed (Roder
et al. 1998). Gwm249 was reported to map to the two homoeologous sites on 2A and
2D (Roder et al. 1998), while in MDM mapping populaion the two amplified Gwm249
fragments were both mapped on 2A a 35.5cM distance from each other. The same
behavior was noticed for Gwm630 on the short am of 2B. In K x Chaml, the
microsatdlite Gwm382 amplified two fragments mapped on the tdomeric region of
2AL (Nachit et al. 2001). In ITMI population, 3 fragments were reported mapping to
the three homoeologous long am tdomeres (Roder et al. 1998), wheress in MDM
population only one fragment was amplified and mapped to the tedlomere region of 2AL.
The homoeologous chromosome 2B was constructed with 17 markers (9 SSRs and 8
AFLPs) (Table 111-3). In comparison with ITMI map, chromosome 2B showed few
rearrangements involving Gwm129, 630, 148, 319, and 374. It gppears like a double
inverson invalving Xgwm374-319 on one hand and Xgwm148-630 on the other hand.
However, in ITMI population these microsatellites were only assigned to the most likely
interval on the RFLP framework map (Roder et al. 1998).

The longest chromosomes 3B, 5B, 1B, and 6B showed very good coverage with
68, 70, 6.7, and 6.7 cM/maker, regpectivdy (Table 111-3). Chromosome 1B is well
formed and showed a full order-agreement with ITMI microsatdlite map (Roder et al.
1998), Messapia x MG4343 map (Korzun et al. 1999), and JKxChaml map (Nachit et
al. 2001) (Fg. I11-5). Gwm268 in the long am of 1B amplified two fragments mapped
a 154cM from each other, flanking Xgwm274a. In addition, Gwml124 and Gwm259
did dso amplify two fragments that mapped a 35 and 9.6cM, respectivey, wheress,



both earlier published maps reported only one fragment (Roder et al. 1998, Korzun et
al. 1999). Glu-Bl gene was mapped on 1BL a 455cM from the centromere, as
expected. Korzun et al. (1999) reported a distance of 62cM between Glu-Bl and the
centromere. The homoeologous chromosome 1A was congtructed by 6 microsatellites,
10 AFLPs, and 3 seed storage proteins (Gli-Al: g47 + w20 and Glu-A3). The two
gliadin subunits co-segregated and mapped a 0.9cM from Glu-A3 locus In generd,
chromosome 1A shows good agreement with earlier reported markers order (Roder et
al. 1998, Korzun et al. 1999). Nevethdess, an inverdon was reveded involving
Gwm33 and Gwm136. Roder et al. (1998) reported that Gwm33 amplified 3 fragments
mapped to the three homoeologous Stes of bread whest, wheress in the Omrabi5/
T. dicoccoides600545// Omrabi5 map, Gwm33 amplified 2 fragments mgpped both to
1AS a 0.5cM from each other. Xgwm33a and Xgwm33b cosegregate except for only
one recombined inbred line (number 84).

Chromosome 3B is dso wdl saurated and showed a full order-agreement with
ITMI microsatdlite map except for the telomere region of the long am where an
inverson induding Gwm340, Gwm181, and Gwm114 was reveded (Roder et al. 1998).
Gwm376 amplified two fragments spaced by 4 other markers covering 94cM. This is in
agreement with the Messapia x MG4343 map where two Gwm376 fragments were
reported to map a 1.9cM from each other (Korzun et al. 1999). Gwm493 and Gwm114
amplified two fragments, which mapped a 99 and 2cM from each other, respectively.
In ITMI populatiion, Roder et al. (1998) reported that Gwmlld amplified two
fragments, which mapped to 3BL and 3DS. The homoeologous chromosome 3A
showed a rddively loose condruction, it did present 1 marker each 12.5cM (Fig. 111-5).
The long am showed an inverson involving Xgwm155 and Xgwm674, as Gwm674 was
reported to be locaized close by the centromere and Gwm155 on the long am (Roder et
al. 1998; Korzun et al. 1999; Nachit et al. 2000).

The short am of chromosome 5B showed a very interesting trandocation
inverson rearrangement with chromosome 5A (Fig. 111-5). Therefore, Gwml156 and
Gwm415 were mapped on 5BS instead of 5AS whereas Gwmd43 was mapped on 5AS
indead of 5BS. The microsatdlite Gwm234 amplified two fragments a and b, one
mapped to 5AS and one to 5BS. Otherwise, the remaining parts of chromosome 5B
(centromeric and long arm regions) showed a perfect agreement with ITMI map (Roder



et al. 1998) and Messapia X MG4343 map (Korzun et al. 1999). Gwm639 amplified two
fragments, only one fragment was mapped to 5BL. Whereas Roder et al. (1998) and
Korzun et al. (1999) reported 3 and 2 fragments, respectivedy, mapped on the
homoeologous stes. This could be explained by the short Sze of the 5A chromosome in
MDM map in comparison with other wheat maps (Roder et al. 1998, Korzun et al.
1999; Nachit et al. 2001). In the centromeric region of chromosome 5B, Xgwm?213a and
Xgwm335a mapped on the same point & 0 cM from each other. Roder et al. (1998) has
reported tha these two microsatdlites cosegregate and condst of identicd or amogt
identical sequences. On the long am, Xgwm554c was mapped as expected, flanked by
Xgwm639c and Xgwmd08a. This microsadlite ingpite of its behavior in ITMI and
Messapia x MG4343 maps hasamplified in Omrabi5/ T. dicoccoi des600545// Omrabi5
map 3 fragments mapped to 3 different chromosomes 1B, 2A and 5B (Fig. 111-5). In the
short arm of chromosome 5A, two fragment of Gwm205 were mapped a 2.1cM from
each dher. ROder et al. (1998) reported two fragments mapped on 5AS and 5DS. The
centromere of chromosome 5A was positioned at the midpoint between Xgwm?205d and
Xgwm186, according to ITMI map (Roder et al. 1998). However, there is only 0.37
recombination fraction between these two microsatellites.

Other cosegregating microsatellites were reveded in the centromeric region of
chromosome 6B between Xgwm193, Xgwmb58, and Xgwm88b. Gwm193 and Gwm88
were assgned to the mogt likdy intevd on the RFLP framework map o ITMI
population, where no cosegregation was reported (Roder et al. 1998). Chromosome 6B
is well saturated and showed a full order-agreement with ITMI microsatelite map,
except for a amdl inverson on the ssgment involving Xgwm508 and Xgwm518 (Roder
et al. 1998) (Fig. llI-5), whereas, chromosome 6A did not show any rearrangements but
it presented only 4 microsadlites, 6 AFLPs and 2 b-gliadins (Gli-A2). Severd
colinearity andyss and recombination sudies were conducted between T. durum 6A
and 6B chromosomes and T. aestivum chromosoma group 6 (Chen et al. 1994, Cadden
et al. 1997). Gwm494 amplified 2 fragments that were mapped close by each other. The
centromere was postioned on Gwmd94 as reported by Roder et al. (1998). Gwmb82
was reported to map to 1BS (Roder et al. 1998), neverthdess in MDM mapping
population it did map to 6BL. Thee new fragments, which mapped to other
chromosomd locations, could be explaned by the presence of additiond loci in the
whegt genome.



Ancther microsatellites cosegregation was noticed on the long am of
chromosome 7A between Xgwm282a and Xgwm332 (Fig. 111-5). This cosegregation was
not reported earlier. In fact, Gwm282 amplified two fragments a and b. They flanked
Xgwmé63e on the long arm of 7A a 9.4cM from each other. In generd chromosome 7A
showed a good agreement to previous published maps (Roder et al. 1998; Korzun et al.
1999; Nachit et al. 2001). A new microsadlite Xgwm154€) was incorporate in 7AS at
4.6cM from Xgwm60b. This microsatellite was reported to mgp on 5AS (Roder et al.
1998), whereas in MDM map the two amplified fragments mapped to 3BL and 7AS. In
chromosome 7B new locdizations were found for microsatelite-fragments Xgwm264a
and Xgwmb37a. Gwm264 was reported to map to 1BS and 3BS, while in MDM map it
mapped to 1AL, 1BS, and 7BS. Indeed, Gwm537 was reported to map to 7BS, whereas
in Omrabi5/ T. dicoccoides600545// Omrabi5 map two fragments were mapped: one to
7BS and one to 5BL (Roder et al. 1998). As for Gwm635, it was assgned to the short
am of chromosome 7B, while in ITMI population the two amplified fragments were
locdized on 7TAS and 7DS (Roder et al. 1998).

Chromosome 4A was the linkege group with the leest markers coverage. It
conssted of 1 marker each 13.2cM. This chromosome was condtituted of 5 SSRs and 4
AFLPs. Four microsatelites followed the expected order (Gwm165, 601, 610, and 265),
whereas Gwm43 was mapped in 4A ingead of 7B. In MDM mapping populaion,
Gwm265 was mapped on the long am of chromosome 4A. This is in agreement with
Messapia X MG4343 map (Korzun et al. 1999) wheress is in disagreement with ITMI
microsatellite map where Gwm265 was reported to map to 2AL (Roder et al. 1998).
Andyss of chromosome locaions usng nullisomic-tetrasomic  lines of wheat has
shown that this microsatellite has loci on chromosomes 2A, 4A, and 4D of bread whesat
(Korzun et al. 1999). The chromosome 4A was condructed a LOD 3.5 except for
Xgwm165b on the short arm that was joined a LOD 1.8. In MDM mapping population
Gwml65 amplified two fragments mapping to 4AS and 4BL. This is in agreement with
bread wheat ITMI population map (Roder et al. 1998). Chromosome 4B displays same
gaps and more makers need to be added. The long am of this linkage group was
congructed at a high LOD (>3) wheress the tedlomere of the long and short ams were
linked at low LOD vaue (<1.5).



In genera, microsatellites were more mapped than AFLP markers (77% versus
53.4%). Indeed, more markers were mapped in the B genome compardively to the A
genome (Table I11-4). This datement was true for microsatdlites and AFLPs, both
markers showed preference mapping to the B genome. Thus, there is one marker for
eech 84cM in the A genome while one per 7.8cM in the B genome (Table 1lI-4).
Furthermore, 63.7% of total mapped microsattelites and 61.1% of total mapped AFLPs
were locdized in the B genome while only 39.2 and 34.7% were mapped in the A
genome. This is in agreement with earlier published maps (Roder et al. 1998; Nachit et
al. 2001). Probably, it reflects the amount of reveded polymorphism within the A and B
genomes of Omrabi5/ T. dicoccoides600545// Omrabi5 populaion. In addition, the
Gwm microsatellites used were isolated from Chineese Spring genome and not from a
wild relative, as it was proposed by Roder et al. (1998) to increase the number of
microsatellites in A and D genome. They reported that using the diploid ancestors as a
source of microsatellite isolaion enriched the microsatdlites from the D genome.

Table I11-4: Assgned markers on the A and the B genome

Genome SSR Aflps Genes Markers Size cM/Marker
Nbre % (M)
A 45 52 5 102 366 8599 84
B 79 91 1 1 613 13415 78

Fig. IlI-5: Molecular linkege mgp of Omrabi5/ T. dicoccoides600545// Omrabi5
population. Short ams of chromosomes are a the top. The approximate locations of
centromeres are indicated in black. On the left are map distances in centiMograms (cM)
caculated by Kosambi function, and on the right are DNA-markers. Markers preceded
by X are DNA markers of unknown function, whereas markers without Xare genes
controlling specific traits. AFLP markers are designated by 6 nuclectides (the first 3 are
Msel+3; and the other 3 are EcoRI+3) followed by basgpar sze of the scored fragment.
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Chapter 1V
Results & Discussion

Grain Quality Characteristics



|- Grain Quality Characteristics

1- Protein Content (PC)

The protein content mean, minimum, maximum, heritability, variance, and
coefficient of varigbility for the recombined inbred lines and ther parents are shown in
table 1V-1. The protein content mean of the RILs over the 18 gudied environments was
17.1%, ranging from 10.6 to 23.5%, whereas the mean of the two parents. Omrabi5 and
T. dicoccoides was 16.1 and 185, repectively. These results show a moderate to high

tranggressive inheritance in both negative and postive senses as the RILs data display
lover and higher protein content than the paents (Fig 1V-2). The frequency
digributions for protein content in the 18 dudied environments have shown a good
fiting to norma didribution, confirming that the protein content has quantitaive
inheritance (Fig 1V-2). Severd researchers agree that protein content is a typicd
quantitative trait controlled by a complex genetic sysem and highly influenced by
environmentd factors (Nachit et al. 19953 Mariani et al. 1995, Trocoli et al. 2000). The
average frequency didribution for the RILs and parents illugtrated in figure 1V-1, show
clearly this transgressve inheritance. This is dso in accordance with earlier reported
dudies on T. dicoccoides derived crosses where a dgnificant transgressve inheritance
was highlighted (Madi 1991). A significantly high protein content in dicoccoides
derived crosses in comparison with cultivated wheat derived crosses was dso reported
by Feldman and Sears (1981) and Nachit et al. (1990).

The protein content means found in MDM mapping population are higher than
the usua durum crosses. The tota protein content of durum whesat is usudly around 12-
14%. However, the durum parent Omrabi5 gave a higher vaue 16.1%. These reaults
show the progress made to increase durum grain protein content by using T. dicoccoides
in the breeding; and dso the uitability of the Mediterranean continenta dryland for
producing high gran qudity of durum (Nachit perscom.). In generd good cooking
qudity is reaed to a high levd of protein and gluten content (D’'Egidio et al. 1990,
D'Egidio et al. 1994, Ciaffi et al. 1991, Blanco and Giovanni, 1996). Wheat protein
content higher than 13% is conddered as sdifactory for the find product, wheress
protein content lower than 11% gives a poor end-product. Additiondly, the vaious



durum wheat end-products require different qudity characteristics however, al require
a mnimum levd of proten (13%), high milling yidd, ydlow flour color and
moderately strong gluten.

In most environments, the effect of transgressive inheritance was detected (mean
+ 2s). This tranggressve inheritance was particularly sgnificant in the environments:
Tel-Hadya EPOO, Sum00, and Ir00 (Fig 1V-2). These results corroborate the utilization
of T.dicoccoides as source for high protein content genes (Feldman and Sears 1981,
Nachit et al. 1990).

The broad sense heritability estimation for protein content was performed for 16
environments, the mean heitability was of 0.64 ranging from 0.05 to 0.96. The 97Ir
environment was excluded from heritability anadyss because no checks were included.
In generd, a high variation was noticed across environments. For indance, the highest
heritability values were recorded in the stressed environments (99Br, 99Inc, OOBr, efc.),
except for 99Kf (a dte with favorable conditions during the vegedive stage but with
extreme hot and dry conditions during the gran filling dage). Further, theses
environments have dso shown the highest vadues for protein content, eg.; the minimum
protein content of RILs in the dry-cold environment Breda were d 17; 15.1; and 19.8%
in the seasons 1997/98, 98/99, and 99/00, respectivdy. While the lowest heritability
vaues were obtained in irrigated/favorable stes such as 00Sum and OOEP (Table 1V-1).
This is in agreement with earlier findings showing that under severe drought conditions
a rdativey higher content of protein is obtained (Johansson and Lundborg 1994, Nachit
et al. 1995q). The average genetic coefficient of variability for the RILs was of 5.8%,
varying from 2.9% (PCOO0Br) to 8.9 (PC98R().



Table 1V-1. Proten content mean, minimum, maximum, heritability, vaiance, and
coefficient of variability in Omrabi5/ T. dicoccoides600545// Omrabi5.

Trait-year-site  RILsMean  RILsMin  RILsMax P1 P2 Heritability Variance GeneticC.V.

(s?) (100)
PCI7Ir 130 10.6 154 141 166 - 11 8.1
PCO7Rf 158 13.0 17.8 150 190 0.29 10 6.3
PC98Br 193 17.0 214 185 214 0.93 08 46
PCOB8EP 154 12.0 188 143 177 0.48 17 85
PCBLP 185 16.7 209 167 186 0.84 08 48
PCO8Rf 155 13.0 185 150 193 032 19 89
PC99Br 184 151 205 165 199 0.96 07 45
PC99Inc 174 149 19.7 164 202 0 11 6.0
PC99K f 217 19.9 235 2714 223 0.05 06 36
PCOLP 179 153 20.8 16.1 19.1 0.92 15 6.8
PCO9Rf 14.2 11.6 17.6 142 15.6 047 11 73
PC99Tr 188 16.8 20.7 189 203 0.92 08 4.7
PCOOTr 155 14.0 17.8 14.4 174 067 06 50
PCOORf 172 154 20.3 148 183 0.74 08 52
PC00Br 216 19.8 234 204 214 0.93 04 29
PCOOEP 149 123 18.2 140 143 042 12 7.3
PC00Sum 175 14.7 20.0 160 166 0.24 14 6.8
PCOOIT 150 129 17.7 134 14.4 - 09 6.3
Mean 171 14.7 19.6 161 185 0.64 10 5.8

P1 = Onrahi5; P2 = T. dicoccoides600545

Fig IV-1. Didribution frequency for average protein content in Omrabi5/
T. dicoccoides600545// Omrabi5 (18 environments).
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FHg IV-2 Didribution of protein content in the 18 dudied environments in Omrabi5/
T. dicoccoides600545// Omrabi5
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2- Sedimentation test (SDS)

Table V-2 dhows sedimentation test vadues for the mean, minimum and
maximum, heritability, variance, and coefficient of varigbility for the recombined inbred
lines and their parents. The sedimentation test mean for the RILs was 40.2 ml; this vadue

represents the average of 18 environments (Stes x years), wheress the means for P1
Onrabi5 and P2 T. dicoccoides were 349 and 354 ml, repectively. This result dso
demongrates the effect of the transgressve inheritance; the RILs were sgnificantly
higher than the two parents. Figure 1V -3 shows the frequency didtribution for the RILs
and paents with dso the clear effect of transgressive inheritance. When taking into
congdertion only the mean vdues it was found that the podtive tranggressve
inheritance was highly significant. Also when 3s was computed, ill transgressive
inheritance could be detected (Fig IV-3). Ealier dudies on sedimentation volume
inheritance with the durum crosses Haurani x T. dicoccoides and Stork x T. dicoccoides
have shown similar results (Madli 1991).

Furthermore, when the results are examined separately for each environment, the
tranggressive inheritance showed larger values, eg.; SDS in the environment SDS29Inc
(Table V-2 and Fig IV-4). However, tranggressve inheritance was aso reveded for
sedimentation test low value, e.g.; SDS99Inc, SDSI9Rf, SDS99Tr, and SDSO0TT.




In Fgure 1V-4 the frequency didributions for sedimentation test in 18
environments are shown. All environments have shown a good fit to the norma
digribution, suggedting the involvement of polygenes for this trat. Conddering
different environments, it was detected that transgressve inheritance occurred in 16 out
of 18 environments used for sedimentation test. These results are of importance to
broaden and introgress new genes to improve further the durum gluten strength. As the
usefulness of the sedimentation test in breeding has been confirmed by other authors
(Nachit 1992, Nachit et al. 1995). Seved durum-breeding programs rey on the
sedimentation test to assess gluten drength. These results are corroborating earlier
results for improving durum qudity processng by usng the dicoccoides in crosses
(Nechit and Madi 1997). However, in our earlier studies with the population Koriflal
T. dicoccoides600808, the seed dtorage protein subunits a-a, ga, w-a and LMWdc
have shown no dgnificant effects on sedimentation volume (Elouafi et al. 1998). This
indicates that different T. dicoccoides accessons can contribute differently to gluten
srength.

Furthermore, heritability vaues for sedimertation tet were edimated for 16
environments. The mean heritability was 0.70 with a range from 0.17 to 0.97. In the
environments where the checks were not included, the henitability andyss was
excluded. Earlier sudies made on sedimentetion test have also reveded smilar values
for broad sense heitability, 094 in dryland and 093 in irrigated conditions (Nachit et
al. 1995a). Smilar results were dso reported in bread wheat by Kaul and Sosulski
(1964) where heritability was found to be between 0.92 and 0.98 and the sedimentation
trait was controlled by two partidly dominant genes.

In addition, the average genetic coefficient of variability of sedimentation test
for the RILs was 16.6%, varying from 9.8% (SDS97Rf, SDS99LP, SDS00Br) to 26%
(SDS98LP). In table 1V-2, environments with moisture and heat dress have shown the
highest vaues for SDSsedimentation. Therefore, abiotic sressed environments of late
planting (LP) and summer planting (Sum) induced a podtive effect on gluten strength
(Table 1V-2). In contragt, the rain-fed environment (98Rf) which was reatively wet in
1998 smaon during the grain filling period and combined with low nitrogen fertiliser
(60 Kgha) application had negative effect on gluten drength (Table 1V-2). Smilar



effects were d0 reveded in the ealy planting environment of 1997/98 where in
addition to high precipitation; supplementary irrigation was agpplied (Table IV-2). These
results clearly demondrate the importance of the effect of environmental conditions
(precipitation, nitrogen fertilisation, and drought) on gluten srength. These findings are
fully in agreement with the sedimentation sudy in K x Chaml (Eloudfi et al. 2000).
Smilar findings were dso reported by Nachit et al. (1995a), where it was reported thet
the SDS-sadimentation volume is afected by environmenta conditions 27% in the
Mediterranean dryland and 27.5% in the irrigated conditions.

Table V-2 Sedimentation tet meen, minimum, maximum, heritability, variance, and
coefficient of variability in Omrabi5/ T. dicoccoi des600545// Omrabi5.

Traityear-ste RILsMean RILsMin  RILsMax P1 P2 Heritability Variance GeneticC.V.

o) (100)
SDS97Ir A7 24 45 27 46 - 285 154
SDS97Rf 11 33 2 9] 46 064 253 122
SDS98Br 43 27 4 -] 42 090 60.2 162
SDS98EP 149 9 % 8 12 017 137 24.8
SDSO8LP 489 28 & 9 44 0.96 40.9 131
SDS98Rf 276 13 a7 20 28 0.60 515 26.0
SDS99Br 4.2 33 53 Y7\ 38 0.29 189 98
SDS99Inc 515 31 70 26 38 0.85 589 149
SDS99K f 385 17 50 R 33 045 60.4 20.2
SDS99L P 559 34 68 51 46 093 425 11.7
SDS99Rf 41.8 21 63 9 30 077 539 17.6
SDS99Tr 4.6 24 61 il 33 0.76 56.6 169
SDS00Tr 36.1 18 29 31 29 091 46.7 189
SDSO0Rf 406 23 50 R 37 097 406 15.7
SDS00Br 352 24 45 7 34 081 16.9 11.7
SDSO0EP 30.6 15 0 28 26 0.30 239 159
SDS00Sum 51.8 23 3 48 44 0.86 119.3 211
SDS00Ir -] 17 % 3 29 - 2.7 169
Mean 40.2 230 55.2 349 354 0.70 445 16.6

P1 = Onrabi5; P2 = T. dicoccoidest00545



Fig [IV-3 Didribution frequency for average sedimentation tet in Omrabi5/
T. dicoccoides600545// Omrabi5 (18 environments).
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3- Firmness (SDSni)

Durum technologica propeties ae deermined on the bass of cooking
characterigics of the padta it produces, where cooking qudity is the cgpacity of the
cooked product to mantan good texture (d diente) and an adequate firmness after
cooking. The sedimentation index SDShi is used as surrogate to test for firmness of
durum endproducts, pasta, couscous, and burghul (Nachit, pers. com.). The table 1V-3
shows the datisticd and genetic parameters for SDSni. As this index is a combination



of proten content and sedimentation test, its shows the same high transgressive
inheritance and strong  heritability as gluten drength and protein content traits (Table
IV-3). Concerning heritabilities (Table 1V-3), the highest vaues for SDSni  heritaility
were achieved in severd environments (98Br, 99Inc, 99LP, 00Tr, OORf, and OOSum),
whereas the medium vaues were in OOEP and 99Br. Also the highest genetic
coefficients of variability were found in the stressed environments.

Figure 1V-5 shows the digribution frequency for average SDSni. These results
indicate that T. dicoccoides600545 shows better vadues for SDSni than Omrabi5.
Indeed, the mgjority of the RILs showed improvement in SDShi.

Table V-3 Sedimentation test index (SDSni) mean, minimum, maximum, heritability,
variance, and coefficient of variability in Omrabi5/ T. dicoccoides600545// Omrabi5.

Trait-year-ste RILsMean RILsMin RILsMax P1 P2  Heritability Variance GeneticC.V.

%) (100)
SDSni97Ir 45 29 6.8 01 01 - 08 19.9
SDSni97Rf 6.5 45 8.8 54 88 055 11 16.1
SDSni98Br 9.2 53 12.7 81 94 093 24 16.8
SDSni98EP 23 12 4.2 11 21 057 05 30.7
SDSni98LP 9.1 4.7 12.7 65 82 096 21 15.9
SDSni98Rf 4.3 19 8.4 30 54 0.69 18 31.2
SDSni99Br 8.1 6.2 10.3 72 75 053 0.8 11.0
SDSni99Inc 9.0 56 133 76 77 086 24 17.2
SDSNi 99K f 84 40 133 71 74 003 29 2027
SDSni99L P 10.0 6.0 131 8.2 88 094 21 145
SDSni99Rf 6.0 2.7 9.5 56 47 0.64 17 21.7
SDSni99Tr 84 41 11.6 7.7 6.7 0.79 22 17.6
SDSni00Tr 5.6 29 8.8 45 51 0.89 14 21.1
SDSniO0Rf 7.0 43 10.2 49 6.8 096 14 16.9
SDSni00Br 7.6 55 10.1 65 73 081 0.8 11.8
SDSniOOEP 4.6 22 6.9 39 37 045 09 20.6
SDSni0O0Sum 9.1 4.6 14.1 7.7 05 0.89 43 22.8
SDSni00Ir 5.7 23 89 44 42 - 14 20.7
Mean 7.0 40 10.3 5.6 59 0.75 17 19.3

P1 =Onrabi5; P2 = T. dicoccoidest00545



Fig [IV-5 Didribution frequency for average SDSni index in Omrabi5/
T. dicoccoides600545// Omrabi5 (18 environments).

25 T T T T

201
Nbre
of

lines

101 \
Omrabi5=5¢

5F

1511 T, dicoccoides =59

0

4- Farinograph

The farinograph parameters. FAB, FDT, FST, FMT are used as tests to study the
gluten drength qudity. The meen, minimum and maximum, heritability, variance, and
coefficient of variability of the farinogrgoh parameters for the recombined inbred lines
and their parents are shown in table 1V -4. The farinograph parameters means of the
RILs over the 4 test environments were as follows: FAB (mean: 74.3; range: 69.378.2),
FDT (mean: 35, range 23-5.2), FST (mean: 2.3; range 0.94.6), FMT (mean: 121.1;
range 60.3221.6), wheress the means of the two paents Omrabi5 and
T. dicoccoides600545 were 73.5 and 74.5 for FAB, 3.03 and 3.37 for FDT, 2.18 and
1.30 for FST, 106.25 and 166.67 for FMT, respectively. Transgressve inheritance was
reveded for dl parameters (Fig. 1V-6), and the didributions for dl environments
showed normal patterns.

The broad sense heritability estimated showed very low vaue for FAB (0.08)
and medium vaues for FDT (0.47), FST (0.66), and FMT (0.46). These results are in
agreement with the vaues presented earlier for the sedimentation test. Further, the
average genetic coefficient of variability of farinograph parameters for the RILs was of
1.94% (FAB); 15.8% (FDT); 42.1% (FST), and 27.6% (FMT). Besides, high values (>3
min) for FDT and FST and low vaues (less than 120 BU) for FMT are desirable for
fainograph parameters. The results are of interest for identifying RIL with desrable
combination to ke usad in the hybridization program on the durum-breeding program.



Table IV-4: Fainograph parameters mean, minimum, maximum, heritability, variance,
and coefficient of variability in Omrabi5/ T. dicoccoides600545// Omrabi5.

Traityear-ste RILsMean RILsMin RILsMax P1 P2  Heritability Variance GeneticC.V.

(89 (100
FABO8Rf 764 68.5 80.5 76 775 - - -
FAB99Inc 743 69.5 785 75 - - 25 213
FABO9Rf 718 67.5 76.0 70 71 - - -
FABOORf 746 71.6 778 73 75 0.08 17 175
Mean 743 69.3 78.2 735 74.5 0.08 21 194
FDT98Rf 2.7 17 4.7 23 33 - - -
FDT9Inc 44 29 6.5 36 - - 0.5 161
FDT99Rf 34 25 43 3 3 - - -
FDTOORf 35 21 51 3.2 38 0.47 0.3 156
Mean 35 23 5.2 3.03 3.37 0.47 0.4 158
FST98Rf 17 0.7 33 17 11 - - -
FST99Inc 27 0.9 5.9 25 - 13 422
FST99Rf 22 12 3.9 22 13 - - -
FSTOORf 26 08 5.4 23 15 0.66 12 421
Mean 2.3 09 4.6 218 130 0.66 0.8 421
FMTO8Rf 174.0 80.0 335.0 100 185 - - -
FMT9Inc A3 45.0 160.0 85 - 7265 286
FMTO9Rf 1085 65.0 2100 120 185 - - -
FM TOORf 107.7 513 1813 120 130 0.46 820.7 26.6
Mean 1211 60.3 2216 10625 166.67 0.46 515.7 27.6

P1 = Onrabi5; P2 = T. dicoccoides600545.

FAB: areinml. FDT, FST vadues are scored asfollows: 1 =weak; 2 = weak-medium; 3 = medium; 4 =
medium-gtrong; 5 = strong. FMT: 200-250 very week; 150-199 week; 100-149 medium strong; 50-99
well baanced-strong; <50 very strong-over stable.



Fig IV-6. Didribution of farinograph absorbance, development, dability, and mixing
timein the 4 gudied environmentsin Omrabi5/ T. dicoccoides600545// Omr abi5.
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5- Yellow Pigment (YP)

Carotene content is a trait of grest commercia importance in durum wheet end
products. It has dso nutritiond vadue. Durum wheat gran is normdly amber and
vitreous, and its milling produces ydlow semolina The mean, minimum and maximum,
heritability, variance, and coefficdent of variadility of ydlow pigment content for the
recombined inbred lines and their parents are shown in table 1V-5. The ydlow pigment
mean of the RIL over the 18 sudied environments was 5.5ppm, ranging from 2.1 to
9.3ppm, whereas the mean of the two parents. Omrabi5 and T. dicoccoides600545 were
6.6 ad 53ppm, regpectivdy. This indicates some dominant inheritance by the
T. dicoccoides (or of low YP vaues). Negdtive tranggressive inheritance was detected in
some dressed environments such as Breda 97/98 and 99/00, Early Planting 97/98, and
Rainfed 97/98 (Fig 1V-8). The average frequency didribution for the RILs and parents
illudrates the transgressive inheritance for yelow pigment (Fig I1V-7).

The broad sense heitability edimated in 16 environments, showed vaues
vaying from 048 to 0.99 with a mean of 0.87. These heritabilities vaues indicate the
drong genotypic effect on ydlow pigment content. This confirms earlier published



dudies on carotenoid content heritability in durum whest (Nechit et al. 199538 and in
Tritordeums (Alvarez et al. 1998). In durum, the carotenoid content was reported to be
highly heritable and controlled by additive gene effects (Joppa and Williams 1988,
Parker et al. 1998, Borrdi et al. 1999). In tritordeums, the carotene content was reported
to be independent of gran yidd and gran dze (Alvarez et al. 1998). Further, the
average genetic coefficient of variability for the RILs was high (24.2%), varying from
18.3% (00Br) to 31.0% (OOEP, 99LP).

Table 1V-5. Ydlow pigment mean, minimum, maximum, heritability, variance, and
coefficient of varigbility in Omrabi5/ T. dicoccoides600545// Omrabib.

Traityear-ste RILsMean RILsMin RILsMax P1 P2 Heritability Variance GeneticC.V.
) (100)
YP9I7Ir 45 2.6 73 6.1 45 - 15 272
YPI7Rf 54 27 74 65 56 o.77 13 211
Y P98Br 49 31 7.7 57 52 058 12 24
YPIBEP 55 33 84 6.3 58 048 14 215
YPRBLP 59 32 91 70 57 0.98 21 245
Y PO8Rf 53 29 84 6.0 55 097 14 223
Y P99Br 59 36 8.7 6.6 55 087 17 228
YPInc 59 32 9.2 73 59 098 24 26.2
YPOOK f 56 31 89 712 58 0.76 18 239
YPOLP 53 238 80 69 55 099 15 231
YPORf 56 31 88 6.7 49 0.96 23 270
YPOITr 52 2.9 87 69 48 095 21 278
YPOOTT 55 29 93 66 50 097 22 269
Y POORf 54 32 80 64 56 096 17 241
Y POOBr 6.2 41 88 69 6.1 0.91 13 183
YPOOEP 53 31 79 71 55 099 18 253
YPOOSum 6.2 21 88 64 42 0.85 17 210
YPOOIT 51 238 89 59 36 - 25 310
Mean 55 3.0 85 6.6 53 0.87 18 242

P1 = Onrabi5; P2 = T. dicoccoidest00545



Fig IV-7: Didribution frequency for average yelow pigment content in Omrabi5/
T. dicoccoides600545// Omrabi5 (18 environments).
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6- Vitreousness (Vit)
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The mean, minimum, maximum, heritability, variance, and coefficent of
variability for the recombined inbred lines and their parents for vitreousness is shown in

Table IV-6. The vitreousness mean for the RILs was 96.6%, this mean represent the
average of 18 environments (stes x years). Most of the RILs had high vaues for
vitreousness except for 98EP where the mean was of 77.1, ranging from 29.0 to 90%.

Thee very low vitreousness vaues could be explaned by the high predcipitation
receved during this seeson 1997/98 plus the gpplied supplementary irrigation. The



means for Omrabi5 and T. dicoccoides600545 were 95.8% (68-100) and 97.8% (80-
100), respectively. The lowest vaues for both parents, 68 and 80% respectively, were
aso found in the Te-Hadya 98EP.

The figure IV -9 shows the didtribution frequency of the average of vitreousness
in the 18 tested environments. This graph shows a moderate transgressive inheritance.
However, when the anadyss were done for each environment separatey, as shown in
Figure 1V-10, a drong negative transgressive inheritance was detected, eg.; 97Rf; 98Br;
98LP;, 99Br; Inc;, 00Sum, and O0Ir. In spite of this, podtive transgressve inheritance
was aso reveded in few environments eg., 99LP and OOEP. All environments have
shown a goad fit to the normd digtribution (Fig 1V-10).

Broad sense heritability estimation in 16 environments ranged from 0.00 to 0.92
with a mean of 0.42. These heitability vaues suggest the srong environmenta effect
on vitreousness trait. In comparison with earlier dudies in dmilar environments, the
broad sense heritability of vitreousness was edimated a 0.59 for irrigated conditions
and 0.79 for dry dryland (Nachitet al. 1995a).

Furthermore, the edtimations of genetic coefficient of variability for the RILs
had a mean of 2.7%, varying from 0.4% to 11.9%. The highest vitreousness vaues were
obsarved in dressed environments. Therefore, the minimum  vitreousness vaue for RIL
populaion in 98Br, 99Inc, and 00Br was 98%, wheress the lowest vitreousness vaue
was observed in 98EP. The results dso show that the screening for vitreousness require
to be conducted under high rainfdl conditions with low nitrogen fertilization (Nechit
and Asbai 1987), as it was shown for 98EP environment. Moreover, Vitreousness is a
desrable character in durum whesat processng; high percentage (90-100%) of vitreous
kend is a mgor reguirement for al durum products (Matsuo and Dexter 1980,
Williams et al. 1984; Nechit and Adbati 1987). The present results confirm the
importance of T. dicoccoides for the improvement of vitreousness in durum whest.



Table

coefficient of variability in Omrabi5/ T. dicoccoi des600545// Omrabi5.

IV-6: Vitreousness mean, minimum, maximum, heritability, variance, and

Trait-year - RILsMean RILsMin RILsMax P1 P2  Heritability Variance Genetic
site s?) C.V. (100)
Vit97lr 98.1 820 1000 960 1000 - 109 34
Vit97Rf 9.3 880 100.0 980  99.0 0.00 6.0 25
Vit98Br 99.6 98.0 100.0 1000 1000 0.00 03 05
Vit98EP 76.1 20 20.0 68.0 80.0 084 82.1 11.9
Vit98LP 986 95.0 100.0 9.0 9.0 055 12 11
Vit98Rf 96.7 86.0 100.0 950  99.0 001 6.0 25
Vit99Br 99.6 97.0 100.0 1000 1000 013 04 0.6
Vit99Inc 99.7 933 1000 1000 1000 075 0.2 04
Vit99K f 94,0 771 1000 930 970 051 17.0 44
Vit9oLP 99.2 917 100.0 9.0  99.0 051 16 13
Vit99Rf 98.2 882 100.0 9.0 990 092 55 24
Vit9oTr 96.8 89.0 100.0 970 975 049 128 3.7
Vit00Tr 989 955 100.0 970 1000 073 12 11
VitOORf 97.7 895 100.0 970 990 0.00 43 21
Vit00Br 99.8 98.1 100.0 9.0 1000 050 0.2 0.4
VitOOEP 98,0 903 100.0 920 9.0 0.00 29 17
Vit00Sum 92,0 68.1 100.0 980  96.0 0.86 410 6.9
Vit00ir 995 96.0 1000 1000 1000 - 0.7 0.8
M ean 96.6 865 994 958 978 042 10.8 2.7
P1 = Onrabi5; P2 = T. dicoccoidess00545
Fig IV-9: Didgribution frequency for average of vitreousness in Omrabi5/
T. dicoccoides600545// Omrabi5 (18 environments).
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FHg 1V-10: Didribution of vitreousness in the 18 dudied environments in Omrabi5/
T. dicoccoides600545// Omrabi5.
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7- Test Weight (TW)

Table IV-7 shows the mean, minimum, maximum, heritability, variance, and
coefficient of variability of the recombined inbred lines and their parents for test weight.
The test weight was measured for only three environments, two during the season

1998/99 (Inc and Rf) and one during the season 1999/00. The test weight mean for the
RILs was 72.4g ranged from 66.6 to 77.6g, wheress the means for P1 Omrabi5 and P2
T. dicoccoides600545 were 79.2 and 70.6, respectively. There is aclear dominance of
the low vaues tet weight of the dicoccoides parent. Fig 1V-11 shows the average
frequency digribution for the RILs and parents. The results are explicit and demondrate
that the RILs test weights are either equa or lower than the two parents test weights. In
the three studied environments, the maximum test weight of the RILs was less that
Omrabi5 test weight. However, few lines were not sgnificantly different from Omrabi5

(Table IV -7).

In Figure IV-13, the frequency didributions for test weight are shown. All

environments have shown a good fitting to normd didribution. In our trids, the test
weight did not show a large variaion across environments. However, it was pointed out



that test weight can be affected by various environmental factors such as disease and
lodging (Roth et al. 1984; Blumet al. 1991; Sseddla et al. 1990).

Furthermore, heritability value was estimated only for one environment,
and it was 0.91 in O0ORf; and the GCV was 3.0%. This high value confirmsthe
importance of the genotypic control on test weight trait. Thisisin agreement with
earlier published broad sense heritability values (Teich 1984; Roth et al. 1984;
Blum et al. 1991; Jallaludin et al. 1989; Saadalla et al. 1990; Nachit et al. 1995a).
However, it isin disagreement with other studies showing a low heritability values
suggesting a major contribution of environmental conditionsto test weight
variation (Ghaderi and Everson 1971, Schuler et al. 1994). From a breeding point
of view, it isvery import ant to find simplefactorsthat correlated with test weight
and can be used in the early generation of breeding programs. Because, it isa
critical trait for yield components. For this, someresear ch dividesthe components
of test weight to the size and shape (width and thickness) of the grain and the
weight of thisgrain (Yamazaki and Briggle 1969, Ghaderi and Everson 1971,
Schuler et al. 1994). They suggest the spike characteristicsasan indir ect selection
for test weight, specially the kernel shape (Trocoli and DiFonzo, 1999). I n other
breeding program it is considered in combination with vitreousness as a good test
for high semolina extraction (Nachit pers. com.). In fact, it wasreported that test
weight ishighly related to semolinayield and flour yield (Marshal et al. 1986),

although earlier worksdid not find thisassociation (Barmore and Bequette 1965).

Table 1V-7 Tet weght mean, minimum, maximum, heitability, variance, and
coefficient of variability in Omrabi5/ T. dicoccoides600545// Omrabi5.

Trait-year - RILsMean RILsMin RILsMax Pl P2 Heritability Variance Genetic
site (s»  C.V.(Q00)
TW99lInc 719 67.1 779 783 730 54 32
TWOIRf 720 66.6 764 786 6638 45 29
TWOORf 735 67.9 785 806 721 091 43 2.8
Mean 724 67.2 776 79.17 7063 091 47 3.0

P1 = Onrabi5; P2 = T. dicoccoidest00545



Fg IV-1L Digribution frequency for average of tet weght in Omrabi5/
T. dicoccoides600545// Omr abi5 (3 environments).
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8- Thousand Kernel Weight (TKW)

In this sudy the mean, minimum, maximum, heitaility, vaiance, and
coefficient of varigbility for the recombined inbred lines and their parents is shown in
table 1V-8. The RILs mean over the 18 studied environments (Sites X years) was 29.9g,
while the means for the parents, Omrabi5 and T. dicoccoides600545 were 32.1 and
28.6, respectively. The average minimum of the RILs over dl Stes x years was 22.59

and the maximum was 384g. However, the environment OOIr generated maximum
vdue of 474g, and 10 environments out of 18 produced maximum vaues higher than
40g. This result shows clearly the effect of tranggressive inheritance. The figure 1V-12
showing the average frequency didribution for the RILs and their parents illugrate very
well this tranggressve inheritance. RILs exhibit ether higher or lower TKW vaues than
both parents. The RILs vaues showed a wide range, varying from 15.1g (98EP) to
47 4g (0QIr).

Furthermore, if the results were examined considering each environment the
vaiaion was very dgnificant across environments (Fig 1V-13). All environments have
shown a good fitting to norma digtribution, suggesting quantitative trait inheritance. In
some environments such as. 97Ir; 97Rf; 99Lp, and 99Tr a significant postive transgressive
inheritance was clearly noticed, whereas in other environments such as. 99Br; 00Tr; OOBr,
and 00lr a dgnificant negative transgressive inheritance was reveded, especidly in OOlr.
This suggests an environmental effect on this trait. It is well known that kernd weight is
affected by the environment during grain filling and by the number of heads and number of
fertile florets per spike.



In addition, broad sense heritability estimation in 16 environments shows a
mean of 0.60 varying from 0.00 to 0.96. Mog of the environments shows heritabilities
higher than 0.5 except for the extreme dressed environments 99Kf and 98EP. This
intermediate to high heritability vaues suggests a high gendtic effect on TKW. This is
in agreement with earlier sudies (Sun, 1972, Ketata et al. 1976; Madi 1991). Higher

heritability vaues (0.94-0.97) were a so reported (Nachit et al. 1995a).

Furthermore, the average genetic coefficient variability for the RILs was 10.9%.

Across the studied environments, the genetic C.V. was stable and was around 10%. The

lowest was found in 98Br (8%), and the highest during the same year 98 in Early planting

(18.4%). Similar sudies using durum cultivars x T. dicoccoides populaion reported high

heritability coupled with high genetic advance, confirming a high additive effect (Nachit

and Madli 1997).

Table IV-8 Thousand-kernd weight mean, minimum, maximum, heritability, variance,

and coefficient of variability in Omrabi5/ T. dicoccoides600545// Omrabi5.

Traityear-ste RILsMean RILsMin RILsMax P1 P2 Heritability —Variance  Genetic
(s  CV.(100
TKWOTIr 336 248 40.7 316 276 - 112 99
TKWOI7Rf 289 217 359 28.6 26.0 054 88 10.3
TKW98Br 334 265 419 34.7 304 0.96 72 8.0
TKWSBEP 241 151 370 26.0 194 0.17 19.7 184
TKWBLP 262 198 324 28.2 264 0.81 75 104
TKWIBRf 27 210 40.2 36.7 209 0.93 159 139
TKW99Br 207 16.1 287 251 225 047 59 117
TKW9Inc 310 239 40.8 36.2 294 093 12.6 11.4
TKWO9K f 253 209 318 232 260 0.00 53 91
TKWRLP 288 19.9 40.2 290 26.2 0.28 153 13.6
TKWO9Rf 43 259 424 371 318 0.80 12.1 101
TKWO99Tr 306 239 388 298 294 0.62 81 93
TKWOOTr 355 278 422 381 b1 0.65 101 89
TKWOORf 294 214 384 330 260 042 86 929
TKWOO0Br 218 16.1 279 235 240 0.80 51 104
TKWOOEP 328 257 409 320 360 0.92 110 101
TKWO00Sum 348 279 430 39.2 329 040 104 9.3
TKWOOIr 380 272 474 454 442 - 158 105
Mean 299 225 384 321 286 0.60 10.6 10.8

P1 = Onrabi5; P2 = T. dicoccoidest00545



Fig IV-12 Didribution frequency for average of 1000-kend weight in Omrabi5/
T. dicoccoides600545// Omrabi5.
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9- Milling Extraction

The flour yidd (FY%) test is used to assess to milling extraction. The mean,
minimum and maximum, heritability, variance, and coefficient of variability of the flour
yied for the recombined inbred lines and ther parents are shown in table 1V-9. The
flour yiedd mean of the RILs over the 3 test environments was 69 with a range from 62.3
to 73.4, whereas the means of the two parents. Omrabi5 and T. dicoccoides600545 were
710 and 631, respectivdly. Tranggressve segregants were reveded in dl 3
environments (Fig. 1V-14). The digributions for dl environments showed normd
patterns.

The broad sense heritability edimated for flour yield was 0.43. The caculaed
average genetic coefficient of variability showed low vaue (2.9%).

Table IV-9: Hour yidd mean, minimum, maximum, heitability, vaiance, and
coefficient of variability in Omrabi5/ T. dicoccoides600545// Omrabi5s.

Trait-year-site  RILsMean RILs RILsMax P1 P2 Heritability Variance Genetic

Min %)  C.V.(100)
FY9inc 70.0 646 747 715 674 37 27
FY 9oRf 69.0 60.2 735 704 587 ; 4.4 30
FYOORf 68.0 62.2 719 702 646 043 42 30
Mean 69.0 623 734 710 631 043 4.1 29

P1 = Onrabi5; P2 = T. dicoccoidest00545

FHg IV-14: Didribution of flour yidd in the 3 dudied environments in Omrabi5/
T. dicoccoides600545// Omr abi5.
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10- Ash Content (AC)

Semoalina is actudly the targeted product in durum wheat. A high extraction rete,
and therefore low ash content, is of extreme importance in durum wheat production
(Kobrehd et al. 1974, Dexter and Masuo 1978, Borrdli et al. 1999, Trocdli et al.




2000). Therefore, measurement techniques to be applied in early generation sdection
were extensvely studied (Morris et al. 1945, Matsuo and Dexter 1980, Dexter et al.
1994, Faes et al. 1996). However, pasta with low ash content is not nutritionaly
aopropriste.  Table 1V-10 shows ash content meen, range, heritability, variance, and
coefficient of variability for the recombined inbred lines and ther parents The ash
content mean for the RILs over the 18 sudied environments was 2%, the RILS
minimum mean being 1.8% and the RILS maximum mean 2.1%. The lowest vaue was
found in 97Ir (1.4%) and the highest in 99Kf, 9OLp and 99Tr, (24%). The highest
vaues were therefore obtained in favorable growing conditions. Dexter and Matsuo
(1978) reported a higher ash content in whole grain due to increased uptake of minerds
from the soil in favorable growing conditions. The mears for both parents Omrabi5 and
T. dicoccoides600545 were the same (2%). This result shows a transgressive inheritance
as the RILs was higher than the two parents. This transgressve inheritance is clearly
noticed in the average frequency didribution figure (Fig 1V-15). Both parents show
gmila vdues while the RILs exhibit drong podtive or negaive transgressve
inheritance vaues. When the 18 dudied environments were examined one by one (Fig
IV-16), the tranggressive inheritance was found to be larger; eg.; 98LP, 99Kf, 0OBr,
and 00Sum. However, tranggressve inheritance was dso reveded for low vaue dso;
eg.; 99Tr and OOEP. Figure 1V-16 shows aso the good fitting to norma digtribution for
al sudied environments.

The edimated heritability values were, in generd, very low. Five out of 16
environments showed heritabilities with nil (0.00) vaues (Table 1V-10). This suggests a
high environmenta effect on ash content trait. This is in agreement with Cubadda & al.
(1969) work, but it disagrees with Peterson et al. (1986) findings. However, in our study
other environments show high heritability values, eg. 99Inc (0.81) and 00Sum (0.7). Those
high vaues suggest a high genetic effect, and are in accordance with Peterson et al. (1986)
findings. More recent studies suggest a strong genotype by-environment interaction on the
ash content (Fares & al. 1996). The heritability mean over the 16 environments, used in the
heritability estimation, was 0.39%. This high varighility in the heritability vaues means that
some environments were conducive for ash content differences of RILS whereas others
were not.



On the contrary of heritability edtimations, the average genetic coefficient
variability for the RILs was more or less stable over environments. The nean was 33.9%,
varying from 26.1% (00Br) to 48.4% (971r).

Table 1V-10: Ash contet mean, minimum, maximum, heitability, variance and
coefficient of variability in Omrabi5/ T. dicoccoides600545// Omrabi5.

Traityear-ste RILsMean RILsMin  RILsMax P1 P2  Heritability Variance GeneticC.V.

(G (100)
AC97Ir 16 14 18 17 18 - 06 484
AC98Br 16 15 18 16 17 021 02 279
ACSBEP 18 16 20 18 20 0.39 06 430
ACRBLP 19 17 20 18 18 0.32 04 333
AC98Rf 17 15 19 17 18 0.77 05 416
AC99Br 2.1 19 23 21 22 0.00 03 26.1
AC99Inc 2.0 18 21 20 21 0.81 04 316
AC99K f 2.2 20 24 22 22 0.00 05 321
ACRLP 2.2 20 24 21 23 0.00 05 321
AC9Rf 2.0 18 22 20 21 0.00 04 316
AC99Tr 2.2 20 24 23 23 0.37 04 28.7
ACOQTr 2.0 19 22 20 21 058 04 316
ACOORf 20 19 22 20 22 0.14 05 354
ACO00Br 2.2 20 23 22 22 0.00 03 24.9
ACO0EP 2.0 17 21 20 20 041 05 354
AC00Sum 2.1 19 23 21 21 0.70 06 36.9
ACQOIT 19 17 21 20 19 - 05 372
Mean 2.0 18 21 20 20 0.31 04 339

P1 =Onrabi5; P2 = T. dicoccoidest00545

Fig IV-15. Didribution frequency for average ash ocontent in Omrabi5/
T. dicoccoides600545// Omrabi5 (17 environments).
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FHg 1V-16. Didribution of ash content in the 17 dudied environments in Omrabi5/

T. dicoccoides600545// Omrabib.
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I1- Correlation and Clustering of grain-quality

characteristics

Mean daa for the gran qudity trats were andyzed to Sudy the reationship
anong the trats dudied. Two andyses were conducted: corrdation and clugering.
Pearson corrdation matrix and the cluster show the correlaion between the averages of
different dudied gran-qudity trats in Table IV-11 and Fg IV-17. Vey dgrong
correation was noticed between SDS and SDSni (0.96) and a dgnificantly pogtive
correation between protein content and SDSni (0.44). These ae logica associations
snce the SDS index cdculation is based on SDS and protein content (SDSni = (PC x
SDS)/100). The three corrdaed parameters showed a negative corrdation to TKW
(Table 1V -11).

A strong correlation was found between sedimentation test and itsindex
with farinograph parameters. Thelarge valuesfor SDS and SDSni wer e positively
and highly correlated with the larger time (min) required for farinograph
development time (FDT), and stability time (FST); and with the lower Brabender
units (strong dough) for the mixing time (FMT).

Protein content shows a postive corrdation with vitreousness (0.42). This is in
accordance with earlier published association between both traits (Matsuo and Dexter
1980, Nachit and Adbai 1987). They reported that when the proportion of vitreous
grans decreases, the proportions of semolina and protein content decrease, while that of
flour incresses. In addition, protein content shows a pogtive non-lineer corrdation with
FAB (0.43). To less extend, FAB was aso found to be associated with SDS. Moreover,
for the FAB prediction and cdibraion for farinograph tedt, protein  content
messurements are used. In addition, it is known that durum flour water absorption is
higher than that of hard bread whesat. Further, durum flour has a very dow absorption;
but a high water binding capacity which is linked to longer shdf life. On the other hand,
protein content shows a negative corrdation with tes weight and TKW. The corrdation
vaues were gmilar for both TW and TKW (-0.56). The corrdation between protein
content and TW was reported to be negaive by Masuo and Dexter (1980) and
gonificantly podtive by Yamazaki and Briggle (1969) and Schuler et al. (1994). A lack
of association between protein content and TKW in durum wheat was reported (Schuler
et al. 1994).



However, the corrdaion between TKW and TW was not very high, it was of
0.38. These findings are in agreement with Ghaderi and Everson (1971) and Matsuo and
Dexter (1980). Actudly, they found a higher overdl corrdation (r = 0.75) between TW
and TKW, suggesting that the 2 traits were affected by environment factors in a smilar
manner. However our findings disagree with other researchers that faled to find any
correlation between TW and TKW (Yamazaki and Briggle 1969; Schuler et al. 1994;
Trocoli and Di Fonzo 1999). A dgnificant association (at 5%) was revedled between
TW ard flour yidd. This confirms Barmore and Bequette (1965) findings. Even though
other findings pointed out a srong corrdaion between TW and flour yidd (Mashd et
al. 1986). In this sudy the cugter andyss (Fig IV -17) grouped closdy together TW,
TKW, and flour yidd with ydlow pigment. In the same trend as protein content,
vitreousness shows a negative moderate correlation to TKW, whereass FAB shows a
negdive corrdation to flour yidd.

Table 1V-11: Pearson correation matrix between grain-qudity traits in  Onrabi5/
T. dicoccoides600545// Onrahi5, using the average data of 1996/97, 97/98, 98/99 and 99/2000.

(*P<0.05 and ** P<0.001).
Trait PC SDS SDSni FAB FMT FDT FST YP Vit T™W TKW FY AC
PC 1

SDS 018 1
SDSni 0.44** 0.96** 1
FAB 043** 021 032 1
FMT -006 0.72** 063* -0.07 1
FDT 014 075 072** 024 0.68** 1
FST -0.05 0.76** 067* 0 082* 077/* 1
Yy -019 -01 014 003 012 -008 -0.03 1
Vit 042** 023 033%* 003 008 006 012 -012 1
T™W 056** -011 025 -028 -001 028 -011 001 -022 1
TKW -056** -038** -0.50** -019 -018 -024 022 -004 -041** 0.38** 1
FY -014 -009 013 -043* 01 -0183 009 004 003 028 03 1
AC 034* 014 023 030 011 015 017 019 013 -02 03 -02

The dudering andyss shows a drong differing 3 mgor sub-clusters (Fig 1V-
17). Sub-cluster | condituted by FAB, protein content, ash content and vitreousness.
The second sub-cluster could be cdled gluten strength sub-clugter.  In this sub-group,
farinograph parameters (FDT, FMT and FST) and sedimentation test parameters (SDS
and SDSni) are cdudering together. As for the sub-duger 1lI, the flour yidd, test weight
and 1000-kernd weight were grouped with the ydlow pigment. These results are fully
in agreement with earlier works, and show clearly the reationship between the different



traits for the different qualities. Severd traits are used as surrogate for parameters that
aredifficult to test. For ingtance, test weight and 1000-kernd weight for flour yield.

FiglV-17: Clustering of durum grain-quality traitsin Omrabi5/
T.dicoccoides600545// Omrabi5 population
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Chapter V
Results & Discussion

Multiple Quantitative Trait L oci
Analysis(MQTL)



|- Protein Content (PC)

I-a Estimation of QTL positions by ssimpleinterval mapping for PC

The tet datigtic of SIM andyss for proten content trat in Omrabi5/
T. dicoccoides600545// Omrabi5 populaion showed many pesks across the genome,
especidly on the chromosomes: 3B, 4B, 6A, and 6B. The highest and widest pesk was
obsarved on chromosome 6B, it covers dmogs 100cM induding the centromeric region
and part of the short arm of 6B. Mogt of the detected pesks were showing both main and
interaction effects (Fig. PC-1).

These sgnificant pesks across severd chromosomes showing dl main and GxE
effects suggest that the protein content is a quantitative trait with a complex genetic
control and a high environmenta influence. These results are in agreement with severd
dudies on protein content and corfirm that proten content is a quatitetive trait
governed by severd genes didributed throughout the genome (Kuspira and Unran 1957,
Diehl et al. 1978, Levy and Feldman 1989, Madi 1991). Other findings reported thet
this character is governed by a few mgor genes, but with the action of many other
minor genes (Hdloran 1975, Konzak 1977; Dhdiwd 1994, Levy e al. 1988).
Furthermore, our findings are dso in agreement with other research dudies reporting
that the environmentd influences on gran protein content are more important than the
genetic ones (Nachit et al. 19958 Mariani et al. 1995; Trocoli et al. 2000). It seems that
durum wheat gran under severe drought conditions, especidly under excessvely high
temperatures and low relative humidity during grain filling, tends to be gdrivded with
low garch accumulaion and therefore with a rdaively high content of bran and
nitrogen (Borghi et al. 1995, Blumenthd et al. 1993).

Fig PC-1: Protdn content scan of a test dtatistic for SIM for QTL main effect (above axis) and QTL by environment

interaction (bdlow axis). The 14 MDM chromosomes and g15 are shown from left to right (starting from short arm).
Horizontal lines show thresholdsfor testing SIM with 5000 per mutations. Arrows indicate positions of background markers.

4

u N
)
4 2 A v 1

: @ fw‘w i R
AT R Gl UL i Tl Sl vl P O bl Vg
100 WWWWMIM“AM\PWV\/WWMW TN A— e~

p U o i




I-b- Estimation of QTL positions by simplified composite
interval mapping for PC

For the amplified compodte intervd mapping andyds of protein content in our
mapping populaion, 93 makes coveing the whole genome were used as background
markers. They were chosen as recommended by Tinker and Mather (1995), i.e; the tota
background marker number to be lower than the populaion sSze (114 RILS in our case)
and the distance between each two-background marker around 25 cM. Unfortunately,
the resulting output spectrum was very incondgent (Fig PCG-2); it reveded too many
pecks dl over the 14 linkage-chromosomes. This incongstency could be explained by
the fact that in SCIM mapping, the adjusment for other possble QTL could cregte
noise, generding spurious peeks and rasng dgnificance thresholds (Tinker  and
Mather, 1995).

Therefore, the more evident pesks of test datistic for SIM were chosen as background
markers (see arrows in Fig PG1), the esulted scan for the SCIM gave smaler pesks for
the man effect, whereas it gave much higher pesks for GXE interaction (Fig PC-3).
LCIM andyss, in contrast to SIM andyss, adjusts the teted QTL consdering the
genotype information and possible effects of QTL in the genome. As a reault, it has an
ability to improve QTL precison and to detect QTL with smdler effects (Mather et al.,
1997). As mentioned before, chromosome 6B presented a large and wide pesk. In order
to asess the contribution of this wide pesk, regresson modds including one, two or
more markers were applied. Two markers were chosen: Xgwm518 on the short am of
6B and XMcaaEacg560 close by the centromere region. The SCIM anaysis was useful
in determining the precise location of these QTLs Furthermore, by performing QTL
andyses across environments we should have gained precison of edimation of the
QTL podtion. The QTLs on 6B identified in this sudy are in agreement with earlier
works on protein content-QTLs. Joppa and Cantrdl (1990) using Langdom durum-
dicoccoides chromosome subdtitution lines, reported a QTL on chromosome 6B. Later,
Steiger et al. (1996) had confirmed the 6B-QTL by crossng these subgitutions lines
with a durum variety. Moreover, a QTL on 6BS was dso reported in durum wheat
(Blanco et al. 1996). Indeed, a mgor QTL explaning 66% of totd protein content
vaiation was reported on 6BS near the centromere, flanked by Xmwg79 and Xabg387



(Joppa et al. 1997). This QTL was confirmed by Chee et al. (1998), who dso suggested
that the protein content trait is controlled by a sngle gendic factor. In Omrabi5/
T. dicoccoides600545// Omrabi5 population mapping, RFLP probes were not used as
gendtic markers, hence it is difficult to compare the QTL close by the centromere of
6BS to previous reported QTLs on the same genomic region. Yet, more research should
be conducted in thisimportant chromosoma region for protein content.

Protein content was aso found to be linked to chromosome 3B. On 3BS, the

SIM andyss detected a main effect on XMcttEaag140 and Xgwm154d, while by sCIM
scan, the same markers showed an interaction effect insteed of a main effect. Similar
differences in the QTLs€ffect detected by SIM and sSCIM were reported by Mather et
al. (1997) in barley. These QTLs on 3BS are in agreement with the QTL reported on 3B
in Langdom durum-dicoccoides chromosome subdtitution lines (Joppa and Cantrell
1990), wheress in bread wheat, a protein content QTL was reported on the
homoeol ogous chromasome 3D (Kuspiraand Unran 1957).
Further, on the long arm of chromosome 4B, another QTL ¥gwml107) was detected.
As for the QTLs on 3B, the QTL on 4BL showed a very dgnificant man effect with
SIM andyss, whereas with sCIM it did show only an interaction effect. Smilarly, a
QTL on 4B was reported in Langdom durum-dicoccoides chromosome subditution
lines (Joppa and Cantrell 1990); and on 4D in bread whest (Kuspiraand Unran 1957).

As for chromosome 6A, b-gli69 Gli-A2) showed a main and QTLXE effect on
protein content. This result is dso in agreement with previoudy reported QTL on 6A
(Joppa and Cantrdl 1990; Blanco et al. 1996). Actudly, this b-gliadin is the only seed
dorage protein showing relaionship with protein content. It is wel known that other
factors than seed dorage proteins are the cause of high protein content. Impglia et al.
(1996) reported thet protein content was independent of LMW glutenin subunits in a
durum core collection, wheress, Eloudfi et al. (1998) reported a pogdtive asociation
between a ggliadin subunit bdonging to T. dicoccoides and the protein content in a RIL
population, developed from a backcross between a Korifla/ T. dicoccoides600808//
Korifla.

In addition to the genomic regions found associated with protein content in this
dudying, severd other genomic locdizaions were reported in the literature, including



chromosomes 1A and 1B (Levy and Feldman 1989; Stein et al. 1992); chromosomes
2A and 3A (Joppa and Cantrdl 1990); short am of chromosome 4A (Blanco et al.
1996); chromosome 5A (Kuspira and Unran 1957; Morris et al. 1973, Levy and
Feldman 1989; Blanco et al. 1996); chromosome 5B (Kuspira and Unran 1957; Levy
and Fddman 1989; Stein et al. 1992; Steiger et al. 1996); chromosome 5D (Morris et
al. 1973, Law et al. 1978); and chromosomes 7A and 7B (Kuspira and Unran 1957;
Levy and Fedman 1989; Joppa and Cantrdl 1990; Stein et al. 1992; Blanco et al.
1996). Recently, a new chromosomd region was added to this long ligt. Prasad et al.
(1999), usng bulk segregant andyds reported that the microsatellite WMCAL on the
2DL was linked to protein content.

Fig PC-2: Protein content scan of a test statistic for SIM (solid red lines) and sCIM using 93 background

markers (broken blue lines) for QTL main effect (above axis) and QTL by environment interaction (below
axis). The 14 MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal
lines show thresholds for testing SIM with 5000 per mutations.
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Fig PC-3: Protein content scan of a test statistic for SIM (solid red lines) and sCIM using few background
markers (broken blue lines) for QTL main effect (above axis) and QTL by environment interaction (below
axis). The 14 MDM chromosomes and g15 ar e shown from left to right (starting with short arm). Horizontal
lines show thresholds for testing SIM with 5000 per mutations. Arrows show positions of selected QTLs.




I-c- Estimation of the additive effects of the putative QTLsfor PC

The six detected QTLs explained 27% of the totd protein content variaion. As it
was expected, al the QTLs showed that T. dicoccoides600545 dldes had a sgnificant
postive effect on protein content (Fig PG-4). In this figure the strong effect of the T.
dicoccoides600545 dleles and of the environments are shown to be of large magnitude.
This postive effect did reech +22% in ealy planting in 1998. Theses results
corroborate earlier suggestion of utilizetion of T. dicoccoides as source for high protein
content genes (Damania et al. 1988, Feldman and Sears 1981, Nachit et al. 1990; Madi
1991; Nachit and Madi 1997). Xgwm518 and XMcaaEacg560 on 6BS explaned 14%
eaech, while Xgwm107 on 4BL 12%; and the two other markers XMcttEaag140 and
Xgwml54d on 3BS explaned 6 and 5%, respectively (Table PG1). As for the Gli-A2
locus on 6AS, it has a low explanation rate (5%). All the detected QTLs showed QTLXE
interaction effects. These QTLXE interactions on 3B, 4BL and 6BS were clearly due to
changes in magnitude across environments. On the other hand, the QTLXE interaction
effect of Gli-A2gene on 6AS was a crosover interaction; it showed that Omrabi5 dlde
has a podgtive effect on RIL-protein content in some environments (specidly in 99LP),
wheress in other environments the T. dicoccoides600545 dlde was more favourable,
eg,; OORf and OOIr. Protein content is an important trat; it holds aso a nutritiond
agpect, which is very important, particularly in the areas where the consumption of
wheat products is high, as it is the case o the southern and eastern Mediterranean
countries. Therefore, underdanding these fluctuations would hdp in improving protein
content in durum, in order to improve the nutrition in the arees where high amount of
durum grain is consumed.

The QTLs effect was especidly more exhibited in sressed environments than in
nonsressed ones. This has been evident with XMcttEaagl40 who in 98Rf; with
Xgwml54d in O0EP, with Gli-A2 in 99LP; with Xgwm518 in 99LP, and with
XMcaaEacg560 in 98EP. These environments (Te-Hadya rainfed, ealy planting, and
late planting) are subjected usudly to drought, cold, and termind dresses (drought and
heat), respectivdy. This is confirming that under severe drought conditions a rdatively
high content of protein is obtained (Johensson and Lundborg 1994; Nachit et al. 19953).



TablePC-1: Protein Content QTLsand their contributions

Chromosomal localization QTL marker cM Vg/Vin Vg + Varixe / Vin
3BS XMcttEaagl140 0 5 6
3BL Xgwm154d 5 4 5
4BL Xgwm107 0 1 12
6AS Gli-A2 0 4 5
6BS Xgwms18 0 12 14
6BS XMcaaEacg560 0 12 14
Total explanation (R 20% 27%

V4= genetic variance; Vgrixe = QTLXE variance; Vi, = phenotypic variance.

Fig PC-4: Relative magnitude, chromosomal location and effect-nature of estimated protein content
Q TLsin each environment.
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E- Sedimentation test
Il-a- Estimation of QTL positions by simple interval mapping for SDS

In the smple intervd mapping andyss for gluten drength, the test datidic
showed a large and wide pesk in the chromosome 1B. This pesk corresponded to both
main and interaction effects. From the scan aone, it is not clear whether there was one,
two or more QTL affecting the sedimentation test around this region. The highest pesk
is obvious and it is 20cM gpart from Xgwm131b, but it is not cleer if adding more QTLs
correponding to the other pesks around Xgwml31b will improve further the totd
explandion (Fig SDS1). On chromosome 2B, the AFLP marker XMcttEaggl72

showed alow significance interaction effect.




Fig SDS-1: SDS scan of a test statistic for SIM for QTL main effect (above axis) and QTL by environment
interaction (below axis). The 14 MDM chromosomes and g15 are shown from left to right (starting from short
arm). Horizontal lines show thresholdsfor testing SIM with 5000 per mutations. Arrowsindicate positions of
background markers.
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I1-b- Estimation of QTL positions by simplified composite interval mapping for SDS

Smilaly to protein content, the use of the 93 background markers covering the
whole genome resulted in a noisy scan with numerous pesks (Fig SDS2). It did show
too many pesks dl over the genome, sometimes even higher than the large and wide
pesk on chromosome 1B obsarved in SIM scan. While the more evident pesks of test
datigic for SIM were chosen as background markers (arrows in Fig SDS1), the
resulted scan for the smplified compogte interva mapping confirmed the wide and
large pesk in the chromosome 1B with both main and interaction effects (Fig. SDS-3).

As mentioned in SIM andyss, it was not sure tha adding more QTLs
corresponding to the other pesks around Xgwml131b would explan further additiond
vaidion. Therefore, regresson modds including one, two or three of the highest pesks
were applied and consquently, the Glu-Bl gene was added. In this way, the QTL is
surrounded by both chosen QTLs Xgwm131b and Glu-B1. These two QTLSs on the long
am of chromosome 1B corroborate earlier suggestions of HMW glutenin effect on
gluten grength (Autran and Fellet, 1987, Rogers et al. 1989, Ciaffi et al. 1991, Ciaffi et
al. 1995). Even though, mog of these dudies noticed that in durum wheet the
association between HMW-gs and gluten drength is not as drong as the correation
observed for breadmaking qudity in bread wheat (Payne et al. 1984). Moreover, more
studies showed rather LMW-gs being more rdated to gluten drength than HMW-gs
(Damidaux et al., 1978; Payne et al. 1984; Pogna et al. 1990; Nachit et al. 1995b; Liu
and Shepherd 1996; Impiglia et al. 1996; Eloudfi et al. 1998). One of the two scored



LMW-gsin Omrabi5/ T. dicoccoides600545// Omrabi5 populaion was mapped on 1AS
but did not give any evidence of effect on gluten drength. In addition, no QTL affecting
SDS was detected on the genomic region of Glu-B3 (1BS), though the 1B short am
needs further saturation. Unfortunatdly dl the developed microsatdlites on this am,
except Gwm33, were not polymorphic in the present mapping populaion. In JKxChaml
population a mgor QTL was detected a& 0 cM of Glu-B3 contributing up to 77% of the
totd variability found, i.e; it explaned 27% of the totd SDS varidbility (Eloudfi et al.
2000). In contrast to Omrabi5/ T. dicoccoides600545// Omrabi5 populdion, the Glu-B1
gene in JKxChaml population did not show any effect on the gluten drength. This lack
of effect has been explained by the fact that HMW7+8 and HMW?20 (for Jennah Khetifa
and Chaml, respectively) have smilar effect on gluten strength (Eloudfi et al. 2000).

The sCIM andyss did dso confirm the interaction pesk on XMcttEaggl72 on
2BS and revedled a new QTL on 4BL a 5cM of Xgwm375 (Fig SDS-3). Xgwm375-
QTL showed a man effect, whereas, in JKxChaml population a QTLXE interaction
QTL have been identified on 4BS. This former QTL have shown a postive nteraction
with high nitrogen fetilization and highland conditions (Eloudfi et al., 2000). On the
basis of the SCIM scan, another new interaction effect QTL was detected on 6BS (Fig
SDS-3). Itislocdized & 0 cM of Xgwm518, the microsatdlite Xgwm518 was mapped at
125cM  of Gli-B2 in Messapia X MG4343 population (Korzun et al., 1999).
Accordingly the QTL identified in Omrabi5/ T. dicoccoides600545// Omrabi5
population may be the same as the QTL reported by Elouafi et al. (2000) in JKxChaml

populaion next to XPstlaag& Msel cga9 marker (at 8.4cM from Gli-B2).

Fig SDS-2: SDS scan of a test statistic for SIM (solid red lines) and sCIM using 93 background markers
(broken bluelines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14
MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholdsfor testing SIM with 5000 per mutations.




Fig SDS-3: SDS scan of a test statistic for SIM (solid red lines) and sCIM using few background markers
(broken bluelines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14
MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholds for testing SIM with 5000 per mutations. Arrows show positions of selected QTLSs.
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I1-c- Estimation of the additive effects of the putative QTLsfor SDS

In Omrabi5/ T. dicoccoides600545// Omrabi5 populaion, the five chosen QTLs
explaned 41% of the total gluten srength variaion. The mgor pesk QTLs Xgwm131b
and Glu-Bl explaned 30 and 28%, respectivdy (Table SDS-1), while together the totd
explanation is not dgnificantly increesed (32%). Thee two mgor QTLs on 1BL
showed a clear postive effect of T. dicoccoides600545 dldes on gluten drength (Fg
SDS-4). This effect was continuoudy pogtive across environments but with varying
megnitudes. The highest T. dicoccoides600545 dledes postive effect (+9.74ml) was
particularly noticed in Te-Hadya Summer Planting 99/00 (Fig SDS4).

Onrabi5 at Glu-B1 locus hold the HMW-20 wheress T. dicoccoides600545 had
the HMW-6+8. These findings show that the HMW-6+8 gave higher gluten drength
than HMW-20. Our findings are in agreement with earlier reported Glu-B1 dleles order
in durum wheat (Autran and Felllet 1987; Liu and Shepherd 1996), but in disagreement
with Boggini and Pogna (1989) who reported that the Glu-Bl is corrdated with dough
drength in the following order: 748 >> 20 > 6+8. Although, in MDM mapping
population the HMW-20 did show a podtive effect on sedimentaion test in two
environments. TekHadya 98EP and 00Ir. The interpretation of the postive expresson
of HMW-20 under these specid environmentsiis beyond this study.

Therefore, other that improving durum whest gluten drength by the
introgresson of new Glu-Al dldes from wild rdatives, or by the increese of the
number of Glu-A1 HMW glutenin subunits as suggested by severd research (Rogers et



al. 1989; Cieffi et al. 1991; Ciaffi et al. 1995), the gluten srength improvement could
be achieved dso by the introgresson of some Glu-B1 dldes.

The QTL on the short am of 2B explained just 3% of the totd gluten strength
vaiation. This QTL showed a clear crossover interaction effect. Its effect was postive
in some environments and negative in others, neverthdess its generd trend gave the
impresson of a podtive Omrabi5 dlde effect on sedimentation test especidly in high
input environment such as: 99Kf and 99Tr.

The QTL Xgwm375 on 4BL chosen for its man effect explained 6%, wheress
the ' chosen QTL (Xgwm518) for its GXE interaction on 6BS explained 5% of the total
variaion. These determined QTLs on 4BL and 6BS showed dso that
T. dicoccoides600545 dldes had dgnificant pogtive effect (Fig SDS4), suggesting that
emmer wheat dldes enhance the gluten strength through other QTL/genes than seed
dorage protein genes. The interactionQTL Xgwmb518 showed rather a magnitude
changes across environments ranging from +5.5ml in O0Ir to +0.3ml in 98Br.

In generd, most of the sdected QTLs present an obvious interaction effect,
suggeding that the gluten drength criterion is widdy affected by environmenta
conditions. They showed dso that mogt of the pogdtive effect on gluten strength is due
to T.dicoccoides600545 dleles. However, a high to moderate trangressive inheritance
was noticed in the progeny across the 18 environments, suggesting rather a new dldes
combination.

As the sedimentation test assessment during the 1997 trall was conducted using
NIRS while during 98, 99 and 2000 usng chemicd ted, the environments 97Ir and
97Rf have been dropped. The diminaion of these two environments has improved the
totd explanaion from 35% to 41%.

TableSDS-1: Sedimentation Test QTLsand their contributions

Chromosomal localization QTL marker cM Vg/Vph Vg +Varixe / Vin
1BL Xgwmi31b 20 25 30
1BL GluB1 5 23 28
2BS XMcttEaggl72 0 1 3
4BL Xgwm375 5 5 6
6BS Xgwm518 0 3 5
Total explication 31% 41%

V4= genetic variance; Vgt xe = QTLXE variance; V;, = phenotypic variance.



Fig SDS+4: Relative magnitude, chromosomal location and effect-nature of estimated SDS QTLs in each
environment.

44

-12

S98BR
O sosep
o sosLP
O S98RF
@ 5998R
S99INC
0 S99KF
O s99LP
S99RF
S99TR

S00TR

1B 1B 2B 4B 6B
SO0RF
gwm13ib HMW20 cttaggl72 gwm375 gwm518 @ S00BR
M&l M&l | M | 0 S00EP
F- Farinograph

[11-1- Farinograph Absorbance (FAB)
1-a Estimation of QTL positions by smple interval mapping for FAB

For farinograph absorbance, the test datistic scan for SIM  andysis exceeded

dightly the significance threshold of the main effect only in one region in chromosome 4B,
and it exceeded 3 times the QTLXE threshold across the chromosome 3B. The detected peak
on 3B covered most of the chromosome (Fig FAB-1).

Fig FAB-1: FAB scans of a test statistic for SIM for QTL main effect (above axis) and QTL by environment
interaction (below axis). The 14 MDM chromosomes and g15 ar e shown from left to right (starting from short
arm). Horizontal lines show thresholdsfor testing SIM with 5000 per mutations. Arrows indicate positions of
background markers.
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1-b- Edimation of QTL postions by simplified composite interval mapping for FAB
Smilaly to sedimentation tet and protein content, the farinogrgph absorbance

LCIM usng 93 background markers covering the whole genome has resulted in large




peeks (Fg. FAB-2). This stan is confirming thet, at least for our mapping population,
the background markers should be more defined and locdized rather than spread dl
over the genome. Therefore, it has been decided that the background markers should be
chosen according to SIM reaults as it was suggested in CIM program (Yiang pers.com.)
and confirmed by Eloudfi et al. (2000) on JKxCham1 population.

Thus, few background markers corresponding to the few peeks observed in SIM
scan were chosen (arrows in Fig FAB-1). In generd and contrary to protein content, the
amplified composite intervd mapping andlyss for FAB gave a higher main effect scan
and reatively lower interaction scan (Fig FAB-2). Furthermore, it confirmed the man
effect pesk on the long am of chromosome 4B (Xgwm165a). For the multiple pesks
showed by SIM on chromosome 3B, the sCIM andyss determined the pesk more
accuraiely. For more accurate estimation of the QTL pogtion, a regresson modes were
used combining the different possble markers detected either by SIM or/fand SCIM.
Consequently, Xgwm144 marker on the short am of 3B emerged as the best indicator,
and the other markers did not show any further explanation. As the sCIM andyss did
not show any new QTL for this trait, then the SIM might have been sufficient. However,
SCIM was ussful in improving the accuracy of estimation of QTL position on 3BS.

Fig FAB-2: FAB scans of a test statistic for SIM (solid red lines) and sCIM using 93 background markers
(broken bluelines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14
MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholdsfor testing SIM with 5000 per mutations.
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Fig FAB-3: FAB scans of a test statistic for SIM (solid red lines) and sCIM using few background markers
(broken bluelines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14
MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholdsfor testing SIM with 5000 per mutations. Arrows show positions of selected QTLs
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1-¢ Egtimation of the additive effects of the putative QTLsfor FAB

The two detected QTLs, Xgwml144 and Xgwml65a, explaned 14% of the totd
absorbance variation, each one of them contributing with a smal effect (Table FAB-1).
They explaned 8 and 6%, respectivdy. The QTL on 3BS showed a full interaction
vaidion (8%) while it did not show any gendic vaidion (0%). Negaive effect on
FAB was shown in TelHadya Rainfed environment (98Rf) by T. dicoccoides600545
Xgwml44-dide but in 9Inc, 9Rf, and 00ORF Omrabi5 Xgwml44-dlde affected
negatively the FAB. The environment 98Rf was reatively wet during the granHfilling
period compared with 99Inc, 99Rf, and OORf. The environmentd conditions of 98Rf
were relatively wet during the grain-filling period, whereas those of 99Inc, 99Rf, and
OORf were rdativdly moisture sressed during the same developmentd Stage (grain
filling). Consequently, it appears that the environmental conditions during the gran-
filling period, which afect gran protein qudity and quantity and other components,
have dso influence on flour water absorption. However, the physiologicd and chemicd
mechaniams are unknown and their sudy goes beyond the am of this subject.

The Xgwm165a-QTL on 4BL presents only genetic variation. This main effect
showed that the wild parent T.dicoccoides600545 dldes have an obvious negetive
effect on farinograph absorbance trait. The generd effect of both QTLs is a mixture of
main and interaction effects (Fig FAB-4).



TableFAB -1: Farinograph absorbance QTLsand ther contributions

Chromosomal localization QTL marker cM Vo/Vin Vg + Vorixe /Ven
3BS Xgwmi44 0 0 8
4BL Xgwmil65a 0 5 6
Total explication 5% 14%

V4 = genetic variance; Ve = QTLXE variance; Vi, = phenotypic variance.

Fig FAB-4: Relative magnitude, chromosomal location and effect-nature of estimated FAB QTLs in each
environment.
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I11-2- Farinograph Development Time (FDT)
2-a Edtimation of QTL positions by simple interval mapping for FDT

In the ample interva mapping andyss of farinograph devdopment time, the
test staistic showed a large and wide pesk in the chromosome 1B a the same pogtion
as in sadimentation test (Fig FDT-1). This pesk presents mainly main effect with a very
low interaction effect. From the scan andyss done, it is not cler whether there was
one or more QTL in this genomic region. So, few pesks were sdected as background
markers for the sSCIM andyss. In addition, the SIM scan andyss showed dso a smdl
interaction effect pesk on the telomere of 3AS.

Fig FDT-1: FDT scan of a test statistic for SIM for QTL main effect (above axis) and QTL by environment
interaction (below axis). The 14 MDM chromosomes and g15 are shown from left toright (starting from short
arm). Horizontal lines show thresholdsfor testing SIM with 5000 per mutations. Arrowsi ndicate positions of
background markers.
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2-b- Egtimation of QTL postions by smplified composite interval mapping for FDT
Following the same drategy developed for protein content, sedimentation test,
and farinograph absobance the sgnificant pesks of test datistic for SIM were chosen as
background markers (see arrows in Fig FDT-1). In gened, the amplified composte
intervd mapping was not different from the SIM scan. It confirmed the main effect of
the wide pesk in the chromosome 1B (Fig FDT-2). Using regresson modes, instead of
having just one marker far from the detected QTL, two markers: Xgwm131lb and the
gene Glu-B1 were chosen to flank this QTL of interest. SCIM scan confirmed aso the
interaction effect of Xgwm369 on the tdomeric region of 3AS. As for farinograph
absorbance, the SIM for FDT might have been sufficient, snce sCIM did neither detect
new QTL nor improve QTL-SIM pogtions. This may be due to the chosen background
number, which could be insufficient for new-QTL s detection.
Fig FDT-2: FDT scan of a test statistic for SIM (solid red lines) and sCIM using few background markers
(broken bluelines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14

MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholds for testing SIM with 5000 per mutations. Arrows show positions of selected QTLSs.
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2-¢ Estimation of the additive effects of the putative QTLsfor FDT

The three determined QTLs explaned 33% of the totd development time
variation. The mgor QTLs were Xgwm131b and Glu-B1, which accounted for 28 and
27% of the totd varidbility; as for the other interaction QTL (Xgwm369), it explaned
7% (Table FDT-1).

The two man effect QTLs, Xgwml3lb and Glu-B1, showed that the
T. dicoccoides600545 dldes had a pogtive effect on devdopment time (Fig FDT-3),



indicating that T. dicoccoides600545 dldes do not only enhance the gluten srength, but
dso the development time trait. The QTL Xgwm369 was podtive in some environments
and negdtive in others

TableFDT -1: Farinograph development time QTLsand their contributions

Chromosomal localization QTL marker a VgVn Vg+Vorue / Vpn
1BL Xgwmi3lb 20 % 3
1BL Glu-B1 5 24 2
3AS XgWm369 20 3 7
Total explication 28% 3%

Vg = genetic variance; VgrLxe = QTLXE variance; Vi = phenotypic variance.

Fig FDT-3: Relative magnitude, chromosomal location and effect-nature of estimated FDT QTLs in each
environment.
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I11-3- Farinograph Mixing Time (FMT)
3-a Edimation of QTL positions by smpleinterval mapping for FMT

The scan of the smple intervd mapping andysis of mixing time is very smilar
to the scan of devdopment time on chromosoma group 1, showing a large and wide
pesk around the Glu-Bl gene (Fig FMT-1). Nevertheess, for devdopment time, the
SIM andyss showed aso a smal GxE interaction pesk on the short am of 3B and a
smal main effect pesk on chromosome 7B.



Fig FMT-1: FMT scan of a test statistic for SIM for QTL main effect (above axis) and QTL by environment
interaction (below axis). The 14 MDM chromosomes and g15 are shown from left toright (starting from short
arm). Horizontal lines show thresholds for testing SIM with 5000 per mutations. Arrows indicate positions of
background markers.
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3-b- Egtimation of QTL postions by simplified composite interval mapping for FMT

The smplified compogdte interva mapping andyss for mixing time, based on few
background markers, shows the same large pesk on chromosome 1B aound Glu-B1
(Fig FMT-2). Xgwm131b was chosen as it shows the highest explanation. sCIM did dso
confirm the suggested QTL on 3BS XMctcEaagl15); it siowed dso that this QTL has
a smdl man effect in addition to its interaction effect. On chromosome 7B, the man
effect QTL (XMctgEaggl81) suggested by SIM was dismissed by sSCIM analysis. Such
kind of behavior was explained by the fact that SCIM has diminated sampling variance
that contributed to type-l eror for SIM. This dismissing could dso indicate that the SIM
scan was influenced by 2 separate QTLs that were not strong enough to manifest
themsalves as 2 separate peaksin the SCIM scan (Tinker et al., 1996).

New interactionQTL was suggested by the sCIM on chromosome 1AS corresponding
to gliadin/ LMW genes Gli-Al/ Glu-A3). Tinker et al. (1996) advanced that sSCIM show
new QTLs because it has the ability to detect QTL with smal effects as it accourts for
the genetic component of the background variance. Indeed, SCIM could show regions
where there is evidence for multiple linked QTLS.



Fig FMT-2: FMT scan of a test statistic for SIM (solid red lines) and sCIM using few background markers
(broken bluelines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14
MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholdsfor testing SIM with 5000 per mutations. Arrows show positions of selected QTLsS
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3-¢ Egtimation of the additive effects of the putative QTLsfor FMT

The maor detected QTL is Xgwml131lb; this microsatdlite explained 35% out of the
totd mixing time vaiaion (Table FMT-1). The other detected QTLS have minor
contributions such as: 3% for Gli-A1/Glu-A3 genes, 6% for XMctcEaag115, and
9% for XMctgEagg181.

T. dicoccoides600545 dldes had a dgnificantly podtive efect on mixing time,
which is rdated to srong dough drength, in the RILs especidly through Xgwm131b
(Fig FMT-3). This effect is consstent across the 4 studied environments wheress, other
Onrabi5 dldes (XMctcEaagll5 and XMctgEaggl8l) affected dso postively the
mixing time, but their effect remain smder as XMctgEagg181 explained only 9% of the
variation, whereas Xgwm131b explaned 35%. The 4" identified QTL showed rather
environmentd variation through Gli-A1/Glu-A3 genes on 1AS. Therefore, both parents
contribute dleles with favourable effects, resulting in larger amounts of transgressve
inheritance.

TableFMT-1: Farinograph Mixing Time QTLsand their contributions

Chromosomal localization ~ QTL marker cM VdVin Vy+ Vo e/ Vin
1AS Glu-A3 0 1 3
1BL Xgwmi31h 0 ® 35
3BS XMctcEaag115 0 3 6
7B XMctgEagg181 5 9 9
Total explanation 3% 45%

V4= genetic variance; Vot xe = QTLXE variance; Vy, = phenotypic variance.



Fig FMT-3: Relative magnitude, chromosomal location and effect-nature of estimated FMT QTLsin each
environment.
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[11- 4- Farinograph Stability Time (FST)
4-a Edtimation of QTL positions by smple interval mapping for FST

The SIM scan for gability time is very explicit and sraightforward. Its pesks did
exceed the threshold in two chromosomd regions (Fig FST-1). The fird one is a large
pek, dmilar to the ones of mixing time and devedopment time on chromosome 1B
around the Glu-Bl gene and the second is a smal pesk on chromosome 2B showing a
QTLXE interaction effect.

Fig FST-1: FST scan of a st statistic for SIM for QTL main effect (above axis) and QTL by environment
interaction (below axis). The 14 MDM chromosomes and g15 are shown from left to right (starting from short
arm). Horizontal lines show thresholds for testing SIM with 5000 per mutations. Arrowsindicate positions of
background markers.
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4-b- Estimation of QTL positions by simplified composite interval mapping for FST

Using the more evident pesks of test datigtic for SIM as background markers (see
arows in Fig FST-1), the resulted scan andyss for the amplified composte interva
mapping gave dmost the same scan as the SIM (Fig FST-2). Therefore, it confirmed the



two observed pesks. For chromosome 1B, regresson modds were used and Xgwm131b,
Glu-Bl gene, and XMcaaEacgl108 were chosen as QTLsS expressng both main and
interaction effects. Xgwm374a was the closest marker to the GXE QTL identified on
chromosome 2BS.

Fig FST-2: FST scan of a test statistic for SIM (solid red lines) and sCIM using few background markers
(broken bluelines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14
MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholds for testing SIM with 5000 per mutations. Arrows show positions of selected QTLs
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4-¢ Estimation of the additive effects of the putative QTLsfor FST

The three QTLs on 1B, Xgwm131b, Glu-B1, and XMcaaEacg108, are expressng
man and interaction effects. The Xgwm131b microsadlite explained 45% of the tota
vaiation, 39% beng genetic and 6% QTLXE (Table FST-1). The two other markers
explaned 44 and 32%, respectivdly. The 3% minor QTL on the centromeric region of
2BS, Xgwm374, showed only an interaction effect and explaned 4% of the totd
gahility time varigion.

As for devdopment and mixing time, the T. dicoccoides600545 dldes had a
postive effect on dability time (Fig FST-3), egpecidly the QTLs identified on 1B. This
positive effectof dicoccoides dldes reached up to +1.2min in 00RF environment.




TableFST-1: Farinograph stability time QTLsand their contributions

Chromosomal localization ~ QTL marker cM V¢V Vg+Vorxe /Vpn
1BL Xgwmi31b 20 LY 4
1BL Glu-B1 5 37 “
1BL XMcaaEaoglo8 0 2 2
2BS Xgwm374 0 1 4
Total explanation 42% 51%

Vg = genetic variance; VgrLxe = QTLXE variance; Vi = phenotypic variance.

Fig FST-3: Relative magnitude, chromosomal location and effect-nature of estimated FST QTLsin each
environment.
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V- Yellow Pigment
| V-a- Estimation of QTL positions by simpleinterval mapping for YP

In the smple intevd mapping andysis of yedlow pigment content, the test
datigtic exceeded the significance threshold in 2 regions, firg on chromosome 7A, and
secondly on chromosome 7B. In generd, the scan showed that there is strong genotypic
effect on this trait. Therefore, the small pesk on 7A presented only a main effect and the
very high pesk on chromosome 7B presented a strong main effect and weak QTLXE
interaction effect. These results corroborate earlier studies on durum whesat carotene
content (Nachit et al. 19954), where it was reported that yelow pigment trait is manly
affected by genotypic effect in an additive manner. Furthermore, The pesk on 7B was
very high suggesting amagjor QTL on thisregion (Fig YP-1).
Fig YR1 Yellow pigment scans of a test statistic for SIM for QTL main effect (above axis) and QTL by
environment interaction (below axis). The 14 MDM chromosomes and g15 are shown from left to right (starting from

short arm). Horizontal lines show thresholds for testing SIM with 5000 permutations. Arrows indicate positions of
background markers.
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I V-b- Estimation of QTL positions by simplified composite interval mapping for YP

Following the same drategy developed for protein content, sedimentetion tedt,
and farinogrgph absorbance the dgnificant pesks for the test datitic for SIM were
chosen as background markers (see arrows in Fig YR1). The smplified composte
interval mapping scan confirmed the pesk on Xgwm344 on the tdomeric region of 7BL
with both main and interaction effects.

The pesk detected by SIM, which was close to Xgwme63e on the tdomeric region
of 7AL, has completdy vanished by sCIM andyss. Ingead of this locus, a new smal
QTL pesk close to the centromeric region emerged by sCIM (Fig YP-2). This new pesk



appeared in an area where there had been a smdl non-sgnificant pesk by SIM scan. It
corresponded to the AFLP marker XMcaaEacg198.

Therefore, in Omrabi5/ T. dicoccoides600545// Omrabi5 populdion dl ydlow
pigment QTLs were detected on the homoeologous regions of chromosoma group 7. A
mgor QTL on 7BL and 2 minor QTLs on 7AL were identified. This is in agreement
with Parker et al. (1998) work on bread wheat. They reported a mgor locus on 7A
explaning 60% of the genetic vaiation. The chromosomatgroup locdization is dso in
agreement with the findings in tritordeums Alvarez et al. 1998), where it was reported
that carotene content is controlled by the chromosome 7H®. Neverthdess, earlier
studies reported rather QTLS on chromosomes 2A and 2B in durum wheet (Joppa and
Williams 1988) and on chromosomes 6D and 3B in bread wheat (Parker et al. 1996). In
addition, in Jennah Khetifa x Chaml durum mapping populaion, YP-QTLs were
mapped to the chromosome 4B (Nachit, pers. com.).

Durum whesat color is known to be affected by the level of lipoxygenase (LOX)
activity (McDondd 1979). The LOX is responsble for oxidative degradation of ydlow
color of durum endproducts and production of undesrable odors (Tsen and Hlynka
1963; Hosoney et al. 1980; Borrdi et al. 1999; Trocoli et al. 2000). Neverthdess, in
Onrabi5/ T. dicoccoides600545// Omrabi5 population no QTL was deteced on
chromosoma group 4 and 5, known to hold LOX genes. Actudly, LOX genes were
reported to map in bread wheat on 4AL (LpxAl); 4BS Lpx-B1l); 5AL (Lpx-A2); 5BL
(Lpx-B2); 4DS (Lpx-D1); and 5DL (Lpx-D2) (Hart and Langstone 1977; Nachit et al.
2001).

As wdl as lipoxygenase, polyphenol oxidese ativity did dso affect durum
whegat color (Dexter et al. 1984). The peroxidase isozymes are high tissues spedificity.
They were locdized on many chromosomes. 1BS, 1DS, 2AS, 2BS, 2DS, 3AL, 3BL,
3DL, 4AL, 7AS, 7DS (Mcintosh et al., 1998 Cadogue of gene symbals, IWGS). In
MDM mapping-population, no QTL was found to affect yelow pigment near any of
those mentioned above genomic regions.



xFig YP-2: Yellow pigment scans of a test statistic for SIM (solid red lines) and sCIM using few background
markers (broken blue lines) for QTL main effect (above axis) and QTL by environment interaction (below
axis). The 14 MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal
lines show thresholdsfor testing SIM with 5000 per mutations. Arrows show positions of selected QTLs.
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I V-c- Estimation of the additive effects of the putative QTLsfor YP

The three detected QTLs explaned 62% of the totd yelow pigment variation
(Table YP-1). A maor QTL was detected at 0 cM of Xgwm344 on the long am of
chromosome 7B by both SSM and sCIM andyss. This microsadlite by itsdf explained
53% of the totd variation, out of which 52% is genetic variation and only 1% is QTLXE
vaiation. The detected QTL look like the homoeologous locus of the QTL detected in
bread wheat by Parker et al. (1998) on 7AL. This former QTL was reported to explain
60% of the total genetic variation in bread whest.

The other two QTLs on the long aam of chromosome 7A: XMcaaEacg198 and
Xgwm63e were showing only man effect, and have explaned 6 and 13% of the totd
vaidion, respectively. This is a good example of the complementarity of SM and
CIM andyss, as the QTL on Xgwm63e was detected only by SIM, whereas
XMcaaEacg198 was rather detected by sCIM analyss.

All ydlow pigment QTLs showed that the Omrabi5 dldes had a Sgnificant
positive effect (Fig YP-3), indicating tha the durum variety Omrabi5 dldes increased
the ydlow pigment content. This postive effect was condgtent with minor magnitude
changes across dtes and years, this condstency was evident as shown in the Fig YR-3.
This postive effect can go up to +2.5ppm in TeF-Hadya 98/99 (Inc 99).



TableYP1: Ydlow pigment QTLsand their contributions

Chromosomal QTL marker av VVm  Vg+Votue! Vpn
localisation
7BL Xgwm344 0 2 53
7AL Xgwmb3e 0 13 13
TA XMcaaEacy198 5 6 6
Total explanation 60% 62%

Vg = genetic variance; VgrLxe = QTLXE variance; Vi = phenotypic variance.

FHg YP-3: Reative magnitude, chromosomal location and effect-nature of estimaied YP-
QTLsin each environment.
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V- Vitreousness

V-a- Estimation of QTL positions by simpleinterval mapping for Vitreousness

For vitreousness, the test ddidtic scan for SIM andyss was very specific. In
contrast to the other studied traits, the vitreousness interaction pesks were much higher
than the man effect pesks This indicates that this trait is highly affected by
environmentd conditions. Therefore, the SIM did not present any pesk aove the main
effect threshold, whereas it showed few pesks with interaction effects on chromosomes
4B and 6B (Fig Vit-1).

Fg Vit-1: Vitreousness scan of a test statistic for SIM for QTL main effect (above axis) and
QTL by environment interaction (below axis). The 14 MDM chromosomes and g15 are
shown from left to right (starting from short arm). Horizontal lines show thresholds for
testing SIM with 5000 permutations. Arrows indicate positions of background markers.
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V-b- Estimation of QTL postions by sCIM mapping for
Vitreousness

The dgmplified compodte intervd mapping scan of vitreousness, usng few
background markers, was very smilar to the SSM scan (Fg Vit-2). There was just one
difference between the two anadyses concerning the pesk on 4B, SIM showed a wesk
dgnificance pesk on 4B, whereas SCIM dismissed it completdly. Otherwise, The pesk
on 6B was narrowed by sCIM andyss and becomes more defined to XMcaaEacg560
on 6BS. Both pesks showed only an interaction effect. This is in agreement with earlier
findings highlighting strong environmental effect on vitreousness (Nachit and Agbdi,
1987; Nachit et al. 1995a; Trocoli et al. 2000).

Fg Vit-2: Vitreousness scan of a test datistic for SIM (solid red lines) and sCIM using few
background markers (broken blue lines) for QTL main effect (above axis) and QTL by
environment interaction (below axis). The 14 MDM chromosomes and gl15 are shown from
left to right (starting with short arm). Horizontal lines show thresholds for testing SIM with
5000 permutations. Arrows show positions of selected QTLS.
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V-c- Estimation of the additive effects of the putative QTLsfor Vitreousness

The two detected QTLs, Xgwml107 on 4BL and XMcaaEacg560 on 6BS
explaned only 9% of the totd vitreousness vaiaion, each one of them contributing
with a smdl effect (Table Vit-1). Both QTLS as suggested by the scans, show full
interaction variation (8%) with minima gendtic varidion (1%). These two QTLS
showed clear crosover interaction with pogtive effect in some environments and
negdive in others (Fg Vit-3). Nachit et al. (19958) reported environmenta and GxE
interaction effects on vitreousness of 70.0% and 16.9%, respectivdy, under dry
conditions; this result dso suggests low genetic effect on vitreousness trait. These two
QTLs were dso found to affect protein content. As protein content and vitreousness are
linked in therr biochemicd pathways, we can confidently suggest that these two QTLS
ae sngle locus with a platropic effect. These findings were expected as in the
mapping-population data, Pearson corrdaion between protein content and vitreousness
was found to be postive (0.43); smilar association was reported by Maisuo and Dexter
(1980) and Nechit and Asbati (1987). In fact, vitreous aress of the endosperm ae
known to be higher in protein than mealy-whitish areas (Trocoli et al. 2000).

The present experiment did not dlow the detection of vitreousness-QTL. This
could be due to the nitrogen gpplication in the trids, as the zeronitrogen environment
was reported to be the best environment for an efficient sdection for vitreousness
(Nachit and Asbati, 1987).

As no gendtic vaiaion was detected in MDM mapping population, figure Vit-3
did not determine the dleles ether Omrabi5 or T. dicoccoides600545, that have the
postive effect on vitreousness. The environment Td-Hadya ealy plating 97/98
showed a sgnificant pogtive effect of T. dicoccoides600545 dleles on vitreousness in
the RILs (Fig Vit-3). As mentioned before, this environment had experienced a high
precipitetion, in addition to supplementary irrigetion; therefore the RILS vitreousness
vaues obtained in 98EP were paticulaly low (down to 29%), wheress in the other 18
environments the values were dl above 85%.



TableVit-1: Vitreousness QTLsand their contributions

Chromosomal localisation QTL marker cM Vg/Vin Vg +Varixe ! Vin
4BL Xgwm107 0 0 6
6BS XMcaaEacg560 0 1 7
Total explanation 1% 9%

Vg =gendic variance; Vorixe = QTLXE variance; Vi = phenctypic variance.

Fig Vit-3: Relative magnitude, chromosomal location and effect-nature of estimated Vit-QTLs in each
environment.
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VI- Test Weight (TW)
VlI-a- Edtimation of QTL positions by smple interval
mapping for TW

For test weight, the test daidtic scan for SIM andyss was smple and showed
only few pesks on the main effect. No interaction effect was shown across the whole
genome, suggesting a high genotypic effect on this milling rdaed trat. This is in
agreement with earlier findings (Ghederi and Everson 1971; Tech 1984; Jldudin et

al. 1989; Nachit et al. 19958). The SIM stan exceeded the significance threshold on the
main effect only in 2 regions both localized on chromosome 7A (Fig TW-1).



Fig TW-1: TW scan of a test statistic for SIM for QTL main effect (above axis) and QTL by environment
interaction (below axis). The 14 MDM chromosomes and g15 are shown from left to right (starting from short
arm). H orizontal lines show thresholdsfor testing SIM with 5000 per mutations. Arrowsindicate positions of
background markers.

VI-b- Estimation of QTL positionsby sCIM mapping for TW
The dmplified compodte intevad mapping andyss confirmed the fird high
pesk on chromosome 7A and deeted the second low pesk on the same chromosome
(Fig TW-2). Therefore, on 7AS a QTL was detected next to Xgwm60c. The sCIM scan
identified ds0 two new pesks on chromosome 6B both presenting only a QTLXE effect,
in an area where SSIM scan showed non-significant smal main effect pesks. Across this
genomic region, a regresson modd was agpplied using ether one of the two detected
pesks or both of them. Only Xgwm88a on the centromeric region of 6BS was sdected
a QTL, as adding the second QTL did not contribute further in explaining the tota
varigion.
Fig TW-2: TW scan of a test statistic for SIM (solid red lines) and sCIM using few background markers
(broken blue lines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14

MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholdsfor testing SIM with 5000 per mutations. Arrows show positions of selected QTLSs.
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VI-c- Estimation of the additive effects of the putative QTLsfor TW

The QTL detected on 7AS explaned by itsdf 17% of the totd test weight
vaiation, whereas, Xgwm88a aound the centromeric region of 6BS explaned 9%
(Téble TW-1). The totd explanation was of genetic nature, no interaction effect was
reveded. Even the 9% explanation of the QTL on 6BS was fully found to be due to
genetic effect, however sSCIM scan identified it as being of QTLXE interaction effect.
These findngs are in agreement with earlier sudies showing a high genotypic effect on
tet weight, explaning up to 80% of the totd variaion (Ghaderi and Everson 1971,
Tach 1984; Hldudin et al. 1989; Nachit et al. 19958). However, other conducted
research showed a medium to high environmental effect on test weight (Roth et al.
1984; Blum et al. 1991; Seeddla et al. 1990; Schuler et al. 1994). It was Sipulated it
that tet weight is corrdated to kernd sze, shgpe, and weight (Yamazaki and Briggle
1969; Schuler et al. 1994; Trocoli and DiFonzo 1999).

The two detected test weight QTLs. Xgwm88a and Xgwm60c showed an
epidasic effect (Fig TW-3). As ther individud effect explaned jus 9 and 17%,
respectively, while together the explanation rate was found to be higher (30%). The
difference between the lines comprisng AAAA (plpl) and AABB (pl-p2)
comparatively with the difference between BBAA (p2pl) and BBBB (p2-p2) was
obvioudy large (Fig TW-3). Therefore, the shown improvement is not only due to the
additiond effect of Xgwm88a and of Xgwm60c (Omrabi5 dldes), but rather to ther
additive and multiplicative effects (epistess).

Omrabi5 dldes had a ggnificant podtive and consgtent effect on the TW trait
across dl  environments (Fig TW-4). The magnitude changes between different
environments were very smdl (Fig TW-4). This pogtive effect on TW of Omrabi5
dldes was expected, as the wild rdaives are known to hold smdler and dhrivdled
grain in comparison with cultivated wheat. Eventhough, T.dicoacoides gran among
the other wild relatives is one of the largest after T. polonicum (Nachit, pers. com.). In
fact, this was one of the mgor reasons for its early adoption in the southern part of the
Fertile Crescent (Kimber and Feldman, 1987).



TableTW-1: Test weight QTLsand their contributions

Chromosomal localisation ~ QTL marker a! Vo/Vph Vg + Vo 1ixe/ Vph
6BS XgwmB8a 0 9 9
7AS Xgwme0c 0 17 17
Total explanation 29% 30%

V4= genetic variance; Vot xe = QTLXE variance; Vy, = phenotypic variance.

Fig TW -3: Evidence of epistasic effect between test weight QTLSs.
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Fig TW-4: Relative magnitude, chromosomal location and effect-nature of estimated TW -QTLs in each
environment.
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VII- Thousand-Kernel Weight (TKW)
Vil-a- Estimation of QTL positions by simple interval
mapping for TKW

The test statistic of the SIM analysis showed interesting pesks in chromosomes

4B, 6A, and 6B with main and QTLXE interaction effects (Fig TKW-1). Another low
QTLXE interaction pesks were aso observed in 3B. The mgor pesk on chromosome 6B



was wide covering aound 50cM with both effects, it did present 5 prominent peeks,
four out of them were taken as background markers for eaboration of SCIM andysis.

Fig TKW -1 TKW scan of atest statistic for SIM for QTL main effect (above axis) and QTL by environment
interaction (below axis). The 14 MDM chromosomes and g15 are shown from left toright (starting from short
arm). Horizontal lines show thresholdsfor testing SIM with 5000 per mutations. Arrowsindicate positions of
background markers.
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VIl-b- Estimation of QTL positions by sCIM mapping for
TKW

As for proten content, the smplified composte interva mapping andyss for TKW
gave smaller pesks for the main effect, wheress it gives higher pesks for QTLXE
interaction (Fig TKW-2). Therefore, al main effect pesks detected on 4B, 6A,
and 6B by SIM andyss were totdly diminated by the sSCIM andyss even
though they dl presented a vdudble pesk on SIM andlyss scan. The fact that
CIM andyss discad these QTLs suggest them as potentid ghost QTLsS.
Nonetheless, they al kept their QTLXE interaction effects, and therefore should
be considered asred QTLS.

Therefore, on chromosome 6B, Xgwm518 on the short am and Xgwm582a on the long
am were sdected for their main effect (detected by SIM) and their interaction
effects (as suggested by sCIM). Actudly, their explanation was mainly genetic
(Table TKW-1). The microsatdllite Xgwm518 was also $iowed to affect protein
content and gluten strength. Our study could not determine whether this QTL is
a sngle pletropic locus or rather 2 or more tightly linked lod. Moreover, the
identified SDS-, protein content-, and TKW-QTL were locdlized a OcM of
Xgwmb518. However, this locdization did not assure that they are a the same
point phydcdly, as the phydcd mgp could be vey different than the genetic



map (Thurieaux 1977; Dvorek and Chen 1984; Werner et al. 1992; Kota et al.
1993; Delaney et al. 1995; Gill et al. 1996).

As for chromosome 4B, XMcttEagg213 was selected for the same reasons (SIM-main
effect and SCIM-interaction effect). While, the pesks detected on 6A by SIM
were discarded because they did not enhance the totd variation explanation.
Usng regresson modes on the interaction pesks on 3B, two makers
XMctcEaag350 on the short am and XMctcEagg84 on the long arm were
seected, being the best contributors.

Fig TKW-2: TKW scan of a test statistic for SIM (solid red lines) and sCIM using few background
markers (broken bluelines) for QTL main effect (above axis) and QTL by environment interaction
(below axis). The 14 MDM chromosomes and g15 are shown from left to right (starting with short
arm). Horizontal lines show thresholds for testing SIM with 5000 permutations. Arrows show
positions of selected QTLs.
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VII-c- Estimation of the additive effects of the putative QTLsfor TKW

The five detected QTLs affecting TKW explained 32% of the tota variation,
25% out of it was representing the genetic variation. The QTLs detected around the
centromeric  region of chromosome 6B explaned the mgority of thousand-kernd
weight totd explanation (28%), wheress, the other QTLs on 3BS, 3BL, and 4BL
showed additive minor effeds (Table TKW-1). Ther respective contributions were of 5,
5 ad 3% Thee findings ae in agreement with ealier dudies reporting an
intermediate to high heitability raes indicating the involvement of high additive
genetic effect (Sun 1972; Ketata et al. 1976; Madi 1991; Nachit et al. 1995d). Indeed,
TKW genes number was edimated to range from 1 to 4 or more genes in different
croses (Joppa and Williams 1988). It was dso reported that kerne weight is affected
by the environment during grain filling and by the number of heads and number of



fatile florets per spike as wdl as kend length, width and volume (Ghederi and
Everson 1971; Matsuo and Dexter 1980; Schuler et al. 1994).

As for the test weight, Omrabi5 dldes had a sgnificat postive effect on the
TKW trait (Fig TKW-3). In generd, this pogtive effect is quite condgent across
environments, especidly the QTLs detected around 6B-centromere. Therefore, QTLXE
interactions of Xgwmb582a and Xgwmb518 are mainly due to changes in magnitude, while
QTLXE interactions of XMctcEaag350, XMctcEagg84, and XMcttEagg213 to crossover
interactions.

TableTKW-1: Thousand kernel weight QTL sand their contributions

Chromosomal QTL marker cM VoV Vg+Varue! Vi
localisation
3BS XMctcEaag3s0 0 3 5
3BL XMctcEagg4 0 3 5
4BL XMcttEagg213 5 2 3
6BS Xgwmb18 0 12 13
6BL Xgwimb82a 5 20 2
Total explanation 25% 32%

V4= genetic variance; Vgt xe = QTLXE variance; V;, = phenotypic variance.

Fig TKW -3: Relative magnitude, chromosomal location and effect-nature of estimated TKW -Q TLsin each
environment.
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VIII- Milling extraction
Vill-a- Estimation of QTL positions by simple interval
mapping for FY

The flour yidd is the only criteria where no pesks were obsarved. The test
datistic scan of the smple intervd mapping andyss showed smdl and non-sgnificant
pesks (Fig FY -1). Therefore, it was difficult to rely on the developeddrategy with few
peeks as background markers for the daboration of the sCIM andyds. The resulted
scan with few ones was very smilar to the SM one, showing no-ggnificant pesks (Fig
FY-2). Therefore, more background markers were chosen in the genome, precisdy 47
background markers were chosen with an average distance of 40cM between each two
BM.

Fig FY-1: Flour yield scan of a test statistic for SIM for QTL main effect (above axis) and QTL by
environment interaction (below axis). The 14 MDM chromosomes and g15 are shown from left to right
(starting from short arm). Horizontal lines show thresholds for testing SIM with 5000 per mutations. Arrows
indicate positions of background markers.
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Fig FY -2: Flour yield scan of atest statistic for SIM (solid red lines) and sCIM using few background markers
(broken bluelines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14
MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholdsfor testing SIM with 5000 per mutations. Arrows show positions of selected QTLs.
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VIlI-b- Estimation of FY-QTL positions by sCIM and their

additive effects

The resulted scan from the smplified composte interva mapping andyss with
the 47 background markers was more informative than SSIM and sCIM-few BM scans
(Fig FY-3). The test datistic showed few pesks with low-ggnificance for both man and
interaction effects. Thus, some main-effect QTLs were identified on 5BS and 6BS,
whereas other interaction-effect QTLswereidentified on 3A and 7AS.

On 5BS, Xgwm415b-QTL was sdected for its Main effect. Its explanation was
very low (2%). On 6BS, XMcaaEacg390 was aso chosen for its presumably main effect
and its effect was dso low (5%). The contribution of the third GE-QTL Xgwml54e was
even lower (1%). All the sdected QTLs have explained only 10% of the tota flour yidd
vaiaion (Table FY-1). This suggests that Omrabi5 dldes have a dightly postive
effect on flour yidd trait (Fig FY -4).

Fig FY-3: Flour yield scan of a test statistic for SIM (solid red lines) and sCIM using 47 background markers
(broken bluelines) for QTL main effect (above axis) and QTL by environment interaction (below axis). The 14

MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal lines show
thresholds for testing SIM with 5000 per mutations. Arrows show positions of selected QTLSs.
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Table FY-1: Flour yidd QTLsand their contributions

Chromosomal QTL marker cM ViV  Vg+Vorixe!/ Vi
|ocalisation
5BS Xgwmd15sb 0 2 2
6BS XMcaaEacg390 0 4 5
7AS Xgwmi54e 0 0 1
Total explanation 7% 10%

V4= genetic variance; Vgrxe = QTLXE variance; Vi, = phenotypic variance.



Fig FY-4: Relative magnitude, chromosomal location and effect-nature of estimated FY-QTLs in each
environment.
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| X-  Ash content
IX-a- Estimation of QTL positions by simple interval
mappingfor AC

For ash content, the test datistic scan for SIM andysis has exceeded severd
times the threshold for main effect on the homoeologous group 6 (Fig AC-1). On 6A, it
shows one smdl and defined pesk, whereas on 6B, the pesk was wider with many

gradient heads. For the QTLXE interaction effect, the scan exceeded the threshold once
on chromosome 1A and twice on chromosome 3B.

Fig AC-1: Ash content scan of a test statistic for SIM for QTL main effect (above axis) and QTL by
environment interaction (below axis). The 14 MDM chromosomes and g15 are shown from left to right
(starting from short arm). Horizontal lines show thresholdsfor testing SIM with 5000 per mutations. Arrows
indicate positions of background markers.
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| X-b- Estimation of QTL positionsby sCIM for AC

The dmplified composite interva mgpping andyss resulted in dmogt the same
main-effect scan (except for chromosome 6A) but with higher interection peeks (Fig
AC-2). The pesk on chromosome 6A was completely diminaied by sCIM andyss, and



is likedy a ghost QTL, whereas on chromosome 6B, the gradient heads shown on SIM
scan became more defined and corresponded to the marker XMctcEact198 on the short

am.

The interaction pesks on 1A (XMctgEagc290) and 3BS (Xgwm644a) were
confirmed with SCIM anadlyss. These findings suggest that ash content trait is under the
control of both genetic and environment effects. Peterson et al. (1986) reported a high
genotypic influence, whereas, others reported rather an environmentd effect (Cubadda
et al. 1969) or genotype-by-environment interaction (Fares et al. 1996). They showed
that favorable growing conditions result in higher ash content in whole grain, due to
increased uptake of mineras from the soil.

Fig AC-2: Ash content scan of a test statistic for SIM (solid red lines) and sCIM using few background
markers (broken blue lines) for QTL main effect (above axis) and QTL by environment interaction (below

axis). The 14 MDM chromosomes and g15 are shown from left to right (starting with short arm). Horizontal
lines show thresholdsfor testing SIM with 5000 per mutations. Arrows show positions of seleded QTLSs.
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I X-c- Estimation of the additive effects of the putative QTLsfor AC

The totd explanation determined for the ash content variation was very low. The
3 determined QTLs explaned only 11% of the totd variaion (Tade AC-1). They
showed minor additive effects, XMctcEact198 on 6BS showed the highest genetic
explanation rate (6%), while XMctgEagc290 on 1A and Xgwm644a on 3BS showed
trivid interaction effects (2% each).

Generdly, the totd found effects on ash content were small. The QTL on 1AS
and 3BS ae expressing crosover interection effects, and therefore showed high



fluctuation across environments (Fig AC-3). On the other hand, the man effect
XMctcEact198-QTL on 6BS showed a postive effect of T. dicoccoides600545 dldes

TableAC-1: Ash content QTLsand their contributions

Chromosomal localization ~ QTL marker cM VoV Vg+ Votue! Vin

1A XMctgEage290 5 0 2
3BS Xgwm644a 0 0 2
6BS XMctcEact198 0 6 6
Total explanation 6% 11%

V4= geneticvariance; Vgrixe = QTLXE variance; Vi, = phenotypic variance.

Fig AC-3: Relative magnitude, chromosomal location and effect-natur e of estimated AC-QTLsin each
environment.
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X-  Genetic variance explained by different QTL-models

Comparison between primary and secondary QTLs was conducted to assess their
contributions and identify the most suitable model for QTL andysis. Figure VI-1 shows
the edimation dldic effects of the detected QTLs for each grain-qudity trat. The
modd 1 represents the edimation of main effect of primary QTLs the modd 2 the
estimation of main and QTLXE interaction effects of primary QTLs, and the modd 3 the
edimation of man and QTLXE interactions effect for both primary and secondary
QTLs. Primary QTLs ae those detected by both SIM and SCIM andyss, whereas
secondary QTLs are those detected by only one of them.

The modd | was dgnificantly informative for YP, FDT, FST, FMT and SDS;
meaning that the mgority of the identified QTLs for these traits are of genetic effect and



were detected by both QTL-andyses. In contrest, the modd | was very week for flour
yield, vitreousness, FAB, and ash content. The explanation rate ranged from O to 6%.
For modd 2 (addition of GXE primary QTLs effect), dl traits showed increase vaues
for gendtic variance except FMT, TW, and FY. As for the full QTLs modd (modd 3),
the secondary QTLs have improved moderaidy the estimation effects (Table V-1).
Neverthdless, in some cases the obtained improvement was extremely lage. This was
the case of the secondary-QTLs detected for the milling characters: TW, TKW, and FY,

whereas in other traits (i.e: PC, FAB, FDT) no secondary QTLs were included due to
their low contributions.

Table V-1: Allelic estimation of detected grain-quality QTL s considering different statistical models(1, 2, and
3).

Modd
Trait 1 2 3
Protein content 20 27 27
SDS 26 32 11
FAB 5 14 14
FDT 28 33 33
FMT 35 35 45
FST 42 49 51
Yelow pigment 52 53 62
Vitreousness 1 7 9
Test Weight 17 17 30
1000K ernel Weight 14 18 32
Flour Yidd 0 0 10

Ash Content 6 11 11




Chapter VI
General Discussion &
Conclusion



- General discussion

Thirty-three QTLs were detected in Omrabi5/ T. dicoccoides600545// Omrabi5s
populaion exhibiting linkage with different gran-qudity traits (Table VI1). Mogt of
the traits showed more than 3 QTLs explaining more than 30% of the total variation.
The highest totd contributions were found for yelow pigment and FST traits. Three
QTLs were determined on the graup 7 explaining 62% of the totd YP vaidion;, and 4
QTLs on 1BL and 2BS explaining 51% of the totad FST variation. The large amount of
YP vaiation explaned by Xgwm344 would suggest that this QTL or this genomic
region predominantly controls YP inheritace. The lowest explangtion vaues were
shown for vitreousness, flour yied, and ash content. All the grain-qudity QTLs showed
both genetic and QTLXE effects, except, for the vitreousness trait where only interaction
effect was reveded (Table VI-1).

Table VI-1: All grain-quality determined QTLsin Omrabi5/ T. dicoccoides600545// Omrabi5.

Trait N. QTLs Total contribution Involved chromosomes Effect
PC 6 27% 3BS, 3BL, 4BL, 6AS, 6BS G+ QTLXE
SDS 5 41% 1BL, 2BS, 4BL, 6BS G+ QTLXE
FAB 2 14% 3BS, 4BL G + QTLXE
FDT 3 33% 1BL, 3AS G+ QTLXE
FMT 4 45% 1AS, 1BL, 3BS, 7B G+ QTLXE
FST 4 51% 1BL, 2BS G+ QTLxE
YP 3 62% TAL, 7BL G+ QTLXE
Vit 2 % 4BL, 6BS QTLxE
TW 2 30% 6BS, 7AS G+ QTLxE
TKW 5 32% 3BS, 3BL, 4BL, 6BS, 6BL G+ QTLXE
FY 3 10% 5BS, 6BS, 7AS G+ QTLXE
AC 3 11% 1AS, 3BS, 6BS G+ QTLxE

N. QTLs = number of detected QTLS, G = Genetic, QTLXE = QTL x Environment Interaction.

Severa QTLs have shown to affect two or more traits (Table VI-2). This was
evident in the case of the Glu-B1 gere region on 1BL, where the two identified QTLS
Glu-B1 and Xgwm131lb were found to affect gluten strength, FDT, FST, and FMT.
Further, protein content and vitreousness showed dso two QTLs in  common,
XMcaaEacg560 on 6BS and Xgwm107 on 4BL. However, these two QTLS were not



affecting PC and vitreousness in the same way. Both of them showed only QTLXE
effect on vitreousness whereas both showed genetic and QTLXE effects on PC.

A QTL on 6BS (Xgwm518) was found to affect gluten strength, PC, and TKW.
Actualy, this QTL showed that Omrabi5 Xgwmb518-dldes contributed pogtivey to
TKW in the RILs, whereas T. dicoccoides600545 Xgwmb518-adlelesto PC and SDS. The
present study could not determine whether this QTL is a single platropic locus or rather
a complex of 2 or more tightly linked lod; as a genetic podtioning & OcM does not
secure a pogtioning a the same physca-point. Anyway, ether the detected QTL is one
dnge-locus or many tightly linked lod; it is evident that bresking such linkage & this
genetic podtion is difficult if not impossble However, this QTL explans patidly why
it is difficult from the breeding point of view to combine high proten content with high
TKW. In contrast to Xgwm518-QTL, there are severd other QTLs linked to TKW (3B,
4BL, and @L) and independent from PC. As wel as other QTLs linked to PC (3B,
4BL, 6AS, and 6BS) and independent from TKW. These TKW and PC independent
chromosoma controlling regions are suggested as candidate QTLsS to be combined in
the same genetic background. As they are gendicdly independent, ther introgresson in
the same genotype should be easy to accomplish.

Furthermore, flanking Xgwm518-QTL, which is linked to PC, SDS, and TKW,
two other QTLs were found to be linked with FY and AC (Fig V-1). These results
reved with srong evidence that severd important candidate genes for gran qudity ae
locdized in this chromosomagenomic region. Other mgor genomic regions linked to
grain quality traits were aso detected in 3BS and 4BL. On the short arm of 3B, dose by
the centromeric region, 3 QTLs were linked to FAB, AC, and TKW. All of them
showed only an interaction effect on these grain-quality traits and were mapped a 1.6
and 3.1 cM from each other. Smilarly, on the long am of 4B, three other QTLs linked
to TKW, FAB, and SDS were mapped close to each other. These 3 QTLs showed a
genetic effect on TKW, FAB, and SDS, Omrabi5 XMcttEagg213-dldes contributed
positivey to TKW, whereas T. dicoccoides600545 Xgwml65a and Xgwm375-dldesto
FAB and SDS, respectively.

Table VI-2: QTLsin common between grain-quality traitsinOmrabi5/ T. dicoccoides600545// Omrabi5.



Marker Trait Effect

Glu-B1 (1BL) SDS G + QTLXE
FDT G + QTLXE
FST G + QTLXE
XMcaaEacg560 (6BS) PC G + QTLXE

Vit QTLXE
Xgwm107 (4BL) PC G+ QTLxE

Vit QTLXE
Xgwml31b (1BL) SDS G + QTLXE
FDT G + QTLXE

FMT G

FST G + QTLXE

Xgwmb18 (6BS) SDS QTLXE
PC G + QTLXE
TKW G + QTLXE

When studying the digtribution of the grain quality traits QTLsin Onrahbi5/
T. dicoccoides600545// Omrahi5 genetic linkage map, severd traits have dustered
together specificdly in some chromosoma segments (Fig VI-1). Further, it has
been reveded that the traits that are important for processing were found to be
locdlized on the chromosome-arms: 1AS, 1BL, 2B S, 3AS, 3BS, 4BL, and 6BS.
Consequently, these chromaosome-arms are harboring genes of interest for gluten
grength (SDS, FDT, FMT, FST). Moreover, on 1AS and 1BL, the processng-
QTLs concurred with the seed storage protein Glu-A3 and Glu-B1 genes,
wheresas the other QTLs on the remaining chromaosomal |ocations are new

genetic markers.

The QTLs linked to protein content were distributed across the whole genome.
Severd chromosomearms, including 3BS, 3BL, 4BL, 6AS, and 6BS were found to
contral this highly important nutritiona trait. In contrast, yedlow pigment QTLs were
found to be more redricted in one chromosomad group; they were dl mapped to the
group 7; precisdly on the tdomereregions of 7AL and 7BL. For yelow pigment, a
major QTL was detected at OcM of Xgwm344 on 7BL. This SSR marker has explained
a large proportion of the totd variation (53%); which most of it was due to genetic
effect. In addition to QTL-Xgwm344 high contribution, it agrees with previous findings
in bread wheat and tritordeums. These results are of great importance of adoption in
marker assged breeding. In addition, as the YRQTLs in Jennah Khetifa x Chaml
population were mapped in different chromosomes, this will have undoubtedly postive



effect on pyramiding YP genes in durum through the use of targeted transgressive
inheritance breeding.

As for milling characters, the detected QTLs were confined to few gendtic
regions. Thousand-kernd weight QTLs were mapped closdly to ash content, flour yied,
and test weight QTLs. The TKW-QTL detected on 3BS was mapped a 3.1 cM from
QAC-3B; gmilaly the TKW-QTL detected on 6BS was mapped a 8 and 4cM from
QFY-6B and QAC-6B, regpectivdy. Ancther two genomic regions controlling milling
characters were determined around 6B centromere and the short arm of 7A. Two QTLs
linked to TW and TKW were flanking the 6B centromere (QTW-6BS and QTKW-6BL);
whereas the two other QTLslinked to TW and FY were detected on 7AS.

Fig VI-1. Estimated locations of significant grain-quality QTLs detected in Omrabi5/
T. dicoccoides600545// Omrabi5 population. PR designates protein content; SDS. sedimentation test;
farinograph parameter s(FAB: absorbance; FDT: development time; FMT: mixing time; FST: stability time);
YP: yellow pigment; Vit: vitreousness; TW: test weight; TKW: 1000-ker nel weight; FY: flour yield; and AC
ash content. QTL codes are followed by first the chromosome symbol and secondly by the number of the QTL
on the chromosome. In parenthesis (m or d) indicates which parental -alleles are the favor able ones for the trait.
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Conclusion

Grain qudlity traits were found to be affected by environmentd fluctuations,
thisis particularly true for protein content, vitreousness, and 1000-kernd weight.
Further, the mapping population Omrabi5/ T. dicoccoi des600545// Omrabi5 showed
sgnificant transgressive inheritance for severd traits, eg.; SDS, farinograph
parameters TKW, and ash content. Using corrdation and clugtering anaysis, the grain
qudlity traits have been grouped in 3 distinct dugters representing protein quantity (PC,
Vit, AC), quality (SDS, farinograph parameters), and milling (FY, TKW, TW). Ydlow
pigment has been clugtered with milling characteristics

For basic genetic sudies, development of primary genetic linkage maps is of
paramount importance. Furthermore, saturated genetic maps provide geneticists and
breeders with powerful tools for quantitative trait mgpping, postiona gene doning, and
marker-assisted sdlection. It is of interest to notice, that due to the large genetic distance
between the parents of Omrabi5/ T. dicoccoides600545// Omrabi5 populaion, ahigh
leve of polymorphism was detected (> 60%), dthough the mapped populaionisa
backcross RIL. The Omrabi5/ T. dicoccoides600545// Omrabi5 map was constructed
with 124 microsatellites as framework markers, 149 AFLPs as saturating markers, and 6
SSPs. Thelength of the map was 2288.8cM, wih an average of marker per 8.2cM. The
map showed a high synteny with former published durum and bread wheset maps. The
SSR and AFLP markers were evenly mapped across the whole genome. Further
microsatellites proved to be good as anchor probes and were very useful in ams and
chromosomes identification. AFLP proved dso to be good markers for map saturetion;
mogt of the combinations were mapped in different genomic regions, particularly the
combination MctgEagc, which amplified numerous fragments that were mgpped in 11
different linkage groups. In agreement with earlier published data, more genetic markers
were mapped in the B genome comparatively to the A genome. In conclusion, Gwn
Bread wheat microsatdlites amplified and mapped perfectly in durunv dicoccoides
genetic background. Generdly, they tend to map more than AFLPs.

Indeed, the mapping population showed a fixed genetic Sructure, asit was
deve oped using single seed descent (SSD) method. This makes Omrabi 5/



T. dicoccoides600545// Omrabi5 populaion ided for assessing the environmental
impact on trait expression. In the present study, it was used for determination of QTLsS
associated with grain-qudlity traits, but in the future this population will be aso used for
identification of QTLs linked to agronomic, physiologic, and biatic traits

For severd grain-qudity trats Triticumdicoccoides was found to hold nove
genes that could be used in durum improvement. These results show to great extend
how importat is the introgresson of these idettified dedrable genes from
Triticumdicoccoides to improve durum genetic materid. This pogtive contribution was
noticed for protein content; gluten dorength; farinograph development, mixing, and
dability time; and weekly for ash content. The durum cultivar Omrabi5, on the other
hand, showed a postive and significant podtive effect on test weight, thousand-kernd
weight, flour yidd, and ydlow pigment. The results of this sudy have concurred
pefectly with the theoreticd and scientific background for grain qudity in the durum
breeding programs and with the results generated through conventiona methods. These
results have dso daified the linkege among traits and identified avenues to bresk the
negdative linkeges such as of protein content and kernd weght. This will have dso an
agronomic implication on improving protein content and grain yield.

In this study, it was dso demondrated the importance of mapping and assessing
the QTLs of gran qudity trats, tha ae of economic and nutritiond interest. The
genetic and QTL mapping dso have drong implication to comprehend the underlying
basc mechanisms of different research disciplines. They can be usad to invedigate the
interaction between different research fidds eg.; gran-qudity, dressphysoogy,
biotic stress resstance, etc... The results dso suggest srongly the use of identified
QTLs to enhance the efficency in plant breeding, especidly those showing high
explanation rates In our case the determined QTLs will be subject to immediate
vdidation on diverse genetic backgrounds and use in maker assised breeding. They
could be usad as indirect sdection criteria for quantitetive traits, as breeders will be adle
to sdect a the gendtic levd raher then reying on phenotypic expresson. The
advantage of working a DNA leve is that the molecular marker tests are not affected
by environmentd fluctuaions, and as consequence the use of QTLs as surrogete for the
phenotypic expression of the trait is more rdiable than the conventiond trat testing. As



the molecular marker techniques require smal amounts of test materid, they could dso
be applied a very early sage and to large number of populations/genotypes.

Further, molecular biology techniques are less time-consuming and more precise
than conventiond techniques. Also, their research outputs ae highly repestable,
religble, and less subject to mistakes. Moreover, the atractiveness of these powerful and
ussful tools is the use of the same protocols, equipments, and reegents for any given
trait. Therefore, smilar gpproaches could be used for screening for different characters.
This uniformity of working will have definitdy pogtive consequences on research
efficiency and speediness.

The concluding remarks could be summarized as fdlows

1. Quantitative and tranggressve inheritances were reveded for most grain qudity

traits.

2. Cluger andyds detected 3 mgor groupingsl) protein content and vitreousness, 2)
processing qudity, and 3) milling qudity.

3. High levd of polymorphism between the two parents was detected. The genetic
linkage mep of Omrabi5/ T. dicoccoides600545// Omrabi5 populdion weas
condructed.

4. SSRs usad as anchor probes to identify chromosoma arms and AFLPs as markers to
saturate the map.

5. More genetic markers mapped to B than to A genome.

6. T. dicoccoides600545 dldes contributed postively to protein rdaed trats (PC, SDS,
FDT, FST); whereas those of Omrabi5 to milling traits (TW, TKW, FY) and YP.

7. Thirty-three QTLs found to control grain qudity trats. A mgor gene for ydlow
pigment was detected on 7BL.

8. Promising QTLsto improve smultaneoudy TKW and PC in durum are identified.

9. The usgfulness of SIM and sCIM andyses to study QTLs genetic and interaction
effects has been shown.

10. The Omrabi5/ T. dicoccoides600545// Omrabi5 mapping populdion is a potentia
source for grain qudity improvement and for sudying QTLs usein durum breeding.
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